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ABSTRACT 

The overpotential of electrodeposited MnO2 electrodes can be measured with fair 
reproducibility. Overpotential is a linear function of the logarithm of the ammonium 
ion concentration, at constant pH, but not of the logarithm of the apparent current 
density. It  varies much less with the hydrogen ion than with the ammonium ion concen- 
tration. When ammo~_ium ion in the electrolyte is replaced by methylammonium, 
dimethylammonium, or trimethylammonium ion the overpotential is increased. The 
change of overpotential with temperature was measured. The bearing of the results on 
the theory of the discharge mechanism is considered. 

Experience in determining open-circuit discharge curves 
(1) suggested a method of measuring the overpotential of 
MnO~ electrodes made by electrodeposition on graphite 
rods. The open-circuit discharge curve is determined by 
interrupting a discharge at intervals, measuring the equi- 
librium open-circuit potential, and plotting this against 
the amount of discharge in milliampere-minutes. The dif- 
crence in electrode potential between the open-circuit 
lischarge curve and the closed-circuit discharge curve at 

any stage in the discharge is taken as the overpotential at 
that  stage. 

EXPERIMENTAL 

Preparation of eleetrodes.--Electrodes were made essen- 
tially as described previously (1-3). Mn0~ was deposited 
electrolytically on graphite rods of 8 cm 2 exposed area 
which had been pretreated by immersion in boiling water 
until  evolution of gas ceased. The temperature of electro- 
deposition was 80~176 for some electrodes and 90~176 
for others. All electrodes intended for a single series of 
experiments were made in the same way and otherwise 
treated the same. The current density was 3.13 ma/cm 2 or 
25 ma for the electrode. The total manganese per electrode 
was about 0.2 millimole and the composition by analysis 
was aboutMn01.90. After preparationand thoroughwashing 
with water, the electrodes in groups of six were stored for 
one week in a solution of 2M NH4C1 and 0.SM NH~, pH 
8.80. During this time the potentials decreased. Then the 
electrodes were stored in an electrolyte similar to that in 
which they were to be discharged. 

Two groups of electrodes were washed with 0.1N H~SO4 
instead of water, by keeping immersed in frequently 
changed acid solution until  little more manganese(II) ion 
was washed out. The potentials of these electrodes before 
discharge were higher than those of electrodes washed 
with water, and the overpotentials were a little higher 
than the average for electrodes washed with water. 

Electrodes for comparable overpotential measurements 
were selected to be as nearly alike as possible and with as 
nearly equal initial potentials as practicable. From a group 
of electrodes prepared at one time, those with lower 
potentials were used first, and, on standing in electrolyte, 
the others fell toward the lower potentials and were used 

later. If the differences in potential are ascribed to differ- 
ences in composition of the oxide, and the decrease in 
potential on standing in electrolyte is the result of a reduc- 
tion of dioxide (2), this procedure should favor uniformity 
of composition of the electrodes when used. A constant 
amount of discharge should then cover the same portion of 
the discharge curve for all electrodes of a series. 

Measurement of overpotential.--For discharge, electrodes 
were mounted one at a time centrally in a glass vessel of 
about 250 ml capacity by means of a rubber stopper. A 
cylindrical silver electrode of a size to fit around the 
interior wall of the vessel was employed as the anode. A 
Luggin capillary was provided for the introduction of a 
calomel electrode with the tip placed at a distance two to 
four times its outside diameter from the central electrode. 
At the highest current density the  iR drop between the 
MnO~ electrode and the tip of the capillary was negligible, 
as shown by an experiment with a second capillary. 

Solutions used as electrolytes were prepared from re- 
agent grade chemicals by weighing and making up to 
volume with water, except that a 2M stock solution of 
acetic acid was used when this was to be included. 

The measurement of electrode potential, against a 
saturated calomel electrode, was made by means of a 
L&N Speedomax recording potentiometer which was 
checked frequently by a more precise potentiometer. 
Current was measured also by the recording potentiometer 
in terms of the potential drop across known resistance. 

During discharges the solution in the cell was stirred 
continuously at a rate such that an increase did not in- 
crease the closed-circuit potential. In  some of the earlier 
discharges this was accomplished by a current of N which 
had been pm-ified and passed through a solution similar to 
the electrolyte. At the highest current density this stirring 
was inadequate and a magnetic stirrer was employed 
instead. This was more satisfactory as it led to better pH 
control and better reproducibility of overpotential. I t  was 
adopted for all of the later measurements. 

When a cell was ready for discharge it was placed in an 
air bath at 25 ~ ~: 1~ except as otherwise noted. On 
at tainment of approximately constant potential by the 
Mn02 electrode, a current was started between this and 
the silver electrode and adjusted at 1.60 ma or 0.2 ma/cm ~, 
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except as otherwise noted. With three No. 6 dry cells and 
suitable resistance in the circuit the current decreased not 
more than 6% during a discharge. In  some of the later 
experiments the current was maintained constant. A con- 
tinuous record of both current and potential was made. 
The current was discontinued at  about 125 ma-min and a 
sample of the electrolyte was taken for a pH measurement 
by means of a Beckman pH meter. Stirring was discon- 
tinued and the cell allowed to stand for 24 hr, after which 
stirring was started, and the open-circuit potential and 
pH were measured. The difference between the open- 
circuit potential and the last closed-circuit value was 
taken as the overpotential. I t  did not need correction to 
exactly 125 ma-min as such corrections were negligible. 
However, it  was often necessary to make a small correction 
for change in pH during the 24-hr period. 

One source of error was a slow decrease in electromotive 
force of the cell during the 24-hr period on open-circuit 
before the final measurement. This decrease compensated 
the last part  of the recovery from polarization. If i t  were 
not for this, complete recovery would probably require 
more than 24 hr, and the allowance of this period is some- 
what arbitrary.  

Two causes of the decrease can be recognized: (a) the 
manganese(II) ion formed (3) should eventually return 
to the electrode and reduce some MnO2; (b) after the 
completion of most of the present measurements it  was 
shown that  Ag electrodes in NH4CI solutions react with 
oxygen to give H202, which if carried to the other electrode 
can reduce MnO2 (4). If the Ag electrode is covered with 
AgC1 this self-discharge reaction is reduced in importance 
and can be practically prevented by a thick enough layer. 
In  the lat ter  part  of this work the silver electrode was 
coated thickly with chloride by electrolysis with a current 
of 0.05 ma cm ~ for 12 hr in 0.1M KC1. In the early par t  it 
had been coated in previous discharges and not cleaned. 

In  24 hr standing in NH4C1 electrolyte an insufficiently 
coated silver electrode can cause reduction of a fresh MnO~ 
electrode equivalent to about 10 my (4). Inspection of an 
open-circuit discharge curve (1) shows that  after 125 
ma-min of discharge (of an electrode of 0.2 mmole of total  
Mn) the same amount of reduction would lower the po- 
tential  2-3 my. 

Some of the final open-circuit measurements, and hence 
overpotentiats, might be 2-3 mv too low from this cause. 
This error does not affect the conclusions. 

The reproducibility is shown in the upper curve of 
Fig. 1. I t  should be noted that  the reproducibility is as 
good as indicated in Fig. i only when the procedure is 
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FIG. 1. Variation of overpotential with current density. 
Upper curve, pH 7; lower curve, pH 5. 
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FIG. 2. Discharge curves at pH 5 and various currents 
(electrode area 8 cm e) compared with an open-circuit dis- 
charge curve. 

carefully standardized, especially in the preparation of the 
electrodes and the composition of the solution. Some 
electrodes plated at  a higher temperature gave, with a 
current density of 0.2 m a c m  2, an overpotential of 69 mv 
as compared with 56 mv from Fig. 1. 

Overpotential and Current Density 

The overpotential at  pH 7 increases relatively rapidly 
at  the beginning of a discharge, then increases slowly or 
remains practically constant for a time, increasing greatly 
at  the end (1). In  the measurements the discharge was 
allowed to proceed until an approximately steady state of 
polarization had been established, but when possible not 
so long that  much manganese(II) ion appeared in solution 
(3). At  pH 5 the second condition was not possible. At 
pH 7 the manganese(II) ion is first detectable after about  
40 ma-min. Not much is formed up to 125 ma-min, and 
this point was chosen for the measurements. At pH 5 some 
of the discharges had not attained a steady state until 
about 125 ma-min as shown in Fig. 2, so this point was 
appropriate for the lower pH also. 

For measurements at pH 7 and various current densities 
the electrolyte was 2M NH4C1 and 0.01M NH3. Currents 
were varied from 0.1 ma to 6.4 ma for the 8 cm 2 electrodes. 
Results are shown in the upper curve of Fig. 1 in which 
overpotential is plotted against current density. When the 
current decreased during the discharge, the measured 
overpotential was considered to correspond to the value of 
the current when the discharge was discontinued. 

A second series was made at  pH 5. The electrolyte was 
2M NH4CI, 0.068M potassium acetate, and 0.032M acetic 
acid, the pH of which was 4.72. Magnetic stirring was 
employed throughout this series. As shown in Fig. 1 the 
curves for pH 5 and 7 are of the same shape. 

A linear relation between overpotential and the loga- 
r i thm of the current density has been observed for the 
PbO: electrode discharging in acid solution (5). 

Concentration polarization in the solution can account 
for only a small part  of the curvature of Fig. 1. The con- 
centration changing the most was that  of the ammonia in 
the pH 7 series, while in the pH 5 series both components 
of the buffer might have changed appreciably. Estimation 
of the approximate concentration overpotential (6) for the 
largest current density gives 2.5 mv for pH 7 and 1 mv for 
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pH 5, as compared with 85 mv total overpotential. At 
smaller current densities, values would be smaller. If these 
corrections were made, the curvature of the pH 7 line 
would be reduced a little, but  not eliminated. 

Overpotential and pH 

For discharges at pH 5 it was necessary to provide a 
buffer in the electrolyte if close control of pH was desired. 
An acetate buffer of potassium acetate and acetic acid 
(0.1M in total acetate) was used. For uniformity in ex- 
periments on the variation of overpotential with pH, 0.1M 
potassium acetate was included in the electrolytes of pH 7 
and 8.6. All electrolytes contained 2M NH,C1.0verpoten- 
tials were measured with a current of 1.6 ma (current 
density 0.2 ma/cm~). Deviations from this current were so 
small that corrections were negligible. Corrections for pH 
changes were not more than • 3 my. Results are given in 
Table I. In  Fig. 3 it is shown that  variation in overpoten- 
tial with hydrogen ion concentration is much smaller 
than its variation with ammonium ion concentration. 

TABLE I. Variation of overpotential with pH 

pH 4.79 4.80 7.10 7.06 8.53 8.56 
Overpoten- 58 50 69 63 53 56 

tiM, mv 

Microscopic examination of electrodes after discharge s 
of 125 ma-min indicated a lack of uniformity in the reac- 
tion. After a discharge at pH 7 the surface was pitted and, 
at occasional spots, graphite was uncovered. In  electrodes 
discharged similarly at pH 8.6 the pitting was greater, but 
at pH 5 it was much less; no graphite was exposed. When 
the stirring was by N there was more pitting at the ends of 
the electrode than in the middle, whereas with magnetic 
stirring the attack on the electrode was much more nearly 
uniform. Because of the differences in the attack on the 
electrodes, the overpotentials at different pH values must 
be considered only roughly comparable. However, no 
differences in pitting were observed at different current 
densities or at different ammonium ion concentrations 
when pH was constant. 

Overpotential and Ammonium Ion Concentration 

For the investigation of the effect of ~mmonium ion 
concentration a series of electrolytes was prepared 0.1, 0.3, 
1.0, and 2M in NH4C1 with enough KC1 in each case to 
give 2M chloride ion, an ionic strength of 2, and enough 
NH3 to give a pH of 7.1-7.5. The two most dilute solutions 
in NH4C1 were poorly buffered and for the most dilute the 
final pH values were 7.7 and 7.8 for two discharges. How- 
ever, in this range the variation of overpotential with pH 
is small. Results of overpotcntial measurements of elec- 
trodes in these electrolytes are given in Fig. 3. 

In  this series of experiments, concentration polarization 
must have been largest in the solutions with least ammo- 
nium ion, since ammonia concentrations required were 
small. Calculation gave about 3 mv for both the 0.1M and 
0.3M solutions and 1 mv for the 1M. The most dilute 
solution, having a higher pH after the discharge than the 
other solutions, had more ammonia in proportion to the 
ammonium ion, making the calculated value lower than 
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FIG. 3. Variation of overpotential with the logarithm of 
the ammoniuE ion concentration at constant pH (upper 
line and bottom abscissa scale) and with pH at constant 
ammonium ion concentration (top abscissa scale). 
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FZG. 4. Decay of overpotential after discharge of 125 
ma-min in electrolytes of various ammonium ion concen- 
trations. (See Fig. 3.) 

would otherwise have been the case. If the small calculated 
corrections were made in Fig. 3 there would be no effect on 
the conclusions to be drawn. The slow rate of decay of 
overpotential as shown in Fig. 4 is also evidence of the 
absence of appreciable concentration polarization in the 
solution. 

I t  is of interest to compare the effect on overpotential 
of an NH4C1 electrolyte with that of methyl, dimethyl and 
trimethylamine hydrochlorides, the amines being stronger 
bases than ammonia. Amine hydrochlorides of Eastman 
reagent grade were dried at l l0~ and 2M solutions were 
made by weight. When necessary some of the free amine 
was added to give a pH of from 7.2 to 7.4. A slight yellow 
color in each of the solutions was removed by stirring with 
decolorizing carbon. Experimental data and results are 
given in Table II. 

TABLE II. Overpotentials with NH4C1 and amine 
hydrochlorides as electrolytes 

E l e c t r o l y t e  

NH4C1 . . . . . . . . . . .  
CH~- NHsC1 . . . . . .  
(CH3)~NH~C1 . . . . .  
(CHs)3NHC1 . . . . . .  

pH* 
(final) 

7.33 
.7.59 
7.70 
7.31 

Over -  
po ten t ia l*  

m v  

6 5 •  3 
132 -4- 4 
140 i 3 
104 • 4 

pKa 

9.26 
10.64 
10.71 
9.72 

Concen t ra -  
t ion  over -  
p o t e n t i a l  

m v  

*Each value is the mean of two. 
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The larger the pK (7), (Table II) ,  the less dissociated is 
the ammonium or substituted ammonium ion, and the 
overpotentials increase in the same order. 

Magnesium Chloride Electrolytes 

Some overpotential measurements were made with 
MgC12 electrolytes buffered with excess Mg(OH)2. Con- 
centrations of MgCl.~ varied from 0.05 to 0.67M with 
enough KC1 to give an ionic strength of two. Overpoten- 
tials varied irregularly from 113 to 141 my, with an average 
of 126 my. Considerable differences in the surface condition 
of the electrodes were observed after discharge, the elec- 
trodes showing the larger overpotentials being more 
heavily pit ted than the others. Because of the high pH, 
8.7-9.5, these experiments cannot be compared quanti- 
ta t ively with the others. 

Overpotential and Temperature 

A series of two mcasurements each at  25, 15, and 5~ 
was made. The electrolyte was 2M NH4C1 of pH 7.3 and 
conditions were those described for the experiments on 
ovcrpotential and current density, except that  the current 
was held constant at  1.60 ma. The overpotcntial in milli- 
volts as a function of temperature in centigrade degrees 
can be expressed by the equation 

= 103.86 - ].415 t 

which was determined by the method of least squares. 
Results are shown in Table III .  

Maximum Overpotential 

Discharge curves at  pH 5 show a peculiarity not found 
at pH 7. Four of the pH 5 curves are shown in Fig. 2 to- 
gether with an open-circuit discharge curve for compari- 
son. The real discharge curves all pass through a minimum 
at about 20 ma-min giving a maximum in the overpoten- 
tial. The overpotentials measured at  20 instead of 125 
ma-min are about twice those at  125 nm-min. When they 
are plotted against the logarithm of the current density a 
curve like those of Fig. 1, but  with somewhat less curva- 
ture, is obtained. 

Although discharge curves at  pH 7 do not have a mini- 
mum, the overpotential passes through a maximum. In 
the experiments leading to Fig. 3, in which the ammonium 
ion concentration was varied, the maximum came at  30-40 
ma-min and its height was larger the smaller the ammo- 
nium ion concentration. 

Recovery from Polarization 

I t  has been shown that  the recovery from polarization, 
or decay of overpotential,  is slow (1). Fig. 4 shows the 

TABLE I I I .  Variation of overpotential with temperature 

t 
~ 

25 
15 
5 

pH* 
(final) 

7.27 
7.29 
7.28 

Overpotential 

Obs,* mv Calc, mv 

09 • 1 68.5 
82 4- 0 82.6 
97 • 3 96.8 

* Each value is the mean of two. 

first portions of the recovery curves of the electrodes of 
the ammonium ion series at  pH 7.5 (Fig. 3). Each curve 
is the average for two electrodes. I t  is shown that  the 
electrodes having the larger overpotentials have the more 
rapid recovery, but  there was no sudden change on break- 
ing the circuit. Each curve starts  at  the overpotential at  
which the circuit was broken. 

DISCUSSION 

I t  has been postulated (3, 8) that  the potential of a 
Mn02 electrode depends on the composition of the surface 
of the oxide. The closed-circuit discharge curve starts a t  
the open-circuit potential,  if the iR drop included in the 
measurement is negligible. The closed-circuit potential 
decreases considerably faster than the open-circuit poten- 
tial in the early part  of the discharge. This can be ex- 
plained as the result of the accumulation on the surface 
of lower oxide, which in the early part  of the discharge 
is formed more rapidly than it is removed. The overpo- 
tential  may be assumed to arise from the presence on the 
surface of more than the equilibrium amount of lower 
oxide. 

That  the lower oxide is removed from the surface is 
indicated by the slow rise in potential when the circuit 
is broken (Fig. 4) and by the appearance of manganese(II) 
ion in the solution (2, 3). In discharges at  pH 7 manga- 
nese(II) ion is not formed in the early par t  of the dis- 
charge, but on breaking the circuit the potential rises 
slowly, indicating that  lower oxide is being removed @ore 
the surface (1). I t  has been postulated that  the lower 
oxide can become mixed effectively with the dioxide (1, 
9), which also accounts for the decrease in the equilibrium 
open-circuit potential with discharge (10). 

During the middle part  of a discharge the overpotential 
remains constant or changes only slowly, indicating an 
approximately steady state in which the reaction products 
are being removed as fast as they are formed. An increase 
of current increases the rate of formation of products, 
which accumulate and lower the closed-circuit potential 
until a new steady state with a faster rate of removal is 
attained. 

The dependence of the overpotential on the ammonium 
ion concentration (Fig. 3) cannot be satisfactorily ex- 
plained at  present. I t  is probably connected with the 
phenomenon of the maximum overpotential, as the am- 
monium ion concentration had considerable effect on the 
si~e of the maximum. I t  was observed that  in the first 10 
ma-min of discharge the curves for the four ammonium ion 
concentrations were much alike, but after this they devi- 
ated more and more as the various maximum overpo- 
tentials were approached. No explanation of the maximum 
overpotential and the minima in Fig. 2 can be given other 
than the suggestion of nucleus formation] given for the 
similar minima in discharge curves for the PbO2 electrode 

(5). 
A quanti tat ive t reatment  of the theory of overpotential 

has not been undertaken at  this time because of the com- 
plexity of the problem. Experiments on discharge in acid 
electrolytes are being made, since in this case the removal 
of the reaction product seems to be a single process instead 
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of two. A quantitative treatment of these results seems 
possible. 
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The Change of Potential of Manganese Dioxide 
Electrodes on Standing 

STANLEY HILLS t AND W .  C.  VOSBURGH 

Department of Chemistry, Duke University, D~zrham, North Carolina 

ABSTRACT 

MnO2 that has been in contact with ammonium salt solutions can be analyzed cor- 
rectly if washed free of ammonium ion. Electrodes of electrodeposited MnO~ on graphite 
with electrolytes of NH~C1, (NH4)2 SO4, buffered KC1, or MgC12 saturated with hy- 
droxide decreased in potential 50-100 mv in 3 months at 50~ On Au and Pt with buffered 
KC1 electrolyte a similar decrease took place. The decrease was accompanied by a loss 
in avMlable oxygen. Precipitated MnO2 decreased more than 100 mv in 2 months under 
similar conditions, but lost little available oxygen. 

Mn0~ electrodes of both the precipitated and electro- 
deposited type in NH4C1 electrolytes decrease in potential 
slowly over long periods of time (1, 2). The decrease is 
associated with loss of available oxygen, but this could 
not be demonstrated by direct analysis, because the 
analytical method was questionable for an electrode that 
had been in an ammonium salt solution. 

In the present investigation it is shown that the analyti- 
caI method can be applied to Mn0~ that has been in am- 
monium salt solutions if the ammonium ion is first re- 
moved. A further investigation was made of the decrease 
in potential on standing in four different electrolytes. Also, 
for eleetrodeposited electrodes the effect of substitution of 
Au and Pt for graphite was tested. 

PREPARATION OF Mn02 

Electrodes were prepared by electrodeposition of Mn02 
on graphite rods which had been prepared for spectro- 
scopic work as previously described (3). Plating time was 
30 rain, and the total Mn deposited was 0.2 mmole on a 
surface 8 em 2. 

Precipitated Mn02 was made by reaction of manganese 

~Present address: Reduction Research Laboratory, 
Reynolds Metals Co., Sheffield, Ala. 

(II) sulfate and KMnO4 in acid solution (4). I t  was 
washed thoroughly and dried at room temperature. 

ANALYTICAL }[ETHOD 

The value of x in the formula MnOx can be determined 
without weighing the sample by a combination of the 
HaAs0a method for available oxygen and potentiometric 
titration in the presence of pyrophosphate for total Mn 
(5-7). For electrolytic electrodes on graphite rods this 
method gives low results if the electrode has been exposed 
to an NH4C1 electrolyte, and also if ~n HaAs0a solution 
much more dilute than 0.1N is used in dissolving the 
sample (2). A fut~her study of the method was made 
before it was used in analyzing manganese oxides. 

Electrolytic electrodes prepared as noted above and 
washed free from acid with water gave, on analysis, the 
results in the first four lines of Table I. Seven electrodes 
used as controls and analyzed with 0.1N H3As03 for the 
available oxygen determination gave x = 1.90, with an 
average deviation of 4-0.016. Two similar electrodes 
analyzed with 0.025N H3As03 gave x = 1.63, in agreement 
with the earlier observation (2). However, when either 
0.1N or 0.025N FeS04 was substituted for the HaAs0~ the 
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value of x found was in agreement with the controls. 
Therefore, it is probable that analysis with 0.1N H3As03 
gives correct results even though the value of x is con- 
siderably lower than the theoretical. The variation in the 
results is the sum of the analytical error and the variation 
in composition of the oxide on different electrodes; there- 
fore, it should not be taken as a measure of the former 
alone. 

When electrodes were kept in a solution 2M in NH4CI 
and 1M in NH3 for 24 hr before analysis, the value of x 
found by analysis (line 5) was much lower than that of the 
controls. With only 1 hr of treatment instead of 24 (line 
6), the value of x was still much too low. I t  seemed proba- 
ble that the low results were to be ascribed to interference 
in the analysis by NH.,C1 or NHa and not to reduction of 
the Mn02. Ammonium ion is held tightly by the oxide, 
probably as the result of exchange adsorption, and it is not 
easily removed by washing with water. Na2S04 solution 
removes it, as shown by tests with Nessler's reagent, and 
after ten washings the wash solution gives only a faint 
test. The last two lines of Table I show that ammonium 
ion can be removed by washing with 1M Na2S04. I t  is not 
completely removed by four washings, but fairly well by 
ten. 

There was a faMy constant error in the results of Table 
I. After the available oxygen determination, and after the 
addition of pyrophosphate, it was necessary to neutralize 
much of the acid present to attain the proper pH for the 
potentiometric titration. When Fe was present, extreme 
care was needed in the addition of NaOH to avoid a tem- 
porary precipitate, which would lead to low results. Neu- 
tralization by NH3 is much safer in this respect, and this 
was done in all of the analyses of Table I. However, 
analysis of several preparations of precipitated MnO~ and 
a sample fl'om the National Bureau of Standards using 
both methods of neutralization showed that the NHa 
method gives high results for total Mn by about 17 parts 
in 1000, or a negative error in x of about 8 parts in 1000. 
This error does not seem to affect the analysis of elec- 
trolytic electrodes as much (probably because less acid is 
used), but in any event the conclusions from Table II  
would not be affected. 

FABLE I. Effect of concentration of the reagent and exposare 
of the sample to NH4C1 solution on the analysis of 

electrolytic Mn02 on graphite rods 

xo. of iExp . . . . .  I 

2 None 
4 None 
2 [ None I 
2 24 hr 
3 I hr 
3 1 hr 
3 1 hr 

Washingt 

! 

Solution for 
digestion 

- -  ] 0.1N H:~AsO~ 
- -  0.025N H~AsO~ 
- -  0.1N FeSO4 
- -  [ 0.025N FeSO4 
__ I 0.1N H~AsO~ 
--  i 0,1N tlaAsOa 

4 Times ] 0.1N HaAsOa 
10 Times I 0.1N tt3As03 

Results as x 
in MnOz 

1.904- 0.016 
1.63 :t= 0.1 
1.914- 0.005 
1.884- 0.01 
1.594- 0,06 
1.70 4- 0.03 
1.84 4- 0.02 
1.88 4- 0.01 

* MnO: placed in solution 2M in NH4C1 and 1M in NH.~ 
for the time indicated. 

Samples washed repeatedly with 1M Na~SO4 solution. 

NaOH was used /or neutralization in the analysis of 
precipitated MnO~. I t  was found that protection from air 
by a current of N Was desirable during the neutralization 
(as well as during the potentiometric titration) to prevent 
a small amount of oxidation by air. 

Ammonium ion present during tile available oxygen 
determination in the analysis of precipitated Mn02 also 
caused low results, although the effect was not as large as 
for electrolytic oxide on graphite rods. Five analyses of a 
Mn02 preparation gave x = 1.969 4- 0.002. When 1 g of 
(NH4)~SO4 was added to the acidified H3AsO~ solution used 
for dissolving the sample, the values of x found in two 
analyses were 1.90 and 1.92. 

Three samples of precipitated Mn02 were kept 24 hr in 
a solution 2M in NH4C1 and 1M in NH3, then washed 
ten times with 1M Na2SO4 solution. In  each washing the 
precipitate was stirred with the solution mechanically for 
15 rain, then the solution was decanted. Finally, samples 
were washed with water, dried in a vacuum desiccator over 
PzQ, and analyzed. The average x value was 1.954 4- 
0.0003 as compared with t.959 4- 0.001 for the untreated 
oxide. The experiment was repeated, but after removal of 
the ammonium ion, and before analysis, one part by 
weight of Shawinigan black (50% compressed) was mixed 
with 9 parts of the sample. The mixture was digested with 
the acid H~As03 solution and the C removed by filtration 
before titration of the excess H3AsO~. Three samples 
treated in this manner gave x = 1.953 + 0.0003. For the 
precipitated oxide, treatment with ammonium salt and 
NH3 and subsequent removal of ammonium ion gave an 
apparent loss of 3 parts in 1000 in the value of x. One 
possible source of error in the procedure is the loss of fine 
particles of oxide in the washing by decantation, if the 
fine material differs in composition from the coarser. 

Treatment with ammonium salt and NH3 and washing 
with Na2S04 solution, with the subsequent addition of C, 
was tried with Standard Sample 25b from the National 
Bureau of Standards. The value of x was 1.984 4- 0.003 
as compared with 1.982 4- 0.002 with no treatment, three 
samples each. The agreement with the value of x calcu- 
lated from the National Bureau of Standards analysis is 
very satisfactory. 

It  was not attempted to add C to a Mn02 sample while 
in an ammonium salt solution, because of the possibility 
of a real change in the oxide composition under these con- 

TABLE II. Change in potential of electrodeposited Mn02 
on graphite on standing 3 too. in electrolyte at 50~ 

Electrolyte 

N H ~ C 1  . . . . . .  
(NH4)~SO, . . 
KC1 . . . . . . . . .  
MgC12 . . . . . .  

Potential,* Corr. to 
pH 7.5, 25~ 

pH 
Initial, [ Final, 

�9 4494 v 4- 5 my 
7.5 3714- 13 
7.5 453 4- 21 402 4- 6 
8.3 472 :t= 5 / 401 4- 11 
8.3 507 4- 5/ 398 4- 12 

I 

--AE, 
rnv 

73 
51 
71 

109 

x in MnOz 

1.74 -t-0.01 
1.76 +0.02 
1.72 q-0.02~ 
1.64 +0.05 

* Each value is the average for 4 electrodes. 
Average of 3. 
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ditions (4). There is no reason to expect an effect of the 
combined treatment on the analysis itself. MnO~ contami- 
nated with ammoniacal electrolyte and mixed with C 
(or oxide electrodeposited on the surface of graphite) can 
be analyzed well enough for the purposes of this investiga- 
tion. 

CHANGE IN POTENTIAL ON STANDING IN ELECTROLYTE 

Electrodeposited Mn02 

Sixteen comparable electrodes of electrodeposited Mn02 
on graphite rods were divided into four equal groups, and 
each group was mounted in a rubber stopper fitting a glass 
container of about 120-ml capacity. A fifth hole in each 
stopper permitted measurement of the electrodes against 
a saturated calomel electrode. Four different electrolytes 
were used: (a) 2M NH4C1 with enough NH3 to give pH 
7.5; (b) a similar 1M (NH4)2SO4; (c) 2M KC1 with a car- 
bonate buffer, pH 8.3; (d) 1M MgC12 saturated with 
Mg(0H)2, pH, 8.3. The first and last were chosen because 
of their use in Leclanche and Mg dry ceils. The second 
does not have the chloride ion which is present in the other 
three, and the third contains the K cation instead of 
ammonium or Mg. 

Measurements of electrode potential and pH were made 
at  25 ~ , then the holes for the calomel electrode were stop- 
pered, and the vessels placed in an oven at  50 ~ • 3~ At  
intervals of a week or two the vessels were cooled to 25 ~ 
and measured. Most of these potential measurements were 
not comparable with the initial and final values, because 
of a lag in the at tainment of equilibrium which was not 
recognized at  first. For  this reason the shape of the poten- 
t ial-time curves was not determined. 

I t  was later found that  standing for four days at  25 ~ 
after a temperature decrease assured satisfactory measure- 
ments. Changes in pH took place in the first three elec- 
trolytes, the change being especially large in the third, 
containing the carbonate buffer. For convenience all elec- 
trode potentials were corrected to a pH of 7.5 by the use 
of the coefficient 75 m v / p H  unit (1). I t  is believed that  
the error in this correction is not large enough to affect 
Che conclusions. 

The initial and final values for a three-month period are 
shown in Table I I ,  along with results of analyses of the 
oxide on the electrodes. Decrease in potential correlates 
qualitatively with the change in composition, assuming 
that  all electrodes were of MnO~.0 at  the beginning. The 
correlation held for individual electrodes within a group 
also. A few of the glyptal seals which joined the graphite 
rods to the glass tubes in which they were mounted were 
faulty. This allowed electrolyte to come in contact with 
the bare graphite rod. Such electrodes were invariably 
lower in potential than the others of their group and were 
lower also in x-value. They were nevertheless included in 
the averages on the assumption that  the effect of the 
cracked seal was merely to accelerate the change taking 
place, and not to introduce a new process. 

However, the magnitude of the change in potential is 
rather Iarge in reIation to the change in the ratio of MnO~ 

TABLE I I I .  Change in potential of electrodeposited MnO2 
on Pt and Au on standing 4 wk in electrolyte at 50~ 

pH 7.5 

Electrode 

Pt 
Au 

Potential,* pH 7.5, 25~ I --aE,110mv 
Initial, mv Final, mv 

520 • 7 410 • 2 
528 • 4 398 • 3 { 130 { { 

x in MnOx 

1.77 -4- 0.02 
1.77 • 0.01 

* Average for three electrodes. 

to lower oxide (assumed to be MnOOH). Electrodes made 
of mixtures of MnO~ and MnOOH have been shown to 
change 73 my with unit change in the logarithm of the 
oxide ratio (8). The corresponding change in the electrodes 
of Table I I  is 90-120 inv. This suggests that  part  of the 
change in potential may be the result of a change other 
than reduction. A suggestion as to the nature of this change 
is nmde in the discussion of changes on standing of elec- 
trodes of precipitated MnOs. 

I t  is not apparent what is oxidized when the MnO~ is 
reduced. The only substances present in all four systems 
are water and graphite. The oxidation of chloride ion re- 
quires a higher potential than that  available. The oxida- 
tion of water should be easier, though still apparently 
requiring too large potential. To test whether graphite was 
involved, P t  arid Au were substituted as supports for the 
MnO~. Previously (2) MnO~ on Pt  in NH4C1 electrolyte 
was found to decrease in potential faster than on graphite. 

MnO.2 was electrodeposited on three bright P t  and three 
gold-plated Pt  electrodes at  the same current density as 
used for deposition on graphite. These were placed in a 
single vessel containing 2M KC1 electrolyte buffered with 
a borate buffer at  pH 7.5. As a precaution against traces 
of reducing impurities a little permanganate had been 
added, and the solution was boiled and filtered prior to 
use. Potentials (relative to the saturated calomel electrode) 
before and after four weeks at  50~ are given in Table 
I I I ,  along with the composition of the oxide as found by 
analysis after the final potential measurements. The ex- 
periment was discontinued after four weeks because large 
changes in both potential and available oxygen were 
shown in that  time. The higher initial values correspond 
to a higher initial available oxygen content. Analysis of 
four freshly prepared electrodes, two on Pt  and two on Au, 
gave MnOL.97 as compared with MnO~ .90 for electrodes 

on C. 

PRECIPITATED MnO2 

Sixteen electrodes were prepared with precipitated 
MnO2. The same four electrolytes were used as for the 
electrodeposited electrodes, except that  the 2M KC1 was 
buffered with borate instead of carbonate, and its pH was 
7.7. The MnO~ to be used with the ammonium salt electro- 
lytes was digested at  room temperature with similar solu- 
tions containing 1M NH3. Other samples were digested 
with the unaltered electrolytes. 

The electrodes were set up in long narrow tubes with Pt  
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wires sealed in at the bottom (4). Two electrodes with each 
electrolyte were made by placing in the tubes a suspension 
of Mn02 in the electrolyte and centrifuging to pack the 
oxide around the Pt  wire. Two other electrodes with each 
electrolyte were made with C (Shawinigan black, 50% 
compressed) mixed with the oxide. The oxide and C were 
mixed in the form of a paste with a little of the electrolyte, 
and the paste was packed around the wire by centrifuging, 
before the main part of the electrolyte was added. 

A fifth set of four similar oxide samples (two of them 
with C) were placed in electrode vessels with water in place 
of an electrolyte. These samples served as controls and 
were analyzed with the others at the end of the experiment, 
but no potential measurements were made. 

The electrodes were kept at 50 ~ 4- 3~ and occasionally 
cooled to 25~ for measurement against a saturated 
calomel electrode. The potentials decreased, and in the 
latter part of the second month they seemed to be ap- 
proaching constancy. On two occasions the potentials 
immediately after the reduction in temperature were 
roughly 200 mv below the previous values, but they rose 
within four days to values only a little below the previous 
ones. This phenomenon could not be repeated later. 
Decreasing pH values in the first two electrolytes were 
probably the result of loss of NH3, in spite of tight stop- 
pers. Before the final measurements the electrolytes in the 
first two sets of electrodes were changed. Table IV shows 
the initial and final electrode potentials all corrected to 
pH 7.5. In  the last column is given the composition of the 
MnO: as found by analysis, each value being the average 
for two electrodes. With these arc included the analyses 
of the samples kept under water instead of electrolyte. 

Most of the final potentials were smaller than those of 
Table II  and the decrease larger, but the loss of available 
oxygen was much smaller. The oxide kept under water 
changed from the initial Mn0~.959 to MnO1.9~6. The change 
in the electrodes with the MgCle electrolyte and no C was 
little more than this. The oxide samples in the KC1 and 
(NH,)2SO4 electrolytes changed to MnO1.934 and -~InO1.922, 
respectively. The much larger change in the NH4C1 electro- 
lyte may have been the result of an undetected error. The 
electrodes containing C decreased nmre than those without 
C (except in the NH4C1 electrolyte), and more available 
oxygen was lost. 

Comparison of Tables I I  and IV shows that even if the 
change in potential in the former should be ascribed wholly 
to the change in oxide composition, the change in Table IV 
cannot be so explained. A change to a more stable physical 
form is not a satisfactory explanation for the decrease of 
potential. Maxwell and Thirsk (9) found a much smaller 
change of potential, sometimes even an increase, on heating 
a number of different preparations of MnO~ to tempera- 
tu,es of 200~ or above. In their experiments the cells in 
which the various preparations were compared were made 
with electrolytes of HCI and MnC12. Kozawa and Sasaki 
(10) believe that the potential of a MnO2 electrode de- 
pends mainly on the surface state of the oxide. The pres- 
ence of lower oxide on the surface leads to u low electrode 
potential. If the lower oxide is removed by acid, the elec- 
trode potential rises. In an ammonium salt (or other) 

TABLE IV. Change in potential of electrodes of precipitated 
MnO2 on standing 2 mo. in  electrolyte at 50~ 

Electrolyte 

NH4C1 . . . . . . . . . . . . . . .  
NH4CIt . . . . . . . . . . . . . .  
(NH4)2804 . . . . . . . . . . .  
(NH4):SO4~ . . . . . . . . . .  
KCI . . . . . . . . . . . . . . . .  
KClt . . . . . . . . . . . . . . .  
MgCI: . . . . . . . . . . . . . .  
MgC12t . . . . . . . . . . . . .  
Water . . . . . . . . . . . . . .  
Watert . . . . . . . . . . . . .  

pH 

7.5 
7.5 
7.5 
7.5 
7.7 
7.7 
8.3 
8.3 

Potential,* corr. to 
pH 7.5, 25~ 

Initial ,  ray 

485 4- 15 
478 4- 17 
496 4- 0 
534 ~: 1 
516 4- 2 
504 4- 0 
524 4- 1 
504 4- 1 

Final  t my 

331 4- 10 
357 4- 0 
380 • 5 
368 4- 2 
404 4- 1 
38O ~ 1 
384 -4- 6 
356 4- 7 

x in 
MnOx 

1.875 
1.902 
1.922 
1.907 
1.934 
1.92(} 
1.949 
1.924 
1.946 
1.906 

* Each value is the average for 2 electrodes. 
C was mixed with the MnO~. 

electrolyte at pH 7 or higher, MnOOH on the surface of 
MnO~. would not be removed, and a decrease in potential 
could be the result of a decrease in available oxygen in the 
surface layer. 

The effect of heating the MnO: in the dry state was 
tested by keeping samples in the oven at 50~ for 1-5 
weeks. Analysis of the five-weeks sample gave MnO~ .~  and 
MnO1.925, showing less available oxygen than most of the 
samples heated under water or electrolyte for a longer 
period. However, electrodes made with the heated samples 
were on the average only 20 mv lower than control elec- 
trodes made with unheated oxide. Both sets of electrodes 
decreased about 100 mv during the period of observation. 

C O N C L U S I O N S  

I t  is assumed that the changes at 50~ are no different 
in kind from similar changes at 20~176 The decrease in 
potential of electrodes of precipitated Mn0~ indicates a 
self-discharge process taking place at the MnO2 surface. 
This conclusion is based on the proposition that the poten- 
tim is determined by the composition of the surface to- 
gether with the observation that analysis showed only a 
small decrease in composition of the oxide as a whole. The 
self-discharge does not depend on any particular ion in 
solution, nor on the presence of any substance more easily 
oxidized than water. 

Electrodeposited MnO~ on graphite, Pt, or Au loses con- 
siderablc available oxygen while decreasing in potential. 
This suggests an electrolytic effect by which the self-dis- 
charge process, occurring primarily at the surface, spreads 
to the interior. The effect of cracks in the electrode seals 
is in agreement with this suggestion. 

I t  does not appear possible to bring MnO~ electrodes to 
complete equilibrium with neutral or slightly alkaline 
solutions. 
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Study of the Cathodic Reduction of Oxide Films on Iron 

I. Reduct ion of Alpha-Fe20~ Fi lms 

H .  G. OS}VIN 1 AND M .  COHEN 

Division of Applied Chemistry, National Research Council, Ottawa, Ontario 

ABSTRACT 

Apparatus and technique for cathodic reduction of q-Fe20~ films is described. Meas- 
urements of the reduction efficiency in buffered and unbuffered electrolytes are given. 
Effects of pH of the electrolyte, dissolved oxygen current density, and film thickness are 
noted and discussed. Electrolytes containing "ferrous-complexing" ions have also been 
investigated. Methods of determining quantities of ~-Fe20~ in thin films are suggested 
and their limits of accuracy considered. 

Dissolution of iron oxide fihns on Fe in acid media was 
investigated by Evans, et al. (1-7), and it appears to be a 
process of reduction and dissolution. 

The reduction of ~-Fe203 can be represented by: 

Fe20~ + 6H + + 2e -~ 2Fe ++ + 3H20 (I) 

When no external emf is applied, electrons can be supplied 
by the anodie corrosion process: 

Fe -~ Fe ++ + 2e (II) 

The combination of processes (I) and (II) is known as 
"autoreduction". However, if a cathodic potential is ap- 
plied, reaction (II) should be suppressed and reaction (I) 
will be predominant. There witI also be another cathodic 
process competing with (I): 

2H ++ + 2e ~ H2 (III) 

The present work was carried out to investigate whether 
the cathodic reduction technique could yield an accmate 
determination of ~-Fe20~ on iron. 

PRELIMINARY INVESTIGATIONS 

Some preliminary investigations were carried out using 
a simple electrolytic cell similar to those used by previous 
workers. The quanti ty of Fe dissolved in the electrolyte 

i Present address: Cities Service Research & Develop- 
ment Corp., New York, N. Y. 

after reduction was determined and used as a measure of 
the efficiency of the reduction. This was done by comparing 
the quantity of Fe found with that which would be ex- 
pected from reaction (I) and a consideration of tile number 
of coulombs put into the system. 

Efficiencies calculated on this basis showed considerable 
variation when the reductions were carried out in N/IO 
NH4C1; efficiencies in aerated systems were particularly 
difficult to correlate with each other. Further, the effi- 
ciencies were generally found to be greater than 100%, 
especially when low current densities were used. There 
was much more Fe found in solution than would have been 
expected from the number of coulombs put into the sys- 
tem, assuming that all the eoulombic energy was used 
solely for the reduction of a-Fe~O,. This indicated that 
autoreduetion, i.e., a combination of reactions (I) and 
(II), still prevailed under these conditions. I t  had been 
thought previously that rates of autoreduetion were very 
small in solutions of pH exceeding 3.0 (7). However, these 
experiments had been carried out in unbuffered solutions 
of dilute HC1, in which the pH in the region of the elec- 
trode might have changed during the experiment. Conse- 
quently, it was decided to investigate first the rates of 
autoreduetion in buffered solutions. 

Rates of A utoreduction 

Immersion of oxidized Fe specimens in N/IO NH4C1 
solutions resulted in a gradual disappearance of the oxide 
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film. Measurement of the amount of Fe going into solution 
indicated that the autoreduction rates were still consider- 
able--of the order of 40 yFe/cm~/hr. Specimens which 
had been immersed in N/]O NH4C1 for a while were then 
reduced cathodically and compared with ordinary oxidized 
specimens. I t  was observed that a much smaller reduction 
step was found in the case of specimens which had been 
previously immersed in N/IO NH4C1. 

Several deaerated buffered solutions were prepared in 
which Fe specimens (oxidized to the blue stage) were im- 
mersed. The time taken for the film to disappear com- 
pletely was noted. These times varied somewhat and the 
average of a number of observations was taken. 

pII T ime  (rain) 

5 5 
6 20 
6.5 30 

Several buffers were tried in the pH range 5-7.5, and it 
was observed that rates of autoreduction decreased with 
increasing pH. Rates varied somewhat, depending on the 
buffer used. Reduction rates appeared to be lower in 
aerated buffers, presumably because of depolarization by 
oxygen of reaction (III), which is then the preferred 
cathodic process. 

In  sodium borate-HC1 buffers of pH 7.5, rates of auto- 
reduction were quite low: approximately 2 4 ~,Fe/cm2/hr. 
This is a very low rate of reaction and should be completely 
suppressed or minimized on application of a cathodic pc- 
tential to the electrode. Hence it was decided to investigate 
the cathodic reduction process in electrolytes of pH 
greater than 7.5. 

E X P E R I M E N T A L  

Preparation of standard oxidized Fe specimens was 
carried out in the following manner. For most of the ex- 
perimental work Armco iron sheet 0.006 in. (0-152 mm) 
thick was used. Specimens 7 x 1 cm were oxidized, then 
trimmed to a size and shape suitable for use as electrodes. 
The reducible area used was approximately 10 cm 2. Before 

N 2 FLOW 

TO S.C.E. 

tqO. 1. Reduction cell 

oxidation the Fe was polished with 3/0 emery paper, 
degreased in trichlorethylene, etched 1 rain in N HC1, 
washed with distilled water followed by dry methyl alcohol, 
and finally dried at room temperature. Specimens pre- 
pared for electron-diffraction examination were made fl'om 
Fe of the same specification, but thickness 0.062 in. (1.57 
mm). Preparation of the metal was similar to that  already 
described above, except that it was polished with 4/0 
emery paper to obtain best results. 

Oxidation was carried out in a glass vessel through which 
there was a continuous flow of oxygen; to. obtain even oxi- 
dation, specimens were suspended fl'om a central support 
and were not allowed to touch the walls of the vessel. The 
glass vessel was contained in a furnace heated to a suitable 
temperature maintained at •176 For most of the experi- 
mental work, except where otherwise specified, specimens 
were oxidized 18 hr ~t 250~ which usually produced a 
first-order blue film. In  view of the preliminary observa- 
tions of the effect of oxygml, the apparatus was designed 
to work under anaerobic conditions. Cathodic reduction 
of specimens and storage of the necessary electrolytes were 
effected under a oN.~ atmosphere. The N2 was purified by 
bubbling through Fieser's solution and then passing over 
a column of finely dispersed Cu on kieselguhr, heated to 
220~ 

Solutions were deaerated by heating to 90~176 in the 
storage vessel while pure N,~ was bubbled through for 
24 hr before using. The transference of electrolyte from 
storage vessel to cell was effected by a system of three-way 
taps. It  was found that solution-lubricated glass stopcocks 
served most satisfactorily. 

The reduction cell was designed: (a) to permit exclusion 
of air; (b) to permit complete flushing with pure N~ with 
the specimen in position; (c) to minimize diffusion of oxy- 
gen to the cathode by removing the anodes as far as pos- 
sible; and (d) to facilitate accurate analysis for dissolved 
Fe by making the cell volume as small as possible. The 
cell is shown in Fig. 1, its dimensions being approximately 
25 x 150 mm. The specimen was suspended on a heavy 

B 

I C A 

�9 O 

. .  i [ - J  -D 
[- . . . . . . .  J 

FI~. 2. Electrical circuit. A--Microammeter; B--d-c 
supply; C--reduction cell; D--"bucking" circuit; P---emf 
recorder; R--large variable resistance; S.C,E.--standard 
calomel electrode. 
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gauge-W wire sealed into a ball-joint. This allowed location 
of the specimen against the tubulus connecting the cell to 
a standard calomel electrode via a salt bridge. 

Fig. 2 is a diagram of the electrical circuit used. Basically 
this is similar to those used by previous workers and con- 
sists of a source of d-c voltage (B) connected to the reduc- 
tion cell in series with a very large resistance (R). If  (R) 
is considerably larger than the resistance of the cell, small 
changes in the cell resistance will not affect the total  re- 
sistance of the circuit, and a constant current can be main- 
tained during reduction. (In some cases a small variation 
in current was noticed, but  this did not exceed •  
Accuracy of the microammeter used is estimated to be 
better than :t:0.5%; hence the maximum error in measur- 
ing the current is ~:1%. 

The emf measurements against a standard calomel 
electrode were recorded on a Speedomax, range 0-1000 
my. As shown in Fig. 2 at  D, a bucking potential was used 
to retain the measured emf's on thc recorder scale. 

The bucking potential used was 0.2 v, but  all potentials 
shown and mentioned were corrected by this amount. 

Briefly, the method of using the apparatus was as 
follows: 

1. Before any experiment, the cell was first washed with 
N/HC1 and finally wasl~ed well with distilled water. 

2. Pure N2 was then allowed to flow through the cell, 
and after 2 min the cell was flushed out with deaerated 
electrolyte, some of which was allowed to flow through the 
salt bridge. Thus, any aerated electrolyte was removed. 

3. The cell was drained and the electrode placed in posi- 
tion against the tubulus. With  the lower stopcock still 
open, pure N2 was allowed to flush through the cell for an 
additional 10 rain. The necessary electrical connections 
were then closed, and fresh electrolyte admitted via the 
lower, three-way stopcock, until the required liquid level 
in the cell was obtained. Immediately the stopcock in the 
salt bridge was opened, the electrical circuit main switch 
closed, and the recording of enff's commenced. 

4. On completion of reduction, the circuit was opened, 
the electrode quickly removed from the cell, and excess 
electrolyte washed from it with distilled water. These 
washings plus the remaining electrolyte in the cell were 
collected, together with further washings of the cell with 
N/IO HC1 and distilled water. 

The total  Fe content of the collected electrolyte and 
washings could then be estimated colorimetrically. The 
amount of Fe  involved was usually of the order of 100 ~/ 
but  at  times quantities as low as 10 ~, and as high as 400 5' 
were determined. The total  volume of liquid involved was 
75-100 cc. 

Several colorimetric reagents were tried, and the most 
satisfactory for these conditions appeared to be thioglycol- 
lic acid. The technique consisted of: (a) evaporation to a 
very small bulk followed by transference of the material  
(washing with N/IO HC1 and distilled water) to a 50 cc 
volumetric flask; (b) addition of 2 cc 10% thioglycollic 
acid solution neutralized with 6N NH3; (c) addition of 
10 cc 6N NH~ and dilution to a total  volume of 50 cc; and 
(d) measurement of optical density in silica cells at  540 
m#. For  use as a blank solution for these measurements, a 
dummy run was made in the cell without an electrode, the 

electrolyte being removed and treated in the manner 
described. The spectrophotometer was calibrated using 
standard solutions of Fe in HC1 added to a normal quan- 
t i ty  of the electrolyte. 

Reproducible accuracy of better than :t:1.5% was ob- 
tained, but  an over-all accuracy of only ~ 2 %  is claimed. 
The accuracy increases with quant i ty  of Fe involved, pre- 
sumably because of the reduced significance of small losses 
by adsorption on the glassware. 

Specimens required for electron-diffraction examination 
or microweighings after cathodic reduction were treated 
as follows: after removal from the cell, the specimen was 
washed with distilled water repeatedly, then with dry 
methyl alcohol, and finally dried at  room temperature. 

EFFECT OF pH ANI) CURRENT DENSITY 

In  view of the autoreductiou rates observed in buffered 
solutions, reductions were carried out in solutions of high 
pH. A series of sodium borate-HC1 buffers was used (8). 
A series of reductions was carried out using standard speci- 
mens and a current density of 30 #a /cm 2. The emf-time 
curves are shown in Fig. 3. 

In  a buffer of pH 7.65, the inflection is clearly marked, 
less marked at  p i t  8.1, and nonexistent a t  pH 8.6. Reduc- 
tion of the ~-Fe203 was achieved at  pH 8.6, but  the time 
required to remove all the Fe203 indicated a very low over- 
all efficiency of reduction. 

By using a buffer of twice the prescribed concentration 
(8), at  a current density of 30 #a /cm 2, it  was possible to 
reduce ~-Fe203 slowly even at  pH 9.1. 

Fig. 4 shows the emf-time curve observed at  different 
current densities in a borate buffer of pH 7.7. The inflec- 
tion point becomes less distinct with increasing current 
density: the same effect as is produced by increasing pH. 

The lack of an inflection, or definite potential change, 
must mean that  processes (I) and (III)  are concurrent. 
Although from a consideration of standard potentials, 
process (I) should occur at  a much higher emf than process 
( I I I ) ,  i t  is obvious from the observed potentials that  

30 

2 0 - -  

I 0  - -  

] ~ I I I I 

EFFECT OF PH ON REDUCTION 
- 2  

POTENTIALS AT 30MICROAMPS CM. 

PH " 8.6 j 

8.35 J 

3".65 

o I I I I I ] 
-0.4 -0.6 -0.8 -I.0 

EME VS S.C.E. (VOLTS) 

FIG. 3. Effect of pH on reduction potentials 
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process (I) is highly polarized and has a potential near to 
that  of process (III) .  

Increasing the current density or the pH must cause 
polarization of the electrode, by a lowered H ion activi ty 
and/or  formation of Fe(OIt)2 at  the interface. 

I.NTERPRETATION OF EMF-TIME CURVES 

An electrode system of the iron-iron oxide type can 
provide several cathodic processes. For  the present pur- 
poses, an ideal system obviously would be one in which 
these processes would occur consecutively. Curve 1, Fig. 5 
represents reduction potentials a t  an ideally unpolarized 
electrode. In  practice, the electrode is polarized because of 
the reduction process, and the potential is of the type 

I 2 

sECONO  I 

E.M.F .  

FIG. 5. Reduction potential vs. time curves of different 
types. 

shown in curve 2, the steadily decreasing potential being 
caused by changes in tile activities of ionic species formed 
during the reduction process rather than by a decrease in 
H ion concentration. This is indicated by the effect of Fe 
complexing ions which produce potential curves approxi- 
mating type 1. 

In  the case of potential curves such as curve 3, the polar- 
ization of the first reduction process is so great that  the 
reduction potential of the second process is reached, and 
the processes are then concurrent. 

EFFICIENCIES OF REDVCTIvE-DIssoLuTION 

The processes occurring at the electrode in the absence 
of oxygen consist of processes (I), (II), ( III) ,  and possibly 

Fe -H- + 2e -* Fe (IV) 

Of these processes, (I), (II),  and (IV) alone contribute to 
the quanti ty of ferrous ions in the electrolyte after the re- 
duction. I t  does not seem likely that  processes (II) and 
(IV) are concurrent, and the amount of dissolved Fe in 
the electrolyte will be dependent on a combination of 
either (I) and (II) or (I) and (IV). 

The efficiency of process (I) was calculated as 

Q u a n t i t y  of F c  d isso lved  in e l ec t ro ly t e  

q u a n t i t y  of F e  expec ted  if al l  the  coulombic  
energy  is used  in process  (I)  

which can be written 

m i c r o g r a m s  of F e  X 1.726 X 105 

t ime  of r educ t ion  (sec) X c u r r e n t  (~a) 

If this efficiency exceeds 100%, the amount of Fe in 
solution is greater than would be expected from coulombic 
considerations of process (I); therefore process (II) must 
be occurring. The excess Fe is unlikely to be mechanically 
removed or undermined a-Fe203, since Evans (9) has shown 
that  a-Fe203 films isolated from the metal are stable in 
acid media of quite low p i t .  Efflciencies of less than 100% 
do not necessarily mean that  process (I) does not occur, 
since the excess electrons could be used in process (III) .  
This possibility is discussed later. 

For efficiency determinations, standard oxidized speci- 
mens were used. Two deaerated electrolytes were used: 
N/IO NHdC1 and sodium borate-HC1 buffer of pH 7.65- 
7.72. Fig. 4 shows typical potential vs. time curves of the 
reduction processes in the buffered solutions at  different 
current densities. 

In order to determine whether the inflection of these 
curves does in fact correspond to complete reduction of 
the a-Fe~O~ layer, a series of specimens was prepared for 
surface examination by electron diffraction reflection. Re- 
duction of oxidized specimens was carried out, correspond- 
ing to points A and B as shown on curve 2, Fig. 5, i.e., 
before and after the inflection. I t  was found that  in both 
N/IO NHdC1 and the buffered solution specimens reduced 
to stage A still showed a:Fe~O~ lines in the diffraction pat-  
terns. Specimens reduced to stage B usually showed 
Fe304 lines only, although in a few cases faint lines of 
a-Fe203 still appeared. This was mainly observed after 
reductions at  high current density. 
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The absence of a-Fe203 lines in the diffraction patterns 
is presumed to indicate a complete removal of a-Fe:08 
from the surface layer. 

The Fe304 patterns originate from the underlying magne- 
tite layer in the duplex oxide film, which has been exposed 
by removal of the upper layer of a-Fe2Oa. The Fe~04 is 
most unlikely to have been formed by cathodic reduction 
of a-Fe203, and if this did occur it would be observed even 
in the early stages of the a-Fe~O~ reduction. This is not 
the case. 

Having established that the inflection of the emf vs. 
time curve corresponds to complete removal of the ~-FezO3, 
a series of current efficiency measurements were made at 
different current densities. Two sets of determinations 
were made: incomplete reductions corresponding to point 
A, before the inflection, and complete reductions as far as 
point B, beyond the inflection. The efficiencies plotted 
against current density are shown in Fig. 6. Values for 
incomplete reduction in the buffered solution seem to be 
fairly reproducible and exceed 100% only at very low 
current densities. The values for complete reduction are 
less reproducible, which may be explained by the following 
possibilities: (a) the inflection-point has to be determined 
visually, and, although it cannot be determined precisely, 
the limits within which it must lie have been found to be 
less than =t=3 % of the time period involved; (b) a change 
in processes occurring between points A and B which 
might affect the total amount of Fe found in solution after 
complete reduction. 

Incomplete reductions in N/IO NH4C1 show consider- 
able variations in current efficiency. For this reason no 
attempt was made to measure the efficiencies of the com- 
plete reduction in this electrolyte. These large variations 
can be attributed to the low pH of NH4Ct solutions, 
usually less than 6.0. The very high efficiencies indicate 
that autoreduction is an important process here even at 
current densities as high as 20-30 ga/cm 2. The autoreduc- 
tion process is dependent on the rate of process (II) which 
in turn will depend on the area of exposed Fe surface; this 
may vary considerably from specimen to specimen. 

The effect of oxygen in the electrolyte was investigated, 
and in the sodium borate-HC1 buffers the effect was quite 
marked, especially at low current densities. I t  was decided 
not to carry out a series of quantitative measurements in 
view of the errors involved in determining oxygen content 
of electrolytes. However, several current efficiency deter- 
minations were made with specimens reduced in deaerated 
buffers of pH 7.7 during which no attempt was made to 
exclude oxygen from the cell. The average of the measure- 
ments was 60% at a current density of 15 ga/cm ~. I t  was 
observed during these runs that  the potential was about 
150 mv greater than the corresponding potential in the 
absence of oxygen. 

REDUCTION OF THIN ~x-FE20~ FILMS ON PT 

In an attempt to exclude the process of autoreduction, 
thin films of a-FelOn were prepared on a Pt  surface. Care- 
fully polished and clean Pt  electrodes were degassed and a 
thin film of pure Fe evaporated onto the surface. This Fe 
surface was then oxidized in the same manner as the stand- 
ard Fe specimens. By careful control of the quantity of Fe 
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FIG. 6. Current efficieneies of reduction 

evaporated, films of ~-Fe~O3 of average thickness between 
200 and 800/k were produced, the thicknesses being calcu- 
lated from weight-increase measurements. The surface 
conditions after each stage--evaporation (Fe) and subse- 
quent oxidation (a-Fe203)--were checked by electron 
diffraction examination. 

The oxidized films were then cathodically reduced in 
sodium borate-HC1 buffers and N/IO NH4C1 at various 
current densities. In all cases, the current efficiency of 
reductive-dissohition was very Iow, and in the case of the 
thicker, visible films, complete reduction was attained 
only after several hours. Generally, it was observed that 
the thicker the film, the more difficult the reduction 
process. A similar effect was reported during the cathodic 
reduction of bulk ~x-Fe~03 (7). I t  was found that ~-Fe20~ 
produced at high temperatures was quite difficult to reduce. 
I t  was also reported that  the rate of reductive-dissolution 
of a-Fe203 (bulk) decreased after the initial stages. This 
was attributed to the low conductivity of bulk ~oFe~O~. 
I t  was suggested that  the conductivity depended mainly 
on the existence of defects in the surface layers which were 
quickly removed during tbe initial stages of reductive 
dissolution. 

The present work with oxide films on Pt  seems to agree 
with this. The nature of these thin evaporated films is such 
that there is probably very poor contact between the film 
and the underlying Pt, thus introducing a high electrical 
resistance into the system. If  this resistance is sufficiently 
high, the potential on the large exposed areas of Pt  will 
probably be high enough to discharge H ions by process 
(III).  

A further factor, which tends to increase the resistance 
of these evaporated films, is that  there are likely to be less 
lattice-defects of the Fe-excess type in a-Fe20~ layers when 
supported and formed on a Pt  base. Unless the Pt  itself is 
soluble in the oxide lattice, the electrical conductivity 
should be lower. 
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FI~. 7. Effect of cyanide ions on reduction potentials 

In  the case of these thin films i t  does not seem likely that  
local overheating during oxidation could cause the forma- 
tion of ignited oxides, since high temperatures would be 
attained for very short periods of time only. 

E F F E C T  O F  F E - C O M P L E X I N G  ~ O N S  

Effect of cyanide ions.--The effect of cyanide ions on re- 
ductive dissolution had been noted previously by  Pryor 
and Evans (7) using 0.7 g KCN/1 N/IO NH4C1. An increase 
of the reduction potential was observed, presumably due 
to lower concentrations of ferrous ion at  the electrode sur- 
face. This results in a greater difference between the reduc- 
tion potential and the final t t  evolution potential, conse- 
quently a sharper inflection is observed on the emf-time 
c u r v e .  

In the present work, the effect of cyanide ions in sodium 
borate-HC1 buffers was investigated. Typical reduction 
curves are shown in Fig. 7. A current density of 30 pa /cm:  
was used. Apparently an increase in concentration of 
cyanide ions results in an increase of the reduction poten- 
tial. However, after reduction to a stage beyond the inflec- 
tion point of the curve, specimens removed from the cell 
were observed to be blue-green in color and somewhat un- 
evenly reduced. Examination of the surface of many of 
these specimens by electron diffraction failed to give any 
patterns; this may have been caused by the presence of an 
amorphous deposit on the surface. However, from a few 
specimens, lines were obtained due to the presence of 
a-Fe~O3 ~nd FelOn, indicating that  only an incomplete 
reduction had been achieved. The surface of one specimen 
which failed to give any electron diffraction patterns was 
carefully cleaned to remove the milky-green deposit; on 
further exanfination, ~-Fe~03 and Fe304 lines were ob- 
served. Two specimens gave electron diffraction patterns 
which appeared to match those of Fe4[Fe(CN)6]~. The 
nature and formation of the sm'face deposit did not appear 
to be too definite, but  obviously a deposit was formed on 
the surface when cyanide ions were present, which pre- 
vented complete reductive-dissolution of the ~-Fe.~O~ 
layer. Formation of Fe4[Fe(CN)6]a could have occurred on 
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exposing the surface to air, and indeed in some cases it was 
observed that  the specimens appeared colorless while still 
in the electrolyte. 

I t  would seem that  cyanide ions were not diffusing to the 
electrode surface at  a rate sufficiently high to complex all 
the ferrous ions as ferrocyanide. This is perhaps not sur- 
prising in view of the fact that  each ferrous ion requires 
6 cyanide ions. 

Since the presence of cyanide ions appears to prevent the 
complete reduction of ~-Fe~03, no current-efficiency meas- 
urements were made. 

Effect of Versene, the tetrasodium salt of ethylenediamine 
tetra-acetic ac/d.--Some preliminary reductions were carried 
out in borate-buffered electrolyte containing 1% by volume 
of Versene, at  pH 7.7. Reduction steps were found to be 
shorter than for similar reductions in ordinary borate 
buffer, probably due to depolarization of one or both of 
processes (I) and (II).  

A further series of reductions was made in solutions of 
1% by volume Versene adjusted to the required pH by 
the addition of HC1. A typical set of emf vs. time curves 
is shown in Fig. 8. Electron diffraction examination of the 
surface indicated tha t  all the a-Fe20~ was reduced even at  
pH 11.9. At  pH 5.8 there must be considerable autoredue- 
tion. 

The potentials show a marked trend to become more 
negative with increasing pH. From a consideration of 
process (I), this must  be caused by decreasing H ion ac- 
t ivity,  or increasing ferrous ion activity, or both. The 
reduction potentials at  pH 8.9 and 11.9 differ by approxi- 
mately 0.18 v. Assuming the ferrous ion act ivi ty is constant 
over this region, and that  the potential of process (I) is 
dependent on (~n+) s, the potential difference should be of 
the order 0.5 v. Obviously these assumptions would require 
larger increases in polarization than are observed. I t  is 
probable, however, that  the dissociation constant of the 
ferrous-Versene complex decreases with increasing pH, 
thus the act ivi ty of the ferrous ion will be lower at  higher 
pH values. To account for the observed emf differences, 
the activi ty of ferrous ion would vary by a factor of 10 -6 
over the pH range 8.9-11.9. Versene is not a good buffering 



Vol. 104, No.  1 R E D U C T I O N  O F  O X I D E  F I L M S  O N  I R O N  15 

ion; consequently, in a d:y-namic system the act ivi ty of the 
H ion may not agree with measured pH. This would reduce 
the change in ferrous ion act ivi ty  over a given pH range 
required to satisfy observed potential changes. 

Since Versene is not a good buffering ion, its main effect 
on reduction potentials must be due to the lowering of the 
ferrous ion activity.  The failure to effect reductions at  a 
reasonable current efficiency, in borate buffer above pH 
8.5, must be due to the polarization by ferrous ions, or the 
precipitation of ferrous hydroxide on the reducible surface. 

At  pH 11.9, the reduction potential is -1 .06  v (vs. 
S.C.E.); calculations of the standard potential (10) indi- 
cate tha t  a t  this emf the ferrous ion act ivi ty should be 
10 -9. In  the presence of Versene, the act ivi ty of ferrous ion 
should be lower than this, since 10 -3 is the approximate 
act ivi ty to be expected at  pH 11.9 in the absence of 
Versene. I f  the ferrous ion act ivi ty is lower than 10 -9, there 
must be an overpotential to account for the low emf, pos- 
sibly associated with the discharge of hydrogen ions: 

H+ + e ~ H (V) 

or the removal of iron from the Fe2Oa lattice as Fe ++ or 
Fe+++. 

The curve shown in Fig. 8 at  pH 5.8 exhibits a very in- 
distinct inflection and a very short period of reduction. 
The high current efficiency means that  autoreduction is 
taking place because of depolarization of anodic process 
(II). This effect restricts the usefulness of Versene in quan- 
t i tat ive reductions. 

EFFECT OF VARIATIONS IN FILM THICKNESS 

Three specimens were prepared differing only in the 
extent of their oxidation, and the current efficiencies of 
complete reductive dissolution were measured in borate 
buffer of pH 7.75. Table I lists the values. The calculated 
current efficiency did not appear significantly different, 
the differences being of the order of the experimental error. 

The last two columns show, respectively, the ac tua l  
weight loss of the specimens, and the weight loss (as 
Fe203) calculated from the Fe found in solution after re- 
duction. In all three eases the calculated weight loss is 
slightly larger than that  measured, which could mean that  
some of the Fe  is not leaving the surface as reduced Fe203, 
but  rather by the anodic process (II).  However, the differ- 
ences (8-9 30 are not very significant. If this difference is 
real it  could mean that  process (II) is more important  in 
the case of thinner oxide films where there is probably a 
greater area of exposed Fe. 

Further  measurements were made on somewhat thicker 
films of oxide. These were produced on B.I.S.R.A. iron (11), 
which after annealing in H at  350~ was oxidized at 320~ 
The color of these specimens varied throughout the sur- 

TABLE I. Current e~iciencies on first-order 

Oxidation va/cm 2 
time at  
250oc amps 

20 min 14.8 
2 hr 13.0 

16 hr 14.4 

~'of Fc I Current I Weight 
in efficiency loss 

_ _  solutio~ % ~ _ _  

40 ] 103 49 
75 I 106 I 99 

t 9 8 t 1 0 1 1 1 3 1  

~lms 

Calculated 
wt loss 

7 

57 
107 
140 

TABLE II .  Current efliciencies on second- and 
third-order films 

No. Da/cm 2 

15.2 
14.6 
14.8 
14.9 

Fe in 
solution 

288 
312 
570 
212 

Current 
efficiency 

% 

82 
8O 
86 
97 

Weight 
loss 
-y 

384 
461 
815 
283 

Calculated 
weight loss 

,y 

411 
446 
814 
303 

Percent- 
age dif- 
ference 

3 
6 

6 

face, indicating different oxidation of individual grains. 
Reduction of these specimens was carried to completion at  
approximately the same current density in a buffer solu- 
tion of pH 7.7; the weight loss of each specimen was also 
determined. Results are shown in Table I I .  

With the exception of the thinnest film (No. 4), the cur- 
rent efficiency of these thicker films seems to be somewhat 
lower than in the case of the standard specimens shown in 
Fig. 6. This could be due to a larger ohmic resistance across 
the thicker films (the average thickness of these a-Fe20~ 
films was 3-8 times greater than that  of the standard 
specimens). 

The last column in Table I I  shows a percentage differ- 
ence between measured weight loss and the weight loss 
(as Fe20,) calculated from the amount of Fe found in solu- 
tion. The largest difference is 6% in the two thinner films, 
and would indicate that  a very small amount of autoreduc- 
tion may be occurring. In  the case of the two thicker films 
the differences are of the same order as the experimental 
error. 

QUANTITATIVE ESTIMATION OF o~-FE203 FILMS 

BY t~EDUCTIVE DISSOLUTION 

There are three measurements which can be used for the 
determination of a-Fe~_O~ quantities by cathodic reduc- 
tion: (a) the coulombic energy used in the reduction proc- 
ess, (b) the amount of ferrous ion formed in solution by 
reductive dissolution, (c) the weight difference between the 
oxidized and reduced states. These three quantities can be 
used singly or together to estimate the a-Fe203, with vary- 
ing degrees of accuracy. 

Considering (a), the factors involved in calculating the 
eoulombie energy are the current passed through the cell 
and the time of reduction. As previously pointed out  the 
maximum errors in current and time measurements are, 
respectively, d : l % ,  ~ 3 % ;  the maximum error in the 
coulombie energy will then be =t=4%. To determine from 
the coulombic energy the amount of reductive dissolution 
of Fe20~, i t  is necessary to know the current efficiency of 
the process and how much energy is discharged by process 
(III) .  Fig. 6 indicates that  the current efficiency is de- 
pendent on current density; therefore, if the current 
density is known, i t  is possible to estimate approximately 
the current efficiency for each experiment. However, i t  
seems probable that  the current efficiencies are also de- 
pendent on the true surface area (as compared with the 
apparent surface area), the film thickness, and the con- 
ductivi ty of the oxide layer. Therefore, a-Fe~O3 quantities 
calculated purely from coulombic measurements cannot 
claim an accuracy of better  than 4-15%. 
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If  the measurement (b) is used in the calculation of oxide 
quantities, then a more accurate value can be derived. 

The unknown factor here is the amount of autoreduction 
occurring. Even when the indicated current efficiency is 
below 100%, the autoreduction process cannot be ignored, 
especiaIIy in the case of thin films. However, the rates of 
autoreduction in buffers quoted earlier are quite low, es- 
pecially at  pH values above 7.5; these rates will certainly 
be reduced further when higher current densities are 
applied to the electrode. Although at  higher current densi- 
ties the current efficiency may drop to 90% or less, the 
anodic process will be minimized, and the amount of Fe 
found in solution will be a truer measure of the quant i ty  
of Fe20~ reduced. Unfortunately the emf vs. t ime curve 
inflections become less ma!'ked with increasing current 
density; consequently, the end of the reduction is less 
easily determined. 

Assuming then that  the current density is high enough 
to minimize autoreduction, the accuracy is dependent on 
the determination of Fe in solution ( •  and the deter- 
mination of the reduction end point ( •  The maxi- 
mum accuracy is then of the order •  

Utilizing measurement (c), the most accurate measure 
of the oxide reduced can be obtained i f  the quant i ty  
involved is greater than 100 5'. By careful control of 
conditions and by  check weighings, it  was found that  a 
maximum accuracy of •  5" could be achieved on dif- 
ference-weighings. Consider now how the accuracies of 
measurement will affect interpretation of the results; in 
the case of 100 5" of Fe found in solution: 

(A) When all Fe is from reduced Fe.03, (process I) 
160 

100 5' ( •  found = - -  X 100 5' (:t:2%) Fe2Oa 
112 

= 143 ( •  5' 

total  weight loss = 140 5" to 146 5" (as Fe~O3 only) 

(B) If  90 5' of Fe is formed by process (I), and the re- 
mainder by process (II)  

160 
90~/found = 1-~  X 90 = 129 5" of Fe2Oa 

the remaining 8-12 5" was lost as Fe, and the total  weight 
loss = 127 5' to 131 5" (as Fe and Fe~Oa). 

Assuming a measured weight loss of 133 5' ( •  5"), it  is 
obvious tha t  these accuracy limits cannot differentiate 
between (A) and (B), and on the basis of these measure- 
ments, the amount of reduced Fe20~ would be between the 
limits 129 5' and 145 ~, or 137 5" ( •  This accuracy will 
increase slowly as the quantities increase. For  example, 
for 200 ~, of Fe in solution, the accuracy would be ( •  %). 

This method then is capable of determining quantities 
of Fe203 without assuming that  there is no autoreduction 
occurring. In  the case of small quantities of oxide, the 
accuracy limits will be quite large. 

Working on the previous assumption that  autoreduction 

rates are very small, the accuracy of determination of 
Fe20~ depends entirely on the accuracy of difference- 
weighings. This accuracy ( •  5") is independent of quan- 
tities weighed. Consequently the percentage accuracy will 
increase with increasing weight differences. 

CONCLUSIONS 

1. I t  would seem tha t  the autoreduction process can 
occur at  low current densities in buffered electrolyte sys- 
tems, even with pH's  higher than 7. The weight loss and 
total  Fe found in solution will indicate within limits 
whether autoreduction is taking place. 

2. The current efficiency of the reduction process is quite 
dependent on current density and the electrolyte used. The 
true surface area of the specimen, the conductivity of the 
complete oxide layer, the pH, and probably the concentra- 
tion of the electrolyte are important  factors. Current 
efficiencies in a buffer of pH 7.6-7.7 are usually less than 
100% if the current density is greater than 15 ~a/cm 2. 

3. Calculations of quantities of a-Fe203 from coulombic 
measurements alone cannot have an accuracy greater than 
~-15%. Accuracies of the order of ~-6% can be obtained 
from the measurements of specimen weight loss and iron 
in solution, depending on the quantities involved. 

4. Iron-complexing agents can be used to create sharper 
inflections in the emf vs. time curves, thus increasing the 
accuracy of measurement of the reduction period. The 
advantage of this, however, is outweighed by other un- 
desirable effects such as depolarization of (and consequent 
increase in rate of) the corrosion reaction (II) ;  or precipi- 
ta t ion of material  on the electrode preventing complete 
reduction of the oxide. Reductions in Versene solution 
alone indicate that  electrode polarization is mainly due to 
a build-up of the ferrous ion concentration at  the interface, 
or perhaps deposition of Fe (OH) : .  

Manuscript received November 21, 1955. This paper was 
prepared for delivery before the Pittsburgh Meeting, Octo- 
ber 9 to 13, 1955. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JOURNAL. 
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The Mechanism of Deposition of Titanium Coatings from 
Fused Salt Baths 
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ABSTRACT 

The mechanism of the titanizing process, as described previously, consists mainly 
in the direct collision of Ti particles dispersed in a molten salt bath (KC1, NaC1, or both 
together) with the surface of the metallic or ceramic object submerged. The Ti particles 
stick to the surface, and, if the temperature is high enough (e.g., for Fe above 910~ 
a part of the Ti deposited diffuses into the substrate forming a diffusion layer. Its thick- 
ness conforms to Rhines' diffusion equation. 

By the titanizing method described not only can Fe, low carbon steel, Co, Ni, and 
noble metals be coated, but so can ceramic materials such as porcelain and alundum. 

Coatings on Fe can also be produced in fused salts (KC1 or NaC1) containing lower Ti 
chlorides in larger amounts but no metallic Ti. In this case the coating is produced by 
a n  exchange mechanism, e.g., 2TiCla • 3Fe ---> 3FeC12 -I- 2Ti (coating on excess Fe), or 
by Ti formed in the TIC13 disproportionation reaction. 

The collision mechanism and the exchange mechanism may go on simultaneously 
with more active metals. However, not more than 4.0~o of the total  Ti coating is pro- 
duced by the lat ter  mechanism. The lower Ti chlorides in the fused salt baths are formed 
by the reaction Ti + 3NaC1 --, TIC13 -t- 3Na; the Na evaporates part ial ly at the working 
temperature of above 900~ 

In  one of the previous articles (1) on titanizing metallic 
objects it  was assumed tha t  the coating was formed by  
direct collision of Ti particles, dispersed in the molten 
salts (NaC1 or KC1), with the metal (A): 

Ti (powder) + Me ~ TiMe alloy (I) 

However, another possible mechanism is an exchange 
reaction (B): 

2TIC13 + 3Fe --* 3FeC]2 + 2Ti (on excess Fe) (II) 

or TIC12 + Fe ~ FeCl.~ § Ti (on excess Fe) (III)  

especially as i t  was noticed that  some lower oxidation 
state Ti chlorides were always present in the salt after 
the coating experiments. But these could also produce a 
Ti coating by disproportionation (C) on the surface of the 
object at  the high temperature in the salt bath  (2-5) : 

2TIC18 (formed in the salt  bath )--* 

TIC12 + TIC14 (IV) 

or 2TiCl~ (formed in the salt bath) ~ Ti + TiCI~ 

or 3TIC13 -~ Ti + 2TIC13 (V) 

The Ti freed may adhere to the surface and may alloy 
with the metal  forming coatings rich in Ti according to 
equation (I). Therefore, the titanizing process in case 
(C) would differ from (A) or (B) only in the source of 
metallic Ti for the coating process. 

As i t  is not possible to prove exactly the correctness of 
the direct reaction (I), the reactions (II)  and ( I I I )  will be 
discussed first, to arrive at  the most probable titanizing 
mechanisms. 

17 

EXPERIMENTAL PROCEDURE AND RESULTS 

Exchange Reaction (B) 

In order to decide whether reaction (B) is possible, the 
following data  were necessary: the amount of iron chlorides 
present in the melt after the reaction, and the amount of 
Ti deposited on Fe (1, 3). For more complete information 
the amounts of Ti present as lower chlorides in the melts 
were also estimated. 

There was evidence enough that  the t i tanium lower 
chlorides were formed in the coating experiments carried 
out at  above 1000~ the solutions, obtained by  leaching 
the salt with water, showed a slight violet (or brownish) 
color; they deeolorized dilute KMnO4 solutions and always 
exhibited an acidic reaction, I which resulted from hy- 
drolysis of the t i tanium chlorides. 

Iron chlorides were not formed when ingot iron alone 
was heated in KC1 or NaC1 under conditions identical to 
those above. Thus Fe ~- (and a little Fe 3+) found in the 
leaching solutions could result only from reaction (B). 

Amount of titanium chlorides in the melt.--This estima- 
tion was based on the assumption that  mainly TIC12 
was present in the NaC1 or KC1 salt melts. The easiest 
way for determination was to hydrolyze the Ti salt and to 
t i t rate the acid obtained. Thus, the melt was placed in 
water. During the leaching and decanting operations and 
while standing overnight exposed to air, Ti(OH)4, acid 
and hydrogen (6) were formed: 

2Ti ~+ + 7H20 + 0.5 02 --* 2Ti(OH)4 + H2 + 4H + (VI) 

i The acidity of the solutions excludes reactions such as 
TiOx d- 2xNaC1 --~ xTiC12 -4- (Ti -- x) -t- xNa~O during the 
heating process. 
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TABLE I. Mg Ti converted into chloride during heating 
(1-4 hr) of the 14 g charge containing 90 w/o KC1 and 

10 w/o TiO~ (x = 0.053). He atmosphere 

Charge Te~p, 
KC[ + TiO. ~ 

N o  F e  . . . . . . . . . . . . . . . .  J 850 
With ingot Fe . . . . . . . .  I 850 
N o  Fe  . . . . . . . . . . . . . . . .  I 950 
With ingot Fe . . . . . . . .  i 950 
No Fe . . . . . . . . . . . . . . . .  1000 
With ingot Fe . . . . . . . .  1000 

Heating time, hr 

1 
Ti mg 

0 
0 
4.5 
4.3 
9.2 
6.3 

2 
Ti mg 

0 
0 
7.5 
6.0 

23.8 
19.7 

Xi3mg 

4.7 
2.9 

20.6 
17.7 
78.5 
57.4 

4 
Ti  mg 

23.0 
21.3 
90.0 
67.0 

The iron chlorides present hydrolyzed also, but  this 
introduced no error since these were formed in equivalent 
amounts on the basis of reaction (B). The acid was t i t rated 
and the Ti present was calculated, as each milligram 
equivalent of the acid in the leaching solution corre- 
sponded to about 24 mg of Ti transformed into the 
chloride during the heating operation (see Table I). The 
clear solutions after the t i tration did not show any presence 
of Ti or Fe ions. 

Table I shows that  t i tanium chloride formation is slow 
at  850~ and tha t  the rule of reaction increases with time 
and temperature, the influence of the lat ter  being much 
more pronounced than that  of time. However, the melts 
obtained in the presence of a piece of ingot iron always 
contained smaller amounts of Ti than those without Fe. 
I t  is possible that  this effect was caused by a difference 
in the temperature of the superimposed crucibles during 
the heating. Of importance is the fact that  only 0.3-6.4% 
of the Ti present in the crucibles was converted into 
chlorides, depending on temperature and time. However, 
this represents a maximum amount, because TIC12 should 
be in equilibrium with TiCl~. As the lat ter  oxidizes and 
hydrolyzes according to the equation 

2Ti 3+ + 7H20 + �89 -+ 2Ti(OH)4 + 6H + (VII) 

the actual amount of Ti will be less than mentioned in 
Table I (1 milliequivalent of a c i d =  16 mg of Ti instead 
of 24 mg). No separate determinations were made of Ti ~+ 
and TP + in the melts. 

Fe in the leaching solutions.--For these deternfinations 
new melts were prepared using a 10 g charge but  the 
same ingredients (90% KCl and t0% TiO0.0~), and 
always with ingot iron ( ~ 3  g) embedded in the mixture. 
The Fe  of the leaching solutions was converted to the 
trivalent state and determined colorimetrically by the 
thiocyanate method (see Table II) .  

Ti in the coatings.--After t reatment in the furnace, 
Fe samples were completely coated with Ti. Each sample 
was washed, dried, and cut into 4 pieces to expose the 
base metal. The coatings were parted from Fe by dissolving 
the latter in dilute HN03. The parted coatings then were 
analyzed for their Ti contents by a method similar to the 
one described by Rahm (7). Results are shown in Table II .  

Results.--Since a known amount of Fe was present in 
the salt after the runs, the maximum amount of Ti which 
could be deposited on the Fe due to reactions (II) and 
(III)  could be calculated. This result could be compared 
with that  obtained by direct analysis of the sample coatings 
(see Table II).  

Table I I  shows that  the Fe-Ti exchange reaction (B) 
is favored by increasing temperature, but  the time does 
not seem to have a marked effect on the reaction. At most 
only 4 % of the Ti deposited on Fe can be at t r ibuted to the 
exchange reaction (B). The rest must have been deposited 
by other mechanisms. 

A comparison of Tables I and I I  shows that  the small 
amount of Ti deposited by the exchange reaction originated 
from a much higher concentration of t i tanium chloride 
in the salt bath, in accordance with theoretical expecta-  
tions. 

Decomposition Reaction (C) 

As it was not definitely known whether Ti coatings on 
metals could be produced by disproportionation reactions 
such as (VIII) ,  experiments were made using large amounts 
of lower t i tanium chlorides and iron or steel specimens. 
The chloride was prepared by partial  reduction of TIC14 
with metallic Na. The exact composition of the reaction 
product was not known, but  preliminary tests showed the 
presence of NaC1, TIC13, TIC12, Ti (in small amounts), and 
perhaps some NaTiC14. This fused salt  mixture reacted 
readily with water with the evolution of H; on standing, 
oxidation and hydrolysis occurred and a white insoluble 
residue, probably Ti(OH)(, appeared. 

Coating experiments were made using this salt mixture 
( ~  80%) with NaC1 added, all under He at  1000~ for 
about 2 hr. A large increase in gas pressure was noticed 
during the heating, presumably due to disproportionation 
of TIC13 and TIC12 according to the reactions (4, 5) 

4TIC13 --* Ti + 3TIC14 or 

2TIC12 --* Ti + TIC14 occurring at  

about 475~ (2), (VIII) 

and as a result of evaporation of the chlorides. However, 
well coated samples of ingot iron plates, iron pennies, 

TABLE II .  Determination of the extent of reaction (B) as a possible mechanism of Ti deposition on Fe from molten salt (90 w/o 
KC1) and Ti dispersions (10 w/o Ti00.053). Mixture: 10 g; ingot Fe ~ 3 g 

Temp, ~ 

Time, he 

Sample. 

Total Fe found in solution, mg 
Mg Ti calc. from Eq. (II) 
Mg Ti calc. from Eq. (III)  
Total Ti found in coating, rag. 
%Ti due to exchange, Eq. (II). 
%Ti due to exchange, Eq. (III) .  

0.15 
0.08 
0.12 
6 .2  
1.3 
1.9 

sso t 

b a 

0.15 0.3 
0.08 0.16 
0.12 0.24 
3.8 11.6 
2.1 1.4 
3.2 2.1 

950 950 

3 4 

0.4 
0.224 
0.336 

15.6 
1.4 
2.1 

a 

0.35 0.4 
0.224 
0. 336 

14.0 
1.6 
2.4 

0.8 
0.464 
0.696 

17.5 
2.6 
4.0 

1000 

0.6 
0.336 
0.504 

15.1 
2.2 
3.3 
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and steel bolts were obtained, in part  because of the good 
fluidity of the molten bath. 

Thus, coatings can also be obtained by  interaction of the 
metal with lower t i tanium chlorides under He. The ques- 
tion remains whether such coatings could be produced in 
salt baths containing only a small amount, e.g., 90 mg at  
a maximum, of Ti as lower chlorides in a charge of 14 g 
(0.64 w/o). These amounts accumulated only toward the 
end of the experiments (see Table I). 

The proofs that  under such conditions deposition due to 
the disproportionation reaction (C) could not occur to any 
appreciable extent are as follows: 

1. Coatings on Fe could also be produced at  800~ and 
below, even during a time of about 1 hr, when, according 
to Table I, no t i tanium chloride at  all was found in the 
melt (1). 

2. The weight of good coatings obtained at  950 ~ or 
1000~ (Table II)  in 3 hr was nearly equal to the total  
amount of Ti accumulated in the form of chlorides in 
larger charge (14 g vs. 10 g) during the whole experiment 
under the same conditions (Table I). To avoid excessive 
evaporation of the salts, He pressure was kept just above 
atmospheric pressure. I t  is improbable that  a heavier 
coating could be produced with less of the t i tanium 
chlorides present. 

3. As appreciable amounts of Ti were deposited on Fe 
during the experiments (Table II) ,  TIC14 gas should have 
escaped from the crucibles, as in case of reaction (VIII) .  
However, all efforts to detect TiCh failed. 

4. Any catalytic decomposition of the lower chlorides to 
Ti metal should also result in the development of TIC14, 
as the disproportionation temperature of the lower 
t i tanium chlorides is below 500~ (2). 

Hence, in the experiments with fused salt and Ti powder, 
only very limited amounts of Ti, if any, could be plated on 
Fe because of reactions (IV) and (V). Reaction (II) or (III)  
produced in the best case only about 4% of the coating. 
Therefore, (I) was the only possible reaction that  remained 
responsible for 96% of the Ti coating. This is also logical 
because the melts contained 10% Ti or TiO~ powder, 
while there was only 0.6% or less Ti in the form of lower 
chlorides at  the end of the experiments. Of course, if the 
amount of lower chlorides in such melts were much higher, 
deposition from chlorides would be possible, as in the case 
of mixtures rich in TIC12 and TiCI~. 

Titanium Deposition Reaction (A ) 

Further  evidence in favor of reaction (I) is the fact that  
metals can be titanized even though they are electro- 
chemically more noble than Ti. I t  may be that  in fused 
salt baths the potential of Ti and of Fe approach each other 
so that  the exchange mechanism (B) becomes possible. 
However, i t  is difficult to assume that  the potentials of 
Co, Ni, Cu, Au, and Pt  also will be close to that  of Ti in 
molten salt baths under He. Nevertheless, it  is possible 
to titanize all these metals using the same technique as 
that  used to obtain Ti deposits on Fe. In  the case of Cu 
the weight of the sample always increased after the 
titanizing, and no Cu ions could be found in the leaching 
solutions. Thick and coherent Ti layers were obtained on 
Au and Pt ,  which could be easily removed by dipping the 
samples in HF. 

DISCUSSION AND CONCLUSION 

All the facts mentioned above lead to definite conclusions 
concerning the mechanism of titanizing. In  addition, the 
formation of Ti dispersions (8) and the corrosion of Ti 
in salt baths in the presence of air must  be considered. 

Oxygen of air diffuses through the molten salt layer and 
is absorbed by  the metallic Ti giving Ti0x solid solutions 
(14). As these have a greater volume than the pure metal 
and also probably different expansion coefficients, the 
TiOx breaks away in small particles from the solid Ti. 
Particles are dispersed throughout the liquid salt melt 
mainly by convection currents. X-ray pictures of the TiOx 
particles showed an expanded lattice but  no abnormal 
broadening of the powder lines. This indicates tha t  the 
particle size of the TiOx alloy formed is not of colloidal 
dimensions. Hence, the salt melt obtained cannot be 
called a colloidal solution (9), but  it  is rather a dispersion 
of TiOx particles in a fused salt bath. Of course, corrosion 
of the metal is very small in the absence of 02; that  which 
does occur may be due to some residual 02 or to presence 
of oxides, e.g., Si02 of the crucibles. 

I t  could not be determined whether fine particles of 
TiOx are necessary for the coating process or simply fine 
particles of pure Ti. Oxygen-free powder in a sufficiently 
small grain size was not available; fines obtained by sieving 
Ti sponge always contained 3-5 % 0~. 

These experiments indicate that  the coatings were 
formed on the direct impact of Ti particles. Evidently the 
metallic surface was first cleaned by action of the fused 
suit, and surface oxides were reduced by  dispersed Ti 
particles. Thus, t i tanium particles eould easily stick to 
the clean metallic surface. I t  was not determined in detail 
whether or not the 05 of the Ti particles was transferred 
to the coating during the deposition process. But there 
were indications that  there was more O5 in the particles 
than in the coating, because the oxygen content of the 
remaining particles (not used up in the deposition process) 
increased (3). 

Formation of coatings on ceramic material, such as the 
inside of ahmdum crucibles and thimbles, can be explained 
by the direct collision and sticking of t i tanium particles 
to the walls. Contrary to a patent  description (10), no 
electric current and no lower chlorides are necessary to 
produce thick Ti layers on silica-containing ceramic 
material. Immersion in a fused salt bath and Ti mix suf- 
fices. The inside walls of porcelain crucibles in the present 
experiments were always titanized: Ti particles in the 

TABLE I I I .  Observed and calculated thicknesses x of diffu- 
sion layers of Ti into ingot iron 
Bath: KC1 90%, Ti~O5 10% 

Coating temp, 

~ ~ 

850 1123 
950 1223 
950 1223 
950 1223 

1000 1273 
1000 1273 
1000 1273 
1000 1273 

Coating 
t ime 

hr  

Diffusion layers x 
in m m  

obser, calc. 

O. 000 0.013 
0.044 0.042 
0.068 0.066 
0.088 0.081 
0.082 0.085 
0.135 0.120 
0.150 0.148 
0.164 0.178 

Atom 

--0.013 
+0.002 
+ 0 . 0 0 2  
+0.007 
-0.003 
+ 0 . 0 1 5  
+0.O02 
--0.014 
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fused salt reduced the SiO~ to Si (black in appearance), 
and Ti was deposited, in forming solid solutions with this 
Si. X-ray powder pictures of the black substance of the 
crucibles, from which the Ti was removed by dissolution in 
dilute HF,  showed the presence of weak Si lines. 

If  deposition of Ti occurred from lower t i tanium 
chlorides in molten NaC1 or KC1 baths [Eq. (VIII)I,  the 
mechanism was the same, i.e., by alloying the Ti formed 
with the object. If  deposition occurred by the displacement 
mechanism (B), the necessary lower t i tanium chlorides 
were formed in the melts because of the reaction (5): 

Ti + 2NaC1 -~ TIC12 + 2Na (IX) 

or Ti + 3NaC1 -~ TIC13 + 3Na (X) 

At  the temperatures used, Na partially evaporated and the 
reaction went to the right so tha t  some amounts of Ti 
chlorides could accumulate in the salt. Reactions (IX) 
and (X) arc in agreement with previous work on the Ti- 
fused salt-Pt cell (11) and with the experimental results of 
Skinner and Ruehrwein (5), which, however, were carried 
out at  much higher temperatures (1670~176 Evi- 
dence for the presence of Na vapor was the reduced Si 
on the outside of the crucibles and on the inside of the 
mullite tubes of the furnaces. I t  is not very probable that  
the effect was produced by Ti because of its low vapor 
pressure as compared with that  of Na. The formation of 
TiCl3 in the leaching solutions is then explained by decom- 
position of water by the divalent Ti ion (6): 

Ti ~ + H oO -+ TP + + OH'  + �89 (XI) 

In fact, evolution of small gas bubbles could be observed 
in the leaching solutions, which were brownish at  first. 
The trivalent t i tanium chloride which gave violet solutions 
could also be formed directly according to reaction (X). 
Furthermore, thin layers of a green substance were some- 
times visible in the solid salt if broken out of the crucibles 
[see reactions (IV) and (V)]. This substance probably 
resulted from the reaction: 

NaC1 + TIC13 ~ NaTiCI4 (XII)  

The Ti layer formed on the surface of a metallic object 
either by direct collision with Ti or TiO~ particles or by the 
exchange mechanism (B) was never pure (as proved by 
x-ray fluorescence analysis) but  contained appreciable 
amounts of the metal of the substrate, e.g., Fe. Hence, 
by the method under discussion, good Ti layers will be 
produced only if the mutual solid solubility and the rate 
of diffusion of Ti in the metal of the substrate is high 
enough at  the temperatures of the experiment. At  such 
conditions Ti coatings can be formed with a decrease of 
the free energy of the system. If the concentration of pure 
Ti in the outer layer becomes too high, deposition stops. 
This explains why the Ti coatings are comparatively thin 
(3). However, diffusion of Ti into the depth of the substrate 
continues, producing the diffusion layer [Fig. 5 of Ref. (3)]. 
The Ti for the diffusion layer is delivered by the outer 
coating. The thickness x of the diffusion layer at  a time t 
is related according to Rhines (12) with the absolute 

temperature T at  which the diffusion occurs in the follow- 
ing way: 

log x2/t = a - b /T  (XII I )  

where a and b are constants different from the diffusion 
coefficient appearing in Fink's diffusion law (13). In  the 
previous article (3) a series of x - t - T data  were sum- 
marized in Table II .  From this table data  were drawn 
which were obtained at  completely identical experimental 
conditions, and the constants a and b were calculated from 
the data. The following values were obtained: a = 10.03 
and b = 15,880. Substituting these values for a and b 
in Eq. (XIII ) ,  the thickness x of the diffusion layer was 
calculated for the time t a t  a temperature T, and compared 
with the experimental values (Table I I I ) .  

Table I I I  shows clearly that  the diffusion of Ti into ingot 
iron proceeds according to equation (XIII ) .  However, a t  a 
temperature of 850~ no diffusion layers in Fe could be 
observed, although a layer of about 0.013 mm was indi- 
cated by Eq. (XIII) .  Hence, it  is very possible that  the 
diffusion of Ti in Fe starts with a faster rate only above 
the ~ - 3 ,  transformation point of Fe, i.e., above 910~ 
The thin Ti coating of 0.0044 mm obtained at  850~ is 
formed-by Ti particles sticking to the Fe surface. Iron 
diffused into the layer, decreasing its free energy. 
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Electrodeposition of Metals from Organic Solutions 

III. Preparation and Electrolysis of Titanium and Zirconium Compounds in 
Nonaqueous Media 

W. E. :REID, JR., J. M.  BISH, AND ABNER BRENNER 

National Bureau of Standards, Washington, D. C. 

ABSTRACT 

Numerous nonaqueous solutions of .Ti and Zr compounds were electrolyzed in an 
attempt to electrodeposit the metals. Ether solutions containing halides, hydrides, 
borohydrides, and organo-metallic compounds of Ti and Zr were the most promising. 
A mixed type of bath containing both hydrides and borohydrides yielded Ti-A1 alloys 
containing about 6% Ti. Similar baths containing Zr instead of Ti gave alloy deposits 
containing up to 450-/o Zr. New methods of preparation of titanium and zirconium boro- 
hydrides were developed. 

Coatings of Ti would be of considerable value for pro- 
cting steel against corrosion. For this reason, methods for 
?ctrodepositing Ti have been under intensive investiga- 
)n by many workers during the past few years. 
Attempts to electrodeposit Ti go back over 100 years 
hen Becquerel (1) claimed to have deposited a Ti-Fe 
loy from aqueous solution. Experiments on aqueous 
ectrolysis have continued since that date without success, 
~spite claims to the contrary. Russell (2, 3), investigating 
ectrode potentials, reported that Ti amalgamated with 
g to a very slight extent. He electrolyzed an acid solution 
TIC13 using a water-cooled rocking Hg cathode at a high 

trrent density. He claimed a deposition rate of 0.2 g 
i/hr. A method was patented (4) for plating Ti on a 
~se metal from strongly alkaline solutions at low current 
~,nsity. About 20 mg Ti were deposited by 0.1 amp-hr. 
hin, black coatings of Ti on Pb, Zn, or Sn cathodes were 
~posited from solutions containing Ti2(S04)3 and Na2S04 
; 7). Tartaric acid solutions were also suitable. Grat- 
anskii (8) obtained thin Ti films on a Cu cathode from 
dfanilic acid solutions. A patent was issued (9) covering 
m electrolysis of salts melted in their water of crystalliza- 
on; titanium sulfate trihydrate was one of the salts 
entioned. Fink (10) patented a bath consisting of Ti02, 
IF, HC1, and gelatine with traces of Cu to depolarize 
le deposition of Ti. Keys and Swann (11) reported their 
~ability to plate Ti from aqueous solutions. 
Ti contaminated with oxides has been deposited from 

tucous sols containing colloidal Ti, but it could not be 
ectrodeposited from solutions of its salts (12). A very thin 
~posit of Ti-Zn alloy was obtained from aqueous solutions 
retaining a peroxide and tartrate (13). Some alloy de- 
)sits containing Ti were formed from anhydrous and 
tueous systems (14). Three general references on Ti are 
tcluded in the bibliography (15-17). 
Experiments on the electrodeposition of Zr have also 

,iled to yield any successful metallic deposits. Bradt (18) 
aimed to have established optimum conditions for plating 
right Zr from solutions of zirconyl sulfate on a Cu cathode. 
he deposits were very thin. Laubengayer (19) confirmed 
m findings of Bradt, but Plotnikov (20) obtained only 
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H at the cathode. An investigation of the electrodeposition 
of Zr from organic plating baths was unsuccessful (21). 
Holt (22) investigated the eleetrodeposition of Zr from 
aqueous and organic plating baths without obtaining any 
successful metallic Zr deposits. 

This shows that up to now no substantiated evidence 
has been presented for the successful electrodeposition 
of Ti or Zr from either aqueous or organic plating solutions. 
Although Ti metal can be deposited from high temperature 
fused salt baths (23, 24), the operational difficulties in- 
volved make the development of a plating bath capable 
of operation at room temperature highly desirable. 

The available evidence indicates that these metals are 
probably too reactive to be electrodeposited from aqueous 
solutions. This conclusion has focused attention on the 
use of organic solvents as a plating medium. Although 
organic plating baths have been known for many years 
(25), it was not until the development of the hydride 
aluminum plating bath by Couch and Brenner (26) that 
the consistent deposition of good plates from an organic 
plating bath was demonstrated as feasible. 

SOLVENTS 

In  the exploratory phase of the work here (1951-52), 
Sherfey and Senderoff of this laboratory dissolved Ti 
halides in a number of solyents and electrolyzed the 
resulting solutions. No successful deposition of the metal 
resulted. However, the systems investigated are listed in 
Table I to indicate the diversity of solvents tried. The 
conclusion is that  Ti halides were not the proper type of 
compound. Of the solvent types used, ethers were the most 
suitable. 

Atmospheric oxidation of ethers to peroxides and other 
compounds occasionally caused difficulties. For example, 
the first additions of lithium aluminum hydride to 1,2- 
dimethoxyethane or tetrahydrofuran reacted very vigor- 
ously. This was caused by impurities resulting from 
atmospheric oxidation. Acetaldehyde was identified in 
the dimethoxyethane. The latter is so sensitive to oxidation 
that even a very brief exposure to the atmosphere resulted 
in formation of peroxides. Ethers should be free of oxidized 
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TABLE I. Solvents in which Ti halides were electrolyzed 

Hydrocarbons Acids 
Benzene Acetic acid 
Toluene -b Li Acetic acid -b acetic anhy- 
Toluene ~ Na dride 

Trifluoracetic acid anhy- 
Halogenated Hydrocarbons dride 

Benzotrichloride 
Bis (trifluoromethyl) ben- Amines 

zene Pyridine 
Ter t -butyl  chloride Pyridine ~ boron tri- 
Ter t -butyl  chloride ~- dry fluoride 

HCl Iminodipropionitri le 
E thy l  bromide Ethylenediamine 
Ethyl idene chloride Isopropylamine 
Ethylpyr idinium bromide 

+ aluminum chloride Amides 
1,1,1-Trichloroethane Dimethylacetamide 
Trichloro-fluoro-methane Dimethylformamide 

Dimethylformamide + Li 
Alcohols Dimethylformamide -t- Na 
Butyl  alcohol N , N  - dimethyltrichloro- 
Ter t -butyl  alcohol acetamide 
Carbitol  
Ethanol  (0~ and 25~ Nitriles 
Ethanol  + boron trifluoride 
Ethanol  -{- ethyl ether -i- Dial lylcyanamide 

HC1 Dimethylcyanamide 
Ethanol  -}- HC1 Acetonitri le 
Ethanol  + HC1 (aqueous) Acrylonitri le 
Ethanol  + Na Oxydipropionitrile 
Ethanol  -{- te t ramethylam- 

monium hydroxide Miscellaneous 

Ethylene glycol Aluminumdiethyl  bromide 
Glycerine + aluminum ethyl di- 
Glycol bromide 
Methanol 
Methanol + tetraethyl- lead Aluminumdiethyl  bromide 

-}- aluminum ethyl  di- 
Ethers bromide -{- toluene 

Benzothiazole 
But ly  ether -t- A 1 C 1 3  Methylmagnesium bromide 
2-Ethoxyethanol Methylmagnesium bromide 
1,4-Dioxane -{- ether 
1,4-Dioxane + Li N-methylpyr id inum methyl  
1,4-Dioxane ~- Na sulfate 
Ethyl  ether Methyl  sulfate 
Ethyl  ether -[- A1Br3 Methyltrichlorosilane 
Ethyl  ether -~ A1Br3 q- 3-Nitro 4-chloro benzo- 

LiAH4 trifluoride 
E thy l  ether -b A 1 C 1 3  Ni t romethane 
E thy l  ether -k A1Cla q- Isopropyl t i tanate  

LiAH~ 
Ethyl  ether -~ Li Inorganic 
Ethyl  ether -}- LiBHt 
Ethyl  ether -{- Na PC13 
Ethy l  ether -~- NaBHt  S2C12 
Tetrahydrofuran S02C12 

SOCI2 
Ketones TiI t  
Acetone Water  

compounds when used as solvents for organometall ic,  
hydride,  or borohydride type  compounds, such as were 
used in this study. 

A necessary prerequisite of a plating bath  is tha t  a 
high concentrat ion of complexed ions be mainta ined in 
solution. This made necessary a s tudy of the solubilities 
of T i  and Zr compounds in various organic solvents. 
Approximate  solubilities obtained at  room tempera ture  
are given in Table  I I .  

T~ AND ZR COMPLnX ~-~YDRIDES 

Ti (III)  borohydride solutions.--The borohydrides con- 
s t i tute  a new type  of electrolyte, the electrolytic proper- 
ties of which have not  been previously investigated.  These 
compounds may  be divided roughly into two classes: 
the ionic borohydrides and the covalent  borohydrides. 
The  ionic borohydrides,  such as NaBH4, are  quite  stable 
even when exposed to the atmosphere.  They  are insoluble 
in the usual organic solvents. The  covalent  borohydrides,  
such as those of Be or A1 are unstable and are much more 
reactive. They  react spontaneously with the  atmosphere,  
often with explosive violence, and must  be studied in an 

TABLE II .  Solubilities of Ti and Zr compounds in various 
organic solvents 

Solvents I Solubility (g/lO0 ml) 

Bis-cyclopentadienyl Ti tan ium Dibromide 

Petroleum ether  . . . . . . . . . . . . . . .  
Ethanol  . . . . . . . . . . . . . . . . . . . . . . .  
E thyl  ether . . . . . . . . . . . . . . . . . . .  
Benzene . . . . . . . . . . . . . . . . . . . . . .  
Chloroform . . . . . . . . . . . . . . . . . . .  
Phenetole . . . . . . . . . . . . . . . . . . . . .  
Acetone . . . . . . . . . . . . . . . . . . . . . . .  
Tetrahydrofuran . . . . . . . . . . . . . .  
1,2-dimethoxyethane . . . . . . . . . .  
Dimethylformamide . . . . . . . . . . .  

Insoluble 
Very slight 

0.17 
0.34 
0.92 
1.09 
1.15 
1.24 
1.99 
3.55 

TiCl4 

Benzene . . . . . . . . . . . . . . . . . . . . . .  Completely miscible 
Acetone . . . . . . . . . . . . . . . . . . . . . . .  Very soluble 
Ethanol  . . . . . . . . . . . . . . . . . . . . . . .  Very soluble 

TiBr4 

E thy l  ether  . . . . . . . . . . . . . . . . . . . .  4.4 

Ti tan ium Trifluoroaeetate 

Ethyl  ether . . . . . . . . . . . . . . . . . . . .  
Anisole . . . . . . . . . . . . . . . . . . . . . . . .  
1 ,2-Dimethoxyethane . . . . . . . . . . .  
Dimethylformamide . . . . . . . . . . .  
Benzene . . . . . . . . . . . . . . . . . . . . . . .  

Slightly soluble 
Soluble 
Soluble 
Soluble 
Insoluble 

ZrC14 

Ethanol  . . . . . . . . . . . . . . . . . . . . . . . .  
E thyl  ether . . . . . . . . . . . . . . . . . . . .  
Methyl  ether  . . . . . . . . . . . . . . . . . . .  
Benzene . . . . . . . . . . . . . . . . . . . . . . . .  

Anisole . . . . . . . . . . . . . . . . . . . . . . . .  
Dimethoxyethane . . . . . . . . . . . . . .  
Phenetole . . . . . . . . . . . . . . . . . . . . . .  
Tetrahydrofuran . . . . . . . . . . . . . . .  

Soluble 
1.1 

5.4 at -23.6~ 
Very low (less 

ether) 
2.7 
6.8 
7.1 

14.1 

than 

ZrBr4 

P-xylene . . . . . . . . . . . . . . . . . . . . . . .  0.2 
E thy l  ether . . . . . . . . . . . . . . . . . . . .  1.2 
Dimethoxyethane . . . . . . . . . . . . . .  50.3 
Tetrahydrofuran . . . . . . . . . . . . . . .  53.0 

TIC13 

Tetrahydrofuran . . . . . . . . . . . . . . .  2.5 
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inert atmosphere. The covalent borohydrides are usually 
very soluble in organic solvents, and this property makes 
them of interest as electrolytes. 

Hoekstra and Katz  (27) prepared t i tanium(III )  boro- 
hydride, Ti(BH4)a, by passing TiCt4 over LiBH4. Titanium 
(III)  monochloroborohydride, TiCI(BH4)2, was formed 
when TIC14 reacted with AI(BH4)a. Ti(BH0a was green and 
the monochloroborohydride was blue. Ti(BH4)a was re- 
ported to be unstable at  room temperature, decomposing 
completely within several days (27). 

Ti(BH4)a was prepared by this method, but  it was un- 
satisfactory for preparing more than milligram quantities. 
Ti(BH4)a for plating experiments was prepared by the 
reaction of a Ti halide with Al(BH.t)a or LiBH4 in ethereal 
solution. All experiments were performed in a He atmos- 
phere, and no a t tempt  was made to isolate the resulting 
Ti(BH4)a. As shown in Table I I I ,  some Ti halides reacted 
with AI(BH4)a to give green solutions, and some gave blue 
solutions. Assuming that  the ether solutions had the same 
color as the compounds, this indicated in some cases the 
solutions probably contained a mixture of both types of 
t i tanium borohydrides. 

Results of the electrolysis experiments with the Ti(BH4)a 
solutions are included in Table I I I .  Pure metal  was not 
obtained. Ethereal borohydride solutions prepared from 
Ti halides all yielded nonmetMlic, black, moisture-sensitive 
deposits on electrolysis. None of the solutions conducted 
very well. A tetrahydrofuran solution of t i tanium (III)  
borohydride tetrahydrofuranate did not conduct at all. 

The black deposit obtained fi'om electrolysis of the 
green solution of TiC14-AI(BH4)a (Table I I I ,  No. 7) con- 
tained 19% Ti and may be considered typical in composi- 
tion and appearance for the nonmetallic Ti deposits 
described in Table I I I .  I t  also contained 19% A1, 33% C1, 
and undetermined B. As this solution was electrolyzed, 
the intensity of the green color diminished and a brownish- 
red material which formed at  the A1 anode soon discolored 
the solution. 

Ethyl  ether solutions of Ti borohydride were unstable 
on standing for several days at  room temperature, as 
indicated by a change in color from green to brown, a 
decrease in conductivity, and precipitation of a brown 
solid. 

Addition of hydride aluminum plating bath (26) to 
TiC14-AI(BH4)a solution gave a brown solution (Table 
I I I ,  No. 9). Electrolysis of this solution gave a good 
metallic deposit containing Ti, A1, and B. Maximum Ti 
content of an alloy deposit obtained from a bath of this 
type was 6.5%. A deposit obtained from this same bath  
four days later contained 1 6% Ti, 94.7% A1, and 2 6% B. 

Uncertainty regarding composition of the borohydride 
compound in the solutions led to at tempts  to prepare pure 
Ti(BH0a by  a new method satisfactory for producing 
large quantities. This involved the reaction of diborane 
with a Ti ester of the type Ti(OR)4. Titanium borohydride 
tetrahydrofuranate,  Ti(BH4)a.C4HsO, was formed in 
tetrahydrofuran. Preparation of this compound is discussed 
in the Appendix. 

An ether solution containing t i tanium borohydride 
tetrahydrofuranate and hydride aluminum plating bath 
was electrolyzed. The resulting alloy deposit contained 

TABLE I I I .  Electrolysis of ethyl ether solutions of Ti (BH4)a 
and Zr(BH4)4 

Preparation of electrolyte 

T i o r  Zr Reagent 
salt present added 

At(BH,) 1. K2TiF6 

2. TiCla 

3. NaTiC14 

4. TiFa 
5. TiF4 

6. TiCla 

7. TIC14 

8. TiBra 

9. TIC14 

10. ZrCI~ 

11. ZrC14 

LiBH4 

LiBH4 

LiBH4 
LiBH4 

A1 (BH4) 3 

A1 (BH~) 

LiBH4 

AI(BH4)a 
+ A1 
plating 
bath 

A1 (BH4) 3 
+ A1 
plating 
bath 

A1 (BH4) 3 

Wt. % 
Nature of Ti or 

deposit Zr;in 
deposit 

N o n e  

Black, 
moisture 
sensitive 

None 

Li deposit - -  
Black, 

moisture 
sensitive 

Black, 22.4 
moisture 
sensitive 

Black, 19.1 
moisture 
sensitive 

Black, 
moisture 
sensitive 

Metallic 6.5 

Metallic 22.9 

Black, 34.2 
moisture 
sensitive 

* Zr(BH4)~ solutions are colorless. 

6.3% Ti. Attempts  to prepare a plating bath by direct 
addition of LiA1H4 solution alone instead of addition of 
the hydride aluminum bath to Ti(BH4)a solution at  room 
temperature caused decomposition as indicated by a 
vigorous evolution of gas and the formation of a black 
solid which discolored the solution. This would indicate 
that  LiA1H4 reacts or complexes with A1Cla preferentially 
so that  its reactivity with Ti(BH4)a is decreased. 

Titanium aluminum hydride.--In the reaction of LiA1H~ 
with Ti(BH4)a, t i tanium aluminum hydride, Ti(A1H4)4, 
may be formed first but  then decomposes immediately. 
This seems likely because the compound has been re- 
ported in the l i terature (28) as being stable only at  dry 
ice temperature or below and decomposing on warming to 
room temperature. The compound is insoluble in ethyl 
ether at  its temperature of existence. Some of the com- 
pound was prepared in methyl ether a t  -80~  and the 
solution was electrolyzed as it  warmed up slowly to the 
boiling point of this solvent. The compound did not  
appear to be very soluble in this ether, and conductivity 
was very low. No metallic deposit was obtained. 

ZR-AL ALLOY BATHS 

Type A bath (Zr(BH4)4 and LiA1H4).--Zr(BH4)4 in ether 
did not conduct, and ether solutions of LiA1H4 were only 
slightly conducting. When these two solutions were mixed, 
however, the resulting solution conducted very well, and 
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a sound metallic deposit containing about 8% Zr was ob- 
tained. The ratio of LiA1H4 to Zr(BH4)4 necessary to 
obtain a metallic deposit from these ether solutions was 
critical. This was shown by a comparison of baths contain- 
ing the following ratios: (a) 1.7; (b) 1.0; and (c) 0.5. Only 
in the case of (b) was a metallic deposit obtained on 
electrolysis. The other two solutions gave black moisture- 
sensitive deposits. Solution (a) was unstable and, after 
standing for several hours at  room temperature, a metallic 
deposit was formed which coated the wall of the reaction 
vessel. Similar decomposition occurred with solution (b), 
but  much more slowly and to a lesser degree. Solution (c) 
did not decompose, remaining unchanged even after 
standing several days. 

Type B bath (Type A bath with A1C13).--The successive 
addition of A1C13 to Type A baths resulted first in a marked 
increase in the amount of Zr in the alloy deposit, and then 
a gradual decrease. However, even when the AICh content 
was relatively large, the Zr content of the deposit was still 
greater than in the alloys from Type A baths. The result 
suggests that  A1C13 is an important  component of these 
baths. Several baths of this type were made up with differ- 
ing ratios of Zr(BH4)4 to A1CI~ to determine the relation 
between bath composition and deposit composition. Re- 
sults of this study are listed in Table IV. These data show 
that  Zr content of the deposits does not vary regularly 
with Zr content of the baths. 

Type C bath.--In earlier work, AI(BH4)3 and ZrCla were 
used instead of pure Zr(BH4)4. The deposits obtained 
were similar in appearance and Zr content to the alloys 
from Type B baths. The deposit with the highest Zr con- 
tent  obtained from this type of bath contained 44.5% 
Zr, 53.0% A1, and 2.5% B. Due to the greater number of 
variables in Type C baths, they were not studied as 
extensively as Type B baths. 

Characteristics of the Zr Plating Bath 

These baths are similar to the aluminum hydride bath  
(26) in that  they are subject to decomposition by the 
atmosphere. As Zr and Ti dissolved anodically with poor 
current efficiency in these solutions, A1 anodes were used 
in all cases. Although this metal dissolved anodically with 
good efficiency, some decomposition still occurred at  the 

TABLE IV. Electrodeposited Zr-A1 Alloys from plating 
baths containing hydrides, borohydrides and chloride 

Bath composition 
(moles/liter) 

Zr(BH4)4 

1. 0.335 
2. 0.223 
3. 0.335 
4. 0.804 
5. 0.335 
6. 0.168 
7. 0.335 
8. 0.335 
9. - -  

10. 0.335 

A1Ch 

0.05 
0.15 
0.78 
0.45 
0.16 
0.67 
2.01 
0.65 
0.65 

LiA1H41 ZrCh 

0.3351 - -  
0.1531 - -  
0.2351 - -  
0.6161 - -  
0.3051 0.112 
0.1081 - -  
0.3051 - -  
0.3051 - -  
0.7201 0.287 
0.5251 0.335 

Mole 
ratio 

- -  4 : 1  

- -  2 : 1  

- -  1 : 1  

- -  1 : 1  

- -  1 : 1  

- -  1 : 2  

- -  1:6 
.4, 1:2 
- -  1:2 

Composition 
of deposit 

% by weight 

J 

Zr A1 B 

8.1 85.21 1.9 
11.8 90.81 2.5 
42.11 4 8 . 6 1 -  

26.3 - -  - -  9.5 74.5[ 3.4 
14.01 82.61 2.5 
19.21 70.01 4.5 
15.1 
8.9 7 1 . 5 1 -  
9.31 89.01 6.4 

anode. With Zr and Ti anodes, decomposition was much 
more rapid. 

The alloy baths were unstable and gave no deposit 
after a few weeks use. They appeared to be stabilized by 
A1Cl~, which also improved the appearance of the deposits. 
Those baths which contained only a small amount of A1Cla 
relative to Zr(BH4), were so unstable that  metal  deposition 
usually ceased after the bath had stood for 24 hr. On 
prolonged electrolysis, the Zr content of the deposits 
usually decreased more than could be accounted for by 
depletion of the Zr content of the solution. 

At  a LiA1H4--Zr(BH4)4 mole ratio greater than unity, 
spontaneous decomposition of the bath  occurred, and a 
metallic mirror deposited on the surface of the electrolysis 
cell. Analysis of one such deposit gave the following 
results: 12.4 Zr, 78.8 A1, 9.2 B (per cent by weight). 

If  the complexes in these baths are similar to those of 
the hydride aluminum plating bath,  then Li t t  should be 
as effective as LiA1H4, but  this was not the case. L i i I  did 
not react with an ether solution of Zr(BH04, and the re- 
sulting suspension did not conduct. When this experiment 
was repeated with equimolar quantities of A1Cln, LiH, and 
Zr(BH4)4, the resulting solution gave no metallic deposit 
on electrolysis. 

Ethyl  ether plays a more important  role than tha t  of a 
mere solvent in these baths, as LiA1H4 and Zr(BH4)4 do 
not react in its absence. In  the presence of ether they 
reacted vigorously to form a brownish-purple solution. 
Since the resulting solution conducted well and gave an 
alloy deposit when electrolyzed, the ether apparently 
served both as a complexing and ionizing medium for the 
LiA1H4. 

The Zr compound responsible for deposition of the 
alloys is probably a zirconium borohydride-aluminum 
hydride complex which is formed in solution. This view is 
supported by the observation that  LiA1H4. conducts poorly 
in ethyl ether, and Zr(BH,I)4 does not conduct at  all. 
When the two solutions were mixed, a white solid of 
empirical composition Zr(A1H4)4 formed immediately. 
With excess Zr(BH~)4, the white solid dissolved to give a 
solution of good conductivity. The solubility of Zr(A1H4)4 
in an excess of Zr(BH4)4, and the good conductivity of the 
resulting solution indicate the presence of a complex. 

Preparation of the compound Zr(A1H4)4 is included in 
the Appendix since it has not been reported previously 
in the literature. 

ORGANOMETALLIC COMPOUNDS 

Organotitanium compounds.--Only within the last few 
years have methods become available for preparation of 
compounds containing T i - - C  bonds (29-31). Such com- 
pounds would have greater solubility and greater stabili ty 
in organic solvents than the hydride type previously used 
in plating solutions. Although preparation of such com- 
pounds is time-consuming, i t  was thought that  their 
s tudy would be of interest in view of the fact that  other 
metals can be deposited from baths containing organo- 
metallic compounds (32). 

Two organotitanium compounds were studied: bis- 
(cyclopentadienyl)titanium(IV) dibromide and phenyl- 
t i tanium triisopropylate. 
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A quanti ty of bis-(cyclopentadienyl) t i tanium(IV) 
dibromide (29) was prepared, and numerous solutions of 
this compound in various solvents were electrolyzed. In  
no case was Ti deposited. Solubility of this compound in 
organic solvents is very low, and its solutions are weakly 
conducting, indicating that  i t  does not form ionic com- 
plexes easily. Solubilities of this compound are listed in 
Table II .  

Phenylt i tanium triisopropylate was prepared as de- 
scribed by Herman and Nelson (30). The compound was 
not isolated, but  its resulting ether solution was electro- 
lyzed. Conductivity was very small and was not improved 
by addition of N a i l  or phenyllithium. Electrolysis of this 
solution did not give a metallic deposit. 

Organozirconium compounds.--Up to the present, the 
only organozirconium compound described in the literature 
is the bis-(cyclopentadienyl)zirconium (IV) dibromide 
(31). In  view of the lack of success with the similar Ti 
compound, no a t tempt  was made to synthesize this Zr 
compound. 

Addition of Zr(BH4)4 to an ether solution of phenyl- 
lithium turned the solution black and caused evolution of 
heat. A similar reaction occurred with ZrCh and phenyl- 
lithium. In both cases the isolated reaction product 
gave a good Michler's ketone test for a carbon to metal 
bond. Although the exact composition of this compound 
was not determined, analyses indicated that  it  contained 
an appreciable amount of C. When the solvent was com- 
pletely removed from this compound, the product was a 
tan powder (mp 175~176 which reacted vigorously 
on exposure to the atmosphere. I t  was soluble in phenetole, 
benzene, and tetrahydrofuran, and sparingly soluble in 
ethyl ether and dimethoxyethane. Ethyl  ether solutions of 
this compound conducted slightly, but no metallic deposit 
was obtained on electrolysis. Although the compound was 
not very soluble in ether, it  dissolved readily when phenyl- 
lithium was added to a suspension in ethyl ether. A solid 
separated out of the benzene solution after several weeks. 
The precipitate was insoluble in the solvents previously 
mentioned and did not react with phenyllithium. This com- 
pound, discussed further in the Appendix, is probably an 
impure phenylzirconium derivative. 

PERFLUOROACID SALTS 

The presence of the fluorinated hydrocarbon chain in 
perfluoroacid salts makes these salts highly soluble in 
many organic solvents and suggests their use in organic 
plating baths. The Ni, Ag, Ti, and Zr salts of pel~uoroace- 
tie acid were prepared as described in the Appendix. 

None of these salts yielded a conducting solution in 
ethyl ether or benzene. The Ni salt of perfluoroacetic 
acid dissolved in dimethylformamide to give a conducting 
solution from which a Ni deposit was obtained. These 
deposits were stressed, poorly adherent, and contained 
organic matter.  

A Ti derivative containing chloride was prepared by 
direct reaction of TIC14 with trifluoroacetie acid. An 
a t tempt  to prepare the Ti salt in benzene solution was 
unsuccessful. TIC14 reacted in benzene solutions of silver 
trifluoroacetatc or silver perfluorobutyrate to form a white 
precipitate. I t  probably consisted of the Ti compound, 

which is relatively insoluble in benzene, mixed with AgC1. 
Conducting solutions were obtained with the t i tanium 
trifluoroacetate derivative dissolved in dimethoxyethane, 
anisole, or dimethylformamide. No deposit was obtained 
from any of these solutions on electrolysis. 

FUSED ORGANIC SALT SYSTEMS 

Several organic salt systems, which are molten at  low 
temperatures, were studied. Two quaternary ammonium 
tetrachlorodibromotitanates which were the double salts 
of TIC]4 with tetraethylammonium bromide and ethyl- 
pyridinium bromide (33) were prepared and investigated. 
These salts melt near 200~ Electrolysis of each of these 
salts at  250~ gave no deposit. Addition of either of these 
salts to the ethylpyridinium bromide-A1C13 type of A1 
plating bath (34) gave a black, tar ry  deposit when electro- 
lyzed. These deposits contained Ti. 

When this bath was electrolyzed with a Ti anode, metal- 
lic deposits of a Ti-A1 alloy were obtained, but  with very 
low cathode efficiency. This bath yielded deposits con- 
taining up to 14% Ti. Alloys of higher Ti content could not 
be obtained, presumably because of electrolytic decomposi- 
tion of the bath on prolonged electrolysis. 

Hurley-Wier baths containing the following compounds 
were also electrolyzed: tetraisopropylti tanate,  bis (cyelo- 
pentadienyl)ti tanium(IV) dibromide, and sodium ti tanium 
chloride. The anode was A1. In no case was a metallic 
deposit obtained. 

For use in fused salt electrolysis, a series of anhydrous 
tr ivalent  Ti halogen derivatives of the general formula 
MTiC14 was prepared. The sodium derivative was prepared 
by reduction of TIC14 with Na in an inert solvent a t  100~ 
The green salt obtained reacts with many polar organic 
solvents, and behaves much as TIC13. I t  dissolves in fused 
halide melts to form a solution from which Ti may be 
obtained on electrolysis. These compounds have been 
described (38) and will be the subieet of a future publica- 
tion. 

LOWER VALENT TI COMPOUNDS IN ORGANIC SOLUTIONS 

Lower valent Ti compounds were prepared in various 
ether solutions by the reduction of TIC14 with various 
reducing agents (see Appendix). Electrolysis of these 
solutions did not yield a metallic deposit. 

PREPARATION OF TIC13 

An essential part  of this program was preparation of 
new compounds and simplification of present methods of 
preparation of compounds used in electrolysis studies. An 
improved method for preparation of TiCla falls under the 
lat ter  category. 

By reaction of TIC[, with hydrogen in a bomb at 500~ 
and 2000 lb/in.  2, 12% was reduced to TIC13 in 30 hr. If 
allowed to proceed for a longer time this reaction may give 
a rather high yield of TIC13. This method has certain ad- 
vantages over other procedures employing hydrogen in 
that  a lower temperature is used, so that  the possibility of 
contamination with TiCl~ is minimized, and the reaction 
requires no attention while in process. Presumably, the 
use of higher pressures would considerably speed up the 
reaction. The preparation of this compound is discussed 
further in the appendix. 
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Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JOURNAL. 
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A P P E N D I X  

PREPARATION OF TITANIUM (III)  BOROHYDRIDE 
FROM TETRABUTYL TITANATE, Ti(OC4Hg)4, 

AND DIBORANE, B2H6 

Diborane (67.0 millimoles) was passed into a tetra- 
hydrofuran solution containing 29.0 millimoles of te t rabutyl  
t i tanate . '  A dark blue solution was formed and blue crystals 
sett led out. The solution was filtered in a He atmosphere 
and the crystals washed with petroleum ether. Yield as 
Ti(BH4)~: 26.1 millimoles. The filtrate was evaporated 
nearly to dryness, and a high boiling (225~ colorless 
liquid remained [the reported boiling point  of t r ibutyl  
borate is 229~-230~ (35)]. This liquid had properties similar 
to those of boron esters, but  the amount isolated was too 
small to s tudy thoroughly. With tetraisopropyl t i tanate,  
the borohydride was obtained in 90% yield. 

Analysis : 

Calculated for Ti (BH4)a.C4HsO (%) Found 
Ti  29.2 29.1 
B 19.4 14.5 
H 12.2 10.3 
C 29.2 33.0 

The crystalline blue solid underwent part ial  decomposi- 
t ion at 135~176 and on heating to a higher temperature  
decomposed completely with the formation of a hright  
metallic mirror on the walls of the container. I t  was in- 
soluble in the usual organic solvents except for te t rahydro-  
furan but reacted readily with peroxide-contaminated 
ethers and active solvents, such as water.  

Ti(BH4)3 apparently is stabilized by coordination with 
tetrahydrofuran,  as indicated by the facts that  large crys- 
tals of the compound react rather slowly on exposure to the 
atmosphere (the finely divided compound occasionally 
ignites spontaneously),  and the compound can be stored in 
dosed containers for long periods of t ime without  noticeable 
decomposition, 

REACTION OF DIBORANE WITH TIC14 AND ZrCh 

When TiCl4 or ZrC14 reacted with diborane in tetrahydro-  
furan, the borohydride was not obtained. Crystall ine Ti  
and Zr compounds having the approximate empirical 
formula MC12.6(C4H~O)~.3 were isolated from these solu- 
tions. 

Analyses: Ti compound: %Ti  = 14.5, %C1 = 28.1, %C = 
37.9, %H = 6.4; Zr compound: %Zr = 24.5, %C1 = 26.1, 
remainder organic material .  The impure compounds con- 
tained a small amount of B. The Zr and Ti compounds were 
white and blue, respectively. 

Compounds similar to those described here were obtained 
by reduction of TIC14 in te t rahydrofuran with LiH. 

PREPARATION OF Zr(BH4)4 

Preparat ion of this compound from KZrF5 and Al(BH4)a 
has been described by Hoekstra  and Katz  (27). Ini t ial ly,  

1 Obtained from the du Pont Co. 
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e ther  solut ions of this  compound were prepared  in situ b y  
adding  to an e ther  solut ion the  s to ichiometr ic  quant i t i es  of 
reac tants ,  according to e i ther  of the  following reac t ions :  

ZrCI4 + 2AI(BH4)~ = Zr(BH4)4 + 2A1BH4C12 (I) 

KZrF5 + 2AI(BH4)~ = Zr(BH4)~ + K F  + 2A1BH4F~ (II)  

Reac t ion  (I) has  the  d i sadvan tage  t h a t  b o t h  react ion 
products  are soluble in  e ther  and  difficult to  separate .  

Since Zr(BH~)4 and Al(BH4)~ are soluble, the  l a t t e r  con- 
t amina tes  the  p roduc t  of b o t h  react ions (I) and  (II)  if an 
excess is used. For  th is  reason react ion (II)  was carr ied out  
wi th  a s l ight  excess of KZrFs.  This  K sa l t  was used because 
a comparison of the  re la t ive  react iv i t ies  of NaZrFs ,  KZrFs,  
and  a p roduc t  corresponding to KF-2ZrF4,  showed t h a t  
KZrFs  reac ted  more rap id ly  and  completely.  

When KZrF6 was used in excess, the  yield was much  less 
t h a n  expected.  An examinat ion  of the  products  showed t h a t  
the  react ion p robab ly  proceeded by  a stepwise mechanism 
involving the  in te rmedia te  format ion  of a compound such 
as Zr(BH4)2F2, and  for the  reac t ion  to go to complet ion,  an  
excess of Al(BH4)3 mus t  be used. Since b o t h  react ions  were 
unsa t i s fac to ry  for the  p repa ra t ion  of an e thereal  solut ion 
of Zr(BH4)4, o ther  methods  of prepar ing this  compound were 
inves t iga ted .  

I t  was found t h a t  Zr(BH4)4 could be prepared  con- 
ven ien t ly  by  pass ing d iborane  in to  an  e the r  solut ion 
of a Zr  es ter  of the  type  Zr(OR)4. A p roduc t  of th is  re- 
act ion is p robab ly  the  corresponding boron ester ,  B(OR)3, 
as in the  s imilar  p repa ra t ion  of Ti(BH4)a. This  me thod  is 
no t  sa t i s fac tory  for the  p repa ra t ion  of pure  Zr(BH4)~ since 
the  B ester  and  Zr(BH~)4 are b o t h  present  in the  resul t ing  
solut ion.  

The p repa ra t ion  of pure  Zr(BH~)4 was accomplished by  
the  dry react ion of LiBH4 and  ZrCh  at  room tempera tu re .  

ZrC14 + 4LiBH4 = Zr(BH4)4 + 4LiC1 ( I I I )  

This  me thod  is convenien t  and  rapid ,  and  the  yield is abou t  
75% wi th  respect  to bo th  reac tan ts .  

Reaction of AI(BH,)a with KZrF~ 

A mixture  of 25.9 millimoles of KZrF~ and  57.8 millimoles 
of AI(BI-I4)3 (mole ra t io  1:2) in  20 ml e ther  was shaken for 
16 hr .  The  solut ion was fi l tered and  the  resul t ing  clear solu- 
t ion  showed no fluoride. By means  of hydr id  e and Zr analy-  
ses, t he  yield of Zr(BH4)4 was calculated to be 65%. When 
th is  exper iment  was repeated  using the  N a  salt ,  the  mole 
ra t io  of 3NaZrFs:4AI(BH4)~, and  24 hr  of shaking,  the  yield 
of Zr(Btt4)4 was only 30%, indica t ing  fo rmat ion  of in te r -  
media te  z i rconium borohydrides such as Zr(BH~)_~F~_ owing 
to  the  use of insufficient AI(BH4)3 

Reaction of Zirconium Tetraisopropylate with Diborane 

Diborane  (0.14 mole) was passed into a t e t r ahyd ro fu ran  
solut ion conta in ing  0.02 moles of te t ra iospropyl  z i rconate  
(36). The  resul t ing  clear solut ion (34 ml) was analyzed for 
hydr ide  and  Zr content .  I t  conta ined  0.6 millimoles of Zr  
and  14.7 millimoles of hydr ide  per  mil l i l i ter  (determined by  
evolu t ion  of H). The theoret ical  hydr ide  con ten t  for 0.6 
millimoles of Zr(BH4)4 is abou t  10 millimoles. The  ana ly t i -  
cal results  indicate  the  solut ion conta ined  Zr(BH4)4 and  a 
small  amount  of diborane.  

Preparation of Zr(BH4)4 from LiBH4 and ZrCl~ 

In  an iner t  a tmosphere  chamber ,  67.0 millimoles pow- 
dered ZrCl~, 272 millimoles powdered LiBH~, and  some 0.5 
em diameter  dry  Ni balls (to help mixing) were swirled b y  

hand  for abou t  15 min  at  room tempera ture .  The  mate r ia l  
in  the  flask became wet and hea t  was evolved. The  flask 
was shaken for about  5 min  more unt i l  i ts  conten ts  had  be- 
come paste- l ike and  the  Ni balls were no longer able to  
produce mixing.  

After  cooling to room t empera tu re  the  flask was placed 
in a vacuum sys tem and  evacua ted  for about  30 min.  The  
Zr(BH+)4 was collected in a l iquid N t rap .  The  yield was 
77%. 

When an  excess of LiBH4 was used, the  induct ion  per iod 
was lessened and  the  yields were increased.  Yields as h igh 
as 90% have  been ob ta ined  by  using an  excess of LIBH4 
a n d / o r  by  b reak ing  up the  LiC1 and  evacua t ing  again  at  
about  50~ The  l a t t e r  procedure increased the  yield by  
6% in one run.  Analysis  of the  product  gave 55% Zr, 30% B, 
and  10% H. The theore t ica l  values for Zr(BH4)4 are 60.6% 
Zr, 28.7% B, and  10.7% H. The  mel t ing  poin t  of the  p roduc t  
was 28.7~ which is ident ical  wi th  the  previously  repor ted  
mel t ing  po in t  of Zr(BH+)4 (27). 

For  a metal l ic  der ivat ive ,  the  compound showed a sur-  
pris ing solubi l i ty  in organic solvents ,  inc luding e ther ,  pe- 
t ro leum ether ,  and  benzene.  

A t t e m p t s  to prepare  Zr(BH4)4 in th is  manne r  by  use of 
NaBH4 or KBH4 were unsuccessful.  

PR~I',~RATION OF Zr(A1H4)4 

To a di lute  e ther  solut ion of Zr(BH4)4 in a s in tered  glass 
filter funnel  was added an  e the r  solut ion of LiA1H~. The  
reac t ion  was carr ied out  in an a tmosphere  of He. Af ter  a 
sufficient amount  of whi te  solid was formed, the  e ther  solu- 
t ion was removed rapid ly  and  the  solid was isolated. I t  was 
uns tab le  a t  room tempera ture ,  decomposing wi th in  several  
hours  in to  a pyrophor ie  b lack  solid. Analysis  of the  whi te  
solid ind ica ted  a formula  corresponding to Zr(A1H4)4. 

Resul ts  of analysis :  wt.  sample,  41.9 mg; 62 ml H_~ a t  
26~ = 2.52 millimoles hydr ide ;  13.8 mg Zr = 0.15 milli-  
moles Zr; 17.6 mg A1 = 0.63 millimoles A1. This  da t a  would 
indica te  an  empirical  fo rmula :  ZrAl4.~Ht6.s. 

PREPARATION OF PHENYLZIRCONIUM COMPOUND 

Method A: On adding  3.7 millimoles Zr(BH4)4 to an  e thyl  
e the r  solut ion conta in ing  13.5 millimoles phenyl l i th ium,  
a b lack  colored solut ion formed wi th  evolut ion of heat .  The  
solut ion was di lu ted wi th  benzene and  filtered. The f i l t ra te  
was then  evapora ted  to dryness and  pumped  under  vacuum 
for I hr  a t  50~ Dur ing  the  drying process a small  amoun t  of 
b iphenyl  condensed on the  upper  wall of the  conta iner .  The 
resul t ing  b lack  solid gave a posi t ive  Michler ' s  ke tone  tes t  
for a carbon to me ta l  bond.  

Method B: Pheny l l i t h ium was allowed to reac t  wi th  a 
s lurry  of ZrC14 in e thyl  e ther  in a manne r  s imilar  to  Me thod  
A above.  The  solut ion was evapora ted  to a low volume, 
filtered, and  the  product  (a t a n  powder) p rec ip i ta ted  by  
addi t ion  of pe t ro leum ether .  I t  con ta ined  63% of the  Zr  
in i t ia l ly  used, gave a posi t ive  Michler ' s  ke tone tes t  and  the  
mel t ing  poin t  was 175~176 

The  analysis  of the  compound prepared  by  each me thod  
gave the  following resul ts :  

Method A Method B Theory for Zr (C~tts)~ 

Zr 27,5 29.6 28.3 
C 49 42 67.0 
H 5.3 4.7 4.7 

The compound prepared  by  Method  A conta ined  abou t  
8% Zr(BII,)4 as impur i ty ,  and  the  product  f rom Method  B 
con ta ined  abou t  4% LiBr  as impur i ty .  
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T A B L E  V. Reduction of TiCI~ in solution 

Reducing agent 

1. N a  dispersion 
2. Na dispersion 
3. Na dispersion 

4. Na* 
5. N a - K t  
6. LiH 

Solvent 

T e t r a h y d r o f u r a n  
E t h e r  
50% te t r ahydro-  
fu ran  50% ben- 
z e n e  

T e t r a h y d r o f u r a n  
Anisole 
T e t r a h y d r o f u r a n  

Cone. of Ti in 
reacted soln. in g/1 

Total J Reduced (as triva- 
lent Ti)) 

i 
1.8 I 2.2 

15 .0 i  5.8 
i 

15.4 24.1 
5.0 0,0 

10.2 8.3 

* In  exper iment  4, metal l ic  Na  was added to a t e t r ahy -  
d rofuran  solut ion of TiCl~ in a steel bomb and the  resul t ing  
solut ion was bal l -mil led a t  100~ 

t Reduct ion  occurred in exper iment  5, bu t  reduced Ti  
was found only in a b lack  solid formed as a product  of the  
react ion.  

In  two cases the  reduced Ti con ten t  ca lcula ted as t r iva-  
lent  Ti  ion was greater  t han  the  to ta l  Ti  concent ra t ion .  
F rom this  i t  would appear  t h a t  a mix ture  of di- and  t r iva-  
lent  Ti  is formed in these reduced solut ions.  

PREPARATION OF LOWER VALENT T i  COMPOUNDS 

Use of Ti(BItd)a in the  Ti-A1 alloy b a t h  to give a deposit  
conta in ing  Ti  suggests the  use of organic ba ths  conta in ing  
di- or t r iva len t  Ti compounds.  However,  the  avai lable  
lower va len t  compounds,  such as the  halides,  are no t  soluble 
in ethers.  They  are soluble in more polar  carbonyl  and  hy- 
droxyl types of solvents  which are too reac t ive  for purposes 
of deposit ion.  

Lower va len t  Ti  compounds in e thers  were prepared  by 
reduct ion of TIC14 wi th  the  following reagents :  sodium 
naph tha l ene  (37), diborane,  LiH, N a i l ,  Na,  Na -K  alloy, 
and  dispersions of N a  and  Li in hydrocarbons .  Only LiH 
and Na  dispersion were used for a large "number of experi- 
ments .  

Sodium naph tha l ene  and TIC14 reacted  in t e t r ahydro -  
furan  solution.  A qua l i t a t ive  tes t  ind ica ted  t h a t  t r i va l en t  
Ti was present .  The  resul t ing  solut ion conducted well, bu t  
gave only a Na  deposit .  

Diborane  reac ted  wi th  TiCl ,  in t e t r ahyd r o f u r an  to form 
a green solut ion of TIC13 which did not  conduct  electr ici ty.  
After  the solut ion had s tood for several  days, a blue solid 
crystal l ized out  [cf. prepara t ion  of Ti(Bttd)3]. 

LiH and  TIC14 did not  react  in a hydrocarbon  solvent  
such as benzene,  bu t  addi t ion  of e thyl  e ther  caused a re- 
ac t ion to occur wi th  evolu t ion  of hydrogen  and  format ion  
of a green color which changed to reddish-brown on fu r the r  
reduction.  The  green compound could not  be isolated. The  
hydrogen  ini t ia l ly  present  in  the  hydr ide  evolved as gas, 
and the  resul t ing solution,  when allowed to react  wi th  water ,  
gave no evidence of hydride.  The reduced compound had  
propert ies  s imilar  to  a lower va l en t  Ti  halide and was in 
no way like a hydr ide  compound.  

The  reac t ion  of N a i l  wi th  T iCh  was similar  to the  re- 
act ion of L i t t  except  t h a t  i t  was much  slower. This  was 
p robab ly  due to the  lower solubi l i ty  of N a i l  in e thyl  e ther .  
The  react ion of Li, Na,  or Na-K alloy wi th  TIC14 in e ther  
solut ions appeared  to give products  s imilar  to those ob- 
ta ined  when LiH was used. Na and Li were used as disper-  
sions to obta in  a more rapid  and complete  react ion.  

The  reac t ion  of T iCh  wi th  LiH in e thyl  e ther  resul ted  in 
the  fo rmat ion  of two l iquid layers.  The  denser  layer  was 
smaller  in volume and  r icher  in Ti;  on electrolysis i t  con- 
ducted  well bu t  gave no metal l ic  deposit .  The  upper  layer  

was low in Ti and  conducted poorly. In  the  more s t rongly  
complexing ethers ,  t e t r ahyd ro fu ran  and  t e t r a h y d r o p y r a n ,  
a separa t ion  of the  solut ion in to  layers was not  observed 
when TIC14 reacted  wi th  l i th ium hydride,  bu t  an insoluble 
solid usual ly  formed. Al though the  composi t ion of the  solid 
product  formed in these react ions was not  de termined,  re- 
duced Ti  was detected in it. The  concen t ra t ion  of t r i va l en t  
Ti  in the  resul t ing  solut ion was about  8-10 g/1 in b o t h  sol- 
vents .  This  is close to the  con ten t  of t r iva len t  Ti (7.7 g/ l)  
in  a s a tu r a t ed  solut ion of TIC13 in t e t r ahydro fu ran .  These  
solutions yielded no metal l ic  deposit  on electrolysis  al- 
t hough  they  did conduct  well. 

Na  and Li in the  form of dispersions reac ted  wi th  TIC14 
in various e thers  to yield solut ions con ta in ing  lower va l en t  
Ti compounds.  This  is s imilar  to the  react ions of LiH as 
described above.  Some of the  react ions of Na  dispersion 
with TIC14 in various e thers  are l is ted in Table  V. Similar  
results  were ob ta ined  wi th  Li dispersion. Table  V is a sum- 
ma~y of resul ts  ob ta ined  using various reducing agents  and  
solvents.  The mole ra t io  of TIC14 to reducing agent  is un i ty  
in all cases. 

TIC14 in t e t r ahyd ro fu ran  reac ted  wi th  Na  dispersion to 
form a blue solid. Analysis  of th is  solid gave 12.7% Ti  and  
30.5% chloride, which has approximate ly  the  composi t ion 
TIC13. (C,HsO)~. A similar  blue solid was formed when LiH 
reacted  wi th  TiCl4 in t e t r ahydro fu ran ,  bu t  the  composi t ion 
of this  blue solid was not  determined.  The react ion of di- 
boranc  wi th  T i C h  in t e t r a h y d r o f u r a n  also formed a blue 
crystal l ine solid hav ing  the  approximate  composi t ion 
TiCl~.~(CdH80)~.T. I t  was p robab ly  the  same compound as 
above. 

In  addi t ion  to the  more act ive reducing agents  l is ted 
above,  meta ls  such as Ni, Fe, Cu, Ag, or Mg were also ef- 
fective for reduct ion of TIC14 to t r iva len t  Ti, bu t  only in 
solvents  such as d imethyl formamide ,  acetone,  d imethoxy-  
e thane ,  and t e t r ahydro fu ran .  

PREPARATION OF TiCI~ 

In an iner t  a tmosphere ,  0.9 mote T i C h  was placed in a 
one l i ter  bomb equipped wi th  a glass liner.  Four  moles hy-  
drogen were added,  and  the  bomb was kep t  a t  500~ for 
29 hr. The pressure was ma in t a ined  a t  about  2000 lb / iu .  ~, 
which required t h a t  some of the gas be ven ted  occasionally.  

At  the  end of the  react ion the  pressure was released and 
the  bomb taken  in to  an iner t  a tmosphere  chamber .  A yield 
of 16.5 g TIC13 as  flaky red crystals  was obta ined.  The  yield 
was 12% based on the  amount  of TiCl4 in i t ia l ly  placed in the  
bomb. M o s t  of the  unreac ted  TIC14 could have  been  re- 
covered. 

In  the  above react ion,  the  bomb also conta ined  small  
amounts  of Pd  and P t  sponge in tes t  tubes ,  bu t  la te r  ob- 
servat ions  indica ted  t ha t  ne i the r  of them aided the  react ion.  

A sample of the  product  was dissolved in water  and found 
to conta in  1.5% insoluble m a t t e r ;  the  soluble por t ion  was 
TiCl~. The  insoluble mater ia l  was bel ieved to be TiOCL 
The  l a t t e r  had  formed previously  when the  same react ion 
had  been allowed to cont inue for about  an  hour  a t  450~ 
and  1650 l b / i n 3  In  this  exper iment  a small  amount  of a gold 
colored mater ia l  was formed. I t  was insoluble in all t he  
usual  acids and  was not  affected by  the  a tmosphere .  This  
compounds has been previously described (17). 

PREPARATION OF THE SALTS OF PERFLUOROACIDS 
Ti AND Zr SALTS 

Ti  and  Zr sal ts  were prepared  b y  react ion of the  meta l  
te t rachlor ides  wi th  t r i f luoroacet ic  acid. The  p repa ra t ion  
of the  Ti  sal t  i l lus t ra tes  the  method  used. 

To 1.9 g TIC14 was added 4.6 g tr i f iuoroacetic  acid. The  
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reaction mixture was heated at 65~ and evaporated to 
dryness. A yield of 4.5 g (90%) of white solid was obtained. 

The Zr salt was prepared in a similar manner, but in a 
solution of ethyl ether. Both salts contained a small amount 
of Ct. Analysis of the salts for metal content gave: Ti, 
17.6%; Zr, 25.2%. 

Ni and Ag Salts : These were prepared by reaction of the 

metal oxides with acids in aqueous solution and subsequent 
evaporation of the resulting solution to dryness. The salts 
were then dried at 150~ for several hours. 

Nickel trifluoroacetate, silver trifluoroacetate, and silver 
perfluorobutyrate were prepared in this manner. 

The solubility of silver trifluoroacetate was found to be 
17.8 g/106 ml in benzene and 47.1 g/100 ml in ethyl ether 

Electrodeposition of Metals from Organic Solutions 

IV. Eleetrodeposition of Beryllium and Beryllium Alloys 

GWENDOLYN B. WOOD AND ABNER BRENNER 

National Bureau of Standards, Washington, D. C. 

ABSTRACT 

The electrodeposition of Be from nonaqueous media was studied. Be compounds used 
as solutes were the hydride, alunfinohydride, borohydride, halides, alkyls, and aryls. 
Their preparation, chemical properties, and electrochemical properties in nonaqueous 
media were investigated. Electrodeposits of Be (95% pure) and Be alloys, such as Be-B 
and Be-A1, were obtained from organic solutions. I t  is believed that  these represent the 
first metallic deposits consisting essentially of Be that  have been obtained from organic 
baths. 

Be has a low density (sp. gr. 1.82~ fairly high melting 
point (approx. 1280~ good corrosion resistance, and 
relatively high strength per weight ratio, which make it 
potentially valuable in structural engineering. However, 
because of its brittleness the pure metal  has had little 
industrial use. Be is of interest in the field of atomic 
energy because of its property of slowing down neutrons 
with little tendency for absorbing them. 

The literature concerning Be and its compounds is 
covered in several reviews (1-4). Be is produced com- 
mercially in the form of powder, flake, compact rod, or 
beads by the electrolysis of fused salt baths (5-10), many 
of which are operated near the melting point of the metal. 
The production of pure Be metal by thermal dissociation 
of BeI= or BeBr2 has been reported (11). 

Electrolysis of Be salts in aeetamide was reported to give 
a black amorphous deposit which gave a qualitative test 
:for Be (12). Beryllium nitrate, sulfate, and halides were 
dissolved in fused alkylpyridinium halides, but  no Be 
was deposited on electrolysis (13). 

Booth and Torrey (14-16) made a comprehensive in- 
vestigation of the electrodeposition of Be using anhydrous 
Be halides, sulfate, nitrate, acetylaeetonate, beryllium ba- 
sic acetate, and sodium beryllium fluoride. They used a 

number of nonaqueous organic and inorganic solvents 
and reported that  a majori ty of the solutions conducted 
poorly. They reported electrodeposition of pure metallic 
Be only fl'om solutions of its compounds, particularly the 
nitrate and chloride, in liquid NHa on the basis that  the 
deposit gave a qualitative test for Be. Their deposit did 
not dissolve in HC1, and they ascribed its nonreactivity to 
its purity. Without  quantitative analytical determinations, 
conclusions as to the puri ty of deposits are questionable. 

Several unsuccessful at tempts to duplicate their work 
have been made in this laboratory. Thin deposits of black, 
nonmetallic material soluble in dilute HC1 were obtained. 

The purpose of this investigation was to develop methods 
of electrodepositing coherent coatings of pure Be or Be 
alloys. This involved a study of the chemistry of known 
Be compounds, the preparation of new Be compounds, and 
the investigation of the electrochemical properties of these 
compounds in nonaqueous solvents. A successful method 
of electrodepositing metallic Be from nonaqueous media 
other than from fused salts would have several useful 
applications, such as: eleetrowinning, improvement of the 
pm'ity and mechanical properties of the metal, production 
of eleetroplated coatings for protection of other metals 
against corrosion, .and eleetroforming of complicated 
shapes. 

Since hydrogen is so much more noble than Be, i t  is 
preferentially discharged from aqueous solutions. Conse- 
quently, this investigation was limited to organic solvents 
and fused salt baths. 

Electrolytic properties of the following types of Be 
compounds were investigated: the hydride, alumino- 
hydride, borohydride, halides, alkyls, and aryls. Beryllium 
fluoride was not used because of its low solubility in or- 
ganic solvents. The halides are covalent in nature and :do 
not carry an electric current when fused. Other types of 
compounds do not lend themselves to fused salt eleetroly- 
sis, since they cannot be fused without decomposition. 

The apparatus used for electrolytic studies and the 
purification of the solvents has been discussed (17, 18). 
The electrolytic investigations and preparation of com- 
pounds were performed under an atmosphere of dried A or 
He. A compound is considered soluble if it  dissolves to the 
extent of 0.5 g/l. 
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ELECTROLYTIC STUDIES 

Be Compounds in Liquid NH3 

Electrodeposition of Be from liquid NH3 solutions was 
reported by Booth and Torrey (16), and one of their 
experiments was repeated several times. Liquid NH3 was 
condensed on anhydrous beryllium chloride (BeC12). 
Ammoniates initially formed with the BeCl~, and this had 
some solubility in excess NHa. At current densities of 
1-8 amp/dm ~, only a small quanti ty of a stressed black 
deposit was obtained, and this was partially soluble in 
dilute HC1. Coherent deposits could not be built up in this 
bath. 

Some modifications of this experiment were investi- 
gated. (A) Fused ammonium nitrate (NH4N03) and BeC12 
were dissolved in NH~ to yield a fairly conductive solu- 
tion, but  no deposit was obtained on electrolysis. (B) 
2BeBrz.Be(NH2)2-eNtIa was prepared by adding metallic 
Be to ammonium bromide (NH4Br) dissolved in liquid 
NH3 (19). Electrolysis of the resulting solution decomposed 
the bath giving a black residue�9 (C) A mixture of lithium 
amide, BeBr~, and NH4Br in liquid NH3 on electrolysis 
gave only a black mossy scum on the cathode. No coherent 
Be deposits of high purity were obtained from hquid 
NH3. 

Beryllium Halides 

BeClz.--Anhydrous BeCl~ is one of the few Be com- 
pounds available commercially. Extensive qualitative 
observations of its solubility and conductivity in non- 
aqueous media were made. Electrolytic studies were limited 
to a great extent by its insolubility in most nonaqueous 
solvents. In some solutions the conductivity was low at 
room temperature but increased greatly at the boiling 
point of the solvent. Listed in Table I are the solvents 
investigated (except ethers). In  no case was a metallic 
deposit obtained on electrolysis. The material on the 
electrode usually reacted with either the moisture or the 
oxygen of the atmosphere. 

TABLE I. Solubility studies involving anhydrous BeC12 

Solvent 

Acetal . . . . . . . . . . . . . . . . . . . . . . . .  
Acetone . . . . . . . . . . . . . . . . . . . . .  
Acetonitrile . . . . . . . . . . . . . . . . .  
Acrylonitrile . . . . . . . . . . . . . . . . .  
Ammonia (-50~ . . . . . . . . . . .  
Benzene . . . . . . . . . . . . . . . . . . . . .  
n,n-Dimethyl aniline . . . . . . . .  
Dimethyl cyanamide . . . . . . . . .  
Dimethylformamide . . . . . . . . .  
Ethyl alcohol . . . . . . . . . . . . . . . .  
Ethyl bromide . . . . . . . . . . . . . . .  
Pyridine . . . . . . . . . . . . . . . . . . . . . .  
Pyrrolodine . . . . . . . . . . . . . . . . . . .  
Toluene 
Triethylamine . . . . . . . . . . . . . . . .  
Tri-n-propylamine . . . . . . . . . . . .  

Solubil- 
ity 

R 
S 
SS 
SS 
S 
. 

; i  
S 
SSr I 

1 

SSr 
Sr 

Deposit obtained 
on electrolysis 

None, tarry residue 
None 
None, viscous bath 
None 
Black, treed 
None 
None 
None 
None 
None 
None 
None 
Thin black film 
N o n e  

None 
None 

NOTE: R = Reaction at room temperature; Rr = reac- 
tion at reflux temperature; S = soluble at room tempera- 
ture; SS = slightly soluble at room temperature; SSr = 
slightly sohtble at reflux temperature; i = insoluble. 

TABLE II.  Ethereal baths containing anhydrous BeC12 

Solvent Deposit obtained on electrolysis 

Anisole 
Bis (2-chloroethyl) ether 
Bis (2-ethoxyethyl) ether 
n-Butyl ether 
1,4-Dioxane 
Ethyl ether 
Ethylbutyl ether 
Ethylene oxide 
Isopropyl ether 
1,2-Dimethoxyethane 
Methyl ether 
Phenetole 
Phenyl ether 
Propyl ether 
Tetrahydrofuran 

Black, reactive with HzO 
Thin black film 
Black film 
Black, I-I20 soluble 
None 
Black powder 
Black, reacts with H20 
None 
N o n e  

Black stain 
Gray, oxidizes in air 
None 
None 
Black powder 
Black, brittle 

Electrolysis carried out at temperatures sufficient to 
give homogeneous solutions and at reflux temperatures 
of the solutions. 

Many ethers (Table II) were studied as solvents for 
anhydrous BeCl~, with which probably all formed ether- 
ates. Deposits from the various ethereal solutions both at 
room temperature and at their boiling points were inferior 
in appearance and coherency to those obtained from ethyl 
ether. Consequently, only the latter bath is discussed in 
detail. 

Anhydrous BeC12 forms two immiscible liquid layers 
with ethyl ether (20). Qualitative tests show the upper 
layer to be a weak solution of BeCl~ in ether and the 
lower layer a solution of ethyl ether in beryllium chloride 
etherate, which solidifies to a crystalline mass of BeCl~. 
2Et~O, mp 330~ (21). This compound apparently dis- 
solves enough ethyl ether to liquefy, forming approxi- 
mately a 2.8M solution in the etherate. Electrolysis at 
1 amp/dm 2 required 25 v across a small cell. The deposit 
was a fine black powder which was 92 70 Be. The impurities 
probably arose from adsorbed constituents of the solution. 
The powders were difficult to wash free of beryllium 
chloride etherate since this has limited solubility in ethyl 
ether. 

A beryllium chloride etherate bath operated at elevated 
temperatures gave improved deposits which were harder 
and somewhat more coherent than those obtained at room 
temperature. A bath operated at 200~ and at a current 
density of 2 amp/dm 2 required only 6 v. A similar bath 
operated at 150~ and at 1 alnp/dm 2 required 10 v. A 
black powdery deposit was obtained which was found to 
be 90% Be. 

Since in electrodeposition from aqueous solutions the 
coherence of deposits is improved by having the metal in 
solution as a complex ion and by the use of addition agents, 
a similar approach was tried with the BeCl~ solutions. For 
example, BeCl2 and lithium chloride (LiC1) might form a 
complex such as Li..BeOl~, as aluminum chloride (A1Cla) 
and other metallic halides are known to do with alkali 
halides. The addition agents listed in Table I I I  were 
investigated, but  none led to improved deposits. 

Although neither BeCh nor its reaction product with 
various ethers is soluble in many organic liquids, BeC12. 
2Et20 is fairly soluble. The 2.8M ethereal solution of the 
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TABLE I I I .  Effect of addition agents on deposit obtained 
from BeCl~.2Et20 in Et20 

Compound added Deposit obtained on electrolysis 

Aluminum chloride etherate 
Ammonia (gas) 
Beryllium hydride etherate 
Cesium bromide 
Cesium iodide 
Lithium amide 
Lithium borohydridet 
Lithium bromidet 
Lithium chloride 
Lithium hydride* 
Lithium iodidet 
Sodiumt* 
Sodium borohydride 
Sodium hydride 
Potassium cyanate 
Potassium iodide 
Potassium thiocyanate 

Flaky 
Smoother deposit but thin 
Not improved 
Not improved 
Gray deposit 
Not improved 
Smoother but brittle 
Not improved 
Not improved 
Not improved 
Not improved 
Not improved 
More reactive with H20 
Not improved 
Not improved 
Not improved 
Not improved 

* Showed no solubility. 
Electrolysis run at both room temperature and 150~ 

TABLE IV. Electrolytic studies of 2.8M BeC12.2Et~O mixed 
with other solvents 

Current density 0.5 amp/din 2 

Solvent 

1. No solvent. 
2. Xy lene . . .  
3. Acetal . . . .  
4, Pyridine. .  
5. Anisole . . .  

6. Phenyl 
e the r . . .  

Initial 
voltage 

of 
bath 

34 
28 
34 
32 

27 

Solvent 
per cent 
of total 
volume 

1-33 
1-20 
1-5 
9-15 

20-31 

Bath 
voltage 

v 

34-28 
32-11 . 
39-16 - 
30-23 . 
16-33 - 
13-3 b 

13 - 
20-2 b 

Remarks and comparison 
of deposits with those 
obtained from 2.8M 
BeCh.2EtaO in Et~O 

Black, powdery 
Similar 
No deposits 
No deposits 
Better b 
Black to gray, 

smooth, 
stressed 

Better b 
Black to gray, 

smooth, 
stressed b 

Studies made at room temperature. 
b Studies made at boiling point. 

etherate was diluted with the following solvents so tha t  
the lat ter  formed from ] to 33 % by volume of the mixture: 
xylene, acetal, pyridine, anisole, phenyl ether, butyl  ether, 
bis(2-chloroethyl) ether, 1,2-dimethoxyethane, ethyl 
alcohol, ethyl bromide, ethyl iodide, and toluene. Some 
representative experiments are listed in Table IV. Some of 
the deposits obtained from these baths at  room tempera- 
ture and at  the baths '  boiling points were slightly better  
than the deposits obtained from a solution of ethyl ether 
and BeCl~ alone. No deposit was obtained in the presel ce 
of acetal, pyridine, butyl  ether, or 1,2-dimethoxyethane. 

The most promising results were obtained with the 
baths containing anisole or phenyl ether. The resistance of 
each bath at  room temperature was lower than that  of an 
unmodified ethyl ether bath, but  the deposits were no 
better. The resistance was still lower at  the boiling point 
of the solutions, and the electrodeposits were improved. 
From both baths, gray, brit t le deposits were obtained 
which were fairly smooth, nonreflective, and stressed, but  
more coherent than the black powders obtained from the 
ethyl ether solution alone. 

Lithium aluminum hydride (LiA1H4) was added in 
increasing amounts to a xylene-ethyl ether-BeCl~ solution. 
The deposit gradually improved, appearing more like the 
A1 deposits obtained from the hydride-aluminum bath 
(22) as the concentration of hydride was increased to 0.3M. 
A brittle deposit from this bath  was identified spectro- 
chemically as a Be-A1 alloy. 

BeBr~.--Beryllium bromide (BeBr2) forms an etherate 
with ethyl ether. Ethyl  ether is only slightly soluble at  
room temperature in BeBr2.2Et20. A 3.0M solution was 
prepared and electrolyzed between 35 ~ and 40~ and 
proved to be a poorer electrolyte than the corresponding 
chloride etherate solution. Electrolysis at  77 v and 0.34 
amp/dm 2 gave a granular black deposit. Because of occlu- 
sion of nonmetallic constituents from the bath,  the deposits 
reacted with the moisture of the atmosphere. The deposits 
were not improved by operating the baths at  55 ~ and 120~ 
Chemical analyses of these powders indicated that  the 
deposits were less pure than those obtained from beryl- 

lium chloride etherate. The addition of lithium iodide 
(LiI), l i thium chloride (LiC1), sodium hydride (Nai l ) ,  or 
potassium borohydride (KBH4) to the bath did not im- 
prove the coherency of the deposits. 

BeI2.--Beryllium iodide t was only slightly soluble 
(0.05M) in ethyl ether at  both room temperature and at  
the boiling point. The solution was a nonconductor. LiH 
reacted with the residue from the above ethereal solution, 
but  no deposit was obtained from the resulting solution. 

Dialkylberyllium Compounds 

In  order to carry out a systematic study of the elec- 
trolysis of solutions of dialkylberyllium compounds, i t  
would be necessary to prepare several hundred grams of 
each of these compounds. Dimethylberyll ium is more 
easily isolated from the solvent, ethyl ether, in which i t  
was prepared than its homologs, diethyl- and di-n-butyl- 
beryllium. I t  could be studied as a pure compound rather 
than as a mixture with ether. Electrolysis of ethereal 
solutions of dimethyI-, diethyl-, and di-n-butylberyllium 
indicated tha t  these solutions were only slightly different 
in character. As a consequence, dimethylberyllium was 
chosen as a representative dialkylberyllium compound 
for investigation. Details of the "ether-vapor method" 
which were developed for preparing dimethylberyllium 
are given in the Appendix. 

DimethylberyUium is a white, polymeric solid. Both 
the pure dialkyl as well as its concentrated ethereal solu- 
tions are spontaneously flammable in the air and must be 
handled in a dry atmosphere of A or He. Dimethylberyl-  
lium was insoluble in many common solvents. High poly- 
merization in the solid state may greatly affect its solu- 
bility. I t  reacted with some solvents to form insoluble 
products and dissolved to a clear solution in others; ethyl 
ether and tetrahydrofuran solutions showed conductivity. 
The solvents investigated are listed in Table V. 

Increasing the concentration of the ethyl ether bath  

Compound was contaminated with a few per cent of 
silicon tetraiodide. 
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TABLE V. Solubility of dimethylberyllium in various 
solvents at room temperature 

Solvent Solubility or reactivity 

Acetone 
Anisole 
Benzene 
Boron triehloride etherate 
n-Butylamine 
Diethylamine 
Ethyl ether* 
Nitrobenzene 
Phenetole 
Phenyl ether 
n-Propyi ether 
Pyridine 
Tetrahydrofuran* 
Tetrahydropyran 
Triethylamine 
Toluene 

Reacts 
Insoluble 
Insoluble 
Reacts 
Yellow ppt. 
Reacts 
Soluble 
Reacts 
Insoluble 
White ppt. 
White ppt. 
Reacts 
Soluble 
White ppt. 
White ppt. 
Insoluble 

* Solution shows conductivity. 

as methyl borate, methyllithium, cesium bromide, lithium 
hydride, lithium chloride, etc., did not improve the 
electrodeposits and in most cases reacted with the bath to 
form precipitates. 

Mixed Halide-Alkyl Baths 

Electrolytic studies were made on mixed alkyl and 
halide type baths. Several baths were investigated which 
contained 3M dimethylberyllium and varying quantities 
of beryllium chloride etherate as follows: 0.3M, 0.6M, 
0.9M, and 2.3M (see Table VI). Eleetroformed tubes of 
Be which were coherent but stressed were obtained from 
the mixed baths. These deposits were far more coherent 
and metallic in appearance than those obtained separately 
from the alkyl or halide type of bath, and the resistance of 
the baths was lower. The most reflective and metallic- 
appearing deposits were obtained from baths containing 
3M dimethylbery]lium and 0.9M to 2.3M BeC12. These 
coherent deposits were 93-95% Be, while the powders 

TABLE VI. Electrolysis of ethyl ether solutions of Be(NIe)~ and Be(N[e)~ with BeCl~ 

Bath constitution Bath voltage C.I). Beryllium v amp/dm~ Deposit content % 

33I Be(Me)~ . . . . . . . . . . . . . . . . . . . . . . .  i 9 
1.2M Be(Me)2 . . . . . . . . . . . . . . . . . . . . .  49 
3M Be(Me)2 + 0.3M BeC12 . . . . . . . . . .  10 to 15 
3MBe(Me)2 + 0.6M BeC12 . . . . . . . . . .  ] 18 
3M Be(Me).~ + 0.9M BeCl.~ . . . . . . . .  18 
3M Be(Me).~ + 2.3M BeC12 . . . . . . . .  18 to 25 

2.8M BeCI.~ . . . . . . . . . . . . . . . . . . . . . . . .  

0.09 
0.05 
0.1-0.3 
0.15 
0.15 
0.1 

J 

0.1 

Brittle, black, treed 
Brittle, black, treed 
Dark gray, metallic, brittle 
Black, brittle 
Black, brittle, thin 
Gray, metallic, brittle, thin 
(BeClv2Et~O crystallized out of solu- 

tion, to leave about 1M BeC12 in 
solution) 

Black powder 

63 
77 
80 

93 
95 

92 

from 1.2M to 3M lowered the resistance of the bath but 
did not improve the deposits. They were nonreflective, 
dark, smooth, and brittle. The Be content of the deposits 
from the 1.2M and 3M solutions was 77 and 63%, respec- 
tively (see Table VI). A 2M solution of dimethylberyllium 
in tetrahydrofuran yielded deposits which were black and 
coherent and which appeared less brittle than those from 
the ethyl ether solution. 

A 2.4M solution of dimethylberyllium in ethyl ether 
was found to be miscible with a majority of the organic 
solvents which were investigated. Electrolytic studies 
were carried out on solutions containing 3-66% by 
volume of the added solvent. Cathode current densities 
up to 0.5 amp/din 2 were obtained at applied voltages of 
60-120 v, but no deposits were obtained in the presence 
of the following solvents: dimethylformamide, pyridine, 
anisole, phenetole, phenyt ether, isopropyl ether, bis- 
(2-chloroethyl) ether, butyl ether, 2 piperidine, 2 n-methyl- 
morpholine, 2 benzothiazole, thiophene, acetonitrile, and 
1,2-dimethoxyethane3 These experiments illustrate the 
highly specific nature of the solvent-solute combinations 
which are amenable to electrodeposition. Data for the 
solutions from which deposits were obtained are given in 
Table VII. None of the deposits was improved over those 
obtained from the ethyl ether bath. Addition agents such 

2 These solvents were not miscible with dimethylberyl- 
lium etherate. 

TABLE VII. Electrolytic studies of BeMe2.etherate in 
different solvents 

Solvents 

Tetrahydrofuran 
1,2-Dimethoxyethane 
Pyrrolidine 

Pyrrole 

Xylene 

Acetal 

Ethyl bromide 

Triethylamine 

Solvent dilution 
% 

66 
3-50 
3 

9, 237, 507 
3-23 

5O 
3 
9-66 
3 
9 
3 
9-23 

5O 
3-23 

5O 

Deposits* compared 
with those from 2.4M 

B eMe~. etherate in 
ethyl ether 

(see Table VI) 

Similar 
Similar 
Similar 
No deposit 
Similar 
No deposit 
Similar 
No deposit 
Poorer 
No deposit 
Similar 
Poorer 
No deposit 
Similar 
No deposit 

* Cathode current densities from 0.03 to 0.5 amp/dm 2 at 
applied voltages from 60 to 120 v. 

t Not miscible. 

from the 2.8M t~eCl~ bath were 92% and the less stable 
deposits from the 3M dimethylberyllium were 63%. 

Polarization studies were run in the bath containing 
3M dimethylberyllium and 2.3M BeC12. A Cu cathode, 
Be anode, and a reference electrode of A1 wire were em- 
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ployed. The reference electrode included a "Luggin-Haber 
capillary" in order to eliminate the I R  drop between the 
reference electrode and the other electrode. The solution 
made contact with the A1 wire through this capillary. 
High anode polarization was indicated. 

Diphenylberyllium 

Phenyl derivatives of Be were prepared by reported 
methods (23, 24) and also by the reaction between BeCI~ 
and phenyllithium in ethereal solution (see Appendix). 
The phenyl derivative was reported in the literature to be 
diphenylberyllium, but analyses were not  reported, and 
the compound was not clearly characterized. Some doubt 
exists whether the products of these various reactions are 
the same compound or in the same state of polymeriza~ 
tion. The product of the reaction between Be metal and 
diphenyhnercury dissolved in ethyl ether, benzene, toluene, 
and tetrahydrofuran but did not give conducting solutions. 
The product isolated at  100~ from the reaction between 
phenyllithium and BeCh was slightly soluble in 1,2- 
dimethoxyethane, tetrahydrofuran, pheuyilithium ether- 
ate, and benzene but  was insoluble in several other 
solvents as shown in Table VIII .  The resulting solutions, 
with the exception of those containing benzene, conducted 
the current but  gave no electrodeposit. 

Beryllium Borohydride 

Beryllium borohydride [Be(BH4)~] a volatile, white 
solid, has been systematically studied as a means of de- 
positing Be metal by electrolysis from organic solutions. I t  
is spontaneously flammable in air and reacts very vigor- 
ously with water and oxidizing agents. I t  is a monomer 
which appears to be more covalent than ionic (25). Data  
on the solubility and conductivity in various solvents ~re 
given in Table IX.  Like dimethylberyllium it  is not soluble 
in many organic solvents. This contrasts with Zr(BH4), 
and AI(BH4)3, which are soluble in a variety of solvents, 
including paraffin hydrocarbons. Beryllium borohydride 
was soluble in anisole, phenyl ether, and ethyl ether; the 
latter solution was the best conductor. I t  was insoluble in 
the other solvents tested. 

The resistance of an ethyl ether solution of beryllium 
borohydride was considerably reduced by  increasing the 

TABLE VIII .  Solubility and conductivity tests on a phenyI 
derivative of Be in various solvents 

Solvent 

Benzene . . . . . . . . . . . . . . . . . . . .  
n-Butyl ether . . . . . . . . . . . . . . .  
1,2-Dimethoxyethane . . . . . . .  
Isopropyl ether . . . . . . . . . . . . .  
Phenyl ether . . . . . . . . . . . . . . .  
Phenyllithium etherate . . . . . .  
Pyridine . . . . . . . . . . . . . . . . . . . . .  
Tetrahydrofuran . . . . . . . . . . . .  
Tetrahydropyran . . . . . . . . . . . .  

Solubility at  R.T. 
(25~176 

SS 
i 
SS 
i 
i 
SS 
i 
SS 
i 

Conductivity 

None 
None 
Yes 
None 
None 
Yes 
Yes 
Yes 
None 

NOTE : i = insoluble; SS = slightly soluble. 
No promising deposits obtained in the above experi- 

ments. 
Phenyl lithium etherate appeared to be insoluble in 

most of the solvents listed above. 

solute concentration. Brittle, coherent gray deposits were 
obtained from 6M baths ut room temperature. At  a cathode 
current density of 0.62 amp/dm ~ the potential drop across 
the cell was only 2 v, a striking contrast to the higher 
voltages found for the dimethylberyllium solution. Several 
deposits 0.01 in. thick were obtained; they had an average 
composition of 70 % Be and 30% B. These are probably 
the first B alloys electrodeposited at  room temperature. 

The voltage drop across the bath decreased with an in- 
crease in the operating temperature. At  80~ a more 
lustrous, smooth Be alloy deposit, which was 0.002 in. 
thick, was obtained. After the bath was operated for 30 hr 
between 85 ~ and 90~ the solution gradually decomposed, 
and the deposits became black and powdery. 

Beryllium Hydride Etherate 

Relatively little is known about beryllium hydride, 
Bell2. Whether or not i t  exists in the free state is still 
controversial. Kassner and Stempel (26) claimed no 
satisfactory evidence existed for the isolation of solid 
Bell2. Various methods (27-29) have been reported for 

TABLE IX. Solubility and conductivity tests for beryllium 
borohydride in various solvents 

Solvent 

Ethyl ether 
Anisole 
Phenyl ether 
Benzene 
Butyl ether 
Tetrahydrofuran 
Diethylene glycol dimethyl ether 
Triethylene glycol dimethyl ether 
Tetraethylene glycol dimethyl 

ether 
Pyridine 
Dimethylamine 

Solubility 
a t  R.T. 

(25~ 
Conductivity 

Good* 
Poor 
Poor 
None 
None 
None 
None 
None 

None 
None 
No deposit 

S = soluble; i = insoluble. 
* 6 M solution with cell voltage of 2 amp/dm ~ gave a lus- 

trous, coherent alloy containing 30% B and 70% Be. 

TABLE X.  Beryllium hydride etherate in the presence of 
nonaqueous solvents 

Solvent 

Acetone 
Anisole 
Benzene 
Ethyl  ether 
1,2-Dimethoxyethane 
Dimethylformamide 
Dioxane 
Phenetole 
Pyridine 
Tetrahydrofuran 
Triethylamine 

Solu lity 

i 
i 
i 
i 

Conductivity of beryl- 
lium hydride etherate 
and beryllium chloride 

In various solvents 
MoleBeCh 

1 
MoleBeH~ 

Y e s  
None 
None 
Yes 
Low 
Yes 
None 
None 
Yes 
Low 
None 

NOTE: S = soluble; i = insoluble; St = dissolves on 
standing at room temperature. 
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TABLE XI.  Deposition of Be-A1 alloys from ethyl ether solutions 

Bath type Be++/Ali_ia_ Be++ Composition of Appearance of deposit deposit 

Be (A1H4) 5" 
Be(A1H4)2 plus BeC12* 

H-A1 Batht  plus BeC12 

ratio 

0.5 
1-27 

1.3-40 

g at./1 

0.5 
1.0-2.5 

0.7-2.5 

14% Be 
0-57% Be 

% Be small 
but increas- 
ing 

Powder 
In order of increasing BeC12 content of bath:  

white --* gray -~ black; smooth --* rough --~ 
stressed 

In order of increasing BeC12 content of bath:  
white -~ gray -~ black; smooth --* rough --* 
stressed 

* A1 anode;t Be anode; Cu cathode; electrolysis at room temperature; cathode C.D. varied from 0.05 to 0.5 amp/dm2; 
voltage range from 0.6 to 4 volts; all deposits metallic and coherent. 

the preparation of its etherate. This compound is more 
covalent than BeCl~, and the corresponding alkali metal 
hydrides but  more ionic than aluminum hydride. 

Bell2 was prepared by reaction of LiA1H4 with dimethyl- 
beryllium (28). The compound was insoluble in ethyl 
ether, anisole, 1,2-dimethoxyethane, tetrahydrofuran, 
triethylamine, pyridine, or benzene. I t  appeared to dissolve 
on standing several days in dioxane or dimethylforma- 
mide (Table X), but  the resulting solutions were not 
conductors. 

The possibility of producing a Bell2 or beryllium chloro- 
hydride type of bath analogous to the hydride-aluminum 
bath (22) was investigated. Bell : ,  as produced above, was 
added to samples of BeC12 solvated with different liquids. 
No increase in solubility of the hydride in the solvents 
listed in Table X was effeeted by the presence of BeCl~. 
On electrolysis no deposit was obtained except from the 
ethyl ether solution, and this one was no better than that  
obtained from the BeC12-2Et20 alone. 

Be-Al Alloys 

Systematic studies of hydride baths containing both 
Be and A1 have been completed and are summarized in 
Table XI.  The hydride baths were made by mixing 
ethereal hydride solutions and BeC12 in different propor- 
tions. The hydride content of the baths came either from 
an ethereal solution of Be(A1H4): (from LiA1H4 and 
BeC12), or from the hydride-aluminum plating bath  (22). 
Deposits obtained from the two types of solutions for a 
given ratio of Be ++ to A1H4- were similar. The Be concen- 
tration of the baths was changed so that  the Be ++ to A1H(  
ratio varied from 0.5 to 40. The deposits obtained when this 
ratio was unity contained only traces of Be. They were 
white-gray, crystalline, reflective, ductile, and similar 
to deposits from the pure hydride-aluminum bath. The 
deposits obtained when this ratio was 11 contained 46% 
by weight Be. They were gray to black in color, reflective, 
and stressed. As the ratio increased, the percentage of Be 
in the deposit increased. The deposits were not wholly 
metallic but  were more coherent than those obtained from 
the beryllium chloride etherate solution alone. I t  is sig- 
nificant that  they were deposited at  a much lower voltage 
for a given current density. 

In  the analyses of the a]loys, A1 was determined as the 
aluminum quinolate by weighing or by bromate-bromide 
titration. Be was precipitated from solution as the hy- 
droxide and ignited to the oxide. 

Although Bell2 is insoluble in ether, there is evidence 
that  a soluble complex containing Be, A1, and hydride- 
hydrogen exists in the solution obtained by mixing ethereal 
solutions of BeCl.~ and LiA1H4. A precipitate was formed, 
but  the solution remaining was approximately 1M in 
Be and contained Be, At, and H in a stoichiometric ratio 
of 1/1.8/9.2. This reaction was reported by Wiberg and 
Bauer (27), who implied that  Be(A1H4)~ existed in the 
solution in a stoichiometrie ratio of 1/2/8,  but  they gave 
no evidence to support this view. This solution did not  
yield a precipitate with a solution of BeC12 in ethyl ether, 
which indicated that  the hydride ion must be t ightly 
complexed. Ethereal solutions of BeCt2 and aluminum 
hydride, A1H3, were completely miscible. This indicates 
either that  the same soluble Be(A1H4)2 complex as that  
obtained with LiA1H4 is formed, or that  the hydride ion 
in aluminum hydride is too t ightly complexed to form the 
insoluble Bell2. 

SUMMARY 

Powdery deposits were obtained from halide-ethereal 
solutions of Be, Mg, and A1. Consequently, i t  seems tha t  
to obtain coherent deposits of these metals a different 
ionic or molecular species must be found. The alkyl baths 
gave very brittle coherent deposits of Be containing oc- 
cluded constituents from the bath as impurities. Electroly- 
sis of a mixed halide-alkyl bath gave gray, lustrous, 
coherent flakes which were much improved over the de- 
posits obtained separately from each solution. Deposits 
of puri ty as high as 95 % were obtained from this type of 
organic bath. A brittle, coherent alloy containing 70% Be 
and 30% B was obtained from the ethereal beryllium 
borohydride bath. Stressed coherent alloys of Be and A1 
were obtained from the mixed baths containing Be(A1- 
H4)2 and BeC12. These deposits did not show much promise. 
This study has resulted in the first reported thick, co- 
herent deposits consisting essentially of Be from organic 
baths. 
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A P P E N D I X  

PREPARATION OF Be COMPOUNDS 

BeCl~.- -Anhydrous  BeCl2 was ob ta ined  commercial ly .  
Spectroscopic analysis  showed Ni  was the  largest  meta l l ic  
i m p u r i t y  present .  Grav imet r i c  analysis  showed 0.06% Ni .  
This  commercial  BeC12 was purified by  sub l imat ion  in vacuo 
at  400~ 

BeBr~.--BeBr~ was not  ob ta inab le  commercial ly.  I t  was 
made readi ly  by  direct  union  of the  e lements  in the  ap- 

A B C. D 

FIG. 1. Appara tus  for prepar ing bery l l ium bromide :  
A--f lask conta in ing  br(~mine; B- - fu rnace ;  C--col lec t ion  
chamber ;  D - - a b s o r p t i o n  bubblers  used as measure of gas 
flow; E- -he l i ca l  hea t ing  coil. 

pa ra tus  shown in Fig. 1. Br2 was vapor ized  in flask A b y  
means  of an  in f ra red  lamp and  passed wi th  a s t r eam of argon 
over  Be powder  con ta ined  in  a Vycor tube  furnace ,  B, 
opera t ing  a t  550~ Rahl f s  and  Fischer  repor ted  t h a t  the  
compound sublimes a t  473~ (30). The  vapors  were carr ied 
out  of the  hea ted  area of the  furnace by  the  s t r eam of A. 
The  cold del ivery end of the  Vycor tube  was hea t ed  in- 
t e rna l ly  to 450~176 by  a helical  hea t ing  e lement ,  E,  to  
p reven t  clogging. This  hea t ing  e lement  was in a Vycor tube  
of small  d iameter  closed a t  one end. In  this  way the  BeBr2 
was kept  above i ts  mel t ing  poin t  un t i l  i t  emerged from the  
reac t ion  tube ,  which pro jec ted  in to  the  cold collection 
chamber ,  C, consis t ing of a large glass cyl inder .  The  ap- 
pa ra tus  was sealed from the  a tmosphere  by  means  of a 
series of l iquid bubblers ,  I) .  In  a 6-hr per iod 0.6-0.7 lb of 
the  bromide  was produced.  The  anhydrous  BeBr2 was t rans -  
ferred under  dry  He to s torage bot t les .  

An a t t e m p t  was made  to prepare  BeBr2 from Be meta l  
and  Br~ in boil ing CS2, bu t  no reac t ion  took place. 

BeIs--BeIz was p repared  in a m a n n e r  s imilar  to t h a t  
used for the  bromide.  The  ra te  of reac t ion  between I2 va- 
por  and  Be meta l  a t  t empera tu res  below 800~ was very  
slow, and  the  small  amoun t  of iodide ob ta ined  was bad ly  
c o n t a m i n a t e d  wi th  I2, p roving  the  me thod  unsa t i s fac tory .  

Sealed tubes  con ta in ing  Be meta l  mixed wi th  I2 sha t t e red  
when hea t ed  to 500~ bu t  when the  me ta l  was placed in 
a separa te  glass conta iner  inside the  sealed tube ,  in  such a 
m a n n e r  t h a t  only I~ vapor  came in con tac t  wi th  the  meta l ,  
t he  tubes  remained  in tac t .  After  65 hr  at  480~ very  l i t t le  
I2 remained  unreaeted .  Four  grams of Be (1.8 g excess) was 
allowed to react  wi th  63 g of I~/tube. 

The  resu l t ing  BeI~ was purified by  dis t i l la t ion a t  500~ 
The tubes  were broken in an a tmosphere  of dry  A and  placed 
in a C crucible su r rounded  by  a ceramic cylinder.  The  ent i re  
assembly was placed in a resin reac t ion  ket t le .  Induc t ion  
hea t ing  was employed.  An a tmosphere  of dry  A was main-  
t a ined  th roughou t  the  purif icat ion.  An air condenser  was 
suspended from the  top of the  resin react ion ke t t l e  in to  the  
reflux area.  Since BeI.~ mel ts  r a t h e r  t h a n  sublimes,  an in le t  
s t r eam of A was flushed th rough  the  refluxing BeI~ in order 
to car ry  the  vapor  up in to  the cooled area where i t  con- 
densed. A yield of approximate ly  50% (130 g) was obta ined.  
The  resul t ing  p roduc t  conta ined  abou t  5% NiL. The  l ight  
sa lmon color was p robab ly  caused by the  impuri t ies  present .  
The  produc t  was s tored  in a dry  a tmosphere  of A in sealed 
ampoules,  wrapped in A1 foil as a p recau t iona ry  measure .  

DialkylberyIlium compounds.--Dimethylberyllium was 
p repa red  in quan t i t i e s  up to 0.3 g-mole by  Gi lman  and  
Sehul tz  (23) by  an  " e t h e r  cycling m e t h o d "  which gave yields 
of 85-90%. This  me thod  consisted of reac t ing  bery l l ium 
chloride e the ra te  wi th  an  excess of the  appropr ia te  Gr ignard  
reagent  in dry  A and  dist i l l ing the  e the ra te  of the  dialkyl-  
beryl l ium compound wi th  an excess of ether .  The  e the r  in  
the  receiver was cont inuously  evapora ted ,  condensed,  and  
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FIG. 2. Appara tus  for "e the r -vapor  m e t h o d "  for pre- 
par ing beryl l ium dialkyls:  A- - ine r t  gas source; B - - e t h e r  
boiler;  C- - res in  react ion ket t le ;  D--col lec t ion  flask; E 
and F- -o i l  ba ths ;  G - - b u t y l  cellosolve-dry ice cooling 
ba th .  

r e tu rned  to the  reac t ion  vessel. The reason for th is  pro- 
cedure is t h a t  the  e the ra te  is more volat i le  t h a n  the  pure 
alkyl  and  hence more readi ly  isolated.  

1. " E t h e r  Cycling M e t h o d . " - - I n i t i a l l y  this  me thod  was 
used wi th  0.5 g-mole of anhydrous  BeCl~ as s t a r t i ng  ma-  
ter ia l ,  bu t  only  a 40% yield was obta ined.  The  efficiency of 
this  me thod  for p repar ing  d imethyl -  or d ie thy lbery l l ium 
decreased as the  q u a n t i t y  of s t a r t i ng  mate r ia l  was increased.  
The ma in  object ion to th is  me thod  was the  low yield. 

A s tudy  of the  " e t h e r  cycling m e t h o d "  was made  in order 
to improve the  yield. To e l iminate  any  var ia t ions  in the  
reac tan ts ,  s tock solut ions of e thy lmagnes ium bromide and 
beryl l ium chloride e thera te ,  adequa te  for a set  of experi- 
ments ,  were prepared.  The  effect of each of the  following 
var iables  were s tudied,  bu t  no significant effect on the  yield 
was not iced:  (a) q u a n t i t y  of ini t ia l  r eac tan t s ,  (b) molar  
ra t io  of in i t ia l  reac tan ts ,  (c) type  of hal ide in Gr ignard  re- 
agent ,  (d) pressure of dis t i l la t ion,  (e) me thod  of hea t ing  
reac t ion  mixture ,  (j') concen t ra t ion  of e thyl  e ther  in system,  
(g) e lements  of design of equipment ,  (h) d is t i l la t ion temper-  
a ture ,  and (i) d is t i l la t ion t ime.  Since i t  was not  possible 
to produce good yields of bery l l ium dialkyls in quant i t i es  
greater  t h a n  0.3 g-mole by  the  " e t h e r  cycling m e t h o d " ,  
a different procedure was sought .  

2. " E x t r a c t i o n  M e t h o d . " - - G r i g n a r d  reagents  are re- 
por ted  to be mixtures  of compounds according to the  fol- 
lowing equi l ibr ium (31, 32) : 

2RMgX ~ MgX~ + R2Mg 

BeC12.2Et20 reacts  wi th  th is  solut ion to produce BeR~ and  
MgC12. The  hal ide-conta in ing compounds in the  resul t ing  
mix ture  are insoluble in  1,4-dioxane whereas b o t h  dialkyl-  
magnes ium and dia lkylberyl l ium compounds remain  solu- 
ble. This  difference was the  basis of an  a t t e m p t  to separa te  
d imethy lbery l l ium bu t  i t  was unsuccessful.  

3. " E t h e r - V a p o r  M e t h o d . " - - T h e  factors  which were 
found to influence the  yield most  in Me thod  1 were (a) the  
i n t ima te  contac t  of the  reac t ion  mix ture  wi th  e ther  vapor ,  
(b) the  speed wi th  which the  dis t i l la t ion of the  alkyl from 
the  reac t ion  mixture  took place while the  t empera tu re  was 
raised to 240~ near  the  decomposi t ion t empera tu re  of the  
alkyl,  and  (c) the  l eng th  of the  dist i l l ing head  between the  

reac t ion  vessel and  the  collecting vessel. Making  use of 
factors  (a) and  (b) the  " e the r -vapor  m e t h o d "  was developed 
for the  p repa ra t ion  of several  moles of d imethylbery l l ium.  

The  appara tus  used is shown in Fig. 2. He from t ank  A 
was used to keep an  iner t  a tmosphere  in the  ent i re  ap-  
para tus .  T a n k  B was filled wi th  Na-dr ied  e thy l  e ther  and  
was used as the  e ther  boiler.  The  pressure in  t a n k  B was 
control led by  the  t empera tu re  of oil b a t h  E. The  e ther  boiler  
was connected to a resin react ion ket t le ,  C, by  means  of 
Cu tub ing  which extended to wi th in  a few inches of the  
bo t tom of the  ket t le .  The t empera tu re  of the  reac t ion  ke t t l e  
was control led by  an  oil ba th ,  F. A condenser  wi th  circulat-  
ing ice water  connected the  react ion ket t le  and  a 2-1 flask, 
D. The  flask was sealed from the  a tmosphere  by  a mercury  
t r ap  and cooled by  a bu ty l  cellosolve-dry ice mixture ,  G. 

The  required quan t i t y  of Gr ignard  reagent  was placed in 
the  react ion ke t t le  which had  been flushed wi th  He. The  
beryl l ium chloride e thera te  was added from a dropping 
funnel ,  which was replaced by  a rubber  s topper .  The ke t t le  
was flushed by  a rapid  flow of He while the  mixture  was 
hea ted  to 80-100~ by means of an  oil ba th ,  F. After  most  
of the  e ther  had  been removed and  collected, and  the  residue 
had  become near ly  dry, the  t empera tu re  was fu r the r  raised 
to 187~176 E t h e r  vapor  from B was passed th rough  the  
powdered residue under  a pressure of 10-20 lb / in .  ~ at  the  
ra te  of �88 1/hr. This  pressure was necessary to force the  
vapor  th rough  the  dry mass. Each  2-1 lot  of dis t i l la te  was 
tes ted  to determine the  ra te  a t  which the  organometal l ic  
compound was being disti l led. The  exper iment  was s topped 
when the amount  of alkyl dist i l led became less t han  2 g/1. 

Dur ing  the  p repara t ion  the  condensates  were t rans fe r red  
to a 3-1 resin reac t ion  ket t le  from which e ther  was dist i l led 
a t  50~176 leaving solid d imethylberyl l ium.  A s tock 
q u a n t i t y  of 300 g d imethy lbery l l ium was prepared  by  th is  
method.  The  capaci ty  of the  equ ipment  was enlarged for 

T A B L E  X I I .  Preparation of dimethylberyUium by "ether- 
vapor method" 

Run 

I 
I I  
I I I  

Theo- 
retical 
yield 

mole 

1.4 
4.1 
6.8 

Actual 
yield 

mole 

1.1 
2.6 
4.4* 

Temperature  
range 

~ 

150 220 
170-200 
185-210 

Percent- 
age 

yield 

% 

79 
63 
64* 

Total  volume 
of ether 
distillate 
collected 

liters 

8.5 
8.5 

15 

Resin Reac t ion  Ket t l e  C a p a c i t y - - I :  4-li ter (6 in. d iam- 
eter)  I I  and I I I :  6-li ter (6 in. diameter) .  

* Es t ima ted .  

FIG. 3. Beryl l ium dimethyl  crystals. X 0.25 



Vol. 104, No. 1 E L E C T R O D E P O S I T I O N  O F  M E T A L S  37 

each successive run,  and  in the  las t  run  abou t  4.4 moles of 
d imethy lbery l l ium were prepared.  Table  X I I  summarizes  
the  results  of these experiments .  The  dried crystals  ob ta ined  
are shown in Fig. 3. 

Arylberyllium compounds.--Several methods  of prepar-  
ing phenyl  der ivat ives  of Be were s tudied.  

Me thod  l ( a ) - - A  black solid p roduc t  was ob ta ined  by  
Gi lman and Schulze (23) when Be metal ,  d iphenyhnercury ,  
and  HgCl~ ca ta lys t  were hea ted  in sealed tubes  a t  225~ 
for 6 hr. I t  was repor ted  to be insoluble in benzene,  toluene,  
and  e thyl  e ther  a t  the i r  boil ing tempera tures ,  bu t  i t  gave a 
s t rong posit ive Michler ' s  ke tone test .  

A brick red crystal l ine solid was o b t a i n e d h e r e  wi th  this  
method .  I t  also was not  readily soluble in  xylene or warm 
e ther ,  bu t  i t  dissolved in e thyl  e ther  dur ing  several  hours  
of refluxing. Bo th  the  resul t ing  e thereal  solut ion and  solid 
remain ing  undissolved gave a posi t ive Michler ' s  ketone test .  

Me thod  1 (b)- -Wit t ig ,  Meyer,  and Lange (24) repor ted  the  
p repa ra t ion  of d iphenylbery l l ium by  a s imilar  react ion bu t  
in the  presence of xylene as a solvent  at  150~ and in the  
absence of a cata lys t .  These authors  did not  describe a 
me thod  of isolat ion of the i r  d iphenylberyl l ium,  bu t  repor ted  
i t  to  be soluble in benzene and  xytene and  soluble on warm- 
ing in e thyl  e ther  and  t e t r ahydro fu ran .  

A similar  react ion was obta ined  here only af ter  the  ad- 
d i t ion  of HgCh as ca ta lys t  a t  a t empera tu re  of 175~ while 
using powdered Be metal .  (Flaked meta l  did not  give a re- 
ac t ion  under  these same condit ions.)  Beads of mercury  and  
a yellow-to-red solut ion indica ted  t h a t  reac t ion  had  t aken  
place. After  the  xylene solut ion was filtered and concen- 
t ra ted ,  a s traw-colored compound se t t led  out. The  sample 
was dried under  vacuum.  A t empera tu re  of 210~ produced 
some decomposit ion.  The  very  dark  residue dissolved slowly 
in e thy l  e ther  dur ing several  days of refluxing to give a red- 
orange solution.  

Me thod  2 . - -Pheny l  der ivat ives  of Be were prepared  by  
a new method,  which involved the  reac t ion  of BeC12 and  
pheny l l i th ium in e thyl  ether .  The convers ion of phenyl-  
l i th ium to d iphenylbery l l ium in solut ion was indica ted  by  
the  Michler ' s  ketone test .  Two general methods  of isolat ing 
d iary lbery l l ium compounds from the  e thereal  solut ion were 
inves t iga ted .  The first involved prec ip i t a t ing  LiC1 wi th  
xylene followed by concen t ra t ing  the  solut ion a t  temper-  
a tures  up to 100~ The  second method  involved evapora t -  
ing the  e thyl  e ther  in a vacuum at  - 1 5 ~  Straw-colored 
crys ta ls  were isola ted in b o t h  cases. The  produc t  of the  
first me thod  was insoluble in e thyl  e ther ,  which was sur-  
pr is ing since it  was crystal l ized from this  solvent.  The prob- 
able reason for th is  insolubi l i ty  may  be decomposi t ion or 
po lymer iza t ion  at  the  e levated t empera tu res  of the  isola- 
t ion.  The  product  of the  second method  was found to be sti l l  
soluble in e thyl  e ther .  Pre l iminary  analyses indicate  t h a t  the  
produc ts  from methods  one and  two conta ined  a beryl l ium 
to phenyl  ra t io  of 1/1 and  1/2, respect ively.  

Beryllium borohydride.--Beryllium borohydr ide  was pre-  
pared  from an equimolar  mix ture  of dry  LiBH4 and  an- 
hydrous  BeC12. The  react ion took place slowly a t  room 
t empera tu re  bu t  was r ap id -a t  e levated tempera tures .  The  
procedure  used was similar to t h a t  of Schlesinger and co- 
workers (33), who repor ted  an 80% yield. They  hea ted  the  
mix ture  quickly to 90~ and  t hen  to 140~ over a per iod of 
8 hr  dur ing cont inuous  evacuat ion.  The  authors  found t h a t  
when LiBH4 and  BeCI~ were mixed in a molar  ra t io  of 2/1 
and  were hea ted  immedia te ly  to 180~ and  hea ted  con- 
t inuous ly  under  a pressure of approx imate ly  2 X 10 • m m  
Hg for 5 hr,  a 74% yield resulted.  Other  runs indica ted  t h a t  
a t  pressures approaching  0.2 mm the in i t ia l  mole ra t io  mus t  

be decreased to 1 in order to keep the  yields high. Beryl l ium 
borohydr ide  begins to  decompose at  t empera tu res  as low as 
123~ The  percentage yield is consequent ly  influenced by  
the  t empera tu re  at  which the  react ion is run  as well as by  
the  pressure and  t h e  speed wi th  which t h e  compound is 
sublimed.  Because of the  danger  involved in prepar ing  
under  reduced pressure and in glass equ ipment  a spon- 
taneous ly  inf lammable  mate r ia l  like beryl l ium borohydr ide ,  
larger  p repara t ions  were not  a t t empted .  All -metal  equip-  
men t  should be considered for large-scale runs.  

In  an  effort to  prepare  beryl l ium borohydr ide  more 
cheaply  and  safely as well as in  larger  quan t i t y ,  var ious 
o ther  procedures  were tr ied.  These methods  will be men-  
t ioned only briefly since none proved as successful as the  
me thod  a l ready described. (A) A dry  mixture  of NaBH4 
and BeCl~ was hea ted  under  essent ia l ly  the  same condi- 
t ions as above bu t  fai led to yield any  bery l l ium boro- 
hydride.  (B) Beryl l ium borohydr ide  e the ra te  was shown to  
distill  under  reduced pressure.  An a t t e m p t  to disti l l  beryl-  
l ium borohydr ide  e the ra t e  f rom a mixture  of LiBH4 and  
BdC12 was unsuccessful .  (C) The  slow addi t ion  of LiBH4 to 
a mol ten  eutect ic  mix ture  of BeCl~ and  NaC1 a t  abou t  250~ 
gave low yields. Higher  yields migh t  have  been  ob ta ined  
if a su i tab le  mater ia l  could have been found,  which,  when 
mixed wi th  BeC12, would have  mel ted  below 180~ (D) 
KBH4-and  BeC12 reac t  in n -bu ty lamine ,  bu t  the  isolat ion 
of solvent-f ree  produc ts  is difficult. (E) A dry  mix ture  of 
KBH4, LiC1, and  BeC12 was hea ted  under  reduced pressure 
to 200~ wi thou t  react ion.  Reac t ion  and  decomposi t ion oc- 
curred when the  t empera tu re  was raised up to 400~ Bo th  
bery l l ium borohydr ide  and  diborane were t r apped  a t  
-196~ The  yield was low due to decomposi t ion at  the  
e levated t empera tu re .  

Beryllium hydride etherate.--The e the ra t ed  bery l l ium 
hydr ide  used in these s tudies  was p repared  by  the  metho(I 
of Schlesinger and  co-workers (28). 

The reac t ion  between LiH and  BeCl~ in e therea l  solution 
was s tudied.  Mixtures  in var ious propor t ions  were e i ther  
ball  milled or hea ted  in a bomb at  125~ for 24 hr. I so la t ion  
of bery l l ium hydr ide  was difficult since LiH, LiC1, and BeCl~ 
are all only  s l ight ly  soluble in ether .  In all react ions ,  the  
concen t ra t ion  of Be remain ing  in solut ion was low. Evidence  
for the  presence of bery l l ium hydr ide  in the  solid react ion 
p roduc t  was ob ta ined  by  the rmal  decomposit ion.  The  solid, 
when hea ted  from 125 ~ to 150~ tu rned  gray, owing to the  
decomposi t ion  of bery l l ium hydr ide  to bery l l ium meta l .  

Beryllium aluminum hydride.--Beryllium a luminum hy-  
dride was prepared  by  the  me thod  of Wiberg and Bauer  
(27). E the rea l  solut ions of BeCl~ and L iA1H4 were mixed in 
a molar  ra t io  of 1:2 in an  iner t  a tmosphere .  A white  pre-  
c ipi ta te  formed and  was filtered from the  solut ion.  Analysis  
of the  f i l t rate  confirmed the  presence of Be, Al, and  I-I in 
a ra t io  of 1/1.82/9.2, ind ica t ing  Be(A1H4)2 in solution.  

The  s t ab i l i ty  of Be(A1H4)2 in e thereal  solut ion was found 
to b e  a func t ion  of t empera tu re .  I t  decomposed wi th in  a 
few hours  a t  the  boil ing point  of e ther  bu t  was s tab le  for 
several  days a t  t empera tu res  between - 1 0  ~ and  10~ 
Consequent ly ,  react ions  were run  and solut ions s tored wi th in  
this  t empera tu re  range. The  solut ion was s tabi l ized at  room 
t empera tu re  for a period of several  days by  the  addi t ion  of 
the  chloride of Be or A1. 

The  prec ip i ta te  from the  above reac t ion  conta ined  b o t h  
LiC1 and  bery l l ium a luminum hydr ide ,  since the  solubi l i ty  
of b o t h  compounds  was exceeded in the  e therea l  solut ion.  
Bo th  the  prec ip i ta te  and  solut ion underwen t  reac t ion  wi th  
alcohol to  give A1 meta l  and  Be oxide and wi th  wate r  to 
give the  oxides of A1 and  Be. 
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ABSTRACT 

The electrodeposition of Mg from ether solutions of such Mg compounds as (a) hal- 
ides, (b) aluminohydrides, (c)borohydrides, and (d) Grignard reagents was investigated. 
White, metallic deposits containing 90% Mg and 10% B were obtained from an ether 
solution of MgBr2 and LiBH,. However, thick deposits could not be built up. An 
alloy (7% Mg, 93% A1) was obtained from a bath containing MgBr~, MBr~, and LiAIH~. 
Electrodeposited alloys of Zr, Ti, or Be with Mg, obtained from hydride or borohydride 
baths, were stressed, treed, or powdery. The preparation and solubilities of some of 
the solutes are given. 

The electrodeposition of Mg and Mg alloys would be 
useful in electroforming objects of small mass. Since Mg 
is so much less noble than H, it cannot be deposited from 
aqueous solutions, and no satisfactory organic plating 
baths have been reported up to tim present time. Overcash 
and Mathers (1) were unable to electrodeposit Mg from 
such Mg salts as the bromide, thiocyanate, perchlorate, 
ethylate, or methylatc dissolved in pyridine, formamide, 
benzonitrile, acetonitrile, o-toluidine, aniline, ethyl bro- 
mide, dimethylaniline, or ether. Dirkse and Briscoe (2) 
reported no deposit of Mg was obtained from solutions of 
its salts in aeetamide, nitrobenzene, aniline, acetone, ben- 
zoyl chloride, or glacial acetic acid. They did report a 
deposit of Mg from an ethanolamine solution of Mg(NOs)2, 
but no analysis of the deposit was given. 

Deposition of Mg from Grignard reagents has been 
known for some time (3, 4). French and Drane (5), using 
various anodes in isoamyhnagnesium chloride, found that 
Zn and Cd dissolved anodically to a slight extent, A1 dis- 
solved appreciably, and Mg did not dissolve at all. Over- 
cash and Mathers (1) attempted to increase the stability 
of the Grignard baths and to improve the character of the 
deposits by the use of addition agents. They reported that 
the addition of dimethylaniline to an ether solution of 
ethylmagnesium bromide yielded brighter, more adherent 
deposits and increased the bath life. An ethylmagnesium 
iodide bath had a somewhat longer life than the ethyl- 
magnesium bromide bath. The short life of the Grignard 
baths was due in part to the failure of the Mg anodes to 
dissolve. 

Most of the electrolytic studies on Grignard reagents 
(1, 6-8) have been concerned with identifying by-products 
and with studying the mechanism of the reactions. Mg 
deposits were described as spongy and brittle. The re- 
sistance of the solutions was very high; for example, 110 
v were required to pass 0.02 amp (current density, 0.23 
amp/dm 2) through an ether solution of ethylmagnesium 
bromide containing an addition agent (1). 

EXrEmMF~NTAL 

This investigation sought to obtain deposits of both 
Mg and Mg alloys from organic solutions operated at room 
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temperature. Since A1 had been electrodeposited success- 
fully in this laboratory from an ethereal hydride-type 
bath (9), the possibility of a hydride bath for Mg was 
indicated. Also, since deposits of Be, Zr, and Ti were ob- 
tained from baths containing borohydrides, alumiuo- 
hydrides, and alkyls, similar Mg compounds were pre- 
pared. 

The fact that most Mg salts are not readily soluble in 
organic liquids limits the number of compounds that may 
be used as solutes. MgC12 is practically insoluble in ethyl 
ether, but MgBr~ dissolves slowly at room temperature 
to form magnesium bromide dietherate, MgBr2-2Et20. 
If the concentration of MgBrs in ether exceeds 3% by 
weight, two liquid layers are formed. The lower layer con- 
tains about 39 % by weight of MgBr2 (approximately2.5M). 
Magnesium bromide dietherate crystallized from the 
lower layer at about 21~ The low solubility of MgBr~ 
in most common organic solvents limited the electrolytic 
studies to solutions of ethyl ether and tetrahydrofuran. 
The following solvents did not dissolve sufficient amounts 
of MgBr~, even at the boiling point of the solutions, to 
be considered for plating solutions: benzene, phenyl ether, 
dioxane, phenetole, anisole, triethylamine, xylene, and 
cyclohexylamine. MgBr2 reacted to form precipitates with 
tetrahydrofuran, pyridine, and N,N-diethylacetamide at 
room temperature. 

The preparation and electrolysis of the plating solutions 
to be described were performed in an inert atmosphere. 
Techniques and apparatus used are described in the first 
paper of this series (10). The volumes of the baths studied 
were about 50 ml. Deposits were obtained on Cu cathodes. 
Anodes of A1 were used instead of Mg because they dis- 
solved more readily, and because Mg anodes decomposed 
the baths more rapidly than those of M. There was no 
evidence to show that A1 from the anode was codepositing 
with the Mg. 

Magnesium Plating Baths 
Magnesium halides.--The electrolysis of a 2.5M MgBr~ 

solution in ether yielded dark, brittle deposits which con- 
tained 60-70% Mg (No. I, Table I). The remainder of 
the deposit was probably oxide and organic matter oc- 
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eluded from the bath. The conductivity of the solution 
was low, and thick deposits were difficult to build up be- 
cause of excessive treeing. The throwing power was also 
low. The electrolysis of MgBr2 in tetrahydrofuran at  the 
boiling point of the solution and at  a current density of 
1.2 amp/din  ~ yielded black, powdery deposits. No deposits 
were obtained at  lower current densities. 

Magnesium Borohydride.--The addition of a small 
amount of LiBH4 to magnesium bromide dietherate con- 
siderably improved the conductivity of the solution. A 
smooth, dense deposit containing 90% Mg was obtained 
from this bath (No. 3, Table I) at  1 amp /dm 2. A bath con- 
taining equimolar quantities of the reactants conducted 
current well and yielded a sound metallic deposit  (No. 4, 
Table I). However, treeing occurred and a thick deposit 
was difficult to obtain. When viewed under a microscope 
the deposit appeared pitted. 

A similar bath containing LiBH4 and MgBr2 in the mole 
ratio of two was prepared. These compounds react to give 
Mg(BH4)~ (11). Electrolysis of this bath at a current density 
of 1 amp/din  ~ gave a deposit containing 90% Mg and 
10% B (No. 5, Table I). The measured cathode efficiency 
w~s 91%, but  because of the treeing that  occurred the 
true efficiency was probably higher than this. The Mg 
content of the deposits from baths No. 3, 4, and 5 was 
close to 90 % and appeared to be independent of the mag- 
nesium to borohydride ratio. 

Ether solutions of Mg(BH4)2were also obtained from the 
reaction of anhydrous MgC12 and LiBH4 in ether. One 
such bath  gave a treed deposit containing 79% Mg (No. 6, 
Table I). The addition of thiophene reduced somewhat 
the treeing of the deposit. This addition agent was ob- 
jectionable in that  the conductivity of the bath was lowered 
and the resulting solution was less stable. 

In  general, these baths yielded brittle, rough, metallic 
deposits which rapidly became coated with oxide when 
exposed to the atmosphere. Since these coatings contained 
occlusions from the baths, precise analysis of a deposit 
was difficult. 

Attempts to prepare Mg(BH4)2 from NaBH4 and MgBr2 
or MgC12 in ether were not successful. 

Magnesium Grignard.--A few Mg deposits were ob- 
tained from Grignard reagents for the purpose of com- 
paring them with those obtained from the hydride and 
borohydride baths. Although these deposits were white 
and metallic in appearance, they were not pure Mg and 
were very brittle. The treeing which occurred during 
electrolysis was not alleviated by rotating the cathode. 

A deposit obtained from a bath having a concentration 
of 2.5M ethylmagnesium bromide contained 7 ]% Mg 
(No. 7, Table I) ;  the remainder of the deposit was prob- 
ably organic matter.  The conductivity of this solution 
was low; a current density of 0.3 amp/dm ~ required 50 v. 
The addition of small amounts of LiBH4 to the bath im- 
proved the conductivity, but  no change in the quality of 
the deposits was noted. 

Magnesium Alloy Plating Baths 

A study was made of the codeposition of Mg with A1, 
Be, Ti, and Zr. The electrodeposition of these metals or 

TABLE I. Electrolysis of ethereal solutions of Mg compounds 

Composition 
of deposit 

Composition of bath % by wt. Remarks 

1. MgBr2 
2. MgBrs in tet- 

rahydrofu- 
ran 

3. MgBr2 -{- 
LiBH4 

4. MgBr2 + 
LiBH4 

5. MgBr2 + 
LiBH4 

6. Mg(BH4)2 

7. C~HsMgBr 
(2.5M) 

8. MgBr~ + 
LiAIH4 

9. MgBr~ -~- 
LiA1H4 

10. Mg(A1H4)2 

11. MgBr2 -~ 
LiA1H~ (in 
tetrahydro- 
furan) 

Mg ++ 

0.25 

1.0 

2.0 

0.08 

0.2 

2.0 

0.7 

%Mg] %A1 

60-7C - -  

90 - -  

87 - -  

90 - -  

79 - -  

71 

X* 1 to 
10" 

X* 1 to 
10" 

Low conductivity 
Black, powdery de- 

posits 

Good, metallic de- 
posit 

Smooth, bright de- 
posit. Much tree- 
ing 

Smooth, bright de- 
posit. 10% B 

Addition of thio- 
phene, reduced 
treeing 

Very low conduc- 
t ivi ty  

Brittle, white de- 
posit 

Fair, white deposit 

White, coherent de- 
posit, solutior 
unstable, finall3 
yielding a gra~ 
powdery deposit 

Brittle, metallic de. 
posit; cathode ef. 
ficiency poor 

* Spectrochemical analysis. 
X Major constituent. 

their A1 alloys from organic solvents is described in one of 
the preceding papers (10). 

Mg-A1 Alloys.--The simplest alloy bath studied was 
that  formed by reacting MgBr., or MgC12 with LiA1H4 
in ether to form Mg(A1H4)2. The addition of small amounts 
of LiA1H4 to ether solutions of MgBr2 improved the elec- 
trodeposits (N0s. 8, 9, Table I) which by spectrochemical 
analysis were identified as alloys containing Mg as the 
main constituent and 1-10% A1. 

A solution of Mg(A1H4)2 was prepared by using LiA1H~ 
and MgC12 in the mole ratio of 2:1. Most  of the LiC1 pre- 
cipitated. Electrolysis of a freshly prepared 1.7M ether 
solution of Mg(A1H4)~ yielded a white, coherent deposit. 
However, the solution was unstable and after being elec- 
trolyzed for a short period, yielded a dark gray powdery 
deposit which rapidly oxidized on exposure to the at- 
mosphere (No. 10, Table I). In  this respect these deposits 
were similar to those obtained from the Mg(BH,)2 baths. 

The conductivity of the Grignard bath  was increased 
by the addition of magnesium aluminum hydride etherate, 
and the deposits obtained were more coherent and more 
ductile than from the plain bath. However, these deposits 
were not so reflective, coherent, or metallic as those ob- 
tained from the MgBr2-LiBH4 bath  (No. 5, Table I). 

Tetrahydrofuran was investigated as a possible solvent 
for use in Mg alloy plating baths. The coordination com- 
pound between MgBr2 and tetrahydrofuran is a solid. 
At  room temperature i t  had a low solubility in a solution 
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TABLE i I .  Electrolytic studies for the electrodeposition of Mg alloys 

Exp. Composition of ethereal baths Mole ratio of constituents Remarks 

i (a) 

(b) 

(c) 
2 (a) 

(b) 
(c) 

10 
11 
12 

13 

A1C13 + LiA1H4 + MgBr2 

Similar 

Similar 
A1Br~ + LiA1H4 + MgBr2 
Similar 
Similar 

A1C13 + Mg(A1H4)2 + MgBr2 
Mg(A1H4)2 + MgBr2 

Zr(BH4)4 + Mg(A1H4)2 + A1CI~ 

Ti(BH4)3-C4HsO2 + Mg(A1H4)2 + MgBr2 

Ti(BH4)3-C4HsO2 + Mg(AII~)2 + A1C13 
TiBr4 + Mg(BH4)2 in tetrahydrofuran 
BeC12 + MgBrs 

BeBr2 + MgBr2 
BeBr2 + MgBr2 + LiA1H4 
Be(BH4)2 + MgBr2 

Be(BH4)2 + Mg(A1H4)~ 

Mg/A1CI~ = 1.5 to 2.5 

Mg/A1 = 2.7 

Mg/A1 = 5.1 
Mg/A1 = 1.5 
Mg/A1 = 1.05 
Mg/A1 = 0.8 

Mg/A1Hc = 3 to 1.5 

Mg/Be = 1.0 

Mg/Be = 1.0 
Mg/Be/A1HC = 3/3/1 
Mg/Be = 1.2 

Mg/Be = 1.0 

Very good deposit; 96% A1, Mg 
absent. 

Fair,  brittle deposit; 97% A1, 
Mg absent. 

Very poor deposit. 
No deposit. 
Fair  deposit, gray-white. 
Very good, ductile deposit; 93% 

A1, 7% Mg. 
Fair  deposit.* 
Fair,  white deposit, Mg and A1 

present. 
Stre',sed deposit, 10% Zr, re- 

mainder Al.* 
Poor deposit; low conductivity 

of solution.* 
Fair  A1 deposit with trace of Ti. 
Fair  deposit, Ti absent. 
Precipitate of MgC12, poor Be 

deposit. 
Poor, dark powdery deposit. 
Poor, brittle deposit. 
Treed, gray deposit; 80% Mg, 

3.5% Be at 1 amp/dm~; no de- 
posit at 0.13 or 5 amp/dm ~. 

Treed, crystalline magnesium 
deposit. 

* Mg anode used. 

of LiA1H4 in tetrahydrofuran, but  dissolved completely 
at  about 45~ On electrolysis a smooth, reflective, metal- 
lic deposit was obtained (No. 11, Table I) ,  but  the cathode 
current efficiency was low. On the basis of these data  and 
previous observations not reported herein, ethyl ether has 
proved to be superior to tetrahydrofuran as a solvent for 
plating baths. 

A modified A1 plating bath (9) containing A1Cla or 
A1Bra, LiA1H4, and MgBr2 was investigated. The stabili ty 
of the bath and the composition of the electrodeposits 
were dependent on the A1 halide chosen and the order in 
which the compounds were mixed. For  example, if A1CIa 
in ether was added to an ethereal mixture of MgBr2 and 
LiA1H4, a precipitate formed and the bath yielded poor 
electrodeposits. However, if MgBr2 in ether was added to 
the hydride-aluminum plating bath, no precipitate formed 
and an aluminum deposit was obtained which, however, 
contained no Mg (No. 1, Table II) .  A modification of the 
A1 bath (No. 2, Table II)  containing A1Br3, MgBr~, and 
LiA1H4 so as to give a Mg/A1 ratio of approximately 0.8, 
yielded good alloy deposits on electrolysis. This bath re- 
quired a short period of electrolysis before use. The hard- 
ness of this Mg-A1 alloy containing 7 % Mg and 93 % A1 was 
appreciably lower than that  of typical eleetrodeposited A1. 
The hardness of one sample of the alloy was 21 Vickers 
compared with a hardness of 37-97 Viekers for 100 % A1. 

Alloys of Mg with Be, Ti, or Zr.--Those baths, from 
which the eodeposition of Mg with Be, Ti, or Zr was at- 
tempted, are listed in Table II .  The ethereal bath con- 
taining Zr(BH4)4 (No. 5) yielded A1 alloys containing 
10% Zr. The deposits were exfoliated and the bath un- 
stable. A bath consisting of t i tanium (III)-borohydride 
tetrahydrofuranate,  Mg(A1H4)2, and MgBr~. had low con- 
duetivity and gave very poor  deposits (No. 6). A fair 

deposit was obtained from a similar bath in which A1C13 
was substituted for MgBrz. The major constituent of the 
deposit was A1 with traces of Ti (No. 7). 

Tetrahydrofuran was used to prepare a bath containing 
Mg(BHa)2andTiBr4 (No. 8). The deposit obtained was 
comparable in appearance to that  obtained from Mg(BH4)~ 
in ethyl ether. The deposit contained no Ti. 

To prepare a plating bath for depositing Be-Mg alloys, 
ether solutions of beryllium chloride and magnesium bro- 
mide were mixed. A precipitate formed which was probably 
magnesium chloride (No. 9). However, ether solutions of 
berylIimn bromide and magnesium bromide were miscible 
(No. 10). Electrolysis of the solution yielded inferior 
powdery deposits. The addition of LiA1H, slightly im- 
proved the deposit fi'om this bath (No. 11). 

An ethereal solution containing magnesium bromide 
and beryllium borohydride was a good conductor. The 
deposits (No. 12) obtained were treed and dull-gray. They 
contained 80% Mg and 3.5% Be. The remainder prob- 
ably was nonmetMlic mat ter  occluded from the bath. 
Deposits oxidized readily in the air. 

A precipitate formed when ethereM solutions of 
Mg(A1H4)2 and Be(BH4)2 were mixed. At  a current den- 
sity of 2.5 amp /dm z the filtered solution yielded a shiny, 
crystalline, treed deposit; at  a current density of 1 
amp/din  2 no deposit was obtained. 

None of the baths showed any promise for commercial 
plating of ~fg alloys. 

])REPARATION OF ~V.[AGNESIUM COMPOUNDS 

Anhydrous magnesium bromide was prepared by re- 
acting bromine vapor with molten magnesimn metal a t  
800~ in the absence of air. The product was almost 
white in color and an 86 % yield was obtained. 
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Anhydrous magnesium bromide was also prepared from 
magnesium metal and bromine in cooled ether according 
to the method of Rowley (12). The resulting magnesium 
bromide etherate was extracted with benzene and then 
the ether was removed under reduced pressure. This 
method was satisfactory only on a small scale (40-80 g) 
because of the volume of liquids involved. Yields of only 
60-70% were obtained. 

Wiberg and Bauer (11) reported the preparation of 
magnesium aluminum hydride in ether solution by the 
reaction of (a) magnesium bromide with lithium aluminum 
hydride or (b) magnesium hydride with aluminum chlo- 
ride. No analysis of the product was given. The resulting 
solutions had a reducing power similar to lithium alumi- 
num hydride. 

Magnesium aluminum hydride was prepared according 
to the reaction: 

MgC12(.~) + 2LiA1H4 Et~O Mg(AIg4)2 + 2LiC1 

Solid magnesium chloride, which was prepared by passing 
hydrogen chloride through a Grignard reagent, was added 
to LiA1H4 in ether. Lithium chloride precipitated im- 
mediately and was removed by filtering. The concentra- 
tion of magnesium aluminum hydride in ether was 1.7M, 
as determined from hydrogen evolution upon hydrolysis. 
The product was left in an ether solution for convenience 
of use in plating baths. 

SUMMARY 

1. The best magnesium deposit (approximately 90% 
Mg, 10% B) was obtained from a magnesium bromide- 
lithium borohydride ether bath. Thick deposits could not 
be built  up. 

2. Difficulties in operating a Grignard bath render it  

an impractical source of Mg. The addition of magnesium 
aluminum hydride or lithium borohydride improved the 
conductivity of the Gl~gnard bath  and the ducti l i ty of 
the Mg electrodeposits. 

3. Electrodeposited alloys of Zr, Ti, or Be with Mg 
obtained from hydride or borohydride baths were generally 
stressed, treed, or powdery. 

4. An alloy (7% Mg, 93% A1) was obtained from a 
solution containing magnesium bromide, aluminum bro- 
mide, and lithium aluminum hydride. The hardness of the 
deposit was appreciably lower than that  of electrode- 
posited A1. 

Manuscript received October 12, 1955. The work was 
sponsored by the Department of the Army, Office of the 
Chief of Ordnance, ORDTA. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JOURNAI~. 
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Effect of Crystal Disorder on the Electroluminescence 
of Zinc Sulfide Phosphors 

A. H.  MCKEAG AND E.  G.  STEWARD 

Research Laboratories, The General Electric Company Ltd., Wembley, England 

The phosphors used by Destriau, in his work on elec- 
troluminescence (1), were distinguished from conventional 
ZnS phosphors by much higher Cu concentrations and by  
addition of ZnO to ZnS before firing. The effect of higher 

ABSTRACT 

A blue electroluminescent ZnS phosphor was prepared by pretiring precipitated ZnS 
at a high temperature, activating with Cu, and retiring at about 700~ The material 
was characterized by strong pate blue electroluminescence throughout the body of 
the crystal. The Cu entered most effectively at that  temperature of retiring where 
the transformation from hexagonal to cubic structure occurred most readily. This 
transformation was associated with a process of one-dimensional disorder in the crys- 
tals, and it is suggested that  for maximum electroluminescence brightness, fullest 
use must be made of the disorder process simultaneously with the entry of the acti- 
vator. 

Cu concentrations in promoting electroluminescence has 
since been confirmed (2, 3), while the formation of "blue" 
or "green" emitting Cu centers has been shown to depend 
on the concentrations of Cu and C1 used in the prepara- 
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WAVELENGTH (,~) 
FIG. 1. Spectral energy curves of blue e lectroluminescent  

ZnS phosphor. (a) Electroluminescence (400 v 50 cycles);  
(b) u.v.  excited (3650.~). 

tion. Thus, high Cu and C1 contents favor formation of 
"green" rather than "blue" centers. A1 may be used as a 
coactivator in place of C1 (3, 4) with similar effect. With 
still higher Cu contents, and in the absence of chloride, 
Froelich (5) showed that phosphors with yellow and red 
emission bands are obtained. While the crystal structure 
of the sulfides described by Homer and co-workers (2) was 
predominantly "cubic", those prepared by Zalm and co- 
workers (3) were described as "hexagonal" plates or 
needles. 

Phosphors described in the present paper are charac- 
terized by a process which introduces, during preparation, 
an irregular stacking sequence of the (0001) layers of Zn-S 
tetrahedra in the wurtzite structure. 

Both the wurtzite (hexagonal) and blende (cubic) 
forms of ZnS consist essentially of layers of Zn-S tetra- 
hedra, and the two ways in which these layers can pack on 
top of one another lead to the two different structures. 
In the hexagonal structure the tetrahedral groups in each 
layer are rotated through 180 ~ with respect to those in 
the preceding layer; this gives a 2-layer repeat unit. In 
the cubic structure, successive layers are simply "dis- 
placed" sideways, and the structure has a 3-layer repeat 
unit. Disordered stacking sequences (one-dimensional 
disorder) based on the above two stacking possibilities can 
occur, however. Where there is a specific periodicity in 
the disorder one has "polytypism" (6), but alternatively 
there can be a completely random stacking sequence (7). 

The hexagonal ZnS structure is stable at high tempera- 
tures and the cubic structure is stable at low temperatures. 
I t  is known that firing temperature and cooling rate deter- 
mine whether the structure of ZnS is hexagonal, cubic, 
or disordered (8). One-dimensional disorder is believed to 
be the mechanism of transformation from one structure 
to the other (9). 

I t  is this disorder process which played an important 
role in the formation and constitution of the phosphors 
described in this paper. 

P R E P A R A T I O N  

Precipitated ZnS of high purity was first prefired at 
1100~176 in a SiO2 tube, closed at one end, with the 
open end projecting from the furnace and partially sealed 
with a tight glass wool plug. The plug allowed escape of 
volatile components present in the precipitate. NH4C1 
in the starting material acted as a flux and promoted 
marked crystal growth. The phosphor, which contained no 

Cu at this stage, and only a trace of chloride (ca. 0.01% 
by weight), showed a weak blue fluorescence under 
36504 radiation, and no electroluminescence. X-ray 
examination showed that this material had true hexagonal 
crystal structure. 

CuS04 solution was added to give 0.1% (by we;ght) 
of Cu to the prefired ZnS. About 25% (by weight) of ZnO 
was also added, and this tended to improve the macro- 
scopic uniformity of the product. After drying, the mix- 
ture was fired at 700~ for 15 hr in a SiO2 tube, the open 
end of the tube being closed on this occasion with a Bunsen 
valve attachment to prevent ingress of air. The Bunsen 
valve maintained a static atmosphere during the long 
heating period and prevented air from diffusing back and 
causing excessive oxidation of the ZnS. In  both the pre- 
firing and retiring stages some S02 was probably present 
in the atmosphere. Such conditions, as shown by Froelich 
(4), would favor blue rather than red emission in the sul- 
fides produced. The fired powder, which had a dark gray 
body color, was washed in dilute acetic acid followed by 
KCN to remove free ZnO and superficial Cu compounds, 
respectively. The powder then had a pale buff-gray body 
color, with a bluish white fluorescence under 3650J~ 
radiation. I t  had a strong pale blue electroluminescence 
comparable in brightness to standard green electrolumines- 
cent samples prepared by conventional methods (10). 

Fig. l(a) shows the spectral energy distribution of the 
electroluminescence. There is a peak in the blue at about 
46004. I t  is interesting to note that Bube (11) gave a 
figure of 4500A for the peak in self-activated phosphors 
having hexagonal structure and 47004 for the cubic form. 
The corresponding curve (b) for the same phosphor ex- 
cited by long u.v. radiation gives evidence of a similar 
blue band, although the predominant emission band is 

o 
now in the green region at about 5200A. 

Examination under the polarizing microscope showed 
that a high proportion of the material consisted of rela- 
tively weakly birefringent crystals together with a small 
proportion showing strong birefringence. There was no 
possibility of confusion arising from the presence of fl'ee 
ZnO, since x-ray examination confirmed that  the acid 
treatment to remove free oxide had been effective. How- 
ever, since the material appeared to consist of a mixture of 
two phases, attempts were made to separate these in order 
to study separately the properties of each. Even if one 
phase consisted of cubic and the other of hexagonal ZnS, 
densities would only differ by �89 but it was found that 
by using a "panning" technique commonly employed in 
mineral dressing laboratories, a partial separation could 
be made. Strong electroluminescence was found to be 
associated with the relatively nonhirefringent material 
and weak electroluminescence with the markedly bire- 
fringent material. 

The following is a simplified description of the "panning" 
operation used. The powder sample was placed on an 
inclined trough which, at short intervals, was bumped in 
such a way as to move the powder particles up the incline. 
A small flow of water in the opposite direction tended to 
wash down the incline the lighter particles which worked 
their way to the surface. In  this manner, particles of only 
slightly differing densities could be separated. 
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FIG. 3(a). Effect of retiring temperature on brightness 
of electroluminescence. 

Fro. 2. X-ray powder diffraction patterns of ZnS. (a) 
Blue electroluminescent ZnS (retired at 700~ (b) hex- 
agonal ZnS; (c) cubic ZnS. 

X-ray examination showed that  the crystal structure 
of the more birefringent constituent was hexagonal but  
with considerable stacking disorder. In  the relatively non- 
birefringent material, which was the most strongly elec- 
troluminescent, transformation to cubic structure through 
the mechanism of disorder was found to be more advanced. 

Par t  of the x-ray powder diffraction pat tern given by 
this material is shown in Fig. 2 together, for comparison 
purposes, with the patterns for normal hexagonal and 
cubic ZnS. The diffuseness and lowered intensity of, for 
example, the 1011 reflection compared with the 10[0 re- 
flection indicates the disordered condition of the hexagonal 
structure while the enhanced 0002 reflection and the 
presence of the cubic 200 reflection indicate the conver- 
sion of a large part  of the material to cubic stacking (12). 

EFFECT OF VARIABLES IN PREPARATION 

Firing treatments.--The phosphors described in this 
paper are distinguished from more conventional electro- 
luminescent powder phosphors by the pronounced volume 
as opposed to surface electroluminescence, which they 
exhibit (13). 

The effect of different firing schedules on the electro- 
luminescent properties was studied, and it was found that  
the temperature of prefiring, although not critical, should 
be above ll00~ Best results were obtained at  a pre- 
firing temperature of about 1250~ and the product at  this 
stage was essentially of true hexagonal crystal structure. 
The effect of different retiring temperatures (for a constant 
firing time of 15 hr) on the electrolumineseent brightness 
is shown in Fig. 3(a). An optimum effect a t  about 700~ 
is indicated with a rapid decline in brightness at  high 
temperatures. All samples after retiring were allowed to 
cool to room temperature in approximately �89 hr. 

Optical and x-ray examination of the samples retired at  
the higher and the lower temperatures showed, as would 
be expected, that  the crystal structure was little changed. 
Retiring at  the intermediate temperatures (600~176 
however, introduced considerable one-dimensional stack- 
ing disorder into the hexagonal crystal structure with 
partial transformation toward cubic stacking. The con- 

FIG. 3(b). X-ray diffraction patterns corresponding to 
points A, B, and C of Fig. 3(a). 

sti tution of a preparation retired at  700~ for 15 hr and 
cooled to room temperature in �89 hr has already been de- 
scribed. X-ray and optical examination show that  this 
member of the series, which gives maximum brightness, 
showed the most advanced transformation by this dis- 
ordering process toward cubic structure [cf. Hedvall 
effect (14)]. There are indications that  disorder intro- 
duced by grinding (15) may act in a similar manner. 

In  Fig. 3(b) parts of the x-ray diffraction patterns are 
shown for three members of the series corresponding to 
points A, B, and C on the brightness curve. 

Short, Steward, and Tomlinson (16) reported that  ac- 
t ivated single crystals of ZnS showed strong elcctrolumines- 
canoe occurring as parallel streaks in a manner similar to 
that  reported by  Diemer (17). These streaks were parallel 
to, and associated with, stacking disorder of the hexagonal 
(0001) planes (16). However, luminescence under 3050A 
radiation in these crystals was uniform and diffuse, in- 
dicating as one would expect tha t  Cu had diffused uni- 
formly throughout the crystal during the activation heat 
treatment.  The restriction of the eleetrolumineseenee to 
disorder boundaries suggested, therefore, that  where ac- 
t ivator centers are associated with disorder boundaries, 
conditions are most favorable for electrolumineseenee. 

The present observations showed that  actual maximum 
brightness of eleetrolumineseenee in the powders described, 
was associated with the most advanced transformation to 
cubic through a process of disorder. 

If  the preliminary high temperature prefiring treatment  
was omitted and phosphors were prepared in the lower 
temperature range (700~176 the product remained in 
essentially a cubic form without any intermediate disor- 
dered states; predominantly surface green or blue elec- 
troluminescence was produced, depending on the relative 
proportions of Cu and chloride present (2, 3). With low 
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chloride contents, phosphors were obtained with a more 
saturated blue electroluminescence color than those which 
were prefired. The electroluminescent brightness of these 
phosphors, even in the blue, was appreciably lower than 
that  produced by the "disorder" treatment,  and though 
exhibiting bright uniform u.v. luminescence throughout 
the crystal, unlike the latter, they showed no appreciable 
volume electroluminescence. 

For  volume electroluminescence, therefore, it  would ap- 
pear that  Cu necessary for electroluminescence should 
enter the lattice while the structure is experiencing dis- 
order i however, u.v. fluorescence following entry of Cu 
throughout the body of the crystal was not dependent on 
this process. These results support the view (4, 18, 19) 
that,  in addition to the electroluminescent phosphor par- 
ticles containing Cu in solid solution (and this produces 
the normal u.v. fluorescence), Cu in some other association 
was also present. The function of the disorder t reatment  
therefore may be to introduce this other special environ- 
ment into the body of the crystal. 

Cooling range.--To investigate the effect of temperature 
and cooling rate on incorporation of the activator, the 
following experiments were carried out: 

(A) With a retiring temperature of 1250~ (after ad- 
dition of Cu) only very weak electroluminescence resulted 
[see Fig. 3(a)]. 

(B) Cu was added to prefired ZnS (0.1% by weight), 
and five separate boats containing this material  were 
heated to 1250~ The furnace was then allowed to cool 
at  approximately 120~ to 500~ Boats were removed 
successively at  1140 ~ 1000 ~ 700 ~ and 500~ and were 
then cooled quickly; the fifth boat  remained in the furnace 
until it  reached 50~ the total  time taken for the fifth 
sample was 22 hr. All samples showed enhanced body 
color and only a very weak blue electroluminescence. 

(C) Experiment (B) was repeated, but  with retiring 
commencing at  950~ With the same slow cooling, boats 
were withdrawn at  750 ~ 500 ~ and 50~ These showed 
a strong pale blue electroluminescence with a slight in- 
crease in brightness with the longer cooling times. 

These experiments again suggest that  introduction of 
the activator into the lattice to provide electroluminescence 
centers needs the simultaneous formation of disorder in 
the structure. 

Effect of Cu concentration.--Phosphors prepared by 
the method described, showed an optimmn brightness 
with about 0.1% by weight of Cu added to the fired ZnS. 
With larger amounts, the color of electroluminescence 
tended to become slightly greener. As the amount was 
reduced the brightness fell off slowly, and with 0.01% Cu 
(equivalent to 1.6 • 10 -4 g atoms Cu added to 1 g-mole 
ZnS), a moderately bright electroluminescent phosphor 
of a somewhat more saturated blue color was obtained. 
If a further reduction in Cu content to about half this 
quanti ty was made, a remarkable change in luminescent 
properties occurred. The color under long u.v. excitation 
changed from pale blue to bright green, while the after- 
glow changed to that  of a normal Cu-activated green ZnS 
phosphor. However, the electroluminescence was negli- 
gible. Results of varying Cu concentration agree closely 

with those of Riehl and Ortmann (20) who prepared phos- 
phors by a similar technique for u.v. excitation. 

SUMMARY ANn CONCLUSIONS 

A new method of preparing a blue electroluminescent 
ZnS phosphor consists of prefiring precipitated ZnS at  
a high temperature, followed by  activation with Cu and 
retiring at  ca. 700~ The material was characterized by 
strong pale blue electrolumineseence throughout the body 
of the crystal in contrast to surface electroluminescence 
normally obtained (3). 

Properties of these phosphors appeared to be related 
to the mechanism of activation. The copper necessary for 
e]ectroluminescence entered most effectively at  the re- 
tiring stage which was the temperature where transforma- 
tion from hexagonal to cubic structure occurred most 
readily. This transformation was associated with the 
process of one-dimensional disorder, and observations re- 
ported elsewhere (16) showed the correlation between 
electroluminescence and disorder. For maximum electro- 
luminescence brightness, fullest use must be made of the 
disorder process simultaneously with the entry of the 
activator. As would be expected, therefore, the optimum 
retiring temperature was in the region of 700~ 

Ultraviolet fluorescence following entry of the Cu 
throughout the body of the crystal is not, however, de- 
pendent on the disorder process. The results support the 
view (4, 18, 19) that  in addition to the electroluminescent 
phosphor particles containing Cu in solid solution (and 
this produces the normal u.v. fluorescence), Cu in some 
other association is also present. Froelich (4), for example, 
suggested that  an "oxide" phase can provide barriers 
"which are distributed in extreme subdivision in or on the 
phosphor particles and in close physical contact with 
them." The function of the disorder t reatment  may be 
to introduce this other special environment into the body 
of the crystal. 

Manuscript received on March 12, 1956. This paper was 
prepared for delivery before the San Francisco Meeting, 
April 29 to May 3, 1956. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JOURNAL. 
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Contact Electroluminescence 

WILLI LEHMANN 

Lamp Division, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Many powdered crystal phosphors which are normally nonelectroluminescent be- 
come electroluminescent if they are simply mechanically mixed with suitable powdered 
metals, or with some nonmetals of good electrical conductivity. The conclusion is 
drawn, and supported by many facts, that  ordinary electrolundnescence in powdered 
phosphors excited by an alternating electric field (Destriau effect) is also due to sub- 
stances of relatively high conductivity incorporated as small segregations within the 
essentially insulating phosphor particles. The electric field near sharp edges of these 
"contact substance" particles is considerably higher than the average electric field 
across the phosphor crystals. Preconditions for the electroluminescent excitation proc- 
ess are fulfilled in these localized regions of high field strength. 

Up to the present, the well-known excitation of powdered 
phosphors by alternating electric fields (intrinsic electro- 
luminescence or Destriau effect) was limited to a com- 
paratively small group of phosphors, mainly of the ZnS 
type. Even with these materials, a good result was pos- 
sible only if the phosphor was prepared under special con- 
ditions different from those conditions which give the 
brightest photolumineseent phosphor. Several questions 
naturally arise. Why are these special preparative condi- 
tions necessary? What  is the essential difference between 
an electroluminescent ZnS phosphor and another which 
is only photoluminescent? Why are not all phosphors, or 
at  least all zinc sulfides, able to electroluminesce? 

This paper gives details about a phenomenon which the 
author calls "contact electroluminescence." The similarity 
of this contact electroluminescence to ordinary electro- 
luminescence is so clear that  it  is likely that  ordinary 
electroluminescenee in powdered phosphors (Destriau 
effect) is caused, or at  least strongly favored, by the pres- 
ence of a second substance in addition to the phosphor 
itself. Although the conclusion as to the necessity of a 
second substance in electroluminescent phosphors is not 
new, the experiment described here seems capable of 
throwing new light on the action between the phosphor 
and the second substance. 

EXPERIMENTS ON CONTACT ELECTROLUMINESCENCE 

Powdered phosphors which are unable to electro- 
lmninesce under the usual conditions in a strong alternat- 
ing electric field have been mixed mechanically with 
metal powders (ratio of phosphor to metal about 4:1 to 
1:1 by weight). This mixture, with castor oil as the em- 
bedding dielectric, was placed in a normal plaque cell 

consisting of a front electrode of condu cting glass over 
coated with a thin, transparent,  insulating film and a back 
electrode of A1 (Fig. 1). When an alternating voltage was 
applied to this cell, the mixture of phosphor and metal was 
electroluminescent. 

This behavior becomes most distinct in the arrangement 
shown in Fig. 2. Here part  A of the cell area containing 
only metal powder in castor oil is, of course, not lumi- 
nescent at  all. Par t  B containing only phosphor powder 
inoil is, although photoluminescent, not electroluminescent. 
However, the intermediate region AB, containing both 
phosphor and metal, is electrolumineseent. 

The great variety of phosphors which are able to show 
this contact eleetroluminescenee is remarkable. A qualita- 
tive survey of some results obtained with mixtures of 
various phosphors with metal powder is given in Table I 
for an applied sinusoidal voltage of 600 v rms and a fre- 
quency of 10,000 cps. The embedding dielectric material 
here was castor oil; similar results are obtained, however, 
with other organic dielectric materials or even with air 
as the embedding material. The emission color of some 
phosphors is different for photo- and for electrolumines- 
cenee, indicating that  the phosphors have really been ex- 
cited by electroluminescenee and not  by u.v. radiation 
generated by a glow discharge in the cell. No direct cor- 
relation could be found between the nature of the phosphor 
and its abili ty to be excited by contact electrolumineseence, 
but, in addition to the general type of the material, the 
crystatlinity, the activator concentration (if activators are 
necessary), and other properties may also have an in- 
fluence. No contact eleetroluminescenee could be observed 
under the conditions described in CaO-U, CaF2-U, ZnAI~O4- 
Mn, CAW04, ZnF2-Mn, and some other phosphors. Cal- 



46 J O U R N A L  OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  January 1957 

cium halophosphates and magnesium fluorogermanates 
were somewhat erratic; some samples showed a very weak 
contact electroluminescence, while other samples did not. 

The contact electroluminescence of a mechanical mix- 
ture of a phosphor with a metal powder in an electro- 
lumiuescent cell is not uniform; emission is confined to 
many localized spots randomly distributed over the cell 
area. Observation reveals that-all those phosphor particles 
luminesce which, either accidentally or due to electrostatic 
forces caused by the strong field, are in intimate contact 
with a metal particle. Two photographs of this distinctly 

FIG. 1. Cross section of the electroluminescent cell 
used: a = phosphor and/or metal powder in castor oil; 
b = aluminum; c = Lucite; d = spacer; thickness about 
100~; e = insulating transparent film, thickness about 
12u; f = conducting glass. 

FIG. 2. Top view of the cell. Region A: metal powder 
alone in castor oil, no luminescence; region B: phosphor 
powder alone in castor oil, no electroluminescence; region 
AB: mixture of metal and phosphor powder in castor oil, 
electroluminescence. 

nonuniform emission are shown in Fig. 3. The brightness 
of a single spot may be comparable with that of an ordinary 
electroluminescent phosphor, but the over-all emission 
intensity is much lower. 

The dependence of the over-all emission intensity (sum 
of emission of all individual spots) on the applied voltage 
and frequency is the same as for an ordinary electro- 
luminescent phosphor. As an example, the dependence of 
the over-all brightness L on the applied voltage 47 can, 
for contact electroluminescence as well, be closely ap- 
proximated by the equation (1) 

L = A exp [ - B / ( V  + V0)] (I) 

with A, B, and V0 as constants (Fig. 4). Other equations 
proposed to describe the dependence of ordinary electro- 
luminescence on the voltage are also applicable. 

The dependence of the brightness of a single spot on 
the applied voltage has been measured through a micro- 
scope and by use of a visual photometric method. In  almost 
all cases this dependence can also be described by (I) or 
by any of the proposed equations for L(V) of ordinary 
electrolunfinescence, although the constants in these equa- 
tions [e.g., A, B, and V0 in (I)] differ from spot to spot. 
In  some cases, however, dependence of the spot brightness 
on the applied voltage could not be described by any of 
these equations, but  here the simple equation 

L = A exp ( - B / V )  (II) 

gave a good fit. An example is shown in Fig. 5. 
During the first experiments with contact electro- 

luminescence the most striking fact was that not all metal 
powders tested were effective as contact substances. Efforts 
to correlate this ability or nonability to other properties 
of tile metals, e.g., to the electronic work function, were 
without success. However, the metal powders were ex- 
amined microscopically; all with definitely rounded par- 
ticle shape were not effective as contact substances, while 
those powders having particles with sharp edges were 
(Fig. 6). Different metals, e.g., .-Y[n, Fe, A1, Cu, etc., with 

TABLE I. Photoluminescent and electroluminescent emission of various phosphors 

Photoluminescence Electroluminescence 
Phosphor 

2537A 3650A Pure phosphor Mixed with metal powder 

ZnS-Cu (0.03%) 
ZnS-Cu (0.1%) 
ZnS-Cu (0.01%) 
ZnS-Ag (0.03%) 
ZnS-Mn (1%) 
(ZnCd)S-Cu 
(ZnCd)S-Ag 
CaS-Bi 
(CaSr) S-Bi 
Zn2SiO4-Mn 
Zn~GeOb-Mn 
CaWO,-Pb 
Cd:B~O5 
Cd2SiO4-U-Sm 
CaPO,-T1 
UO2(NO3)2.6H20 
Anthracene 

br green 
br blue green 
br green 
br blue 
m yellow 

br green 
br blue green 
br green 
br blue 
br yellow 

br yellow br yellow 
br yellow br yellow 
m blue m blue 

m blue 
m blue 
br blue 
m green 
br blue 
br yellow 
w green 
br yellowgreen 
w blue 

m blue 
br green 
br green 
br white 
br red 
br pink 
br white 
br green 
br blue 

m blue 
wv green 

w red 
w brown 
br white 
br green 
br blue 

w blue 
br green 
m green 
vw blue 
vw red 
w green 
in white 
w green 
w blue 

Intensities: br = bright, m = moderate, w = weak, vw = very weak 
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FIG. 3. Nonuniform distribution of the emission of con- 
tact electroluminescence over the cell area. Phosphor: 
green emitting Zn~SiO4-Mn (normally not electrolumi- 
nescent); contact substance: Cu metal powder; frequency: 
10,000 cps; voltage: above, 400 v rms; below, 600 v rms. 
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FIG. 5. Emission in tensi ty  L as a funct ion of appl ied 
voltage V of a single spot of contact electrolumineseence, 
fol lowing the law L = A exp (-B/V). Phosphor: green 
emitting Zn2SiO4-Mn; contact substance: CuS powder; 
frequency: 20,000 cps. 
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FIG. 4. Dependence of the over-all brightness, L, on the 
applied voltage, V. Curve A: ordinary electroluminescence 
of ZnS-Cu(0.3%), C1, (Vo = 55 v); curve B: contact elec- 
troluminescence of ZnS-5/In in mixture with Mn-metal 
powder, (Vo = 180 v); frequency in both cases: 10,000 cps. 

roughly similar particle size and shape gave about the 
same effect. In  addition it was found that some nonme- 
tallic powdered substances, such as Cu2S, Ag:S, or fired 
Zn0,  also acted as contact substances. 

These experiments gave strong evidence that the con- 
tact substance particles acted mainly by creating regions 
of high electric field strength in the immediate neighbor- 
hood of their sharp edges. For this purpose it was only 

FIG. 6. Two samples of copper metal powder tested as 
contact substance in contact electroluminescence. Above: 
this Cu powder was not able to act effectively as contact 
substance; below: this copper powder was able to act as a 
good contact substance. 

necessary that the particles have suitable geometrical 
size and shape (sharp edges) and a certain electric con- 
duetivity; all their other chemical and physical properties 
seem to be unimportant for thiskind of electroluminescence. 

CONSIDERATIONS ON THE STRUCTURE OF 
ELECTROLUMINESCENT ZINC SULFIDES 

The close agreement of the dependence of the over-all 
emission intensity on voltage and frequency for contact 
electroluminescence and for ordinary electroluminescence 
suggested strongly that the emission of an ordinary electro- 
luminescent ZnS was also caused, or at least favored, by 
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FIG. 7. Needlelike dislocations in a CdS crystallite, 
observed in sharply reflected light. 

b) 

FIG. 8. Structure of a reM single crystal (a) and a real 
polycrystal (b) containing a nonisomorphous second sub- 
stance (schematic). 

the presence of a suitable second substance in intimate 
contact with the phosphor crystals. This contact substance 
in electroluminescent zinc sulfides may be ZnO or Cu2S 
or, in special eases, other materials. The general assumption 
that in an electroluminescent phosphor a second substance 
must be present has already been made (2-6). This as- 
sumption is supported not only by the phenomenon of 
contact eleetroluminescence described here, but also by 
the usual methods of preparing efficient eleetroluminescent 
zinc sulfides which have been empirically developed. A 
typical example, in which ZnO is the contact substance, 
is considered in detail. 

Destriau (7) originally prepared his first efficient electro- 
luminescent phosphors by firing a mixture of ZnS with 
ZnO. The activator concentration of this type of phosphor 
may be relatively low (about 0.01-0.1% Cu), but the 
amount of ZnO has to be considerably higher (up to 75 % 
of the phosphor and even more). Later on, this preparative 
technique was used by others (8, 9), who used mostly 
about 25% ZnO. Similar phosphors are obtainable if a 
ZnS phosphor is fired (or retired) under oxidizing condi- 
tions, e.g., in air (6, 10); these phosphors, too, must con- 
tain high percentages of ZnO after the firing process. 

The solubility of ZnO in ZnS has been examined by 

KrSger and Dikhoff (11). In  contrast to the ZnS-ZnSe or 
ZnS-CdS systems, ZnS-ZnO does not form mixed crystals 
over the whole concentration range under the usual condi- 
tions; e.g., after firing at 1200~ ZnO is dissolved into ZnS 
only to the extent of about 1%. If, therefore, the complete 
phosphor contains more than this amount of oxide, the 
excess must remain undissolved. 

I t  is know that real crystals of all substances are never 
free from defects. Even the best single crystal contains 
disorders, dislocations, and cavities, which are often 
geometrically arranged in parallel layered structure (12- 
18), for reasons still unknown. Such parallel layered, 
needlelike dislocations could be photographed directly by 
the author in a CdS crystallite using sharply reflected 
light (Fig. 7). I t  is generally assumed, and in some cases 
it can be stated definitely (14, 15, 17), that these small 
cavities (holes in the crystal structure) contain undissolved 
contaminations of nonisomorphous foreign substances if 
these are present. This situation is shown schematically 
in Fig. 8a. The geometrical dimension of a cavity con- 
taining undissolved contaminations depends on the kind 
of crystal and its crystallization conditions and may be 
very small, down to the order of 10 -5 to 10 -7 cm. In  ad- 
dition to these segregations present even in single crystal- 
lites, polycrystMs have larger spaces between their indi- 
vidual crystallites which also may contain nonisomorphous 
second substances, if present (15) (Fig. 8b). This tendency 
of insoluble contaminations to segregate in dislocations 
and holes within the real crystal has been shown especially 
for ZnS crystals by Diemer (14). Each ZnS single crystal 
or polycrystal must contain unavoidable dislocations, 
holes, and cracks, and, if the crystal was prepared in the 
presence of oxygen, either intentionally or accidentally, 
these holes and cracks must contain more or less undis- 
solved zinc oxide. 

The electrical conduetivities of the two substances ZnS 
and ZnO have considerable influence on electrolumines- 
cence. Fired ZnS is known to be a relatively poor con- 
ductor, while fired ZnO has a much higher conductivity. 
Thus, when so much ZnO is present that  each phosphor 
particle is practically surrounded by ZnO, ZnS crystals 
are largely electrically shunted and can hardly be excited 
by an external electric field. I t  is usual, therefore, to wash 
these phosphors in a weak acid solution (such as acetic 
acid) which dissolves ZnO without attacking the ZnS 
crystals too much (8, 9). However, only ZnO on the sur- 
faces of ZnS crystals can be dissolved in this way; ZnO 
segregated inside the ZnS crystals is retMned. The con- 
clusion must be drawn, therefore, that  this type of eiectro- 
luminescent ZnS, washed or unwashed, always contains 
small segregations of ZnO incorporated inside the larger 
ZnS crystals. 

Another efficient type of electroluminescent ZnS can 
be prepared without any ZnO but by introduction of a rela- 
tively high amount of Cu (of the order of 0.5-1%) and 
use of such firing conditions that not all of the Cu is built 
into the lattice as an activator (6, 19). I t  must be as- 
sumed in this case that the phosphor after firing contains 
large amounts of copper sulfide (probably CusS). Since 
copper sulfide is also nonisomorphous with ZnS, similar 
conclusions as for the case of ZnO show that this type of 
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eleetroluminescent ZnS must contain copper sulfide as 
contact substance segregated in dislocations, holes, and 
cracks inside the ZnS crystals. Other electroluminescent 
zinc sulfides can be prepared with other contact substances, 
such as PbS (20, 21), or several contact substances a t  once, 
such as ZnO and Cu2S (22, 23). Since early preparations 
of electroluminescent phosphors were guided mostly by 
empirical intuition rather than by logical conclusions, in 
many cases it is not easily possible to decide which contact 
substance is present in a particular phosphor, because no 
attention has been given to this point. 

ELECTRIC FIELD INSIDE ELECTROLUMINESCENT 
PHOSPHOR PARTICLES 

The presence in the crystals of a ZnS phosphor of segre- 
gated particles of a contact substance of higher electrical 
conductivity and irregular shape necessarily causes a 
strong nonuniformity of the electric field inside the phos- 
phor particles when these are subjected to an external 
field. This strong nonuniformity of the internal electric 
field must be present even in the case where no special 
potential barriers, e.g., chemical or exhaustion barriers, 
exist between the bulk of the ZnS crystal and the contact 
substance. This statement should not be taken as a con- 
clusion that  no exhaustion or other type of barriers are 
present in an electroluminescent phosphor, ttowever, i t  
is believed, and supported by the experiments of contact 
eleetroluminescence described, that  these barriers are out- 
weighed by the local field distortions which are caused by 
the simple presence of contact substance segregations of 
higher conductivity. Since in electroluminescence the 
phosphor is excited by the electric field, i t  is evident that  
this nonuniformity of the field must play an important role. 
An estimate of the nonuniformity of the field caused only 
by the presence of segregated, better conducting, contact 
substances is made below, neglecting the influence of any 
barriers, in order to obtain rough but  quantitative data.. 
Consideration is limited to zinc sulfides and related phos- 
phors since the electrical and eleetroluminescent properties 
of this class of phosphors are relatively well known. How- 
ever, these considerations can be extended to other groups 
of phosphors if they have roughly similar properties. 

When an external alternating field is applied to the 
phosphor, internal field conditions are greatly influenced 
by the relaxation times of phosphor bulk and contact sub- 
stance and by the applied frequency. Elementary electro- 
dynamics gives the relaxation t ime of a homogenous sub- 
stance as 

1 k 
z (sec) I I I  

4~r X 9 • 1011 a 

where k is the real dielectric constant and a the con- 
ductivity measured in (ohm-cm) -1. In  general, the result- 
ing equations for a nonhomogenous material are rather 
complicated even under simplifying assumptions (24, 25). 
The situation is simpler, however, when the relaxation 
time of the material corisidered is not of the order of the 
reciprocal frequency 1/f. In  the case of v << 1/f any small  
field induced inside the substance vanishes within this 
very short time ~- and, therefore, practically no field is 
possible inside an insulated particle of this substance. But 

if �9 >> l / f ,  then the influence of conductivity can be neg- 
lected and the behavior of the substance insofar as the 
field distribution is concerned is practically that  of an in- 
sulator. These facts are well known, but  they shall now 
be applied to electroluminescent ZnS phosphors. 

Consider first the phosphor crystal itself. The real 
dielectric constant of ZnS is known to be roughly of the 
order of k = 10 (26). The conductivity is less exactly 
known and it may vary from sample to sample depend- 
ing mainly on the puri ty of the crystals. However, in 
general, ZnS phosphors are known to have a relatively low 
conductivity and values of the order of 10-2 to 10 -1~ 
(ohm-cm) -1 have frequently been measured (14, 27, 28). 
Introducing these values for k and z into (III)  one obtains 
a relaxation time for the pure phosphor crystal itself of the 
order of 1-1000 sec. This is a much longer time than the 
reciprocal of the frequency usually applied to electro- 
luminescent phosphors. The conclusion may be drawn, 
therefore, that  the conductivity of the ZnS crystal itself 
normally has very little influence on the field condition 
inside the phosphor, and it is not too wrong, in a first ap- 
proximation, to consider the ZnS crystal as an insulator. 

The contact substance demonstrates the other extreme. 
Fired ZnO, as an example, has a rather high conductivity, 
up to the order of one (ohm-cm) -1 and more (5, 29-31). 
Also, black copper sulfide Cu2S is a relatively good con- 
ductor. Exact values cannot be given since the conductivity 
of these typical semiconductors depends greatly on the im- 
puri ty concentration, and also on the history of the ma- 
terial. But, since their dielectric constant in no case is 
very different from the order k = 10, Eq. (III)  shows that  
the relaxation time of these substances is much shorter 
than the reciprocal frequency usually applied to electro- 
luminescent phosphors. Under these conditions, therefore, 
an electric field practically cannot exist inside the rela- 
tively highly conducting contact substances and their 
electric behavior inside the phosphor particles is nearly 
that  of metals. 

Now consider the somewhat idealized case of a contact 
substance particle with infinitely good conductivity sur- 
rounded by an ideally insulating phosphor crystal. If  an 
average electric field F0 is applied to this system, the 
highest local field F ..... appears near edges of the conduct- 
ing particle, and the ratio F ..... /Fo is of the order of R/r,  
where r is the radius of curvature of the edge and R the 
particle diameter. 

The largest possible geometrical dimension of a contact 
substance ~ particle in a ZnS phosphor may be of the order 
of lit. Much larger dimensions are hardly possible, since 
the embedding phosphor particles themselves normally 
have average diameters of the order of several microns. 
The smallest possible radius of curvature may be con- 
sidered to be of the order of magnitude of the lattice con- 
stant  of the crystalline material. Assuming, roughly, 
R = 3 • 10 -4 cm a n d r  = 3 • 10 -s cm as the most ideal 
cases, one obtains. 

F ..... = 104F0 

as the highest possible field strength in the phosphor par- 
ticles under the best conditions. Obviously, conditions 
for the highest possible field strength are only very sparsely 
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distributed throughout the phosphor, if at  all. Most  edges 
of the conducting segregations have less favorable condi- 
tions so tha t  here the field may be increased only by lower 
factors, e.g., of the order of 10 to 103. Furthermore, all 
these regions of high fields must be limited to very small 
spaces near the sharp edges of the contact substance segre- 
gations, i.e., to "spots" inside the phosphor crystals. The 
field in much the largest part  of the phosphor is only of 
the order of F0, the average field applied to tim phosphor. 

CONCLUSIONS 

The evidence outlined above for the presence in electro- 
luminescent phosphors of localized "spots" of high electric 
field strength due to incorporated segregations of rela- 
tively highly conducting contact substances must neces- 
sarily be of the greatest significance for the electrolumines- 
cent excitation mechanism itself. Several conclusions can 
be drawn from this picture. 

(A) Due to the nonuniform electric field, the local 
electroluminescent excitation and emission intensity must 
also be nonuniformly distributed throughout the phosphor 
crystals. This is in good agreement with published ob- 
servations (6, 32). As a result of this nonuniformity of the 
local emission intensity fl, the over-all emission intensity 
L of a given amount ~ of an electroluminescent phosphor 
cannot be described by the simple product L = j3u, but  
requires an integral 

L = f ~i3 d~ 

(B) The emission of an electroluminescent ZnS crystal 
should be limited to very small spots. These spots may be 
so closely arranged that  they cannot be resolved micro- 
scopically and, therefore, a more or less uniform emission 
distribution may be simulated. However, the emitting 
spots have actually been observed already (14, 33, 34). 
A microscopic observation of these spots in phosphor 
powders with particles of irregular shape may not be pos- 
sible due to the high index of refraction of ZnS. 

(C) Experience shows that  eleetro]uminescence of 
powdered phosphors requires an average electric field 
strength of at  least some l03 v/cm. I t  is hard, of course, to 
assume that  such low fields should be able to produce any 
direct excitation of the phosphor and any reasonable 
mechanism requires higher fields. Local regions of higher 
fields are a consequence of the simple presence of better 
conducting contact substance segregations in the phosphor, 
e.g., ZnO or Cu~S in ZnS phosphors. Near the edges of 
these contact substance segregations, the field may be 
higher by a factor of 10 to 103 or, in extreme cases, even 
more. I t  is thus easily possible to reach localized fields of 
the order of 10 G v /cm or more. 

(D) The electric field strength at  any fixed point in the 
phosphor crystal must be proportional to the average 
electric field F0 (i.e., to the applied voltage), as long as the 
preconditions for these considerations are given. Deviations 
from this proportionality between F and V are to be ex- 
pected only where either the contact substance is no longer 
a nearly ideal conductor, i.e., a t  very high applied fre- 
quencies, or where the phosphor crystal is not a nearly 
ideal insulator, i.e., a t  very low frequencies or in localized 
regions of extreme field strength and excitation density. 
The influence of such deviations are not discussed. 

(E) The presence of a second, better  conducting sub- 
stance segregated in small regions inside the phosphor 
crystals is one condition tha t  a crystal phosphor be able 
to electroluminesee under the usual conditions. The phos- 
phor crystals should themselves be relatively poor 
conductors. How far this requirement can be realized in 
any preparation technique is a mat ter  of search; but  when 
it is realized, probably many more types of phosphors 
other than the ZnS class can be made to exhibit a good 
Destriau effect. This conclusion has been drawn from ex- 
perimental results of contact electroluminescence described 
here. I t  appears that  this electroluminescence of a simple 
mixture of a phosphor powder with a metal powder can 
serve as a valuable tool in the search for new systems of 
electroluminescent phosphors. 

Manuscript received February 24, 1956. Some of the ma- 
terial in this paper was presented at  the American Physical 
Society Meeting in Pittsburgh, March 1956. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JOURNAL. 
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Preparation of Zirconium and Hafnium Metals by 
Bomb Reduction of Their Fluorides 
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ABSTRACT 

A bomb process for preparing Zr and t tf  metals with Ca by the reduction of their 
tetrafluorides is described. A detailed method of preparing the high purity tetrafluorides 
is presented, and the puri ty and physical properties of the metals obtained are dis- 
cussed. 

Experiments on the preparation of Zr by bomb re- 
ductions of ZrF4 have been described by Walsh (1), 
Peterson (2), and Lambert,  et al. (3). These workers all 
employed the ZrF4 reduction with Ca, but  Walsh alone 
employed Zn in the process. In  this paper the preparation 
of Zr and also of Hf metal  by a process similar to that  of 
Walsh is described in detail. 

Zr and I.if metals are obtained in massive form as Zn 
alloys by the reduction of their tetrafluorides with Ca in 
the presence of Zn. The reaction, which is sufficiently 
exothermic to yield liquid products, is carried out in a 
sealed bomb. The dense alloy which is immiscible with the 
molten slag phase separates as a homogeneous liquid. The 
Zn may later be removed from the solidified alloy by heat- 
ing in a vacuum, yielding a sponge of the residual metal. 
Subsequent melting in a vacuum or inert atmosphere 
yields pure Zr or Hf metal  in massive form. Although Hf 
so prepared is somewhat brittle, high quality, ductile Zr 
can be obtained by this method. 

Because of the importance of quality of the tetrafluorides 
to the success of this method, a detailed description is given 
for their preparation. In  this investigation the greater 
amount of the research and development work was done 
with Zr. I t  was found tha t  Hf parallels Zr quite closely in 
all processing steps, so less effort was required for this de- 
velopment. 

The main properties which have been used here to 
evaluate the quality of Zr obtained were its hardness and 
abil i ty to be cold rolled. Generally when the metal had 
a hardness of less than 50 Rockwell A, or 155 Brinell 
(3000 kg load), i t  was found to be readily fabricable by  
cold rolling. Since the effect of oxide impuri ty on cold 
fabricability of Zr is generally detrimental,  successful 
preparation of ductile Zr metal  depends largely on ex- 
clusion of oxygen from all materials and equipment used 
in processing. 

PREPARATION OF I'IIGH PURITY ZrF~ 

Williams and Weaver (4) prepared anhydrous ZrF4, 
free of significant amounts of oxygen by hydrofluorination 
of ZrO~ at  500~ followed by vacuum sublimation of ZrF4 
a t  650~ Hydrated ZrF4 may be prepared by the reaction 
of aqueous H F  and ZrOC12-SH20. This tetrafluoride may 
then be dehydrated in a stream of H F  gas a t  elevated 
temperatures to yield anhydrous ZrF,. In  the work de- 
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scribed here the lat ter  process was employed for preparing 
the tetrafluoride. 

ZrOC12.SH20 was prepared from ZrC14 (Hf f r e e ) / T h e  
chloride was dissolved in distilled H20, and this solution 
was then evaporated to a concentration of approximately 
6N in HC1, followed by cooling. Stirring the concentrated 
solution during cooling resulted in a deposit of crystalline 
ZrOC12.8H20 from which the excess liquid was easily re- 
moved by filtration. These crystals were further purified 
of Fe by washing in acetone. 

Aqueous H F  (48-70%) was added to the solid ZrOC12. 
8H20 resulting in the initial formation of a homogeneous 
liquid solution from which ZrF4.H20 was precipitated on 
further addition of H F  in accordance with the following 
reaction: 

ZrOC12.8H~O + 4HF ~ ZrF4.H20 (ppt) + 2HC1 (I) 

The supernatant liquid was approximately 7N in HC1, in 
which the solubility of the monohydrate was quite low. 
Use of more dilute H F  or aqueous solutions of ZrOC12 
decreased the acid concentration of the supernatant liquid, 
and the yield of ZrF4.H20 crystals decreased. Addition 
of excess H F  to the reaction mixture likewise resulted in 
a decrease in the yield of ZrF4-H20, probably due to 
formation of the more soluble H~ZrF6. Consequently, i t  
was highly desirable to add essentially a stoichiometrie 
amount of HF. Addition of 2-3 drops of Th(NO3)4 solution 
to a few milliliters of the supernatant liquid determined 
the end point. If  a slight excess of fluoride ion was present, 
the Th(NO3)~ formed a white precipitate of ThF4.2H20. 

The mixture was stirred continuously during addition 
of the acid to help dissipate the heat  evolved from the re- 
action and to aid in formation of a granular crystalline 
precipitate. After cooling to room temperature the product 
was filtered using plastic filtration equipment. The pre- 
cipitate was dried in air at  70~ to yield a dry ZrF4-H~O 
product. 

Anhydrous ZrF4 was obtained by dehydrating this 
monohydrate in a stream of dry H F  gas. This was ac- 
complished in a relatively short time in a heated rotating 
chamber. The experimental equipment consisted of a 
Monel tube inside of which was a Mg cylinder for contain- 
ing the monohydrate. The entire assembly was slowly ro- 
ta ted in an aUtomatically controlled furnace. 

1 Obtained from U. S. Bureau of Mines, Albany, Oreg. 
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TABLE I. Dehydration of ZrF~.tt20 in H F  Atmosphere 

Initial heating 
Batch of at 250~ Time, 

ZrF4 hr 

1 2 
2 3 
3 3 
4 1 
5 2 
6 2 

Final hezting of ZrF ~ 

Tcmp, ~ Time, hr 

45O 5 
500 7 
550 6 
600 6 

Hardness of Zr 
metal from the 
batch of ZrF4 
Rockwell A 

48 
48 
51 
55 
70 
71 

A study was made of the temperature and time at  which 
the water of hydrat ion could be removed from 500-g 
batches of fluoride. Dehydration without pyrohydrolysis 
is essential in the drying of ZrF4. I t  was shown experi- 
mentally that  an initial dehydration in an H F  atmosphere 
at  225~176 is desirable for good grade tetrafluoride. 
The treatment removes about 80% of the water of hydra- 
tion in 1-3 hr. On the basis of several experiments 250~ 
was selected for this initial drying step. At  this temper- 
ature the hydrate  underwent considerable decomposition, 
and the rate of pyrohydrolysis of ZrF~ was exceedingly 
slow. 

The remaining water was readily removed by increasing 
the drying temperature. As shown in Table I, the hardness 
of the final metal is critically dependent on the final drying 
temperature of the fluoride employed in its preparation. 
The higher hardness values of metal from some batches 
of the fluoride is believed to be due to the presence of 
greater amounts of ZrOF2 in the tetrafluoride. I t  is as- 
sumed that  the rate of pyrohydrolysis to give ZrOF2 is 
much greater at  the higher drying temperatures. On 
laboratory scale a drying treatment of 1�89 hr a t  250~ 
followed by 2 ~  hr at  400~ with constant rotation of the 
charge gave a fluoride that  could be employed to give 
metal  of high ductility. However, for larger scale drying 
operations the practice was to double the times at  these 
temperatures. 

Several thousand pounds of ZrF4 were prepared for 
research use. Equipment was set up for this operation 
with an output capacity of approximately 100 lb ZrF4/in- 
dividual batch. 

ZrCl4, if in lump form, was dissolved directly in distilled 
water. Since the solution reaction is very exothermic and 
HC1 is evolved, i t  was carried out by slow addition of 
lumps to water in a ventilated area. In  powder form, the 
chloride was introduced into the water by suction through 
a tube that  extended below the surface of the water. About 
50 lb of ZrC14 could be dissolved in 20 gal of water, but, 
if greater amounts were added, ZrOC12 began to crystallize 
out upon cooling. Either polyethylene-lined steel drums 
or glass-lined equipment may be used as solution vessels. 
Activated charcoal was added to the chloride solution to 
aid in filtering out the undissolved ZrO2 and C present in 
the tetrachloride. The filtrate was then concentrated by 
evaporation in a glass-lined steam-heated tank to a 6N 
HC1 concentration. ZrOCI_~.SH:O crystallized out upon 
cooling, and this was filtered through a plastic-coated 
centrifugal filter. 

Hydrofluorination of the ZrOCI~.8H~O was curried out  
in the equipment shown in Fig. 1. ZrOCl~ crystals were 

FIG. 1. Precipitation and filtration equipment used in 
the preparation of ZrF4.tt~O. 

placed in the Kemplas reaction vessel [3], and aqueous 70 % 
H F  was transferred from the storage tank [1] into the 
metering unit [2] by means of a suction lift. The acid was 
then metered into the reaction vessel until a stoiehiometric 
quanti ty had been added. Vigorous stirring was necessary 
during reaction to assure an easily filterable product. 

Transfer of the supernatant liquid and the ZrF4-H=O 
precipitate from the reaction vessel to the filter unit  [6] 
was carried out by suction. A vacuum tight lid [7] was 
fitted over the top section of the filter unit and a vacuum 
drawn on the entire unit by opening both valves [8] to a 
steam operated aspirator. A flexible 1�89 in. diameter rubber 
tube with Saran nozzle [9] connected to the lid of the 
filter unit was submerged in the reaction vessel sucking 
both the precipitate and the supernatant liquid into the 
top of the filter unit. A Saran filter cloth placed over a 
perforated Kemplas filter plate at  the junction of the two 
sections of the filter unit retained the solid and allowed the 
liquid to pass into the lower section of this apparatus. 
Fil trat ion was speeded up by closing the top valve [8] 
and maintaining reduced pressure on the lower portion of 
the filtering unit. 

The acid filtrate was discharged to the neutralizer, and 
the wet precipitate was transferred to the steam heated 
dryer [10]. After drying at  70~ for a few hours, the hy- 
drated fluoride was transferred to the equipment shown 
in Fig. 2 for dehydration. Batches of about 100 lb of 
fluoride were placed in the Mg chamber [9] and the flange 
bolted in place on the iron furnace tube [8]. This assembly 

FIG. 2. Furnace and rotary equipment used in dehydra- 
tion of ZrF4.H~O. 
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extended through the electric resistance furnace [10] which 
had automatic temperature control. The H F  gas line 
was connected and the furnace tube rotated slowly (about 
20 rpm) while anhydrous H F  from the cylinder [1] was 
passed over the powder. Horizontal fins inside the Mg 
chamber increased agitation of the powder during rota- 
tion. A conical shaped trap [11] at  the exit end of this 
chamber prevented excessive loss of material as dust in 
the exit gas stream. Dehydration of the monohydrate was 
carried out at  250~ for 3 hr and 400~ for 5 hr. The exit 
gases were scrubbed by a water spray [14] and passed into 
s neutralizing tank [15] where a soda ash neutralizing 
solution [16] was added. 

Chemical analysis of a representative batch of ZrF4 
dried at  250 ~ then at  400~ showed it to contain 54.63 
w/o Zr and 45.36 w/o F, which is close to the theoretical 
ZrF4. The common metallic impurities were found-to be 
less than the following: 0.007 w/o Si, 0.003 w/o Cr, 0.002 
w/o Mg, 0.004 w/o Ni, 0.002 w/o Cu, 0.002 w/o Ti, 0.025 
w/o Fe, 0.002 w/o Ca, and 0.003 w/o A1. A major source 
of the Fe contamination is the 70 % H F  which is received 
in steel containers. Use of higher puri ty H F  results in much 
lower Fe contamination. 

PREPARATION OF ZR METAL BY CA REDUCTION 
OF TETRAFLUORIDE 

Lambert,  Hagelston, and Hutchison (3) employed only 
Is as an additive in their preparation of Zr by bomb re- 
duction. They reported that  the metal thus obtained had 
a hardness of 88-90 RB (approximately 180 Bhn), and 
that  it  could be hot forged and subsequently cold-rolled 
with an over-all reduction of 80 %. However, in the process 
presented here, Zn was added to the charge in order to form 
a low-melting alloy during the bomb reduction. Is was 
added to form CaI2 which raised the temperature of the 
products and increased the fluidity of the slag. Zn was 
subsequently removed almost quanti tat ively by heating 
in a vacuum up to 1500~ This left a Zr sponge which 
could be arc melted or melted in graphite to a dense ingot. 
Metal  thus obtained had a hardness of 40-45 R~ (1.20 135 
Bhn) and was, with intermit tent  annealing, cold rolled 
to thin sheet. 

The experiments described here were carried out in a 
steel bomb constructed from a 2�89 in. diameter steel pipe. 
One end of a 12 in. section of the pipe was closed by a 
welded-in plate; the other end, referred to as the top of 
the bomb, was threaded for a pipe cap. A refractory liner 
was inserted to prevent interaction between the charge 
and the bomb wall. The liner either was of a formed and 
presintered type or was formed by jolting the refractory 
powder around a mandrel inside the bomb. The reaction 
was initiated either by placing the charged bomb in a gas 
furnace or by a hot wire ignition method. In  the lat ter  
case a coil of suitable wire was embedded in the charge and 
a current passed through the wire to start  reaction. 

Puri ty  of the ingredients in the bomb charge, ratios of 
Zn, Is, and Ca to the ZrF4, and the nature of the refractory 
liner were major factors that  determined quality and 
yield of the final metal. The effects of these factors were 
studied independently in numerous experiments by vary- 
ing the amount or quality of each of the materials. 

\ .  
o\ 

\ .  

E 
4515  i I ] ~ , , I , I , , , , )] , a 2 5  3 0  
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F I G .  3 .  Z n  c o n t e n t  o f  b o m b  c h a r g e  vs .  h a r d n e s s  o f  Z r  
a f t e r  m e l t i n g  in  g r a p h i t e .  

Addition of Zn to Zr lowered its melting point quite 
markedly, approaching a eutectie a t  1000~ at  approx- 
imately 33 w/o Zn. The percentage of Zn in the alloy had 
a pronounced effect on the quality of the final Zr metal. 
Fig. 3 illustrates graphically the effect of varying the 
amount of Zn, added as turnings to the bomb charge, on 
the hardness of t he  as-cast Zr, other factors remaining 
constant. As seen from the figure, addition of about 25 
w/o Zn yielded Zr metal of lowest hardness. The alloy 
obtained with the 25% addition, actually contained, by 
chemical analysis, approximately 21 w/o Zn. The Zr metal 
obtained from the alloy showed a hardness of Rockwell 
A 46. 

The effect of the quality of the ZrF4 on the final metal 
hardness (described in a preceding section of this report) 
was equally pronounced. 

Another factor which was recognized but  not fully 
understood was the effect of amount and quality of the 
Ca reductant. A Ca excess of a t  least 25% over the stoiehi- 
ometric amount appeared to be a prerequisite in order to 
obtain ductile Zr. Ca used in these experiments was pre- 
pared by vacuum redistillation of commercial Ca. 2 The 
Zr metal obtained with redistilled Ca was generally found 
to be soft, although occasionally a batch of the redistilled 
Ca would consistently yield a harder Zr. No correlation, 
however, between quality of the Ca and hardness of the 
resulting Zr metal was found. Chemical analysis of the 
major impurities of a typical "good" batch of Ca showed 
less than the following amounts: 0.005 w/o Fe, 0.004 w/o 
Mn, 0.003 w/o N, 0.001 w/o A1, 0.003 w/o C, and 0.3 w/o 
Mg. 

Addition of a thermal booster was also essential in ob- 
taining good yields and in producing good slag-metal 
separation. Although the amount of I2 added as a booster 
was not as critical as that  of other constituents of the 
charge, the minimum quanti ty of booster required for good 
yields was studied and was found to vary in a manner de- 
pendent on the size of the bomb. In  a few experiments ZnF~ 
was substituted for both the Zn and I2. Good yields were 
observed, and metal of comparable quality was obtained 

when ZnFs was used. 

2 Obtained from the New England Lime Co. 
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FIG. 4. (a) Zr-Zn alloy biscuit, as-reduced; (b) Zr sponge 
after dezincing in vacuum showing considerable volume 
expansion resulting from rapid heating; (c) urc-melted 
button of Zr. 

The liner material was also a potential source of oxygen 
contamination. Early work in which a few grams of MgO, 
CaO, and Zr02 were added to individual reduction charges 
showed that  MgO and ZrO2 additions resulted in greatly 
increased hardness of the Zr, whereas the CaO addition 
had relatively little effect. As a result of this and other 
experiments, ZrO2, lk,lgO, and dolomitic oxide were elim- 
inated as suitable liner materials. Ductile Zr was prepared 
using a liner of CaO which was prefired to 2000~ Results, 
however, were quite inconsistent, with some reductions 
resulting in ductile metal and others in quite brittle metal. 
Consequently, CaF.~ was tried and found to be much more 
satisfactory. Acid grade fluorspar, 97% CaF2, 3 was used 
successfully and resulted in metal of consistently low hard- 
ness. Chief contaminants introduced by this liner were 
Si, A1, and N. Pretreating CaF~ by leaching in aqueous H F  
or by heating in anhydrous HF at  575~ reduced the con- 
tamination effects of these elements considerably. 

A charge consisting of 350 g of ZrF4, 221 g Ca, 64 g Zn 
chips, and 56 g I2 gave ductile Zr in yields of greater than 
96 % when carried out under conditions pointed out above. 
Equally good results were obtained regardless of whether 
the charge was ignited by internal or external heating. 
Successful reductions were also carried out on a larger 
scale (1 kg ZrF4) employing a reduced ratio of thermal 
booster. 

The massive alloy obtained by reduction is referred to 
as a "biscuit". Fig. 4(a) shows a biscuit of the Zr-Zn alloy 
obtained in the smaller scale reduction. Zn can be removed 
from the alloy by  heating it slowly in vacuo. At least 95 % 
of the Zn is readily removed at  temperatures below 1250~ 
however, removal of the remaining Zn requires consider- 
ably longer time at  1250~ or higher temperatures. After 
being heated to 1500~176 in a graphite crucible, the 
sponge contains less than 0.05 w/o Zn but  picks up some 
C. By use of a liner of Zr sheet inside the graphite crucible 
i t  is possible to keep the C content of the sponge at  less 
than 0.03 w/o. The remaining Zn is removed subsequently 
during the melting. Care must be taken in the dezincing 
procedure, since heating through the temperature range of 
900~176 may result in too rapid evohltion of Zn vapors 
with splattering and excessive expansion in sponge volume, 
see Fig. 4(b). A sample of arc-melted sponge Zr is shown 
in Fig. 4(c). 

Obtained from Ozark-Mahoning Co. 

PROPERTIES OF BOMB REDUCED ZR I~ETAL 

Several pounds of Zr metal  sponge were prepared by 
the method described in the preceding sections. Some of 
the sponge was melted in a graphite crucible in vacuo and 
some arc melted under A in conventional arc-melting 
equipment employing a W electrode and a water-cooled 
Cu pot. The hardness of the metal melted by either method 
was found to be in the range of 40-45 RA 020-135 Bhn 
with a 3000 kg load). Zr thus prepared was cold-rolled 
and, with intermittent annealing, fabricated into thin 
sheets 10 mils thick. 

The lattice constants of bomb reduced, and are-melted 
Zr were determined from x-ray diffraction patterns taken 
with a precision back-reflection camera. The values calcu- 
lated by Cohen's analytical extrapolation method (5) 

o 
were a = 3.234 and c = 5.149A, which compare favorably 
with values of a = 3.232 and c = 5.148A reported by 
Treeo (6) for high-purity crystal bar Zr. The purity of 
Zr metal prepared by the bomb process and arc melted 
in an inert atmosphere was determined by chemical and 
spectrographic analysis. Representative amounts of the 
major impurities present in metal produced by  this method 
are shown in Table II .  

The microstructure of a representative specimen of 

TABLE II .  Chemical purity of bomb-reduced and arc-melted 
Zr metal 

Impurity w/o Impurity w/o 

A1 
C 
Ca 
Co 
Cr 
Cu 
:Fe 

0.01 
0.03 
0.003 
0.001 
0.003 
0.003 
0.02 

Mg 
Mn 
N 
Ni 
O 
Si 
Ti 

0.002 
0.003 
0.005 
0.003 
0.1" 
0.02 
0.001 

* The oxygen content of this metal has not been deter- 
mined by vacuum fusion methods, but has been estimated as 
0.10-0.15 w/o from Treco's (6) plot of hardness and lattice 
constants vs. oxygen content. 

:FIG. 5. Bomb-reduced Zr metal, as arc melted. Annealed 
at 800~ and furnace cooled. Etchant:  1% HF in HNOs. 
250• 
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bomb-reduced and arc-melted Zr is shown in Fig. 5. The 
large equiaxed grains are a result of an annealing treat- 
ment. 

PI~EPAI~ATION OF HF METAL 

Starting material for the Hf preparation was -a Hf con- 
centrate from a Zr purification process. This contained 
Zr and Hf in the ratio of approximately 1:24. Zr was 
separated by a liquid-liquid extraction method employing 
tributyl phosphate and an aqueous HNO~ solution of 
their oxychlorides (7). The resulting Hf contained less 
than 0.0]0 w/o Zr. High-purity hafnium hydroxide was 
precipitated from the aqueous phase, the hydroxide was 
redissolved in HCI, and hydrated hafnium oxychloride 
was crystallized out of the solution. Aqueous HF (70%) 
was added to these crystals to form hydrated hafnium 
fluoride. This material was dehydrated in a stream of HF  
gas by the same method and temperature conditions 
described in the section on the preparation of ZrF4. 

The Hf reduction step was also very similar to that 
for Zr with slight modifications in the ratios of some of 
the ingredients in the charge. Zn turnings were added to 
the charge in an amount calculated to give a Hf alloy 
containing 21 w/o Zn. A representative charge for the ex- 
perimental 2} in. diameter bomb consisted of 350 g HfF4, 
275 g Is, 192 g Ca, and 65 g Zn. A number of reductions 
were also made in a 6 in. bomb in which 16 lb biscuits of 
Hf-Zn alloy vcere obtained. The Zn was removed by heat- 
ing slowly in a graphite crucible under vacumn to 1800~ 
An over-all yield of 97 % Hf metal was obtained from the 
reduction and dezincing steps. The resulting sponge was 
analyzed chemically and spectrographically, and the 
principal impurities are shown in Table III .  Although 
oxygen content of the sponge was not determined, it was 

FIG. 6. Bomb-reduced Hf metal, as arc melted. Etchant:  
1% HF in HNQ. 250• 

TABLE III .  Chemical purity of bomb-reduced Hf sponge 

E l e m e n t  

C a  . . . . . . . . . . . . . . . . . . . . . . . . .  

F e  . . . . . . . . . . . . . . . . . . . . . . . . .  

~ /~g  . . . . . . . . . . . . . . . . . . . . . . . . .  

S i  . . . . . . . . . . . . . . . . . . . . . . . . . .  

i n  . . . . . . . . . . . . . . . . . . . . . . . .  

i r  . . . . . . . . . . . . . . . . . . . . . . . . .  

C . . . . . . . . . . . . . . . . . . . . . . . . .  

N: . . . . . . .  : . . . . . . . . . . . . . . . . .  
O . . . . . . . . . . . . . . . . . . . . . . . . .  

w/o 

<0.01 
<0.01 
<0.01 
<0.01 
<0.002 
<0.01 

0.07 
0,05 

Not determined 

TABLE IV. Comparison of physical properties of sponge and 
iodide Hf 

I-If sponge H f  c r y s t a l  b a r  
as  a rc  m e l t e d  as  a rc  m e l t e d  

Melting Point, ~ 
Hardness, (R,) 
Lattice Constants (~) 

a 

c 

c/a 
Density (g/ec) 

Measured 
Calculated from x-ray data 

2235 
69 

3.199 
5.072 
1.585 

13.19 
13.19 

2150 
60 

3.197 
5.057 
1.582 

13.29 
13.25 

FIG. 7. Crystal bar Hf metal, as arc melted. Etchant:  
1% HF in HNQ. 250X. 

undoubtedly present in considerable amounts as indicated 
by the extreme brittleness of the material. 

Most of this sponge was sent to the Foote Mineral Co. 
for further purification by the iodide process. The dense 
crystal bar metal obtained by this processing treatment 
was analyzed chemically and found to have undergone 
significant reduction in the C (0.03 w/o) and N (0.009 
w/o) content. Some of the sponge Hf was arc-melted di- 
rectly, and a few of its physical properties were compared 
with those of the crystal bar Hf as shown in Table IV. 

The microstructure of the arc melted sponge is shown 
in Fig. 6 and of the arc melted crystal bar in Fig. 7. 

S U M M A R Y  

A practical process was developed for the preparation 
of Zr and Hf metals. The method entails a bomb reduction 
of ZrF~ or HfF4 with Ca to form a massive Zn alloy. The 
Zn was removed by heating in vacuum to yield a sponge 
of Zr or Hf metal. 

ZrF4 and HfFt can be prepared in high purity by an 
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aqueous reaction to form the hydrated fluorides which are 
subsequently dehydrated at elevated temperatures in an 
atmosphere of HF gas. Extensive studies were made of the 
conditions for the preparation of high-purity ZrF4, and 
pilot plant equipment is described which was used to pre- 
pare 100 lb batches of the fluorides. 

The reduction step was investigated thoroughly, par- 
ticularly for Zr, and those factors which affect metal 
quality and yield were determined. Reduction yields of 
96 % were obtained with both Zr and Hf. After are-melting, 
the sponge Zr had a hardness of 40-45 Rockwell A and 
was readily cold-rolled into sheet. Zr metal thus prepared 
had a purity of about 99.8%. 

Hf metal, similarly prepared, had a hardness of 69 
Rockwell A and was hot-rolled but was too brittle to be 
easily cold worked. The Hf was low in metallic impurities, 
but contained considerable amounts of C, N, and oxygen. 
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Electrochemical Polarization 

I. A Theoret ical  Analysis  of  the  Shape of  Polarizat ion Curves 

~-~. STERN AND A. L.  GEARY 

Metals Research Laboratory, Electro Metallurgical Company, A Division of Union Carbide and Carbon Corporation, 
Niagara Falls, New York 

ABSTRACT 

At low overvoltage values, deviations from Tafel behavior for a noncorroding elec- 
trode are due primarily to the reverse reaction of the oxidation-reduction system, and 
at high overvoltages to concentration and/or resistance polarization. It is 
shown further that the practice of placing straight lines through a few experimental 
points is extremely hazardous, while the indiscriminate introduction of "breaks" is 
contrary to the electrode kinetics described. 

Further complexities arising from a corroding electrode are described. In this in- 
stance, the forward and reverse reactions of both of the oxidation-reduction systems 
forming the corrosion couple must be considered. This representation of the local 
polarization diagram of a corroding metal is more fundamental than that used pre- 
viously in the literature, and thus provides a clearer picture of the various factors 
which affect the corrosion rate and the shape of polarization curves. 

A region of linear dependence of potential on applied current is described for a 
corroding electrode by treating it in a manner analogous to that for a noncorroding 
electrode. An equation is derived relating the slope of this linear region to the corrosion 
rate and Tafel slopes. This relation provides an important new experimental approach 
to the study of the electrochemistry of corroding metals since, in some instances, in- 
terfering reactions prevent determination of T~fel slopes at higher current densities. 

Polarization measurements are an important research 
tool in investigations of a variety of electrochemical phe- 
nomena. Such measurements pernfit studies of the reac- 
tion mechanism and the kinetics of corrosion phenomena 
and metal deposition. In  spite of their wide applicability 
and extensive use, considerable uncertainty in the inter- 
pretation of polarization measurements still exists. Some 
of the uncertainties include the proper method of plotting 

data and the correct interpretation of "breaks" in polariza- 
tion curves. Abrupt changes in slope of overvoltage vs. 
log current have been given considerable significance in the 
past few years. Logan (1) examined various methods of 
plotting cathodic polarization measurements to evaluate 
the correspondence between current required for complete 
cathodic protection of a system and current flow at the 
potential break. He reported that the potential break 
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method indicated a different current requirement than 
that indicated by other criteria�9 In  addition, breaks could 
be obtained regardless of whether the potential was plot- 
ted as a linear or logarithmic function of applied current. 
However, examination of the data presented indicates that 
there is no real experimental evidence pointing toward 
existence of breaks. In  most cases, the plots would best 
have been considered smooth curves rather than a series 
of straight lines. Schwerdtfeger and McDorman (2) pre- 
sented a theory which permitted calculation of the corro- 
sion rate of a metal from its polarization characteristics. 
The calculation was based on plotting both anodie and 
cathodic polarization as linear functions of current and 
using currents at the potential "breaks" in a formula de- 
rived essentially from trigonometric consideratior/si Again, 
however, experimental evidence for the existence of breaks 
was not clear-cut. Still another discussion of potential 
"breaks" was presented recently by Johnson and Babb (3) 
who used irreversible thermodynamics to derive Pearson's 
(4) equation for the relation between the corrosion cur- 
rent and potential breaks. Data presented by these in- 
vestigators for the corrosion of Fe in KC1 solutions indi- 
eate that a great deal of imagination must be used when 
drawing the curves in order to obtain "breaks"�9 

Changes in slope rather than a sharp break can be ob- 
tained in H activation overvoltage measurements as a 
result of the H being discharged by two different rate- 
determining reactions. Parsons (5) discussed a dual mecha- 
nism of H discharge and from energy considerations 
calculated the potential ranges where more than one rate- 
determining step might be expected. However, he did not 
imply that a "break" should be found. Bockris and Con- 
way (6) found the cathodic overvoltage vs. log i plots for 
Ag in 0.1-7.0N HC1 solutions showed a marked change in 
slope at current densities which depended on acid concen- 
tration. They attribute the change in slope to a change in 
symmetry of the energy barrier at the electrode interface 
rather than to a dual discharge mechanism. Here again a 
sharp break was not found, the two linear portions of the 
plot being connected by a curve over a short range of 
overvoltage values. 

The purpose of this discussion is to analyze the shape 
of polarization curves in terms of modern concepts of elec- 
trochemistry. I t  is shown that many of the reported breaks 
in polarization curves are not real, and result either from 
attempts tc~.apply activation overvoltage theory to data 
obtained under conditions where other types of overvolt- 
age are included in the measurements, or from a combina- 
tion of insufficient data and an erroneous assumption that 
a break must exist. In  such a presentation, it is convenient 
to consider first the shapes of polarization curves for a 
noncorroding electrode, then to extertd the analysis to in- 
clude further complexities which arise from local action 
currents. 

i ~ O N C O R R O D I N G  E L E C T R O D E  S Y S T E M  

Consider a substance Z in a solution containing its ions 
Z+2 In  such a system at equilibrium, the rate of oxidation 

This might be Cu in equilibrium with Cu +. The same 
analysis also applies to an inert electrode in an oxidation- 
reduction system such as Pt in a ferrous-ferric solution or 
in a reducing acid solution saturated with H gas. 

* o . Z ~ o B t . '  E . . . . .  i . . . . . . . .  J . . . . . . . .  , ' , ' ~ ; , ,  

N / 

;qxr176 

~ Oi(:] EOUlUBRIUM POTENTIAL 

Z -0.2, . . . . . . .  I , , 
.01 .I I I0  I 0 0  

CURRENT (MICROAMPERES) 
FIG. 1. Relationship between overvoltage and current 

for the anodic and cathodic reactions of a single electrode 
system. 

of Z is equal to the rate of reduction of Z+(Z + + e ~ Z). 
The reaction rate and current flow are directly related ae- 
cording to Faradays  Law. If {, is defined as the current in 
the forward (reduction) direction (Z + + e -~ Z) and 
g~ as the current in the reverse (oxidation) direction 
(Z --* Z + + e), the electrode equilibrium may be expressed 
in the form 

~z = ~ = io , z  ( I )  

where io, ,  is commonly called the exchange current�9 When 
the reaction rate is controlled by a slow step requiring an 
activation energy, the dependence of current on over- 
voltage may be expressed as 2 

~ ) (III) ~ = /o,~exp +~ , ,  

where the overvoltage, 7, is the difference between the 
potential of the working electrode and the equilibrium po- 
tential of the reaction being studied, and/3'~ and fl~ are 
constants. For a system with a symmetrical energy barrier 

�9 t 

at the electrode interface, fl~ is equal to fl~P. Therefore, Eq. 
(II) and (III) may be written as 

~7 = -fl~ log 7 -  �9 (IV) 
~o,z 

~ (v) r/ = q-fl~ log -=- 
Zo,z 

where r = 2.3 fl~ = 2.3 fl~'. 
To aid in visualizing the relations given by Eqs. (IV) 

and (V), they have been plotted on Fig. 1 by arbitrarily 
giving fl~ a value of 0.100 v and io.~ a value of 1.0 #a. These 

Other investigators have expressed these equations in 
more fundamental terms. They are simplified here in order 
n o t  to detract from the main purpose of the discussion. 
Excellent literature reviews and discussions on the subject 
are presented by Bockris (7, 8) and Vetter (9). 
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are of the same order of magnitude commonly found by 
experiment; exchange current values generally vary from 
I0 -~ to 100/aa and ~ values from 0.03 to 0.30 v. 

Fig. 1 illustrates the relationship between the oxidation 
and reduction rates and the exchange current at the equi- 
librium potential and the effect of overvoltage on these rates. 
When the electrode equilibrium is disturbed by external 
polarization, the reaction rates change in accord with the 
curves in Fig. 1. Experimentally, however, the individual 
oxidation or reduction rates cannot be measured. The ex- 
ternal current used for polarization actually is a measure 
of the difference between the two rates. For example, if 
the electrode under discussion (Fig. 1) is cathodically po- 
larized from its equilibrium potential to an overvoltage 
of -0 .1  v, the rate of reduction is equivalent to 10 /~a 
while the rate of oxidation is 0.1 #a. The external current 
required to polarize to this potential is the difference be- 
tween ~ and ~ ,  or 9.9 ga. If the absolute difference be- 
tween the forward and the reverse reaction currents is 
defined as g, so that 

- ~, = g~ (VI) 

then ~ is the external cathodic current when the electrode 
is polarized to some overvoltage value, ~7. I t  is evident that 
$~ approaches $~ at overvoltage values sufficiently removed 
from the reversible potential. I t  is important to emphasize 
again that experimentally the only factors measured direc- 
tly are y and ~ or ~ .  The individual rate of oxidation or 
reduction cannot be measured. Although theory shows 
that there is a linear (Tafel) relationship between y and 
log ~ or log ~ ,  only ~ vs. log ~ is measured and plotted. 
Therefore, substituting Eq. (VI) in Eq. (IV), the theo- 
retical relationship between overvoltage and the logarithm 
of the external cathodic current is obtained. 

n = - ~ , m g  : (VII) 
$o,z 

Using the same arbitrary values for the constants ~ 
and io,.. as indicated previously, and knowing the relation 
between ~ and L (Eq. V), a plot of the variation of y with 
log ~ may be constructed. This is shown in Fig. 2. 3 Note 
that deviation from a Tafel slope exists at the low values 
of applied current. Only when the reverse (oxidation) cur- 
rent, L ,  becomes insignificant in comparison to the for- 
ward or reduction current can a true Tafel relation be ex- 
pected. Further, Tafel slopes cannot be obtained until 
applied currents reach magnitudes of several times io,~. 
If it is assumed that experimental verification of a linear 
relationship between ~ and log ~ requires linearity over a 
range of about two logarithmic cycles of current, reliable 
estimates of the Tafel constants ~ and io.~ 4 require meas- 
urements in the region of 1000 times i . . . .  

s Points shown on this figure and all subsequent figures 
are not experimental. They are calculated from the de- 
rived equations and are included to illustrate the need for 
considerable data to define accurately the shape of a po- 
larization curve. It is quite evident, on inspection of 
several of the figures, that insufficient data might lead to 
a series of straight lines. 

4 These constants are derived experimentally from data 
obtained in the Tafel region, f~= is obtained by measure- 
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FIG. 3. Effect of concentration polarization on the re- 
lationship between overvoltage and applied cathodic 
current for a single electrode system. 

The measurement of activation overvoltage may be 
complicated by two interfering phenomena--concentra- 
tion polarization and resistance drop effects--when the 
value of the exchange current is large. Concentration po- 
larization occurs when the reaction rate or the applied 
external current is so large that the species being oxidized 
or reduced cannot reach the surface at a sufficiently rapid 
rate. The solution adjacent to the electrode surface be- 
comes depleted of the reacting ions, and the rate then is 
controlled by the rate at which the reacting species can 
diffuse to the surface. The electrode potential changes 
sharply in this region until a potential is reached where a 
new reaction proceeds. The change in potential caused by 

ment of the slope of ,1 vs. log i~ in the Tafel region, while 
io,= is found by extrapolation of the Tafel region to the 
reversible potential. 
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concentration polarization may be represented in its sim~ 
plest form ~ as 

R T  iL - ~ 
~? . . . . .  = 2.3 ~ -  log iL (VIII) 

where iL is the limiting diffusion current for the forward 
reaction, R the gas constant, T the absolute temperature, 
and F Faraday's constant. When ~ approaches 0.i iL, 
concentration polarization starts to become significant ex- 
perimentally. The shape of a curve, including both activa- 
tion and concentration polarization, is illustrated in Fig. 3. 
For the purpose of this illustration, iL has arbitrarily been 
selected as 5000 /za. The limiting diffusion current is a 
function of the concentration of the reacting species, the 
stirring rate of the solution, and all the other factors which 
influence the maximum rate at which an ion can approach 
a surface. ~ 

Examination of Fig. 3 shows that deviation from Tafel 
behavior caused by concentration polarization is quite 
marked and illustrates the difficulties in overvoltage meas~ 
urements when working near the limiting diffusion current. 
Note that it would be quite convenient to separate an 
experimental curve of this type into at least three distinct 
straight line regions and then to attempt to interpret the 
breaks theoretically. Such complicating interpretations are 
obviously unnecessary. Stern (13) illustrated the inter- 
ference which occurs when H overvoltage measurements 
are conducted in the region where concentration polariza- 
tion becomes significant. Both Stern (14) and King (15) 
criticized the recent work of Schuldiner (16), pointing out 
that the breaks in the reported H overvoltage curves on Pt 
were caused by concentration polarization effects. In ad- 
dition, King pointed out that corrections for concentra- 
tion polarization cannot be made quantitatively without 
accurate data for ion diffusion rates. Unfortunately, how- 
ever, concentration polarization appears to have been 
overlooked again in more recent work with Pd (17). It is 
interesting to note that more than 25 years ago Bowden 
(18, 19) recognized the possibility that concentration po- 
larization was the cause of breaks which he obtained dur- 
ing H overvoltage measurements on 14g. 

Resistance between the reference electrode and the po- 
larized electrode contributes still a third term to the total 
overvoltagc measured. This is a linear function of current 
and can be expressed as ~/~os = $xK~. If the resistance 
term K~ ~ is arbitrarily given a value of l0 ohms, the re- 
sulting deviation from Tafel behavior appears as illus- 
trated in Fig. 4. Note here again that it is not only a sire- 

5 Tobias, Eisenberg, and Wilke (1O, 11) and Petrocelli 
(12) have presented extensive discussions on concentration 
polarization. 

6 The limiting diffusion current for H ion reduction in 
HCI containing an indifferent electrolyte and stirred by 
natural convection is approximately 100 ga/cm ~ at pH 3.1, 
1000 #a/cm ~ at pH 2.1, and 10,000 tta/cm z at pH 1.1 (13). 

7 The resistance is a function of solution conductivity, 
distance between the reference electrode and the sample, 
and the geometry of the system. Barnartt (20) has pre- 
sented an analysis of the magnitude of the IR drop ex- 
pected as a function of both the current density and the 
solution conductivity. K, may actually be a function of 
applied current if the conductance of the solution adjacent 
to the electrode interface changes (21). 
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FIG. 4. Effect of resistance polarization on the relation- 
ship between overvoltage and applied cathodic current 
for a single electrode system. 

ple mat ter  to draw a break in this curve, but  tha t  there 
is considerable latitude in choice of the break position. 

CORRODING ELECTRODE SYSTEM 

One additional factor is responsible for deviations from 
Tafel linearity in the low-current region: corrosion or local 
action current. When shifting from a noncorroding to a 
corroding system, nlany complicating factors arise. Two 
co-existing electrochemical reactions now appear: the pre- 
viously discussed oxidation reduction system, Z + + e ~- Z, 
and the oxidation reduction system of the metal, M + + e 
M. Each of these systems has its own exchange current 
and Tafel slope so that  the steady-state potential of the 
corroding metal occurs where the total  rate of oxidation 
equals the total  rate of reduction. Thus at  the steady- 
state corrosion potential, 

~z + ~,,, = ~ + T~ ( I X )  

where Sm is the rate of reduction of M + and Fm is the rate 
of oxidation of metal M, and ~z and L are the rates of re- 
duction and oxidation of species Z, respectively. Since the 
corrosion rate by definition is ~,,, - {m, it is evident that  
the rate may also be defined as ~, - T~ at  the corrosion 
potential. When the corrosion potential is sufficiently re- 
moved from the equilibrium potentials of the reactions, 
F,, and T~ become insignificant in comparison to {~ and T,~. 
Thus the corrosion rate becomes equal to 5 or ~ .  This 
has been used directly by Stern (13) to calculate corrosion 
rates of Ye from H overvoltage measurements, and indi- 
rectly by Elze and Fisher (22) to determine corrosion rates 
in inhibited acid environments. Fig. 5 illustrates the po- 
tential-current relationships for such a mixed electrode 
system. The metal oxidation reduction system has been 
drawn assuming an io,m of 0.1 #a, a~m value of 0.060 v, 
and a reversible potential of -0 .160 v. The Tafel con- 
stants for the Z oxidation reduction system are as pre- 
viously described. Thus, equations for the various reaction 
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FI~. 5. Relationship between overvoltage and curren~ 
for a corroding electrode system consisting of two co- 
existing electrochemical reactions. 

rates, using the equilibrium potential of the Z species re- 
action as a zero reference, are as follows: 

Z Reduction 

*t = -3~ log -:--- = -0.100 (X) ~o,~ log 1-~ 

Z Oxidation 

L ~z 
= +3z log __ = +0.I00 log - -  (XI) 

'~o,~ 1.0 

Metal Reduction 

~'~ ~'~ (XlI) n = -0.160 - fl~ log ~ = -0.160 - 0.060 log b-~ 

Metal Oxidation 

= -0.160 +/3,, log /~-  = -0.160 + 0.060 l o g ~  (XIII) 

The constants are all arbitrary values. At any given poten- 
tial, the rate of each reaction is indicated in Fig. 5. As 
already discussed, the corrosion potential is closely ap- 
proximated by the potential at which ~ = $,,. This cur- 
rent is labeled i~o, in Fig. 5. I t  is quite important to note 
both the similarities and differences between this diagram 
of the electrochemistry of a corroding metal and that com- 
monly used in the earlier literature (23, 24). Since the 
various oxidation reduction reactions occur at a finite rate 
even at the equilibrium potentials, it is apparent that the 
usual simplified polarization diagrams which have a linear 
current ordinate starting at zero are not strictly valid. 
Although the diagram in Fig. 5 is more in accord with 
modern electrochemical principles, its greatest value lies 
in the ease with which it perufits an understanding of the 
shape and nature of experimental polarization curves. An 
expression describing the shape of the experimental ca- 
thodic polarization curve of a corroding electrode may be 

derived in the following manner. The external applied ca- 
thodic current, ~ ,  is equal to the difference between the 
sum of the rates of all the reduction reactions and the sum 
of the rates of all the oxidation reactions. Thus, 

~ = G- + ~m) - G + ~ )  ( X l V )  

Since the local action current during cathodic polarization 
may be defined as 

i~ = ~-. ,-  ~,. (xV)  

~ = ~ - L - i ~  (XVI) 

but 

therefore, 

n = -fl~ log 7 -  (X) 
$o,z 

n - -  -fl~ log G + .[~ + iz~ (XVII) 
"/'0,r 
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Fzo. 6. Relationship between overvoltage and applied 
cathodic current for a corroding electrode system. 
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FIG. 7. Effect of concentration polarization and re- 
sistance polarization on the relationship between over- 
voltage and applied cathodic current for a corroding elec- 
trode system. 
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Since the variations of ~ and i~  with 7 are known [Eq. 
(XI),  (XII) ,  and (XIII)] ,  Eq. (XVIt)  permits a calcula- 
tion of the potential change as a function of applied ca- 
thodic current. A similar equation may be derived for 
anodic polarization and would be of the form: 

7 = --0.160 + fl,, log ~ + i~ + $,, (XVIII)  
io.m 

Fig. 6 shows the expected curve for the overvoltage as 
a function of the applied cathodic current, (~), for the 
system described above. This should be compared with 
Fig. 2 which shows the corresponding cathodic polariza- 
tion curve for a noncorroding electrode with the same 
Tafel constants. Note that  deviation from Tafel behavior 
occurs at  much highec polarizing currents for the corroding 
electrode. True Tafel behavior is not evident until po- 
larizing currents of the order of several times the corrosion 
current are applied. 

I f  concentration polarization and resistance drop effects 
are included in the measurements, Eq. (XVII) becomes 

7 = -fl~ l o g  
io,z 

R T  
+ 2.3 ~F- log 

iz - "ix - iz~ 
~ K ~  

(xix) 

For the same values of iL and K ,  used previously, Fig. 7 
shows the effect of external applied cathodic current, ~,,  
on the measured potential, 7. Fig. 7 contains only a very 
short region which exhibits the Tafel slope, ~ , .  This is, 
of course, due to the choice of numbers used in this exam- 
ple. An increase in the corrosion current or in K ,  and a 
decrease in iz would completely eliminate any observable 
Tafel behavior. I t  is worth emphasizing here again tha t  
with a curve such as Fig. 7 a variety of straight line sec- 
tions may be drawn with breaks placed at  convenient 
positions. Obviously, such a treatment would be quite in- 
correct and contrary to the electrode kinetics described. 

LINEAR VS. TAFEL POLARIZATION BEHAVIOR 

In addition to the problem of polarization breaks, the 
question arises continually as to whether polarization 
should be a linear or logarithmic function of applied cur- 
rent. For example, Straumanis, Shih, and SchIeehten (25, 
26) have found Tafel behavior for H overvoltage on Ti in 
HC1, HBr, and H~SO~, but  report a linear dependence of 
overvoltage on applied current in HF.  In  addition, these 
authors show that  the linear relation is maintained if the 
Ti dissolves, while the Tafel relation holds if the Ti ceases 
to dissolve because of fluoride additions. That  these re- 
sults are in accord with the electrode kinetics described 
above is illustrated here. 

A Noncorroding Electrode 

Butler and Armstrong (27) have shown that  the over- 
voltage of a reversible electrode is a linear function of ap~ 
plied current for values of overvoltage only slightly re- 
moved from the reversible potential. Proof of this can be 
found in the following derivation. Rearrangement of Eqs. 

~. Ot ' ~  d)~ \ B z . 

i I t 

o\ 
~.o~o~- o~ 
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FI~. 8. Linear relationship between overvoltage and 
applied current for a single electrode system at over- 
voltage values only slightly removed from the reversible 
potential. 

(IV) and (V) and substitution of these into Eq. (VI) yields 

g~ = i o , . [ 1 0 - ~ / e =  - 1 0  +~ /~ . ]  ( X X )  

For small values of 7//3~ where 10 - ' / ~  may be approxi- 
mated by 1 - 7/B~ (2.3) and 10 +~/~~ may  be approxi- 
mated by 1 + 7//3~ (2.3), Eq. (XX) reduces to 

~ = - (2) (2.3) (io,~)7/fl, and (XXI) 

- i o , . ( 2 )  (2 .3 )  (XXII)  

Thus, measurements of overvoltage close to the reversible 
potential will yield results in accord with Eq. (XXII) .  
For  the system Z + + e ~ Z where B~ = 0.100 and io.~ = d.) 
1.0 ~a (Fig. 1), Eq. (XXII)  indicates that  d-~,--, 7+0 = 

-0.0217 v/#a.  Fig. 8 is a plot of 7 as a function of 7~ 
calculated from Eq. (VII) for small values of 7. Note tha t  
the linear relation predicted by Eq. (XXII)  applies for ~ 
values up to about 20 my. 

Corroding Electrode 

The same analysis may be applied to a corroding elec- 
trode where the corrosion potential is determined by the 
intersection of two logarithmic polarization curves. The 
corrosion current in this ease is analogous to the exchange 
current of a noncorroding electrode. 
Thus 8 

~ = - 2 . 3 i  . . . .  e (~%.+---R~)and (XXIII )  

de ) /3, t3m 
,+0 = - (2.3) (ir (/~, + fl~) (XXIV) 

For the mixed electrode system described earlier and illus- 
trated in Fig. 5, 

d_e~ = -0.0040 v/t~a 
az~/ e~O 

Fig. 9 is a plot of e as a hmction of ~ calculated from Eq. 
(XVII) for small values of e. Here again a linear relation 
between electrode potential and applied current is found. 
I t  is important  to note that  the linear behavior extends to 

s e is the difference between the polarized potential and 
the corrosion potential. 
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FIG. 9. Linear relationship between potential and ap- 
plied current at potentials only slightly removed from the 
corrosion potential. ~ is the difference between the po- 
larized potential and the corrosion potential. 

applied current values higher than the corrosion current. 
As stated previously, Tafel behavior would not be indi- 
cated until applied current values approximately ten 
times i . . . .  are reached. 

In  the data reported by Straumanis (25, 26) for the 
linear dependence of H overvoltage on applied current for 
Ti in HF,  the region where Tafel behavior would be ex- 
pected to appear had not been reached experimentally be- 
cause of the high corrosion current under the conditions 
of test. For example, the corrosion rate of Ti in 1N H F  
has been reported as equivalent to 85 ma/cm 2 (28), while 
the overvoltage measurements were not carried farther 
than 50 ma/cm 2. 

Eq. (XXIV) is valuable from both a theoretical and an 
experimental point of view, since it relates the corrosion 
rate and the Tafcl slopes to polarization measurements 
close to thc corrosion potential. Thus, low current po- 
larization measurements combined with corrosion rate 
data permit a calculation of one of the Tafel slopes if the 
other is known. This is of great value when concentration 
polarization or I R  drop effects interfere with measure- 
ments a t  the higher currents. In  addition, measurements 
are made close to the corrosion potential, thus eliminating 
any surface changes which may result from high current 
polarization. 

i~-.DDITIONAL CAUSES FOR TAFEL DEVIATION 

The Tafel constants for Fig. 5 have been picked con- 
veniently to yield a single Tafel relation at  the currents 
illustrated in Fig. 6. Inspection of Fig. 5, however, reveals 
that  ~,~ Lecomes significant in respect to $~ at  very high 
current values. In  this current region, the Tafel slope of 
Fig. 6 will gradually change from ~ to f ~ .  When ~ >> $~, 
a new Tafel slope exists with a value of fl~. A pl0t of the 
overvoltage curve for this situation is presented in Fig. 10. 
Obviously, a different choice o f / ~ ,  fl,~, i . . . .  and i .... could 
create this shift in Tafel slope at  lower currents and smaller 
values of overvoltage. I t  is important  to note that  the 
change in slope takes place gradually and results in a curve 
which is only "Tafel-like" in nature over a considerable 
range of current. I t  would be a simple matter,  although 
incorrect, to draw several Tafel lines through this curve. 
Thus, it  is evident that  real Tafel behavior will not be ob- 
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FIG. 10 

served in a potential range where two or more reduction 
reactions occur at  similar rates. 

A further extension of the concepts presented here shows 
that  an improvement in the efficiency of reducing M + at  
any given potential may be achieved by increasing flz, 
decreasing /~,~, increasing i . . . .  decreasing i . . . .  or by 
reducing the difference between the reversible potentials 
of the two oxidation reduction systems. Thus, the analysis 
presented here is important  in the study of metal plating 
efficiency as well as corrosion phenomena. 

DISCUSSION 

The picture of a mixed electrode presented above could 
be made more extensive by including even a third oxida- 
tion reduction system2 I t  is doubtful whether a detailed 
discussion of such a system would be of benefit a t  the 
present, but  it  will be included in a future publication. 
I t  is worth noting in passing, however, that  the polariza- 
tion curves would be even more complex than those dis- 
cussed here. 

This analysis has illustrated several important  concepts 
which arc worth listing for emphasis. 

1. The representation of a corroding metal by polariza- 
tion diagrams should be extended to include the reverse 
reactions of the various oxidation reduction systems which 
are operative. 

2. Deviations from Tafel behavior may be caused by 
local action currents, concentration polarization, and I R  
drop effects, and by a change in the predominant electrode 
reaction. 

3. An experimental polarization curve may show a linear 
dependence of potential on applied current for small 
amounts of polarization. 

4. An equation has been derived which relates the slope 
of the linear region of a polarization measurement to the 
corrosion rate and the Tafel slopes. This equation will 
prove valuable when interfering reactions prevcnt the de- 
termination of the Tafel constants at  higher currents. 

5. The shape of an experimental electrochemical po- 
larization curve, either cathodic or anodic, can be analyzed 

9 An example of this would be Fe corroding in acid with 
a depolarizer such as oxygen or ferric ion. 
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if sufficient da ta  are obtained to permit  an  accurate de- 
scription of the curve. Placing s t raight  lines through four 
or five experimental  points is hazardous, while the indis- 
criminate introduct ion of "breaks"  is contrary to modern  
electrochemical concepts. Sufficient information concern- 
ing the system should be available to est imate whether  
concentrat ion polarization or resistance drop effects have  
been included in the measurements.  

Al though this analysis contains only calculated polar- 
ization curves, a subsequent discussion will i l lustrate how 
experimental  measurements  comply with the electrode 
kinetics described. 

The  picture of a corroding metal  presented here is con- 
sistent with the concept or theory of mixed potentials 
originally t reated by Wagner  and Traud  (29) and subse- 
quent ly  discussed by Petrocelli  (30). The  concept of dis- 
crete anodie and cathodic areas in electrochemical corro- 
sion may  be considered a special case of this theory. 

Manuscript  received Feb. 24, 1956. 
Any discussion of this paper will appear in a Discussion 

Section to be published in the December 1957 JOURNAL. 

LIST  OF SYMBOLS USED 

~ = Cathodic or reduction current of Z oxidation 
reduction system. 

~,~ = Cathodic or reduction current of M oxidation 
reduction system. 

~ = Anodic or oxidation current of Z oxidation 
reduction system. 

~,,~ = Anodic or oxidation current of M oxidation 
reduction system. 

io.~ = The exchange current of the Z reaction. This 
is equal to the oxidation or reduction cur- 
rent at equil ibrium 

io.m = The exchange current of the M reaction. This 
is equal to the oxidation or reduction cur- 
rent at equil ibrium 

d n  
~ = The Tafel  slope or ~ for the Z oxidation 

reduction system. 
dn 

t~,~ = The Tafel slope or d ~ o g i  for the M oxidation 

reduction system. 
~ = The external applied cathodic current.  
~ = The external applied anodic current.  
n = Overvoltage or difference in potential  between 

a polarized electrode and an electrode at 
equilibrium for the same reaction. 

~/ . . . .  = Concentrat ion overvoltage.  
~ s  = Resistance overvottage. 
iL = Limit ing diffusion current.  
i~  = Local action current.  
Qo~ = Corrosion current or the local action current  

at the corrosion potential .  

K,  = Resistance factor for calculating the IR drop 
included in polarization measurements.  
This factor includes the solution conduc- 
t iv i ty  and the system geometry. 

= The difference between the potential  polarized 
by applied current and the corrosion poten- 
tial.  

d ~ )  = The slope of the overvoltage vs. current curve 
k 

for 

small overvoltage values. 

= The slope of the ~ vs. current curve for small 
d~ ~-~o 

vahles of e. 

R E F E R E N C E S  

1. K. H. LOGAN, Corrosion, 10, 206 (1954). 
2. W. J. SCttWERDTFEGER AND 0 .  N. McDoRMAN, This 

Journal, 99, 407 (1952). 
3. P. A. JOHNSON AND A. L. BABB, Ind. Eng. Chem., 46, 

518 (1954). 
4. J.  M. PEARSON, Trans. Electrochem. Soc., 81,483 (1942). 
5. R. PARSONS, J. Chim. Phys., 49, C 82 (1952). 
6. J. O'M. BOCKRIS AND B. E. CONWAY, Trans. Faraday 

Soc., 48, 724 (1952). 
7. J.  O'M. BocKRIS AND E. C. POTTER, This Journal, 99, 

169 (1952). 
8. J .  O'M. Boc~ms,  "Modern Aspects of Electrochemis- 

t r y , "  Academic Press Inc., New York (1954). 
9. K. J. VETTER, Z. Elektrochem., 50, 435 (1955). 

10. C. W. TOBIAS, M. EISENBERG, AND C. R.  WILXE, This 
Journal, 99, 395C (1952). 

11. C. R. WlLKE, M. EISENBERG, AND C. W. TOBIAS, ibid., 
100, 513 (1953). 

12. J.  V. PETROCELLI, ibid., 98, 187 (1951). 
13. M. STERN, ibid., 102, 609, 663 (1955). 
14. M. STERN, ibid., 102, 356 (1955). 
15. C. V. KING, ibid., 102, 193 (1955). 
16. S. SCHULDIN~R, ibid., 101, 426 (1954). 
17. J.  P. HOARE AND S. SCHULDINER, ibid., 109., 485 (1955). 
18. F. P. BOWDEN, Trans. Faraday Soc., 24, 473 (1928). 
19. F. P. BOWDEN, Proc. Roy. Soc., 126A, 107 (1930). 
20. S. BARNARTT, This Journal, 99, 549 (1952). 
21. J.  N. AGAR AND F. P. BOWDEN, Proc. Roy. Soc., 169A, 

206 (1938). 
22. J.  ELZE AND H. FISHER, This Journal, 99, 259 (1952) 
23. U. R. EVANS, "Metall ic  Corrosion, Passivi ty,  and 

Protec t ion ,"  p. 350, Longmans Green and Co., New 
York (1948). 

24. H. H. UnLIG, ed., "Corrosion Handbook,"  p. 436, J.  
Wiley & Sons, Inc., New York (1948). 

25. M. E. STRAUMANIS, S. T. SHIH, AND A. W. SCHLECH- 
TEN, J. Phys. Chem., 59, 317 (1955). 

26. M. E. STBAUMANIS, S. T. SHIH, AND A. W. SCHLECH- 
TEN, This Journal, 102, 573 (1955). 

27. ft. A. V. BUTLER AND G. ARMSTRONG, J. Chem. Soc., 
1934, 743. 

28. M. E. STRAUMANIS AND P. C. CHEN, This Journal, 98, 
234 (1951). 

29. C. WAGNER AND W. TRAUD, Z. Elektrochem., 44, 391 
(1938). 

30. J.  V. PETROCELLI, This Journal, 97, 10 (1950). 



Technica]l Feature @ 
High-Temperature Material Requirements of the 

Air Force 

R. A. JONES 

Materials Branch, Equipment Division, Headquarters, Air Research and Development Command, Baltimore, Maryland 

"Aircraft designers are always on the lookout for any 
improvement in the heat resistance of materials. They will 
utilize any such improvement providing availability and 
production requirements can be met and providing un- 
acceptable compromises in strength/weight properties, 
fatigue resistance and reliability are not involved." This 
statement summarizes Air Force requirements for heat- 
resistant materials, but the subject of high temperatures 
is too important to be dismissed with such a statement. 
More detailed discussion is necessary to obtain a clearer 
understanding of the problem facing the aircraft industry 
and the Air Force materials suppliers and scientists. As 
background information, high temperatures have con- 
sistently worried engine designers. In  fact, much of the 
high-temperature metallurgical research and development, 
which later made the turbojet engine possible, resulted 
from requirements of the turbo-supercharger. This re- 
ciprocating engine booster harnessed surplus energy in the 
hot exhaust gases and permitted the high level flight opera- 
tions in which the U. S. excelled during World War II.  
Its success was directly dependent on materials which could 
stand high stresses while at temperatures of 1200~176 

Even though high temperatures do not pose an entirely 
new set of problems to the aeronautical engineer, two facts 
which have become increasingly apparent over the past 
few years focus increased attention on the subject. The 
first is the advent of aerodynamic heating as a major design 
and operational factor for both piloted and pilotless air- 
craft. The second is the realization that many of the easy- 
to-use materials, especially metal alloys, have been quite 
fully exploited and further progress toward greater heat 
resistance has approached a condition of diminishing re- 
turns. These factors will be discussed briefly from the 
standpoint of their impact on materials research, develop- 
ment, and engineering. 

Fig. 1 indicates the nature of the "thermal thicket" 
posed by aerodynamic heating. Temperatures are calcu- 
lated maximum values based on standard atmospheric con- 
ditions. An aircraft operating under conditions of aero- 
dynamic heating may be considered to be immersed in 
a hot gas stream but free to radiate into outer space. Actual 
temperatures will be somewhat lower than these theoretical 
values and may vary appreciably over the surface due to 
variations in airflow and boundary layer conditions. 
Furthermore, as the vehicle penetrates or emerges from the 
"thermal thicket," there will be a certain time lag in the 
heating or cooling of the structure (Fig. 2). 

As mentioned previously, high temperatures are nothing 
new to aeronautical designers and reasonably good success 
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has been attained in coping with temperatures using 
present materials. Why then does this aerodynamic heat- 
ing, even to the low value of 300~176 associated with 
extended Mach 2.5 flight, cause so much concern? Some 
of the reasons follow: 

1. In  the case of power plants and other heat-generating 
components, the excessively hot areas can be cooled, in- 
sulated, and even replaced after having received a limiting 
amount of stress and heat. Aerodynamic heating, however, 
has a more general effect since it subjects to heat those 
structural components customarily designed to operate at 
or near normal atmospheric temperatures. I t  also limits 
or eliminates the atmosphere as a low-temperature heat 
sink; thus, cooling becomes difficult and expensive and 
more heat resistance is desired from all materials. "Heat  
resistance" and "high temperatures" are relative terms 
and the problem of increasing heat toleration of rubber 
tires from 250 ~ to 350~ may be as perplexing as that  of 
developing a.2500~ turbine bucket material. 

2. Since the days of wood and fabric airplanes, aluminum 
alloys, and to a lesser extent magnesium, have served as 
the primary aircraft structural materials. As shown in 
Fig. 3, the strength of these materials decreases so rapidly 
above 300~176 that they become of limited use for 
Mach 2 plus aircraft. These materials will, undoubtedly, be 
improved further, but a change over to more heat-resistant 
materials appears necessary to optimize future high per- 
formance designs. The change over will make obsolete most 
of the design data, know-how, and manufacturing ex- 
perience which has been accumulated over the past 30 
years. 

3. The duration of operation under severe aerodynamic 
heating is comparatively short in many cases. Structural 
stresses must, however, be high under the conditions which 
produce this heating in order to avoid prohibitive over- 
design for the less severe conditions which occur during 
most of the life of the vehicle. Material properties which 
control designing for these conditions are short time, high- 
temperature strength, and creep. Such design data are not 
adequately available even for existing materials, and, in 
many cases, the test equipment and techniques for obtain- 
ing such data are not available. 

4. Aerodynamic heating often occurs under transient 
conditions with intense temperature gradients being es- 
tablished in the missile or aircraft structure. This may 
result in a buildup of thermal stresses which can equal or 
exceed aerodynamic loads. New design concepts consider- 
ing thermal expansion and conductivity properties of 
materials and structures will be needed to cope with these 
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conditions. Insulation and cooling, in addition to a general 
increase in the heat  toleration of materials and components, 
may be necessary to handle some of the more severe condi- 
tions. 

Having recognized the fact that  future aircraft and 
missiles will be exposed to a temperature enviromnent 
which may exceed the melting point of any material, what 
can the designer and materials engineer do to insure suc- 
cessful operation? Obviously, one should not expect the 
problem to be completely solved by either approach. 
Adroit designing can and will surmount many of the diffi- 
culties but, as in the past, optimum designs result from 
a coordinated effort by both designers and materials engi- 
neers. I t  may very well be that  the necessary margin of 
superiority of future weapon systems will stem directly 
from the materials engineer's abihty to provide more heat- 
resistant materials which will simplify the design problem. 
I:[ the past, aeronautical designers were faced with ma- 
terials problems, but  these were dwarfed by the stability, 
control, engine and propeller design problems. Further-  
more, suitable materials have either been available or have 
been developed without undue delay. Today the situation 
is reversed and more and more often the statement is 
heard that  " the limiting factor is suitable heat-resistant 
materials." 
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Fro. 1. Nature of "thermal thicket" posed by aero- 
dynamic heating. 
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FIG. 4. Manner and limits of progress for common aero- 
nautical materials. 

Just  what is the "suitable heat-resistant material?" 
Generally speaking, from a design and production stand- 
point, it  is a "souped up" or improved version of some 
well-known, currently used material. Such a material is 
applicable to current design concepts and is amenable to 
production by existing techniques and equipment. There 
is, however, a limit to the progress and improvements 
which can be made in this direction. All materials have 
a structural use ceiling or plateau established by melting 
point, thermal decomposition or some other temperature- 
affected characteristic. Fig. 4 indicates the usual nature 
of progress toward  this use ceiling. Unfortunately, the 
"easy" steps of progress have already been made for many 
conventiona,1 type of materials and further steps upward 
will become increasingly costly and difficult. The real 
promise for breaking this "diminishing returns" situation 
lies with the refractory but  difficult to use matcrials which 
have not yet  been fully exploited. In  the upper temperature 
bracket,  they include such materials as molybdenum and 
various ceramic and cermet compositions. 

Development of the refractory metals, ceramics, and 
cermets to a point suitable for aircraft and missile uses 
poses a challenge to both the aeronautical and materials 
engineer. The materials man is not quite sure what is 
wanted and the specific requirements he receives are too 
often derived from design concepts based on materials 
currently used. The "promising" new material is then 
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evaluated and employed under adverse or less than ideal 
conditions, with unsatisfactory results familiar to all. I t  
would be fine if the Air Force and aeronautical designers 
could present requirements for heat-resistant materials on 
which to base future designs. This is possible only on a 
generalized basis since engineering designs in actuality 
are based on the materials of construction. Until new ma- 
terials are developed, evaluated, and design data de- 
termined, the designer must rely on the "old" materials and 
use design ingenuity to surmount their limitations. This 
manner of making progress, with gradual introduction of 
new materials, is satisfactory and even essential in in- 
dustrial competition where amortization of equipment and 
facilities is of controlling importance. 

If  the Air Force is to achieve the "breakthroughs" and 
major spurts in progress, which are essential to retaining 
technical superiority, then the materials research and de- 
velopment people must take a leading--not a supporting-- 
role. They cannot wait for someone to tell them exactly 
what is needed, but must assume a share of the responsi- 
bility for suggesting applications and carrying develop- 
ments of new materials through prototype application 
and production without the usual long incubation period. 

They must work shoulder to shoulder with experimental 
designers in order to insure the optimum design-material 
combination for breaking through the thermal thicket. 
Since, as J. B. Macauley, Deputy Assistant Secretary of 
Defense for R & D, recently wrote, " . . .  materials are 
in so many instances the limiting factors in progress on 
development of weapons," then weapon designs should be 
adapted to materials rather than the reverse procedure 
which is now too often the hardware development philoso- 
phy. This will require teamwork of the type which charac- 
terized the successful development of ceramic nozzles 
and combustion chamber liners for rocket thrust cylinders. 
The history and status of that  program are well known 
and, according to the program, more will be heard on that  
subject later. Such teamwork, in which materials scien- 
tists and engineers play a leading role, will be absolutely 
essential if the U.S. Air Force is to maintain its position 
of technical superiority. 

Manuscript received May 2, 1956. This paper was pre- 
pared for delivery before the San Francisco Meeting, 
April 29 to May 3, 1956. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JOVRNAL. 

MANUSCRIPTS A N D  A B S T R A C T S  
FOR FALL MEETING 

Papers are now being solicited for the Fall Meeting of the Society, to be held at the Statler Hotel in Buffalo, N. Y., 
October 6, 7, 8, 9, and 10, 1957. Technical Sessions will be scheduled on Batteries, Corrosion, Electrodeposition (symposium 
on "Metal Powders"), Electrodeposition--Corrosion (Joint Symposium on "Corrosion of Electrodepo~ited Metals"), 
Electro-Organics, and Electrothermics and Metallurgy. 

To be considered for this meeting, triplicate copies of abstracts (not to exceed 75 words in length) must be received at 
Society Headquarters, 216 West 102nd St., New York 25, N. Y., not later than June 1, 1957. Please indicate on abstract for 
which Division's symposium the paper is to be scheduled. Complete manuscripts should be sent in triplicate to the Managing 
Editor of the JOVRN•L at the same address. 

The Spring 1958 Meeting will be held in New York City, April 27, 28, 29, 30, and May 1, 1958, at the Statler Hotel. 
Sessions will be announced in a later issue. 



Instrumentation for Use in Storage Battery Studies 

G, W. WORK AND C. P. WALES 

Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Instrumentation for use in a wide range of storage battery studies has been evolved. 
This storage battery analyzer features simplicity and accuracy of control, a wide scope 
of variables measured, and a complete, continuous record. 

A null-balance servo system controls the output of the rectified d-c power supply at 
any desired current or voltage by continuously regulating the a-c input. Individual 
plate potentials, temperature, gas concentrations, and gas volumes are continuously 
measured and recorded. Optional equipment permits additional types of automatic 
cycling or other use in varied applications. The possibilities of the use of such meth- 
ods are briefly illustrated and discussed from data on some Ni-Cd cells. 

While many storage battery studies have been made in 
the past, much of the information has been difficult to 
interpret, at least partly because of the limited scope or 
type of measurements. The cell characteristics usually 
measured are voltage, current, and temperature, plus 
scattered observations of gas evolution, and, in the case 
of the Pb-acid battery, specific gravity of the electrolyte. 
Since each of these measured functions often includes 
several variables, the data may fail to indicate clearly 
where changes are taking place. The cell voltage, for ex- 
ample, is made up of the potential of both the positive 
plate and the negative plate. Since many factors affect 
each of these individually, cell voltage does not neces- 
sarily reflect the true picture. Individual plate potential 
measurements have often been made but seldom on a 
continuous basis. If the individual plate potentials are 
correlated with the gas evolution from that plate, the 
data become much more useful. In  addition, data taken 
on a 24 hr /day basis, with such variables as current and 
temperature accurately controlled, would not only save 
time .but might turn up unexpected yet important features. 

In  an attempt to obtain a more complete picture of an 
operating battery, a number of methods have been de- 
veloped over the course of several years at this laboratory. 
More recently these methods have been incorporated into 
a single system which can be put into use and operated 
like any other laboratory instrument. This storage battery 
analyzer is simple to understand and use, and can, for the 
most part, be built from commercially available parts at a 
reasonable cost. Although the principles involved are not 
necessarily new, this analyzer's uniqueness lies chiefly in 
the combination of simplicity and accuracy of control, the 
scope of the variables measured, and the complete and 
continuous record obtained. While the equipment de- 
scribed is an outgrowth of work on alkaline storage bat- 
teries, it was so designed that it may be used with any 
other type of battery or with related problems. 

BASIC UNITS 

The instrumentation consists of three general groups of 
components: (a) the power supply, (b) the analyzer, and 
(e) the recorder. All components are mounted on a stand- 
ard 19-in. relay rack in a single cabinet except for the 
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large wet test meters and power units rated at 30 amp 
or more. 

Power supply group.--The power supply group includes 
the main power unit, a controller unit, and a battery for 
a low-voltage d-e source. 

The main power units are built in several sizes in the 
interest of efficiency. Beginning with a 60-cycle a-c supply 
in each case, a full-wave rectified DC with maximum 
ripple of 1% is obtained by means of a variable trans- 
former, a copper oxide type of rectifier, and a filter circuit. 
The small to medium size units operate from a l15-v 
single-phase line as a matter of convenience. Three-phase 
AC would be preferred, if available, since it gives a better 
current characteristic with less filtering and has been used 
with all large power units. The unit  also houses the ap- 
propriately sized charge-discharge current relays, shunts, 
current and voltage indicating meters, and terminals. The 
recorder shunt value is chosen so as to give an indication 
well up on the recorder scale and so that the recorder 
reading will be a simple multiple of the actual current. 
Control shunt sizes are chosen so that the 10-turn variable 
resistors are not operated at their extreme ends and may 
usually be selected for easy reading from the dial for pre- 
setting both charge and discharge values. Regardless of 
the size or rating, all power units have uniform plug-in 
connections to the recorder and the controller, and thus 
may be used interchangeably to meet the specific power 
need. Terminals are also provided for attaching an ap- 
propriately sized discharge resistor. This resistor is 
selected to give the discharge circuit a potential drop 
somewhat greater than the cell potential so that the power 
unit  must add a little to drive the discharge at the desired 
rate. These discharge resistors range from small radio 
types to large water-cooled units. An unusual type in this 
latter group is a motor-driven variable resistor consisting 
of a pair of spirally wound brass tubes with graduated 
wall thickness. This construction gives the effect of a 
tapered rheostat with a resistance range which permits a 
2 v battery to be discharged at rates between 50 and 
1000 amp. 

The heart of the controller unit  is a servo-amplifier 
system operating on the null balance principle. From the 
wiring diagram, Fig. 1, it may be seen that the input sig- 
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nal to the servo, taken from the control shunt (if current 
is to be controlled) or from a voltage divider (if voltage 
is to be controlled), is continuously compared with a 
standard millivoltage set by means of the 10-turn poten- 
tiometers, and powered by the 2 v Pb-acid cell. Any un- 
balance is converted to AC, amplified, and used to drive 
a two-phase induction motor geared to the variable trans- 
former in the main power unit. Thus, the d-c output  is 
continuously regulated by changing the a-c input to the 
rectifier. The controller unit also includes the necessary 
control switches, indicating lights, control knobs for 
setting the current or potential values for both charge and 
discharge, and a meter to indicate the position of the 
variable transformer. In  addition there is space on the 
panel for insertion of a voltage cutoff unit. Although this 
controller has not been used for that  purpose, there ap- 
pears to be no reason why it could not regulate the output 
of a d-c generator, the servo motor being geared to the 
field rheostat. 

The third part  of the power supply group is a constant 
low-voltage d-c source, which is required to supply the 
bucking potential for the controller, power for the I-I 
analyzers, and, in some cases, power to the solenoid- 
operated gas volume marking pens. Suitable regulated 
electronic d-c sources are available but  are expensive. A 
2-v, 200-amp hr, low-discharge type of Pb-acid cell has 
been found quite satisfactory for the first two needs, and 
a small transformer-rectifier mounted on the recorder 
case is adequate for the recorder pens. Ideally, the I t  
analyzers should have a constant current source, but, 
since the current can be recorded continuously for refer- 
ence, this type of bat tery is adequate. 

Analyzer group.--The reference-electrode unit  plus an 
auxiliary electrode make possible continuous individual 
plate potential measurements. A Hg, HgO/OI-I- half cell 
with its tip in the electrolyte just above the tops of the 
plates has been found quite satisfactory as a third electrode 
with alkaline batteries. The indication is somewhat af- 
fected by the position of the electrode tip in the lines of 
force about the tops of the plates during current flow 
through the cell being measured. If the t ip is kept  in the 
same position, however, reproducible measurements of 
magnitude and direction of potential change can be 
made .  
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FIG. 2. Reference electrode unit 

The electronic part  of the reference-electrode unit con- 
verts the potential  between the half-cell and one bat tery 
terminal to a continuously recordable signal without 
polarizing the half-cell. This unit serves as many as three 
reference electrodes and is basically the pertinent parts of 
three high-resistance electronic voltmeters modified and 
mounted on a single chassis. A voltmeter is modified by 
simply replacing a resistor ahead of the indicating meter 
with a voltage divider of the same total  resistance and 
taking the output to the recorder from part  of this new 
voltage divider. Fig. 2 is a circuit diagram of one such 
modified voltmeter. Provision is also made for periodic 
setting or checking of the calibration by plugging a port- 
able potentiometer into the jacks on the front panel. 

The H analyzer determines the concentration of I t  in 
the gas evolved from one to three cells at  a time by means 
of commercially available, thermal-conductivity-type 
measuring cells. The degree of bridge unbalance and the 
current passing through the cells are both recorded. The 
analyzer is calibrated at  three current values with several 
concentrations so that  if the current varies, the gas con- 
centration can still be determined from the recorded cell 
current. Any spray is removed, and the gas is dried by 
passing it over solid K 0 H  before it reaches the analyzing 
cells. With  the water vapor thus removed, oxygen may be 
calculated readily from the I t  record. 

Gas volumes are measured by  the use of the proper size 
of wet test meter. Commercial wet test meters are avail- 
able in volumes of one liter or more and need no alteration 
other than the addition of an electrical contact to facilitate 
recording the revolutions on a time recorder. In  this case, 
the revolutions may be recorded by pens, mounted on the 
side of the main recorder, which mark on the edge of the 
chart in line with the recorder printing. A 20-ml wet test 
meter for use with small cells or low gas flows has been 
designed and built  along the same general principles as the 
larger types. Fig. 3 shows an exploded view of the plastic 
rotor which is the basic measuring element in this meter. 
The revolutions of the rotor are counted by an optical 
photocell system triggered by a small mirror on the rim 
of the rotor. Thus, knowing the volumes of gas recorded 



Vol. 10~, No. 2 I N S T R U M E N T A T I O N  I N  B A T T E R Y  S T U D I E S  69 

.FIG. 3. Midget wet test meter rotor 

against t ime and the gas concentration, H and oxygen 
gassing rates may be calculated. 

Voltage dividers made from precision resistors are used 
to get recordable, cell and/or  bat tery voltages. Current 
values are obtained from appropriately sized shunts. 
Temperature measurements utilize the usual thermo- 
couples. Using the measuring instruments in a tempera- 
ture-controlled room simplifies gassing calculations, and 
another variable may be eliminated if the batteries being 
studied are in a temperature-controlled box. 

Recorder.--Any standard, multipoint, strip chart, 
electronic, millivolt potentiometer which records con- 
tinuously may be used to indicate and record data  pro- 
vided its selector switch is fully nonshorting between ad- 
jacent points. Staggering the points on the switch not 
only makes chart reading easier but  also helps prevent 
trouble from high voltages between leads from opposite 
ends of a battery.  The instrument most commonly used 
at  this laboratory is a 16-point, 0-20 my, self-balancing 
recorder with a choice of several chart speeds. I t  prints 
the sequence of points in about 2�89 rain, although this may 
be speeded up when desired. The three-pen, gas-volume 
marking equipment often used at  the right side of the 
recorder paper was designed and built at  this laboratory, 
but  one or two pen units are available as par t  of the 
recorder from some manufacturers. 

OPTIONAL EQUIPMENT 

Voltage cutoff.--Control points are available for installa- 
tion on some recorders. When so equipped, the recorder 
checks certain points each time they are measured, and 
if the value has reached an adjustable, pre-set upper or 
lower limit, a switch is operated automatically to open or 
close a circuit. If  the cell voltage, for example, is connected 
to one of these control points, it  may be used as an auto- 
matic voltage cutoff to end a charge or discharge. 

For  recorders not equipped with control points, a volt- 
age cutoff unit may be added to the basic controller unit. 
This cutoff unit consists of a voltage-sensitive relay with 
built-in solenoid reset, an adjustable series resistor, and a 
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.FIG. 4. Battery characteristics, Ni-Cd battery, charge 
and discharge following a long stand. 

small relay wired into the basic controller a t  the point 
indicated in Fig. 1. 

Cycler.--The basic controller has provision for starting, 
stopping, or delaying an operation by means of an ex- 
ternal timer. Where automatic cycling is desired, the 
functions of the CHG-OFF-DIS switch are transferred to 
a pair of interlocking relays. The original C H G - 0 F F - D I S  
switch or a single-pole, double-throw, three-position switch 
then operates the relays during manual operation and a 
single-pole, double-throw timer operates them during 
cycling. 

Another type of cycle to which the controller may be 
adapted is a cycle lasting a definite length of time but  
with both charge and discharge cutoff on voltage. Some 
AgO-Zn cells, for example, discharged at  10 amp to 1 v, 
immediately recharged at  4 amp to 2.1 v, and stood the 
remainder of 48 hr before automatically repeating the 
cycle. 

A somewhat more common cycle is one where the 
charge is against time and the discharge is to a voltage. 
This is readily accomplished with the controller to which 
a voltage cutoff has been added with a minor wiring change 
to include a time-delay relay. This lat ter  relay resets the 
voltage cutoff at the start  of the charges. 

APPLICATIONS 

Data  from a Ni-Cd battery" cycle may be used to il- 
lustrate one type of s tudy made possible by the instru- 
mentation and techniques described. In  this cycle, cell 
voltage was measured on all four cells of the bat tery and, 
in addition, individual plate potential and gas evolution 
measurements were made on two of the cells. 

In  Fig. 4, data from one cell in each pair have been re- 
plotted from the recorder chart for easier reading. The 
voltage rise on cell 3 during the charge was slower than 
would be anticipated, but  i t  appeared to be otherwise 
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normal until it  began to fluctuate at  @. Although this 
fluctuation was found on two of the four cells in this 
cycle, it  is not characteristic of a normal charge. Lacking 
any other information, this erratic behavior might be 
confused with a bad electrical connection or breakdown of 

measuring component. A similar fluctuation ~ppears at  
Q on cell 2, but, from the additional data taken, it  is 
obvious that  the fluctuations in the cell voltage are due 
to fluctuations in the negative plate potential @, and are 
also reflected in the H concentration at  Q. The volmne 
of the gas meter per revolution was large enough to ob- 
scure a similar fluctuation appearing in the gassing rate 
a t  @, but  it  was undoubtedly there. 

Gas measurements @ also indicate that  gas evolution 
began early in the charge for cell 2. This suggests that  the 
cell was either not deeply discharged or that  it  was not 
taking a charge. Calculations from the gas record @ indi- 
cate that  the net charge put  into the positive plate of 
cell 2 was, however, about equal to the rated capacity of 
the cell. This would be the maximum, since positive plate 
capacity normally limits the cell capacity. In  sharp con- 
trast, the negative plate appears to have charged quite 
efficiently with only a limited amount of H having been 
evolved during the charge | When the charge was 
stopped, over twice the rated capacity of the cell appears 
to have been put  into the negative plate; yet the lack of 

H evolution showed it was far from being fully charged. 
Furthermore, the negative plate potential began to drop 
near the end of the following discharge @ in spite of the 
long charge. All this suggests that  the self-discharge rate 
of the Cd plate was high under these conditions of stand 
and that  there was a high ratio of negative plate to positive 
plate capacity in this battery.  

More recent work on similar cells indicates tha t  the ap- 
parent amount of charge taken by the Cd plate was not 
necessarily related to the true capacity. Gas measurements 
during stand show that  the gassieg rate of the Ni-Cd 
bat tery dropped off rapidly during the first few hours of 
stand. This lack of gas evolution does not  mean that  self- 
discharge had stopped, however, for residual discharges 
following stands indicate appreciably more capacity loss 
than could be accounted for by the evolved gas. While 
the cell characteristics were being observed on a 24 h r /day  
basis, the cell actually began to absorb oxygen from the 
atmosphere; this oxygen in turn oxidized the Cd plate. 

Thus, it  is sometimes possible to pick up and interpret 
unexpected characteristics from the detailed measurements 
on a 24 h r /day  basis. A permanent record is also available 
for future evaluation in the light of later developments. 

Manuscript received March 22, 1956. 
Any discussion of this paper will appear in a Discussion 

Section to be published in the December 1957 JOURNAL. 

Thermogalvanic Potentials and Currents at Aluminum 
Surfaces in Industrial Water 

EDGAR C. PITZER 1 

Hanford Atomic Products Operation, General Electric Co., Richland, Washington 

ABSTRACT 

Potentials and galvanic currents at 2S A1 surfaces in Columbia River water were 
studied between room temperature and 100~ The A1 potential changed by approxi- 
mately 0.6 v over this interval, becoming more anodic with increase in temperature. 
Similar but  somewhat smaller changes in potential were noted in buffer solutions. 

]~y coupling identical A1 samples, one at 100 ~ and the other at room temperature, a 
maximum current density of 40 t~amp/cm 2 was maintained. 

During a study of the corrosion of A1 in Columbia 
River water, an appraisal of possible thermogalvanic po- 
tentials and currents was undertaken. 

In  certain other systems, thermogalvanie effects of an 
�9 ~ppreciable order of magnitude have been observed. For 
example, Cart  and Bonilla (1) found that  a heated Ni 
electrode is anodic to its cooler counterpart. Similar re- 
sults were reported by Uhlig and Noss (2) for Fe corrosion. 
Berry (3) found that  Cu behaved in the opposite sense: a 
cold Cu electrode was anodic to a warmer one. 

0nly  two references to the temperature coefficient of 
the A1 electrode were found in the literature (4, 5). In  

1Present Address: General Electric Co., Appliance 
Park, Louisville, Ky. 

both eases, a heated specimen of A1 was anodic to a similar 
cooler specimen, but, as the determinations were made in 
fairly concentrated sMt solutions, the results are not 
necessarily applicable to industrial water. 

No quantitative predictions of thermogalvanic effects 
could be deduced from physical theory. The Thomson 
effect, a measure of the difference in potential between 
two areas of unequal temperature in a metal object, could 
not be used even qualitatively for AI, because of un- 
certainties in existing data  (6). An analytical expression 
for the difference in electrical potential congruent with a 
difference in temperature between two points on a metal  

surface is afforded by the Fermi-Dirac statistics (7), but  
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no provision is made for possible electrolytic effects if the 
surface is immersed in a liquid. 

An a t tempt  by Jahn (8) to show that  the Gibbs-Helm- 
holtz equation applies to single electrode potentials is of 
doubtful validity,  since at  least two fundamental assump- 
tions are involved: (a) that  the temperature coefficient of 
a reference electrode may be determined, and (b) that  
the Nernst equation applies to the electrode under in- 
vestigation. The first assumption is discussed by Lewis 
and Randall  (9) and by Clark (10). In  a more recent 
paper, Buffington (11) calculated that  the temperature 
coefficient of the H electrode was -0 .91 mv/~ the minus 
sign indicating tha t  the potential becomes more noble 
with increasing temperature. Combining this value with 
other thermodynamic data, Buffington computed a table 
of temperature coefficients for the electrode potentials of 
a number of metals. For A1, his estimate was - 1.45 mv/~ 
indicating a decrease in anodic tendency with increasing 
temperature. This result differs in algebraic sign from 
that  reported in the previously cited papers (4, 5). 

A specimen of A1 immersed in a natural  water is, of 
course, fundamentally different from a standard A1 
electrode. Not  only is the water substantially fi'ee from 
A1 ions; it  is also within a range of pH incompatible with 
appreciable concentrations of A1 in cationic form. Under 
such conditions the Nernst equation is inapplicable, either 
as originally derived or in the more sophisticated forms 
proposed by Butler (12) and by Gurney (13). In  fact, the 
potential of an A1 electrode in an aqueous solution within 
the pH range 5.5-7.5 lies near the bottom of a roughly 
U-shaped curve (14), and is extraordinarily sensitive to 
changes in acidity or alkalinity but not appreciably re- 
sponsive to changes in concentration of A1 ions. 

An equation for the electrode potential of a metal dis- 
solving in a solution practically free from its own ions 
has been derived by Glasstone, Laldler, and Eyring (15) 
in a form containing kinetic constants for which the 
temperature coefficients are not readily evaluated. 

In  view of these considerations, it  is perhaps more 
realistic to abandon the concept of a reversible electrode, 
and to consider the metal to form not A1 ions, but  
A1203-3H20, which, according to Draley and Ruther (16), 
has been identified by x-ray diffraction methods on a 
corroding A1 surface. 

Writing the equation in terms of the observed phase: 

2A1 + 6H20 -~ A12Oa.3H20 + 3H2 

the standard fl'ee energy change can be calculated from 
the entropies of the reactants and products. From Kelley's 
monograph (17), the pertinent entropies at 25 ~ are: A1, 
6.77; A12Oa-3H~O, 33.5; H~, 31.3; H20, 16.75. 

The entropy change for the reaction is therefore 13.4 
e.u., and the temperature coefficient, -13 .4  cal/~ The 
tendency for A1 to react with water therefore increases 
with increase in temperature in the vicinity of 25 ~ . 

The course of the reaction is undoubtedly affected by  
the type of oxide film initially present on the A1. Samples 
were therefore tested with factory finish in order to 
evaluate the type of surface on the A1 actually in use. 

]~XPERIM]~NTAL 

Potentials in Columbia River water.L-Six 2S A1 cans 
were immersed in a beaker of treated Columbia River 
water through which the rate of flow was 500 cc/hr. The 
cans were protected at  the air-water interfaces by  a coat 
of Tyg0n paint, leaving approximately 60 cm ~ of Al Sur- 
face exposed to the water. Potentials of t h e  cans were 
measured by comparison with a Beckman calomel electrode 
at  room temperature at  intervals during a 3-hr period in 
order to establish a basis of reference and to observe any 
variations in potential with time. Two of the cans were 
maintained in water a t  room temperature as controls 
during a further interval of 210 min, during which the 
remaining four cans were slowly heated in the beaker of 
flowing water. Potentials of the cans were measured 
throughout the experiment, as shown in Table I. Values 
of the electrode potentials are recalculated to the H elec- 
trode scale, correcting for the temperature coefficient of 
the calomel electrode. The difference in potential between 
hot and cold specimens was of the order of 0.6 v. 

The pH of the exit hot water was observed to have 
risen from 7.4 to about 8.5 as measured at  room tempera- 
ture, presumably because of the decomposition of bi- 
carbonate and expulsion of carbonic acid. The change in 
alkalinity was considered to be a possible contributing 
factor to the change in potential of the A1, hence a suit- 
ably buffered substitute for the river water was sought. 
Obvious requirements for a suitable solution were be- 
lieved to be freedom from bicarbonates and extraneous 
salts, and a low enough permanent hardness to avoid 
precipitation of scale on A1 during heating. 

Potentials in simulated bicarbonate-free industrial water.-- 
A solution containing 1 g CaS04/1 was considered to be 
typical of a simulated bicarbonate-free natural  water. 
Duplicate cans.were heated in this solution as in the pre- 
ceding experiment with two similar cans held in reserve 
in cold solution. A decrease in potential of 0.5 was noted, 
as recorded in Table II .  During the experiment, poten- 
tials of the control cans changed by about 0.12 v, hence 
the net potential difference was approximately 0.4 v. The 
pH of the solution was 7.2 at the end of the experiment, 
indicating that  a closer control of the pH does not elim- 
inate the temperature coefficient of the electrode potential 
of Al observed during heating. 

Potentials in O.01M acetate buffer solution.--As a further 
expedient to confine the change in pH observed during 
heating within narrower limits, a series of 0.01M acetate 
solutions of initial pH 5.0, 5.5, 6.0, 6.5, 7.0, and 7.5 were 
substituted for the simulated industrial water. Admit-  
tedly, a difference in film characteristics should be ob- 
tained, but  a marked change in the electrode potential of 
the underlying A1 would not be expected as a result of 
the substitution of acetate for sulfate ion. A1 cans were 
heated in the buffer solutions in the same manner as in 
the previous cases. Portions of the solution were removed 
periodically and cooled for pH determinations. Measured 
pH values were constant within 0.1 unit  throughout all of 

2 Composition of Columbia River water (ppm): S04, 11; 
Mg, 4.2; SiO2, 5.3; PO4, 0.021; Mn, 0.008; C1, 0.5; Na, 2.0; 
Ca, 21. Soap hardness, 69. Alkalinity: phenolphthalein, 
0.5; methyl orange, 58. Specific resistance, 4,000 ohm-em. 
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TABLE I. Potentials of 2S A1 in Columbia River water 
Flow rate,  500 cc/hr ;  convention:  Std. H electrode scale (v) 

(a) Room temperature  

Time, m i n . . .  

Specimen 1 
2 . .  
3 . .  
4 . .  

Control i .  
2. 

--0.13 
--0.13 
--0.13 
--0.15 

--0.14 
--0.15 

30 

--0.13 
--0.17 
--0.12 
--0.14 

--0.14 
--0:15 

60 

--0.20 
--0.19 
--0.21 
--0.19 

--0.14 
--0.21 

90 

--0.29 
--0.24 
--0.29 
--0.26 

--0.21 
--0.27 

120 

--0.35 
- 0 . 2 9  
--0.35 
- 0 . 3 0  

- 0 . 2 7  
- 0 . 3 5  

150 

--0.36 
--0.30 
- 0 . 3 6  
--0.31 

--0.32 
--0.39 

180 

- 0 . 3 7  
- 0 . 3 3  
--0.36 
- 0 . 3 3  

- - 0 . 3 6  
- 0 . 4 1  

(b) Increasing temperatures  

Time, min . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Temp, ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Specimen 1 . . . . . . . . . . . . . . . . . . . . . . . .  
2 . . . . . . . . . . . . . . . . . . . . . . . .  
3 . . . . . . . . . . . . . . . . . . . . . . . .  
4 . . . . . . . . . . . . . . . . . . . . . . . .  

Control 1 . . . . . . . . . . . . . . . . . . . . . . . . . .  
2 . . . . . . . . . . . . . . . . . . . . . . . . . .  

240 
38 

- 0 . 5 0  
--0.50 
--0.51 
--0.48 

270 
55 

--0.52 
--0.52 
--0.52 
--0.51 

300 
80 

- 0 . 5 3  
- 0 . 5 3  
- 0 . 5 3  
- 0 . 5 2  

345 
90 

--0.60 
--0.61 
--0.65 
--0.64 

350 ] 380 
92 96 

- - 0 . 61  --0.67 
--0.63 --0.69 
--0.69 --0.70 
--0.70 --0.75 

Maintained at room tempera ture  

385 390 
98 98 

--0.82 --0.85 
--0.80 - 0 . 8 5  
--0.85 --0.88 
--0.85 --0.93 

--0.19 
- 0 . 2 4  

TABLE II.  Potential of 2S AI in CaSO4 Solution (1 g/l) 
Voltages recalculated to s tandard  H2 electrode 

Time (min).. 
Temp, ~ 
~H... 

Specimen 1 
2 . . .  

Control l 
Control 2. 

0 

6.15 

- 0 . 0 6  
--0.11 

--0.11 
--0.08 

15 [ 30 

6.13 6.10 

--0.06 --0.06 
--0.11 --0.11 

--0.12 --0.08 
- 0 . 0 8  - 0 . 0 6  

45 [ 60 [ 75 
Room temperature 

6.09 6.09 6.12 

--0.06 --0.06 --0.07 
--0.11 --0.12 --0.12 

--0.09 --0.13 --0.12 
--0.06 --0.09 --0.08 

I 90 

6.15 

--0.09 
--0.12 

--0.12 
--0.19 

105 

6.20 

--0.10 
--0.13 

--0.12 
--0.09 

210 

6.21 

--0.12 
--0.14 

--0.12 
--0.10 

Time, . . . . . . .  
Temp, ~ 
~]el . . . . .  

Specimen 1. 
2. 

Time...  
Temp, ~  
p~I.. 

Specimen 1 
Specimen 2 

Control 1. 
Control 2. 

135 130 
44 48 

6,33 6.41 

--0.18 --0.18 
--0.20 --0.22 

253 270 
70 73 

6.86 6.95 

--0.42 --0.51 
--0.45 --0.56 

165 
51 

6.45 

--0.18 
--0.22 

283 
82 

7.10 

--0.64 
--0.66 

180 
55 

5.52 

--0.18 
--0.29 

300 
85 

7.22 

--0.64 
--0.65 

195 
59 

6.58 

--0.19 
--0.23 

315 
91 

7.25 

--0.66 l --0.67 

210 
61 

6,61 

--0.25 
--0.24 

330 
95 

7.32 

--0.67 
--0.67 

Maintained at  room temperature  

TABLE III .  Potential of 2S A1 in acetate buffer solutions at various temperatures 
Voltages recalculated to s tandard  It  scale at 25~ 

Initial pH* . . . . . . . . . . . .  5.0 5.5 6.0 6.5 7.0 7.5 

225 240 
62 69 

6.65 6.78 

--0.22 --0.21 
--0.26 --0.38 

345 360 
97 97 

7.30 7.20 

--0.66 --0.65 
--0.67 --0.66 

--0.26 
--0.26 

Potent ia l  at room 
temp . . . . . . . . . . .  

Potent ia l  at 99~ 
Potent ia l  af ter  

cooling at room 
temp . . . . . . . . . . .  

Durat ion of exper- 
iment,  rain . . . . . .  

- 0 . 1 5  --0.10 
--0.38 --0.35 

165 

- 0 . 1 6  - 0 . 2 4  
--0.83 --0.79 

--0.26 - 0 . 2 6  

180 

- 0 . 2 6  - 0 . 2 7  
- 0 . 7 5  - 0 . 7 8  

- 0 . 2 5  - 0 . 1 0  

270 

- 0 . 1 7  - 0 . 1 7  
- 0 . 7 2  --0.74 

- 0 . 2 6  - 0 . 0 7  

270 

- 0 . 0 6  - 0 . 1 1  
- 0 . 8 2  - 0 . 6 5  

345 

--0.10 - 0 . 1 5  
- 0 . 7 0  - 0 . 7 2  

420 

All pH determinat ions were made on portions of solution cooled to room temperature .  
* Value of pH constant  within +0.1 unit  through experiment.  
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TABLE IV. Therraogalvanic currents 

Concentric cylindrical electrodes, approx. 45 cm 2 area. 
Cold electrode at 20 ~ . 
Hot electrode temperature as noted. 
Gas bubbling through cell. 

None  Ni t rogen  I Oxygen 
f f  

Temp, ~ 

67 
75 
76 
84 
92 
93 
94 
98 
99 

100 

Current  
(~amp) 

44 
56 
72 

136 
250 
320 
420 
600 
720 
860 

Current Temp'~ (zamp) 

7O 3O 
75 50 
76 60 
77 80 
85 120 
86 140 
88 154 
92 160 
99.5 180 

100 220 

Tcmp, ~ _ _  

65 
69 
73 
90 
97 
98 
99 
99.5 

100 

Current 
(~amp) 

30 
36 
40 
50 

250 
350 
490 
600 
640 

Maximum C.D., anodic, amp/cm ~ 

1.9 X 10 -~ I 4.9 X 10-~ 1.4 X 10 -5 
J 

the heating intervals. The A1 became more anodic in all 
cases, as shown in Table III .  

Galvanic currents between hot and cold specimens of A1 
in Columbia River water.--Potential differences reported 
in the preceding section were obtained by open-circuit 
measurements. There remained a need to determine 
whether a measurable current might be maintained be- 
bween two similar A1 surfaces at widely different tempera- 
~ures when immersed in water. 

An electrolytic cell was assembled, consisting of an A1 
can approximately 5 cm in diameter and 20 cm deep, and 
a sheet of A1 obtained by shearing open a similar can. The 
upper ends of facing surfaces were painted with Tygon, 
leaving exposed surface areas of approximately 45 cm ~. 
The sheet of A1 was bent to conform to the cylindrical 
can, leaving a clearance of approximately 2 mm around 
the intact can. The electrodes were mounted in a beaker 
through which Columbia River water was passed at a 
rate of 12 l/rain. The can was provided with a rubber 
stopper containing a thermometer and inlet and outlet 
tubes, through which (a) hot water and (b) steam were 
passed. Temperatures up to 100 ~ were readily maintained 
inside the heated electrode. The electrodes were con- 
nected through an external resistance of 1000 ohms and a 
microammeter. 

(A) The galvanic current was small, of the order of only 
a few microamperes, until  the temperature of the can 
reached about 60~ From this point, the current in- 
creased rapidly with rising temperature to 860 ~amp. 
Agitation with N served to lower the current by an ap- 
preciable amount, whereas the effect of a stream of oxygen 
was less marked (Table IV). 

(B) The temperature of the can was held at 100 ~ by a 
current of steam for 75 hr. The current was fairly constant 
at 1.8 ma throughout the experiment, corresponding to an 
average anodie current density of approximately 4 • 10 -5 
amp/cm 2. 
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DISCVSSION 

Potentials in Columbia River Water 

A comparison of potentials obtained at 100 ~ with those 
of the control samples at room temperature is sufficient 
evidence that the differences in potential cannot be ex- 
plained on the basis of time-dependency. The abrupt 
changes in potential indicate a mechanism unrelated to a 
simple temperature coefficient. I t  is more probable that  
the effects are related to film impairment. 

The exact role played by the oxide film in depressing 
the electrode potential of A1 has been the subject of much 
speculation and many ingenious explanations (18). Any 
operation that removes a portion of this film enhances the 
apparent "solution potential" of the metal (19). The 
results of Brown and Mears (20) show that the potential 
of A1 becomes more anodic as the film is progressively 
scratched. A potential difference of 0.32 v was noted be- 
tween the potentials of an unseratehed coupon and one 
scratched by a standard procedure. 

If the integrity of the hydrated oxide fihn is indeed the 
chief factor governing the magnitude of the observed 
electrode potential, the marked change above 90 ~ might 
be attributed to an accelerated deterioration of this film. 
According to data of Draley and Ruther (I 6), the corrosion 
product undergoes a transition from fl-A1203.3H~O to 
a-Al.oO3-H~O in approximately this temperature region. 
Accompanying the phase transition, there is undoubtedly 
widespread impairment of the protective film on the A1 
surface, so that unprotected metal is exposed as ef- 
fectively as if it were scratched mechanically, as for 
instance by the technique of Brown and Mears. 

Galvanic Currents 

I t  was not feasible to make simultaneous measurements 
of open-circuit potentials and galvanic currents with the 
same specimens. By plotting the data of Tables I and IV 
on the same graph (Fig. 1), however, a significant correla- 
tion is evident. In  the temperature range 40~ ~ the 
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open-circuit potential was fairly constant at --0.50 4- 
0.02 v. Within the same range the galvanic cell measure- 
ments were very low, of the order of 1 ttamp/cm ~. The 
gradual slope of the open-circuit potential curve over the 
temperature range 70~ ~ is reflected in the galvanic 
current curve. From 90 ~ to 100 ~ the potential became more 
anodic by about 0.2 v, and the galvanic current increased 
from 220 to 860 ttanlp, corresponding to an increase from 
5 to nearly 20 t~amp/cm ~. For the duration of the experi- 
ment, at least, the slope of the galvanic current curve 
kept pace with that of the potential curve. 

The 75 hr experiment demonstrated that the current 
was not stifled by polarization or film formation. The 
constant current of 1.8 ma corresponded to a current 
density of approximately 40 ~amp/cm: of anode surface. 

If this galvanic current is associated with a corrosion 
process, the rate of attack of the anodic surface under 
these conditions is readily calculated. One #amp is equiva- 
lent to 3.35 • 10 -7 g A1 attacked/hr. In  the steam-heated 
cell, therefore, the rate of attack equivalent to the ob- 
served current was, for the duration of the experiment, 
1.35 • 10 -5 g/cm2hr. From these data, it may be con- 
cluded that the observed galvanic current represented a 
serious corrosion hazard unless curbed by an inhibitor. 
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Metallographic Study of Electroplated Coatings of 
Chromium and Nickel on Molybdenum 

ROGER J. RUNCK 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Single-layer and multiple-layer coatings of electroplated Ni and Cr on Mo were 
studied metallographically to determine why these coatings failed when heated in air. 
In single-layer coatings, Cr was less subject to bonding failure than Ni and afforded 
better protection against oxidation. Cracking of Cr coatings was probably a major 
cause of failure, but good protection by Cr was possible if a layer of Cr-Mo alloy was 
developed at the interface. Multiple-layer coatings of Cr and Ni in which Cr formed 
the initial layer may be superior to single-layer coatings, but formation of blisters 
between the layers of Cr and Ni was a major cause of failure of this type of coating. 

Because of its outstanding mechanical properties, Mo is 
attractive for use in construction of parts that must func- 
tion at high temperatures; however, a serious drawback 
to its use is its very high oxidation rate above 700~ 

Many coatings have been developed which show good 

promise of preventing this oxidation. Prominent among 
elements used for this purpose are Si, Cr, Ni, B, A1, and 
combinations of these elements. Some of the most pro- 
tective of these coatings are brittle, and they are damaged 
if the coated part is deformed. Furthermore, many po- 
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tentially effective coatings can be applied only by heating 
the Mo to very high temperatures, e.g., by painting and 
sintering, flame spraying and sintering, vapor plating, 
metallizing, etc. Many of these coatings can be applied 
effectively only above the recrystallization temperature of 
cold-worked Mo (900~176 or potentially useful Mo 
alloys (1100~176 Since the mechanical properties of 
recrystallized Mo are inferior to those of the cold-worked 
metal, it  should be coated and used below the recrystal-  
lization temperature (1, 2). 

Electroplating is of interest because i t  is a method of 
applying protective coatings at  tow temperatures. Metals 
such as Cr and Ni are of interest because they are oxida- 
tion-resistant metals that  can be electrodeposited readily. 
Cr is of particular interest because it is soluble in Mo and 
does not form brittle intermetallic compounds, and be- 
cause it has low thermal expansion, similar to that  of Mo 
(Table I). Ni is of interest because i t  has relatively good 
resistance to oxidation by atmospheres containing MoO3 
(3), and because it has very high ductility. Ni forms 
brittle intermetallic compounds with Mo, however. Ni 
also has relatively high thermal expansion. 

Ele~troplated coatings of Cr and Ni on Mo were very 
effective in protecting Mo from oxidation; however, they 
did not produce consistent results. A solution to the 
problem of protecting Mo, therefore, appears to depend 
more on finding the causes of failure of the more promising 
coatings than on finding new or different types of coatings 
that  may be used. 

The protective value of any coating on Mo is limited to 
that  of its poorest area. This is uncommonly true for Mo 
because a body of Mo can be oxidized and completely 
distilled at  an amazingly rapid rate through even the 
minutest flaw in the protective coating. 

I t  was because of this characteristic that  a metallo- 
graphic study of protective coatings on Mo was made. 
The primary purpose of this s tudy was to determine some 
of the probable causes of failure. For this reason, many of 
the areas examined were those containing defects or those 
suspected of containing defects. 

PROCEDURES 

Plating.--Standard plating procedures for Cr and Ni 
were generally effective when Mo was properly cleaned. 
Plating procedures similar to those used at  Battelle were 
described by Korbelak (4). 

Most of the samples included in this study were pre- 
pared for plating by etching in HF, but  some were pre- 
pared by etching in alkaline ferrocyanide. This lat ter  
method now is generally preferred to the acid etch, but  
both methods appear to be effective. 

Cr plating was done in a chromic acid bath, and both 
hard Cr and low contraction Cr plates were deposited 
and examined. Except where noted, all Cr plates were low 
contraction Cr. 

Ni plating was from a Watts- type bath, but  it  was 
necessary to employ a Ni strike prior to plating in order 
to obtain a good bond. A high-chloride Ni strike bath 
was used. 

Testing.--Most of the specimens plated and tested 
consisted of 5- to 6-in. lengths of 80-miI rod. Some 

TABLE I. Coe~cients of linear thermal expansion near 20~ 

Metal Micro-Inches/~ 

Mo 4.9 
Cr 6.2 
Ni 13.3 

FIG. 1. Longitudinal section of 80-mil Mo rod electro- 
plated with low-contraction Cr after 1077 hr at 900~ En- 
larged views of sections indicated are shown in Fig. 2. 
10X before reduction for publication. 

flat specimens about �89 in. wide and about ~o in. thick 
also were tested. 

The coated specimens were tested in air by clamping 
them between water-cooled electrodes and applying 
sufficient electrical current to bring the temperature of 
the central portion up to the desired level. Most of the 
specimens were tested at  900~ which was estimated to 
be about the maximum temperature to which cold-worked 
Mo could be heated without danger of recrystallization. 

Temperatures were read with an optical pyrometer and 
were corrected for emissivity on the basis of an assumed 
value of 0.4. 

Many of the specimens were removed before the pro- 
tective coatings failed, but  some of them were tested to 
destruction. Specimens that  failed interrupted the current 
to an electrical timer so that  testing time was automatically 
recorded in MI eases. 

Specimens tested in the above manner contained areas 
at all temperatures from room temperature to the max- 
imum testing temperature. Because of this, it  was possible 
to examine the structural changes at  all intermediate 
temperatures for the period of time of any given test. 

Metallography.---The metallographic procedures used 
were selected primarily for the purpose of revealing the 
crystalline structure of Mo. Specimens were first polished 
with a slurry of A1203 and chromic acid with heavy pres- 
sure on a fast wheel. A final short polish with light pres- 
sure was given with A120~ but  without the chromic acid. 
Polished specimens were etched with Murakanfi 's re- 
agent. This procedure did not reveal the crystalline 
structure of the eleetroplated metal, but  it  did show the 
condition of this metal  and revealed different phases in 
the coating. 

METALLOGRAPHIC STRUCTURES 

Fig. 1 shows a photomicrograph of a section of 80-rail 
rod plated with about 3 mils of low-contraction Cr. This 
specimen was held at 900~ for 1077 hr. The left end of 
the section was at  room telnperature, the right end at  
900~ As may be observed, recrystallization of Mo oc- 
curred in the high-temperature zone of the specimen. 
Enlarged views of five sections of this specimen from left 
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FiG. 2. Low-contraction Cr on !VIo : section A, outside of heated zone; section B, inside heated zone; section C, inside heated 
zone; section D, inside heated zone; section E, after 1088 hr in air at 900~ 250)< before reduction for publication. 

TABLE II.  Effect of different types of plate and of heat 
treatment in H on the lives of specimens of Mo electro- 

plated with 3 rails of Cr 

Type of Cr plate Life in air at  
900~ hr 

Low contraction . . . . . . . . . . . . . . . . . . . . . . . . . . . .  300 
Low contraction, heat treated . . . . . . . . . . . . . . .  200 
Hard . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -I 240 
Hard, heat treated . . . . . . . . . . . . . . . . . . . . . . . . .  .I 50 

I 

to right, as indicated by the markers of Fig. 1, are shown 
in Fig. 2. 

Fig. 2A, which is a section outside of the heated zone 
tha t  is under the water-cooled electrode, shows the Cr 
plate to be nonporous, well-bonded plating. Section B 
shows this plating in a zone heated only to moderate 
temperature, well below red heat. Severe cracking is ap- 
parent. Cracking is also apparent in section C. In this 
zone, there is evidence of some alloying of the Cr plate 
and the Mo base. Under the microscope, tile dark areas 
of section C appeared to be voids. I t  also may be noted 
that  very slight recrystallization of Mo is apparent  in this 
area. The layer of Cr-Mo alloy also is evident in section 
D, and it is of interest to note that  it  apparently is little 
greater in thickness than it was in the lower temperature 
zone shown in section C. Some chromium oxide on the 
outer surface of the plating is barely apparent in this 
section. The structure of this material, however, does not 
indicate that  it  afforded much protection to the under- 
lying metal. Evident also is an additional phase under 
the chromium oxide layer which apparently is CrN. 
The formation of a nitride layer under the oxide layer on 
Cr plate heated in air was described by Snavely and 
Faust  (5). 

Section E shows the structure of the Cr plate a t  the 
zone of maximum temperature, i.e., 900~ Of particular 
interest in this section is the indication that  only the 
Cr-Mo layer would appear to afford protection to the 
body of Mo. This layer, which apparently is less than 1 
mil in thickness, is only slightly thicker than it was in 
zones of lower temperature. The indication that  the 
thickness of the Cr-Mo layer is not highly time and 
temperature dependent under the conditions employed in 
this work was further supported by the structure of Cr- 
plated Mo after being heated to 1500~ in air. The 
Cr-Mo alloy layer on one specimen heated for 45 hr at 
1500~ was about the same thickness as that  on another 
specimen heated only 12 hr at  1500~ and both were 

F~G. 3. Hard Cr on Mo: section A, outside heated zone; 
section B, after 1077 hr in air at 900~ 250X before reduc- 
tion for publication. 

approximately the same as that  of the specimen heated 
over 1000 hr at  900~ 

Because of the apparently protective nature of the layer 
of Cr-Mo alloy, it  would appear desirable to preheat 
plated Mo in a nonoxidizing atmosphere, such as H, to 
develop the alloy layer before the specimen is heated in 
air. Such a procedure did not appear to improve the ef- 
fectiveness of Cr plate, however, as is indicated by the 
results in Table II .  Specimens tested were strips of Cr- 
plated Mo sheet ~ in. wide by ~ in. thick. Both low con- 
traction and hard Cr were tested and one specimen of 
each type of plating was heated in H at  900~ for 72 hr 
prior to testing. 

While fiat specimens of Mo plated with Cr did not last 
more than a few hundred hours in air at  900~ specimens 
of 80-mil rod plated with either low contraction or hard 
Cr were still good after 1000 hr under these conditions. 
The appearance of the low-contraction Cr after heating in 
a.ir is shown in Fig. 1 and 2. The appearance of a similar 
sample plated with hard Cr is shown in Section A of Fig. 3. 
The porous nature of this type of plated metal  is evident. 
The appearance of this plate after 1077 hr at  900~ is 
shown in Section B of Fig. 3. The Cr-Mo alloy layer, 
which was characteristic of the low-contraction Cr after 
heating, is not apparent in this figure. While this plating 
afforded better protection than was expected, it  appears 
from Fig. 3 that  its probable life at this temperature would 
be less than that  of low-contraction Cr after similar treat-  
ment as was shown in Fig. 2. 

Fig. 4 shows a specimen of 80-rail rod plated with about 
3 mils of Ni. This specimen failed after 574 hr at 900~ 
No general recrystallization of Mo is apparent  in the zone 
of highest temperature except for a central zone which 
probably became very hot shortly before complete failure 
o c c u r r e d .  
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FIG. 4. Ni on Mo: section A, outside heated zone; section B, inside heated zone; section C, inside heated zone; Section D, 
after 574 hr in air at 900~ 250X before reduction for publication. 

FIG. 5. Longitudinal section of 80-mil Mo rod electro- 
plated with Ni that blistered when heated in air to 900~ 
10X before reduction for publication. 

Fig. 4A shows the Ni plate to be nonporous and to be 
apparently well bonded. Some porosity of the metal is 
apparent  in a heated zone, however, as is shown in section 
B. A layer of NiO also is apparent in this section. Although 
NiO is very refractory (mp 1950~ this oxide layer may 
not afford much protection to the underlying metal  when 
it  is thermally cycled because of the formation of 
cracks. 

In  section C, a zone very near that  of section B, some 
alloying of Ni and Mo is apparent. This alloy formed only 
in islands, however, rather than in a continuous layer as 
did alloy between Cr and Mo. The formation of islands 
rather than a continuous layer of Mo-Ni alloy probably 
indicates imperfect bonding between the Mo and the 
electrodeposited Ni. 

Section D shows a zone approximately at  the maximum 
temperature, i.e., about 900~ Islands of Ni-Mo alloy 
are connected in this zone, and this layer may well have 
afforded protection against oxidation in this zone. 

While the Ni plating did not last as long at  900~ as a 
similar thickness of Cr, Ni might be serviceable as a pro- 
tective coating. As was stated earlier, however, it  was 
more difficult to obtain good adhesion of Ni than of Cr, 
and this characteristic of Ni probably contributed to 
blistering in Ni coatings. 

Fig. 5 shows Ni plating on a specimen of 80-mil Mo rod, 
which blistered severely when heated to 900~ A section 
of this plate in an unheated zone, as shown in Fig. 5, 
shows that  it  was not bonded to the base metal. 

FIG. 6. Cr and Ni on laminated Mo sheet. 100X before 
reduction for publication. 

Because electroplated Cr cracked while Ni did not, i t  
was thought desirable to cover the Cr plate with a layer 
of Ni. Two different types of multilayer coatings were 
examined, one a double-layer coating consisting of Cr and 
Ni, and the other a triple-layer coating consisting of 
Cr, Ni, and Cr. Double-layer coatings were at tempted 
both with Cr as the initial layer and with Ni as the initial 
layer. Both types of coatings were successfully applied to 
80-rail rods, but  on flat specimens, at tempts to plate Cr 
over Ni invariably caused the underlying Ni coating to 
peel from the Mo. 

Of these various types of multilayer coatings, the double- 
layer coating in which Cr was the initial layer appeared 
to be the most promising. 

Two outstanding features of this type of coating were: 
(21) If the layer of Cr was not too thick, the covering of 
Ni appeared to prevent the formation of cracks in the Cr 
layer. (B) The throwing power of Ni was better than 
that  of Cr, and it usually covered faults or laminations in 
the Mo that  extended through the Cr plate. 

These properties of double-layer coatings of Cr and Ni 
are illustrated in Fig. 6 and 7 which are sections inside 
the heated zone of a flat test specimen, 

However, blisters frequently formed inside the heated 
zone and often were centers of failure. Separation of metal 
to form a blister apparently occurred between the Ni and 
Cr layer, as is shown in Fig. 8. Laminations in the Mo, 
however, also may permit the formation of blisters, as is 
indicated in Fig. 9. 

The tendency of Ni to buckle probably results because 
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FIG. 7. Cr and Ni on laminated Mo sheet. 250X before 
reduction for publication. 

:FIG. 10. Cr and Ni on edge of Mo sheet after 185 hr in 
air at 900~ 100X before reduction for publication. 

FIG. 8. Cr and Ni on Mo sheet in a zone that blistered 
when heated. 100X before reduction for publication. 

FIG. 11. Cr-Ni-Cr on Mo sheet. 250X before reduction 
for publication. 

FIG. 9. Cr and Ni on Mo sheet in a zone that blistered 
when heated. 100X before reduction for publication. 

of its high thermal expansion. This explanation is sup- 
ported by the separation of coating on the edges of flat 
specimens, as is shown in Fig. 10. In  this figure, as in Fig. 
8, it appears that separation occurred between the Ni 
and Cr layers. 

An obieetion to the triple-layer plate consisting of 
Cr-Ni-Cr is the tendency of the outer layer of Cr to 
crack. In  some cases, this crack extended through the 
underlying layers of Ni and Cr. Fig. 11 shows such a 
crack in a coating as plated. Fig. 12 shows the same type 
of coating with cracks only in tlle outer layer of Cr. This 

FIG. 12. Cr-Ni-Cr on Mo sheet after �89 hr in H at ll00~ 
250X before reduction for publication. 

latter specimen was heated in H for the purpose of dif- 
fusing Cr into the Mo. 

All of the multilayer coatings were effective in protect- 
ing Mo. Fig. 13 shows the structure of a double-layer 
coating of Ni over Cr on an 80-mil rod of Mo after 1000 
hr at 900~ I t  may be noted that the outer layer of NiO 
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FIG. 13. Ct' and Ni on 80-mil Mo rod after 1000 hr in air 
a~ 900~ 250X before reduction for publication. 

FIG. 14. Cr-Ni-Cr on Mo sheet after 185 hr in air at 
900~ 250• before reduction for publication. 

is not cracked to the same extent as it was on samples of 
Mo coated with Ni only. Diffusion of Cr through the layer 
of Ni might have occurred to a sufficient extent to cause 
modification of the oxide layer on this specimen. 

Fig. 14 shows a tt~iple-layer coating of Cr-Ni-Cr on a 
flat specimen of Mo after 185 hr at  900~ The outer 
layer of Cr does not appear to have afforded much pro- 
tection to the underlying metal. 

CONCLUSIONS 

Electroplated coatings of either Cr or Ni afford con- 
siderable protection to Mo at  high temperatures, but  
both types of coatings have shortcomings and, if used 
singly, are not likely to produce consistent results. 

From this study, it  appeared that  the principal prob- 
lems with electroplated Cr were its tendency to crack and 

its relatively poor throwing power during plating. Cr 
forms a good bond with Mo, however, and the interracial 
alloy between these two metals appears to have good 
oxidation resistance and probably has good ductility. 
Electroplated Cr may be superior to Ni for protecting 
Mo. Of different types of Cr plate, low-contraction Cr 
probably is superior to hard Cr. Electroplated Ni, in 
contrast, apparently did not form cracks and it effectively 
bridged flaws in the base metal, but  the problem of ob- 
taining good adhesion of Ni appeared to be more formid- 
able than that  for Cr. 

Undesirable features of electroplated Cr, that  is crack- 
ing and poor coverage, may be overcome to some extent 
by covering i t  with a layer of Ni. The Ni layer appears 
to be capable of covering many of the faults that  extend 
through the Cr plate and also preventing the Cr from 
cracking when heated. Ni has high thermal expansion, 
however, and, therefore, must be well bonded or it  may 
buckle and form blisters when heated. 

Electroplated Cr over Ni is not desirable because of the 
formation of cracks that  not only may cause rapid de- 
terioration of the Cr but  also may extend through the 
Ni layer. 
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Electrodeposition of Uranium at the Microgram Level 
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ABSTRACT 

The recovery of microgram and submicrogram quantities of U by electroplating has 
been studied, using radioactive U-233 as a tracer with and without the presence of 
microgram quantities of natural U as carrier. Optimum results were obtained in an 
ammonium oxalate medium with electrolysis at 80~176 being performed first in acidic 
solution and then in alkalinesolution. A small Pt disk which fitted into a flow counter 
was used as cathode, and a Pt spiral served as anode. With 20 t~g of U carrier present 
and a volume of 25 ml, an average recovery, based on alpha counting, of 94 • 3% was 
obtained for amounts of U-233 ranging from 0.03 to 0.13 ~g. 

Several methods have been described for the analytical 
electrodeposition of milligram quantities of U (1-6). In 
acetate medium, up to 4 mg U were deposited (2); results 
were not accurate due to variation in composition of the 
plates. Use of an oxalate medium at 80~176 gave satis- 
factory results with about 3 mg U (2). Up to 0.5 mg U 
was plated quantitatively from fluoride medium at room 
temperature (3-5). Micro quantities of U were deposited 
from oxalate medium containing potassium hydrogen 
phthalate buffer by electrolyzing at  80~176 in two stages: 
first on the acid side, then on the alkaline side (6). In  all 
these cases a Pt  disk was used as cathode, and the plated 
fihns were ignited to U308. 

The use of an A1-Zn disk as cathode in oxalate medium 
at pH 8.0-8.5 and 80~176 has been reported (7). Two 
German patents (8) describe the deposition of metallic 
U onto Pt  and other surfaces from an organic solvent like 
acetone which exerts no oxidizing action. 

Recovery of microgram quantities of U from human 
urine by electroplating for the determination of alpha 
activi ty has been examined (9). One microgram of en- 
riched Us08 (130 a counts/min/t~g) was added to 100-ml 
urine samples. After evaporation to dryness and ignition 
to destroy organic matter,  the residues were dissolved; Ca 
was removed by double precipitation as the oxalate; and 
U was then electroplated at  80~ onto a Ni disk from the 
resulting ammonium oxalate medium of pH 9.6, using a 
current of 3 amp for 60 min. The recovery of U from 18 
samples was 85 • 4% with a precision of •  on a 
single sample. 

Previous studies on the electrodeposition of U such as 
those cited above have generally been applicable only to 
the recovery of milligram amounts of U. Attempts to 
plate microgram quantities of U, usually present in rather 
small volumes of solution, resulted in U recoveries which 
were both low and variable. Apparently no reliable results 
have been reported for electrodeposition of submicrogram 
amounts of U. Consequently, the present study was 
initiated in an a t tempt  to define conditions for more 
nearly quantitative recovery by electrodeposition of 
microgram amounts of U. In addition, an a t tempt  was 
made to investigate the feasibility of electrodeposition of 
submicrogram amounts of U and to define the repro- 
ducibility of the procedure for microgram levels of U. 

80 

Initially, quMitative observations were made on the 
plates obtained from solutions containing 10 -1~ g U; such 
studies were deemed more significant than quanti tat ive 
orientative work using much larger quantities and ti tr i-  
metric or colorimetric measurement, since i t  was not felt 
that  any proof of quantitative deposition at  higher con- 
centration, e.g., milligram amounts of U, would neces- 
sarily permit valid prediction of the behavior at  very low 
concentrations. Moreover, the nature and appearance of 
the plate for milligram amounts of U could not be judged 
with any degree of reliability with respect to its suit- 
ability for radiochemical counting. 

Quantitative studies were then made at  microgram 
levels of U using a tracer technique and counting. The 
procedure finally developed may be applied for the re- 
covery of 10 -7 or 10 -s g of radioactive U, using 10 -5 g of 
carrier natural  U. At the milligram level, self-absorption 
phenomena become an important  factor in counting. The 
present method uses for electrodeposition an ammonium 
oxalate medium, which has been found to be superior to 
citrate, tartrate,  and phthalate media, inasmuch as the 
latter media introduce some difficulty in pH control during 
electrolysis. 

The present procedure of recovering U by electro- 
deposition, and of measuring it by counting the activity 
of the plate, has been applied as the final separation stage 
and the measuring step in an analytical procedure for the 
determination of submicrogram quantities of U when 
present in admixture with large amounts of fission prod- 
ucts (10). 

EXPERIMENTAL 

Apparatus.--The eleetroplating assembly consisted of 
a d-c power supply (Fisher Scientific Co. Powerhouse); 
a Tracer-Lab E-16 electrolysis cell containing a spiral P t  
wire anode [a 10-in. (25 cm) length of 1-mm diameter 
wire, about 3 in. (7.5 cm) of which were wound into a 
flat spiral of 0.5-in. (1.25 cm) 0D], a Pt  disk cathode, 
and a motor-activated 500 rpm glass stirrer; and a simple 
external water bath for controlling the temperature of the 
electrolysis cell. 

The cathode was a P t  disk or planchet, 0.15 mm thick 
by 25 mm diameter, obtained from the American Platinum 
Works.. New Pt  disks were pretreated by a hot HNOs 
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wash, a water wash, then flaming; they were stored in a 
cell under water until  used. For some of the runs, used Pt 
disks containing a U30s film were cleaned by repeated hot 
concentrated H N Q  treatment and flaming. When their 
activity was close to the background level, the disks were 
considered good enough for use in another plating process. 
These disks were counted as blanks before plating and 
were stored under water until  used. 

A Model 952 windowless flow counter (2" cathode) 
and a Model 1070 scaler (both made by the Atomic 
Instrument Company, Cambridge, Mass.) were used to 
count the alpha emission of the plated disks. The counting 
gas employed was Q-gas (99.05 % He and 0.95 % isobutane), 
which was dried with indicating Drierite (8-mesh), fol- 
lowed by Dehydrite. 

Materials.--All chemicals used were of reagent grade. 
The radioactive U-233 was obtained as a nitrate solu- 

tion from the Oak Ridge National Laboratory; isotopic 
analysis gave 1.0-1.5% U-232 and 98.5-99% U-233 
(a 4.82 mev; t~ = 1.68 X 105 y). The original solution 
(13 #g U-233) was diluted to 100 nfi which was about 0.01N 
in HNOs; aliquots of the latter solution containing 
1.3 X 10 -s g U/ml  were taken for the experimental work. 
The activity per microgram of U-233 was determined, as 
subsequently described, to be 7700 -+- 88 counts/rain 
(background subtracted). 

The carrier U was prepared from natural uranium 
nitrate (Baker and Adamson). The stock solution con- 
tained about 1 mg U/ml  (0.01N in HN03), from which, 
after proper dilution, the solution used to furnish carrier, 
which contained about 10/~g U/ml  (0.01N in HNOs), was 
prepared. 

QUALITATIVE STUDIES ON THE ELECTRODEPOSITION OF 

URANIUM 

Three procedures were investigated to see what hap- 
pened on electroplating about 10 -~~ g of U. In  procedure 
A, based on that  of Manning, Call, and Phillips (6), the 
electrolysis cell solution was prepared by diluting 1 ml 
uranium nitrate solution (10 -~~ g U) to 25 ml and adding 
5 ml saturated ammonium oxalate solution, 10 ml buffer 
solution (5.85 ml 0.217M potassium hydrogen phthalate 
and 4.20 ml 0.298M NaOH), and 2 drops methyl red 
indicator; the pH was 6.48. Electrolysis was carried out 
for 45 rain at 80~176 using an applied potential of 9 v 
with a resulting current flow of about 0.2 amp; the stirrer 
speed was about 500 rpm. Then, 1 drop (0.01%) phenol- 
phthalein was added, followed by sufficient 6M NH~ to 
turn the solution pink; the plating was continued for 10 
rain more with additional indicator and NHs being added 
as needed to keep the solution pink; temperature, current, 
etc., were the same as before. 

In  procedure B, 1 ml uranimn nitrate solution (10 -~~ g 
U), 17.35 ml 0.1003M citric acid solution, 1 ml of 6M 
NH3 solution, and 4 drops phenol red indicator (yellow at 
pH 6.50) solution were diluted to 25 ml. Electrolysis was 
performed as before at pH 6.50 for 45 min. NH3 was 
added mltil the solution was red; more NH3 and indicator 
were added, as necessary, to keep the solution red as the 
deposition was continued for 10 min more. 

Procedure C was the same as procedure B, except that 

21.0 ml 0.0927M tartaric acid solution was substituted for 
the citric acid and 0.75 ml 6M NH3 was added. 

At the end of electrolysis the current was left on as the 
spent electrolyte was siphoned off, and the cell and its 
contents were washed repeatedly with distilled water 
until the solution remaining in the cell was colorless. The 
circuit was then disconnected and the cell disassembled. 
The Pt  cathode was rinsed with water followed by acetone, 
air dried, then ignited for about 10 rain to U3Os. 

The plates obtained by the three procedures were 
smooth, shiny, and adherent, showing bright interference 
colors. Procedures B and C seemed to be much simpler 
than A, at the same time giving deposits of better appear- 
ance. An additional advantage in the use of citrate or 
tartrate medium was that gas evolution at the electrode 
was much less than that in oxalate. Unfortunately, later 
quantitative studies showed that the use of citrate, 
tartrate, and phthalate introduced certain difficulties in 
the procedure; the latter were apparently due to reactions 
of these organic compounds which gave rise to very dark 
brown solutions. Consequently, an oxalate medium was 
used generally similar to that of procedure A except for 
the omission of phthalate. 

Use of A1-Zn disks.--Attempts to use as cathode an A1 
disk coated with Zn were unsuccessful. In  no case was the 
coating of Zn on A1 smooth; as a result, eleetrodeposition 
was not at all satisfactory. An added disadvantage in 
actual use would be chemical contamination of the U 
sample when its recovery was desired. While A1-Zn disks 
are less expensive than Pt  disks, the latter do permit re- 
covery of uncontaminated U. The same considerations 
would be against the use of Ni or other disks. 

Electrodeposition from organic solvents.--In an attempt 
to explore possibilities of plating U from organic solvents, 
the electrical resistances of various organic mixtures were 
examined in the electrodeposition apparatus described; 
results are summarized in Table I. Attention was focused 
on such compositions as could be achieved readily subse- 
quent to a cupferron extraction of U(IV) which would be 

TABLE I. Qualitative studies of the conductivity of solution 
containing acetone, ethanol, and ethyl ether 

Run 
No. Solution composition 

20 ml acetone (containing 0.8 g 
LiC1) ~ 10 ml ether 

20 ml acetone (0.8 g LiC1) ~ 2 ml 
ether 

25 ml ether (1.0 g LiC1) -{- 5 ml al- 
cohol 

5 ml ether (0.2 g LiC1) -t- 20 ml al- 
cohol 

10 ml ether + 10 ml alcohol (0.25 
g LiC1) -{- 0.2 ml water 

10 ml ether -4- 10 ml alcohol (0.25 g 
LiC1) + 0.5 ml water 

10 ml ether ~- 10 ml alcohol (0.2 g 
LiC1) -{- 1.0 ml water 

12 ml ether + 8 ml alcohol (0.2 g 
LiC1) + 0.5 ml water 

15 ml ether + 5 ml alcohol (0.12 g 
LiC1) -b 0.5 ml water 

"Voltage 
applied, 

v 

9 

9 

9 

9 

6 

6 

6 

6 

9 

Current 
flow, 
ma 

0.0 

0.6 

0.0 

1.5-2.0 

3.0 

3.1 

3.3-3.5 

2.2 

0.5 
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an efficient way of separating U from many other elements. 
The alcohol used in Nos. 3-9 was 95% ethanol. Although 
media of moderately good conductance were found, no 
eleetrodeposition of U from solutions of uranium(IV/II I )  
cupferrate in such media was realized. 

QUANTITATIVE STUDIES ON. ELECTRODEPOSITION OF 

[ ' R A N I U M  AT ~{ICROGRAM L E V E L  

Plating procedure.--The desired volmne of U-233 solu- 
tion was added to the electrolysis cell, followed by about 
20 gg natur.%l U carrier (uranyl nitrate solution), 5 mI 
saturated ammonium oxalate solution, 1 drop 6M HC], 1 
drop methyl red indicator, and 6M NH3 until  the solution 
was yellow. HNO3 (6M) was then added until the indicator 
turned pink plus 2 or 3 drops in excess. The volume was 
about 20 nil. The cell was placed in a water bath, nlain- 
rained at 80~176 and the anode rotated at about 500 
rpm. The solution was electrolyzed for approxinlately 
30 45 min, using an applied potential of about 9 v with a 
resulting current flow of approximately 0.8-1.0 amp; 
from time to time HN03 and indicator were added drop- 
wise to keep the solution pink. Then, 1 drop of phenol- 
phthalain (0.01%) (more, as needed) and 6M NH3 (more, 
as needed) were added dropwise to turn the solution pink, 
and the plating continued for 60-75 min more; tempera- 
ture, current, etc., were almost the same as before. 

The washing procedure at the end of electrolysis was 
the same as that previously described; the Pt disk was 
rinsed with water, followed by acetone, and air dried. I t  
was then ignited for 10 rain to U30s, cooled to room 
temperature, and counted in a windowless flow counter. 

Procedure for alpha counting.--With the counter set in 
"count" position, an initial flushing was done for 5 rain 
with the pressure regulator gauge reading about 2 lb/in. ~ 

TABLE II. Electrodeposition of U-233 with 20 tLg of natural 
U Carrier 

Sample 
No. U-233 taken, g 

1.3 • 10 -s 
1 . 3 •  10~ 
2,6 X 10 -8 
2.6 X 10 -s 
6.5 ;< 10 -s 
6.5 X 10 -s 
13 X 10 -s 
13 X 10 -s 

Counts/rain and standard 
deviation 

98 4- 9.9 
974-  9.9 

200 4- 14.1 
195 -4- 14.0 
505 4- 22.5 
490 4- 22.1 

1004 4- 32.0 
1010 • 32.0 

Recovery,% 
(corrected for 

carrier 
activity) 

82 
81 
91 
89 
97 
94 
97 
98 

Mean recovery (samples 3-8): 94.3%. 
Standard deviation of the mean recovery: 3.0%. 

TABLE III.  Effect of carrier on the recovery of U-233 by 
electroplating 

U-233 taken 

Mass, Activity, 
g counts/rain 

3 X 10 -s 324 • 17 
13 X 10 -8 1200 4- 35 
13 X 10 -s 1200 4- 35 

Natural U 
carrier 
taken, 

~g 

10 
0 

lO 

Recovery, 
U-233 activity ~ (cot- 

found, rected for 
counts/min carrier 

_ activity) 

284 4- 17 85.4 
840 4- 29 70.0 

1140 4- 34 94.6 

and the gas flow being about 100 bubbles/rain. Then the 
instrument was set in "load" position and the sample 
was introduced into the sample compartment. The counter 
was rotated to "flush" position, kept there for about 2 
min, then moved to the "count" position. (The gas flow 
rate was then about 60 bubbles/rain.) 

The voltage plateau for alphas using pure U-233 was 
checked periodically. The operating voltage was 1550- 
1575 v, and discrinfinator setting was fixed at around 
16-18. Betas are not counted under these conditions, as 
was noted by using a pure beta-emitting sample of Sr-90. 
Each U plate was counted over a sufficient period of time 
to give the desired statistical accuracy (4-1-2% relative 
probable error). For calibration, a standard sample of 
U30s (National Bureau of Standards No. 836-5; 16.3 
alpha counts/see, assuming 50% geometry) was counted, 
then the unknown sample was counted. This was repeated 
five or six times and the average values were taken. Read- 
ings were fairly reproducible within statistieM error. The 
background level of the instrmnent was 60-70 counts/min. 

The calibrated activity of the plated sample was com- 
pared to the activity of the U-233 solution taken. The 
latter was determined by pipetting a 1-nil aliquot of the 
U-233 solution (1.3 • 10 -s g/ml) into a small 10-ml 
beaker by means of an ultramicro pipet, transferring the 
solution in portions by a medicine dropper with I-IN03 
rinses onto a Pt planchet, evaporating under an infrared 
heater, igniting to U30s, and counting the planehet. Five 
or six such samples were measured; the average activity 
was 7700 4- 88 counts/min/~g U-233. 

Electrodeposition of U.--Results for the direct electro- 
plating of U-233 in the presence of carrier are presented in 
Table II. The plates obtained were very smooth, shiny, 
and adherent, showing brilliant interference colors. If the 
first two runs are omitted because of their large error due 
largely to the low count, an average recovery of 94% 4- 
3 % was obtained, after making correction for the activity 
of tile 20 ~g natural U used as carrier (15 4- 3 eounts/min). 
Samples having 100-200 counts/minute (Nos. 1-4) were 
counted to give totals of 1000-2000 counts (relative prob- 
able error of 4-2%), and those having 500 counts/rain and 
higher activity were counted so as to give a total of 5000 
counts (relative probable error of 4-1%). Since only the 
percentage recovery of U-233 was required, disks contain- 
ing evaporated and ignited aliquots of U-233 solution were 
used as a comparison for the plates obtained from electro- 
deposition. 

Influence of carrier on electrodeposition of U-233.--Re- 

TABLE IV. Effect of carrier concentration on recovery by 
electroplating of 0.065 tL 9 of U-283 

Natural U carrier taken, 
vg 

50 
20 
10 
5 
2 
1 
0 

U-233 recovery, 
% 

96 
101 
102 
95 
70 
84 
77 
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coveries of 0.01-0.1 ~g U-233 with no carrier present 
averaged about 70% (63% for 0.013 ~g, 77% for 0.065 
~g, and 70% for 0.13/~g). A series of runs using various 
amounts of carrier indicated that  the presence of about 
10-20 ~g natural  U as carrier was requisite for a satis- 
factory recovery of submicrogram quantities of U-233 
(Tables I I I  and IV). The figures in the last columns of 
Tables I I ,  I I I ,  and IV have been corrected for carrier 
activity by subtracting 0.75 counts/min/~g of carrier 
from the observed counts/min (11). 

In  Table IV, the lower (apparent) recovery with 50 ~g 
of carrier than the recovery with 10 or 20 pg, is indicative 
of the fact that  self-absorption becomes a factor at  this 
level. 

Miscellaneous observations.--Recoveries using minimal 
electrolysis times of 30 rain in acidic solution plus 60 rain 
in alkaline solutions at  9 v applied were sometimes low. A 
safer specification is to maintain a current of 1.0 amp for 
60 min on the  acidic side and 90 rain on the basic side. 

The form in which U electrodeposits at a cathode is not 
definitely known, but  it  is thought to plate as a hydrous 
oxide (12, 13). In  any event, the plate after ignition in 
air has been shown to be U~O8. 

Attention should be called to the fact that  current and 
time requirements for microgram level electrodeposition 
bear no relation to theoretically predicted requirements 
based on reasonable current efficiencies. Some of the 
quantitative studies at the milligram level have specified 
10-15 min electro]yses at  reasonable voltages and amper- 
ages; however, conditions such as 1 or more amp at 9 v 
for 1-2 hr are requisite at  the microgram level. While the 
reasons for such a large discrepancy are not at all obvious, 
it  is true tha t  some precedent exists in more familiar and 
reversible systems. For example, a given arrangement 
which deposits 99.5% of a 0.5 g sample of Cu in less than 
1 hr may yet  require another full hour to plate out the 
next 0.4-0.5% (14). 
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Influence of  Impurities on the Photoconductance 
of Zinc Oxide 

HAROLD A. PAPAZLA.N, 1 PAUL A. FLINN, 2 AND DAN TRIWC~ 

Departments of Chemistry and Physics, Wayne University, Detroit, Michigan 

ABSTRACT 

The photoconductance of pure ZnO and ZnO with known impurities, both in powder 
form, has been measured using a condenser method. When irradiated by light, ZnO 
undergoes a "memory mechanism" which depends on the past irradiation history. 
I t  is suggested that the memory is caused by formation of traps independent of charge 
carrier formation. The concentration of traps is a function of impurity concentration 
and temperature. Consistent results in agreement with those of previous investigators 
could be obtained, but it is shown that this depends on predetermining the irradiation 
history of the samples. 

The rate of excitation is given byd~/dt = kI ~ where both k and n are sensitive to impu- 
r i ty concentration and temperature. The decay of photoconductance is largely the sum of 
two first order processes, but there can be no assignment of time constants to either 
hole or electron decay. A qualitative kinetic mechanism is proposed which agrees with 
phenomena observed in this investigation. 

The photochemical formation of HeO2 as catalyzed by 
solid ZnO has received considerable attention recently 
(1-3). I t  has been shown in this laboratory that  impurities 
in the ZnO affect this reaction rate (4). A fuller knowledge 
of the role of ZnO requires examining some of the details 
of the processes that  follow light excitation; for this reason 
it was decided to study the photoconductance of ZnO. The 
relation of semiconductivity to catalysis has been pointed 
out (5-7), and the catalysis of nonphotochemical reactions 
on ZnO has been studied from this standpoint (8-10). 

Previous workers have used very different samples of 
ZnO and, as a consequence, their results have not been 
comparable. Mollwo and co-workers (11-13) and Weiss 
(14) used thin films (0.1-0.3 ~) made by oxidizing Zn 
metal films evaporated onto quartz. They first presented 
the following equations as characteristic of photoeffects 
in ZnO : 

iL = ki~3I 1/8 (I) 

(di/dt)l = klioI (II~ 

(di/dt)2 = k2i~io 2/3 ( I I I  

where iL is the saturation or equilibrium photocurrent, 
i0 is the dark current, I is the light intensity, (di/dt)r is 
the slope of the initial rise of the photoconductivity with 
time, and (di/dt)2 is the slope of the initial decay of photo- 
conductivity. I t  is shown later that  Eqs. (I) and (II) are 
true only under special conditions and that  under other 
conditions, exponents of I depart  from the above values. 
Warschauer (15) and Melnick (16) used sintered pellets 
of ZnO. 

In the present research photoconductance was studied 
on ZnO samples drawn from large prepared batches which 
also furnished samples for several catalytic chemical 
studies in this laboratory. T h e  catalytic experiments re- 

~Present address: Research Lab., Raytheon Manu- 
facturing Co., Pittsburgh, Pa. 

Present address:Research Lab., Westinghouse Electric 
Corp., Pittsburgh, Pa. 
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quired this material to be in powder form. The experi- 
mental method best suited for the investigation of photo- 
conductivity of powders is the condenser method (17-19) 
in which the powder is put  between the plates of a con- 
denser. One plate of the condenser is transparent so tha t  
the sample can be irradiated, and the subsequent changes 
in the dielectric are measured. 

EXPERIMENTAL 

Preparation of the ZnO powders.--ZnO samples were 
prepared by starting with a ZnS04 solution ~ which had 
been especially purified for phosphor preparation. The 
solution was further treated, and Zn was precipitated as 
the oxalate with twice-recrystallized oxalic acid. The puri- 
fied ZnC204 was decomposed to ZnO by firing in air at  
410~ to constant weight. The sample without inten- 
tionally introduced impurities is called "pure" Zn0. 

hnpurit ies were introduced by adding to ZnC204 a 
soluble decomposable salt of the desired substance. The 
resulting slurry was evaporated to dryness with stirring, 
then fired at  410~ for 4-6 hr. Impurities were Li, Cu, A1, 
and Ga. The amounts were calculated to replace 0.01%, 
0.1%, and 0.5% of the Zn atoms by impuri ty metal atoms. 
In  the case of the Li samples i t  was necessary after the 
initial 410 ~ firing to heat the ZnO to 600 ~ to obtain con- 
stant weight. These samples were then cooled and held at  
410 ~ for 4 hr. [The ZnO samples containing Ga, for ex- 
ample, are referred to as "gallium samples" or as "Zn0-  
Ga (0.01%)"]. 

Analysis showed that  the samples contained on the 
average about 99% of the expected Zn content for Zn0. 
Spectroscopic and other analysis showed the laboratory 
samples to be of very high purity. X-ray analysis gave the 
expected pat tern for ZnO. Surface areas were measured 
(10) by a modified BET method and the samples were 
found to fall in the range of 10-20 m~/g. 

Since it has been shown (8) that  foreign oxides affect the 

3 Obtained from the Chemical Division of the General 
Electric Co., Cleveland, Ohio. 
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FIG. 1. Circuit for the measurement of the change in Q 
of the experimental condenser. 

conductivity of ZnO, and presumably this is possible only 
when solid solutions are formed, it was assumed that the 
added impurities went into solid solution, as supported 
by the dark conductivity of the samples. 

Apparatus.--In previous work with the condenser 
method the change in capacitance was usually measured. 
Because a change in Q [Q = (XL/R) = Inductive re- 
actance/resistance] rather than a change in capacitance 
is more indicative of liberated photoelectrons, the measur- 
ing circuit in this research was designed with this point 
in mind. The oscillator always maintained itself on the 
resonance peak and was driven via the feedback coil with 
a constant driving voltage (Fig. 1). The RF signal was 
filtered, rectified, and recorded as millivolt changes on 
a Speedomax recorder which had a 1-see full range sweep 
time. The circuit was calibrated by putting noninductive 
resistors of suitable value across the condenser, which had 
plain paraffin as dielectric. The resistors simulated the 
loss the condenser undergoes during irradiation. A calibra- 
tion curve was made by plotting the change in millivolts 
appearing on the recorder against ~ where ~ = 1/re- 
sistance. Thus ~ is proportional to the number of charge 
carriers released during irradiation and is called here the 
"photoeurrent," or more properly the "photoconductance." 

Fig. 2 shows the construction of the experimental con- 
denser. I t  was machined from brass with Bakelite for 
insulation. The transparent electrode was electrical con- 
ducting glass. 4 A separation of 50# was maintained be- 
tween the plates of condenser. For measurements at low 
temperatures, the condenser was placed in a toluene 
thermostat. 

The light source was a Hanovia Mercury Arc Sc5043. 
The various wave lengths were isolated with a Bausch 
and Lomb Grating Monochromator Type 33-86-40. The 
light intensity was measured with an Eppley Copper 
Constantan Spectrum Type Thermopile. 

Procedure.--The powder was prepared for use as di- 
electric in the following manner: 6 g of paraffin was placed 
in a 20 x 70 mm vial and melted in a boiling water bath 
and 1.5 g ZnO was thoroughly mixed in. The mass was 
centrifuged to give a high density of ZnO in paraffin. I t  
did not produce any undesired preferential packing of 
sample since slices from the top or bottom of the pellet 
gave the same results. The resulting pellet was allowed to 

4 Obtained from the Coming Glass Works, Corning, 
N.Y. 

cool and then was cut with a microtome into slices 50# 
thick. The slices were kept in the dark until  they were ir- 
radiated for measurement. 

For measurement, a slice was placed in the condenser 
and the assembly completed. The condenser was placed 
in the thermostat and irradiated with the desired wave 
length. The resulting change in Q was recorded as a change 
in millivolts vs. time on the recorder. 

Experimental Results 

In  general, each sample was characterized by a dark 
conductivity aD which appeared as a steady reading on 
the recorder. The dark conductivity was estimated by 
comparing the loss of the condenser using ZnO-paraffin 
as dielectric with the loss when the dielectric was plain 
paraffin. Ideally each grain is isolated from every other 
grain and the photoliberated electron is confined to the 
grain in which it originates. 

When the light impinges on the sample there is a rapid 
increase in the number of charge carriers and this appears 
as a sudden change in millivolts on the recorder. After 
a time, a new equilibrium value of a is reached. In  many 
cases a goes through a pronounced maximum and finally 
settles down to a new lower equilibrium or saturation value, 
a s .  When the light is shut off, the photocurrent decays 
toward the value aD. Fig. 3 gives a typical curve. The 
value of the maximum photocurrent is o- M ; the saturation 
or equilibrium photoeurrent is as �9 The eventual value of 
the current after the light is shut off and rate of decay be- 
comes essentially zero is (~9)~. This value is taken as the 
end of the observable decay. 

Preliminary experiments were made to check the ap- 
plicability of equations (I), (II), and (III) to the samples 
and methods of this research. These were carried out on 
Merck Reagent ZnO Lot No. 53551. I t  eventually became 
apparent that the ZnO was undergoing a "memory mecha- 
nism" during irradiation in that when the light was shut 
off and the photocurrent decayed to aD, the samples were 
not the same as before irradiation. If the same experi- 
ment was repeated immediately neither (T M nor as was as 
large as in the first experiment. Weiss (14) was able to 

FIG. 2. Experimental condenser 
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FIG. 4. Effect of various experimental time sequences, 

illustrating the memory effect (Merck Reagent ZnO). 

reproduce equations (I), (II),  and (]II)  only by doing his 
experiments in a prescribed fashion. Before each measure- 
ment he pre-irradiated his samples with light of A = 280 
mtt and then exposed thenl to the desired wave length. 

In  the present work a wide variation in the value for the 
exponent of I in eq. (I) was obtained depending on how the 
experiment was carried out. Fig. 4 shows how the ex- 
ponent depends on the previous irradiation history. In  
Fig. 4 the exponent is given by the value of the slope of 
the plot of log a vs. log [. The first point taken on each 
curve was the lowest intensity point; the sample was al- 
lowed to decay apparently fully and the next higher in- 
tensity point was taken immediately. Each point was 
taken in this manner until the curve was completed. From 
Fig. 4 the stages of recovery of the sample can be followed 
by the various time intervals between curves. Run 2 was 
taken 4 hr after Run 1, Run 3 was 12 hr after Run 2, and 
Run 4 was 24 hr after Run 3. If another sample was taken 
and the same sequence of measurements made, repro- 
ducible results were obtained. I t  is interesting to note that  
Run 1 in Fig. 4 has a slope of 0.32 in apparent  agreement 
with equation (I). Values of about 0.3 could be obtained 
at  will with new samples if the same sequence of measure- 
ments was followed, i.e., essentially the pre-irradiation 
treatment  used by Weiss (14). 

The effect of variation in sequence of measurement is 
further shown in Fig. 5. A curve starting with the highest 
intensity point taken first is compared with a curve with 
the lowest intensity point taken first. I t  can be seen tha t  
the curves do not coincide, indicating again the sensitivity 
of the sample to irradiation history. 

Since oxygen plays a role in the photoconductivity of 
sintered zinc oxide samples (16), i t  was felt tha t  perhaps 
oxygen on the surface of the ZnO was responsible for the 
memory by contributing a slow step to the rate processes. 

I 0  1 i i i :~I' I I'1 i i i i , i t i [  

- INCREASING 

~ "-DECREASING INTENSITY 1 

| I I I I I I  l i e  I f , , , , , , I - I  

I 0  lOO 

INTENSITY ( / ~wot ts )  

FIG. 5. Effect of irradiation history on memory (Merck 
Reagent ZnO). 

Therefore, an experiment was carried out eliminating 
oxygen by mixing ZnO into paraffin under vacuum. The 
powdered ZnO was outgassed for several hours at  235~ 
then mixed under vacuum with melted paraffin, which 
had also been outgassed. All subsequent steps were carried 
out in an oxygen-free N atmosphere. The sample had a 
much greater memory effect in that  O- M and ~ were much 
less on the repeat measurement than on the first. I t  was 
also noted that  the photoconductance curve for the oxygen- 
free sample exhibited a more prominent maximum. Thus 
it was apparent that  the memory could not be removed by 
removing oxygen from the surface of the ZnO. These re- 
sults cannot be correlated exactly with the effect of oxygen 
on the surface because on outgassing the ZnO became 
slightly colored, and this darkening has been interpreted 
as indicating interstitial reduced zinc (12, 22, 23). Samples 
used in this research were equilibrated with air and paraffin 
at the temperature of the boiling water bath. 

Fig. 4 shows that  the sample had substantially recovered 
after 12-24 hr, so it was decided to wait 24 hr between 
measurements to insure recovery, as in Fig. 6. The plot 
is no longer a straight line but  shows curvature in con- 
trast  with the curves in Fig. 4. 

The general procedure established in the preliminary 
experiments with the Merck sample was then applied to 
the other samples containing impurities. Fig. 7 shows 
a number of characteristic photoconductance curves for 
these samples. The figures are arranged in rows according 
to impurity type and in columns according to the experi- 
mental conditions of wavelength and temperature. All 
the samples are characterized by a saturation photo- 
current, and many show pronounced maxima at room 
temperature. At  367 mtt all curves show at least a slight 

I i i g i i i  | l  I i : i : ' | l  i 

r 

I i i i i i i i l l  i i i i i i i 

I [0 I 00  

INTENSITY {/~ wat ts )  

FIG. 6. Photoresponse of a sample rested between ex- 
perimental points (Merck Reagent ZnO). 
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z ~ - u  z ~ - u  
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F]G. 7. Summary of a number of photoconductance vs. 
time curves, showing the build-up and decay. The sub- 
figure in the third column and fourth row (Fig. 7--III--4) 
should be labelled ZnO~Cu (0.01%). 

maximum except the samples containing Ga. In  all cases 
but one to be discussed later, the photocurrent decreased 
when the light was shut off, but the current did not neces- 
sarily decay to the original dark current before illumina- 
tion. The current, (aD)~, may be either larger or smaller 
than zD, although in many cases it became equal to zD �9 

A number of measurements were made at -49~ also. 
The effect of temperature can be seen by comparing the 
curves in the third column of Fig. 7 with other appropriate 
curves. The saturation photoeurrents are greater at -49~ 
than at room temperature for every case studied except 
Ga samples at 436 mtt. All of the maxima obtained at room 
temperature disappear at the lower temperature. The rise 
and decay are much slower, and the decay is very in- 
complete in all cases. 

The effect of light intensity is shown for Ga in Fig. 8. 
All samples gave similar results in that the current values 
increased regularly at low intensities and decreased at 
very high intensities. The fact that the curve bends down 
at the higher intensities is taken to mean that even any 
one measurement is subject to error because of slow re- 
versible changes in the sample due to illumination, i.e., 
the sample acquires an irradiation history even during the 
course of one measurement, and this memory effect is more 
pronounced at higher intensities. 

If the values for the initial slope, (di/dt)l ,  are plotted 
against light intensity on a log-log scale, good straight 
lines are obtained for several hundred-fold variation in 
intensity (Fig. 9). Thus the data can be fitted to an equa- 
tion of the form (di/dt)~ = k I  ~. The value of the exponent, 
n, as determined from the slopes of the log-log plot, was 
found to be about 1 for all samples at room temperature 
at 367 mp. However, at the lower temperature and at other 

wave lengths, the values of the exponent depart quite 
widely from unity. The fact that  n can be different from 1 
is indicative of a complicated process. Values of k and n 
are listed in Tables I and II. At very low light intensities, 
all samples showed a slight but definite induction period 
before the onset of photoconductance. The period varied 
from �88 to 1�89 sec. No induction was observed at lower 
temperatures and longer wave lengths, presumably be- 
cause higher i~tensities were required to yield measurable 
photoconductance. 

The decay curves could be analyzed as consisting of 
two first-order rate processes. Over 98% of the decay 
could be fitted to two first-order processes by proper choice 
of the asymptote for (aD)~. The adjustment for the 
asymptote was no more than 1-2% of the decay. Ap- 
plicability of the method is illustrated in Fig. 10 showing 
a typical plot of a sample containing A1 impurity. The 
shorter time constants were of the order of �88 rain and 
the longer, about 4-20 min. Specific values are also given 
in Tables I and II. (It should be recalled here that  there 
are other still slower decay processes which are responsible 

I l I I I t I I I I I l , 1 I I , 1 1  I 

I C - -  

Cao.l~~176 o o.olo~ t 
r l  0,5 % 0 0 .5% 
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I0  I 0 0  

INTENSITY (/~ watts)  

FIG. 8. Photoresponse of various ZnO-Ga samples as a 
function of light intensity and at two temperatures. 

? 

0.1 I I 0  
INTENSITY (/~ watts) 

FIG. 9. Typical set of curves showing the effect of light 
intensity on the initial slopes of photoconductance. These 
plots are used to evaluate k and n in da/dt = k l ' .  
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T A B L E  I. Summary of data at 367 m~ 

Sample 

ZnO 

C u  

0.01% 
0.1 

Li 
o.o~% 
0.1 
0.5 

G a  
o.o1% 
0.1 
0.5 

AI 
0.01% 
0.1 
0.5 

0.36 

0.32 
0.05 

2.2 
1.0 
1.4 

1.4 
0.5 
0.11 

O. 28 
0.1C 
0.3s 

1.23 

[ . I  
t,1 

1.0 
1.0 
t ,16 

1.17 
1.12 
1.08 

1.1 
1.2 
9.68 

Dark 
currenl 

2.5 

5 
4.2 

6 
7 
5 

4 
4 

18 

5 
5 
6.5 

Low intensity 

~s ( ~ ) ~  

1 uw/cm ~ 
0.6 0.0 

1 # w  
2,4 0.0 

0.8 0.0 

1 ~zw 
3.8 0.4 
1.1 0.8 
1.1 0.7 

1.4 ~w 
1 0.1 

27~ --49~ 

Medium 
intensity 

25 ~w 
6.5 0.0 

22 ~w 
1.2 --0.I 

24 uw 
5.2 0 
2.8 - 0 . 1  
1.5  - 0 . 4  

25 ~w 
12 0.8 
3.3 0.7 
3 0.9 

22 ~w 
2.2 0 
2.4 0.4 
2.1 0.3 

High intensity 

90 uw 
12.5 0.0 

80 uw 
1.8 - - 0 . 2  

72 gw 
12 0 
4 --0.1 
2.5 - -0 .5  

90 gw 
15 0 
3.4 0.8 
4.2 1.5 

80 uw 
2.5 0.2 

Dec~y 
constants 

Vh pt~ 
min min 

i ~-3 

2 

�89 21 
3~ 
5 

s�89 
[2 
[9 

3�89 
�89 31 

~r Wave 
length of 
response 

cut  off a t  
425 m~ 

~-436 mu 

~600 mu 

~600 m~ 

~600  m~ 

0 .1 '  

O. 41 

1.3 

1.5 

1.7 

0.4 
I 

0.8 

0.2 

Low intensity 

~s (aD) | 

1 gw 
0.8 2.4 1.6 

3 ~w 
3.9 2.8 0.8 

1 uw 
3.7 8 8 

3.8 uw 
0.7 4 1.3 

1 g w  
0.7 3.6 3.6 

14 #w 
0.2 2.5 2.5 

1.4 #w 
0.5 1.6 0.8 

0.5 

High 
intensity 

67 uw 
28 18 

63 uw 
4.5 0.7 

65 ~w 
40 39 

9.5 4.7 

60 ~,w 
11 6.6 

6.2 5.8 

25 uw 
5.0 2.6 

14 13 

T A B L E  II .  Summary of data at ~36 mu and 5~6 m~ 

436 m~ 546 m~ 

27~ --49~ 27~ 

ttl2 p 12 
Sample k n aS (qD) ,~ min rain aS (#D) ~ cS (r 

Cu 

Li 
0.01% 
0.1 
0.5 

G a  
o.o1% 
0.1 
0.5 

0.07 
0.02 

O. 0002 

0.17 

2.5 
1 

3.2 

0.38 

Too small  to 
measure 

25 uw 
3.5 0 
4.0 0 
0.8 - 0 . 3  

41 uw 
2 --0.1 
4.8 2.4 
2.8 2.2 

42 uw 
0.8 - 0 . 1  
2.6 1.3 
3.6 2.3 

1 
1.75 
0.5 

0.25 
1 
1 

6 
12 

1.75 

6 
13.5 
10 

3.5 
11 
t l  

7.5 7 

1 0.9 

A1 
0.01% 
0.1 
0 .5  

1.7 0.4 

0.8 0 
0.8 0.6 
0.5 0.5 

for t he  slow recovery  of the  samples  over  periods of 12-24 
hr.)  I n  the  case of Ga  samples,  only  a single measurab le  
f irs t-order  process was observed,  bu t  a dev ia t ion  from the  
f irs t-order  plot  a t  ve ry  shor t  t imes  suggested the  presence 
of a n  addi t iona l  process wi th  a ve ry  shor t  t ime  cons tan t .  

The  s a t u r a t i o n  pho tocm' ren t ,  a s ,  usual ly  decreased wi th  
increasing i m p u r i t y  concen t ra t ion  a t  367 m~ (see Fig. 7). 
The  only  except ion was the  A1 sample  where there  was 
some i r regular i ty  in  as  ; however ,  ffM decreased regular ly  
wi th  increasing i m p u r i t y  concent ra t ion .  At  the  lower 

t e m p e r a t u r e  the  same regular i ty  was observed.  

At  wave lengths  longer t h a n  436 m g  the  same sor t  of 

regular i ty  of as  as a func t ion  of impur i t y  was observed 

as a t  367 rag. A t  436 m g  irregular i t ies  and  invers ions  oc- 

curred.  F r o m  Fig. 7 i t  can be seen t h a t  Ga  and  Li show an  

i r regular i ty ,  where a s  does no t  decrease wi th  increas ing 
impur i ty .  W i t h  the  A1 samples  there  is complete  inversion,  
t h a t  is a s  increases wi th  increasing i m p u r i t y  content .  

The  energy  gap be tween  valence and  conduc t ion  b a n d s  
in ZnO is approx imate ly  3.2 ev, so t h a t  wave lengths  longer 
t h a n  385 m g  are  no t  energet ic  enough  to excite the  wid th  
of the  band .  In  the  case of " p u r e "  ZnO i r rad ia ted  wi th  
415 m g  light,  t he  pho toconduc tance  shows an  induc t ion  
period a t  all intensi t ies .  A typica l  curve is shown in Fig. 
7 in the  fifth figure of column 2 (Fig. 7-II-5) .  I n  samples  

wi th  0 .01% Li impur i ty ,  i r rad ia t ion  a t  436 m~ produced 
a p ronounced  m a x i m u m  in t he  curve  where only  a s l ight  

m a x i m u m  was found a t  367 m g  (Fig. 7-I-2 and  Fig. 7-II-2) .  

W i t h  0 .01% Ga,  i l lumina t ion  a t  436 m ~  again  produced  

a p ronounced  m a x i m u m ,  a l though  in th is  case the  to ta l  
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Fro. 10. Typical decay curve showing the manner of 
determining decay constants. 

photocurrent was smaller than at 367 mt*. At still longer 
wave lengths these pronounced maxima disappeared again, 
and in both cases the photocurrents became much smaller. 

The "pure" ZnO prepared in this laboratory behaved 
in a manner very similar to the Merck ZnO except that  
the Merck sample gave photoconductance to wave lengths 
as long as 700 mr* whereas the ZnO prepared in this labora- 
tory cut off sharply at 425 mt*. This may be because of 
differences in purity of the samples since an emission 
spectrogram showed that the laboratory prepared ZnO 
was purer. 

DrscussioN 

In general the shapes of all the photoconduetance curves 
in Fig. 7 are similar, differing only in degree, e.g., at 367 
mtt they all go through a maximum and then settle down 
to a lower final saturation photocurrent (r All samples 
show a decay in photoconductance which is the sum of 
two first-order processes, except possibly the Ga samples. 

I t  appears that some transfer phenomenon is associated 
with the absorption of light and subsequent liberation of 
charge carriers which may be either electrons or holes or 
both. At 367 m# and low light levels (~1  /awatt) there 
was a very definite induction period before onset of photo- 
conductivity. As mentioned before, "pure" ZnO at 415 
mtt (Fig. 7-II-5) exhibited an induction period at all light 
levels. If no transfer mechanism was involved, it would be 
expected that photoconductivity would begin immediately 
upon irradiation of the sample, but the fact that a finite 
length of time elapsed before the photocurrent began is 
indicative of the transfer phenomenon. Further, in the 
equation (&T/dt) = k I  ~, n changes with temperature. If 
liberation of electrons involved a direct interaction with 
photons, it would not be expected that n would change 
with temperature. Even in the simplest case of the results 
obtained at 367 m# and at room temperature n is somewhat 
different from 1 indicating a complicated process. The 
wider departure of n from unity at other conditions is an 
even stronger indication. 

Heiland (21) also postulated an energy transfer mecha- 
nism. From calculations of quantum yield during electron 

bombardment he concluded that the impinging energy 
must be absorbed in the lattice, then transferred to centers 
liberating charge carriers. According to Heiland, these 
centers are Zn + in interstitial positions, and from a calcula- 
tion based on the energy required to split off another elec- 
tron and the density of absorption centers, the capture 
cross section of these centers for bombarding electrons 
would have to be some 2 • 104 times larger than that for a 
lattice position, an unlikely situation. 

Once the light is absorbed, the energy is transferred to 
electron or hole liberating centers and trap forming centers. 
These may be identical with each other or independent of 
each other. If only charge carriers were produced, a con- 
tinuous regular increase of photocurrent would be ex- 
pected, e.g., curve AB in Fig. 11. However, after a while 
the curve bends and establishes an equilibrium value. 
Either some saturation value in the number of charge 
carriers available has been reached, or as many carriers 
are being trapped out of their conduction bands as are 
being excited into them. The latter is more reasonable 
since the absence of traps is not likely. Curve ACD repre- 
sents a saturation situation. When a maximum appears 
in the curve (ACE) it can be interpreted in terms of still 
another trapping mechanism which is photoehemieally 
induced and which becomes available after a time lag. 
If this trapping is not restrained by a time lag, the ex- 
pected curve would be like ArE.  Therefore the experi- 
mentally obtained curve ACE may be interpreted with 
the help of at least two trapping mechanisms, one of which 
has a time lag and is independent of charge carrier forma- 
tion. On irradiation, charge carriers are liberated and 
these very soon begin to be trapped since the curve begins 
to bend over. After a time the delayed trapping mecha- 
nism becomes increasingly important and the photocurrent 
is reduced to a new lower equilibrium value (curve ACE). 

Another observed phenomenon can be explained with 
another light-induced trap mechanism. When the ir- 
radiation is cut off on samples containing Li impurity, 
there is a small but definite temporary increase in photo- 
current before decay sets in. A more detailed general 
mechanism is given below, considering the charge carriers 
as electrons and remembering that a similar scheme can 
exist for holes. According to this mechanism, the incoming 
photon can participate in two types of processes, leading 
to the production of photoelectrons and to the production 
of tr~ps. 

Generalized Mechanism 
Photoelectron production 

Excitation . . . . . . . .  
Transfer . . . . . . . . . .  
Photoelectron pro- 

duction . . . . . . . . .  
Trapping and im- 

mediate re- 
covery . . . . . . . . . .  

o r  . . . . . . . . . . . .  

A -k hv -+  A* (IV) 
A* -k B --+ A -}- B* (V) 

B* -~ C + e (VI) 

C -b e --~ B q- energy (VII) 
X + e --+ (X + e) (VIII) 

and (X + e) -t- C - ~  
B + energy 

Independent trap formation 
Trap formation... A* -k G ---+ A -k H 
Trapping . . . . . . . . .  H + e --* (H + e) 
Recovery (after 

trapping) . . . . . . .  (H + e) + C--~ B + O + 
energy 

or recovery of 
traps . . . . . . . . .  H --* G -t- energy 

(IX) 
(x) 

(x~) 

(x l i )  
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Possible subsequent trap formation 
Trap formation... A* + C -+ A + D (XIII) 
Trapping and re- 

covery . . . . . . . . . .  D 4- e --+ B 4- energy (XIV) 
or . . . . . . . . . . . .  D + e --+ F -~ B + energy (XV) 

A schematic representation of this generalized mecha- 
nism involving steps (IV) through (XII) is 

--energy 

/ \ - - I  
/ \ 1" 

C 4 -  e (A*-~A) ,B*- / ~  

B ~ N ~ _ , .  --energy /~(H + e>-< 
/ \ 

G (A* ---, A) H 
) 

In  this mechanism, H and C or D are traps for the photo- 
electrons. 

In  order to show that  the generalized mechanism can be 
made more specific, Eqs. (XVI) through (XXVI) are 
given as a possibility. However, this example is only one 
of severat possibilities, and there is not  sufficient evktenee 
at present to permit a selection of the correct mechanism 
fl'om these possibilities. 

Example 
Photoelectron production 

Excitation . . . . . .  A + hv --* A* (XVI) 
Transfer . . . . . . . .  A* + Zn~: --~ (Zn~-)* + A (XVII) 
Photoelectron 

production. . .  (Zn+) * --* Zm ++ 4- e (XVIII) 
Trapping and 

immediate re- 
covery . . . . . . .  Zn +~ + e --~ Zu + + energy (XIX) 

Independent trap formation 
Trap formation, A* 4- Zm + (XX) 

- - * A + Z n ~ + O o  = 

Trapping . . . . . . .  Oo = 4- e --* @o= (XXI) 
Recovery . . . . . . .  @o ~ 4- Zm ++ (XXII) 

--~ Zn + 4-  O o  = 
Oo- + Zn + ( x x l I I )  

--* Zn } + energy 

Subsequent trap formation 
Trap formation. A* 4- Zn~ § (XXIV) 

--*A + Zn ++ + Oo = 
Trapping . . . . . . .  Oo = + e --~ @o= (XXV) 
Recovery . . . . . . .  Zn ++ 4- @o ~ (XXVI) 

- ,  Zn + 4- energy 

where A = lattice; A* = excited lattice; Zn + = interstitial 
Zn+; Zn~ = lattice Zn+; Oo= = anion vacancy; and @o= = 
electron trapped in anion vacancy (F center). 

The initial discussion is confined as much as possible to 
the generalized mechanism. According to this, the photon 
excites the lattice in a fast step giving A*, which subse- 
quently passes on its energy in a thermal step to the charge 
liberating center B. The excited B* releases conduction 
electrons in a subsequent thermal step (VI). If B* is a 
reservoir requiring buildup, the mechanism will explain 
the observed induction period. 

The probability of trapping increases with increasing 
concentration of conduction electrons, and the photo- 

D 

TIME 

FtG. 11. Various hypothetical photoconductance curves 

current will rise onlyunt i l  the rate of production and rate 
of removal of charge carriers become equal. The trapping 
could be a simple recombination according to reaction 
(VII), but the first-order decay processes observed suggest 
that a good portion of the trapping may be by a large rela- 
tively constant coneentratimi of traps X as in (VIII). 
The sequence of steps (IV) through (VIII) results in a 
curve of the form ACD with a steady-state photocurrent 
a s u t  D. 

The fact that the photocurrent usually goes through 
a maximum requires a more extended interpretation. As- 
suming that  the rate of production of photoelectrons is 
constant with time, then it becomes necessary to postulate 
a later increased rate of trapping. The fact that this lags 
behind the onset of illumination suggests that  the traps 
are photochemically produced through a moderately slow 
thermal s~ep. This independent formation of traps and 
their trapping is given in steps (IX) through (XI). Com- 
bining steps (IV)-(VIII) with steps (IX)-(XI)  would re- 
sult in curve of the form of ACE. 

The two-trap mechanism involving one independent 
trap formation also helps to explain the memory of the 
samples. If two photocurrent curves are run consecutively, 
both aM and as in the second curve are smaller, and in 
curves with a maximum the" maximum becomes modified 
and (~rM-(rs) is decreased. If only Eqs. (IV)-(VIII) were 
the trapping mechanism, then when e combined with C 
the original lattice would be reproduced. With H being 
formed independently, the sample can have a memory, 
i.e., there may be many H traps left after the initial decay 
of photocurrent. When the sample is irradiated the second 
time, these traps can contribute to trapping immediately. 
In  a photocurrent curve with a maximum, the maximum 
tends to disappear since now a time lag is not required for 
some H traps to be available. In other eases with smM1 
maxima, the total photocurrent is reduced. 

The postulated H trap formation [Eq. (XX)] requires 
some explanation. In  ZnO, anion vacancy formation by an 
anion jumping into an interstitial position is unlikely'; 
therefore, some other mechanism must be operative. I t  is 
assumed that an anion on a normal lattice site moves to 
the outer surface, along with its cation, by an unspecified 
diffusion process. The cation vacancy formed is filled by 
an interstitial monovalent cation, and the anion vacancy 
remains as such. This complicated mechanism may require 
an unduly long lifetime for the exeiton for which no ex- 
planation can be given. 
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For the recovery mechanism [Eq. (XXIII)]  there is 
surface to bulk diffusion of the ions. These involved proc- 
esses are in accord with the slow buildup of traps and the 
memory of ZnO. 

The evidence indicates that  both trap formation and 
charge carrier formation are very temperature dependent. 
At -49 ~ C the buildup of photoeurrent as measured by 
initial slopes is very much slower than at  room temper- 
ature. This indicates a strong temperature dependence for 
charge carrier formation. The induction period before 
onset of photoconductivity may also indicate an activation 
or thermal step. 

At  the low temperature in spite of the lowered rate of 
production of charge carriers, there is appreciable photo- 
conductivity, in most cases larger than at  room temper- 
ature, with a very small amount of decay when irradiation 
is cut off. This can mean either that  the rate of production 
of traps is greatly dependent on temperature or that,  in- 
stead, the rate of trapping after the traps have been 
formed is very dependent on temperature. If the lat ter  
part  of this statement were true, then the rate of trapping 
should slow up but not stop until the decay of the photo- 
conductivity is substantially complete. In  fact, the trap- 
ping not only slows up but  stops completely at  very small 
values of total  trapping. Hence, the trap formation mecha- 
nism must be the one which is very strongly influenced by 
temperature. 

In  the case of the Li-containing samples which exhibit 
a temporary slight increase in photocurrent after illumina- 
tion is cut off, it  becomes necessary to extend the general 
mechanism further. Apparently in these cases some con- 
tribution to the total  trapping rate which is present in 
the illuminated steady state becomes inoperative in the 
dark. This suggests a light-induced trap formation and 
trapping such as that  given by Eqs. (XII I ) - (XV).  These 
traps would be used ahnost as quickly as formed so that  
none would remain to contribute to the trapping in the 
dark during the decay. Thus the reservoir of B* could 
continue to supply conduction electrons for a short time 
in the dark so that  a temporary imbalance in production 
and removal of conduction electrons could exist in favor of 
a tempoi~13, increase in their number. Later  this reverts to 
a decay of photoconductance as the reservoir of B* becomes 
depleted and the trapping by other processes continues. 

There seems to be some resonance phenomenon asso- 
ciated with the second trapping mechanism [Eqs. ( IX) -  
(XI)]. Samples such as 0.01% Ga and 0.01% Li which 
show no maxima at 367 mr* show a very appreciable peak- 
ing when irradiated with 436 m~. When irradiated with 
wave lengths longer than 436 nip, the peaking again dis- 
appears. Since light absorption by the lattice is presumably 
confined to wave lengths below 385 mt*, the phenomena 
studied at longer wave lengths probably involve initial 
absorption of photons by portions of the ZnO which are 
dependent on the manner of preparation, such as im- 
purities and other types of imperfections. 

I t  is tempting to seek a model to describe the general 
mechanism in more detail. However, i t  is dangerous to 
ascribe any great reality to such models since the present 
state of knowledge on such a complicated system as ZnO 
is too meager for such detailed examination. Miller (23) 
has expressed a similar opinion. However, i t  is instructive 

to inquire into the more common models proposed by 
other authors to see to what extent they can serve to 
explain the experimental facts developed in this research 
and more particularly to see what discrepancies become 
obvious. 

While it  is not definitely known yet  to what extent the 
bonds in ZnO are covalent or ionic, the convention of pre- 
vious authors will be used, and the structure will be con- 
sidered as ionic. The normal condition for strongly fired 
ZnO is that  the composition of the compound departs 
from a stoichiometric ratio in the direction of excess Zn, 
The excess Zn is said to occupy interstit ial positions and 
ionize to give excess electrons. These excess electrons are 
responsible for the electrical conductivity and cause the 
ZnO to be an n-type semiconductor. This may be repre- 
sented by the equation 

10 (XXVlI)  Z n O - ~ Z n i  + + e  + ~  
o r  

ZnO --+ Zni ++ + 2e + �89 (XXVIII)  

I t  is well known that  the electrical conductivity of ZnO 
increases with decreasing O~ pressure. This can be easily 
understood with mass action concepts. An equivalent 
situation arises if ZnO is considered to have anion vacancies 
instead of excess cations in interstitiM positions. This 
generM type of model has been carried further in order to 
explMn the probable effect of impurities on the electrical 
conductivity of ZnO. 

If a small amount of gallium oxide is introduced as an 
impurity in ZnO, the process may be viewed as a replace- 
ment of a lattice Zn ion by a Ga ion. If the restriction is 
imposed that  the oxygen ions are not disturbed and that  
the Ga assumes its normal valence of three, the model 
would predict that  an additional electron would become 
available for conduction. Thus Ga or in general any tri- 
valent metal oxide added as an impurity would increase 
the excess semiconduetion of ZnO. An equivalent argu- 
ment can be made by postulating that  the effect of Ga 
is to decrease the number of interstitial Zn ions as sug- 
gested by Molinari and Parravano (9). In  the ease of Li 
and monovalent metal oxides, the model would require 
the replacement of two lattice Zn ions by Li and increase 
the interstitial Zn. Then by mass action it would be ex- 
pected that  the electrical conductivity would decrease. 

This sort of model was used by Mollwo (12) and later 
by others to explain the increased conductivity which re- 
sults from excitation of ZnO by light. He postulated that  
the interstitial Zn was in the form of Zn + and the light, 
after being accepted into the crystal, was used to split 
off the second electron giving Zn ++. 

The model requires that  the electrical conductivity of 
ZnO should be increased by  addition of trivalent metal 
oxides and decreased by monovalent metal oxides. In  this 
paper the electrical conductivity is designated by ~D 
(Table I). The predictions are not borne out by the present 
experimental data  inasmuch as all of the samples con- 
tinning impurities exhibit a larger aD than "pure" ZnO. 
However the samples were fired at  a relatively low temper- 
ature. This choice was made in order to minimize the 
normal departure from stoichiometry so that  the effect 
due to the purposely added impurities would not be 
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swamped by large effects due to temperature-induced im- 
perfections. The firing temperature may have been too low 
to establish predicted equilibria. 

With  this model and assuming equilibrium, i t  might be 
expected that  the final value of the photocurrent would 
depend on the intersti t ial  Zn and the interstitial Zn in 
turn depend on the type and concentration of impurity. 
Detailed examination of the present da ta  does not show 
the expected trends in all cases. This situation is not sur- 
prising if a closer examination is made of the data. The 
value of the photocurrent a t  any point is a resultant of 
the opposing processes of excitation and trapping. I t  can 
be seen from Table I that  the excitation rate, as measured 
by the k values, not only depends on the temperature but 
also on the type and concentration of the impurity.  The 
trapping also depends on temperature and impurity con- 
centration. The photoeurreut that  arises from these op- 
posing processes can have no ensily predictable values. 

I t  should also be recalled that  in the case of powders, 
surface effects can be quite important. Adsorbed substances 
can also act as Receptors or donors to the bulk of the ZnO. 
Melnick (16) has shown the effect of adsorbed oxygen on 
the conductivity of sintered ZnO. In the present experi- 
ments all samples were given the same pretreatment in 
order to avoid further complication in the study of the 
effect of desired introduced impurities. Even in the case 
of the desired impurity, the possibility of a nonuniform 
distribution of the impurity on the surface and through 
the bulk of the samples introduces additional uncertainty 
in interpretation. Because of this it  will be difficult to find 
a correlation between conductivity and catalysis with 
semiconductors, since conductivity is primarily a bulk 
phenomenon influenced to a considerable extent by the 
surface, while catalysis is primarily a surface phenomenon 
perhaps affected in part  by the bulk properties of the 
catalyst. Correlation between photoconductivity and 
photocatalysis may be even more difficult to establish. In  
the case of samples used in this research, some correlation 
was found (4) between the photocatalytic efficiency for 
the H292 reaction and the initial rise of the photoconduc- 
t ivi ty at  367 m# as measured by the values of k in the 
second column of Table I. Details of this correlation and 
its significance in the photoeatalytie process will be re- 
ported later with the photocatalytic studies. 

SUMMARY AND CONCLUSIONS 

Zn0 undergoes a memory mechanism when irradiated 
by light with a time constant of the order of 12~4 hr. 
The memory depends on the past  irradiation history of 
the sample, and because of this any measurement is subject 
to some uncertainty. In  the light of the present work, rela- 
tions for the dependence of photoconductivity on the in- 
tensity of light found by Mollwo seem to be conditioned 
by his choice of procedure. Analysis of the curves for a 
possible mechanism for photoeonductivity leads to the 
suspicion that  the memory is caused by the formation of 
traps independent of charge carrier formation. 

Concentration of t raps is a function of impurity con- 
centration and temperature. The rate of excitation, as 
measured by the k values, is also a function of impurity 

concentration and temperature. Since both excitation and 
trapping appear to depend on the impurity concentration 
in a complex manner, the matching of the two effects a t  
~s can occur almost anywhere. Thus, i t  is dangerous to 
t ry  to establish any regular progression in photoconduc- 
t ivi ty with impurity. 

The decay of photoconductivity is largely the sum of 
two first order processes, and i t  is at t ract ive to assign 
one decay constant to the decay of holes and the other 
decay constant to the decay of electrons. This cannot be 
done with any certainty, however, since it is not known 
which contributes the most to conductivity. 

The results of this investigation cannot be reconciled 
with any existing model for ZnO. Since i t  is shown that  
the results depend on the impurity and the irradiation 
history, it  appears that  disagreement or agreement among 
previous workers is due to dissimilarities or similarities 
in their samples and procedures in these respects. 
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Ultraviolet Fluorescence of Some Ternary Silicates 
Activated with Lead 
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ABSTRACT 

The fluorescence and phase diagrams of the following Pb-activated ternary systems 
were investigated: SrO-MgO-SiO2; SrO-ZnO-SiO~; BaO-MgO-SiO~; BaO-ZnO-SiO2. 
Eleven new ternary silicates were identified, some of which proved to be very good base 
materials for Pb-activated phosphors with peak emissions ranging from 3000 to 4000A. 

Fluorescent lamps producing radiation in the region of 
3000-4000A are important for many applications, e.g., 
the sunlamp, which emits in the short wave-length region 
near 3000~-, and which is used to produce erythema. For 
this, radiations of 2800-3200A_ are most effective with 
maximum response at 2970A (1). Sunlamps are used also 
for the production of vitamin D from sterols. The most 
effective region for synthesizing vitamin D h'om ergosterol 
is 2490-3130'  (2). 

A second type of ultraviolet (u.v.)olamp, the black-light 
lamp, emitting in the region of 3600A, is used in a number 
of applications such as laundry marking, blueprinting, 
instrument dial illumination, window displays, etc. For 
the last two applications use is made of phosphors, such 
as sulfides, which are excited by long wave length ultra- 
violet. 

The number of fluorescent substances which produce 
u.v. radiation in the region of 3000-40o00A , when excited 
by the Hg resonance radiation of 2537A, is not very large. 
Ce-actigated phosphors often fluoresce in this region, but 
they are less suitable in practice because of maintenance 
difficulties in Hg-diseharge lamps and deterioration 
during processing. Tl-aetivated phosphors are more suit- 
able. One which is used often is Ca3(PO4)~-TI (3, 4), which 
has an emission maximum at 3250A. A more effective 
erythemal phosphor can be produced by partial sub- 
stitution of Zn for Ca (5) which shifts the maximum 
to shorter wave lengths. In black-light lamps Pb-aeti- 
vated BaSi~05, having an emission maximum at 3500A, 
is often used (3). 

The present article describes an attempt to extend the 
list of suitable u.v. phosphors. Since Pb-aetivated phos- 
phors often have an emission in the u.v. region, most at- 
tention was paid to this activator, t~eeausc silicates appear 
to be the most suitable base materials for activation with 
Pb, several ternary systems containing SiOs, one oxide of 
the group CaO, SrO, BaO and furthermore MgO or ZnO 
were investigated. Many new compounds were found, 
some of which appeared to be excellent base materials for 
Pb-activated phosphors. 

EXPERIMENTAL METttODS 

Materials used included the carbonates of Ca, Sr and 
Mg, ZnO, SiO2 of very fine grain size/and a Pb compound, 

Aerosil from Degussa. 
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usually the nitrate. A thick alcoholic slurry was made of 
the oxides and carbonates. This slurry was ground in a 
small glass jar mill and mixed with the required amount 
of the activator, mostly Pb(NO~)2 dissolved in water. The 
paste was dried and sometimes milled in a small agate 
runner mill. The resulting powder was fired in open 
alundum crucibles at 1000~176 for a few hours. Often 
the activator was added in the form of PbF2. A few per- 
cent of the fluoride of one of the basic oxides was also 
added occasionally. Although very little F is found in the 
fired material by analysis, its presence in the raw material 
blend often has a marked effect on the fired product. 
Judging from the x-ray diffraction patterns of the fired 
products, the reaction is more complete in the presence of 
a little F. Moreover, addition of a fluoride promotes 
crystal growth and sometimes the transition between two 
crystal phases. The amount of Pb added was usually of 
the order of 1 mole % of the basic oxides. X-ray diagrams 
of the fired products were made with Co-K~ radiation, 
using a North American Philips Geiger counter x-ray 
diffractometer. 

Sufficient compositions were fired and x-ray analyzed 
to make it possible to identify the composition of new 
phases and to construct the composition diagrams for the 
ternary systems investigated. The identification of new 
compounds was in many cases greatly aided by their 
isomorphism with known Ca, Mg- and Ca, Zn-silicates. 

Binary Compounds 

The following are the binary compounds which nmy 
occur and their fluorescent properties when activated 
with Pb: 

CaO-SiO2.--Four compounds are known: Ca3SiOs, 
Ca2Si04, Ca3Si207, and CaSiO~. In the fired products 
only the last three were found. This is in agreement with 
the results of Carlson (6) who found that CasSiOs is not 
stable below 1250~ and decomposes into CaO and 
CasSiO4. The a-form of the metasilicate, or pseudowol- 
lastonite, was found predominantly. The orthosilicate 
occurred only in the low temperature B-form. 

The fluorescence of CaSiOs-Pb has already been in- 
tensively studied (7-14). With 2537~ excitation, emission 
bands are found at 3000 and 3500X. Fonda and Studer 
(9, 11, 13) attribute the 3000A band to a-CaSiO3-Pb and 
the 3500A emission to r This is disputed by 
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TABLE I. Spacings (d) and intensities (I) for x-ray patterns 
of SrSiO3 and BaSi205 

SrSiO3 a BaSi:O5 0 BaSi~O5 

d(s ] I I d(s i 

5.0 20 
3.56 45 
3.36 30 

2.92 ~2800 2..5,3 
2.06 
1.905 30 
1.78 15 
1.76 5 
1.68 20 
1.60 l0 
1.525 20 
1.46 t5 
1.395 10 
1.305 25 

6.9 
5.6 
4.75 
4.05 
3.85 
3.55 
3.35 
3.27 
3.17 
2.88 
2.78 
2.61 

i d(s 

10 2.00 
10 1.95 
10 1.92 
10~ 1.88 

1.83 
50 1.79 
40 1.73 
35 1.70 
75 1.68 

I 

15 
20 
40 
40 
20 
30 
10 
10 
10 

a(h) 

6.8 
6.4 
5.8 
5.5 
5.0 
4.3 
4.0 
3.8 
3.40 

35 
45 
25 

2.51 20 
2.41 5 
2.35 35 

2.26 8~00 2.22 
2.16 25 
2.07 40 
2.04 35 

i 

k 

1.65 10 3.32 
1.62 10 3.25 
1.60 55 3.09 
1.59 20 2.98 
1.48 20 2.89 
1.46 25 2.72 
1.42 15 2.58 
1.41 15 2.54 
1.395 15 2.50 
1.335 10 2.4O 
1.295 25 2.32 

2.23 
2.19 
2.16 

60 
20 
30 
20 
30 
25 
25 
35 
5 

35 
5 
5 

15 
20 
l0 
5 

15 
20 
20 
10 
1O 
15 
25 

Sehulman and co-workers (12, 14) who are of the opinion 
that both forms of CaSiO3-Pb can emit a band at 35007~ 
depending on the Pb content. 

SrO-SiO2.--The phase diagram of this system is known 
(15). Only two compounds occur, the ortho- and meta- 
silicate. Since no x-ray data for the metasilicate were 
found in the literature, spacings and intensities of the 
x-ray lines of this compound are given in Table I. 

The ortho- and metasilicate show a weak fluorescence 
with maxima at 3600A and 3000A, respectively, when 
activated with Pb and exposed to 2537A radiation. 

BaO-SiO2.--AI1 four silicates occurring in this system 
(15) (BasSi04, BaSi03, Ba2Si308, and BaSi203) were 
identified using x-ray data from the A.S.T.M. 1950 card 
index. In SiO:-rich binal:v and ternary mixtures, however, 
extra lines were found which at first coukl not be identi- 
fied. I t  appeared that BaSi20~ could occur in two modi- 
fications. After the compound was fired at 1350~ and 
quenched, the x-ray pattern agreed with that of the 
A.S.T.M. index. Both modifications were found after 
firing below this temperature. When a little BaF2 was 
added to the firing mixture, only the low temperature- or 
f~-modification was present. The characteristic lines of 
both modifications are listed in Table I. 

Pb-aetivated Ba silicates were made by Butler (16) 
and by Clapp ~nd Ginther (3). The latter used Pb con- 
tents of about 1 mole % and found a weak fluorescence 
with maxima at 3200A and 3750A in the metasilicate and 
mesotrisilicate, respectively. Strong fluorescence with a 
maximum at 3500A_ was obtained with Pb-activated 
BaSi:Oh. 

Butler made reasonably efficient phosphors from the 
metasilieate and mesotrisilicate by using Pb contents of 
10 mole % or more. When more than 0.1 mole PbO/mole 
BaO was added to the metasilicate, a new phase appeared. 

The emission of these phosphors was predominantly in 
the blue-green region. 

MgO-Si02, ZnO-SiO:.--The well-known compounds 
Mg2Si04 (forsterite), MgSi03 (clinoenstatite), and Zn2Si04 
(willemite) showed no appreciable fluorescence when 
activated with Pb. When mixtures of MgO and Si02 were 
fired together, the orthosilicate was formed first, even 
with MgO:Si02 ratios of one or less. To obtain the meta- 
silicate the mixture has to be fired at temperatures above 
those employed here. Lines belonging to the metasilicate 
were found only occasionally in the x-ray diagrams of 
ternary mixtures. 

Ternary Systems 

The following ternary systems were investigated: CaO- 
MgO-SiO_~; CaO-ZnO-SiO2; SrO-MgO-SiO~; SrO-ZnO- 
SIO2; BaO-MgO-Si02; BaO-ZnO-SiO~. 

The phase diagrams of CaO-MgO:SiO: (17) and CaO- 
ZnO-Si02 (18) are known. The following compounds 
efist, all of which occur in nature as minerals: CaMgSi04, 
monticellite; Ca2MgSi2OT, akermannite; Ca3MgSi2Os, 
merwinite; CaMgSi206, diopside; Ca2ZnSi20: hardy- 
stoifite. 

Hardystonite and akermannite are isomorphous. X-ray 
data for the Ca, Mg silicates are all given in the A.S.T.M. 
index. The spacings of hardystonite are given by Segnit 
(18). None of the other systems has been fully explored. 
Butler and Cassanos (19) made x-ray patterns of various 
Pb-activated BaO-MgO-Si02 mixtures and found a num- 
ber of new complex silicates, but  they did not establish 
their compositions. Moreover, they used such high Pb 
contents that compounds were formed which were not 
produced in the absence of lead. Their pattern "A" was 
similar to that  of BaMg~Si~07 found here. The product 
obtained by firing a mixture of the molar composition 

TABLE II. X-ray data of the new 1-1-1 silicates 

B~ZnS~O~ BaMgSiO4 

d(~,) I d(A) [ 

4.55 
4.05 
3.15 
2.64 
2.53 
2.46 
2.26 
2.19 
2.02 
1.97 
1.80 
1.72 
1.68 
1.64 
1.60  
1.58 
1.52 
1 .485  
1.455 
1.435 
1.39 
1.35 
1.315 
1. 275 

20 
20 

100 
75 
5 

15 
25 
25 
55 
30 
10 
15 
30 
15 
60 
20 
35 
l0 
5 
5 

2O 
20 
20 
20 

4.55 
4.05 
3.15 
2.65 
2.53 
2.47 
2.25 
2.18 
2.03 
1.96 
1.72 
1.68 
1.63 
1.60 
1.58 
1.52 
1.385 
1.35 
1 .315 
1 .25  

40 
10 

100 
50 
10 
5 

40 
15 
40 
25 
15 
20 
5 

40 
15 
20 
10 
15 
10 
10 
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TABLE III.  X-ray data of the new 1-2-2 silicates 

BaMgeSi207 BaZn.~SizO7 SrZn2Si20~ 

d(~.) 1 zUO d(s I d(s 
4.6 20 1.93 35 6.4 
3.6 10 1.84 10 4.6 
3.4 20 1.80 15 3.7 
3.20 1.75 15 3.22 
3.15 65 / 1.72 15 3.17 
3. OO 45i 1.69 15 3.01 
2.88 15 1.65 15 2.88 
2.85 2 1.61 10 2.50 
2.70 1.56 20 2.40 
2.62 1.51 15 2.38 
2.49 30 ] 1.49 5 2.15 
2.35 25 / 1.44 5 2.11 
2.32 15 1.42 5 2.02 
2.25 50 1.39 10 1.97 
2.14 15 1.37 10 1.94 
2.10 10 1.34 10 1.85 
2.00 15 1. 285 10 1.81 
1.95 30 1. 275 10 

[ d(A) [ 

1.76 15 
1.71 40 
1.66 15 
1.60 10 
1.57 40 

1. 505 3 i 
1. 465 
1.43 

1.38 10 
1.35 10 
1.335 10 
1.28 

d(s 100 d(s t 
~ / 5  - -  -- 6.5 1.60 20 

4.6 10 1.59 20 
3.75 15 1. 575 10 
3.30 1.55 5 
3.25 75 1.49 10 
2.92 80 1.46 25 
2.48 55 1.42 10 
2.34 15 1. 395 10 
2.30 40 1.385 5 
2.08 20 1.36 15 
1.97 40 1.325 5 
1.92 10 1. 315 10 
1.88 20 1.30 10 

5 1.83 

: 1.75 15 
1.64 15 
1.63 

BaO:MgO:PbO:SiO2 = 6:4:1:6,  which according to 
Butler and Cassanos produces pattern "C", was shown by 
x-ray diagrams to be a mixture of the phases BaaMgSi~08 
and Ba2MgSi2OT. In  patterns "B" and "D", found by 
Butler and Cassanos, lines occur which are found only 
with products containing a large amount of Pb. 

Eskola (15) tried to make Ba and Sr compounds anal- 
ogous to diopside and failed. Neither were such compounds 
found here. 

Nagy and co-workers (20) activated Ca2ZnSi207 with 
Pb and found a strong emission band with a maximum at 
3450A on excitation with 2537~. The best phosphor was 
made with excess Si02 and with a Pb content of 0.003 
mole PbO/mole BaO. 

Anderson and Wells (21) investigated part of the 
system BaO-ZnO-Si02 using Mn as an activator. On 
excitation with 2537A they found a red Mn emission at 
6900A for compositions of BaO. 2ZnO. ySi02, where y was 
between 1.7 and 7, preferably 2. With such compositions 
Larach (22) found a strong green band next to the red 
one on excitation with cathode rays, while the red band 
alone was found with a composition of BaO-ZnO. 2SiO> 
X-ray diffractions were reported to be complex and not 
readily interpretable in terms of luminescence. 

After studying numerous x-ray diagrams of a large 
number of the fired ternaw mixtures mentioned above, 
the following new compounds were identified: SrZn~Si2OT, 
Sr2ZnSi2OT, Sr:MgSi~OT, Sr3MgSi~Os, BaZnSiO~, BaZn~- 
Si207, Ba~ZnSi2OT, BaMgSi04, BaMg2Si207, Ba~MgSi207, 
Ba3MgSi2Os. 

The x-ray patterns of some of these new compounds 
could easily be indexed because of their isomorphism with 
known Ca,Mg- and Ca,Zn-silicates. All available x-ray 
data are collected in tables II-V. Sufficient information 
was collected from the x-ray analysis to make it possible 
to draw conjugation lines in the composition diagrams as 
shown in Fig. 1. These lines divide the ternary diagrams 
into a number of triangles. The final phases produced by 
the firing of compositions falling within these triangles 
are given by the apexes of the triangles. 

Indicating the mole compositions in the order (CaO, 
SrO,BaO)-(MgO,ZnO)-Si02, it is seen that except for 
diopside, only the following compounds occur: 1-1-1, 
1-2-2, 2-1-2, and 3-1-2. 

These compounds and their fluorescence, when activated 
with Pb are discussed below in more detail. 

1-1-1 Compounds.--Three compounds exist: CaMgSiO~, 

TABLE IV. X-ray data of the new 3-1-2 silicates 

Indices, hkl 

020 
110 
111 
OO2 
012 
121 
102 

112; 022 
130 
040 
032 
013 
221 

113; 023 
231; 042; 123 

222 
150 
310 
241 

CaaMgSi2Or 

d(s r d(s 

4.75 
4.52 
3.93 
3.50 
3.31 
3.20 

35 2.97 
5O 2.81 

100 2.74 
15 2.40 
15 2.37 
30 2.32 
20 2.24 
2O 
45 

30 1.96 
10 
5 1.77 

1.74 
10 1.67 
15 1.63 
15 1.59 
30 1.58 

1.545 
10 1.465 
10 1.40 
15 1. 365 
15 

1. 335 
1.305 
1.29 

SraMgS i:O7 

5 
5 

l0 
5 
5 
5 
5 

~0 
)0 
10 
10 
l0 
15 

55 

25 
15 
5 

20 
35 
30 
5 
5 

15 
30 

10 
5 
5 

BaaMgSi207 

o 
d(A) I 

4.05 70 

3.41 5 
3.16 10 
3.02 5 
2.93 95 
2.81 100 

2.43 35 
2.31 55 

2.03 65 

1.84 40 
1.78 25 

1.71 2O 
1.64 50 
1.63 30 

1.53 10 
1.46 20 
1.405 30 

1.395 15 
1.35 20 
1.33 15 
1.295 20 
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TABLE V. X-ray  data of the new 2-1-2 silicates 

Sr2ZnSi207 

d(i) r 

5.2 5 
4.35 4 

3.85 30 
3.59 5 
3.17 55 
2.96 100 
2.83 15 
2.6O 15 
2.54 35 
2.48 10 
2.38 5 
2.32 2 

2.10 3O 
2.05 2 
2.01 5 
1.95  15 
1.91 10 
1.89 10 
1.87 5 
1.82 45 
1.80  15 
1.78 20 
1.73 5 
1.69 5 
1.65 5 
1.59 10 
1.55 20 
1.53 4 
1.505 10 
1.475 10 
1.43 20 
1.42 5 
1.375 5 
1.365 5 
1.34 10 
1.31 5 
1.29 20 
1.275 10 

hkl 

001 
101 

111 
210 
201 
211 
220 
002 
310 
221 
301 
112 

212 
321 
400 
410 
33O 
401 
302 
312 
420 
331 
003 
103 ; 322 
113 
2O3 
213 
332 
511 
223 
521 ; 313 
440 
441 
512 
531 
4O3 
004 
620 

d(i) 

5.7 
5.2 

4.0 
3.80 
3.58 
3.18 
2.95 
2.84 
2.58 
2.53 
2.48 
2.38 

2.28 
2.18 
2.10 

2.00 
1.95 

1.89 

1.82 

1.78 
1.72 
1.69 
1.65 

Sr~M:gSi~O7 

I 

15 
5 

10 
10 
5 

30 
100 

5 
10 
25 
10 
10 

10 
5 

30 

10 
20 

25 

30 

20 
5 
5 
5 

1.59 5 
1.56 20 
1.53 10 
1.505 5 
1.475 5 
1.43 20 
1.42 5 

1.365 5 
1.335 5 

1.29 20 
1.275 10 

hkl 

110 
001 

220 
111 
210 
201 
211 
220 
002 
310 
221 
301 

311 
202 
212 

400 
410 

410; 330 

312 

331 
003 
103; 322 
113 
203 
213 
332 
511 
223 
521 ; 313 
440 

512 
531 

004 
620 

3.92 
3.48 
3.16 

2.92 
2.86 
2.72 
2.55 
2.39 
2.36 
2.21 
2.12 
2.08 
2.05 

1.94 
1.91 
1.86 
1.78 
1.74 
1.70 
1.68 
1. 645 
1. 585 
1. 555 
1.505 
] .  49 

1.46 
1.435 
1. 405 
1.35 
1.3t5 
1.295 
1. 275 
1. 265 

X ~(i) 

5.4 
15 3.93 
15 3.45 

100 3.17 
3,02 

30 2.92 
10 2.86 
40 2.72 
15 2.54 
20 2.39 
10 2.36 
10 
15 
15 
15 

55 
25 
10 
15 
2O 
4O 

5 
5 

10 
10 
15 
2O 

10 
10 
15 
10 
5 

3O 
15 
15 

2.21 
2.12 
2.08 
2.06 
2.02 
1.94 
1.91 
1 .85  
1.79 
t .74 
1.70 

Ba2ZnSi207 Ba~MgSi207 

1.65 
1.595 
1.555 
1.55 
1.495 
1.485 
1.46 
1.44 
1.41 
1.345 
1.315 
1.295 
1.28 
1.27 

5 
40 
20 

100 
10 
55 
20 
25 
10 
20 
10 
20 
10 
25 
20 

5 
45 
20 
20 
10 
10 
30 

10 
5 

15 
5 

15 
10 
10 
5 

10 
5 
5 

15 
10 
10 

BaZnSiO4, and BaMgSiO,.  The  last two compounds are 
isomorphous. This was invariably the case for correspond- 
ing M g  and Zn compounds when both occur. I t  is note- 
worthy however tha t  the corresponding Zn analogs for 
some Mg  compounds do not  occur. For  example, hardy-  
s toni te  and akermanni te  are isomorphous, while there are 
no CaZn  compounds corresponding in composit ion to the 
other  CaMg compounds, merwinite,  diopside, and monti-  
cellite. F r o m  a fluorescence point  of view the 1-1-1 com- 
pounds are not  of interest.  The  Ba-containing compounds 
emi t  a broad band in the visible near  4200A when acti- 
va ted  with lead and excited bYo 2537,~. Pb-ac t iva ted  
monticel l i te  emits a band at  3050A. Al though this band 
ties in the  e ry themal  region, the efficiency of the phosphor 
is too low for practical application. 

1-2-2 Compounds . - - The  similari ty between x-ray dia- 
grams for BaZn2Si207 and BaMg2Si207 (Table I I I )  indi- 
cates tha t  these substances are isomorphous. This  was 
also confirmed by the formation of an  uninterrupted 
series of solid solutions. 

BaZn~Si207 is an excellent base mater ial  for act ivat ion 

with Pb. With  low Pb contents  the emission spectrum has 
a peak at 3030A (Fig. 2). Wi th  higher ac t iva tor  content  a 
second peak develops a t  3300A while the  over-all  ef- 
ficiency drops. The  best phosphors were obtained by 
firing a mixture  of BaCO3, ZnO, and Si02 with about  
1 mole % PbO added in closed quar tz  crucibles for a few 
hours at  1000~ The amount  of BaO added preferably 
should be lower than indicated by the  stoichiometric 
composition. A stoichiometric ratio of the basic con- 
st i tuents leads to phosphors with a comparat ively  low 
output.  This is further i l lustrated in Fig. 3 where contour 
lines are drawn indicating compositions having ef- 
ficiencies approximately 80% and 50% of those of the 
best products as measured with a ]P  21 photomult ipl ier  
in combinat ion with  Schot t  UG 5 and W G  7 filters, trans- 
mi t t ing u.v. radiat ion between 2700 and 4000A. The 
position of these contour lines is not  fixed. They  vary  
with the method  of preparation. When the raw materials  
are mixed very  thoroughly,  near-stoichiometric compo- 
sitions may  have a higher efficiency than  indicated in 
Fig. 3. 
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FIG.1. Composition diagrams of the six ternary silicate 
ystems investigated showing conjugation lines. 

. i "  

I 
3000 3500 

BoZn2Si207 l xm b 
o: x=tO -3 
b..x=~ -2 
c. x=10 - I  
d: x = 3.10 -I 

I 
25o0 ~.o0o 

FIG. 2. Spectral distribution curves of the fluorescence 
of BaZn2Si2OT-xPb fired at 1000~ and excited with 2537A 
radiation. 

The explanation of this effect is quite simple. When 
compositions near the stoichiometric point and lying in 
the shaded area of Fig. 3 are fired, hardly any luminescence 
at  all is found. This shaded area is separated from the 
"fluorescence area" by two fairly sharply defined lines. On 
comparing Fig. 3 with the composition diagram of Fig. 1 
it  is noticed that  these lines represent the boundaries be- 
tween ternary mixtures containing ZnO and those without 
it. ZnO absorbs 2537A very strongly, but  has no appreci- 
able fluorescence when fired with PbO under oxidizing 
conditions. In  contrast, ZnsSiO4 and SiO2 have no strong 

absorption for 2537A. Therefore, their presence in the 
fired product is not very detrimental to the efficiency, 
while traces of ZnO are to be avoided. Because a solid 
reaction is hardly ever complete, the last remaining un- 
reacted materials having to diffuse over increasing dis- 
tances, the raw material composition must be chosen so 
that  it  is very unlikely for ZnO to remain unreacted. This 
is done by taking an excess of SiO~. 

This principle of taking an excess of the basic con- 
sti tuent which is comparatively harmless, in order to 
suppress the presence of deleterious reaction products 
or unreacted basic constituents, is quite generally applied 
in preparative phosphor chemistry [see, for example ref. 
(23-26)]. 

BaMg2Si207 activated with Pb has a weaker emission 
than the corresponding Zn compound. The spectral 
distribution of the emission shows a maximum at  2900A 
and a second maximum at  3700A. In solid solutions of 
BaZn2Si20~ and BaMg2Si207, emission shifts gradually 
from 3030.~ to shorter wave lengths as the Mg :Zn ratio 
increases (Fig. 4). The efficiency is at  first little affected, 
and may increase somewhat but  it  begins to drop when 
more than 20% of the Zn in BaZn2Si2OT-Pb is replaced 
by Mg. At  the same time the second 3700A band begins 
to appear. This can be explained as follows. 

The strong 3030& emission in BaZn2Si~OT-Pb is prob- 

Zr~ 

/ - \  
B o O  SiO 2 

FIG. 3. Composition diagram of the BaO-ZnO-SiO2 sys- 
tem showing contour lines for phosphors of equal bright- 
hess. The shaded area is practically nonfluorescent. The 
composition of the phosphors can be represented by 
xBaOyZnOzSiO2-r PbO with r: (x + y + z) = 0.005. 

r ~ ,~;, ~ eozn2si2o~-o olPb 
l l' ~',~//BeZnl'Mg~SSi2OT-~OlPb 

' , } / j  eoznMgs 2o,-o 01P  
, ~ ~  BaMg2Si207-O'01Pb 

\"' " ' " ' "  

2500 3000 3500 dOo0 ~500 /~ 

FIG. 4. Spectra] distribution curves of the emission of 
Ba(Zn, Mg)~Si2OT-Pb excited with 2537A. 
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ably due to a transition from the ~P to the ~S ground state 
of the Pb ~+ ion. If the phosphor is to be efficient for 
2537.& excitation, this wave length must lie within the 
excitation band corresponding to the reverse transition, 
preferably near its maximum. This is apparently the case 
with BaZn~Si=O~-Pb. But when Mg is substitnted for Zn, 
the emission band and presumably the excitation band 
move to shorter wave lengths. If the maximum of the 
lat ter  moves to wave lengths shorter than 2537-&, the 
exciting radiation is not only less strongly absorbed, but  
competing transitions, such as those associated with 
Pb-Pb pairs, come to the fore giving rise to new emission 
bands, while more energy is also lost to radiationless 
transitions. Reflection measurements confirmed that  when 
more than 20% of the Zn was replaced by Mg, the re- 
flection for 2537.& began to decrease noticeably. Because 
of its high efficiency (quantum efficiency of the order of 
90%) and the suitable spectral range of its emission, 
BaZn~Si~O~ should be a very good phosphor for erythemal 
lamps. When lamps were made with this phosphor, how- 
ever, an unexpected difficulty arose when powder came 
off the wall of the tube during the baking process. 

I t  became evident from thermal analysis curves that  
this resulted from a reversible crystallographic transition 
at  about 270~ Substitution of 3% Mg for Zn moved 
this point to 285~ while with more than 5% Mg added, 
a transition point was no longer noticeable on the thermal 

t 
S 5 MgSi207 - O.02$Pb 

. I  I I I ~ I I 
2500 3000 3500 4.000 4.500 5000 /~ 

FIG. 5. Emission spectra of Pb-activated 3-1-2 com- 
pounds excited with 2537A. 

z~ A / s , ~  z~si2oT_o.oTpb 
I / ] ~~Ce2ZnS i2OT-O 'O2Pb  

. :  , , 

2500 3000 3500 4.000 4.500 ,~ ~,-3. 

FIG. 6. Emission spectra of Pb-ac t iva ted  2-1-2 com- 
pounds excited with 2537A. 

analysis curve. No further trouble arose from bad powder 
adherence after 10 % of the Zn had been replaced by Mg. 
This partial  substitution has the added advantage of 
moving the emissioa peak nearer the maximum of the 
erythemal sensitivity curve. 

SrZn2Si207 has a structure different from tha t  of the 
corresponding Ba salt. The composition of this compound 
was at  first difficult to establish mainly because the x-ray 
diagrams were not reproducible. 

SrZn2Si~07 and Sr2ZnSi207 were nearly always found 
together, even in compositions falling within the triangle 
formed by ZnO, SiO~, and SrZn2Si~07 in the composition 
diagram. When some fluoride was added to the raw mate- 
rial blend, the characteristic lines for SrZn~Si~07 dis- 
appeared altogether. However, when a small percentage 
of Sr was replaced by Ba, the SrZn2Si~O7 structure became 
stabilized. As much as 80% of the Sr can be replaced by 
Ba before a new phase appears. With more Ba added, 
lines belonging to the BaZn2Si~07 phase begin to show up. 

The identification of SrZn~Si~07 was further com- 
plicated by the fact that  its Pb-emission and that  of 
Sr~ZnSi2OT-Pb both have a maximum at 3250.&. 

3-I-2 Compounds.--These compounds occur only in the 
complex silicates containing Mg. Judging from x-ray 
diagrams the compounds appear to be isomorphous (Table 
IV). The lines of the x-ray pattern of merwinite (Ca3- 
MgSi20s) were indexed by Phemister (27) and by Bredig 
(28), showing this substance to be orthorhombic with the 
following unit cell: a0 = 5.2.~&, b0 = 9.2A and co = 6.8A. 

By analogy, the lines of the Sr and Ba compounds could 
be indexed quite easily and were found to give the follow- 
ing unit cells: Sr3MgSi~Os--a 2 = 5.4A, b0 = 9.6]k, co = 
7.2A; Ba~MgSi2Os--a0 = 5.5A, b0 = 9.8A, Co = 7.6_A_. 

An uninterrupted series of solid solutions was found to 
exist between Ca~MgSi208 and Sr~MgSi~Oa and between 
Sr~MgSi20s and Ba3MgSi208. However, when mixtures 
of Ca~MgSi~Os and Ba~MgSi20s were fired, the final 
product consisted usually of two phases. From the dia- 
gram of a 1:1 mixture it was evident that  the lines for 
the Ca-rich phase were the strongest and the cell was 
considerably larger than tha t  of pure CaaMgSi~Os. A 
substantial amount of Ca can be replaced by Ba, while 
little Ca seems to have been taken up by Ba3MgSi~Os. 

Regarding their fluorescence, all three compounds are 
of little importance. Spectral distributions are shown 
in Fig. 5. 

2-1-2 Compounds.--These compounds occur in alI six 
ternary systems investigated. X-ray diffraction data 
listed in Table V show that  Sr2ZnSi207 and Sr2MgSi20~ 
are isomorphous with Ca2ZnSi~07 (hardystonite) and 
Ca~MgSi~O7 (akermannite) and may be considered as new 
members of the melilite group of silicates. The crystals 
are tetragonal, and the cell dimensions of both Sr com- 
pounds are about equal with ao = 8.06A and co -- 5.19A. 

The spectral distributions of the emission of the six 
compounds activated with Pb and excited by 2537A are 
given in Fig. 6. The Pb-activated Ca and Sr compounds 
are efficient phosphors with quantum efficiencies of the 
order of 90%. The best phosphors are again obtained 
when an excess of SiO2 is used. Fig. 7 shows contour lines 
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for phosphors in the system SrO-ZnO-Si02 with about 
equal effieiencies. As with the ternary system BaO-ZnO- 
SiO~, the fluorescence area is separated by sharp lines 
from an area of little or no fluorescence (shaded in Fig. 7) 
which corresponds to ternary mixtures containing ZnO. 
In the system SrO-MgO-SiO~ an excess of MgO is not so 
detrimental to the efficiency, and reasonably efficient 
phosphors are obtained with compositions lying to the 
left of the lines connecting Sr2MgSi207 with Mg~Si04 in 
the composition diagram. Too much Sr3MgSi207 must, 
however, be avoided since this compound is only weakly 
fluorescent when activated with Pb. 

The Ca and Sr compounds formed an uninterrupted 
series of solid solutions as shown by x-ray diagrams and 
by the Pb emission of such solutions. Pb emission, for 
example, shifted gradually from 3400 to 3250.~ when the 
Ca in Ca2ZnSi207 was replaced gradually by  Sr. 

In  both Sr:ZnSi207 and Sr2MgSi20~, 80% of the Sr was 
replaced by Ba before the character of the patterns began 
to change, showing lines belonging to Ba:ZnSi~O~ and 
Ba:MgSi~O~, respectively. The same conclusion can be 
drawn from the spectral distribution of the Pb emission. 
When Sr was replaced by increasing amounts of Ba, the 
peak of the emission shifted gradually from 3250A to 
longer wave lengths (Fig. 8) until it  reached 3600A with 
80% replacement. With  further replacement of Sr by Ba, 

ZnO 

sro s~,s,o~ s-s% sio2 

FIG. 7. Equal intensity contour lines of phosphors with 
composition xSrOyZnOzSiO2-r PbO with r: (x + y + z) = 
0.0025. 

3706 
X ram: 

3600 

3500 S~ ~"~a\ 

\ 
3300, ~ /  
32oo o (e% SO-x)2 MgSi2OT-aOIPb 

u (BoxSrT_x) 2 ZnSi207 -O.01Pb 

,,oo t I 
1,0 ~ x  

FIG. 8. Shift of the peak emission resulting from sub- 
stitution of Ba for Sr in Sr2MgSi~OT-Pb and Sr2ZnSi2OT-Pb. 

a second band belonging to Ba~ZnSi2OT-Pb or Ba2MgSi2OT- 
Pb appeared at  approximately 3300.~. 

All phosphors with the akermannite structure were 
efficient with 2537~_ excitation radiation. The amount of 
Pb added before firing was not very critical. The optimum 
intensity of the 3550A band in phosphors of the composition 
10 SrO-25BaO-20ZnO-45SiO2-xPbO, fired for 4 hr in an open 
crucible at  1050~ was reached with x of about 0.6 (0.03 
mole PbO added/mole base material). When the PbO 
content in the raw material blend was further increased, 
emission intensity began to drop. Par t  of the PbO vol- 
atilized during preparation, depending on the firing con- 
ditions. Occasionally a loss of about 50 % was found. 

CONCLUDING REMARKS 

The investigation of Pb-activated ternary systems con- 
raining one oxide of the group CaO, SrO, BaO together 
with MgO or ZnO and Si02 led to the discovery of im- 
portant  phosphors with emission in the u.v. region between 
3000 and 4000.~. For  "sunlamps," BaZn~.gMg0.1Si2OT- 
Pb is most useful, while for "black-light" lamps producing 
long wave u.v. radiation near 3600A, Sr0.6Bam.4ZnSi~OT-Pb 
or Sr0.eBa1.,MgSi20~-Pb are very suitable. 

I t  is remarkable that,  whereas silicates have proved to 
be such good base materials for the fluorescence of Pb 
ions, no phosphates have ever been produced with an 
efficient Pb emission. The reverse is true for T1 as acti- 
vator. The best Tl-activated phosphors are Ca3(PO4)2-T1 
and (CaZn)3(PO4)2-T1. Good Tl-activated silicates have 
not been made so far. No explanation can be offered for 
this empirical rule. Many of the usual activators such as 
Mn, T1, Bi, Sb, Sn, etc., were tried in the new ternary 
compounds. Although some of them produced a weak 
fluorescence, none led to phosphors of any appreciable 
efficiency. 

Manuscript received January 18, 1956. This paper was 
prep~Lred for delivery before the San Francisco Meeting, 
April 29 to May 3, 1956. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JOURNAL. 
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An Improvement for the Electrolytic Preparation 
of Aminoguanidine 

MOTOJI YAMASHITA AND KIICHIRO SUGINO 

Laboratory of Organic Electrochemistry, Department of Chemical Engineering, Tokyo Institute of Technology, 
Tokyo, Japan 

ABSTRACT 

An improved method for the electrolytic preparation of aminoguanidine from nitro- 
guanidine is described. Nitroguanidine was reduced in a suspension in 30% (NH4)2SO~ 
catholyte at Pb, amalgamated Pb, Zn, spongy ZR coating Pb, and Fe at a current den- 
sity of 3-10 amp/dm 2 at about 10~ A yield above 80% aminoguanidine was 
constantly obtained. Among these cathodes, Pb was the most favorable one, giving 
above 85% yield. 

Some considerations are also given to the reasons for getting a good yield. 

Electrolytic preparation of aminoguanidine was first 
claimed in yield as high as 80% by reduction of nitro- 
guanidine suspended in a dilute solution of H2S04 using 
a Sn cathode (1). Lieber and Smith reported that this 
work has not yet been confirmed (2). I 

Recently, the authors carried out this electrolytic reduc- 
tion and obtained aminoguanidine in about 60% yield 
by use of a concentrated solution of nitroguanidine in 
80% H2S04 with cathodes such as Pb, amalgamated 
Pb, or Sn (3). Similar work was reported by Shreve and 
Carter (4). In  this process, a suspension of nitroguanidine 
in 8-10% H2S04 was reduced using a Hg cathode to give 
aminoguanidine in yields as high as 50-60%. 

Spreter and Briner (5) also suggested a mechanism for 
the electrolytic reduction of nitroguanidine in dilute 
H2S04. A yield of 75-80 % was recorded for the Sn cathode. 
However, only about 1.00 g of the sample suspended in 
230 cc 5% H2SO4 was used as catholyte, so these results 
did not seem to be applicable on an industrial scale. 

As the result of these early works, it seemed tha t  in 
practice the yield of aminoguanidine could not exceed 
50-60% of theoretical if an acid medium such as H2S04 
were used as catholyte. 

Sugino and Yamashita also studied the reaction mech- 
anism (3). Nitroguanidine, on electrolytic reduction in a 
solution of strong H2SO4 at a Pb cathode, yielded amino- 

Later the same authors published a paper reporting 75% 
yield of aminoguanidine with a current efficiency of 38% 
using 5% H2S04 and an amalgamated Pb cathode (6). 

guanidine and guanidine as the main products. The latter 
compound was probably not a final reduction product, 
but  an acid hydrolytic product of nitrosoguanidine which 
might be the primary reduction product. I t  was also 
found that nitroguanidine could not be reduced to amino- 
guanidine at Pt under the same conditions, and guanidine 
was the main product in this case. On the other hand, 
reduction potentials (El) of nitroguanidine and nitro- 
soguanidine were found to be -0 .67 v and -0 .56 v 
(vs. S.C.E., conc. 2 • 10 -4 mole/l, pH 3.0), respectively, 
by the polarographic method as shown in Fig. 1. 3 

This led to the conclusion that both compounds must 
be reduced electrolytically not only at Pb or Hg cathodes, 
but also at Pt or Fe cathodes, regardless of the current 
or material yield. I t  seemed that the reason for not obtain- 
ing aminoguanidine at cathodes having a low H overvolt- 
age was the superiority of the decomposition velocity of 
nitrosoguanidine in an acid medium over its reduction 
speed at these cathodes. This assumption could be verified 
by a careful experiment. Suspension of nitroguanidine in 
a dilute acetic acid solution was used as catholyte. At 
a Pt  cathode, aminoguanidine was found in the reduction 
product after the theoretical amount of current was 
passed. By further experiments, however, even in this 
catholyte and at a Pb cathode, the yield of aminoguan- 

2 This is not the reproduced polarograms from the previ- 
ous paper, but those newly measured. In a previous paper 
(3), the reduction potentials were shown not as E 12, but as 
so-called decomposition potential vs. ~0 N.C.E. 
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FIG. 1. Polarograms of nitroguanidine (curve I) and 
nitrosoguanidine (curve II)  in 0.1 N KC1 with added HC1 
(pH 3). The m and t values (h = 44 em) : m, 1.41 mg/sec; t, 
3.3 sec; 22~ 

idine did not reach a satisfactory value from a practical 
point of view. 

The problem was studied further in order to find a 
better catholyte which would prevent decomposition of 
nitrosoguanidine and facilitate its reduction to amino- 
guanidine; an (NH4)2S04 solution proved the most suit- 
able catholyte. In  a caustic alkaline medium, ~ very poor 
yield of aminoguanidine was obtained because of decom- 
position of nitroguanidine itself and other intermediate 
reduction products. So i t  seemed interesting that  the 
reduction proceeded smoothly without side reactions in 
an ammoniacal solution in the presence of an acid radical. 

APPARATUS AND PROCEDLTRE 

Material used.--The sample of nitroguanidine used in 
these reduction studies was prepared by dehydration of 
guanidine nitrate by the usual method. I t  melted with 
decomposition at  240~176 

Catholyte.--The catholyte of this reduction consisted 
of a suspension of nitroguanidine in 30% (NH4)2SQ solu- 
tion. The catholyte became ammoniacal during electrol- 
ysis, and nitroguanidine was dissolved gradually in the 
catholyte during electrolysis. 

Apparatus,--The apparatus is shown in Fig. 2. A 
200 cc beaker served as the cell. A porous cylindrical pot  
(unglazed earthenware) separated the anode space from 
the surrounding cathode chamber. The cathode consisted 
of a metal  sheet bent into the form of a cyhnder which 
stood in the beaker and encircled the porous pot (active 
area: 1 dm 2 except runs 13, 15, and 16). A thermometer 
was inserted within the cathode space. The catholyte 
was stirred slowly by a glass stirrer. The anode was a 
Pb sheet or a P t  plate. 

This medium was suitable to obtain nitrosoguanidilae 
by the electrolytic reduction of nitroguanidine, as described 
in footnote 4 

Ice ~atE 

FIG. 2. Electrolytic cell 

Duration of electrolysis.--All electrolyses except those 
in Table IV were conducted until  reduction was com- 
plete, as indicated by  the disappearance of suspended 
nitroguanidine which resulted in a clear solution. Three 
runs in Table IV were carried out with a constant amount 
of current. 

Determination of the products.--After reduction, amino- 
guanidine was determined by Jamieson's KIO~ method 
(7) which gave reliable results. This determination was 
thought to be influenced by the presence of nitrosoguan- 
idine and also hydroxylamine or guanylhydroxylamine, 
the formation of which might be expected. But such com- 
pounds did not exist in the final reduction product, so 
the substance having the reducing power was amino- 
guanidine only. The accuracy of this method was checked 
by  direct determination of aminoguanidine as bicarbonate 
by  passing carbon dioxide in the reduction product. Good 
agreement was observed between the two methods. In  
a large experiment using 50 g nitroguanidine at  a time, 
aminoguanidine was determined directly as aminoguan- 
idine bicarbonate. 

Guanidine was determined as picrate after removal of 
aminoguanidine as bicarbonate. 

]:~ESULTS AND DISCUSSION 

Influence of cathode materials.--Material yields and 
current efficiencies for the reduction of nitroguanidine 
at  various cathode materials are shown in Table I. 

I t  is seen that  Pb was the most effective cathode mate- 

TABLE I. Reduction of nitroguanidine at various cathodes 
Anode: Pt;  anolyte: 10% H2SO4 (60-65 cc) ; catholyte: 

5.20 g nitroguanidine suspended in 100 cc 30% (NH4)2SO4; 
amperage: 3; current density: 3 amp/dm2; temp : 8~176 

Run No. Cathode 

Pb 
Amalgamated Pb 
Zn 
Fe 
Sn 
Ni 
Cu 

Duration 
of run (hr) 

4.5 
4.0 
4.0 
4.5 
4.5 
4.5 
4.5 

Aminogua- t 
nidine (as freel Current 

efficiency base) yield 
(%) 

(g) (%) 

3.14 85 

3.11 8~0 
2.98 
2.98 8O 
2.14 58 
1.79 48 
0.90 24 

51 
56 
54 
48 
34 
29 
15 
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TABLE II. Effect of temperature on the 
yield of aminoguanidine 

Cathode : Pb ; other conditions : same as in Table I. 

Run No. 

8 
9 

10 
11 

Temp, oC 

--4 to --2 
8-9 

14-16 
24-26 

Durat ion of 
tun (hr) 

5.65 
5.0 
4.0 
3.5 

Aminoguanidine 
yield 

(g) (%) 

3.22 87 
3.17 86 
2.99 81 
2.81 76 

Current 
efficiency 

(%) 

41 
46 
54 
58 

TABLE IV. Effect of current density on current e~ciency 

Cathode: Pb; other conditions: same as in Table I I I ;  
duration of run, 1.5 hr. 

Run 
No. 

14 
15 
16 

Cathodic 
current  
density 

(amp/din 2) 

3 
10 
20 

Aminoguanidine 
yield 

(g) (%) 

1.12 30 
0.97 26 
0.78 21 

Current  
efficiency 

(%) 

54 
47 
38 

TABLE III ,  Effect of current density on 
yield of aminoguanidine 

Cathode: Pb; other conditions: same as in Table I; 3 
amp. 

Run No. 
Cathodic cur- 
rent  density 
(amp/din2) 

Durat ion of 
run (hr) 

12 3 4.3 
13 l0 5.5 

Aminoguanidine i Current  
yield 

I efficiency ! (%) 
(g) (%) ! 

3.22 87 ] 54 
3.20 86 I 42 

I 

rial, and at this cathode, the yield of anfinoguanidine 
reached about 85%. Amalgamated Pb gave almost the 
same result as Pb. Zn and Fe seem to be the next best 
cathode materials, and an 80% yield of aminoguanidine 
was obtained at these cathodes. At Sn and Ni cathodes, 
tile yield of aminoguanidine was about 60% and 50% 
respectively. Cu was the most inefficient cathode for pre- 
paring aminoguanidine. At these cathodes, large amounts 
of guanidine and NH3 were obtained with aminoguanidine. 
In  view of these results, all subsequent experiments were 
carried out with Pb cathodes. 

Influence of temperature.--The influence of temperature 
on the yield of aminoguanidine is shown in Table II. 
Conditions of electrolysis were the same as in Table I. 

Temperatures below 8~176 gave the highest amino- 
guanidine yields, but even at 25~ the yield was very 
little less. This fact is very important from a practical 
point of view, because in the usual catholyte using H2SO,, 
the temperature rise showed marked unfavorable effect 
on the aminoguanidine yield. 

Influence of current density on aminoguanidine y ie ld . -  
In  an attempt to compare the influence of current density 
on the yield of aminoguanidine, two runs were made at 
current density of 3 amp/din 2 and 10 amp/dm 2. Results 
are shown in Table III .  

The same yield of aminoguanidine was obtained at 
10 amp/dm 2 as at 3 amp/din ~. 

Influence of current density on current efficiency.--Cur- 
rent efficiencies for the reduction at several current densi- 
ties are shown in Table IV. All electrolyses in Table IV 
were made with the same amount of current (1.5 amp-hr). 

There is a decrease of current efficiency as current 
density changes from 3 to 20 amp/dm ~. Since the increase 
of current density minimizes the duration of electrolysis 
for the same cathode area with the same yield of amino- 
guanidine as described above, it should be possible, in 
practice, to determine the current density which will give 
the maximum economical efficiency. 

TABLE V. Large scale experiments 

Anode: Pb; anolyte : 200 cc 10% H2SO4; catholyte : 52.0 g 
nitroguanidine suspended in 450 cc 30% (NH02SO4 solution. 

Run Cathode No. 

1' Pb 
2' Fe 
3' Pb (base)-Zn 

(trface) 

Amper- Current  
density 

age (amp/  
(amp) dm2) 

10 4 
10 3.7 
15 15 

Voltage 
(v) 

4.8-4.9 
4.6 

6.5-6.6 

Teo~p, Time 
(hr) 

10 12 
10-12 12 
11-13 8.4 

I I 
Yield of aminoguanidine b icarbonate  

Run No. crystal in solution total 

(g) purity (g) (g) [ (%) 

1' 56.3 99.0 2.5 58.2 [ 86 
2' 52.8 97.8 2.1 53.7 79 
3' 54.3 97.7 2.2 55.2 81 

Current  
efficiency 

(%) 

57 
53 
52 

Result of a large experiment using 50 g nitroguanidine.-- 
With reference to the results obtained by the above runs, a 
set of experiments was performed using 50 g nitroguan- 
idine at once in order to confirm the applicability of this 
method to the practical electrolysis. 

The apparatus used in this experiment was similar to 
that described above, but had somewhat larger dimensions 
(1 1 beaker, active area of cathode: Run 1 and 2, 2.5 dm ~, 
Run 3, 1 dm~). 

When reduction was complete the pH of the catholyte 
was adjusted to 8 by passing COs, and the catholyte was 
allowed to stand overnight. The precipitate of amino- 
guanidine bicarbonate was filtered, washed, dried below 
50~ and weighed. By this procedure, 96-97% of amino- 
guanidine in the catholyte was crystallized out as bicar- 
bonate. Results are shown in Table V. 

At Pb cathodes, the yield was 86% of theoretical with 
the current efficiency of 57 % which was almost the same 
as those obtained in the small experiment. Also at Fe 
cathodes, the yield was about 80% with 53% current 
efficiency, but the resulting aminoguanidine was somewhat 
colored. Use of spongy Zn-coated Pb 4 as cathode seemed 
to be favorable because of the application of high current 
density which reduced the time required, but little decrease 
of current and material yield resulted. 

Formation of guanidine.--It was shown in Table I that 
at cathodes such as Ni and Cu the yield of aminoguan- 

4 This cathode was first applied to the electrolytic reduc- 
tion of nitrobenzene to hydrazobenzene in alkali emulsion 
by K. Sugino and T. Sekine. The detail was described in 
that paper to be published. 
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idine was only 48 and 24% of theoretical, respectively. 
In  these cases, guanidine and NH~ were the main products. 
Table VI shows comparative yields of aminoguanidine 
and guanidine at  Pb and Cu cathodes. 

The formation of guanidine is seen to result from direct 
reduction of nitrosoguanidine and not from hydrolysis of 
i t  as in acidic medium, accounting for the observations 
described below. Cu seems to accelerate this reaction 
especially. 

Some considerations about reasons for obtaining amino- 
guanidine in good yield in ammonium sulfate catholyte.-- 
In order to clarify the reasons for the above results, the 
following experiments were carried out. 

Isolation of nitrosoguanidine--the intermediate product.- 
I t  is seen that  nitrosoguanidine is the primary product in 
this reduction, because the catholyte becomes yellow in 
the earlier stage of the electrolysis. Indeed, it  could be 
detected when the reduction was carried out at  45~ 
An example follows: 

Anode, Pt;  anolyte, 30% (NH4)2SO,; catholyte, 5.2 g 
nitroguanidine suspended in 100 cc 30% (NH4)2S04; 
cathode, lead; amp, 7; current density, 7 amp/dm~; temp, 
45 • 2~ duration of run, 35 min. 

After reduction, unconverted nitroguanidine was sepa- 
rated out by cooling the deep yellow catholyte at  5~ 
After removal of nitroguunidine by filtration, the filtrate 
was allowed to stand for 2 hr at  5~176 Yellow powder 
of nitrosoguanidine was then separated out slowly from 
the filtrate. I t  was filtered and dissolved in 10 ee 3% HC1, 
to remove nitroguanidine. A small amount of undissolved 
matter  was removed by filtration, and the resulting solu- 
tion was neutralized with NH3. Pure nitrosoguanidine 
was precipitated out. I t  was filtered, washed with water, 
methanol, and ether, air-dried, yield 0.10 g. Calc'd for 
CH4N40: N, 63.6%. Found: N, 63.3%. 

Ident i ty  was further confirmed by the precipitation of 
a brown Cu complex salt by adding an ammoniacal solu- 
tion of CuS04 to an aqueous solution of nitrosoguanidine 
thus obtained. 

Hydrolysis of nitrosoguanidine.--This compound was 
found not to hydrolyze to guanidine in ammoniacal cath- 
olyte at  low temperature under the same conditions as 
in the electrolysis. 

Sample: 4.40 g of nitrosoguanidine 5 suspended in a 
solution prepared from 10 g (NH4)2SQ, 10 cc 28% NH3, 
and 90 ce water. For 4 hr stirring at  10~ no g~aanidine 
was obtained; at  30~176 only 7 % guanidine was formed. 
Copper or copper ion was proved to have no effect on 
hydrolysis of nitrosoguanidine. 

I t  is well known that, in acidic medium, nitrosoguanidine 
is hydrolyzed very rapidly to guanidine and other products 

(9). 
Nitroguanidine and aminoguanidine did not hydrolyze 

to guanidine under the same conditions. 

Reduction of nitrosoguanidine.--Then, nitrosoguanidine 

s The sample of notrosoguanidine was prepared in yield 
as high as 45-50% by the electrolytic reduction of nitro- 
guanidine in a caustic alkaline catholyte. The details will 
be published in a separate paper (8). 

TABLE VI. Reduction of nitroguanidine at 
Pb and Cu cathodes 

Catholyte: 10.4 g (Pb) and 5.2 g (Cu) nitroguanidine 
suspended in 100 cc 30% (NH4)2SO4 solution; other con- 
ditions: same as in Tal)le I, 

, Aminoguani-  . Guanidine 
run pierate yield Dura t ion  I dine yield 

Run No. Cathode o(~lr.) 
(g) ( o ~ )  (g) (%) 

17 Pb 8.5 6.27 85 2.18 7.6 
18 Cu 4.5 0.78 21 9.40 65 

TABLE VII.  Reduction of nitrosoguanidine at Pb cathode 
Catholyte: 4.40 g (Run 19), 8.80 g (Run 20) nitroso- 

guanidine suspended in 100 ce 30% (NH4)~SO4; other con- 
ditions : same as in Table I. 

Run No. 

19 
20 

Durat ion  of run 
(hr) 

3.0 
5.5 

Aminoguanidine 
yield 

Guanidine picrate 
yield 

(g) __ (%) 

0.61 4.2 
1.59 , 5.5 

(g) 

2.94 
5.82 

(%) 

79 
79 

was reduced at  a Pb cathode, the results of which are 
shown in Table VII.  

These results almost agreed with those of the reduction 
of nitroguanidine at  Pb in Table VI. 

The reduction of nitrosoguanidine at  a Cu cathode 
under the same conditions gave a considerable amount 
(40 ~ ,  50%) of guanidine with aminoguanidine just the 
same as the reduction of nitroguanidine at  the same 
cathode. 

Behavior of aminoguanidine toward reduction in 
(NH4)~S04 catholyte.--Aminoguanidine itself was found 
not to be further reduced electrolytically to guanidine a ~  
NH3 at Pb or Cu cathode under the same conditions. 

From these observations, i t  seems that  the relative 
stability of nitrosoguanidine toward hydrolysis in ammo- 
niacal catholyte is one of the reasons for obtaining amino- 
guanidine in good yield at  Pb or other suitable cathodes. 
Another reason may be the existence of sulfate in the 
catholyte. This combines with aminog~anidine to stabilize 
it, because aminoguanidine is a stronger base than 
ammonia. This assumption was supported by the fact 
that  this process was not applicable to the electrolytic 
reduction of nitrourea to semicarbazide or to the reduction 
of nitrog'aanylurea to aminoguanylurea (10). In  the lat ter  
cases, the products are a weaker base than NH3, so that  
sulfate cannot combine and stabilize them during elec- 
trolysis. 

C O N C L U S I O N S  

1. A greater than 80% yield of aminoguanidine was 
constantly obtained in (NH4)~SO4 eatholyte at  Pb, amal- 
gamated Pb, Zn, spongy Zn coated Pb and Fe. Among 
these cathodes, Pb is the most favorable one, giving above 
85 % yield. 

2. Cu is the most inefficient cathode for the preparation 
of aminoguanidine in this catholyte. At  this cathode, 
guanidine and NH3 were the main products of the reduc- 
tion. 
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3. The reduction of nitroguanidine in (NH4)zSO4 
catholyte seems to be the true electrochemical reaction 
accounting for the polarographic wave and not the chemi- 
cal reaction with soluble electrode as suggested by Briner 
and co-worker in H2SO4 catholyte. 
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ABSTRACT 

An analysis was made of the structure of the Ni deposit produced by the catalytic Ni 
reduction process. X-ray and electron diffraction revealed that  the Ni deposit was an 
amorphous solid. The structure appeared to be unrelated to and independent of the 
nature of the substrate and thickness of the deposit. 

Metallographic examination revealed a dense material, free of voids, and perfect 
conformity to the substrate surface profile. Etching produced a lamellar structure, 
the variation in etching intensity being interpreted as variations in dissolved P. In 
platings, the lamellae lay parallel to the pIane of the substrate. Growth faults were 
observed traversing the thickness dimension from substrate surface irregularities. The 
amorphous structure reverted to a crystalline phase mixture of Ni and Ni3P at low 
temperatures with a large heat evolution. 

Basic reactions of chemical Ni coating processes.--The 
Kanigen 1 Ni plating process is based on catalytic reduction 
of Ni ions in the presence of hypophospite ions. 

The hypophosphite anion in aqueous medium is oxidized 
to the phosphite ion with evolution of H, the rate being a 
function of temperature and hypophosphite concentration. 
This oxidation takes place spontaneously (homogeneous 
reaction) in alkaline solution at  elevated temperature, 
while, under neutral or moderately acid conditions, the 
presence of a catalytic metal  belonging to Group VI I I  
of the periodic system, particularly Pd or Ni, is required 
(catalytic heterogeneous reaction). Wieland and Winkler 
(1) assumed, on the basis of organic analogies, a catalytic 

~ Kanigen is a trade name used by General American 
Transportation Corp. and its licenses to identify the Ni 
deposit or coating which is the product of a catalytic Ni 
reduction process. 

de-hydrogenation of the hypophosphite molecule according 
to the equation: 

- 2 H  
H(H~PO~) ~ *  HPO~ + H 2 0 - - *  H~(HPO~) (I) 

Catalyst  

Hypophos- Metaphos- 0rthophos- 
phorous phorous phorous 

acid acid acid 

In  a study of the mechanism of catalytic hypophosphite 
oxidation, Franke and Moench (2), using D as a tracer 
in lieu of H atoms, confirmed Wietand's hypothesis, and 
demonstrated that  hypophosphite did not actually "de- 
compose" the water molecule. 

If the aqueous ~lkaline hypophosphite solution is rela- 
tively concentrated and contains cations of heavy metals 
which can be reduced, such as Ni, Co, Cu, Bi, Ag, Pd, 
Rh, Au, etc., a dark spongy or lustrous precipitate forms 
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when the solution is heated. In the case of Ni and Co, 
solid metal-phosphorus alloys are formed. 

Furthermore, if the metal cation present in the neutral 
or slightly acid hypophosphite solution is that  of a 
catalytic metal such as Ni, and a catalytic solid surface 
is immersed simultaneously, deposition will be limited 
to said surface and will continue until the solution is de- 
pleted of hypophosphite ion or of the metaUic cation. The 
gross equation was written by Brenner and Riddell (3): 

NiC12 + NaH~P02 + It~O Catalyst) Ni + NaH2P03 
(II) 

+ 2HC1 

The reduction of Ni ions appears to be caused by atomic 
(nascent) H adsorbed as a condensed layer on the catalytic 
surface. Concurrently, there is a secondary reaction among 
the hypophosphite (and probably the phosphite) ions, 
atomic H, and Ni cations, resulting in the formation of 
Ni phosphide (possibly with a phosphonium salt as inter- 
mediate compound). 

The basic reactions can be expressed tentatively by the 
following: 

n(H~P02)- Catalyst n(P02)- (III)  

2H + ~ H2 (IV) 

(FO2)- + H20 --* H(HP03)-  (V) 

Ni -~  + 2H ~ Ni ~ + 2H + (VI) 

(H~P02)- + 3Ni ++ + 7H ~ Ni3P + 5H + 
(VII) 

+ 2H20 

From the catalytic surface of the solid, a stream of H 
bubbles escapes, and deposition of a high Ni-low P alloy 
takes place. This alloy is itself a catalyst, so that the 
coating thickness will grow constantly for a certain time 
period, which is limited by the pH decrease and instan- 
taneous ion concentration. As can be seen from Eq. (VI) 
and (VII), the pH of the bath will drop as the reaction 
proceeds. 

General American processes.--The character of the basic 
reaction and the drawbacks of the Bureau of Standards 
method, including published modifications thereof, indi- 
cated the direction research and development work should 
take for industrial production. 

The principal disadvantages of the original Bureau of 
Standards process (3) are: slow rate of deposition, lack of 
stability of the bath in continuous operation, dull and 
even rough plating when the bath is used for longer periods, 
nonhomogenous deposits in the vertical direction, and 
relatively high cost (mainly because of a short useful life 
of the coating solution). 

Study of a simple acid bath containing Ni and hypo- 
phosphite ions and a buffer such as sodium acetate revealed 
that in order to obtain both maximum deposition rates 
and optimum plating quality, reagent concentrations, ion 
ratios, and initial pH are critical (4). 

I t  was discovered that  the addition of short-chain 
aliphatic dicarboxylic acids and/or soluble fluorides 
("exaltants") will substantially raise the coating rate 
(5, 6). 

If  a chemical coating bath is to be used in a production 

plant, it is very important to increase the span of its 
useful life. The lhnit of phosphite concentration, at which 
nickel phosphite precipitates, can be raised from 0.07 to 
about 1.0 mole/1 by judicious addition of certain Ni 
chelating compounds, provided an "exaltant" is present 
to keep the deposition rate at a practical level. 

The problem of bath stability is among the most serious 
in an industrial plant. The first visible result of excessive 
bath lability is the appearance of foam (due to excess H) 
and finely dispersed "black precipitate" (Ni-P alloy), 
which, because of its enormous area, acts as a very large 
catalytic surface. I t  was found that certain inhibitors, if 
used in properly adjusted amounts, act selectively (mainly 
because of geometric factors) on the suspensoids (active 
nuclei) making them noncatalytic, while they reduce only 
very slightly the rate of Ni-P deposition on the solid body 
to be coated. 

In addition to the above improvements in bath com- 
position, which are essential for industrial production, new 
principles were established relating to continuous opera- 
tion and plant design, based on the requirements of 
catalytic reduction (7), as follows: (A) Because the plating 
rate is an exponential function of temperature, the highest 
possible operating temperature (below the boiling point 
of the solution) is desirable in order to obtain maximum 
speed of deposition. (B) I t  is necessary to feed continu- 
ously the consumable reagents (Ni, hypophosphite, 
hydroxyl ions, and stabilizer) in order to maintain maxi- 
mum coating rate, optimum quality, and have the coating 
composition constant in a direction perpendicular to the 
catalytic surface. The regeneration chemicals can be 
added as concentrated solutions or powdered solids (to 
avoid bath dilution) if the bath is first cooled to a relatively 
low temperature (8, 9) (to prevent bath decomposition). 
(C) I t  is possible to meter the regeneration chemicals 
controlled by pH measurements because the various 
reactions in the bath are interrelated [see Eq. (III)-(VI)],  
and there is a fixed proportionality between the quantity 
of hydroxyl ions required to keep the pH constant, the 
weight of Ni-P deposited, and the amount of hypophos- 
phite consumed. 

The requirements stated above have been incorporated 
into the industrial Kanigen coating system, which can be 
described schematically as follows (7, 8, 10). The bath is 
prepared and kept at a relatively low temperature of 
about 130~ I t  flows into the coating tank through a 
heat exchanger, which raises its temperature to 208 ~ 
210~ From the coating tank, it is pumped into a regenera- 
tion vessel where reagents are added in controlled amounts 
to bring the solution's components back to their original 
concentration. The liquor then flows through a filter and 
circulates back through the heater to the coating tank. 

The plant is designed in such a manner that most of the 
handling (pumping, filtration, etc.) of the bath is done in 
the "cold" section. 

In many cases, when the interior of a large vessel is to 
be coated, the part itself becomes the plating tank. 

The bath can be used until such time as the concentra- 
tion of phosphite ions builds up to the point where nickel 
phosphite begins to precipitate. A procedure has been 
developed (patent pending), with several improvements 
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FIG. 1. Constitution of the system Ni-P 

under study, which allows removal of phosphites and 
reclamation of the used bath without introducing any 
foreign ions. 

Pretreatment of parts for coating by chemical reduction 
is essentially the same as for electrolytic plating. Because 
no electrical equipment is needed in a chemical coating 
plant, soak-cleamng procedures are preferred. Some special 
techniques had to be developed or adapted for deposition 
of Ni on certain noncatalytie metals, alloys, and non- 
metals. 

COMPOSITION AND CONSTITUTION 

The chemically reduced metal coating was primarily 
metaliic Ni containing 7-10 w/o P. Analyses were con- 
ducted for both metallic and nonmetallic impurities. The 
material used for this purpose was a quantity of deposited 
foil about 10 mils thick which had been stripped from 
panels specially treated to permit easy stripping. The foil 
was bright, smooth, and apparently free of surface imper- 
fections. 

Spectrographic analysis for heavier elements showed 
only trace amounts of A1, Ca, Fe, Mg, Pb, and Si. The 
term "trace" is a qualitative definition for less than 0.1% 
and probably less than 0.01%. Analyses for what are 
normally considered interstitial elements yielded the 
following results: C, 0.04%; O, 0.0023%, N, 0.0005%, 
H, 0.0016%. 

The form of the phase diagram was originally mapped 
out by Konstantinov (11) in 1908; no work has been 
reported since. His version of the diagram is shown in 
Fig. 1. There is no information on the solid solubility of 
P in Ni, although from considerations of size factor and 
relative electro-negativity, it might be expected to be of 
the order of 5 w/o. 

The low melting eutectic is a phase mixture of Ni solid 
solution and Ni~P. The structure of the NiaP phase was 
reported by Nowotny and Henglein (12) as tetragonah 
a = 8.93~A; c = 4.39s~; c/a = 0.49. 

X-RAY STUDIES ON THE 7~k~i COATING 

Investigations on the structure of the Ni deposit were 
carried out by Debye-Scherrer photographs of surface 
scrapings, Geiger counter tracings of surface reflections of 
the platings, transmission photographs of stripped films, 
and low-angle-scattering photographs of ground chips. 

The Ni coatings showed the structure of an amorphous 
solid substance with "liquid-like" disorder of the atoms. 
Different base materials (such as A1, brass, steel, and 
Bakelite) and different pretreatments of A1 base plates 
had no appreciable influence on the structure of the plat- 
ings. The deposition of different thicknesses ( l - t0  mils) 
on these base materials had no influence on the amorphous 
structure of the coating. 

The unique character of this physical state justifies a 
short discussion of amorphous solids and the experimental 
evidence for describing chemically reduced Ni plating as 
a liquid-like amorphous solid. The term "amorphous" is 
often used to describe structural forms for which more 
specific terms can now be given. In some deposits and 
dehydration products, a chaotic state of aggregation can 
be detected (13), e.g., small molecular groups loosely 
bound together in a quite irregular way show a high per- 
centage of free space. The diffracted x-ray intensity of this 
gas-type, chaotic state extends continuously from the 
direct beam as in the case of diffraction of gases. The 
intensity of the scattered radiation in the vicinity of the 
central beam depends on the difference in scattering power 
or electron density between the two phases of the porous 
system. Other examples which show gas-type scattering 
are amorphous SiO_o, amorphous A1203, and highly dis- 
persed carbon black (14). 

With colloidal crystallites, the somewhat broadened 
central beam and the broadened diffraction lines are 
separated by distinct minima in the intensity of the 
scattered radiation. When the amorphous or crystallized 
particles are squeezed close together, the interstices are 
small compared with the particle size; the resultant 
intensity of the low-angle scattering is considerably 
decreased. All dense systems produce a weak, low-angle 
scattering, and this phenomenon can be used for analysis 
of the internal structure of the amorphous Ni. 

A low-angle scattering x-ray photograph of ground 
chemically reduced Ni showed the very small scattering 
effect of a dense substance. This was probably not caused 
by pores between the amorphous aggregates but by the 
microlayer structure shown in the section on metallog- 
raphy and representing pseudo variations in P content. 

In ordinary liquids, a clear intensity minimum separates 
the direct beam which is not broadened from the first 
diffraction band, i.e., the liquid halo. The x-ray patterns 
are characterized by a few wide bands, generally less than 
three (15). Distances which frequently occur between the 
atoms or molecules of the amorphous solid correspond to 
each halo on the diffraction pattern. 

The x-ray powder patterns of chemically reduced Ni 
and the Geiger counter tracings of plated surfaces showed 
only one diffuse ring with a "d" spacing of 2.01A. The 
occurrence of only one ring together with the extremely 
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small low-angle scattering characterize chemically reduced 
Ni deposits as liquid-like, dense, amorphous solids. 

In  the x-ray diagrams of liquids and liquid-like sub- 
stances, the position of the peak intensity of the first halo 
corresponds approximately to the first strong line of the 
crystallized modification of the same substance. Closer 
investigation of the peaks of the x-ray patterns have 
shown, however, that  in some cases the peaks do not coin- 
cide with the position of the strongest reflection of the 
cLvstallized compound. X-ray diagrams of vitreous silica, 
amorphous Se (obtained by quenching from a melt), and 
amorphous explosive Sb are examples of liquid-like amor- 
phous solids with shifts in the positions of the halo (14, 16). 

A visual inspection of the x-ray diagrams of amorphous 
and crystallized (heat treated at 430~ Ni seemed to 
indicate that  a similar shift of the position of the halo 
occurred with amorphous Ni. The sharp line of (111) 
reflections from crystalline Ni lay on the inner side of the 
halo. Because of the breadth of the halo and its diffuseness, 
a quantitative estimate of the shift was difficult. 

Ring or line broadening could also have been caused by 
a very small crystalline particle size, but  the broadening 
would have been symmetrical about the sharp line position. 
Furthermore, use of an approximate estimate of the halo 
breadth and the Scherrer formula for line broadening 
yielded the ridiculous answer of a mean particle size of a 
few atomic distance dimension. Electron diffraction pat- 
terns of 15 different chemically reduced Ni deposits plated 
under a wide variety of different conditions and in differ- 
ent thicknesses confirmed the amorphous character of at  
least the surface layers. 

The density of amorphous Ni was determined in a 
pycnometer at  20~ and found to be D20o = 7.85 g/cc. 

The powder pat tern of amorphous Ni heated in N for 
13 hr at  430~ showed a sharp line sequence of two struc- 
tures. The Ni lines were easily distinguished. The remain- 
ing lines indexed provisionally on a tetragonal lattice of 
parameters a = 9.01A and c = 4.42:k which is reasonably 
similar to the structure of Ni~P proposed by Nowotny 
and Henglein (2). 

i ~([ETALLOGRAPHIC STUDY OF CHEMICALLY REDUCED NI 

Preparation of specimens for optical metallography.-- 
The first important  phase of preparation was cutting and 
mounting specimens. The as-deposited coating was brittle, 
and simple cutting of a plated specimen with a hack saw 
tended to crack and flake off the deposit. I t  was con- 
venient to electroplate the specimen with a heavy deposit 
of Ni to provide some support for the coating. The choice 
of Ni as a backing material was based on mechanical 
properties and final etching characteristics. Probably Cr 
would be too brittle to provide suitable support, and Cu 
would induce undesirable staining during etching. There 
was no difficulty in distingxfishing the eleetroplated Ni 
from the chemically reduced Ni in polished and etched 
specimens. 

Metallographie specimens are normally mounted in a 
thermosetting Bakelite under several thousand psi pres- 
sure. This method tended to promote formation of cracks 
in the plate, the so-called "dikes" observed by others 

FIG. 2. (Left) Microstructure of 10 mil chemically re- 
duced Ni on steel (etched). FIG. 3. (Right) Microstructure 
of 10 rail chemically reduced Ni on steel (unetched). 

(Fig. 2 and 3). The etched structure revealed dark bands 
traversing the deposit from the substrate interface to the 
surface. On removal of the etch by repolishing, the dark 
band was more clearly resolved as a true crack. 

I t  was possible to avoid the occurrence of cracks (which 
are artifacts) by mounting specimens in a room-tempera- 
ture-setting compound, Epon, manufactured by the Shell 
0i l  Company. This medium was mixed prior to casting 
with 8-10% by weight of triethylene tetramine which 
acts as a polymerizer. During curing the temperature 
remained below 50~ and no pressure was applied. The 
specimen was placed inside a polyethylene ring, approxi- 
mately �89 in. high, 1 in. OD, and ~r in. thick, which rested 
on a thin sheet of polyethylene film. The mixed re'sin was 
poured into the mold thus formed and allowed to solidify. 
Mounts thus prepared were ready for polishing in 3 hr. 

Specimens for microexamination were processed as 
follows: (a) rough grind on a belt sander to create a flat 
surface, (b) rough lap on a cast iron lapping wheel with 
oil-suspended Carborundum abrasive. (c) rough polish 
(kerosene suspension of diamond powder), and (d) fine 
polish (water suspension of Linde "B" sapphire powder). 

Routine etching reagents recommended for Ni alloys 
were unsuitable for revealing the structure of as-deposited 
chemically reduced Ni. An electrolytic etch was developed 
in which an electrolyte of 10% chromic acid in water was 
used. A cell potential of 2 v applied for about 5 sec 
was usually sufficient. Both cast chemically reduced Ni 
and heat-treated metal reacted satisfactorily to the stand- 
ard FeC13-HC1 etchant used for Ni alloys. 

Analysis of the structure of chemically reduced Ni coatings 
by optical metallography.--Most of the studies were con- 
ducted on 10 mil plates on steel panels. On occasion it was 
easier to reveal the detail of basic structures on lump 
specimens of tank deposits. 

In  the unetched condition, platings at  1000 magnifica- 
tion were completely sound and showed no porosity, 
channels, or other types of voids. The plate followed the 
fine contour of the substrate surface in amazing detail. A 
number of the photomicrographs show burrs and other 
asperities with re-entrant angles. In  all instances, the Ni 
deposited so completely that  there were no observable 
voids between plating and substrate. 

Fig. 4 and 5 illustrate some of the essential structural 
characteristics of chemically reduced Ni coatings. The 
structures reveal a peculia.r array of parallel or concentric 
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:FIG. 4. (Left) Microstrueture of tank deposited chemi- 
cally reduced Ni in cross section. :FIG. 5. (Right) Micro- 
structure of tank deposited chemicaliy reduced Ni in cross 
section. 

FIG. 8. (Left) Microstructure of 10 mil chemically re- 
duced Ni on steel illustrating the effect of surface irregu- 
larities on the occurrence of growth faults in the deposit. 
FIG. 9. (Right) Microstructure of 10 rail chemically reduced 
Ni nn ~t~l illllutratin~ f.he eff~et af ~,~rfn.e.e irra~ul~rities on 

FIG. 6. (Left) Microstructure of 10 mil chemically re- 
duced Ni on steel (as deposited). FIG. 7. (Right) Micro- 
structure of a piece of tank deposited chemically reduced 
Ni after heat treatment at 700~ for 1 hr. 

striations. These striations are characteristic of periodic 
variations of composition (presumably P) rather than 
alternate lamellae of different phases. Growth appears to 
originate at point centers or nuclei and develops at an 
equal rate in all directions, hence, the concentric circle 
pattern. When the two growth colonies meet, they generate 
a matching interface or fault. There is no evidence opti- 
cally that the match at the fault is less than complete. 
If it were not true that x-ray diffraction patterns indicate 
an amorphous structure, these faults would come under 
the normal designation of grain boundaries. But since a 
grain boundary connotes an interface between two unique 
adjoining crystallographic orientations, the term cannot 
be properly used in this instance. I t  does appear, however, 
that the atomic disregistry at the fault is of the same 
degree as is thought to exist at a grain boundary, although 
this must be regarded only as reasonable conjecture. 

On thin platings of the order of 10 mils and less, the 
population of surface nuclei is apparently so high that 
the spherical growth fl'onts join as a common "wave" front 
almost immediately, and the resultant structure shows the 
laminations as parallel (Fig. 6). 

Evidence that the striations in the as-deposited chemi- 
cally reduced Ni reflect variations in P content may be 
observed in microstmctures of heat-treated deposits. By 
heat treatment the metastable as-deposited state reverts 
to the equilibrium phase mixture of Ni solid solution 
(containing very little P) and the intermetallic compound 
Ni~P. The population of Ni~P particles may be used as an 
indication of the original P content. Fig. 7 shows the 
appearance of one of the original striations after heat 

Fio. 10. (Left) Microstructure of 10 mil chemically re- 
duced Ni on steel illustrating the growth of chemically 
reduced Ni around the burr of a sheared edge. FIG. 11. 
(Right) Structure of as-cast chemically reduced Ni--pri- 
mary dendrites of Ni in a eutectic of Ni and Ni3P. 

treatment, and it can be seen that the number of Ni3P 
particles within the striation is less than on either side of it. 

All the as-deposited coatings (Fig. 4 and 6) showed a 
series of secondary striations radiating from individual 
nucleus points or the surface. These secondary striations 
were discontinuous in pattern, and appeared only on 
etching. Therefore, they reflected some variation in 
chemical content. There was no vestige of them after 
heat treatment. Their nature could not be deduced from 
studies so far pursued. 

Three microstructures are presented to illustrate the 
influence of surface imperfections on the structure of 
deposits on steel panels. Fig. 8 and 9 show the occurrence 
of burrs left on the steel by machining. In  each instance 
growth faults originate from the surface irregularities. A 
particularly detailed picture of structures and growth 
faulting is illustrated in Fig. 10 at a sheared edge of a 
steel panel. 

Fig. 8 is particularly important to the general theory of 
the deposition process. In  the first set of parallel striations 
in the deposit, the displacement in adjoining growth areas 
is the same as the original displacement of the two surface 
levels on the steel. This indicates that  growth rates are 
identical everywhere in the immediate vicinity, and that 
modifications in the reaction kinetics which develop 
different P content deposits occur at the same time over 
the surface, irrespective of their projection into the 
solution. 
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TRANSFORMATION CHARACTERISTICS OF CHEMICALLY 
DEPOS]TEn NI 

Nature of iransformations.-~Sinee i t  was concluded 
that  the as-deposited Ni may be interpreted as a liquid- 
like structure in wSich the primary alloy element, P, is 
randomly distributed on an atomic scale, the structure is 
metastable, both with respect to erystallinity and with 
respect to an equilibrium phase mixture of Ni solid solu- 
tion and a Ni-P intermetallic phase, NiaP. 

The ultimate equilibrium state was easily developed 
by melting a lump of chemically reduced Ni originally 
deposited on tank wails. The mierostructure illustrated 
in Fig. 11 shows primary dendrites of Ni solid solution 
and a fine but  resolvable eutectic of Ni and an intermetallie 
compound. The actual configuration seen in Fig. 11 is 
characteristic of the solidification process, but the products 
of crystallization are identical to what must ult imately 
derive from heat treatment of chemically reduced Ni 
below its melting point. X-ray diffraction powder patterns 
of the east material gave a sharp pat tern from which lines 
of the Ni structure could be easily distinguished from 
those of the intermetallie compound. 

Metallography of heat treated chemically reduced N i . - -  
Fig. 12 and 13 illustrate structural configurations devel- 
oped at  two temperatures of heat treatment.  In  each case 
the transformation proceeded to equilibrimn as revealed 
by x-ray diffraction patterns. The transformation to 
equilibrium produced a dispersion of Ni~P in a Ni matrix. 
Clearly, the size of the Ni3P particles was temperature 
dependent, i.e., the lower the heat t reatment temperature, 
the finer the dispersion. The structure of a specimen 
annealed for 1 hr at  400~ was so fine that  the particles 
cannot be individually resolved. 

Generally, it  may be inferred from such a sequence of 
microstructures that  the finer the dispersion, the harder 
the structure. This is shown by hardness tests which show 
a progressive decline in the hardnesses of structures 
annealed at  400 ~ 500 ~ 600 ~ 700% and 800~ Hardnesses 
for these temperatures (1 hr anneal) were 1195, 980, 739, 
665, and 544 VHN, respectively. Furthermore, it may be 
inferred that  if some ductili ty can be induced in this mate- 
rial, i t  will be by annealing at 800~C or as close to the 
melting point as possible. 

Kinetics of transformation.--It was found by experiment 
that  hardness can serve as a tool for following time depend- 
ence of the state of transformation. Coupons were cut 

from a steel panel plated with a 10 mit deposit of ehemi- 
e~ ly  reduced Ni. The coupons were then annealed for 
specific times at  200 ~ 300 ~ or 400~ Vickers hardness 
measurements were taken of the heat-treated Ni in the 
plane of cross section after cold mounting and polishing. A 
microhardness tester is nmndatory for this type of work. 
In  this instance, a Leitz instrument with a 100 g load 
was used. Reported hardnesses are averages of 5-10 
measurements. 

Trends of hardness vs. time for three temperatures are 
shown in Fig. 14. At  400~ a hardness peak is reached in 
about 10 rain. Actually, in x-ray diffraction patterns the 
amorphous halo disappears after only 1 rain at  tempera- 
ture and only the sharp lines of Ni and Ni3P appear. 
There is a question then of why hardness continues to 

FIG. 12. (Left) Structure of chemically reduced Ni after 
heat treatment for 1 hr at 800~ dispersions of Ni3P in a 
matrix of Ni. FIG. 13. (Right) Structure of chemically re- 
duced Ni after heat treatment for 1 hr at 600~ dispersions 
of Ni3P in a matrix of Ni. 

1400 

1300 
1200 

z 
I I 00  

~ 1000 

9 0 0  

8 0 0  

5 700 

> 6 0 0  

50C 

, , , , , , , , i  , , , , ,  , , , I  
�9 AS DEPOSITED 

400~ 

3OOOC~+~ -'~+ 

~'--  . ~ . + ~  ~ 200~  

i L L I I I I l l  I I I I I I I I ~ 
tO IOO 

ANNEALING TIME,  MINUTES 

+, 
(18 HRS)' 

^ 
[21 A- HRS)~ 

I M i 

FIG. 14. Hardness of chemically reduced Ni vs. time and 
temperature of heat treatment. 

increase after 1 min. I t  may be that  transformation pro- 
ceeds by two successive processes: a reversion from under- 
cooled liquid solution to a supersaturated crystalline 
solution, then a rejection of Ni3P from the crystalline 
supersaturated solid solution. There are differences in 
relative intensities of lines and in the occurrence of certain 
lines in patterns taken after 1 rain and after 60 min of 
heat treatment.  Whatever the processes involved, the 
times are so brief that  control short of complete trans- 
formation would be impractical. 

At  200~ even after 21 hr of heat treatment,  there was 
no measurable change in hardness. X-ray patterns also 
showed the same amorphous halo observed in the as-de- 
posited state. Accordingly, it  may be concluded that  no 
transformations occur at  200~ at  least none within 21 hr. 

The 300~ anneal, as expected, followed a trend of slow 
transformation. Hardness continuously increased over a 
2-hr period. As at  400~ the amorphous structure, 
although it persisted for a t  least 5 min at  temperature, 
disappeared long before the hardness reached a peak value. 

Thermal evolution during heat treatment of chemically 
reduced Ni.- -One of the main questions regarding tile 
nature of the as-deposited metal is whether the structure 
is that  of an undercooled liquid or of a submicroscopically 
fine-grained supersaturated solid solution. If the particle 
size of crystalline aggregates is small enough, the line 
broadening conceivably could approach the magnitude 
customarily found with undercooled liquids. One of the 
methods for distinguishing between these alternatives is 
through a study of x-ray low-angle-scattering and x-ray 
diffraction characteristics which are discussed in another 
section of this paper. 
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A second method which can give a qualitative indication 
is some measure of the magnitude of thermal evolution 
accompanying the transformation of the as-deposited 
metal to the equilibrium phase mixture of Ni and Ni~P. 
Invariably, latent heats of fusion are substantially larger 
than latent heats of crystalline state transformations. For 
instance, the latent heat  of fusion of Fe is 3700 cal/g-mole, 
whereas the heat of transition from a --* ~' Fe is only 
210 cal/g-mole; under adiabatic conditions these would 
correspond to temperature rises of 330 ~ and 21~ respec- 
tively. A survey of available data on latent heats of trans- 
formation indicates that  they are all less than 1000 cal/g- 
atom and usually much less. Such thermal evolutions 
should then incur ideal temperature rises of less than 
100~ but  since an ideal adiabatic system is very difficult 
to attain, the temperature rises should actually be con- 
siderably less. 

A simple experiment was devised to study thermal 
evo:ution effects in chemically reduced Ni. Two pieces of 
Ni tank deposit in the form of plates ~bout 0.020 in. thick 
and 1 cm ~- area were chipped to size. One piece was heat 
treated in advance so that  no further transformations 
would occur. A fine wire chromel-alumel thermocouple 
was spot welded to each of the pieces and connected in 
opposition to a Speedomax high-speed recording 
potentiometer. Each of the pieces of chemicMly reduced 
Ni was set in a test tube for convenience of handling, and 
the assembly was immersed in a lead bath. 

Since both pieces were heated at  about the same rate, 
differential potential remained about zero. At  400~ as 
recorded by an auxiliary thermocouple, there was a sharp 
rise in differential potential which lasted for about 1�89 min 
and then disappeared. A reproduction of this portion of 
the record is shown in Fig. 15. The burst  of differential 
potential verified that  the chemically reduced Ni liberated 
a substantial amount of heat on transformation to its 
equilibrium state. Furthermore, it  is obvious that  the 
transformation rate at  400~ is extremely rapid. 

The maximum differential potential was 5 mv, which 
corresponds to a temperature rise during transformation 
of 122~ Since the conditions of testing were far from 
adiabatic, this corresponded to a thermal evolution of 

considerably more than 1000 cal/g-mole. These results 
lend support to the hypothesis that  as-deposited chemi- 
cally reduced Ni is an undercooled liquid. 

SUMMARY 

The Ni deposit containing 7-10 w/o P produced by the 
catalytic Ni deposition process has been found to possess 
a dense, amorphous, liquid-like structure. I t  is probably 
the first occurrence of an amorphous metallic solid in 
massive form. The structure is unrelated to the nature of 
the substrate, manner of preparation, and thickness. The 
deposits were shown to conform, within microscopic 
resolution, exactly to the surface contour of the substrate. 
The deposit itself showed no porosity but  in the etched 
state revealed striations in etching intensity and growth 
faults originating from asperities in the substrate surface. 
These striations in etching intensity were interpreted as 
banded variations in P content. 

The as-deposited state of chemically reduced Ni is 
highly metastable and at 300~ or above reverts rapidly 
to the equilibrium condition of a phase mixture of crystal- 
line Ni and crystalline Ni~P. The dispersion of Ni3P in Ni 
can be used as a means for promoting and controlling 
hardness of heat treated chemically reduced Ni. 
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Electrochemical  Properties of  a Cation-Transfer Membrane 

N. W.  ROSENBERG, J. I-I. B. GEORGE, 1 AND W. D. ]~ 

Ionics, Inc., Cambridge, Massachusetts 

ABSTRACT 

The electrochemical behavior of a cation-transfer membrane with respect to cations 
of various charge was investigated. Measurements were made of capacity, water con- 
tent, Donnan sorption, conductance, water transfer, and transport numbers. Results 
suggest that ionic mobilities are lower in the membrane than in free solution, indi- 
cating a high degree of association between the cations and the charge centers of the 
membrane. 

Previous measurements of electrochemical properties 
of ion-exchange membranes have been confined almost 
exclusively to their behavior with univalent ions. In this 
paper comparative data are presented for a single cation- 
permeable membrane equilibrated with aqueous solutions 
of K, Ba, La, and ThC14, as representative of uni-, di-, 
tri-, and tetravalent cations. At a series of solution con- 
centrations, measurements were made of the Donnan 
sorption equilibria, membrane conductance, cation trans- 
port numbers from membrane potentials, cation transport 
numbers fl'om ttittorf-type measurements, and water 
transfer. The membrane 3 studied was a sulfonated, cross- 
linked, polystyrene4ype, cation-exchange resin, cast as a 
homogeneous film, prepared as described in (1), and with 
properties as reported below. Experimental measurements, 
made at laboratory temperature, were not designed for a 
high order of accuracy, but to establish general membrane 
behavior. Results are discussed in terms of existing theories 
and possible structural concepts. 

THEORETICAL 

A sheet of ion-exchange resin forms a permselective ion- 
transfer membrane, with fixed electrochemical properties 
determined by the solution with which it is equilibrated 
(2). In equilibrating solutions of high ionic strength, 
Donnan sorption of equilibrating electrolyte MX into 
the resin phase MR increases the concentration of M but 
also introduces an equivalent quantity of X into the resin 
phase (3). Thus the cation transport number in the mem- 
brane decreases (from unity at low ionic strength of 
equilibrating electrolyte, when the only mobile species 
is M) to a value determined by the concentrations and 
mobilities of the sorbed species, and the membrane con- 
ductivity rises from similar considerations (4). 

Donnan sorption.--When an ion-exchange membrane is 
immersed in a salt solution, the structure is penetrated 
by both positive and negative ions of the salt until the 
position of thermodynamic equilibrium is obtained where 
the partial molM free energy of the salt is equal in the 
membrane and solution phases. Assuming the same stand- 
ard state for the ions in the membrane as in solution, 
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expression of this Donnan equilibrium for a salt such as 
KCI leads to the relation 3'~s (K+)~ (C1-)~ = 7• (K+),~ 
(C1-)m where 7• represents mean activity coefficients, 
the quantities in parentheses represent concentrations, 
and subscripts s and m refer to the solution phase and 
membrane phase, respectively. Little is known of activity 
coefficients of ions in the membrane phase, so this relation 
cannot be verified independently. As has been pointed 
out (3-6), Donnan sorption in ion-exchange resins is sig- 
nificant, but is not explained from classical theory without 
assmning enormous variations in activity coefficients in 
the resin phase at low concentrations of equilibrating 
electrolyte. 

In  this paper, observed Donnan sorptions in the range 
0.1-1.0N equilibrating solutions are reported and used in 
conjunction with transport numbers and conductance 
values to compute apparent ion mobilities. 

Membrane conductivity and ionic mobilities.--The specific 
conductivity of a membrane (L) can be determined in an 
appropriate conductivity celt (7). From tile conductivity 
and transport number measurements, individual ionic 
conductivities L M and L x  and equivalent ionic conductivi- 
ties XM and Xx in the resin phase may be defined as: 
LM ~ LT+ ; Lx  =- L(I  - T+); XM ~ 1000 LM/(M) = 
1000L T+/(A) + (R); Xx ~ 1000 L x / ( X )  = L(1 - T+)/ 
(A) where L represents the conductivity of the membrane 
(mho/cm), LM cationic conductivity; Lx anionic conduc- 
tivity; T+--true cation transport number; XM--eation 
equivalent conductivity; Xx--anion equivalent conduc- 
tivity; (M)--eoncentration of cations, millieq./wet resin; 
(X)--concentration of sorbed anions, millieq./wet g resin; 
(A)--concentration of sorbed ions, millieq./wet g resin; 
(R)--eoncentration of ionized exchange sites, millieq./ 
wet g resin. 

Transport numbers and water transfer from Hittorf 
measurements.--The true transport number (T+) of a 
cation across the membrane and the accompanying water 
transfer can be determined in a Hittorf cell. In such a cell 
the electrical transfer of ions through a membrane is 
accompanied by a flow of water, and the high hydraulic 
resistance of the membrane enables the extent of this 
water transfer to be measured. 

When current is passed through a chloride solution 
contained in a cell bounded by a membrane and an elec- 
trode reversible to chloride, the transport number is given 
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by d(NV)dF = NdV/dF  + VdN/dF where N and V are 
the normality and volume (in liters) of the solution, and F 
represents the Faradays  of electricity passed. 

The electrical transfer of ions through a membrane is 
accompanied by water transfer, which can be expressed 
as V* = dV/a'F liters transferred per Faraday passed. I t  
can be measured unambiguously in a Hit torf- type cell 
without a knowledge of whether the source of the transfer 
is endosmosis or ion hydration, or a combination of the 
two. Corrections must be made for the change in volume 
due to the electrode processes and volume of salt  trans- 
ferred. These corrections are small and have been calcu- 
lated from published values of the part ial  molal volumes 
of the salts (8) and the densities of Ag and AgC1. 

The transferred water, however, may carry with it salt 
from one electrode chamber to the other, and the concen- 
trat ion of this "water-transported" salt has a value N '  
between zero and N. I t  contributes N ' d V / V  to dN so that  
the true transport  number of T+ is given by 

T+ = V(dN/dY - N 'dV/VaT)  + NdV/dF 

= Vdg /dF  + (Y  - N' )dV/dF 

Since there is no means of determining N' ,  its value is 
set arbitrarily at  zero, and the values of T+ so obtained 
set an upper limit for the value of the transport  number, 
the lower limit of which is set by VdN/aT.  

Transport numbers from cell potentials (9, 10).--Cation 
transport  numbers across a membrane can also be deter- 
mined from emf measurements. The emf developed be- 
tween Ag-AgC1 electrodes immersed in two chloride solu- 
tions of different concentration separated by a membrane 
is given by E = t+(RT/nF) In [(m+'y+)2/(m•177 where 
m+2, m• ~'~:~, and ~/• are the mean molarities and stoi- 
ehiometric activity coefficients of the electrolytes, and t+ 
is the apparent cation transport  number in the membrane 

uncorrected for water transfer. This corresponds to 
VdN/dY in the expression above, and values from the two 
methods of measurements have been compared. 

E X P E R I M E N T A L  

Capacity, water content, and density.--The membrane 3 
as purchased was a sheet-form ion-exchange resin sup- 
ported on a glass fiber backing. In  the specimens employed 
in the present work (10 x 3 x 0.08 em), the fiber constituted 
24 % by weight of the total  membrane. 

Water  content was determined by drying at  l l0~ to 
constant weight. The water content of the backed material 
was 44% corresponding to 58% for the unbacked resin. 

The capacity of the membranes was determined by con- 
verting a sample of known weight to the H form by equi- 
librating with 1N HC1, followed by leaching with water 
and subsequent exchange with 1N NaC1 solution. The lib- 
erated H ion was t i t rated with standard alkali. The capac- 
i ty (expressed as eq./1000 g water-equilibrated resin) was 
0.87, corresponding to 1.15 for the unbacked wet resin. 
The capacity (expressed as eq./1000 g dry resin) was 2.75 
on the unbacked dry resin. 

The density of the membrane in the leached Na form 
was determined by measuring the dimensions of a rectan- 
gular specimen of known weight. The density (expressed 
as g/cc) was 1.27, corresponding to 1.09 for the unbacked 
resin. 

Donnan sorption.--Data were obtained for the Donnan 
sorption of KCI, BaC12, LaC13, and ThC14 in the mem- 
brane? Samples of the membrane of known weight were im- 
mersed in solutions of each salt at  various concentrations. 
After equilibrium had been attained, the supernatant so- 
lution was withdrawn and analyzed; the membrane sample 
surface was dried, then leached with water until free of 
chloride. A chloride analysis of the leach water was made, 
from which the equilibrium concentration of chloride in 
the membrane and solution phases was determined. I t  is 
recognized that  this technique yields only "leachable" 
chloride, i.e., sorbed chloride capable of desorbing into 
water. The experimental procedure allowed errors of =t=5 % 
in IN  solutions, increasing to 4-15% in 0.1N solutions, in 
the data which are presented as Fig. 1. 

Membrane conductivity.--A cell for determining the con- 
ductance of membrane strips has been described (7). Strips 
with dimensions 10 x 3 x 0.08 em were equilibrated with 
salt solutions of various normalities, withdrawn from the 
sotntion, and surface-dried with fiber. Specific conductivi- 
ties (mmho/em) of these strips were then determined. Re- 
sults are presented graphically in Fig. 2. The experimen- 
tal  procedure allowed probable errors of =1=5% in conduc- 
t ivi ty  values. Equivalent conductance values are based 
on the total  volume of the leached membrane and are 
therefore relative values. The ambiguity of the term "sol- 
vent" in a solid phase containing 50% organics and 50% 
water prevents the use of a molal basis for conductance 
values. 

Transport numbers and water transfer from Hittorf meas- 
uremente.--Hittorf transport  numbers were measured in 
a four-compartment cell consisting of a Ag disk, a mem- 
brane disk, a Ag disk, a membrane disk, and a Ag disk, 
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separated from each other by plastic washers 1 cm thick 
with an OD of 10 cm and an ID of 5 cm. The centers of 
the washer disks formed the solution compartments, each 
of which was therefore bounded by  a membrane and a Ag 
electrode. Each washer contained two tubes for filling and 
draining, and for connecting a graduated pipet on which 
volume changes were read. The Ag disks were given chlo- 
ride coats sufficient to allow them to function as reversi- 
ble electrodes for passage of up to 0.005 Faraday  of elec- 
tricity. 

In  an experimental run each compartment was filled 
initially with aliquots of a given solution and a voltage 
imposed across the two end Ag electrodes. With  this ar- 
rangement i t  was possible to make quadruplicate deter- 
minations of concentration changes and volume changes 
simultaneously. Current was passed for a time sufficient 
to cause a concentration change of about 20%. Measure- 
ments were made of current, time, initial and final solution 
normality, and initial and final solution volume. From the 
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FIG. 4. Hittorf transport  numbers with and without 
water correction. 

1.0  I I 

0 8  

0 6  

0 . 4  - -  0 EMF 

@ ~ ~ 

o I ] 
O.OI 0.1 1.0 

Solution Normality 

FIG. 5. Comparison of HitLorf and emf transport num- 
bers. 

data, the values of water transport  (Fig. 3) and transport  
number (Fig. 4) were computed, corrections being made 
for the volumes of transported salt and the changes in 
volume at  the electrodes. Probable errors in V* are about 
3%, and in the transport  numbers about 0.03. 

Transport numbers from cell potentials.--In the deter- 
mination of transport  numbers from cell potentials, solu- 
tions were passed through two compartments of a Lucite 
cell separated by a membrane. In  each experiment the 
salt concentration of the solution in one compartment was 
approxhnately twice the concentration of the other. The 
potential between Ag-AgC1 electrodes immersed in the two 
solutions was measured on a potentiometer. From the 
observed potential, the concentrations, and act ivi ty co- 
efficients, an apparent transport  number was computed. 
The equilibrating solution concentration was taken as the 
geometrical mean of the two concentrations. Experimental 
techniques and uncertainties in activi ty coefficients result 
in a probable error of 4-0.03 in the transport  number 
values. Potentials in the ThC14 system were erratic and 
not reproducible, and transport  numbers from emf meas- 
urements were not computed or reported for this ion. 
Transport  numbers, t+ (uncorrected for water transfer), 
as determined by emf and Hittorf  methods, are compared 
in Fig. 5. 
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D I S C U S S I O N  

Donnan sorption.--Fig. 1 shows an almost linear rela- 
tionship between chloride concentration in the resin and 
chloride concentration in the equilibrating solution. This 
indicates tha t  the exchange centers within the membrane 
are much less effective in excluding equilibrating electro- 
lyte than would be predicted from capacity values. This 
discrepancy has been found to some degree in other ion- 
exchange work (3-6). 

One possible explanation is that  the cations are asso- 
ciated to a large extent with the exchange sites and thus 
are not effective in screening. An alternative description of 
the same physical situation is that,  in the molecular pores 
of the membranes, the exchange cations are not distributed 
uniformly but  are relatively concentrated at  the walls of 
the pores and therefore ineffective in screening the center 
of these pores. The assumption of such association and 

estimates as to its extent based on observed conductivities 
are made below. 

Transport number.--It can be seen fl'om Fig. 5 that  the 
agreement between the transport  numbers, t+, as deter- 
mined by emf measurements and by H i t t od  cell measure- 
ments, is not good in the K system, but  is better  in the 
Ba and L~ systems. Because of erratic emf measurements 
in the Th system, only Hittorf cell measurements are re- 
ported for this ion. 

Trends discernible from Fig. 5 are of considerable in- 
terest. At the same concentration of sorbed chloride ion, 
tile membrane shows greatest selectivity in the univalent 
system, while in the quadrivalent system the membrane 
appears to be anion selective at  all concentrations. This 
view is supported by the water transfer data but  cannot 
be finally confirmed because of the absence of transport  
number measurements for ThCl~ in free solution. Some 
published work (11), however, shows that  a major frac- 
tion of Th in chloride solution exists as Th +4 and ThC1 +3, 
indicating anion transport  numbers in free solution much 
lower than the value of 0.9 found in the membrane. 

A possible explanation for the lower selectivity of the 
membrane to multivalent cations is that  there is increased 
association of the cations with the charge centers of the 
membrane. If i t  is assumed that  the exchange sites in the 
membrane cannot be deformed to allow association of more 
than one site with a cation, then the existence of positively 
charged centers in the membrane is possible. This would 
account for the lower transport  numbers for multivalent 
cations and for the water transfer data and membrane 
conductance data discussed below. 

Water transfer.--The passage of ions across a membrane 
is accompanied by the transfer of water, either as water of 
hydration of the transferred ions, as electro-osmotic water, 
or as a combination of the two. I t  is difficult to picture 
any experiments which would distinguish unambiguously 
the relative contributions of the two phenomena. In  a 
cation-permeable membrane both processes would trans- 
fer water in the same direction as the ion transfer, and the 
magnitude of hydration of an ion crossing a membrane 
cannot be assumed to be tha t  of the same ion in free solu- 
tion. As seen from Fig. 3, water transfer v~lues decrease 
with increasing concentration of sorbed salt and with in- 
creasing valence. They become highly negative in the Th 
system, offering some indication of the anionic character 
of the membrane in this form. 

Conductanc.e data.--Fig. 2 shows that  the inabilities of 
the cations in the leached membranes differ much more 
markedly relative to each other than in free solution. This 
is in agreement with work of Boyd and Soldano (12) who 
found a similar strong dependence of self-diffusion coeffi- 
cients on the ionic charge of the exchange ion. 

Ionic mobilities.--It is possible to combine the experi- 
mental data on conductance, Donnan sorption, and trans- 
port  numbers to calculate the relative inabilities of the 
various ionic species in the membrane. This has been done 
for the K +, Ba ++, and La +++ systems, the concentration 
units being expressed as millieq/g leached resin in the salt 
form under consideration. 

The contribution of cations, including both exchange 
cations and Donnan-sorbed c'~tions, to the membrane con- 
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ductance L is given by LT+, and the contribution of 
anions, which are present solely due to Donnan sorption, 
is given by L (1 - T+). 

If LT+ and L (1 - T+) are plotted as a function of 
Donnan sorption, it  is found that  the anion contribution 
is proportional to Donuan sorption. The computation of a 
nominal equivalent anionic conductance can be made from 
the ratio LT+ to concentration. In  Fig. 6 the equivalent 
conductance of the sorbed chloride varies from 18-26, de- 
pending on the exchange cation. This very small variation 
is striking in view of the large conductance variation in 
the leached resins in different ionic form. The equivalent 
conductance compares with a value of about 60 in aqueous 
NaC1 of the same concentration. 

The cation contribution is given by LT+ (Fig. 7). Here 
~he conductance is no~ zero at  zero Donnan sorp~iou be- 
cause of the conductance due to exchange cations present. 

There are two bases on which equivalent cationic con- 
ductances can be calculated. One estimate can be made by 
taking the increase in conductance as Donnan-sorbed suit 
concentrations increase, and represents the equivalent ca- 
tionic conductance of the nonexchange cations. These esti- 
mates, from Fig. 7, indicate values of 45, 28, and 13 for 
K +, Ba ++, and La +++, respectively, and are not radically 
different from aqueous values. The other basis is to take 
the ratio of leached membrane conductance to exchange 
site concentration, which represents an equivalent cationic 
conductance of the exchange cations. These estimates, 
from Fig. 7, indicate values of 12.5, 2.7, and 0.7. In other 
words, the apparent mobilities of the exchange ions are 
much lower than those of the nonexchange ions. As pointed 
out by previous workers (4, 13), this can best be explained 
by assmning only partial dissociation of the resin salt. 

On this assumption the degrees of dissociation are 28%, 
9.6%, and 5.4% for the salts KR,  BAR2, and LaR3. 
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Kinetics of Metal Deposition 

Polarography Using Stationary Microelectrodes 

T. PAVLOPOULOS AND J. D. H. STRICKLAND 1 

Chemistry Division, British Columbia Research Council, Vancouver, B. C., Canada 

ABSTRACT 

Current-voltage curves arising from metal deposition were determined using a va- 
riety of stationary microelectrodes, mostly vertical wires, and the concentration po- 
larization approximated that  expected from convective diffusion. The Nernst diffusion 
equation is not valid, and current densities I ,  in amp/era ~, for systems containing ex- 
cess inert electrolyte are given by the equation: 

I = 1.4nFD~ C~) I.~ 2r-5 

This can be used to calculate limiting current densities during alloy formation and 
to characterize deposition processes as reversible or irreversible. Graphical methods 
can be u~ed to determine transfer coefficients and rate constants, for a markedly ir- 
reversible process 

The kinetics of diffusion to and reduction at  a dropping 
mercury electrode has been studied extensively by means 
of current-voltage curves, but  comparatively little work 
of a similar nature has been reported for metal deposition 
on solid microelectrodes. This is true despite the fact tha t  
such a technique could provide a simple method for evalu- 
ating rate constants and transfer coefficients of irreversible 
processes if the purely transport  behavior could be ade- 
quately represented mathematically. 

Following Wilson and Youtz (1), Glasstone (2) sug- 
gested tha t  the simple Nernst theory of diffusion could be 
used to predict maximum current densities in plating 
baths. This approach, although an oversimplification, does 
predict the kinetics of many heterogeneous transport-  
controlled reactions with reasonable precision (3). 

By far the largest proportion of recent work with solid 
micro-electrodes has been undertaken using an electrode 
moving relative to the solution, and the direct propor- 
t ionality of current and concentration of reducible species 
is fully established. Use of stationary electrodes has much 
to recommend it on the grounds of simplicity and ease of 
reproducibility of experimental conditions. The approach 
has been used by  Laitinen and Kolthoff (4) who reported 
that  diffusion currents with a stat ionary Pt  wire electrode 
were represented to a fair approximation by a Nernst type 
equation. The resulting direct proportionality of current 
and concentration has found analytical applications (5-8). 

However, Levich (9) and Agar (10) deduced from theo- 
retical grounds that  for vertical macro plate electrodes con- 
vective processes should operate and limiting current den- 
sities be proportional to concentration raised to a power of 
five-fourths. This has been confirmed theoretically and 
experimentally for macro systems (11-16). 

Despite this work, micro wire electrodes have been 

t Present address: Pacific Oceanographic Group, Fish~ 
cries Research Board of Canada, Nanaimo, B. C., Canada. 
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tacit ly assumed to be some sort of exception. In  the present 
work, a Nernst type of relationship with these electrodes 
was not confirmed, and current densities were reproduced 
with much greater precision and ease than generally as- 
sumed possible. The behavior of these systems is quite 
close to that  to be expected if convective diffusion were 
operative. The purpose of this work is to establish a gen- 
eral equation applicable to polarography with these elec- 
trodes and to demonstrate the applicability of the equation 
to a s tudy of electrode kinetics. 

]~XPERIMENT~kL ~ROCEDURE 

Chemicals and apparatus.--Metal percMorates were pre- 
pared by evaporating nitrate solutions with excess HC104, 
fuming off the bulk of the acid, and neutralizing the re- 
mainder with Na0H.  NaCI04 was recrystallized and stored 
over neutral chromatographic activated AlcOa, and other 
salts were of analytical reagent quality. The metal content 
of all stock solutions (0.1M) was checked by  standard 
chemical procedures. The final solutions of metals and 
inert electrolyte were adjusted to a pH just  below the hy- 
droxide precipitation values to minimize possible errors 
from H ion reduction. 

The celt used in most experiments is shown in Fig. 1. 
The electrode was placed in the center compartment of 
the cell and the sheath, [5], passed over the cell. On placing 
the assembly in a water bath,  thermostatically controlled 
to about •176 a water seal was formed, and on passing 
electrolytic t t  through tube [1] to deoxygenate t he  solu- 
tion, the residual H was held in [5] and formed a protective 
layer against the ingress of atmospheric oxygen. The two 
salt bridges, [2], were built  onto the center compartment 
and curved round to dip into two half-cells, [4], the bridge 
ends being closed by sintered glass discs, [3]. 

The electrodes were prepared from P t  wire polished with 
fine emery, rinsed with aqua regia and then distilled water, 
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and finally annealed. The disc electrode was in the form 
of a small circle cut from Pt  sheet and sealed flush with the 
end of glass tubing of equal external diameter. The disc 
was held in a vertical plane, only one face being exposed 
to the electrolyte. To prevent the formation of "trees" of 
deposited metal on the sharp edges of the cut ends of the 
wire electrodes, the ends were covered by a bead of fused 
glass. The apparent surface area of the electrodes was 
measured to better than 1-2 % by means of a cathetometer. 

Currents were measured with a Sargent No. 21 polaro- 
graph and potentials to better  than 1 mv by a Rubicon 
potentiometer. The precision and linearity of the polaro- 
graph was checked at all sensitivity settings by measuring 
the voltage drop across reference standard resistors and 
was found always correct to better  than 1%. 

Procedure.--Saturated calomel half-cells were prepared 
by the method of Hills and I res  (17) and the salt bridges 
filled with saturated NH4NOa. The center compartment 
was flushed and filled with the solution under study and 
the electrode inserted into the cell with the whole assem- 
bly in a constant temperature bath. H was passed for at  
least 30 min to remove dissolved oxygen. One half-cell 
was made the working anode and attached to the polaro- 
graph. The other half-cell was connected to the poten- 
tiometer and used to measure the potential of the micro- 
electrode, giving values substantially free from iR drop and 
liquid junction errors. 

To prevent roughening and tree formation resulting 
from prolonged plating, the electrodes were stripped of 
metal between each reading. This was accomplished by 
lowering the applied potential to about 0.2 v more positive 
than the deposition potential of the metal (too great a posi- 
tive potential sometimes led to electrode poisoning) and 
turning on a stream of H bubbles to stir the electrolyte. 
The stripping process, as judged by a negative current re- 
turning to a zero value, took only a few minutes. The only 
exception to this process was observed with the most dilute 
solutions or at  very low potentials, when plating was so 
slow that  several minutes were required to cover the elec- 
trode with deposit. 

The blank currents fl'om the base electrolyte, when de- 
termined without added metal ions, were negligible, pro- 
vided that  deoxygenation was adequate. However, in the 
presence of metal ions, in particular T1, blank currents 
were sometimes obtained at  voltages too low for metal 
deposition. The cause of this remains obscure, but  what 
may be a similar type of behavior has previously been 
noted (18). If the electrodes were alternately plated and 
stripped several times these blank currents were nearly 
always entirely eliminated. Temperature control to within 
a few tenths of a degree was adequate, and current values 
did not seem to be unduly affected by normal laboratory 
vibrations, although precautions to minimize disturbances 
during measurements were observed. The sudden rise of 
current due to tree formation, particularly bad during 
alloy deposition, was quite characteristic, and, once recog- 
nized, could be eliminated as a source of error. However, 
without the blob of glass at  the end of the wire electrodes, 
the onset of tree formation was often so rapid that  reliable 
measurements could not be made. Some form of end cover- 
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FIG. 1. Sketch of electrode and cell assembly 
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FIG. 2. Current-voltage curve for the reduction of 5.0 
X 10 -3 M Pb 2+ in 1M NaC10~ at 25.0~ using wire electrode 
of length 0.45 cm and radius 0.064 cm. 

ing was essential for accurate work at  high current densi- 
ties. 

Diffusion coefficients, D, were determined polarographi- 
cally. The best modification of the Ilkovic equation is still 
in doubt, but  mainly as a result of the work of Wang (19) 
the Strehlow and yon Stackelberg version (20) was used. 

RESULTS 

The experimental data consisted essentially of current 
voltage curves such as that  in Fig. 2. Limiting current 
densities were calculated from geometrical areas, and the 
mean value of at  least four points was taken to determine 
a plateau such as that  shown in Fig. 2. Reversible voltages 
were obtained by extrapolation to zero current. 

The steady current value at  each voltage was recorded 
as the mean of results taken every minute, after allowing 
3 min for values to stabilize. As seen in Fig. 3, the initial 
high value for the current decreased during the first minute 
or so in a manner reminiscent of the behavior with linear 
diffusion, then rapidly became steadier, fluctuating slowly 
about a mean value which changed very little during a 
further 5 min or even longer. When eventually gross rough- 
ening or tree formations caused a marked rise in current 
the onset was nearly always obvious. In  all cases fluctua- 
tions around a mean current never exceeded about =l=5%, 
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TABLE I. Exponent p under various conditions 
Electrode. l = 0.423 em r = 0.0245 cm except where 

indicated. 

Concen-  
I o n  t r a t i o n  C o n d i t i o n s  of e x p e r i m e n t  I d  

M X 10' t romP/cm2 P 

Pb 2+ 2.0 25°C 0.099M KC1 12.2 1.19 
20.0 189.5 

Pb 2+ 5.0 25°C 0.2755/[ KCI 35.4 1.21 
50.0 575 

Ag + 15 25°C 0.5MKNO~ 92.4 1.21 
100 915 

Fe a+ 50 25°C 1.5M NaC104 91.0 1.23 
25O 66O 

Pb 2+ 12.5 25°C No supporting 120 1.23 
50.0 electrolyte 660 

Pb 2+ 12.5 4°C 1.0M NaC10~ 57.5 1.17 
50.0 290 

Pb ~+ 12.5 25°C Disc electrode 80.4 1.22 
50.0 (0 427 cm diame-/ 438 

ter) 1.0M NaC104 I 
T1 + 12.5 25°C Disc electrode 1.0MI 63.1 1.19 

50.0 NaCl04 I 328 ( 

and final limiting current plateau values could be obtained 
to better than 4-2-3%. 

Contrary to reports in the literature, limiting current 
density values were not proportional to the concentration 
of reducible ion but were proportional to this concentra- 
tion raised to a power of near 1.2. This is seen in the log- 
arithmic plot in :Fig. 4 where an exponent of 1.20 4- 0.02 
applies over a concentration range of 5.10-4M-1.25 X 
10-:M for T1 and Pb in 1M perchlorate. Table I gives 
values for the exponent taken with a variety of reductions, 
including the redox system ferric-ferrous perchlorate, 
and the exponent is in the range 1.17-1.23 over a con- 
centration range of about2.10-4M-2.5 × 10-2M. The same 
behavior was found even when no inert electrolyte was 
present and when reduction took place at 4°C. 

The current density for a wire electrode depended on the 
length and radius of the wire. For a given length it was 
proportional to a term (1/2r + 1/6) where r is the radius 
in cm of the wire and 6 a parameter which (see below) 
should be a measure of the transport layer thickness. Fig. 5 
shows data for the graphical evaluation of 6 with the re- 
duction of thallium and lead perchlorates at wire elec- 
arodes, values being given in Tables I I  and III .  The lines 
the drawn through the two means of four experiments with 
the wire electrodes of radius 0.064 and 0.025 cm, as these 
are the most precise values, but values for the other wire 
electrodes fall on the same line within reasonable experi- 
mental error. If 1/r is used for the small disc electrode 
values are again near the lines. A mean value of 3.3 × 
10 -2 cm for 6 was found. 

Finally, current densities were found to be a function of 
the diffusion coefficients D of the reducing salts in the base 
electrolyte employed. If the full current relationship is 
given by: 

Id = KnFDqCL2(1/2r + 1/6) (I) 

where Id is the limiting current density in amp/era ~, n the 
number of electrons involved in the reduction, F = Fara- 
day, D the diffusion coefficient in cm2/sec, and C the con- 
centration in moles/cm 3. K and q can be evaluated graphi- 
cally by plotting log D against log X, where 

X = [d/nFCL2(i/2r + 1/6) (II) 

This plot is shown in Fig. 6 from data given in Table IV. 
The method does not determine the value of K and q un- 
ambiguously, but 1.4 and 0.80, respectively, give the best 
line for a wide range of diffusion coefficients. Considering 
the approximations involved in assuming a constant value 
for 6 and the exponent of C with such a wide variety of 
reducing and inert electrolytes, the fit may be considered 
good. Eq. (IA) predicts 

Id = 1.4nFD°sCl"2(1/2r + 1/6) (IA) 

to about 5% the limiting current density to be expected 
with stationary wire microelectrodes of length 0.4-0.5 cm 
when used for solid metal deposition at 25°C. 

D I S C U S S I O N  

With moving micro wire electrodes, the thickness of the 
transport layer adjacent to the electrode may be assumed 
to be negligible in comparison with the radius of the wire 
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FIG. 5. Plot. of Id X C -1"2 against 1/2r for Pb and T1 plated 

onto various electrodes. 

(say 0.5 cm), bu t  with s tat ionary electrodes this is not  the 
case. A correction must  be made to allow for the fact tha t  
when mass transfer takes place at  a curved surface, the 
flux at  the outer  side of the transfer layer is greater  than 
would be the case if transfer took place through a parallel 
sided segment. This  is i l lustrated by Fig. 7a. Following the 
reasoning suggested by Strehlow (20), i t  can be assumed 
tha t  the current density predicted for a plane electrode 
must  be corrected by a factor greater  than uni ty  to allow 
for the increase of flux brought  in by a cm-ved layer. If  the 
transfer layer is of definite fixed thickness with an approxi- 
mate ly  linear concentrat ion gradient  throughout ,  this 
factor should be roughly equal to the ratio of the volume 
of the actual  layer to the volume of the layer ad jacent  to a 
plane electrode of the same area. In  the case of a long cylin- 

drical wire of radius r, the correction factor (Fig.7b) is 

(~/2v + 1). E v e n  for a disc electrode an appreciable cor- 
rection m a y  be necessary for t ransport  around the dec-  

TABLE II .  ~ values. Thallous thallium in NaC104 at 25~ 

Graphical value for 6 = 3.30 X 102 cm 

E l e c t r o d e  l eng th ,  cm 

Wire 0.45 

Wire 0.423 

R a d i u s ,  cm X 10 2 

6.4 

2.45 

C o n c e n t r a t i o n  
M X 10 4 

5.0 
12.5 
50.0 

150.0 

5.0 
12.5 
50.0 

150 

Area ,  cm~ 

0.184 

0. 065 

I d p a m p / c m  2 

23.9 
67.5 

364 
1390 

32.9 
92.5 

485 
1740 

--.Id C -1"2 X 

2.17 
2.05 
2.14 
2.16 

2.98 
2.80 
2.85 
2.70 

1 
10-a 

7.8 

20.4 

C) 
4.7 

C a l c u l a t e d  ~ X 10 "~ cm 

3.2 
3.45 
3.3 
3.25 

Mean 3.30 

3.05 
3.4 
3.3 
3 . ~  

Mean 3.33 

Disc 21.4 12.5 0. 144 63.1 1.90 3.4 
50.0 328 1.95 3.35 

TABLE I I I .  ~ values. Pb in 1M NaC104 at Z5~ 

Graphical value for ~ = 3.28 X 10 -2 cm 

R a d i o s ,  C o n c e n t r a t i o n  I d t ~ a m p / c m  2 I C -1.2 X 10 -5 1 E l e c t r o d e  l e n g t h ,  em  cm X 10~ M X 10 4 Area ,  cm 2 2 r  C a l c u l a t e d  ~ X 10~ cm 

Wire 0.45 6.4 0.184 7.8 5.0 
12.5 
50.0 

150 

27.2 
79.0 

451 
1640 

2.50 
2.40 
2.65 
2.55 

3.35 
3.5 
3.1 
3.25 

Mean 3.30 

Wire 0.33 4.0 50.0 0.083 531 3.12 12.5 2.9 

Wire 0.648 4.0 50.0 0.162 495 2.91 12.5 3.15 

Wire 0.423 2.45 5.0 0.065 38.0 3.45 20.4 3.15 
12.5 l l l  3.35 3.35 
50.0 553 3.25 3.5 

150 2155 3.33 3.4 
Mean 3.35 

Disc 21.4 i 12.5 0.144 80.4 2.43 4.7 3.15 
50.0 438 2.58 2.95 
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FIG. 6. Plot  of log D against log X where : 

[d 
X =  

TABLE IV. Data for the evaluation of q and k in eq. (I) 

Metal ion Electrolyte D X 10~ X X 104 

Tl 
Ag 
Pb 
Bi 

Cd 
Cu 
Bi 
B: 

1M l~aC104 
0.5M KNO~ 
1M NaC104 
1M KCI 
0.1M HCI 
1M KCI 
1M NaCIO4 
1M HC104 
1M Tartaric acid 

1.88 
1.50 
0.92 
0.87 

0.80 
0.68 
0.60 
0.41 

2.32 
1.85 
1.35 
1.37 

1.10 
1.16 
1.17 
0. 775 

Id 
X =  

k 
| | �9 
F~o. 7. Correction for curvature of transport layers 

trode edge. Provided the radius of the disc exceeds about 
0.1 cm, this correction factor (Fig. 7c) is roughly (8/r + 1). 

The hydrodynamic treatments of the problem of heat  or 
mass transfer to a vertical plate (infinitely wide) all lead 
to an equation of the type: 

(Nusselt's number) 1 = J(Grashoff 's number) t 

• (Prandtl 's  number) ~ (III)  

The factor J is open to some doubt, but  when using an 
average flux value over an electrode in aqueous electrolyte 
solutions, a value of 0.68 is probably best (13). This leads 
to the theoretical relationship that  

flux~ire = flUXpla~ • (~12r + 1) (IV) 

D ~ • (C - C~) 1"25 
flUXl:,lane = g (V)  

where D is the diffusion coefficient of the reducing ion and 
C - C~ the difference in i ts concentration between the 
bulk of the solution and the electrode surface. Z is given 
by the relation. 

(l 'r y "~5 
Z = 1.5 - -  (VI) 

\ga l  

where 1 is the vertical height of the electrode, g is the accel- 
eration due to gravity, 3' the kinematic viscosity of the 
electrolyte solution, and a a constant relating the relative 
density change between the bulk solution and solution at  
the electrode surface with the corresponding concentration 
gradient (C - Ce). 

Expressing flux in terms of current density and combin- 
ing the above equations lead to: 

= + 

Eq. (I) resembles the limiting form of this equation where 
Ce --* 0 and K has the value ~/Z. The experimentally de- 
termined exponents for C and D of 1.20 and 0.80 are at  
variance with theory over the range of conditions used. 
The trouble may be due to the assumption that  density 
differences are exactly proportional to concentration dif- 
ferences (21). An approximate value for Z can be calcu- 
lated from eq: (VI). If  1 is taken as 0.45 em, -y as 0.9 • 10 -2 
cm~/sec, and a as 50 cm3/mole, Z evaluates to about 2.5 
• 10 -~ cm ~ sec '~ which gives a value for K of around 1.3. As 
the current density is proportional to l -~ the value of K 
changes significantly if 1 varies substantiMly from 0.45 cm. 
This was noted with the 0.33 mm electrode (Table I I I ) ,  
and suitable correction was made when plotting data in 
Fig. 5 and 6. With  wires exceeding about 0.75 cm in 
length, current values were found to be erratic and data  
were not precise enough to be useful. 

The assumption that  6 is sharply defined and constant 
under all conditions is not theoretically justified, but  a 
mean value for a wire can be shown to change compara- 
tively little under most conditions likely to be used in this 
type of polarography. Although the errors resulting from 
neglecting a correction for wire curvature may be serious, 
the errors in the correction itself are probably within the 
general experimental precision of the method. The value 
for ~ measured optically by Ibl  and co-workers for a small 
plate (15) were in agreement with the theoretical value 
given by Keulegan (12) and were near to 3.3 • 10 -2 cra 
at  the current density values used in the present investi- 
gation. 

As the exact value of I is a critical function of the value 
of K and the exponent of D, it  is best to determine the 

constant Be qual to ~ + 1/8) experimentally for 
Z 

any given reduction at  a given wire electrode when the 
relation: 

I = B(C - Ce) '.2 (VIII) 

should apply with considerable precision. 
The behavior when two ions are transported and dis- 

charged simultaneously is shown in Fig. 8. T1 and Pb were 
chosen because they show complete mutual  solubility in 
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Fro. 8. Deposition of Pb and T1 separately and together 
with both ions at 5.0 X 10 -3 at 25.0~ in 1M NaCIO4. 1 -  
Experimental; 2--curves to be expected if transport and 
deposition processes free from mutual interaction. 

TABLE V. Simultaneous diffusion of Pb and T1 
1M NaC104 at 25~ 

Limiting current densities 

C o n c e n t r a t i o n s  
X 10 4 M 

Pb TI 

50.0 50.0 
50.0 12.5 
12.5 50.0 

I P b - ~ ' I T 1  

815 
517 
444 

/ t o t a l  
found 

990 
595 
520 

/ t o t a l  . 
calculatea 

990 
595 
540 

the solid state and the diffusion coefficients of the ions dif- 
fered by about 100%. The curve for Pb in the presence of 
T1 is identical with that  for Pb alone. However, the subse- 
quent deposition of T1 not only occurs at  a lower potential, 
due to the free energy of solution of T1 in a T1-Pb alloy 
assisting the reduction, but  the limiting current for T1 ap- 
pears to be enhanced some 40%. This enhancement is 
found for other ratios of T1 and Pb (Table V) and can be 
predicted with precision if it  is assumed that  the flux of 
ions depends on C~ ~, where U r is the total  mo]arity of 
reducible ions, and a weighed mean of the D ~ values for 
each species. As the current equals the flux times the mean 
charge per particle, if C~ and C~ are the two concentrations 
of ions having charge, n~ and n~ and diffusion coefficients 
D~ and D2 respectively: 

Id(Total) = K ( n l C I + n 2 C 2 ) (  Cv 

(ix) 

Values of I8 obtained using this equation are given in the 
last column of Table V. 

Eq. (VIII) can be used to test the reversibility of electro- 
deposition at  a stat ionary electrode. Substituting for C~ 
in the Nernst equation: 

2.3R T ( IOd.S3 I• Overvoltage = Constant - - - ~  log - (X) 

80 

60 

40  

H 

6 "4 

2 

0 . 0 2 5  0 .050  

OVERVOLTAGE 
FIG. 9. Overvoltage vs log (I~0-8~ _ I0.83) curves with lines 

drawn with theoretical slope of 0.0591 for T1 and 0.0296 
for Pb. 

and a plot of the data  for T1 and Pb deposition from per- 
chlorate gave points lying on lines of the theoretical slope 
as shown in Fig. 9. However, with most depositions a 
marked irreversibility is found, although eq. (VIII)  can 
again be used. Values for a heterogeneous constant and 
transfer coefficient a can be obtained from polarograms, 
but  the writing is tedious. At  values O.1/n v cathodic to 
the zero current potential, however, the rate of the back 
reaction (metal dissolution) can be neglected and the cur- 
rent can be written in the form: 

/ anF \ 

where E is on the H scale with Lewis-Randall sign conven- 
tion, C~ in moles/cc, and A I is the area of the reactive sur- 
face of the metal. This may  well be considerably greater 
than the geometrical area affecting the transport  process. 

A 1 a 
If k t is defined as equal to where fl = ~-- ,  on then 

substituting for C~ from equation (VIII)  

2"3RT l~ ( /0.s3) anF E - anF I~ "s3 I 2.3RT 

(xlI) 

where I is in amp/era  ~ and B ~ is given by the relation 

B 0"83 = io.8a 
C (XIII )  

Plots of E against log iaO.83 - io.83 are shown for Cu 

and Bi in Fig. 10. Where the back reaction can be neg- 
lected, points fall on a straight line the slope of which gives 
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FIG. 10. Plots to determine ~ and k~' for irreversible 
depositions. 4.0 X 10-aM copper perchlorate in 1M NaC10, 
and 4.0 X 10-3M bismuthyl perchlorate in 1M HC104. 

where E,  is the reversible potential in the given solution of 
concentration C. Data  for k I and I0 are also shown in Ta- 
ble VI with limiting values (assuming a equal to 0.5) given 
for Pb, T1, and Ag where the reaction is too rapid to be 
measured directly. These data  are only approximate and 
are reported here to illustrate the method. More precise 
studies with this technique and the comparison of k 1 and 
I0 values obtained by this and other methods will form 
the basis of further communications. 

The tree value for ky and the exchange current density 
is unknown unless the value of fl is known, but  ignorance 
of this number is common to a greater or lesser extent to 
all studies on solid metal electrodes. The apparent  "re 
versibility" of a reaction depends on both the conditions 
of transport  (diffusion, stat ionary convective diffusion, 
convection in stirred solution, etc.), the value for k~ , and 
the value for ~. The statement tha t  a deposition is or is not 
"reversible," therefore, cannot be.  generalized without 
reference to the technique employed. The present method 
relates, a t  least approximately, to normal electroplating 
practice. 
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TABLE VI. Summary of kinetic data 

Metal ion 

Thallous 

Pb 

Ag 

Bi 
Cupric 
Bi 

Concentra- 
tion 10~M 

5.0 

5.0 

4.0 

5.0 
4.0 
4.0 

Base electrolyte 

1M NaC104 

1M NaC104 

0.5M KNO~ 

1M KC1; 0.1M HC1 
1M NaC104 
1M tIC104 

Zero et~rt'ent 
potential (H 

scale) 

+0.47 

+0.19 

-0 .63  

-0 .12  
-0 .25  
-0 .25  

Alpha k~ cm/sec 

- -  > 1 0  - 5  

Reversible 
- -  ] > 1 0  - 5  

Reversible 
- I >1ooo 

Reversible 
0.55 1.5 
0.35 0.65 
0.3 2 

k I cm/sec 

>0.1 

> 10 -~ 

>2 10-~ 

7.10 -'i 
7.10 -4 
3.10 -4 

lo amp/cm 2 

>0.5 

>0.01 

>0.01 

10-3 
5.5 X 10 -4 
3.5 X 10 -4 

a,  and the intercept enables k~ to be calculated. A few 
values are shown in Table VI. The method is approximate, 
and apar t  from effects of impurities on the value of a ,  the 
precision of the determination of a depends on the exact 
shape of the current-voltage curve near the top of the 
curve and the exact value of Id �9 By taking sufficient points 
in this region, however, a values should be obtainable to 
about 10-15% and rough values, for k~ calculated. The 
method has the great advantage that  these kinetic parame- 
ters are obtained under actual conditions of metal deposi- 
tion when the entire surface is being refurnished with 
atoms several times a second, and many of the complica- 
tions of using methods studying the reaction at  the re- 
versible potential with an a-c bridge (22) are avoided. A 
constancy of a with applied potential must  be assumed 
but  if this is the case: 

•0 = n F k i C  

where I0 is the apparent  exchange current density at  con- 
centration C and k I is given by the expression: 
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Preparation and Reproducibility of the Thermal- 
Electrolytic Silver-Silver Chloride Electrode 

HARRY TANIGUCH~ AND GEORGE J. JANZ 

Rensselaer Polytechnic Institute, Troy, New Yorlc 

ABSTRACT 

Preparation of the thermal-electrolytic Ag-AgC1 electrode for precision use is de- 
scribed. A reproducibility of the electrode of • mv can be achieved readily by this 
procedure. Freshly prepared electrodes are evaluated relative to equilibrated Ag-AgC1 
electrodes selected as reference standards. With care, reference standards correspond- 
ing to an electrode in the ground energy state, and-of constant potential (• my) 
for periods of several months can be attained. I t  is suggested that the difference in the 
values of the standard potential of this electrode may be at tr ibuted in part 
to the limited reproducibility of these electrodes. The importance of the porosity, 
amount of AgCI, and color, relative to the attainment of stable electrodes that  equi- 
librate rapidly, is considered. 

The widespread use of Ag-AgC1 electrodes as secondary 
reference electrodes of the second kind in emf measure- 
ments has been reviewed (1). The thermal-electrolytic 
electrode probably has been used more extensively than 
any other form in recent work. The procedure (2, 3) of 
preparation may be conveniently itemized as follows: (a) 
preparation of the electrode base, (b) precipitation and 
purification of Ag~0, (c) application of the Ag20 paste, (d) 
thermal reduction of the oxide to Ag, (e) purification of 
the chloride to be used for anodizing, (f) chloridizing the 
Ag, and finally, (g) aging and bias potential tests prior to 
use. These points are covered here in sufficient detail to 
emphasize factors important in the preparation of repro- 
ducible and stable electrodes of precision quality. Con- 
cepts of the bias potential and aging tests are reexamined 
briefly as criteria in evaluating the quality of the Ag-AgC1 
electrode. 

When identical kinds of electrodes are immersed in a 
solution so that  the activity of the electrolyte to which the 
electrodes are reversible is the same at  each electrode, 
there is no difference in potential, providing each electrode 
is in equilibrium with the solution in the ground energy 
state. In  practice, differences in potential are often ob- 

served. The term "bias potential"  is used here to denote 
this difference of potential. 

The reproducibility of three types of Ag-AgC1 electrodes 
was shown by Smith and Taylor (4) to be of the order of 
• my. I t  was stressed that  intra-agreement in a set 
of electrodes at  a given time is no criterion that  their po- 
tential has come to equilibrium since an aging effect may 
be present. I t  was found that  Ag-AgC1 electrodes freshly 
chloridized were positive with respect to electrodes in 
equilibrium with a test solution. The origin of this was 
traced to concentration polarization. When the electrodes 
of the electrolyt ic  and thermal-electrolytic types a re  
chloridized, the solution within the pores of the AgC1 coat- 
ing becomes more dilute than the surrounding solution. 
The magnitude of the change in concentration can be es- 
t imated from the bias potential assuming the system ap- 
proximates a concentration cell (4) : 

Ag-AgC1 l MCI(C) I MCl(C - ~) I AgC1-Ag, 

where 8 is the effective decrease in the concentration of 
the electrolyte within the pores. The emf of this cell is 
given by 

E = 2t~+ R T / F  In C/(C - 8) 
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(where E is the emf, tM+ the transference number of the 
cation, C and C - ~ are the concentrations of the solutions 
about each electrode, respectively, and R, T, and 1~' are 
the gas law constant, temperature, and Faraday,  respec- 
tively) if the variation in ionic mohilities between Che two 
concentrations is negligible, and if the activity ratio is 
equal to the concentration ratio. Substituting the bias 
potentials observed, typical concentration changes, 8, are 
obtained for KC1 and HC1 as electrolytes: 

E (mv) I0 1 0A 0.025 

~(KC1) 0.33C 0.04C 0.004C 0.001C 
(HC1) 0.21C 0.023C 0.0023C 0.0005C 

A freshly prepared electrode in the bias solution is thus 
positive relative to the aged reference electrode since C is 
greater than C - & The time required to at tain equilib- 
finm depends on the porosity, the concentration, and the 
stirring of the solution. In  some cases i t  is as long as 20 
days (4). 

Even when care is exercised in preparation, equilibrated 
electrodes may still exhibit a constant, but  finite, bias po- 
tential. Assuming that  the aging process has proceeded to 
completion, as shown by a constant bias, a difference in 
energy states of the AgC1 must exist. Thus, for two Ag- 
AgC1 electrodes, A and B, in equilibrium with the common 
electrolyte, if A is negative in potential to B, then the 
cell reactions are: 

Elec- Polarity Reaction trode 

A Negative Oxidation: Ag + C1- --* AgC1A + e 
B Positive Reduction: AgC1B + e -* Ag + CI- 

Net cell reaction: AgC1B --* AgC1A. 

Thus, the spontaneous reaction is the formation of more 
AgC1 at  electrode A at  the expense of the silver chloride 
electrode B. Accordingly, the negative electrode, A, is in 
the lower energy state. The magnitude of energies corre- 
sponding to these bias potentials is as follows: 

E(mv) AF (cal) 

1 23.07 
0.1 2.31 
0.02 0.46 

Thus, a bias potential of 0.02 mv introduces an error of 
0.46 cal in the free energy. 

EXPERIMENTAL 

Electrode base.--The electrode base was a spiral (1 mm 
diameter) of 2-3 turns of 24-26 gauge P t  wire. This was 
sealed into a 4-6 mm diameter glass tube, or a ground 
glass extension joint, so as to leave the end of the wire pro- 
truding inside the tube for a mercury contact. Soft glass 
was preferable to Pyrex glass since i t  permits a neater, 
stronger seal. No observable differences in ultimate bias 
potentials were found to be attr ibutable to the glass used. 
Soft glass was used in the present bias studies. 

Precipitation and purification of Ag20.--Ag20 was pre- 
cipitated from a vigorously stirred solution of AgNO3 
(�89 equiv, of C.P. AgN03 in 750 ml of de-ionized water) by 
dropwise addition of �89 equiv. NaOH in 100 ml of water. 
Vigorous stirring was continued until homogeneity and 
complete precipitation were ensured. An important  pre- 
caution was thorough washing of the resulting precipitate 
to remove all water-soluble impurities. Bates (3) found 
that  a number of washings was required to reduce the con- 
ductivity of the wash water to 3 X 10 -6 ohm-1/cm. In 
the present work, with vigorous mechanical shaking, the 
conductivity was 4 • 10 -5 ohm-1/cm for several washes. 
Calculations from solubility considerations predict 3 • 
10-~ ohm-~/cm. 

On washing to the above criterion (30 washes), At20 
was recovered in a sintered glass filter. Subsequent use of 
this material as an aqueous paste necessitated only a su- 
perficial drying by a short continuation of the suction. 
Both the filter and the storage weighing bottle were cleaned 
in a standard fashion (hot chromic acid followed by  re- 
peated rinses with distilled water, and final cleaning with 
hot water) the filter by passing near-boiling water through 
it, and the bottle by  boiling in water for �89 hr. 

Application of Ag~O Paste.--Ag~O, when mixed with 
water, forms a paste such tha t  i t  can be applied easily to 
the Pt  spirals with a small spatula. With the inside of the 
spiral completely filled and the wire totally covered (except 
for a few mm between glass and spiral), a sphere of 3-4 mm 
diameter was obtained. Prior to application of the paste, 
the P t  spirals were cleaned by boiling briefly in concen- 
t rated HNO3 followed by  repeated fiushings with distilled 
water and boiling in de-ionized water. 

In  the application of a second coat, a much thinner con- 
sistency was used, so that  the paste almost yielded to 
gravity when held on a spatula or when suspended from 
the sphere of silver. 

Thermal reduction of Ag~O to Ag.--Electrodes for thermal 
reduction were suspended in the central portion of the 
furnace well (Hoskins, type FD14) by  means of a simple 
support fashioned from two parallel squares of heat-re- 
sistant asbestos board separated by 1.5 in. spacers. Rubber 
bands held the electrode in place in vertically coincidental 
holes. A centrally located hole admitted a thermocouple. 

In  order to preclude the possibility of "sputtering" by 
the rapid formation of steam, the electrodes were main- 
tained in the furnace at  just  below 100~ for �89 hr to 
permit superficial drying. The temperature was then raised 
at  a uniform rate to 450~ The lat ter  temperature was 
held for �89 hr further to complete the reduction to porous 
Ag. The electrodes were permitted to cool within the 
furnace to avoid thermal shock. 

Reduction of the second coat of AgO proceeded in a 
completely analogous manner. The electrodes were finally 
stored in a desiccator for protection until required for the 
chloridizing. 

Purification of chloridizing electrolyte.--The need for 
purification of the chloride for anodizing was clearly 
demonstrated (5). For  example, the potential increased by 
0.1-0.2 mv for each 0.01 mole % bromide in solution. Re- 
moval of trace impurities of bromide, therefore, is an im- 
portant  aspect in the purification of the electrolyte to be 
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TABLE I. Description of thermal-electrolytic Ag-AgC1 electrodes 

Electrode set . . . . . . . . . . . . . . . . . .  
No. of Ag coats . . . . . . . . . . . . . . .  
Wt. Ag (g) . . . . . . . . . . . . . . . . . . . .  
AgC1 (%) . . . . . . . . . . . . . . . . . . . . .  
Current (ma) . . . . . . . . . . . . . . . . .  
Chloridized in . . . . . . . . . . . . . . . . .  
Aged in . . . . . . . . . . . . . . . . . . . . . . .  
Equilibrium (hr) . . . . . . . . . . . . . .  
Surface area (mS/g) . . . . . . . . . . .  

K 
2 
0.0702 

10.5 
10 

0.05N KC1 
0.05N KC1 

10 
0.3 

A 
1 
0.1214 
5.5 
1 

1N HC1 
0.1N HC1 

8 
3.4 

B 
2 
0.0822 
8.2 
1 

1N HC1 
0.1N HCi 

4 
0.3 

C 
1 
0.1481 
4.5 

10 
1N HCI 
0.1N t / e l  

20 
3.4 

D 
2 
0.1087 

16.2 
10 

1N HC1 
0.1N HC1 

6 
0.3 

used for chloridizing and subsequent potential measure- 
ments. In  the present work, KC1 was purified by the 
Pinching-Bates method (5). 

Concentrated HC1 for subsequent dilution was prepared 
by azeotropie distillation (6). I-IC1 (C.P.), diluted with de- 
ionized water to the recommended density of 1.10 g/mI, 
was used as the starting material. The condenser and fit- 
tings were quartz. The final distillate was stored in a quartz 
flask. 

Chloridizing the Ag.--The Ag electrode was chloridized 
by making it the anode in a simple U-tube cell. The elec- 
trode chambers were 8 cm long and 2 cm in diameter. The 
central portion was constricted to 1 cm while fashioning 
the U-bend. Pt  spirals, similar to those used for the prepa- 
ration of Ag electrodes, served as cathodes. A current of 
10 ma was passed through an assembly consisting of 6-12 
cells in series. Generally, about 10-20% of the Ag was 
converted to AgC1, assuming 100% current efficiency. 

Two solutions were used for chloridizing, 0.05 N KC1 
and 1N HC1, both electrolytes being readily obtained in a 
high degree of purity. The fi'eshly prepared electrodes 
varied in color from almost white to dark brown. 

Aging and bias potential tests.--The cell use for intra- 
comparison consisted of a 1-1 flask modified to take the set 
of electrodes in a circle of short necks concentric to the 
neck of the flask. A slow stream of ox:Cgen-free N2 was in- 
troduced through the latter to agitate the bias solution. 
After chloridizing, the electrodes were removed from the 
U-tube cells, rinsed in de-ionized water, and transferred to 
the bias cell. All tests were carried out under a N2 atmos- 
phere in oxygen-free solutions. 

To observe the time required for the potential to attain 
its equilibrium value, i.e., aging of the set of electrodes, 
the procedure of Smith and Taylor (4) was adopted. The 
new electrodes were measured relative to a set of two or 
more electrodes that had been aged for at least one week 
before use. Selection of the electrodes for the aged refer- 
ence standards was arbitrary, guided only by the con- 
stancy (a=0.005 my) of the bias potential which was taken 
as a criterion of the stability of the equilibrated state. 

Experimental data on the aging tests are summarized 
in Table I and illustrated in Fig. 1 and 2. Data in each 
case represent average values of at least three electrodes. 
The mass of thermal Ag was weighed to estimate quantita- 
tively the AgC1 formed in the next step. 

The effect of increasing amounts of AgC1 on the aging 
and stability of the electrodes was investigated. Since a 
constant current was used, each electrode had to be chlo- 
ridized for a different length of time. This was accom- 
plished by placing all the electrodes as before in the U- 
cells, but leading the current initially only through the 
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FIG. 1. Equilibration of fresh thermal-electrolytic Ag- 

AgC1 electrodes (chloridized and aged in 0.05N KC1). 
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FI(~. 2. Equilibration of fresh thermal-electrolytic Ag- 

AgC1 electrodes (chloridized and aged in 1 and 0.1M HC1, 
respectively). 

electrodes to be most highly chloridized. At proper time 
intervals, the current was lead through additional elec- 
trodes until  the desired range of chloridizing had been 
achieved. In  this manner, all the electrodes were in con- 
tact with the electrolyte for the same length of time and 
could be removed together so that the aging tests could be 
initiated on the set simultaneously. Results are summa- 
rized in Table II  and illustrated in Fig. 3. 

Surface area measurements.--Some measurements were 
undertaken to determine the porosity of the Ag in relation 
to its mass and the method of formation. As a first ap- 
proximation, it was assumed that the surface area as de- 
termined by N~ adsorption would be in direct proportion 
to the porosity of the surface. A B:E.T. adsorption appa- 
ratus of standard design (7) was used. Samples of thermal 
Ag were prepared on Pt  spirals simultaneously with the 
electrodes selected for ehloridizing by severing the beads 
from the glass electrode holder. Ag was deposited both in 
one and in two applications. The weight of Ag sphere for 
the single and double coats and the total weight of Ag 
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TABLE II .  Effect of increasing AgC1 on equilibration of 
fresh electrodes 

Electrodes . . . . . . . . . . . . . . .  

(Double Coats of Silver) 
i - -  

Wt of Ag (g) . . . . . . .  i 0.12141 0.3645 i 0.1810 t 0.1737 i 0.1165 
AgC1 (%) . . . . . . . . . .  t16.2 120 ]30 150 190 
Equilibrium Time I t I I 

(hr) . . . . . . . . . . . . . .  8 10 8 18 21 

+0.~  
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+02(  

+O.IC 
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FIG. 3. Effect of increasing AgCI on equilibration of 
fresh electrodes. 

TABLE III .  The B.E.T.  surface area of thermal Ag 

W A (g)O_ f ~/electrode 
Sample FioraStt SccCoOa7 d Sum 

_ _  (avg) ! (avg) 

1 ! 0.0406 None / 0.0406 
2 0.0321 I None / 0.0321 
3* 0.1422 ] None I 0.1422 
4 00 41/00151/0.0592 

Tota l  wt  
(g) of 

sample 

0.4464 
0.1925 
1.1378 
2. 7805 

Surface Equil ib- 
r ium 

area Time 
(m~/g) (hr) 

3.4 / 15 
39 150 

1.2 8 
0.3 6 

* This sample was degassed at 400~ for 17 hr. All others 
were degassed at 120~176 for periods up to 18 hr. 

taken for each experiment is summarized in Table I I I  to- 
gether with the results of the measurements. The equi- 
libration times refer to aging periods for electrodes pre- 
pared from thermal Ag of the surface areas listed. 

Degassing of samples prior to determination of the ad- 
sorption isotherm was carried out by heating for 90 rain 
under a high vacuum when 4 • 10 -5 mm Hg was attained 
(that of the system alone). Because of the heating at  450~ 
during preparation, this was sufficient. Owing to the rela- 
t ively small surface areas, the initial dose of N~ to the sys- 
had to be restricted to 8-10 mm pressure for successful 
measurements. 

DISCUSSION 

The recommendations of Smith and Taylor (4) and 
Bates (3) for preparation of the thermal-electrolytic Ag- 
AgC1 electrode for precision use have been independently 

�9 checked and confirmed. Electrodes are readily obtained 
equilibrating to constant values within a period of 10-24 hr 
and showing an agreement of +0.02 mv within a set pre- 
pared at  a given time. 

The aging histories show that  when the chloridizing and 
aging solutions were of the same strength (Fig. 1), freshly 
prepared electrodes were positive in potential to the aged 
reference standards as predicted by the theory of concen- 
tration-polarization (4). Da ta  for the experiments in whietl 
the chloridizing was continued until  approximately 90% 
of the Ag was AgC1 are informative (Fig. 3, Table II) .  
In  this work, the chloridizing solution ( IN HC1) was ten 
times more concentrated than the bias test solution. 
Freshly prepared electrodes with greater than 30 % AgC1 
were positive to the reference standards, in accord with a 
depletion of the electrolyte concentration to a strength 
less than that  of the bias solution. The electrodes with less 
than 30% AgCI were initially negative. I t  follows that  
with shorter periods of electrolysis, depletion of electrolyte 
within the porous Ag is not sufficient to at tain a concen- 
tration less than that  of the bias test solution. 

Minima and maxima have been observed in the aging 
history during the initial approach to equilibriuln. Since 
the adjustment of the electrolyte concentration within the 
pores is a rate process, some fluctuations about the equi- 
librium value are not unexpected. 

Results of the investigation of the dependence of equi- 
libration time on electrode porosity are summarized in 
Table I I I .  Electrodes with relatively high surface area 
(39 m2/g) aged in 120-160 hr in contrast to low surface 
area electrodes (0.3-3.4 m~/g) for which the period was as 
short as 6 hr. Application of the Ag in two coats effected 
this decrease. 

When the initial application yielded a relatively non- 
porous thermal Ag (e.g., 3.4 m2/g), the aging period was 
quite short (8-20 hr). Application of a second coat of Ag 
to this surface to obtain a still less porous surface (0.29 m2/ 
g) decreased the aging period only by a slight amount. 

Results of these measurements leave little doubt that  
the role of the second coat of thermal Ag, as recommended 
by Bates (3), is to yield a less porous surface for ehloridiz- 
ing, leading to electrodes that  equilibrate rapidly. 

Surface areas and aging periods for single coats de- 
creased markedly as the mass of thermal Ag was increased 
above 30 mg. If  significant, this suggests that  rapidly equi- 
librating electrodes can be achieved in one application of 
Ag20 if the electrode is made sufficiently massive. Bates (5) 
suggests that  about 150-200 mg Ag be used. 

Aging tests with increasing AgC1 content (Fig. 3) showed 
that  the best Ag-AgC1 electrodes were obtained when elec. 
trolysis was controlled to change about 10-20% of the Ag 
to AgC1 (assuming a current efficiency of 100%). Elec- 
trodes having less AgC1 (5%, Fig. 2), and somewt~t more 
(30%, Fig. 3) were still quite satisfactory from the view- 
point of rapid equilibration and sensitivity. Increasing 
AgC1 much above this limit of 20% (e.g., 50 and 90%) re- 
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sulted in a thick coat of AgC1 which added little to sta- 
bility and tended to make the electrode more sluggish. A 
current of 10 ma was recommended (3) for the electrblysis, 
but lower currents (1 ma) were just as effective if the total  
time of electrolysis was increased accordingly. Use of cur- 
rents greater than l0 ma was not investigated in the 
present work. 

I t  was observed that, with 1N HC1 as the chloridizing 
electrolyte, the electrodes were occasionally brown or plum 
colored, although utmost care was given in each step of 
the procedure as described. Normally, the electrodes were 
dir ty white to light brown. Bates reported (8) that  with 
repeated use of this chloridizing solution, light gray and 
even white, rather than brown, electrodes were obtained 
and recommends that  the initial chloridizing solution be 
used repeatedly until the conductance is too low for the 
operation. The highly colored electrodes, while showing 
good intra-agreement in a set, tended to equilibrate at  
somewhat larger values (0.1-0.3 my) relative to the aged 
reference standards. I t  may well be that  pre-electrolysis 
of the chloridizing solution was beneficial in actfieving 
conditions for the best electrodes. Work described else- 
where (4) showed that  the electrode potential was not 
affected by light. Dark electrodes were also obtained in 
recent studies when nlore than 20% of the Ag was chlo- 
ridized. In  this case, the color may indicate that  the chlo- 
ride layer is heavier than desirable for good performance. 
I t  is of interest to note that  the color of the best electrodes 
of the totally electrolytic type is, by contrast, a rose or 
plum shade rather than light gray or white (1). Factors 
affecting color are least understood. 

An observation of the present work is that  the new elec- 
trodes equilibrated at  potentials both positive and nega- 
tive to the reference standard at values significantly dif- 
ferent ( - 0 . 0 8 - + 0 . 0 5  mv). This difference was not due to 
changes in the reference standard itself since two or more 
of the lat ter  were observed to maintain a constant poten- 
tial (•  mv) for periods of several months. The ex- 
planation for these differences in equilibrated potentials 
is not obvious, but  may be at tr ibuted in part  to states of 
strain in the thermal Ag. The choice of the reference stand- 
ard is made less arbitrary if electrodes having the lowest 
potential after equilibration are selected, corresponding to 
the lowest thermodynamic energy state. 

Thus, while equilibrated electrodes Showing intra-agree- 
ment of =~0.02 mv in a set are readily gained, the limits of 
reproducibility in equilibrated potential appear to be 
greater. In  many measurements of concentration cells, 
this effect may be partially compensated for by using op- 

posing electrodes from the same set and by interchanging 
electrodes. However, it  may be of considerable significance 
in measurements where the standard potential of Ag-AgC1 
is involved. 

Constancy of the equilibrated bias potential enables a 
correction to be applied to refer all emf values to a common 
energy level. The experimental scatter observed in meas- 
urements with this electrode may thus be part ial ly reduced. 

I t  is significant tha t  the careful determination of the 
standard potential of the Ag-AgC1 electrode in aqueous 
solutions by Harned and Ehlers (9) and more recently by 
Bates and Bower (10) differs by a small, but  finite, value, 
0.18 my, at  25~ The same type of electrode---the thermal- 
electrolyt ic--and a similar technique were employed. Ac- 
tivities of the HC1 in these solutions were in agreement 
with each other as well as with other independent deter- 
minations (10). In  the light of the present results, the re- 
ported difference in values for the standard potential may 
be part ial ly at t r ibuted to the thermal-electrolytic type of 
Ag-AgC1 electrode. 
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ABSTRACT 

A new, analytical method is presented for calculating the degree of dissociation of 
weak, uni-univalent electrolytes from the Onsager equation. Also, the error involved 
in this procedure is discussed. 

Various procedures have been published for the deter- 
ruination of the dissociation of weak, uni-univalent elec- 
trolytes from conductance data (1-5). In  this paper, a 
noniterative method using the 0nsager equation is de- 
rived. 

The Onsager equation for a uni-univalent electrolyte is 
written as 

A = a(A0 - (A + BA0) %/'~c) (I) 

where A = equivalent conductance, A0 = equivalent con- 
ductance at  infinite dilution, A, B -- constants, c = con- 
centration, a -- degree of dissociation. 

After rearranging, eq. (I) becomes 

f ( ~ )  = ~ c ~ k  - ~A0 + A = 0 (I I )  

where k = (A + BAo). If a~ is the first approximation of 
a, so t h a t a  = a~ + h, w h e r e h i s a  constant, t henex -  
panding f (a)  in a Taylor 's  series about am yields 

f(ol) = f (oq)  + hf ' (co)  + h2f" (c~i ) /2+ (III)  

Assuming that  the third term is small and may be neg- 
lected, 

hi = -- f (co)  / f '  (co) (IV) 

so that  the second approximation of a becomes 

o~,2 = co - f (o t , ) / f ' (o t l )  (V) 

Eq. (V) is the same expression as that  used in the Newton- 
Ralphson method. 

Eq. (II) is now substituted in equation (V) and the 
value of a~ is taken as the conductance ratio, A/A0 to give 

A (A/A0) ~ c i k 
~-" = 2\o - :~-(A/A0) i c �89 k - .% ( V I )  

Although several rearrangements of the above equation 
are possible, the above form is very convenient for com- 
putat ion purposes. 

I t  now becomes of interest to determine the error, E, in 
a.  The neglected terms of equation (III)  form an alter- 
nating, convergent series. Consider the third term only. 
Obviously, 

E = h -- h~ < f"(o~)h2/2f ' (c~l)  (VII) 

I t  can be shown (6) that  to a good approximation h can be 
replaced by hi on the right side of eq. (VII). This conclu- 
sion also follows from the fact that  the neglected terms are 
small. 

In  order to evaluate a useful expression for E, values of 
the derivatives are now substituted in eq. (VII), and it is 
assumed t h a t i f ( a )  = - A 0 .  Hence, 

3c~k 
E < 8(A/h0)�89 .h~ (VIII) 

Considering experimental conditions, the coefficient of h21 
is not greater than 1. Consequently, 

E < h~ (IX) 

Thus, the number of significant figures in h~ may be taken 
as the number of zeros between the decimal point and the 
first significant figure in the value of h~. 

I t  is also of interest to determine the dependence on c of 
the ratios of h~/a~ and of E / a s ,  i.e., the relative correction 
and the relative error. 

The approximation is now introduced tha t  

~ = K / c  (X) 
where K = the dissociation constant of the electrolyte. 
By use of the value of hi in equation (VI), modified by the 
above simplification of f ' ( a l )  and with the aid of equation 
(X), it  is found that  

h~/a l  =N _ ( k K i  /Ao) c ~, (XI) 

The relative error, calculated by suitable combination of 
the value of h~, eq. (VIII) ,  (X), and (XI) is given by 

3k3 K ~ 
E/c~2 < 8A03(1 + k K  ~ c~ Ao ) .c~ (XII)  

where the term in parentheses is the ratio a2/a~ �9 
From eq. (XII) ,  it  follows that  the relative error is 

negligibly small at  all practical values of c. 
As a typical example, the conductance data of MacInnes 

and Shedlovsky (3) at  low, intermediate, and high concen- 
trations of acetic acid in water a t  25~ are used to demon- 
strate the adaptabil i ty of eq. (VI). Since A = 60.20, B = 
0.229, and A0 = 390,59, it  follows that  k = 149.65. The 
necessary data are listed in Table I. Considering the rule 
stated above for the magnitude of the error, it  will be ob- 
served that  the formula for a2 holds over all the concentra- 

TABLE I. Conductance data of  a ueous  acetic acid s o l u t i o n  

( e q .  V I )  ( R e f .  3) 
c A a t  - -  hx a~  ~2 

0.0000280141210.32 t0.53847 0.00080310 53927 IO 53925 
0.0010283 ] 48.133 10.12323 0.00053480.12376 0.12375 
0.100000 / 5.200 10.013313 0.00010010.01350 0.01350 
0.230785 ]3.39110.00868170.00015280.00883410.008827 
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tion range. At  high concentrations, the formula will not 
be expected to give results agreeing with published values, 
since the simple Onsager equation will not be valid due 
to dimerization of the acid (7, 8). 

Manuscript received February 23, 1956. 
Any discussion of this paper will appear in a Discussion 

Section to be published in the December 1957 JOURNAL 

REFERENCES 

1. C. W. DAVIES, "The Conductivity of Solutions," p. 87, 
John Wiley & Sons, Inc., New York (1930). 

2. W. H. BANKS, J. Chem. Soc., 1931, 3341. 
3. D. A. MAOINNES AND T. SHEDLOVSKV, J. Am. Chem. Soc., 

54, 1429 (1932). 
4. R. M. Fuoss  AND C. A. ~l~A1JSS, ibid., 55, 476 (1933). 
5. R. M. Fuoss,  ibid., 57, 488 (1935). 
6. J. B. SCARI~ORO1JGtt, "Numerical Mathematical Analy- 

sis," pp. 182-184, The Johns Hopkins Press, Baltimore 
(1930). 

7. A. KATCHALSKY, H. EISENBERG, AND S. LIFSON, O r. A m .  

Chem. Soc., 73, 5889 (1951). 
8. D. R. CARTWRIGHT AND C. B. MONK, O r. Chem. Soc., 

1955, 2500. 

Current Distribution in Galvanic Cells Involving 
Natural Convection 

CARL WAGNER 

Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

From equations for mass transfer due to natural convection in a laminar boundary 
layer, it  is derived that,  in electrolytic cells used for the refining of metals such as Cu, 
the current density is virtually constant, although concentration polarization at both 
the cathode and the anode varies from bottom to top. 

When a metal is deposited at  a cathode, the steady-state 
concentration of cations in the solution next to the cathode 
is lower than in the bulk solution. Conversely, the steady- 
state concentration of cations in the solution next to the 
anode is higher than in the bulk solution. The resulting 
density difference between boundary layer and bulk solu- 
tion brings about an upward or downward flow of the solu- 
tion next to the electrode, analogous to natural  convection 
for heat transfer. The effective thickness of the boundary 
layer is zero at  the leading edge of the electrode where the 
flow of the solution originates, and increases with increas- 
ing distance from the leading edge. 

Solutions of the boundary layer equations are available 
for the following conditions. 

1. If an appropriate potential is applied to a cell con- 
taining a C u S Q  solution, all Cu ions arriving at  the cath- 
ode are readily discharged, but  no other electrode reaction, 
such as evolution of H2, may take place. Under these con- 
ditions, cation concentration at  the electrode is vir tually 
equal to zero, and the current reaches a limiting value 
I m ~ .  Approximate solutions of the differential equations 
for the concentration and the velocity distribution in the 
boundary layer have been obtained by using solutions for 
the analogous heat transfer problem (1-7). For  a laminar 
boundary layer, the local limiting current density is pro- 
portional to the fourth root of the distance from the lead- 
ing edge of the electrode in accord with experimental re- 
sults (3, 5-7). 

2. If the applied current is lower than the aforemen- 
tioned limiting current, concentration of cations dis- 
charged at  the electrode is finite. The following limiting 
cases may be considered. 

(A) The single electrode potential of the cathode and 
the anode may be assumed to be constant. Thus, if only 
concentration polarization occurs, the cation concentra- 
tion at  each electrode is constant, and the solution worked 
out for case 1 may be used with a slight modification. 
Accordingly, the local current density would be inversely 
proportional to the fourth root of the distance from the 
leading edge of the electrode. 

(B) The current density may be essentially constant. 
This implies that  the local concentration gradient at  the 
surface of the electrode is constant, whereas the cation 
concentration at  the electrode varies with the distance from 
the leading edge. In  this case, the concentration difference 
between the bulk solution and the surface of the electrode 
is proportional to the fifth root of the distance from 
the leading edge of the electrode as follows from the an- 
alogy between heat and mass transfer (8) . 

In cells involving Cu electrodes and a solution of CuS04 
as electrolyte, Wagner (3) and Ibl, Ruegg, and Trampler  
(6) found experimentally that  current density is vir tually 
constant if the applied current is less than ~ the limiting 
current for exclusive cathodic deposition of Cu. In what 
follows it is shown theoretically that  this is expected to 
be true under most conditions. 

As a special ease of practical importance, a galvanic 
cell used for the refining of Cu is considered. Electrodes 
of height h at  a distance s from each other are supposed 
to fill the cross section of the trough completely so that  
no edge effects occur and the primary current density 
would be constant. 

I t  is assumed tentatively that  the current density is 
virtually uniform, and conditions under which this assump- 
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tion is valid are investigated below. For a uniform current 
density J ,  the conventional form of Ohm.'s law amy be 
used. If the potential-current density curve for the cathode 
and the anode are approximately linear, 

A4~ = E - J IdE~/dJI  - J I d E , / d J  I = Js/o- (I) 

where A4~ is the potential difference within the solution 
between cathode and anode, E is the voltage applied to 
the cell, i.e., the potential difference measured between 
metallic terminals connected with the electrodes, ~ is the 
electrical conductivity of the electrolyte, s /a  is the resist- 
ance of the electrolyte for a cross section of 1 cm 2, and 
I dE~/dJ t and [ d E J d J  [ are the absolute values of the 
slopes of the potential-current density curves for the 
cathode and the anode, respectively. 

Solving Eq. (I) for J ,  

E 
J = s/a + I dEr I + I dE~/dJI  (II) 

From Eq. (II), i t  follows that  the current density will 
be essentially constant if the variation of the sum of the 
two terms 

{ dE~/dJ I + I d E , / d J [  

with distance x from the lower edge of the electrodes is 
small in comparison to the total  value of the denominator 
in Eq. (II). In  what follows it is shown that  this is the 
case under conditions which are most likely to be encoun- 
tered in industrial cells. 

Considering only concentration polarization and dis- 
regarding the difference between activities and concen- 
trations, the following is obtained from Nernst 's  formula 

- -  = dJ = ~ -  ~ -  i f lAc[<<Co (III)  

where c is the concentration of Cu ions at  the cathode, co 
is the bulk concentration, and Ae is the concentration 
difference between the bulk solution and the surface of 
the electrode. 

Using the analogy between heat  and mass transfer 
problems, the value of Ac may be calculated in the same 
way as the temperature difference between a wall and an 
ambient fluid for a uniform heat flow per unit area has 
been calculated (8). Hence the value of Ac at  distance x 
from the leading edge of the electrode is found to be 

j x  0.8 + Sc 
I Ac I = 1.62 D Sce Gr~* (IV) 

where j denotes the rate of mass transfer of Cu ions in 
mole/unit  area/unit  time due to diffusion, which is related 
to the current density by 

j = J(1 - t)/2Y (V) 

where F is the Faraday constant and t is the transference 
number of Cu ions. Moreover, D is the diffusion coeffi- 
cient, and Sc is the Schmidt number defined as the ratio 
of the kinematic viscosity ~ to D. The modified Grashoff 
number Gr~* is defined as 

Gr~* = g~'jx4/D~ e (VI) 

TABLE I. Numerical values in Eq. (If)  and (VHI)  

- -  d J  
tt (ohm cm ~) (ohm cm 2) 

0 o r l  
0.01 or 0.99 
0.05 or O. 95 
0.1 or0 .9  
0.2 or 0.8 
0.5 

I 
I 0.24 

0.34 
0.37 
0.39 
0.40 
0.42 

67.74 
67.84 
67.87 
67.89 
67.90 
67.92 

where g is gravitational acceleration and ~' is the rate of 
change in the natural  logarithm of the density of the 
solution with the concentration of CuS04. 

Since the Schmidt number Sc = u /D in aqueous elec- 
trolytes is of the order of 103, the approximation 0.8 + 
Sc ~--- Sc = u /D may be used in Eq. (IV). On substituting 
Eq. (IV)-(VI) in Eq. (III) ,  i t  follows that  

dEc 1 4 R T  (1 - t)~ x~ {2FuD2~ ~ 
~ -  = .62 g ~-F ~Dcc0 ~ , g - ~ - ]  (VII) 

An analogous equation with x' = h - x as the distance 
from the upper end of the electrode holds for the anode. 
Hence, 

-~ -  + = 1.62 ~ 2F 2FDc0 
(VIII) {2  vey 

Table I lists the results of a numerical evaluation of 
Eq. (VIII) for selected values of x and the following values 
corresponding to experimental conditions used in an experi- 
ment by Ibl, Ruegg, and Trampler  (6) with 1.0M CuSO4 
as electrolyte: R = 8.31 joule/mole/degree; T = 298~ 
F = 96,500 coulombs/equivalent; ~ = 0.04 ohm-1/cm; 
s . =  2.7 em; t = 0.3; J = 0.003 amp/cme; D = 5.10 .6 
tree/see; g = 981 cm/sec~;/~' = 150 (mole/cm3)-~; h = 
20 em; u = 10 2 cm2/sec; Co = 10 -:~ mole/cm'L 

Table I shows tha t  values of the denominator in Eq. 
(II) vary only slightly with distance x since the first term 
s/(r = 67.5 ohm cm 2 exceeds by far the following terms 
accounting for polarization. Thus, the current density is 
found to be virtually uniform in accord with experimental 
results reported by Ibl, Ruegg, and Trtimpler (6). 

This result deduced for special conditions may be gen- 
eralized. The following deviations from the foregoing 
presuppositions are to be considered. 

1. If a supporting electrolyte, e.g., H2SO4 in addition 
to CuS04 is present, the density of the boundary layer is 
also affected by changes in the supporting electrolyte 
(3, 5). Thus, modifications of the foregoing equations are 
required, but  the value of the right-hand member of Eq. 
(VIII) is not changed significantly. In  addition, presence 
of a supporting electrolyte yields a higher conductivity 
corresponding to a smaller value of s/~r. Even for a ten 
times greater conductivity, however, values of the denom- 
inator in Eq. (II) at  different heights differ by not more 
than 2�89 %. 

2. In  Eq. (VIII) ,  activation polarization is disregarded. 
If activation polarization is eonsideI~d, constant terms 
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on the right side of Eq. (VIII) have to be added. Thus, 
variation of the current density would be even smaller 
than has been estimated above. 

3. Since the height h of the cell occurs in Eq. (VIII) 
only as the fifth root, values other than h = 10 cm give 
essentially the same result. 

4. The current density J also occurs in Eq. (VIII) as 
the fifth root; therefore, different values of J give quali- 
tatively the same results. The condition of a nearly linear 
potential-current density curve, however, requires that 
]Acl<< Co according to Eq. (III). For the foregoing 
qualitative considerations, [Ac I = } Co may be used as 
an upper limit. In view of Eq. (IV) for x = h, Sc >> 0.8, 
and the auxiliary Eq. (V) and (VI) the condition 

FDco~ { g~' ~ 
J < 0.55 l - t  \ 2vDh]  (IX) 

is obtained for the validity of the foregoing considerations. 
I t  is obvious tMt,  on increasing the current in a CuSO4 
cell, the solution at the cathode eventually becomes 
exceedingly depleted with respect to CuSO4, and the 
limiting value of the current I ~  for exclusive cathodic 
deposition of Cu is approached. Under these conditions, 
Eq. (VIII) is not valid. Instead, the current density at 
the cathode is proportional to the fourth root of the dis- 
tance from the lower edge as mentioned above. 

5. The local current density would vary to a somewhat 
greater extent in a cell with a smaller width s, but such 
conditions are far from normal experimental conditions. 

6. A large variability of the current density is expected 

in solutions involving a much lower value of co than 
1 mole/liter if the solutions contain a high concentration 
of supporting electrolyte which provides the same order 
of magnitude of the electrical conductivity assumed above. 
These conditions may be realized in a laboratory experi- 
ment (9), but do not occur in cells used for industrial 
refining of metals. 

Consequently, as far as cells for industrial refining of 
metals are concerned, the current density is expected to 
vary only slightly from bottom to top of a cell, regardless 
of changes in the aforementioned parameters, provided 
the applied current is only a fraction of the limiting current 
for exclusive cathodic deposition of metal, i.e., the current 
density is lower than the value calculated in Eq. (IX). 

Manuscript received May 28, 1956. 
Any discussion of this paper will appear in a Discussion 

Section to be published in the December 1957 JOURNAL. 
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Supercooling, Preferred Orientation, and Inverse Segregation 
in Lead-Antimony Alloys 
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ABSTRACT 

Experiments are described which confirm the previously reported inverse segregation 
of Sb in the Pb-Sb alloy castings. Supercooling of Sb at eutectic temperatures and a pre- 
ferred orientation and growth direction for the Sb crystals are responsible for the exces- 
sively large coverage by Sb in the surface of the cast alloy. Interdendritic flow, pre-  
viously claimed as a principal factor in this inverse segregation, is now found to be 
unnecessary. Preferred orientation with the [111 ] direction perpendicular to the surface and 
preferred directions of growth parallel to the (111) plane are shown to be caused by the 
strong covalent linkages within the (111) pairs of planes. This, plus a number of factors 
such as temperature gradient, surface tension, and Sb concentration in the surface film, 
favors the growth of those nuclei that  originate with the i r  (111) planes parallel to the 
surface. This preferred orientation of Sb can influence the tensile strength and ductil i ty 
of hypereutectic Pb-Sb alloys. 

An unusual concentration of Sb is found at  the surface 
of hypoeutectic (below 11% Sb) Pb-Sb castings (1). The 
crystal form of this Sb indicates that  it  has solidified prior 
to the eutectic, contrary to the equilibrium phase diagram 
of the system. 

The primalT crystallization of Sb at the surface in ex- 
cessive concentration was previously explained as being 
caused by an interdendritic flow of molten metal from the 
interior of the casting into the gap left between the semi- 
solid crust and the mold face during the solidification 
contraction. This satisfactorily explained the observed 
phenomena, but required the assumption of an unusual 
degree of supercooling to explain the large amount of Sb 
that  froze as primary crystals. 

AdditionM work and a reappraisal of the original ob- 
servations have shown that  supercooling of Sb takes place 
not only at  the surface but  throughout the interdendritic 
melt. In  addition, excessive concentrations of Sb were also 
found at the surface of hypereutectic (above 11% Sb) alloy 
castings. A modification of the original explanation appears 
necessary. The following discussion shows that  there is a 
preferred orientation of Sb at the surface with the [ l l l ]  
direction perpendicular to the surface, and that  there is a 
preferred growth direction parallel to the surface. These 
factors influence not only the surface appearance of the 
as-cast Pb-Sb alloy series but the physical properties as 
well. 

EXPERIMENTAL PROCEDURE 

The method of casting against polished mold walls in 
order to obtain a surface suitable for metallographic 
examination has been described (1) and criticized (2). 
Interpretation Of the results, however, had been carefully 
verified by comparison with conventionally prepared 
metallographic cross sections for each of the alloys studied 
and by comparison with commercially prepared castings 
obtained from various sources. In  addition, the presence of 
this Sb surface layer had been confirmed by x-ray analysis 
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and chemical tests and additionally, as herein reported, by 
crystallographic measurement and identification of the 
actual crystals formed, so that  the authors do not feel that  
such criticism is justified. 

Alloy series were prepared in a concentration range of 
3-21% Sb in increments of 2% under five casting condi- 
tions. The reasons for these conditions are brought out in 
the subsequent discussion. 

1. Additional series of castings were made under the 
conditions reported previously (1). 

2. Castings were made between highly polished parallel 
A1 plates separated by 0.005-in. shim stock that  acted as 
the narrow sides of the mold so that  a 3 x 4 x 0.005-in. foil 
resulted. The mold was heavily insulated and suspended so 
that  the parallel plates were vertical, with the width (3-in. 
dimension) and thickness (0.005-in. dimension) parallel to 
the base and with the hdght  (4-in. dimension) vertical to 
the base. Heating was from the base, and controlled reduc- 
tion of temperature began at  the base. Cooling took place 
from the small, uninsulated top surface. The freezing 
therefore proceeded from top to bottom, and the cooling 
rate was approximately 5°/min. 

3. Cast foils were made under the above conditions ex- 
cept that  the top was heavily insulated immediately after 
casting, the source of heat was removed from the bottom, 
and a water-cooled A1 plate was substituted. F~ezing 
began at  the bottom and cooling was at  approximately the 
same rate as above. Series 2 and 3 were cast with the mold 
temperature initially slightly above the freezing point of 
the alloy since this was the only way in which such thin 
foils could be prepared. 

4. Series 2 and 3 were duplicated except that  the foil 
was made 0.125-in. thick. 

5. Castings were made in a mold in which was sus- 
pended an A1 sheet with both sides polished. This sheet 
was supported in the center of tile mold by pointed Trans- 
ite blocks so that  heat transfer was at a minimum. The 
polished plate was 1-in/ and 0.125-in. thick and was 
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FIG. 1. Etch pits left in Pb-Sb alloy surface by removal 
of primary Sb crystals; from the as-cast surface of a hyper- 
eutectic alloy containing 13% Sb. 500X. 

surrounded on all sides by a 1-in. thick casting section. The 
nmld was originally at a temperature above the melting 
point of the alloy and was held at  this temperature a suf- 
ficient length of time after casting so that  the interior 
plate reached the melt temperature before cooling began. 
By milling the edges of the resulting casting, the two halves 
of the casting could be separated at  the interior A1 surface. 

To determine crystal orientation and habit, the following 
procedure was used: When a Pb-Sb alloy is corroded 
anodically in a H~SO4 solution, visible formation of lead 
oxides does not take place until the Sb present in the 
surface of the casting has been leached out (3). Specimens 
of the various castings that  contained suitable Sb crystals 
were given this treatment,  using a very low current density. 
Removal of Sb resulted in a negative replica of the crystal 
in the surrounding Pb (Fig. 1). Surface dimensions and 
angles of this depression, its depth, and the position of the 
deepest portion with relation to the surface outline were 
measured with various microscope accessories. With this 
information, the shape of the crystal was reconstructed, 
the angles that  the sides made with one another calculated, 
and the crystal habit  and the preferred directions of den- 
dritic growth determined. Preferred directions of dendritic 
growth were then used to determine the orientation of the 
thin platelets which were not suitable for the above method 
of determination. 

OBSERVATIONS AND CONCLUSIONS 

Hypoeutectic Alloys 

1. Primary crystallization of Sb and excessive amounts 
of Sb in the as-cast surface occur under all casting condi- 
tions for the hypoeutectic alloys. Whether the casting was 
large or small (relatively speaking, since the largest casting 
examined was only 5 in. long by 3 in. in diameter), rapidly 

or slowly cooled, or subjected to differential cooling, the 
surface always showed segregation of excess Sb and pri- 
mary crystallization. As reported previously, the degree to 
which segregation occurred depended on the cooling rote 
and the amount of Sb in the alloy, but it  was always present 
to some extent. This was tree even at the internal surface 
formed by suspending a plate in the center of the mold. 
Repetition of the experiments reported previously led to 
the same conclusions as formerly. Castings made against 
A1, Fe, glass, Cr, Pb, and Transite and against A1 and Fe 
surfaces under silicone oil all exhibited this same excessive 
Sb seglvgation at  the surface. 

2. The appearance of primary Sb crystals and excessive 
proportions of Sb at  the casting surface of the hypoeutectic 
alloys is evidence of a larger than eutectic concentration 
of Sb and of supercooling. The eutectic concentration of Sb 
is reported to be about 11% by weight, and on that  basis 
the eutectic structure would be expected to contain an Sb- 
to-Pb ratio of approximately 1:8 by weight or 1:5 by 
volume. Conditions that  reverse this ratio in the surface 
cannot be explained by previous theories of inverse segre- 
gation. 

A layer of eutectic composition and structure has been 
observed at  the surface of many alloys. This has been 
proved to be caused by the natural enrichment of the 
remaining melt in solute as primary crystals of solvent 
precipitate. This melt, enriched to eutectic composition, 
may be extruded as a surface layer (4), or may only appear 
to be in excess at  the surface because the roughly spherical 
or cylindrical primal T crystals have a minimum area in the 
surface layer (5). 

The term primary crystallization is used herein to mean 
the formation of an extensive dendritic crystal or a regular 
crystal of recognized form and habit, of a much larger size 
than would be associated with eutectic structure, and 
which has been precipitated prior to the eutectic in its 
immediate vicinity. For the hypoeutectic alloys, the real 
primary crystals are, of course, the Pb crystals that  form 
the bulk of the solid. The primary c13zstallization of Sb in 
the surface layer of such an alloy depends on the melt in 
the immediate vicinity having some hypereutectic compo- 
sition. The process of interdendritic flow, whereby molten 
metal flowing to the surface to compensate for shrinkage is 
enriched in Sb by the deposition of Pb on the colder walls 
of the interdendritic channels, cannot produce an Sb 
concentration greater than eutectic. The only process that  
suggests itself as a way out of this difficulty is that  in 
which Sb supercools in the presence of Pb when the 
eutectic composition is reached. Just as one metal may 
supercool in a crucible made of another, so may Sb super- 
cool in the interdendritic channels and at  the surface of the 
primary Pb structure. But Pb can continue to precipitate, 
and so the remaining melt becomes enriched in Sb to a 
point where extensive primary crystallization of Sb occurs. 
The reasons that  such supercooling is possible have been 
discussed previously (1). 

3. The formation of a solid crust or extensive interden- 
dritic flow is not necessary to produce the surface film of 
Sb. The possibility of a solid crust being formed and subse- 
quently being partially remelted by heat  from the interior 
as the heat transfer becomes interrupted by shrinkage from 
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the mold (4) was not considered likely from the evidence 
previously obtained, but  such a possibility was advanced 
as a criticism (2) of the previous report. 

Formation of a solid crust, made possible by normal 
eutectic freezing, not only would be evidence that  super- 
cooling of Sb did not occur but  would leave no explanation 
of how Sb could occur in greater than eutectic amounts at  
the surface. For, if a solid crust is first formed and then 
remelted, the first portion to remelt would be of eutectic 
composition (lowest melting point), and any further re- 
melting would cause enrichment of the melt in Pb. Enlarge- 
ment of the surface pores by hotter material from the 
interior would aggravate this condition, so that  the ex- 
truded material could not contain more than the eutectic 
amount of Sb and would probably contain less. 

Thin alloy foils of 0.005 in. thickness cast as described 
were frozen so that  the primary Pb dendritic crystals grew 
in one direction only, parallel to the mold faces. The 
thickness of the foil equaled the average diameter of one 
dendritic arm, and by proper control of cooling a row of 
parallel dendritic branches could be produced which were 
parallel to and between the foil surfaces. In other words, 
a foil was produced in which freezing had begun either a t  
the upper or lower end and not from either foil surface. 
The resulting foil was not a single crystal, but  the individ- 
ual grains were large and their thickness equaled that  of a 
single dendritic branch. The individual dendritic branches 
of each grain were parallel to the foil faces and roughly 
parallel to the long dimension of the foil which was also the 
vertical axis of the mold. This was checked by the prepara- 
tion of chemical replicas (6), and by alternately etching 
and stripping the surface film with pressure-sensitive tape 
until the underlying dendritic structure was revealed. 

In  all of the foils, whether growth of the primary Pb 
dendritic crystals started fi'om the bottom of the mold or 
from the top, the surface film of the casting showed exces- 
sive concentration and primary crystallization of Sb. The 
diameter of the individual dendritic branches was nearly 
the same as the thickness of the foil, and their length was 
many times their diameter. These crystals, the first solid 
to form in a given section, evidently had been able to grow 
to their final diameter in a medium that  was still unfrozen. 

In  these circumstances there could be no formation of a 
solid crust with liquid center, nor any buildup of a higher 
concentration of Sb toward the center. Gravitational flow 
of still-molten metal through the interdendritic channels 
along the length of the foil maintained a liquid layer in 
contact with the mold surfaces during the shrinkage con- 
traction so that  the castings conformed closely to mold 
dimensions. For a mold of these dimensions, however, 
contraction of the solidifying metal would be small and 
movement of molten metal past any given point in the 
interdendritic channels would be small, far too small to 
cause any appreciable increase in concentration or the 
introduction of Sb-rich material at the surface in consid- 
erable quantity. 

The argument might be made that  a given section of the 
foil had been completely solid and, as shrinkage occurred, 
feeding had taken place from other regions through the 
gap between the metal and mold. That  this is not true is 
attested to by the fact that  the surface film of Sb was 

present regardless of whethe r freezing of the foil began at  
the bottom (which would favor gravitational flow) or 
from the top (which would preclude gravitational flow if 
the melt in a given section became completely solid). 

Additional proof that  there is no necessity for the forma- 
tion of a solid crust or extensive interdendritic flow is given 
by the experiment wherein an A1 plate was suspended in 
the interior of the mold. This plate, being well insulated 
from the exterior surfaces, centrally located, and at  the 
temperature of the melt, would approximate conditions at  
the center of a casting that  was being cooled through the 
exterior mold surfaces. The area around this plate then 
represents the last portion to fi'eeze and cannot be supplied 
with liquid metal from any other region. Although the 
surface was always marred by many shrinkage cavities, 
freezing at  this interior surface nevertheless took place 
with the formation of a surface layer of high-Sb concentra- 
tion and primary crystallization, just as at the exterior 
surfaces. 

The conclusion is reached, therefore, that  this is a process 
that  occurs in situ and does not depend o11" interdendritic 
flow. A completely solid crust was evidently not present a t  
the time the surface film formed, but the main function of 
interdendritic flow is to maintain the liquid layer in contact 
with the mold face during solidification contraction. 

4. For both hypoeutectic and hypereutectic Pb-Sb alloys 
there is a preferred orientation of Sb with the [111] direc- 
tion perpendicular to the casting surface. Examinat ion of 
the surface of castings made from hypoeutectic alloys re- 
vealed a host of elementary growth forms (Fig. 2), all of 
the same type, which on investigation were revealed as 
dendritic Sb crystals. In  the most elementary form, these 
consisted of three needlelike or acicular dendritic branches 
parallel to the surface and meeting at  a common center at  
angles of 120 ~ to one another. As the concentration of Sb 
was increased or rate of cooling decreased, the dendritic 
crystals began to exhibit a center of regular crystal struc- 
ture with the dendritic branches radiating from the 
corners ~Fig. 3). This center was normally in the form of an 
equilateral triangle, although other forms appeared occa- 
sionally. These equilateral crystals were found to have 

FIG. 2. Primary Sb crystals of primitive dendritic form, 
crystallized in the as-cast surface layer of a Pb-Sb alloy 
containing 9% Sb. 800X. 
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FIG. 3. Primary Sb crystals of regular form but with 
dendritic corner extensions, crystallized in the as-cast 
surface layer of a Pb-Sb alloy containing 11% Sb. 800X. 

their (111) planes parallel to the surface. Cross sections 
revealed that  for the hypoeutectic alloys these crystals 
had developed the ( l l l )  planes at the expense of all 
others, so that  a very thin platy crystal was formed. 
For the hypereutectic alloys the equilateral triangle at  the 
surface had developed into a tetrahedron with the (111) 
plane at  the surface and the apex beneath the surface. The 
sides of this tetrahedron were made up of ( l l0)  planes. 
The tetrahedral crystals formed in the hypereutectic alloys 
did not exhibit dendritic growth from their corners or edges 
for reasons to be explained in a later section. 

The hypoeutectic alloys showed a decided tendency 
toward dendritic growth from the corners of the equilateral 
triangles in the [111] and equivalent directions. As the 
cooling rate increased, these crystals began to exhibit 

X 

A 4 

| . 

Fla.  4. Schematic representation of the interpenetrating 
lattice configuration of Sb. Similar numbers identify lattice 
points on the same plane, successively increasing numbers 
refer to planes at increasing depth behind plane ABCD. 
Note that the configuration forms a very slightly askew 
face-centered lattice. 

additional directions of dendritic growth. While the den- 
dritic growth usually originated at  the corners of the 
triangle, add while dendrites at  120 ~ to one another were 
the directions of principal growth, numerous other den- 
dritic growths appeared at  lesser angles, radiating from the 
corners like a diverging bundle of rays. 

The occurrence of crystals with the (111) planes approx- 
imately parallel to the surface was estimated at  about 95% 
of all the orientations that  appealed. The crystals show a 
decided preferred orientation with the [111] direction at  
right angles to the surface, but  the individual crystals 
appear to have no preferred orientation with respect to one 
another other than sharing a common axis in the [111] 
direction. 

5. Preferential growth occurs at right angles to the 
direction of preferred orientation and causes a surface 
layer of Sb without the need for excessive supersaturation. 
In examining cross sections of the foils, the Sb particles in 
the matrix surrounding the primary dendritic branches of 
the Pb crystals were observed to have random orientation 
except at, the as-cast surface, where they were almost in- 
variably aligned with their long axis parallel to the surface. 
In  addition, those crystals forIned in the surface layer, 
when viewed from above the surface, showed extensive and 
continuous dendritic structure and even large crystals of 
regular structure but, when viewed in the cross section, 
were found to have grown vel:r little in any direction away 
from the surface. This refusal of Sb crystals to grow into 
the interior, even when there was plenty of room to do so, 
was taken as evidence of a preferred direction of growth in 
the plane of the surface. Preferential growth direction is 
also indicated by the internal structure of Sb. 

The lattice of Sb has been determined to have ortho- 
rhombic symmetry. As originally pictured (7), Sb atoms lie 
in two interpenetrating face-centered rhombohedral lat- 
tices (Fig. 4), and the unit rhombohedral cell is pictured as 
face-centered. The early literature reports the  lattice con- 
stants on this basis, and some reports on crystal form and 
cleavage planes have been based on this notation. 

But a primitive rhombohedron of the same height, but  
one-quarter of the volume of the original, can be outlined 
in the face-centered unit cell (Fig. 5), and it is the.lattice 
constants of this cell that  are reported in the recent litera- 
ture. Since this change in cell also causes a transformation 
of axes and face indices, care is necessary in comparing 
reports on the habit, structure, orientation, and cleavage 
characteristics of Sb. Axes and face indices mentioned in 
the present report are based on the primitive cell of Fig. 5 
and on the Miller system which employs three axes of 
reference. 

Reported lattice constants (7-12) are in good agreement, 
but  the exact positions of the atoms (the relative displace- 
ment of the two interpenetrating lattices) are still in doubt 
(7, 8). 

The lattice structure of Sb is unusual, but  this alone 
does not furnish the clue to the odd behavior of the surface 
film in alloy castings. As was shown for Ge (13), the pre- 
ferred growth parallel to the metal surface is caused by its 
method of atom bonding. The (111) planes of the Sb lattice 
are arranged in double layers, with the two layers spaced at 
approximately 1.50,~ apart  and repeated at  intervals of 
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about 2.25A. The fourth layer is vertically over the first.. 
I n  this arrangement, each atom has three close neighbors in 
the other plane of its double layer and three others at  a 
somewhat greater distance in the next double layer (Fig. 6). 
Of the four covalent bonds associated with each atom, 
three appear to be bound with the three closest neighbors 
in the other half of the same double layer at  a distance 
equivalent to the closest atom spacing. The remaining 
covalent bond could be considered to act through the next 
adjoining double layer on an atom at twice the above 
distance. Actually, each double layer might be regarded as 
a huge molecule held together by simple covalent bonds, 
while the layers themselves may be considered as held 
together  by Van der Waals '  forces or something like 
metallic bonds. 

Atoms within a given double layer, therefore, at tract  
each other strongly, being held together by the mutual 
attractions of three of their covalent linkages, while the 
attraction for atoms in other layers is much weaker. A 
strong tendency for approaching atoms to be drawn into 
an existing double layer rather than to begin another 
layer in the [111] direction would be expected to occur, and 
this effect would be strongest for the conditions favorable 
for dendritic growth. The evidence indicates that  this is 
actually what does occur. The perfect cleavage parallel to 
the (1!1) planes is also explained by the bonding of the 
crystals. 

Since the crystals show a preferred orientation with the 
[111] direction perpendicular to the surface and a preferred 
direction of growth parallel to the surface, there results an 
excessive coverage by Sb in the surface layer which appears 
to be caused by a large excess of Sb but, in reality, is the 
result of preferential growth of a comparatively small 
e x c e s s ,  

The cause of the preferred orientation is not obvious. In  
the case of those c13rstals which consist largely of the three 
dendritic arms meeting at 120 ~ to one another, i t  appears 
that  the nucleus itself must have been formed with this 
orientation or acquired it shortly after birth. The effect 
cannot be at tr ibuted to a thermal gradient extending into 
the interior because the same effect was observed at  in- 
terior surfaces where the temperature differential was 
reversed. The effect does not appear to be caused by 
nucleation from the mold because, as was mentioned pre- 
viously, various mold surfaces and air and silicone oil 
contact surfaces produce the same effect. 

The phenomenon might be at tr ibuted to surface tension 
since it appears at  all interfaces. The energy associated 
with the surface layer may have an influence on the 
formation of the nucleus or may influence the nucleus after 
its formation, since the effect of surface tension acting on 
an object becomes more and more important compared 
with its weight as the object becomes smaller. 

As Gibbs has shown, if a substance lowers the surface 
tension of a liquid when dissolved in it, the concentration 
of the substance is greater in the surface film than in the 
bulk of the liquid. If this is true, the concentration of Sb 
in the interface will be higher than elsewhere. To be sure, 
the layer concerned may be only one or several atoms 
thick, but  consideration is here being given only to the 
formation of a nucleus. 

The supersaturated surface layer of the semisolid alloy 
may therefore be pictured as having an interface of high Sb 
concentration, a greater than eutectic concentration of Sb 
in the layer, a temperature gradient that  produces the 
greatest supercooling at  the interior mold surface or a t  the 
liquidimold interface, and conditions that  are ideal for 
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FIG. 5. Lattice configuration of Sb when a more primitive 
cell is used, same spatial distribution as before. For clear- 
ness only a portion of the new lattice has been drawn in, 
Note that an interpenetrating body-centered rhombohedral 
structure is produced. Observe also that the indices X',  
Y', Z' are differently located than X, Y, Z of Fig. 4. 

Fie.. 6. Bonding configuration of Sb, same spatial ar- 
rangement as before. Covalent bonding forces are pictured 
as rigid bonds with maximum interaction shown in the 
closely grouped pair of (111) planes. Observe that the bonds 
operating within the closely grouped pairs are more numer- 
ous and act over shorter distances than those operating 
between paired planes. 
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dendritic-type crystal growth. Nucleation should logically 
occur at the interface with orientation as described. In 
addition, the heat associated with crystallization is radi- 
ated in all directions but is most readily transferred by the 
solid mold rather than by the liquid melt. Thus there exists 
briefly a more favorable condition along the mold face 
than into the molten material beneath the surface. Nuclei 
with an unfavorable orientation that causes them to grow 
away from the surface should be overwhelmed by those 
more favorably located with their (111) planes parallel to 
the surface. If this evMuation of the cause of preferred 
orientation is correct, the decease of the unfavorably 
located crystals must occur while they are yet very small, 
since very few crystals of other than the preferred orienta- 
tion were found in the surface layer. 

The surface of Pb-Sb alloys is not the only place where 
this preferred orientation of Sb occurs. A similar phenom- 
enon has been reported for thin fihns of Sb, vacuum- 
evaporated upon a suitable support (14-16). These films 
are condensed as an amorphous layer and then spontane- 
ously crystallize with the ( l l l )  planes parallel to the fihn 
surface. In  one of these reports (15), the optical appearance 
is described in detail and photographs of the structure are 
included. The description and illustrations of the crystals 
obtained from the evaporated film apply equally well to 
the crystals obtained here in the surface fihn of the alloy, 
indicating a marked similarity in growth habit. 

Another interesting observation has been reported con- 
cerning the orientation texture present at the cast surface 
of pure Cd and Zn (I7). These metals, of hexagonal 
structure, had the basal (0001) planes oriented parallel to 

Fro. 7. Cross section through thin Pb-Sb foil. Primsry 
tetrahedral Sb crystal (bright triangle at right edge) is 
surrounded by an area in which Pb predominates. This dark 
area isolates the primary crystal and also outlines the shape 
of the dendritic Pb crystal. Remainder of Sb in picture 
represents "eutectic" s tructure formed upon relief of super- 
cooling. 500)4. 

the surface, and this same texture was observed whether 
cast against air, Transite, Fe, or molten Pb. 

While the structure of Sb cannot be compared with that 
of Cd and Zn, the planes of maximum density are parallel 
to the surface in each case. This indicates that surface 
tension might be the largest single factor in determining 
orientation, whereas the solid-state conversion of an 
amorphous solid into an oriented crystal structure might 
require a different conclusion. In deposits condensed from 
the vapor, however, only materials having a high atomic 
mobility like Zn, Cd, Sb, Bi, and NaC1 show a densely 
populated plane parallel to the surface (16). 

Hypereutectic Alloys 

The conclusions and observations pertaining to the 
hypereutectic alloys cover only that part of the alloy 
series containing between 11 and 21% Sb, a small segment 
of the total series. In  general, observations and conclusions 
are the same for the hypoeutectic range. There is the same 
excessive surface Sb, preferred orientation, and preferred 
growth direction as previously mentioned but there are 
also the following additional observations: 

1. Since primary crystals of Sb precipitate first and at 
the surface, excess Sb at the surface cannot be explained 
by the usual explanation of inverse segregation. This must 
be considered as a special type of "normal" segregation. 

2. In the hypereutectic alloys, the surface is made up 
of two kinds of crystals. Individual tetrahedra appear with 
preferred orientation with the [111] direction perpendicular 
to the surface, the basal (11I) plane at the surface, and 
the apex beneath the surface. The remainder of the surface 
is covered with a thin, continuous, platy film of Sb in 
which neither dendritic structure nor individual crystals 
could be detected by the methods being used. For the 
reasons already given, this film was assumed to have the 
same preferred orientation with the [111] direction perpen- 
dicular to the surface. This was confirmed by x-ray analy- 
sis of a 15% Sb alloy foil which also verified the excessive 
amount of Sb in the surface layer (18). 

3. Supercooling of Sb and preferred growth direction is 
responsible for the surface layer in the hypereutectie alloys 
just as in the hypoeutectic. When the amount of Sb in the 
alloy is increased beyond the eutectic composition, the 
surface is still covered with an Sb film, but the regular 
crystals of Sb in this film no longer have dendritic exten- 
sions from tile edges or corners, and they are no longer 
platy but have become regular tetrahedra with the base at 
the surface. 

The cross section of a thin Pb-Sb foil (Fig. 7) shows that 
each regular Sb crystal is surrounded by a region rich in 
Pb and in which there are no detectable particles of Sb. 
Beyond this lead envelope the so-called euteetic structure 
occurs. Examination shows that this Pb envelope around 
the regular Sb crystal sometimes is extended for consider- 
able distances into the eutectic as dendritic prolongations. 
Although an effort was made to promote freezing of these 
alloys in a direction parallel to the foil faces as was done 
for the hypoeuteetie alloys, the cross sections showed that 
all regular Sb crystals were formed at the foil surface 
(mold face) and grew inward. Dendritic Pb crystals had 
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completely random growth directions. If one mold face was 
intentionally made less well insulated, all the Sb crystals 
were found to have originated at  this cooler mold face. 

The evidence indicates that  initial freezing of the melt 
occurs without supercooling. Under these conditions rela- 
tively few nuclei are formed, and the growth conditions 
favor regular rather than dendritic crystal growth. The 
crystals tha t  do form naturally do so at  the mold face and 
grow to a fairly large size in the tetrahedral form already 
described. 

The Pb-rich area surrounding each crystal, in which no 
Sb appears, indicates that  growth proceeds faster than 
diffusion can keep pace. The crystal thus becomes sur- 
rounded by a Pb-rich region which effectively prevents 
further growth and in which conditions a re  suitable for 
solidification of Pb. This permanently seals off the original 
Sb crystal and prevents it  from nucleating any further 
precipitation of Sb. With all the original nuclei sealed off 
in this manner, the regular crystal growth of Sb'crystals  
becomes a self-extinguishing process. The remainder of the 
Sb now supercools, for its most effective nucleation agents 
have been removed. Conditions are now the same as in the 
hypoeutectic alloys. The metal at the surface contains a 
greater than eutectic amount of Sb and is in a supercooled 
condition. Dendritic crystallization of Sb occurs with 
preferential gcowth in the surface plane. This is followed by 
eutectic-type crystallization throughout the remainder of 
the melt. 

The relatively few regular crystals and their concentra- 
tion at  the surface suggests the possibility of heterogeneous 
nucleation. Their preferred orientation, however, indicates 
that  the same combination of factors previously outlined 
is also responsible for this type of crystal. The thickness of 
the Pb envelope and the dendritic growth of Pb from it  
suggest that  Pb also may have supercooled in the region 
surrounding each primary regular Sb crystal. 

Under the conditions that  encourage dendritic growth, 
such as supercooling, the crystallization of Sb does not 
become u self-extinguishing process because the rapid 
extension of dendritic filaments of relatively small cross 
section requires Such a small removal of Sb from a given 
area that  formation of a Pb-rich envelope does not occur 
until the t ip of the growing dendrite has passed into an 
area as yet  undepleted. 

Effect of Preferred Orientation on Physical Properties 

The preferred orientation of Sb and its excessive concen- 
tration in the surface film would be expected to exert some 
influence on the physical properties of the alloy concerned. 
Sb is an anisotropic material, and its physical properties 
vary with direction in the crystal. A preferred orientation 
at the surface of the crystal produces a maximum or mini- 
mum effect, depending on the property concerned. 

One effect that  was investigated was cleavage. Sections 
of the foil were bent at right angles and the result investi- 
gated. When hypoeutectic alloys were employed, no 
noticeable effect was obtained. When hypereutectic alloys 
were investigated, a significant difference was noted. 
When the bend occurred over the site of a regular tetra- 
hedral Sb crystal, cleavage of the crystM occurred if the 

FIG. 8. Cross section of foil with 90 ~ bend. Primary 
crystal of Sb has split, and crack has spread to eutectic 
portion of section. This effect is highly localized under 
site of crystal and does not represent an extensive crack 
across the foil. 500~. 

crystal was in the surface under tension (Fig. 8). Crystals 
in the surface under compression did not cleave. Cleavage 
of the crystal resulted in an open crack extending from the 
surface down through the crystal and well into the under- 
lying lead. The brittle crystal, with its apex pointed at  the 
center of the foil, was evidently acting much like a mechan- 
ical notch and causing failure in the underlying structure. 
This effect was either absent in the dendritic crystals or 
resulted in twinning, and no visible failure occurred 
through this type of crystal. 

As-cast Pb-Sb alloys show a sudden decrease in tensile 
strength near the eutectie concentration of Sb (19, 20); 
extruded and annealed specimens show no such decrease 
(21). Tetrahedral Sb crystals first make their appearance 
at this same point, and their demonstrated failure under 
tension would indicate that  their presence is responsible 
for the sudden decrease of tensile strength at  above 
eutectic concentrations. 

Manuscript received July 17, 1956. This paper was pre- 
pared for delivery before the Cleveland Meeting, September 
29 to October 3, 1956. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JOURNAL. 
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The Question of Space Charge in Anodic Ta 05 Films 

D. A. VERMILYEA 

Research Laboratory, General Electric Company, Schenectady, New York 

Dewald (1) has extended the oxidation theory of Cabrera 
and Mott (2) to include the effect of an ionic space charge 
in the oxide film. Such a space charge will dex~elop if, for 
example, the time required for an excess interstitial ion to 
move from one side of the film to the other is not very 
much smaller than the time required for the ion to cross 
the interface. Space charges do not develop in all types of 
film formation, since a mechanism involving the creation 
of pairs of defects within the fihn, rather than of single 
defects at an interface, leaves the film electrically neutral 
at all times. In a previous publication (3) an attempt was 
made to detect the presence of space charge in anodic 
Ta205 films. I t  was concluded that such space charges 
must be quite small. Recently Young (4) suggested that 
an ionic space charge would explain his measurements of 
the frequency and time dependence of the capacitance of 
niobium oxide films, and stated that behavior similar to 
that of niobium oxide is shown by Ta205 films "under 
certain conditions". In  this paper the results of measure- 
meets of the capacitances of Ta205 films of various thick- 
nesses are discussed. Measurements indicate there may be 
a charge in the film of such a density that the variation of 
electric field across a film 5000,~ thick is about 1%. 

EXPERIMENTAL 

Oxide films were formed on chemically polished Ta 
sheet, ~ using a solution of 0.05% Na2S04 in water as the 
electrolyte. The metal specimens were 2 in. x �88 in. x 
0.005 in. and had a tab �89 in. x a-~ in. on one corner 
They were cut from Ta sheet with a die and then chemi- 
cally polished, so that the edges cut by the die and the 
rolled surfaces were smoothed and cleaned. I t  is known 
that chemical polishing leaves a film of unknown com- 
position at the oxide-metal interface, and it is conceivable 
that such a film might have an effect on the results. How- 
ever, the same results were obtained whether this film 
was kept in place or removed prior to formation by dipping 
the specimen in HF. I t  was necessary to have a very well- 
defined area on each specimen so that the current density 
of formation at all voltages would be constant and so 
that the capacitance would be measured on the same 
area. This was accomplished by applying a heavy coating 

Obtained from Fansteel Metallurgical Corp. 

of "Cello-Seal" (a semifluid substance which does not 
creep along the metal surface) to the specimen at the 
point where the tab joined the main part of the specimen, 
anodizing the tab up to the coating, and then removing 
the Cello-Seal. I t  was possible in this way to prevent the 
oxide film from creeping above the water line; a very sharp 
boundary between the anodized and clean part was pro- 
duced. 

Voltages applied to the specimens were measured by 
means of a voltage divider and a L&N type K potenti- 
ometer to a precision of 0.1%. The potential in the electro- 
lyte near the Ta electrode was also measured with a 
calomel reference electrode so that changes in the cathode- 
solution potential could be compensated for. 

The procedure employed was to apply a constant 
voltage across the forming cell and to allow the current 
to fall to 1.0 ma. The specimen was then removed from 
the bath, cleaned in H2SO~-K2Cr207 cleaning solution, 
and placed in a cell containing 2 % HNOa and a platinized- 
Pt  electrode of 100 cm ~. The capacitance was measured 
using a General Radio impedance bridge which had been 
calibrated so that the capacitance could be measured with 
a precision of 0.5%. 

I t  is known that a plot of oxide film thickness vs. voltage 
extrapolates to zero thickness at a voltage which is about 
1 v negative. The value of the intercept cannot be calcu- 
lated precisely, and hence some extrapolation method 
must be used to find it. For this purpose a plot of the 
measured capacitance times the measured voltage against 
the voltage was made for large voltages and extrapolated 
to zero voltage. Then, values of voltages required to 
make the results at small thicknesses fall on the extrapo- 
lated line were determined and compared to the measured 
voltages. I t  was found that a small constant voltage 
(about 0.9 v) added to all of the voltages would result in 
a smooth curve of C.V vs. film thickness. The constant 
to be added can be obtained by plotting the reciprocal of 
the capacitance against the voltage and extrapolating to 
zero voltage, but  the accuracy is not as great. :For an 
extrapolation of either type to be valid, it is necessary 
that there be no rapid change in either the density or the 
sign of any space charge in the film at very small distances 
from either electrode. Earlier measurements (5) at negative 
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applied voltages and fihn thicknesses down to a few 
angstrom units showed that a plot of reciprocal capacitance 
against voltage was still linear and was a continuation 
of the line obtained with positive voltages and larger 
thicknesses. Therefore, it appears that there is no sudden 
change of field in the oxide film close to either interface; 
hence the extrapolation used is valid. 

RESULTS AND DISCUSSION 

/~ig. 1 and 2 show plots of C(V + k) against film thick- 
ness, where k is a small constant as shown. There is a 
slight decrease of this product with increasing film thick- 
ness for specimens held either at 19~ and a field of 0.067 
v /A or at 86~ and a field of 0.056 v/A. Three specimens 
anodized under each set of conditions gave nearly identical 
results. For the 29~ specimens the decrease of the prod- 
uct C(V + k) averaged 1.1%, while for the 86~ speci- 
mens the decrease averaged 1.4 %. 

There is a possible source of a decrease in C(V + k) 
with thickness which makes the interpretation of these 
results difficult, that is that the area of the fihn could 
decrease as the film grew thicker. This might occur in 
two ways. First, a very thin film would follow the very 
small scale contours of the surface, while the outer sur- 
face of a thicker film would undoubtedly tend to be 
smoother and hence have a smaller area. Second, the 
metal surface itself would tend to become smoother as 
the fihn grew. An experiment was performed to see whether 
there was any permanent change of specimen area after 
formation by dissolving all but about 100A of a film in 
HF and then repeating the measurement of capacitance 
vs. voltage. The second set of measurements shown in 
Fig. 1 was made in this way and it may be seen that the 
two sets of measurements agree very well. Thus there 
appears to be no permanent change in area, but it cannot 
be concluded that an effect of this type is entirely absent. 

Therefore, it seems that there is some justification for 
interpreting these measurements as indicating that there 
is a small decrease in the average field across an oxide 
film during formation as the fihn thickness increases. 
If it is assumed that the space charge density is uniform, 
it can be shown that a density of 10 TM electron charges/ 
cm s would result in a change of the average field in the 
film by 1%. I t  may be that a slightly higher field is re- 
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FIG. 1. Plot of C(V + k) vs. film thickness for a specimen 
formed at 19~ Closed circles represent the first run to 
about 150 v. All but about 100A of the oxide film was then 
dissolved in HF and the second run (open circles) was made. 
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FIG. 2. Plot of C(V + k) vs. film thickness for a specimen 
formed at 86~ 

quired near one of the interfaces of the film to make 
the rates of ion transport in the film and at the interface 
equal. Because the effect is so small, however, it appears 
about equally justifiable to say that the field is essentially 
constant and that the small apparent decrease is the 
result of a change of effective area with film thickness or 
some other similar effect. 

Manuscript received March 23, 1956. 
Any discussion of this paper will appear in a Discussion 

Section to be published in the December 1957 JOURNAL. 

REFERENCES 

1. J. F. DEWALD, This Journal, 102, 1 (1955). 
2. N .  CABRERA AND N .  F .  MOTT, Rep. Prog. Phys., 12, 163 

(1948-1949). 
3. D. A. VERMILYEA, This Journal, 102,655 (1955). 
4. L. YocNc, Trans. Faraday Soc., 51, 1250 (1955). 
5. D. A. VERMILYEA, This Journal, 101, 189 (1954). 



Low-Pressure Solubility and Diffusion of Hydrogen 
in Zirconium 

M. W. MALLETT AND W. ~V[. ALBRECHT 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Low-pressure solubilities were determined for H in a- and B-Zr and in two Zr-O alloys 
at 700~176 and pressures of 0.1-4 ~ Hg. The data followed Sieverts' law for each phase, 
and H solubility decreased with increasing temperature at a given pressure. Also, there 
was a slight increase in H solubility in a-Zr with increasing oxygen content. Diffusion 
coefficients for H in ~-Zr were obtained in the range 300~176 by analysis of prepared 
concentration gradients. In the range 600~176 degassing coefficients were determined 
from rate of H evolution from Zr cylinders. Degassing coefficients were much lower 
than expected from diffusion theory, and it was concluded that  the degassing was not 
a pure diffusion phenomenon. Terminal solubilities obtained from the gradient ana- 
lysis were in good agreement with those found by previous investigators. 

I t  has been established that  the presence of H has a 
deleterious effect on the mechanical properties of Zr, 
particularly those related to impact, creep, and fatigue 
(1-3). 

H concentrations as low as l0 ppm can embrittle the 
metal, depending on previous heat treatment. Because 
arc-melted sponge Zr normally contains 25-100 ppm H, 
it must be vacuum annealed to l0 ppm or less H to elimi- 
nate brittleness. 

Knowledge of optimum conditions for removal of H 
from Zr is commercially important. Therefore, determi- 
nations were made of low-pressure equilibrium solubilities 
and the diffusion coefficients of H in Zr. The resulting 
data  indicate the effects of time, temperature, degree of 
vacuum, and section thickness on degassing of Zr. 

Literature.--Early work (4) showed an abrupt  change 
in H solubility at  the allotropic transition of Zr. Later, 
a thorough investigation was made of the Zr-H system at 
pressures of 1-760 mm Hg from room temperature to 
1050~ (5). Extrapolation of the data to low pressures, 
along with other solubilities calculated from diffusion 
studies in the range 400~176 were reported in a dis- 
cussion of the properties of Zr-H alloys (1). Gulbransen 
and Andrew (6) studied rather extensively the equilibrium 
and terminal solubilities of H in a-Zr in the range 425 ~ 
600~ at  pressures of about 0.001-0.1 mm Hg. More 
recently Edwards, Levesque, and Cubicciotti (7) de- 
termined the solid-solution equilibria in the Zr-H system 
and presented a pm'tial phase diagram of the system. 
H solubilities were determined at  H pressures of 1-760 
mm Hg in the range 600~176 A phase diagram based 
on results of high temperature x-ray diffraction studies 
and solubilities established by Schwartz and Mallet t  (1) 
was published by Vaughan and Bridge (8). 

Several investigators have given theoretical interpre- 
tations of the solubility of H in Zr. Mart in and Rees (9) 
applied a statistical-mechanicM theory of two-component 
interstitial solid solutions. They also accounted for the 
saturation (terminal) solubility of H in Zr-O solutions by 
observing that  apparently oxygen atoms in solution at  
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octahedral sites block neighboring tetrahedral sites nor- 
mally available to H atoms. A similar explanation was 
suggested earlier (10). This would explain the decrease 
in H solubility with increase in oxygen content. 

Considerable experimental d a t a  on the solid solution 
equilibria in the Zr-O-H system were reported by Edwards 
and Levesque (11). Their work was carried out in the 
range 600~176 at  H pressures of 1-760 mm Hg. 

Very little work has been reported on the diffusion of 
H in Zr. Schwartz and Mallett  (1) determined diffusion 
coefficients at  400 ~ 500 ~ and 600~ Gulbransen and 
Andrew (12), in investigating the mechanism of the re- 
action of pure H with Zr, determined diffusion coefficients 
for the diffusion of H and D through a hydride film. Their 
data cannot be compared with those of the present study 
since they were for a hydride phase rather than the metallic 
phase. 

An important feature of all these investigations is that  
the Zr in each case contained 1 w/o or more of Hf. I t  
is not known what effect the Hf may have had on the 
properties of the Zr-H system. Therefore, the present 
investigation was made with low-Hf (<0.02 w/o) Zr. 

EXPERIMENTAL WORK AND RESULTS 

For the present study, the low-pressure solubility of 
H in Zr was determined in the range 700~176 at  
pressures of 0.1-4 # Hg. The effect of oxygen in solution 
on the H solubility at  the low pressures was also investi- 
gated. 

The rate of diffusion of H in Zr was studied in the range 
300~176 

Materials.--Zr used in this work was iodide metal, 
arc-melted, and cold rolled to 83 in. and ~ in. diameter 
rods. This material was analyzed by spectrographic, 
chemical, and vacuum-fusion techniques. Results are 
given in Table I. 

Zr-O alloys were prepared from the above mentioned 
Zr stock by reacting known quantities of pure oxygen 
with the metal. The alloys were then double arc-melted 
and cold rolled to & in. diameter rods. Alloys so prepared 
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TABLE I. Analysis of arc-melted iodide Zr 

Element Amount present, w/o 

F e  

'Cu 
A1 
Mg 
Ca 
C ~  

Ni 
Ti 
Si 
Hf 
Pb 
Mn 
N 2  

O2 
H: 

0.12 
0.006 
0.005 
0.005 
0.003 
0.003 
0.002 
0.002 
0 . 0 0 1  

~ 0 . 0 2  

<0.005 
<0.001 

0.003 
0.032 
0.0046 

contained 0.14 and 0.43 w/o oxygen as determined by 
vacuum-fusion analysis. 

Pure H for the study was obtained from thermal de- 
composition of uranium hydride. This hydride had been 
prepared by allowing dried commercial H to react with 
clean U turnings. 

Low-pressure solubility of H in Zr--Method.--Studies 
of the low-pressure H solubility were made in an appa- 
ratus (13) consisting of three main sections: a pure H 
source, a heated specimen chamber, and a vacuum pump- 
ing system. H fl'om the decomposition of m'anium hydride 
was diffused into the apparatus through a Pd tube. The 
flow of H through the apparatus at the desired pressure 
level was controlled by proper manipulation of the tem- 
peratures of the uranium hydride and Pd tube. An ioni- 
zation gauge was used for continual pressur e indication. 
However, a McLeod gauge was used for periodic measuring 
of the absolute H pressure. 

The H pressure in the apparatus could be regulated to 
any desired value in the range 0.1-4 t~ Hg (range of this 
work) and maintained within d= 5% of that value for 
several houi's. 

The specimen chamber was heated with a wire-wound 
furnace. Temperatures were measured with a Pt-Pt  + 10 % 
Rh thermocouple in contact with the specimen. Tempera- 
tures of the specimens were controlled to ~ 5~ 

Specimens, ~ in. in diameter by �89 in. long, were dry 
abraded with 240-grit SiC paper, washed in A. C. S. 
reagent grade acetone, and placed in the furnace tube of 
the apparatus. 

All experiments were carried out for a period of 6 hr 
at constant temperature and pressure. The equilibrium 
solubility was obtained within this time, as shown by the 
fact that a few specimens heated for 12 hr did not show 
significantly different results. At the end of an experiment 
the furnace tube containing the specimen was quenched 
with cold water. The specimen was then analyzed for its 
H content by the vacuum-fusion method. Usually a 
duplicate specimen was prepared for metallographic 
examination to determine the structure of the metal under 
equilibrium solubility conditions. 
Results and discussion.--Solubility limits were determined 
for H in massive Zr, and Zr-O alloys fl'om 700 ~ to 1000~ 
at 50~ inte~-cals, and at pressures of 0.t-4 ~ Hg. These 

solubility data are given in Table II. For the iodide Zr 
H solubility was determined in the a-phase at 700~176 
and in the ~-phase at 850cC-1000~ In both phases 
H solubility decreased with increasing temperature for a 
given pressure. This was also the case for the Zr-O alloys. 
For the Zr + 0.14 w/o oxygen alloy, the solubility was 
determined in the a-phase at 700~176 and in the 
E-phase at 900~176 At 850~ the alloy had an a-/~ 
structure. The Zr +. 0.43 w/o oxygen was investigated 
in the a range 700~176 Above 850~ the alloy had ari 
a-~ structure, and no reliable solubility measurements 
could be made. Even after this alloy had been heated for 
12 hr in an effort to reach equilibrium, results were very 
erratic. Metallographic examination of these specimens 
indicated that a fl-to-a transformation was occurring 
during equilibration. Apparently very long times in this 
temperature range would be necessary to reach equilib- 
rium. 

All solubility data for iodide Zr and Zr-O alloys follow 
Sieverts' Law, which states that the solubility of a diatomic 
gas in a metal is proportional to the square root of the 
gas pressure: S = k-p�89 In  this equation k is Sieverts' 
constant with units of S/p~, S is H solubility in ppm 
H by weight, and p is pressure in microns of Hg. Fig. 
1 and 2 show H solubility plotted against pressure ac- 
cording to Sieverts' Law, for a and fl iodide Zr, respectively. 
All plots are drawn through the origin since there is no 
solubility at zero H pressure. Slopes of these lines are the 
Sieverts constants at the various temperatures. Similar 
plots (not shown) can be drawn for Zr-0.14 w/o oxygen 
and Zr-0.43 w/o oxygen alloys. 

For an exothermic solution of H in metals, solubility 
can be related to pressure and absolute temperature by 
the general equation, log S/p~ = A / T  + B, where S/p~ 
is Sieverts' constant, T is the absolute temperature, and 
A and B are constants. Plots of Sieverts' constant against 
reciprocal temperature for iodide Zr and the Zr-O alloys 
are given in Fig. 3. I t  is seen that at a given temperature 
and pressure, H solubility in a-Zr increases with oxygen 
content. This is evident because the Sieverts' constant, 
S/p�89 increases in a similar manner. Apparently, the 
oxygen in solution expands the a-Zr lattice to make more 
interstitial sites available for H. However, this is true 
only at low H pressures, since it has been shown (5, 14) 

TABLE II. Solubility of H in Zr and Z§ alloys 

Material 

Iodide Zr 
(0.03 w/o 
oxygen) 

Zr ~ 0.14 
w/o oxy- 
gen 

Zr -{- 0.43 
w/o oxy- 
gen 

Pres- H solubility at temperature indicated, ppm 
sure~ tt _ 

Hg 700~ 750~ 800~ 850~ __900"C 950~ 1000~ 

0.10 - -  5 . 0  - -  - -  

0.15 - -  - -  5.2 6.8 6.1 - -  - -  
0.50 13 - -  10 - -  13 - -  12 
1 . 0  13 - -  1 8  - -  - -  

1 . 5  25 21 - -  2 3  - -  - -  - -  

2.0 - -  - -  19 - -  26 - -  24 
4.0 40 32 27 38 34 - -  33 
0.50 16 12 10 - -  11 8.g 6.7 
1.5 26 21 17 21 18 16 12 
4.0 42 31 29 33 31 24 20 
0.50 18 13 9.3 8.0 - -  - -  - -  
1.5 30 22 18 14 - -  - -  - -  
4.0 46 36 30 24 - -  - -  - -  
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that  terminal H solubility in the a-phase decreases with 
increasing oxygen content. Here the total number of 
interstitial sites available for H is decreased by the addi- 
tion of oxygen. 

Equations for the best straight lines through the points 
in Fig. 3 were determined by the method of least squares. 
Values of the constants A and B in the above equation 
are given in Table I IL  Heats of solution for H in Zr and 
Zr-O alloys are also given in Table I I I .  I t  is seen that  the 
heat of solution increases with increasing oxygen content. 
For each increase of 0.1 w/o in the oxygen content of 
a-Zr the heat  of solution of H increases by about 500 
cal/g-atom. This indicates that  there is some interaction 
between the oxygen and H atoms within the Zr lattice 
in the concentration range of this work. At  higher con- 
centrations of both oxygen and H, Edwards and Levesque 
(11) found that  the heat of solution did not change with 
oxygen concentration. 
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Fro. 1. Solubility of H in ~-iodide Zr (0.03 w/o oxygen) 
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FIG. 2. Solubility of H in #-iodide Zr (0.03 w/o oxygen) 

Diffusion of H in Zr--Method.--The technique used to 
determine diffusion of H in Zr has been described in the 
literature (14, 15). Essentially, the method consists of 
analyzing a H concentration gradient produced in a Zr 
cylinder by reaction for a predetermined length of time. 
For this work, Zr cylinders about ] in. in diameter and 
1�89 in. long were degassed in a vacuum for 20 hr at  900~ 
After this treatment, the residual H content in the metal 
was 2-3 ppm H by weight. A degassed cylinder was then 
dry abraded with 240-grit SiC paper. After physical 
measurements of the specimen were taken, a beaded 
junction of a P t -P t  10 % Rh thermocouple was spot welded 
to one end of the Zr cylinder. The cylinder was then placed 
in the reaction tube of a modified Sieverts apparatus and 
heated with a resistance-wound furnace at  800~ for 
1 hr in a vacuum of the order of 1 X 10 -~ mm Hg. This 
heat treatment dissolved any superficial oxygen into the 
metal, leaving a clean active surface. The temperature 
was then lowered to the temperature of the run and main- 
tained within :t: 5~ of the desired value for the entire 
experiment. Pure H was then added to the reaction tube 
at  about �89 arm of pressure. At  this pressure a thin hydride 
film could be maintained on the surface. At  higher pres- 
sures the rate of surface reaction was so rapid that  a very 
thick hydride film was formed. 

A specimen was heated in H for a predetermined length 
of time to prepare a suitable H concentration gradient. 
At the end of the experiment the furnace was removed 
and the furnace tube containing the specimen was im- 
mediately quenched with a cold water bath. 

Lengths equal to the radius of the cylindrical specimen 
were cut from the ends and discarded. The rest of the 
sample was machined radially into layers of equal weight. 
These layers were then analyzed for their H content by 
the vacuum-fusion method. The outer layers containing 
the hydride film and fl-phase were thin enough to be 
ignored in calculations (14) of the rate of diffusion. Only 
the remaining inner layers, containing H that  had diffused 
in the a-phase, were considered. Diffusion coefficients 
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FIG. 3. Variation of Sieverts' constant with temperature 
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TABLE 3. Summary of the constants in the equation log Spp,./(p.~i~o,~) ~ = A / T  + B 

a - P h a s e  
Material 

Iodide Zr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - - 1 : 0  - - 0 .~ 63  H, cal/g-atom --7830 4- 400 
Z r -  0.14w/o oxygen . . . . . . . . . . . . . . . . . . .  t 1820 ] 0.545 [ --8320 4-270 
Zr - -0 .43w/o  oxygen . . . . . . . . . . . . . . . . . . .  1 2170 ] 0.858 I --9920 4- 90 

B - P h a s e  

2960 i 1.33 
I 

H, cal/g-atom 

--1780 4- 130 
- -  13,540 4- 48O 

TABLE IV. Diffusion coefficients for H in a-Zr (gradient 
technique) 

Time. Temp, Co,* D X 10 6 
rain C ppm cm~/sec 

75 
50 
35 
13 
10 
10 
6 

305 
350 
410 
446 
486 
567 
610 

86 
140 
270 
340 
530 
470 
430 

1.7 
2.0 
3.7 
5.2 
6.9 
9.7 

13 

* Co, terminal solubility. 

TABLE V. Degassing coefficients of H in c~-Zr 

Temp, D )< 106 
~ cm~/sec 

635 
690 
717 
745 
780 

2.9 
7.4 
9.8 

10 
21 

were determined by the graphical method (14) using the 
average H concentrations of each layer, the average 
radii of the layers, and the time of diffusion. 

An alternative method based on degassing rates (16) 
was used to determine rates of diffusion in iodide Zr. 
The technique and apparatus were the same as those 
described previously (13). The rate of H evolution from 
-i in. diameter Zr cylinders initially containing 46 ppm 
H by weight was measured. The diffusion (degassing) 
coefficient was calculated from the rates of evolution of 
H into a vacuum of 10-~-10 -s mm Hg at various tempera- 
tures. 
Results and discussion.--The diffusion of H in a-Zr was 
investigated in the range 305~176 by the gradient 
technique. The diffusion coefficients that were obtained 
are given in Table IV. Values of Co are also given. As 
defined previously (14), Co is the saturation concentration 
maintained at the surface of the a diffusion layer during 
preparation of the gradient. At higher temperatures, data 
were not obtained because of the rapidity of diffusion. 
The time needed to quench the specimen adequately 
was too long for preparation of a suitable diffusion gradient 
(which takes less than 5 min). At temperatures below 
300~ prepared gradients showed erratic behavior and 
could not be fitted to the diffusion theory. 

Table V gives the degassing coefficients obtained in the 
range 635~176 No data could be obtained at lower 
temperatures since very little or no H was evolved from a 
specimen. At higher temperatures, above 780~ diffusion 
was too rapid to permit use of the degassing technique. 

Variation of the diffusion coefficient with temperature 
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FIG. 4. Temperature variation of diffusion and degassing 

coefficients for H in Zr. 

can be evaluated by the equation, D = Do exp (-Q/RT). 
Fig. 4 is a plot of logarithms of the diffusion coefficient 
against reciprocal temperature for the data obtained by 
the gradient technique. Results are compared with the 
coefficients reported by Schwartz and Mallett (1). 

Degassing coefficients are also plotted in Fig. 4. I t  is 
seen that the gradient and degassing data give separate 
curves having quite different slopes. This indicates that 
the two sets of data represent different rate-controlling 
processes. Although the experimental temperature ranges 
do not overlap, the metal is single-phase a-Zr throughout. 
Therefore, if the controlling processes were diffusion in 
the metal (true diffusion mechanism), both sets of data 
should have the same slope and form a continuous curve 
for all temperatures. 
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FzG. 5. Temperature variation of terminal solubility of 
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I t  is believed that  the gradient method, which is based 
on direct analysis, gives the more nearly true diffusion 
coefficient. In  the degassing technique, i t  is quite possible 
that  surface effects are important in the determination of 
degassing rates. The rate of desorption of H from the 
metal surface may be the controlling process and not 
diffusion in the metal. Some such surface effect is evidenced 
by the fact that  little or no H could be evolved from a 
Zr cylinder below 630~ at  about 10 -~ mm Hg, while it  
is known that  H can diffuse in the metal at lower tempera- 
tures, as shown by the gradient method. I t  is evident that  
one should be wary of considering degassing as a pure 
diffusion phenomenon. Studies of the diffusion of H in 
Fe summarized by Johnson and Hill (17) showed in that  
case the controlling step in degassing to be a function of 
diameter. Degassing of cylindei~ with diameters less than 

in. was dependent on processes occurring at  the surface, 
while for larger diameters th e degassing rate was dependent 
on a true diffusion process. For the present work with 
Zr, the effect of specimen dimensions on the degassing 
rate was not determined. 

In  Fig. 4, equations for the best straight lines through 
the various sets of points were determined by the method 
of least squares. The experimental energy of activation 
for diffusion in the range 305~176 is 7060 • 260 
cal/mole, and the diffusion coefficient in em2/sec is 7.00 
• 10 -4 exp -7060 /RT .  This is in fair agreement with the 
5700 cal/mole calculated from the work of Schwartz and 
Mallett  (1), whose studies were made with high-Hf Zr. 
The experimental energy of activation for the degassing 
of Zr in the range 635~176 is 22,000 • 3,000"cal/mole, 
and the degassing coefficient in cm-~/sec is 0.59 exp 
-22 ,000/RT.  

Terminal solubility of H in a - Z r . - - l n  previous studies 
(1, 14) it  was pointed out that  the terminal solubility 
(solubility limit) of H in a-Zr is the concentration in the 
a-phase at the a-3 interface. Therefore, the calculated 
values of Co obtained in the gradient s tudy are the approxi- 
mate terminal solubilities of H in a-Zr. These values are 
given in Table IV and plotted along with data of other 
investigators in Fig. 5. At the lower temperatures (300 ~ 
500~ there appears to be good agreement between the 
present work and that  of Schwartz and Mallett, who also 
obtained solubilities from diffusion studies. Less close 
agreement was obtained with the data of Gulbransen and 
Andrew (6), who used Sieverts plots and pressure- 
temperature plots to determine the terminal solubilities. 
Solubilities at the lower temperatures represent the bound- 
ary between a and a + 5' phases in the Zr-H system (8). 

I t  is also seen in Fig. 5 that  at  higher temperatures 
(571 ~ and 610~ the solubility decreases with increasing 
temperature. These terminal solubilities represent the 
boundary between the a- and the a +/~-phases. However, 

these limited data do not permit prediction of the tempera- 
ture of the isotherm where the a,/3, and ~, phases are in 
equilibrium. Vaughan and Bridge (8) show this tempera- 
ture to be 560 ~ + 10~ 

The best equation expressing variation of terminal 
solubility with temperature in the range 305~176 is 

log Co (ppm He by weight) = - 1 8 8 0 / T  + 5.18 

The heat  of solution for H in a-Zr obtained from this 
equation is 8600 • 200 cal/g-atom. This is in very good 
agreement with the 8616 cal/g-atom obtained by Gul- 
bransen and Andrew. 
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Mechanisms of Aqueous Corrosion of Aluminum at I O0~ 

K. M. CARLSEN 1 

Joint Establishment for Nuclear Energy Research, Lillestr~m, Norway 

ABSTRACT 

Various alloys of A1, as well as superpurity A1 material, have been tested in aqueous 
solutions at 100~ Samples have been polarized cathodically and anodically to study 
the effect of cathodic and anodic reactions, respectively, on the corrosion behavior. Re- 
sults are interpreted as showing that the alkalinity produced at the cathodes facilitates 
film breakdown in these places. Consequently, alloys containing cathodic constituents 
were attacked where these constituents were situated, while polyerystalline superpurity 
material was attacked in the grain boundaries. The influence of bulk pH and inhibitors 
is discussed in some detail. 

There is general agreement (1 3) that  at higher tem- 
peratures the aqueous corrosion resistance of A1 is smaller 
the greater the purity. Draley and Ruther (2) have drawn 
attention to the importance of providing cathodic sites, 
and in this way greatly clarified the difference in behavior 
between pure and impure material. 

As for the influence of the composition of the aqueous 
phase, it  is known that  additions of H2S04 and certain 
inhibitors produce beneficial effects, but  it  is not known 
for certain exactly how these additions influence corrosion 
behavior. However, it is clear that  the idea of H2- as 
the chief offender is not sufficient to explain all the observa- 
tions satisfactorily. 

Thus, there seems to be a need for a closer study of the 
corrosion mechanisms of various grades of materials in 
liquids of varying compositions, and it was with this in 
mind that  the present investigation was started. Since 
the difference between pure and impure material is very 
pronounced at  100~ (4), it  was hoped that  results ob- 
tained at  this temperature could be used to predict the 
behavior at  higher temperatures. 

There are obvious advantages in working at  100~ 
no autoclaves are necessary, and corrosion reactions are so 
slow that  they can be studied in detail by means of the 
microscope. 

EXPERIMENTAL 

The materials used were sheet of superpurity A1 (99.99% 
purity, from British Aluminium, Ltd.) and A1 alloys. 
Alloys were made from ingots of 99.99 % purity A1 (sup- 
plied by A/S Vigelands Brug), and high conductivity Cu, 
electrolytic Ni (99.98%), electrolytic Fe (British Drug 
House), and silicon powder (99.5% purity, from A/S 
Bj61vefossen), respectively. The alloys had the following 
compositions: 1.04% Ni, balance A1; 1.95% Cu, balance 
A1; 0.93% Fe, balance A1; 1.02% Si, balance AI, hereafter 
referred to as A l - - 1 %  Ni, A1--2 % Cu, A l - - 1 %  Fe, A l - - 1 %  
Si alloys, respectively. 

Alloys were cast in graphite moulds and rolled to a 
thickness of approximately 1 ram. All test samples were 
given an anneal at  450~ for 1 hr and allowed to cool in the 

1Present address: Pigments Dept., E. I. du Pont de 
Nemours & Co., Wilmington, Del. 
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furnace, except in cases where cold-worked material was 
desired. 

Some single crystals of superpurity A1 were kindly sup- 
plied by R . W . K .  Honeycombe, University of Sheffield. 

All samples were carefully eleetropolished in a bath con- 
taining 100 ml perehloric acid (sp gr 1.54) and 900 ml 
ethyl alcohol. 

In  tests at  100~ samples were suspended in Pyrex 
flasks fitted with reflux condensers. In  some cases the 
samples were externally polarized making them anode and 
cathode, respectively, by means of a d-e potential, keeping 
the current density constant during the experiment. 

After exposure, the samples were examined by means of 
a metallographie microscope. 

RESULTS 

Superpurily Metal 

On polycrystalline material immersed in distilled water 
a t  100~ there develops during the first hours a pat tern of 
spots, together with a delineation of grain boundaries. 
Fig. 1 and 2 show two samples during the first stages of 
development. After the pattern has formed, the matrix 
corrosion apparently slows down, while the a t tack on the 
grain boundaries continues (Fig. 3 and 4). After periods as 
long as 130 hr the grain boundary at tack seems to fail off 
somewhat, while a blurring of the pattern suggests that  the 
matrix has started corroding in a more uniform way. 

These observations at  100~ are in agreement with those 
of other workers obtained at  higher temperatures, as far as 
the grain boundary at tack is concerned. 

At temperatures as high as 230~ single crystals of high- 
purity material are attacked very seriously, showing that  
grain boundary at tack is not necessary for disintegration 
to occur. 

Some samples were deformed to see if slip lines were pref- 
erentially attacked, but  this was not found to be the case. 

When polycrystalline material is cathodically polarized 
at  a current density of approximately 0.1 ma/cm 2, grain 
boundaries are preferentially attacked as shown in Fig. 5. 
Besides a pattern of lines is found, nearly all of them join- 
ing each other at an angle of 90 ~ . Because of this angular 
relationship, it  is believed that  they result from the relief 
of two-dimensional stresses. 
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FIG. 1. Superpurity sample 3 hr at 100~ in distilled 
H_~O. 405• 

FIG. 4. Same sample as Fig. 2, but after 481/~ hr at 100~ 
in distilled H20. 765X. 

FIG. 2. Superpurity sample 10 min at 100~ in distilled 
H_~O. 765• 

FIG. 5. Superpurity material, cathode for 48 hr at 100~ 
in distilled H~O. 135• 

FIG. 3. Same sample as Fig. 1, but after 68}/2 hr at 100~ 
in distilled H20. 405• 

Fin. 6. Single-crystal superpurity material cathodically 
polarized in H20 at 100~ 135X. 

When a single crystal was polarized cathodically at a 
current density of 0.16 ma/cm 2, much the same pattern of 
lines was found again. After 24 hr, a fairly thick layer of 
corrosion products had formed, but this layer was not 
adherent, and could be brushed off without difficulty. 
Fig. 6 shows the surface where part of the oxide layer has 
been removed, and part of it remains, showing up as dark 
bits. The layer is fragmented by lines very similar to the 
cracks found on ceramic objects. A notable feature was 
that the attack on the cathode was orientation dependent, 

being stronger on two of the crystal faces than on the re- 
maining two faces (the single crystal was in shape of a 
square rod). 

Polycrystals and single crystals show identical behavior 
when anodically polarized at 0.16 ma/em2; in both cases 
pits, or rather heaps of oxide covering the pits, develop 
(Fig. 7). With time the number of pits increases somewhat; 
they also grow in size. Although the corrosion products ob- 
viopsly do not protect completely the underlying metal, 
as shown by the continued growth of the heaps, there is 
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FIG. 7. Superpurity material, anode for 6 hr at 100~ 
in distilled H20. 285• 

some adherence to the metal, and they cannot be brushed 
off in the same way as are the cathodic corrosion products. 

Alloy Materials 

Rolled alloys with Ni and Fe additions show similar 
microstructures, viz., eutectics of NiA13 and Fe2AIT, 
respectively, with A1, embedded in a matrix of pure 
A1. The structure of an uneorroded Al-1% Ni sample is 
shown in Fig. 8. When such alloys are exposed to water at  
100~ the material in the eutectics is preferentially 
at tacked both on cold worked and annealed specimens and 
the matrix is only very slightly attacked, as shown in Fig. 
9. At 230~ the eutectic regions are again attacked, but  
the matrix also starts to corrode in a more general manner; 
indeed, on some specimens the matrix seems to have suf- 
fered more at tack than the eutectic regions. When Al-1% 
Ni samples were made cathodes at 0.1 ma/cm ~ they were 
severely at tacked in the eutectie regions and anodic 
samples developed pittings. 

The AI-Cu alloys show a microstructure different from 
that  of A1-Ni and A1-Fe alloys. In  the water-quenched 
condition no second phases can be seen; correspondingly, 
the at tack on quenched specimen is fairly uniform to start  
with. At 100~ the at tack in the initial stages gives rise to 
beautiful interference colors when viewed in the micro- 
scope. After some time pits develop. These pits are not 
covered with corrosion products, nor does it seem that  the 

:FIG. 9. Al-l% Ni-alloy, 21 hr in H20 at 100~ 285X 

FIG. 10. A1-2% Cu-alloy (water-quenched) 45~ hr at 
100~ in H20. 285X. 

corrosion products have collected around the pits. Fig. 
10 shows some big pits and numerous small ones. By using 
oblique light in the microscope one gets a very clear 
impression of the shape of the pits; unfortunately, it  is 
difficult to get good photomicrographs with this type of 
illumination. 

On specimens which had been furnace cooled (and con- 
sequently were overaged), pits developed very quickly. In  
addition an etching effect as shown in Fig. 11 was found, 

FIG. 11. A1-2% Cu-alloy (furnace-cooled) 21 hr at 
FIG. 8. Al-l% Ni-alloy, uncorroded. 285• 100~ in H20. 765X. 
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FI~. 12. Same sample as Fig. 10, 45~ hr at 100~ in 
H20. 285X. 

where some regions were nmch more at tacked than the 
neighboring matrix. 

One might think that  the development of pits was 
cathodically stimulated, because of precipitates acting as 
cathodes; this would serve to some extent as an explana- 
tion of the absence of corrosion products. Results on ex- 
ternally polarized specimens might seem to confirm this 
view. On the cathodic sample, the same type of pits are 
found as on unpolarized samples. Admittedly, such pits are 
also found on the anodically polarized sample, but here one 
finds in addition large pits covered with corrosion products, 
of the same shape as the pits found on anodic samples of 
pure material. 

Fig. 12 shows a ring-like type of a t tack very frequently 
found on A1-Cu alloy samples (and occasionally on cast 
A1-Ni alloys). Sometimes the rings are not full, having the 
shape of a crescent. 

At temperatures higher than 200~ there is consider- 
able aggregation of corrosion products on the surface, 
making it difficult to obtain a clear idea of the structural 
details of the attack. 

When rolled AI-1% Si alloy samples are tested in over- 
aged condition, the at tack appears to be concentrated in 
the regions around the Si particles, although at tack is also 
found elsewhere. The at tack is probably of a type giving 
rise to very small pits, which at  low magnifications gives 
the impression of a more or less general attack. 

In  one case larger pits are observed, namely, after fairly 
long exposures of solution-treated and water-quenched 
specimens. Fig. 13 shows these pits, which are found on the 
grain boundaries and give an impression of grain bound- 
ary at tack when viewed with the unaided eye. In  some way 
these pits may be tied up with precipitation of Si in the 
grain boundaries. The structure of aged samples shows 
precipitate in the grain boundaries, with a denuded zone 
running along the boundaries. 

When solution-treated and water-quenched specimens 
are cathodically polarized at  a current density of approx- 
iinately 0.16 ma/cm :, the same type of intergranular 
a t tack is found as is observed on superpurity material. 
When fm~ace-cooled specimens are used the cathodic grain 
boundary at tack is not so pronounced; instead, the matrix 
in the grains suffers corrosion. 

Anodically polarized samples develop pits covered with 
corrosion products in the same manner as found for all the 
other materials. 

Effect of Liquid Composition 

As stated earlier, superpurity material suffers inter- 
granular a t tack in distilled water at  100~ When the pH 
is lowered to 4 by addition of H2S04, this intergranular 
a t tack is suppressed to a great extent, while the matrix 
corrosion within the grains probably increases somewhat. 
Fig. 14 shows that  the grains are attacked at  different rates. 

At  pH 3, beautiful interference colors are produced in 
the grains, and grain boundary at tack is slight. 

At  pH 2, there is considerable at tack both in grain 
boundaries and in the grains. However, the grain bound- 
ary at tack is of a type different from that  met with in 
neutral water. Fig. 15 and 16 serve to emphasize the dif- 
ference between the two types of grain boundary attack. 
I t  is believed that  in the case of neutral water cathodic 
properties are responsible for the attack; anodic properties 
are responsible in the acid case. 

Polarization experiments were carried out at  various 
pH's  and at  a current density of 0.16 ma/cmL At pH 4, 
results on both cathodes and anodes are similar to results 
in distilled water, although the grain boundary at tack on 
the cathode is less severe than in distilled water. At pH 
3, the cathodic at tack has not changed much, but  on the 

FIG. 14. Superpurity material, 48 hr at 100~ in H2SO4 
FIG. 13. Al-1% Si-alloy, 69 hr in H20 at 100~ 285X solution with pH 4. 285X 
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FIG. 15. Superpurity material 138 hr in H20 at 100~ 
765X. 

FIG. 16. Superpurity material 7 hr at 100~ in HC1 
solution with pH 2. 764X. 

anode there are no longer pit-like breakdowns; instead 
interference colors can be seen in the m}croscope. At  pH 
2, there is general at tack on both cathode and anode; no 
differences between the electrodes can be detected. 

In  NaOH solution (pH 10.7) the cathode is attacked 
apparently much nmre than the anode. When polarization 
experiments were carried out in 0.1% NaCI solution and in 
1% Na=SO4 solution, respectively, grain boundary at tack 
was observed on the cathodes, but to a smaller extent than 
in distilled water. On the anode in the sulfate-solution 
there was no breakdown of the type usually found on the 
anodes. 

As reported elsewhere (3), it  has been found that  a 
0.5% K2Cr207 + 0.5% sodium silicate solution is a good 
inhibitor. Polarization experiments in this solution show 
quite strong general matrix a t tack on the cathode, but  no 
at tack whatsoever could be detected on the anode. Fig. 
17 shows the cathode after 4 hr at  100~ ; it is evident that  
the grains corrode at different rates. Microscopical ex- 
amination at  earlier stages show that  a t tack starts in the 
form of numerous pits. 

The same features are found in 1% K2Cr207 solution, 
strongly indicating that  the effects are due to the chromate. 

Still another interesting effect was found in these solu- 
tions. As stated above, anodes from the solutions showed 
no attack, but  when these anodes were exposed subse- 

FIG. 17. Superpurity material, cathode for 4 hr in 0.5% 
K2Cr2OT-0.5% sodium silicate solution. 285X. 

quently to boiling distilled water, strong general matrix 
at tack similar to the cathodic a t tack was found, much 
stronger than and different from that  found on samples 
which had not been treated anodically in advance. 

When 1% K2Cr207 solution is made acidic (pH 2.4) by 
adding H2S04, both anodes and cathodes suffered very 
little attack. However, when the chromate solution is made 
alkaline (pH 10.5) by adding NaOH, the cathode suffers 
strong grain boundary a t t a c k ,  while the anode suffers 
general attack. 

Results from experiments in a solution of CrOa (pH 
1.1) were very similar to those from the acid K2Cr20r 
solution. 

Experiments in 1% sodium silicate solution With pH 
10.8 show that  the anode is protected to some extent by 
the silicate addition. Some parts of the anode were vir- 
tually unattacked after 20 hr at  100~ at  a current density 
of 0.1 ma/cm ~. I t  is not quite certain that  an at tack on the 
cathode is similarly reduced; it is probably correct to say 
that  the general rate of at tack on the cathode is reduced, 
while the grain boundary at tack is still very pronounced. 

DISCUSSION 

Role of Film Breakdown 

Since it has been found that  05 plays no significant role 
in high temperature corrosion, and since it has been re- 
ported from various sources (1, 2) that  the corrosion 
product at  high temperature is boohmite, the reaction can 
be written as 

A1 + 2H20 ~ AIO.OH + ~ H= 

with the corresponding anodie and cathodic reactions 

A1 + 2H20 ~ A10.OH + 3H + + 3e and 

3H + + 3e --+ ~-H~ 

The experimental results quoted in the previous section 
nearly all have one thing in common; the at tack is never 
uniformly and homogeneously distributed over the surface 
on a microscopical scale, nor, in most cases, on a macro- 
scopical scale. Thus, in places where the at tack is ap- 
preciable, corrosion has proceeded in some other way than 
by the continuous building up of a film. Let this at tack be 
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called film breakdown, indicating that  in some way or 
another the ordinary film growth has been interrupted. 

In  the previous section it was found that  the film break- 
down on cathodic samples differed from that  on anodic 
ones. Let  these phenomena be called cathodically stimu- 
lated breakdown and anodically stimulated breakdown, 
respectively. 

Anodically stimulated breakdown.--The microscopical 
appearance is usually as seen in Fig. 7. On superpurity 
material i t  seems to have no relation to the grain bound 
aries, and experiments on single crystals indicate that  
crystal orientation does not have any effect on the oc 
currence of the breakdown. Irt the alloys containing Ni, 
Ca, or Fe, the breakdown seems to lie near the cathodic 
constituents, but  this cannot be the only reason for break- 
down, since the regions around the cathodic constituents 
are always attacked somewhat, without the a t tack de- 
veloping into the large type of breakdown as exemplified 
by Fig. 7. 

To some extent, the anodically stimulated breakdown 
can be looked on as caused by the inability of the solution 
to deliver ions for the building up of a protective oxide 
layer. In neutral solutions of tartaric and boric acid and in 
chromate solutions, such breakdowns are not observed, 
apparently because of the ability of these solutions to 
provide 0 - -  ions for the formation of AlcOa films, an ex- 
planation suggested by Huddle (5). 

I t  is felt that  pit formation cannot be explained satis- 
factorily without assuming that  some autocatalytie process 
is involved. Edeleanu and Evans (10) and Huddle (5) 
point out that  local acidity may be produced at  the anode, 
and this acidity may, indeed, be the autoeatalytie effect 
responsible for the pit  formation. 

Cathodically stimulated breakdown.--This type of at tack 
occurs on samples which have been polarized cathodically 
in neutral solutions. On superpurity material it  manifests 
itself as grain boundary attack, on Al alloys containing 
cathodic constituents as at tack around these constituents, 
and as general a t tack on single cD, stals. 

Having thus established that  the a t tack is concentrated 
around the cathodes, one may look for an explanation of 
this behavior. One such explanation has been fm'nished by 
Draley and Rather  (2), who assume that  the H produced 
is responsible for the stimulation of attack. A second ex- 
planation is that  the increased O H -  concentration re- 
sulting from the removal of protons is the responsible 
factor, as suggested by a number of investigators, e.g., 
Groot (11). 

I t  is believed that  (a) the cathodic a t tack on single 
crystals, (b) the shape of attacked grain boundaries in 
polycrystalline pure material, (c) the fact that  cathodic 
a t tack is reduced by lowering the pH, and (d) the at tack 
around the cathodic constituents in A1 alloys, all point 
away from H as the main factor in causing the cathodicaliy 
stimulated at tack observed in these experiments. 

I t  is assumed, therefore, that  the factor responsible for 
the a t tack is the increased concentration of O H -  in the 
immediate vicinity of the cathodes. The detrimental effect 
of O H -  ions on the corrosion of A1 is well known, and ex- 
periments show that  deviations from neutrali ty on the 

alkaline side are far more serious for the corrosion re- 
sistance than deviations on the acid side. 

When protons are removed at  the cathode, more water 
molecules dissociate to keep the ionic product constant, 
resulting in a more alkaline solution. At the same time, 
there will be an excess of negatively charged ions in the 
liquid next to the cathode, and the field set up by these 
ions will a t t ract  positively charged ions from the rest of the 
liquid. I t  is seen that  a stat ionary state is reached, with a 
field in the liquid just strong enough to produce a current 
of positive ions toward the cathode, equivalent to the re- 
moval of protons at  the cathode. Everything being equal, 
it  is expected that  the higher the purity of the water, and, 
correspondingly, the lower the conductivity, the stronger 
will be the field needed to force the necessary number of 
positive ions toward the cathode. Since the field is set up by  
O H -  ions, this means that  the higher the purity of the 
water, the higher the local O H -  concentration to be ex- 
pected. This may explain in part  the aggressiveness of 
distilled water relative to pure A1. 

Disinteqration of superpurity material.--As seen from the 
micrographs, there is great similarity between corrosion of 
unpolarized specimens and at tack on cathodically polar- 
ized samples. No such similarity exists between the be- 
havior of unpolarized and anodically polarized specimens. 
For this and other reasons, it is justifiable to assume that  
the rapid corrosion of superpurity material in high temper- 
ature water is due to cathodically stimulated attack. 

In  polycrystalline material, the disintegration starts at 
the grain boundaries which, as pointed out earlier, are 
sites for the cathodic reaction. As the at tack penetrates 
into the metal in a notch-like fashion, the tip of the notch 
will be the cathode, producing alkalinity where it is most 
dangerous. Corrosion products have greater volume than 
the metal from which they are formed, and tend to break 
up the metal, as evidenced by the deformation of the metal 
along the grain boundaries, seen on the photographs. I t  is 
not known whether the primary factor in the penetration 
of at tack is the action of O H -  ions at  the tip of the notch 
or the expansive action of the corrosion products. The fact 
that  single crystals also disintegrate would seem to be in 
favor of the first hypothesis. 

Lavigne (7) has pointed out that  there is some re- 
semblance between grain boundary at tack on superpurity 
material in acid and in distilled water. In  the author's 
opinion this resemblance is purely superficial. In  acid, the 
grain boundaries are very evenly attacked, the metal dis- 
soh, ing away to yield a smooth, possibly U-shaped groove, 
the reason for a t tack probably lying in the smaller anodic 
polarization of the boundaries as compared to the matrix. 
In  distilled water, on the other hand, the metal is broken 
up by the corrosion products, and the relevant factors in 
this case are thought to be the cathodic properties of the 
grain boundaries, as discussed above. 

Effect of Bulk pH 

As is well known, A1 hydrates are soluble both in acid and 
alkaline solutions. The mechanisms of the solution of A1 
hydrate in acid cannot be said to be understood fully, and 
the concept of a solubility product of AI(OH)~ will un- 
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doubtedly be found unsatisfactory as a description of the 
phenomena taking place. However, since little is known 
about the matter,  the solubility product is used as a start- 
ing point for this discussion. 

Assuming ideal conditions, the concentration of OH-  
enters the product in 3rd power, thus showing that  small 
decreases in O H -  concentration appreciably increase the 
concentration of A1 +++. Also, the solubility in acid is not 
due to the presence of H30 + but to the absence of OH-.  
Thus, if one could conceive of an acid with a low pH, but 
in which the pOH could be kept at  7, a protective layer of 
A1 hydrate should be formed, which would prevent cor- 
rosion. Such an acid is impossible of course, but  when an 
acid solution is heated to higher temperatures, the result 
is in fact somewhat similar to this unrealistic acid. The 
pH remains practically eonstant, if the acid is a strongly 
dissociating one, while the pOH decreases with increasing 
temperature. Consequently for A1, an acid should be less 
dangerous fi'om a corrosion point of view the higher the 
temperature, provided the solubility product of AI(OH)~ 
remained constant as a function of temperature. 

For solutions on the alkaline side, there would be no cor- 
responding effect, except perhaps for solutions very close 
to neutrality. 

In distilled water, the pOH decreases markedly with 
temperature, and this may bring about serious corrosion, 
since it is known from low temperature work that  devi- 
ations from pH 7 on the alkaline side is much more dan- 
gerous than deviations on the acid side. The reason for this 
behavior is not quite clear. Apparently it is connected with 
the greater rate of dissolution of the hydroxide in alkalies 
than in acids: in other words, it  is more a question of dis- 
solution kinetics than of equilibrium solubilities. 

Thus, with increasing temperature of exposure the range 
in which the A1 hydrate is able to protect the metal is 
displaced toward more acid solutions. I t  has been found by 
Draley and Ruther (8) that  the pH of minimum corrosion 
is displaced toward lower values as the temperature is 
increased. 

Apart  from the effect of increasing O H -  concentration 
as a function of temperature, it is possible that  a low pH 
is desirable also for another reason, viz., because of the 
alkalinity produced in the cathodic reaction. Indeed, 
there is evidence that  even at  temperatures as low as 100°C, 
a low pH arrests the damaging intergranular a t tack on 
superpurity metal met with in distilled water. Although the 
general rate of corrosion may be greater when the solution 
is made acidic, the total  damage may nevertheless be 
smaller because of its more uniform nature. I t  appears, for 
instance, that  superpurity metal suffers less dangerous 
at tack in HC1 with pH 2 at  100°C than in distilled water. 

There is strong evidence that  the anion of the acid plays 
an important  role in corrosion, for instance if the anion can 
act as a carrier for O - -  ions, as suggested by Huddle (5), 
but  it  is also to be expected that  the anion influences 
corrosion by determining the nucleation conditions near 
the surface. 

Effect of Inhibitors 

The compounds which inhibit corrosion are to some 
extent those which can be used for building up anodically 

oxide fihns on A1. The action of such anions as SO7-  or 
CrOY- may very well be tied up with their abili ty to 
donate O - -  ions to the oxide lattice, as suggested by 
Huddle (5). 

I t  is found that  chromate additions do not protect an- 
nealed superpurity A1 at  230°C, and it is also found that ,  
when Al is made cathodic in chromate solutions at  100°C, 
the metal is attacked. These facts seem to suggest that  
when chromate is present where the cathodic reaction takes 
place on the A1 surface, no protection, in fact the opposite 
action, is found. Possibly this is connected with the dif- 
ference in potential needed to liberate H from A1 and 
cathodic impurities, respectively; when no cathodic im- 
purities are present, the potential may be negative enough 
to reduce hexavalent Cr to trivalent, producing alkalinity 
as a result of liberation of four 0 - -  ions. (The green color 
found on superpurity specimens which had disintegrated in 
chromate solutions indeed points to the presence of 
trivalent Cr.) This would mean then that,  in order to act 
in a protective way, there must be present sufficient 
amounts of cathodic impurities with a low H overpotential 
to give a compromise potential which is relatively positive. 

When the chromate solution is made acid, there is no 
at tack on samples made cathodic by external polarization, 
indicating that  O H - -  ions produced may indeed be the 
factor responsible for the breakdown. I t  is not clear 
whether Cr ions as such are incorporated in the protective 
layer. In  any case, the experiments mentioned above where 
chromate treated samples were found to coFrode faster than 
nontreated samples would indicate that  the chromate plays 
a more active rote than merely being an oxygen donator. 

Silicate as an inhibitor presumably acts in a way dif- 
ferent from chromate. Work is being carried out at  present 
to clarify the matter,  and the results hitherto obtained 
suggest that  SlOe is incorporated in the surface layer (9). 

Effect of Alloying Additions 

In the light both of the observations described above on 
the effect of cathodic polarization on corrosion of super- 
purity Al, and of the reported success of A1-Fe, A1-Ni, and 
A1-Cu alloys, there seems to be no doubt that  these alloy- 
ing elements protect the metal by providing sites for the 
cathodic reaction. 

Silicon can to some extent increase the corrosion re- 
sistance of superpurity metal toward water. Most prob- 
ably it does not act as a cathodic impurity, but  its effect 
on corrosion cannot be said to be understood. 
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Rates of  Oxidation of  Germanium 

J . . T .  LAW AND P. S. MEIGS 

Bell Telephone Laboratories, Murray Hill, New Jersey 

ABSTRACT 

Oxidation rates of the (110), (111), and (100) faces of a Ge crystal have been measured 
between 450 ~ and 700~ and at various oxygen pressures. For all three faces, oxidation 
rates were inversely dependent on oxygen pressure at and above 550~ and no differences 
in behavior between faces were observed. At 500~ only the (110) face oxidized appre- 
ciably. A theory has been developed to explain the effect of oxygen pressure on the oxida- 
tion rate and calculated values found to be in fair agreement with experiment. 

Recent measurements of the electrical properties of a 
Ge surface (1) have shown that the thickness of the oxide 
film present has a marked effect on the magnitude of these 
quantities. Therefore, it would be of interest to be able to 
change the film thickness in a controlled way. One way of 
doing this is to preoxidize at some elevated temperature. 

The only previous measurements on the high tempera- 
ture oxidation of Ge were reported by Bernstein and 
Cubicciotti (2) who investigated an abraded surface be- 
tween 575 ~ and 700~ As the roughness factor for this 
type of surface is uncertain it seemed worthwhile to repeat 
the work using definite crystal faces of known area. 

Here oxidation rates from 450 ~ to 700~ on the (100), 
(110), and (111) faces were measured as a function of 
oxygen pressure. 

EXPERIMENTAL 

The two principal means of following oxidation rates 
are (a) pressure change in a closed system, and (b) weight 
change of the sample as determined with a microbalance. 
Since any loss of Ge due to evaporation of GeO would 
make weight measurements very difficult to interpret, the 
former was used. 

A modified form of Campbell and Thomas's apparatus 
(3) was used. I t  is essentially a constant volume dif- 
ferential pressure system with the two halves connected 
through an oil manometer. The silica bulbs containing the 
sample and the blank were placed in a furnace whose 
temperature was controlled by a potentiometer controller. 
As a check, the temperature was recorded on a millivolt- 
meter and found to be constant within •176 at all 

temperature settings. To prevent thermal fluctuations the 
two halves of the system were wrapped together with 
asbestos tape. 

After location of the desired crystal face, slices 5.5 x 
0.8 x 0.15 cm were cut and a small hole drilled near one 
end. These were then polished and etched in a mixture of 
equal volumes of HNOa and HF after which they were 
attached to a Pt  wire winding device so that they could be 
lowered in vacuum into the furnace and degassed. The 
oxygen was prepared from KMn04 and purified by passage 
through a dry ice-acetone bath. After each run the sample 
was removed, lightly abraded with 600 mesh carborundum 
powder, and re-etched. 

If the volumes of the various parts of the system are 
known, it is possible to calculate from the change in 
pressure how many oxygen molecules have been removed 
from the gas phase. Assuming a linear temperature gradi- 
ent between the furnace and the system, no thermo- 
molecular flow, and ignoring virial coefficients, equation 
(I) is obtained. 

An = ~- 

T2 V9 A1 AP V1 V5 V7 in 
+ - R -  T - ~ + ~ +  r 2 -  T~ T1 2T~1/ 

[11 

where P2 is the final pressure in the system in mm Hg, 
AP is the change in pressure in mm Hg, Al is the change in 
pressure in mm of oil, T2 is furnace temperature, T1 is the 
temperature of the remainder of the system, V, is the 
volume at temperature T~, i.e., all tbe system outside the 
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furnace and temperature gradient, V7 is the volume in the 
temperature gradient, V~ is the volume in the furnace, 
V9 is the volume/ram of the manometer tubing, and 
An is the number of oxygen molecules removed from the 
gas phase. 

All the data were calculated by means of this equation. 
To obtain An in terms of molecules/cm 2 it is necessary to 
assume a roughness factor. Previous work (4) on the ad- 
sorption of gases on Ge gave a roughness factor of 1.3 • 

I o X l O  le 

500 ~ C 
0 3 4 0 M M  

9 [3 49 MM 

112 MM 
0 155 MM & 

~ /" 

0 10 2 0  3 0  4 0  5 0  6 0  7 0  
TIME IN MINUTE3 

FIG. 1. Rates of oxidation at 500~ of the (110) face of 
Ge at various oxygen pressures. The points are experi- 
mental and the curves calculated from Eq. [24]. 
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550~ / 

/ /  
/ / /  

0 |0 20  30  4 0  50  6 0  70 
TIME iN MINUTE3 

FIG. 2. Experimental rates of oxidation at 550~ of Ge 
at various oxygen pressures. Numbers indicate the oxygen 
pressure in mm. 

0.1 for a CP-4 etched surface which was found to be 
identical with ones prepared by the present technique; this 
value has been used in the present work. The size of the 
sample was measured immediately after each run. 

RESULTS 

No measurable uptake of oxygen was observed during 
2 hr at 450~ for oxygen pressures between 5 and 350 mm. 
This does not imply that a clean Ge surface will not take 
up oxygen at 450~ The surface under discussion, by its 
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FIG. 3. Experimental rates of oxidation at 600~ Num- 
bers indicate the oxygen pressure in mm Hg. 
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FIG. 4. Experimental rates of oxidation at 650~ plotted 
with oxygen pressure as parameter. 
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method of preparation, was almost certainly covcred by 
one or more layers of oxygen before any measurements 
could be made. 

Measured rates of oxidation of the (110) face at 500- 
700~ are shown in Fig. 1-5. The number of oxygen 
molecules removed from the gas phase is plotted as a func- 
tion of time (in minutes) with the oxygen pressure as 
parameter. At and above 550~ the measured rates were 
found to be identical for the three faces studied. This is 
shown in Fig. 6 where the slopes of the rate curves at 
550~ for the various faces are plotted as a function of 
oxygen pressure. A single curve describes the results 
adequately. At 500~ oxidation occurred only on the (110) 
plane. 

In Fig. 2 through 5 smooth curves are used to represent 
the experimental data. The maximum deviation of the 
experimentally determined points from these curves was 

X 101 g 

700~ ~ 

544 ,/" 
f 

0 
0 5 10 15 20  2'5 30  

TIME IN MINUTES 

FIG. 5. Experimental rates of oxidation of Ge at 700~ 
Numbers indicate the total oxygen pressure. 
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o (110) FACE 
c] (I11) FACE 
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120 140 

FIG. 6. The slope of the oxidation curves at 550~ dn/dt, 
plotted as a function of oxygen pressure for the three crystal 
faces. 

1%. The reproducibility of duplicate runs at a given 
temperature and pressure was also within 1%. 

The most interesting feature of the results is the strong 
inverse dependence of oxidation rate on oxygen pressure at 
550~ and above. For most metals, oxidation rates at 
oxygen pressures above 1 mm are either independent of 
pressure or increase with increasing pressure. This effect 
was found only with Ge at 500~ as shown in Fig. 1. This 
was also the only temperature at which the oxidation rate 
was dependent on crystal orientation. 

DISCUSSION 

Oxidation rates from 550 ~ to 700~ showed no de- 
pendence on crystal orientation and were inversely pro- 
portional to the oxygen pressure. The main difference be- 
tween Ge and other metals for which oxidation rates have 
been measured lies in the existence of a volatile Ge mon- 
oxide. Although this material may be unstable in the solid 
form at all temperatures, there is strong evidence for its 
existence in the gas phase. The vapor pressure of GeO over 
mixtures of Ge and GeO2 corresponding to the reaction 

Ge + GeO~ ~ 2 GeO(g) 

is available (5, 6). At temperatures above 550~ the vapor 
pressure is at least 10 -3 mm Hg so that transport of this 
material through the gas phase could have a marked effect 
on the measured rates of oxidation. At the oxygen pressures 
used, transport through the gas is by diffusion so that one 
can explain the increase of oxidation rate as the pressure is 
lowered as being due to the increase in the int~rdiffusion 
coefficient. If this is true and a mixture of oxygen and an 
inert gas is used, the oxidation rate measured will be de- 
pendent on the total pressure and not on the partial 
pressure of oxygen. Mixtures of oxygen and nitrogen were 
used at 550~ and it was found that the rate is indeed 
determined by the total pressure. From these experiments 
one has confidence in proposing an evaporation mechanism 
to explain the 1/p dependence of oxidation rate. 

An evaporation process of this type would obviously 
cause the Ge specimen to lose weight. Such a loss in weight 
was reported by Bernstein and Cubieeiotti (2), and both 
these workers and the authors have observed the forma- 
tion of a deposit on the walls of the tubing above the 
specimen after an oxidation run. 

Consider the possible reactions 

Gei ~ GC (I) 

GC + 02 ~ Ge02 ~ (II) 

GC + Ge02 ~ --+ 2GeO ~ (III) 

GeO ~ --+ GeO(~) (IV) 

GeO(g) + �89 02 -+ GeO2(w~ll) (V) 

where the superscript ~ refers to material at the solid-gas 
interface and the subscript i to material at the Ge-GeO~ 
interface. 

An equation for formation of GeO ~ from Ge ~ and oxygen 
at the surface could be included, but this only complicates 
matters without changing the fo]zn of the rate equation. 
Reaction (III) could also occur at the Ge-Ge02 interface, 
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but any GeO produced there would have to reach the 
solid-gas interface before it could evaporate and be de- 
tected by the authors' measurements. Since the diffusion 
of a GeO species through the GeO2 layer is unlikely, only 
(III) is considered as a source of GeO at the solid-gas 
interface. 

Let c~ be the concentration of Ger in molecules cm -2, 
c~ be the concentration of GeO ~ in molecules cm -2, and 
be the number of molecular layers of Ge02 ~. Then assum- 
ing that the rate of arrival of Ge at the surface is dif- 
fusion controlled, 

de1 K 
. . . .  k~ cl p~ - k~ ci [2] 
dt a 

or at the steady state 

K 
- -  = k2 ci p~' + k3 cl [3] O~ 

The rate of growth of the GeO2 film is given by 

da 
- -  = ]~2 el pm __ k3 Cl [4] 
dt 

From Eqs. [3] and [4] c~ can be determined and therefore so 
can the rate of formation of GeO~ ~ by reaction (II). The 
latter is equal to~k~c~p m or 

F K(k~p'~)~ l ' ~ l  
k~,p ~ = L 2 [ ( ~ _ - k ~ -  j t ,  ~ [5] 

Hence, Eq. [5] also describes the rate of oxygen removal 
by the formation of Ge02~; but, oxygen is also removed 
by reaction (V) so that the total rate of removal is given 
by 

dn d[GeO~] dee [6] 
- d-t = d ~ - -  + 1 /2  d~/ 

the second term accounts for oxygen removal via reaction 
(V). I t  is assumed that the rate of this reaction is governed 
by the rate of arrival of GeO(g) and since two molecules of 
GeO are required for the removal of one oxygen molecule 
the rate is given by �89 dc.~/dt. GeO ~ evaporates at a rate 

dc2 "y~ [7] 
dt p 

where */' includes the concentration gradient and pres- 
sure independent part of the interdiffusion coefficient or 
taking into account the limit for vacuum evaporation 

dc~ ~/ 
dt tip + 1 [8] 

Eqs. [7] and [8] assume the evaporation process is dif- 
fusion controlled. The inverse dependence on pressure 
arises from the variation of the diffusion constant D with 
pressure. I t  was also assumed that the equilibrium vapor 
pressure of GeO is always attained at the surface so that 
the evaporation rate is independent of c~. If this assump- 
tion is not made, the final equation gives a rate that is 
independent of oxygen pressure, for as the pressure is 
increased, D decreases, but the concentration gradient 
increases and the product is nearly constant. 

Adding the two terms for removal of oxygen from the 
gas phase 

V l 1 + [9] 
dt L~(k~_p'O 2 - l ~ j  ~ tip + 1 

where ~" = -y'/2 (because 2 molecules of GeO are oxidized 
by one molecule of oxygen). 

Let 

K(k2pm)2 -]1/2 
2 [ ( ~ - -  k~lJ = B [101 

Then 

~H 
An = 2B t 1/2 ~- ~ t [11] 

The assumption that the rate of evaporation of GeO ~ 
is independent of the concentration breaks down when c~ 
becomes very small. I t  must go to zero when c2 = 0. 
This is accounted for by including an extra term for the 
variation of the second term in [11] with c2 when c~ is very 
small. Let c~' be the value of c2 below which the equilibrium 
vapor pressure is no longer maintained. Then 

,ypl 
An = 2B t 112 + ~ (1 - e -c21c2') t [12] 

When c2 >> c.2' the term in the final brackets equals unity 
and the vapor pressure is constant; below this value of c~ 
the term decreases to zero with c2. 

This equation has the correct form to explain the ex- 
perimental results. If the second term predominates with 
c_~ >> c~ ~, a linear rate is obtained. If the first terra is im- 
portant, a parabolic or sum of parabolic and linear rates is 
obtained. With very thick GeOd films both terms should 
approach zero and a protective fihn should be formed. In  
Eq. [12] the first term describes the formation of an oxide 
film on the surface (parabolic), while the second refers to 
the oxidation of GeO which has evaporated to the walls of 
the apparatus. 

I t  now remains to fit this equation to the experimental 
data and see if the values of the constants required are 
reasonable. 

The values of the constants in the term for evaporation 
can be calculated. Following the treatment of Fuchs (7), 
suppose that the concentration of vapor at a distance A 
from the surface is c* and that the equilibrium concentra- 
tion at the surface is co molecules cm -3. 

If the accommodation coefficient is h, the rate of 
evaporation into a vacuum is Pk co molecules cm -2 
sec -~, where F = (kT /2~M)  t/2, k is Boltzman's constant, 
and M the mass of the evaporating GeO molecule. Hence 
the rate at which molecules arrive at the plane, distant 
A from the surface is Fk  (co - c*). This may be equated 
to the rate at which molecules leave by diffusion or 

rk(c0 - c*) = - D  ac_~* ax [13] 

Assume a linear concentration gradient 

c = g x  + W [14] 
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TABLE I. Calculated quantities for the diffusion of GeO 
through oxygen 

773 4.0 X 10 -4 
823 3.2 X 10 -3 
873 2.0 X 10 -2  
923 1.3 X 10 -1 
973 6.3 X 10 -1 

r i cop 

1.08 X 104 5.3 X 1015 
1.12 X 10 ~ 4.1 X 1017 
1.15 X 104 2.5 X 1018 
1.18 X 104 1.6 X 1019 
1.22 X 104 7.5 X 1019 

FL D 

5.4 X 103 0.68 
5.6 X 10 s 0.76 
5.75 X 103 0.84 
5.9 X 10 a 0.92 
6.1 X 103 1.01 

But  at  the wall, i.e., distant  L from the surface, c = 0. 
Therefore 

Then 

UL + w = 0 i15] 

DU 
~(co - c*) = - ~ -  [16] 

Assume that  the accommodat ion coefficient is uni ty  and 
substi tute for c* 

co= U [ ( A - L ) - D  1 [17] 

The rate of evaporat ion is equal to - D U  so on sub- 
s t i tut ing for U 

de2 - Dco Dco 
dt A -  L -  D L -  A + D [18] 

F F 

Let  

Do • 760 
D 

P 

Then 

dc2 co co F 
dt (L - A) 1 F i p  [19] 

Do 760 p + F Do 76~ + 1 

assuming tha t  A, the mean free pa th  of the molecule, is 
small compared to the distance to the wall at  all the  
pressures investigated. As p > 5 mm Hg this is a good 
approximation.  Hence comparing coefficients of [8] and 
[19] 

~,' = CoF [20] 

and 

F L  
= D0 76----O [21] 

All the quanti t ies  in Eq.  [19] can be calculated or est imated 
so tha t  the rates of evaporat ion of GeO ~ nmy be obtained 
and therefore the rates of uptake  of oxygen due to its 
subsequent oxidation. 

No data  are availablc in the l i terature for the dif- 
fusion constant  of GeO in oxygen. However,  it is approx- 
imately  t rue tha t  D = K / M  112, where M is the  mass of the 
diffusing species. Using data  for the diffusion of H~, 
C02 ,  and 02 in oxygen K was found to be unity-, and D 
for GeO equal to 0.106 at  273~ and 760 mm. On the basis 

of a simple theory D should vary  as T "~/2, but  Lonius (8) 
has found tha t  the exponent is nearer  1.75. Using D = 
Do (T/273)l"n(760/p) the values of D at  760 m m  and 
various temperatures  have been calculated and listed in 
Table I. The average velocity (F) of GeO molecules leav- 
ing the surface was obtained from F = (kT/2~rM) 1/2 and 
the  product  CoF from 

co F = 3.95 • 102~ molecules cm -2 sec -~ [22] 

where P,~m is the vapor  pressure of GeO. 
The value of the vapor  pressure of GeO over  a mixture of 

GeO~ and Ge is not  well established but  the data  of Jol ly 
and Lat imer  (6) have been used in the present calculations. 
Inaccuracies in the vapor  pressure data  make the cal- 
culated values of the oxidation rate equally uncertain,  
but  give values correct at  least within an order of mag- 
nitude. In  the derivat ion of Eq.  [19], the accommodat ion 
coefficient X was assumed to be unity.  If  i t  is included in 
the final equat ion 

dc~ k co F 

dt h F L p  + 1 [23] 
Do 760 

TABLE II .  Calculated and experimental values of dn/dt in 
molecules cm -2 see -~ 

Oxygen [ dn/dt (Calculated) dn/dt (Experimental) pressure 

t = 550~ 

6.7 
11.1 
12.2 
19.2 
32.8 
55.8 

2.6 X 1015 
1.7 X 1015 
1.6 X 1015 
1.0 X 1015 
6.0 X 1014 
3.6 X 1014 

1.3 X 1014 
1.0 X 1014 
7.8 X 1013 
4.2 X 1013 
3.0 X 1013 
2.1 X 1013 

t = 600~ 

11.1 
16.6 
40.0 
68.0 

115.0 

1.2 
8.4 
5.5 
2.0 
1.2 

X 1016 
X 1015 
X 1015 
X 1015 
X 1015 

1.3 X 1015 
1.1 X 10x s 
6.1 X 1014 
4.9 X 1014 
4.7 X 1014 

0oo) (11o) 

($11l 

FIG. 7. The arrangement of atoms on the (110), (100), and 
(111) faces of a Ge crystal showing the different type of 
bonding. 
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In  general, X will be less than unity and probably be- 
tween 1 and 10 -~. 

From the values listed in Table I it is possible to cal- 
culate dc:/dt from 773 ~ to 973~ and at any pressure. 
From these results the second term in Eq. [6] can be 
evaluated and hence the linear parts of the rate curves 
predueted. Unfortunately it is impossible to carry out an 
independent calculation of the first term which includes 
several rate constants. 

Oxidation rates at 550 ~ and 600~ are shown in Fig. 2 
and 3 as linear curves. However, at very short time inter'- 
vals _< 3 rain they were practically parabolic. Because of 
the difficulty of obtaining accurate data at the beginning 
of the run only the linear portions were plotted by moving 
the zero of time to +3  min. I t  is believed that this initial 
region describes the growth of an oxide fihn. This film 
grows until its growth rate is just equal to the rate of 
evaporation of GeO. I t  then remains at a constant thick- 
ness and the oxidation curve becomes linear with respect 
to time. 

This theory predicts that the linear part of the rate 
curves describes the diffusion of GeO through the oxygen 
atmosphere. In  Table I I  the experimental and calculated 
(from Eq. [6] and [23]) values of dn/dt in molecules cm -~ 
sec -1 at 550 ~ and 600~ are given as a function of oxygen 
pressure. Calculated values are all higher than exper- 
imental ones, although the agreement is satisfactory. The 
difference could be due to either inaccurate vapor pressure 
data for GeO or to the use of unity for the accommodation 
coefficient IX). In  general }, is less than one and therefore 
reduces the calculated value of dn/dt. 

At temperatures above 600~ no comparison of theory 
and experiment is possible since the oxidation curves are no 
longer linear. That evaporation of GeO is still important is 
shown by the inverse dependence of rate on oxygen pres- 
sure, but this process is reduced and finally (at 700~ 
prevented by the growth of a protective film of Ge02. 
Once a stable Ge02 film has been formed at 700~ no 
fm'ther oxidation is observed even if the oxygen pressure 
is lowered. The difference between the uptakes at the 
various pressures is due to the amount of GeO that can 
evaporate before a complete Ge02 film is formed. This is 
certainly greater at the low pressures. 

The data at 500~ shown in Fig. 1 differ from all the 
others in that the oxidation rate increases with increasing 
oxygen pressure. The term due to  diffusion of GeO away 
from the surface is found to be quite small, being approx- 
imately 5 X 10 t2 molecules cm -2 sec -~ at a pressure of 50 
ram. The linear term in Eq. [11] is therefore unimportant 
and there is left 

An = 2Bill 2 [24] 

where B is a function of oxygen pressure. In  other words, 
the oxidation rate under these conditions is controlled by 
the thickness of the oxide film and a parabolic law results. 
I t  is not possible to calculate a value for B, which contains 
a number of rate constants. However Eq. [24] may be 
written as An  = c p~ t ~/~ and values of c and m may be 
calculated from two runs and used to compare the rest of 
the data. The solid lines in Fig. 1 were all calculated from 
An. = 9.10~pl/2t~le; agreement between them and ex- 
periment is good at all pressures. 

EFFECT OF CRYSTAL ORIENTATION ON OXIDATION RATE 

The tack of dependence of rate on crystal orientation 
at 550~ is to be expected if the oxidation process is indeed 
diffusion controlled. The slopes of the rate curves at 
550~ for the three faces are shown in Fig. 6 as a function 
of oxygen pressure. A single curve describes all the results. 

At 500~ no removal of oxygen from the gas phase by 
the (100) and (111) faces could be detected over a period 
of 2 hi" at oxygen pressures between 50 and 700 mm. This 
was in contrast to the 010) face where appreciable Oxida- 
tion occurred, as shown in Fig. 1. At this temperature the 
results show that diffusion through the gas phase is un- 
important, so the rate-determining step must be either the 
removal of a Ge ion from the lattice or its transport 
across the oxide film. For any difference between crystal 
faces to be important the former of these must be oper- 
ative. In  Fig. 7 the arrangement of Ge atoms on the (100), 
( l i D ,  and I l l0)  faces is shown. On the (100) face each 
surface atom is bonded to two atoms in the layer below, 
while on the (111) face each surface atom is bound to 
three in the next lowest layer. These numbers remain 
constant even when the surface layer is partially depleted. 
On the (110) face, however, each surface atom is bound to 
two neighboring surface atoms but to only one atom in the 
underlying layer. Thus, if one atom is removed from the 
surface, the bonding of the two neighboring atoms is 
weakened and one can get progressive removal along the 
chain. Therefore, from the crystal structure it does not 
seem unreasonable that the (110) plane is more reactive 
than either the (100) or the ( l iD .  Further measurements 
at temperatures below 500~ are needed for confirmation. 

CONCLUSIONS 

At and above 550~ the oxidation process is controlled 
by the diffusion of GeO away from the surface and no 
effect of crystalline orientation is found. 

Between room temperature and 550~ little data are 
available but these results suggest that in this region tire 
(110) plane oxidizes more readily than either the (100) or 
the ( l l l ) - a n d  that the rate of oxidation is controlled by 
either the removal of a Ge ion from the lattice and/or its 
transport across the oxide fihn. 

Manuscript received April 24, 1956. This paper was pre- 
pared for delivery before the San Francisco Meeting, April 
29 to May 3, 1956. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JOURNAL. 
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Electrolytic Reduction of Cyanamide 
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ABSTRACT 

The electrolytic reduction of cyanamide was investigated in order to confirm each 
product and thus to clarify the reduction mechanism. 

Ten per cent aqueous cyanamide solution was reduced electrolytically in 8% (NH~)~- 
SO4 catholyte at pH range 3-7 at a spongy Sn cathode. Final products were NH3 and 
methylamine as previously reported. In addition, a considerable amount of formamidine 
was isolated in the form of picrate. Formic acid was also obtained as a product of the re- 
duction. No proof was obtained for the existence of hydrocyanic acid in the catholyte 
during electrolysis. On these bases, the intermediate compound of the cyanamide re- 
duction to NH3 and methylamine is not hydrocyanic acid, but formamidine, contrary to 
the results of earlier workers. The main side reaction is hydrolysis of formamidine to 
NHa and formic acid. 

Drechsel (1) first observed that  cyanamide could be re- 
duced to give methylamine and NHa by prolonged treat- 
ment with Zn and HC1. He supposed that  cyanamide was 
first reduced to NH3 and hydrocyanic acid, the latter 
compound being further reduced to methylamine. 

NH2CN + 2H -~ NH3 § HCN (I) 

HCN A- 4H ~ CH3NH2 (II) 

Kameyama (2) later carried out this reduction by an 
electrolytic method. He used a 1.3-6.7 % aqueous solution 
of cyanamide prepared by extracting connnercial calcium 
cyanamide as catholyte, and Cd, Zn, Pb, Hg, etc., as 
cathode. By combining the measurement of H absorption 
at  the cathode and simple identification of the product, he 
concluded, as did Drechsel, that  cyanamide was reduced 
to give methylamine and NH3. He also supposed the 
mechanism to be the same as Eqs. (I) and (II). 

Nothing further has been reported, and i t  appears that  
a complete separation and identification of cyanamide 
reduction products had not been made before the present 
work. Therefore, an investigation was made in order to 
confirm each reduction product and thus to clarify the 
reduction mechanism. 

In this paper, the detection of fornmnfidine as an inter- 
mediate product and the proposed mechanism based on 
this discovery are reported. Experiments were carried out 
mainly at  a spongy Sn cathode and in a catholyte con- 
taining (NH4)2SO4 at pH 3-7. Work on the quantitative 
study of the effect of cathode materials and other elec- 
trolytic conditions on the yield of each product is in 
progress. 

EXPERIMENTAL, RESULTS, AND DISCUSSION 

Apparatus.--Apparatus used was similar to that  de- 
scribed earlier (3). Area of the cathode was 80 cm 2. The 
catholyte was thoroughly agitated by a magnetic stirrer 
to maintain the pH of the catholyte as constant as possible. 

Material used.--Crystalline cyanamide was freshly pre- 
pared from commercial calcium cyanamide by a previoudy 
reported procedure (4), and its puri ty was determined by 
the usual method (as silver cyanamide) before use. 
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Formation of methylamine and ammonia.--Several runs 
were made using various cathodic materials such as 
Pb, Hg, Sn, Zn, Cu, etc. The reduction of cyanamide was 
found to occur with all cathodes, but  spongy Sn gave the 
most favorable results (Table I). 

Cyanamide converted was calculated by subtracting the 
amount of remaining cyanamide in the catholyte from 
that  in the starting catholyte. Remaining cyanamide was 
determined by the usual method (as silver cyanamide). 

Methylamine and ammonia were isolated by the 
following procedure. 
Ammonia.--After reduction, the catholyte (102 cc) was 
neutralized with H2SO4, and 20 cc was pipetted into the 
beaker; 100 cc methanol was added to i t  and the mixture 
was allowed to stand for several hours. Precipitated 
(NH4)~S04 was filtered, washed with 20 cc methanol, and 
weighed. Solubility correction was applied (0.47 g/20 cc). 
Then, NHa formed by the reduction was calculated by sub- 
tracting the amount of NH3 in the starting catholyte. 
Methylamine.--Each 40-60 cc of catholyte was pipetted 
into the beaker, and five times that  amount of methanol 
was added to it. The precipitated (NH4)2SO4 was filtered 
off and washed with 40 cc methanol. The filtrate was 
combined with washing solution and concentrated under 
diminished pressure. The residue was diluted to 150 cc 
with water, poured into a Kjeldahl flask, and heated with 
60 g 50 % NaOH solution. Methylamine was distilled into 
HC1, and the resulting solution was evaporated to dryness. 
The residue was extracted With 40 cc then 10 cc hot  buta-  
nol to separate NH4C1; the extract was again evaporated 
to dryness to give crude methylamine hydrochloride, 
which was weighed. The analytical sample was recrystal- 
lized from butanol. 

I t  was confirmed that  the reduction of cyanamide gave 
NH3 and methylamine as final products in fair yield under 
suitable conditions. But the amount of methylamine was 
relatively small as compared with the amount of NH3 
expected from: 

NH2CN + 6H --, NH3 + CHaNH2 (III)  

I t  may be that  part  of the NHa was formed not by direct 
reduction, but  by decomposition of some intermediate 
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product. So, further experiments were carried out to seek 
the intermediate product of the reduction of cyanamide. 

Isolation of formamidine, the intermediate product.- 
By careful observations, it was found that formamidine 
existed in the reduction product. Isolation of this com- 
pound was difficult and incomplete quantitatively; it 
could be caught as picrate by the following procedure. 

Ten grams cyanamide (purity 97.5%, 9.75 g as pure 
cyanamide) was reduced at a spongy Sn cathode with 40 
amp-hr of current. Other conditions were the same as in 
Table I; 5.17 g of cyanamide was converted. 

After the reduct4on, 25 cc of the catholyte (total 110 cc) 
was pipetted into the beaker. To it, a suitable amount of 
picric acid was added either as solid, aqueous solution, or 
methanolic solution. Formamidine picrate (solubility 
about 0.2 g/100 cc) could be precipitated together with 
ammonium picrate2 The quantitative separation of 
form~midine picrate from this mixture was very difficult, ~ 
but after adding a hot methanolic solution of picric acid 
(1.5 g/5 cc) very cautiously, 1.57 g crude formamidine 
picrate was obtained (rap 232~176 Recrystallization 
from 30 ce  hot water gave 0.91 g of pure compound. 
Yield 12.0%, mp 242~176 Calc'd for CTHTN~OT: N, 
25.64%; found: N, 25.95%. 

A mixed melting point with the product a prepared from 
thiourea showed no depression. 

Identity was further confirmed by converting the 
picrate into the hydroehldride. Pure formamidine picrate 
(2.15 g, mp 242~176 obtained by the reduction was 
converted to hydrochloride (0.51 g, mp 66~176 Calc'd 
for CHsN2CI: N, 34.78%; found: N, 35.05%. 

Isolation of formic acid.--Since formamidine was found 
to be the intermediate product, hydrolysis of this com- 
pound to ammonia and formic acid may be expected as 
follows: 

NH~.CH = NH ~ NH3 + HCONH2 
(IV) 

H~ 2NH3 + HCOOH 

The existence or formation of this compound in the 
reduction product was verified by the following procedure. 

Ten grams cyanamide (purity 96%, 9.60 g as pure 
cyanamide) was reduced at a spongy Sn cathode with 
35.8 amp-hr of current. Other conditions were the same 
as in Table I, and 4.37 g cyanamide was converted. After 
the reduction, 30 ce of the catho]yte (total, 105 ec) was 
pipetted into the beaker; 30 cc 20% H2S04 was added to 
it, and the nfixture was distilled in a Kjeldahl flask to 
give 50 cc of distillate. Formic acid content in the distillate 
was determined by titration with 0.1N NaOH solution. 
Yield: 0.35 g (total, 1.21 g), sodium formate obtained 
from the distillate had mp 250~176 (decomposition), 

When the amount of formamidine in the catholyte was 
small, the speed of crystallization of the picrate was rela- 
tively slow, so that it might have been better to let the 
mixture stand for a few days. Formamidine picrate could 
be recognized easily by the characteristic form. 

Indeed, in another run, separation of formamidine 
picrate from the mixture was even more difficult, and it 
could be accomplished only by the careful technique of 
picking out characteristic picrate crystals from the mixture. 

-Prepared from thiourea by the procedure of D. J. 
Brown (5), mp 246~ 

TABLE I. Reduction of cyanamide at Sn 

Catholyte:* 10 g cyanamide in 100 cc 8% (NH4)~SO4. 
pH range adjusted at 3-7 by adding small amount of H2SO4 
during the electrolysis. 

Current: 34.4 amp-hr (5 Faradays). 
Current density: 5 amp/din 2 
Temp : Kept at 15~ by cooling catholyte with ice water. 
Results: Cyanamide used: 10.00 g (purity 97.6%, 9.76 g 

as pure cyanamide) 
Cyanamide converted: 3.96 g 
(NH4)2SO4 obtained: 3.12 g 
Methylamine hydrochloride obtained: 1.87 g, mp 196 ~ 

200~ (recrystallized); Calc'd for CH6NCI: N, 20.74%; 
found: N, 21.40%. 

* Acidic catholyte is also applicable to this reduction. 
For example: 10 g cyanamide in 100 cc 5% H~SO4. Concen- 
tration of H2SO4 is controlled so as to be 5-2% during elec- 
trolysis. 

FIG. 1. Formamidine picrate 

and the mixed melting point with the known sample 
showed no depression. 

Existence of formaldehyde.--The existence of small 
amounts of formaldehyde in the distillate of the run 
described above was proved. The distillate had a very 
indistinct odor of formaldehyde and gave a very weak 
silver mirror reaction. Moreover, it gave a little pre- 
cipitate when treated with dimedon. 

Existence of hydrocyanic acid.--Careful observation was 
also made in order to determine the existence of hydro- 
cyanic acid in catholyte during the electrolysis. This test 
was made by prussian blue formation. Two or three cubic 
centimeters of the catholyte was pipetted into the test 
tube and made alkaline with a drop of NaOH. To it, a 
piece of crystalline ferrous sulfate was added, and the 
solution was boiled for 30 rain. The resulting solution was 
acidified with HC1, and a solution of FeC13 was added. 
Color change to blue could not be observed throughout 
the experiments. 

Side reactions other than reduetion.--Cyanamide is 
expected to dimerize to dicyandiamide at pH 8-12. But 
during the reduction, under the conditions described 
above, an appreciable amount of dicyandiamide was not 
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detected. Also, any conversion of cyanamide to urea by 
hydration in the presence of acid is unlikely to occur during 
the reduction. 

CONCLUSION 

I t  is interesting to note that  a fairly large amount of 
formamidine was obtained in the reduction product of 
cyanamide. Formation of this compound was completely 
missed by earlier workers. Since hydrocyanic acid was 
absent, the reduction of cyanamide is best represented by 
the following succession of reactions: 

NH2CN 2H N H : . C H  = NH 2H 
(v) 

[NH~-CH2NH2] ~ NH3 + CH~NH~ 

Main side reaction is the hydrolysis of formamidine to 
give NH3 and formic acid. 

NH~.CH = NH H~), [NH3 + HCONH2] H~) 
(VI) 

2NH~ + H C 0 0 H  

The mechanism proposed by Drechsel (1) and adopted 
by Kameyama (2) for the electrolytic reduction is dis- 
proved by this experiment. 
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The Voltage of Sodium Chlorate Cells 
~?IVION DE VALERA 

Department of Chemistry, University College, Dublin, Ireland 

ABSTRACT 

The cell voltage of technical chlorate cells with carbon anodes, and rod iron cathodes is 
correlated with reported overvoltage values. At working current densities the cell volt- 
age is expressible as the sum of a constant, the overvoltages, and an ohmic term. Results 
are found to be consistent with the theory that  the anode potential is conditioned by 
hydroxyl discharge. Back emf measurements are discussed. 

To calculate the energy efficiency of a chlorate cell a 
value for the theoretical cell voltage must be assumed but, 
owing to the complexity of the reactions involved, the 
value to be taken is not obvious. Knibbs (1) quotes 1.43 v 
as being the theoretical voltage required according to 
Luther for producing chlorate from chloride, but  he 
further points out that  the voltage corresponding to the 
thermal absorbtion in the change: 

NaC1 (aq.) + 3H20 (liq.) 

= NaCl03 (Aq.) + 3H~ (Gas) - 224 (Cal.) 

is 1.62 v. In  subsequent literature this value has been 
adopted (2). On the other hand, Koehler (3) states that  
the decomposition potential of NaCl solutions may be 
taken as 2.3 v and uses this factor for calculating the 
efficiency of chlorine-caustic cells. Generally, it  is not 
easy to interpret voltage measurements recorded in the 
literature and a systematic correlation of cell voltages 
with current densities is needed. This prompted the 
present investigation. 

Although it is difficult to get reproducible values, cur- 
rent voltage curves for chloride electrolysis are always 
more or less definite in form. Apart  from the peculiarities 
at low current densities, especially at the commencement 
of electrolysis, they have the usual approximately loga- 
rithmic shape (4). In  the case of simpler electrolytes, such 
curves are usually resolvable as the superposition of a 
linear ohmic increase of potential with current on a 
logarithmic overpotential. This suggests that  chlorate cell 
voltages might also be separable approximately into the 
sum of the electrode overvoltages, the electrolyte re- 
sistance, and a constant, provided other variables are 
suitably controlled and that  values for the overvoltages 
are known. 

An analysis of data relating to the op6ration of chlorate 
cells both on the semitechnical and technical scales con- 
firmed that  the curves obtained by plotting current against 
voltage were of the type expected. The results of Pfleiderer 
(5) and others (4) then indicated correlation with H and 
oxygen overvoltages obtained by the direct method. As the 
values of Knobel, el al. (6) (assembled in the International 
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Critical Tables) seemed the most appropriate, these were 
used. 

ANALYSIS OF R O U T I N E  FACTORY D A T A  

During the operation of an experimental installation, 
results heretofore unpublished of routine observations 
over a period of nearly two years became available. These 
were extracted from the log sheets and analyzed. The 
data related to concrete cells fitted with electrode as- 
semblies of the rod cathode type similar to those de- 
scribed by McLaren and co-workers (7). The anodes con- 
sisted of 2 in. diameter graphite rods with an effective 
length of 20 in. Each anode was surrounded by 20 steel 
rods, ~ in. diameter, forming its cathode. Cells were 
operated on a batch basis and current, voltage, and other 
readings were taken hourly throughout a run. Cell tem- 
peratures ranged from 23 ~ to 31~ One lb of K2Cr~07 
was added to the electrolyte at the beginning of each run 
and the pH was maintained between the limits 6.2-6.9 
by addition of HCt. A large nmnber of readings were 
available corresponding to ten runs. Results shown in 
Table I relate to two runs with cells of approximately 470-1 
capacity fitted with 30 electrode units per cell. Cell con- 
ditions were practically the same during both these runs, 
and the figures given here are representative of the results 
for other runs. In  one of the runs in question 8 cells were 
operated in series. Observations were made each hour on 
one master cell and one other observed cell. Throughout 
the run, cell conditions and performance were almost the 
same for the 8 cells. In the second run, 32 similar cells were 
operated in series. The figures taken were hourly observa- 
tions made on two maste~ cells. Cell conditions and 
performance for the two master cells were closely parallel, 
but  some of the remaining 30 cells showed wider varia- 
t ions than those noticed in the 8-cell run. As far as current- 
voltage relations were concerned these variations seemed 
to be explainable in terms of varying cell resistances. These 
runs were selected because they afforded the largest 
number of comparable readings at various current values. 
Great accuracy cannot be claimed for these measure- 
ments. 

Figures given in Table I refer to early portions of these 
runs after the cells had settled down but before the 
chloride concentration had fallen below 200 g/l. Cell 
resistance can be taken as approximately constant in this 
interval although it rises toward the end of a run. In  the 
present case, cell resistance, R, was estimated at 4 • 10 - t  
ohms. The voltages Eob~ are mean values obtained by 
plotting observed voltages against the corresponding 
current. Overvoltages V~ and V~ were taken from the 
graphs obtained by plotting the values given in the 
International Critical Tables ~ for the oxygen overvoltages 
on graphite and the H overvoltages on Fe, against current 
density. The seVenth column of the table gives the sum 
of the anode and cathode overvoltages together with the 
ohmic term R[, corresponding to the current values in 
the first column, while the last column gives the difference 
of the observed voltages, Eob~, and this sum. The difference 
so obtained is practically constant over a wide current 

International Critical Tables, vol. VI, pp. 339, 340. 

TABLE I. Current-volto 

I 
(amp) I 

30 
300 
400 
500 
600 
700 
850 
900 

1000 
1100 
1200 
1300 

C.D. 
anode 
(amp/ 
cm 2) 

0.0012 
0.012 
0.016 
0.020 
0.024 
0.028 
0.034 
0.036 
0.040 
0.044 
0.048 
0.052 

Va 
(v) 

0.55 
0.91 
0.94 
0.96 
0.98 
0.90 
1.0C 
1.01 
1.01 
1.02 
1.02 
1.03 

C.D. 
cathode (am / 

0.0006 
0.006 
0.008 
0.010 
0.012 
0.014 
0.017 
0.018 
0.020 
0.022 
0.024 
0. O26 

re: average from plant log sheets 

Vc 
(v) 

0.36 
0.53 
0.55 
0.56 
0.57 
0.58 
0.59 
0.60 
0.61 
0.62 
0.62 
0.63 

NOTE: I is cell current; V, 

R I Va (R= ~?  ~o~ 0.0004) (v) 
(v) 

0.01 0.92 1.92 
0.12 1.56 2.60 
0.16 1.65 2.71 
0.20 1.72 2.82 
0.24 1.79 2.92 
0.28 1.85 2.98 
0.34 1.93 3.06 
0.36 1.97 3.08 
0.40 2.02 3.14 
0.44 2.08 3.18 
0.48 2.12 3.22 
0.52 2.18 3.29 

Differ- 
ence 
(v) 

1.00 
1.04 
1.06 
1. l0 
1.13 
1.13 
1.13 
1.11 
1.12 
1.10 
1.10 
1.11 

~s oxygen overvoltage on 
anode; Vr is hydrogen overvoltage on cathode; R is cell re- 
sistance; and Eob~ is observed cell voltage. 

range, the average value being 1.09 v. In  fact, the result 
for the runs in question may be written in the form: 

Eobs = 1.09 + (V~ + Vc) + R[ (I) 

CORRELATION WITH R E P O R T E D  VALUES 

The w.lue 1.09 v is very close to the value found experi- 
mentally for the "reversible" oxygen electrode with 
reference to a reversible H electrode in the same aqueous 
solution. Taken in conjunction with the fact that the 
overvoltages concerned are those of H and oxygen, this 
coincidence seemed to be of some significance. I t  was 
therefore of interest to inquire how far the above result 
could be fitted to the cell data published by other workers. 

I t  is unfortunate that the information given in the 
literature usually omits to specify the cell resistance, R, 
so that the extent to which the above equation can be 
tested on the figures given is very limited. However, 
Pi tman and co-workers (8) describe the operation of two 
cells for which they give the necessary data (Cells Nos. 
2 and 4). Taking the voltages and current densities experi- 
mentally determined for these cells in conjunction with 
the overvoltages Va and V~ obtained in the same way as 
before, the following result was obtained: 

C.D. C.D. V (v) Cell anode [ cathode [ ~v a Vc R[  No. (v) E(ev~ c Eobs 
(amp/cm2) (amp/cm2) , j (v) 

2 0.019 ] 0.011 /0.96 0.56 0.22 2.83 2.81 
4 [ 0.022 / 0.012 ]0 .9710 .5710 .2212 .8512 .91  

McLaren and associates (7)measured the components 
of the over-all cell voltage of small chlorate cells with rod 
cathodes. They determined anode and cathode potentials 
with a saturated calomel reference cell. They state that 
the voltage measured depended on many cell conditions 
but give "representative values." Table I I  gives their 
values in relation to the overvoltages Va and Vc. 

Notice that the difference between the measured anode 
potential and the corresponding oxygen overvoltage is 
ahnost constant, the average value of this difference being 
about 0.26 v. The figures indicate a similar constancy 
for the cathode relations, but values of Vc taken are those 
corresponding to the anode current densities given. In  the 
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TABLE II. Electrode potentials and overvoltages 

Anode 
C.D. 

(amp/cm 2) 

0.01 
0.02 
0.04 
0.06 
0.09 
0.12 
0.16 

Anode 
otentia 

(v) 

1.17 
1.22 
1.28 
1.30 
1.33 
1.34 
1.37 

Va 
(v) 

0.90 
0.96 
1.01 
1.04 
1.07 
1.10 
1.12 

Diff. 
Ea ~v) Va 

0.27 
0.26 
0.27 
0.26 
0.26 
0.24 
0.25 

Cathode 
potential 

~)  

1.27 
1.42 
1.46 
1.49 
1.52 
1 .55 
1.58 

Vc 
(v) 

0.56 
0.61 
0.67 
0.73 
0.79 
0.85 
0.91 

Diff. 
Ec --  Vc 

(v) 

0.71 
0.81 
0.79 
0.76 
0.73 
0.70 
0�9 

TABLE III.  Voltages calculated from results of McLaren, 
et al. (7) 

C.D. 
NaCI] I anode 
(g/t) I (amp) (amp/ [ 

250 2o010.04  I 
100 200 [0.041 
50 200 0.04 

250 4OO 0.09 
100 400 0.09 
50 400 0.09 

250 600 0.12 
100 600 0.12 
75 600 0.12 

250 800 0.16 
100 800 0.16 
75 800 0.16 

250 185 0.08 
250 110 0.16 

C.D. i 
Va cathode] 
(v) (amp/"! 

cm~) ! 

1.011 0.03 
1.01] 0.03 
1.01 0.03 
1.07 0.06 
1.07' 0.06 
1.07 0.06 
1.10 0.09 
1.10~ 0.09 

1.12 .10 0.09 1.12 0.12 
1 0.12 .12 
1 : 0.12 
1.06! 0.06 
1.12 i 0.09 

f 

(v) i Vc R R/ Ecalc ] 
(v) (ohms) (v) ] 

- -  2 ~ 6 8 6 - -  0 6410  06[ 012 
0.640.0011 / 0.22 / 2.96 i 
0.64 0 0012 0.24 i 2�9 
0.730.o0o61 0 24, 3.131 
0 r 0011, 0.441 3.331 

�9 I 0.730.0012 0.48 / 3 37 
0.790.oo06 0.361 3.34 I 
0.79 0.0011 0.66[ 3.64] 
0.79 0.0012 0.721 3.701 
0.85 0.0006 0�9 3.54 
0.85 0.0011 0.881 3�9 
0.85 0.0012 0.96! 4.02 
0.730.0020 0.37! 
0 . 7 9 , -  - - I  2 [  

Eobs (v) 

2.80 
2.95 
3.00 
3.25 
3.40 
3.55 
3.35 
3.66 
3.70 
3.6 
3.9 
4.0 
3.25 
3.9 

paper referred to, theauthors omit cathodecurrent densities 
and hence the anode values are taken in default. I t  is 
almost certain that the correct cathode current densities 
were less than the corresponding anode values and a 
correction in this direction would tend to make the sum of 
the two differences more nearly approach the value 1.09 v. 

In the same paper the authors tabulate data relating to 
the operation of cells at various current loads and salt 
concentrations (7). The)" do not give the values of their 
cell resistances but, if the cell voltages are calculated by 
means of the equation under test on the assumption that 
the values of R were: 6 • 10 -4 ohms at a chloride con- 
centration of 250 g/l, II  • l0 -4 ohms at 100 g/l, and 
12 • 10 -4 ohms at 50-75 g/l, the resulting voltages ac- 
cord with the observed values. Table I I I  shows that agree- 
ment is good except in the case of the 400-amp run. The 
authors, however, point out that the data for this run 
were obtained after the anodes had worn from 2 in. 
diameter to l ~  in. diameter. Data for the 185-amp run 
were also obtained with worn anodes. Thus, an increased 
cell resistance is to be expected in the case of both of these 
runs. Table III ,  then, affords a circumstantial check on 
Eq. (I). 

DIRECT EXPERIMENTAL TEST 

The matter was then submitted to a direct test with the 
32-cell installation already mentioned. The cells were 
charged with fresh brine from the one mixing and 1 lb 
dichromate was added to each cell. The initial pH of the 
electrolyte was 9.4 and the initial cell temperature was 
9~176 for all cells. Care was taken to insure that starting 
conditions were the same for all cells�9 The current was 

switched in at a low value, and, after some preliminary 
measurements, it was raised to the vicinity of 1000 amp. 
Cell temperatures were allowed to rise to 25~ and there- 
after maintained at this value. A standard glass electrode 
pH meter was used to control the pH of the cell liquors and 
HC1 was added to each cell in regulated quantities to 
reduce the p i t  of the electrolyte slowly and uniformly 
for all cells. The cells were then run for 20 hr under these 
conditions before the observations discussed below were 
taken. 

I t  is necessary to make a slight digression at this point 
to refer briefly to the resistances of chlorate cells. These 
do not remain constant but increase with time, manifesting 
themselves as a rise in cell voltage. This increase is due to 
two distinct causes: (a) the specific resistance of the 
electrolyte increases with rising chlorate concentration 
from about 4 to 6 ohms/cm 3 at chloride concentrations 
above 100 g/1 (1) ; (b) resistances of electrodes and electrode 
connections tend to increase with time because of corro- 
sion, rusting, or anode wear (7). I t  is also conceivable 
that local emf's may develop at connections if these are 
faulty and exposed to damp spray from the cells�9 The first 
factor made it necessary to take all readings within a 
relatively narrow chlorate and chloride concentration 
range. The second factor is noticeable in cells fitted with 
graphite anodes and iron rod cathodes after about four 
successive batch runs. The age and history of an assembly 
of this type must be taken into consideration when esti- 
mating its resistance. In  the present case, the age and 
history of the electrode assemblies in the 32 cells was 
practically the same and the performance and character- 
istics of the individual cells were sufficiently uniform to 
warrant the consideration of average values taken over all 
the cells (• v at 1000 amp, maximum deviation from 
average). 

I t  was decided to take current and voltage readings 
before the chloride concentration had fallen below 250 g/1 
but after a reasonable time had been allowed for the cells 
to settle down. On the basis of cell dimensions and the 
specific resistance of the electrolyte, taken as 4.7 ohms/cm 3, 
it was estimated that the corresponding resistance of the 
electrolyte would be 1.5 • 10 -4 ohms/cell. The resistance 
of the graphite anodes was estimated at 0.5 • 10 -4 
ohms/cell. Voltage drops over the anode and cathode 
connections and the voltage drops in the leads had been 
measured in detail with current passing, by means of an 
accurate millivoltmeter toward the end of a previous run 
very shortly before the present run commenced. On the 
basis of these measurements and check measurements 
made during the present run, the resistance of the anode 
and cathode connections combined was taken as 2 • 10 -4 
ohms/cell. The total resistance was thus estimated at 
4 X 10 -4 ohms/cell. This should approximate to the 
actual value for new cells; data available indicated that 
this was so. However, examination of the increase in 
voltage at specified current values during successive 
previous runs indicated that the internal cell resistance 
had increased with age to the average extent of 1.0-1.5 X 
10 -4 ohms/cell. Accordingly, it was expected that t h e  

average resistance during the present run should be about 
5�9 • 10 -4 ohms/cell for the period selected. 

Current flowing through the cells was measured by an 
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ammeter of standard type. The total voltage drop over the 
32 cells was measured by means of a voltmeter of suitable 
range and from the readings so taken, together with 
the known corrections for the potential drops in the leads, 
average cell voltages corresponding to observed current 
values were determined. In addition, one cell was selected 
for individual observation, the voltage for this cell being 
measured by means of a separate instrument of suitable 
range. Before the voltage readings were taken for any 
selected amperage the cells were ruo at this value for 
some time. Presumably because of polarization effects, 
when the cell current is altered the cell voltage does not 
adjust itself to the new equilibrium value at once. With 
the installation in question it took approximately 30 min 
for the cell voltage to settle down for current changes of 
100-200 amp at current values above 200 amp. Below 200 
amp a longer time was required. In the present experiment, 
two series of observations were made. In each series, 
observations were commenced at high current values. The 
current was then reduced by stages, one hour at least being 
allowed to elapse between the current change and voltage 
readings for the new value. Values so obtained were 
then checked by restoring the current to its original high 
value, again by stages with suitable intervals. Invariably 
under these conditions, readings corresponding to a 
particular amperage were effectively the same whether the 
approach was fl'om a higher or a lower value. The first 
series of observations were made while the pH of the cell 
liquors was slightly on the alkaline side, the initial and 
final average pH values for this series being 7.4 and 7.1, 
respectively. The second series were taken on the acid side, 
the corresponding average pH values being 6.9 to 6.8, 
respectively. At the beginning of the first series the chlorate 
concentration was 39 g/1 and the chloride concentration 
was 260 g/1. At the end of the second series the chlorate 
concentration was 67 g/1 and the chloride concentration 
was 251 g/1. Cell temperatures were maintained at the 
desired value by a suitable control of the cooling water 
to each cell un t i l  all measurements were completed. 

Results of this experiment for the observed cell are 
given in Table IV. The figures for one series only are given 
since those for the other series were almost identical. 
Average values for the 32 cells are given in Tables V and VI. 

Tables V and VI show that the average cell voltages 
observed in this experiment agree well with the values 
calculated from Eq. (I) when the cell resistance R is taken 
as 5.5 X 10 -4 ohms. The cell voltage for the observed cell, 
however, was consistently lower than the corresponding 
average value for all the cells. Assuming that  the differences 
in voltage between individual cells is attributable to differ- 

TABLE IV. Current-voltage: values for 1 cell 
Temp, 25~ 

I 
(amp) 

50 
150 
200 
260 
300 
325 
665 

2.07 
2.40 
2.50 
2.61 
2.66 
2.70 
2.97 

~H 6.8-6.9 

~obs 
(v) 

2.12 
2.44 
2.52 
2.58 
2.65 
2.66 
2.94 

I 
(amp) 

795 
900 
925 

1000 
ll00 
1150 
1250 

3.06 
3.13 
3.14 
3.19 
3.26 
3.28 
3.35 

Eobs 
(v) 

3.03 
3.12 
3.13 
3.20 
3.26 
3.30 
3.35 

TABLE V. Current-voltage: averages for  32 cells 
Temp, 25~ pH 7.4-7.1 

I Anode 
C.D. 

(amp) (amp/cm 2) 

50 0.002 
100 0.004 
200 0.008 
300 0.012 
500 0.020 
650 0.026 
810 0.032 
955 0.038 

1000 0.040 
1100 0.044 
1250 0.050 

Va 
(v) 

0.56 
0.67 
0.82 
0.91 
0.96 
0.98 
1.00 
1.01 
1.01 
1.02 
1.03 

Cathode 
C.D. 

(amp/cm 2) 

0.001 
0.002 
0. 004 
0.006 
0.010 
0.013 
0.016 
0.019 
0.020 
0. 022 
0. 025 

G 
(v) 

0.40 
0.45 
0.49 
0.52 
0.56 
0.58 
0.59 
0.60 
0.61 
0.62 
0.63 

R/  
(ohms) 

0.03 
0.06 
0.11 
0.17 
0.27 
0.36 
0.45 
0.53 
0.55 
0.61 
0.69 

2.08 
2.27 
2.51 
2.69 
2.88 
3.01 
3.13 
3.23 
3.26 
3.34 
3.44 

Eobs 
(v) 

2.26 
2.35 
2.49 
2.63 
2.87 
3.00 
3.11 
3.25 
3.27 
3.34 
3.44 

TABLE VI. Current-voltage: averages for 32 cells 
Temp, 25~ pH 6.9-6.8 

I 
(amp) 

50 
150 
200 
260 
300 
325 
665 
795 
900 
925 

1000 
1100 
1150 
1250 

Anode 
C.D. 

(amp/cm ~) 

0.002 
0.006 
0.008 
0.010 
0.012 
0.013 
O . 027 
0.032 
0.036 
0.037 
0.040 
0.044 
0.046 
0.050 

Va 
(v) 

0.56 
O.76 
0.82 
0.90 
0.91 
0.93 
0.98 
1.00 
1.01 
1.01 
1.01 
1.02 
1.02 
1.03 

Cathode 
C.D. 

(amp/cm 2) 

0.001 
0.003 
0.004 
0.005 
0.006 
0.006 
0.013 
0.016 
0.018 
0.018 
0.020 
0.022 
0.023 
0.025 

Va 
(v) 

0.40 
0.48 
0.49 
0.50 
0.52 
0.52 
0.58 
0.59 
0.60 
0.60 
0.61 
0.62 
0.62 
0.63 

R/  
(ohms) 

0.03 
0.08 
0.11 
0.14 
0.17 
0.18 
0.37 
0.44 
0.50 
0.51 
0.55 
0.61 
0.63 
0.69 

Ecalc 
(v) 

2.08 
2.41 
2.51 
2.63 
2.69 
2.72 
3.02 
3.12 
3.20 
3.21 
3.26 
3.34 
3.36 
3.44 

Eobs 
(v) 

2.13 
2.46 
2.52 
2.65 
2.67 
2.70 
3.02 
3.10 
3.20 
3.22 
3.27 
3.36 
3.41 
3.46 

ences in cell resistance, results indicate that the resistance 
of the observed cell was about 4.8 • 10 -4 ohms. E~1r in 
Table IV is derived on this basis. 

BACK E M F  MEASUREMENTS 

In earlier runs with the cells mentioned above it was 
noticed that  the back emf of these cells when freshly 
filled, and before electrolysis was started, was in the 
neighborhood of 1.6 v. At the commencement of the 
experimental run already described, before any current was 
passed, it was found to be 1.60 v for the observed cell and 
the average cell back emf for the 32 cells was found to be 
1.59 v. Corresponding initial cell temperatures were 10 ~ 
and 9.5~ respectively. The current was then switched 
in at a very low amperage and gradually increased to 40 
amp. Simultaneously, voltage readings were taken and it 
was found that  cell voltage increased nearly linearly with 
current over this range. The circuit was then broken and 
the back emf was again measured. This was now found 
to be 1.75 for the observed cell and 1.85 (avg) for the 
remainder. I t  showed no tendency to fall below this 
value on being left standing for 30 min. The current 
was again switched in after this interval and again in- 
creased by stages. I t  was now found that the voltage 
increased regularly with the current, the shape of the 
current-voltage curve being generally similar to those 
obtained by plotting data given in Tables IV, V, and VI. 
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There was no evidence of a definite decomposition voltage 
at any stage. 

After the cells had settled down, some measurements 
were made to determine the back emf of the cells at  various 
current values. The method adopted was simply to open 
the main switches of the cell circuit at  the current values 
selected and observe changes in cell voltage. These meas- 
urements could not be very precise under the conditions 
of the experiment, but  they definitely indicated a back 
emf corresponding to each current value which was re- 
producible. On cutting out the cells it was observed that  
the voltage dropped suddenly to a certain value and then 
decreased very slowly thereafter. I t  was found that  the 
back emf decreased slightly as the corresponding current 
was decreased. The decrease appeared to be fairly regular. 
In the vicinity of 1000 amp the recorded back emf was 
2.37 v; in the vicinity of 500 amp it was 2.32; in the 
vicinity of 200 amp it was 2.30 v. On reducing the current 
to zero slowly and then isolating the cells it  was found 
to be approximately 2.10 v but this value seemed to 
depend on the rate a t  which the current was reduced before 
isolating the cells. On leaving the cells standing on open 
circuit the emf fell to 1.85 v in 1 hr. These measurements 
were made at  25~ 

I t  was noticed in the course of the foregoing experiments 
that  the needle of the voltmeter frequently paused mo- 
mentarily at  a somewhat higher value than that  at  which 
it steadied and which was taken as the back emf. For 
instance, at 670 amp when the cells were quickly isolated, 
the voltage dropped rapidly, paused at  about 2.4 v, and 
then quickly dropped to the value 2.34 v. Although 
successive readings were not very concordant, there is an 
indication that  this happens at all parts of the current 
range investigated. I t  might have been, however, an 
inductive effect. 

DIscussioN AND CONCLUSION 

Variation in cell voltage at 25~ with electrode current 
densities appears to be accounted for adequately by 
Eq. (I) for anode current densities above 0.005 amp/em 2. 
At lower anode current densities, calculated values deviate 
from those observed. Indeed, the closeness of the agree- 
ment between observed and calculated voltages above this 
value is rather surprising since one would expect greater 
irregularities in measurements involving electrode over- 
voltages which were not made under very carefully con- 
trolled laboratory conditions. Fluctuations of at  least 0.05 
v would be expected and variations in the condition of the 
electrode surfaces should be reflected in variations in 
overvoltage values. 

A laboratory investigation confirmed the results reported 
above (9). The experimental cells used were fitted with 
graphite anodes and iron cathodes. A linear equation in 
the form of (I) was found in all cases to apply above 0.015 
amp/cm 2, the value for the constant at  25~ being always 
close to 1.1 v., and the reproducibility of the measure- 
ments was sufficient to justify the conclusion. 

The most obvious interpretation is that  above a certain 
anode current density the reaction system adjusts itself to 
constitute a cell having a reversible potential of 1.09 v. 

This in turn suggests that  the anode of a chlorate cell is 
essentially an oxygen electrode rather than a chlorine 
electrode. On the other hand, at  very low current densities, 
the anode probably behaves as a chlorine electrode and 
this conclusion would appear to accord with the results of 
Foerster, Mtiller, Luther, and others (4). I t  may be said 
in passing that  the behavior of the cell voltage at  low 
current densities noticed in the present experiments was 
generally what would be expected from the results of 
these workers. 

I t  would be interesting to repeat calculations using 
chlorine overvoltages instead of the oxygen values. How- 
ever, comparable values for chlorine overvoltages on 
graphite at 25~ are not available for current densities 
below 0.04 amp/cm~, that  is, for a great part  of the range 
considered above. Nevertheless, if the values given by 
Knobel and co-workers (6) are plotted against current 
density as was done in the case of the oxygen overvoltages, 
the chlorine overvoltage curve so obtained is parallel to 
the corresponding oxygen curve in the range 0.04--0.20 
amp/cm 2. In  fact for this range, Vo "~ Vcl + 0.84 v. 
Assuming that  this parallelism continued down to low 
values for the anode current densities, experimental 
results would be equally well expressed by the equation: 

Eobs = 1.93 + (Vcl + Vc) + RI  (II) 

Considering the cell back emf, at  about 800 amp, this  
was approximately the same as that  noted by Knibbs and 
Palfreeman (1) for a ceil which had a Pt  anode. However, 
they found that  the back emf was independent of current 
density over a fairly wide range, whereas the present 
experiments indicated a decrease with current density. 
I t  is to be noted that  they at tempted to correlate their 
results with Newbery's overvoltage values, but  were un- 
able to account for the cell voltage on this basis. Why this 
was so is now clear. Newbery's overvoltages were obtained 
by the original commutator method which only measures 
a part  of the total  electrode polarization when the current 
is flowing. In  addition, the back emf does not measure 
the quanti ty represented above as 1.09 + Va + V~, 
the discrepancy between this quantity,  (2.71 v at  1000 
amp in the foregoing experiments), and the back emf 
corresponding (2.37 v) apparently arising in the same 
way as the similar discrepancies noticed between over- 
voltages measured by the direct and commutator method. 
Hence, the precise significance to be attached to back emf 
measurements in the present case is not clear but  it  may 
possibly be worth noticing that  the values obtained by 
Newbery (10) for a laboratory cell with carbon electrodes 
and H~S04 bear a close resemblance to the values noted 
above. 

Over-all, the results appear to be in harmony with the 
idea that  both hydroxyl and chlorine ions are discharged at  
the anode. This conclusion would seem consistent likewise 
with the results of Pfleiderer (5) and earlier workers. I t  
is also supported by the work of Glasstone and Hickling 
(11) and accords with the theory of the process recently 
given (12). Hydroxyl discharge and the associated oxygen 
overpotential perhaps may be the principal factors deter- 
mining the anode potential at  appreciable current densi- 



Vol. 104, No. 3 VOLTAGE OF SODIUM CHLORATE CELLS 167 

ties. In  an), case, the results furnish a basis for assessing 
the energy efficiency of a chlorate cell at specific current 
densities. 
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Influence of Impurities in the Electrolyte in Chlorine-Caustic 
Electrolysis by the Mercury Cell Process 

VI. Investigation of the Influence of Graphite Particles on Amalgam 
Decomposition and Cathodic Current Efficiency 

GOSTA ANGEL, ROLF BR)[NNLAND, AND STIG DAHLERUS 

Division of Applied Electrochemistry, Royal Institute of Technology, Stockholm, Sweden 

ABSTRACT 

The influence of graphite particles on the Hg cell process for the production of chlorine 
and caustic soda has been investigated using the technique described in a series of earlier 
papers, viz., partly by shaking sodium amalgam with buffered solutions of NaC1 and 
measuring the decomposition rate, and partly by studying the cathodic current efficiency 
of a Hg cell for laboratory use. 

The experiments show that the effect of moderate quantities of graphite (< 3 g/l) 
is small in pure brine but that, in the presence of Mg or A1, the loss of current efficiency 
is appreciable. The simultaneous presence of graphite and either Fe, Ca, or small quanti- 
ties of V (< 0.1 mg/1) does not affect the electrolysis process. Silicates and stannates 
inhibit the action of the graphite particles. 

Besides the metallic impurities earlier investigated 
(1-5), graphite is usually present in technical brines, viz., 
in the form of a suspension. Opinions are very much 
divided about the influence of the graphite; considering 
the action of graphite in the amalgam decomposer, a 
strong decrease of the cathodic current efficiency may be 
expected in the presence of graphite particles in the brine. 
On the other hand, it has been shown practically that it 
is possible to run~a Hg cell with an extremely graphite-rich 
brine without any noticeable influence on the current 

efficiency. 
In order to elucidate the effect of the graphite, a series 

of experiments with graphite-contaminated brines was 
performed. The investigation was carried out partly as 

amalgam decomposition experiments and partly as electrol- 
ysis experiments in a laboratory cell. Varying particle 
size and concentration of the graphite as well as the simul- 
taneous presence of Mg, A1, Fe, and V were investigated. 
In  all cases, the graphite powder was obtained by crushing 
and screening fresh anode pieces of various origins. 

AMALGAM DECOMPOSITION EXPERIMENTS 

Complete agreement could not be expected between 
amalgam decomposition and electrolysis experiments 
since the reaction conditions are quite different in the two 
cases. In  the latter, a well-defined cathode film is formed 
over a quiet Hg surface (6) and the graphite particles are 
affected mainly by convection forces caused by the gases 
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formed at  the cathode. In  tim former, the contact surface 
between brine and Hg is continuously regenerated and 
simultaneously a relatively high concentration of buffer- 
ing substances contributes to a breakdown of the alkaline 
film at  the Hg surface. Furthermore, the graphite particles 
come into very close contact with the Hg phase when, due 
to shaking, thin layers of the brine are forced toward the 
walls of the reaction vessel by the Hg. Deviations in results 
of the two types of experiments, however, make it possible 
to draw important  conclusions concerning the mechanism 
of the reactions investigated. 

Amalgam decomposition experiments were carried out 
in exactly the same manner as those described earlier 
(1-3) except that  a certain quanti ty of graphite powder, 
after careful washing and classification with respect to 
particle size, was added to the buffered brine. Tile decom- 
position rate of the amalgam was studied by measuring 
the volume of H formed per minute. 
Influence of particle size.--The following particle sizes 
were investigated: Go < 0.30 ram; G~ 0.30 - 0.43 ram; 
G~ 0.55 - 1.00 mm. 

The experiments showed that  the large particles were 
crushed in a few minutes to smaller dimensions. Some 
representative results are shown in Fig. 1. These curves 
indicate that  larger particles would have only a small 
effect but, due to crushing, form a finer and more active 
powder�9 For unknown reasons, the finest grains on the 
other hand seem to be gradually de-activated. 
Influence of graphite concentration.--A series of experi- 
ments was performed with the smallest particle size 
(<0.3  mm) in which the graphite concentration was 
varied. These experiments demonstrate, Fig. 2, that  the 
reaction rate increases with increasing graphite concen- 
tration only to a certain extent. However, for higher 
graphite concentrations, the reaction rate falls off gradu- 
ally, passibly due to an agglomeration of the graphite par- 
ticles to larger aggregates. 
Influence of graphite in the presence of metal ions.--In the 
presence of 250 rag/1 of the finest graphite fraction, the 
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FIG. 1. Amalgam decomposition rate vs. particle size 
(500 rag/1 graphite). 

2 4 6 8 m 12 ,~, 

FIG. 2. Amalgam decomposition rate vs. graphite concen- 
tration (particles <0.30 mm). 

effect of a number of cations, viz., Fe, Mg, and A1, was 
studied. Their concentrations in the brine were 25 rag/1 
in the case of Fe and Mg and 5 mg/1 in the case of A1. 
In all experiments no increased H evolution beyond that  
of the pure graphite effect could be observed. 

ELECTROLYSIS EXPERIMENTS 

Experiments were performed in the apparatus previously 
described (4, 5). In  order to facilitate the reaction in the 
amalgam decomposer, an electric preheater for the water 
was supplied. A temperature of 40~176 in the secondary 
cell was thereby obtained and the electrolyzer could be 
run without difficulty with a cathodic current efficiency 
of 99.6-99.9%. The brine feeding rate was 0.40-0.45 
l/h,  the current density 25 amp/dm ~, and the Hg circula- 
tion rate about 10.4 ml/min, corresponding to a Na con- 
centration of 0.1% in the amalgam. Current efficiency was 
determined either by analysis of the departing Hg or by 
determination of the H content in the chlorine gas. 

Since it was impossible to maintain a uniform graphite 
content in the feeding brine, graphite was added directly 
to the electrolysis cell. When other impurities were investi- 
gated, the cell was fed with brine containing the actual 
metal salt, while the graphite was added directly to the 
cell. 
Influence of particle size.--For electrolysis experiments 
with pure brine, a weighed quanti ty of graphite (0.1 g) 
dispersed in saturated brine, was added to the cell. 

No influence on the electrolysis process could be observed 
with particle sizes > 0.3 mm. Graphite particles did not 
seem to come into contact with the cathode, were grad- 
ually broken up into smaller pieces, and were conveyed 
out of the cell together with the departing brine. 

With particle sizes < 0.3 mm, a slight H evolution was 
observed (0.5-1.5%) immediately after the graphite addi- 
tion, but  the electrolysis then proceeded undisturbed and 
the graphite was gradually removed with the brine. 
H evolution was mainly concentrated at  the Hg seal and, 
to a very slight extent, at  the boundary between Hg and 
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glass wall. Graphite entered the cell as a thick suspension 
and part of it was immediately conveyed by the Hg to the 
seal where, owing to the vigorous streaming of the Hg, it 
came into contact with the amalgam, the decay of which 
was thereby promoted. After the graphite had become 
more uniformly dispersed in the cell, t I  evolution ceased. 
Influence of graphite concentration.---Graphite was added 
in quantities Up to 0.4 g, corresponding to about 3 g/1 
in the cell. No measurable increase in the activity in this 
concentration range and also no differences between 
graphite samples of various origins could be observed. 
Thus, graphite particles in otherwise pure brines do not 
interfere with the electrolysis process. 

If  very large graphite particles fall on to the cathode, 
they may come into direct contact with the Hg and, owing 
to the low overvoltage of H on graphite, H gas is formed 
at the graphite surface. Since such pieces generally have a 
small area compared with the whole of the cathode, the 
resultant H evolution seems to be of no practical 
importance. 
Influence of graphite and Mg when present simultaneously. 
- -On  electrolyzing Mg-containing brine, it was found that 
the addition of graphite may have a disastrous influence 
on the current efficiency. I t  has already been reported (5) 
that, withhigh Mg concentrations, the cathode is covered 
with a layer approximately 1 mm thick, probably consist- 
ing of a mixture of hydroxide and amalgam. 

If graphite is present in the brine, it will stick in the 
hydroxide film and thereby come into firm electrical con- 
tact with the Hg. Owing to the low H overvoltage on 
graphite and the large surface of the graphite particles, a 
very considerable decrease in the cathodic current effi- 
ciency is caused. Fig. 3 shows a typical current efficiency 
curve from an experiment with 5 mg/1 Mg and 0.1 g 
graphite. Only the first part of the curve (corresponding to 
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FrG. 3. Cathodic current efficiency vs. time (5 mg/1 Mg -{- 
100 mg/1 graphite, particles <0.30 mm). 

10-min electrolysis) couht be reproduced exactly since 
the hydroxide film caused a very irregular streaming of 
the Hg and, hence, considerable error in the analyses. 

The reaction seemed to be practically independent of 
the quantity of graphite added; experiments were per- 
formed with graphite additions down to 0.01 g with a 
current efficiency of about 40%. Brines containing 1.0 
and 2.5 nlg/1 Mg were also investigated, but in these cases 
no decrease in the current efficiency could be observed. 

Thus the experiments show that Mg in concentrations 
above 5 mg/1 and in the presence of graphite particles 
affect the cathodic current efficiency disastrously. How- 
ever, owing to the special streaming conditions of Hg, the 
electrolysis cell used for these experiments is considerably 
more sensitive to impurities of this kind than are technical 
Hg cells. 
Influence of A1 and graphite whe~ present simultaneously.- 
In  experiments with A1 as a brine contaminant (5), it 
was found that this also forms a thin cover on the Hg. If 
graphite particles were present simultaneously, they stuck 
in the layer and, with 5 mg/1 Al, a reaction analogous 
to that of Mg-containing brine was obtained, cf. Fig. 3. Cur- 
rent efficiency thus decreased to about 40 %. Experiments 
with 1.0 and 2.5 rag/1 AI caused no decrease in current 
efficiency. 
Influence of graphite an~ either V, Fe, or Ca when present 
simultaneously.--Addition of graphite to a solution con- 
taining either V (100 5'/1), Fe (10 mg/]), or Ca (25 mg/1) 
had no influence on current efficiency. 

DE-ACTIVATION OF GRAPHITE BY ADDITION OF SODIUM 
SILICATE OR STANNATE 

In  a special series of experiments it was shown that it 
is possible to de-activate the interfering graphite particles 
by addition of sodium silicate or sodium stannate (10- 
50 mg/1 Si or Sn). Both of these substances were very 
efficient inhibitors of graphite and the blank values for 
H evolution, i.e., values obtained with pure brine, were 
obtained in amalgam decomposition experiments with 
250 mg/1 graphite. This de-activation of the graphite 
particles may depend possibly on a covering of the electro- 
chemically active centers on the particles with inhibitor 
molecules which are deposited on the graphite when the 
pH is lowered. This is also indicated by the fact that  the 
sedimentation rate of the graphite particles is consider- 
ably increased on addition of both these inhibitors. 

However, it should be observed that the colloidal silicic 
and stannic acids may be transported to the cathode in the 
electrolysis cell, thus hindering the diffusion of the Na ions 
and causing H evolution. Consequently, it would appear 
necessary to allow the inhibitors to flocculate and then to 
separate the precipitate from the brine before it is added 
to the cell 

SUMMARY 

The experiments have shown that graphite particles 
have a negligible influence on the cathodic current effi- 
ciency in Hg cells when the brine is pure. In the presence 
of Mg and A1 in concentrations sufficient to form a hydrox- 
ide layer on the cathode, graphite particles cause an 
additional H evolution which decreases the current 
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efficiency to about 40%. Silicates and stannates inhibit 
the action of graphite particles. 

These results explain why, in the chlorine-caustic field, 
one is generally anxious to avoid graphite in the brine 
whereas, on the other hand, examples are known of tech- 
nical brines with high graphite contents which were 
regularly used without disturbances. Evidently these 
brines must have been very pure with respect to inter- 
fering metal salts. 
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Streaming Potential in Spherical-Grain Sands 
WILLIAM SCHRIEVER AND CARL E. BLEIL 

Department of Physics, University of Oklahoma, Norman, Oklahoma 

ABSTRACT 
Streaming potentials in very uniform spherical-grain sands were measured with doubly 

distilled atmosphere-saturated water and with NaC1, NaI, Na~SO4, MgSO4, and MgC12 
solutions. A vacuum tube electrometer was used to measure the potential differences. 

The streaming potential, V, was directly proportional to the pressure difference, P,  
in every case, and V/P was independent of changes in configuration of the sand matrix 
as well as changes in its porosity and its length. A variation of V/P with grain diameter 
was only partially accounted for by surface conductance alone. Also neither Wood's 
equation nor Ghosh, Rakshit, and Chattoraj 's  equation fit the data well. 

The data fit the empirical equation: 
V/P = (V/P)~(1 -~ k/d + k2/d 2) exp(--k/d) 

where (V/P)~ is the value approached in sands having large grains. For water k = 535 
X 10 ~ ~ and (V/P) = 51.2 mv/cm-of-water, k is characteristic of spherical-grain sands 
since it was the same for all solutions, and (V/P)~ is a function of solution composi- 
tion at constant temperature. The ~- potential of a water-glass interface has a positive 
temperature coefficient whose approximate value is 0.039/~ and the streaming poten- 
tial has a positive temperature coefficient of 0.0535/~ 

I t  has long been known that  the streaming potential for 
a liquid flowing through circular capillary tubes, all of 
one kind of glass, is proportional to the pressure difference 
and is independent of the length and radius of the tube. 
One might infer from this that  the streaming potential 
per unit of pressure difference for a column of sand should 
be independent of the length of the column and of the 
diameter of the sand grains if the flow is laminar. In  fact, 
the Helmholtz-Smoluchowski (1) theory predicts that  the 
streaming potential is independent of the size and shape 
of the pore through which the liquid flows. A development 
given by Kruyt  (2) leads to the same result. However, Bull 
and Gortner (3) reported a dependence of streaming 
potential on grain size for sand columns composed of 
sieved crushed quartz grains; for the smaller sizes the 
streaming potential decreased with the grain size. Their 
at tempts (4) to explain these results by using the meas- 
ured conductance of the liquid-filled matrix, instead of the 
conductance of the bulk liquid, were not completely 
successful. 

Later Bull and Moyer (5) a t tempted to account for 
Bull and Gortner 's results by taking into account the 

influence of the surface conductance, the electrical back- 
pressure due to the electro-osmotic effect, and the change 
in viscosity of water with the capillary size. Their conclu- 
sion was: "The peculiar results obtained by Bull and 
Gortner with quartz p a r t i c l e s . . ,  are still unexplained 
and are apparently inexplicable on the basis of any of the 
above calculations". 

Rutgers (6) studied the variation of the ~" potential 
with the radius of the capillary. By taking into account 
surface conduction he arrived at  the "true zeta potential" 
from the measured values computed by the use of the 
Helmholtz-Smoluchowski equation. His expression for the 
true ~" potential is: 

= ~0(1 + 2 ~ / r h )  (I) 

where ~'0 is the measured value, h~ is the surface conduc- 
t ivity,  h is the conductivity of the solution, and r is the 
radius of the capillary. 

Wood (7) arrived at  a Helmholtz-Smoluchowski type 
equation in which the  conductivity term ht is the effective 
conductivity of the tube of solution; thus surface conduct- 
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ance is taken into account. By making certain assumptions 
he arrived at  an expression for the streaming potential in 
a column of sand, namely: 

yVht/P = M - A/d (II) 

where ,7 is the coefficient of viscosity, V is the stremning 
potential for a pressure difference P, d is the diameter of 
the sand grains, and M and A are empirical constants. 
He found that  a proper choice of M and A made this 
equation a good fit to Bull and Gortner 's data  for quartz 
sands. 

I t  is interesting to note that  Rutger 's equation can 
lead to an equation similar to Wood's if Wood's assump- 
tion, that  the effective diameter of the pore space between 
the sand grains is directly proportional to the diameter of 
the grains, is made. When this is done one can write: 

P/nVX = N + B/d (III)  

where ~ is the conductivity of the solution, and N and B 
are adjustable constants. 

Ghosh, Rakshit,  and Chattoraj (8) arrived at  a relation 
for the ~" potential, determined in a sand, that  is exactly 
of the same form as Eq. (I). Therefore, their equation 
leads directly to Eq. (III) .  They tested their equation 
with the data of Bull and Gortner and found it  satisfactory. 

I t  may be observed that  if A/d in Eq. (II) is very 
small compared to M, the reciprocal of (M - A/d) is 
approximately equal to (M + A/d), and that  therefore 
Eq. (II) can be put  in the exact form of Eq. (III) .  Both 
of these equations are empirical equations even though the 

capi l lary  tube theorv was used as a background in setting 
them up. They differ in that  Eq. (II) takes surface con- 
ductance into  account in kt and any other effect of g ra in  
diameter in the terms M and A/d, whereas Eq. ( I II)  
takes account of both of these effects in the two terms N 
and B/d. 

In order to make certain practical applications of stream- 
ing potential i t  is important  to know how the streaming 
potential in a sand column depends on the size of the sand 
grains. In  the study of this problem it was deemed advis- 
able to use t h e  most nearly ideal sands that  could be 
provided, namely, sands each composed of spherical glass 
grains of very uniform size. 

The purpose of this research was to establish the effect 
of grain-size on streaming potential in spherical-grain 
sands and to determine the effect of temperature and 
solution composition on such streaming potentials. 

EXPERIMENTAL 

Apparatus 

Flow-tubes.--Two flow-tubes were used. The first was 
constructed of a rod of Lucite by boring an accurate hole 
2 cm in diameter throughout its entire length. Two accu- 
rately machined Lucite pistons were arranged so that  the 
distance between them was adjustable over a range of 
11 em. Holes were drilled in each piston to allow liquid to 
pass freely through it, and a 150-mesh (58 mesh/cm) Pt  
screen, forming the face of the piston, served both as a 
potential probe and to prevent the sand from passing 
through the holes. A port-hole provided with a plug and 

covered by a cap was made in the side of the tube; this 
permitted additions of sand to be made without completely 
disassembling the apparatus.  

This flow-tube was mounted in a metal box which was 
part ial ly submerged in a thermostatically controlled water 
bath. I t  was found necessary to use a stirrer driven with 
an induction niotor since arcing at  the brushes was: 
observed to disturb seriously the potential measuring 
electrometer. 

The pressure on the solution was supplied by compressed 
air acting on top of a glass piston in a large vertical glass 
tube which served as a reservoir. The liquid was heated to 
the desired temperature by an electric preheater. The line 
from the reservoir to the flow-tube was Pyrex glass. Very 
short lengths of Saran tubing were used for connectors. 
The pressure difference across the sand column was meas- 
ured with a suitable mercury and water manometer. The 
volume rate of flow of the solution was determined with a 
calibrated flow-meter which consisted of an inclined open- 
end manometer for indicating the pressure difference across 
a short length of small-bore tubing. 

The entire system was electrically shielded with sheet 
metal, and shielded leads connected the electrodes in the 
flow-tube to the shielded electrometer. All metal shielding 
was grounded to a water pipe. 

Preliminary experiments with this plastic flow-tube 
revealed a variation of streaming potential per unit of 
pressure difference, V/P, w i t h  the diameter of the sand 
grains. Although different batches of the  distilled water 
used for these experiments were as nearly identical as 
could be produced by a careful double distillation, one 
could not be certain that  at  least a part  of the observed 
change of V/P with grain diameter was not due to slight 
variations in the distilled water. Therefore, a second flow- 
tube was constructed in such a manner that  exactly the 
same liquid flowed through each of the different sands. 

This second flow-tube was made of a 1.5 cm. diameter 
Pyrex gl~ss tube. Five 1 cm-long No. 28 B&S gauge Pt  
wire probes were sealed through the wall of the tube at  
3.5 cm intervals. Directly above each electrode an open 
manometer tube was sealed to the flow-tube. Two addi- 
tional P t  electrodes were sealed through the glass near 
each end of the flow-tube; these were used to send an 
electric cun'ent through the sand columns during the 
resistance measurements. Each of the four 3.5-cm intervals 
was filled with a sand having a different grain diameter. 
The ends of this flow-tube were equipped with ground 
joints so that  the flow of the solution could be reversed 
easily through the contiguous sand columns. The solution 
was supplied at  the desired constant pressure from a 
Mariotte 's  bottle which was mounted on a vertically 
continuously adjustable platform. A plug of glass wool 
prevented the sand from entering the lower end of each 
manometer. The volume rate of flow was calculated from 
the mass of the solution caught in an observed time inter- 
val. This entire system was mounted in a wire screen cage 
and shielded leads were used to connect the probes to the 
electrometer. 

Spherical grain sands.--The sands were composed of 
spheres of soft glass.' They were sorted very carefully by 

1 Obtained from the Cataphote Corp., Toledo, Ohio. 
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retaining only those spheres which stuck in the meshes of 
the appropriate Tyler sieves. Four sizes were prepared: 
50, 80, 90, and 100-mesh (0.300, 0.175, 0.153, 0.147 ram). 
After sorting, beads of each size were washed in water 
containing a detergent, rinsed several times, and dried. 
The beads next were washed in concentrated nitric acid 
for 24 hr, and then at  least 12 times in doubly distilled 
water until the pH of the water was the same before and 
after rinsing. Finally the beads were dried in an electric 
oven at  400~ 

Liquids.--The water was distilled first in a tin-lined 
still and then in an all-Pyrex glass system. I t  was allowed 
to stand in contact with the atmosphere with periodic 
stirring for 2-4 days, after which it was found that  the 
Beckman pH meter indicated a constant pH in the range 
5.48-5.65. 

NaCl solutions in concentrations of 10 -6, 10 -5, l0 -4, 
and 10 -a mole/kg of water, and solutions of concentrations 
10 -5, l0 -4, and l0 -3 mole/kg of each of the salts MgC12, 
MgSO4, Na2S04, and NaI,  were prepared with the dis- 
tilled water described above, and with AR grade salts. 

Electrometer.--A vacuum-tube electrometer having a 
Victoreen 5803 electrometer tube, was used to make all 
potential difference measurements. The circuit included 
a multiple contact key which, when depressed connected 
a highly insulated 0.001 mf condenser to the two probes 
whose potential difference was desired; when the key was 
released it connected the charged condenser to the grid 
and filament of the tube. The resulting change in plate 
current was indicated by the steady deflection of a criti- 
cally damped galvanometer containing the magnet and 
coil of a L&N type 2420 instrument, but  having a 50 cm 
scale distance. The electrometer contained its own cali- 
brating circuit. I t  was found that  the scale deflection was 
directly proportional to the potential difference of the 
condenser for steady deflections both to the right and to 
the left of zero. The two sensitivities used were 3.63 m v /  
mm and 10.06 mv/mm. 

The rate a t  which charge was delivered by the streaming 
through a sand column was found to be so small that  it  
required nearly 5 sec to charge the 0.001 mf condenser to a 
potential difference of the order of 0.1 v. Therefore the 
key was depressed for 5 sac for each potential measure- 
ment; this gave duplicable results. 

I t  was found necessary to have all elements of the grid- 
probe circuit, including switches and the multiple-contact 
key, provided with polystyrene insulation. The shielded 
leads to the probes had polyethylene insulation. 

Microamrneter.--A two-megohm potential divider con- 
nected across a 45-v dry-cell bat tery was used to send a 
current through a sand column for resistance measure~ 
ments. This current was measured with a Rubicon gal- 
vanometer shunted with a critical-damping resistor of 
12,000 ohms. This current meter had a sensitivity of 
2.28 • 10 -s amp/mm. 

Experimental Procedure 

The procedure for obtaining data  showing streaming 
potential as a function of pressure difference was essentially 
the same for both flow-tubes. The sand was placed in the 
flow-tube in the presence of water to insure the removal 

of all the air. The tube was jarred gently with a rubber 
mallet, and mechanical pressure was applied to pack it 
securely in place. In  the case of the plastic tube, pressure 
was applied b y  tightening the plastic screw above one of 
the pistons. 

The sand column was then flushed out by running the 
desired liquid through it for an hour. Next, the liquid- 
filled column was allowed to stand for 24 hr after which 
it was thoroughly flushed out again. In  addition, just 
before streaming potential measurements were made the 
liquid was allowed to flow through the system for about an 
hour, the flow was stopped, and the potential difference of 
the probes was measured; hereafter, this is designated the 
self-potential of that  pair of probes. 

The flow was started again and, after the system reached 
dynamic equilibriuin as indicated by the manometer, the 
potential difference of the probes was measured again. 
Such potential differences were then measured for various 
pressure differences. After the series of measurements at  
different pressures was completed the self-potentiM was 
measured again. This self-potential was subtracted from 
the potential difference observed during the streaming of 
the liquid; this difference was the observed "streaming 
potential". These observed streaming potentials turned 
out to be zero for zero pressure difference, to within the 
reproducibility of the measurements. For  each pressure 
difference the volume rate of flow was measured. 

At  the end of each set of measurements at  various pres- 
sures the electrical resistance of the liquid-filled sand 
column was measured. This was achieved by measuring the 
fall of potential across the sand column for a measured 
direct current through the column. In  the plastic flow- 
tube the current was introduced at  the screens; it  was 
always less than 3 • 10 -7 amp. In the Pyrex flow-tube 
the current was introduced at  the two end-electrodes and 
the potential differences of the different pairs of probes 
were measured; again the currents were kept below 
3 • 10 -~ amp. 

RESULTS 

Streaming potential as a function of pressure difference.-- 
A typical set of curves depicting streaming potential, V, 
as a function of pressure difference, P,  for four sizes of 
spherical-grain sands, is shown in Fig. 1. These curves were 
obtained with the Pyrex flow-tube. 

Similar sets of curves were obtained for the doubly dis- 
tilled atmosphere-saturated water and for each of the 
solutions listed earlier. In  every case V was found to be 
directly proportional to P.  Usually the pressure differ- 
ences ranged from 1 to 10 cm-of-water for the 100-meSh 
beads and from 1 to 3 cm-of-water for the 50-mesh beads. 
For the water V/P  varied regularly from 42.5 mv/cm-of- 
water for the 50-mesh beads to 13.4 mv/cm-of-water for 
the 100-mesh beads. The value of V/P decreased with 
increasing concentration of solution. 

Streaming potentials in several sand columns were 
measured up to pressure differences of 1 atm. Here again 
V was found to be directly proportional to P.  

The resistances of the water-filled sand columns in the 
Pyrex tube varied from 3.2 X 105 ohms for the 50-mesh 
to 1.7 X 10 ~ ohms for the 100-mesh beads. Resistances of 
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the salt-solution-filled sand columns were less than those 
for water, and they decreased with increasing concentra- 
tion for each salt. 

In  every case the volume rate of flow through a sand 
column was proportional to the pressure difference. Rates 
of flow varied fl'om 0.01 ema/sec at the lowest pressure 
used up to 0.12 ema/sec for the highest pressure differ- 
ences. For any one set of curves the temperature was held 
constant in the neighborhood of 27~ 

The data described above were used for making calcula- 
tions concerning the variation of V/P with grain size. 

Effect of configuration and porosity of the sand matrix 
on V/P.--The 90-mesh glass beads in the plastic flow- 
tube were used in these experiments. A fixed mass of the 
beads was packed to a fixed length of column several 
different times; between packings the beads were 
thoroughly shaken up. With water as the liquid i t  was 
found that  the values of V/P obtained for the different 
packings agreed well wit].in the reproducibility of the 
measurements. These data  showed that  V/P did not vary 
with the configuration of the matrix. 

A column of the beads approximately 17 cm long was 
packed successively to porosities of 0.432, 0.411, and 
0.392. I t  was found that  V/P  was constant within the 
reproducibility of the measurements for these three pack- 
ings. As would be expected the volume rate of flow 
decreased regularly as the porosity decreased. These 
results show tha t  V/P does not vary measurably with 
experimentally obtainable porosities. 

Effect of length of ,sand column on V /P.--Three different 
columns of the 90-mesh beads, having lengths of 4.05, 
13.23, and 17.02 cm, were packed successively to the same 
porosity in the plastic flow-tube. I t  was found that  V/P 
was the same for all three columns to within the repro- 
ducibility of the measm'ements. These results demon- 
strated that  V/P is independent of the length of column 
of a spherical grain sand. 

Effect of grain diameter on V/P.--As was explained 
earlier the Pyrex tube with its four contiguous sand 
columns was designed especially for this study. Although 
exactly the same liquid passed through each column there 
was the possibility that  nmdification of the liquid occurred 
during its passage through the successive sands. Two sepa- 
rate checks showed that  such a change did not take place. 
First  the pH's  of the incoming and outgoing liquid were 
measured, the latter being made after the liquid had been 
standing in the sands for 48 hr and then as a function of 
time thereafter. I t  was found after about an hour of flow 
that  the two pH's  were the same. The second check was 
accomplished by reversing the flow through the entire sys- 
tem and observing V/P for each direction. I t  was observed 
that  V/P for each of the four sand columns was the same 
for both directions of flow. If appreciable modification of 
the liquid had occurred during its passage through the 
four contiguous columns, this result would not have been 
observed. Thus it is clear that  the change of V/P with 
grain diameter, as shown by Fig. 1, was not due to change 
in the constitution of the liquid. 

Exactly the same four sand columns were used in ob- 
taining all the data  for all the solutions. I t  should be added 
that,  before using the sands for the solutions of a new salt, 
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FIG. 1. Streaming potential as a function of pressure dif- 
ference for four sizes of spherical-grain sands. 
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FIG. 2. Streaming potential per unit of pressure difference 
as a function of grain diameter for water and NaC1 solutions. 

the sands were washed with the doubly distilled water 
until the V/P for each sand had returned to the original 
value obtained with water. 

Variation of V/P with grain diameter for water and for 
the four concentrations of NaC1 are shown in Fig. 2. Simi- 
lar curves for NaI,  Na~SO4, MgS04, and MgC12 are shown 
in Fig. 3. Each of the 15 different liquids exhibited a V/P  
that  decreased with decrease in  diameter of the spherical 
sand grains, and that  for any one salt the magnitude of the 
decrease became less as the concentration of the salt be- 
came greater. 

Resistance of a liquid-filled sand column.--It has been 
suggested that  the variation of the streaming potential 
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with diameter of sand grain might be explained by the 
change in the fraction of the conductance of the liquid- 
filled sand column that is due to the conductance of the 
liquid-glass interface. For this reason the resistance of each 
liquid-filled sand column was measured by sending a meas- 
ured current of less than 3 X 10 -7 amp from a battery 
through the four contiguous columns in the Pyrex flow- 

tube, and then observing the potential drop between each 
pair or probes with the electrometer. The self-potential 
was subtracted h'om each of the observed potential dif- 
ferences. I t  was difficult to obtain satisfactory results. 
Fortunately," with four columns in series the resistance of 
two or more columns in series could be checked against the 
sum of the resistances of the separate columns. These re- 
sistance determinations were made with the liquid at rest 
in the sand but after the liquid had flowed through the 
sand for at least an hour. 

If the observed curves of the streaming potential as 
a function of grain diameter are to be explained solely 
by the increase in the surface conductance of the liquid- 
glass interfacial layer, then V/PR (R is resistance of 
column) should be independent of the diameter of the 
sand grain. Dividing the values of V/P in Fig. 2 by the 
appropriate resistances did bring the curves much closer 
together, but each curve still showed that V/PR decreased 
regularly with decrease in grain diameter, and to an extent 
that was much greater than the variability of the measure- 
ments. With water V/PR for the 300/~ sand was twice as 
large as it was for the 147/~ sand. 

Thus it must be concluded that the change in V/P with 
grain diameter for a uniform spherical-grain sand cannot 
be accounted for by surface conductance alone. 

Effect of temperature on V/P.--The volume rate of flow 
,p per unit pressure difference, Q/ , and the streaming po- 

tential per unit  pressure difference, V/P, were measured 
as functions of the temperature, 0, with the plastic flow- 
tube apparatus. Doubly distilled water was the liquid and 
90-mesh glass beads formed the sand. These results are 
shown by two of the curves in Fig. 4. The data show that 
V/P was a linear function of the temperature between 
25 ~ and 45~ 

The fact that ~Q/P for any one sand was observed to be 
constant in accord with Darcy's law, (7/ is the coefficient 
of viscosity of water) showed that the flow was laminar. 
]f the temperature coefficient of V/P were due almost en- 
tirely to viscosity changes, then ~IV/P should be a con- 
stant for all values of 0. Since *IQ/P is a cons[ant, 
(~V/P)(~?Q/P) = V/Q should be constant for all tem- 
peratures. The graph of V/Q as a function of 0 is sho~m in 
Fig. 4. Since the value of V/Q increases about 25% in the 
temperature range 25~176 the temperature coefficient 
of V/P cannot be due to changes in viscosity alone. 

The fact that V/QR changes even more rapidly with 
temperature than does V/Q (see curves Fig. 4) demon- 
strates that the change in conductance of the sand column 
with temperature is also an important factor in determin- 
ing the temperature coefficient of V/P. Other factors are 
treated later. 

Effect of concentration of solution on V/P.--Data ob- 
tained with the NaC1 solutions are presented in another 
form in Fig. 5 which shows V/P as a function of log 1/c, 
where c is the concentration of the solution, for each of the 
four sizes of spherical-grain sands. Similar sets of curves 
were obtained for each of the other salts used. These curves 
are roughly of the form already reported by others (2, 9). 
They show that the effect of concentration on V/P dimin- 
ishes with the diameter of the sand grain and that  V/P is 
small for NaC1 solutions even as dilute as 10 -3 mole/kg. 



Vol. 104, No. 3 S T R E A M I N G  P O T E N T I A L S  I N  S A N D S  175 

\ 

z 

__  SODIUM CHLORIDE SOLUTIONS 
DIAMETER OF SAND GRAINS  

A - -  300 MICRONS 
I B - -  200 M ICRONS 

C - -  150 M ICRONS 
D - -  100 MICRONS 

\ i 

k 

\ \  

"\ \ \  
\ 

--, \ \ \  
\ . 

6 S 4 3 

- LOG CONCENTRAT ION IN  MOLE /KG 

FIG. 5. Effect of concentration of the solution on stream- 
ing potential per unit of pressure difference for four sizes 
of spherical-grain sands. 

DISCUSSION OF RESULTS AND EMPIRICAL EQUATIONS 

Effect of grain diameter on V /P.--Marked variations of 
V/P  with diameter of the spherical sand grains were ob- 
ta ined for all concentrations of all the solutions (Fig. 2 
and 3). Since V/PR decreases with grain diameter, surface 
conductance alone does not account for all the variation 
of V/P with grain diameter. 

Data  shown along the curves of Fig. 2 were used to test 
bcth Eq. (II) and (III) .  Data  for a fifth sand (d = 127 t~) 
were available; they were included. 

For any one solution ~, M, and A of Eq. (II) are con- 
st'rots. Therefore XtV/P should be a linear function of 
l id  if this equation represents the data. The plot was not 
a :~traight line. In  fact the negative slope of the curve de- 
creased as the value of l id  increased, which suggests that  
htV/P was approaching a limiting value for very small 
sand grains. 

In  Eq. (III)  y, ~, N, and B are constants for any one 
solution. Thus, a plot of P / V  as a function of l id  should 
be a straight line if this equation represents the data. 
Again the plot was not a straight line. In  fact the positive 
slope of the curve decreased as 1/d decreased, which sug- 
gests that  P / V  was approaching a limiting value for very 
large grains. 

The following empirical equation was devised. 

V/P = (V/P)~(1 + k/d + k2/d 2) exp ( - k / d )  (IV) 

where (V/P)a is the value of V/P for grains of large size, 
and k is a constant. In the constant (V/P)a is included the 
factor ~e/y Where e is the dielectric constant of the solution. 

Data  given for water in Fig. 2 were used to determine 
the constants (V/P)a and k in the equation; the method of 
least squares as described by Scarborough (10) was era- 

ployed, and the datum for the largest size grain was given 
extra weight. With d expressed in microns the value of k 
was found to be 5.35 • 102 tt and that  of (V/P)a to be 
51.2 mv/cm-of-water. In  Fig. 2 the curve for water repre- 
sents this empirical curve; observed data are shown also. 

The other four curves of Fig. 2 are also plots of this em- 
pirical equation for the four concentrations of NaC1. For  
all these curves the value of k was that  determined from 
the data for water, namely 5.35 • l02 #. Each value of 
(V/P)a was determined by the method of least squares 
from the observed data;  again the datum for the largest 
grain diameter was given extra weight. The fact that  these 
empirical curves fit the data fairly well indicates that  the 
constant k is the same for all concentrations of all the 
solutions and therefore is a characteristic of sphericM- 
grain sands, and that  (V/P)~ is a function of the kind and 
concentration of the electrolyte. I t  is reasonable that  V/P  
should be zero for d = 0, but  V/P might become zero for 
d slightly greater than zero. I t  also appears reasonable 
that  V/P should approach a limiting value (or perhaps a 
maximum) as d increases. 

These experimental results demonstrate beyond reason- 
able doubt that  V/P varies greatly with the diameter of 
the  grain for uniform spherical-grain sands. Bull and Gort- 
net (4) observed much smaller variations of V/P with size 
of grain. However, their sands were made of sharp crushed 
quartz and they undoubtedly were sorted much less care- 
fully than were the spherical glass grains used here. 

Effect of temperature.--In Fig. 4 the curve showing V/P 
as a function of temperature nIay be represented by an 
equation of the form: 

V/P = (V/P)25[1 + ~(~ - 25)] (V) 

where (V/P)25 is the value of V/P at  25~ t~ is the tem- 
perature in degrees, and/3 is a constant. The value of/~ 
was found by the method of least squares to be 5.35 • 
10-2/~ 

The equation for streaming potential derived from 
fairly simple theory (11) is: 

V = e ~ P / 4 ~  (VI) 

where e is the dielectric constant of the liquid, y is the co- 
efficient of viscosity of the liquid, }, is the electrical con- 
ductivity of the liquid, and ~ is the ~" potential. This has 
been reported (6, 12) to h01d well for capillary tubes of 
circular section, especially if the effective conductivity is 
calculated from the measured resistance of the .liquid- 
filled tube and the dimensions of the tube. Thus it appears 
reasonable to suppose that  the streaming potential in a 
spherical-grain sand may be expressed as: 

V /P = Ke~f(d) /yX ( v i i )  

where f(d) is some function of the diameter of the sand 
grain, and K is a constant. 

I t  has already been shown in connection with Fig. 4 that  
the effect of temperature on 7/and X together does not ac- 
count for all the effect of temperature on V/P, namely, 
V/QR varies with temperature. This variation (Fig. 4) 
niay be expressed by an equation of the form: 

V/QR = (V/QR)o(1 + aO + be ~) (VIII) 
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where (V/QR)o is the value of V/QR at 0~ 0 is the tem- 
perature in degrees, and a and b are constants: 

By Darcy's law for laminar flow Q = SAP/~IL, where S 
is the permeability of the sand matrix, L is its length, and 
A is its sectional area. Also the effective conductivity, 
X = L/RA. From these relations Eq. (VII) can be written: 

V/QR = K~f(d) /S  (IX) 

The term Kf(d)/S is essentially constant for all tempera- 
tures. The dielectric constant of water varies with the 
temperature (13) according to the equation: 

= e0(1 - ~ 0 )  ( X )  

where e0 = 88 and 5' = 4.55 X 10-3/~ Since the ~ poten- 
tial [Eq. (IX)] for a spherical-grain sand may be expressed 
as: 

= SV/KQREf(d) (XI) 

its variation with temperature may be written, in view of 
Eqs. (VIII) and (X): 

S ( V )  1 ( l + a O + b 0 2 ~  
- Kf(d) @ oe-o - 1 ~ 0  / (XII) 

The  approximate magnitude of the temperature coeffi- 
cient of the ~- potential may be calculated. Eq. (XII) may 
be written in the form: 

~" = ~'0[1 -4- (a -4- 3')0 -4- (a3" -4- 3"2 -4- b )~]  (XIII) 

From the slope of the greater portion of the V/QR curve 
of Fig. 4 the approximate value of the temperature coeffi- 
cient of V/QR was found to be a = 3.4 • 10-2/~ Since 
3' = 4.55 • 10-~/~ the temperature coefficient of ~ for 

the water glass interface was approximately (a + y) = 
3.9 • 10-2/~ 

Thus it appears that each of the four factors y, h, ~-, and e 
has a temperature coefficient and that the temperature co- 
efficient of V/P is caused by the combined effect of the 
temperature coefficients of these four factors. 

Manuscript received May 16, 1955. This paper was sub- 
mitted by C. E. Bleil to the University of Oklahoma in par- 
tial fulfillment of the requirements for the Ph.D. degree. 

Any discussion of this paper will appear in a Discussion 
Section to appear in the December 1957 JOURNAL. 
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The Galvani Electrode Potential 

PAUL R?)ETSCHI 

Research Department, The Electric Storage Battery Company, Philadelphia, Pennsylvania 

ABSTRACT 

The surface potential of Hg can be evaluated by comparing the real potential as 
(negative work function) of different impurity ions, dissolved in Hg. The real potential 
of an ion is the sum of a chemical term, corresponding to the interaction energy with 
the Hg in the bulk of the phase (depending on the ionic radius), and a constant electrical 
term corresponding to the surface potential of Hg (independent of the ionic radius). 

An electrostatic model is developed to calculate the chemical term of the real poten- 
tial. This chemical component becomes negligible for very large ionic radii, and the 
surface potential xn~ of Hg can be determined by extrapolation. A value of 0 < x~g~ 
-4-0.5 v is obtained. The fact that xng is positive indicates that the surface dipoles of 
Hg are oriented with their negative poles against the vacuum. 

Using the free energies of hydration given by Latimer, a value of 0.44 < A~ < 0.94 v 
is calculated for the Galvani electrode potential of a N-calomel electrode This result 
compares with the value of 0.5 v quoted by Latimer, Pitzer, and Slansky. The latter 
authors neglected the surface potential of Hg. 

The object of the present paper is to compute approxi- 
mately the surface potential of Hg and the Galvani poten- 
tial of the N-calomel electrode. I t  has recently been pointed 
out (1) that  this can be achieved by use of a thermo- 
dynamic cycle involving a dilute amalgam and a non- 

thermodynamic calculation of the interaction energies of 
impurity ions with the Hg in the dilute amalgam. In  the 
following discussion a more accurate and detailed calcula- 
tion is presented. 

Guggenheim (2) considered the theory of electric poten- 
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tial differences between dissimilar media, based on the work 
of Gibbs (3). He claimed that  s)ach potential differences 
have no physical meaning and cannot even be defined, 
whereas Gibbs stated only that  such potential differ- 
ences are not accessible to measurements and are ther- 
modynamically not defined. In  more recent work, however, 
it  was realized by theoretical electrochemists (4) including 
Guggenheim (5) that  such differences of potential  could 
be calculated in principle. However, Guggenheim's older 
point of view has been taken by Grahame (6) in a recent 
review on the electrical double layer and it has been stated 
that  a definition of an absolute potential difference is un- 
necessary, since it is possible to describe all the actual ex- 
perimental observations in terms of potential differences 
of the types already known. This is true for purely thermo- 
dynamic considerations. In  studies on the kinetics of elec- 
trode reactions, however, and in all the cases where the 
electric fields at  the interfaces are investigated, electric 
potential differences between the phases are important.  
The reality and importance of such potential differences 
can hardly be denied in view of the fact that  in all the over- 
voltage studies the changes of thes~ potentials are observed 
and it is hard to see why a quanti ty whose changes can 
indeed be measured experimentally should not have a 
definite physical meaning. 

In  fact, it  is possible to calculate theoretically such elec- 
tric potential differences on the basis of an exact knowledge 
of the interaction energies between the particles in the bulk 
of the phases or on the basis of a precise picture of the free 
surfaces and especially the surface dipoles (surface double 
layer) of the phases against vacuum. The definition of the 
Galvani-potential given by Lange (7-9) has made i t  pos- 
sible to discuss the subject of electrical potential differences 
between dissimilar media without ambiguity. The terms 
"absolute," "single," or " true" electrode potentials should 
not be used in future discussions. I t  must be stressed, how- 
ever, that  the Galvani potential  discussed below corre- 
sponds precisely to the meaning of such "absolute," "sin- 
gle," or " t rue" electrode potentials which were considered 
to have no physical meaning by Guggenheim (2) and Gra- 
hame (6). 

In  this discussion the Galvani, Volta, and surface po- 
tentials as introduced by Lange (7-9) are used. 

The electrochemical potential t7~ of a particle i in the 
bulk of a material phase can be written as the sum of 
three terms: 

~ = Z~eoC/ + Zieox + #~ (I) 

Z~eo is the charge of the particle i; ~b is the Volta potential 
(outer potential); and Z~eo~b the electric energy involved 
in bringing a unit positive charge from a point at charge- 
free infinity to a point just outside the phase, where the 
influence of the image force is negligible, i.e., at  10 -4 cm 
from the surface of the phase. X is the surface potential 
and Z~eoX the electric energy required to transfer a unit  
positive charge from a point just outside of the phase, 
across the surface dipole layer, into the phase. #i is the 
chemical potential or the energy corresponding to the in- 
teraction of the particle i with the other particles of the 
phase in which it has been transferred. The name "chemi- 
cal potential" is misleading because all forces between 
atoms and ions are fundamentally electric in nature. #i can 

include terms of simple electrostatic interactions, polariza- 
tion interactions, dispersion interactions , etc., according 
to the nature of the material. 

The sum of the Volta potential ~b and the surface poten- 
tial X is defined as the Galvani potential r 

r = ~b + X (II) 

When a phase has no net charge, its Volta potential is 
zero. In  this case it is convenient to define another poten- 
tial, viz., the real potential ~., 

ai = #i + Z~eox (III)  

which is the negative work function of the ion i. The dif- 
ference between the Volta potentials of two phases may 
be determined experimentally (8, 9, 11), but  the Galvani 
potential difference cannot be measured by any means. 

CHEMICAL AND SURFACE POTENTIALS OF 

AQUEOUS SOLUTIONS 

The real potential a i  is a quanti ty which is determinable 
experimentally. The chemical potential ~i and the surface 
potential X are not measurable and can be calculated only 
on a theoretical basis, somewhat like the activity coeffi- 
cients in the Debye-Hfickel theory. 

According to Eq. (III)  a calculation of the real potential 
a l  of an ion in a condensed phase consists of two parts: 
(a) the calculation of the chemical potential #~, and (b) 
the calculation of the surface potential X. The apriori 
evaluation of the surface potentials is usually more diffi- 
cult than the evaluation of the chemical potential. There- 
fore, most workers have calculated only ~i and have es- 
t imated the surface potential by comparison with the 
measured real potential a i  [Eq. (III)]. 

By this semiempirical method the surface potential X~ 
of diluted aqueous solutions has been determined (4, 12, 
13). The index s designates a liquid phase (solution). X~ 
is, of course, the surface potential of this liquid phase 
against vacuum. X is essentially independent of the elec- 
trolyte (8), if no electrocapillary active substances are 
present, and if the solutions are not too concentrated. The 
surface potential results primarily from the orientation of 
water multipoles, mainly dipoles, in the surface. The valid- 
i ty  of the results for X8 depends on the reliability of the 
calculated values for the chemical potentials /zi .  Using the 
values for the free energy of hydration given by Latimer 
(14, 15), the surface potential of diluted aqueous solutions 
becomes (4, 12, 13, 16): 

X~ = -0 .33  v (IV) 

Latimer, Pitzer, and Slansky obtained the free energy of 
hydration for single ions by separating the experimental 
energy of hydration for salts according to the Born equa- 
tion (17). In  order to fit this equation, 0.85A was added to o 
the crystal ionic radii of the positive ions, and 0.10A to 
the crystal ionic radii of the negative ions. 

Many objections could be made agah.st the values for 
the free energies of hydration quoted by Latimer and co- 
workers: 

1. The model of Born, who regarded the ion as a rigid 
sphere of radius ri and charge Zieo in a continuous dielec- 
tric medium, is an oversimplification. 
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TABLE I. Free energy of hydration 

Metal Kcal/mole 

Li + 
Na + 
K + 
Rb + 
Cs + 

Be++ 
Mg++ 
Ca++ 
Sr ++ 
Ba++ 

Zn++ 
Cd++ 

AI+++ 
In+++ 
TI+++ 

--114 
--91 
--74 
--68 
--61 

--565 
--434 
--363 
-- 334 
--304 

--466 
--413 

- 1090 
-965 
-962 

2. The ion-dipole interaction in the primary hydration 
sheath is neglected. 

3. The repulsion between the ion and the water mole- 
cules is not taken into account. 

The theoretical values for the single ion free energies of 
hydration by Eley and Evans (18) are, according to Con- 
way (19), based on a more correct model; however, a dis- 
crepancy of 20-30 kcal/mole exists between added values 
given by Eley and Evans for cations and anions, and ex- 
perimental values given by Latimer for the salts. 

At the present time the assignment of values to the indi- 
vidual ions is still highly questionable. Values quoted by 
Latimer are used tentatively in this study. 

This assignment seems to be consistent with the abso- 
lute entropies of the single ions (15). 

Table I gives the free energy of hydration for some ions 
according to Latimer (14, 15). 

I t  must be pointed out that  the use of enlarged radii 
("effective Born radii") in the theory by Latimer does not 
correspond strictly to the idea of dielectric saturation in 
the vicinity of the ion. The two models have been incor- 
rectly identified in the past. Fig. l a  illustrates the model 
used by Born (enlarged radii) and Fig. lb  the model with 
dielectric saturation in the vicinity of the ion. The elec- 
tric energy of the system la  is given by: 

( Zieo) 2 1 
E . . . .  (V) 

87reo ere 

but the electric energy of the system in Fig. lb  is given by: 

E =  (Z,eo)2 (1 1 + 1} 
8v~-~ " ~ - r~ ~r~ (VI) 

where e0 is the unit  charge (1.6 10 -'9 coulomb) Zi the 
valence of the ion i, e0 the dielectric constant for vacuum 
(8.854 10 -'2 amp sec volt- ' ,  m-X), e the relative dielectric 
constant (vacuum = 1), ri the crystal ionic radius (in 
meters) and r~ the cavity radius (in meters). E is the elec- 
tric energy in wattseconds (Joule). 

If the ion in the initial state (at charge free infinity) has 
the enlarged radius r~ in case la,  but the correct crystal 

o b 
FIG. 1. Models of hydrated ions (a) enlarged radii, (b) 

dielectric saturation. 

ionic radius r~ in case lb,  then the free energy of hydration 
(for one particle) is the same for both instances, viz.; 

(Zie~ 1 { 1 -  ~} (VII) 
~ i s =  - 81re0 "r-~ 

which is the Born equation. 
If model of Fig. l a  is correct, the addition to the radii 

should be independent of the solvent and the free ions in 
a gas would have larger radii than in the crystals. En- 
larged radii for ions in a dissolved state have been proposed 
by Eucken (20, 21), but  are unlikely in view of modern 
work on the electronic structure of atoms and ions. 

Both models are based on the use of a uniform dielectric 
constant in atomic dimensions, and are subject to the ob- 
jections mentioned above. 

SURFACE POTENTIALS OF METALS 

Theoretical calculation of surface potentials of metals 
has been at tempted several times (22-24). Table I I  illus- 
t r a t es  some results. 1 

Values in Table I I  have been obtained from the differ- 
ence between the real potential a~ (negative work func- 
tion) and the chemical potential #e of an electron in the 
metal. Calculations for ~e, based on the simple electron 
gas theory, are valid only for the alkali metals. The surface 
potentials listed for Cu, Mg, Ca, Be are highly question- 
able. 

Recently it has been shown that  there is still another 
way to evaluate the surface potentials of the metals (1). 
Summarizing shortly, this method makes use of a thermo- 
dynamic cycle involving an alloy system whereby only a 
trace of a foreign metal M t is alloyed with a pure metal 
phase M. The following cycle is then applied: One mole 
of the added metal M r is removed from the alloy. The re- 
moved metal M'  is thereafter vaporized, ionized in the gas 
phase, the ions and electrons are added separately to the 
alloy, and finally recombined in the bulk of the alloy to 
the initial state. From this cycle the real potential ai of 
the impurity ions can be obtained. 

- a i  = - A  + S  + . J - 0 - J *  (VIII)  

where A = free energy of alloying (free energy of mixing) ; 
S = free energy of sublimation of the metal M ' ;  J = 

1 Parsons (10) gives a complete table of calculated surface 
potentials. Although the absolute values of the surface po- 
tentials are cited correctly by this author, the signs in his 
table are in error. The surface potentials of the metals must 
be given positive signs. 
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TABLE II.  Surface potentials of metals 

Metal 

Li 
Na 
K 
Cu 
Ca 
Mg 
Be 

Surface potential XM in volts 

Herring (22) 

0.7 
0.3 
0.2 
0.8 
1.3 
2.5 
5.1 

Seitz (26) 

0.1 
0.1 
0.4 

ionization energy for the first electron of MP; 0 = elec- 
tronic work function of the alloy (identical with the elec- 
tronic work function of the metal M) ; and J *  = ionization 
energy of M r in the alloy for the first electron (energy to 
lift an electron of the impurity center from its energy level 
to the conduction band of the alloy). 

The term J *  is in many cases small and can be neglected. 
Sometimes J *  can be determined separately (i.e., ioniza- 
tion energy of impurity centers in semiconductors). In  the 
following treatment i t  is assumed that  the impurity atoms 
are completely ionized and J *  is therefore zero. I t  should 
be noted that  the terms in Eq. (VIII) correspond to free 
energies, and a l  depends, therefore, on the concentration. 

The real potential ~ of impurity ions can be calculated 
with Eq. (VIII) from experimental data. According to 
Eq. (III)  the real potential a~ is the sum of the surface 
potential term Zieox and the chemical potential t t i ,  the 
surface potential X now being constant for different im- 
purity ions and identical with the surface potential of the 
"solvent" metal M. 

Difference in the real potentials from one impurity ion 
to another must correspond to difference in the chemi-  
cal potentials. The differences may be obtained from ex- 
perimental data, and can be correlated to the radii and to 
the electronic configuration of the ions. 

Equations for the interaction energies between the im- 
purity ions and the excess metal can be derived on a quan- 
tum-mechanical basis (25, 26). These calculations are dif- 
ficult, especially for metals other than those of the alkali 
group, and show that  the main interaction terms are in- 
versely proportional to the ionic radii or to the square of 
the ionic radii. In  the following, a simple electrostatic 
model is used to estimate the interaction energy of ions 
dissolved in Hg. 

The dissolved ions are treated as small charged spheres 
with the crystal radii r~. They will be surrounded by a 
cloud of electrons in the Hg. 

FIG. 2. Model of an impurity ion in Hg 

With this model the dissolved ion can be described as a 
very small spherical condenser, as it  is shown in Fig. 2. 
The capacity of this spherical condenser is given by:  

ri re 
C = 4we0.e- - -  (IX) 

r e -  rl 

where r~ is the crystal radius of the ion, r~ the cavity radius 
and e the relative dielectric constant in the gap. 

The electric energy of this system equals 

E1 (Zleo) 2 - (Z~eo)~ ~ (X) 
2c 8~'e0e r ~ T r l  

whereby : 

~ r e  - -  r i  

Since the electric energy of the free ion in vacuum is given 
by 

(Z~eo) 2 1 
E2 . . . .  (XI) 

8~e0 rl 

the energy of amalgamation equals 

#iM = A E  = --(Zie~ " --l ( ri (ri-k~ ~-) }e (XII)  

The free energy of amalgamation, triM, varies inversely 
with the ionic radii r~. According to Eq. (III)  the real po- 
tential then becomes: 

( z~eo)2 { ~ l (XII I )  
cei= - 8~reor~ " 1 (r, W ~)ej + Z i e ~  

The term in the brackets becomes approximately 1 if 
one inserts reasonable values for 5 and e. (5 is probably in 
the order of ~ ri and e in the order of 10.) With these 
approximations one obtains: 

C 
ai = - - + Z~eo X (XIV) 

ri 

where c is a constant. A plot of the  experimental values of 
the real potentials a l  against 1/rl should therefore be a 
straight line. The intersection of this straight line with the 
ordinate at  1/ri = 0 corresponds to the surface potential X- 

I t  should be pointed out that  an identical type of rela- 
tion between the chemical potential ttl and the ionic radii 
ri could be derived on a quantum-mechanical basis (25, 26) 
which shows that  the simple condenser model gives a rea- 
sonable result. In  the less rigorous treatment given re- 
cently (1) it  was assumed that  the leading term of the 
chemical potentials of the impurity ions is inversely pro- 
portional to the square of the ionic radii. A relation of this 
type can be derived on a theoretical basis using the free 
electron theory and the theorem of Clausius, according to 
which the total  energy of an electron equals the negative 
kinetic energy of the electron. The interaction energy be- 
tween the impurity ions and the Hg is then essentially 
determined by the Fermi-energy of the electrons (25). I t  
should be noted that  under this assumption the ionic radii 
should not be identified with the crystal ionic radii (given 
by Pauling) and that  it  is reasonable to assume them to 
be larger than the crystal ionic radii. This fact was, in- 
deed, confirmed in the cited paper (1). 
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TABLE III .  Data  on real 

Metal I A S 

Li + i --0.942 1.266 
Na+ ! --0.854 0.810 
K+ i --1.040 0.634 
Rb + --1.052 0.579 
Cs + --1.070 0.531 

ootentials o f  i m  rarity ions  in  Hg* 

J 0Hg 

5.363 4.530 
5.120 4.530 
4.318 4.530 
4.159 4.530 
3.870 4.530 

a i  

--3.041 
--2.254 
-- i  .462 
--1.260 
--0.941 

r~[s 

0.68 
0.95 
1.33 
1.48 
1.69 

* Pauling's values for the ion radii ri have been used 
with the exception of Li. For the latter metal the value 
quoted by Pauling (0.60A) is probably too small [see 
Strehlow (4), Latimer (15)]. The free energies of amalgama 
tion A of the alkali metals have been taken from a recent 
polarographic study (27). The free energies of sublimation S 
are taken from "Selected Values of Thermodynamic Prop- 
erties," National Bureau of Standards, Washington, D. C., 
Series 1, Tables 91-1 to 95-1 (1950). The ionization energies 
and the electronic work function 0n~ of Hg correspond to the 
values given in "Handbook of Chemistry and Physics," 
33rd ed., pp. 2125-2126 and p. 2129, Chemical Rubber Pub- 
lishing Co., Cleveland (1951/1952). 

I r I /  

I I r 
0 0.5 I 1.5 

I/r, Oo'~ ' ) 
FIG. :5 

FIG. 3. Real potentials of impurity ions in Hg plotted 
against reciprocal ionic radii. 

Table I I I  shows the data used to calculate the real po- 
tentials ai of alkali ions dissolved in mercury (energy 
terms in ev). 

The free energies of amalgamation A of the alkali metals 
are, of course, dependent on the concentration of the amal- 
gams. The influence of the concentration is, however, 
rather small since a factor of 10 in the concentration 
changes the value of A only in the order of 100 my, which 
is less than the error limits for O t i  . The values of A listed 
in Table I I I  correspond to polarographic concentrations 
(in the order of 10 -3 mole/liter). The values for S given in 
Table I I I  are free energies of sublimation. I t  should be 
noted that in the earlier treatment (1) the heats of sub- 
limation were used (in lack of proper references) which 
caused the real potentialr become too large by an amount 
of 0.3 ev, and the upper limit for the surface potential XHg 
to become too small by the same amount. If the correct 
values for the free energies of sublimation S are inserted 
in the earlier treatment, the value of the surface potential 
becomes identical with the value computed below. This 
fact is particularly interesting and shows that  the de- 
scribed "trace method" seems to be not very sensitive to 
the model used as long as this model is a reasonable ap- 
proximation. I t  must also be mentioned that in the earlier 
paper (1) ai designated the work function of the ions. 
Here it is used for the real potential of the ions (which is 
the negative work function) according to the nomencla- 
ture given by Lange (7 9). 

Fig. 3 shows a plot of the real potentials a~ against 1/r~. 
The slope of the straight line does not correspond exactly 
to the value predicted by Eq. (XIII) ,  but is somewhat 
smaller. An exact agreement cannot be expected. 

The condenser model has merely been used to derive 

the 1/ri relation, which takes in account the Coulambic 

interaction. The value of X can therefore be obtained by 
extrapolation without a theoretical evaluation of the other 

factors in the 1 / r ,  term, if these other factors can be as- 
sumed to be constant for a series of similar ions. This point 
shows the main advantage of the "trace method". The 
chemical potentials (or the slope on the plot #i --> 1/r,) 

need no longer be calculated apriori in detail. I t  is suffi- 

cient to know the type of relation between #i and r l .  

This relation can, indeed, be studied experimentally. 
From the plot of a~ against 1/r~ it is concluded that  the 

surface potential of Hg amounts to 

0 < x ~  < 0.5 v (XV) 

The value of 0.5 v gives the upper limit rather than an 
average for XrIg, because of the fact that the repulsion 
terms of #i have been neglected. 

The positive value of the surface potential indicates 
that the surface dipoles are oriented with their negative 
pole toward the gas phase. This is reasonable since one 
would expect the electrons to overlap into the vacuum 
beyond the positive cores. 

The free energies of amalgamation can now be obtained 
with Eq. (III):  

DiM = a f  -- ZleoxM 

From Eq. (I) and (II) one deduces that the difference 
in Galvani potentials (~i - (bix between two phases I and 
I I  in equilibrium (gq = g,~) is given by Cx - r  = 

Z~eo 
Using the free energies of amalgamation of the ions ob- 

tained in this study and the free energies of hydration of 

TABLE IV. Data  on Galvani  potent ials  of  amalgam electrodes 
and  the N-ca lomel  electrode 

Electrode 

Li (Hg)/Li+... 
Na (Hg)/Na + . 
K (Hg)/K + .... 
Rb (Hg)/Rb + . 
Cs (Hg)/Cs + . 

--4.95 
-3 .95  
--3.21 
--2.95 
--2.65 

#iHg 

-3 .54 
-2 .75  
-1 .96 
--1.76 
-1 .44 

i 
i A~bamalgam 

--1.41 
--1.20 
--1.25 
--1.19 
--1.21 

E 

--2.38 
--2.14 
--2.17 
--2.15 
"2.14 

N-calomel 

0.97 
0.94 
0.92 
0.96 
0.93 

gi s = free energy of hydration according to Latimer of 
the ion i. t ~  = free energy of amalgamation according to 
this work of the ion i. A~,lgam = Galvani electrode potential 
of the amalgam electrode. E = electrode potential of the 
amalgam electrode measured against a N-calomel electrode. 
5~N_~lomel = Galvani electrode potential of the N-calomel 
electrode. 
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the ions given by Latimer, the Galvani potential differ- 
ence ~bH~ -- ~b~ = A~ .. . .  lg~ln of the diluted amalgam elec- 
trodes may be obtained. In  Table IV Galvani potential 
differences are listed together with the experimental elec- 
trode potentials of the amalgam electrodes against a N- 
calomel electrode (27). The difference between these two 
potentials should be constant and should be equal to the 
Galvani potential of a N-calomel electrode. Table IV shows 
that this is indeed the case. The latter fact of course does 
not provide any measure for the degrees of correctness and 
accuracy of the presented method, although it does present 
further evidence that relation (XIV) is adequate. 

Experimental values for the free energies of hydration 
listed in Table IV correspond to equal concentrations of the 
ions in the gas phase and in the liquid phase; ion (gas) = 
ion (aq) = 0.041M, that is with no change in volume 
(14, 15). Values listed for E correspond to somewhat 
smaller concentrations, but the error introduced by this 
fact can again be neglected in view of the approximate 
nature of all the calculations at the present stage of refine- 
ment of the described "trace method". 

Therefore, it can be concluded that the Galvani potential 
of a N-calomel electrode A~N-c~lom~l = ~bHg -- ~b~N_~l ..... 1 
has a value of A~bN-o~l .... 1 --~ 0.94 v, which is again the 
upper limit for the Galvani potential. 

If the surface potential of mercury were zero, a value of 
0.44 v, would be obtained. Therefore, 

0.44 < A~bN-~alom~l < 0.94 v (XVI) 

Latimer, Pitzer, and Slansky (14), neglecting the surface 
potential of Hg, have calculated a value of ASN-r = 
0.495 v. As has been noted (4, 16, 28-31) the surface po- 
tential of Hg must be added to the calculated value of 
0.495 v in order to obtain the correct Galvani potential of 
the N-calomel electrode: 

A4~N-~lom~l = +0.495 V + ~ g  

[see Eq. 5, reference (16).] 
The value of the surface potential of Hg is of particular 

interest in the theory of zero charge electrodes (16). I t  
should also be noted that the outlined theory can be ap- 
plied to an apriori calculation of polarographic half-wave 
potentials of metal ions. 

Finally, it must be stressed that the present treatment 
is only a first approximation, although the principle of the 
"trace method" is quite fundamental and will be applied 
in the future for more rigorous evaluations of the Galvani 
potentials on the basis of more accurate experimental data 
for work functions and real potentials and on the basis of 

more accurate quantum mechanical calculations for the 
interaction energies in condensed phases. 

Manuscript received January 16, 1956. This paper was 
prepared for delivery before the San Francisco Meeting, 
April 29 to May 3, 1956. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JOURNAL. 
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ABSTRACT 

Various aspects of technique in measurements of electrode kinetics under conditions 
where competing reactions due to the presence of trace impurities in the solution are 
important are examined. 

The kinetics of the hydrogen evolution reaction in acid and alkaline solutions on 
several transition metals has been examined with special reference to the low current 
density region. Inferences concerning the rate-determining step in the reactive 2H + + 
2eo -~ H2 are thus drawn. In general, there is a tendency for the metals examined in acid 
solution to have a rate-controlling electrochemical desorption reaction and for those in 
alkaline solution to have a rate-determining discharge step. 

During the past five years, a number of experimental 
and theoretical techniques have been devised whereby the 
attack on the mechanism of electrode reactions need no 
longer be prosecuted by qualitative inference but by the 
evaluation of diagnostic criteria which allow unambiguous 
decisions between mechanisms to be made (1). Two differ- 
ent modifications of these approaches have been made, 
the first depending on d-c measurement of the rate of the 
reaction as a function of the overpotential, and the second 
depending on the evaluation of the impedance of the reac- 
tion as a function of frequency (2). Roughly, these two 
approaches have maximum applicability for slow electrode 
reactions (exchange current density < 10 -3 amp cm -2) and 
fast reaction (exchange current density > 10 -3 amp cm:2), 
respectively. The hydrogen evolution reaction has rela- 
tively low rate constants On all metals. Detailed studies of 
the mechanism of this reaction on several metals have 
been published (1). In  this paper, the determination of the 
most important relevant parameters used for the evalua- 
tion of diagnostic criteria for the hydrogen evolution reac- 
tion have been applied to Cu, Au, Mo, Pd, Rh, and Fe 
cathodes. The necessary details of the technique of measur- 
ing currents at electrodes under ultra-high-purity condi- 
tions for electrode reactions which are easily vitiated by 
the presence of trace impurities are also here published for 
the first time. 

EXPERIMENTAL METHODS 

Electrolytic Cell 

The cell used (Fig. 1) was fundamentally that of Bockris 
and Pentland (3) with the following modifications: (a) 
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provision of a water-cooled, water-sealed tap (Fig. 2); (b) 
provision of a trident shaped graphite anode, for use with 
pre-electrolysis at high current density (Fig. 3). The cath- 
ode compartment of the cell was of As-free glass ("Hysit"). 
Gases entering the cell escaped through water-sealed non- 
return valves; all joints, caps, and valves were sealed with 
equilibrium water to avoid use of tap grease. The cell was 
attached to a paxolin base and positioned inside a poly- 
thene tray to ensure electrical insulation. 

The H reference electrode was constructed by pinch 
sealing Pt to glass, spot welding being avoided in order to 
reduce contamination by foreign metals. After platiniza- 
tion (without use of lead acetate), the electrode was washed 
in equilibrium water, then in conductivity water, and its 
potential checked against that of a calomel electrode. The 
electrode was stored in conductivity water for 30 hr before 
use and checked frequently. When not in use it was kept 
in equilibrium water. The same electrode maintained po- 
tential to 0.2 mv for more than 14 months. 

The cathode compartment contained the electrode-bulb 
breaker F, which entered the cell obliquely through a 
ground glass sleeve which allowed the plunger to be with- 
drawn from the catholyte without exposing the latter to 
the air. The cathode cap (Fig. 4) carried five parallel 
ground glass sleeves, thus enabling the electrodes to be 
rotated and moved vertically without subjecting the solu- 
tion to contact with the air. Each syringe tube carried a 
cup at its upper end for sealing with solvent against at- 
mospheric contamination. 

For alkaline work, concentrated pure N a 0 H  solution 
entered through H and for acid preparation HC1 gas was 
admitted via J. Conductance water distilled in H2 was led 
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through H and pure H2 through the capillary K. Concen- 
tration of the electrolyte was determined by measurement 
of conductance between fixed Pt  electrodes L, the cell con- 
stunt of which had been previously established. The ar- 
rangement of L high in the anode compartment limited the 
time of contact of a solution to the short period of adjust- 
ment of solution concentration. After the solution had at- 
tained concentration and was shared with the cathode 
compartment, its level was below that of L. 

I 

5-2 ~ 

FIG.1. Cell for measurement of hydrogerl evolution under 
pure conditions at low current densities. A = reference 
hydrogen electrode; B = cathode compartment; C = anode 
compartment and solution preparation vessel; D = supple- 
mentary anode; D = trident shaped anode; E = H2 inlet; 
F = plunger for breaking electrode bulbs; G = tap for re- 
moval of washing; H = inlet to anode compartment; J = 
inlet for HC1 gas; K = inlet for H2 gas; L = conductivity 
points for establishing concentration. 

The anode cap (Fig. 1 and 5) consisted of an additional 
central tube sealed at the lower end by a sintered glass 
disc , porosity 3, inside which was a Pt  foil, over which H~ 
(discarded via a water-sealed bubbler at the top of the cap) 
swept to carry off anodically produced gases. During long 
pre-electrolysis, the solution level sometimes fell below the 
Pt, so that a supplementary anode was also employed and 
in work at the highest c.d.'s the trident shaped anode 
(Fig. 3) was utilized. The latter consisted of rods, 6.5 mm 
diameter graphite, 10 cm long, sealed into Hysil tubes 
(Fig. 6). A hole 1 mm diameter and 2 cm long was drilled 
in the top of the  graphite and a side hole for escape of 
liberated C12 was attached below the seal. 

Cathode preparations.--Each metal used was of spectro- 
scopic purity. Each cathode material, except Mo, was at- 
tached to a short length of 28 S.W.G. Pt  wire so that a 
good metal-glass seal could be obtained (Table I). Me- 
chanical attachment was performed by flattening one end 
of the electrode, using cleaned stainless steel pliers, and a 
~ - i n .  hole was drilled. P t  was secured in the hole by pinch- 
ing. This procedure was employed for Cu. For Au and Pd 
cathodes, fusion to Pt  in an oxygen flame was used. Rh 
and Fe were spot welded to Pt. The metal under investiga- 
tion was cut with cleaned Cr plated cutters and handled 
only with Pt  tipped tweezers or filter paper. 

Mo electrodes contained traces of surface oxide and 
carbide, introduced in drawing-down, which were difficult 
to remove except as follows: 30 cm lengths of wire were 
clamped in a bell jar of a high vacuum coating unit. Pres- 
sure was reduced to 10 -5 mm Hg and 28 amp was passed 
through the wire for 10 rain, the temperature being about 
2200~ The wire was cooled and air admitted to raise the 
pressure to 10 -~ mm Hg. Mo was heated to red heat for 

FIG. ?- 

WATER IN ~" 

FIG. 3 

MENTS. 

% 

~ j ~  CARBON / GLASS 
~ " SEAL 

~ESCAPE VENTS FOR OXYGEN 

J l  ~"r GLASS SOCKET 

S PLUNGER SYRIN 
TUBES OF WHICH 
3 SHOWN. 
(OTHER TWO ARE 
DOTTED IN) 

\ FIG, 4 

FIG. 2. Water cooled solvent sealed tap. FIG. 3. Trident shaped 
anode. FIG. 4. Cathode cap. FIG. 5. Anode cap. 
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FxG. 6. Sealing of graphite rods into glass for use as anodes: A, initial position; B, constriction made to hold graphite in 
place, and holder fused on end; C, heating; D, glass pulled rapidly over graphite surface and annealed; E, top portion drawn off 
and vent blown at top near seal. FIG. 7. Preparation of cathode, sealed into bulb containing H~. A, socket attached to tube of 
arsenic-free glass; B, wire of cathode material in position for heating with H2 passing over it and burnt out at end; C, cathode 
sealed into bulb. FIG. 8. Apparatus for preparation of pure HC1 solutions. A = inlet for I-I2; B = sealed trap for escape of gas; 
C = preliminary trap; D = trap in solid CO2 freezing mixture; F = vessel containing recrystallized KC1 onto which drops 
Analar H2SO4. FIG. 9. Preliminary alkaline preparation vessel (for annotation, see text). FZG. 10. Main alkaline purification 
vessel (for annotation, see text). 

2-5 min, until a perceptible oxide film was formed (C and 
CO~. now removed). The pressure was reduced to 10 -6 mm 
Hg, tile wire heated to 2200 ~ and the oxide film removed, 
the surface becoming lustrous and light gray. When cool, 
the wire was removed and treated with H2 (see below). 

Electrode sealing in H~.--As-free glass tubes were cleaned 
for 5 days in strong chromic acid. They were then washed 
in tap water, followed by equilibrium water, and stored 
therein. One such tube was withdrawn using Pt-tipped, 
cleaned tweezers, dried, and attached at one end to a piece 
of Hysil tubing by which it could be manipulated. [The 

rest of the procedure was similar to that of Bockris and 
Conway (4) except in the following way.] A cleaned socket 
was fused to the other end and a constriction made 2.5 cm 
from it. The tubing before the constriction was drawn into 
a thin walled section (c) 5 cm long and 2 mm diameter 
(Fig. 7A). A minute intense oxy-gas flame was used to blow 
a fragile bulb near the constriction, the subsidiary holding 
tube was withdrawn, and simultaneously the end of the 
electrode tube was blown open, its form being as in Fig. 7B. 
(In all glass blowing operations, the pressure is transmitted 
from the mouth through cotton wool pads and silica gel to 
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TABLE I. Dimensions and preparation of metal electrodes 

Diameter 
Metal (cm) 

Cu 0.0914 
Au 0.0914 
Mo 0.100 
Pd 0.100 
Rh 0.150 

and 0.050 
Fe 0.0914 

Approx- 
imate 
length 
(cm) 

1.0 
1.0 
4.5 
1.0 

1.3 
1.0 

Method of attachment to Pt 

MechanicM 
Mechanical and fusion 

Fusion 
Spot welding 

Spot welding 

remove contaminants from the breath.) The electrode tube 
was then plugged to a cone from which issued H2, led from 
a distribution head by means of cleaned glass tubing, con- 
taining only water-sealed joints, and passed through an 
empty trap, a trap at  liquid air temperatures and a T 
piece, its entire limb leading to the atmosphere via a tap 
and bubbler, sealed with equilibrium water. H:  was led 
to the cone by a very short length of polyethylene tubing, 
necessary to give flexibility3 The electrode was inserted 
into the tube and the H2 issuing from the end was ignited, 
whereupon the composite electrode was heated to red heat 
before being tapped forward into the bulb. A seal was 
made over the metal-Pt  junction and continued for 1.5 cm 
along the Pt, the surplus H~ being allowed to escape via 
the T piece bubbler. After allowing the glass-metal seal to 
cool, the bulb was closed and simultaneously drawn away 
from the thin walled section by momentary application of 
an in~ense flame beyond the bulb. The electrode appeared 
as in Fig. 7C. This was then attached to a plunger of the 
ground glass tubes of the cathode cap, and washed with 
equilibrium water. Mo electrodes would not seal to Hysil 
and Chance GSC glass was used. 

This method has the following advantages compared 
with its predecessor (4) : (a) volatile impurities cannot con- 
dense on the bulb walls; (b) an improved seal over a 
considerable length of P t  can be achieved; (c) cooling of 
this seal before sealing bulb caused the H2 pressure inside 
the bulb to remain uniform (otherwise implosion is fre- 
quent). 

Vacuum heating and sealing of electrodes.--This was used 
mainly for Mo cathodes which, in method (a), had to be 
exposed to air between heating in high vacuo and intro- 
ducing into H~-filled bulbs. A 12 cm length of As-fi'ee 
Chance GSC glass tubing, 4 mm ID and 5 mm OD was 
cleaned as for the Hysil glass above. Two thickened con- 
strictions were made, one at the end of the tube, and a 
fragile bulb was blown at  this end. A 5 cm spectroscopi- 
cally pure Mo wire, O.1 em diameter, previously vacuum 
heated in an Edwards unit, was introduced and arranged 
so that  1 cm projected into the bulb without touching the 
sides. The other end of the Mo was attached lightly to the 
glass by heating the second constriction sufficiently just  to 
melt the glass and allow the wire to sink into it. The elec- 
trode tube was then fused horizontally to a Pyrex glass 
pump head, Chance GSC glass forming an intermediate 
seal, and was evacuated to 10 -5 mm (until no discharge 

Caution must be taken in choice of the polyethylene 
tubing. Certain varieties show slight change of "color after 
passage of H~ for many hours and hence must be avoided. 

could be observed), the electrode holder being isolated 
from the pump by a liquid air trap. The electrode tube was 
thereupon surrounded by the coil of a radio frequency elec- 
tronic heater and 2000~ induced in the Mo by 85 amp in 
about 2 sec. The temperature was maintained for 1 rain. 
A seal over the Mo wire was made by heating the constric- 
tion near the bulb with an oxy-gas flame. The Mo-glass 
seal was 2-3 cm long; about 1 em of light gray, lustrous 
Mo projected into the bulb. The electrode tube was with- 
drawn from the GSC/GSD glass joint at  the end remote 
fl'om the bulb and sealed to preserve a high vacuum inside 
the tube. This was then immersed in 1:1 HNOa-H2S04 
mixture for 1 hr and washed with distilled, equilibrium, 
and conductivity water. The closed end away from the 
bulb was opened, and the tube mounted in the cell. Tubes 
were handled only by tweezers or filter paper. 

Materials 

P~trification of hydrogen.--The "oxygen free" H2 in cylin- 
ders contained 0.001% 02,0 .001% CO, and 0.05% hydro- 
carbons. I t  passed through a few inches of polyethylene 
tubing to a two-way T trap through which the whole of 
the purification train could be evacuated, through a trap 
(5) and pressure indicator, Si02 gel, hopealite (removes CO 
in absence of moisture), and soda lime. H~ was then passed 
through palladised asbestos (5 %) at  550 ~ and further tubes 
of Si02 gel to remove water produced in the Pd tube. Four 
glass traps followed, the central two containing activated 
charcoal and the extreme ones empty. The first three traps 
were immersed in liquid N2, the level of which was always 
maintained above that  of the charcoal. The fourth trap 
served to retain water spray which sometimes arises during 
evacuation of the H2 purification train. Traps were flamed 
out and charcoal reactivated after each run and then evacu- 
ated and flushed with H2 for 1 hr before any was allowed 
to enter the cell. 

H2 was also purified by passage through a heated Pd 
tube but  the maximum convenient yield was only 7 l /hr  
and the method was not extensively used. 

Purification of water.--Distilled water from an electric 
still from which all rubber connections had been removed 
was redistilled from alkaline KMnO4 and fractionally con- 
densed in a block tin condenser. About 60% of the distillate 
was used. I ts  specific conductance was 1 X 10 -6 mhos 
cm -t .  This water was transferred by pure H2 pressure to a 
Hysil flask, refluxed in pure H:  for 15 hr, and distilled into 
the cell when it had a conductance of 1 • l0 -7 mhos t in -~. 
The water purification apparatus was periodically cleaned 
with nitric-sulfuric acid, distilled and equilibrium water. 

Preparation of acid solutions.--The apparatus is shown 
in Fig. 8. KC1 of analytical reagent grade was placed in 
reaction vessel F and air swept out by H~ entering at  A 
and escaping by a valve. The vessel was heated at  500 ~ for 
3-4 hr. Capillary active impurities were thus removed. 
H2 was still passed until the salt was cooled, and the H- 
passage allowed to occur through S into the anode com- 
partment through a vigorously cleaned glass bridge. Trap 
D was then cooled to -78~  and H2S04 dropped upon 
the KC1. Trap C caught acid spray (which otherwise 
blocks D). D condenses H2S, etc. 

After use the apparatus was always washed with nitric- 
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sulfuric mixtures for 24 hr, and rinsed many times with 
distilled and equilibrium water, being finally dried in an 
oven at  150~ 

Preparation of pure alkaline solutions.--The method used 
closely resembled that  of Bockris and Potter  (6), but  its 
description has not been published previously. Pickering (7) 
showed tha t  large amounts of solid separates from concen- 
trated NaOH solution in ranges - 2 2  ~ to -2  ~ and 20~ ~ 
The former range was chosen because of lessened at tack on 
the glass. 

The purification cell is shown in Fig. 9 and 10. A con- 
centrated solution of A.R. NaOH pellets in conductance 
water was prepared in the vessel of Fig. 9, and transferred 
to the main vessel. (Both preliminary and main vessel 
were washed several times with conductance water before 
use.) 70 g of NaOH were introduced into the preliminary 
vessel, and first H-O, and then conductance water, were 
introduced from the conductance still while the lower part  
of the vessel was cooled in ice. The vessel was then discon- 
nected from the still, sealed from air, and dissolution in H2 
proceeded. After sweeping out all air from bridges and 
connecting tubes, the solution in the preliminary vessel 
was transferred to the left hand limb of the main vessel 
(Fig. 10) by connecting joint B to joint C of the main 
vessel by  applying pressure at A. Solid impurities were 
trapped by the sintered glass disc S1, porosity 1; after 
transfer of solution, tap  D of the main vessel was closed, 
and I-I~ bubbled through the solution via E and the sin- 
tered glass disc $2, porosity 3. Into the glass iacket sur- 
rounding the left limb (Fig. 10) was now introduced a CO-0 
alcohol mixture. Solid C0-0 is added very gradually, until 
crystallization iust commences. Supernatant liquor is 
drawn off through $2 from the crystals which were left 
dry, by applying a vacuum line at  F. The crystals were 
liquified. The concentrated solution was transferred to 
the right-hand limb via tube G and again recrystallized, 
the left-hand limb meanwhile being washed with con- 
ductance water. After three or four recrystallizations 
in alternate limbs, the remaining highly concentrated 
solution was diluted by distilling in conductance water. 
The solution was shared between the two limbs, and elec- 
trolysis commenced by lowering the cathode (on a syringe 
plunger) into the solution. The current was 5-7 • 10 --0 
amp. Wire, not foil, was used to increase current density 
and thus impurity removal. Pre-electrolysis was continued 
for a minimum of 30 hr and indefinitely during storage of 
the NaOH solution, H~. always being passed through the 
solution. Termination of pro-electrolysis was carried out 
by raising the Pt  cathode by means of its ground glass 
syringe (it is important  to allow cessation of current to be 
brought about by the electrode removal). 

When required, a few milliliters of concentrated purified 
solution were transferred by H-0 pressure to the anode com- 
partment  of the cell of Fig. 1 and diluted to required con- 
centration. Solutions prepared in this way were subject to 
further pre-electrolysis in the cell. 

Suitable g/ass.--The rate of the hydrogen evolution re- 
action is noticeably altered by 10-1~ nmles 1 -I  of As-003 
which diffuses out of glass containing it (8). Pyrex glass 
contained 0.6% AS20~ until recently; at  present it con- 
tains 0.01-0.02%. I t  is important not to let solution come 

into contact with As-containing glass; in particular, elec- 
trode preparation tubes must be As-free. Hysil, containing 
no AS203, was the glass generally used. A number of other 
As-free glasses, particularly that  of Chance GSC, were 
also used. 

Nitric-sulfuric mixtures are to be preferred for clean- 
ing; rinsing with tap water lasted several hours, followed 
by washing with equilibrium and conductance water. (The 
advisability of rinsing with tap water depends on its local 
quality; if sufficiently bad, it  is better to omit entirely and 
use only distilled water.) 

Electrical Apparatus 

This was as previously described. A powerpack giving 
1,500 v was used for pre-electrolysis in dilute solutions. 
All leads were coaxial screened types, the screens being 
earthed. A Doran electrometer tube potentiometer was 
used to measure potentials to 0.5 mv and drew off balance 
currents of less than 10 -11 amp. On Rh, potentials were 
measured to 0.01 mv by means of a Pye d-c potentiometer. 
Numerous continuous recording devices for current and 
potential were also used for preliminary and rough work. 

Preparation of Experiment 

Each piece of apparatus was left overnight in HNO3- 
H~SO4, exposed joints being closed by ground glass caps. 
Washing with various stages of water of increasing purity 
followed, taps and joints were sealed with equilibrium 
water, and the air swept out by pure H2, passing through 
rigorously cleaned glass tubing. The cell was then washed 
further with conductance water and the five electrodes in 
the ground glass syringe units introduced with the cathode 
cap, air expelled from the cell which is again washed with 
conductance water, this now washing also the bulbs of the 
electrodes and the breaker. Washing with further portions 
of hydrogen-saturated conductance water was carried out 
until the conductance water from the washings had a spe- 
cific conductance of less than 5 X 10- 7 mhos crn -1. Fresh 
conductance water was distilled into the anode compart- 
ment and then, for acid solutions, HC1 led in. Allowance 
must be made for diminution in strength of the solution 
during pre-electrolysis. 

After sharing the solution thus prepared with the cath- 
ode compartment, each electrode bulb was lowered into 
the catholyte and tested to insure insulation. The bulb of 
one electrode was then broken and pre-electrolysis com- 
menced under appropriate conditions (see below), H2 bub- 
bling in the catholyte, and with the breaker and all in- 
sulated electrode bulbs immersed in solution, so that, 
impurities upon their outsides might be removed during 
pre-eleetrolysis This was ceased by raising the auxiliary 
cathode clear of the solution while still polarizing. 

Polarization on a first test  electrode was prepared for 
by making electrical connections to this electrode and set- 
ting controls such that  on subsequent breaking of the pro- 
tective glass bulb the current density would be a few 
~amp em ~ .  The electrode was lowered into the solution, 
the bulb broken, and polarization commenced. The current 
density was reduced to zero and it was confirmed that  the 
electrode potential attained the value of a reversible hy- 
drogen electrode. (This at tainment is itself evidence of high 



Vol. 104, No. 3 H Y D R O G E N  E V O L U T I O N  R E A C T I O N  187 

purification.) Hydrogen bubbling was now stopped to de- 
crease diffusion of remaining impurities up to the electrode 
surface. The current density was now gradually increased 
from zero, about 30 current densities being established 
while the overpotential increased from 0 to 30 mv. (On 
Mo and Fe electrodes, some time variation was still ob- 
servable even after pre-electrolysis; the 30 values at low 
current densities were therefore taken very rapidly.) For 
overpotential of greater than 30 my, values were recorded 
at current density intervals of about 0.2 decade. The Tafel 
line was then remeasured in descending and ascending 
order of current densities. 

The used electrode was raised above the solution during 
polarization, electrical connection made to another, this 
one lowered into solution, the bulb broken, and so on. 

Photom@rographs 

Photomicrographs of the electrode surfaces were taken 
through ah optical microscope, having a 16 mm objective, 
with a six times or ten times eye piece. The electrode was 
illuminated by a Pointolite arc lamp. Front, side, and 
oblique illumination was used to highlight the surface 
characteristics. The net magnification upon enlargement 
was about 150. 

Pre-electrolysis Conditions 

Those used for each cathode after preliminary investiga- 
tions of the variations of parameters with degree of pre- 
electrolysis are shown in Table II.  

Miscellaneous 

The most important factor in the technique of obtaining 
results unvitiated by side reactions is certainly pre-elec- 
trolysis. However, pre-electrolytic purification is certainly 
a method for removing trace impurities, i.e., those with 
concentrations of, say, less than 10 -6 moles 1-1 . If the pre- 
liminary purification of reagents, etc., is not thorough, 
pre-electrolysis is ineffective in any practical time. Some 
20% of experiments still fail, even with the use of pre- 
electrolysis, presumably because of undetected contamina- 
tion before the commencement of pre-electrolysis. 

Glass blowing operations on the cell usually necessitate 
a particularly long period of cleaning. There is some evi- 
dence that this difficulty is removed by using pure N2 
pressure. 

Grease traces are difficult to eliminate, even with proce- 
dures described here. They depend greatly on the original 
water supply. They can always be observed on the glass 
wails of the cell by the adherence of drops. Experiments 
in the presence of such adsorbed water drops are generally 
vitiated. ~ 

The extreme sensitivity to trace impurities exhibited by 
the hydrogen evolution reaction at low current densities 
is not likely to be an isolated instance in electrode kinetics. 
A similar sensitivity to impurities (successfully removed by 
pre-electrolysis) has also been established for the oxygen 
evolution reaction, for a number of redox reactions and for 
certain technological deposition reactions. I t  is unlikely 

Traces of fats in conductance water can be eliminated by 
distillation through a column containing glass chips at 
400~176 (9). 

TABLE I]~. Pre~lectrolysis conditions 

Metal 

Cu 

Au 

Mo 

Pd 

Rh 

Fe 

Solution 

0.001N HC1 
0.01N HC1 
0.1N HC1 
0.OlN NaOH 
0.1N NaOH 
0.001N HC1 
0.01N HC1 
0.1N HC1 
0.001N NaOH 
0.01N NaOH 
0.1N NaOH 
0.001N HC1 
0.01N HC1 
0.1N HC1 
0.001N NaOH 
0.01N NaOH 
0. IN NaOH 
0.01N HC1 
0.1N HC1 
0.001N NaOH 
0.01N NaOH 
0.1N NaOH 
0.1N HC1 
0.01N NaOH 
0.001N HC1 
0.01N HC1 
0.01N NaOH 
0.1N NaOH 

Current 
density 

(~amp cm m) 

55O 
330 

900-75,000 
360 
4.50 
600 

5,000 
27,000 
2,400 

12,000 
180,000 

6OO 
8,500 

75,000 
3,000 

30,000 
240,0OO 
35,000 

240,000 
1,200 

21,000 
120,000 
50,000 
6,000 
1,400 

18,000 
15,000 
25,000 

Duration 
(hr) 

36 
17 

43 37 
14 
13 
13 
16 
42 
63 
22 
43 
36 
58 
37 
37 
42 
71 
36 
13 
24 
4O 
38 
34 
2O 
16 
36 
35 
35 

Quantity 
(coulombs) 

24 
8 

60-3,000 
6 
7 

12 
100 

1,400 
124 
550 

7,000 
24 

530 
3,000 

89 
1,800 

14,000 
1,000 
1,600 

63 
800 

4,500 
1,700 

25O 
14 

500 
260 

3,600 

that electrode kinetic measurements carried out without 
attention to the extreme purities needed refer to clean 
electrode surfaces? 

EXPERIMENTAL RESULTS 

Variation of overpotential with time at constant current 
density.--It has been shown that the variation of over- 
potential with time is largely an impurity-dependent phe- 
nomenon and is removed or very greatly reduced by pre- 
electrolytic purification (8). This result was confirmed in 
the present work on all cathode materials except Mo, in 
acid and alkaline solutions, and Fe, in alkaline solutions. 
If the bulb surrounding these electrodes were broken under 
the solution without application of external potential, 
these electrodes woukt indicate the reversible hydrogen 
electrode potential as expected, but upon passage of a con- 
stant current density, an upward drift of overpotential 
occurred for some 10 min before constancy was attained. 
If the ,1 - ic relation at low c.d.'s were plotted using the 
values attained at the end of this variation, anomalous 
values of y were obtained. If the values were those taken 
very soon (3 sec) after the setting up of a certain c.d., 
rational values of ,1 were obtained. 

Gross contamination effects.--In certain cases the seal on 
Mo electrodes cracked and the solution became contami- 
nated. Such contamination was not removed by pre-elec- 
trolysis. All Tafel lines measured in the solution (on 
electrodes the bulbs of which were broken after the 
contamination) showed deviations at low c.d.'s from 
theoretical behaviors expected for one reaction. 

3 The analogy with the situation in the kinetics of reac- 
tions at the solid-gas interface is clear. 
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TABLE III .  Statistically computed values of exchange current density and transfer coe~cient as a function 
of metal and concentration 

Metal 

Cu 

Att 

Mo 

Pd 

Rh 

Fe 

Solution 

0.00iN HCt 
0.01N ttCI 
0. IN HCI 
0.01N NaOH 
0.001N HCI 
0.01N HCI 
0.1N HC1 (1st) 
0.1N HC1 (2nd) 
0.001N NaOH 
0.O1N NaOH 
0.1N NaOH 
0.001N HC1 
0.01N HC1 
0.IN HCI (lst) 
0.1N HC1 (2nd) 
0.001N NaOH 
0.01N NaOH 
0.1N NaOH (lst) 
0.1N NaOH (2nd) 
0.01N HC1 
0.1N HC1 
0.001N NaOH 
0.01N NaOH 
0.1N NaOH 
0.01N HC1 
0.01N NaOH 
0.001N HC1 
0.01N HC1 
0.01N NaOH 
0.1N NaOH 

7 
5 
6 

11 
17 
15 
19 
13 
13 
17 
12 
5 

15 
21 
23 
4 

11 
15 
I0 
19 
15 
5 

23 
4 

3O 
25 
6 
5 
6 

29 

-~ (v) 

0.822 
0.844 
0.778 
0.714 
0.524 
0.558 
0.468 
0.548 
0.548 
0.832 
0.836 
0.577 
0.543 
0.586 
0.671 
0.667 
0.664 
0.641 
0.739 
0.447 
0.321 
0.589 
0.610 
0.637 
0.209 
0.579 
0.787 
0.741 
0. 776 
0.726 

-b (v) 

0.109 
0.116 
0.114 
0.117 
0.072 
0.084 
0.071 
0.097 
0.097 
0.118 
0.119 
0.081 
0.076 
0.080 
O. 104 
0. 092 
0.103 
0.087 
0.116 
O. 107 
O. 099 
0.100 
0.110 
0.125 
0.055 
0.119 
0.127 
0.118 
0.117 
0.120 

--log io 

7.56 
7.25 
6.84 
6.09 
7.32 
6.63 
4.59 
5.64 
5.64 
7.05 
7.04 
7.12 
7.19 
7.30 
6.45 
7.27 
6.42 
7.35 
6.37 
4.18 
3.25 
5.88 
5.56 
5.01 
3.80 
4.85 
6.19 
6.29 
6.62 
6.06 

eonfb 

0.007 
0.010 
0.008 
0.006 
0.005 
0.010 
0.006 
0.010 
0.010 
0.006 
0. 007 
0.016 
0.003 
0.004 
0. 004 
0. 010 
0.010 
0.003 
0.008 
0.006 
0.003 
0.015 
0.004 
0.002 
0.003 
0.003 
0.008 
0.015 
0.007 
O. 002 

conf 
log io 

0.58 
0.29 
0.05 
0.12 
0.20 
0.24 
0.23 
0.23 
0.23 
0.15 
0.24 
0.41 
0.27 
0.21 
0.21 
0.46 
0.52 
0.21 
0.34 
0.45 
0.11 
0.61 
0.48 
0.33 
0.09 
0.21 
0.23 
0.32 
0.47 
0.08 

Range of - l o g  ir 

5.75-4.05 
5.23-3.98 
4.51-3.47 
5.19-3.75 
6.33-4.62 
5.26-3.93 
5.63-4.02 
3.67-2.41 
3.67-2.41 
5.90-4.54 
5.92-3.68 
5.56-4.19 
5.23-3.72 
5.52-3.48 
3.34-1.80 
5.87-4.42 
4.89-3.59 
4,74-3.72 
3.58-2.10 
3.87-3.13 
2.89-1.41 
5.04-3.92 
5.35-3.98 
4.14-3.08 
3.38-3.08 
4.18-3.51 
4.02-3.76 
4.06-3.19 
4.52-3.82 
4.09-2.16 

In acid solutions when high pre-electrolysis currents 
were employed, the original graphite anode, having a 
small area, tended to disintegrate. Subsequent transport 
of carbon to the catholyte turned the solution yellow 
brown. The Tafel line became strikingly anomalous, the b 
value rising to 0.8 v. 

The micrographs 4 were taken under numerous states of 
oxidation and contamination, as well as for the pure sur- 
face before and after a run. Contamination and oxidation 
caused by a few seconds' contact with the atmosphere were 
clearly visible. No alteration of the appearance of the elec- 
trode before and after a run was visible. 

Statistically computed Tafel parameters.--Tafel parame- 
ters from the "first up," "second up," and subsequent lines 
coincided well. Reproducibility between "up" and "down" 
lines was excellent; at  low c.d.'s it declined and the ic - ~? 

( 0 , )  
line was sometimes slightly displaced although ~ ~=0 

from up and down runs retained excellent concordant 
values. In instances of significant discrepancy between up 
and down lines, up lines were preferred, the electrode not 
having attained highly negative potentials, which en- 
courage impurity depositions. 

Tafel lines observed could be divided into three classes: 
(a) those showing the form in the 7/ - i~ relation expected 
if the hydrogen evolution reaction is not interferred with 
by competitive reactions with trace impurities; (b) slightly 
imperfect lines, i.e., form and slope indicate lack of im- 

4 Some 25 photomicrographs ere available (10). 

TABLE IV. Statistically computed values of exchange current 
density and transfer coe~cient summarized 

~or each metal 

Metal Solution 

-I Cu HC1 
NaOH 

Au HCl-lst  
-2nd 

NaOH 
Mo HCldst  

-2nd 
NaOH-lst 

-2nd 
Pd HC1 

NaOH 
Rh HCl 

NaOH 
Fe HC1 

NaOH 

0.113 
0.117 
0. 073 
0.097 
0.120 
0.079 
0.104 
0. 094 
0.116 
0.103 
0.110 
0.055 
0.119 
0.123 
0.119 

7.23 
6.09 
6.83 
5.64 
7.00 
7.24 
6.45 
7.00 
6.37 
3.77 
5.54 
3.80 
4.85 
6.24 
6.16 

0 . i 4  
0.714 
0.496 
0.548 
0.844 
0.569 
0.671 
0.656 
0. 739 
0.389 
0.811 
0.209 
0. 579 
0. 766 
0. 735 

conf~ 

0.033 
0.006 
0.003 
0.010 
0.003 
0.003 
0.004 
0.005 
0.008 
0.004 
0.004 
0.003 
0.003 
0.007 
0.002 

conf 

0.31 
0.12 
0.16 
0.23 
0.03 
0.14 
0.21 
0.26 
0.34 
0.30 
0.35 
0.09 
0.21 
0.15 
0.12 

purity effects except at the lowest current densities where 
slight deviations occurred; (c) lines showing a large scatter 
of points, and distinct deformities from the theoretically 
expected relation, particularly at low current densities. 

Only class (a) results have been considered in the statis- 
tical evaluation for Fe, Cu, Rh, Au, and Pd. For Mo, the 
remaining time variation made it necessary to accept some 
results of class (b). 

The statistical terms used in the next section have their 
usual significance. Values of exchange current densities 
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FIG. 14. The  cur ren t  dens i ty -overpoten t ia l  re la t ion at  
cur ren t  densit ies in the  neighborhood of the  reversible po- 
ten t ia l  on Mo in 0.1N HCI. 
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FIG. 12. Typical Tafe] line on Au in 0.0IN NaOH solu- 
tions. 
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FIG. 13. The  anomalous type of Tafel  line observed on Mo 
in 0.1N HC1. 

were calculated by  the  ex t rapola t ion  of the  l inear  sections 
of Tafel  lines to  zero overpotent ia l .  Stoichiometr ic  n u m -  
bers were calculated f rom 

F 0n 
v=  - 2 i 0  ~-~ ( = ~  

ii, \o%]~-,.o 

The  t e r m  n represents  the  n u m b e r  of Tafel  lines used in 
the  s ta t is t ica l  analysis ;  d represents  the  m e a n  value of a 
in  the  Tafel  equat ion,  and  b the  same for b in  th is  equat ion.  
The  t e r m  i~ represents  the  ne t  ca thodic  cu r ren t  a t  an  elec- 
t rode and  " R a n g e  of 7/ - log ir means  the  range  of values 
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FIG. 15. Effect of carbon con tamina t ion  in the  ea tho ly te  
on the  Tafel lines a t  Pd  electrodes in 0.01N HC1. ( Q 
- -  --- first up;  E) = first down). 
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FIo. 16. The  t ime var ia t ion  of overpoten t ia l  as a funct ion 
of degree of pre-electrolysis on Mo electrodes : (i) = polariza- 
t ion a t  7.10 -* a m p / c m  -2 af ter  pre-electrolysis of 50 h r  a t  
1.10 -a amp/cm-2;  (ii) = polar iza t ion at  1.10 -3 a m p / c m  -2 
af te r  p.e. of 36 h r  a t  1.10 -3 amp/cm-~;  (iii) = polar iza t ion  a t  
9.10 -4 a m p / c m  -~ af te r  p.e. of 20 hr  at  1.10 -3 amp/cm-*;  
(iv) = polar iza t ion  a t  6.10- 4 a m p / c m  -2 af te r  36 hr  p.e. a t  
1.10-~ a m p / c m  -2. 

of log i~ dur ing  which the  ~7 - log i~ re la t ion  was observed 
and  linear. The  t e r m  conf. means  "95 % confidence l imi ts . "  

Concen t r a t i on  effects on the  pa rame te r s  are no t  signifi- 
cant .  I f  values are grouped toge ther  for each metal ,  irre- 
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spective of concentration, and meaned, one obtains Table 
IV ("first" and "second" refer to the appropriate reactions 
of the Tafel line when twin linearity was observed). 

Analogous Tables to I I I  and IV follow for the stoichio- 
metric number. 

The graphical representation of most of the Tafel lines 
indicates expected theoretical behavior. Fig. 11 and 12 
represent typical behaviors, e.g., on Au. Fig. 13 shows the 
anomalous behavior of Me, while Fig. 14 shows that al- 
thoughthe Tafel line is anomalous, the corresponding y - ic 
graph has theoretical shape. Fig. 15 shows the behavior 
of Au electrodes contaminated with carbon. 

The time variation on Me electrodes in alkaline solution 
(cf. "Variation of Overpotential with Time . . . " )  is repre- 
sented in Fig. 16 as a function of pre-electrolysis. The 
result is qualitatively similar to observations of the effect 
of pre-electrolysis on the time variation at Ni cathodes 
in acid solution (8). 

Discussion 

Reproducibility 

The measure of reproducibility of the determination of 
the kinetic parameters used here is the 95% confidence 
limit of the mean value of log io. In Fig. 17, BC is "conf. 
log io," where CD is l~he most probable Tafel line (and its 
extrapolation). AC may then besuggested as a measure of 
the reproducibility in overpotential units, and AC = 

conf. log/o. Hence: 

A--~ = b conf. log io 

and A~ is the meaned probable error of the overpotential 
measurements for 95% confidence limits. Table VII shows 
these values for the present work. 

The over-all mean reproducibility for overpotential ex- 
pressed on this basis is 19 my. More reproducible values on 
solid metals have not been published previously, except 
the values of Bockris and Potter (6) on Ni in acid solutions 
where the reproducibility on the same basis is 15 mv. (On 
Hg electrodes in acid solutions, the reproducibility is about 
5 inv.) 

Ohmic and Concentration Components 

For a cylindrical electrode, the approximate correction 
equations for ohmic overpotential have been discussed 
elsewhere (1); they yield only values of the correct order 

TABLE V. Statistically computed values of the stoichiometric 
number as a function of metal and concentration 

Metal 

Au 

Me 

Pd 

Rh 

Fe 

So lu t ion  

0.001N HC1 8 
0.01N HCI 5 
0.1N tlC1 9 
0.001N NaOH 7 
0.01N NaOH 9 
0.1N NaOH 11 
0.001N HCI 4 
0.01N HC1 7 
0.1N HC1 6 
0.001N NaOH 
0.01N NaOH 
0.1N NaOH 7 
0.01N HC1 13 
0.1N HC1 10 
0.001N NaOH 5 
O.O1N NaOH 10 
0.01N HC1 30 
0.01N NaOH 13 
0.01N NaOH 2 
0.1N NaOH 16 

v 

1.02 
1.07 
0.99 
1.93 
2.10 
0.88 
1.09 
0.95 
0.97 
0.76 
0.86 
1.13 
1.88 
2.12 
1.97 
2.01 
0.96 
1.86 
1.36 
1.01 

conf v 

0.16 
0.35 
0.20 
0.30 
0.14 
0.16 
0.11 
0.18 
0.21 
0.24 
0.18 
0.22 
0.19 
0.20 
0.55 
0.17 
0.06 
0.10 

0.10 

TABLE VI. Statistically computed values of the stoichiometric 
number summarized "or each metal 

Metal n 

Au 

Me 

Pd 

Rh 

Fe 

Solution 

HC1 0.076 
0.001N NaOH 0.118 
0.01N NaOH 
0.1N NaOH 0.123 
HC1 0.078 
NaOH 0.094 
HC1 0.104 
NaOH 0.112 
HCI O. 055 
NaOH 0.119 
NaOH 0.118 

6.85 1.02 0.10 
7.05 2.03 0.14 

6.96 0.88 !0.16 
7.20 0.99 0.09 
7.01 0.95 0.14 
3.72 1.98 0.14 
5.45 1.99 0.17 
3.80 0.96 10.06 
4.85 1.85 !0.10 
6.34 1.05 0.11 

22 
16 

11 
17 
17 
23 
15 
30 
13 
18 

TABLE VII. Mean probable error (95% confidence limits) in 
overpotential for various metals 

Repro- 
ducibility Metal Solution 

Cu HC1 
NaOH 

Au HC1 
NaOH 

Me HC1 
NaOH 

Repro- 
ducibility 

35 mv 
14 
12 
4 

11 
24 

Metal 

Pd 

Rh 

Fe 

Solution 

HC1 
NaOH 
tiC1 
NaOH 
HC1 
NaOH 

31 mv 
38 
5 

25 
18 
14 

/ e 

/ / / /  . /  
/ // 

/ /  /// 

/ /  o 
I I I i/" 

// I i / 
r G 
B G �9 

FI~. 17. Expression of reproducibility in overpotential 
measurements. 

because of various factors not taken into account, e.g., 
bubbles near the electrode surface. 

The equation for *7o can be applied to the present results 
in instances where the Tafel line indicated positive devia- 
tions from linearity at high overpotential, e.g., for Rh 
(Fig. 18). If the deviations are plotted against current 
density, a linear relation should exist if they are due to 
ohmic errors. No linear relation was found. Application of 
an ohmic correction formula to the Rh results, with values 
of 0.1 cm or greater for the distance between the Luggin 
capillary tip and the electrode (the intended value in the 
experiments was always apparently less than this), gave 
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FIG. 18. Positive deviations at high current densities for 
Rh electrodes in 0.01N acid solutions. 
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~IG. 19. Concentration overpotential (calculated for a 
diffusion layer thickness of 0.005 cm and t+ = 0.82) in acid 
solutions of various strengths and in 0.01N NaOH solutions. 

.poorly defined "corrected" Tafel lines with no lineal, por- 
tions. Therefore, no ohmic errors affect the Rh results. 

Similar results were found for Pd, which also indicated 
slight positive deviations at  current densities of 10 -1 amp 
cm -2 in 0.1N HC1. 

The limits of the concentration overpotential can be cal- 
culated from well-known equations (1) in which the only 
adjustable term is the thickness of the diffusion layer. For  
the present conditions, in which stirring is almost entirely 
by means of hydrogen evolved at  the electrodes, the ap- 
propriate value is approximately 0.005 cm. Values are 
shown in Fig. 19. The concentration component in the 
overpotential can therefore be considered negligible for 
0.001N solution of HC1 or NaOH below 10 -3 amp cm-2; 
for 0.01N solution below 10 -2 amp cm -2, and for 0.1N 
solution below 10 -~ amp cm ~ .  The statistical computation 
of Tafel lines were carried out only for current densities 
lower than these limits. 

Variations with Time 

An essential ~mprovement in measurements brought 
about by the technique of pre-electrolytic purification is a 
considerable reduction in the total amount of time varia- 
tion and an elimination of the irregular time variation (see 
Fig. 16) which formerly made comparison of overpotential 
measurements carried out by two different authors of 
little significance. The absence of time variation on Cu, 

Au, Pd, and Rh reported here makes the regular variation 
on Mo and Fe in alkaline solutions of particular interest. 
Possible interpretations would be: (a) presence of impuri- 
ties after pre-electrolysis. If  this were the cause of time 
variation, or of the imperfect Tafel lines on Mo, the drift  
should be augmented by increasing the rate of t ransport  
of impurities to the electrode, i.e., by stirring. This effect 
was absent. Further,  the impurity will only compete with 
the hydrogen evolution reaction if its concentration is suf- 
ficient to give i t  a sufficiently high limiting current den- 
sity. 5 Calculation shows that,  to cause the deviation ob- 
served in the Tafel lines on Mo (Fig. 13), the impurity 
concentration would have to be 10 -~ moles 1-1, which is 
improbably high after the pre-electrolysis detailed in Ta- 
ble I I  [cf. calculations of the rate of "clean up" of a solu- 
tion during pre-electrolysis (1)]. (b) Oxide film dissolution. 
Reduction of an oxide film would cause a decrease of over- 
potential with time at  constant current density (11). In  
the present work, an increase was observed at  low current 
densities. (c) Hydrogen diffusion into the interior. No time 
variations were observed on Pd, where diffusion would be 
greater than on Mo. Change of the Mo wire thickness did 
not alter the observed time variation, as  would be expected 
if diffusion were rate determining. (d) Change of "activ- 
i ty."  Progressive deactivation of the electrode surface may 
be invoked to explain the increase of overpotential with 
time at  a given current density, but  only with great cau- 
tion, because many systems where this explanation has 
been applied have been proved later to exhibit no time 
variation in the absence of impurities. Deactivation would 
lead to a steady increase of overpotential with time and 

L 

probably to a linear relation between y and log time; ~ 
neither of these behaviors were observed on Mo or Fe. 
Therefore, none of these explanations appears applicable 
to the time variations observed on Mo electrodes 

Results of the present work confirm previous work that  
there is no variation of the stoichiometric number with 
time, even on Mo electrodes. 

Rate-Determining First Order Combination of 
Hydrogen Atoms 

The rate-determining combination reaction between two 
hydrogen atoms both adsorbed on a metal surface gives 

RT 
rise to a Tafel line for which b = 2.303 ~ -  = 0.029 at  

25~ The model in which one H atom is adsorbed and the 
other is not has not yet  been formulated [but cf. Bockris 
(12)]. Consider 

V1 
H~O ~ + e~-. ' M H  (I) 

V-z 

Let it  be supposed that  a negligible rate of combination 
occurs between the H on the surface and that  the forma- 
tion of I-I2 is by reaction between one adsorbed H and one 
nonadsorbed H atom, as is the mechanism of formation 

For details of this culculation, see (8). 
6 Cf. Bockris and Huq (9), where such u view has been 

worked out in some detail. 
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of He at a catalytic surface in the gas phase, i . e . ,  

V~ 
MH ~ H(~) + M (II) 

V_~ 

V~ 
MH + H(g). 'H~ (III) 

Then, 

vl = kl e--~ r /2ar (1 - -  klcH)cm (IV) 

where A0 is the Galvani p.d. between metal and solution; 
cH is the concentration of H on the surface, (1 - kYn)  is 
the fraction of the surface free, and cm is the hydrox- 
onium ion concentration in the Helmholtz double layer. 

V_l = k_lC~ e ~ ~ ~/2 R r (V) 

v2 = k2cn (VI) 

v_2 = k _ ~ m ~ ( 1  - k~en) (VII) 

V~ = k 3 C H , g C t t  (VIII) 

from which the Christiansen coefficients (13) follow as 

Wl = klC H" ( I X )  

W--1 = k l k l e - - A O F / ' Z R T C H  �9 - -  k _ l e  Ac~F/2RT ( X )  

w2 = k2 + k - ~ u  (XI) 

w-2 = k_~ (XII) 

w3 = k3cn (XIII)  

where cn is the concentration of adsorbed H and cn.z is 
the nonadsorbed H atom concentration. 

I t  follows that the current density for this path is 

io = 2F I~e-"*~/~Rr c . . ( ~  + k__2klCH,g) -~- ~,e--~'O~/~'~ / 
i 
L ~lcH- + (kl ]c le  - a v / 2 t t r  -- k _ l ) k - 2 _ ]  

/ 

whence, with k3 --~ 0 and at high negative potentials, i.e., 
reaction (III) is rate determining, 

io = 2 r [  7 
L(k  + k_ k'c. + k_ vj (XIV) 

Therefore, if k_2k ~ << (k2 + k_2kacn.g), then, 

= 2Fk~cu = 2 F k 3 , k ~ l c m e  - a o / R v  (XV) 

OF : 

On - 2-303RT (XVI) 
0 log ic F 

Eq. (XVI) is the result formally obtained if one calcu- 
lates the reaction on the basis of a first order hydrogen 
atom combination, and the Tafel line to be expected for 
such a condition has been mentioned by Knorr (14), 
although without formulation. However, it does not seem 
a likely mechanism because (XV) results from the assump- 
tion that the coverage of the surface with adsorbed H is 
small, so that  CH = em Ke -a~vmr.  If this is so, the value 
of cn,g is small and hence it is less probable that the condi- 
tion quoted for the simplification (XIV) - (XV) will 
occur. As the surface becomes saturated, and the condition 

TABLE VIII. Diagnostic criteria and rate in  the hydrogen 
evolution reaction (1) 

0.116 

0.116 

O. 058 
0.058 

0.038 

0.029 

Tafel Stolchio- 
slope metric 

no. 

2 

Consistent 
rate-determining 

step 

H30" + e~  --* MH 
(Followed by com- 
bination) 

H30" + M H  + e0 --* 
H2 

(MH)I(MH)~ 
MH + Hg H2 

H30" + MH + eo --* 
H~ 

M H  + M H  - *  H2 

Remarks 

Implies low cover- 
age of electrode 
with adsorbed H 

Implies that cov- 
erage with ad- 
sorbed H is near 
to complete 

Slow diffusion 
Physically im- 

probable 
Implies low cover- 

age of electrode 
with adsorbed H 

Could show limit- 
ing current at 
sufficiently high 
current density. 

for (XV) becomes no longer true, c~ becomes independent 
of A~b and a limiting current density is set up. 

Deduction of Detailed Mechanism at Various Cathodes 

Summary  of connection between parameters and mech- 
anisms. 7 At the present time, the connections between 
observed diagnostic parameters and the mechanism they 
indicate is as shown in Table VIII .  

Copper (3).--The absence of a stoichiometric number 
value for Cu in acid solution (not determinable owing to 
its dissolution) leaves the distinction between a rate-deter- 
mining proton discharge and electrochemical desorption 
to be made on secondary grounds, i.e., the invariance of 
the capacity with frequency. This indicates a small cover- 
age of the metal surface with H in the steady state and 
hence favors a rate-determining proton discharge mech- 
anism in acid solution. 

For alkaline solutions, the values of v = 2 and b = 0.116 
indicate a rate-determining proton discharge, probably 
from a water molecule. 

Gotd . - - In  acid solutions, the relevant values are b = 
0.076 at low current densities and b = 0.097 at higher 
current densities, while v = 1. Had the lower slope been 
near to 0.058, then, with v = 1 it would have seemed 
probable that under these conditions a rate-determining 
diffusion mechanism was taking place. A value of b = 
0.076 does not refer, however, to any characteristic 
parameter of a given rate-determining step, and the fact 
that the Tafel line remains linear for some two decades of 
current density precludes the possibility of the contribu- 
tion of two mechanisms to the reaction. The slope is in 
fact one between 0.116 and 0.058 which was recently 
shown (15) to follow for an electrode in the vicinity of the 
electrocapitlary maximum if the slope fundamentMly 
associated with the mechanism was 0.116, as is confirmed 
by the fact that the slope becomes 0.097 at potentials 
sufficiently far from the electrocapillary maximum. On 
grounds of the Tafel slope, the mechanism could be the 
discharge of protons or the slow electrochemical desorp- 

7 These mechanisms are not complete, cf., e.g., the de- 
velopment of a new mechanism involving H2 (10). 
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tiou, and these are distinguished by the value of unity 
for the stoichiometric number. Therefore, these results 
indicate a rate-determining electrochemical desorption on 
Au in acid solutions. 

The results for Au in alkaline solutions are b = 0.116 
but  v = 2 for solutions of concentration < 0.1 and 1 at  
0.1N. For the results in the solutions at  lower concentra- 
tions, Table VI I I  indicates that  the rate-determining 
mechanism must be proton discharge. [The parameters 
would also be consistent with the combination of H20 
and Na atoms as the rate-determining reaction but i t  
can be shown that  the rate of deposition of Na on Au in 
alkaline solution is negligibly small (10).] 

I n 0 . 1 N N a O H ,  with b = 0.123, and v = 1, the two 
possibilities are rate-determining proton discharge fi'om 
water molecules, followed by a fast electrochemical desorp- 
tion step, or, proton discharge from water, followed by a 
slow electrochemical desorption. No evidence is available, 
e.g., on coverage of the surface with adsorbed H in the 
steady state, to indicate which of these two mechanisms 
is preferable. I t  may be supposed, however, that  as the 
slow discharge step has been established as slow in the 
more dilute solutions (where the value of v = 2, combined 
with b = 0.116, indicated slow proton discharge, followed 
by rapid atomic combination), it  will remain relatively 
sluggish in 0.1N NaOH. 

Molybdenum.--In acid solutions, the values of b = 0.078 
and v = 1 at  low current densities, together with a higher 
value of b (0.104) at more negative potentials, suggest 
the same type of explanation as for Au in acid solution 
(cf. "Gold").  The mechanism is therefore a rate-deter- 
mining electrochemical desorption mechanism. 

In alkaline solutions, the values are b = 0.094 and 
v = 1 at low current densities with a value of b = 0.116 
at  higher current densities. Two possibilities would be 
consistent with these parameters. Assuming that  the 

0r 
Tafel slope unaffected by the 0 ~  term (where r is the 

potential of the Gouy-Helmholtz layer), which becomes 
important near the electroeapillary maximum (15), is 
0.116, then the rate-determining step may be proton 
discharge from a water molecule, followed by the electro- 
chemical desorption step, or a rate-determining electro- 
chemical reaction. The lat ter  seems probable by analogy 
to the unambiguous result in acid solutions. 

Palladium.--The values of b = 0.103 and v = 2 and 
the mechanism is therefore a rate-determining discharge 
of a proton from a hydroxonium ion, followed by rapid 
combination of H atoms. 

These conclusions for Pd differ from those of Frumkin 
and Aladjalowa (16) and also of Bockris and Azzam (17), 
both of these workers recording a Tafel slope of 0.03 in 
acid solution. These earlier results were obtained under 
sufficiently rigorous conditions of solution preparation, 
but  the method of preparing the electrode involved heating 
in air, while here the electrodes were prepared by the 
method of sealing in hydrogen. There was absence of time 
variation in the present results, whereas the former 
workers found considerable variations with time (in their 
purified solutions) indicating the effect of t t  diffusion 
into the electrode was important.  Owing to the mode of 

electrode preparation used here, H diffusion would doubt- 
less have already occurred into the Pd before electrolysis. 
This would mean that  the d levels of the Pd lattice would 
be already filled with the electrons of diffused H at  the 
commencement of the electrolysis so that  the disappear- 
ance of electrons from the atoms from the discharge step 
into the d holes would be improbable. The discharged H 
would therefore behave like fl'ee H atoms on a holeless 
metal and hence combine rapidly, making the discharge 
step rate-determining. 

I t  may be observed that  on Pt, where the Tafel slope 
in pure solution is 0.03 and the stoichiometric number is 
1 [cf. Pd as measured by Bockris and Azzam (17)], i t  is 
possible to induce a slope about 0.12 (cf. Pd as measured 
by Pentland, Bockris, and Sheldon), by poisoning the 
solution. However, i t  is improbable that  the present 
results on Pd are due to poisoning because of the very high 
degree of pre-electrolytie purification which was carried 
out [considerably higher, for example, than that  used by 
Frumkin and Aladjalowa (16)]. The difference in observed 
slopes provides an example of mechansim change caused 
by change of the electronic character of the electrode by 
the presence of H. 

In alkaline solutions, b = 0.112 and v = 2 indicates 
that  the mechanism is the rate-determining discharge of 
protons from water, followed by the fast atomic combina- 
tion. (As with Au, it  can be shown that  the discharge step 
of Na onto Pd is very slow compared with tha t  of H~O, so 
that  the possibility of a rate-determining reaction between 
H20 and Na, also consistent with the observed parameters, 
is to be rejected.) 

Rhodium.--In an acid solution the parameters of b = 
0.056 and v = 1 would be consistent with a rate-deter- 
mining slow diffusion reaction, or with the first order 
atomic combination. No direct distinction between these 
mechanisms is possible. The parameters could be consistent 
with a rate-determining electrochemical desorption mech- 
anism if the section of slope 0.056 were in the vicinity of 
the electrocapillary maximum potential. However, there 
is no twin linearity with the upper slope of about 0.1 as 
would be expected if this were the mechanism, the behavior 
being similar to that  observed for a P t  electrode prepared 
in air (15). 

In  alkaline solution, b = 0.119 and ~ = 2, indicating 
that  the rate-determining step is the discharge of protons 
from water molecules, followed by the rapid atomic com- 
bination. Na + discharge is too slow to be of consequence, 
as with Au and Mo. 

Iron.--No stoichiometric number for acid solutions is 
available, owing to the dissolution which occurs near to 
the reversible potential. The slope of 0.122 would be 
consistent with a rate-determining electrochemical or 
slow discharge reaction. 

In  alkaline solution, the value of b = 0.118 and ~ = 1 
are consistent with either a rate-determining proton 
discharge reaction from water molecules or a proton 
discharge from water, followed by a rate-determining 
electrochemical desorption reaction. 

There is only qualitative evidence to distinguish the 
two steps here. Fischer and Heiling (18) have shown that  
on Fe, overpotential is easily "transferred" from the 
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"polarization side" to the "diffusion side" of an electrode. 
I t  follows that there is a large concentration of H on the 
polarization side in the steady state and this is in favor 
of a rate-determining electrochemical mechanism, which 
demands a well covered surface, compared with a rate- 
determining slow proton discharge reaction, which requires 
low coverage of the electrode with H atoms in the steady 
state. 
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Kinctics of Silver-Silver Ion Exchange 

CECIL V. KING AND ANN-MARI  SIMONSEN 

Department of Chemistry, New York University, New York, New York 

ABSTRACT 

Silver is known to exchange rapidly with its own ions on initial immersion in solution, 
with much slower exchange continuing through a sluggish layer of adsorbed salt. In the 
present work Ag coupons were immersed repeatedly in radioactive AgNO3 of four con- 
centrations, with hot water washing to remove adsorbed salt between immersions. 
Followed in this way, the exchange was found to be kinetically of first order, with one 
immersion as the time unit. The "rate constant" is nearly independent of concentration, 
and the calculated maximum exchange corresponds to the Ag in 35-50 atomic layers, 
based on measured area. Four-day measurement of the slow exchange which follows 
initial immersion indicated an equilibrium exchange current of about 4 X 10 -9 amp/cm 2 
in 0.5N AgNO3. 

Radioactive tracers make it possible to measure the 
amount of adsorption of metal salts on metal specimens 
of small surface area, and to study the nature, extent, and 
kinetics of metal ion exchange. Such studies give useful 
information concerning the nature of the metal and espe- 
cially of its surface layers, and assist in explaining its 
behavior as an electrode. To study adsorption it is neces- 
sary to use radioactive anions, which cannot exchange 
with the metal. In  the study of exchange, the amount of 
adsorption can be neglected usually since it is compara- 
tively small; however, adsorption does have profound 
influence on the kinetics of exchange, at least in the 
case of Ag. 

The Ag-Ag ion exchange has been studied from several 
viewpoints (1-4). I t  is apparent that three stages need 
to be considered: (a) rapid initial exchange, quickly 
blocked by a slow adsorption-desorption process; (b) 

slow exchange through the adsorbed layer and extending 
through several atomic layers of the metal; and (c) final 
equilibration throughout the metal, negligibly slow at 
room temperature. 

King and Levy (3) studied the effect of repeated brief 
immersion of Ag coupons in AgNOa solutions with Ag n~ 
as tracer, with long washing between immersions to remove 
adsorbed salt. The present experiments are an extension 
of that work, with a study of the effect of washing in hot 
and cold water, of the role of solution concentration on the 
kinetics and amount of exchange, and of other matters of 

interest. 

EXPERIMENTAL 

Inch-square coupons of commercial rolled silver sheet 
were cleaned and treated as described before (3). They 
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TABLE I. Amount of exchange on 30-sec immersions in active 
AgNO, of the concentrations given, followed by 

5-min washing 

No. of [ Equivalents/cm~, X 101~ 
immersions 

0.5N 

2 
4 
6 
8 

10 
12 
14 
16 
18 
2O 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
5O 

123 
167 
225 
287 
335 
367 
4O7 
435 
470 
491 
531 
552 
562 
584 
596 
611 
670 
688 
704 
720 
748 
773 
78O 
781 
782 

*Washed in stirred water at room temperature; all 
others in boiling water. 

were kept in 0.1N inactive AgN03 until needed (at least 
one week). The conversion of counts per minute to equiva- 
lents exchanged was made as before. Immersions were at 
room temperature, 25~176 in 100 ml of solution, and 
numerical values are the averages from two coupons, which 
seldom differed more than 10% except in the first series as 
noted below. The solutions contained enough radioactivity 
to insure at least 100 cpm above background, after one 
immersion. 

Removal of activity by washing.--Coupons were immersed 
in 0.1N active AgN03, blotted dry with tissue, and 
counted; then washed for l-rain periods, or longer, by 
suspending in 400 ml of distilled water at room tempera- 
ture, with a motor stirrer. After a 30-sec immersion, the 
activity remaining after three 1-min washes was not 
reduced by further washing up to 60 min. However, if 
the coupons remained in the active solution 24 hr, washing 
up to a total of 40 min was necessary to reduce activity 
to a minimum. 

Boiling water removed more activity than cold water. 
In  one experiment cold water reduced activity to 465 cpm, 
further washing in hot water decreased it to 425 cpm. The 
drop in activity is not great, but since it is due to removal 
of firmly adsorbed salt it is important in the exchange 
kinetics as shown below. 

Exchange on repeated immersion.--Coupons were given 
30-sec immersions, followed by 5-rain washes in cold or 
hot water, with results as shown in Table I. Since in the 
first runs (0.1N AgN03) it became obvious that hot water 
washing was much more effective in promoting further 
exchange, it was used in further experiments. In  the first 
experiments the coupons were counted after every wash- 

ing; later, to save time, after every second washing. Only 
every second immersion is reported in Table I. 

The series done in 0.1N AgNO~ with cold washing shows 
irregularities near the start and near the end, and the 
two coupons eventually differed in count by 30%. The 
experiments were done over a 3-week period, and the 
coupons acquired a slight visible tarnish. They were now 
cleaned by a 5-min immersion in 0.1M KCN solution, 
which was deaerated (30 min in advance) with N (passed 
over hot Cu and through CrCl.o solution). The activity 
remaining corresponded to the fourth previous immersion. 
On the first new immersion it jumped to the 15th previous 
value, and thereafter for 22 immersions, carried out within 
three days, exchange proceeded at  a "rate" 25% greater 
than in the original series. I t  is concluded that the Ag area 
was probably increased by the cyanide treatment. 

Kinetics of the exchange.--With hot water washing the 
exchange per immersion decreases steadily, and this sug- 
gests an upper limit far short of equilibrium distribution 
of the activity. Plots of the reciprocal of the amount 
exchanged (l/x) vs. the reciprocal of the number of 
immersions ( l /n)  are nearly linear if the first several points 
are disregarded. They all extrapolate at 1/n = 0 to points 
corresponding to end-values near 1000 X 10 -1~ equiv/cm: 
of exchange. With two coupons (25 cm 2) in 100 ml of 
0.025N solution, 0.1% of the active Ag ion would finally 
enter the metal; equilibrium through all the Ag would 
require that 90 % of the activity be found in the metal. 

Data were compared with the first-order rate equation 
in the form 

kn = l n a  - l n ( a - x )  (I) 

With a, the maximum exchange, taken as 1000 X 10 - '~ 
equiv/cm ~, plots of log (a - x) vs. n are nearly straight 
lines. From the slopes the constant k can be determined. 

Since the above extrapolation is somewhat uncertain , 
k was evaluated by the Guggenheim method (5), which 
does not require prior knowledge of a in a first-order 
process. The equation used in the present case is 

kn = constant - In (X~ - X1) (II) 

where X2 and X~ represent exchange values a constant 
number of immersions apart. By plotting log (x~s - x2), 
log (x2s - x4), etc., vs. n (either subscript), straight lines 
are obtained, and k is found from the slopes. From the 
equation 

n i = 0.693/k (III) 

the number of immersions for half-complete exchange is 
determined, and Xi  read from the data of Table I. The 
value of a was actually obtained by starting from the 
second immersion and adding its value to 2 X�89 later. 

TABLE II. "Rate constants" for Ag-Ag ion exchange 

CAgNO, k a, eq/cm 2 X 10 l~ 

0.025 
0.10" 
0.10 
0.25 
0.50 

0.029 
(O.OO7) 
O. 034 
0.032 
0.028 

740 

760 
760 

i010 

*Washed in cold water. 
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Values of a and k determined in this way are given in 
Table II .  More exchange measurements in 0.25N AgNOs 
would have been helpful. The method could not be applied 
to the series with cold washing and k as given is an approxi- 
mation from the first method described above. 

Reversibility of exchange.--After the experiments of 
Table I with 0.025N and 0.25N AgNO~, immersions were 
continued in inactive solutions of the same concentrations, 
with hot water washing as before. Fig. 1 indicates that  
continued treatment would not be effective in removing all 
activity. This is similar to the results found by other 
experimenters (1, 2, 4), who did not, however, wash with 
hot water between immersions. 

Exchange current--To obtain information about the 
exchange current, i0, after adsorption equilibrium has 
been reached, it  is necessary to immerse coupons for longer 
periods of time, and subtract  the immediate exchange 
from the total. The following experiments were carried 
out: (A) two coupons were given four 30-sec immersions 
in 0.5N AgN03, with 5-min hot water washing, all within 
2 hr; (B) two coupons were immersed for 30 sec each day 
for 4 days; (C) two coupons were immersed and removed 
each day for a 1-hr wash in hot water and counting. The 
amount of exchange is given in Table I I I .  

Exposure to laboratory air or simply the 24-hr time 
lapse may be ~sponsible for the greater exchange in (B) 
than in (A), and the same factor may account for some 
of the irregularities in Table I. In  any case, if the values 
of column (A) are subtracted from those of (C), the indi- 
cated exchange current density is about 4 X 10 -~ amp/  

TABLE III .  Exchange under various conditions, 
equiv/cm ~ X 101~ 

Immersion 

56 
80 
97 

120 

63 
100 
133 
150 

69 
165 
212 
236 

cm -~. Actually, the rate of slow activity pickup should be 
extrapolated to zero time to calculate i0 properly. Similar 
values are estimated from previous work (2, 3, 7). 

DISCUSSION 

The ordinarily close agreement, of exchange with two 
coupons treated identically, and the general agreement of 
"rate constants" and maximum exchange values (Table 
II) ,  indicate that  the experimental method used here was 
satisfactory. The lack of detailed reproducibility shows 
that  small, perhaps uncontrollable variations in technique 
may lead to large variations in the results obtained. The 
true surface area is easily changed by slight corrosion or 
etching. Unknown amounts of sulfide were picked up 
from the laboratory air. Adsorbed oxygen may be present 
but  it  is doubtful if any oxide is formed at  room tempera- 
ture; it  has been reported that  no oxide is formed on 
polishing Ag in air (6). 

Gerischer and Tischer (2) found that  the rate of activity 
pickup is essentially the same on single crystals as on 
polycrystalline silver, and tha t  dea~ration of the solutions 
has little effect. 

Tingley, Henderson, and Coffin (4) showed that  l~he 
method of preparing Ag specimens makes a large difference 
in the rate and extent of exchange. Annealed, etched 
samples exchanged to a maximum of about 10 atomic 
layers in 10 hr, while unannealed, polished samples 
exchanged about 100 layers in 40 hr of constant immersion. 
This compares with the authors'  values on commercial 
rolled sheet of 35-50 layers, only 25% of which was 
reached in 4 days of immersion (Table I I I ) .  Tingley, et al., 
also found that  the apparent depth of exchange increa,~ed 
with solution concentration, which agrees with the results 
of Table I I .  

I t  is clear that  the initial exchange is quickly blocked 
by adsorption of the Ag salt, not hampered by slow diffu- 
sion within the metal or by deposition of impurities from 
the solution, since the type of washing is more import 'rot 
than other factors. Both initial adsorption and initial 
exchange rates are no doubt proportional to solution 
concentration; this accounts for an activity pickup :per 
immersion which is not highly dependent on concentration. 

Baerg and Winkler (1) introduced a technique which 
could be used to remove adsorbed salt more quickly and 
certainly than washing alone. After brief immersion s~nd 
rinsing the Ag specimen, they discharged adsorbed Ag 
ions cathodically. On reimmersion the activity pickup was 
similar to that  shown in Table I. Baerg and Winkler 
thought this due entirely to chemisorption, and repeated 
the procedure only 5 times. If continued, results similar 
to those reported here should be obtained, the discharged 
ions adding a small amount to the activity. No surf:~ce 
compounds such as sulfide would accumulate. 

Gerischer postulated that  a concentration gradient of 
radioactive ions is set up at  the Ag surface, in dilute solu- 
tions. Data  of Table I support this view, since there was 
more apparent initial exchange from the more concen- 
t rated solutions. For complete exchange in only one 
atomic layer (20 X 10 -~~ equiv/cm~), the equivalent of all 
the Ag ions in a layer of 0.1N solution 2 • 10 -5 cm thick 
must enter the metal. The concentration of active ions is 
about 10 - n  equiv/cm 3, and they could be replaced by 
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diffusion across a definite layer of the above thickness at a 
rate of about 5 • 10 -12 equiv/cm~/sec. Each immersion 
must result in some surface deficiency of active ions, so 
that  the measured exchange is always less than the true 
exchange. The effect is minimized in more concentrated 
solutions or when the exchange is slow. 

Stirring t~s  little or no effect on the amount of activity 
pickup per immersion (3). This is understandable even 
though diffusion is involved, since even extremely vigorous 
stirring has little effect on liquid less than 10 -4 cm from 
the surface. 

The irreversible part  of the exchange is not due appre- 
ciably to interior diffusion. Extrapolation of self-diffusion 
coefficients in Ag from temperatures at  which they can 
be measured to 25 ~ or even 100~ gives negligible values 
(7), and interior diffusion would be incompatible with 
definite end-values of exchange. The present experiments 
with hot water washing show that  i t  is not merely a ques- 
tion of low rate because of adsorbed salt. Gerischer and 
Tischer report that  the amount of immobilized Ag depends 
on the time and temperature of storage. Tingley, Hender- 
son, and Coffin found similar results; certain samples of 
active Ag which were stored for 220 days did not lose 
activity at all to an inactive solution, although they 
acquired more activity in an ,~ctive solution. 

Gerischer and Tischer showed that  a h'esh Ag surface, 
prepared by cathodic reduction of a layer of AgC1, becomes 
smoother in contact with AgNO~ solution. Different faces 
of Cu single crystals show a difference in potential for a 
long time (8), and less stable faces rearrange to expose 
more stable planes (9). Long pre-equilibration in inactive 
solution should minimize local cell action, but autoradio- 
graphs have shown that  Ag acquires more  activity at  
scratches and edges than elsewhere, even after 5 months 
of pre-equilibration (7). 

Local cell electrolysis no doubt buries some of the 
acquired activity, but  can take place only when the metal 
is immersed. Additional trapping of act ivi ty may be 
explained in the following way: (a) I t  is assumed that  
most of the exchange takes place at  comparatively few 
active centers, which are too close and uniformly spaced 
to be detected by autoradiographs. These centers may be 
due to a high surface concentration of lattice vacancies, 
to surface dislocations, or to imperfections or irregularities 
in the distorted layer of polished or cold-worked surfaces. 
(b) Rapid diffusion can occur around and under these 
centers, perhaps to a few thousand A in depth, depending 
on the surface preparation. (c) In  the course of time most 
or all of these active centers are obliterated, while new 
ones are formed, by vacancy migration, surface diffusion, 
etc. I t  is known that  surface and grain boundary diffusion 
are much faster in Ag than lattice diffusion (10), but  it  is 
not known to what depth the faster diffusion takes place. 

Exchange current.--This term is defined as the rate of 
exchange at  the equilibrium potential, but  values are 
usually estimated from meusurements in which the elec- 
t, rode is not at  equilibrium with the solution, as from the 
relation of double layer capacity to overvoltage, or from 
the constants of the Tafel equation (11). Geriseher and 
Tischer calculated in from the initial Ag-Ag+ exchange 
rates; in one series of experiments they at tempted to 
dissolve Ag anodically at  a rate just sufficient to prevent 

a, ' t ivity pickup. Under these conditions in is about 10 -3 
amp/cm ~. 

Vielstich and Gerischer used a potentiostatic method to 
n:easure i0 for Ag in cyanide and ammonia solutions (12). 
The current a t  constant potential, extrapolated to zero 
time, w a sp lo t t e d  vs. overvoltage in both cathodic and 
anodic directions. From the slope at  equilibrium potential 
(7 = 0) i0 was estimated, the values being near 10 -~ amp/  
cm 2 in both types of solution. Measurements were also 
made without complexing agents but  not published, since 
the authors felt that  metal lattice formation was partially 
rate-controlling, and thus a complicating factor (13). The 
exchange current was estimated as about 2 X 10 -a amp/  
cm 2. 

Exchange current as measured at  an active electrode is 
greatly influenced by inhibitors and even by minute 
traces of firmly adsorbed impurities. In  the present case 
adsorption of the Ag salt evidently reduces i0 to a low 
value, and anything fl'om l0 -3 to 10 -9 amp/era ~ might be 
obtained, depending on how much the experimental 
method disturbs the adsorbed layer. The exchange current 
a t  adsorption equilibrium is evidently large enough to 
allow potential measurements without undue difficulty, 
or perhaps the adsorbed la je r  has always been disturbed 
in making such measurements. As explained by  Akimov 
(14), if i0 is less than 10 -l~ amp/cm ~ the potential becomes 
unstable; even very small forced currents polarize the 
electrode so much that  equilibrium is not restored in a 
reasonable time, and usually other reactions will take over. 
The effects of impurities and competing reactions have 
been summarized and discussed by Bockris (15). 

Manuscript received January 23, 1956. This paper was 
prepared for delivery before the San Francisco Meeting, 
April 29 to May 3, 1956, and is taken from a Master 's Thesis 
submitted by Ann-Marl Simonsen to the Graduate School 
Faculty of New York University. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1957 JOVRNAL. 

REFERENCES 

1. A. BAERO ANn C. A. WINI(LER, Can. J. Chem., 31,319, 
521 (1953). 

2. H. GERISCHER AND W. VIELSTICH, Z. Elektrochem., 56, 
380 (1952); H. GEmscuER AND R. P. TlSCHER, ibid., 
58,819 (1954). 

3. C. V. KING AND B. LEVY, J. Phys. Chem., 59, 910 (1955). 
4. I. I. TINGLEY, I. H. S. HENDERSON, AND C. C. COFFIN, 

Can. J. Chem., 34, 14 (1956). 
5. E. A. GUGGENHEIM, Phil. Mag., (7) 2,538 (1926). 
6. S. DOBINSKI, ibid., 23,397 (1937). 
7. C. V. KING, Ann. N. Y. Acad. Sci., 58,910 (1954). 
8. H. LEIDHEISER AND A. W. GWATHMEY, Trans. Electro- 

chem. Soc., 91, 97 (1947). 
9. W. E. TRAGERT AND W. D. ROBI!iRTSON, This Journal, 

lo9., 86 (1955). 
10. W. C. WINEGARD AND B. CHALMERS, Can. J. Phys., 30, 

422 (1952). 
11. G. KORTE'M AND J. O'M. BOCIKRIS, "Textbook of Electro- 

chemistry", p. 441, Elsevier Publishing Co., Houston 
(1951). 

12. W. VIELSTICn ANn H. GEmSCnEn, Z. Physik. Chem., 
4, 10 (1955). 

13. W. VI~LSTm~, Private communication. 
14. G. W. AKIMOV, Corrosion, 11,477t, 515t (1955); a trans- 

lation prepared by R. B. Mears and J. D. Gut. 
15. J.  O'M. BOCKRIS, "Modern Aspects of Electrochem- 

i s t ry" ,  Chap. IV, Academic Press, Inc., New York 
(1954). 



The Gassing of Dry Cells 
Earl M. Otto and Woodward G. Eicke, Jr. 

National Bureau of Standards, Washington, D. C. 

ABSTRACT 

A sat isfactory method  and sui table  appara tus  for de te rmin ing  the  ra te  of 
gassing of d ry  cells a re  described.  Gassing ra tes  for  undischarged  D-size cells 
were  found to range  be tween  0.02 m l / d a y  as the  min imum at +21°C and 
8 m l / d a y  as the  m a x i m u m  at +55°C. Rates were  independent  of the  age of 
the  cells. In i t ia l  capaci ty  of d ry  cells is not  a funct ion of gassing rate.  Reten-  
t ion of capaci ty  also is n o t ' a  funct ion of gassing rate,  but  is a funct ion of the  
to ta l  vo lume of gas evolved before  cell  discharge.  

A l t h o u g h  c o n s i d e r a b l e  w o r k  has  b e e n  done  to p r e -  
ven t  gas  evo lu t i on  f r o m  the  Lec lanch~  t y p e  of d r y  
cell,  l i t t l e  has  been  p u b l i s h e d  on the  m e a s u r e m e n t  
of the  a c t u a l  r a t e  of gass ing.  H a m e r  and  assoc ia tes  
(1)  i n v e s t i g a t e d  gass ing  at  + 1 3 0 ° F  w h i l e  s t u d y i n g  
p a c k a g i n g  m e t h o d s  for  cel ls  a n d  b a t t e r i e s  for  h igh  
t e m p e r a t u r e  s to rage ,  and  B o y e r  (2)  m e a s u r e d  gas  
evo lu t i on  w h i l e  s t u d y i n g  m e t h o d s  of p r e v e n t i n g  e x -  
p los ions  in  c losed  b a t t e r y  con ta ine r s .  T h e r e  a r e  r e f -  
e rences  (3, 4) to  t he  s t u d y  of gas  e v o l u t i o n  f r o m  Zn 
s t r ips  i m m e r s e d  in  d r y - c e l l  e l ec t ro ly te s ,  b u t  t he  
pas t e  wal l ,  t he  b o b b i n  or  m e t h o d  of cons t ruc t i on  of 
the  d r y  cel l  m i g h t  w e l l  affect  t he  cor ros ion  of Zn in 
d r y  cells.  There fo re ,  i t  was  d e e m e d  a d v i s a b l e  to d e -  
ve lop  an  a c c u r a t e  m e t h o d  for  m e a s u r i n g  the  gass ing  
r a t e  of c o m p l e t e l y  a~sembled  d r y  cells .  

The  c h e m i c a l  r e a c t i o n  w h i c h  is r e s p o n s i b l e  for  the  
p r o d u c t i o n  of u se fu l  c u r r e n t  does  no t  i nc lude  the  
f o r m a t i o n  of gaseous  end  p r o d u c t s  excep t  w h e n  the  
cel l  is on h e a v y  d i s c h a r g e  a n d  a m m o n i a  is p roduced .  
L ikewise ,  t he  c o n s u m p t i o n  of o x y g e n  does no t  e n t e r  
in to  t he  m a i n  cel l  act ion.  The  p r o d u c t i o n  of  H= has  
been  accoun ted  for  b y  a r e a c t i o n  of t he  anodxc m a t e -  
r i a l  r e s u l t i n g  in  t he  s e l f - d i s c h a r g e  of the  d r y  cel l  
(5) 

Zn + 2NH~C1 ~ ZnCI~-2NH8 + H~ 

O x y g e n  m a y  be  c o n s u m e d  in the  r e a c t i o n  (1)  

1/2 O= + Zn + H~O~ Zn(OH)=  

J e n n i n g s  a n d  V o s b u r g h  (6)  h a v e  offered an  e x -  
p l a n a t i o n  of one s e l f - d i s c h a r g e  process  b y  p r o p o s i n g  
the  m e c h a n i s m  of o x y g e n  be  l i b e r a t e d  f r o m  t h e  
MnO~ and  d e p o s i t e d  on C, w i t h  s u b s e q u e n t  d e s o r p -  
t ion of t he  o x y g e n  a n d  r e a c t i o n  w i t h  Zn. 

S ince  d r y - c e l l  r e ac t i ons  i n v o l v i n g  evo lu t i on  of H.~ 
and  the  c o n s u m p t i o n  of a t m o s p h e r i c  o x y g e n  p r o m o t e  
s e l f - d i s c h a r g e  of the  d r y  cel l ,  i t  is a s s u m e d  t h a t  cel ls  
w i t h  less  t e n d e n c y  to evo lve  or  to consume  gas 
shou ld  h a v e  l onge r  she l f  life. Hence ,  t he  gas  s t u d y  
m e t h o d  shou ld  be  a u se fu l  tool  for  e v a l u a t i n g  d r y  
cells.  More  sDecifically,  a c o m p a r i s o n  of gass ing  
ra t e s  of cel ls  of d i f f e ren t  ages  or  s ta tes  of d i s c h a r g e  
m i g h t  a f ford  a n o n d e s t r u c t i v e  w a y  of e v a l u a t i n g  
these  cel ls  a n d  e s t i m a t i n g  the  r e m a i n i n g  l i fe  in  cel ls  
w h i c h  h a v e  b e e n  in s to rage  or  p a r t l y  d i scha rged .  
The  p r e s e n t  i n v e s t i g a t i o n  is d i r e c t e d  t o w a r d  the  
m e a s u r e m e n t  of  gases  evo lved  u n d e r  d i f fe ren t  con-  

d i t ions  and  the  d e t e r m i n a t i o n  of the  compos i t i on  of 
r e p r e s e n t a t i v e  gas  samples .  

Two m e t h o d s  of m e a s u r i n g  the  a m o u n t  of gas 
e vo lve d  b y  the  d r y  cel l  w e r e  cons ide red ,  one i n v o l v -  
ing  a d e t e r m i n a t i o n  of t h e  change  in  p r e s s u r e  of the  
c o n s t a n t  v o l u m e  of t he  a t m o s p h e r e  conf in ing the  
cell ,  a n d  .the o t h e r  i n v o l v i n g  a d e t e r m i n a t i o n  of the  
c h a n g e  in v o l u m e  a t  a c o n s t a n t  p re s su re .  The  l a t t e r  
m e t h o d  w a s  f ina l ly  a d o p t e d  as the  one  h a v i n g  the  
lesser  diff icult ies .  U n d e r  t he  cond i t ions  of t he  e x -  
p e r i m e n t ,  gas  e v o l v e d  in to  a f ixed v o l u m e , - b u t  
m e a s u r e m e n t  was  a c c o m p l i s h e d  b y  r e d u c i n g  the  
p r e s s u r e  to i ts  o r i g i n a l  va lue .  

Exper imental  

A ske t ch  of t he  a p p a r a t u s  is g iven  in  Fig .  1. The  
g a s o m e t e r  consis ts  of fou r  m a i n  p a r t s :  ce l l  con-  
t a i n e r  [5] ,  Hg  r e s e r v o i r  [6] ,  m a n o m e t e r  [4] ,  and  
the  r e f e r e n c e  r e s e r v o i r  [11].  In  o p e r a t i o n  the  r e s e r -  

2 - ~  3 I 

S 
oJ  

Fig. 1. Diagrammatic sketch of gasometer. Principal parts are 
cell container [5] ,  Hg reservoir [6] ,  the manometer [4],  and ref- 
erence reservoir [11 ] .  
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voir  [6] is n e a r l y  filled wi th  Hg and  Hg is in jec ted  
by  hypode rmic  syr inge  in to  the m a n o m e t e r  at  s top-  
cock [2] un t i l  i t  j u s t  touches the  P t - t i p p e d  W lead-  
in  wi re  [3].  The  cell  be ing  s tudied is p laced in  the  
cell cup [5],  which  is he ld  to the  gasometer  p roper  
by  means  of springs.  Al l  g round -g l a s s  jo in t s  are 
l ub r i ca t ed  and  sealed w i th  Apiezon  T grease. W h e n  
an  a tmosphere  o ther  t han  air  is used, a v a c u u m  
p u m p  is a t tached  to posi t ions [2] and  [9] and,  a f ter  
evacuat ion ,  the  des i red gas is admi t ted .  ( In  p re -  
l i m i n a r y  work,  air  wa,; used, bu t  for the  most  pa r t  
an  ine r t  a tmosphere  of N has been  used.)  The gaso-  
me te r  is t h e n  b rough t  to t h e r m a l  e q u i l i b r i u m  at a 
selected t e m p e r a t u r e  irl an  oven. 

In  order  to have  a re fe rence  v o l u m e  of gas at 
k n o w n  pressure ,  stopcock [2] is opened.  If the  Hg 
in  the r igh t  a rm of the m a n o m e t e r  is far  be low the  
P t  tip, gas is a l lowed to escape at [9] u n t i l  the gap 
is less t h a n  1/4 in. If the Hg is a l r eady  touch ing  the  
Pt, more  gas is added at [1] or Hg at  [7]. Af t e r  
t h e r m a l  e q u i l i b r i u m  is re -es tab l i shed ,  Hg is r e m o v e d  
at  [7] u n t i l  e lectr ical  contact  is jus t  es tab l i shed  be -  
tween  the P t  t ip and  the  Hg of the  m a n o m e t e r .  This  
is observed by  means  of a neon  bu lb  in  series wi th  
a source of c u r r e n t  and  the two l e a d - i n  wires.  As 
soon as this ba lance  is es tabl ished,  stopcock [2] is 
closed, t he r eby  t r a p p i n g  a re fe rence  q u a n t i t y  of gas 
at  the cons t an t  t e m p e r a t u r e  of the  oven  and  at  the 
ba rome t r i c  p ressure  p r eva i l i ng  at the  t ime  of the  
closure. The gasometer  is a l lowed to s t and  at the  
cons tan t  t e m p e r a t u r e  u n t i l  the P t  t ip and  Hg are 
separa ted  by  about  1/4 in. Hg is w i t h d r a w n  at [7] 
un t i l  e lectr ical  contact  is r e -es tab l i shed .  In  mos t  
cases this  c o n t a c t - m a k i n g  is sens i t ive  to as l i t t le  
change  in  p ressure  as 0.01 ml  of Hg. F r o m  the 
weight  of Hg w i t h d r a w n  the vo lume  of evolved gas 
is r ead i ly  calculated.  

Runs  were  made  at  +21  ~ , +35  ~ , +45  ~ , a nd  
+ 5 5 ~  because  these t e m p e r a t u r e s  were  used in  
she l f - l i fe  s tudies  of d ry  cells. The  cell cup used at 
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Fig. 2. Evolution of gas from four dry cells stored in an atmos- 
phere of N at +45~  

Table I. Composition of gas at completion of run* 

O x y g e n  N i t r o g e n  
C o m p o n e n t  a t m o s p h e r e  a t m o s p h e r e  

m o l e  % m o l e  % 
H~ 44 45.5 
O.~ 14 0.04 

CO~ 39 12.1 
A 0.17 0.01 
N2 2.0 42 

CO 0.6 0.2 

Net vol. gas 47.9 ml  59.9 ml  
produced �9 

�9 B o t h  r u n s  w e r e  m a d e  a t  + 5 5 ~  fo r  8.9 d a y s  b e f o r e  t h e  gas  s a m -  
p les  w e r e  t a k e n .  A n a l y s i s  by  m a s s  s p e c t r o m e t r y .  

the two lower  t e m p e r a t u r e s  was long enough  to 
accommodate  two cells. 

Results 

Fig. 2 shows typica l  gassing curves.  S t ra igh t  l ines 
are ob ta ined  af ter  the  first day, w h e n  an  i ne r t  gas, 
such as N~, is the s u r r o u n d i n g  a tmosphere .  Wi th  air  
a s t ra ight  l ine  is no t  ob ta ined  in  less t h a n  abou t  15 
days. W h e n  the oxygen  of the air  w i t h i n  the gaso- 
me te r  has been  exhaus ted ,  the vo lume  increases  at  
a cons tan t  rate.  

Ana lys i s  of the res idua l  gases af ter  a r u n  in  
oxygen  a nd  one in  N~ are shown  in  Tab le  I. A p p r o x i -  
m a t e l y  equal  vo lumes  of H~ and  high pe rcen tages  of 
CO~ were  ob ta ined  regardless  of the a tmosphere  
in i t i a l ly  s u r r o u n d i n g  the cells. Based ()n ear l ie r  i n -  
ves t iga t ions  tha t  MnO2 oxidizes corns ta rch  ( 7 )  and  
tha t  d ry  cells evolve CO~ (1) the  fo l lowing ca lcu la -  
t ions were  made  f rom da ta  on the gasometer  which  
in i t i a l ly  con ta ined  pu re  oxygen.  

ml  
Volume of O9 ini t ial ly in gasometer 40 
Volume of gas in gasometer after 8.9 days 87.9 
Oxygen content of final volume 12.3 
Hence oxygen consumed by cell 27.7 
Volume of CO_~ produced by  MnO~ on paste* 12.1 
Volume of CO produced by MnO~ on paste* 0.2 
Volume of CO2 assumed produced by oxygen gas 22.2 
Volume of CO assumed produced by oxygen gas 0.4 
Volume of O, required to produce CO~ and CO 22.4 
Oxygen unaccounted for t  5.3 
* T h i s  f i gu re  is t a k e n  f r o m  r e s u l t s  of  r u n  in  N2 a t m o s p h e r e .  I t  is  

a s s u m e d  t h a t  MnO~ ac t s  t h e  s a m e  i n  Oe a s  in  No. 
T h i s  o x y g e n  p r o b a b l y  m a y  be  a c c o u n t e d  f o r  i n  a c c o r d  w i t h  Ref .  

(1) .  

Fig. 3 shows the gassing ra tes  of four  commerc ia l  
b r a n d s  of d ry  cells at  d i f ferent  t empera tu re s .  These 
show the large t e m p e r a t u r e  effect on gassing ra tes  
of d ry  cells. 

Fig: 4 gives a plot  of p e r f o r m a n c e  on the  BA-30  
test  1 agains t  the ca lcula ted  v o l u m e  of gas evolved 
pr ior  to the  discharge.  (For  conven ience  the  square  
root of the vo lume  was  used as the  abscissa.)  In  each 
case the loss in  pe r f o r ma nc e  is less f.or a g i v e n  vol -  
ume  of gas l ibe ra ted  at h igher  t e m p e r a t u r e s  t h a n  
at lower.  Of course, a m u c h  longer  t ime  is r equ i red  
at low t e m p e r a t u r e s  to evolve  the  same v o l u m e  of 
gas. Also the slopes s teepen,  and  af ter  the cells lose 
a ce r ta in  capacity,  i n d e p e n d e n t  of t e m p e r a t u r e  bu t  

1 T h i s  t es t ,  s p e c i f i c a t i o n  M I L - B - 1 8 ,  cons i s t s  i n  d i s c h a r g i n g  a ce l l  
t h r o u g h  6,67 o h m s  r e s i s t a n c e  4 r a i n / h a l f  h o u r ,  IO h r / d a y ,  5 d a y s /  
w e e k .  R e s u l t s  a r e  g i v e n  as  t h e  n u m b e r  of m i n u t e s  on  d i s c h a r g e  to 
a n  e n d  v o l t a g e  of  0.93 v.  
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d e p e n d e n t  on type ,  d e t e r i o r a t i o n  p rog re s se s  a t  a 
m o r e  r a p i d  ra te .  Hence ,  gas  p r o d u c i n g  r eac t i ons  a r e  
not  so le ly  r e s p o n s i b l e  fo r  l o w e r i n g  the  cel l  capac i ty .  

Cells o~ C~osed Circuit  

Some  of t h e  cel l  cups  w e r e  modi f i ed  so t h a t  l e a d  
w i r e s  cou ld  pass  f r o m  the  cel l  in  t he  g a s o m e t e r  to 
a r e s i s to r  ou t s ide  t h e  cel l  cup.  Thus  i t  was  pos s ib l e  
to d e t e r m i n e  the  gass ing  r a t e  of a cel l  on open  c i r -  
cui t  and  t h e n  d u r i n g  d i s c h a r g e  of t he  cell .  S ince  five 
or  m o r e  d a y s  a r e  r e q u i r e d  to i n s u r e  t h a t  a s t e a d y  
gass ing  r a t e  has  been  o b t a i n e d  and  s ince  a n  i n t e r -  
m i t t e n t  t y p e  of cel l  ac t ion  is no t  des i red ,  an  83 1 / 3 -  
ohm con t inuous  d i s c h a r g e  t es t  was  se lec ted .  (This  

DRY CELLS 201 

is t he  B A - 8  tes t  a d a p t e d  to a s ing le  cel l  bas i s . )  On 
th is  t e s t  two  w e e k s  of  se rv ice  w e r e  expec t ed ,  to t h e  
end  v o l t a g e  of 1.133 v. To secure  a p p r e c i a b l e  gas -  
s ing d u r i n g  th i s  p e r i o d  of d i s c h a r g e  t h e  t e m p e r a t u r e  
was  m a i n t a i n e d  a t  + 5 5 ~  

The  p r e d i s c h a r g e  gass ing  r a t e s  on  the  t h r e e  cel ls  
w e r e  d e t e r m i n e d  in five d a y s  as  d e s c r i b e d  above .  
W i t h o u t  d i s t u r b i n g  t h e  g a s o m e t e r s  or  t he  oven,  t he  
c i rcu i t s  w e r e  c losed  and  t h e  gass ing  r a t e  d e t e r m i n a -  
t ions  con t inued .  W i t h i n  0.3 d a y  the  f irst  m e a s u r e -  
m e n t s  w e r e  made ,  a n d  the  gass ing  r a t e s  w e r e  found  
to be  less t h a n  the  p r e d i s c h a r g e  ra tes ;  t h e y  c on t i n -  
ued  to be  less u n t i l  t he  v o l t a g e  of  t h e  cel l  r e a c h e d  
a b o u t  0.5 v, w h i c h  is c o n s i d e r a b l y  b e l o w  t h e  u s u a l  
end  vo l tage ,  1.133 v, of t he  B A - 8  test .  F r o m  0.5 v to  
a b o u t  0.1 v t he  gass ing  r a t e  e x c e e d e d  t h e  p r e d i s -  
c h a r g e  r a t e  b y  a b o u t  50% (see  Fig .  5) .  B e l o w  0.1 v 
t he  gass ing  r a t e  b e c a m e  m u c h  less  t h a n  the  p r e -  
d i s c h a r g e  ra te ,  and  i t  c o n t i n u e d  at  t h a t  r a t e  (0.4 
m l / d a y )  u n t i l  t he  t es t  was  s t o p p e d  on t h e  173rd d a y  
of d i scha rge .  Fig .  5 p r e s e n t s  g r a p h i c a l l y  t he  r e su l t s  
o b t a i n e d  on one of  t he  t h r e e  cells ,  t he  p r e d i s c h a r g e  
gass ing  r a t e  for  th is  p a r t i c u l a r  cel l  b e i n g  3.5 m l / d a y  
at  55~ w h i c h  is b e l o w  the  a v e r a g e  v a l u e  f o u n d  at  
5 5 ~  

The  c u r v e  for  gass ing  d u r i n g  d i s c h a r g e  s h o w n  in 
Fig.  5 has  t h r e e  d i s t i nc t  p a r t s :  ( a )  t h a t  p r i o r  to  t he  
u s u a l  end  v o l t a g e  a n d  d o w n  to 0.5 v cove r ing  a b o u t  
23 days ,  (b )  t h a t  a t  c losed c i r cu i t  v o l t a g e s  b e t w e e n  
0.5 a n d  0.1 v e x t e n d i n g  for  t he  n e x t  17 days ,  and  
(c)  t h a t  a t  e x t r e m e l y  low vo l t ages  or  b e l o w  0.1 v. 
The  r a t e s  found  in  (a )  a r e  l o w e r  t h a n  p r e d i s c h a r g e  
r a t e s  be c a use  t he  Zn is b e i n g  used  in  e l e c t r o c h e m i c a l  
r a t h e r  t h a n  in  cor ros ion  reac t ions .  The  r a t e s  found  
in (b )  a r e  h i g h e r  t h a n  p r e d i s c h a r g e  r a t e s  p r o b a b l y  
b e c a u s e  t he  p a r t i a l l y  r e d u c e d  MnO~ is b e i n g  p o l a r -  
ized to t he  e x t e n t  t ha t  H~ can  r e a d i l y  be  d i s c h a r g e d  
f rom the  ca thode .  The  r a t e s  f o u n d  in (c)  a r e  less 
t h a n  p r e d i s c h a r g e  r a t e s  p r o b a b l y  be c a use  t he  s u r -  
face  of t he  Zn  is l a r g e l y  cove red  w i t h  cor ros ion  
p roduc t s .  

Due  to t he  long  d u r a t i o n  of th i s  e x p e r i m e n t  and  
the  l i m i t e d  v o l u m e  of t h e  r e s e r v o i r  (6) ,  t he  gas  
e vo lve d  h a d  to b e  r e l e a s e d  t h r e e  t imes  and  the  H g  
r e p l e n i s h e d .  W h i l e  t h e  gas w a s  b e i n g  r e m o v e d  t h e  
t h i r d  t ime ,  a gas  s a m p l e  was  t a k e n  f r o m  each  gas -  
o m e t e r  for  ana lys i s .  T h e  a n a l y s e s  showed  t h e  gas  to 
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cell. Gassing rate is obtained by determining the slope at any de- 
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Table II. Rates of gassing of intimate mixtures of various thickening agents and MnO~ in electrolyte* 

Rate  of g a s s i n g  
T h i c k e n i n g  a g e n t  

T e m p e r -  K i n d  of  A v g  ove r  L e n g t h  of 
a t u r e  K i n d  W t  MnO2 I n i t i a l  pe r iod  p e r i o d  

C g m l / d a y  m l / d a y  days  

+45 Wheat flour 1 African 2.68 2.30 13 
+45 Cornstarch 2 African 3.97 3.54 13 
+45 Wheat flour 1 African 3.97 3.12 13 

Cornstarch 2 
+45 Vulca-60 2 African 2.31 1.82 8 
+45 Potato starch 2 African 3.46 2.00 17 
+45 Locust bean gum 2 African 4.45 2.91 8 
+55 Wheat  flour 1 African 4.17 3.34 20 
+55 Cornstarch 2 African 4.76 3.57 20 
+55 Vulca-60 2 African 5.3 3.28 20 
+55 Locust bean gum 2 African 7.7 3.34 20 
+55 Wheat flour 1 African 6.9 5.3 11 

Cornstarch 2 
+45 Wheat  flour 1 Electrolytic 34.4t 28.6t 2 
+45 Cornstarch 2 Electrolytic 45.8t 41.8t 2 
+45 Wheat  flour 1 

Cornstarch 2 Electrolytic 39.8t 34.3t 2 
+45 Cornstarch 1 Electrolytic 83 52 1.2 
+45 Cornstarch 2 Electrolytic 130 91 0.8 
+45 Cornstarch 4 Electrolytic 153 132 0.4 
+45 Methocel 2 Electrolytic - -  0.61 38 
+45 Amylose 2 Electrolytic 97 - -  0.3 
+45 Amylopect in  2 Electrolytic 83 - -  0.3 
+55 Separator p~per 0.48 Electrolytic 0.71 0.51 30 

(Coated) 

* See fOOtnote to  Tab le  I I I  fo r  c o m p o s i t i o n  of e lec t ro ly te .  The  w e i g h t  of MnO2 used  each  t i m e  was  32 g. 
t These  v a l u e s  are  on ly  r e l a t i v e  s ince the  r a t e  was  so h i g h  a n d  a s s e m b l e d  g a s o m e t e r s  had  been  s to red  o v e r  n igh t .  

be abou t  90% Ha and  the  ba lance  N2 wi th  its n o r m a l  
t race of A. Thus  i t  seems tha t  CO and  CO2, if p ro -  
duced at  a l l  d u r i n g  di.,;charge, were  evolved  on ly  in 
the  ea r ly  stage and  t h e n  comple te ly  flushed out. 
F u r t h e r  e x p e r i m e n t a l  w o r k  wou ld  be r equ i r ed  to 
f u rn i sh  evidence  as to w h e t h e r  or no t  oxides of car -  
bon  are  fo rmed  d u r i n g  d ischarge  of a cell. 

Cell Components 

Gass ing  s tudies  conduc ted  on d ry -ce l l  componen ts  
( exc lud ing  Zn )  y ie lded  in t e re s t ing  resul ts .  Var ious  
t h i cken ing  agents  i n t i m a t e l y  mixed  wi th  MnO2 a nd  
e lec t ro ly te  were  ge la t in ized  in  the  cup of the  gas-  
omete r  and  gassing ra tes  d e t e r m i n e d  at  +5 5  ~ and  
+ 4 5 ~  The  da ta  are shown in  Tab le  II. One  s a m -  
ple of gas was ana lyzed ,  the gas h a v i n g  resu l t ed  f rom 
the d iges t ion at + 4 5 ~  of a m i x t u r e  of n a t u r a l  
Af r i c an  MnO~, o r d i n a r y  corns ta rch  and  electroly.tic 
so lu t ion  in  an  a tmosphe re  of N~. Af te r  34 days,  d u r -  
ing which  t ime the  e q u i v a l e n t  of 65 ml  of gas at  
s t a n d a r d  condi t ions  was  produced,  a sample  of gas 
was  taken .  The m o l e - p e r c e n t a g e  composi t ion  was  
1.2% H~, 3.0% CO, 48.3% N2, 0.03% 02, 0.04% A, 
and  47.4% CO2. 

Locust  b e a n  gum appeared  to be the  most  react ive.  
Vulca  60 (a Na t iona l  S ta rch  Co. p roduc t )  was  the  
leas t  act ive of the  g ra in  products  at  W45~ b u t  at  
+55  ~ its in i t i a l  gassing ra te  was  in  an  i n t e r m e d i a t e  
posit ion. The  gassing ra tes  of whea t  f lour -corn  
s ta rch  m i x t u r e s  do not  equa l  the  sums of those of 
the  separa te  components ,  bu t  come n e a r e r  to the i r  
averages.  It  is qu i te  l ike ly  tha t  the  MnO~ is the 
l imi t ing  factor.  I t  was  observed  tha t  inc reas ing  the  
q u a n t i t y  of corn s ta rch  f rom 1 to 2 and  4 g caused 

an  increase  in  the gass ing  rate,  bu t  no t  in  p ropor t ion  
to the q u a n t i t y  of starch.  Amylose  wou ld  seem to 
be more  act ive  t h a n  amylopec t in ,  b u t  the  difference 
is small .  Hence,  l i t t le  would  be ga ined  by  separa t ing  
corns ta rch  in to  its two components .  The  rat io of 
gassing rates  ob ta ined  on corns ta rch  w i th  n a t u r a l  
A f r i c a n  and  e lect rolyt ic  m a n g a n e s e  dioxides  is abou t  
1-25. At  § 1 7 6  and  lower  this would  no t  be of 
m u c h  consequence,  bu t  it is ev iden t  tha t  cells p ro -  
duced for s torage and  use at  h igh t e m p e r a t u r e  
should  not  con ta in  s ta rch  and  such an  ac t ive  MnO~. 

Methocel lulose  and  b a t t e r y  paper  are i nc luded  in  
Tab le  II  because  they  m a y  be used as separa tor  m a -  
terials.  The gassing ra tes  a re  about  equal ,  and  less 
t h a n  1% of the  ra tes  for s tarch.  In  bo th  of these  
ma te r i a l s  g lucopyranose  un i t s  are jo ined  by  be t a -  
glucosidic l inkages .  Starches,  however ,  have  a l p h a  
glucosidic l inkages .  Since m e t h y l  subs t i tu t ions  in 
cel lulose and  s ta rch  have  l i t t le  effect, if any,  on  the  
gassing rates,  it  wou ld  appear  tha t  the  two l inkages  
m u s t  account  for the  difference in  pe r fo rmance .  

Data  ob ta ined  on the  use of bobb ins  of depolar izer  
imbedded  in  pas te  are  g iven  in  Tab le  IIL Tab le  IV 
presen ts  data  on m i x t u r e s  which  have  been  assumed 
to be inact ive.  I t  was expec ted  tha t  some would  
serve as b l a n k s  in  gassing ra te  de te rmina t ions .  It  is 
n o t e w o r t h y  tha t  oxygen  gas did no t  oxidize flour or 
s ta rch  w h e n  wet  w i th  NH4C1 and  ZnCI~ solut ion,  and  
m a i n t a i n e d  at  +55~  N a t u r a l  Af r i can  MnO~ a p p a r -  
e n t l y  oxidized ace ty lene  black,  bu t  at a low rate.  
This  ra te  of 0.43 m l / d a y  was  s teady over  a per iod  
of 24 days, d u r i n g  which  t ime  ten  ga s s ing - r a t e  de-  
t e r m i n a t i o n s  were  made.  (The  r e su l t ing  gas was  
no t  analyzed,  bu t  it  was a s sumed  to be CO~.) 
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Table III. Rates of gassing of D-size bobbins imbedded in paste* 

Rate  of g a s s i n g  
T h i c k e n i n g  a g e n t  

K i n d  of A v g  o v e r  L e n g t h  of 
T e m p  K i n d  W t  MnOe I n i t i a l  pe r iod  p e r i o d  

~ C g m l / d a y  m l / d a y  days  
+45 Wheat flour 1 

Cornstarch 2 African 1.6 1.6 3.5 
+45 Wheat  flour 1 

Cornstarch 2 Electrolytic 9.3 10.2 4.8 
+55 Wheat  flour 1 

Cornstarch 2 Electrolytic 42 33 3.7 

* T he  w e t  m i x  for  the  b o b b i n s  was  m a d e  b y  a d d i n g  suff ic ient  e l e c t r o l y t e  to a m i x t u r e  of 78.1% A f r i c a n  MnO2, 9.8% a c e t y l e n e  b lack ,  
a n d  21.1% NH4C1. The  e l ec t ro ly t e  was  composed  of 24.4% NH4C1, 14.6% ZnCI.~, a n d  61.0% H~O. The  c o m p o s i t i o n  of the  pas te  w a s  22.7% 
NHC12, 6.1% ZnCle,  7.2% w h e a t  flour,  14.4% corns ta rch ,  a n d  49.6% HeO. 

Table IV. Rates of gassing of supposedly inert mixtures of dry cell 
components 

T e m p  A t m o s -  R a t e  of 
p h e r e  C o m p o n e n t s  o f  m i x t u r e *  g a s s i n g  

~ m l / d a y  

+55 N.~ African MnO2, electrolyte 0.00 
+55 N~ Acetylene black, water  0.00 
+55 N~ African MnO2, acetylene black, water  0.43 
+55 O~ Wheat flour, cornstarch, electrolyte 0.00 

* The  q u a n t i t y  of  lYInO2 wa s  32 g a n d  t h a t  of a c e t y l e n e  b l a c k  was  
3.9 g. The  compos i t i on  of the  e l ec t ro ly t e  is g i v e n  as a foo tno t e  to  
Tab le  III .  

Conclusions 

A precise me thod  has been  developed for de te r -  
m i n i n g  the  ra te  of gass ing of d ry  cells. Rates  of gas-  
s ing are g rea t ly  affected by  t empe ra tu r e ,  app rox i -  
m a t e l y  logar i thmica l ly .  The in i t i a l  ra tes  of gassing 
in  D-size cells are  abou t  0.1, 0.6, 2.0, and  6.0 m l / d a y  
for +21  ~ +35  ~ +45  ~ and  + 5 5 ~  respect ively.  

No cor re la t ion  exists b e t w e e n  the  ra te  of gass ing 
and  the  in i t i a l  capaci ty  on a BA-30 test. I t  can be 
concluded that ,  p r ior  to d ischarge  on the  BA-30  
test, evo lu t ion  of a ce r t a in  v o l u m e  of gas d u r i n g  
storage of a cell at  a h igh t e m p e r a t u r e  is less de t r i -  
m e n t a l  t h a n  at a low t empera tu r e .  However ,  the  
t ime  r equ i r ed  to produce  a g iven  v o l u m e  at  h igher  
t e m p e r a t u r e s  is far  less t h a n  at lower  t empera tu re s .  
For  each t e m p e r a t u r e  and  each type  of d ry  cell it is 
ind ica ted  tha t  there  is a cr i t ical  v o l u m e  of gas a cell 
m a y  evolve  before there  is subs t an t i a l  l o s sdn  capa-  
city. Once the cr i t ical  vo lume  has been  evolved  the  
cell de te r iora tes  more  rapidly .  Cells which  have  
lowest  gassing ra tes  appea r  to have  best  capaci ty  
af ter  s torage at  h igh t empera tu re s .  I t  appears  that ,  
for each b r a n d  of a g iven  cell  type,  a r e l a t ion  exists  
b e t w e e n  the  v o l u m e  of gas evolved  d u r i n g  s torage 
at  a g iven  t e m p e r a t u r e  and  the  loss in  capacity.  

In  the  ea r ly  stage of the  d ischarge  of a cell gassing 
con t inues  a t  a reduced  rate.  The ra te  is not  cons tant ,  
bu t  shows t r ends  s imi la r  to tha t  shown by  the  de-  

crease in  c losed-c i rcui t  vol tage.  Gass ing  con t inues  
long af ter  the  cell has no use fu l  life. 

Gass ing  s tudies  conducted  w i th  d ry  cell com-  
ponen t s  have  shown  tha t  cerea l  p roducts  a re  defi- 
n i t e ly  oxidized by  MnO~, e lect rolyt ic  MnO~ be ing  a 
m u c h  s t ronger  oxidiz ing agen t  t h a n  n a t u r a l  Af r i can  
MnO~. Cel lulose products  such as paper  and  Methocel  
are r e l a t ive ly  inac t ive  to MnO~. 
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ABSTRACT 

Oxides were  p roduced  f rom lead  conta ining var ious  added  metals .  The 
concentrat ions  more  than  covered the range  of impur i t ies  o rd ina r i ly  presen t  
in p r i m a r y  lead used in manufac tu r ing  ba t t e ry  oxides. The influence of these 
metals ,  both  s ingly  and  combined,  on ba t t e ry  pe r fo rmance  has been studied. 
Ba t t e ry  capaci ty  and l ife a re  unaffected by  any of the added  metals .  Shelf  l ife 
is unaffected by  Bi, Ag, and Cu and is shor tened by  Ni, Sb, and Te. Wi th  the  
except ion of Bi, each of these e lements  depressed the ini t ia l  end-of-charge  
voltage,  Te be ing  pa r t i cu l a r ly  effective. The effect on end-of-charge  vol tage  is 
more  than  addi t ive  when severa l  added  meta ls  are  present .  

D a t a  on the  effects of i m p u r i t i e s  on s t o r age  b a t t e r y  
p e r f o r m a n c e  a re  l imi ted .  G i l l e t t e  (1)  has  s t u d i e d  the  
effects of a n u m b e r  of  e l e m e n t s  w h i l e  V ina l  (2)  has  
c a r r i e d  out  tes ts  u n d e r  r a t h e r  spec ia l  condi t ions .  
W i l l i h n g a n z  (3)  r e c e n t l y  e v a l u a t e d  t h e  effects  of  Fe.  

In  a l l  of  these  s tud ies  t he  i m p u r i t y  was  a d d e d  to 
t he  e l ec t ro ly t e .  Sb  w h i c h  is p r e s e n t  in g r id  m e t a l  is 
a n o d i c a l l y  co r roded  and  depos i t s  on the  n e g a t i v e  
ac t ive  m a t e r i a l .  In  the  l a t t e r  s ta te ,  i t  m a y  b e  con-  
s i de r ed  as an  i m p u r i t y  a n d  i ts  effects a r e  w e l l  u n d e r -  
s tood.  Zach l i n  (4)  a long  w i t h  o the r s  has  s h o w n  t h e  
p a r t  p l a y e d  b y  the  c o n c e n t r a t i o n  of Sb  in  t h e  g r id  
m e t a l  on t h e  s e l f - d i s c h a r g e  ra te .  

No d a t a  a r e  a v a i l a b l e  s h o w i n g  t h e  effects of  i m -  
p u r i t i e s  w h e n  p r e s e n t  in  t he  P b  f r o m  w h i c h  t h e  
ox ides  a r e  made .  Such  i n f o r m a t i o n  is r e q u i r e d  for  a 
b e t t e r  u n d e r s t a n d i n g  of the  l e a d - a c i d  b a t t e r y  and  
this  is the  r ea son  for  t he  p r e s e n t  i nves t iga t ion .  

Experimental 

This s t u d y  w a s  conf ined  to t he  m o r e  c o m m o n  e l e -  
m e n t s  a s soc ia t ed  w i t h  Pb,  viz., Bi, Ag,  Cu, Ni, Sb, 
and  Te. I m p u r i t i e s  w e r e  i n t r o d u c e d  in  c o n c e n t r a t i o n  
r anges  w h i c h  w o u l d  m o r e  t h a n  cover  t h e  p e r c e n t a g e s  
u s u a l l y  f o u n d  in P b  used  for  s t o r age  b a t t e r y  oxides .  
W i t h  t h e  e x c e p t i o n  of  Te, a l loys  w e r e  m a d e  b y  a d d -  
ing  the  p r o p e r  a m o u n t  of each  e l e m e n t  to U.S.S. e l ec -  
t r o l y t i c  Pb.  Meta l s  w e r e  a d d e d  s ing ly  or  in c o m -  
b i n a t i o n  w i t h  o the r s  as r e q u i r e d .  The  a l loys  w e r e  
then  c o n v e r t e d  to h igh  m e t a l l i c  l i t h a r g e s  in  a s m a l l  
size B a r t o n  pot.  Each  ox ide  was  a n a l y z e d  s p e c t r o -  
g r a p h i c a l l y  for  the  a d d e d  e l emen t s .  Resu l t s  w e r e  
close to t h e  a n t i c i p a t e d  concen t ra t ions .  

T h e  ox ides  con ta in ing  Te as a s ingle  a d d e d  i m -  
p u r i t y  w e r e  p r e p a r e d  b y  b l e n d i n g  TeO~ w i t h  p u r e  
ox ide  m a d e  f r o m  t h e  e l e c t r o l y t i c  me ta l .  O x i d e s  w e r e  
also p r e p a r e d  f r o m  a l loys  cons i s t ing  of c o r r o d i n g  
P b  and  a d d e d  Te. Because  of t he  m o d e  of p r e p a r a -  
t ion,  t he  r e su l t s  o b t a i n e d  w i t h  t h e  T e - b e a r i n g  ox ides  
a r e  no t  s t r i c t l y  c o m p a r a b l e  w i t h  r e s u l t s  c o r r e s p o n d -  
ing  to t he  o the r  oxides .  H o w e v e r ,  th is  does  no t  
o b v i a t e  t he  v a l i d i t y  of t he  conclus ions .  Te has  been  
i n v e s t i g a t e d  b e c a u s e  of i ts  p r e s e n c e  in co r ros ion-  
r e s i s t a n t  g r id  me ta l .  

Ox ides  w e r e  p roces sed  in to  b a t t e r i e s  of  t h e  s t a n d -  
a r d  he igh t ,  100 amp-h~ ,  15 p la t e ,  6 v a u t o m o b i l e  

TABLE I. Composition of grid and post alloys 

M e t a l  P e r  c e n t  
G r i d  P o s t  

S b  8.4 4.4 
Cu 0.028 0.05 
As 0.023 0.017 
Sn 0.38 0.33 
Ag 0.0034 0.0033 
Bi 0.017 0.017 
Fe  <0.001 - -  
Ni <0.001 <0.001 
Cd <0.0005 <0.001 
Zn <0.001 - -  

type .  Bo th  t h e  pos i t i ve  a n d  n e g a t i v e  p l a t e s  in  a n y  
one  b a t t e r y  w e r e  m a d e  f r o m  the  s a m e  o x i d e  sample .  
The  n e g a t i v e  p l a t e s  c o n t a i n e d  c a r b o n  b lack ,  b l anc  
fixe, and  a l igneous  m a t e r i a l  as is c u s t o m a r y .  

A l l  g r ids  w e r e  cas t  f r o m  one lot  of 8% a n t i m o n i a l  
lead .  The  pos t  s t r aps  ~vere cas t  f r om a s ing le  lo t  of 
4 % a n t i m o n i a l  lead .  The  c o m p o s i t i o n  of  these  a l loys  
is s h o w n  in T a b l e  I. A n a l y s e s  w e r e  m a d e  s p e c t r o -  
g r a p h i c a l l y .  C e d a r  s e p a r a t o r s  w e r e  used  t h r o u g h o u t  
and  these  w e r e  sc reened  and  shuffled. 

T h r e e  b a t t e r i e s  w e r e  m a d e  f r o m  each  s a m p l e  of  
ox ide .  Th is  e n t a i l e d  a t o t a l  of  12 b a t t e r i e s  for  each  
e l e m e n t  s t u d i e d  s ince  four  concen t r a t i ons  w e r e  m a d e  
for  each  a d d e d  me ta l .  A l l  12 b a t t e r i e s  w e r e  p r e p a r e d  
a n d  t e s t ed  in  se r ies  and  a t  t h e  s a m e  t ime .  

F o r m a t i o n s  w e r e  c a r r i e d  ou t  b y  t h e  g r o u p  con-  
t a i n e r  m e t h o d  us ing  H2SO, of  1.100 specific g r a v i t y  
as the  e l ec t ro ly te ,  a r a t e  of  12.5 a m p  a n d  an  i n p u t  of  
290 a m p - h r .  The  c ond i t i on ing  c h a r g e  i n p u t  was  
a b o u t  100 a m p - h r .  F i n a l  e l e c t r o l y t e  specific g r a v i t i e s  
w e r e  a p p r o x i m a t e l y  1.280. 

E l e m e n t s  w e r e  e x a m i n e d  a t  t he  end  of  t h e  f o r m i n g  
pe r iod .  S ince  a l l  of t h e  p l a t e s  w e r e  s u b s t a n t i a l l y  
c l e a r e d  of v i s ib l e  l e a d  su l fa te ,  i t  was  conc luded  t h a t  
ove r  the  c o n c e n t r a t i o n  r a n g e s  s t ud i e d  none  of t he  
a d d e d  i m p u r i t i e s  h a d  a n y  a p p r e c i a b l e  r e t a r d i n g  a c -  
t ion  on fo rma t ion .  W i t h  r e g a r d  to t he  c o p p e r  ser ies ,  
w h e n  concen t r a t i ons  of 0.01 and  0.06% w e r e  used  
a depos i t  of  th i s  m e t a l  was  d i s t i n c t l y  vis ib3e on bo th  
the  n e g a t i v e  p l a t e s  and  pos t  s t raps .  W h e n  ox ides  
c on t a in ing  0.005% Cu w e r e  used,  t he  depos i t  was  
b a r e l y  v i s ib le .  
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Cell vol tages and  nega t ive  p la te  to c a d m i u m  vo l t -  
ages were  d e t e r m i n e d  at  the  10 amp ra te  jus t  p r ior  
to t e r m i n a t i o n  of the cond i t ion ing  charge.  S ince  cell 
vo l tage  va r i a t i ons  are  en t i r e ly  a t t r i b u t a b l e  to v a r i -  
a t ions in  the nega t ive  p la te  voltages,  no fu r t he r  m e n -  
t ion of the  fo rmer  wi l l  be made.  �9 

Shor t ly  af ter  comple t ing  the  cond i t ion ing  charge,  
one b a t t e r y  r ep re sen t i ng  each sample  of oxide was  
placed in  a cons tan t  t e m p e r a t u r e  room opera t ing  
at  90~ (32~ for a 28-day  shelf  test.  The drop in  
the e lec t ro ly te  specific g rav i ty  d u r i n g  this  per iod  was  
d e t e r m i n e d  for each cell and  recorded in  t e r ms  of 
nui~nber of points ,  one po in t  be ing  equa l  to 0.001 sp 
gr. Shelf  l i fe  is an  ind i rec t  f unc t i on  of the  drop  in  
the specific gravi ty .  S ta ted  ano the r  way,  the  self-  
d ischarge  ra te  is a d i rect  f u n c t i o n  of the  specific 
g rav i ty  drop. 

At  the  conc lus ion  of the  shelf  test, the  ba t t e r i e s  
were  fu l ly  charged and  then  tes ted for capaci ty  a nd  
deep cycle life according to S.A.E. specifications (5) .  
Resul ts  were  ave raged  wi th  those ob ta ined  f rom 
S.A.E. capaci ty  and  cycle l ife tests  made  on two sets 
of ba t te r ies  p laced on test  shor t ly  af ter  the  condi -  
t ion ing  charge.  Over  the concen t r a t i on  ranges  i n -  
vest igated,  ne i the r  capaci ty  nor  cycle life was  
affected by  any  of the e l ements  s tudied.  

Single Elements 
The nega t ive  pla te  to c a d m i u m  v o l t a g e  t a k e n  to- 

w a r d  the  end  of the  cond i t ion ing  charge is shown  in  
Tab le  II  for each oxide tested.  This t ab le  shows tha t  
Bi has no effect in  concen t ra t ions  of up  to 0.25% 
whi le  Ag, Cu, Ni, Sb, and  Te serve to decrease  the  
voltage.  Of these, Ni and  Te a re  p a r t i c u l a r l y  effective. 

The change  in  e lec t ro ly te  specific g rav i ty  d u r i n g  a 
28-day  open circui t  per iod  at  90~ is shown  in  Tab le  
I I I  for each of the oxides tested. These  da ta  show 
that ,  w i t h i n  the concen t r a t i on  l imi ts  s tudied,  shelf 
life is unaffec ted  by  Bi, Ag, and  Cu. Ni, Sb, and  Te 
serve to shor ten  the  shelf life. 

Combinations of Elements 
In  the  p r e l i m i n a r y  work  w i th  combina t ions  of e le-  

ments ,  the  desired composi t ions  were  ob ta ined  by  
i n t i m a t e l y  b l e n d i n g  oxides con ta in ing  the  i n d i v i d u a l  
e lements .  La t e r  w o r k  has shown tha t  the  resul t s  
cor responding  to such b lends  are  mis lead ing .  The 
effects are m u c h  less p r o n o u n c e d  t h a n  w h e n  the  
addi t ions  are made  to the  base  Pb. For  this  reason,  
work  repor ted  here  is confined to oxides p r epa red  
f rom me ta l  con t a in ing  the  added e lements .  

TABLE 11. Negative plate to cadmium voltages on conditioning 
charge at 10 amp 

% B i  A g  Cu Ni  Sb T e  

0.0000 --0.24 --0.24 --0.23 --0.23 --0.27 --0.24 
0.0001 . . . . . .  0.24 
0.0005 . . . . . .  0.21 
0.0010 . . . .  0.15 - -  --0.20 
0.0050 --0.24 --0.24 --0.23 --0.05 --0.27 --0.13 
0.0100 - -  - -  --0.20 - -  - -  - -  
0.0350 . . . . . .  
0.0500 --0.25 --0.20 - -  --0.02 --0.24 - -  
0.0600 - -  - -  --0.15 - -  - -  - -  
0.1000 . . . . .  0.11 - -  

0 . 2 5 0 0  --0.26 --0.12 - -  - -  - - .  - -  

B A T T E R Y  O X I D E S  

TABLE Ill. Drop in electrolyte ,specific gravity 28-day open 
circuit period 
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P o i n t s  D r o p  
% B i  A g  C u  N i  Sb  T e  

0.0000 24 31 28 28 27 
0.0010 27 
0.0050 27 31 27 36 28 
0.0350 53 
0.0500 25 34 32 
0.0600 26 
0.1000 44 
0.2500 27 30 27 

TABLE IV. Impurities combined negative cadmium voltages 
drop in electrolyte Specific gravity 

28 

40 

P e r  c e n t  
No. A g  Cu  B i  Sb NI T e  

1 no added impur i ty  
2 0.01 0.009 0.27 0.05 0.0004 - -  
3 0.0034 0.0036 0.04 - -  0.0038 - -  
4 <0.0006 <0.0008 0.016 <0.001 - -  0.0002 
5 <0.0006 <0.0008 0.016 <0.001 - -  0.0003 
6 <0.0006 <0.0008 0.016 <0.001 - -  0.0004 

N o .  N e g a t i v e  t o  c a d m i u m  E l e c t r o l y t e  sp  gr  
V o l t s  F o i n t s  D r o p  

C o m p u t e d  .~ A c t u a l  C o m p u t e d  A c t u a l  

1 - -  --0.24 - -  29 
2 --0.17 --0.I0 32 47 
3 --0.18 --0.09 27 26 
4 - -  --0.09 - -  34 
5 - -  --0.09 - -  - -  

6 - -  - - 0 . 1 0  - -  36 

Data  cover ing  oxides con ta in ing  more  t h a n  one 
added e l emen t  are  shown  in  Table  IV. Computed  
nega t ive  p la te  charge  vol tages  as wel l  as computed  
e lec t ro ly te  specific g rav i ty  drops  r ep re sen t  s u m m a -  
t ions of the effects of the  i n d i v i d u a l  added  metals .  
These effects were  picked off f rom curves  r ep re -  
sen t ing  the da ta  shown  in  Tables  II a nd  III.  Com-  
par i sons  are  m a d e  wi th  the  resul t s  of ac tua l  de -  
t e rmina t ions .  

Based on the da ta  for s ingle  e lements ,  one wou ld  
expect  the  nega t ive  p la te  vol tage  cor responding  to 
oxide 2 to be inf luenced  p r i m a r i l y  by  Ni w i th  Sb 
also m a k i n g  a smal l  con t r ibu t ion .  The  computed  
vol tage  is --0.17. Since the ac tua l  vo l tage  is --0.10, 
it is obvious tha t  w i th  this p a r t i c u l a r  c o m b i n a t i e n  
the  effects on vol tage  are cons ide rab ly  more  t h a n  
addi t ive .  The same s i tua t ion  appl ies  to oxide  3 which  
con ta ins  no  added  Sb. 

Reference  to the  las t  two co lumns  of Tab le  IV 
shows tha t  the  e l ements  p re sen t  in  s ample  2 serve 
to increase  the  open circui t  e lec t ro ly te  specific g r av -  
i ty  drop to a m a r k e d  degree. The  ac tua l  drop was  
47 poin ts  as c o m p a r e d  to a computed  drop of 32 
points .  The  impur i t i e s  in  oxide 3 h a v e  no effect on 
the  specific g r a v i t y  drop and  this  is to be expected  
f rom computa t ions .  The  on ly  essent ia l  difference in  
the  composi t ion  of the two oxides is the  presence  of 
a n t i m o n y  in oxide 2. F r o m  this, i t  fol lows tha t  Sb 
exer ts  a synerg is t ic  effect on shelf  life. 

Te in  concen t ra t ions  of 0.0002, 0.0003, a nd  0.0004% 
is r ep re sen t ed  by  samples  4, 5, and  6, respect ively .  
Al l  of these samples  con ta in  0.016% Bi and  only  
ve ry  smal l  concen t r a t ions  of o ther  e lements .  Te is 
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the  o n l y  i m p u r i t y  p r e s e n t  w h i c h  w o u l d  be  e x p e c t e d  
to h a v e  a n y  effects.  No c o m p u t e d  v a l u e s  a r e  s h o w n  
s ince  t h e r e  a r e  no d a t a  a t  h a n d  cove r ing  the  effects 
p r o d u c e d  b y  Te w h e n  p r e s e n t  as a s ingle  i m p u r i t y  
a d d e d  to t h e  P b  used  in  p r o d u c i n g  oxide .  N e v e r t h e -  
less, i ts  dep re s s ing  ac t ion  on the  n e g a t i v e  p l a t e  v o l t -  
age  is obvious .  Table, IV shows a v o l t a g e  of a b o u t  
--0.10 c o r r e s p o n d i n g  to the  t h r e e  T e - b e a r i n g  ox ides  
as c o m p a r e d  to a vo l t age  of --0.24 w h e n  no i m p u r i t y  
is p resen t .  S i m i l a r l y ,  the  i m p u r i t i e s  in t hese  ox ides  
b r i n g  a b o u t  a m o d e r a t e  i n c r e a s e  in the  o p e n - c i r c u i t  
e l e c t r o l y t e  specific g r a v i t y  drop .  

Discussion 
Bi, Ag,  Cu, Ni, Sb,  a n d  Te have  been  a d d e d  to the  

base  P b  f r o m  w h i c h  bo th  pos i t ive  and  n e g a t i v e  b a t -  
t e r y  ox ides  h a v e  been. p roduced .  The  m e t a l s  w e r e  
a d d e d  s ing ly  and  in  combina t ion .  The  ox ides  h a v e  
been  p roces sed  into  b a t t e r i e s  and  tes ted .  

None  of the  a d d e d  m e t a l s  affects b a t t e r y  c a p a c i t y  
or  life, nor  is t he  p o s i t i v e  p l a t e  v o l t a g e  affected.  

W h e n  a d d e d  as s ingle  e lements ,  Bi, Ag,  a n d  Cu 
have  no effect on she l f  l ife.  Ni, Sb, and  Te se rve  to 
s ho r t en  she l f  life. W h e n  p r e s e n t  w i t h  o t h e r  me ta l s ,  
Sb has  a syne rg i s t i c  ac t ion  on the  s e l f - d i s c h a r g e  ra te .  

W i t h  t he  excep t ion  of Bi, each  of the  e l e m e n t s  
s t ud i ed  depres ses  the  end of c h a r g e  vo l tage ,  t he  
mos t  o u t s t a n d i n g  effect  be ing  p r o d u c e d  b y  Te. As 
l i t t l e  as 0.0002% of  th is  e l e m e n t  i n t r o d u c e d  by  w a y  
of c o r r o d i n g  P b  dep res se s  the  vo l t age  to a m a r k e d  
degree .  W h e n  a n u m b e r  of a d d e d  m e t a l s  is p r e s e n t  
in an  oxide ,  the  effect on t h e  end  of cha rge  v o l t a g e  
is m o r e  t h a n  add i t i ve .  

S ince  the  g r id  m e t a l  used  in th is  w o r k  c o n t a i n e d  
Sb in  t he  c o n c e n t r a t i o n  c o m m o n l y  p r e s e n t  in  a u t o -  
m o t i v e  ba t t e r i e s ,  i t  is fe l t  t h a t  conc lus ions  b a s e d  on 
the  f indings  of th i s  r e p o r t  a r e  g e n e r a l l y  a p p l i c a b l e  
to th is  t y p e  of  b a t t e r y .  B a t t e r i e s  such as t h e  L.D. 
t y p e  and  those  m a d e  f r o m  c a l c i u m - l e a d  gr ids  m a y  
not  be  af fec ted in  t he  s a m e  m a n n e r .  

The  f indings  j u s t i f y  t he  conclus ion  t h a t  no change  
shou ld  be  m a d e  for  t he  p r e s e n t  in t he  l ong  e s t a b -  
l i shed  p r a c t i c e  of  us ing  on ly  h igh  p u r i t y  Pb  for  m a k -  
ing s to rage  b a t t e r y  oxide .  
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ABSTRACT 

A method  is descr ibed for  the p repa ra t ion  of s i lver-s i lver  oxide electrodes 
which are  s table  and reproducible .  When  used in cells of the  type  Hg(1),  
HgO(s)  INaOH , aq. ]Ag~O(s) ,  A g ( s )  the  s i lver-s i lver  oxide electrodes give 
s table potent ia ls  over  per iods  of 38 days.  No evidence was found tha t  Ag, Ag~O 
electrodes evolve oxygen,  tha t  Ag~O exists  in different  forms in aqueous solu- 
tions at  no rma l  tempera tures ,  tha t  Ag~O rever t s  to a lower  oxide, or tha t  
imperfect ions  exis t  in the  Ag~O crystal .  The f ree  energy and en t ropy  changes 
for the  react ion in the  above cell  are  --11254 cal. and --9.12 e.u., respect ively,  
a t  25°C. These va lues  a re  r easonab ly  consistent  wi th  the best  ava i lab le  ther -  
modynamic  data. The s t andard  e lect rode potent ia l  of the Ag, Ag~O electrode 
is found to be --0.342 v at 25°C. 

The  l i t e r a t u r e  s ta tes  t ha t  s i l v e r - s i l v e r  ox ide  
(Ag~O) e l ec t rodes  canno t  be  p r e p a r e d  in a r e p r o -  
duc ib l e  or  s t ab l e  condi t ion .  L u t h e r  and  P o k o r n y  (1)  
and  B u e h r e r  [reported[  b y  L e w i s  and  R a n d a l l  ( 2 ) ]  
i n v e s t i g a t e d  the  cel l :  

Pt,  H~(g) 1KOH, aq. [ A g 2 0 ( s ) ,  A g ( s )  [ A ]  

and  r e p o r t e d  t h a t  t he  emf  d e c r e a s e d  w i t h  t ime .  The  
f o r m e r  conc luded  t h a t  the  d e c r e a s e  was  due  to the  
f o r m a t i o n  of Ag,O;  t he  l a t t e r  also a t t r i b u t e d  the  d e -  

c r ea se  to the  f o r m a t i o n  of a l o w e r  o x i d e  of s i l v e r  
b u t  d id  no t  s p e c u l a t e  on i ts  compos i t ion .  F u r t h e r -  
m o r e  bo th  o b t a i n e d  emf ' s  w h i c h  d i f fe red  b y  m a n y  
mi l l i vo l t s  f r om the  one c a l c u l a t e d  f r o m  t h e r m o d y -  
n a m i c  da ta .  

F r i e d  (3)  also found  v a r i a b l e  and  u n c e r t a i n  r e -  
su l t s  a t  0 °, 23.5 °, a n d  58°C for  t he  cel l :  

H g ( 1 ) ,  H g O ( s )  I NaOH,  aq. I Ag_~O(s), A g ( s )  [B]  

R e a s o n i n g  t h a t  t h e  fa l l  of  emf  was  caused  b y  the  r e -  
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lease  of o x y g e n  f r o m  the  Ag~O, he  s u b j e c t e d  his  
s i lve r  ox ide  to p r o l o n g e d  h e a t i n g  a t  200~ Even  so, 
his h e a t e d  ox ides  gave  po t en t i a l s  t h a t  f irst  i n c r e a s e d  
w i t h  t i m e  and  a t t a i n e d  a f a i r l y  cons t an t  v a l u e  on ly  
for  a sho r t  t ime .  Also,  two  d i f fe ren t  s a m p l e s  of his  
ox ide  gave  f r ee  e n e r g y  changes  for  t he  r e a c t i o n  of 
cel l  LB] w h i c h  w e r e  l o w e r  b y  a b o u t  10 and  14%, 
r e spec t i ve ly ,  t h a n  f r o m  the  bes t  t h e r m o d y n a m i c  d a t a  
(4) .  F u r t h e r m o r e ,  he  o b t a i n e d  -~0.000182 v / ~  and  
~- 0.000195 v / ~  C for  t he  e ra_f - tempera ture  coefficient.  
A pos i t ive  e m f - t e m p e r a t u r e  coefficient,  h o w e v e r ,  
co r r e sponds  to a pos i t i ve  e n t r o p y  change  for  t he  cel l  
r e a c t i o n  w h e r e a s  the  bes t  t h e r m o d y n a m i c  d a t a  (4)  
g ive  a n e g a t i v e  v a l u e  of --0.00020 v / ~  

R S r d a n  (5)  b e l i e v e d  t h a t  he  found  ev idence  for  
two  fo rms  of Ag~O h a v i n g  f ree  ene rg ie s  of f o r m a t i o n  
of --2420 and  --3980 cal  mole ,  bu t  K e l l e y  and  A n d e r -  
son (6)  s t a t ed  t ha t  t h e r e  is no r ea l  p roo f  of t h e  e x -  
i s tence  at  r o o m  t e m p e r a t u r e  of two  forms.  Also,  
P i t z e r  and  S m i t h  (7)  in  t h e i r  h e a t - c a p a c i t y  m e a s -  
u r e m e n t s  of Ag~O f o u n d  no ev idence  of two  forms,  
a l t h o u g h  t h e y  d id  f ind a n o m a l i e s  in  t he  h e a t  c a p a c i t y  
f rom 15 ~ to 50~ K o b a y a s h i  (8)  found  t h a t  t he  
hea t  c a p a c i t y  of Ag~O d e p e n d e d  on t h e  t r e a t m e n t  
g iven  the  oxide .  He  conc luded  t h a t  Ag~O u n d e r g o e s  
a change  in p h y s i c a l  s t r u c t u r e  w h e n  h e a t e d  b e t w e e n  
100 ~ and  200~ th is  change  not  be ing  one of l a t t i c e  
t r ans i t i on ,  as F r i e d  also cons ide r ed  un l i ke ly ,  b u t  
r a t h e r  one a s soc ia t ed  w i t h  the  m e l t i n g  of the  " f r e e z -  
ing in"  of t he  i m p e r f e c t i o n s  in the  c r y s t a l  p r o d u c e d  
by  the  d e h y d r a t i o n  of Ag~O p r e c i p i t a t e d  b e l o w  
100~ This  fac t  m a y  accoun t  in  p a r t  for  the  " h u m p "  
o b s e r v e d  b y  P i t ze r  and  S m i t h  in t h e i r  c a p a c i t y  cu rve  
as t h e i r  s a m p l e  of ox ide  was  h e a t e d  on ly  to 110~ 

K o b a y a s h i  found  t h a t  the  hea t  change  for  the  
t r a n s f o r m a t i o n  

Ag~O ( p r e c i p i t a t e d  b e l o w  100~ = 
Ag~O ( h e a t e d  above  100~ 

was  --315 c a l / m o l e ,  w h i c h  w o u l d  c o r r e s p o n d  to 6.8 
m v  a s s u m i n g  an  e n t r o p y  change  of zero.  (This  in -  
s t a b i l i t y  w o u l d  m a n i f e s t  i t se l f  as a d e c r e a s e  in  the  
p o t e n t i a l  of Ag,  Ag~O e lec t rodes . )  K o b a y a s h i  f u r t h e r  
b e l i e v e d  t h a t  t he  i n s t a b i l i t y  of t he  Ag,  Ag~O e lec-  
t r o d e  cou ld  cause  emf  v a r i a t i o n s  g r e a t e r  t h a n  6.8 
m v  owing  to the  n a t u r e  of t he  Ag~O surface .  

In  v i ew  of  t he  above  incons is tenc ies ,  e spec i a l l y  t h e  
d i f fe rence  in s ign for  the  e n t r o p y  change  b e t w e e n  
the  bes t  t h e r m o d y n a m i c  d a t a  and  F r i e d ' s  resu l t s ,  
i t  was  d e e m e d  a d v i s a b l e  to r e i n v e s t i g a t e  t he  b e -  
h a v i o r  of Ag,  Ag~O e lec t rodes .  This  p a p e r  g ives  some  
resu l t s  of such a r e inves t i ga t i on .  The  mos t  s igni f icant  
r e su l t  p e r t a i n s  to a m e t h o d  of p r e p a r i n g  s t ab le  and  
r e p r o d u c i b l e  Ag, Ag~O e l ec t rodes  whose  po t e n t i a l s  
a r e  r e a s o n a b l y  cons i s t en t  w i t h  mos t  r ecen t  t h e r m o -  
d y n a m i c  da ta .  

Experimental 
"In th is  s t u d y  of Ag,  Ag~O e lec t rodes ,  cel ls  of t y p e  

[B]  w e r e  used.  A l t h o u g h  t h e r e  is some u n c e r t a i n t y  
in the  s t a n d a r d  p o t e n t i a l  of Hg, HgO e lec t rodes ,  
t h e y  w e r e  used  n e v e r t h e l e s s  as r e f e r e n c e  e l ec t rodes  
so t ha t  t h e  po t en t i a l s  of the  Ag, Ag~O e l ec t rodes  cou ld  
be m e a s u r e d  c o n v e n i e n t l y  ove r  long  pe r i ods  of  t ime .  
The  u n c e r t a i n t y  in  the  po t en t i a l s  of the  Hg, HgO 

e l ec t rodes  has  been  a t t r i b u t e d  to a d i f fe rence  in  t he  
p a r t i c l e  size a n d  so lub i l i t y  of t he  r e d  a n d  y e l l o w  
fo rms  of HgO.  The  p o t e n t i a l  d i f fe rence  b e t w e e n  the  
r e d  a n d  y e l l o w  f o r m s  has  been  r e p o r t e d  to be  on ly  
0.685 m v  a t  25~ (9)  and  to dec rea se  w i t h  t ime,  t he  
d e c r e a s e  be ing  abou t  0.3 m v  in 15 d a y s  (10) .  The  
u n c e r t a i n t i e s  in  the  p o t e n t i a l  Hg, H g O  e l ec t rodes  
were ,  h o w e v e r ,  o f  l i t t l e  m o m e n t  in  t hese  i n i t i a l  
s tudies ,  c o n s e q u e n t l y  a s a m p l e  of HgO d e s i g n a t e d  as 
r e d  was  used.  I t  is recognized ,  h o w e v e r ,  t h a t  th is  is 
no t  an  a d e q u a t e  d e s c r i p t i o n  of HgO a n d  u l t i m a t e l y  
H2 e l ec t rodes  shou ld  be  e m p l o y e d  to e s t ab l i sh  the  
mos t  a c c u r a t e  v a l u e  of the  s t a n d a r d  p o t e n t i a l  of Ag,  
Ag~O e lec t rodes .  

The  Ag~O and  HgO used  in m a k i n g  the  e l ec t rodes  
w e r e  of cer t i f ied  r e a g e n t  g rade .  Botl~ w e r e  d iges t ed  
for  p r o l o n g e d  pe r i ods  in  d i s t i l l ed  w a t e r  on a s t e a m  
b a t h  and  t h e  w a t e r  was  f r e q u e n t l y  p o u r e d  off a n d  
r e p l a c e d  w i t h  a f r e s h  por t ion .  S i m p l e  H - t y p e  P y r e x  
glass  c on t a ine r s  w e r e  used  in  a s s e m b l i n g  the  cells.  
The  legs w e r e  1 in. in  d i a m e t e r  and  5 in. long  and  
w e r e  connec t ed  n e a r  the  top  b y  a c ross  t u b e  2 in. 
long a n d  0.5 in. in  d i a m e t e r .  One leg  c o n t a i n e d  two  
Ag, Ag20 e l ec t rodes  and  the  o t h e r  leg two  Hg, HgO 
e lec t rodes .  One  of t he  Hg, HgO e lec t rodes ,  m a d e  in 
t h e  u s u a l  way ,  was  a t  the  b o t t o m  of the  r e s p e c t i v e  
leg  and  the  o t h e r  was  in  a glass  cup s u s p e n d e d  in t h e  
s a m e  leg  b y  a glass  t ube  w h i c h  was  sea l ed  to t he  cup 
a n d  p r o t r u d e d  t h r o u g h  a r u b b e r  s t o p p e r  a t  t he  top  
of t he  leg. T h e  e l ec t rode  a t  the  b o t t o m  of t h e  leg is 
r e f e r r e d  to as  e l ec t rode  No. 1 and  the  s u s p e n d e d  or  
u p p e r  e l ec t rode  is r e f e r r e d  to as e l ec t rode  No. 2. 
Pu r i f i ed  Hg  was  used  in  p r e p a r i n g  these  e l ec t rodes  
and  the  HgO was  w e l l  w a s h e d  w i t h  success ive  p o r -  
t ions  of t h e  N a O H  Solut ion to be used  in  f i l l ing t h e  
cells.  The  s i lve r  ox ide  e l ec t rodes  w e r e  p r e p a r e d  b y  
two  me thods .  

Method No. 1 . - -The first  Ag,  Ag~O e l ec t rodes  w e r e  
p r e p a r e d  as fo l lows :  Ag~O was  w a s h e d  r e p e a t e d l y  
w i t h  t he  N a O H  so lu t ion  to be used  in  f i l l ing t h e  cel l  
and  was  t hen  p l a c e d  in  one leg  of t h e  cell .  In  th is  
s l u r r y  w e r e  p l a c e d  two  s m a l l  P t  hel ices  c o m p l e t e l y  
c ove re d  w i t h  A g  and  sea led  in  t he  end  of soft  g lass  
tubes .  These  t ubes  w e r e  s u p p o r t e d  in t he  leg  of t he  
cel l  b y  a r u b b e r  s topper .  The  P t  hel ices  w e r e  covered  
w i t h  A g  b y  a p rocess  s i m i l a r  to t h a t  u sed  in p r e -  
p a r i n g  s i lve r  for  Ag-AgC1  e l ec t rodes  of t he  H a r n e d  
( l  l )  type .  A g  thus  p r e p a r e d  is c ons ide r e d  to  be  
s u p e r i o r  to t he  e l e c t ro ly t i c  A g  because  the  r e m o v a l  
of t he  e l ec t ro lyz ing  so lu t ion  f r o m  the  i n t e r s t i ce s  of 
t he  e l e c t ro ly t i c  A g  is k n o w n  to be  mos t  difficult ,  if  
no t  imposs ib le .  The  cel l  was  t hen  c a r e f u l l y  f i l led 
w i t h  N a O H  solut ion .  

Method No. 2 . - - T h e s e  Ag, Ag~O e l ec t rodes  con-  
s i s ted  of p ieces  of P t  gauze  1.5 cm x 1.5 cm w e l d e d  
to P t  w i r e s  2.5 cm long sea led  into  a soft  g lass  tube .  
The  l o w e r  p o r t i o n  of the  P t  gauze  was  fo lded  up  
t h e r e b y  m a k i n g  a s m a l l  v - s h a p e d  t r o u g h  su i t ab l e  
for  ho ld ing  Ag~O. The  p l a t i n u m  t r o u g h  was  f i l led 
w i t h  mo i s t  Ag~O, s l o w l y  d r i e d  ove r  a ho t  p la te ,  and  
r e p e a t e d l y  p a s t e d  u n t i l  t h e  P t  was  t o t a l l y  incased  in 
d r y  Ag~O. The  e l ec t rodes  w e r e  t hen  m o u n t e d  in a 
g lass  r e d u c t i o n  t ube  a n d  t h e  Ag~O p a r t i a l l y  r e d u c e d  
at  60~ to A g  b y  pas s ing  H~ t h r o u g h  the  tube .  I t  is 
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necessary to avoid too rap id  a ra te  of reduct ion 
otherwise the heat  l ibera ted  by  the react ion 

H~(g) -F Ag~O(s) --> 2 A g ( s )  --t- H~O(g) (I)  

wil l  flash the electrodes and the react ion wil l  go to 
completion. When the Ag~O was sufficiently reduced 
as judged  by  the g ray  color of the electrodes, the  
reduct ion tube was cooled to r o o m  t empera tu re  and 
the electrodes were  t r ans fe r red  quickly  to an H-ce l l  
containing two Hg, HgO electrodes and the requis i te  
amount  of NaOH solution. Ag, Ag~O electrodes can 
be p repa red  by this method wi thout  the necessi ty 
of r epea ted ly  washing them to free them of objec-  
t ionable  e lectrolyt ic  impuri t ies .  Fur the rmore ,  the 
Ag should be free f rom occluded or adsorbed oxygen 
and be in t ima te ly  mixed  and in close contact  wi th  

the  Ag~O. 
Results 

Cells Containing Ag, Ag~O Electrodes Prepared by 
Method No. 1 

Results obtained wi th  electrodes p repa red  by  
method No. 1 confirmed resul ts  of Lu ther  and Po-  
korny  (1),  Buehrer  (2),  and Fr i ed  ( 3 ) i n  tha t  the 
potent ia ls  decreased wi th  t ime as shown in Fig. 1 for 
a 15% NaOH solution. S imi lar  resul ts  were  also ob-  
ta ined for 5-40% NaOH solutions. Dt~ring these 
measurements  no evidence of O~ evolut ion was ob-  
ta ined and all  a t t empts  by x - r a y  analysis  fa i led to 
indicate  lower oxides of Ag. However,  two phenom-  
ena were  observed,  not repor ted  by  the above 
authors,  namely :  (a)  the decline in emf, approx i -  
mat ing  0.01 v in 17 days, was accompanied by a de-  
crease in the reproduc ib i l i ty  of the  electrodes and 
the sensi t ivi ty  of the measurements ,  and (b) if the 
Ag were  removed from the Ag~O slurry,  a f te r  17 
days, and replaced by new Ag the emf's  r e tu rned  to 
thei r  or iginal  high values  and again  exhib i ted  high 
sensit ivi ty,  af ter  which the potent ia l  and sensi t iv i ty  
of the electrodes again decl ined (see Fig. 1). These 
facts p roved  conclusively that  the abnormal  be- 
havior  observed by the authors  cannot be a t t r ibu ted  
to changes in Ag~O. 
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Fig. 1. Emf at 25~ of a Hg, HgO/NaOH (15% solution)/Ag~O, 
Ag cell containing two Ag, Ag20 electrodes prepared by Method 
No. 1 and two Hg, HgO electrodes. Each indicated value is an 
average value for each Ag, J(g20 electrode against the two Hg, 
HgO electrodes. 

It  was also obse rved  tha t  the decline in potent ia l  
and sensi t ivi ty  was more rap id  when small  Ag foils 
were  used ins tead of the Ag-coVered helices. This 
suggested tha t  the abnormal  behavior  of the elec-  
trodes is caused by  a surface phenomena which is a 
function of the re la t ive  amounts  of f ree  oxygen in 
the cell and the surface area  of the Ag. This is sup-  
por ted  by the fact tha t  the  t empera tu re  coefficient 
of the emf of the cells when first assembled is about  
--0.2 m v / ~  which leads to an en t ropy  change for the 
cell react ion which approx imates  the the rmodynamic  
value. 

One might  pos tu la te  tha t  the exposed Pt  of the  
electrodes caused the observed abnormal i t ies ,  but  
exposed Pt does not cause Ag, AgC1 electrodes to be-  
have abnormal ly ;  da ta  presented  la te r  in this paper  
do not suppor t  such a postulat ion.  One might  sus- 
pect tha t  oxygen adsorbed on the Ag or Ag~O or dis-  
solved in the e lect rolyte  might  give r ise to the high 
ini t ia l  values and as it  was diss ipated the  potent ia l  
of the electrodes would fal l  and the h igher  poten-  
t ials would again be observed when new Ag elec-  
trodes were  placed in the cell. Two facts tend to con- 
t rad ic t  such an explanat ion,  viz., (a)  it  does not ex-  
plain the decrease in the sensi t iv i ty  or reproduc ib i l -  
i ty  of the measurements  wi th  respect  to the  age of 
the electrodes, (b) the  lower  emf values  do not  
agree wi thin  a few 0.01 of a vol t  wi th  those calcu-  
la ted f rom the rmodynamic  da ta  for the cell reaction. 
Benton and Drake  (12) have  repor ted  tha t  oxygen 
reacts wi th  Ag at  room t empera tu r e  to form chem- 
absorbed films of nonstoichiometr ic  composition. 
Conceivably such films could be of a pass ive  na ture  
and the i r  effectiveness and ra te  of format ion  could 
be a function of the  avai lab le  oxygen and the area  
of the Ag surface the reby  accounting for the  more 
pronounced abnormal i t ies  observed with  the smal l  
Ag foil electrodes.  Such considerat ions p rompted  
the authors  to make  cells wi th  Ag, Ag~O electrodes 
p repa red  by method No. 2. 

Cells Containing Ag, Ag~O Electrodes Prepared by 
Method No. 2 

Results obta ined with  cells containing Ag, Ag~O 
electrodes p repa red  by method No. 2 are  given in 
Table I. 1 These cells are  defini tely super ior  and with  
respect  to t ime are  re la t ive ly  free of the  difficulties 
encountered in the ear l ie r  exper iments  discussed 
above. I t  is ev ident  f rom Table I tha t  the electrodes 
a t ta ined  equi l ib r ium in about  ~ day  and tha t  Ag, 
Ag~O electrodes p repa red  by  method No. 2 do give 
s teady and reproducib le  potent ia ls  to wi th in  a mi l -  
l ivo!t  for periods of 14-38 days.  

The emf's of Table  I show a sl ight  concentrat ion 
dependence.  Although,  theoret ical ly ,  the emf ~should 
be independent  of a lkal i  concentrat ion,  the  observed 
dependence m a y  be rea l  and  of the type  found in 
N i - F e  a lka l ine  bat ter ies .  Unti l  such is es tabl ished, .a  
to ta l  average  va lue  (averaging  a l l  va lues)  are  taken  
which is 0.2440 • 0.0005 v for  cell [B] at  25~ Using 

1 A n  e x t e n d e d  v e r s i o n  of  Tab le  I ha s  been  d e p o s i t e d  as  D o c u m e n t  
5109 w i t h  t he  A D I  A u x i l i a r y  P u b l i c a t i o n s  P r o j e c t  P h o t o d u p l i c a t i o n  
Serv ice ,  L i b r a r y  of  Congress ,  W a s h i n g t o n  5, D. C. A copy  m a y  be 
secured  by  c i t i ng  t he  D o c u m e n t  n u m b e r  a n d  b y  r e m i t t i n g  $1.25 fo r  
a p h o t o p r i n t  or fo r  a 35- ram mic ro f i lm .  A d v a n c e  p a y m e n t  is  re-  
qu i r ed .  M a k e  check  p a y a b l e  to :  Chief ,  P h o t o d u p l i e a t i o n  Serv ice ,  
L i b r a r y  of  Congress .  
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TABLE I. Electromotive forces at 25~ of the cell Hg, HgO J NaOH (aq.) ~ Ag~O, Ag 

W e i g h t  % N a O H  

30 20 15 10 5 

T i m e  H g O ( 1 ) *  H g O ( 2 ) *  H g O ( 1 )  H g O ( 2 )  E g O ( l )  H g O ( 2 )  H g O ( 1 )  H g O ( 2 )  H g O ( 1 )  EGO(2)  A v g  

(days )  (v) (v) (v) (v) (v)  (v) (v) (v) (v) (V) (v )  

0.5 0.2445 0.2444 0.2442 0.2444 0.2439 0.2438 0.2438 0.2440 0.2429 0.2429 0.2439 
1 0.2446 0.2445 0.2445 0.2444 0.2438 0.2438 0.2431 0.2438 0.2430 0.2430 0.2439 
5 0.2450 0.2449 0.2438 0.2445 0:2434 0.2437 0.2431 0.2439 0.2430 0.2426 0.2438 
10 0.2451 0.2451 0.2436 0.2445 0.2435 0.2437 0.2434 0.2442 0.2434 0.2432 0.2440 
14 0.2450 0.2451 0.2439 0.2444 0.2434 0.2437 0.2439 0.2442 0.2435 0.2431 0.2440 
35 0.2436 0.2444 0.2427 0.2433 
38 0.2435 0.2439 0.2426 0.2432 

* E l e c t r o d e  (1) m e a n s  l o w e r  H g ,  H g O  e l ec t rode ;  e l e c t r o d e  (2) m e a n s  u p p e r  H g ,  H g O  e l ec t rode .  

TABLE II. Electromotive forces of the cell Hg, HgO I NaOH (aq.) IAg~O , Ag at various temperatures in the order of observation 

W t  % N a O H  

30 2O 10 5 
t ' C  E t~  E t~  E t ~  E 

(v) (v) (v) (v) 

22.70 0.24556 22.90 0.24452 22.60 0.24429 22.80 0.24382 
0.00 0.24963 0.00 0.24899 12.30 0.24641 0.00 0.24770 

23.90 0.24528 23.10 0.24459 0.00 0.24870 23.10 0.24372 
24.80 0.24506 51.75 0.23863 12.05 0.24654 51.75 0.23733 
46.90 0.24018 46.75 0.23975 36.80 0.24122 46.85 0.23834 
41.85 0.24124 75.45 0.23420 21.70 0~24468 23.90 0.24347 
25.00 0.24463 69.20 0.23539 54.50 0.23771 75.70 0.23282 
11.15 0.24745 25.10 0.24421 70.55 0.23466 69.15 0.23402 
13.86 0.24698 69.55 0.23495 24.10 0.24186 
25.10 0.24469 55.10 0.23791 

22.40 0.24495 
90.50 0.23061 

25.00* 0.24487 25.00* 0.24410 25.00* 0.24388 25.00* 0.24278 
(dE/dT)  --0.0002035 --0.0001951 --0.0001958 --0.0001967 

25~ 

* C a l c u l a t e d .  

23,060.5 c a l / a b s ,  vo l t  g - e q u i v .  (4)  for  F, t he  f r ee  
e n e r g y  change  for  t he  r e a c t i o n  of cel l  [B]  is --11,254 
• 24 cal  a t  25~ 

The  effect  of t e m p e r a t u r e  on the  emf  of t h e  cel l  
is g iven  in T a b l e  II .  O b s e r v a t i o n s  for  each  ce i l  cov-  
e r ed  a p e r i o d  of f r o m  3 to 6 days  and  no a p p r e c i a b l e  
emf  t e m p e r a t u r e  hys t e r e s i s  was  noted .  The  e m i -  
t e m p e r a t u r e  coefficients a t  25~ o b t a i n e d  f r o m  t h e  
emf  a t  t he  v a r i o u s  t e m p e r a t u r e s  b y  the  m e t h o d  of  
l eas t  squa re s  a re  l i s t ed  in  t h e  l as t  r o w  of t he  t ab le .  
The  n o t e w o r t h y  fac t  o b s e r v e d  in  t hese  s tud ies  is t h a t  
the  t e m p e r a t u r e  coefficient  is n e g a t i v e  and  no t  pos i -  
t ive  as r e p o r t e d  b y  F r i ed .  The  a u t h o r s  h a v e  no e x -  
p l a n a t i o n  for  t he  pos i t i ve  t e m p e r a t u r e  coefficient  ob -  
s e rved  b y  F r i e d  (3) ,  excep t  t h a t  he  p r o b a b l y  e i t h e r  
was  no t  dea l i ng  w i t h  Ag~O or  was  w o r k i n g  in  t he  
r a n g e  of e l e c t r o d e  insens i t iv i ty .  The  a v e r a g e  v a l u e  
for  the  coefficient  a t  25~ is --0.0001978 --+ 0.0000029 
wh ich  g ives  --9.12 _+ 0.14 e.u. for  AS a t  25~ s ince  
AS ~ nF ( d E / d T ) .  Then  AH, the  hea t  of t he  r e -  
ac t ion  is --13.973 • 69 cal  a t  25~ s ince  A H :  
AF + TAS. 

I t  r e m a i n s  to be  seen  i f - t h e  a b o v e  v a l u e s  fo r  AF 
and  AS a r e  r e a s o n a S l y  cons i s t en t  w i t h  the  t h e r m o -  
d y n a m i c  d a t a  r e p o r t e d  in the  l i t e r a t u r e  for  Ag.~O. 

Thermodynamic  Considerations 

The  f ree  e n e r g y  change  of t h e  r e a c t i o n  for  cel l  [B]  
is e q u a l  to t he  d i f fe rence  b e t w e e n  the  f r ee  ene rg ie s  
of  f o r m a t i o n  of H g O  a n d  Ag~O. The  f o r m e r  m a y  be  
c a l c u l a t e d  f r o m  the  f r ee  e n e r g y  of  f o r m a t i o n  of  
l i qu id  wa te r ,  w h i c h  v a l u e  (--56,690 ca l )  is we l l  
k n o w n  (4) and  t h e  f ree  e n e r g y  change  for  t he  r e -  
ac t ion :  

H._, (g)  + H g O  (s)  = H g  (1) + H ~ O  (1)  ( I I )  

g iven  b y  t h e  cel l :  

Pt,  H~(g) I N a O H  or  KOH,  aq. I H g O  (s ) ,  Hg  (1) [C]  

The  emf  of th is  ce l l  has  been  m e a s u r e d  a t  25~ b y  
BrSns t ed  (13) ,  Chow (14) ,  M i y a m o t o  (15) ,  F r i e d  
(3) ,  I s h i k a w a  and  K i m u r a  (10) ,  S h i b a t a  and  M u r a t a  
(16) ,  Sh iba t a ,  K oba ha sh i ,  and  F u r u k a w a  (17) ,  and  
K o b a y a s h i  a n d  W a n g  (18) .  The i r  r e su l t s  a r e  b r o u g h t  
t o g e t h e r  in T a b l e  III .  Us ing  on ly  those  v a l u e s  co r -  
r e c t ed  to inf in i te  d i lu t ion ,  and  a s s u m i n g  a l l  e x p e r i -  
m e n t e r s  used  the  co r rec t  i n t e r n a t i o n a l  vol t ,  --13,977 
cal  is the  f ree  e n e r g y  of f o r m a t i o n  of HgO.  W h e n  
this  v a l u e  is c o m b i n e d  w i t h  t h a t  found  for  t he  f ree  
e n e r g y  of  t he  cel l  reac t ion ,  --2723 cal  is t h e  f ree  
e n e r g y  of f o r m a t i o n  of Ag~O. 
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TABLE Ill. Entropy and free energy changes for the reaction H2(g) + HgO(s) = Hg(I) + H~O(I) 

t i p  ~ ( 2 f i ~  A S  ~ ( 2 5 ~  & F  ~ ( 2 5 ~  S ~ 
E x p e r i m e n t e r  E m f  (25~ (dE/dT)  2 5 ; C  ce i l  r e a c t i o n  ce l l  r e a c t i o n  f o r m a t i o n  H g O  H g O  

(v) b (V) b /deg  ca l  e .u .  ca l  e .u.  

BrSnsted* 0.9261 ~ --0.0002791 --42727 --12.88 --13963 16.89 
Chow 0.9264 - -  --42741 - -  --13949 - -  
Mujamoto 0.9268 - -  --42759 - -  --13931 - -  
Fried 0.92598 ~ --0.0002918 --42721 --13.46 --13979 17.47 
Ishikawa and Kimura  0.92565 �9 --0.0002949 --42706 --13.61 --13984 17.62 
Shibata and Murata  0.92558 --0.000284 --42703 --13.10 --13987 17.11 
Shibata, Kobayashi, and Fu rukawa  0.92445 --0.000281 --42697 --12.96 --13993 16.97 
Kobayashi and Wang 0.925495 ~ --0.0002854 --42699 --13.17 --13991 17.18 

Avg. 0.92593 0.0002860 --42719 --13.19 --13971 17.21 
Avgt  0.92581 0.0002878 --42713 --13.27 --13977 17.29 

* A t  t h e  t i m e  of  h i s  m e a s u r e m e n t s  B r S n s t e d  u s e d  an  i n t e r n a t i o n a l  v o l t  w h i c h  w a s  
f o r  th is .  

a C o r r e c t e d  to i n f i n i t e  d i lu ' t ion .  
I n t e r n a t i o n a l  vo l t .  

7 A v e r a g e  of o n l y  t h o s e  c o r r e c t e d  to in f in i t e  d i l u t i o n .  

0.03% too  h i g h ;  t h e  a b o v e  v a l u e  i n c l u d e s  a c o r r e c t i o n  

Pi tzer  and  Smi th  (7) ob ta ined  the free ene rgy  of 
fo rma t ion  of Ag~O at  25~ f rom heat  capaci ty  meas -  
u r e m e n t s  f rom 12.9 to ~176 and  the free energies  
of dissociation" of Ag~O as ca lcula ted  f rom the equ i -  
l i b r i u m  da ta  of Lewis  (19),  Keyes  and  Hara  (20),  
and  Ben ton  and  Drake  (12) for the  t e m p e r a t u r e  
r ange  446.1-773.1~ and  an  a s sumed  hea t  capaci ty  
curve  for Ag~O f rom 285.3 to 773.1~ [Kobayash i ' s  
s u b s e q u e n t  hea t  capaci ty  m e a s u r e m e n t s  at high t e m -  
pe ra tu re s  (8) showed the i r  a ssumed  curve  to be re- 
l iable .]  By this procedure ,  P i tzer  and  Smi th  (7) 
ca lcula ted  a va lue  of --2585 cal for the  fo rma t ion  of 
Ag~O at  25~ This  va lue  is 135 cal lower  t h a n  tha t  
found  in  this  inves t iga t ion .  

However ,  P i t ze r  and  Smi th  in  the i r  d e t e r m i n a -  
t ions of the  hea t  capaci ty  of Ag~O observed  an  a n o m -  
alous " h u m p "  in  the i r  cu rve  of Cp aga ins t  log T a.t 
15-50~ which  a m o u n t e d  to 0.48 e.u. in  the en t ropy ,  
to 14.2 cal in  H ~ --  H~ and  to 0.44 cal in  (H~ --  F ~  
for Ag~O at  25~ If this  " h u m p "  were  ignored,  the  
free ene rgy  of fo rma t ion  of Ag~O becomes --2654 cal, 
which  agrees w i t h i n  69 cal of tha t  found  here in .  

I t  is also in te res t ing ,  as was  shown  by  P i tzer  a nd  
Smi th  (7),  tha t  a va lue  of --2649 cal is ob ta ined  by 
the sum of the  equa t ions :  

2Ag + 2H + + 2C1- = 2AgC1 + H~ ; 
AF~ 10,259 cal (21) ( I I I )  

2AgC1 + 2 OH- ~ Ag~O + H.oO ; 
•  ~  5,596 cal (22) ( IV) 

2HsO = 2H + + 2 OH- 
A F ~  38,186 cal (23) (V) 

H~ + 1/20~ = :H~O 
• ~ = --56,690 cal (4) (VI)  

which  agrees r e m a r k a b l y  well ,  pe rhaps  for tu i tous ly ,  
wi th  tha t  of Pi tzer  and  Smi th  if the i r  " h u m p "  is 
ignored.  

In  spite of this agreement ,  the  va lues  of --2654 
and  --2649 m a y  be low. Pi tzer  and  Smi th ' s  e v a l u -  
a t ion  of the hea t  con ten t  and  en t ropy  invo lves  an  
ex t r apo la t ion  to abso lu te  zero. They  made  this  ex-  
t r apo la t i on  w i th  the  aid of the  Debye  theore t ica l  
hea t  capaci ty  equat ion .  Inspec t ion  of the i r  da ta  at  
low t e m p e r a t u r e s  suggests tha t  the i r  H~  H~ a nd  

S ~ -  S ~ va lues  m a y  be h igh  by  as m u c h  as 1.0 cal 
and  0.11 e.u., respect ively .  2 Also, the  l o w - t e m p e r a -  
tu re  heat  capaci t ies  of Ag~O do no t  fol low the  s imple  
or ex tended  Debye  equat ions .  For  the" s imple  case, 
a s t ra igh t  l ine  should  be ob ta ined  if CJT were  
plot ted  aga ins t  T ~ whereas  a curve  is obta ined.  For  
the ex tended  case, cons tan t  va lues  of 0, the  charac-  
ter is t ic  t empera tu re ,  should  be found;  ac tua l ly  
va lues  of 0 decrease  r ap id ly  as the t e m p e r a t u r e  be-  
comes high. 

A s s u m i n g  tha t  Pi tzer  and  Smi th ' s  va lues  are  high 
by  the  above amoun t ,  --2683 cal  is ob ta ined  for the  
free ene rgy  of fo rma t ion  of Ag~O which  agrees 
w i t h i n  40 cal of tha t  found  here in .  This a g r eemen t  
is cons idered  good especia l ly  s ince the  cor rec t ion  for 
the  " h u m p "  in  the  Pi tzer  a nd  Smi th  da ta  m a y  have  
been  a r b i t r a r i l y  chosen by  the  au thor  of this  paper  
as smal le r  t h a n  it  ac tua l ly  is. Also, some u n c e r t a i n t y  
exists  conce rn ing  the second of the 4 equa t ions  added 
above.  Randa l l  and  Hal fo rd  (22) used the  equ i l ib -  
r i u m  da ta  of Noyes a nd  K o h r  (24) and  Newton  (25) 
in  e v a l u a t i n g  AF ~ They  p lo t ted  the  concen t r a t i on  
e q u i l i b r i u m  cons tan t s  as ob ta ined  by  these  au thors  
aga ins t  the square  root  of the  ionic s t r eng th  and  ex-  
t r apo la t ed  to zero concen t r a t i on  w h e r e b y  they  ob-  
t a ined  -- log K ~ 2.050 -- 0.003 at  25~ f rom which  
•  ~ = 2798. However ,  us ing  the  p rocedure  of Lewis  
and  Randa l l  (26) and  the  same da ta  2779 is ob ta ined  
for ~F ~ F u r t h e r m o r e ,  BSttger  (27) by  conduc t iv i ty  
m e a s u r e m e n t s  found  the so lub i l i ty  p roduc t  of Ag~O 
in  w a t e r  at  25~ to be 1.96 x 10 -~ wh ich  was  con-  
f i rmed by  Johns ton ,  Cuta,  a nd  G a r r e t t  (9) .  F r o m  
the po ten t iomet r i c  da ta  of O w e n  (28) and  the  con-  
duc tomet r i c  d a t a  of Gledh i l l  and  Ma l a n  (29) a va lue  
of_ 1.778 x 10 -~~ is  ob ta ined  for the  so lub i l i ty  p roduc t  
of AgC1 in  w a t e r  at  25~ These two va lues  lead to 
AF ~ = 2786. Therefore ,  if this  va l ue  is ave raged  wi th  
the Lewis  and  R a n d a l l  va l ue  and  used in  the  second 
of the  4 equa t ions  above,  --2679 cal is ob ta ined  for 
the  free ene rgy  of fo rma t ion  of Ag~O which  agrees  

2 T h e s e  m a x i m u m  u n c e r t a i n t i e s  w e r e  a r r i v e d  a t  as  fo l lows .  A 
s m o o t h  c u r v e  w a s  p l a c e d  t h r o u g h  t h e  l o w - t e m p e r a t u r e  h e a t  c a p a c i -  
t i es  of  P i t z e r  a n d  S m i t h  f o r  t h e i r  Ser~es I a n d  I I ,  i g n o r i n g  t h e  
" h u m p " .  T h e  b e s t  c u r v e  w a s  o b t a i n e d  by  t h e  m e t h o d  of l e a s t  
s q u a r e s .  T h e  v a l u e  ,at 1 5 ~  w a s  t h e n  . c a l c u l a t e d  f r o m  t h e  l e a s t  
s q u a r e  e q u a t i o n  a n d  u s e d  i n  t h e  D e b y e  e q u a t i o n ,  C~ = 464 (Ta/0s) = 
a t e  to o b t a i n  v a l u e s  of  Cv d o w n  to a b s o l u t e  zero.  B y  t h i s  p r o c e d u r e  
g.7 c a l  is o b t a i n e d  f o r  HOl~ --  H% a n d  0.86 e.u.  f o r  S~ - -  S% w h e r e -  
as  P i t z e r  a n d  S m i t h  g a v e  10.7 ca l  a n d  0.97 e .u . ,  r e s p e c t i v e l y .  
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qui te  wel l  wi th  the P i tzer  and  Smi th  m a x i m u m  
va lue  g iven  above,  and  is w i t h i n  44 cal of tha t  found  
here in .  

F u r t h e r  ins igh t  into the t h e r m o d y n a m i c  consis t -  
ency m a y  be seen f rom a cons idera t ion  of the  en-  
t ropy  of Ag~O. The  en t ropy  change  for cell [B] is 
g iven  by  

• .......... = 2SA~ ~- S.~o --  S.~ --  S A ~ o  (VII I )  

or SA~o by  
S . . . . .  2SAg + S.go --  SHg --  AS ......... ( IX)  

The  va lues  for SA~ and  S.~ are, respect ively ,  10.206 
and  18.5 e.u. (4) .  The va lue  for S,so is 17.29 e.u. 
(see Table  I I I ) .  The va lue  for AS ..... t,o. has been  
shown  to be --9.12 cal. Therefore ,  the  en t r opy  of 
Ag,O, as found  here in ,  is 28.32 e.u. P i tzer  and  S mi t h  
(7) gave 2 9 . 0 9 _  0.2 e.u. However ,  if the " h u m p "  
were  ignored  in  the i r  heat  capaci ty  curve,  the i r  
va lue  would  be 28.61 ___ 0.2 e.u. which  agrees qu i te  
wel l  wi th  the  va lue  found  in  the  p resen t  inves t iga t ion .  
Also, the i r  va lue  could wel l  be h igh  due  to u n -  
ce r t a in ty  in  the i r  ex t r apo la t ion  to absolu te  zero. 
This a g r e e m e n t  in  en t ropy  is comparab l e  to tha t  
u sua l ly  found  b e t w e e n  ca lor imet r ic  and  emf  da ta  
(30).  

F r o m  the  p resen t  i nves t iga t ion  a va lue  of --0.342 v ~ 
is ob ta ined  for  the  s t a n d a r d  po ten t i a l  of the  Ag, 
Ag~O electrode.  This  va lue  is a r r i ved  at  f r o m  the  
m e a s u r e m e n t s  of cell [B],  the  da ta  of Tab le  III,  a nd  
the s t a n d a r d  po ten t i a l  0.8282 v (31) of the H elec-  
t rode at  u n i t  ac t iv i ty  of OH- ion. This  va lue  is 0.002 
v lower  t h a n  tha t  g iven  by  L a t i m e r  (32) who based 
his va lue  on the da ta  of P i tzer  and  Smith .  

In  conclusion,  it  has been  shown  how s table  a nd  
rep roduc ib le  Ag, Ag~O electrodes m a y  be p r e p a r e d  
which  give po ten t ia l s  r e a sonab ly  cons i s ten t  w i th  
t h e r m o d y n a m i c  data.  The compar i son  of t h e r m o d y -  
namic  da ta  involves  l o w - t e m p e r a t u r e  hea t  capaci ty  
measu remen t s ,  h i g h - t e m p e r a t u r e  dissocia t ion me a s -  
u r emen t s ,  and  free ene rgy  func t ions  for Ag a nd  O3 
on the  one hand,  as compared  w i th  combined  emf  
m e a s u r e m e n t s  of Ag, Ag~O and  Hg, HgO electrodes 
and  free e n e r g y  func t ions  of H~O, Ag, Hg, and  HgO 
on the o ther  hand.  A more  di rect  compar i son  could 
be rea l ized by  compar ing  Ag, Ag~O, and  Ha elec-  
trodes. Such m e a s u r e m e n t s  are con templa ted ,  a l -  
t hough  they  would  be  invo lved  owing  to the  h igh  
so lubi l i ty  of Ag~O in  alkali .  

Manuscript  received Ju ly  2, 1956. This paper  was 
prepared for delivery before the Cleveland Meeting, 
Sept. 30 to Oct. 4, 1956. 

a A c c o r d i n g  to  t h e  S t o c k h o l m  I U P A C  c o n v e n t i o n  t h e  s ign  h e r e  
w o u l d  be  + w i t h  t h e  h a l f - c e l l  r e a c t i o n  w r i t t e n  as  a r e d u c t i o n  of 
Ag~O. 

Any discussion of this paper  wil l  appear in  a Dis- 
cussion Section to be published in the December 1957 
J O U R N A L ,  
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Effect of Ultraviolet Irradiation on the Growth of 
Anodic Films 

D. A. Vermilyea 

Research Laboratory,  General Electric Company,  Schenectady,  N e w  York  

ABSTRACT 

Ultraviolet  i r radiat ion during the growth of amorphous Ta.~O~ films in aque- 
ous solutions results in the t ransformat ion of the outer port ion of the film from 
TarO5 1Lo a mater ia l  which dissolves more rapidly than Ta~O~ in HF. If the 
formation field is high, the t ransformed region has a very high resistance and 
both Ta and oxygen are mobile in the region. When the formation field is low, 
the region has a lower resistance, contains water  which can be removed par-  
t ial ly by heat ing the film in air, and only oxygen is mobile. It  is suggested 
that the t ransformat ion of the outer port ion of the film occurs after an in- 
creased[ field, necessary to main ta in  the flow of electrons into the oxide from 
the so]kution by tunnel ing,  is produced by a positive space charge in  the 
outer ]portion of the film. Under  the influence of this high field Ta ions 
migrate  out of the outer par t  of the film, leaving defects. As the defect con- 
centrat ion increases, oxygen probably  also starts to move in the film, and the 
film becomes either hydrated  or porous depending on the applied field 
strength. Ultraviolet  i r radiat ion dur ing  growth also results in a similar  t rans-  
formation of the outer portion of crystal l ine anodic Ta20~ films. 

A recen t  note  (1) r epor ted  tha t  anodic  TarO, films 
g rown  whi le  i r r ad i a t ed  w i t h  u.v.  l ight  consis ted of 
two layers ,  the  one n e a r e r  the me t a l  be ing  a n o r m a l  
anodic  Ta~O~ film and  the  ou te r  one be ing  less r e -  
s i s t an t  to corrosion in  HF  and  h a v i n g  a h igher  con-  
duct iv i ty .  This  paper  presen ts  the  resu l t s  of a more  
ex tens ive  s tudy  of the  n a t u r e  and  g rowth  of the  
outer  layer .  I t  is suggested  t ha t  this  outer  l aye r  
is fo rmed  by  t r a n s f o r m a t i o n  of the  or ig ina l  Ta~O~ 
film w h e n  a space charge p roduced  by  i r r ad i a t i on  has 
caused a cons iderab le  increase  in  the  e lectr ical  
field s t r eng th  at  the  ox ide - so lu t ion  in terface .  

Experimental 
The Ta  used in  these expe r imen t s  was  0.005 in. 

sheet, 1 and  was s ta ted 'to be 99.9% pure .  The  speci-  
mens  had  a surface area  of abou t  6.4 cm 2. O n l y  
d i lu te  aqueous  e lect rolyt ic  solut ions (u sua l l y  1% 
Na~SO,) were  used and  ident ica l  resul t s  were  ob-  
t a ined  in  al l  solution.,; (such as 0.1% KOH, 1% 
H~SO,) which  did no t  adsorb the l ight  and  reduce  
the photo effect. The u.v. l ight  source was a 4 - w  
Hg vapor  lamp.  ~'~ The source was  placed outs ide  a 
quar tz  beake r  con t a in ing  the  spec imen  an d  the  
solut ion,  and  was  abou t  ~/2 in. f rom and  pa ra l l e l  to 
the  specimen.  The m a x i m u m  p h o t o c u r r e n t  ob ta ined  
was  abou t  1 m a / c m  2. 

Two methods  were  used to ob ta in  an  es t imate  of 
the  oxide fi lm thickness .  The first was  a compar i -  
son w i th  the in t e r f e rence  color step gauge descr ibed  
p rev ious ly  (2) .  This  me thod  has the  a d v a n t a g e  t ha t  
it  gives a rough  ind ica t ion  of the to ta l  th ickness  of 
the  film, i nc lud ing  both  layers .  The  va lues  ob- 
t a ined  are  accura te  on ly  for the  dense  amorphous  
TarO5 film, and  the ab:~olute va lue  of the th ickness  
m e a s u r e d  w h e n  both  :layers are p re sen t  m igh t  be  
cons ide rab ly  in  error .  The second me thod  was  a 
m e a s u r e m e n t  of the  e lectr ical  capac i tance  of a cell 

consis t ing of the specimen,  a 2% HNO~ solut ion,  and  
a p la t in ized  P t  e lect rode of 100 cm ~ area.  T h e  series 
capaci tance  a nd  series res i s tance  of the  cell  we re  
m e a s u r e d  at  1000 cps. This  second me thod  has the  
a d v a n t a g e  t ha t  a conduc t ing  l ayer  in  the  oxide 
fi lm behaves  a p p r o x i m a t e l y  l ike a resis tance,  and  
the capaci tance  is thus  d e t e r m i n e d  p r i m a r i l y  by  the  
dense  i n n e r  TarO5 film. The  ac tua l  e q u i v a l e n t  elec-  
t r ica l  c i rcui t  of the  oxide fi lm is m u c h  more  com-  
p lex  t h a n  a s imple  series res i s tance  and  capaci tance  
and  a d e t e r m i n a t i o n  of the  t rue  th icknesses  of bo th  
films could on ly  be m a d e  by  m a k i n g  m u c h  m o r e  ex-  
tens ive  me a su r e me n t s .  

Results 
G r o w t h  at H igh  C u r r e n t  D e ns i t y  

Consider  first the  resu l t s  of u.v. i r r ad i a t i on  at  a n  
appl ied  electric field of such a m a g n i t u d e  t ha t  the  
fi lm would  be g rowing  at  a fa i r ly  h igh  rate ,  say 
abou t  0.1-10A/sec,  in  the  absence  of l ight .  I t  is 
found  (Fig. 1) tha t  as the f i lm grows the  opt ical  
th ickness  and  capaci tance  are both  sma l l e r  on the  
i r r ad i a t ed  side. The capac i tance  of the i r r ad i a t ed  side 
is found  by  ca lcu la t ing  the  capac i tance  of the  da rk  
side f rom the  observed  opt ical  th ickness  a nd  the  
dielectr ic  constant ,  and  s u b t r a c t i n g  the  resu l t  f rom 
the  tota l  m e a s u r e d  capaci tance.  At  these h igh  g rowth  
ra tes  the  series res i s tance  of the  condense r  fo rmed  
by  the  oxide f i lm r e m a i n s  cons tan t  and  equa l  to the  
res i s tance  of the  electrolyte .  W h e n  the  fi lm is dis-  
solved in  HF  the  ra tes  of decrease  of the  opt ical  
th ickness  and  rec iproca l  capac i tance  (Fig. 2) i nd i -  
cate tha t  the  ou te r  po r t ion  of the  film on  the  i l l u m i -  
na t e d  side is no t  the  o r d i n a r y  TarO5 film found  on 
the  da rk  side. The  fact t ha t  the  series res i s tance  is 
u n c h a n g e d  shows tha t  this  t r a n s f o r m e d  m a t e r i a l  is 
h igh ly  i n su l a t i ng  l ike the  n o r m a l  Ta~O~ film. I t  
should  be  no ted  t ha t  the  i n n e r  layer  which  com-  
prises most  of the film is a p p a r e n t l y  n o r m a l  Ta._,O~, 
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Fig. 1. Growth in thickness of a film formed at 3 mo/cm ~ in 1% 
Na2SO4 at room temperature with and without irradiation with u.v. 
light. 
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Na~SO4 at room temperature, with one side irradiated for the first 
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Fig. 2. Thickness decrease on solution in 48% HF of a film 
formed in a manner similar to that of Fig. 1. 
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Fig. 4. Thickness decrease on solution in 48% HF of the film 
formed in Fig. 3. 

s ince  i t  has  the  s a m e  cor ros ion  r a t e  as the  film on 
the  d a r k  side.  

I f  t he  u.v. l igh t  is a p p l i e d  u n t i l  the  t h i ckness  has  
i n c r e a s e d  to a b o u t  400A and  t hen  t u r n e d  off w h i l e  
t he  f o r m a t i o n  is con t inued ,  the  t h i ckness  and  r ec i -  
p r o c a l  c a p a c i t a n c e  i n c r e a s e  as s h o w n  in Fig.  3. I t  
m a y  be  seen  t h a t  t h e  c h a n g e  p r o d u c e d  b y  t h e  i r r a d -  
i a t ion  is p e r m a n e n t ,  t he  op t i ca l  t h i cknes s  a n d  c a p a -  
c i t ance  r e m a i n i n g  s m a l l e r  on the  o r i g i n a l l y  i l l u m i -  
n a t e d  side.  W h e n  t h e  r e s u l t i n g  f i lm is d i s so lved  in  
HF ,  i t  is f o u n d  (Fig .  4) t ha t  t he  a l t e r ed ,  r a p i d l y  
d i s so lv ing  f i lm r e m a i n s  n e a r  t he  o u t e r  sur face ,  b u t  
some n o r m a l  Ta=O5 has  been  f o r m e d  ove r  the  a l t e r e d  
l ayer .  I t  appea r s ,  t he re fo re ,  t h a t  bo th  o x y g e n  and  
Ta  a r e  mob i l e  in  th is  a l t e r e d  l a y e r  [on ly  Ta  is 
mob i l e  in n o r m a l  Ta~O~ ( 3 ) ] .  F i l m s  f o r m e d  u n d e r  

u.v. i r r a d i a t i o n  a t  t he se  h igh  g r o w t h  r a t e s  b e h a v e  
in  a m a n n e r  w h i c h  is v e r y  s i m i l a r  to t h a t  o b -  
s e r v e d  w h e n  anod ic  f i lms a r e  f o r m e d  on Ta  in  solu-  
t ions  w h i c h  a r e  l a r g e l y  n o n a q u e o u s  (3 ) .  B o t h  t y p e s  
of f o r m a t i o n  p r o d u c e  f i lms w h i c h  h a v e  a l a y e r  of  
n o r m a l  Ta~O~ n e x t  to t h e  m e t a l  and  a l a y e r  w i t h  
d i f f e ren t  p r o p e r t i e s  n e a r  t h e  so lu t ion;  b o t h  t y p e s  of 
a l t e r e d  f i lm b e c o m e  b u r i e d  u p o n  s u b s e q u e n t  f o r m a -  
t ion  in s imp le  d i l u t e  aqueous  solut ions .  

Growth at Low Field Strength 

U l t r a v i o l e t  i r r a d i a t i o n  w i l l  cause  t h e  g r o w t h  of  
Ta20~ fi lms h e l d  at  such low field t h a t  no m e a s u r -  
ab l e  g r o w t h  w o u l d  occur  in  t h e  p e r i o d  of  an  e x p e r i -  
m e n t  i f  t he  l igh t  was  not  p r e s e n t  (4, 5) .  Fig.  5 
shows  p lo t s  of t he  va lue s  of ser ies  res i s tance ,  r ec i -  
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Fig. 5. Changes in thickness, reciprocal capacitance, and series 
resistance in the capacitance test on irradiation with u.v. light of a 
film initially 477~, thick with an initial applied field of 0.04 v/,~. 
The values plotted are for the light side; the thickness of the dark 
side remained unchanged. 

i O 

EO.6 o o  

~- 0.5 

i 0 . 4  

0.:5 : " 

0.2 PHOTO OURRENT 

0.1 

. . . .  DAR: CURR~NT I ' t ; 00  

C~) IOQO 2000 3000 4000 5000 6000 7000 8000 9 
TIME'SECONDS 

Fig. 6. Change of current w~th time for the experiment of Fig. 5. 
The current on the dark side was a negligible fraction of these 
currents. 

procal  capaci tance,  and. opt ical  th ickness  for a film 
formed in  the  da rk  to a th ickness  of 477A and  t h e n  
held  at a field of 0.04 v / A  wi th  the u.v. l ight  on. 
The  series res is tance  and  capaci tance  s ta r t ed  to i n -  
crease as soon as i r r ad i a t i on  was star ted.  The series 
res is tance  increased  con t inuous ly  a t  a decreas ing  
ra te  d u r i n g  the en t i re  run ,  whi le  the  capaci tance  
first inc reased  and  t h e n  at abou t  1500 sec be ga n  to 
decrease again.  The optical  th ickness  began  to i n -  
crease v e r y  s lowly  at  :first, bu t  at  750 sec the  ra te  
of increase  sudden ly  ]became v e r y  great  and  the  
th ickness  increase  t h e n  con t inued  at a decreas ing  
rate.  Fig. 6 shows the  va lues  of p h o t o c u r r e n t  ' a nd  
da rk  c u r r e n t  d u r i n g  the  exper imen t .  The  da rk  cur -  
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Fig. 7. Decrease in thickness on solution of the film of Fig. 5 in 
24% HF. 
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Fig. 8. Decrease in thickness on solution in 4 8 %  HF of a film 
grown in a manner similar to that of Fig. 5 until the optical thick- 
ness was 1050,~ on the light side, and then formed at 1 ma/cm 2 to 
an optical thickness of 1380A. 

r en t  was v e r y  low in i t i a l ly  bu t  became comparab le  
wi th  the  pho tocu r r en t  w h e n  the  opt ical  th ickness  
began  to increase  v e r y  rap id ly .  The  p h o t o c u r r e n t  
decreased con t inuous ly  d u r i n g  the  expe r imen t .  

W h e n  a film formed  wi th  a low in i t i a l  field was 
dissolved in  HF  the opt ical  th ickness  and  reciprocal  
capaci tance  decreased as shown  in  Fig. 7. There  was 
a r ap id  in i t i a l  decrease of bo th  va lues  for the  film on 
the  l ight  side. Af te r  the  r a p i d l y  dissolving pa r t  of 
the  film was r e move d  the ra tes  of decrease  of op-  
t ical th ickness  and  reciprocal capacitance became 
equa l  on both  sides; hence  i t  is l ike ly  t ha t  the  re -  
m a i n i n g  fi lm on the  l ight  side was n o r m a l  Ta~O~. 

W h e n  a film was i r r ad ia t ed  wi th  u.v. l ight  wi th  a 
low in i t i a l  appl ied  field so tha t  g rowth  occurred  as 
descr ibed above, a nd  was t h e n  s u b s e q u e n t l y  g rown  
in  the  absence of u.v. l ight,  it  was found  tha t  the 
a l te red  por t ion  of the  fi lm r e m a i n e d  at  the  oxide-  
so lu t ion  in terface .  Fig. 8 shows the decrease  of the 
va lues  of  rec iprocal  capac i tance  and  optical  t h i ck -  
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Fig. 10. Decrease in thickness on solution in 48% HF of the film 
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ness w h e n  such a film was dissolved in  HF. The 
rap id ly  dissolving por t ion  of the  film was  sti l l  on the  
outs ide of the film; thus,  it  appears  tha t  on ly  oxygen  
is mobi le  in  this  por t ion  of the  film. 

The t r a n s f o r m e d  por t ion  of the films fo rmed  wi th  
an  in i t i a l ly  low field s t r eng th  is d i f ferent  f rom tha t  
of films fo rmed  at h ighe r  fields in  severa l  respects.  
In  the  first place, the  conduc t iv i ty  of the  a l te red  
layer  of a low field film is m u c h  h igher  t h a n  t ha t  of 
a h igh field film, as shown  by  the  fact  t ha t  the  a l t e red  
low field film behaves  a p p r o x i m a t e l y  l ike a series 
res is tance  in  the capaci tance  tests, whi le  the  h igh  
field film behaves  l ike a p u r e  capaci tance .  In  the  sec- 
ond place the  d issolu t ion  r a t e  in  H F  is m u c h  grea te r  
for the  low field films (compare  Fig. 2 and  7). A n -  
o ther  difference is tha t  the  h igh field films are mos t ly  
Ta30~ and  have  on ly  a t h i n  ou te r  l ayer  of t r a n s -  
fo rmed  mater ia l .  The  low field films, on the  o ther  
hand,  are m a i n l y  t r a n s f o r m e d  m a t e r i a l  wi th  on ly  a 
t h in  i n n e r  Ta~O~ film. 

The  final difference is t ha t  the  low field fi lm con-  
ta ins  w a t e r  which  can be r emoved  easily.  For  ex- 
ample,  w h e n  a spec imen  fo rmed  at an  in i t i a l ly  low 
field to an  optical  th ickness  of 3580A was  hea ted  to 
500~ in  a i r  for 30 rain, the  opt ical  th ickness  de-  
creased to 3180A. This  change  could be p a r t l y  r e -  
versed;  soaking  the  fi lm in  wa t e r  r e su l t ed  in  an  i n -  
crease of the  opt ical  th ickness  to 3230A af ter  15 m i n  
and  to 3280A af ter  16 hr. The  opt ical  th ickness  of 
ano the r  spec imen  hea ted  to 200~ for 1 hr  decreased 
f rom 3400A to 3100A, whi le  on soaking in  wa te r  
for  1 hr  the  opt ical  th ickness  increased  to 3280A. 
Hold ing  at  room t e m p e r a t u r e  in  a v a c u u m  of 10 -~ 
m m  Hg changed  the  opt ical  th ickness  of a th i rd  
spec imen  f rom 3580A to 3450A, and  this change  
could be reve r sed  comple te ly  by  soaking in  wa te r  
for 1 min .  I t  appears ,  therefore ,  tha t  the re  is some 
wa te r  p re sen t  in  the  low field film which  can be r e -  
moved  by  evacua t i ng  or b y  heat ing.  The  h igh  con-  
duc t iv i ty  which  shor t  c i rcui ts  the  capac i tance  of the  
outer  por t ion  of the film is associated w i th  the  pres -  
ence of this  water ,  s ince af ter  hea t ing  at 200~ for 
1 hr  the  e lectr ical  capac i tance  of a spec imen  de-  

creased f rom 2.52 mfd  to 1.37 mfd,  whi le  afte~ soak-  
ing in  wa te r  for 3 hr  the capaci tance  inc reased  again 
to 2.33 mfd.  The capac i tance  ca lcu la ted  f rom the 
opt ical  th ickness  a s suming  a Ta~O~ film was 1.31 
mfd,  which  is n e a r l y  iden t ica l  w i th  the  1.37 mfd  
observed  af ter  hea t ing .  For  films fo rmed  at  high 
fields, on the o ther  hand,  no change  in  opt ical  t h i ck -  
ness occurred  on hea t ing  at  t e m p e r a t u r e s  up  to 
500~ and  the capac i tance  increased  abou t  6% in -  
s tead of decreasing.  Such an  increase  is expected 
f rom o ther  da ta  ob ta ined  for n o r m a l  TarO5 films (6) .  
For  h igh field films, therefore ,  a n y  w a t e r  p re sen t  is 
b o u n d  so s t rong ly  tha t  it  is no t  r emoved  by  hea t ing  
at  500~ 

Growth  of a Crystalline Ta205 Film During U. V. 
Irradiation 

U.V. i r r a d i a t i on  also produces  more  r ap id  growth  
of a c rys ta l l ine  TarO5 film. Crys t a l l i ne  films can be 
fo rmed  by  anod iz ing  Ta spec imens  at  90 v in  2% 
HNO3 at 100~ for abou t  15 hr  (7) .  The  response  
of these  films to u.v. l ight  was  abou t  the  same in  
w a v e  l eng th  dependence  s a nd  the  m a g n i t u d e  of the 
p h o t o c u r r e n t  for a g iven  l ight  i n t e n s i t y  as tha t  of 
an  amorphous  Ta~O~ film. Upon  i r r a d i a t i on  of a 
c rys ta l l ine  film 4170A th ick  w i th  170 v appl ied  for  
the  first 2000 sec a nd  160 v t he rea f t e r  the  opt ical  
th ickness  inc reased  as shown  in  Fig. 9. There  was  
a g rea te r  ra te  of g rowth  on the  i r r ad i a t ed  side, and  
the  ou te r  por t ion  of the film on the i r r ad i a t ed  side 
s u b s e q u e n t l y  dissolved at a more  rap id  ra t e  in  HF  
as shown in  Fig. 10. There  was  an  increase  of abou t  
2 ohms in  the  series res i s tance  of the  capaci tor  
fo rmed  f rom the  film, and  the  va lue  of capac i tance  
was abou t  the  same as wou ld  have  been  ob t a ined  
for a film consis t ing  en t i r e ly  of c rys ta l l ine  Ta~O~ of 
the  th ickness  of the  da rk  side. The  p h o t o c u r r e n t  
decreased f rom 0.5 m a / c m  ~ to 0.05 m a / c m  ~ d u r i n g  
the  course of the expe r imen t .  The  behav io r  is ve ry  
s imi la r  to tha t  observed  wi th  amorphous  films. 

Discussion 

The two layer  films p roduced  by  u.v. i r r ad i a t i on  
migh t  be  fo rmed  in  the  fo l lowing  m a n n e r .  W h e n  a 
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Fig. 11. Schematic drawing of the electronic levels in the oxide 
film and on anions in the solution during the passage of photo- 
current. 

Ta,O~ film is i r r ad i a t ed  w i th  u.v. l ight,  e lec t rons  are 
exci ted  in to  the  conduc t ion  band ,  l eav ing  holes in  
the va l ence  band.  Some of the  e lec t rons  reach  the  
metal ,  l ower ing  its potent ia l ,  as f ound  by  Young  (4) .  
If  a field is appl ied  across the film, a c u r r e n t  flows, 
the e lec t rons  t r a v e l i n g  via  the conduc t ion  b a n d  to 
the Ta and  the holes in. the  reverse  direct ion.  There  
wou ld  p r o b a b l y  be l i t t le  ba r r i e r  for the  passage of 
e lec t rons  f rom the oxide to the meta l ,  bu t  it  wou ld  
be difficult for  e lect rons  to t u n n e l  f rom the so lu t ion  
to the fu l l  b a n d  of the  oxide in  order  to fill the  posi-  
t ive holes. A posi t ive space charge wou ld  therefore  
develop nea r  the  ox ide - so lu t i on  in terface ,  and  the  
field at  the  in te r face  wou ld  increase  u n t i l  the t u n n e l -  
ing  process was able  to supp ly  e lect rons  f rom the 
so lu t ion  r ap id ly  enough  to m a i n t a i n  the  cur ren t .  I t  is 
expected  tha t  a v e r y  large field wou ld  be r equ i r ed  to 
b r i n g  the  level  of holes in  the fu l l  b a n d  down  to the  
level  of e lec t rons  on ions in  the  so lu t ion  (see Fig. 
11). The  F e r m i  e n e r g y  of the anodic  Ta~O~ film is 
no t  k n o w n ,  and  hence  an  accura te  es t imate  of the  
field r e q u i r e d  canno t  be  made.  However ,  the  elec-  
t ron ic  levels  in  the  solut ion are many" volts  be low 
the v a c u u m  and  p r o b a b l y  lie wel l  be low the  top of 
the fu l l  b a n d  of the oxide. If the top of the fu l l  b a n d  
is 1 v above the  level  of the e lect rons  in  the  ions, 
a field in  excess of l0  t. v / c m  wou ld  be r e q u i r e d  to 
m a k e  the  t u n n e l i n g  d is tance  shor t  enough  so t ha t  
a large c u r r e n t  could be car r ied  across the in terface .  
The  t ime r equ i r ed  to develop a field of this m a g n i -  
tude  at the  observed  pho tocur ren t ,  a s suming  tha t  
all  of the  l ight  is absorbed  in  the ou te r  400A of the 
film, can  be shown to be of the  order  of a few 
seconds. 

If it  is accepted tha t  a posi t ive  space charge  de-  
velops in  the  oxide film, t hen  the obse rva t ions  m a d e  
d u r i n g  the  g rowth  of the  film at  h igh fields can  be 
exp la ined  as follows. Whi le  the  film is ve ry  th in ,  
most  of the  l ight  wou ld  be absorbed  in  the  me t a l  
r a the r  t h a n  in  the oxide, l i t t le  space charge  wou ld  
develop,  and  the  opt ical  th ickness  and  capac i tance  
wou ld  be the  same w h e t h e r  the  film was i l l u m i n a t e d  
or not. Af te r  the  film had  g rown  to a th ickness  of 
a few h u n d r e d  A n g s t r o m  uni ts ,  n e a r l y  all  the l ight  
would  be absorbed  in  the  film (4, 9), an  apprec iab le  
space charge  wou ld  have  developed and  the  field 
nea r  the ox ide - so lu t ion  in te r face  on the  i r r ad i a t ed  
side would  be ve ry  great .  Now in  add i t ion  to m a i n -  
t a i n i n g  the  p h o t o c u r r e n t  the  increased  field at the  
ox ide - so lu t ion  in te r face  would  inc rease  the Ta ion 
c u r r e n t  locally.  Ta ion,; would  move  out  of the  ou te r  
layers  of the  oxide more  r ap id ly  t h a n  they  came in  
f rom u n d e r n e a t h ,  l eav ing  b e h i n d  a n u m b e r  of va -  
cancies which  could no t  be filled because  of the  
smal le r  ionic c u r r e n t  in  the  rest  of the film. The 
r e su l t ing  nega t ive  space charge wou ld  cancel  pa r t  

of the posi t ive space charge,  bu t  the  photo effect 
wou ld  aga in  increase  the  field at  the  in te r face  in  
order  to m a i n t a i n  the flow of e lect ronic  cur ren t .  

It  is c lear  tha t  this s i tua t ion  could no t  exist  i n -  
definitely because  soon al l  the Ta ions in  the  ou te r  
por t ion  of the film wou ld  be exhausted .  P r o b a b l y  
as soon as the defect  concen t r a t i on  becomes suffi- 
c ien t ly  large, oxygen  ions s ta r t  to move  inward .  I t  
would  then  be possible to reach  a s teady state  w i th  
a la rge  defect  concen t r a t i on  of bo th  ions in  the  ou te r  
layers  and  an  increased  field n e a r  the  surface,  bo th  
ions be ing  mobile .  S ince  the  change  p roduced  in  the  
film by  the u.v. l ight  is p e r m a n e n t  d u r i n g  f u r t h e r  
fo rma t ion  in  the  absence  of u.v. l ight,  it  is l ike ly  
tha t  some chemical  change  in  the ou te r  l ayer  occurs 
in  add i t ion  to the p roduc t ion  of large n u m b e r s  of 
ionic defects. By ana logy  wi th  the  films ob ta ined  
u p o n  fo rma t ion  in  n o n a q u e o u s  solut ions  which  be -  
have  s imi l a r ly  a nd  are solvated,  it  m a y  be tha t  the  
ou te r  por t ion  of the  film becomes hydra ted .  There  is 
a decrease  in  the  p h o t o c u r r e n t  by  abou t  a factor  of 
two w h e n  this a l t e red  film is present ,  pe rhaps  be -  
cause some of the  charge car r ie rs  can r e c ombine  in  
the ou te r  layers  wi th  its h igh  concen t r a t i on  of ionic 
defects. 

W h e n  a film is fo rmed  to a ce r t a in  th ickness  and  
then  i r r ad i a t ed  wi th  a low appl ied  field, a s imi la r  
t r a n s f o r m a t i o n  occurs as follows. Shor t ly  af ter  i r r a -  
d ia t ion  is s tar ted,  the field at  the  ou te r  i n t e r f ace  is 
g rea t ly  inc reased  in  order  to m a i n t a i n  the  photo-  
cur ren t .  A defect  s t r uc t u r e  is t h e n  p roduced  as at  a 
h igh  field s t rength ,  and  a t r a n s f o r m e d  l aye r  resul ts .  
However ,  the  e x p e r i m e n t s  showed tha t  the  a l te red  
por t ion  of the  low field film has a di f ferent  s t r uc tu r e  
f rom tha t  of the  h igh field film, con t a in ing  loosely 
b o u n d  water .  I t  is suggested tha t  this  fi lm is porous  
r a the r  t h a n  s imply  hydra ted .  The  e x p l a n a t i o n  for 
the  difference in  the  s t r uc t u r e  of the two types  of 
t r a n s f o r m e d  film can be a t t r i b u t e d  to the  fact tha t  
some ionic mo t ion  occurs in  the  u n d e r l y i n g  Ta,O~ 
film w h e n  the  in i t i a l  field is high. The  inf lux  of ions 
in to  the  t r a n s f o r m i n g  l aye r  f rom u n d e r n e a t h  causes 
some repa i r  of the  defect  s t ruc ture ,  a nd  hence  a less 
drast ic  change  f rom the o r ig ina l  Ta~Os. 

The  curves  shown  in  Fig. 6 a nd  7 for low field 
films can be exp la ined  in  t e rms  of the proposed 
m e c h a n i s m  in  the fo l lowing  m a n n e r .  Shor t ly  af ter  
i r r ad i a t i on  is s tar ted,  the  t r a n s f o r m a t i o n  of the  
ou te r  layers  begins.  The  series res i s tance  a nd  capaci-  
t ance  increase  because  the  ou te r  por t ion  of the  TarO5 
is now  a poor conduc tor  ins t ead  of an  insu la tor .  The 
opt ical  th ickness  increases  s lowly d u r i n g  this  in i t i a l  
per iod  as Ta leaves  the  ou te r  por t ion  of the  film 
u n d e r  the  inf luence  of the  h igh  field and  forms n e w  
oxide at  the ox ide - so lu t i on  in ter face .  As the  t r a n s -  
fo rma t ion  proceeds the appl ied  vol tage  is concen -  
t r a ted  across the u n t r a n s f o r m e d  por t ion  of the  film, 
since the  t r a n s f o r m e d  layer  has a low res is tance,  
a nd  the  field in  this  po r t ion  therefore  increases  as 
t r a n s f o r m a t i o n  proceeds.  F i n a l l y  the  field becomes 
grea t  enough  for ionic mot ion  in  the  i n n e r  layer ,  
and  rap id  g rowth  begins.  At  this t ime  the  da rk  cu r -  
rent ,  which  is now  ionic r a t h e r  t h a n  electronic,  i n -  
creases ve ry  m a r k e d l y  a nd  becomes comparab l e  in  
m a g n i t u d e  w i th  the  pho tocur ren t .  As g rowth  pro-  
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Fig. 12. Growth during illumination of two films initially 485~, 
and 860~, thick. Both films were held simultaneously at 20 v in 1% 
Na~S04 solution at room temperature. 

ceeds the n e w  oxide  fo rmed  u n d e r n e a t h  the t r a n s -  
fo rmed  reg ion  is i tself  t r ans fo rmed ,  so tha t  the  i n n e r  
Ta205 l ayer  r e m a i n s  a p p r o x i m a t e l y  cons tan t  in  th i ck -  
ness and  the  field in  it  r e m a i n s  high. As the  ou te r  
porous  film becomes ve ry  thick, the  capac i tance  de-  
creases aga in  since the porous  film does con t r i bu t e  
some capaci t ive  reactance.  

In  order  for this  exp l ana t i on  to be possible it  is 
necessary  for the absorp t ion  of some u.v. l ight  to 
occur in  the  i n n e r  TarO5 layer.  The oxygen  neces-  
sary  for n e w  growth  u n d e r  the  porous  l ayer  comes 
f rom wa te r  in  the pores. The  decrease in  photo-  
c u r r e n t  wi th  t ime is caused p r e s u m a b l y  by  absorp-  
t ion  of some of the  l ight  i n  the  porous  l aye r  of the  
film. 

Accord ing  to the proposed m e c h a n i s m  of f o r m a -  
t ion  of the h igh ly  conduc t ing  film, if the  in i t i a l  field 
was less b u t  t h e  appl ied  cons tan t  vol tage  the same 
in  a low field expe r imen t ,  it  should  take  longer  for 
the  rap id  g rowth  to start ,  s ince more  of the  o r ig ina l  
oxide wou ld  have  to be t r a n s f o r m e d  to conduc t ing  
oxide in  order  to concen t r a t e  the  vol tage  in  the  same 
smal l  th ickness  of dense  Ta~O~. In  order  to test  this  
predic t ion ,  two films of d i f fe rent  th ickness  (485A 
and  860A) were  he ld  s i m u l t a n e o u s l y  at 20 v in  1% 
Na~SO4 so lu t ion  at  room t e m p e r a t u r e  wh i l e  be ing  
i r rad ia ted .  Fig. 12 shows t h a t  the  th icker  film re -  
qu i r ed  7000 sec before  r ap id  g rowth  s ta r ted  as com-  
pared  to 2000 sec for the  t h i n n e r  film. 

S u m m a r y  

1. W h e n  Ta.~O.~ films are  i r r ad i a t ed  w i th  u.v. l ight  
whi le  a s t r o n g  electr ic  field is p r e sen t  in  the  film, 
the  ou te r  layers  of the  film are t r a n s f o r m e d  to a 
m a t e r i a l  of d i f ferent  composi t ion  which  dissolves 

more  r ap id ly  in  HF  t h a n  does the Ta~O~ film. If 
the  appl ied  field is l a rge  enough  to cause rap id  film 
growth  in  the  absence  of i r r ad ia t ion ,  the t r a n s f o r m e d  
reg ion  is st i l l  a good in su l a to r  and  is s tab le  at  t e m -  
pe ra tu re s  up to at least  500~ If the  in i t i a l ly  ap-  
p l ied  field is so low tha t  no g rowth  of the  film would  
occur in  the  absence  of i r rad ia t ion ,  the  t r a n s f o r m e d  
reg ion  becomes a poor conduc tor  ins t ead  of an  i n -  
sula tor ,  a nd  con ta ins  w a t e r  tha t  can be r e moved  
pa r t i a l l y  by  evacua t i on  at  room t e m p e r a t u r e .  The 
low field film is p r o b a b l y  porous,  and  m a y  also be 
hydra ted ,  w h i l e  the  h igh  field film is p r o b a b l y  s imply  
hydra ted .  

2. W h e n  the  i n i t i a l l y  appl ied  field is ve ry  low, 
the  p roduc t ion  of the  t r a n s f o r m e d  l aye r  of low r e -  
s is tance  concen t ra t e s  the  appl ied  vol tage  across the  
u n t r a n s f o r m e d  reg ion  of the film. As the  t r a n s -  
f o r ma t i on  proceeds,  the  field in  the  u n t r a n s f o r m e d  
layer  rises u n t i l  e v e n t u a l l y  ionic mot ion  s tar ts  and  
rap id  film g rowth  occurs. The n e w l y  fo rmed  oxide 
is i tself  t r a n s f o r m e d  so tha t  the field in  the  i n n e r  
layer  r e m a i n s  h igh  a nd  g rowth  cont inues .  

3. I r r a d i a t i o n  causes a s imi la r  t r a n s f o r m a t i o n  of 
a c rys ta l l ine  Ta~O~ anodic film. 

4. It  is suggested tha t  the  t r a n s f o r m a t i o n  occurs 
w h e n  an  increased  electr ic  field is p roduced  a t  the  
ox ide - so lu t ion  in te r face  by  the i r rad ia t ion .  A defect  
s t ruc tu re  is p roduced  as the Ta ion c u r r e n t  is i n -  
creased local ly in  this  inc reased  field, a nd  e v e n t u -  
a l ly  s t r u c t u r a l  and  chemical  changes  occur as well .  
The differences observed  in  the  h igh a nd  low field 
films are a t t r i b u t e d  to the  pa r t i a l  r epa i r  of the de-  
fect s t ruc tu re  at h igh appl ied  field by  the  Ta ion 
c u r r e n t  e n t e r i n g  the t r a n s f o r m i n g  reg ion  f rom 
u n d e r n e a t h .  

Manuscript  received May 16, 1956. 
Any discussion of this paper wil l  appear in a Dis- 

cussion Section to be published in the December 1957 
J O U R N A L .  

1 From Fansteel Metallurgical Co. 
s G. E. " G e r m i c i d a l " .  
3 P e r c e n t a g e  o f  l a m p  w a t t s  in v a r i o u s  spec tra l  r a n g e s  as  f o l l o w s :  

below 2800A 13%, 2800-S200A 0.25%, 3200-3800A 0.25%, 3800-5000A 
1%, 5000-7000A 0.52%. 

T h e  p h o t o c u r r e n t  is  e q u a l  to the  to ta l  current  m i n u s  th e  d a r k  
current. 

6 Determined b:~ the use of ~lters which cut of~ at approximately, 
2200A, 2600A, 2800A, 3000A, 3400A (Corn ing  n u m b e r s  2910, 9700, 
7740, 0160, and 7380, respectively). 

e The electronic levels of even the s imple  h a l o g e n  a n i o n s  are  
about 6-8 v below the vacuum, a n d  o t h e r  an ions  have still l o w e r  
e l ec tron ic  levels (8). 
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Oxidation of 50 Weight Per Cent Uranium-Zirconium Alloy 
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ABSTRACT 

The reaction of 50% uran ium-z i rconium with oxygen at 1 atm pressure was 
studied over the range 200~176 Two forms of the alloy, the stable ,-phase 
and the quenched 7-phase, were reacted to an oxide-scale-thickness of 0.1 m m  at 
the higher temperatures.  In general, the weight gain increased l inear ly  with 
time, although in many  cases the oxidation curve showed a bend and could be 
represented by two straight lines. At 400~ and above, the stable ,-phase 
reacted considerably faster than the 7-phase. The thick oxide scales were 
porous and showed u ran ium enrichment .  During the formation of thin oxide 
films at 200 ~ and 250~ the reaction followed the parabolic rate law approxi- 
mately. The alloy oxidizes somewhat more rapidly than pure Zr, bu t  very 
much more slowly than U. 

U r a n i u m  ta rn i shes  r ap id ly  at  room t empera tu r e .  
At  e leva ted  t e m p e r a t u r e s  the reac t ion  wi th  pu re  
oxygen  is v e r y  rapid,  and  even  b u l k  spec imens  be-  
come in f l ammab le  above 360~ (1,2). Plots  of 
weight  ga in  (w)  vs. t ime  ( t )  a re  a p p r o x i m a t e l y  
l i nea r  above 200~ the  l i nea r  ox ida t ion  curve  be ing  
associated wi th  a cracked,  nonpro tec t ive  oxide. 

Zr, on the o ther  hand,  is m o d e r a t e l y  resis tant  to 
oxida t ion  and  forms a :protective l ayer  of ZrO~ on 
the surface (3-5) .  The cubic  ra te  law, w ~-- kct, is 
repor ted  to be appl icable  to the r eac t ion  wi th  oxygen  
over  the t e m p e r a t u r e  r ange  300~176 (5) ,  a l -  
though  the  parabol ic  ra te  law, w " =  k~t, shows 
be t te r  a g r e e m e n t  in some cases (4, 6). I t  wou ld  be 
an t i c ipa ted  tha t  the add i t ion  of U to Zr  would  de -  
crease the  ox ida t ion  res i s tance  of the  la t ter .  If  con-  
s iderable  U could be added, whi le  m a i n t a i n i n g  h igh  
res i s tance  to ox ida t ion  and  corros ion at  e leva ted  
t empera tu re s ,  such al loys wou ld  be  use fu l  as reac tor  
fuels. 

This s tudy  concerns  the reac t ion  of oxygen  wi th  
the 50% by  weigh t  U - Z r  al loy (72 at. % Zr)  a t  t e m -  
pe ra tu re s  of 200~176 The phase d i ag ram  of the  
u r a n i u m - z i r c o n i u m  sys tem (7) indica tes  tha t  this  
composi t ion  would  be a t w o - p h a s e  a l loy below 
600~ More de ta i led  s tudies  have  shown  tha t  a 
s tab le  e-phase exists  at  and  nea r  the 50% composi-  
t ion  (8-11).1 Above  abou t  650~ this m a t e r i a l  en te rs  
the  7-phase.  

Two forms of the al loy were  used in  these studies.  
The first, ~ des igna ted  "as- ro l led ,"  was  m a t e r i a l  t ha t  
was hea ted  to produce  the 7-phase,  t hen  quenched  
rap id ly  in  wa t e r  and  co ld- ro l led  to sheet  0.63 m m  
(25 mi l s )  thick. This s:hould consis t  m a i n l y  of the  
7-phase.  The second form, des igna ted  "annea led , "  
was  p repa red  f rom the  as - ro l led  sheet  by  he a t i ng  
for 24 hr  at 800~ in vacua (10 -~ m m  Hg) a nd  t h e n  
cooling slowly, in  order  to ob ta in  the  e-phase.  X - r a y  
diffract ion p a t t e r n s  conf i rmed these  s t ruc tures ,  a l -  
though  pho tomic rographs  and  x - r a y  da ta  showed 
tha t  each fo rm of the  ahoy  con ta ined  smal l  a m o u n t s  
of a second phase, which  was found  to be a - Z r  in  

1 N o t e  t h a t  re f .  (8) uses  a n  e a r l i e r  s y s t e m  of n a m i n g  t h e  phase s .  
T h e  n o m e n c l a t u r e  u s e d  in  t h i s  r e p o r t  is  t h e  one  in  g e n e r a l  u se  n o w .  

M a t e r i a l  s u p p l i e d  by  W e s t i n g h o u s e  A t o m i c  P o w e r  D i v i s i o n .  
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the as - ro l led  al loy bu t  was not  ident if ied in  the an -  
nea led  alloy. 

Experimental 

Oxidat ion Procedure 

The ra te  of ox ida t ion  of the  a l loy in  d ry  oxygen  at  
1 a t m  pressure  was  m e a s u r e d  over  the t e m p e r a t u r e  
r a nge  200~176 Test  spec imens  were  hea ted  in  
a fu rnace  in  a slow s t r eam of oxygen;  per iodica l ly  
they  were  cooled and  weighed  on a microba lance .  
I n  this  procedure ,  ox id ized  spec imens  were  sub jec ted  
to cyclic t h e r m a l  stresses, so tha t  the  resul t s  m a y  not  
be s t r ic t ly  appl icable  to condi t ions  of u n i n t e r r u p t e d  
heat ing.  

The oxidiz ing furnace ,  shown  schemat ica l ly  in 
Fig. 1, was s imply  a tube  of P y r e x  glass, 54 m m  ID, 
wi th  a hea te r  w o u n d  over  a 30-cm leng th  at  the  
const r ic ted  end. In  an  a t t e mp t  to achieve a reg ion  of 
u n i f o r m  t e m p e r a t u r e  at the  cen te r  of the  furnace ,  
the  hot  zone was s u r r o u n d e d  by  reflect ing A1 su r -  
faces. A l aye r  of A1 foil covered the  glass sur face  
u n d e r  the  hea te r  and  a r o u n d  the  cons t r ic ted  end  of 
the  tube.  A per fo ra ted  A1 disk served as reflector  at  
the  o ther  end of the furnace .  The he a t i ng  e l emen t  
was a Nichrome r i b b o n  w o u n d  over  a l aye r  of as-  
bestos and  covered wi th  asbestos tape. A s tabi l ized 
voltage,  which  could be set at a ny  des i red va lue  up  
to 130 v, p rov ided  a cons tan t  hea t  i n p u t  to the 
heater .  Wi th  this  a r r a n g e m e n t ,  a g iven  se t t ing  of the  
appl ied  vo l tage  y ie lded  cons tan t  fu rnace  t e m p e r a -  

f2Pyrex" Gloss 
Perforated 7/Furnace Tube 

�9 A um num Alumnumq Speclmens] Reflectorl// Foil J ] r/ / "Neoprene" Rubber/ 
/ / / Stopper / 

G~ass wool1 t . , = : : - - - - ~ : = - ~  / I ~ / 

/Thermocouple ~FUrn~iOnCg Nicahrn(~m~3oHtOlder 18G_a~ S:~I~st 

Steel Rod 
Fig. 1. Schematic diagram of oxidizing furnace 
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t u r e  to - 3 ~  and  no change  of se t t ing  was r equ i r ed  
for m a n y  hours.  A C h r o m e l - A l u m e l  the rmocouple ,  
s i tua ted  n e a r  the  cen te r  of the  fu rnace  and  a t t ached  
to a recorder ,  p rov ided  con t inuous  t e m p e r a t u r e - t i m e  
records.  

Test  spec imens  of the  al loy sheet  were  3 cm x 2 
cm in  size. To each was  a t t ached  a P t  hook for 
hand l ing .  F o u r  such specimens,  two of a s - ro l l ed  
m a t e r i a l  and  two of annea led ,  were  gene ra l l y  used  
for  each run .  They  were  h u n g  f rom a Nichrome rod 
over  a Nichrome  boat  des igned to catch any  oxide 
tha t  spal led  off d u r i n g  oxidat ion.  (Ac tua l ly  no 
spa l l ing  was  ever  observed. )  W h e n  this  a s sembly  
was pushed  into the  hot  zone, the  four  spec imens  
were  s y m m e t r i c a l l y  s i tua ted  a r o u n d  the  cen te r  of 
the  furnace .  The t e m p e r a t u r e  v a r i a t i o n  over  the  
reg ion  occupied by  the  spec imens  was  found  to be 
a p p r o x i m a t e l y  4-1 o C. 

The  fo l lowing  p rocedure  was  used for each per iod  
of oxidat ion.  The flow of oxygen  t h rough  the  f u r -  
nace  t ube  was  m a i n t a i n e d  cons tan t  a t  0.5 l i t e r / m i n .  
Spec imens  were  placed in  the  cold zone u n t i l  t he  hot  
zone was  at a p r e d e t e r m i n e d  t e m p e r a t u r e  (10~ ~ 
lower  t h a n  the  des i red v a l u e ) .  Af te r  the  spec imens  
were  moved  in to  the  hot  zone, the  t e m p e r a t u r e  as 
ind ica ted  by  the  the rmocoup le  rose to w i t h i n  3~ 
of the  n o m i n a l  va lue  in  5 m i n  and  to the  n o m i n a l  
va lue  w i t h i n  ano the r  10 min .  The  ox ida t ion  per iod 
was computed  f rom the m o m e n t  t ha t  the  spec imens  
were  p laced  in  the  hot zone, a l t hough  an  u n m e a s -  
u r ed  i n t e r v a l  of t ime  is r equ i r ed  to b r i ng  the  test  
spec imens  up to t e m p e r a t u r e .  Af t e r  the  des i red 
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oxida t ion  time, the reac t ion  was  quenched  by  m o v -  
ing  the  spec imens  to the  cold zone a nd  qu ick ly  
swi tch ing  the  gas flow f rom oxygen  to a rgon  at  2 
l i t e r s / m i n .  

Materials 
The al loy ana lyzed  49.7 -- 0.2% U and  50.1 -4- 0.3% 

Zr. The  oxygen  con ten t  was  0.07 %, as d e t e r m i n e d  by  
the  v a c u u m - f u s i o n  me thod  us ing  a P t  bath .  The  Hf  
con ten t  was  es t imated  to be tess t h a n  0.005%, based 
on ana lyses  of cons t i t uen t  metals .  Spec t rographic  
ana lys i s  ind ica ted  the  presence  of the  fo l lowing  i m -  
pur i t i e s  ( % ) : 

Si < 0.07, Mn < 0.03, Fe < 0.01. 

For ty - f ive  other  e l ements  specifically sought  were  
not  detected spec t rographica l ly .  

Test  specimens  were  pol ished to a 4 /0  finish us ing  
pol i sh ing  pape r  wet  wi th  pur i f ied kerosene,  t h e n  
wiped  wi th  p e t r o l e u m  ether,  and  washed  in  redis -  
t i l led  acetone. The effects of va r i a t i ons  in  surface  
p r e p a r a t i o n  were  no t  s tudied,  since ox ida t ion  ra tes  
af ter  the  f o r ma t i on  o f  r e l a t i ve ly  th ick  oxide l ayers  
were  the p r i m a r y  conce rn  of this  s tudy.  

The  oxygen  used was  commerc ia l  99.54-% grade, 
which  was  dr ied  by  passage t h r ough  a c o l u m n  of 
Mg(C10,)2. 

Results and  Discussion 
Oxidation Rates 

Fig. 2-5 show oxida t ion  da ta  ob ta ined  over  the 
t e m p e r a t u r e  r a nge  300~176 Each po in t  on the  

2 0  , r , i ~ , , ] , t 
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o 0 I , I I0 20 30 40 50 
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Fig. 4. Oxidation of annealed U-Zr alloy, 1 atm 02, 400~176 
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Fig. 5. Oxidation of U-Zr alloy, I atm 02, 450 ~ and 500~ 
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curves  r ep resen t s  the  average  weight  ga in  of dup l i -  
cate spec imens  oxidized s imul taneous ly .  Dupl ica te  
spec imens  a lways  y ie lded  the same  genera l  shape  of 
curve,  bu t  the  i n d i v i d u a l  we igh t  gain  va r i ed  f rom 
the average  va lue  by  as m u c h  as 15%. 

In  gene ra l  the 50% alloy, w h e t h e r  as - ro l led  or 
annea led ,  oxidized according to the  l i nea r  r a t e  law, 
w = k t  + constant .  However ,  a change  in  the  r a t e  
cons tan t  k, p a r t i c u l a r l y  wi th  the  as - ro l l ed  m a t e r i a l  
(Fig. 2), somet imes  occurred  af ter  the  oxide had  
g rown  to an  apprec iab le  thickness .  Where  such a 
change  was  found,  the  l i nea r  por t ions  of the  curve  
were  d r a w n  wi th  a b r eak  n e a r  the  in tersec t ion ,  
m e r e l y  to accen tua te  t:he change  in  slope. Sha rp  dis-  
con t inu i t i e s  a p p a r e n t l y  did not  occur. The b e n d  in  
the ox ida t ion  curve  was toward  h ighe r  ra tes  in  all  
cases except  one ( a n n e a l e d  a l loy at  450~ Fig. 4). 

The a n n e a l e d  m a t e r i a l  fo l lowed the  l i n e a r  l aw ove r ,  
the e n t i r e  t e m p e r a t u r e  r ange  300~176 (Fig.  3 
and  4).  The as - ro l led  m a t e r i a l  oxidized l i nea r ly  be -  
tween  300 ~ and  450~ bu t  no t  at  500~ Fig. 5 
shows two curves  ob ta ined  at  500~ in  separa te  runs .  
Each cu rve  represen t s  average  m e a s u r e m e n t s  on 
dup l i ca te  specimens  oxidized s imu l t aneous ly .  The 
two curves  are  far  f rom coincident ,  bu t  have  the  
same genera l  shape. I t  is n o t e w o r t h y  t ha t  the  as-  
rol led a l loy at  500~ oxidized i n i t i a l l y  more  s lowly 
t h a n  it did at 450~ At  400~ and  above the  a n -  
nea led  al loy reac ted  cons ide rab ly  faster  t h a n  the  as-  
rolled.  

L inea r  ra te  constants ,  ob ta ined  f rom the  final 
s t r a i g h t - l i n e  por t ions  of the ox ida t ion  curves ,  are  
l is ted in  Tab le  I. They  are p lo t ted  as log k vs. 1 / T  
in Fig. 6. Each plot  appears  to be l inear ,  a l though  

TABLE I. Linear rate constant, k, as a function of temperature 

k,  m g  e m  ~ h r  -1 
T e m p ,  "C A s - r o l l e d  A n n e a l e d  

300 (a) 0.014" 0.016 
(b) 0.020* 

350 0.042 0.046 
400 0.16 0.24 
450 0.42 0.64 
500 - -  2.05 

kcal /mole  19. 23. E, 

* T w o  s e p a r a t e  r u n s .  E a c h  v a l u e  of k is  t h e  a v e r a g e  f o r  d u p l i c a t e  
s p e c i m e n s .  O n l y  r u n  (a) is s h o w n  in  F i g .  2. 

the  va lues  of k at  300~ t end  to be r e l a t ive ly  h igh 
and  less reproducib le .  The ac t iva t ion  ene rgy  E for 
the  ox ida t ion  react ion,  ca lcu la ted  f rom the A r r h e n -  
ius, equa t ion  is 23 k c a l / m o l e  for the  s table  E-phase 
( a n n e a l e d ) ,  and  4 k c a l / m o l e  lower  for the  suppos-  
edly  uns t ab l e  ~,-phase ( a s - ro l l ed ) .  T r a n s f o r m a t i o n  
of the la t te r  to eps i lon w ou l d  be expected to occur 
at an  apprec iab le  ra te  at 500~ and  this  m a y  have  
been  a c o n t r i b u t i n g  factor  i n  the  n o n l i n e a r  ox ida-  
t ion  curve  exh ib i t ed  by  the  as-rol led m a t e r i a l  at  
500~ 

Oxida t ion  r u n s  on the as - ro l l ed  al loy were  m a d e  
also at  200 ~ and  250~ for per iods of 192 and  274 
hr, respect ively,  bu t  these were  of a p r e l i m i n a r y  
n a t u r e  only.  The  p rocedure  differed f rom tha t  l a t e r  
s t andard ized  (descr ibed  above)  on ly  in  the  use of an  
o r d i n a r y  ana ly t i ca l  ba l a nc e  for we igh ing ;  hence  
weigh t  gains were  less accura te ly  de te rmined .  
Never the less  the  ox ida t ion  curves  ob ta ined  were  
rough ly  parabol ic .  Rate  cons tan ts  k, are  compared  
below wi th  parabol ic  cons tan ts  repor ted  for Zr  a t  
these t e m p e r a t u r e s  (3) : 

k~,, (mg  c m  -2) u hr-1  
200~ 250~ 

50% U-Zr, as-rolled 3. • 10 -~ 18. • 10 -~ 
Zr 0.38 • 10 -~ 3.0 • 10 -~ (258~ 

Thus  the  al loy reacts  w i th  oxygen  s o m e w h a t  more  
r ap id ly  t h a n  does Zr  at  these  t empera tu re s .  In  com-  
par i son  wi th  U, however ,  it  reacts  m u c h  more  s lowly 
(1, 2).  

Oxide L a y e r  

The chemical  composi t ion  of the surface  oxide ~ 
p roduced  d u r i n g  the  ox ida t ion  runs  was  found  to 
be p rac t ica l ly  i n d e p e n d e n t  of the m a t e r i a l  oxidized 
( a nne a l e d  or as - ro l led)  a nd  of the t e m p e r a t u r e  of 
oxidat ion.  All  ana lyses  were  w i t h i n  the  range :  

U - -  40.8 _+_ 0.8% by  wt  
Zr  - - 3 7 . 6  __ 0.4 by  wt  
O - -  21.6 by  wt  (by  difference)  

The U / Z r  weigh t  ra t io  in  the  oxide, 1.08, was  g rea te r  
t h a n  t ha t  in  the  alloy, 0.99, hence  some p r e f e r e n -  
t ia l  m i g r a t i on  of U into the  oxide l ayer  had  occurred.  

The dens i ty  of the  oxide at  30~ as m e a s u r e d  
p y c n o m e t r i c a l l y  by  w a t e r  d isp lacement ,  was  found  
to be 7.6 g/cc.  The th ickness  of the oxide layer  cor- 
r e spond ing  to a g iven  oxygen  u p t a k e  can  be ca lcu-  
la ted  f rom the  dens i ty  and  composi t ion  of the  oxide. 
The  th ickness  scale shown in  Fig. 2-4 was ob ta ined  
in  this  way.  I t  was found,  however ,  tha t  th ickness  
va lues  m e a s u r e d  f rom meta l log raph ic  cross sect ions 
ave raged  abou t  20% grea te r  t h a n  those calculated,  
i nd ica t ing  a porous  oxide. 

The dens i ty  of the or ig ina l  alloy, m e a s u r e d  pycno-  
met r ica l ly ,  was found  to be 9.8 g/cc.  F r o m  the  
chemical  composi t ion  and  dens i ty  of the a l loy and  its 
oxide, the  vo lume  rat io  ( low t e m p e r a t u r e )  was ca l -  
cu la ted  to be: 

a I n  t h e  a n a l y t i c a l  p r o c e d u r e  used ,  t h e  o x i d e  l a y e r  w a s  s e p a r a t e d  
m e c h a n i c a l l y  a n d  f u s e d  w i t h  p o t a s s i u m  b i s u l f a t e .  T h e  f u s e d  m a t e -  
r i a l  w a s  d i s s o l v e d  in  ac id ,  a n d  Z r  p r e c i p i t a t e d  as  t h e  p h o s p h a t e .  T h e  
l a t t e r  w a s  f u s e d  w i t h  s o d i u m  c a r b o n a t e ,  d i s s o l v e d  in  ac id ,  p r e c i p i -  
t a t e d  w i t h  a m m o n i a ,  i g n i t e d ,  a n d  w e i g h e d  as ZrOe. 17 in  t h e  f i r s t  
f i l t r a t e  w a s  p r e c i p i t a t e d  as  t h e  p h o s p h a t e  on  n e u t r a l i z i n g ,  t h e n  i g -  
n i t e d  a n d  w e i g h e d  as u r a n y l  p y r o p h o s p h a t e ,  (UOe)~P,2OT. 
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Fig. 7. Cross section of oxide layer produced on as-rolled 50% 
U-Zr alloy after 76.5 hr at 400~ in oxygen at 1 atm pressure. 

were  s imi la r  in  appea rance  to the  whi te  par t ic les  
of ZrO~ which  have  been  observed  in  this  l abo ra to ry  
on oxidized Zr. 

E x a m i n a t i o n  of the  b u l k  oxide scale f rom the 
a l loy spec imens  by  x - r a y  diffraction,  however ,  did 
not  revea l  the  p resence  of ZrO.o. Diffract ion p a t -  
t e rns  of all  oxides p roduced  over  r ange  300~176 
wi th  one except ion,  showed essen t ia l ly  the same 
lines, a nd  hence  ind ica ted  the  same s t ruc ture .  The  
l ines we re  too diffuse, however ,  to p e r m i t  accura te  
index ing .  On ly  the  oxide p roduced  on the as - ro l l ed  
m a t e r i a l  at  500~ gave a di f ferent  x - r a y  pa t t e rn ,  
and  the  l a t t e r  was  also too diffuse to p e r m i t  e lucida-  
t ion  of the  s t ruc ture .  

vo lume  of oxide p roduced  
= 1.6 

vo lume  of me ta l  reacted 

This ra t io  is m u c h  grea te r  t h a n  u n i t y ;  therefore ,  ac-  
cording to P i l l ing  and  Bedwor th  (12, 13), sh r inkage  
of the oxide d u r i n g  its f o rma t ion  to y ie ld  a c racked  
l ayer  wou ld  no t  be expected.  

A pol ished cross sect ion of the  oxidized a l loy is 
shown  in  Fig. 7. The  oxide is seen to con ta in  re la -  
t ive ly  la rge  voids. The th ick  oxides p roduced  over  
the  t e m p e r a t u r e  r ange  300~176 w h e t h e r  on the  
as - ro l led  or the a n n e a l e d  alloy, all  exh ib i t ed  the  
same type  of voids. The l a t t e r  are  e longa ted  in  a 
d i rec t ion  pa ra l l e l  to the ox ide-meta l  in terface ,  i n -  
d ica t ing  per iodic  fo rma t ion  of b l i s te rs  at the  i n t e r -  
face d u r i n g  the  g rowth  of the  oxide (14).  In  no  case 
was any  t r ans i t i on  l ayer  observed  at  the o x i d e - m e t a l  
interface.  

As discussed in  de ta i l  by  Evans  (14),  b l i s te r ing  
which  forms voids la rge  enough  to admi t  oxygen  
leads to a l i nea r  ox ida t ion  curve.  On this  basis, the  
b e n d i n g  of a l i nea r  curve  t oward  a h igher  ra te  of 
react ion,  as was  ob ta ined  in  severa l  cases above,  can 
be exp la ined  qua l i t a t i ve ly  as r e su l t ing  f rom an  i n -  
crease in  the  ra te  of b l i s te r ing .  S imi la r ly ,  a decrease  
in  ra te  constant ,  which  was observed in  one case, i n -  
dicates a s lowing d o w n  of the b l i s t e r ing  process.  
Some v a r i a t i o n  in  the  ave rage  size and  concen t r a -  
t ion  of voids in  the  oxide was observed  f rom speci-  
m e n  to specimen,  bu t  no cor re la t ion  was a p p a r e n t  
e i ther  wi th  t e m p e r a t u r e  or wi th  the in i t i a l  s tate  of 
the alloy. 

The a n n e a l e d  a l loy oxidized to a u n i f o r m  surface,  
whereas  the  as - ro l led  ma te r i a l  exh ib i t ed  smal l  whi te  
spots on the  oxidized surface.  The whi te  spots be ga n  
to appear  wh i l e  the  oxide l ayer  was st i l l  r e l a t i ve ly  
thin,  and  were  g rouped  along ro l l ing  lines.  They  
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ABSTRACT 

Silicon N~-, P, P-~ diffused junct ion  diodes have been made by diffusion of 
B and P into p-type Si. Units  have been fabricated wi th  breakdown voltages 
from 6 to greater than 200 v, with areas from 5 x 10 -~ cm" to 5 cm 2. Design 
problems associated wi th  high and low voltage diodes are discussed. 

Reverse saturat ion currents  at half  the breakdown voltage are often in the 
order of 10 -~ amp/cmE Impedance after b reakdown is shown to be a funct ion 
of the breakdown voltage and the magni tude  of the avalanche current .  The 
cut-off f requency is in the order of one megacycle, and is shown to increase 
with decreasing t ransi t ion region capacitance. Some units  with areas of 
5 x 10 --" cm" have been operated at power levels of 10 w, with special provision 
for heat dissipation. 

The diffusion t echn ique  for i n t r o d u c i n g  impur i t i e s  
in to  semiconduc tors  (1) has been  shown to be a 
feasible  me thod  of p roduc ing  large  a rea  p-n j u n c -  
t ions or ohmic  contacts  in  Si. This  technology  has 
been  used to develop a f ami ly  of diodes for var ious  
appl icat ions .  A series of " ava l anche"  or vol tage  
l imi t ing  diodes are cons idered  in  this  paper .  These 
diodes are charac te r ized  by  r a t h e r  h igh surge  capa-  
bi l i ty,  low i m p e d a n c e  :in the b r e a k d o w n  region,  and  
m o d e r a t e l y  low sa tu r a t i on  cur rents .  

Rep re sen t a t i ve  diffusion and  fab r i ca t ion  tech-  
n iques  a re  descr ibed in  the first sections of the 
paper ;  this  ma te r i a l  :is fo l lowed by  discussion of 
device character is t ics .  Of pa r t i cu l a r  in te res t  are  the 
impedance  before and  af ter  b r e a k d o w n ,  t e m p e r a t u r e  
coefficient of vo l tage  in  the b r e a k d o w n  region,  surge  
capabi l i ty ,  and  b a r r i e r  capaci tance.  Re l i ab i l i t y  of 
these devices u n d e r  va r ious  e n v i r o n m e n t a l  condi -  
t ions is be ing  studied.  

Diffusion of Phosphorus and Boron 

If the  d i f fusant  is deposited,  and  serves as an  i n -  
f inite source, t hen  the  r e su l t i ng  added  i m p u r i t y  dis-  
t r i b u t i o n  in  the  Si is g iven  by  

x 
C = Co erfc ( I )  

k /4Dt  

whe re  C is the  concen t r a t i on  at  d i s tance  x be low the  
surface,  Co is the  sur face  concen t ra t ion ,  D is the  
diffusion cons tant ,  and  t is the  t ime  of diffusion. The 
ind ica t ion  is that ,  if  e l emen t s  in  the  th i rd  or fifth 
c o l u m n  of the  per iodic  tab le  are  cons idered  as d i f -  
fusan t s  for Si, t hen  the  surface  concen t r a t i on  a nd  
diffusion cons tan t  decrease  w i th  inc reas ing  a tomic  
weight  (2) .  The high surface  concen t r a t ions  of B 
and  P resu l t  in  degene ra t e  surfaces which  fac i l i ta te  
low res i s tance  ohmic contacts  to the  diode. High 
surface  concen t r a t i on  is also necessa ry  to conve r t  
low res i s t iv i ty  mate r ia l .  

For  an  e r ro r  functiLon i m p u r i t y  d i s t r ibu t ion ,  a t  
some depth  xj the  concen t r a t i on  of added  donors  
equals  the  or ig ina l  acceptor  concen t ra t ion .  Here  the  
Si changes  conduc t iv i ty  type,  r e su l t i ng  in  a p-n 

junc t ion .  The concen t r a t i on  gradient ,  a, at the  j u n c -  
t ion is 

a = - -  exp ~ (II)  
dx ~=Dt 4Dr 

The b r e a k d o w n  vol tage  (3) ,  Vb, in  a diffused 
j u n c t i o n  m a y  be increased  by  inc reas ing  the  diffu-  
sion depth  (4) ,  t he r e by  decreas ing  the  i m p u r i t y  
gradient .  For  a g iven  d i f fusant  

where  p is the res i s t iv i ty  of the s t a r t i ng  mater ia l ,  
a nd  the subscr ip t  o refers  to a re fe rence  diffusion. 
For  the devices r epor ted  here,  P is used for the  
r ec t i fy ing  j u n c t i o n  and  B for the ohmic  contact  for  
diffusion into p - t y p e  silicon. 

Fabrication 
The p r e p a r a t i o n  requ i res  a n u m b e r  of sequen t ia l  

steps which  a re  no t  i n h e r e n t l y  difficult. The  most  
cr i t ical  opera t ions  m a y  be car r ied  out  on a n u m b e r  
of Si slices at one t ime;  each such slice m a y  be used 
for the f ab r i ca t ion  of a la rge  n u m b e r  of device  ele-  
ments .  The  r equ i r ed  Si r a w  m a t e r i a l  charac ter is t ics  
depend  on the  device p e r f o r m a n c e  object ives  es tab-  
lished. A pa r t i cu l a r  b r e a k d o w n  vol tage  is feas ible  
w i th  a ce r ta in  r a n g e  of Si res i s t iv i ty  and  diffusion 
program.  Other  f ab r i ca t ion  detai ls  m a y  r e m a i n  
essen t i a l ly  the  same for a n u m b e r  of re la ted  device 
designs.  

As an  example ,  suppose it  is des i red to p repa re  
s ingle  j u n c t i o n  vol tage  re fe rence  diodes, h a v i n g  
b r e a k d o w n  vo l tage  nea r  20 v, us ing  s ing le -c rys t a l  
p - t y p e  Si as the  r a w  mate r i a l .  As no ted  in  Fig. 1 
the  ne t  acceptor  c onc e n t r a t i on  in  the  Si m u s t  be  
such as to m a k e  the  res i s t iv i ty  lie in  the  genera l  
r a nge  0.02-0.15 o h m - c m  if a r easonab le  diffusion 
p r o g r a m  is to be  used. Thus,  the  first step in  the  
p r e p a r a t i o n  is to secure sufficient u sab le  ma te r i a l ,  
slice and  lap i t into 10 mi l  slices, and  to me a su re  the  
res i s t iv i ty  of these slices in  order  tha t  the  diffusion 
p r o g r a m  m a y  be de t e rmined .  

222 
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Fig. 1. Breakdown voltage for P diffused p-type Si as a function 
of resistivity and junction depth. 

Diffusion opera t ions  are car r ied  out  in  a quar tz  
tube,  in  the t e m p e r a t u r e  r ange  1100~176 Si 
slices are exposed to a gaseous e n v i r o n m e n t  by  
s t a n d i n g  them on edge in  smal l  slots in  a quar tz  
boat  which  is p laced  in  the hot zone of the g lobar  
furnace.  The di f fusant  source, in  the  first case P~O~, 
is located in  the quar tz  fu rnace  t ube  on the  in le t  
side, at a t e m p e r a t u r e  of about  200~ Dry  N gas 
is flowed over  the P~O~ and  the  Si d u r i n g  the  r u n ;  
this carr ies  sufficient P~O~ vapor  into the diffusion 
zone to p rov ide  P a toms in  high concen t r a t i on  at 
the  Si surface.  A high surface  concen t r a t i on  of the  
di f fusant  is necessa ry  for diode devices, to p e r m i t  
ve ry  low res is tance  electr ical  contacts  to be made.  
The above  p rocedure  resul t s  in  P surface concen-  
t r a t ions  in  the  r a n g e  10~-10 -~ a t . / c m  ', thus  the  su r -  
face is degenera te .  

Af te r  the  P diffusion the p - t y p e  Si slices have  a 
t h in  n - l a y e r  all  over  the i r  exposed surfaces.  To p re -  
pare  s ingle  j u n c t i o n  re fe rence  diodes, the  n - l a y e r  is 
l apped  off one side of each slice, which  is t h e n  
t rea ted  at  the  diffusion t e m p e r a t u r e  in  an  a tmos-  
phere  c o n t a i n i n g  a smal l  concen t r a t i on  of BCI~ gas. 
BCl~ reacts  w i th  the  exposed St, deposi t ing  B. This 
second diffusion step m a y  be car r ied  out  at a lower  
t e m p e r a t u r e  or for a shor ter  t ime  t h a n  the  in i t i a l  
diffusion, s ince on ly  a t h i n  p - l a y e r  is r e q u i r e d  to 
ob ta in  low contact  res i s tance  to the  Si body. Contac t  
res is tances  of 10 ~ ohm are achieved for areas  of 1 
cm ~, by  app l ica t ion  of an  electroless n icke l  p l a t i ng  
(5) .  The  p l a t i ng  is s u b s e q u e n t l y  fired for a few 
m i n u t e s  in  a N a tmosphere  at  a t e m p e r a t u r e  in  the 
800~176 range.  Af te r  this  f ir ing or s i n t e r ing  
operat ion,  a second electroless Ni p la t ing  is g iven  
to faci l i ta te  la ter  so lder ing  operat ions .  

Up to this  stage in  the  fabr ica t ion ,  opera t ions  are  
car r ied  out  on a group of whole  Si slices, of a ny  
c o n v e n i e n t  size or shape. These  slices mus t  now  be 
cut  in to  smal le r  e l ements  before  a s sembly  in to  de-  
vices. The s u b - a s s e m b l y  is t hen  m o u n t e d  in  a su i t -  
able  package,  which  is f lushed wi th  an  ine r t  gas, 
and  he rme t i ca l l y  sealed. 

Where  apprec iab le  power  is to be dissipated,  care  
m u s t  be exercised in  the  design to keep the  t h e r m a l  
impedance  b e t w e e n  the  p-n  j u n c t i o n  and  e x t e r n a l  
hea t  s ink low. Wi th  an  e l emen t  area  of 5x10 -~ cm ~, 
m o u n t e d  d i rec t ly  to a Cu stud, it is no t  difficult to 
keep the  i n t e r n a l  t e m p e r a t u r e  rise be low 2 ~  
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Fig. 2; Relationship for a Si P-N junction between impurity gradi- 
ent. capacitance, and potential. 

dissipated.  The me a ns  for e x t e r n a l  cooling depend  
on the pa r t i cu l a r  ins ta l la t ion .  

D e s i g n  C o n s i d e r a t i o n s  

Fig. 1 indica tes  tha t  it  is possible  to predic t  the  
b r e a k d o w n  vol tage  of a diffused j u n c t i o n  in  the 
r a nge  f rom 5 to 1000 v. Fig. 2 shows 1 tha t  for one 
j u n c t i o n  i m p u r i t y  g r ad i en t  the re  is one b r e a k d o w n  
voltage.  The e r ror  in  p red ic t ing  the b r e a k d o w n  
vol tage  is the  e r ror  in  p red ic t ing  the  i m p u r i t y  g rad-  
ien t  f rom the m e a s u r e d  i m p u r i t y  concen t r a t i on  in  
the  Si and  the selected diffusion pa ramete r s .  P r e -  
vious work  (4) shows tha t  in  the  r ange  of 10-100 v 
the m e a n  va lue  of the b r e a k d o w n  vol tage  of a large 
group of un i t s  can be pred ic ted  to w i t h i n  2%. 

Cer t a in  des ign  p rob lems  are e n c o u n t e r e d  wi th  
un i t s  i n t e n d e d  for vol tage  l imi t ing  appl ica t ions  be -  
low 9 v. In  this r ange  the  ion iza t ion  ra te  of e lec t ron-  
hole pairs  (3) increases  s lowly  as the  field in  the  
ba r r i e r  reg ion  increases.  Fig. 2 shows tha t  in  this 
low vol tage  r a nge  the  field at  b r e a k d o w n  increases  
r ap id ly  w i th  decreas ing  b r e a k d o w n  voltage.  The 
m a x i m u m  field in  a diode which  b reaks  d o w n  at 4 v 
has been  ca lcu la ted  to be g rea te r  t h a n  106 v / c m.  At  
these h igh  fields m e c h a n i s m s  other  t h a n  a va l anche  
also p lay  a role in  the b r e a k d o w n  process (6) .  In  
Fig. 1 the  b r e a k d o w n  vol tage  levels  off in  the  r ange  
n e a r  5 v. The  p ic tu re  is f u r t h e r  compl ica ted  by  the 
"soft" b r e a k d o w n  charac ter is t ics  ob ta ined  in  these 
low vol tage  diodes. 

In  Fig. 3 a plot  of the I -V  character is t ics  is g iven  
for severa l  typ ica l  diffused j u n c t i o n  diodes wi th  
cross-sec t ional  a rea  in  the  order  of 10 -~ cm ~. Two 
low vol tage  diodes are  shown  which  have  i m p u r i t y  
g rad ien t s  ~ in  the order  of 10 ~ and  5x10 ~, respec-  
t ively.  Diffused j u n c t i o n  diodes which  pass 100 ma  
at  less t h a n  8 v reverse  bias are charac te r ized  by  the 
"S" shaped curve  observed in  Fig. 3. It  m a y  be 
no ted  f rom Fig. 2 tha t  the  b r e a k d o w n  vol tage  in 
this r a nge  is no t  ve ry  sens i t ive  to va r i a t i on  in  the 
i m p u r i t y  grad ien t .  

The  un i t s  w i th  b r e a k d o w n  vol tages above 10 v 
have  s a tu r a t i on  cu r r en t s  less t h a n  10-~/k at  low vo l t -  

1 T h e  r e l a t i o n  b e t w e e n  " a v a l a n c h e "  b r e a k d o w n ,  i m p u r i t y  g r a d i e n t ,  
a n d  b r e a k d o w n  v o l t a g e  w a s  c a l c u l a t e d  f r o m  u n p u b l i s h e d  d a t a  s u p -  
p l i e d  by  K .  G. M c K a y .  

T h e s e  v a l u e s  w e r e  c a l c u l a t e d  w i t h  C. S. F u l l e r ' s  d a t a  (2) .  
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Fig. 3. Current-voltage characteristics of some typical diodes 

age and  at  ava l anche  b r e a k d o w n  the vol tage  changes  
less t h a n  0.5 v for a c u r r e n t  change  of severa l  
decades. In  the c u r r e n t  r ange  of 10 -1 to 10-~A series 
res i s tance  and  t h e r m a l  effects cause a somewha t  
la rger  vol tage  change.  

The pred ic t ion  of b r e a k d o w n  vol tage  above 100 v 
is a more  difficult p roblem.  In  the  de r iva t ion  of Eq. 
( I I I )  the  diffused i m p u r i t y  g r a d i e n t  at the  j u n c t i o n  
was a s sumed  to be l i nea r  over the  w id th  of the  space 
charge  (4) region.  In  a p - n  j u n c t i o n  w h e r e  the de-  
p le t ion  l ayer  ex tends  b e y o n d  the  graded  region,  the 
e lectr ical  charac ter is t ics  wi l l  approach  those of a 
"s tep" j u n c t i o n  r a t h e r  t h a n  a l i nea r  graded  one. 

Some i n f o r m a t i o n  on condi t ions  in  the  space 
charge reg ion  can be  ob ta ined  by  m e a s u r e m e n t s  of 
ba r r i e r  capac i tance  at  d i f ferent  b a r r i e r  bias  po t en -  
tials. In  p lo t t ing  log (V~ § V~) vs. log C, a r e l a t ion  
VC "=~ would  be ob ta ined ,  whe re  VA is the  appl ied  
voltage, V~ is the  i n t e r n a l  or "bu i l t  in"  b a r r i e r  vo l t -  
age, C is the  capacital~ce, and  n is a constant .  For  a 
l i nea r  g raded  junc t ion ,  n = 3; a step junc t ion ,  n - -  2. 
In  Fig. 4, log- log plots of V vs. C are g iven  for sev-  
era l  diodes w i th  j u n c t i o n  depths  in  the order  of 
2.5x10 ~ cm. It is no ted  tha t  n is in  the  r ang e  f rom 
2.8 to 3.0 for diodes w i th  V~ less t h a n  60 v. For  the 
150-v un i t s  n ---- 2.7 at low bias, bu t  decreases as the 
appl ied  vol tage  is increased.  For  h igher  b r e a k d o w n  
voltage,  b a r r i e r  condi t ions  a p p r o x i m a t e  those for a 
step j u n c t i o n  at h igh reverse  bias, and  the observed  
va lue  (7) of n is as low as 2.2. The  ex t r apo la t ion  to 
500 v in  Fig. 1 is the re fo re  no t  s t r ic t ly  justified. 

A t t e m p t s  to use Fig. 1 to pred ic t  b r e a k d o w n  vo l t -  
age for diodes in  the  r ange  150-200 v, or h igher (  
gave e r ra t ic  resul ts .  Depa r tu r e s  in  the  order  15% 
f rom the  p red ic ted  va lues  were  observed.  F u r t h e r  
e x p e r i m e n t a t i o n  showed tha t  if Si con t a in ing  the  
order  of 10 ~ accep to r s / cm ~ was  hea ted  in  the  r a nge  
1200~176 r e l a t i ve ly  la rge  changes  in  res i s t iv i ty  
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Fig. 4. Depletion layer capacitance of diffused junction diodes 

resul ted.  These changes  were  unpred ic t ab le ,  and  the 
a m o u n t  of change  va r i ed  f rom crys ta l  to crystal .  

I n  Tab le  I some of the  observed  res i s t iv i ty  changes  
are listed. I t  is i n t e r e s t i ng  to no te  tha t  use of res is-  
t iv i ty  va lues  af ter  hea t  t r e a t m e n t  for p red ic t ion  of 
b r e a k d o w n  vol tage  gives be t t e r  cor re la t ion  t h a n  if 
the  in i t i a l  res is t iv i t ies  are  used. The  la rges t  res is-  
t iv i ty  changes  are  observed  for res is t iv i t ies  above 
15 ohm-cm.  

Electr ica l  Charac te r is t i cs  
The diffused j u n c t i o n  Si ava l anche  diodes show 

promise  of ex tens ive  app l ica t ion  as vol tage  cont ro l  
and  surge p ro tec t ion  devices. Of pa r t i cu l a r  in te res t  
are  the  low effective i m p e d a n c e  in  the b r e a k d o w n  
condi t ion,  and  the  power  h a n d l i n g  capabi l i t ies .  Some 
other  character is t ics  which  have  been  e va l ua t ed  are 
the t e m p e r a t u r e  coefficient of the b r e a k d o w n  vo l t -  
age, f r e que nc y  l imi ta t ions ,  and  some p r e l i m i n a r y  
aging data.  

The c u r r e n t - v o l t a g e  charac ter i s t ics  of a diffused 
j u n c t i o n  diode depend  on the  i n t e r n a l  a tomic s t ruc -  
ture,  surface  condi t ions,  a nd  the  j u n c t i o n  area. P - N  
j u n c t i o n  theory  (8) predic ts  reverse  s a tu r a t i on  cur -  
r e n t  at room t e m p e r a t u r e  in  the  order  of 1014 a m p /  
cm ~. This va lue  should  be i n d e p e n d e n t  of appl ied  
reverse  bias  un t i l  the  field becomes  sufficient to r e -  
su l t  in  a va l a nc he  mul t ip l i ca t ion .  In  a typica l  diode 

TABLE I. Some thermally induced resistivity variations 

(1) (2) 
A f t e r  h e a t  Vb Vb 

S t a r t i n g  t r e a t m e n t  ( O b s e r v e d )  ( C a l c u -  
C r y s t a l  # p (~ cm)  p (~ cm)  v l a t ed )  

A-380 11.5 11.5 190 200 
A-320 10.6 8.8 185 185 

# 1 314 10. 15. 215 230 
314 7.8 8.1 195 175 

Si IV-378 8.7 8.4 180 180 
Si IV-378 8.7 13.1 185-195 210 

f 
Si A-102 6.2 8.8 135-140 160 
Si A-102 6.2 9.1 145 160 
Si A-102 6.1 7.3 

# 6 Si V-1392 6.6 46.2 180-190 300 
Si V-1392 6.4 35.1 1"80 290 
Si V-1392 6.9 21.7 

(1) S i w a s  h e a t e d  in  N2 a t  1200 ~ f o r  16 hr .  
(2) T h e  b r e a k d o w n  v o l t a g e  w a s  c a l c u l a t e d  f r o m  t h e  h e a t  t r e a t e d  

r e s i s t i v i t y  u s i n g  F i g .  1. P ~ O ~ w a s  d i s u s e d  a t  1225 ~ f o r  16 h r  i n  lo t  1 
a n d  a t  1200 ~ f o r  16 h r  i n  lo t  6. 
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the  observed  reverse  c u r r e n t  is m a n y  orders  of m a g -  
n i t u d e  g rea te r  t h a n  the  pred ic ted  s a tu r a t i on  c u r r e n t  
and  increases  s l ight ly  w i th  inc reas ing  bias. Diodes 
wi th  b r e a k d o w n  vol tages  less t h a n  abou t  7 v exh ib i t  
large r eve r se  cu r r en t s  which  increase  r ap id ly  as the  
b r e a k d o w n  vol tage  is approached.  This cha rac t e r -  
istic var ies  cons ide rab ly  f rom diode to diode. For  all  
b r e a k d o w n  vol tages  the t r ans i t i on  f rom high i m-  
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pedance  before  b r e a k d o w n  to low i m p e d a n c e  in  the  
b r e a k d o w n  reg ion  is more  g r a dua l  t h a n  pred ic ted  
by  m u l t i p l i c a t i o n  theory  (9) f rom the  low vol tage  
s a t u r a t i o n  cur ren t .  Typica l  c u r r e n t - v o l t a g e  curves  
for severa l  diodes are shown  in  Fig. 3. The  fo rward  
charac ter is t ics  of the  diodes are  as w ou l d  be ex-  
pected for a Si p -n  j u n c t i o n  device, if the  body  re -  
s is tance is i nc luded  in  the  calcula t ion.  The  body 
res i s tance  t e r m  becomes smal l  for the lower  vol tage  
diodes m a d e  of v e r y  low res i s t iv i ty  ma t e r i a l ;  for -  
wa rd  cu r r en t s  in  the  order  of 1 amp at 1 v fo rward  
bias are c o m m o n l y  observed  for diodes w i th  b r e a k -  
down  in  the  10-20 v range .  

The i mpe da nc e  in  the  b r e a k d o w n  region  is a f unc -  
t ion of the  diode s t r uc t u r e  a nd  the  ava l anche  b r e a k -  
down  cur ren t .  I m p e d a n c e  at  the  onset  of b r e a k -  
d o w n  is ve ry  large;  at  ve ry  h igh c u r r e n t  densi t ies  
this reduces  to a va lue  approach ing  the  body  res is-  
tance.  McKay ' s  b r e a k d o w n  m e c h a n i s m  (10) de-  
scribes the  c u r r e n t  as be ing  t r a n s m i t t e d  by  50-80 ~a 
pulse  i n c r e m e n t s  ca r r i ed  in  a smal l  spot in  the  j u n c -  
tion. This  m e c h a n i s m  wou ld  pred ic t  a h igh  i m p e d -  
ance  for a smal l  n u m b e r  of pulses;  the  impedance  
should decrease as add i t iona l  pulses  are t u r n e d  on. 
For  e x t r e m e l y  h igh  c u r r e n t  densi t ies ,  such as a pulse  
of 10 ' a m p / c m  2, essen t ia l ly  the  en t i r e  diode is t u r n e d  
on and  on ly  the body  res i s tance  is observed.  Fig. 5 
is a plot  of the  low f r e que nc y  a-c  res i s tance  in  the 
b r e a k d o w n  reg ion  for va r ious  b r e a k d o w n  vol tages  
as a f unc t i on  of reverse  cu r ren t .  The  res is tance  
va lues  were  ob ta ined  by  supe r impos ing  a smal l  a-c  
s ignal  on an  ad ju s t ab l e  d-c  bias  cur ren t ,  a nd  meas -  
u r i n g  the  a-c  po ten t i a l  across the  diode. 

The h igh  b a r r i e r  capac i tance  associated w i th  large 
a rea  low vol tage  b r e a k d o w n  diodes res t r ic ts  the i r  
app l ica t ion  to some extent .  I n  Fig. 6 a plot  of the  
rectified a -c  c u r r e n t  as a f u n c t i o n  of f r e q u e n c y  for 
severa l  diffused j u n c t i o n  diodes, the f r e que nc y  cu t -  
offs ( o u t p u t  D.C. d o w n  3 DB) are  obse rved  to be  
p ropor t iona l  to the  t r ans i t i on  reg ion  capaci tance.  
Curves  A, B, C, a nd  D in  Fig. 6 are  for a series of 
diodes of a p p r o x i m a t e l y  10 -2 cm -~ area;  cu rve  E is for 
a power  diode of abou t  5x10 -~ cm 2 area. The  loca-  
t ion  of the  response  curves  a long the f r e q u e n c y  axis 
in  a plot  such as Fig. 6 depends  on the  load res is-  
tance,  each curve  shifts  to a h igher  f r e q u e n c y  if the 
load res i s tance  is reduced.  

P e a r son  a n d  S a w y e r  (11) have  shown  t h a t  for 
ce r ta in  Si step j unc t ions  the b r e a k d o w n  vol tage  
var ies  l i n e a r l y  w i th  t e m p e r a t u r e  b e t w e e n  --196 ~ 
a nd  25~ or 

VB(r, ---- VB(~o) [1 + fl (T --  To) ] (IV) 

where  Vz(~o) is the  b r e a k d o w n  vol tage  at a re fe rence  
t empe ra tu r e ,  and  VB(~) is the  b r e a k d o w n  vol tage  at  
a ny  t e m p e r a t u r e  T. The  equa t ion  for the t e m p e r a -  
t u r e  dependence  of b r e a k d o w n  vol tage  in  a diffused 
j u n c t i o n  has been  observed  (6) to have  the  same 
l i nea r  var ia t ion .  A n  ana lys i s  for diodes of var ious  
b r e a k d o w n  vol tages  in  the  r a nge  - -90~176  is in  
qua l i t a t i ve  a g r e e m e n t  wi th  this  picture.  Fig. 7 is a 
plot  of the  t e m p e r a t u r e  coefficient vs. b r e a k d o w n  
voltage.  Diodes h a v i n g  subs t a n t i a l l y  zero t e m p e r a -  
tu re  coefficient of b r e a k d o w n  m a y  be fabr ica ted  in  
the 6 v region.  
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At this  stage in  the d e v e l o p m e n t  i t  is no t  possible 
to m a k e  accura te  es t imates  of r e l i ab i l i ty  or life ex-  
pec tancy  for the  diffused j u n c t i o n  ava l anche  diodes. 
On the  basis  of i n f o r m a t i o n  ob ta ined  so far, the  
fo l lowing s u m m a r y  s t a t emen t s  appea r  reasonable :  
(a) wi th  p resen t  technology,  re l i ab le  h igh p e r f o r m -  
ance  Si j u n c t i o n  devices m u s t  be  he rme t i ca l l y  sealed;  
(b) a long life is to be  expected  if a sufficient heat  
s ink  is p rov ided  to keep the j u n c t i o n  t e m p e r a t u r e  
at a r easonab le  value .  Severa l  of the  un i t s  of ele-  
m e n t  size 5x l0  --~ cm ~ have  been  ope ra t ing  c o n t i n u -  
ously  for more  t h a n  a yea r  w i thou t  s ignif icant  de-  
te r iora t ion ,  at a power  d iss ipa t ion  of 10 w. These 
un i t s  were  p rov ided  wi th  a hea t  d iss ipa t ion  fin to 
hold the  j u n c t i o n  t e m p e r a t u r e  be low 100~ 

Conclusion 
The gaseous diffusion t echn ique  has been  used to 

fabr ica te  a f ami ly  of ava l anche  Si diodes wi th  a 
wide  r ange  of b r e a k d o w n  vol tage  a n d  of j u n c t i o n  
areas. These diodes have  app l ica t ion  as vol tage  
r egu la t ion  or cont ro l  devices,  as vol tage  re fe rence  
e lements ,  or in  s igna l  c ircui ts  as surge  pro tec t ive  
e lements .  The  impedance  of these devices is lower,  
and  the  power  capab i l i ty  higher ,  t h a n  have  been  
ava i l ab le  previous ly .  

Seve ra l  des ign  and  fab r i ca t ion  p rob lems  a re  s im-  
plified by  use of the diffusion technology:  the j u n c -  
t ion  dep th  m a y  be cont ro l led  w i t h i n  3x10 -4 cm; the 
b r e a k d o w n  vol tage  for a p a r t i c u l a r  Si res i s t iv i ty  
can be cont ro l led  over  a mode ra t e  range,  by  a d j u s t -  
m e n t  of the  diffusion p rogram;  the  same fab r i ca t ion  
t echn iques  m a y  be used for a wide  r ange  of j u n c t i o n  
areas and  device proper t ies ;  the  more  cr i t ical  opera -  
t ions m a y  be car r ied  out  on large  slices of Si, which  

are la ter  cut  as des i red into smal l  e l ements  for  
device fabr ica t ion .  
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Electroless Nickel Plating for Making Ohmic Contacts 

to Silicon 
Miles V. Sullivan and John H. Eigler 

Bell Telephone Laboratories, Inc., Murray Hi~L, New Jersey 

ABSTRACT 

tk technique is described whereby  an adherent  plate of nickel  may  be 
deposited on silicon for use as an electrical contact. The contact may be used 
on either n-  or p-type silicon. 

The  use of Si in  semiconduc to r  devices is g rowing  
ve ry  r ap id ly  and  each device requ i res  at least  two 
electr ical  connec t ions  to the Si. I t  has  not  b e e n  pos-  
sible to m a k e  s imple  r e l i ab le  sof t - so lder  connect ions  
d i rec t ly  to Si as was  done  in  the  case of Ge. As a 
resu l t  qu i te  a n u m b e r  of d i f ferent  types  of contacts  
have  b e e n  devised for use on Si each h a v i n g  ce r ta in  
advan t ages  and  ce r t a in  d i sadvantages .  No one con-  
tact, however ,  has been  en t i r e ly  sat isfactory,  and  
the  f inal  choice b y  the  device e n g i n e e r  has  been  a 
compromise.  

Some of the most  successful  contacts  to Si depend  
on a l loy ing  the  contact  me t a l  wi th  the  Si. Some of 
the  meta l s  used  for this  a l loy ing  are  Ag, Ni, A1, and  
Au. Al l  of these are sufficiently soluble  in  Si to 
a l loy qui te  deeply.  This so lub i l i ty  is a d i s advan tage  
w h e n  one desires to cont ro l  closely the  depth  of 
p e n e t r a t i o n  of the  sur face  contact  metal .  Also the 
r e su l t ing  alloys are r a the r  b r i t t l e  and  the  ove r - a l l  
mechan i ca l  proper t ies  of the  contacts  m a y  not  be  as 
good as desired.  The  use of P b  at a l loy ing  t e m p e r a -  
tu res  u n d e r  1000~ avoids bo th  of these difficulties. 
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Because of its l imi ted  so lub i l i ty  in  Si the dep th  of 
a l loying  is qui te  sha l low (1),  and  because  of the  
soft n a t u r e  of u n a l l o y e d  Pb  there  is a m i n i m u m  
of mechan ica l  difficulties. 

A l t h o u g h  a l l oy - type  contacts  are ex t r eme ly  use-  
ful,  they  u sua l l y  i nvo lve  h igh f ab r i ca t i ng  t e m p e r a -  
tures  which  in  t u r n  gene ra l l y  resu l t  in  a loss of the  
m i n o r i t y  charge car r ie r  l i fe t ime of the  St. For  some 
appl ica t ions  this deg rada t i on  of l i fe t ime is u n d e -  
sirable.  Of the  var ious  methods  s tud ied  for m a k i n g  
contact  at  low t empera tu re ,  an  electroless n icke l  
p l a t ing  appears  to be  o u t s t a n d i n g  f rom both  a m e -  
chanica l  and  an  e lect r ical  s tandpoin t .  

The me thod  of app ly ing  electro]ess Ni is based on 
a t e chn ique  developed by  B r e n n e r  (2, 3). I t  invo lves  
the ca ta ly t ic  r educ t ion  of Ni in  a sys tem which  is 
also l i be r a t i ng  H. A n u m b e r  of companies  have  
made  l imi ted  commerc ia l  appl ica t ions  of this  p l a t i ng  
process. The  scope of some of these appl ica t ions  a n d  
an  e v a l u a t i o n  of the electroless process has also 
been  repor ted  (4-6) .  I t  is be l i eved  tha t  the  p re sen t  
app l ica t ion  to Si is new.  

P l a t i n g  

The reac t ion  is ca ta ly t i ca l ly  control led,  and  since 
one p roduc t  of the react ion,  name ly ,  the  Ni, catalyzes  
the  react ion,  the p la te  con t inues  to bu i ld  up  indef i -  
n i t e ly  as long as the t empera tu re ,  and  the  supp ly  of 
appropriate ions are maintained. This is in contrast 
to a displacement type plating which stops as soon 
as the base metal is covered by the plate. 

Detailed discussion of the various plating bath 
compositions and general operating features may be 
obtained from Brenner's articles (2-4). The com- 
position of the plating bath which was used in the 
present work was as follows: 

Nickel chloride (NiCl~ 6H~O) 30 g/l 
Sodium hypophosphite (NaH~PO~ H.20) i0 g/l 
A m m o n i u m  c i t ra te  [(NH4),~HC,~H~O~] 65 g/1 
A m m o n i u m  chlor ide (NH~C1) 50 g/1 
So lu t ion  was  f i l tered 
A m m o n i u m  hydrox ide  (NH,OH) was added  

u n t i l  the  solut ion t u r n e d  f rom green  to b lue  
(pH 8-10) .  

This  so lu t ion  keeps indef in i te ly  at room or e le-  
va ted  t empera tu res .  W h e n  used for p la t ing ,  the  so lu-  
t ion becomes deple ted  in  Ni, hypophosphi te ,  a nd  
h y d r o x y l  ions. The on ly  add i t ion  r e c o m m e n d e d  for 
l abo ra to ry  work,  however ,  is t ha t  of a m m o n i u m  
hydrox ide  in  sufficient q u a n t i t y  to m a i n t a i n  the  b lue  
color. This  addi t ion  is more  necessa ry  in  sys tems 
l ike an  open beake r  w h e r e  a m m o n i a  is lost to the 
a tmosphere .  

The  hot  (90~176  a lka l ine  p l a t i ng  ba th  w i th  a 
r ap id  evo lu t ion  of H exhib i t s  an  exce l len t  c l ean ing  
power,  and  in  m a n y  cases no special  c lean ing  of the  
Si is necessa ry  to ob ta in  an  a d h e r e n t  Ni plate.  In  
order  to m a k e  all  of the  da ta  cons is ten t  and  r ep ro -  
ducible,  however ,  Si was  c leaned  in  the  fo l lowing  
m a n n e r .  Surfaces  r epor ted  as "pol ished"  were  m e -  
chan ica l ly  pol ished w i t h  va r ious  grades of abras ives  
end ing  wi th  0.1 ~ AI=O.~, and  were  g iven  a chemica l  
etch (HNO,, 44%; HF, 18%; H=O, 38%) .  Spec imens  
were  s tored in  this condit ion.  I m m e d i a t e l y  pr ior  to 
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p l a t i ng  the spec imens  were  g iven  a 10-sec dip in  HF  
(48%)  and  a thorough  r in s ing  in  water .  Spec imens  
repor ted  as " lapped"  were  lapped  wi th  600 mesh  
C a r b o r u n d u m  a nd  sc rubbed  c lean  wi th  de te rgen t  
( sod ium h e x a m e t a p h o s p h a t e )  and  water .  I m m e d i -  
a te ly  pr ior  to p l a t i ng  these spec imens  were  d ipped 
for 3-5 m i n  in  bo i l ing  NaOH (5~o) a nd  r i n sed  tho r -  
oughly  wi th  water .  A few e x p e r i m e n t s  were  pe r -  
fo rmed  in  which  room t e m p e r a t u r e  HF  (48%)  was  
subs t i tu t ed  for the hot NaOH wi th  no a p p a r e n t  dif-  
f e rence  in  resul ts .  

A t  a t e m p e r a t u r e  of 9 5 ~ 1 7 6  the Ni p la te  th ick-  
ness as a func t ion  of p l a t i ng  t ime  was  d e t e r m i n e d  
and  is shown in  Fig. 1. (P l a t i ng  ra te  increases  at 
h igher  t e m p e r a t u r e s  a nd  decreases at lower  t e m -  
pe ra tu res . )  A fresh p l a t i ng  ba th  con t a in ing  about  
35 cc of p l a t ing  so lu t ion  for each square  cen t ime te r  
of Si surface  was  used  for each sample.  The  in i t i a l  
ra te  appears  to be abou t  0.02 m m  N i / h r  bu t  a f ter  
about  o n e - h a l f  hour  the r a t e  drops to abou t  0.005 
r a m / h r .  This  is in  r e a s o n a b l y  good a g r e e m e n t  wi th  
the  va lue  of 0.008 m m / h r  repor ted  by  Brenne r .  Data  
were  t a k e n  on l apped  Si surfaces;  the  r a t e  appears  
to be a lmost  ident ical ,  however ,  on pol ished su r -  
faces. 

The  high in i t i a l  deposi t ion ra te  has no t  been  ex-  
p la ined .  A l though  Ni wou ld  be expected to dis-  
p l a c e me n t  p la te  on the St, the h igh in i t i a l  deposi t ion 
ra te  c a n n o t  be a t t r i b u t e d  e n t i r e l y  to d i sp lacement ,  
since o ther  base metals ,  i n c l u d i n g  Ni itself, cause a 
h igh in i t i a l  deposi t ion rate.  S ince  the h igh  in i t i a l  
ra te  is observed w h e n  p la t ing  on a ny  one of severa l  
base metals ,  one i m m e d i a t e l y  considers  the  ba th  and  
its composi t ion as a f unc t i on  of p l a t i ng  t ime. It  is 
k n o w n  tha t  a ce r ta in  ra t io  of Ni to hypophosphi te  
ion is most  efficient (7) and  it  is possible tha t  in  
use the ba th  is depa r t i ng  f rom this  o p t i m u m  ratio. 

R e s u l t s  
A s e m i - q u a n t i t a t i v e  e v a l u a t i o n  of the  adhes ion  of 

the electroless Ni to Si was made by measuring the 
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Fig. 1. Thickness of electroless Ni deposits as a function of 
plating time. The plating rate is about 0.005 mm/hr after the first 
1/2 hr. Each point is one sample. Bath temperature is 9 5 ~ 1 7 7 1 7 6  
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Fig. 2. Adhesion of electrole~ss Ni as a function of plate thickness. 
Curve A is for a surface which had been lapped with 600 mesh 
Carborundum and Curve B for a chemically polished surface. Each 
point is one sample. 

force r equ i r ed  to pu l l  f rom the surface  a Cu wi re  
t ha t  had  been  soldered to the Ni in  the  fo l lowing  
m a n n e r .  T i n n e d  copper  wi re  A.W.G. No. 20 was  
s t re tched  to p rov ide  s t ra igh t  sections and  was 
g round  flat on one end  p e r p e n d i c u l a r  to the axis of 
the wire.  This  fiat end  was b u t t  soldered to the  
large face of a slice of N i -p l a t ed  Si about  0.75 m m  
thick. A smal l  a m o u n t  (0.5 rag) of t i n - l e a d  solder 
(50-50) was used so tha t  l i t t le  or no fillet wou ld  be 
formed and  the  cross-sec t ional  areas  of the  bonds  
would  be un i fo rm.  R o s i n - i n - a l c o h o l  flux was  used. 

No hea t  t r e a t m e n t  wets g iven  these samples  except  
for the heat  invo lved  in the soldering.  The  force 
r equ i r ed  to pu l l  the  wi re  f rom the sur face  was  
m e a s u r e d  wi th  a s imple  s p r i n g - t y p e  gauge;  the 
b r e a k i n g  poin t  was t hen  calculated.  Fig. 2 shows 
how this b r e a k i n g  poin t  var ied  w i th  the  th ickness  
of Ni plate.  The co r re spond ing  deposi t ion  t imes  
var ied  f rom 1 to 30 min.  The uppe r  curve  is for a 
surface  lapped wi th  600 mesh  C a r b o r u n d u m  a nd  the  
lower  curve  for a surface which  was first m e c h a n i -  
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Fig. 3. Contact resistance of eJectroJess Ni on 0.0S ohm-cm 
n-type Si as a function of annealing temperature. Total of 18 
samples, 3 for each paint. 

cal ly  pol ished ( e nd i ng  wi th  0.1 /~ A1,O~) and  then  
chemica l ly  pol ished (HNO,, 44%; HF, 18%; H~O, 
38%) .  On lapped  surfaces the b r e a k  was a lways  in  
the St. On pol ished surfaces the  sepa ra t ion  was 
p r e d o m i n a n t l y  at  the S i -Ni  in te r face  a l though  smal l  
sections of Si were  of ten  pu l l ed  out. The  average  
area  of the b reak  was 1.05 m m  ~ wi th  an  average  
dev ia t ion  of 15%. 

For  these surfaces the o p t i m u m  adherence  was  
observed  for a p la te  th ickness  of about  0.002 m m  on 
the lapped surface  and  0.001 m m  on the pol ished 
surface.  The increased  he ight  of the curve  for the  
lapped surface compared  to the he ight  for the  
pol ished surface is p r o b a b l y  due  m a i n l y  to the  key -  
ing act ion of the  surface  w i th  the  Ni, bu t  it m a y  be 
due  in  par t  to the l a rger  ac tua l  surface  a rea  i n -  
volved.  The  loss of adhes ion for th ick films is p rob -  
ab ly  due  to the increase  of i n t e r n a l  stress in  the Ni 
wi th  increas ing  thickness.  

The electr ical  m e a s u r e m e n t s  were  made  by  Sol- 
de r ing  leads to opposite faces of N i - p l a t e d  slices of 
Si about  0.5 m m  thick  and  abou t  1 c m t  The Ni p la te  
was r emoved  f rom all  edges by  gr inding .  The re -  
sistance, tha t  is, the d-c  vol tage  d iv ided  by  the d-c  
cur ren t ,  was then  m e a s u r e d  on this specimen.  The  
res is tance  a t t r i b u t a b l e  to the Si i tself  was  ca lcula ted  
f rom the Si res i s t iv i ty  and  sub t rac t ed  f rom the 
m e a s u r e d  resis tance.  The r e m a i n d e r  is wha t  is cal led 
here  the  contact  res i s tance  and  is r epor ted  as the  
n u m b e r  of ohms for a 1 cm ~ contact .  

In  v iew of the  fact tha t  the  deposi ted Ni conta ins  
phosphorus ,  one migh t  an t i c ipa te  doping u n d e r  some 
condit ions.  This m e a n s  tha t  one migh t  expect  to 
ob ta in  a good ohmic contact  to n - t y p e  Si bu t  a poor, 
or possibly  a rec t i fy ing  contact ,  to p - t y p e  Si if the  
condi t ions  are such tha t  the  phosphorus  can  diffuse 
or al loy into the  St. 

Contac t  res i s tance  on 0 .05 -ohm-cm n - t y p e  Si is 
p lo t ted  in  Fig. 3 as a f unc t i on  of a n n e a l i n g  t e m p e r a -  
ture.  The samples  were  a n n e a l e d  for a per iod of 
about  1 hr. A second Ni p la te  was t h e n  appl ied  in  
order  to faci l i ta te  m a k i n g  the m e a s u r e m e n t s  and  
the contact  res is tance  was m e a s u r e d  at room t e m -  
pera ture .  No s ignif icant  changes  occurred  in  the Si 
res is t ivi ty .  As expected,  the  contact  res i s tance  goes 
down as a resu l t  of high t e m p e r a t u r e  annea l ing ,  bu t  
the rise in  res is tance  af ter  t r e a t m e n t  at i n t e r m e d i a t e  
t e m p e r a t u r e s  was not  an t ic ipa ted .  The cause of this  
rise is no t  known ,  bu t  it is i n t e r e s t i ng  to note  tha t  
the peak  in  the  con tac t - r e s i s t ance  curve  occurs in  
the same r ange  of t e m p e r a t u r e s  tha t  is effective in  
mod i fy ing  the ha rdness  of the Ni. As deposi ted the 
Ni is qui te  ha rd  compared  to e lec t ropla ted  Ni. On 
hea t ing  at t e m p e r a t u r e s  n e a r  400~ the ha rdness  at 
first increases,  bu t  on hea t ing  for longer  t imes  or 
h igher  t e m p e r a t u r e s  the ha rdness  decreases and  the 
Ni m a y  even  become somewha t  duct i le  (4) .  

Wi th  1 - o h m - c m  n - t y p e  Si a s imi la r  resu l t  is ob-  
t a ined  as shown in  Curve  A of Fig. 4, except  tha t  
the contact  res i s tance  is h igher  in this case t h a n  it 
was for 0 .05 -ohm-cm mate r ia l .  I n  diode f ab r i ca t ion  
a common  t echn ique  which  is used for i m p r o v i n g  
such a contact  is the i n t r o d u c t i o n  of a t h in  layer  of 
h igh ly  doped Si b e t w e e n  the  Ni and  the m a i n  body 
of St. The  res i s tance  b e t w e e n  a me ta l  and  heav i ly  
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Fig. 6. Curve A, contact resistance of electroless Ni on 1.5 ohm- 
cm p-type Si as a function of annealing temperature. Curve B, 
similar to Curve A but on material with a diffused p-layer about 1 
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doped (degene ra t e )  p -  or n - t y p e  Si is k n o w n  to be 
qui te  low. Such a ' l a y e r  m a y  be fo rmed  by  diffusing 
phosphorus  f rom the gaseous phase into the 1 -ohm-  
cm Si to a dep th  of abou t  0.01 m m  8. C u r v e  B shows 
the res i s t iv i ty  of an  electroless Ni contac t  on such a 
surface.  No peak  occurs in  the  curve.  

On p - t y p e  Si, on the  o ther  hand,  h igh t e m p e r a t u r e  
a n n e a l i n g  causes the  contact  res i s tance  to become 
ve ry  grea t  and  rect i f icat ion m a y  be observed.  Con-  
tac t  res i s tance  on 0.04 o h m - c m  p - t y p e  Si is shown 
i n F i g .  5. It  should be no ted  tha t  for n o r m a l  t e m -  
pe ra tu res  e n c o u n t e r e d  in  use, tha t  is 100~176 low 
contact  res i s tance  is obta ined.  Some s imple  diodes 
have  b e e n  kept  on test  at 150~ for a lmost  a yea r  
wi th  no a p p a r e n t  deg rada t ion  o~f the  contact .  
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Fig. 5. Contact resistance of electroless Ni on 0.04 ohm-cm 
p-type Si as a function of annealing temperature. Total of 16 
samples, 4 for each point. 

On the  1.5 o h m - c m  p - t y p e  Si the res i s tance  was 
apprec iab ly  h igher  as shown in  Curve  A of Fig. 6. 
However ,  jus t  as in  the case of the n - t y p e  Si in  Fig. 
4, the contac t  res i s tance  can  be r educed  cons ider -  
ab ly  by  i n t r o d u c i n g  a t h in  h igh ly  doped l ayer  on  
the surface  of the Si. Curve  B shows the  res i s t iv i ty  
of an  electroless Ni contact  on such a surface.  In  
this case the doping  was ob ta ined  by  diffusing B 
in to  the  Si (8) .  

Some of the p roper t i es  of electroless Ni have  
a l r eady  been  men t ioned ,  name ly ,  the ha rdness  of 
the Ni as deposited,  the  changes  which  occur on 
hea t  t rea t ing ,  the  solderabi l i ty ;  and  the  presence  of 
phosphorus  in  the  Ni. Severa l  o ther  proper t ies  are 
also of in te res t  in  connec t ion  w i th  the p re sen t  ap-  
pl icat ion.  The  deposit  is f i ne -g ra ined  l a m i n a r ,  b r i g h t  
in  appea rance  a nd  r e l a t i ve ly  nonporous .  Deposi t ion 
occurs qui te  u n i f o r m l y  over  the  exposed semicon-  
ductor  surfaces,  thus  e l i m i n a t i n g  excessive b u i l d - u p  
on points  and  th in  deposits on recesses. The  m a g -  
net ic  p e r m e a b i l i t y  is lower  t h a n  for pu re  Ni. This is 
p r e s u m a b l y  due  to the presence  of the phosphorus .  
It  is r epor ted  tha t  if the deposi t  conta ins  as m u c h  
as 11% phosphorus  it is no  longer  f e r romagne t i c  
(7) .  Electroless  Ni m a y  also be used in  a s imi la r  
m a n n e r  on Ge. 

Manuscript  received May 9, 1956. This paper was 
prepared for delivery before the P i t t sburgh  Meeting, 
Oct. 9-13, 1955. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1957 
. J O U R N A L .  
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Anodic Formation of Oxide Films on Silicon 

P. F. Schrnidt and W. Michel  

Research Division, Philco Corporation, Philadelphia, Pennsylvania 

ABSTRACT 

Dense oxide films have been formed anodically on p- and n- type single- 
crystal Si in connection with the electrical properties of Si surfaces. Concen- 
trated HNO~ or H~PO~ permit  forming, but  the highest voltage obtainable is 
less than  200 v. A solution of KNO~ in N-methylacetamide permits  forming to 
560 v, and is also preferable in other respects. 

The field dur ing  forming is of the order 2.6 • 10 ~ v /cm corresponding to  a 
thickness increment  of about 3.8A/v. The ratio has been found as well  from 
interference colors and direct weighing, as by capacitance measurements .  
Above an oxide thickness of 400A the ra te- l imit ing step for film growth is 
inside the oxide. 

The ionic current  efficiency of film growth is very low. In  methylacetamide 
it can be increased by addition, for example, of chloride ions or more so by 
fluoride ions. The oxide is an electrolytic rectifier and behaves similar  to an 
oxide on A1 or Ta. The direction of easy flow for electrons is from the Si to 
the electrolyte. 

Anodic formation of dense oxide films and the 
manufacture of electrolytic rectifiers is well known. 
The classical work on A1 was done by Guenter- 
schulze and Betz (i); in recent years, Van Geel 
(2-5) and Decker (6), Charlesby (7-ii), Young 
(12), Vermilyea (13-16), Adams, Maraghini, and 
Van Rysselberghe (17), and Misch and Fisher (18) 
have published on the anodization of AI, Zr, Ta, and 
U. An extension of the theory of Mott and Cabrera 
(19) to include the case of thick oxide films was 
offered by Dewald (20), who also reported work on 
indium antimonide (21). 

There seems to be only one reference to the forma- 
tion of dense oxide films on St, given by Guenter- 
schulze and Betz (i), who mention that incomplete 
forming ~ can be accomplished in concentrated H~SO~. 

Experimental 
Produc t ion  of dense oxide films on Si was  first 

t r ied  us ing  concen t ra t ed  acids and  some of the  elec- 
t ro ly tes  c o m m o n l y  used for A1 (i.e., bora te  solu-  
t ions) .  F o r m a t i o n  in  concen t ra ted  acids (HNO~) or 
(H,PO~) proved  possible but ,  as a l r eady  found  (1) ,  
f o rming  canno t  be con t inued  to h igh  vol tages  in  
s t rong  acids because  of the  l a rge  concen t r a t i on  of 
the acid anion.  In  a m m o n i u m  bora te  a dense oxide 
of compara t i ve ly  low resis tance was formed;  porous  
oxides were  fo rmed  in  oxalic acid or ch roma te  solu-  
tions. 

1 I n c o m p l e t e  ] o r m i n g  m e a ~ s  t h a t  f o r m a t i o n  in  a g i v e n  e l e c t r o l y t e  
c a n n o t  be  c a r r i e d  to t h e  s a m e  v o l t a g e ,  w h i c h  t h e  c o n c e n t r a t i o n  of 
t h e  a n i o n  i n  t h e  s o l u t i o n  w o u l d  p e r m i t  (e.g. ,  i f  T a  w e r e  to be  
f o r m e d  in  t h e  s a m e  s o l u t i o n ) ,  b u t  w h i c h  t h e  s o l u b i l i t y  of  t h e  o x i d e  
does  no t  p e r m i t  to r e a c h .  T h e  t r u e  m a x i m u m  f o r m i n g  v o l t a g e  d e -  
p e n d s  o n l y  on  t h e  c o n c e n t r a t i o n  of t h e  a n i o n ,  p r o v i d e d  t h a t  t h e  
a n i o n  does  n o t  c o n t a i n  a h e a v y  m e t a l  i on  l i k e ,  e.g.  KMnO~,  c o m -  
p a r e  ( I ) .  

Most of the work  repor ted  here  has b e e n  car r ied  
out  in  N - m e t h y l a c e t a m i d e ,  ~ the  N - m e t h y l a c e t a m i d e  
being used wi thou t  f u r t he r  purif icat ion.  This  so lvent  
was used because  of its h igh dielectr ic  constant ,  179. 
The  fo rming  was done  in  an  0.04N so lu t ion  of po tas -  
s ium n i t r a t e  i n  me thy lace t amide ,  the  ba th  be ing  
kept  at room t empera tu re .  N - m e t h y l f o r m a m i d e  
also permi t s  fo rming  of Si bu t  no t  n e a r l y  so wel l  as 
me thy lace t amide .  No p a r t i c u l a r  efforts were  made  
to t he rmos ta t  the sys tem for r ea sons  m a d e  obvious  
below. Add i t ion  of a sal t  l ike  KNO, is necessary  in  
order  to increase  the  conduc t iv i ty  of the  e lec t ro ly te  
and  in  order  to supp ly  the  oxygen  for the  anodic  r e -  
action. Si wi l l  no t  form in  N - m e t h y l a c e t a m i d e  con-  
t a i n i ng  only  NaC1; fo rming  s tar ts  w h e n  n i t r a t e  or 
sul fa te  ions are  added.  

The  Si used, both  n -  a nd  p - type ,  was  of res i s t iv -  
i ty  2-5 ohm cm, s ingle  c rys ta l l ine ,  111 or iented,  ~ a n d  
had  l i f e t ime  for m i n o r i t y  carr iers  in  the order  of 
10-20 ~ sec. P r io r  to forming,  the  Si was  etched in  a 
2:1 HF--HNO~ m i x t u r e  a nd  then  dr ied  in  air .  

The me thod  of i n t roduc t i on  of the Si sample  in to  
the e lec t ro ly te  m u s t  be such as to p r e v e n t  creep of 
the  electrolyte.  One w a y  to accompl ish  this  is first 
to form the  Si to a h igher  vol tage  t h a n  is reached 
d u r i n g  the ac tua l  expe r imen t ,  t hen  dissolve the  
oxide at  the pa r t  of the wafe r  f a r the r  r e move d  f rom 
the base tab,  and  to use  the r e m a i n i n g  oxide as a 
pro tec t ion  for  the base t a b  region.  A n o t h e r  me thod  
is to i m m e r s e  the w a f e r  in  the  e lec t ro ly te  to the  
desired depth  and  to b low a slow s t r e a m  of a i r  a t  

'-' S u p p l i e d  by  D i s t i l l a t i o n  P r o d u c t s ,  R o c h e s t e r ,  N. u  

3 No ef fec t  of  c r y s t a l  o r i e n t a t i o n  w a s  n o t i c e d  u s i n g  a 511 p l a n e  i n -  
s t ead .  W e  a r e  i n d e b t e d  to  D r .  C h a r l e s  S u t e l i f f e  of  o u r  m e t a l l u r g y  
g r o u p  f o r  p r e p a r a t i o n  o3 t h e  s a m p l e s .  
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Fig. 2. Forming of p-type Si at different constant current densities 

the  res t  of t he  wafe r .  This  m e t h o d  is qu i t e  effect ive  
aga ins t  c reep  of t he  e l e c t r o l y t e  and  g ives  a r a t h e r  
s h a r p l y  def ined  a r e a  of ox ida t ion .  S top-of f s  canno t  
be used  at  h i g h e r  v o l t a g e s  b e c a u s e  of t he  v e r y  h igh  
e l ec t ro s t a t i c  field, w h i c h  forces  the  e l e c t r o l y t e  u n -  
d e r n e a t h  t he  insu la t ion .  

Results 

Anodic Formation o~ Oxide Fi~ms on p-Sil icon 

Fig.  1 shows  v o l t a g e - t i m e  curves  a t  cons t an t  c u r -  
r en t  d e n s i t y  on p - t y p e  si l icon,  f o r m e d  in concen-  
t r a t e d  HNO~, c o n c e n t r a t e d  H~PO,, and  in  N - m e t h y l -  
a c e t a m i d e ?  I t  is e v i d e n t  t h a t  t he  t r u e  m a x i m u m  
f o r m i n g  v o l t a g e  is "-~aot r e a c h e d  in  t he  c o n c e n t r a t e d  I 
ac ids  a n d  t h a t  also t he  v o l t a g e - t i m e  c u r v e  is no t  
n e a r l y  so l i n e a r  as in  M.A. 

Fig.  2 shows  o x i d a t i o n  runs  on p - s i l i c o n  at  d i f f e r -  
en t  c u r r e n t  dens i t ies .  S e v e r a l  po in t s  d e s e r v e  m e n -  
t ioning.  

1. The  c u r r e n t  d e n s i t y  is v e r y  h igh  c o m p a r e d  to 
the  c u r r e n t  d e n s i t y  u s u a l l y  e m p l o y e d  in t he  i n v e s t i -  
ga t ion  of ox ide  f o r m a t i o n  on o t h e r  me ta l s .  The  r e a -  
son is t h a t  u n d e r  t he  g iven  cond i t ions  of f o r m i n g  
the  ionic  c u r r e n t  eff iciency is on ly  a b o u t  0.8%, i.e., 
of a n o m i n a l  c u r r e n t  d e n s i t y  of 7 m a / c m  ~, on ly  54~a 
a re  used  fo r  o x i d e  g rowth ,  th~ r e s t  is  e l ec t ron ic  
c u r r e n t  due  to d i s c h a r g e  of ions  in  t h e  e l e c t ro ly t e .  
P r o o f  of  th i s  a s se r t i on  is of fered  in  t h e  sec t ion  on 
ox ide  th i ckness  d e t e r m i n a t i o n .  

2. E a c h  cu rve  shows  a point ,  m a r k e d  "S" ,  a t  
w h i c h  the  s lope  dec reases  a b r u p t l y .  This  change  in 

4 This solvent is hereafter symbolized by M.A. 

slope is well known in the oxidation of other metals, 
where it is associated with the onset of the so-called 
"metal sparks". On Si, no sparks were seen at 
point "S" or in the branch of the curve above it. 
This may be due to the very low ionic current effi- 
ciency or possibly that the light emission occurs 
only in the ultraviolet. The curves have been ideal- 
ized in that small oscillations which always occur, 
particularly above point "S", are not shown. They 
are caused by the "metal sparks" and become ap- 
preciable when the true maximum forming voltage 
is approached. 

3. If anodization at constant current density is 
continued after the voltage has risen to 350 v, the 
oxide breaks down; the voltage starts to oscillate 
without rising any further, while severe damage to 
the oxide results. This breakdown phenomenon is 
not shown in the graph. 

4. The higher the current density, the steeper 
the slope of the curve. In Fig. 3 the same curves up 
to point "S" are plotted again. The value of Vo (volt- 
age at time =-0) has been subtracted so that all 
curves start from the origin, and all current den- 
sities have been normalized to unity by dividing the 
ordinate for each curve by the original value of the 
current density for the given curve. The curve cor- 
responding to the highest current density has the 
steepest slope. This must mean that the resistance 
of the oxide deposited at lhe higher current densities 
is larger. This larger resistance could be due either 
to a thicker oxide layer, i.e., a higher current effi- 
ciency, or to a higher resistivity of the oxide. 

Even after normalizing the voltage ordinate, the 
curves are, strictly speaking, not yet comparable 
because it takes a slightly larger voltage to drive a 
larger current through the same oxide thickness 
(log I ~ field). 

On curve No. 3 of this figure is shown the reduc- 
tion in voltage necessary to drop the current from 
(its actual value of) 7 ma/cm ~ to 5 ma/cm ~. This 
point was obtained experimentally. This factor is 
not sufficient to make the 7 ma/em ~ curve coincide 
with the 5 ma/cm ~ curve. 

Samples were always prepared in the same man- 
ner, i.e., after a cleanup etch in the HNO~-HF mix- 
ture they were carefully washed under running dis- 
tilled water, dried in warm air, and inserted in the 
M.A. bath. However, in view of the large effect of 
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Fig. 4. Forming of p-type Si to a maximum voltage of 560 v 

f luoride ions on ionic c u r r e n t  efficiency, (see section 
on factors in f luenc ing  the ionic c u r r e n t  efficiency) 
there  is a poss ibi l i ty  tha t  the ra tes  could be i n -  
f luenced by  t races  of fluoride h a v i n g  r e m a i n e d  on 
the Si surface.  The t r e n d  of the curves  should no t  
be affected by  this. 

M e a s u r e m e n t  of the  increases  in  weight  or the 
changes  in  i n t e r f e r ence  colors wou ld  in  p r inc ip le  
pe rmi t  to d i f ferent ia te  b e t w e e n  an  increase  in  cu r -  
r en t  efficiency or a change  in  the n a t u r e  of the  film. 
On Si, ne i t he r  of these  methods  is ve ry  sens i t ive  
(compare  section on oxide th ickness  d e t e r m i n a t i o n ) .  
However ,  it is l ike ly  tha t  a comb ina t i on  of bo th  
effects is invo lved :  on meta l s  l ike Ta and  A1 an  
increase  of c u r r e n t  efficiency wi th  inc reas ing  cu r -  
r en t  dens i ty  has been  repor ted  [see e.g. (1) and  
(8) ] and  on Zr  and  Hf fo rma t ion  of low res is tance  
films at ve ry  low c u r r e n t  densi t ies  has also been  
repor ted  (18 ). 

If a Si sample  is held at  a cons tan t  vol tage of 300 v 
for some time, f o rming  the rea f t e r  can be con t i nue d  
up to 560 v. At  560 v b r igh t  sparks  appear  in  the 
solut ion,  the t rue  m a x i m u m  fo rming  vol tage  h a v i n g  
been  reached  (see Fig. 4). 

The slope of the curve  af ter  fo rming  at cons tan t  
vol tage  is cons ide rab ly  s teeper  t h a n  before, i.e., the 
ionic c u r r e n t  efficiency is higher .  For  a g iven  i n -  
crease in  f o rming  vol tage  the increase  in  th ickness  
is cons ide rab ly  g rea te r  t han  it was before  f o r mi ng  
at cons tan t  vol tage  as: shown by  the  i n t e r f e r ence  
colors. It  is l ike ly  tha t  fo rming  at cons tan t  vol tage  
induces  a s t r uc tu r a l  change  of the  oxide. Ve rmi l ye a  
(16) has repor ted  s imi la r  p h e n o m e n a  on Ta. 

Determinations of the Oxide Thickness 

Thicknesses  of oxide films in situ can be m e a s u r e d  
by direct  we igh ing  of the sample,  by optical  m e t h -  
ods, and  by  capaci tance  measu remen t s .  

Weighing.--Direct weigh ing  of p -s i l i con  sample  
before  and  af ter  anod iza t ion  gave an  average  va lue  
of about  9 t~g of we igh t  i n c r e a s e / c m  ~ for each 100 v 
increase  in  foyming  vol tage  ( fo rming  done at a cu r -  
r en t  dens i ty  of 6.2 m a / c m  ~ and  the sample  t h e n  kept  
at cons tan t  vol tage  for 10 m i n ) .  This  indica tes  a 
th ickness  i n c r e m e n t  of abou t  4A of SiO~ for 1 v rise 
in  f o rming  voltage.  The d e t e r m i n a t i o n  p r e sumes  
tha t  no SiO~ is lost by  so lu t ion  in  the electrolyte .  In  
v iew of the fact tha t  on ly  e lect rolytes  wi th  an  ex~ 
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t r e me l y  low dissolv ing power  for the oxide pe rmi t  
ob t a i n i ng  the t rue  m a x i m u m  fo rming  vol tage  (as is 
possible wi th  Si in  M.A., a l though  only  af ter  f o rm-  
ing  at cons tan t  vol tage)  this a s sumpt ion  is p r o b a b l y  
not  much  in  error .  

Optical methods--Interference colors a nd  also i n -  
f ra red  absorp t ion  have  been  t r ied  to d e t e r m i n e  the  
oxide thickness.  Fig. 5 gives i n f r a r ed  me a su r e men t s .  
In  v iew of the  h igh noise  level  e nc oun t e r e d  in  these 
measu remen t s ,  it has not  been  a t t emp ted  to ut i l ize  
this me thod  for oxide th ickness  de te rmina t ions ,  a l -  
though this could p r o b a b l y  be done. 

In t e r f e r ence  colors on Si are  r a t h e r  fa in t ;  how-  
ever,  by evapora t ion  of a th in  A u  film (20A) they  
can be made  to appear  qu i te  br i l l i an t .  Thickness  
de t e rmina t i ons  f rom in t e r f e r ence  colors r equ i r e  a 
knowledge  of the re f rac t ive  index  of the film. In  
order  to ob ta in  the re f rac t ive  index  of the  film 
in situ, the me thod  ind ica ted  by  Char lesby  (8) has  
been  applied. On Si, the first order  b lue  ex tends  up 
to 300 v. Above  350 v the th ickness  vol tage r e l a t i on -  
ship va l id  up to 350 v is lost;  consequen t ly ,  on ly  
di f ferent  shades of b lue  a nd  a s i l v e r - g r e e n  film 
(350 v) are ava i l ab le  for the de t e rmina t ion .  De te r -  
m i n a t i o n  of the re f rac t ive  index  in  whi te  l ight  gave 
a va lue  of about  1.5 which  is a r easonab le  va lue  for 
silica. 

For  the b lue  wave  l eng ths  a va lue  of n ~ 1.55 was  
adopted wi th  some degree of a r b r i t r a r i n e s s  for the 
ca lcu la t ion  of the oxide thickness.  Using n = 1.55 
the vo l t age - th i ckness  r e l a t ionsh ip  as g iven  in  Fig. 6 
was calculated.  The s t ra igh t  l ine  r e l a t ionsh ip  is ve ry  
g ra t i fy ing ,  in  v iew of the  m a n y  inaccurac ies  i n -  
volved.  A smal l  nega t ive  phase  shift  can be no ted  
in  Fig. 6. Such a nega t i ve  phase  shift  of a s imi la r  
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Fig. 6. Voltage vs. thickness plot for SiO~ assuming N = 1.55 
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m a g n i t u d e  is also observed  on A1 (1) .  The th ick-  
ness -vo l t age  i n c r e m e n t  f rom Fig. 6 is 3 .8A/v  and  
checks wi th  the  i n c r e m e n t  found  by  di rect  we igh ing  
of the sample.  

If the charge  r equ i r ed  for deposi t ion  of an  oxide 
film of a g iven  th ickness  is compared  to the  tota l  
charge passed d u r i n g  anod iza t ion  (compare  Fig. 2) 
it can be seen tha t  at a c u r r e n t  dens i ty  of 7 m a / c m  2 
the ionic c u r r e n t  efficiency is on ly  abou t  0.8%. 

Capacitance measurements.--Assuming a surface 
roughness  factor  of abou t  1.5, capac i tance  m e a s u r e -  
men t s  of the S i -ox ide  sys tem yie lded  the  same vo l t -  
age - th ickness  i n c r e m e n t  as ob ta ined  f rom i n t e r f e r -  
ence colors. Capac i tance  measu remen t s ,  however ,  
are  not  a c o n v e n i e n t  way  of m e a s u r i n g  the oxide 
th ickness  on a semiconduc to r  l ike Si, s ince the 
capaci tance  inc ludes  also the  space charge ins ide  the 
Si. Capac i tance  m e a s u r e m e n t s  are be ing  m a d e  at 
p resen t  w i th  the purpose  of i nves t iga t ing  the  be -  
hav ior  of the  ba r r i e r  ins ide  the Si as a f u n c t i o n  of 
oxide thickness ,  and  of i nves t iga t ing  space charges  
ins ide  the oxide according to the methods  developed 
by  Van  Geel  (4, 5). 

A n  exact  m e a s u r e m e n t  of oxide th ickness  wou ld  
pe rmi t  es tab l i sh ing  the dependence  of the ionic cu r -  
r en t  on the electric field s t reng th ;  p resen t  da ta  are 
not  good enough  for this purpose.  F r o m  the  ra t io  
of 3.8/k/v it can  on ly  be said tha t  fields of the  order  
of 2.6x10 ~ v / c m  are involved ,  which  is no t  su rp r i s -  
ing in  v iew of the great  s tab i l i ty  of the  SiO~ latt ice.  
It  is obvious tha t  a more  accura te  d e t e r m i n a t i o n  of 
the  th i ckness -vo l t age  i n c r e m e n t  could be made  
e i ther  g rav ime t r i ca l ly ,  or by  i n t e r f e r o m e t r y  us ing  
monochroma t i c  l ight,  or by  use of the po la r ime t r i c  
me thod  deve loped  by  Vasicek (22) ;  such was  no t  
attempted, however, because other measurements 
appeared more urgent. 

Factors Influencing Ionic Current E]~ciency 
Addi t i on  of smal l  a m o u n t s  of wa te r  to the M.A.- 

KNO~ solu t ion  increases  the  fo rming  ra te  hy a factor  
of about  two w i thou t  a p p a r e n t l y  effecting the t h i c k -  
ness -vo l t age  re la t ionship .  The  best  fo rming  is at 
2.5 vol % H._,O. However ,  the dev ia t ion  in  rate,  i.e., 
the d ive rgence  of the  v o l t a g e - t i m e  curves,  becomes 
a p p a r e n t  on ly  af ter  a cer ta in  anod iza t ion  t ime,  e.g., 
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Fig. 7. Forming of p-type Si in the presence of chloride ions 

after  2 ra in  at a c u r r e n t  dens i ty  of 10 m a / c m  ~. On 
the other  hand ,  d r y i n g  of the  M.A. w i t h  ca lc ined 
K~CO~ does no t  change  the slope of the v o l t a g e - t i m e  
curve.  

Fig. 7 shows anod iza t ion  r u n s  in  M.A. + KNO~ 
in the presence  of chlor ide ions. A ve ry  grea t  i n -  
crease in  ionic c u r r e n t  efficiency can be seen, bu t  
aga in  it  becomes a p p a r e n t  on ly  af ter  a ce r ta in  t ime  
has elapsed. The  curves  show a slope increas ing  
wi th  t ime, which  can p r o b a b l y  be  ascr ibed to a con-  
t i nuous  increase  in  t e m p e r a t u r e  of the  oxide layer .  

Recent  e xpe r i me n t s  us ing  f luoride ions ins tead  of 
chlor ide ions (e.g., a so lu t ion  of 40 mg  KNO~ and  
5 mg NI-LF in  10 cc of M.A.) showed the  same effect 
even  more  p ronounced .  The  ionic c u r r e n t  efficiency 
increases  to above 50%; at  the  same t ime  the  film 
th ickness  (for a g iven  f o r mi ng  vol tage  reached  at  
cons tan t  c u r r e n t  opera t ion)  is r educed  to abou t  hal f  
of its va lue  in  the  absence  of f luoride ions. I t  was  
observed,  fu r the rmore ,  tha t  at cons t an t  vol tage  the  
film th ickness  increases  qui te  rapidly .  

T e n t a t i v e l y  the  au thors  a t t r i b u t e  the p h e n o m e n o n  
to the incorpora t ion  of f luoride ions into the  oxide 
film. 

Anodic Oxidation oS N-Type Si 

The anodic  c u r r e n t  is in  the reverse  d i rec t ion  for 
a ba r r i e r  on n - t y p e  Si, consequen t ly ,  the  ra te  of the 
anodic  oxide g rowth  is l imi ted  by  the  supp ly  of 
m i n o r i t y  carr iers ,  holes, to the S i -ox ide  in terface .  
Therefore ,  it  is to be  expected  tha t  the ra te  of fo rm-  
ing is sens i t ive  to m i n o r i t y  car r ie r  genera t ion ,  and  
that  the v o l t a g e - t i m e  curves  on n - S i  have  di f ferent  
shapes in  the da rk  t h a n  u n d e r  i l l umina t ion .  Fig. 8 
shows tha t  this is indeed  the case. Severa l  pecu l i a r i -  
ties deserve  discussion.  

In  the  dark,  the vol tage  necessary  to d r ive  a cu r -  
r en t  of 7 ma /Cm ~ is i n i t i a l ly  abou t  200 v bu t  drops 
r ap id ly  to abou t  !00 v, becoming  more  or less s table  
at this  va lue  u n t i l  the vol tage  af ter  abou t  6 ra in  of 
anodiza t ion  aga in  begins  to rise l i nea r ly  wi th  t ime. 

The  in i t i a l  drop f rom 200 to 100 v canno t  be  a t -  
t r i b u t e d  on ly  to excessive power  d iss ipa t ion  across 
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the r eve r se ly  biased n - S t  bar r ie r ,  as can be seen 
f rom the fo l lowing s imple  expe r imen t .  Af te r  the  
vol tage has dropped  to 160 v fo rming  is d i scon t inued  
for severa l  m inu t e s ;  if f o rming  is t h e n  r e s u m e d  at 
the same c u r r e n t  densi ty ,  the vol tage  shows no t e n -  
dency  to go m u c h  beyond  the va lue  at  wh ich  f o r m -  
ing was d i scont inued .  

I t  would  appear  tha t  the first layers  of oxide de-  
posi ted decrease the he ight  of the  ba r r i e r  ins ide  the  
n - t y p e  St. 

The curve  t aken  u n d e r  i l l u m i n a t i o n  of the  wafe r  
is s imi la r  to tha t  on p -S t  bu t  is s l ight ly  convex  to 
the ordinate .  The i l l u m i n a t i o n  was r a t h e r  weak ;  in  
s t rong  l ight  the curvE, wou ld  p r o b a b l y  s t r a igh t en  
out  complete ly .  

The fo l lowing  me thod  was used to m e a s u r e  the 
heat  gene ra t ed  by  power  d iss ipa t ion  across the b a r -  
r ier  in  the Si. A n  A1 a l loyed diode was  fo rmed  on 
the reverse  side of a wafer  to be anodized.  The 
al loyed reg ion  was at a d is tance  of 3 mils  f rom the 
f ron t  surface of the wafer .  The reverse  s a tu r a t i on  
c u r r e n t  of the  diode as a func t ion  of t e m p e r a t u r e  
was m e a s u r e d  in a separa te  run .  Moni to r ing  the  
m a g n i t u d e  of the reverse  s a tu ra t ion  c u r r e n t  of the  
diode was t hen  used as a m e a s u r e  of the t e m p e r a -  
tu re  ins ide  the Si d u r i n g  anodizat ion.  On ly  the f ron t  
surface  of the  wafe r  was  accessible to the elec-  
t rolyte,  the  rest  was  e m b e d d e d  in  plastic.  

This  m e a s u r e m e n t  ind ica ted  tha t  the  t e m p e r a t u r e  
at a d is tance  of 3 mils  f rom the f ron t  surface rose 
to a p p r o x i m a t e l y  65~ w i t h i n  30 sec of anodiza t ion  
at a c u r r e n t  dens i ty  of 6 m a / c m  ~, the ba th  t e m p e r a -  
tu re  be ing  25~ 

Fig. 8 shows tha t  the curves  in  l ight  and  in  the  
da rk  merge  at about  100 v, co r respond ing  on p -S t  
to an  oxide th ickness  of about  380A. Above  this 
po in t  anodic  oxide g rowth  on n - S t  is no longer  
sens i t ive  to hole in jec t ion  by  l ight  or other  means .  
The oxide th ickness  on n-St ,  v~hen fo rmed  u n d e r  
i l l u m i n a t i o n  is also abou t  380A, as shown by  the 
i n t e r f e r ence  colors. The. oxide th ickness  on a sample  
anodized in  the  da rk  Jis somewha t  larger ,  because  
this oxide grew at a h igher  t e m p e r a t u r e  because  of 
the large power  dissipat ion.  

If l ight  is shone onto an  n - t y p e  Si wafer ,  anodized 
in  the dark,  or, conw~rsely, if i l l u m i n a t i o n  of an  
n - t y p e  Si wafe r  is cut  off, the vol tage  necessa ry  to 
dr ive  a g iven  c u r r e n t  wi l l  change  sharply.  This 
pho tosens i t iv i ty  is lost at an  oxide th ickness  of 
about  400A. F r o m  the re  on, the v o l t a g e - t i m e  curve  
is a s t ra igh t  line. A t:hickness of 400A is reached  
somewha t  sooner  in  the  da rk  t h a n  u n d e r  i l l u m i n a -  
t ion, due  to the above  m e n t i o n e d  hea t ing  effect. The 
da rk  curve,  therefore,  becomes l inea r  ear l ie r  t h a n  
the curve  t aken  u n d e r  i l l umina t ion .  If an  n - S t  
sample  is anodized at a cons tan t  vol tage  of less t h a n  
100 v (ac tua l ly  45 v were  chosen for this  pa r t i cu l a r  
e x p e r i m e n t ) ,  pho tosens i t iv i ty  of the  anodic  c u r r e n t  
d isappears  also af ter  some time. F o r m i n g  u n d e r  con-  
s t an t  vol tage  should lead to a more  o rdered  s t ruc -  
tu re  of the  oxide, and  thus  increase  the  m e a n  free 
pa th  of e lectrons in  the  oxide. I t  seems p laus ib le  
tha t  the loss of pho tosens i t iv i ty  is due to coll is ion 
ioniza t ion  in  the Si by  e lec t rons  coming  out  of the  
oxide at h igh speeds. 

Loss of pho tosens i t iv i ty  has a twofold  m e a n i n g  in  
tha t  it indica tes  tha t  above  about  400A the  r a t e -  
d e t e r m i n i n g  step for oxide g rowth  occurs ins ide  the 
oxide, and  tha t  the field at  the  ox ide-St  in te r face  
(or perhaps  the ene rgy  d iss ipa t ion  there)  is large 
enough  to sat isfy the  supp ly  of m i n o r i t y  car r ie rs  for 
the g rowth  of the oxide. 

This asser t ion  can be p roved  be t t e r  if anodiza t ion  
is done at cons t an t  vol tage  ins tead  o f  at  cons tan t  
cur ren t .  At  cons tan t  voltage,  the c u r r e n t  decays to 
a smal l  value.  In  the  dark,  pa r t  of the vol tage  is 
dropped across the  oxide, pa r t  across the r eve r se ly  
biased n - S t  bar r ie r .  If l ight  is now  a l lowed to sh ine  
onto the wafer ,  more  of the  vol tage  wi l l  be dropped  
across the  oxide;  s imul t aneous ly ,  posi t ive ions be-  
come ava i lab le  at the ox ide-St  in terface .  A la rger  
c u r r e n t  can now  flow, which  resul ts  in  an  increase  
in  the oxide thickness.  W h e n  the  oxide has reached  
the  th ickness  co r respond ing  to the  g iven  vol tage  
drop the c u r r e n t  aga in  decays to a smal l  value .  This  
process is r epea t ab l e  w i th  success ively  h igher  vo l t -  
ages, p rov ided  the sample  is no t  kep t  u n d e r  cons tan t  
vol tage  for a ny  grea te r  l eng th  of t ime,  ( compare  
above) ,  bu t  on ly  up  to a l imi t ing  oxide th ickness  
of about  400A. Above  this th ickness  the m a g n i t u d e  
of the fo rming  c u r r e n t  at cons tan t  vol tage  does not  
depend  on i l l u m i n a t i o n  or hole in jec t ion  by  other  
means .  

These m e a s u r e m e n t s  could m e a n  tha t  above an  
oxide th ickness  of about  380A the  b a r r i e r  ins ide  the  
n - S t  disappears .  Fig. 9 shows tha t  this  is no t  the  
case. The sample  was fo rmed  to 150 v u n d e r  i l l u m -  
ina t ion ,  then,  w i thou t  fo rming  at cons tan t  voltage,  
the  bias over a per iod  of 80 sec wa~ reduced  to zero. 
Dur ing  the same t ime chopped l ight  fell  onto the  
wafer  (du ra t i on  of the  l ight  and  da rk  pulse  1.66 sec 
each) .  There  is a vol tage  r a n g e  in  which  the  res is t -  
ance of the sys tem is photosensi t ive .  The  capac i tance  
behaves  in  the same m a n n e r .  The h igher  the  vo l t -  
age, to which  the sample  had  been  formed,  the  n a r -  
rower  the region  of pho tosens i t iv i ty  (Fig. 10). 

Electrolytic Rectification by the Oxide Film 
Fig. 11 shows the vol tage  necessary  to dr ive  the  

same c u r r e n t  e i ther  anod ica l ly  or ca thodica l ly  as a 
func t ion  of t ime  of anod iza t ion  or oxide thickness .  
The cathodic curve  for p -S t  is shown bo th  in  the  
da rk  and  u n d e r  i l l umina t ion ,  as is the  anodic  curve  
for n-St .  Since the c u r r e n t  densi t ies  on St, A1, and  
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Fig. 9. Photosensitivity of anodic current on n-type Si at reduced 
voltage. Sample formed to 150 v. 
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Ta are different, the anodic curves for the three 
metals have greatly different slopes. 

As can be seen n-Si behaves cathodically like A1 
or Ta. The cathodic curve has hardly any slope at 
all. 

P-type Si under illumination behaves cathodically 
in the same manner as n-Si, In the dark, the cath- 
odic curve shows a peculiar behavior which, as yet, 
has not been investigated closely. At greater oxide 
thicknesses the cathodic voltage on p-Si is definitely 
much smaller than the anodic voltage for the same 
current density. 

If a formed n-Si wafer is cathodized above a cer- 
tain critical voltage, about 12-15 v, the current sud- 
denly increases in magnitude. If cathodizing is con- 
tinued, the oxide is "deformed"; and on switching 
the current in the anodie direction, the voltage 
n e c e s s a r y  to d r i v e  a g iven  c u r r e n t  is m u c h  s m a l l e r  
t h a n  be fo re  ca thod iz ing ,  h o w e v e r ,  r e t u r n i n g  to i ts  
o ld  v a l u e  w i t h i n  a b o u t  30 sec. E x a c t l y  t he  s a m e  
p h e n o m e n o n  was  r e p o r t e d  b y  V a n  Gee l  and  B o u m a  
(3) for  A1. 

Electronic Current  Through the Oxide in the 
Direction of Difficult Flow 

Fig.  12 shows  the  c u r r e n t  in t he  anod ic  d i r ec t i on  
on the  s a m e  p - t y p e  Si  sample ,  f o r m e d  to 300 v a n d  
t h e n  k e p t  a t  300 v for  1 hr ,  5 hr ,  23 hr ,  and  35 hr.  
T h e r e  is, of course,  a s t rong  dec rease  in  c u r r e n t  
d u r i n g  f o r m i n g  at  cons t an t  vol tage .  

V e r m i l y e a  (14) has  r e a n a l y z e d  C h a r l e s b y ' s  (9)  
d a t a  conce rn ing  the  e l ec t ron ic  c u r r e n t  t h r o u g h  th in  
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Fig. 12. Electronic current through SiO~ film on p-type Si in the 
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layers of ZrO~. He suggests a mechanism which 
yields a linear relationship on plotting log I vs. 
square root of the voltage. If the same method of 
plotting current vs. voltage is used for a we!l- 
formed p-type Si sample, e.g., the ones formed for 
23 and 35 hr, a linear relationship results in the 
voltage range 250-25 v, as shown in Fig. 13. 

The longer the time the sample is kept under 
constant voltage, the larger the range in which the 
linear relationship holds, and the steeper the slope 
of the straight line. According to Vermilyea it should 
be possible to calculate the dielectric constant of the 
oxide from this slope. There is a strong tendency 
for the slope to go toward the expected value with 
increasing time of forming at constant voltage; how- 
ever, the value for e for the sample formed for 35 
hr at 300 v is still too large by a factor of 2.20, 
assuming E ~ 3.78 for fused quartz. After forming 
for 35 hr, part of the oxide became opaque indicat- 
ing a structural change in the oxide and probably 
also a change in dielectric constant. Therefore, the 
experiment was discontinued at this point. Ver- 
milyea's theory does not explain the existence of 
rectification by the oxide. On the other hand, 
Schottky (23) has recently considered the possi- 
bility of electron tunneling occurring through the 
whole oxide layer under the influence of the very 
high electric field in the oxide. This assumption, in 
conjunction with Vermilyea's derivation, could per- 
haps explain the I-V characteristic, as well as the 
existence of rectification. No high barrier would 



236 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A p r i l  1957 

exist  for e lect rons  e n t e r i n g  the oxide f rom the  me t a l  
side (or the  conduc t ion  b a n d  of the n - S i ) .  

D u r i n g  the  35-hr  r u n  it was  also observed  tha t  
the th ickness  of the oxide had  increased  by  abou t  
30% (this increase  in. th ickness  was  t a k e n  in to  
account  w h e n  ca lcu la t ing  E). This  behav io r  is in  
sharp  con t ras t  to tha t  of oxides on A1 or Ta which  
do not  con t inue  to grow u n d e r  cons tan t  voltage.  It  
is su rmised  tha t  this ]phenomenon migh t  be con-  
nec ted  wi th  the wide  spacing of the SiO.~ la t t ice  and  
wi th  vacancies  in  the  an ion  la t t ice  which  could 
pe rmi t  g rowth  of the oxide by  o u t w a r d  diffusion of 
oxygen  vacancies.  

Rectification of Metal Contacts on Si 

The fact tha t  the SiO., film is an  n - t y p e  semi -  
conductor ,  at least  at  the ox ide-S i  in terface ,  raises 
the ques t ion  whe the r  or no t  in  the  case of me t a l  
contacts  m a d e  to the surface  of the  semiconduc to r  
(24, 25) the ve ry  t h in  oxide film p resen t  a r o u n d  
and  u n d e r n e a t h  the Si to me ta l  contac t  inf luences  
the rect i f icat ion behavior .  

As was  repor ted  by  B o r n e m a n n  (26),  low work  
func t ion  meta l s  rec t i fy  on p-Si ,  h igh work  func t i on  
meta l s  rec t i fy  on n-Si ,  and  meta l s  w i th  i n t e r m e d i a t e  
work  func t ions  rect i fy  on both  p-  and  n - t y p e  Si, 
a l though  to a lesser degree. 

The work  func t i on  p ic tu re  alone, however ,  does 
not  suffice for a q u a n t i t a t i v e  exp lana t ion .  A m o n g  
other  things,  the highest  ba r r i e r s  on p - S i  are h igher  
t h a n  the highest  ba r r i e r s  on n -S i .  It  is qui te  l ike ly  
tha t  the oxide film has someth ing  to do w i th  this  
behavior .  

Gold electrodes have  been  evapora ted  onto fo rmed  
n -  and  p - t y p e  Si, and  n - t y p e  rect i f icat ion was f ound  
on n~Si, and  p - t y p e  rect i f icat ion on p-Si .  Normal ly ,  
as a l r eady  stated, gold is ohmic on p-Si .  

Comparison of Formir,,g in Aqueous Solution and 
in M.A. 

Vermi lyea  (15) repor ted  tha t  f o rming  of Ta in  
e thy lene  glycol so lu t ion  resu l ted  in  the deposi t ion 
of two dif ferent  oxide layers,  one on top of the other.  
Except  for a g rea te r  b r i l l i ance  of the  i n t e r f e r ence  
colors ob ta ined  in  aqueous  solut ion,  the re  appea red  
to be no difference b e t w e e n  Si samples  fo rmed  to 
the same vol tage  in  M.A. and  in  concen t r a t ed  HNO~. 
However ,  in  v iew of the ex t r eme  th inness  of the  
SiO, film, smal l  differences in  i n t e r f e r ence  colors 
migh t  be difficult to detect.  

In  order  to check the  influei~ce of the M.A. on the  
oxide film wi th  a more  sens i t ive  indicator ,  Ta was 
fo rmed  both  in  aqueous; KNO~ solu t ion  and  in  M.A. 
Except  for a g rea te r  b r i l l i ance  of the  colors ob ta ined  
in  aqueous  solut ion,  no difference in  th ickness  was  
observable .  The th ickness  of the  t a n t a l u m  oxide 
film as d e t e r m i n e d  f rom in t e r f e r ence  colors agreed  

w i th  the th ickness  d e t e r m i n a t i o n  f rom capac i tance  
measu remen t s .  

Forming of Ge in M.A. 

Both p-  and  n - t y p e  Ge can be fo rmed  in  M.A. in  
m u c h  the same m a n n e r  as Si. These m e a s u r e m e n t s  
are now in  progress.  
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ABSTRACT 

Glasses have been made in the systems BaO-V~O.~-P~O~ and Na~O-BaO- 
V~O~-P~O~ with  V~O~ contents ranging be tween  50 and 87 mole %. The glasses 
were  found to be semiconductors,  those wi th  the highest V~O~ contents having 
a specific conduct ivi ty  of the order of 10 ~ ohm -~ cm -~ at room temperature .  
The relat ionship be tween  the specific conductivity,  ~, and the t empera tu re  was 
determined,  and it was found that  the slope of the log ~ --  1/T plots was equiv-  
alent to an act ivation energy in the range 0.35-0.40 ev for all the glasses. The 
value of log ~ at 25~ plot ted against  the mole per cent V~O~ gave a s traight  
line relat ionship for each series of glasses. Conduct ivi ty  values obtained could 
be easily reproduced and were  not sensitive to variat ions in mel t ing conditions. 

The  p r e p a r a t i o n  and p rope r t i e s  of a n u m b e r  of 
glasses based on v a n a d i u m  p e n t 0 x i d e  w e r e  desc r ibed  
in a p r e v i o u s  pub l i ca t ion  (1).  It  was  shown tha t  
glasses could  be m a d e  f r o m  ce r t a in  b i n a r y  oxide  
m i x t u r e s  of V~O~ w i t h  t he  oxides  P~O~, As~O~, GeO~, 
TeO,~, BaO, and PbO. The  V~O~ conten ts  of these  
glasses w e r e  qu i t e  h igh;  thus, in the  V~O~-P.~O~ sys-  
tem, glasses con ta in ing  as m u c h  a s  90% of V~O~ 
could  be m a d e  easily. M e a s u r e m e n t s  of the  e lec t r i ca l  
p rope r t i e s  of some of t he  glasses showed  tha t  t h e y  
w e r e  semiconduc to r s ;  the  sign of the  t h e r m o - e m f  
was  o b s e r v e d  for  a f ew  of the  glasses and it  was  
found  tha t  the  hot  j unc t i on  was  pos i t ive  for  each  
glass tested,  ind ica t ing  tha t  the  glasses are  n - t y p e  
semiconductors .  

This  pape r  deals  w i t h  the  e lec t r i ca l  p rope r t i e s  of 
some of the  glasses in m o r e  detai l .  

Preparation of the Glasses 
A n u m b e r  of glasses was  m e l t e d  in the  sys tem 

BaO-V_~O~-P~O~ and the  composi t ions ,  ca lcu la ted  f r o m  
the  composi t ions  of the  r a w  m a t e r i a l  m i x t u r e s  and 
expres sed  in mole  pe r  cent,  a re  shown  in Tab le  I. 
A s imi la r  ser ies  of glasses in the  sys tem Na~O-BaO-  
V,O~-P~O~ was  also m e l t e d  and the i r  composi t ions  
are  shown in Tab le  II. The  glasses of Tab le  I w e r e  
m e l t e d  f r o m  m i x t u r e s  of BaCO,, V~O~, and  P~O~.; 
those in Tab l e  II w e r e  m e l t e d  f r o m  BaCOn, V,Q~, and 
c o m m e r c i a l  m e t a  phosphor ic  acid w h i c h  was  shown 
by chemica l  ana lys is  to con ta in  17.0% Na,O. 

The  glasses w e r e  m e l t e d  in sil ica c ruc ib les  in a 
n i c h r o m e  w o u n d  f u r n a c e  at  950~ on a scale su f -  

TABLE I. Composition of the glasses melted in the system BaO- 
V~O~-P~O~ 

Mole percen tage  composi t ion 

Glass No. V205 PeO5 t~aO 

1 87.5 12.5 - -  
2 80.0 20.0 - -  
3 75.0 20.0 5.0 
4 70.0 20.0 10.0 
5 69.5 22.5 8.0 
6 65.0 20.0 15.0 
7 62.5 25.0 12.5 
8 60.0 20.0 20.0 
9 55.0 30.0 15.0 

TABLE II. Composition of the glasses melted in the system Na.~O- 
BaO-V~O~-P~O~ 

Mole percen tage  composition 

Glass No. V,~O~ PeO~ BoO Na~O 

10 83.0 10.0 - -  6.5 
11 75.2 16.5 - -  8.2 
12 72.6 17.4 2.3 7.7 
13 70.6 16.5 4.7 8.2 
14 65.8 16.5 9.4 8.2 
15 61.2 16.5 14.1 8.2 
16 58.0 20.3 11.6 10.2 
17 50.8 24.4 13.9 10.8 

ficient to yield al3out 20 g of glass. In general, the 
melts were quite fluid at this temperature and the 
crucible was agitated frequently during the melting 
period, so that after about 15 rain the melt appeared 
to be quite homogeneous and free from bubbles. It 
was then poured into carbon molds to produce cylin- 
drical rods of glass about 1 cm long and 1 cm in 

diameter. 
As soon as possible after pouring, the molds con- 

taining the glass were placed in a muffle furnace 
and the glass annealed at a temperature in the range 
250~ ~ , depending on the composition. (Meas- 
urements of the thermal expansion of the glasses 
indicated that their annealing temperatures were 
within this range of temperature.) 

Little volatilization of P~O~ occurred during melt- 
ing, less than 1% in each case tested by analysis. 
No attack on the silica crucibles could be detected 

after melting the glasses. 
All the glasses were very intensely colored, and 

appeared black in any thickness other than that of 
v e r y  th in  films, the  color  of these~films be ing  d a r k  
green.  

S e v e r a l  of the  glasses w e r e  e x a m i n e d  by x - r a y  
d i f f rac t ion  m e thods  to test  for  the  p resence  of c rys -  
t a l l ine  m a t e r i a l  bu t  none  was  found.  

Techniques Used for Determining the Specific 
Conductivity of the Glasses 

The  ends of the  cast  glass cy l inders  w e r e  g round  
p l ane  and  para l l e l ,  and  gold contacts  w e r e  e v a p o -  
r a t ed  on to the  g r o u n d  surfaces .  The  res i s t ance  b e -  
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tween  the contacts  was then  measured ,  us ing  a com- 
merc ia l  d -c  br idge  res is tance  m e a s u r i n g  s e t /  This  
i n s t r u m e n t  measu res  res is tances  up to 5x10 ~ ohm, 
and  the appl ied  vol tage var ies  up  to a m a x i m u m  of 
25 v depend ing  on which  res i s tance  r ange  is be ing  
used. The use of d i f fe rent  test  vol tages  ra ised the  
ques t ion  of whe the r  or no t  the res i s tance  var ies  
w i th  the test  voltage.  This po in t  was  checked by  
a-c  m e a s u r e m e n t s  on a ve ry  t h in  sheet  (0.020 in. 
th ick)  of one of the  glasses, the test  vol tage  be ing  
appl ied  pa ra l l e l  to the p l ane  of the sheet. A n  oscil-  
loscope was used to observe  the  fo rm of the vo l tage-  
c u r r e n t  cu rve  and  no d e p a r t u r e  f rom ohmic behav io r  
was observed  wi th  fields up to 1500 v / c m .  

To reduce  surface  l eakage  caused by  adsorbed  
moi s tu re  films on the glass surface,  samples  were  
m a i n t a i n e d  at 140~ for 3 hr, af ter  which  they  were  
a l lowed to cool in  a desiccator  before  res i s tance  
m e a s u r e m e n t s  were  made.  As the res is tances  of the 
glasses were  a lways  less t h a n  10 ~ ohms, it  was  con-  
s idered tha t  the effect of surface leakage  on the  
res i s tance  va lues  ob ta ined  would  be negl igible .  

The res i s tance  of the glasses d i d  no t  appear  to be 
ve ry  sens i t ive  to differences in  hea t  t r e a t m e n t  and  
the  res is t ivi t ies  of d i f ferent  samples  cast f rom the 
same me l t  did no t  differ by  more  t h a n  10%, pro-  
v ided tha t  no devi t r i f ica t ion  had occurred.  In  cases 
where  devi t r i f ica t ion bad  occurred,  the res i s tance  
decreased by  a factor  of ~100.  

W h e n  m e a s u r i n g  the res is tances  of a few of the  
specimens,  a ve ry  sl ight  change  of res i s tance  w i th  
t ime  was observed.  The  res is tance  SDOn set t led down  
to a s teady value,  however ,  which  r a r e l y  differed by  
more  t h a n  10% f rom the  or ig ina l  value.  

M e a s u r e m e n t s  were  m a d e  at  room t e m p e r a t u r e  
and  var ious  t e m p e r a t u r e s  up to 150~ The speci-  
m e n  was  m o u n t e d  in  a s imple  ho lder  which  p ro -  
v ided p ressure  contacts  on to the gold contact  films; 
this was i m m e r s e d  in  c lean  l iqu id  paraff in in  a l i ter  
beaker .  This  was s lowly hea ted  and  the res i s tance  
of the samples  measu red  at i n t e rva l s  of app rox i -  
m a t e l y  15 ~ d u r i n g  the hea t ing  period. A f u r t h e r  set 
of m e a s u r e m e n t s  was made  on cooling. Values  ob-  
t a ined  on hea t ing  usua l ly  were  a l i t t le  h igher  t h a n  
those ob ta ined  on cooling, bu t  the difference was 
n e v e r  more  t han  10%; in  p lo t t ing  results ,  ave rage  
va lues  were  used. 

Results and Discussion 
Crys ta l l ine  v a n a d i u m  pen tox ide  is a s emiconduc t -  

ing oxide of the excess me ta l  type.  A r s e n e v  and  
K u r c h a t o v  (2) showed tha t  for the pa r t i cu l a r  s am-  
ple of v a n a d i u m  pen tox ide  which  they  inves t iga t ed  
there  was a deficiency of oxygen  of abou t  0.1 at. %. 

Boros (3) inves t iga ted  the e lectr ical  p roper t ies  of 
s ingle  crysta ls  of the  ma te r i a l  and  showed tha t  the  
conduc t iv i ty  was n - t ype .  The conduc t iv i ty  va r i ed  
according to the d i rec t ion  in  the crys ta l  in  which  it  
was  measured ,  the ave rage  va lue  at  20~ be ing  ap -  
p r o x i m a t e l y  10 -' ohm -~ cm -~. 

It  is c lear  f rom the  e x p e r i m e n t a l  work  descr ibed  
in  this paper  tha t  the v a n a d a t e  glasses are also 

i A B a l d w i n  " L o g o h r n "  m e t e r .  T e s t s  h a d  p r e v i o u s l y  b e e n  m a d e  to  
assess  t h e  m a g n i t u d e  of t h e  c o n t a c t  r e s i s t a n c e s .  T h e y  w e r e  m a d e  on 
a r o d  s a m p l e  on to  w h i c h  go ld  c u r r e n t  a n d  v o l t a g e  c o n t a c t s  w e r e  
e v a p o r a t e d .  T h e s e  t es t s  i n d i c a t e d  t h a t  t h e  c o n t a c t  r e s i s t a n c e  c o u l d  b e  
n e g l e c t e d .  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A p r i l  1 9 5 7  

semiconductors .  This  is no t  a su rp r i s ing  resu l t  s ince 
Y u r k o v  (4) has  a l r eady  shown  tha t  mo l t en  V.~O~ is 
semiconduc t ing  and  semiconduc t iv i t y  has also been  
observed in  mo l t en  ma te r i a l s  by  other  worke r s  (5-7) .  
F u r t h e r m o r e ,  bo th  l iquid  a nd  amorphous  s e l en ium 
are wel l  k n o w n  for the i r  semiconduc to r  behavior .  
Thus,  it  is noc necessary  for a m a t e r i a l  to have  a 
r e gu l a r  c rys ta l l ine  s t ruc tu re  for it  to show semi-  
conduct iv i ty .  

Fig. 1 shows the  re la t ionsh ip  b e t w e e n  the  loga-  
r i t h m  of the conduc t iv i ty  (~) and  the rec iprocal  of 
the absolute  t e m p e r a t u r e  T for a n u m b e r  of glasses 
in  the  BaO-V~O~-P~O~ system. On the  same figure 
is p lo t ted  the re la t ionsh ip  ob ta ined  f rom m e a s u r e -  
m e n t s  on a rod sample  of c rys ta l l ine  V~O~ produced  
by  pour ing  the m o l t e n  m a t e r i a l  in to  a ca rbon  mold.  
It  i s - seen  tha t  the slope of the  l ines  is g rea te r  for 
the glasses t h a n  it is for the c rys ta l l ine  mate r ia l .  
Fig. 2 shows the curves  for the  Na~O-BaO-V~O~-P_,O~ 
glasses. 

The equa t ion  for plots of this  type  is u sua l ly  ex-  
pressed in  the form 

o- ~ o-of -EI~T 

where  ~0 is a cons tan t  for the mate r ia l ,  k is Bol tz-  
m a n n ' s  constant ,  a nd  E is a t e r m  h a v i n g  the d i m e n -  

~'ke 

o ~'-~ 

o 

-~-0 
34 32 ~e 2B 26 24 22 

RECIPROCAL OF ABSOLUTE TEMPERATURE- X 10 4 

Fig. 1. Relationship between conductivity and temperature for 
polycrystalline V~O~ and glasses in the system BaO-V~Os-P~05. (.See 
Table I for compositions). 

-7.(3 

-2~n 
34 32 30 28 26 24 22 

RECIPROCAL OF ABSOLUTE TEMPERATURE X tO 4 

Fig. 2. Relationship between conductivity and temperature far 
glasses in the system Na~O-BoO-V20~-P20~. (.See Table II for com- 
positions). 
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TABLE III. Values of E in expression r ~ r  e - ~ / ~  derived from 
Fig. 1 for BaO-V20~-GO~ glasses 

G l a s s  No. M o l e  % VfO~ E (e.v.)  

1 87.5 0.36 
2 80.0 0.37 
3 75.0 0.37 
4 70.0 0.36 
7 62.5 0.36 

TABLE IV. Values of E in expression r ~ r  e -E/K~' derived from 
Fig. 2 for Na20-BaO-V20~-P~05 glasses 

G l a s s  No.  M o l e  % V205 E (e.v.)  

10 83.0 0.34 
12 72.6 0.37 
13 70.6 0.35 
14 65.8 0.35 
15 61.2 0.37 
16 58.0 0.37 
17 50.8 0.39 

sions of ene rgy  which  in  semiconduc to r  theory  is 
re la ted  to the ene rgy  e, necessary  to raise an  elec- 
t ron  f rom the donor  levels  to the conduc t ion  band .  
In  fact E is equa l  to e or e /2  d e p e n d i n g  on the p ro -  
por t ion  of e lect rons  which  have  been  ac t iva ted  to 
the  conduc t ion  b a n d  (8) .  

I t  seems u n l i k e l y  tha t  i n  a r a n d o m  s t ruc tu r e  such 
as tha t  which  exists in  a glass there  would  be a 
s ingle  va lue  of e since each donor  cen te r  has s l ight ly  
d i f ferent  s u r r o u n d i n g s  f rom the rest. The fact tha t  
a s t ra ight  l ine  is ob ta ined  w h e n  log~o (r is p lo t ted  
aga ins t  1/T  does no t  necessar i ly  i m p l y  tha t  the re  is 
a s ingle  va lue  of e or tha t  the  r ange  of va lues  of e 
is small .  The  s t ra ight  l ine  re la t ionsh ip  m a y  sti l l  
hold over  a l imi ted  t e m p e r a t u r e  r ange  even  w h e n  
the r a n g e  of va lues  of e is appreciable ,  because  of 
the pecu l ia r  proper t ies  of the e -" funct ion .  I t  ap -  
pears,  however ,  tha t  the  average  va lue  of the  ene rgy  
necessary  to raise the e lect rons  in to  the conduc t ion  
b a n d  in  the glasses is g rea te r  t h a n  in  c rys ta l l ine  
v a n a d i u m  pentoxide .  

Tables  I l I  and  IV show tha t  the  va lue  of E, de-  
r ived  f rom the  slope of the  l ines  in  Fig. 1 and  2, 
r ema ins  cons tan t  at abou t  0.36 e.v. over  the r a nge  of 
composi t ion  s tudied in  bo th  series of glasses. The re  
is ev idence  tha t  s imi la r  b a r i u m  phospha te  glasses 
con t a in ing  smal le r  percen tages  of V~O~ (5 - 20% )  
show m u c h  smal le r  conduct iv i t i es  b u t  have  grea ter  
va lues  of E. A n y  i n t e r p r e t a t i o n  of these resul ts  can 
only  be con jec tu ra l  in  the absence  of knowledge  of 
the s t ruc tu re  of v a n a d a t e  glasses. 

Fig. 3 shows that ,  w h e n  the l oga r i t hm of the  con-  
duc t iv i ty  ~ at  25~ is p lo t ted  aga ins t  the  mo lecu l a r  
pe rcen tage  of V~O~ in  e i ther  series of glasses, a 
s t ra igh t  l ine  is ob ta ined  wi th  v e r y  l i t t le  scat ter  of 
the  e x p e r i m e n t a l  points.  The gene ra l  t r e n d  of i n -  
creas ing conduc t iv i ty  w i th  inc reas ing  V~O~ con ten t  
is of course easy to u n d e r s t a n d ,  bu t  the  low scat ter  
of the poin ts  about  the  l ines  is qu i te  r emarkab le ,  
pa r t i cu l a r l y  w h e n  one r e m e m b e r s  t ha t  the  BaO/P~O~ 
rat io  is no t  cons tan t  t h r o u g h o u t  the series. This  i nd i -  
cates tha t  the  conduc t iv i ty  of these glasses is not  
s t rong ly  inf luenced  by  factors o ther  t h a n  the  V~O~ 
content .  Conduc t iv i ty  va lues  for a glass of g iven  
composi t ion  are also easi ly  reproducib le ,  showing  
tha t  smal l  va r i a t i ons  in  m e l t i n g  condi t ions  do no t  
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Fig. 3. Relationship between the conductivity and composition of 
glasses. Cross in apen circle--refers to g)asses in the system BaO- 
V~Ob-P~05; open circle--refers to glasses in the system Na20-BaO- 
V~O~-P~O~. 

grea t ly  inf luence the conduct iv i ty .  E v e n  me l t i ng  
u n d e r  s t rong ly  r educ ing  condi t ions  has v e r y  l i t t le  
effect. Thus  a glass of the composi t ion  V~O~ 87.5%, 
P~O5 12.5% was me l t ed  in  a i r  at  900~ f rom a m i x -  
tu re  of v a n a d i u m  pen tox ide  and  red phosphorus .  
W h e n  the  mel t  had  become homogeneous  it  was  cast 
to fo rm rods. The conduc t iv i ty  of these rods was  
10 .... ohm -1 cm -1. On me l t i ng  the  glass for longer  
per iods of t ime, the  va lue  s lowly decreased to 10 ~'~ 
ohm -~ cm ~, on ly  s l ight ly  h igher  t h a n  tha t  n o r m a l l y  
ob ta ined  for a glass me l t ed  f rom V~O~ a nd  P~O~. 

Fig. 3 shows tha t  the conduc t iv i ty  of glasses in  
the sys tem Na~O-BaO-V~O~-P~O.~ is g rea te r  t h a n  the  
conduc t iv i ty  of those in  the sys tem BaO-V:O~-P~O~. 
This effect of soda of inc reas ing  the  conduc t iv i ty  is 
no t  easy to unde r s t a nd .  I t  is cons idered  most  i m -  
p robab le  tha t  the effect is due  to the t r a n spo r t  of 
Na § ions. If this  were  so, t h e n  po la r iza t ion  effects 
would  ce r t a in ly  be a p p a r e n t  d u r i n g  the  res i s tance  
me a su r e me n t s ,  b u t  no po la r iza t ion  was observed.  
Also the  m a g n i t u d e  of the  difference in  conduc t iv i ty  
be t w e e n  the two series of glasses is no t  p ropor t iona l  
to the pe rcen tage  of Na~O which  they  contain.  It  
wou ld  seem more  p robab le  tha t  the i n t roduc t i on  of 
soda in to  the  glass d i s tu rbs  the  ba lance  of the  V ~+ 
~- V ~+ e q u i l i b r i u m  to an  ex ten t  which  is d e p e n d e n t  
on the  pe rcen tage  of V~O~ present .  

Manuscript  received June  20, 1955. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1957 
J O U R N A L .  
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Zone Melting of Uranium 
C. 1. Whitman, V. Compton, and R. B. Holden 

Atomic Energy Division, Sylvania Electric Products Inc., Bayside, New York 

ABSTRACT 

A study was made of the possible application of the zone mel t ing technique 
to the separation of u r an ium from fission products and other impurities.  Bar 
specimens of U having various aRoying elements were zone purified in thoria- 
coated a lumina  boats. Uran ium bars previously irradiated in the Brookhaven 
pile were also zone melted. Zone mel t ing has potential  application in the 
removal  of such impurit ies as B, Fe, Si, Ni, and Co from ordinary U. In the 
reprocessing of i r radiated U, zone mel t ing offers a method for removing such 
fission products as Zr, Nb, Ru. However, as employed here, it shows lit t le 
promise as a method for complete decontaminat ion of i rradiated U from fission 
products, p r imar i ly  because of concurrent  slagging effects. 

Zone m e l t i n g  is a pur i f ica t ion  t echn ique  which  has 
been  used to p repa re  ve ry  pure  Ge me ta l  in  which  
the  q u a n t i t y  of impur i t i e s  p re sen t  is of the  order  of 
par ts  per  bil l ion.  The  :;uccess of this t echn ique  w i th  
Ge suggested an  inves t iga t ion  of its possible appl i -  
ca t ion to the pur i f ica t ion  of U f rom fission products  
and  other  impur i t i es .  This  repor t  p resen t s  the  re -  
sults  of such an  inves t iga t ion .  

In  the  zone me l t i ng  process a n a r r o w  m o l t e n  zone, 
p roduced  by  i nduc t i on  or res i s tance  hea t ing ,  is made  
to t r ave r se  t h e  solid me t a l  by  m o v e m e n t  e i ther  of 
the hea te r  or of the metal ,  as shown in  Fig. 1. S ince  
the so lubi l i ty  of an  i m p u r i t y  is gene ra l l y  di f ferent  
for solid and  l iquid,  segregat ion  occurs as the  solid 
refreezes at the  rear  so l id - l iqu id  interface.  I m p u r i -  

Fig. 1. Single-coil arrangement for zone melting 

ties which  a re  more  so luble  in  the  l iqu id  phase  t end  
to concen t ra t e  in  the m o l t e n  zone and  are  car r ied  to 
one end  of the  bar .  Impur i t i e s  which  are  more  
soluble  in the solid phase t end  to move  to the op-  
posite end, a nd  thus  the cen te r  por t ion  of the  ba r  
is purified.  Add i t i ona l  passes in  the  same d i rec t ion  
produce  f u r t he r  puri f icat ion,  a l though  e v e n t u a l l y  an  
" u l t i ma t e  d i s t r i bu t ion"  is r eached  af ter  which  add i -  
t iona l  passes have  no effect. 

A m e a s u r e  of the t e n d e n c y  of the  i m p u r i t y  to 
mig ra t e  is g iven  by  the d i s t r i bu t ion  coefficient k, 
which  is defined as the ra t io  of the solute  concen-  
t r a t ion  in  the solid to tha t  in  the l iqu id  at  equ i -  
l i b r ium.  The g rea te r  the factor  by  which  k differs 
f rom uni ty ,  the more  r ead i ly  impur i t i e s  migra te .  

A s imple  theory  of zone m e l t i n g  has been  de-  
veloped by P f a n n  (1) ,  in  which  it  is a s sumed  tha t  
solute diffusion in  the l iqu id  is sufficiently rap id  tha t  
the i m p u r i t y  concen t r a t i on  is u n i f o r m  in  the  mo l t en  
zone whi le  diffusion in  the  solid phase is negl igible .  
F r o m  this theory  it is possible to ca lcula te  the effect 
of repea ted  zone passes if the  d i s t r i bu t ion  coefficient 
is known .  In  pract ice,  one expects less m i g r a t i o n  
t h a n  tha t  calculated,  because  the a s sumpt ions  of 
comple te  e q u i l i b r i u m  on which  the  ca lcu la t ion  is 
based are  not  s t r ic t ly  t rue .  In  a n y  case, the  p u r i -  
fication a t t a ined  depends  on the n u m b e r  of passes, 
the ra t io  of mo l t en  zone l eng th  to ba r  length ,  the  
e q u i l i b r i u m  d i s t r i bu t ion  coefficient k, and  the ra te  
of zone travel .  

In  Tab le  I are  g iven  k va lues  for some meta l s  in  
U, es t imated  f rom the pa r t i cu l a r  u r a n i u m - m e t a l  
phase d iagrams  (2) .  I t  should  be no ted  tha t  these k 
va lues  are at best  a p p r o x i m a t e  since gene ra l l y  the  
phase d iagrams  have  not  been  accura te ly  d e t e r m i n e d  
in  the  region  of low i m p u r i t y  concen t ra t ion .  The 
theore t ica l  ra t io  of i m p u r i t y  concen t r a t i on  at  the  
low concen t ra t ion  end  of the ba r  before  a nd  af ter  
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TABLE I. Distribution coefficients for some metals in uranium 

E l e m e n t  k* 

Theoretical concentration 
ratiot for seven zone passes: 

I m p u r i t y  eoneent ra t io rL  in  "1 
p u r i f i e d  e n d  a f t e r  zone  m e l t i n g |  
I n i t i a l  i m p u r i t y  c o n c e n t r a t i o n  .] 

Fe 0.i ~ I0  -~ 
Mo 1.0 1 
Ni 0.03 <104 
Nb 5.0 < i 0  -~ 
Si 0.2 ~I0-" 
Sn 1.0 1 
Zr 2.0 ~10 -~ 

* E s t i m a t e d  f r o m  a v a i l a b l e  p h a s e  d i a g r a m s .  
r T a k e n  f r o m  ca l cu l a t i ons  b y  I .  G. Di l lon ,  k i n d l y  f u r n i s h e d  b y  L .  

B u r r i s  a n d  I.  G.  D i l l o n  of  A r g o n n e  N a t i o n a l  L a b o r a t o r y .  

seven zone passes ( z o n e - l e n g t h  to b a r - l e n g t h  rat io 
of 1:10) is also given.  

Exper imentat ion 

Apparatus 

Two types of appa ra tu s  were  employed  in  the 
s tudy;  one, used for the most  par t ,  in  which  the  coil 
moved  re la t ive  to the bar ,  and  one in  which  the  ba r  
was moved.  

In  the  s ingle-coi l  a r r a n g e m e n t  shown in  Fig. 1, 
the i nduc t ion  coil was m o u n t e d  on the  t r a v e l l i n g  
car r iage  of a smal l  la the  bed. The coil was advanced  
by  means  of a gear  reduced  motor  connec ted  to a 
" Z e r o - M a x "  ad jus t ab l e  rat io to rque  conver te r ,  which  
in  t u r n  was used to dr ive  the lead screw of the lathe.  
In  this way,  ra tes  of m o l t e n  zone t r ave l  of 0-12 in . /  
h r  could be obta ined .  The  U was con ta ined  in  a boa t  
placed w i t h i n  a Vycor tube,  a p p r o x i m a t e l y  2 in. in  
d iameter ,  closed at one end. The o ther  end  of the  
tube  was connec ted  by  means  of a 75/50 s e m i - b a l l  
connec t ion  to a h igh v a c u u m  sys tem consis t ing of a 
t h r ee - s t age  oil diffusion p u m p  and  a mechan ica l  
pump.  If desired, the  zone m e l t i n g  could also be 
car r ied  out  in  an  ine r t  a tmosphere .  

The m u l t i - c o i l  appa ra tu s  shown in  Fig. 2 u t i l ized  
s t a t iona ry  coils s u r r o u n d i n g  a Vycor  tube.  The boat  
con t a in ing  the sample  was pu l l ed  th rough  the  coils 
by  means  of a Zr  wi re  a t tached  to the  rod of a 
Na t iona l  Research Corp. ro tary ,  p u s h - p u l l  v a c u u m  
seal at  one end  of the Vycor tube.  The w i r e  was  
w o u n d  on the rod at an ad ju s t ab l e  ra te  cont ro l led  
by  a va r i ab le  rat io " Z e r o - M a x "  to rque  conver te r  in  
a m a n n e r  s imi la r  to the s imple  coil a r r a n g e m e n t  
discussed previous ly .  The v a c u u m  seal was  con-  
nec ted  to the glass v a c u u m  sys tem th rough  a me ta l  

Fig. 2. Multiple-coil arrangement for zone melting 
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ma le  g r o u n d  joint .  The o ther  end  of the  t ube  was 
a t tached  by  me a ns  of a 75/50 s e m i - b a l l  connec t ion  
to a h igh  v a c u u m  sys tem s imi la r  to the one descr ibed  
previous ly .  This  a r r a n g e m e n t  opera ted  sa t i s fac tor i ly  
bu t  was  developed la te  in  the p r o g r a m  a nd  used for 
on ly  a few runs .  

A double  p a n c a k e - t y p e  coil (21/4 in. ID) wi th  a 
to ta l  of t en  t u r n s  (five for each pancake )  of % in.  
d i ame te r  Cu t u b i n g  was  used in  these studies.  Power  
for the s ing le -co i l  a ppa r a t u s  was supp l ied  f rom a 
S y l v a n i a  i nduc t i on  hea te r  w i t h  an  ope ra t ing  f re -  
quency  of 400 kc and  an ou tpu t  r a t i ng  of 10 kw. The 
m u l t i - c o i l  appa ra tu s  used a T h e r - M o n i c  G e n e r a t o r  
wi th  a 10 kw ou tpu t  and  an  opera t ing  f r e q u e n c y  of 
400 kc. Both  i nduc t i on  hea t ing  un i t s  we re  of the  
v a c u u m  tube  type.  

Container Materials 1or U . - - T h e  d e v e l o p m e n t  of a 
su i t ab le  con ta ine r  m a t e r i a l  for U proved  to be the  
p r inc ipa l  e x p e r i m e n t a l  p r ob l e m encounte red .  G r a p h -  
ite boats,  which  were  used ea r ly  in  the  p rogram,  
reac ted  excessively  wi th  the U. S tabi l ized  z i rconia  
boats were used next. Although these were suffi- 
ciently inert with respect to U attack, they had ex- 
tremely poor thermal shock resistance under the 
conditions of zone melting, and as a result cracked 
frequently in use. Alumina (Norton Co. mixture 
RA 98) was found to be more resistant to thermal 
shock and was used subsequently in preference to 
zirconia. 

Alumina boats used to contain the uranium were 
obtained by cutting furnace tubes (12 in. long, 3~ in. 
bore) in half length-wise and plugging the ends 
with alumina disks. A thoria wash, consisting of 
ThO.~ powder suspended in a nitrocellulose, lacquer 
(Raffi and Swanson No. 2695) diluted 5-to-i with 
n-butyl acetate, was applied to the inner surface of 
the boat and to the end plugs. This served to reduce 
any attack of alumina by U. Three such Coats were 
usually applied, with drying under an infrared lamp 
b e t w e e n  coats. The  boats  were  t hen  fired at  900 ~ 
1000~ to form a loosely adhe r ing  pro tec t ive  coat ing 
of thoria .  The use of h igher  f ir ing t e m p e r a t u r e s  re -  
su l ted  in  a decrease  in  the t h e r m a l  shock res i s tance  
of the  a lumina .  Boats m a d e  in  this m a n n e r  have  
been  used for as m a n y  as 20 zone passes w i thou t  
breakage.  If this t r e a t m e n t  were  omit ted,  the p r i n -  
cipal effect would  be A1 p ickup  by  the  U. 

P r io r  to use, the a l u m i n a  boats  were  outgassed to 
a v a c u u m  of <0.02 ~ by  he a t i ng  a ba r  of Zr  w i t h i n  
the boat  to a p p r o x i m a t e l y  1300~ The boat  con-  
t a i n i ng  the U was placed in  an  outer  boat  which  
would  p r e v e n t  U f rom flowing onto the Vycor tube  
in  case of fa i lu re  of the i n n e r  boat.  

Atmosphere.--The u r a n i u m  alloys used in  the 
s tudy  were  p r epa red  by  powder  m e t a l l u r g y  hot -  
p ress ing  techn iques  (3).  This  m a t e r i a l  con ta ined  far  
more  res idua l  gas t h a n  the usua l  v a c u u m - c a s t  U. 

Upon  me l t i ng  of the alloys u n d e r  vacuum,  consid-  
e rab le  outgass ing  occurred,  which  was  somet imes  
v io len t  enough  to spa t te r  U over  the  in t e r io r  surface  
of the Vycor tube.  This was avoided by  m e l t i n g  
u n d e r  a stat ic a tmosphere  of 200-300 m m  of A. 

Zone me l t i ng  of v a c u u m - c a s t  U was conducted  
u n d e r  a con t inuous  v a c u u m  of _--<0.01 ~. The  r e su l t -  
ing  ba r  had a smooth,  s t ee l -g ray  surface  ( p r e s u m -  
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TABLE II. Representative results 

N o m i n a l  A n a l y s i s  C o n c e n t r a t i o n  ra t io* 
comp.  No Speed  F i r s t  to  Las t  to 

A l l o y  Wt  % Passes  i n . / h r  f reeze  f reeze  Theo.  Obs 'd  

Nb 0.5 7 1 0.59 0.30 10 -3 0.6 
Zr 0.5 3 2 0.44 0.16t 10 -~ 0.3 
Ru 0.5 8 1 0.5 0.9 
Ni 0.1 4 1 0.065 0.19 10 -~ 0.65 
Fe 0.2 1 2 0.13 0.26 10 -~ 0.65 
Si 0.2 2 4, 2 0.17 0.24 10 -~ 0.85 
Sn 0.5 6 1 0.5 0.6 1.0 1.0 

* As  def ined  i n  Tab le  I. 
7 A n o m a l o u s  c o n c e n t r a t i o n  p e a k  obse rved .  

ably UO) which remained virtually unchanged for 
weeks. 

Zone length.--The boats used varied in length 
from 6 to 12 in. and in width from 3/4 to 1z/2 in. The 
boundaries of the molten zone were distinguished 
by a slight jarring of the apparatus. Experiments in 
which boats cracked demonstrated that the zone was 
molten all the way through. Generally, the desired 
zone length was I/i0 the bar length, but experi- 
mentally this was difficult to maintain. Most of the 
runs were conducted .at a constant power input in 
which the zone length for I0 in. bars varied from 
3/4 in. in the center portion to 2 in. at the ends of 
the bar. 

In spite of this increased zone length at the ends, 
it is believed that this procedure is preferable be- 
cause the frequent manual power adjustment re- 
quired in attempts to maintain a constant zone 
l eng th  cause a back and  for th  mot ion  of the l i qu id -  
solid interface.  This r ap id  me l t i ng  and  so l id i fy ing  is 
not  conduc ive  to e s t ab l i shmen t  of the e q u i l i b r i u m  
i m p u r i t y  d i s t r i bu t ion  b e t w e e n  the l iqu id  and  the  
solid. 

The increase  in  zone l eng th  at  the ends  is a t t r i b -  
u ted  to hea t  t r ans fe r  f rom the m o l t e n  zone t h r ough  
the u r a n i u m  ba r  in  on ly  one d i rec t ion;  whereas  in  
the center  por t ion  hea t  t r ans fe r  occurs in  two d i rec-  
tions. In  some exper i raen t s  va r i a t i on  in  zone l eng th  
was corrected by  appropr i a t e  a d j u s t m e n t  of the  
power  input ,  r e su l t ing  in  a u n i f o r m  zone l eng th  of 
3/4-1 in. 

Results 
Zone me l t i ng  was appl ied  to: b i n a r y  u r a n i u m  

alloys;  v a c u u m - c a s t  u r a n i u m ;  i r r ad i a t ed  u r a n i u m ,  
in  tha t  order.  Su i t ab le  e x p e r i m e n t a l  p rocedures  
were  developed s i m u l t a n e o u s l y  as the  inves t iga t ion  
progressed.  A ra te  of zone t r ave l  of 1-2 i n . / h r  was  
e v e n t u a l l y  adopted  a:; the bes t  for these reasons:  
(a) at fas ter  zone t r ave l  rates,  separa t ion  was  
poorer ;  (b) whi le  s lower  rates  m a y  havre increased  
separa t ion  because  of a closer approach  to equ i -  
l i b r i u m  condi t ions,  any  prac t ica l  app l ica t ion  of zone 
me l t i ng  wou ld  r equ i r e  a r easonab le  ra te  of zone 
t r ave l  for economic reasons;  and  (c) wi th  this ra te  
it  was not  necessa ry  to al low expe r imen t s  to r u n  
u n a t t e n d e d  overn ight .  

Uranium Alloys 
The ea r ly  e x p e r i m e n t a l  work  was  pe r fo rme d  wi th  

b i n a r y  u r a n i u m  alloys us ing  g raph i te  and  s tabi l ized 
z i rconia  boats.  L i t t l e  m i g r a t i o n  was observed  u n t i l  

the  zone t r ave l  ra te  was r educed  to 2 i n . / h r .  Repre -  
sen ta t ive  resul ts  are s u m m a r i z e d  in  Tab le  II. S a m -  
ples abou t  0.1 in. th ick were  cut  f rom each end  of 
the bar .  

Where  compar i son  is possible wi th  Tab le  I, it is 
seen tha t  the ac tua l ly  observed  differences are, at 
best, only  factors of two or th ree  whereas  factors  of 
10 to 100 and  more  would  be expected  f rom theory.  
There  e xpe r i me n t s  were  the ear l ies t  and  suffered 
f rom e x p e r i m e n t a l  difficulties w i th  con ta ine r  m a t e -  
r ials  and  outgass ing  as no ted  previous ly .  In  addi t ion ,  
the z i rconia  boats  ava i l ab le  were  6 in. in  l eng th  and  
zone lengths  at the b e g i n n i n g  and  end  of the r u n s  
were  as much  as 2 in. P r o b l e m s  also arose in  the 
m a n u f a c t u r e  a nd  ana lyses  of the  al loys and  were  
incomple te ly  resolved pr ior  to p roceed ing  to work  
on v a c u u m  cast u r a n i u m .  This  is especia l ly  no t ice -  
able in  the d iscrepancies  in  Tab le  II b e t w e e n  the  
n o m i n a l  composi t ion and  ana lys i s  on Zr, Ru, and  Sn  
alloys. For  this  reason,  abso lu te  s ignif icance should 
not  be a t tached  to the observed  concen t r a t i on  rat ios  
a l though  it is be l ieved  they  are sufficiently accura te  
to jus t i fy  the compar i son  tha t  has been  m a d e  w i t h  
theory.  If these e xpe r i me n t s  were  to be repeated,  
improved  resul t s  would  be  expected because  of s u b -  
sequen t  i m p r o v e m e n t s  in  con ta ine r  mater ia l s ,  boat  
length,  etc., a l though  it is u n l i k e l y  tha t  a n y t h i n g  
r e sembl ing  the theore t ica l  m i g r a t i o n  wou ld  be a t -  
t a ined  except  wi th  imprac t i ca l l y  slow ra tes  of zone 
t ravel .  

Vacuum Cast Uranium 

The resul t s  of two r ep re sen t a t i ve  e x p e r i m e n t s  on 
m i g r a t i o n  of i m p u r i t y  e l ements  in  v a c u u m  cast U 
are s u m m a r i z e d  in  Tab le  III. I n  R u n  27, seven  sam-  
ples, a pp r ox i ma t e l y  0.1 in. in  length ,  were  cut  f rom 
each end  of the  bar  and  at  a p p r o x i m a t e l y  2 in. 
equa l ly  spaced i n t e r v a l  a long  the  bar ,  s ample  1 be -  
ing  the first por t ion  to freeze and  sample  7 the last. 
The same applies  to R u n  34, except  tha t  a to ta l  of 
on ly  six samples  were  taken .  The zone t r ave l  ra te  
was 2 i n . / h r  i n  R u n  27 a nd  1 i n . / h r  in  R u n  34. In  
this l a t te r  r u n  add i t iona l  meta l l i c  impur i t i e s  ~ were  
de l ibe ra te ly  added  to the u r a n i u m .  The  inf luence  of 
zone t r ave l  ra te  on the ex t en t  of m i g r a t i o n  shows 
c lear ly  in  the  compar i son  of the two r u n s  since 
g rea t ly  enhanced  m i g r a t i o n  is ev iden t  for B, Co, Fe, 
Ni, and  Si at the  s lower zone t r ave l  ra te  of R u n  34. 
Of the  r e m a i n i n g  e lements  tha t  were  de tec tab le  
spec t rographica l ly ,  V showed some segregat ion.  A1, 

1 Ag,  A1, Co, Cu, Mn,  IV[o, Ni,  Pb,  St, Sn,  V, w e r e  added .  
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TABLE III. Effect of zone travel rate on impurity migration. 
Run 27 (9 zone passes) @ 2 in./hr 

F i r s t  to  L a s t  t o  
f r e e z e  D i r e c t i o n  of zone  t r a v e l  --> f r e e z e  

S a m p l e  
I m p u r i t y  1 2 3 4 5 6 7 

B <0.2 <0.2 <0.2 <0.2 0.20 0 .22 0.22 
Co - -  - -  2 5 5 5 7 
Cu* <1 <1 < i  <1 <I  < I  <1 
Fe 28 21 29 48 50 63 68 
Ni 20 15 20 30 40 40 60 
Si 20 20 20 30 20 30 30 

A l l  c o n c e n t r a t i o n s  g i v e n  in  p p m .  
* T h e  c o n c e n t r a t i o n  of Cu  p r i o r  to zone  m e l t i n g  w a s  10 p p m .  T h e  

a n o m a l o u s  z o n e  m e l t i n g  b e h a v i o r  m a y  be  d u e  to  v o l a t i l i t y  of  t h e  Cu  
d u r i n g  zone  m e l t i n g .  

Run 34 (9 zone passes) @ 1 in./hr 

F i r s t  to L a s t  to  
f r e e z e  D i r e c t i o n  of zone  t r a v e l  --> f r e e z e  

S a m p l e  
I m p u r i t y  1 2 3 4 5 6 

A1 200 200 200 200 200 200 
B - -  - -  - -  <0.2 0.20 0.41 
Co 10 10 30 50 70 150 
Cu 1 2 5 5 5 5 
Fe 15 15 30 45 70 200 
Mg <5 <5 <5 <5  <5 <5  
Mn 5 5 5 5 5 5 
Mo 100 100 100 100 100 100 
Ni 20 20 30 50 100 200 
Si 20 20 50 50 70 200 
Sn 50 50 50 50 50 50 
V 30 30 30 50 50 50 

A l l  c o n c e n t r a t i o n s  g i v e n  i n  p p m .  

Mo, and  Sn  did no t  segregate  and  Mg and  Mn ev i -  
den t ly  vola t i l ized  in  the course of zone mel t ing .  
Whi le  st i l l  fa r  less t h a n  tha t  expected  on the basis  
of the e q u i l i b r i u m  k de r ived  f rom the  phase  d ia -  
gram,  mig ra t i on  is sufficiently ex tens ive  to suggest  
the poss ib i l i ty  of us ing  zone me l t i ng  as a me thod  of 
p roduc ing  high p u r i t y  U. 

Irradiated Uranium 

A bar  of U metal ,  i r r ad i a t ed  in  the B r o o k h a v e n  
pi le  at a flux of 10~nv for 55 m i n  fol lowed by  ap-  
p r o x i m a t e l y  60 days cooling, was sub jec ted  to 10 
zone passes ( Z M - 3 6 ) ;  the  s ingle-coi l  a r r a n g e m e n t  
was used in  these exper iments .  Au to rad iog raphs  
were  t aken  and  the tota l  r ad i a t i on  level  a long the  
l eng th  of the  ba r  was measured .  

The  i n d i v i d u a l  behav io r  of fission products  was  
no t  observed  bu t  the au to rad iographs  and  coun t ing  
e x p e r i m e n t s  ind ica ted  a defini te  m i g r a t i o n  of ac t iv i ty  
to each end  of the  bar .  Cons ide rab le  r ad ioac t iv i ty  
concen t ra t ed  in  the  surface  l ayer  of the  U w he r e  it 
could be r emoved  by  p ick l ing  and  a subs t an t i a l  
a m o u n t  also diffused into the  a l u m i n a  boat.  

A possible e x p l a n a t i o n  for these qua l i t a t i ve  ob-  
se rva t ions  is as follows: The  ac t iv i ty  concen t r a t i on  
no ted  at  one end  was p r o b a b l y  due  to Zr  and  Nb, 
and  tha t  at the  o ther  due to Ru since these mi g r a t e  
in  opposite direct ions.  The  condi t ions  u n d e r  which  
the zone m e l t i n g  was car r ied  out  are exac t ly  those 
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for a combined  oxide s lagging and  vola t i l iza t ion.  As 
has been  d e t e r m i n e d  e x p e r i m e n t a l l y  (4) ,  the  ma jo r  
por t ion  of the fission products ,  compr i s ing  the  ra re  
earth,  a lka l i  a nd  a lka l i ne  ea r th  meta l s  e i ther  en te r  
a slag layer ,  volati l ize,  or diffuse in to  the  oxide con-  
ta iner .  The  r e m a i n i n g  i m p o r t a n t  fission products  
Zr, Nb, Ru, a nd  Mo are  i ncomple t e ly  r e m o v e d  by  
this oxide s lagging a nd  vola t i l iza t ion .  Of this  group 
on ly  Mo does no t  migra te .  This  suggests tha t  zone 
me l t i ng  has po ten t i a l  app l ica t ion  for r e mova l  of Zr, 
Nb, a nd  Ru in  c on j unc t i on  w i th  oxide s lagging py ro -  
process ing methods  c u r r e n t l y  be ing  considered  for 
app l ica t ion  to ce r t a in  types  of reac tor  fuels  (4) 
where  a h igh degree  of d e c o n t a m i n a t i o n  of the  fuel  
is no t  requi red .  I t  should be no ted  tha t  s lagging was 
no t  a factor  in  the  e xpe r i me n t s  repor ted  ear l ie r  
s ince on ly  meta l s  more  act ive  wi th  r ega rd  to oxide 
fo rma t ion  wi l l  en t e r  a slag l ayer  a nd  n o n e  of the  
impur i t i e s  observed in  these e xpe r i me n t s  w e r e  in  
tha t  classification. 

It  w ou l d  be e x t r e m e l y  difficult to e l imina t e  s lag-  
g ing comple te ly  in  zone m e l t i n g  of i r r ad i a t ed  U 
since oxide slag can  be fo rmed  t h r ough  in t e r ac t i on  
wi th  oxygen  in  the  con ta ine r  mate r ia l ,  w i th  oxygen  
traces in  the  a tmosphere  a nd  f rom oxygen  o r ig ina l ly  
p resen t  in  the m e t a l  itself. 

A h i g h - v a c u u m  floating zone t echn ique  (5) us ing  
o x y g e n - f r e e  U is a possible approach  which  migh t  
p r e v e n t  the f o r ma t i on  of an  oxide skin. I t  w ou ld  be 
i n t e r e s t i ng  to compare  the  resul t s  of f loat ing zone 
e x p e r i m e n t s  wi th  those in  which  a ceramic  con-  
t a ine r  is used for the  U. However ,  it  appears  r a the r  
u n l i k e l y  tha t  the f loating zone t echn ique  is adap t -  
able  to process ing commerc i a l  quan t i t i e s  of U. 

W h e n  s lagging occurs c o n c u r r e n t l y  wi th  zone 
m e l t i n g  i m p o r t a n t  l imi t a t ions  on the  use  of zone 
m e l t i n g  as a reprocess ing t echn ique  are imposed.  A 
fission p roduc t  p re sen t  in  a slag sk in  is in  e q u i l i b r i u m  
wi th  the  fission p roduc t  concen t r a t i on  in  the  me l t  
and  hence  acts as a source, r e s u p p l y i n g  fission 
p roduc t  to the  m e l t  as r ap id ly  as zone m e l t i n g  migh t  
move  it  away.  This  fact p lus  the r e l a t i ve ly  slow ra te  
of t r ave l  of impur i t i e s  makes  it  doub t fu l  tha t  zone 
m e l t i n g  by  t he  t echn iques  deve loped  here  could ever  
effect the  degree  of d e c o n t a m i n a t i o n  r e q u i r e d  for 
d i rect  h a n d l i n g  of recovered  mater ia l .  

A repor t  (6) on the  zone m e l t i n g  of U appeared  
w h e n  this  pape r  was  in  review.  I t  is no ted  tha t  the 
resul ts  ob ta ined  i n  these two en t i r e ly  i n d e p e n d e n t  
inves t iga t ions  are  qu i te  cons is ten t  and  in  at least  
qua l i t a t i ve  agreement ,  a l though  a direct  compar i son  
is difficult because  of subs t an t i a l  differences in  the  
e x p e r i m e n t a l  a r r a n g e m e n t ,  concen t r a t i on  ranges  
s tudied,  a nd  methods  of analys is .  

Summary and Conclusions 

1. Sa t i s fac tory  a ppa r a t u s  for the  zone m e l t i n g  of 
U has been  developed.  A n  a l u m i n a  boat, coated wi th  
a loosely adhe r ing  l ayer  of thoria ,  was  the  most  sat-  
i s fac tory  con ta ine r  found  for U f rom the  s t andpo in t  
of i ne r tness  a nd  res i s tance  to t h e r m a l  shock. 

2. Migra t ion  of B, Fe, Ni, Co, St, Cu, Zr, Nb, and  
Ru was  observed.  No mi g r a t i on  was  detec ted  for A1, 
Mg, Mn, Mo, a n d  Sn. I t  was  f o u n d  t h a t  a slow zone 
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t r a v e l  r a t e  (~-1 i n . / h r )  i m p r o v e d  the  e x t e n t  of 
m i g r a t i o n  a p p r e c i a b l y ,  p r e s u m a b l y  because  of a 
c loser  a p p r o a c h  to e q u i l i b r i u m  condi t ions .  

3. A n  a u t o r a d i o g r a p h  of i r r a d i a t e d  U s u b j e c t e d  
to zone m e l t i n g  s h o w e d  t h a t  m i g r a t i o n  h a d  o c c u r r e d  
to each  end  of t h e  bar .  This  was  a t t r i b u t e d  to Zr ,  
Nb, a n d  Ru. A c o n s i d e r a b l e  a m o u n t  of a c t i v i t y  was  
f o u n d  to c o n c e n t r a t e  in  t he  su r f ace  of the  bar .  

4. Zone  m e l t i n g  shows  p r o m i s e  as  a m e a n s  of 
pu r i f i ca t ion  of U f r o m  t r aces  of such  e l e m e n t s  as 
B, Fe ,  Ni, Co, Si, a n d  Cu, a l t h o u g h  u n d e r  t he  cond i -  
t ions  e m p l o y e d  the  e x t e n t  of m i g r a t i o n  was  no t  as 
e x t e n s i v e  as w o u l d  be  e x p e c t e d  on the  bas i s  of 
s i m p l e  zone m e l t i n g  theo ry .  

5. The  r e m o v a l  of such  e l e m e n t s  as Zr,  Nb,  a n d  
Ru  is a p o t e n t i a l  a p p l i c a t i o n  for  zone m e l t i n g  in  
c o n j u n c t i o n  w i t h  o x i d e  s l agg ing  p y r o p r o c e s s i n g  
m e t h o d s  c u r r e n t l y  u n d e r  cons ide r a t i on  for  use  w i t h  
c e r t a i n  t y p e s  of r e a c t o r  fuels.  H o w e v e r ,  zone m e l t -  
ing, as e m p l o y e d  here ,  shows  l i t t l e  p r o m i s e  as a 
m e t h o d  for  c o m p l e t e  d e c o n t a m i n a t i o n  of i r r a d i a t e d  
U f rom fission p roduc t s ,  p r i m a r i l y  because  of con-  
c u r r e n t  s l agg ing  effects.  
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The Kinetics and Mechanism of Formation of 
Anode Films on Single-Crystal InSb 

J. F. Dewald 

Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 

ABSTRACT 

Studies  of the  k inet ics-of- format ion and composit ion of anode films on sev- 
e ra l  c rys ta l  faces of ind ium ant imonide  are  repor ted.  A m a r k e d  dependence  
of oxidat ion  ra te  on crys ta l  face is observed at  low fields, the  (111) and (332) 
faces oxidizing at  more  than  ten t imes the  ra te  of the  (110) and ( h l )  and 
(332) faces. At  high fields al l  faces oxidize at the  same rate.  Data  are  in ter -  
p re ted  in terms of the  deta i led  s t ruc ture  of InSb and the theories of Cabre ra  
and Mort and  of Dewald.  With  one ma jo r  exception,  the composit ion effects, 
the  da ta  may  be qua l i t a t ive ly  unders tood in te rms of these theories.  

In  the  pa s t  f ew y e a r s  a s i zab le  effor t  ha s  been  
m a d e  b y  m a n y  w o r k e r s  to ach ieve  a d e t a i l e d  u n d e r -  
s t a n d i n g  of the  m e c h a n i s m  of  f o r m a t i o n  of a n o d e  
f i lms gene ra l l y .  E x p e r i m e n t a l  w o r k  has  b e e n  con-  
c e r n e d  l a r g e l y  w i t h  s imp le  m e t a l  sys tems ,  in  p a r -  
t i cu l a r  the  Ta, A1, a n d  Zr  sys t ems  ( 1 - 5 ) .  

The  p r e s e n t  s t u d y  was  u n d e r t a k e n  to i l l u m i n a t e  
some of t he  a m b i g u i t i e s  w h i c h  h a v e  a r i s en  in  t he  
t h e o r e t i c a l  in te rpre t :~ t ion  of e x p e r i m e n t a l  d a t a  on 
s i m p l e  m e t a l  sys tems .  The  i n t e r m e t a l t i c  c o m p o u n d ,  
InSb ,  was  chosen  as the  e l e c t r o d e  for  s t u d y  be c a use  
i ts  c r y s t a l  s t r u c t u r e  :and i ts  b i n a r y  n a t u r e  u n i q u e l y  
h i g h l i g h t e d  the  effects be ing  s tud ied .  

The  t h e o r y  of t he  h igh - f i e ld  f o r m a t i o n  p rocess  
was  first  p u t  in q u a n t i t a t i v e  f o r m  b y  C a b r e r a  and  
Mot t  (6) .  I t  has  r e c e n t l y  been  e x t e n d e d  b y  D e w a l d  
(7) .  Two m a j o r  u n c e r t a i n t i e s  a r e  i m p l i c i t  in  bo th  
of t he se  d e v e l o p m e n t s ,  (a) t he  n a t u r e  of t he  m o b i l e  
species,  a n d  (b) t he  loca t ion  of the  r a t e - d e t e r m i n -  

ing  step.  C a b r e r a  and  Mot t  a s s u m e d  t h a t  ca t ions  
m o v e  t h r o u g h  the  f i lm i n t e r s t i t i a l l y  a n d  t h a t  t he  
r a t e - d e t e r m i n i n g  s tep  is l oca t ed  at  t he  m e t a l / o x i d e  
in te r face .  D e w a l d  also a s s u m e d  ionic  t r a n s p o r t  b y  
i n t e r s t i t i a l  ca t ions ,  b u t  a l l o w e d  for  the  ex i s t ence  of 
space  cha rge  effects in  t he  e v e n t  t h a t  pa s sa ge  t h r o u g h  
the f i lm was  t h e  r a t e - d e t e r m i n i n g  step.  

C h a r l e s b y  a n d  c o - w o r k e r s  (3) a t t e m p t e d  to r e -  
so lve  the  second  of these  u n c e r t a i n t i e s  b y  s t u d y i n g  
t h e  r a t e  of f o r m a t i o n  on d i f f e ren t  c r y s t a l  faces  of A1. 
If  e n t r a n c e  in to  the  f i lm w e r e  the  diff icult  s tep,  one 
m i g h t  e x p e c t  d i f fe rences  i n  k ine t i c s  d e p e n d i n g  on 
the  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  of t he  su r f ace  b e i n g  
oxid ized .  C h a r l e s b y ' s  a p p a r e n t l y  n e g a t i v e  r e s u l t  i m -  
p l ies  e i t he r  t h a t  the  p o t e n t i a l  e n e r g y  p a r a m e t e r s  of 
the  faces  s t u d i e d  [ (100)  a n d  (110) ]  do no t  d i f fer  
g r e a t l y  or t ha t  t he  r a t e - d e t e r m i n i n g  s tep  is l oca t ed  
e l s e w h e r e  t h a n  a t  the  m e t a l / o x i d e  in t e r face .  I t  is 
difficult  to choose b e t w e e n  these  a l t e r n a t i v e s  s ince  
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the  s t r u c t u r e  of A1 (f.c.c.)  is no t  one  l i k e l y  to 
e x h i b i t  l a r g e  d i f fe rences  in  b o n d i n g  e n e r g y  b e t w e e n  
the  (100) a n d  the  (110) face.  A s u r f a c e  a t o m  m a k e s  
8 bonds  to t he  c r y s t a l  on the  (100) face  and  7 bonds  
to the  c r y s t a l  on the  (110) face.  S ince  each  b o n d  is 
r a t h e r  weak ,  and  b r e a k i n g  the  s u r f a c e  b o n d s  is on ly  
a p a r t  of the  t o t a l  a c t i v a t i o n  process ,  i t  w o u l d  no t  be  
at  a l l  s u r p r i s i n g  if  t he  d i f fe rence  in  a c t i v a t i o n  e n e r g y  
b e t w e e n  the  (110) a n d  (100) faces  w e r e  as s m a l l  
as 5%,  t he  e x p e r i m e n t a l  u n c e r t a i n t y  in C h a r l e s b y ' s  
e x p e r i m e n t s .  Di f fe rences  in  a c t i v a t i o n  e n e r g y  on 
d i f fe ren t  faces  of I n S b  w e r e  e x p e c t e d  to be  m a n y  
t imes  as g r e a t  as on A1 (see b e l o w ) .  

The  d a t a  of Y o u n g  (5)  and  V e r m i l y e a  (2)  on 
Ta~O~ fi lms also offer an  u n c e r t a i n t y  as to t he  l oca -  
t ion of t he  r a t e - d e t e r m i n i n g  s tep  in  t he  f o r m a t i o n  
process .  The  f o r m a t i o n  r a t e  a p p e a r s  to be  a s i m p l e  
e x p o n e n t i a l  f unc t ion  of e l ec t r i c  f ield ove r  t he  e n t i r e  
r a n g e  of f ields s tud ied ,  sugges t ing  t h a t  a s ing le  
a c t i va t i on  p rocess  is o p e r a t i v e  ove r  th is  r a n g e  of 
fields. A n  a n o m a l o u s  t e m p e r a t u r e  i n d e p e n d e n c e  of 

[( )] Tafe l  s lope  ~ 0  ~ was  obse rved ,  h o w e v e r ,  

w h i c h  has  been  t a k e n  b y  D e w a l d  (7)  to i nd i ca t e  
t he  ex i s t ence  of two  r a t e - d e t e r m i n i n g  processes ,  one 
o p e r a t i v e  a t  h igh  fields, t h e  o t h e r  a t  low fields.  H e  
iden t i f i ed  t he  two  s teps  as pas sage  in to  and  pa s sa ge  
t h r o u g h  the  film, b u t  cou ld  no t  i d e n t i f y  u n i q u e l y  
w h i c h  was  the  h i g h -  and  w h i c h  the  l ow- f i e ld  
process .  

The  v a l i d i t y  of some  sor t  of a d u p l e x  p rocess  in  
t he  TarO5 Sys tem has  n o w  been  conf i rmed  b y  n e w  
d a t a  of V e r m i l y e a  (8) .  Us ing  a t e c h n i q u e  of m e a s -  
u r e m e n t  e spec i a l l y  de s igned  to m i n i m i z e  the  effects  
of h e a t i n g  a t  h igh  c u r r e n t  dens i ty ,  V e r m i l y e a  n o w  
finds t h a t  t he  f o r m a t i o n  r a t e  is no t  a s i m p l e  e x p o -  
n e n t i a l  f unc t ion  of t he  field b u t  r a t h e r  t ha t  t h e r e  
a r e  two  e x p o n e n t i a l  reg ions ,  a t  h igh  and  at  low 
fields, w i t h  d i f fe ren t  s l opes  a n d  a smoo th  t r a n s i t i o n  
in b e t w e e n .  

To the  e x t e n t  t ha t  one  b e l i e v e s  t he  hypo th e s i s  of 
C a b r e r a  a n d  Mot t  a n d  of D e w a l d ,  t h a t  i n t e r s t i t i a l  
ions m o v e  t h r o u g h  a p e r f e c t  l a t t i c e  a n d  a r e  t h e  on ly  
m o b i l e  species ,  one is s t r o n g l y  l ed  to t h e  conc lus ion  
t ha t  the  two  processes  c o r r e s p o n d  to e n t r a n c e  into  
a n d  pas sage  t h r o u g h  the  ox ide  film. H o w e v e r ,  if th is  
is the  case, a s igni f icant  space  cha rge  shou ld  a r i se  in  
the  film. Such  a space  c h a r g e  w o u l d  b e  e x p e c t e d  
to g ive  r i se  to a s m a l l  d e p e n d e n c e  of f o r m a t i o n  r a t e  
on fi lm th ickness ,  t he  field be ing  k e p t  cons tan t .  
V e r m i l y e a  has  l ooked  for  such a t h i c k n e s s  d e p e n d -  
ence w i t h  n e g a t i v e  r e su l t  (9 ) .  This  sugges t s  t h a t  a 
r e c o n s i d e r a t i o n  of t h e  n a t u r e  of t h e  m o b i l e  spec ies  
m a y  be  n e c e s s a r y  or  t h a t  l a t t i c e  i m p e r f e c t i o n s  m a y  
p l a y  a s igni f icant  role.  The  e x p e r i m e n t s  d e s c r i b e d  
b e l o w  on t h e  compos i t i on  of t he  f i lms f o r m e d  on 
InSb  g ive  a d d i t i o n a l  in s igh t  in to  th is  p r o b l e m .  

Experimental Methods 
Crystal and Surface Preparation 

The  i n d i u m  a n t i m o n i d e  s ingle  c r y s t a l s  e m p l o y e d  
in th is  s t u d y  w e r e  g r o w n  f rom z o n e - r e f i n e d  m a t e -  
r i a l  and  w e r e  p u l l e d  in t he  (100) d i rec t ion .  The  i m -  
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p u r i t y  conten t ,  as e s t i m a t e d  f r o m  Ha l l  effect and  
c o n d u c t i v i t y  m e a s u r e m e n t s  a t  l i qu id  n i t r o g e n  t e m -  
p e r a t u r e ,  was  a p p r o x i m a t e l y  5x10 ~ a t . / cc ,  ( c o r r e s -  
p o n d i n g  to 1 p a r t  in  107). This  v a l u e  w o u l d  inc lude  
a n y  d e p a r t u r e s  f r o m  s to i ch iome t ry .  The  c rys t a l s  
w e r e  o r i e n t e d  w i t h  an  x - r a y  g o n i o m e t e r  and  t hen  
cut  a b r a s i v e l y  to a n y  d e s i r e d  o r i en ta t ion .  

P e r h a p s  t he  mos t  s u b t l e  a n d  a t  t he  s a m e  t i m e  
mos t  t r o u b l i n g  p r o b l e m  e n c o u n t e r e d  in  t he  course  
of th is  w o r k  was  in  the  p r e p a r a t i o n  a n d  iden t i f i ca -  
t ion  of  t he  p r e c i s e  n a t u r e  of  t he  su r f ace  cond i t i on  of 
t he  c rys ta l s .  

F i r s t ,  t h e r e  is the  p r o b l e m  of l oca t ing  the  pos i t i ve  
d i r ec t i on  of t he  c rys ta l .  I n S b  has  t he  ZnS  s t ruc tu re .  
In  th is  s t r u c t u r e  the  (100) axis  is no t  a f o u r f o l d  axis  
bu t  r a t h e r  a f o u r f o l d  i nve r s ion  axis  a n d  thus,  a l -  
t h o u g h  s t a n d a r d  x - r a y  d i f f r ac t ion  t echn iques  canno t  
d i s t i n g u i s h  the  d i s s y m e t r y  i nvo lved ,  t he  f ace  (h  k 1) 
does  no t  in  g e n e r a l  h a v e  t h e  s a m e  p r o p e r t i e s  as  t he  

face  (h  k 1). The  s i m p l e s t  se t  of faces  on w h i c h  one 

m a y  see the  d i f fe rences  is t h e  [111,1-11] set. On one 
of these  faces  ( w h a t  l a b e l  i t  is g iven  is c o m p l e t e l y  
a r b i t r a r y )  a n y  su r f a c e  a n t i m o n y  a t o m  m a k e s  t h r e e  
bonds  to t he  c rys ta l ,  a n y  su r f ace  i n d i u m  a t o m  m a k e s  
ju s t  one  b o n d  to t he  c rys ta l .  On the  o t h e r  face  j u s t  
t he  r e v e r s e  is t he  case, e v e r y  su r face  i n d i u m  is 
t h r e e - b o n d e d ,  e v e r y  su r f a c e  a n t i m o n y  is o n e - b o n d e d .  
The  s i m i l a r  o r i e n t a t i o n  p r o b l e m  has  been  so lved  
for  Z n S  us ing  t h e  a b s o r p t i o n  edge  t e c h n i q u e  (10) ;  
h o w e v e r ,  s ince  t h e  a tomic  n u m b e r s  of In  a n d  Sb 
differ  b y  on ly  two,  th is  is no t  poss ib le  in  t h e  p r e s e n t  
case. I n d e x  (111) has  been  ass igned  a r b i t r a r i l y  to 
the  face  w h i c h  fo rms  the  t h i c k e r  o x i d e  f i lms u n d e r  
the  s a m e  f o r m a t i o n  cond i t i ons?  

A n  even  g r e a t e r  a m b i g u i t y  a r i ses  f r o m  the  d i s -  
t i n c t i o n  t h a t  m u s t  b e  m a d e  b e t w e e n  the  macroscop ic ,  
the  microscopic ,  and  the  a tomic  n a t u r e  of t h e  su r -  
face. D e p e n d i n g  on the  m e t h o d  of  su r f ace  p r e p a r a -  
t ion  a n d  the  p a r t i c u l a r  face  in  ques t ion ,  these  t h r e e  
w a y s  of def in ing  the  o r i e n t a t i o n  m a y  or  m a y  no t  be  
the  same.  F o u r  g e n e r a l  m e t h o d s  of su r f a c e  p r e p a r a -  
t ion  h a v e  been  used ;  c l eavage ,  c r y s t a l l o g r a p h i c  
e tches ,  and  c h e m i c a l  a n d  e lec t ropo l i shes .  T h r e e  
c r y s t a l  faces  h a v e  been  s t u d i e d  in  some de ta i l ,  t he  

(110) ,  t h e  (332) ,  a n d  the  (332) .  These  faces  w e r e  
chosen  p r i m a r i l y  be c a use  t h e y  a r e  t he  c l e a v a g e  
p l a n e s  of the  c rys ta l ,  and  c l e a v a g e  shou ld  y i e l d  su r -  
faces  in  a m u c h  less a m b i g u o u s  cond i t ion  t h a n  can 
be  a c h i e v e d  b y  a n y  o t h e r  t echn ique .  The  (110) face  
is t he  p r i m a r y  c l e a v a g e  p l a n e  w h i l e  t he  (332) and  

(332) p l anes  a p p e a r  to be  t he  s e c o n d a r y  c l eavage  
p l anes2  

Much  of  t he  d a t a  for  t he  (110) face  h a v e  been  
o b t a i n e d  on f r e s h l y  c l e a ve d  sur faces .  Us ing  a s imp le  
r a z o r - b l a d e  gu i l lo t ine ,  m i r r o r  b r i g h t  (110) sur faces  
as l a r g e  as 1 cm ~ h a v e  b e e n  ob ta ined .  These  gen -  
e r a l l y  show s e v e r a l  steps,  b u t  a p a r t  f r o m  these,  the  

1 I t  is  s h o w n  b e l o w  t h a t  the  k i n e t i c  da t a  can  be  u n d e r s t o o d  on ly  
i f  t he  (111) face (as de f ined  above)  is  t h e  face w i t h  3 -bonded  an -  
t i m o n y  a t o m s  a n d  1 -bonded  i n d i u m s .  

2G.  Wolf f  (11) ha s  r e p o r t e d  s e c o n d a r y  c l eavage  on  t h e  (111) 
p lane .  I n  a f ew  cases f r a g m e n t a r y  c l eavage  has  been  o b s e r v e d  on  
f a c e s  w h i c h  are  a p p r o x i m a t e l y  i n  t h e  (111) d i r ec t ion .  H o w e v e r ,  
g o n i o m e t r i c  m e a s u r e m e n t s  on two  such  c l eavages  s h o w e d  t he  op t i -  
cal  su r f ace  to be  m u c h  c loser  to  t h e  (332) t h a n  to  t he  (111) p lane .  
S i n c e  t h e  ~ I l l )  p l a n e  is no t  e l ec t r i ca l ly  neu t r a l ,  i.e., con ta ins  
e i t h e r  a l l  i n d i u m  or  a l l  a n t i m o n y  a toms ,  c l eavage  was  no t  expec ted  
to  occur  on t he  (111) p lane .  
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macroscop ic ,  microscopic ,  and  a tomic  p l anes  shou ld  
be  iden t i ca l .  The  c r y s t a l s  w e r e  i m m e r s e d  in  t he  
e l e c t r o l y t e  w i t h i n  a few seconds  a f t e r  c l eavage .  The  
f r a g m e n t a r y  c l eavages  w h i c h  h a v e  been  o b t a i n e d  on 

the  (332) a n d  ('~32) faces  have  been  used  for  t he  
c o l o r i m e t r i c  d e t e r m i n a t i o n  of the  effect  of c r y s t a l  
o r i e n t a t i o n ;  h o w e v e r ,  t he  i n a b i l i t y  to p r o d u c e  these  
su r faces  a.t w i l l  a n d  in l a r g e  a r e a  has  r e q u i r e d  d e -  
p e n d e n c e  p r i m a r i l y  on o t h e r  t e chn iques  of su r f a c e  
p r e p a r a t i o n  for  the  s t u d y  of t he  effects of t e m p e r a -  

t u r e  a n d  e lec t r i c  field, on the  (332) a n d  (332) faces.  
The  efficacy of these  o t h e r  m e t h o d s  of su r face  p r e p -  
a r a t i o n  was  checked  b y  c o l o r i m e t r i c  c o m p a r i s o n  

w i t h  t he  f i lms f o r m e d  on the  f r a g m e n t a r y  (332) and  

(332) c l e a v e d  surfaces .  

Da t a  on the  (332) face  have  been  o b t a i n e d  l a r g e l y  
on faces  p r e p a r e d  us ing  a c r y s t a l l o g r a p h i c  e tch  of 
t he  compos i t i on :  48% HF,  4 p ts ;  Conc. HNO., 5 p ts ;  
H~O, ~ 1 2  pts.  This  e tch  deve lops  mic roscop ic  faces  
which ,  r e g a r d l e s s  of the  mac roscop i c  o r i en ta t ion ,  

a r e  mos t  c lose ly  iden t i f i ed  as (332) .  As  in  t he  case  
of t he  c l e aved  faces,  g o n i o m e t r i c  d a t a  show d e v i a -  
t ions as l a r g e  as one or  two  deg ree s  f r o m  the  t h e o -  

r e t i c a l  angles .  The  i n d e x i n g  as (332) is m a d e  as  a 
r e l a t i v e l y  s imp le  i n d e x i n g  of w h a t  is p r o b a b l y  a 
c o n s i d e r a b l y  " s t e p p e d "  a tomic  conf igura t ion .  

A c r y s t a l l o g r a p h i c  e t ch  to deve lop  (332) su r faces  
cou ld  no t  be  f o u n d  a n d  t h e r e f o r e  i t  was  n e c e s s a r y  
to use  nonse l ec t i ve  m e t h o d s  of su r f ace  p r e p a r a t i o n  
on th is  face.  C r y s t a l s  w e r e  o r i e n t e d  b y  the  c o m -  
b i n a t i o n  of x - r a y  and  k ine t i c  t e chn iques  d i scussed  
a b o v e  a n d  t h e n  w e r e  m e c h a n i c a l l y  l a p p e d  and  
po l i shed  to the  (332) face. J u s t  p r i o r  to the  f o r m a -  
t ion of t he  a n o d e  films, t h e y  w e r e  e i t he r  c h e m i c a l l y  
or  e l e c t r o c h e m i c a l l y  po l i shed  to r e m o v e  the  m e -  
c h a n i c a l l y  d i s t u r b e d  su r f ace  l aye r .  The  c h e m i c a l  
po l i sh  h a d  the  compos i t ion ;  HNOs, 40 pts. ,  48% HF,  
24 pts . ,  ace t ic  acid,  24 pts.  P o l i s h i n g  t imes  r a n g e d  
f rom 5-30 sec. The  e l ec t ropo l i sh  h a d  the  c o m p o s i -  
t ion:  H C 1 0 ,  10 pts;  acet ic  a n h y d r i d e ,  40 p ts ;  H~O, 
2 pts.  I t  was  e m p l o y e d  a t  ~ 5 ~  a t  a c u r r e n t  d e n s i t y  
of ~ 5 0  m a / c m  ~ a n d  y i e l d e d  a sol id  b l a c k  fi lm of 
o x i d a t i o n  p r o d u c t  w h i c h  was  r e a d i l y  s t r i p p e d  off 
u n d e r  a s t r e a m  of w a t e r  l e a v i n g  a m i r r o r  b r i g h t  
surface .  

Va r ious  t echn iques  w e r e  e m p l o y e d  for  m a s k i n g  
the  faces  of the  c r y s t a l  o the r  t h a n  the  face  u n d e r  
s tudy .  A coa t  of p o l y s t y r e n e ,  a p p l i e d  in  a t o lue ne  
so lu t ion  to a l a p p e d - b u t - n o t - p o l i s h e d  sur face ,  
s e e m e d  to g ive  c o m p l e t e l y  a d e q u a t e  p ro tec t ion .  The  
coa t ing  was  g e n e r a l l y  a p p l i e d  ove r  t he  edges  of t he  
face  u n d e r  s t u d y  in  an  a t t e m p t  to m i n i m i z e  edge  
effects;  h o w e v e r ,  s ince  t h e r e  w e r e  a lmos t  c e r t a i n l y  
edges  or  s teps  p r e s e n t  in  the  i n i t i a l  su r f ace  p rope r ,  
th is  was  p r o b a b l y  a fu t i l e  effort.  

The  e l e c t r o l y t e  e m p l o y e d  in a l l  t he  e x p e r i m e n t s  
r e p o r t e d  h e r e  has  been  0.1N KOH.  This  e l e c t r o l y t e  
d i sso lves  t he  p u r e  a n t i m o n y  oxides ,  as a n t i m o n i t e s  
and  an t imona t e s ,  b u t  does  not  d i s so lve  In~O,. 

Chemical Analysis o] Films 

C h e m i c a l  a n a l y s e s  of the  ox ide  f i lms for  t h e i r  In  
and  Sb con ten t  w e r e  m a d e  b y  m i c r o t e c h n i q u e s  

c lose ly  s im i l a r  to those  d e v i s e d  b y  Moe l l e r  (12) for  
In  a n d  by  L u k e  a n d  C a m p b e l l  (13)  fo r  Sb. 

F i l m s  w e r e  f o r m e d  on l a r g e  a r e a  c r y s t a l s  w h i c h  
s h o w e d  (110) faces  p r i m a r i l y .  C r y s t a l s  w e r e  c h e m i -  
ca l ly  po l i shed  j u s t  p r i o r  to anod ic  t r e a t m e n t .  The  
films, r a n g i n g  in  t h i ckness  f r o m  200 to 1000A, w e r e  
d i s so lved  in  t a r t a r i c  acid.  T h e y  d i s so lve  s l o w l y  and,  
j u d g e d  b y  t h e  p e r f e c t l y  u n i f o r m  i n t e r f e r e n c e  colors,  
a t  a u n i f o r m  ra te ,  t hus  a l l o w i n g  a l a y e r - b y - l a y e r  
ana lys i s  of t h e i r  compos i t ion .  The  sens i t iv i t i e s  of 
t he  a n a l y t i c a l  m e t h o d s  (0.1 ~g for  Sb  a n d  1 ~g for  
In )  .were  suff icient  to a l l ow d e t e r m i n a t i o n  of t he  
I n / S b  r a t i o  w i t h  a p rec i s ion  of abou t  5% on l a y e r s  
as th in  as 20A. 

Kinetic Measurements 
The  d e t e r m i n a t i o n  of t he  k ine t i c s  of a n o d e  fi lm 

f o r m a t i o n  r e so lves  i t se l f  in to  the  m e a s u r e m e n t ,  for  
a n y  g iven  c r y s t a l  face  a n d  t e m p e r a t u r e ,  of the  i n -  
s t a n t a n e o u s  e l ec t r i c  field a n d  the  r a t e  of f i lm g rowth .  
Di f fe ren t  w o r k e r s  h a v e  used  m a n y  d i f fe ren t  m e t h o d s  
of d e t e r m i n i n g  these  q u a n t i t i e s 2  The  e v a l u a t i o n  of 
t he  p rec i se  a b s o l u t e  v a l u e  of t he  e l ec t r i c  field, i n -  
vo lv ing  as i t  does  t he  m e a s u r e m e n t  of f i lm t h i c k -  
nesses  in  t h e  r a n g e  f r o m  100A to p e r h a p s  5000A, is 
difficult .  F o r t u n a t e l y ,  one does  not  need  to k n o w  
the  p rec i se  a b s o l u t e  v a l u e  of the  e l ec t r i c  field in 
o r d e r  to u n d e r s t a n d  the  m a i n  f e a t u r e s  of t he  k ine t i c  
m e c h a n i s m .  A n y  u n c e r t a i n t y  in  t he  a b s o l u t e  field 
wi l l  ref lect  i t se l f  on ly  in  an  u n c e r t a i n t y  a b o u t  t he  
" j u m p "  d i s t ance  p a r a m e t e r  [cf. (6, 7 ) ] .  S ince  the  
j u m p  d i s t ance  is a t  p r e s e n t  on ly  an  i n c o m p l e t e l y  
def ined  q u a n t i t y ,  on ly  c u r s o r y  cou lombic  m e a s u r e -  
m e n t s  of t he  abso lu t e  fields h a v e  been  m a d e  in  th is  
inves t iga t ion .  

Two t echn iques  w e r e  e m p l o y e d  to o b t a i n  t he  r e l a -  
t i ve  fields; a c o l o r i m e t r i c  m e t h o d  and  a n e w  m e t h o d  
d e s c r i b e d  be low.  These  m e t h o d s  a r e  bo th  b a s e d  on 
the  fac t  t ha t  t he  r a t i o  of the  f ields ac t ing  across  two  
fi lms of the  s a m e  th i cknes s  is s i m p l y  the  r a t i o  of the  
vo l t a ge  d rops  across  the  films. The  m e t h o d s  differ  
on ly  in  the  m a n n e r  of o b t a i n i n g  f i lms of t he  s ame  
th i ckness :  (a) f i lms w e r e  fo rmed ,  u n d e r  i d e n t i c a l  
cond i t ions  of su r f ace  p r e p a r a t i o n ,  t e m p e r a t u r e  a n d  
f o r m a t i o n  ra t e ,  to the  s a m e  vo l t age ;  (b) f i lms w e r e  
f o r m e d  to t he  s ame  i n t e r f e r e n c e  color.  M e t h o d  (a) 
was  used  to o b t a i n  the  d e p e n d e n c e  of f o r m a t i o n  r a t e  
on t e m p e r a t u r e  a n d  e lec t r i c  field on each  of t he  
c r y s t a l  faces  s tud ied .  M e t h o d  (b) was  used  to d e -  
t e r m i n e  the  d e p e n d e n c e  of  f o r m a t i o n  r a t e  on c ry s t a l  
face.  

Co lo r ime t r i c  m e t h o d s  such  as (b )  h a v e  been  used  
b y  a n u m b e r  of w o r k e r s  in t he  pas t .  V e r m i l y e a  (8) 
for  e x a m p l e  has  m a d e  p a r t i c u l a r l y  ef fec t ive  use  of 
t he  t e c h n i q u e  in  t he  s t u d y  of t he  TarO5 sys tem.  As  
in the  p r e v i o u s  work ,  an  op t i ca l  s t e p - g a u g e  p r o v e d  
to be  qu i t e  a s imp le  m e t h o d  of c o m p a r i s o n  of f i lm 
th ickness .  The  g a u g e  was  c o n s t r u c t e d  us ing  a ser ies  
of c l eaved  (110) sur faces ,  these  be ing  f o r m e d  at  
25~ and  a t  a r a t e  of 0.1 v / sec ,  to v a r i o u s  vo l t ages  
in t he  r a n g e  f rom 10 to 30 v. C o m p a r i s o n  of a f i lm 
of u n k n o w n  th i ckness  w i t h  t he  s tep  g a u g e  a l l o w e d  
the  d e t e r m i n a t i o n  of t he  r e l a t i v e  t h i cknes s  w i t h i n  
p e r h a p s  one ha l f  of a vo l t  in t he  mos t  sens i t ive  

See, for example,  references  (1), (2), (5), and (8). See also, 
A. Vasicek, Czech. J1. Phys.  4, 204-19, (1954). 
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region  of the spec t rum.  The first order  colors are  
ve ry  i n t ense?  

Method (a) is a nove l  and  p a r t i c u l a r l y  sens i t ive  
one for s t udy ing  the  k ine t ics  of these processes a nd  
should be of gene ra l  appl icabi l i ty .  The p rocedure  is 
i l l u s t r a t ed  in  Fig. 1, and  descr ibed in  some deta i l  
below. 

A pa r t i cu l a r  c rys ta l  face, a c o n v e n i e n t  t e m p e r a -  
tu re  (To), and  a c o n v e n i e n t  f o rma t ion  ra te  (So) are  
selected. U n d e r  these condi t ions  a n u m b e r  Of films 
are  fo rmed  to the  same voltage,  V0; these films 
are t h e n  all  of the  same thickness.  The  fo rma t i on  
rate,  or  the  t empera tu re ,  or both,  are  t hen  changed  
to a d i f ferent  va lue  on each film and  the  change  of 
vol tage w i th  t ime  is m e a s u r e d  u n d e r  the second 
condi t ions.  The vol tage  rises, ~apidly at first, passes 
t h rough  a m a x i m u m ,  t hen  a m i n i m u m ,  and  f inal ly  
r ises again,  n o w  l i n e a r l y  w i th  t ime,  at a r a t e  closely 
p ropor t iona l  to the e x t e r n a l  c u r r e n t  densi ty .  The  
final l i nea r  ' r ise in  vol tage  wi th  t ime  corresponds  to 
the s t eady- s t a t e  behav io r  for which  the var ious  
theories  have  been  der ived.  

The t r a n s i e n t  effects shown  in  Fig. 1 have  been  
separa ted  f rom the s t eady- s t a t e  effects by  e x t r a -  
po la t ion  of the  l i nea r  vol tage  rise por t ion  of the 
fo rma t ion  curve  back to the  t ime  w h e n  the  c u r r e n t  
was  reappl ied.  This  is shown  b y  the  dot ted  l ine  in  
Fig. 1. The ra t io  of the  ex t r apo la t ed  vo l tage  (V1) 
to the in i t i a l  vol tage  (V0) gives the  re la t ive  field 
( r e fe r r ed  to the  in i t i a l  field) u n d e r  the  finM condi -  
t ions of fo rma t ion  ra te  and  t empe ra tu r e .  The  va l i d -  
i ty  of the  ex t r apo la t ion  p rocedure  has been  checked 
by  ex40eriments in  which  the f inal  f o rma t io n  ra te  
and  t e m p e r a t u r e  were  m a d e  the  same as the  in i t i a l  
values .  The  ex t r apo la t ed  vol tages  (V0  u n d e r  these  
condi t ions  were  found  to be iden t ica l  (w i t h i n  
- -0 .1%)  to the  vol tages  (V0) to which  the films had  
been  fo rmed?  

Voltages were  m e a s u r e d  aga ins t  a Hg-HgO re fe r -  
ence e lect rode which  was  separa ted  f rom the  solu-  
t ion  by  a 0.1N KOH salt  br idge.  The  t ip of the  b r idge  
was  placed a p p r o x i m a t e l y  1 m m  a w a y  f rom the  
InSb  electrode.  The  vol tages  in  the  da ta  r epor ted  
be low have  b e e n  r e fe r r ed  to the  I n S b  electrode,  
which  in  0.1N K O H  is ~0.7 v ~ more  act ive t h a n  the 
Hg-HgO electrode,  by  add ing  0.7 v to the  m e a s u r e d  
vol tage;  thus  the  vol tages  be low r ep re sen t  the  vo l t -  
age drops across the  oxide film itself. 

F o r m a t i o n  ra tes  have  been  d e t e r m i n e d  f rom the 
ra te  of vol tage  rise w i th  t ime. Since, at a g iven  
fo rma t ion  rate,  the  electr ic  field is, to a ve ry  good 
approx imat ion ,  i n d e p e n d e n t  of the  film thickness ,  
the  fo rma t ion  ra te  is t a k e n  to be g iven  by  the  ra te  
of change  of vol tage  w i th  t ime  d iv ided  by  the elec- 
t r ic  field at tha t  f o rma t ion  rate.  The  data  be low 
were  ob ta ined  on films fo rmed  in i t i a l ly  at  To = 
25~ So ~0.1 v / s ec  to Vo = 5, 10, and  15 v. Owing  
to va r i a t i ons  in  sur face  area  and  fo rma t ion  effi- 

4 U n f o r t u n a t e l y  t he  second o rde r  colors  i n  t h e  I n S b  s y s t e m  a re  
q u i t e  f a in t ,  and ,  t o w a r d  t h e  " b l u e "  e n d  o f  t h e  s e c o n d  order ,  t h e  
f i lms  a p p e a r  g u n - m e t a l  to  b l a c k  in  color.  The  r e s t r i c t i on  to  t he  
f i rs t  o rde r  m a k e s  t he  e o l o r i m e t r i c  m e t h o d  less a t t r a c t i v e  i n  t he  I n S b  
s y s t e m  t h a n  i t  has  been  in  o the r  sys tems.  

The  t r a n s i e n t s  o b s e r v e d  in  t hese  m e a s u r e m e n t s  c o n s t i t u t e  an  in -  
t e r e s t i n g  p r o b l e m  in  t he ms e lve s .  A l m o s t  i d e n t i c a l  effects h a v e  been  
o b s e r v e d  on  Ta~O~, SiO~, and  NbeOs f i lms  [see ref.  (15)] .  
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Fig. 1. Typical voltage vs. time curves for the formation of anode 
films on InSb. Note the initial transient and the extrapolation used 
to eliminate its effects. 

ciency, the  in i t i a l  f o r ma t i on  ra te  could no t  be  con-  
t ro l led  precise ly  to 0.1 v / sec  and  there fore  the  ra te  
of change  of vol tage  wi th  t ime  u n d e r  the  in i t ia l  
condi t ions  was d e t e r m i n e d  e x p e r i m e n t a l l y  and  cor-  
rec t ions  appl ied  for the  d e p a r t u r e  f rom 0.1 v/sec.  

Most of the e xpe r i me n t s  were  pe r fo rmed  a l lowing  
jus t  enough  t ime  b e t w e e n  the  in i t i a l  f o rma t ion  
process and  the f inal  f o rma t ion  process to get the  
fi lm to the  ne w  t empera tu r e .  However ,  iden t ica l  
resul t s  were  observed  w h e n  the  films were  a l lowed 
to s t and  in  contact  wi th  t h e  e lec t ro ly te  for as long 
as 70 hr  b e t w e e n  the  in i t i a l  a nd  final  format ions .  
The  films a p p a r e n t l y  do not  dissolve on p ro longed  
contact  wi th  KOH. 

Vo l t age - t ime  curves  s imi la r  to Fig. 1 were  ob-  
t a ined  us ing  a S a n b o r n  Model  127 recorder  i n  con-  
j u n c t i o n  wi th  a S a n b o r n  Model  126 ampli f ier  (10 
meg  i n p u t  impedance )  a nd  a ca l ib ra ted  vo l t age -  
zero-suppressor .  The  recorder  has a response  t ime  
of abou t  0.01 sec for fu l l  scale deflection. Data  p re -  
sen ted  here  on the  I n S b  sys tem show a prec is ion  of 
the  order  of one ha l f  a pe rcen t  in  re la t ive  field, on 
films as t h i n  as 100A; s imi la r  da ta  on somewha t  
th icker  Ta~O~ films have  been  ob ta ined  wi th  a p r e -  
cision approach ing  0.1%. 

For  w a n t  of a be t t e r  name ,  this  t e c hn i que  migh t  
be  cal led an  isopachic (for equa l  th ickness )  m e t h o d /  

Results and Discussion 

Composition ol the Films 

The composi t ion of the anode  films fo rmed  in  0.1N 
K O H  has been  d e t e r m i n e d  as  a f unc t i on  of bo th  the  
posi t ion  in  the  film and  the  ra te  of fo rma t ion  of the  
film. Fig. 2 shows a typica l  resu l t  of the l ayer  by  
l ayer  chemical  analyses .  The Sb to In  ra t io  is ve ry  
low close to the e lec t ro ly te  in te r face ;  howev~er, it  
r ises sha rp ly  as one goes in to  the  b u l k  of the film, 
approach ing  the  va lue  1 at a d is tance  abou t  100A 
into  the  film a nd  r e m a i n i n g  essen t ia l ly  cons tan t  all  
the  w a y  f rom the re  to the  m e t a l / o x i d e  interface.  
This  behav io r  is difficult to ra t iona l ize  w i t h  the  
in t e r s t i t i a l  t r a n spo r t  of posi t ive  ions. One would  

J .  F .  Dewa ld ,  u n D u b l i s h e d  data.  

7 A d a m s  and  c o - w o r k e r s  (14) h a v e  used  a t e c h n i q u e  s o m e w h a t  
s i m i l a r  to  this .  



248 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A p r i l  1957 

1.2 

1.0 
_o 
0c 

0.8 

0 

I 0.6 

0.2 / 
/r o y 
) 

�9 

0 100 200 300 400 500 
DISTANCE INTO F ILM IN ANGSTROMS (FROM ELECTROLYTE) 

Fig. 2. Typical dependence of anode film composition on position 
in the film. Close to the electrolyte (KOH) the Sb content is very 
nearly zero while at depths greater than about IOOA, the composi- 
tion is practically that of the base material. 

expect,  in  v iew of the large and  fa i r ly  rap id  solu-  
b i l i ty  of a n t i m o n y  oxides in  KOH, t ha t  any  Sb ion 
a r r i v i n g  at the e lec t ro ly te  in te r face  wou ld  dissolve. 
A pa r t  of the "Sb does dissolve, bu t  the larges t  f rac-  
t ion of it r ema ins  in  the  film. 

Such behav io r  migh t  be accounted  for if the  dis-  
so lut ion ra te  of a n t i m o n y  oxide were  slow and  the  
a n t i m o n y  ions a r r i v i n g  at the  e lec t ro ly te  in te r face  
were  covered up  by  subsequen t  In  ions before  they  
could dissolve. This e x p l a n a t i o n  is con t rad ic ted  by  
the e x p e r i m e n t a l  da ta  shown in  Fig. 3. W i t h i n  ex-  
p e r i m e n t a l  error ,  the composi t ion of the films is 
i n d e p e n d e n t  of the  fo rma t ion  rate.  Coup l ing  this  
fact wi th  the obse rva t ion  that ,  even  at  c u r r e n t  den -  
sities apprec iab ly  h igher  t h a n  those of Fig. 3, an  Sb 
electrode dissolves anodica l ly  in  KOH wi tho u t  film 
format ion ,  it is conc luded  tha t  most  of the Sb ions 
neve r  come in  contact  wi th  the  e lec t ro ly te  and  tha t  
thus  the use of the  in t e r s t i t i a l  m e c h a n i s m  of film 
fo rma t ion  is p r o b a b l y  an  overs impli f icat ion.  

Kinetic Data on the (110), (332), and (332) Faces 

The k ine t ic  da ta  which  have  been  ob t a ined  are 
i l l u s t r a t ed  in  Fig. 4 and  5, and  are  s u m m a r i z e d  in  
Tab le  I. Fig. 4 shows typ ica l  Tafel  plots of field vs. 
the loga r i thm of fo rma t ion  ra te  for the  (110),  (332) 

and  (~32) faces. These da ta  were  ob ta ined  at 25~ 
on films fo rmed  in i t i a l ly  to 10 v. Fie lds  are  ex-  
pressed re la t ive  to the  field on the  (110) face at  a 
fo rma t ion  ra te  of 0.1 v /sec ,  and  fo rma t ion  ra tes  are 
expressed in  vo l t s / sec  at this field. 

A n u m b e r  of fea tures  of the da ta  in  Fig. 4 should  
be noted.  First ,  the  electric field is no t  a s imple  
logar i thmic  func t ion  of fo rma t ion  ra te  on a n y  of the 
faces s tudied.  In  the  ex t remes  of bo th  h igh and  low 
fo rma t ion  rate ,  the field on each of the  faces m a y  
be adequa t e ly  r ep resen ted  as a s imple  logar i thmic  
func t ion  of the  fo rma t ion  rate.  This  behav io r  seems 
to imp ly  a dup lex  process, s imi la r  .to tha t  observed  
in  the  s tudy  of Ta=O, films, wi th  the  r a t e - d e t e r m i n -  
ing step sh i f t ing  f rom one site at  low fields to a 
d i f ferent  site at h igh fields. 

The respect ive  locat ions  of the  two r a t e - d e t e r -  
m i n i n g  sites m a y  be in fe r r ed  f rom the da ta  in  Fig. 
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Fig. 3. The Sb/In ratio deep in the film plotted as a function of 
the rate of formation on the film, 

1.3 

�9 ~ 332 ,,e" 
1.2 o ~ 110' .w~,  J 

A = 3 3 2  j / 
LU 1.1 ~ C  / 

J J 0.9 - - f  , ~ -  

0.8 ~ '~  
0.005 0.01 0.02 0.05 0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0 

FORMATION RATE IN VOLTS PER SECOND 

Fig. 4. Tafel plots, showing the dependence of electric field- on 
formation rate, for the (110), (332), and ~32) faces of InSb at 25~ 

4. At  low and  i n t e r m e d i a t e  fields a large effect of 
c rys ta l  o r i en ta t ion  is observed,  the (332) face 
oxidiz ing more  t h a n  10 t imes  as rapidly ,  at the  same 
field, as do the  o ther  two faces. At  h igh fields, on 
the  o ther  hand,  the  th ree  faces oxidize at n e a r l y  the  
same rate. Thus  the  low field process mus t  be  asso- 
c iated wi th  the  m e t a l / f i l m  interface,  and  it  seems 
reasonab le  to suppose tha t  the r a t e - d e t e r m i n i n g  step 
in  the  high field process is located elsewhere.  

A n o t h e r  r a t h e r  i n t e r e s t i ng  f ea tu re  of the  data  in  

Fig. 4 is tha t  the  (332) a nd  (110) faces show a lmos t  
iden t ica l  f o r ma t i on  ra tes  over  the  en t i r e  r a nge  of 
fields s tudied  at  this  t empera tu re .  This  should  no t  
be  t a k e n  to m e a n  tha t  the  va r ious  k ine t i c  p a r a -  
mete r s  are iden t i ca l  on the  two faces, for at  t e m -  
pe ra tu re s  o ther  t h a n  2 5 ~  the  fo rma t ion  ra tes  on 
the  two faces are  no t  ident ical .  

Data  g iven  in  F.ig. 4 show a smal l  incons i s t ency  
b e t w e e n  the two methods  which  have  b e e n  used to 
d e t e r m i n e  the  re l a t ive  field. As m e n t i o n e d  in  the  
e x p e r i m e n t a l  sect ion above,  the  co lor imet r ic  me thod  
was  employed  to d e t e r m i n e  the  re l a t ive  field [ r e -  

f e r red  to the  (110) face] on the  (332) a nd  (332) 
faces, this compar i son  be ing  made  ( a r b i t r a r i l y )  at 
a fo rma t ion  ra te  of 0.1 v/sec .  The  curves  in  Fig. 4 
we re  t h e n  d r a w n  f rom the  isopachic da ta  which  
covered the  en t i r e  r a nge  of fo rma t ion  rates.  Now 
films fo rmed  at  h igh f o r ma t i on  ra tes  (g rea te r  t han  
abou t  5.0 v / sec )  show no c rys ta l lograph ic  effect on 
color imetr ic  compar ison.  Thus,  if the  two methods  
of d e t e r m i n i n g  the electr ic  field were  comple te ly  
consis tent ,  the  curves  of Fig. 4 should  al l  supe r -  
impose at f o rma t ion  ra tes  above  about  5.0 v /sec .  As 
can be seen the  two curves  seem to be approach ing  
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Fig. 5. Temperature dependence of field at constant formation 
rate on the (110) face. 

one ano the r  but ,  even  at  the  h ighes t  f o rma t ion  rates,  
they  differ by  abou t  4% in  field. This  difference is 
rough ly  twice the es t imated  u n c e r t a i n t y  in  the 
co lor imet r ic  me thod  in  the  first o rde r  r ange  of colors 
and  seems to be a rea l  effect. It  m a y  be tha t  the  
i ndex  of r e f rac t ion  of the film depends  on the  face 
on which  i t  is formed,  or tha t  the  opt ical  proper t ies  
of the base "me ta l "  v a r y  f rom face to face [such a 
va r i a t i on  wou ld  be u n l i k e l y  to occur b e t w e e n  the  

(332) and (332) faces]. In any case, the discrepancy 
is a relatively small one and should not affect the 
qualitative conclusions presented. 

The data in Fig. 5 show the temperature depend- 
ence of the electric field for 10-v films formed on 
the (110) face at 0.i v/sec. Both the Mott-Cabrera 
and the Dewald models of the system predict an 
essentially linear dependence of field on the tem- 
perature at any given 'formation rate. The depend- 
ence shown in Fig. 5 is in accord with these pre- 
dictions, over the range from 0 ~ to 75~ Similar 
linear dependences of field on temperature have 

been observed on the (332) and (-332) faces both 
at low and at high fields. 

Since the functional dependences of field on for- 
marion rate and on temperature are fairly simple in 
the extremes of high and low field, and the transi- 
tion from the low to the high field behavior is mod- 
erately sharp, the experimental data may be sum- 
marized in the form of three coefficients (one of 
each for the high- and one for the low-field region), 

E, (aE-)/(a log i)r, and (aE)/(OT)~. The values of 
these coefficients vary from face to face in the low 
field region but show only small, if any, orientation 

TABLE I. Summary of experimental data 

F o r m a t i o n  ra te  

z o~ 1 o~ 

Crys t a l  face  "E/Eo Eo 0 log  i Eo aT 

Low (0.1 v/sec) 110 1.00" 0.092 --0.00306 
332 1.00 0.092 --0.00380 
332 0.85 0.060 --0.0020 

High (10 v/sec) 110 &332 1.22 0.17 --0.0036 
332 1.17 0.18 --0.0035 

* By  d e f i n i t i o n  o f  Eo. 
Eo = the  f ield on  t he  110 face  a t  25~ a n d  a f o r m a t i o n  r a t e  o f  0.1 v / s e c  

TABLE II. Parameters derived from data in Table ! using equation 
of Cnbrera and Matt 

bq* q b ~b /o 
Face  (A) {assumed) (A) (e.v.) (A/sec)  

Low field 

High field 

110 12.8 3 4.3 1.22 101~ 
332 12.8 3 4.3 1.37 l0 B.' 
332 20.0 5 4.0 1.4 101~ 

Any 7.0 3 2.3 0.8 10 ~ 

* bq  v a l u e s  c a l c u l a t e d  u s i n g  Eo = 5x10 e v / c m .  

effects at  h igh fields. They  are  s u m m a r i z e d  in  Tab le  
I. 

Tab le  I I  shows the  da ta  f rom Tab le  I r e - exp re s sed  
in  the  form of the  k ine t ic  p a r a m e t e r s  of the  i n t e r -  
s t i t ia l  t r a n s p o r t  model .  A t  e i ther  low or h igh  fields 
the  theory  of this  mode l  predic ts  dependences  essen-  
t i a l ly  of the fo rm 

i = ioexp (Ebq -- r  (I)  

Regardless  of the  va l id i ty  of the model ,  the  data  
m a y  be fitted empi r i ca l ly  to an  equa t ion  of the  form 
of (I)  in  e i ther  the  h igh -  or low-f ie ld  regions  of 
format ion .  Values  of the  p a r a m e t e r s  ~, bq, and  io 
depend  on which  region,  as we l l  as which  c rys ta l  
face, is be ing  considered.  As m e n t i o n e d  above, 
va lues  of i0 a nd  the  ac t iva t ion  ene rgy  are  de te r -  
m i n e d  u n a m b i g u o u s l y  by  the  da ta  in  Tab le  I, . inde- 
p e n d e n t  of the  m e a s u r e m e n t  of the abso lu te  electric 
field. The abso lu te  va lues  of bq depend,  however ,  
on the m e a s u r e m e n t s  of the absolu te  field. Values  
of bq given  in  Tab le  II  were  ca lcu la ted  us ing  the  
va l ue  Eo = 5x10 B v / c m.  This  va lue  is de r ived  f rom 
coulometr ic  da ta  on the  (110) face a n d  represen t s  
a m i n i m u m  va lue  for Eo which  m a y  have  to be r e -  
vised u p w a r d  w h e n  accura te  m e a s u r e m e n t s  of the  
abso lu te  field become avai lable .  The  re la t ive  va lues  
of the  bq produc t  should be unaffec ted  by  more  
accura te  e v a l u a t i o n  of Eo. 

The  i n t e r p r e t a t i o n  of the k ine t ic  p a r a m e t e r s  
which  have  been  der ived  f rom the  e x p e r i m e n t a l  
da ta  is difficult, since the de ta i led  m a t h e m a t i c a l  
theory  of the  ox ida t ion  process in  b i n a r y  sys tems 
such as InSb  has no t  yet  been  developed.  Severa l  
nove l  fea tures  of m e c h a n i s m  are i n t roduced  by  the  
b i n a r y  n a t u r e  of the  sys tem and  others  arise be -  
cause of the s t rong ly  d i rec t iona l  charac te r  of the  
sur face  b o n d i n g  of the  a toms;  thus,  the  use of the  
C a b r e r a - M o t t  equat ion,  ( I ) ,  or even  the  complete  
equa t ions  of the  space charge  model ,  can  h a r d l y  
have  more  t h a n  qua l i t a t i ve  val id i ty .  Never the less  
some in t e re s t ing  conclus ions  m a y  be  d r a w n .  

Consider  first the  va lues  of the  bq produc t  ob-  
t a ined  f rom the  low-f ie ld  k ine t i c  data.  F r o m  Tab le  
II  these  are  seen to v a r y  apprec i ab ly  f rom face to 
face, the (332) face exh ib i t i ng  a va lue  n e a r l y  5/3 
as la rge  as the  va l ue  observed  on the  o ther  two 
faces. The  va r i a t i on  of the  (bq) produc t  can  h a r d l y  
be ascr ibed to va r i a t i ons  in  the  j u m p  d is tance  (b) 
since the  geomet ry  of the faces is so v e r y  s imi la r  
and,  as shown  below, the  " j u m p  dis tances"  so ve ry  
large. Thus  the  va r i a t i on  of the  bq produc t  a lmost  
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Fig. 6. Surface bonding on the (110), (100), and (111) faces of 
InSb. Black atoms are surface In, shaded atoms are Sb, unshaded 
atoms are below the surface atoms. The (711) face differs from the 
(111) only in the identity of the atoms. 

c e r t a i n l y  r e su l t s  f r om va r i a t i ons ,  f r o m  face  to face,  
of the  ef fec t ive  cha rge  q. 

The  fac t  t ha t  t he  r a t i o  of  the  bq p r o d u c t s  t u r n s  
out  to be  v e r y  close to 5/3  imp l i e s  t h a t  on the  (332) 
face  the  r e m o v a l  of t he  Sb ( + 5 )  ions  is r a t e - d e t e r -  

min ing ,  w h i l e  on the  (!332) a n d  (110) faces,  r e m o v a l  
of the  In  ( + 3 )  ions is t he  s low s tep  in  the  ox ida t ion .  

S ince  d i f fus ion in  t he  I n S b  l a t t i ce  is v e r y  s low a t  
r o o m  t e m p e r a t u r e ,  the  o x i d a t i o n  of a n y  face  of an  
I n S b  c r y s t a l  mus t ,  of course ,  i nvo lve  the  r e m o v a l  
of bo th  k i n d s  of a toms.  To say  tha t ,  on a p a r t i c u l a r  
face, r e m o v a l  of the  In  ions is r a t e - d e t e r m i n i n g  
s i m p l y  m e a n s  t h a t  a t  a n y  g iven  i n s t a n t  mos t  of t he  
su r f ace  a t o m s  a r e  ind]ums ,  t he  r e l a t i v e  n u m b e r s  of 
the  t w o  k i n d s  of atom,~ b e i n g  i n v e r s e l y  p r o p o r t i o n a l  
to t h e i r  specific r a t e s  of r emova l .  

A t  first  g l ance  i t  m i g h t  s eem s t r a n g e  t ha t  one face  
a l lows  r e a d y  r e m o v a l  of one k i n d  of a tom w h i l e  
a n o t h e r  face  a l lows  r e a d y  r e m o v a l  of t he  o t h e r  k i n d  
of a tom.  In spec t ion  of t h e  t y p e  of su r f ace  b o n d i n g  
in  z i n c - b l e n d  s t r u c t u r e s  m a k e s  th is  b e h a v i o r  qu i t e  
c lear .  Fig .  6 shows  the  su r f ace  b o n d i n g  of t he  (100) ,  
(110) ,  a n d  (111) faces.  [The  r e a s o n i n g  m a y  be  
g r e a t l y  s impl i f ied ,  w i t h  l i t t l e  loss in  accuracy ,  b y  

t h i n k i n g  of t h e  (332) and  (332) faces,  r e spec t i ve ly ,  

as " s t e p p e d "  (111) a n d  (~11) faces . ]  The  a n t i m o n y  
a t o m s  on a (110) face  a r e  b o n d e d  to t he  c r y s t a l  in  
e x a c t l y  the  same  w a y  as t he  In  a toms ;  b y  v i r t u e  of 
t h e i r  l a r g e r  c h a r g e  t h e y  wi l l  be  ac t ed  on m o r e  
s t r o n g l y  b y  the  f ield and  t h e r e f o r e  t he  r a t e - l i m i t i n g  
s tep  f rom th is  face  willl p r e s u m a b l y  be  the  r e m o v a l  
of In  a toms.  

On the  (111) face  two  fac to rs  o p e r a t e  to m a k e  
the  In  a t o m s  the  m o r e  t i g h t l y  bound .  T h e r e  is the  
s ame  effect  of  t he  field as on the  (110) face,  a n d  in 

a d d i t i o n  a su r face  In  a tom on the  (111) face  m a k e s  
t h r e e  bonds  to the  c r y s t a l  w h i l e  a su r face  Sb a t o m  
m a k e s  on ly  one bond.  On bo th  counts  t he  In  a toms  
shou ld  be  less eas i ly  r e m o v e d  t h a n  t h e  Sb a toms.  

A d i f fe ren t  b e h a v i o r  is e x p e c t e d  on the  (111) 
face;  h e r e  t he  c h e m i c a l  and  e l ec t r i c a l  effects act  in 
oppos i te  d i rec t ions ,  a su r f ace  Sb a t o m  be ing  he ld  
to the  c r y s t a l  b y  t h r e e  bonds ,  a su r f ace  In  a t o m  on ly  
b y  one bond.  Thus,  in  sp i te  of i ts  s m a l l e r  charge ,  

t he  In  a t o m s  m i g h t  we l l  be  less s t r o n g l y  h e l d  to th is  
face  t h a n  the  a n t i m o n y s  and  so, e x c e p t  p e r h a p s  a t  
v e r y  h igh  fields, t he  r e m o v a l  of a n t i m o n y s  could  
we l l  be  the  r a t e - l i m i t i n g  s tep  in ox ida t ion .  

The  d iscuss ion  above  m a k e s  poss ib le  t he  e v a l u a -  
t ion of the  j u m p  d i s t ances  themse lves ,  f r o m  the  bq 
p r o d u c t s  and  the  a s s u m e d  va lues  of q. These  j u m p  
d i s t ances  a r e  shown  in T a b l e  II. The  va lue s  o b t a i n e d  
(4 .0-4 .3A)  a r e  r o u g h l y  e q u a l  on the  t h r e e  faces  as 
w o u l d  be  expec t ed ,  and  a re  qu i t e  c o m p a r a b l e  to 
those  p r e v i o u s l y  o b t a i n e d  on A1 (3.5A) (6)  and  on 
Ta  at  low fields (4.8A) (8) .  These  v a l u e s  a r e  a l l  
s u r p r i s i n g l y  la rge ,  i t  b e i n g  r e m e m b e r e d  t h a t  t h e y  
a r e  supposed  to r e p r e s e n t  t he  d i s t a n c e  f rom the  
p o t e n t i a l  e n e r g y  m i n i m u m  to t he  m a x i m u m .  

The  v a l u e  of the  bq p r o d u c t  o b t a i n e d  at  h igh  fields 
is v e r y  m u c h  less  t h a n  those  o b t a i n e d  at  l o w  fields; 
the  ca l cu l a t i on  of t he  v a l u e  of b i t se l f  a g a i n  d e p e n d s  
on the  v a l u e  a s s u m e d  for  t he  effect ive  charge .  This  
has  been  t a k e n  as +3 ,  t he  a s s u m p t i o n  be ing  m a d e  
t ha t  m o t i o n  of t he  In  ions  t h r o u g h  the  f i lm would ,  
b y  v i r t u e  of i ts  s m a l l e r  c h a r g e  and  l a r g e r  size, s u r e l y  
be  the  s l o w e r  m o v i n g  ion. Us ing  th is  v a l u e  of 
charge ,  the  v a l u e  2.3A for  t he  j u m p  d i s t a n c e  at  h igh  
fields was  ob ta ined .  A g a i n  t h e r e  is a s u r p r i s i n g  con-  
c o r d a n c e  w i t h  t he  r e su l t s  o b t a i n e d  on Ta;  V e r m i l y e a  
(8)  finds a v a l u e  of 2.4A for  the  j u m p  d i s t a n c e  in 
T~O5 films a t  h igh  fields. (He  a s sumes  + 5  for  the  
cha rge  of t he  Ta  ion.)  

The  a c t i va t i on  ene rg ies  (@) a n d  f r e q u e n c y  fac tors  
(io) w h i c h  h a v e  been  c a l c u l a t e d  f r o m  the  d a t a  show 
a def in i te  d e p e n d e n c e  on c ry s tM face  at  low fields. 
Di f fe rences  a r e  no t  v e r y  la rge ,  and  the  i n t e r p r e t a -  
t ion  m u s t  t h e r e f o r e  be  l a r g e l y  specu la t ive .  N o w  the  
a c t i v a t i o n - e n e r g y - f o r - d i f f u s i o n  ( r  of a su r f ace  
a t o m  is d e t e r m i n e d  b y  a w h o l e  c o m p l e x  of forces.  
The  two  l a rge s t  f ac to rs  w o u l d  be  p r e s u m a b l y ,  (a) 
the  chemica l  b o n d s  w h i c h  w o u l d  ho ld  t he  a t o m s  to 
t he  c ry s t a l  r e g a r d l e s s  of w h e t h e r  a f i lm is p r e s e n t  or  
not ,  a n d  (b )  t h e  r e p u l s i v e  forces  i n c i d e n t  to squeez -  
ing  pa s t  the  first  o x i d e  ions  in  t he  film. P r e s u m a b l y  
the  second of  these  fac to rs  w i l l  no t  v a r y  s ign i f i can t ly  
f rom one face  to a n o t h e r  if  t he  a c t i v a t i o n  process  
i nvo lves  the  s ame  k i n d  of ion on the  faces  cons id -  

ered.  This  is t he  case  if  t he  (111) a n d  (110) faces  
a r e  c o m p a r e d ;  t hus  the  d i f fe rences  o b s e r v e d  on the  
two  faces  p r o b a b l y  a r i se  f rom the  n a t u r e  of t h e  
bonding .  

Fig.  6 shows  t h a t  the  In  a toms  m a k e  t h r e e  b o n d s  

to the  c r y s t a l  on bo th  t h e  (110) and  (111) faces.  One  
m i g h t  conc lude  f rom this  t ha t  t h e  b o n d i n g  c o n t r i b u -  
t ion  to the  a c t i va t i on  e n e r g y  w o u l d  be  the  s ame  on 
the  two  faces.  This  r e a s o n i n g  m i g h t  be  v a l i d  if one 
h a d  a pe r f e c t  c r y s t a l  f ace  w i t h  no edges  or  s teps.  
H o w e v e r ,  i t  w o u l d  not  be  t r u e  for  a n y  r ea l  c rys ta l ,  
s ince  the  (110) face  has  a s t r u c t u r e  w h i c h  w o u l d  
" t r a n s m i t "  t he  edge  or  i m p e r f e c t i o n  effects ove r  t he  
e n t i r e  c r y s t a l  face  w h i l e  the  (111) does not.  This  
can  be  seen  qu i t e  s i m p l y  b y  r e m o v i n g  jus t  one  a t o m  
f rom each  of t he  " p e r f e c t "  p l a n e s  of Fig.  6. On the  
(110) face  the  two  n e i g h b o r i n g  a toms  w o u l d  t hen  
each  be  c o n v e r t e d  f rom a t h r e e - b o n d e d  to a t w o -  
b o n d e d  s ta te .  I f  these  t w o - b o n d e d  a t o m s  w e r e  in  
t u r n  r e m o v e d ,  t he  two  a d j a c e n t  a toms  w o u l d  be  le f t  
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in a t w o - b o n d e d  s ta te .  S ince  t w o - b o n d e d  a t o m s  
w o u l d  be  e x p e c t e d  to come off m o r e  r ead i ly ,  i.e., 
w i th  l o w e r  a c t i v a t i o n  ene rgy ,  t h a n  t h r e e - b o n d e d  
a toms,  t he  (110) face  w o u l d  be  e x p e c t e d  to ox id ize  
b y  a cha in  p rocess  of th is  sort .  A s i m i l a r  cha in  
p rocess  w o u l d  not  be  a n t i c i p a t e d  on e i t he r  ~he (111) 

or  (111) faces,  for  on  these  faces  t h e  su r f ace  a t o m s  
a re  no t  b o n d e d  to one  a n o t h e r ;  t hus  t he  r e m o v a l  of 
one su r f ace  a t o m  does  no t  change  the  b o n d i n g  of the  
n e i g h b o r i n g  su r face  a toms.  

This  a r g u m e n t  e x p l a i n s  in  a q u a l i t a t i v e  w a y  the  
d i f fe rences  in  a c t i va t i on  e n e r g y  o b s e r v e d  b e t w e e n  

the  (110) and  (~32) faces.  I t  a lso e x p l a i n s  t he  
s m a l l e r  io v a l u e  on the  (110) face, for  on ly  a s m a l l  
f r ac t i on  of the  a toms  on such  a face  are,  a t  a n y  
g iven  ins tan t ,  sub jec t  to ac t iva t ion .  In  the  s imp le  
C a b r e r a - M o t t  a p p r o x i m a t i o n ,  t he  f r e q u e n c y  fac to r  
is g iven  b y  

i 0 ~ m ~ v .  V ( I I )  

w h e r e  m~ is t he  su r f ace  d e n s i t y  of a t o m s  suscep t ib l e  
to ac t iva t ion ,  ~ is of t he  o r d e r  of t y p i c a l  v i b r a t i o n  
f r equenc ie s  (~ -~ 10 TM sec-1), and  V is t he  a tomic  
v o l u m e  of t he  m i x e d  oxide .  Va lues  of m8 c a l c u l a t e d  
f rom the  e x p e r i m e n t a l  d a t a  us ing  ( I I )  i n d i c a t e  t h a t  

e s s e n t i a l l y  a l l  a t o m s  on the  (-332) face  a r e  a t  a l l  
t imes  s u b j e c t  to  a c t i va t i on  w h i l e  on ly  abou t  1 in  400 
is s u b j e c t  to ac t iva t ion ,  a t  any  g iven  in s t an t ,  on the  
(110) face.  These  va lue s  seem e m i n e n t l y  r e a s o n -  
able ,  bo th  in a r e l a t i v e  and  an  abso lu t e  sense.  

Summary 
The  k ine t i c s  of f o r m a t i o n  of a n o d e  fi lms on InSb  

h a v e  been  s t u d i e d  on t h r e e  c r y s t a l l o g r a p h i c  faces  
and  the  compos i t ion  of t he  r e s u l t i n g  f i lms has  been  
d e t e r m i n e d  as  a func t ion  of the  pos i t ion  in  t he  f i lm 
a n d  t h e  r a t e  of f o rma t ion .  The  k i n e t i c  da ta ,  b o t h  
t r a n s i e n t  a n d  s t e a d y - s t a t e ,  show s t r i k i n g  s imi l a r i t i e s  
to those  o b s e r v e d  p r e v i o u s l y  on the  Ta.~O~ sys tem.  
The  s t e a d y - s t a t e  d a t a  m a y  be  unde r s tood ,  a t  l eas t  
in q u a l i t a t i v e  fash ion ,  i n  t e r m s  of t he  theo r i e s  of 

C a b r e r a  and  Mott ,  a n d  of Dewa ld .  The  p r o n o u n c e d  
c r y s t a l l o g r a p h i c  effects o b s e r v e d  a t  low fields and  
the  a bse nc e  of such  effects a t  h igh  fields e s t ab l i sh  
the  loca t ion  of the  r a t e - l i m i t i n g  processes ;  a t  low 
fields, pa s sage  into  the  f i lm is the  diff icult  s tep;  a t  
h igh  fields, pa s sage  t h r o u g h  the  f i lm is t he  diff icult  
s tep.  A t t e m p t s  a r e  m a d e  to account  for  t h e  v a r i o u s  
c r y s t a l l o g r a p h i c  effects in  t e r m s  of t he  s t r u c t u r e  of 
InSb .  

F i l m s  f o r m e d  on I n S b  in 0.1N K O H  a re  f o u n d  to 
con ta in  n e a r l y  e q u a l  qua n t i t i e s  of In  and  Sb in sp i te  
of the  fac t  t ha t  a n t i m o n y  ox ide  is s t r o n g l y  and  
r e a d i l y  so lub le  in t he  e l ec t ro ly t e .  This  r e s u l t  is t a k e n  
to t h r o w  c o n s i d e r a b l e  doub t  on the  a s s u m p t i o n  of a 
s imp le  i n t e r s t i t i a l - i o n  t r a n s p o r t  m e c h a n i s m .  

Manuscr ip t  received June  25, 1956. This pape r  was 
p r e p a r e d  for de l ivery  before  the  Cincinnat i  Meeting, 
May I-5, 1955. 

Any  discussion of this pape r  wi l l  appear  in a Dis- 
cussion Section to be publ ished in the December  1957 
JOURNAL. 
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ABSTRACT 

The phase d iag ram of the  sys tem KCI-ZnCI~ indicates  the  presence of the  
sol id-s ta te  2KCI .ZnCL Densi ty  vs. composit ion isotherms in the range  475 ~ 
650~ are  app rox ima te ly  l inear.  I so therms of equiva lent  conduct iv i ty  devia te  
nega t ive ly  f rom addi t iv i ty  when  p lo t ted  agains t  composition, the m a x i m u m  
negat ive  devia t ion  be ing  found near  XKcx ~ 0.71. The hea t  of ac t ivat ion for 
ionic migra t ion  fal ls  r ap id ly  f rom tha t  of ZnC12 unt i l  XKcl has reached 0.30, 
then s lowly falls  to the  l imi t ing  v a l u e  for pure  KC1. 

A k n o w l e d g e  of t he  e l ec t r i ca l  p r o p e r t i e s  of fused  
sa l t  sy s t ems  has  been  f o u n d  to be  a p o w e r f u l  tool  
a id ing  the  u n d e r s t a n d i n g  of t he  p h y s i c a l  n a t u r e  of 
t h e  sys tems .  The  w o r k  of B loom and  H e y m a n n  (1)  
in 1946 p o i n t e d  out  a poss ib le  r e l a t i onsh ip  b e t w e e n  

the  p h y s i c a l  n a t u r e  of the  sol id  s t a t e  and  t h e  e lec -  
t r i c a l  p r o p e r t i e s  of the  fused  s ta te .  T h e i r  r e su l t s  i n -  
d i c a t e d  t ha t  i s o t h e r m s  of e q u i v a l e n t  c o n d u c t i v i t y  
w o u l d  be  e x p e c t e d  to e x h i b i t  m o d e r a t e  n e g a t i v e  
de v i a t i ons  f r o m  a d d i t i v i t y  in sys t ems  showing  no 
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evidence  of i n t e r m e d i a t e  compound  fo rma t ion  in  the 
solid state. S t rong  nega t ive  devia t ions  wou ld  be 
found  to be associated wi th  sys tems whose phase  di -  
ag rams  ind ica ted  the  presence  of c o n g r u e n t l y  m e l t -  
ing compounds ,  and  could be exp la ined  on the  basis  
of pers i s tence  to some ex ten t  in  the  l iqu id  s tate  of 
the complex  k n o w n  to be p resen t  in  the  solid state. 
E x p e r i m e n t a l  hea t  of ac t iva t ion  i so therms  for ionic 
m i g r a t i o n  ca lcula ted  on the  basis  of the  A r r h e n i u s  
equa t ion  wou ld  exh ib i t  m a x i m a  n e a r  composi t ions  
cor responding  to u n s t a b l e  l iquid  s tate  complexes.  

Da ta  were  found  ind ica t ing  the  exis tence  of the  
compound  2KC1 �9 ZnCl~ (2) .  A s tudy  of this  sys tem 
was u n d e r t a k e n  to see whe the r  or no t  the  e lect r ical  
proper t ies  wou ld  agree wi th  the  above  genera l i za -  
t ions. The i n f o r m a t i o n  r equ i r ed  inc luded  the  phase  
d i ag ram of the  sys tem and  i so therms of specific con-  
duc t iv i ty  and  dens i ty  a t  va r ious  concent ra t ions .  

Preparation and Analysis of Sample 
"Bakers '  Ana lyzed  b r o k e n  l u m p "  ZnCI~, m e e t i ng  

ACS specifications, was  fused in  a P y r e x  test  t ube  in  
the  fu rnace  at a t e m p e r a t u r e  of abou t  400~ The 
test  tube  was  t hen  t r an s f e r r ed  to an  oven  m a i n t a i n e d  
at 110~ and  the  conten ts  were  a l lowed to solidify.  
A p r e d e t e r m i n e d  a m o u n t  of Baker  and  A d a m s o n  re -  
agent  g rade  c rys ta l l ine  KC1 was added and  the  m i x -  
tu re  r e t u r n e d  to the  furnace .  At  this  t ime  h y d r o g e n  
chlor ide  gas was passed t h rough  the  me l t  if a ny  
ye l low ZnO was observed  to be  present ,  fo l lowing 
which,  in  the  ease of conduc t iv i ty  m e a s u r e m e n t s ,  the 
m i x t u r e  was poured  in to  a p rehea ted  cell. The  cell 
was  p laced  in  the fu rnace  and  w h e n  the  des i red t e m -  
p e r a t u r e  was approached  hyd rogen  chlor ide gas was 
passed t h r o u g h  the  cell, thus  comple t ing  the p r e p a -  
r a t ion  of the sample.  

B u n k e r  Hi l l  b r a n d  e lect rolyt ic  Zn  wi th  a m i n i m u m  
p u r i t y  of 99.99% was dissolved in  Bake r  and  A d a m -  
son HC1 ( m a x i m u m  heavy  me ta l  i m p u r i t y  of 
0.0008%).  The  p u r e  ZnCI~ p roduced  was  used to 
s t andard ize  1, 2 -d iaminocyc lohexane te t r aace t i c  acid 
f rom the Alrose  Chemica l  Co. For  analysis ,  some of 
the m o l t e n  m i x t u r e  was d r a w n  up  in to  a 5 m m  di-  
a m e t e r  glass t ube  in  which  it  was a l lowed to solidify. 
The  m i x t u r e  was  qu i t e  hygroscopic,  b u t  by  b r e a k i n g  
the  ends off the  tube  and  qu ick ly  we igh ing  the s a m -  
ple  p lus  tube,  the  d ry  weigh t  was de te rmined .  The  
solid sample  was t h e n  dissolved f rom the t ube  a nd  
ana lyzed  for Zn  ++ by  the  me thod  of Loomis (3) fol-  
lowing  which  the  e m p t y  t u b e  was  reweighed.  
K n o w i n g  the  weigh t  of the  sample  and  the  weigh t  of 
the  ZnC12, the  weigh t  of the  KC1 was found  b y  di f -  
ference and  the  composi t ion  t h e n  calculated.  

Apparatus 
All  the  P y r e x  conduc t iv i ty  cells used (Fig. 1) had  

cell cons tan t s  in  the  r ange  400 • 100 cm -1. In  the  
p resence  of water ,  ZnCI_~ m a y  hyd ro lyze  and  fo rm 
the  oxide which  is ye l low at  h igh t empera tu re s .  If 
the  oxide is t r ea ted  wi th  h y d r o g e n  chlor ide  gas, it  
is r econve r t ed  to the  chlor ide and  wa t e r  vapor ,  and  
ag i ta t ion  wi l l  expel l  the  l a t t e r  f rom the  mel t .  The  
long a r m  of the  cell ex t ended  out  of the  f u r n a c e  so 
tha t  gas could be  passed t h rough  it. The  b u l b  on the  
short  a r m  served two purposes .  I t  p r e v e n t e d  e x p u l -  

r 

Fig. 1. Typical conductivity cell 

sion of the me l t  f rom the cell d u r i n g  passage of h y -  
d rogen  ~hloride gas, and  also a l lowed the  use  of 
l a rger  samples,  thus  m a k i n g  chemical  ana lys i s  of the  
composi t ion  of the  me l t  easier  and  more  accurate .  
The  b u b b l i n g  of the  gas p r io r  to a r u n  also i n su red  
the  homogene i ty  of the  mel t .  P r e l i m i n a r y  expe r i -  
me n t s  ind ica ted  tha t  the e lectr ical  conduc t iv i ty  of 
p u r e  samples  was  u n c h a n g e d  fo l lowing the  passage 
of h y d r o g e n  chlor ide  gas. 

The  conduc t iv i ty  b r idge  was bas ica l ly  a L&N 
Whea t s tone  Br idge  (Type  S Test  Set No. 5300). A n  
a u d i o - f r e q u e n c y  v a c u u m  t u b e  osci l lator  served as 
the  power  source.  No apprec i ab le  va r i a t i on  of r e -  
s is tance wi th  f r e q u e n c y  was  no ted  and  all  m e a s u r e -  
men t s  were  m a d e  at  1000 cps. The w a v e f o r m  de l iv -  
ered by  the osci l la tor  was  exce l len t  as v iewed  on an  
oscilloscope. A va r i ab l e  condense r  was  used to ba l -  
ance capaci ty  in  the  bridge.  A cathode r a y  oscil lo- 
scope was used as a visual ,  n u l l - p o i n t  ind ica tor  [see 
ref. (4) for example ] .  Al l  connec t ing  leads were  
shie lded and  grounded .  

The  electrodes were  open cy l inders  of P t  wi th  a 
l eng th  of 3/8 in. a nd  a d i a m e t e r  3/16 in. They  were  
connec ted  to 10-in. P t  leads. The  electrodes were  
kept  wel l  p la t in ized .  

The  res is tance  fu rnace  was  opera ted  by  a B rown  
Ind ica t ing  Cont ro l l e r  opera t ing  th rough  a propor-  
t i on ing  motor.  The  c h r o m e l - a l u m e l  m e a s u r i n g  t he r -  
mocouple  was  connec ted  to a L&N No. 8662 po t en -  
t iomete r  wi th  a re fe rence  j u n c t i o n  compensator .  The  
m e a s u r i n g  the rmocoup le  was  ca l ib ra ted  at  the  me l t -  
ing  poin ts  of Zn, Sb, and  A1 (5) .  

A s l ight  modif icat ion of the  me thod  of Peake  and  
Bothwel l  (6) was  used in  d e t e r m i n i n g  densi t ies  by  
the  s inker  method .  The  s inke r  was  of P t  and  
weighed  16.815 g in  air. I ts  vo lume  at  va r ious  t e m -  
pe ra tu re s  was ca lcu la ted  f rom l i t e r a tu r e  va lues  of 
the  dens i ty  a nd  the  coefficient of expans ion  of 
p l a t i n u m  (7-9) .  

The phase d i a g r a m  was cons t ruc ted  by  the  s t a n d -  
a rd  me thod  of t h e r m a l  ana lys i s  of cooling curve  
data.  I t  was necessa ry  to locate  the  pos i t ion  of the  
l iqu idus  curve  closely, since in  the  reg ion  on the  
t e m p e r a t u r e - c o m p o s i t i o n  d i a g r a m  be low this  l ine,  
the  composi t ion  in  the me l t  is no t  the  same as the  
ove r - a l l  composi t ion  of the  system. 

Results 
The phase  d i a g r a m  (Fig. 2) of the  System ind i -  

cates the fo rma t ion  of a solid phase compound  cor-  
r e spond ing  to the  composi t ion  2KC1 �9 ZnC12. Eu tec -  
tics a re  found  at  about  433~ (mole  f rac t ion  KC1 of 
0.69) and  230~ (mole  f rac t ion  KC1 of 0.51). The  
solid s ta te  compound  has a me l t i ng  po in t  of a b o u t  
450~ 

Dens i ty  da ta  were  t a ke n  at five t e m p e r a t u r e s  for 
each of e ight  composi t ions  (Tab le  I ) .  Data  at  i n t e r -  
med ia t e  t e m p e r a t u r e s  for each composi t ion  were  
d e t e r m i n e d  g raph ica l ly  f rom the  l i nea r  dens i t y -  
t e m p e r a t u r e  graph.  Densi t ies  at  i n t e r m e d i a t e  corn- 
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TABLE I. Density in the system KCI-ZnCI2 

XKC]  t ( ~  d ( g / c m a )  XKm t ( ~  d ( g / e m S )  

0.000 450 2.457 0.452 453 2.150 
503 2.434 494 2.120 
555 2.405 540 2.094 
593 2.390 591 2.058 
637 2.360 645 2.022 

0.094 462 2.399 0.639 442 2.007 
506 2.377 498 1.974 
548 2.351 554 1.939 
602 2.323 612 1.906 
674 2.283 658 1.876 

0.158 454 2.369 0.698 447 1.950 
462 2.367 500 1.917 
486 2.349 547 1.888 
504 2.334 596 1.857 
554 2.304 649 1.830 
598 2.276 
646 2.249 0.811 688 1.687 
660 2.242 715 1.672 

0.313 451 2.261 
500 2.228 
548 2.201 
603 2.170 
661 2.131 
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Fig. 3. Equivalent conductivity in the system KCI-ZnCI~ 
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Fig. 4. Experimental heats of activation in the system KC(-ZnCI~ 

posi t ions w e r e  d e t e r m i n e d  by i n t e rpo l a t i on  on the  
g r aph  of dens i ty  vs. compos i t ion  at cons tan t  t e m p e r -  
a ture .  The  i so the rms  are  s o m e w h a t  " S "  shaped.  
T h e y  d e v i a t e  s l igh t ly  f r o m  add i t i v i t y  in a pos i t ive  

TABLE II. Equivalent conductivity in the system KCI-ZnCI2 
equivalent conductivity at different temperatures (~ 

XKCZ 650  ~ 6 2 5 ~  600*  575*  5 5 0 "  525  ~ 5 0 0  ~ 475*  

0.000 10.55 8.80 7.23 5.78 4.51 3.43 2.50 1.76 
0.080 17.81 15.66 13.58 11.73 10.00 8.41 6.90 5.60 
0.176 23.26 21.08 19.06 17.06 15.08 13.25 11.67 10.01 
0.284 32.52 30.29 28.24 26.13 23.81 21.61 19.39 17.28 
0.395 35.58 33.33 31.13 28.87 26.61 24.38 22.39 20.11 
0.506 39.97 37.61 35.13 32.75 30.33 27.83 25.41 22.88 
0.582 41.77 39.08 36.71 34.18 31.64 29.15 26.69 24.19 
0.670 45.51 42.43 39.52 36.82 33.95 31.22 28.57 25.97 
0.722 48.64 45.45 42.40 39.33 36.16 33.00 29.87 26.36 
0.790 53.60 * * * * * * * 

* T h i s  t e m p e r a t u r e  i s  b e l o w  t h e  l i q u i d u s  o n  
p o s i t i o n  d i a g r a m .  

a t e m p e r a t u r e - c a m -  

di rec t ion  a t  low KC1 concen t ra t ions  and h a v e  the  
sugges t ion  of a n e g a t i v e  dev i a t i on  at low ZnCI~ con-  
cent ra t ions .  The  m a x i m u m  r e l a t i v e  e r ro r  for  the  
dens i t ies  is ----- 6 X 10-'. 

I so the rms  of e q u i v a l e n t  conduc t i v i t y  (Tab le  II  
and Fig.  3) c o n s e q u e n t l y  look m u c h  l ike  those  of 
specific conduc t iv i ty .  N e g a t i v e  ,deviat ions become  
no t i ceab le  at a KC1 m o l e  f r ac t ion  of about  0.30 and 
r each  a m a x i m u m  at  about  0.71, co r r e spond ing  
c losely  to t he  compos i t ion  2KC1 �9 ZnCI~. The  m a x i -  
m u m  r e l a t i v e  e r r o r  is • 0.0054. 

E x p e r i m e n t a l  hea t s  of ac t i va t i on  for  ionic  m i g r a -  
t ion c o m p u t e d  f r o m  the  A r r h e n i u s  equa t ion ,  t~ = 
A . e x p  (--AHt/RT), change  on ly  s l igh t ly  in the  
r ange  of KC1 mole  f r ac t ion  f r o m  1.0 to 0.3, and do so 
in an a p p r o x i m a t e l y  l i nea r  m a n n e r  (Fig.  4).  A t  the  
l a t t e r  concen t ra t ion ,  t he  ac t i va t i on  e n e r g y  begins  a 
r ap id  r ise  to t h e  l i m i t i n g  v a l u e  for  p u r e  ZnCI~. The  
m a x i m u m  r e l a t i v e  e r ro r  is --+0.025. 

T h e  l a rge  n e g a t i v e  dev i a t i on  f r o m  a d d i t i v i t y  e x -  
h ib i t ed  by i so the rms  of e q u i v a l e n t  conduc t i v i t y  and 
the  m a x i m u m  n e g a t i v e  dev i a t i on  occur r ing  in the  
n e i g h b o r h o o d  of the  compos i t ion  co r r e spond ing  to 
2KC1 �9 ZnCI~ a re  both  in a g r e e m e n t  w i t h  t he  p r o -  
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posals of Bloom and  H e y m a n n .  Recent  w o r k  by  Duke  
and  La i ty  (10) assigns ionic t r a n s p o r t  n u m b e r s  t .  
and  t_ of 0.25 and  0.'75, respect ively ,  in  lead (II)  
chloride at 565~ These resul t s  l end  e x p e r i m e n t a l  
suppor t  to ear l ie r  predic t ions  of a n u m b e r  of au thors  
tha t  a lka l i  hal ides  are; p r e d o m i n a n t l y  cat ionic  con-  
ductors,  whi le  in  the  a lka l i ne  ea r th  halides,  the 
anions  ca r ry  a l a rge r  share  of the  cur ren t .  In  the  
sys tem KCI-ZnCI~, K* domina tes  the  e q u i v a l e n t  con-  
duc t iv i ty  and  ac t iva t ion  ene rgy  for p u r e  KC1 whi le  
C1- does the  same for pu re  ZnC12. A n  in t e re s t ing  p ro -  
posal  is tha t  K + domina tes  for the m i x t u r e  in the  KC1 
mole  f rac t ion  r ange  be tween  0.3 and  1.0, wh i l e  C1- 
begins  to become i m p o r t a n t  at mole f rac t ion  0.3, i n -  
c reas ing ly  d o m i n a t i n g  these  proper t ies  of the  m i x -  
tu re  f rom mole  f rac t ion  0.3 to 0.0. This proposal  
m u s t  be  r ega rded  as pu re  specula t ion,  however ,  
s ince a requis i te  for a t t e m p t i n g  any  fu r t he r  signifi-  
can t  discussion of the  ac t iva t ion  ene rgy  i so therms  is 
the ava i l ab i l i t y  of da ta  on the t r an spo r t  n u m b e r s  of 
the  ions at d i f ferent  composit ions.  

Manuscript  received Ju ly  2, 1956. Contr ibut ion No. 
502. Work was performed in the Ames Lab. of the 
A.E.C. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1957 
JOURNAL. 
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ABSTRACT 

For  or ienta t ion purposes  a br ie f  rev iew of the  mean ing  of the  poten t ia l  of 
an electrode,  first p roposed  by  Lewis  and adopted  by  most  Amer i can  phys ica l  
chemists, is given. A definit ion of the  potent ia l  of an electrode,  bas ica l ly  dif- 
fe rent  f rom those of Lewis  and of Gibbs, is developed on the  basis of the  
t he rmodynamic  analysis  of condit ions exist ing in an e lec t rode  sys tem (half-  
cell) at  equi l ibr ium.  I t  is shown tha t  the pa r t i a l  mola l  f ree  energy  (chemical  
potent ia l )  of the electrons in the  e lect rode of an e lect rode sys tem at equ i l ib r ium 
provides  a meaningfu l  definit ion of the  poten t ia l  of an electrode.  I t  is suggested 
that  the potent ia l  of an electrode,  so defined, be des ignated  as the  "elect ron 
chemical  potent ia l"  of the  electrode,  in volts. The value  of the  e lec t ron chem- 
ical po ten t ia l  of an electrode, so defined, is shown (a) to be invar ian t  in sign 
as is tha t  of the  Gibbs potent ia l ,  and (b) to be equal  in magni tude  and opposite 
in sign to that  of the  Gibbs potent ia l .  A jus t i f ica t ion for  the use of both  of 
these definitions of an electrode potent ial ,  and therefore  of two sign conven- 
tions, is presented.  

I t  is we l l  k n o w n  tha t ,  a t  p resen t ,  t h e r e  is a l a ck  
of u n i f o r m i t y  a m o n g  chemis t s  in  t he  s ign  conve n t i on  
used  in t he  d e s i g n a t i o n  of t he  va lue s  of t he  p o t e n -  
t i a l s  o f  e lec t rodes .  Also  the  t e r m  "po t en t i a l , "  as a p -  
p l i ed  to e lec t rodes ,  has,  in genera l ,  b e e n  used  s o m e -  
w h a t  i nde f in i t e ly  and  w i t h  d i f fe ren t  m e a n i n g s  b y  
d i f f e ren t  au thors ,  a n d  in some cases  b y  the  s ame  
au thor ,  in t r e a t i n g  th i s  sub jec t .  E v e n  the  t e r m i -  
no logy  used,  e spec i a l l y  b y  A m e r i c a n  p h y s i c a l  c h e m -  
ists, is qu i t e  va r i ed .  R e f e r e n c e  to t h e  mos t  r e c e n t  
ed i t ions  of A m e r i c a n  t e x t b o o k s  w h i c h  t r e a t  th is  s u b -  
j ec t  w i l l  s u b s t a n t i a t e  th is  s t a t e m e n t  (1) .  

The  n e w  def in i t ion  of t h e  p o t e n t i a l  of an  e l ec t rode  
d e v e l o p e d  in  th is  p a p e r ,  a long  w i t h  t h e  d e r i v a t i o n  
of i ts  r e l a t i o n  to t he  p o t e n t i a l  of an  e l e c t r o d e  ( the  
G ibbs  p o t e n t i a l )  as  def ined  a n d  used  b y  e l e c t r o -  
chemis ts ,  mos t  E u r o p e a n  chemis t s  a n d  m a n y  A m e r i -  
can  b io log ica l  and  a n a l y t i c a l  chemis ts ,  may ,  i t  is 
hoped,  be  h e l p f u l  in  r e m o v i n g  s o m e  of the  confus ion  
now ex i s t ing  a m o n g  chemis t s  r e g a r d i n g  this  subjec t .  
The  bas ic  t h e r m o d y n a m i c  a n d  e l ec t ro s t a t i c  p r i n -  
c ip les  i n v o l v e d  a re  known ,  the  l a t t e r  less w e l l  t h a n  
the  fo rmer .  

The meaning of electrode potentials as defined 
and used by Lewis  and Randall (2) (referred to as 
the Lewis  potent ia l ) . - -The  def in i t ion  of an  "e l ec -  
t r o d e  po t en t i a l , "  as g iven  b y  these  au thors ,  is the  
one  a d o p t e d  and  used  b y  mos t  A m e r i c a n  p h y s i c a l  
chemis ts .  This  u sage  has  b e e n  m o r e  f i rmly  e s t a b -  
l i shed  b y  i ts  adop t ion  in the  w e l l - k n o w n  book  b y  

L a t i m e r  (3) .  The  m e a n i n g  of an  " e l e c t r o d e  p o t e n -  
t i a l "  acco rd ing  to Lewis  and  R a n d a l l  ( to be  s y m -  
bo l ized  b y  E)  is g iven  in  t h e  fo l lowing  quo t a t i on :  
"Thus  if we  a re  cons ide r ing  the  j u n c t i o n  a t  an  e lec -  
t rode ,  w e  m a y  r e p r e s e n t  th is  j u n c t i o n b y  the  e x p r e s -  
s ion:  e lec t rode ,  e l ec t ro ly t e .  W e  then  say  t h a t  t he  
s ingle  p o t e n t i a l  m e a s u r e s  t he  t e n d e n c y  for  n e g a t i v e  
e l ec t r i c i t y  to pass  f rom r i g h t  to left ,  t h a t  is f r om the  
e l e c t r o l y t e  to the  e lec t rode .  On the  o t h e r  hand ,  w e  
m a y  e xp re s s  the  j u n c t i o n  as: e l ec t ro ly t e ,  e lec t rode .  
H e r e  a g a i n  t he  p o t e n t i a l  m e a s u r e s  the  t e n d e n c y  of 
the  n e g a t i v e  c u r r e n t  to pass  f rom r i g h t  to left .  I t  
has  t he  s a m e  m a g n i t u d e  as before ,  b u t  t he  oppos i t e  
s ign."  

The  au tho r s '  i n t e r p r e t a t i o n  of th i s  s t a t e m e n t  
(quo ted  above )  m a y  be  mos t  c l e a r l y  g iven  b y  a 
s imple  i l l u s t r a t i on .  Cons ide r  the  junc t ion ,  Zn;  so lu-  
t ion  c on t a in ing  Zn § The  pa s sa ge  of n e g a t i v e  e lec -  
t r i c i t y  f rom r i g h t  to le f t  i nvo lves  t he  c h a n g e  of Zn 
to Zn ++. The  change  in s t a t e  ( p e r  f a r a d a y ) ,  w h i c h  
L e w i s  and  R a n d a l l  c o r r e l a t e  w i t h  th is  junc t ion ,  is 
f o r m u l a t e d  

1/'2 Zn-+ ~ Zn ++ + e- (I) 

I t  is u n d e r s t o o d  t h a t  t he  t h e r m o d y n a m i c  s t a t e  of t he  
Zn is t h a t  of p u r e  so l id  Zn a n d  t h a t  of Zn ++ is t h a t  
d e t e r m i n e d  b y  the  compos i t i on  of t he  solu t ion .  The  
s t a t e  of t he  e l e c t r o n  subs t ance  is t h a t  of t he  e lec -  
t rons  in  t he  e l e c t r o d e  of t he  def ined  s t a n d a r d  h y d r o -  
gen e l e c t r o d e  sy s t em at  e q u i l i b r i u m .  Tha t  th is  is 
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the  s t a t e  of e l ec t rons  in  a l l  such f o r m u l a t i o n s  of  
h a l f - r e a c t i o n s  is a consequence  of the  fac t  t h a t  t he  
autb.ors a ss ign  a r b i t r a r i l y  t he  va lue ,  zero,  for  t he  AF 
( c h a n g e  in f r ee  e n e r g y )  a c c o m p a n y i n g  t h e  change  

1/2 H~ (ss)  -~ H § (ss)  ~ e- ( in  t he  e l ec t rode  a t  

e q u i l i b r i u m )  ( I I )  

w h e r e  (ss)  deno tes  the  h y p o t h e t i c a l  s t a n d a r d  s ta te .  
The  E of t he  Zn, Zn ++ j u n c t i o n  is t hen  def ined  b y  the  
r e l a t i o n  

E = - -  AF /F  ( I I I )  

w h e r e  AF is the  c h a n g e  in f ree  e n e r g y  a c c o m p a n y i n g  
the  change  f o r m u l a t e d  in  r e a c t i o n  ( I )  a b o v e  and  F 
r e p r e s e n t s  t he  f a r a d a y .  I t  shou ld  be  no ted  t h a t  th is  
AF is no t  t he  AF a c c o m p a n y i n g  the  change  

I/2 Zn ~ 1/2 Zn §247 + e ( in  the  Zn e l ec t rode  a f t e r  
con tac t  w i t h  the  solu t ion ,  i.e., a t  e q u i l i b r i u m )  ( IV)  

for  the  v a l u e  of th is  l a t t e r  •  w o u l d  obv ious ly  be  
zero. 

N o w  if the  j u n c t i o n  is w r i t t e n  in  the  r e v e r s e  
d i rec t ion ,  viz., so lu t ion  con t a in ing  Zn++; Zn, the  p a s -  
sage of n e g a t i v e  e l ec t r i c i t y  f rom r i g h t  to l e f t  is 
c o r r e l a t e d  w i t h  a change  in s t a t e  w h i c h  is t he  r e -  
ve r se  of t h a t  of r e a c t i o n  ( I ) .  The  E a s c r i b e d  to  th is  
j u n c t i o n  w o u l d  t h e r e f o r e  be equa l  in  a b s o l u t e  v a l u e  
bu t  oppos i t e  in s ign  to t h a t  of the  junc t ion ,  Zn;  so lu-  
t ion c o n t a i n i n g  Zn  §247 

A c c o r d i n g  to t he  conven t i on  r e g a r d i n g  the  emf  of 
a vo l t a i c  cel l  [f irst  a d o p t e d  b y  L e w i s  a n d  R a n d a l l  
(1)  and  u f i i ve r sa l l y  a c c e p t e d ]  i t  fo l lows  t h a t  t h e  
v a l u e  of E for  the  junc t ion ,  Zn;  so lu t ion  con t a in ing  
Zn §247 is r e l a t e d  to the  ~F  a c c o m p a n y i n g  the  i so-  
t h e r m a l  c h a n g e  

1/2 Zn + H § (ss)  -~, ~ Zn ~§ ( in  the  so lu t ion)  
+ I/2 H~. (ss)  (V) 

by the equation 
E = - -  ~ F / F  ( I l l )  

The  s t a n d a r d  E - v a l u e  of th is  junc t ion ,  s y m b o l i z e d  
E ~ r e f e r s  to t he  E - v a l u e  w h e n  the  Zn and  the  Zn ++ 
a re  also in t he i r  s t a n d a r d  s ta tes  and  is e q u a l  to 
+0.76  v. The  E ~  t a b u l a t e d  b y  L e w i s  a n d  
R a n d a l l  (2)  and  b y  L a t i m e r  (3)  a r e  g iven  the  s ign  
c o r r e s p o n d i n g  to t h e  j unc t ion :  e l ec t rode ,  e l ec t ro ly t e .  

The  e l e c t r o m o t i v e  force  of a n y  vo l t a i c  ce11, as 
f o r m u l a t e d ,  is t hen  equa l  to E~ft + E,~ht, w h e r e  
E, .~  is t ha t  of t he  j u n c t i o n  (e lec t rode ,  e l e c t r o -  
l y t e )  ,,,t, a n d  Eri~ht is t ha t  of the  j u n c t i o n  ( e l ec t ro ly t e ,  
e l e c t rode )  ~ ~,~. 

Use of the  t e r m  " j u n c t i o n "  b y  t h e s e  a u t h o r s  m a y  
be  m i s l e a d i n g  s ince  changes  in s t a t e  c o n s i d e r e d  in 
def in ing  E m a y  be  m i s i n t e r p r e t e d  to p e r t a i n  to those  
changes  w h e n  a l l  the  subs t ances  in t h e  h a l f - r e a c t i o n s  
( i n c l u d i n g  the  e l ec t rons )  a r e  in the  s ta tes  ex i s t i ng  
a f t e r  con tac t  ( j u n c t i o n )  b e t w e e n  the  e l e c t r o d e  and  
e l e c t r o l y t e  is made ,  i.e., a f t e r  e q u i l i b r i u m  exis t s  in 
the  e l e c t r o d e  sys tem.  This  i n t e r p r e t a t i o n  is o b v i -  
ous ly  not  cor rec t .  The  E of L e w i s  a n d  R a n d a l l  (2)  
has  been  m o r e  fu l ly  d i scussed  b y  de B~ thune  (4) .  
He  de s igna t e s  E as the  " h a l f - c e l l  E.M.F. ,"  a n a m e  
w h i c h  is g e n e r a l l y  w e l l - a c c e p t e d .  

Use of the  t e r m  " 'po ten t ia l . " - - I t  seems  p r o b a b l e  
t ha t  some of the  confus ion  n o w  ex i s t ing  r e g a r d i n g  
the  p o t e n t i a l s  of e l e c t rode s  a r i ses  f r o m  the  fac t  t h a t  
the  t e r m  " p o t e n t i a l "  has  been  used  a m b i g u o u s l y  
qu i t e  o f t en  in  the  t r e a t m e n t  of th is  subjec t .  I t  m a y  
be  n o t e d  t h a t  L e w i s  and  R a n d a l l  (2)  (see  p. 402) 
cons ide r  " p o t e n t i a l "  to be  s y n o n y m o u s  w i t h  t he  
" e l e c t r o m o t i v e  force ,"  E, as t h e y  def ine  it. This  does 
no t  c on fo rm w i t h  the  w e l l - a c c e p t e d  use  of these  
t e rms .  F o r  t he  t e r m  " p o t e n t i a l "  to h a v e  p rec i se  
m e a n i n g  i t  m u s t  a p p l y  to some def in i te  p o i n t  or  
phase ,  not  to a j u n c t i o n  b e t w e e n  two  phases .  This  
is t r u e  w h e t h e r  i t  is def ined  in  an  e l ec t ro s t a t i c  sense  
or  in a t h e r m o d y n a m i c  sense.  

T h e r m o d y n a m i c  basis for  a n e w  def ini t ion of  the  
po ten t ia l  of  an e lec trode  and i ts  re la t ion  to the  
Gibbs  e lec trode  po ten t ia l  (4b) . - - -Accord ing  to g e n -  
e r a l l y  accep t ed  v iews,  w h e n  two  d i f fe ren t  u n -  
c h a r g e d  m e d i a  ( p h a s e s ) ,  c on t a in ing  c h a r g e d  species,  
ions, a n d / o r  e lec t rons ,  a r e  b r o u g h t  in to  contact ,  a 
p r a c t i c a l l y  i n s t a n t a n e o u s  flow ( t h r o u g h  the  i n t e r -  
face)  of those  c h a r g e d  species ,  w h i c h  the  two  m e d i a  
have  in common,  wi l l  occur  in  t he  e s t a b l i s h m e n t  of 
e q u i l i b r i u m  b e t w e e n  the  two  med ia .  The  r e s u l t a n t  
q u a n t i t y  of pos i t i ve  cha rge  t r a n s f e r r e d  in  one  d i r e c -  
t ion  (or  of n e g a t i v e  c h a r g e  in the  o t h e r )  can  be  
s h o w n  to be  in f in i t e s ima l  (5 ) ;  so i n f in i t e s ima l  t h a t  
t he  change  in  the  compos i t i on  of each  of t he  two  
m e d i a  due  to th i s  t r a n s f e r  is e n t i r e l y  neg l ig ib le .  As  
an  i l l u s t r a t i on ,  cons ide r  a p iece  of u n c h a r g e d  Cu and  
one of u n c h a r g e d  Zn ( b o t h  a t  t he  s ame  t e m p e r a t u r e  
a n d  p r e s s u r e )  each  conce ived  to consis t  of u n c h a r g e d  
m e t a l  a toms,  pos i t i ve  ions, a n d  e lec t rons .  On con-  
t ac t  a s p o n t a n e o u s  and  p r a c t i c a l l y  i n s t a n t a n e o u s  
flow of e l ec t rons  f rom the  Zn to t he  Cu wi l l  occur  
in  t h e  a t t a i n m e n t  of e q u i l i b r i u m  b e t w e e n  the  two  
meta l s .  T h e r m o d y n a m i c a l l y  i t  fo l lows  t h a t  the  
c h e m i c a l  po t en t i a l ,  ~ - , o r  m o r e  spec i f ica l ly  in  th i s  

case, the  p a r t i a l  mo la l  f r ee  ene rgy ,  F~-, of t he  e l ec -  
t rons  [ ca l l ed  the  e l e c t r o c h e m i c a l  p o t e n t i a l  of t he  
e l ec t rons  b y  G u g g e n h e i m  (6) ,  and  the  e l ec t ron  
p o t e n t i a l  b y  E a s t m a n  a n d  Rol le f son  ( 7 ) ]  is g r e a t e r  
in  t he  u n c h a r g e d  Zn  t h a n  in  the  u n c h a r g e d  Cu. 
These  two p a r t i a l  m o l a l  f ree  ene rg ie s  become  equa l  
a f t e r  contact ,  i.e., a f t e r  e q u i l i b r i u m  is a t t a ined .  

Br ief ly  (F'-~-)z. > (F~-)cu p r i o r  to con tac t  and  (-F~-)z. 

= (Fo-)c,  a f t e r  contact .  R e s t a t e d  in  t h e  t e r m i n o l o g y  
of L e w i s  (see  Ref. 2, C h a p t e r  X V I )  th is  m e a n s  t h a t  
the  e scap ing  t e n d e n c y  of e l ec t rons  f rom u n c h a r g e d  
Zn is g r e a t e r  t h a n  the  e scap ing  tendencY of e lec -  
t rons  f rom u n c h a r g e d  Cu, each  at  t he  s a m e  t e m -  
p e r a t u r e  and  p res su re .  

In  de sc r i b ing  the  e q u i l i b r i u m  cond i t ion  ex i s t i ng  
b e t w e e n  Cu and  Zn a f t e r  contact ,  i t  is o f t en  sa id  
t ha t  the  e l ec t ro s t a t i c  p o t e n t i a l  of t h e  Zn  is g r e a t e r  
t h a n  t ha t  of Cu, m e a n i n g  b y  this  s t a t e m e n t  t ha t  the  
e l ec t ro s t a t i c  p o t e n t i a l  a t  a n y  po in t  w i t h i n  t he  Zn is 
g r e a t e r  t h a n  i t  is a t  a n y  point '  w i t h i n  t he  Cu. l i t  
shou ld  be  n o t e d  t h a t  th is  p o t e n t i a l  d i f fe rence  shou ld  
no t  be  iden t i f i ed  w i t h  t he  "Vo l t a "  or  "con tac t  p o t e n -  
t i a l  d i f f e rence"  (see  Ref. (5a ) ,  p. 336) . ]  Tha t  th is  
d e s c r i p t i o n  has  no p h y s i c a l  s igni f icance  has  no t  been  
g e n e r a l l y  rea l i zed .  A p r i n c i p a l  of e l ec t ros t a t i c s  
e n u n c i a t e d  in 1899 b y  G i b b s  (8)  jus t i f ies  th i s  con-  
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clusion.  H e  wro te ,  "Aga in ,  t he  c o n s i d e r a t i o n  of the  
e l ec t r i ca l  p o t e n t i a l  in  the  e l ec t ro ly t e ,  and  e spe c i a l l y  
t he  cons ide r a t i on  of the  d i f fe rence  of p o t e n t i a l  in 
e l e c t r o l y t e  and  e lec t rode ,  i n v o l v e  the  cons ide r a t i on  
of q u a n t i t i e s  of w h i c h  w e  h a v e  no a p p a r e n t  m e a n s  
of p h y s i c a l  m e a s u r e m e n t ,  w h i l e  t he  d i f fe rence  of 
p o t e n t i a l  in  'p ieces  of m e t a l  of the  s a m e  k i n d  a t -  
t a c h e d  to t he  e l ec t rodes '  is e x a c t l y  one  of the  t h ings  
w h i c h  w e  can  and  do m e a s u r e . "  In  1929 G u g g e n h e i m  
(6) r e d i s c o v e r e d  th is  p r i n c i p l e  and  b r o u g h t  i t  to the  
a t t e n t i o n  of p h y s i c a l  sc ient is ts .  He  r e f o r m u l a t e d  the  
p r i n c i p l e  as fo l lows:  '. 'The e lec t r i c  p o t e n t i a l - d i f f e r -  
ence b e t w e e n  two  po in t s  in  d i f fe ren t  m e d i a  c a n  
n e v e r  be  m e a s u r e d  a n d  has  no t  y e t  b e e n  def ined  in 
t e r m s  of p h y s i c a l  r ea l i t i e s .  I t  is t h e r e f o r e  a concep -  
t ion  w h i c h  has  no p h y s i c a l  s ignif icance ."  T h e r e  is 
no d o u b t  t ha t  t he  a b a n d o n m e n t  of t he  use  of such  
a concep t ion  in  d i scuss ing  e l ec t rode  sy s t ems  a n d  
vo l ta ic  cel ls  is  i m p e r a t i v e  if  confus ion  a n d  m i s l e a d -  
ing  t e r m i n o l o g y  a re  to be  avo ided .  I f  one cons ide r s  
t h a t  one p iece  of t he  m e t a l  M (to be  used  in  con-  
nec t ing  the  e l ec t rodes  of a vo l t a i c  ce l l ) ,  i s ' c o n n e c t e d  
w i t h  one  of t he  e l ec t rodes  and  a n o t h e r  p iece  of M 
w i t h  the  o ther ,  t hen  i t  is p h y s i c a l l y  m e a n i n g f u l  to 
r e f e r  to t he  e l ec t ro s t a t i c  p o t e n t i a l  d i f fe rence  b e -  
t w e e n  t h e s e  two  p ieces  of M. (The  n a t u r e  of M is 
i m m a t e r i a l . )  This  t h e n  is t he  on ly  m e a n i n g  t h a t  
" t he  e l ec t ro s t a t i c  d i f fe rence  in  p o t e n t i a l  b e t w e e n  
two  e l ec t rodes"  can  have .  

E x a m p l e  of the  two  g e n e r a l  t y p e s  of e l ec t rode  
sys tems  m a y  n o w  be  ana lyzed .  F i r s t ,  cons ide r  a 
p iece  of Zn  a n d  a so lu t ion  con t a in ing  a Zn sa l t .  On  
d i p p i n g  Zn  in to  t h e  so lu t ion ,  e q u i l i b r i u m  is e s t a b -  
l i shed  b e t w e e n  the  Zn and  the  solut ion,  and  also 
w i t h i n  the  m e t a l l i c  Zn. The  fo l lowing  t h e r m o -  
d y n a m i c  r e l a t i ons  wi l l  t hen  a p p l y :  

(F'za++) in the z. = (Fgrt++) . . . . . . . . . . . . . .  (VI )  

and  w i t h i n  t he  Zn 

( . )  = F . . . .  ) , .  ,~, z. + 2 ( F 6 - )  . . . . . . .  (VI I )  

w h e r e  Fz. r e p r e s e n t s  t h e  m o l a l  f r ee  e n e r g y  of p u r e  
Zn. 

S ince  a t  a g iven  t e m p e r a t u r e  a n d  p r e s s u r e  t he  

v a l u e  of t he  m o l a l  f r ee  e n e r g y  of Zn, ~z,, is f ixed, 

and  s ince  t he  v a l u e  of Fz,++ in t he  m e t a l  is d e t e r -  

m i n e d  b y  ( a n d  e q u a l  to)  the  v a l u e  of F~,++ in t he  

solut ion,  i t  fo l lows  t h a t  the  v a l u e  of F'~- in  t he  Zn  
is d e t e r m i n e d  by  the  compos i t i on  of t he  so lu t ion  of 
the  Zn  sal t .  

I t  shou ld  be  n o t e d  t h a t  even  t h o u g h  the  d e s c r i p -  
t ion  of t he  e q u i l i b r i u m  cond i t ions  has  been  g iven  in 
t e r m s  of t he  f ic t i t ious  e l e c t r o c h e m i c a l  po ten t i a l s ,  

F~,,++ a n d  F~-, n e v e r t h e l e s s  on ly  l i n e a r  c o m b i n a t i o n s  
of these,  w h i c h  a p p e a r  in the  t r e a t m e n t  of vo l t a i c  
cells,  a r e  de f inab le  in  t e r m s  of p h y s i c a l  rea l i t i es .  

A second  g e n e r a l  t y p e  of e l e c t r o d e  s y s t e m  is one  
in w h i c h  the  m e t a l l i c  e l ec t rode  is no t  one  of the  
c h e m i c a l  r e a c t a n t s  or  p r o d u c t s  of t he  h a l f - r e a c t i o n  
invo lved .  The  h y d r o g e n  e l ec t rode  s y s t e m  is an  
e x a m p l e  of t h i s  type .  A n o t h e r ,  m o r e  s i m p l y  a n a l y z -  

able ,  is the  f e r r o u s - f e r r i c  e l ec t rode  sys tem.  Con-  
s ide r  a p iece  of P t  (or  o t h e r  s u i t a b l e  n o b l e  m e t a l )  
d i p p i n g  into  a so lu t ion  c on t a in ing  f e r rous  a n d  f e r r i c  
sal ts .  In  th is  case  t he  e q u i l i b r i u m  cond i t i on  is d e -  
s c r i be d  b y  the  r e l a t i o n  

( F  . . . .  ) = (F~ . . . .  ) + ( 7 6 - ) , .  ~~ e,eet ..... (VI I I )  

I t  iS seen  t h a t  the  e l e c t r o c h e m i c a l  p o t e n t i a l  of t he  

e lec t rons ,  F~-, in  t h e  m e t a l  e l e c t r o d e  is d e t e r m i n e d  
b y  the  compos i t i on  of t he  solu t ion ,  i.e., b y  the  va lue s  

of FF . . . .  a n d  of FFo++ in  the  solut ion.  
I t  fo l lows  tha t ,  in  genera l ,  t he  v a l u e  of t he  p a r t i a l  

m o l a l  f ree  e n e r g y  of the  e lec t rons ,  F,-,  in  t h e  e l ec -  
t r o d e  of a n y  e l ec t rode  s y s t e m  a t  e q u i l i b r i u m  is 
d e t e r m i n e d  b y  the '  t e n d e n c y  of t he  subs t ances  con-  
s t i t u t i ng  the  r e d u c e d  s ta te  to change  to t he  s u b -  
s tances ,  Cons t i tu t ing  the  ox id i zed  s ta te ,  and  to e lec -  
t rons  in  the  s t a t e  in  w h i c h  t h e y  ex i s t  in  t h e  h y d r o -  
gen  e l e c t r o d e  in  t he  s t a n d a r d  h y d r o g e n  e l ec t rode  
s y s t e m  at  e q u i l i b r i u m .  The  g r e a t e r  t he  t e n d e n c y  for  
th is  change  to occur,  t ha t  is the  g r e a t e r  t he  dec rease  
in  f r ee  e n e r g y  ( - -AF)  a c c o m p a n y i n g  th is  change ,  

the  g r e a t e r  w i l l  be  the  v a l u e  of F~- in  t h e  m e t a l  
e l ec t rode  of t h a t  e l ec t rode  s y s t e m  a t  e q u i l i b r i u m .  
In  t e r m s  c o m m o n l y  used,  i t  m a y  be  sa id  t h a t  t he  
g r e a t e r  the  s t r e n g t h  of the  r e d u c e d  s ta te ,  as a r e -  

duc ing  agent ,  the  g r e a t e r  w i l l  be  t h e  v a l u e  of Fe- in  
the  e lec t rode .  

In  o r d e r  to g ive  a v a l u e  to the  F~ in t he  e l e c t r o d e  
of a n y  e l ec t rode  s y s t e m  a t  e q u i l i b r i u m ,  i t  is neces -  

s a r y  to ass ign  a r b i t r a r i l y  t he  v a l u e  zero  to t he  F , -  
in  t he  e l ec t rode  of a specif ied e l e c t r o d e  s y s t e m  at  
e q u i l i b r i u m .  This  is n e c e s s a r y  s ince  on ly  d i f fe rences  

in  Fo- -va lues  a r e  p h y s i c a l l y  m e a s u r a b l e .  I t  has  been  

u n i v e r s a l l y  a g r e e d  to ass ign  z e r o - v a l u e  to t he  Fo- of  
the  e l ec t rons  in the  m e t a l  e l e c t r o d e  ( P t  g e n e r a l l y  
u sed )  w h e n  i t  is in  e q u i l i b r i u m  w i t h  h y d r o g e n  gas  
a n d  h y d r o g e n  ion, each  in  t h e i r  def ined  s t a n d a r d  
s ta tes ,  t he  l a t t e r  in  aqueous  solut ion .  This  m e a n s  
tha t ,  a cco rd ing  to t he  L e w i s  t e rmino logy ,  t h e  f u g a c -  
i ty  of e l ec t rons  in  th is  e l e c t r o d e  is t a k e n  as un i ty .  

A vo l t a i c  cel l  in  w h i c h  the  on ly  s ign i f ican t  changes  
in f ree  e n e r g y  a c c o m p a n y i n g  the  r e v e r s i b l e  i so -  
t h e r m a l  flow of e l ec t r i c i t y  t h r o u g h  the  ce l l  a r e  those  
o c c u r r i n g  w i t h i n  t he  two  e l e c t r o d e  s y s t e m s  m a y  b e  
f o r m u l a t e d  

E l e c t r o d e  s y s t e m  (1), E l e c t r o d e  s y s t e m  ( r )  (A)  

w h e r e  1 and  r d e s i g n a t e  t he  s y s t e m  on the  l e f t  a n d  
the  one on the  r igh t ,  r e s p e c t i v e l y .  W h e n  r e f e r r i n g  
to the  p o t e n t i a l  ( e l e c t ro s t a t i c )  d i f f e rence  b e t w e e n  
the  two  e lec t rodes ,  i t  is r e c a l l e d  tha t ,  to  h a v e  i n e a n -  
ing,  th is  m u s t  r e f e r  to t he  p o t e n t i a l  d i f fe rence  b e -  
t w e e n  the  two  p ieces  of me ta l ,  M ( u s u a l l y  Cu) ,  
w h i c h  a r e  c ons ide r e d  to be  a t t a c h e d  to t h e  two  e lec-  
t rodes ,  r e spec t ive ly .  

Cons ide r  a r e v e r s i b l e  t r a n s f e r  of e l ec t rons  t h r o u g h  
M f r o m  the  le f t  e l e c t r o d e  to the  one  on the  r ight .  
Th is  m a y  or  m a y  no t  be  t he  d i r ec t i on  in  w h i c h  t h e  
t r a n s f e r  of e l ec t rons  w i l l  occur  spon t aneous ly .  Such  
a t r a n s f e r  w i l l  be  a c c o m p a n i e d  b y  o x i d a t i o n  in  t he  
sy s t em on t h e  le f t  and  r e d u c t i o n  in t he  one  on the  
r ight .  
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The resul tan t  ( tota l )  chemical  change in the cell 
per  f a raday  passed is given by the general  expres -  
sion 

RdL -t- O x r - ~  Rdr q- Oxl ( I )  

where  each of the four symbols represents  one equi-  
valent  of each of the substances involved in the 
reduced and oxidized states of the respect ive elec- 
t rode systems at equi l ibr ium. This change in s ta te  
is the resul tan t  of the following three  s imultaneous 
changes in state:  

(a) Rd,--> Ox, + e- (in left  e lectrode)  
AF. = 0 

(b) e- (in left  e lect rode)  -~ e- (in r ight  e lectrode)  

aFb = (F--~-),-- (Fe-), 

(c) e- (in r ight  electrode)  + Oxr ~ Rd~ 
AF~ = 0 

It is seen that  AF~ H- AFb H- AF~ is equal  to the AF 
of the above resu l tan t  change in state, Eq. ( I ) ,  
which is thus given by 

AF = ( F ~ _ ) r -  (F~_)~ ( n )  

Now the l imi t ing ( revers ib le)  ava i lab le  work,  
W'~ .... p roduced dur ing  this i so thermal  t rans fe r  of 
electrons from the piec.e of metal ,  M, connected with  
the left  electrode, to the piece of metal ,  M, con- 
nected with  the r ight  electrode, is equal  to tha t  p ro-  
duced dur ing  the i so thermal  t ransfer  Of an equi-  
valent  quan t i ty  of posi t ive e lectr ic i ty  in the opposite 
direction, viz., f rom r ight  to left  through the ex-  
te rna l  circuit.  This quant i ty  of work,  in joules per  
f a raday  passed, is thus equal  to F ( V , -  V,),  where  
F is 96,491 coulombs and V~ --  V~ is expressed in 
volts. V, and V, are "the electrostat ic  potent ia ls  of 
the pieces of metal ,  M, connected to the r ight  and 
left  electrodes,  respect ively.  Therefore,  the decrease 
in free energy accompanying the reaction, Eq. ( I ) ,  
is given by 

-- t ,F = W'~,.. = F (V. - -  V,) ( I I I )  

and, from the relation:, Eq. (II)  

--hE ~ (/V_), _ (p~_)~ = F (V, --  VI) (IV) 

It  is seen tha t  if the ]process considered (electrons 
t r ans fe r red  from left  to r ight  through the ex te rna l  
circuit)  wi l l  occur spontaneously,  i.e., --AF > 0, then 

(g~-), is grea ter  than (Fo-), and V. is grea ter  than  
V,. The electrostat ic  potent ia l  difference, V, -- V~, 
the quan t i ty  d i rec t ly  measured  exper imenta l ly ,  is 
equal  in magni tude  and sign to the e lect romotive 
force of Cell A. It should be noted, however,  that  
Ir --  V1 is the difference in electrostat ic  potent ia l  
exist ing be tween  the two pieces of the metal ,  M, 
a t tached to the two electrodes,  respect ively,  and not 
that  be tween the two electrodes. The la t te r  has no 
physical  meaning.  

The di rec t  re la t ion  between the emf of any Cell A 
(symbolized by  Ec,,, , )  and the va lue  of ~F accom- 
panying  the reaction, represen ted  by Eq. ( I ) ,  

[ =  ( F ~ ) ~ - - ( F ~ - ) , ]  is of p r i m a r y  interes t  to many  
chemists. This re la t ion is obta ined by rea r rang ing  
Eq. (IV) to give 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  Apr i l  1957 

(F--~-), (g.-),  --~F 
E ~ , l l  ~ = - -  ( V l  - -  V r )  = - -  - -  

F F F 

(v )  

From this relat ion,  it  is appa ren t  that  the quant i ty  

F~-/F represents ,  for each electrode, an in tens ive-  
the rmodynamic  proper ty ,  whose value is de termined,  
as shown above, by the e lectrochemical  equi l ib r ium 
of the substances const i tut ing the oxidized state, 
those const i tut ing the reduced state, and the elec- 
t rons in the electrode. Differences be tween the values 
of this the rmodynamic  p rope r ty  for different  elec- 
t rode  systems de te rmine  the e lec t romot ive  forces of 
cells made  by combining any two electrode systems, 
as shown in Eq. (V).  This the rmodynamic  p rope r ty  
is a potential ,  in volts, and should be des ignated by 
an appropr ia te  name and symbol.  The symbol 
adopted here is the script  capi ta l  8, and it is sug- 
gested that  the quan t i ty  ~ ,  to be defined by the 
equation 

8, = (Fo- ) , /F  (VI) 

should be des ignated as the "electron chemical  
potent ia l"  of the ith electrode (in vol ts) .  This desig-  
nat ion seems meaningfu l  and unambiguous.  

The electron chemical  potent ia l  8 coincides in 
sign (and magni tude)  wi th  a quan t i ty  to which 
MacDougall  ( l c )  gave the  name, "electrode E.M.F." 
However,  in definition, the  two quant i t ies  are  funda-  
men ta l ly  different, since nothing is said in the defi- 
ni t ion of 8 about  the "potent ia l  difference be tween  
two phases" [Ref. ( l c ) ,  page 580], and the la t te r  
phrase  has been shown above to be devoid of phys i -  
cal significance. On the other  hand, the designat ions 
"electrode emf" and "ha l f -ce l l  emf" have  been 
much more commonly appl ied  to the E of Lewis and 
Randal l  (2),  a quan t i ty  which (as shown above)  
changes its sign when the ha l f -ce l l  d i ag ram and 
ha l f -ce l l  react ion are reversed,  viz., f rom electrode, 
e lectrolyte  to electrolyte,  electrode. Thus there  is 
justif ication for the new name "electron chemical  
potent ia l"  and for the new symbol  8 for the poten-  
t ia l  defined here. 

The emf of Cell A is then given by  

Ec,n a = g, --  ~r = - - (V,  --  V$) (VII)  

I t  may  be noted that  the sign of the value  of E o . l l  a 

thus obtained conforms to the convention regard ing  
the sign to be given to the  emf of a cell which has 
been recommended  by the Commission on Physico-  
Chemical  Symbols  and Terminology and the Com- 
mission on Elec t rochemis t ry  of the In te rna t iona l  
Union of Pure  and Appl ied  Chemis t ry  (9) meet ing 
in Stockholm in 1953. As previous ly  ment ioned this 
convention was or ig inal ly  adopted by  Lewis [see 
Ref. (2),  p. 390]. de Bfithune (4b) has given a 
thorough discussion of the recommendat ions  of these 
Commissions, and a va luable  synthesis of the elec- 
t rochemical  the rmodynamic  conventions of Nernst,  
Lewis  and Randall ,  together  wi th  those of the Stock-  
holm Commissions, and with  the the rmodynamic  
t r ea tmen t  of Gibbs. Also cer ta in  impor tan t  his tor ical  
facts per t inent  to the deve lopment  of this subject  
are to be found in this paper.  
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The  e l ec t ron  c h e m i c a l  p o t e n t i a l  of t he  e l e c t r o d e  
of a n y  e l e c t r o d e  s y s t e m  a t  e q u i l i b r i u m  m a y  n o w  be  
def ined  b y  the  r e l a t i o n  

E l e c t r o n  c h e m i c a l  p o t e n t i a l  of t h e  i t h  e l e c t r o d e  

= ~,  - -  ~~ ( V I I I )  

where 8~ refers to the electron chemical potent ia l  
of the  e l e c t r o d e  (P t )  in  e q u i l i b r i u m  w i t h  H~(g) a n d  
H+-Aq, each  in  t h e i r  def ined  s t a n d a r d  s ta tes .  The  
Gibbs  e l ec t rode  po ten t i a l ,  V, is def ined  b y  the  r e l a -  
t ion  

Gibbs  e l e c t r o d e  p o t e n t i a l  of t he  i t h  e l ec t rode  

= V, - -  V~ ( I X )  

w h e r e  the  V's r e p r e s e n t  t he  e l ec t ro s t a t i c  p o t e n t i a l s  
of t he  two  p ieces  of t he  me ta l ,  M ( to  be  u sed  in 
connec t ing  t h e  e l e c t r o d e s ) ,  a t t a c h e d  to each  of t he  
two m e t a l  e l ec t rodes  of t he  two  e l e c t r o d e  sy s t e ms  a t  
e q u i l i b r i u m .  

If  n o w  the  e l ec t rode  s y s t e m  on the  l e f t  in  t he  
Cei l  A ( f o r m u l a t e d  a b o v e )  is cons ide r ed  to be  a n y  
e l ec t rode  s y s t e m  and  the  one on the  r i g h t  to be  t he  
s t a n d a r d  h y d r o g e n  e l e c t r o d e  sys tem,  i t  fo l lows  f r o m  
Eq. ( V I I )  t h a t  

Eo~H = & - -  ~ ~  = - -  ( g ,  - -  V~ (X)  

S ince  ~%~ is a r b i t r a r i l y  t a k e n  as zero,  as  is also V%~, 
i t  fo l lows  t h a t  

~,  = - -  V ,  ( X I )  

I t  is t h e r e f o r e  e v i d e n t  t h a t  w h e n  the  p o t e n t i a l  of an  
e l ec t rode  is g i v e n  i ts  g - v a l u e ,  t h e  word ,  " p o t e n -  
t ia l , "  is u sed  in  a t h e r m o d y n a m i c  sense  in t h a t  i t  
r e f e r s  to t he  e l ec t ron  c h e m i c a l  p o t e n t i a l  of  the  e l ec -  
t rode .  W h e n  g i v e n  i ts  V - v a l u e ,  " p o t e n t i a l "  is d e -  
f ined in  i ts  e l ec t ro s t a t i c  sense  and  r e f e r s  to t he  p iece  
of connec t ing  me ta l ,  M, a t t a c h e d  to t he  e lec t rode .  
I t  is t he  l a t t e r  w h i c h  is r e f e r r e d  to b y  de  B 6 thune  
(4b)  as " t h e  G ibbs  e l e c t r o d e  p o t e n t i a l . "  F o r  e x a m -  
ple,  ~~ (Zn,  Zn  ++) = +0 .76  a n d  V ~ (Zn,  Zn  ++) = --0.76. 

I t  shou ld  be  n o t e d  t h a t  t he  s ign  of t he  v a l u e  of 
& ,  as def ined  above ,  is i n d e p e n d e n t  of t he  d i r ec t i on  
of t he  r e v e r s i b l e  flow of e l ec t rons  ( t h r o u g h  the  con-  
nec t i ng  w i r e ) ,  as is also t h e  s ign  of V ,  In  o t h e r  
words ,  i t s  s ign  ( a n d  v a l u e )  is t he  s a m e  w h e t h e r  t h e  
r e v e r s i b l e  process  cons ide red  m a k e s  t he  e l ec t rode  in  
ques t ion  the  ca thode  or  t he  anode,  t h a t  is t he  s ign  
of ~ is i n v a r i a n t .  Thus  ~ dif fers  f u n d a m e n t a l l y  
f r o m  the  E as def ined  b y  L e w i s  and  R a n d a l l  a n d  as 
used  b y  mos t  A m e r i c a n  p h y s i c a l  chemis ts .  The  s ign 
of E is b i v a r i a n t .  Bo th  ~ a n d  V~ m a y  b e  p r o p e r l y  
c ons ide r ed  to be  i n t e n s i v e  p r o p e r t i e s  of a n y  e lec -  
t r o d e  sys tem,  i, a t  e q u i l i b r i u m  at  a c e r t a i n  t e m p e r a -  
t u r e  a n d  p r e s su re ,  a n d  t h e i r  s igns  a n d  v a l u e s  a r e  
c o n s e q u e n t l y  i n d e p e n d e n t  of t h e  d i r e c t i o n  of t he  r e -  
v e r s i b l e  p rocess  u n d e r  cons ide ra t ion .  T h e  V - v a l u e s  
( the  G ibbs  e l e c t r o d e  p o t e n t i a l s )  of e l e c t rode s  a r e  
used  b y  e l ec t rochemis t s ,  mos t  E u r o p e a n  chemis ts ,  
a n d  m a n y  b io log ica l  a n d  a n a l y t i c a l  chemis ts .  I t  is 
i m p o r t a n t  to no te  t h a t  t h e  " p o t e n t i a l "  of an  e l ec -  
t r o d e  as de f ined  b y  i ts  g - v a l u e  is f u n d a m e n t a l l y  
d i f f e ren t  f r o m  " p o t e n t i a l "  as  def ined  b y  i ts  V - v a l u e  
even  t h o u g h  the  two  va lues  a r e  v e r y  s i m p l y  r e l a t e d  
(~,  = - -  V , ) .  The  v a l u e  of  G ,  t h a t i s  of g , - -  g~ 
is c o r r e c t l y  d e s c r i b e d  as a m e a s u r e  of t he  d i f fe rence  

b e t w e e n  the  e scap ing  t e n d e n c y  of the  e l ec t rons  in 
t he  e l e c t r o d e  of t he  i t h  e l e c t r o d e  s y s t e m  a t  e q u i -  
l i b r i u m  a n d  t ha t  of the  e l ec t rons  in  t he  e l ec t rode  
of t h e  s t a n d a r d  h y d r o g e n  e l e c t r o d e  s y s t e m  a t  e q u i -  
l i b r ium.  The  e scap ing  t e n d e n c y  of t he  e l ec t rons  in 
an  e lec t rode ,  as def ined  here ,  is m e a s u r e d  b y  the  
p a r t i a l  f r ee  e n e r g y  p e r  cou lomb  of t he  e l ec t rons  in 
t h a t  e lec t rode .  

J u s t i f i c a t i o n  Jor  t h e  u s e  o] t w o  s i g n  c o n v e n t i o n s . -  
Val id  r easons  can  be  g iven  for  t he  d e s i g n a t i o n  of 
the  p o t e n t i a l s  of  e l ec t rodes  b y  the i r  V - v a l u e s  as is  
done  b y  e l ec t rochemis t s ,  mos t  E u r o p e a n  chemis ts ,  
and  m a n y  b io log ica l  and  a n a l y t i c a l  chemis ts .  The  
V - v a l u e s  h a v e  the  p r a c t i c a l  a d v a n t a g e ,  n a m e l y ,  t h a t  
the  e l e c t r o d e  of a vo l t a i c  cel l  w h i c h  has  t h e  l a r g e r  
V - v a l u e ,  t ha t  is, t he  l a r g e r  e l ec t ro s t a t i c  p o t e n t i a l  of 
the  p iece  of connec t ing  m e t a l  a t t a c h e d  to it, is de s ig -  
n a t e d  " the  pos i t i ve  pole ."  The  r e l a t i v e  p o l a r i t y  of 
t he  two  e l e c t rode s  of a cel l  fo l lows  d i r e c t l y  f r o m  the  
r e l a t i v e  V - v a l u e s  of t he  t w o  p ieces  of t he  s ame  
m e t a l  connec t ed  w i t h  the  two  e lec t rodes .  Also,  i t  
is t he  d i f ference ,  V, - -  V,, w h i c h  is e x p e r i m e n t a l l y  
m e a s u r e d  in  d e t e r m i n i n g  the  emf  of a cell ,  t h a t  is 
( emf )  cm = V~ - -  Vl. 

Those  chemis t s  who ,  a long  w i t h  t h e  au tho r ,  choose  
to d e s i g n a t e  the  p o t e n t i a l s  of e l ec t rodes  b y  the i r  
g - v a l u e s  (as  def ined  in  th is  p a p e r  a n d  n a m e d  "e lec -  
t r o n  c h e m i c a l  p o t e n t i a l s " )  can  f ind jus t i f i ca t ion  for  
t h e i r  choice  in  the  fac t  t h a t  t h e  emf  of a ce l l  fo l -  
lows  in  a m o r e  d i r e c t  t h e r m o d y n a m i c  w a y  f r o m  the  
two  g - v a l u e s .  The  g - v a l u e  of an  e l e c t r o d e  is d i -  
r e c t l y  p r o p o r t i o n a l  ( p r o p o r t i o n a l i t y  cons t an t  = l / F )  
to the  v a l u e  of t he  p a r t i a l  m o l a l  f r ee  e n e r g y  ( c h e m i -  
cal  p o t e n t i a l )  of t he  e l ec t rons  in  t he  e l ec t rode  of t he  
e l e c t r o d e  s y s t e m  a t  e q u i l i b r i u m .  I t  is  t h e  d i f f e rence  

b e t w e e n  t h e  two  F~- -va lues  w h i c h  g ives  d i r e c t l y  t h e  
v a l u e  of AF ( p e r  f a r a d a y )  a c c o m p a n y i n g  the  i so-  
t h e r m a l  c h a n g e  in  s t a t e  in  t he  cell .  The  bas is  for  
these  s t a t e m e n t s  is s h o w n  b y  the  fo l l owing  r e l a t i ons  
a p p l i c a b l e  to a n y  vo l t a i c  cell ,  as  s y m b o l i z e d  b y  Cel l  
A, p e r  f a r a d a y  of e l ec t rons  pa s sed  r e v e r s i b l y  t h r o u g h  
the  o u t e r  c i rcu i t  f r o m  the  l e f t - h a n d  e l e c t r o d e  to t he  
r i g h t - h a n d  e lec t rode .  

(~o-), (~%-), 
_ _  = & - - G  

( e m f )  .... - -  F F 

a n d  

AF ( p e r  f a r a d a y  pa s se d )  = (Fo- )~- -  (Fo-) ,  
= F  ( ~ , - - ~ , )  - - = - - F  ( ~ , - - ~ , )  ---- - - F  (emf)oon 

I t  m a y  be  r e c a l l e d  t ha t  t he  v a l u e  of t he  s o - c a l l e d  
" p o t e n t i a l , "  E, as def ined  b y  L e w i s  a n d  R a n d a l l  (2) ,  
is such  t h a t  t he  emf  of a vo l t a i c  cell ,  as f o r m u l a t e d ,  
is g iven  b y  the  r e l a t i o n  

( e m f )  ~ = E~ + E, = E ( e l e c t r o d e ,  e l e c t r o l y t e )  
+ E ( e l ec t ro ly t e ,  e l e c t rode )  

The  v a l u e  of the  emf  of a vo l t a i c  cel l  in  t e r m s  of 
V, ~, a n d  E is t hus  g i v e n  b y  

w h e r e  t he  m e a n i n g  of t he  L e w i s  a n d  R a n d a l l  e x p r e s -  
sion, El q- E ,  is t h a t  g iven  above .  

C o n t i n u e d  use  b y  some chemis t s  of t h e  V - v a l u e s  
for  the  p o t e n t i a l s  of e l ec t rodes  ( w i t h  one  s ign  con-  
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v e n t i o n )  a n d  of the  g - v a l u e s  b y  o t h e r  chemis t s  
( w i t h  t he  oppos i t e  s ign  c o n v e n t i o n )  seems  c o m -  
p l e t e l y  jus t i f iab le .  

In  p h r a s e o l o g y  c o m m o n l y  used  in  t he  d i scuss ion  
of ha l f - ce l l s ,  i t  m a y  be  of  v a l u e  to r e i t e r a t e  t h a t  in 
a n y  e l e c t r o d e  s y s t e m  the  g r e a t e r  t he  t e n d e n c y  of the  
subs t ances  in  t h e  r e d u c e d  s t a t e  to  change  to  t he  
subs t ances  in  t he  o x i d i z e d  s ta te ,  a n d  to e lec t rons ,  in 
t he  t h e r m o d y n a m i c  s t a t e  in w h i c h  t h e y  ex i s t  in  the  
e l ec t rode  of the  s t a n d a r d  h y d r o g e n  e l e c t r o d e  s y s t e m  
at  e q u i l i b r i u m ,  the  g r e a t e r  w i l l  be  t he  v a l u e  of 
(as de f ined  in th i s  p a p e r )  a n d  the  less  w i l l  b e  t he  
va lue  of V, bo th  on an  a l g e b r a i c  scale.  
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Effect of Pre-Oxidation in Oxygen on the 
Steam Corrosion Behavior of Zircaloy-2 

D. E. Thomas and S. Koss 

Atomic Power Division, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The effect of pre-oxidation in dry oxygen gas on the corrosion behavior of 
Zircaloy-2 and unal loyed zirconium in steam was investigated. In  the case of 
Zircaloy-2, pre-oxidation has no effect on corrosion behavior, the kinetics 
being the same whether  all or par t  of the total  exposure is in oxygen. A transi-  
tion in kinetics from quasi-cubic to l inear  occurs in the corrosion of Zircaloy-2 
in either medium, indicat ing that  the t ransi t ion is not associated with corrosion 
product hydrogen. On the other hand, unal loyed Zr shows nei ther  t ransi t ion 
nor  breakaway (spalling) when  exposed to oxygen, and exhibits breakaway 
on exposure to steam whether  pre-oxidized or not, suggesting that  breakaway 
is associated with corrosion product  hydrogen. The phenomena of breakaway 
and transi t ion are shown to be dist inctly different. 

The corrosion proper t ies  of Z i rca loy-2  sponge Zr  
base wi th  1.5% Sn, 0.12% Fe, 0.10% Cr, and  0.05% 
Ni have  been  s tudied as a func t ion  of t e m p e r a t u r e  
and  t ime (1, 2). The  corrosion behav io r  in  750~ 
(400~ s team at 1500 psi, Fig. 1, exhib i t s  a change  
in  slope ( " t r a n s i t i o n " )  at a we igh t  ga in  of 40 m g / d m  ~ 
af ter  40 days (3) .  It  has been  shown  tha t  Zr  a n d  
Zi rca loy-2  pick up  H d u r i n g  exposure  to h igh t e m -  
p e r a t u r e  wa te r  or s team, and  it  has been  suggested 
that  the t r ans i t ion  n o r m a l l y  resul ts  w h e n  the p ick-  
up of H d u r i n g  corrosion causes hydr ide  to form at  
the m e t a l / o x i d e  in te r face  or at some other  site in  
the reac t ion  zone. 

If hyd r ide  fo rma t ion  is a factor  in  caus ing  t r a n s i -  
tion, spec imens  which  have  been  exposed to dry  
oxygen  for var ious  per iods of t ime  and  s u b s e q u e n t l y  
t r ans fe r r ed  to s team should  show t r ans i t i on  at total  
weight  gains  and  to ta l  t imes grea te r  t h a n  those for 
spec imens  no t  p rev ious ly  oxidized in  d ry  oxygen.  
F u r t h e r m o r e ,  spec imens  which  have  been  exposed 
only  to d ry  oxygen  should no t  show t rans i t ion .  The 
purpose  of the  work  descr ibed here  was to de te r -  
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Fig. 1. Corrosion of Zircaloy-2 in steam at 750~ (400=C) and 
1500 psi. 
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m i n e  the  effect of p r e - o x i d a t i o n  in  oxygen  on the 
t r ans i t i on  d u r i n g  subsequen t  exposure  to s team at  
the  same t empera tu re ,  and  the reby  test  the  h y -  
pothesis.  

In  the  case of una l loyed ,  a r c - m e l t e d  sponge or 
c rys ta l  ba r  Zr, corrosion in  high t e m p e r a t u r e  wa te r  
a nd  oxygen  is charac ter ized  by  the fo rma t ion  of 
th in ,  a d h e r e n t  corrosion p roduc t  which  resul t s  in  a 
pro tec t ive  or pass ive  type  of ra te  law re la t ing  
weigh t  gain  and  exposure  t ime. Af te r  a t ime  a n e w  
a nd  more  rap id  corrosion ra te  sets in, co inc ident  
wi th  the appea rance  of a n o n a d h e r e n t  whi te  corro-  
sion p roduc t  on the  sur face  of the metal .  This  be -  
havior  has been  cal led " b r e a k a w a y " .  Spec imens  of 
crys ta l  bar  Zr  were  inc luded  in  this s tudy  to provide  
a point  of compar i son  wi th  Zi rca loy-2 .  

Experimental Procedure 

A p p r o x i m a t e l y  for ty  spec imens  each of a rc -  
. me l t ed  crys ta l  ba r  Zr  and  Zircaloy-2,  m e a s u r i n g  

1.0 in. x 0.5 in. x 0.1 in., were  v a c u u m  a n n e a l e d  for 
1 hr  at 775~ a nd  f u r na c e  cooled. Spec imens  were  
b r igh t  e tched in  38% HNO3-5% H F - 5 7 %  H.~O and  
were  placed in  the  ox ida t ion  furnace .  Af te r  a vac-  
u u m  of 104 m m  Hg was ob ta ined ,  the  e n t i r e  sys tem 
was flushed two or th ree  t imes  wi th  t a n k  oxygen  
dr ied  by  pass ing  t h r ough  "Drier i te" .  Af te r  each ad-  
d i t ion  of oxygen,  the  sys tem was evacua ted  to 104 
m m  Hg. F ina l ly ,  oxygen  was added  to the fu rnace  
u n t i l  a p ressure  of 30-40 cm Hg was reached  and  
hea t  was applied.  

The t e m p e r a t u r e  of 400 ~ - -3~ was  m a i n t a i n e d  
by  a the rmocoup le  placed ad jacen t  to the  test  speci-  
mens.  This t e m p e r a t u r e  was  chosen since cons ider -  
able  da ta  are ava i l ab le  for compar i son  on the  corro-  
s ion of Z i rca loy-2  in  750~ (400~ steam. 

Three  spec imens  each of c rys ta l  ba r  Zr  a nd  Z i r -  
ca loy-2 were  r emoved  f rom the  fu rnace  af ter  1, 3, 
7, 14, 28, 56, 84, a nd  112 days  and  s u b s e q u e n t l y  
t r ans fe r r ed  to s t eam at  750~ (400~ and  1500 psi. 
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Fig. 2. Weight gain-time curves for exposure of crystal bar Zr 
and Zircaloy-2 at 750~ (400~ for 14 days in oxygen followed by 
exposure to steam. Crystal bar Zr begins to lose weight on transfer. 
Solid circle, solid triangle ~ oxygen; open circle, open triangle 
steam. 

The evacua t ion  and  f lushing t echn ique  ou t l ined  
above was fol lowed each t ime samples  were  r e -  
t u r n e d  to the furnace .  

Weight  gains  were  de termined,  per iodica l ly  d u r -  
ing in i t i a l  and  final exposures.  The  corrosion p rod-  
uct  was not  r emoved  w h e n  samples  were  t r a n s -  
ferred.  

Results 

Resul ts  are r ep re sen t ed  graph ica l ly  in  Fig. 2, 3, 4, 
and  5. 

Zircaloy-2.--The kinet ics  of the reac t ion  of Z i r -  
ca loy-2 w i th  oxygen,  shown in  Fig. 4, are  iden t ica l  
to those for reac t ion  wi th  s team shown  in  Fig. 1. 
Resul ts  shown in Fig. 2 and  3 are typica l  of those 
expe r imen t s  in  which  the  exposure  was first in  oxy-  
gen t h e n  in  steam. I t  is seen tha t  corrosion proceeds 
af ter  t r ans fe r  as though  the en t i r e  exposure  had  
been  in  steam. The i n t e r c h a n g e a b i l i t y  of exposure  
in  the two med ia  is exh ib i ted  in  Fig. 5 in  which  da ta  
poin ts  for exposure  to s team alone, oxygen  alone,  
and  to first oxygen  t h e n  s team are combined.  A s in-  
gle curve  resul t s  w i t h i n  e x p e r i m e n t a l  error.  
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Fig. 3. Weight gain-time curves for exposure of crystal bar Zr 
and Zircaloy-2 at 750~ (400~ for 112 days in oxygen followed 
by exposure to steam. Crystal bar Zr begins to lose weight on trans- 
fer. Solid circle, solid triangle = oxygen; open circle, open tri- 
angle = steam. 
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Fig. 4. Weight gain-time curve for corrosion of crystal bar Zr and 
Zircaloy-2 in oxygen at 750~ (400~ 

Crystal bar zirconium.--The kinet ics  of reac t ion  of 
c rys ta l  bar  Zr  wi th  oxygen  are shown in  Fig. 4. I t  is 
seen tha t  the curve  is qu i te  different  f rom tha t  for 
Zircaloy-2.  Signif icant ly ,  t r ans i t i on  is no t  apparen t .  
This  is no t  character is t ic  of the  behav io r  of crys ta l  
ba r  Zr or sponge Zr in  h igh t e m p e r a t u r e  w a t e r  or 
steam. No curves  are shown for the  a t tack  of c rys ta l  
ba r  Zr  by  750~ (400~ s team because  " b r e a k -  
away"  and  loss of oxide occur w i t h i n  the shortest  
exposure  per iod inves t iga ted  (1 day) .  Typica l  of 
the  e xpe r i me n t s  in  which  c rys ta l  ba r  Zr was  first 
exposed to oxygen  then  to s team are the  resul ts  
shown in  Fig. 2 and  3. Upon  t r ans fe r  f rom oxygen  
to s team the spec imens  beg in  i m m e d i a t e l y  to lose 
weight  by  spal l ing.  

It  should be no ted  here  tha t  the crys ta l  ba r  Zr  
employed  was of high pur i ty .  Isolated ins tances  in  
which  crys ta l  ba r  Zr  has shown  h igher  res i s tance  to 
a t tack  by  750~ s team have  been  associated wi th  
the presence  of somewha t  grea te r  t h a n  n o r m a l  Fe, 
Ni, or Cr content .  

Discussion 

The obse rva t ion  tha t  pa r t  of the H evolved by  the 
reac t ion  of Zr  or Z i rca loy-2  w i th  wa te r  or s team is 
found  in  the un r e a c t e d  m e t a l  has been  though t  to be  
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of cons iderable  s ignif icance (1, 2, 4, 5). I t  has been  
suggested tha t  the  H con ten t  of the  u n d e r l y i n g  
me ta l  m a y  bu i ld  up sufficiently to cause the prec ip i -  
t a t ion  of a z i r con ium hyd r ide  at the  m e t a l / o x i d e  i n -  
terface which  could des t roy  coherency b e t w e e n  
me ta l  and  oxide, and  resu l t  in  more  rap id  corrosion 
locally, or possibly  complete  loosening  of the ox-  
ide (1, 2). I t  was  suggested tha t  this  wou ld  exp la in  
the p h e n o m e n a  of " b r e a k a w a y "  in  the  case of Zr  
and  " t r ans i t i on"  in  the case of Zi rca loy-2 .  In  v iew 
of the fact tha t  t r ans i t i on  is observed for Z i rca loy-2  
whe the r  the  exposure  is in  oxygen  or s team or bo th  
removes  H f rom considera t ion.  

On the  o ther  hand,  the  fact tha t  crys ta l  ba r  Zr  
does not  exhib i t  t r ans i t i on  or b r e a k a w a y  on ex-  
posure  to oxygen  suggests  tha t  H is in  some w a y  re -  
la ted to b r eakaway .  Spec imens  of c rys ta l  ba r  Zr  
which  had  been  exposed to s team for one day  and  
which  had  begun  to lose oxide were  e x a m i n e d  in  
cross sect ion u n d e r  the l ight  microscope. No ev i -  
dence  for hyd r ide  was  found.  Thus,  the  c i r c u m s t a n -  
t ia l  ev idence  poin ts  to H be ing  associated wi th  the 
b r e a k a w a y  phenomena ,  bu t  it is ev iden t  tha t  f u r -  
ther  work  is necessary  to secure  di rect  evidence.  

The resul ts  of these expe r imen t s  suggest  tha t  a 
d i s t inc t ion  is to be  made  b e t w e e n  two te rms  which  
have  been  used to denote  the po in t  at  which  a 
change  in  k inet ics  occurs, n a m e l y  b r e a k a w a y  and  
t rans i t ion .  T rans i t i on  appears  to be an  a b r u p t  
change  f rom p ro t ec t i ve - type  kinet ics  (quas i - cub ic )  
to l inear  corrosion kinet ics ,  the n e w e r  corrosion ra te  
be ing somewha t  grea te r  t h a n  tha t  p r eva i l i ng  i m m e d i -  
a te ly  pr ior  to the change.  The corrosion p roduc t  re- 
ma ins  adheren t .  It  is not  associated wi th  the p ickup  
of co r ros ion -p roduc t  H, b u t  is p r e s u m a b l y  associated 
wi th  some as yet  u n d e t e r m i n e d  phys ica l  change  in  
the oxide film. On the other  hand,  b r eakaway ,  whi le  
it refers  to a change  of k inet ics  in  tha t  a new  corro-  
sion ra te  sets in, is charac ter ized  b y  the  loss of oxide 
at a r e l a t ive ly  rap id  rate,  and  is p r e s u m a b l y  associ- 
ated in  some way  wi th  the p ickup  of H. Since crys-  
ta l  ba r  Zr  does no t  show t r ans i t i on  or b r e a k a w a y  
w h e n  exposed to oxygen,  bu t  does exh ib i t  b r e a k -  
away  w h e n  exposed to steam, and  since Z i rca loy-2  
exhib i t s  t r ans i t i on  bu t  not  b r e a k a w a y  in  bo th  oxy-  

gen a nd  s team, it  is a p p a r e n t  tha t  the  add i t ion  of Sn  
in c o m b i n a t i o n  w i th  Fe, Ni, and  Cr  in  Zi rca loy-2  
p r even t s  the occurrence  of b r e a k a w a y .  The e l i m i n a -  
t ion  of b r e a k a w a y  by  the add i t ion  of these e lements  
m a y  be associated wi th  a change  in  the behav io r  of 
the  ma te r i a l  t oward  H in  some w a y  which  is no t  
a p p a r e n t  at  present .  F u r t h e r m o r e ,  it  is not  yet  u n -  
derstood w h y  Zi rca loy-2  shows t r ans i t i on  whi le  
c rys ta l  bar  Zr  does not .  

Conclusion 
1. Z i rca loy-2  exhib i t s  the same behav io r  in  oxy-  

gen and  s t eam at 750~ (400~ T r a n s i t i o n  is no t  
associated wi th  the p ickup  of H. 

2. Crys ta l  ba r  Zr  exhib i t s  b r e a k a w a y  w h e n  ex-  
posed to s team. I t  exhib i t s  ne i the r  b r e a k a w a y  nor  
t r ans i t i on  w h e n  exposed to oxygen.  

3. A d i s t inc t ion  be t w e e n  " t r ans i t ion"  a nd  " b r e a k -  
away"  is made.  T r a n s i t i o n  is no t  associated wi th  H 
p ickup  d u r i n g  corrosion.  B r e a k a w a y  is p r e s u m a b l y  
associated w i th  H pickup.  

4. The add i t ion  of some a l loy ing  e l emen t s  to crys-  
ta l  ba r  Zr  p r even t s  the occurrence  of b r eakaway ,  
bu t  p romotes  the occur rence  of t rans i t ion .  
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ABSTRACT 

This paper analyzes the l imitat ions of weight change techniques at elevated 
tempera ture  and pressure, and presents a description of a new technique based 
on the measurement  of the hydrogen generated by the corrosion reaction. This 
H, which diffuses through the walls of a test specimen containing the aqueous 
solution, is collected and measured in a vacuum system of known volume 
which surrounds the test specimen; the corrosion rate is calculated from the 
hydrogen effusion rate. Results obtained with the technique show good repro- 
ducibil i ty and compare well with results obtained by an independent  method. 

Corrosion ra tes  of meta l s  in  aqueous  solut ions  at 
e levated  t e m p e r a t u r e  and  pressure  have  been  ob-  
t a ined  a lmost  exc lus ive ly  by weight  ga in  or we igh t  
loss m e a s u r e m e n t  of spec imens  subjec ted  to corro-  
sion in  autoclaves  of var ious  types  (1-4) .  Such 
m e a s u r e m e n t s  are i n h e r e n t l y  difficult. Loss of corro-  
s ion products  by  spa l l ing  or d issolut ion in t roduces  
serious errors  into weigh t  gain  data.  Weigh t  loss 
data  are re l iab le  only  if complete  r emova l  of corro-  
sion products  w i thou t  a t tack  on the uncor roded  
me ta l  b e n e a t h  can be obta ined.  Ga lvan i c  effects be -  
tween  au toc lave  and  spec imens  m a y  affect the re -  
sul ts  ob ta ined  if the  two differ in composi t ion  or 
t r e a t m e n t  h is tory  pr ior  to the test. One of the  most  
serious l imi t a t ions  is tha t  f rom a s ingle  spec imen  
only  a s ingle  va lue  of to ta l  corrosion can  be ob-  
t a ined  f rom which  on ly  an  "average"  corrosion ra te  
over the per iod  of exposure  can be calculated.  In  
the usua l  case, however ,  where  corrosion res i s tance  
depends  on the type  of p ro tec t ion  p rov ided  by  cor-  
rosion p roduc t  films, such average  ra tes  are mis -  
leading.  The i n f o r m a t i o n  needed  in  such cases is the 
di f ferent ia l  corrosion rate.  Us ing  weigh t  gain  and  
weigh t  loss methods,  d i f ferent ia l  ra tes  can be ob-  
t a ined  on ly  by  cor roding  a large n u m b e r  of samples  
u n d e r  the g iven  condi t ions  for v a r y i n g  t imes,  the 
ra tes  be ing  ob ta ined  by  differences b e t w e e n  the  
gains  or losses of the spec imens  at  the  d i f ferent  t ime  
in terva ls .  Since r ep roduc ib i l i t y  f rom sample  to s am-  
ple de t e rmines  the accuracy  of any  ra tes  ca lcula ted  
by  difference, and  since r ep roduc ib i l i t y  us ing  these 
t echn iques  is u sua l l y  no t  good, a l a rge  n u m b e r  of 
samples  mus t  be r u n  s i m u l t a n e o u s l y  to ob ta in  de-  
p e n d a b l e  average  va lues  for such calculat ions.  These 
l imi ta t ions  of weight  ga in  and  weigh t  loss methods  
are p a r t i c u l a r l y  serious w h e n  the  corrosion ra tes  are 
low. 

To overcome the difficulties enumera t ed ,  a me thod  
was developed in  wh ich  there  is no e r ror  due to loss 
of oxide or of me ta l  in  the  m e a s u r i n g  process, t he  
sample  cons t i tu tes  its own  autoclave,  samples  need  

not  be des t royed in  the process of m e a s u r e m e n t ,  and  
obse rva t ion  can be con t inuous  on a s ingle  sample  so  
tha t  a d i f ferent ia l  corrosion ra te  can  be d e t e r m i n e d  
us ing  on ly  one specimen.  

Theoretical Considerations 
E x a m i n a t i o n  of the reac t ion  

Metal  ~- H~O-~ Meta l  Oxide + H.~ (I)  

indica tes  four  possible methods  of m e a s u r i n g  corro-  
sion rate,  i.e., m e a s u r e m e n t  of (a) meta l  consumed,  
(b) wate r  consumed,  (c) meta l  oxide formed,  and  
(d) hydrogen  formed.  Methods (a) a nd  (c) en ta i l  
the  difficulties ou t l i ned  above,  and  me thod  (b) i n -  

v o l v e s  analogous  difficulties, so a t t e n t i on  was  t u r n e d  
to me thod  (d). Since H~ diffuses r a t h e r  r ead i ly  
t h rough  meta l s  at e levated  t empera tu res ,  the possi-  
b i l i ty  of cor re la t ing  effused H.~ wi th  the corrosion 
reac t ion  was inves t iga ted .  

In  a con ta ine r  of the  me t a l  u n d e r  test, n e a r l y  
filled wi th  wa te r  or an  aqueous  solut ion,  a nd  hea ted  
to an  e leva ted  t empera tu re ,  H~ is gene ra t ed  by  the  
corrosion react ion.  I t  is gene ra t ed  in i t i a l ly  as a tomic 
H at the in te r face  b e t w e e n  l iqu id  and  conta iner .  I t  
m a y  pass t h rough  the con ta ine r  wa l l  in  this  form to 
emerge  on the  other  side a nd  there  combine  to form 
molecu la r  H2, or i t  m a y  r e c o m b i n e  to fo rm mo lecu -  
la r  H~ w i t h i n  the  conta iner .  In  the  l a t t e r  case, the  H~ 
gas in i t i a l ly  d i s t r ibu tes  i tself  b e t w e e n  the l iqu id  and  
the  ava i lab le  vapor  space but ,  as it bu i lds  up pres -  
sure,  some of this H~ also diffuses t h rough  the  con-  
t a ine r  wall .  Thus,  there  are two sources of H~ pass-  
ing th rough  the  con ta ine r  wall .  H~ f rom the  l a t t e r  
source pe rmea tes  the  wa l l  at  a ra te  governed  by  the  
equa t ion  

dq/dt  = ST A (%/P~ -- ~/P~)/d (II) 

where dQ/dt is the amount effused per unit time, ST 
is a constant determined by the nature of the metal 
and the temperature, A is the area of the metal, d is 
the thickness, PI is H.~ pressure on the high-pressure 
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side, and  P~ the H~ pressure  on the l ow-p re s su re  
side. If P.~ is m a i n t a i n e d  at a neg l ig ib le  va lue  the 
equa t ion  reduces  to 

dQ/d t  = ST A k / P / d  (IXI) 

where  P is H~ pressure  w i t h i n  the conta iner .  As the  
corrosion reac t ion  proceeds the p ressure  ins ide  the 
con ta ine r  increases  un t i l  (a) the  ra te  of effusion 
f rom both  sources becomes equa l  to the corrosion 
rate,  or (b) the  p ressure  ins ide  the  con ta ine r  con-  
t inues  to increase  un t i l  the e q u i l i b r i u m  pressure  of 
the reac t ion  is reached or the con ta ine r  is shat tered.  
In  the  case of fe r rous  metals ,  the la t te r  wou ld  be 
expected.  

The data  on ST for mi ld  steel (5, 6) ind ica te  it  is 
app rox ima te ly  10 -'~ at  300~ w h e n  dQ/d t  is in  cc H,~ 
( S T P ) / h r ,  A is in  cm ~, d is in ram, and  P in  a tmos -  
pheres.  A s s u m i n g  a mi ld  steel con ta ine r  wi th  a wal l  
0.5 m m  in th ickness  and  an  i n t e r n a l  H~ pressure  of 1 
atm, ra tes  of H~ effusion e q u i v a l e n t  to a corrosion 
ra te  of 2700 mg /dm~-mo  are ob ta ined  based on the  
reac t ion  3Fe + 4H~O -~ Fe~O~ § 4H~. This is a m u c h  
grea te r  ra te  t h a n  would  be an t i c ipa ted  for the cor-  
rosion of mi ld  steel u n d e r  these condi t ions  (1) and  
indicates  tha t  a low H~ pressure  should  be sufficient 
to ob ta in  the r equ i r ed  s t eady- s t a t e  effusion rate.  

In  order  to reach the s teady state  r ap id ly  a m a x i -  
m u m  area  to vo lume  ratio, a m i n i m u m  th ickness  of 
wall ,  and  a m i n i m u m  of vapor  space are desirable .  
For  a m a x i m u m  A / V  in  a cyl inder ,  where  

2~ r ~ -4- 2~ r h  2 2 
A / V  = -- + (IV) 

r~h h r 

the smal les t  d imens ions  feasible  should be used. To 
avoid vapor  space the capsule should  be filled so 
that  it develops a hyd rau l i c  pressure  s l ight ly  in  ex-  
cess of the vapor  pressure  of the fluid at the t e m p e r -  
a tu re  of test. This can be achieved by  f la t ten ing  a 
cy l indr ica l  con ta ine r  pr ior  to comple te  fil l ing and  
sealing. Upon  heat ing,  the f la t tened cy l inder  wi l l  
react  to the hydrau l i c  p ressure  by  e x p a n d i n g  p a r -  
t ia l ly  toward  its o r ig ina l  d imensions ,  deve loping  an 
i n t e r n a l  p ressure  which  wi l l  depend  on the a m o u n t  
of f la t ten ing  and  the  th ickness  and  charac te r  of the  
metal .  

Based on the  above cons idera t ions  a t e chn ique  
was  developed for the  m e a s u r e m e n t  of corrosion at 
e levated  t e m p e r a t u r e  and  p ressure  employ ing  a 
small ,  t h i n - w a l l e d ,  f la t tened capsule  of the  me ta l  
u n d e r  test, hea ted  w i t h i n  a v a c u u m  sys tem which  
was p rov ided  wi th  m e a n s  for m e a s u r i n g  the a m o u n t  
of effused H~. 

Experimental Apparatus and Procedures 
Metal  t u b i n g  ca re fu l ly  fabr ica ted  to develop a 

smooth u n i f o r m  in te r io r  surface free of fore ign  m a t -  
ter  ( p r e f e r ab ly  made  in  one lot f rom a s ingle  ingot)  
is used to encapsu la t e  a smal l  q u a n t i t y  of cor roding  
fluid. A f luid-f i l led capsule,  a t tached  to a coun t e r -  
weight  of magne t i c  m a t e r i a l  so tha t  it  can be moved  
up and  down  by  an  ex t e rna l  magne t ,  is t h e n  in -  
ser ted in  the  e x p e r i m e n t a l  appa ra tu s  shown in  Fig. 
1. Af te r  the capsule  is d ropped  in to  the  oven,  H~ is 
genera ted  by  corrosion and  effuses t h rough  the cap-  
sule wal ls  to bu i ld  up a pressure  in  the  s u r r o u n d i n g  
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Fig. |. SingIe system for hydrogen effusion measurement 

glass envelope.  This p ressure  is con t inuous ly  r e -  
corded by  the P i r a n i  gauge circuit .  

In  ac tua l  opera t ion  a n u m b e r  of such systems are 
connected  in  pa ra l l e l  to a c o m m o n  furnace ,  p u m p i n g  
system, and  associated appara tus .  The fu rnace  is a 
cast block of A1 8 ft long and  5 in. square  dr i l led  
wi th  15 holes 11/4 in. in  d i ame te r  and  31/2 in. deep. 
The  fu rnace  is i n su l a t ed  wi th  2 in. of glass wool 
housed in  an  asbestos sheet  duct  9 in. square  and  
3/16 in. thick. It  is hea ted  by  me a ns  of car t r idge  
hea ters  m a i n t a i n e d  at t e m p e r a t u r e  by  a t h e r m o -  
coup le - ac tua t ed  cont ro l  c i rcui t  which  m a i n t a i n s  the 
t e m p e r a t u r e  w i t h i n  ___2~ 

Fabrication 05 Capsules 

The fo l lowing descr ip t ion  is based on opera t ions  
wi th  l o w - c a r b o n  steel, w i th  which the  work  thus  
far  has been  mos t ly  concerned.  P rocedures  for other  
ma te r i a l s  differ on ly  in  m i n o r  details.  

One- foo t  l eng ths  of seamless  l o w - c a r b o n  steel  
t u b i n g  0.25 in. in  e x t e r n a l  d i ame te r  and  0.020 in. 
th ick are  washed  in  a hot  de te rgen t  solut ion,  de-  
greased in  hot  t r i ch lo roe thy lene ,  and  dried.  They  
are  t hen  g iven  a H~ annea l ,  u sua l ly  fol lowed by  a 
v a c u u m  annea l ,  p r ior  to fabr ica t ion  in  order  to ob-  
t a in  c lean ox ide- f ree  r ep roduc ib le  metal .  The I-I~ an -  
nea l  is for 1 hr  at 875~ fol lowed by  cooling in  the  
H~ a tmosphere  to abou t  90~ in  a wa te r -coo led  
chamber .  If a v a c u u m  a n n e a l  is given,  the t u b i n g  is 
p laced in  a v a c u u m  fu rnace  m a i n t a i n e d  at a p res -  
sure  of less t h a n  10 -~ m m  Hg, hea ted  at 875~ for a 
m i n i m u m  of 1 hr, and  f u r na c e  cooled to room t e m -  
pera tu re .  

In  the  f ab r i ca t ion  procedure  the a n n e a l e d  t u b i n g  
is sub jec ted  first to a f la t ten ing  opera t ion  w i t h  a h y -  
d r au l i ca l l y  opera ted  die. A second die w i th  equa l ly  
spaced flat t ee th  t hen  out l ines  the  capsule  form. In  
this  fo rm the tub ing ,  he ld  ver t ica l ly ,  is comple te ly  
filled, by  aspira t ion,  wi th  the fluid to be used as the 

c o r r o d i n g  med ium.  A n o t h e r  die t hen  closes the  bo t -  
tom flat section u n d e r  a p ressure  of severa l  tons per  
square  inch. The die is moved  u p w a r d  to seal the 
ends  of each filled capsule  sect ion successively.  The 
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capsu les  a r e  then  s e p a r a t e d  b y  cu t t i ng  across  t he  
cen te r s  of . the  flat  s ea l ed  sec t ions  a n d  a re  m a d e  p r e s -  
su re  t igh t  b y  spot  w e l d i n g  across  t he  flat  ends.  The  
o v e r - a l l  l e n g t h  of the  f in ished capsu le  is 4 cm, of 
w h i c h  the  c o m p l e t e l y  f la t tened ,  w e l d e d  ends  cons t i -  
t u t e  1 cm and  the  f lu id- f i l l ed  capsu le  sec t ion  cons t i -  
tu tes  3 cm. The  o v e r - a l l  w i d t h  of t he  capsu le  p e r -  
p e n d i c u l a r  to the  flat  s ides  is 0.28 cm. 

Operation o] Apparatus 
Each  capsu le  is connec t ed  b y  m e a n s  of th in ,  f lex-  

ib le  P t - c l a d  Mo w i r e  to N i - p l a t e d  s tee l  c o u n t e r -  
we igh ts ,  and  the  capsu le  and  c o u n t e r w e i g h t s  a r e  i n -  
s e r t ed  in  the  v a c u u m  s y s t e m  (Fig .  1). The  capsu les  
a re  m a i n t a i n e d  in the  room t e m p e r a t u r e  sec t ion  of  
t h e  a p p a r a t u s  b y  m a n i p u l a t i o n  of e x t e r n a l  m a g n e t s .  
T h e  s y s t e m  is s ea l ed  and  t hen  o u t g a s s e d  b y  o p e n i n g  
the  v a c u u m  v a l v e  to t he  man i fo ld .  A f t e r  o v e r n i g h t  
ou tgass ing ,  a run  is s t a r t e d  b y  c los ing  the  v a c u u m  
v a l v e  to the  m a n i f o l d  and  r a i s i ng  the  c o u n t e r -  
we igh t s  u n t i l  t he  capsu le  d rops  in to  the  f u r n a c e  
zone w h i c h  is m a i n t a i n e d  at  t he  de s i r ed  t e m p e r a -  
ture .  The  capsu le  hea t s  r a p i d l y  as e v i d e n c e d  by  a s u d -  
den,  v e r y  r a p i d  i nc rea se  in the  p r e s s u r e  w i t h i n  t he  
sys tem.  The  p r e s s u r e  r ise,  due  to t he  c o r r o s i o n - g e n -  
e r a t e d  H~ effusing t h r o u g h  the  capsu le  w a l l  a n d  col -  
l ec t ing  in the  sys tem,  is m e a s u r e d  b y  m e a n s  of the  
P i r a n i  bulb ,  connec t ed  in a c a l i b r a t e d  b r i d g e  c i r cu i t  
whose  o u t p u t  is r eco rded .  To i n su re  accuracy ,  t he  
p r e s s u r e  m e a s u r i n g  s y s t e m  is c a l i b r a t e d  w i t h  p u r e  
d r y  H~ gas  and  a McLeod  gauge  be fo re  each  run .  

W h e n  the  p r e s s u r e  w i t h i n  t he  sy s t em reaches  a 
v a l u e  of abou t  50 ~, a p r e s s u r e  suff ic ient ly  low to 
m a k e  Eq. ( I I I )  va l id ,  the  sy s t em is p u m p e d  d o w n  to 
a p r e s s u r e  of less t h a n  0.1 ~ b y  open ing  the  v a l v e  to 
the  m a n i f o l d  and  p u m p i n g  sys tem.  A f t e r  p u m p -  
d o w n  the  v a l v e  is aga in  c losed u n t i l  the  s y s t e m  
p r e s s u r e  bu i l d s  up  aga in ;  the  process  is r e p e a t e d  as 
f r e q u e n t l y  as necessa ry .  

The  r a t e  of p r e s s u r e  b u i l d u p  for  m i l d  s tee l  va r i e s  
ove r  a w ide  range .  A t  the  b e g i n n i n g  of a run ,  a 
b u i l d u p  of 50 ~ in 3 m i n  is not  u n c o m m o n .  A f t e r  
s e v e r a l  mon ths ,  w h e n  the  f o r m a t i o n  of a p r o t e c t i v e  
f i lm has  r e d u c e d  the  cor ros ion  ra te ,  a b u i l d u p  of t h e  
o r d e r  of 2 ~ a d a y  is obse rved .  F l u i d  l e a k a g e  can  
r e a d i l y  be  iden t i f i ed  b y  ch i l l ing  the  cold  f inger  
shown  in Fig.  1. I f  the  p r e s e n c e  of gases  o the r  t h a n  
H~ is suspec t ed  in t he  sys tem,  a r o u g h  check  can  be  
m a d e  b y  connec t ing  an  abso lu t e  gauge,  such as a 
McLeod  gauge ,  to the  man i fo ld .  U n l i k e  an  abso lu t e  
gauge,  the  A l p h a t r o n  v a c u u m  gauge  shown  con-  
nec t ed  to t he  m a n i f o l d  is sens i t ive  to t he  n a t u r e  of 
t he  gas be ing  m e a s u r e d .  I f  the  A l p h a t r o n  gauge,  u s -  
ing  the  c a l i b r a t i o n  c u r v e  for  H~, g ives  a p r e s s u r e  
r e a d i n g  d i f fe ren t  f rom t h a t  i n d i c a t e d  b y  the  McLeod  
g a u g e  a f t e r  the  un i t  has  been  o p e n e d  to the  m a n i -  
fold,  t h e  p re sence  of gases  o t h e r  t h a n  H~ is i nd ica t ed .  
I f  i t  can  be  a s s u m e d  t h a t  t he  fo r e ign  gas  is a i r  o r  
w a t e r ,  t he  a b o v e  r e a d i n g s  also p e r m i t  a r o u g h  ca l -  
c u l a t i o n  of t he  a m o u n t  of f o r e ign  gas  p resen t .  I f  
m o r e  a c c u r a t e  ana lyse s  a r e  des i red ,  gas  f rom a n y  of 
t he  sys t ems  can  be  t r a n s f e r r e d  to a gas  ana lys i s  
sys tem.  

A s l igh t  p r e s s u r e  r i se  no t  a t t r i b u t a b l e  to ef fus ing 
}t.2 has  been  e n c o u n t e r e d  in g a s - t i g h t  sys tems ,  v a r y -  
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ing  f rom less t h a n  0.01 ~ / h r  to a r i se  as h igh  as 0.15 
~ /h r ,  w i t h  a v e r a g e  va lue s  of a b o u t  0.05 ~ / h r  be ing  
f o u n d  mos t  f r e q u e n t l y .  A p r e s s u r e  b u i l d u p  of 0.05 
~ / h r  c o r r e s p o n d s  to a cor ros ion  r a t e  of a p p r o x i -  
m a t e l y  4 m g / d m ~ - m o  u n d e r  t he  cond i t ions  of o p e r a -  
t ion.  The  exac t  n a t u r e  of t he  r e s i d u a l  p r e s s u r e  is no t  
y e t  known ,  b u t  i t  can  p r o b a b l y  be  a t t r i b u t e d  to gas 
a d s o r b e d  on the  w a l l s  and  p a r t s  of t he  s y s t e m  w h i c h  
s l owly  desorbs  a t  t he  low p re s su re s  n o r m a l l y  used  
in m a k i n g  these  m e a s u r e m e n t s .  

W h i l e  the  a p p a r e n t  co r ros ion  r a t e s  due  to causes  
o the r  t h a n  cor ros ion  w i t h i n  the  capsu le s  a r e  low 
and  do not  affect  s ign i f i can t ly  va lues  o b t a i n e d  d u r -  
ing  e a r l y  po r t i ons  of a r u n  w h e n  the  co r ros ion  r a t e s  
a r e  high,  t h e y  become  s igni f ican t  w h e n  t h e  cor ros ion  
r a t e  has  d imin i shed .  T h e y  mus t ,  t he re fo re ,  be  e v a l -  
u a t e d  and  s u b t r a c t e d  f r o m  t h e  m e a s u r e d  r a t e s  in  
o r d e r  to o b t a i n  c o r r e c t e d  co r ros ion  ra tes .  These  
" b l a n k  r a t e s "  fo r  t he  i n d i v i d u a l  s y s t e m  a re  o b t a i n e d  
r e a d i l y  b y  r a i s i ng  t h e  co r rod ing  capsu le  out  o f  t h e  
hot  zone of the  s y s t e m  d u r i n g  the  course  of a run .  
The  capsu le  then  cools r a p i d l y  to r o o m  t e m p e r a t u r e ,  
the  cor ros ion  r a t e  d r o p p i n g  s u b s t a n t i a l l y  to zero. 
The  capsu le  is m a i n t a i n e d  in th is  pos i t ion  u n t i l  suf -  
f icient  p r e s s u r e  r i se  has  been  o b t a i n e d  for  an  a c c u r a t e  
d e t e r m i n a t i o n  of the  b l a n k  ra te .  N o r m a l l y  the  r a t e  
is so low tha t  a t  l eas t  five days  of p r e s s u r e  b u i l d u p  
is r equ i r ed .  The  capsu le  is t hen  r e t u r n e d  to t he  ho t  
zone of the  sys tem,  w i t h  no d i s t u r b a n c e  o t h e r  t h a n  
the  t e m p o r a r y  change  in t e m p e r a t u r e .  O r d i n a r i l y  
the  cor ros ion  r a t e  m e a s u r e d  a f t e r  the  d e t e r m i n a t i o n  
of the  b l a n k  r a t e  is a p p r o x i m a t e l y  the  s ame  as t h a t  
m e a s u r e d  be fo re  the  t h e r m a l  shock i m p o s e d  b y  the  
b l a n k - r a t e  m e a s u r e m e n t  (F ig .  2) .  In  a f ew  cases  
some change  in the  cor ros ion  r a t e  has  been  e n -  
coun te red .  

Determination o] System Constants 
The  v o l u m e  of a s y s t e m  is m e a s u r e d  b y  e x p a n d -  

ing  gas  f rom a r e s e r v o i r  of k n o w n  v o l u m e  in to  t he  
sys tem.  P r e s s u r e s  in t he  s y s t e m  and  r e s e r v o i r  a r e  
m e a s u r e d  be fo re  a n d  a f t e r  e x p a n s i o n  a n d  the  sy s -  
t em v o l u m e  is c a l c u l a t e d  f rom these  p r e s s u r e s  us ing  
the  gas  laws.  The  a r i t h m e t i c  m e a n  of s e v e r a l  such 
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Fig. 2. Corrosion at 316~ of capsules containing NH40H (pH ---- 
10.6 at room temperature). 



Vol. 104, No. 5 H2 E F F U S I O N  T O  D E T E R M I N E  C O R R O S I O N  R A T E S  267 

m e a s u r e m e n t s  is t a k e n  to be the  sys tem volume.  By 
this me thod  the  sys tem vo lume  is d e t e r m i n e d  wi th  
an  es t imated  accuracy  of _1 .5%.  These sys tems 
n o r m a l l y  have  a vo lume  of about  2700 cc. If a more  
rapid  ra te  of p ressure  b u i l d u p  is desired,  the  sys tem 
vo lume  m a y  be reduced  by r e m o v i n g  the b u l b  of 
k n o w n  v o l u m e  ( a p p r o x i m a t e l y  2 l i ters)  (Fig. 1), 
and  rep lac ing  it w i th  a cap. 3-1 

3-2 
The m e a n  t e m p e r a t u r e  of the gas in  the sys tem is 3-6 

t aken  to be the  t e m p e r a t u r e  of the  room in  which  3-7 
the appa ra tu s  is s i tua ted  ( m a i n t a i n e d  cons tan t  2-24 
wi th in  •  ~ modified by  cor rec t ing  for the  h igher  2-26 
t e m p e r a t u r e  of tha t  smal l  pa r t  of the sys tem which  2-27 
is in  the hea ted  zone. Data  for this correct ion are ob-  2-28 

2-29 
t a ined  by  the rmocoup le  m e a s u r e m e n t s  of the  t e m -  
p e r a t u r e  d i s t r i bu t ion  w i t h i n  this  hea ted  zone. In  
this m a n n e r  the m e a n  t e m p e r a t u r e  of the gas is de-  
t e r m i n e d  wi th  an es t imated  accuracy  of _ 1 % .  

A s s u m i n g  tha t  the  surface  area of a l eng th  of t u b -  
ing undergoes  neg l ig ib le  change  in  the  f la t ten ing  
processes used in capsule  fabr ica t ion ,  the i n s i d e  su r -  
face area  of a capsule  is ca lcu la ted  f rom the  l eng th  
of t u b i n g  b e t w e e n  the seals and  the  k n o w n  d i m e n -  
sions of the  tub ing .  The  roughness  factor  was  est i -  
ma ted  as 1.2 f rom microscopic examina t ion .  Meas-  
u r e m e n t s  on a la rge  n u m b e r  of capsules  ind ica te  
tha t  va r i ab les  in  the  f ab r i ca t ion  process produce  
capsules which  v a r y  in  l eng th  f rom 2.9 to 3.3 cm, 
the  average  l eng th  be ing  3.1 cm. There  is a corre-  
sponding  va r i a t i on  of ins ide  surface area, the  a ve r -  
age surface a rea  be ing  5.2 cm ~. 

Determination of Pressure Rise 

Pressures  in  the sys tem are m e a s u r e d  by  m e a n s  of 
a P i r a n i  v a c u u m  gauge tha t  is a modif icat ion of tha t  
descr ibed by  Schwar tz  and  L a v e n d e r  (7) .  The  ou t -  
pu t  of the  P i r a n i  c i rcui t  is recorded con t inuous ly  to 
give a record of the  p ressure  bu i l dup  w i t h i n  the  sys-  
tem. At  the  b e g i n n i n g  of each r u n  the  P i r a n i  gauge 
is ca l ib ra ted  by  d e t e r m i n i n g  the  re la t ionsh ip  be -  
tween  the  P i r a n i  ou tpu t  and  the  H~ pressure  in  the  
system. The  l inea r  por t ion  of this  r e l a t ion  (p res -  
sures up  to 60 ~) is t hen  used for p ressure  d e t e r m i -  
na t ion .  A l t h o u g h  ind ica t ions  are tha t  the  er rors  i n -  
volved are  minor ,  ce r ta in  gauge charac ter is t ics  give 
rise to possible errors  no t  ye t  eva lua ted .  The  P i r a n i  
gauge t ends  to exh ib i t  some dr i f t  w i th  t ime,  wh ich  
in t roduces  u n c e r t a i n t y  in to  the  accuracy  wi th  wh ich  
the p ressure  m e a s u r e m e n t s  can be  made.  I t  is c lear  
tha t  l a rge  er rors  could be i n t roduced  if the slope of 
the ca l ib ra t ion  curve  changed  m a r k e d l y  as a resu l t  
of the drif t .  However ,  exp lo ra to ry  s tudies  have  i n -  
dicated tha t  this dr i f t  does no t  affect the  slope of the  
l inear  por t ion  of the  cu rve  appreciably .  A n o t h e r  
er ror  which  could be i n t roduced  is t ha t  r e su l t i ng  
f rom dr i f t  in  the i n t e r v a l  b e t w e e n  successive pres -  
sure  measu remen t s .  Such  errors  are  m i n i m i z e d  by  
m a k i n g  successive p re s su re - r i s e  m e a s u r e m e n t s  over  
the  shor tes t  t ime  in t e rva l s  prac t ica l  and  by  the  ap-  
p a r e n t  fact tha t  the  dr i f t  is u sua l l y  gradual .  Due to 
the  factors men t ioned ,  it  is no t  possible  to m a k e  
defini te  es t imates  of the  p robab le  errors  in  p re s -  
su re - r i s e  m e a s u r e m e n t s .  However ,  s tudies  are  con-  
t emp la t ed  to d e t e r m i n e  the  errors  more  accura te ly  

Table I. Corrosion rate of low-carbon steel at 316~ after 40 days 

C o r r o s i o n  r a t e  
S a m p l e  (mg /dm2_mo)  

V a c u u m  F l u i d  U n c o r r e c t e d  B l a n k  C o r r e c t e d  
R u n  A n n e a l e d  

Yes H~O 35 6 29 
Yes H~O 44 11 33 
No H~O 30 14 16 
No H~O 22 4 18 
No NaOH* 19 1 18 
No NaOH* 18 3 15 
No NaOH* 22 3 19 
No NH4OH* 29 3 26 
No NH4OH* 31 3 28 

* S o l u t i o n  p H  = 10.6 a t  r o o m  t e m p e r a t u r e .  

and  to improve  s tab i l i ty  in  the p r e s s u r e - m e a s u r i n g  
system. 

Calculation of Corrosion Rates 

The ra te  of corrosion of a sealed capsule  is ca lcu-  
la ted f rom the ra te  of p ressure  rise corrected for 
sys tem outgass ing as exp la ined  above. F r o m  this  
ra te  of p ressure  rise, wi th  the vo lume  and  t e m p e r -  
a tu re  k n o w n ,  the  gas laws are  used to ca lcu la te  the  
ra te  of H~ increase  w i t h i n  the system. This  is equa l  
to the ra te  of H~ effusion f rom the  cor roding  cap-  
sule. This  ra te  of H~ effusion is conver ted  to corro-  
s ion ra te  per  u n i t  a rea  by  use of the i n t e r n a l  surface 
a rea  of the capsule  combined  wi th  s to ichiometr ic  ca l -  
cu la t ions  f rom the equa t ion  3Fe + 4H~O ~ Fe.~O~ + 
4H~. 

Typical Results 

The r ep roduc ib i l i t y  ob ta ined  us ing  the appa ra tu s  
a nd  procedures  descr ibed  is shown in  Ta b l e  I, which  
also i l lus t ra tes  the i m p r o v e m e n t  ob ta ined  by  b l a n k  
ra te  correct ion.  

The r ep roduc ib i l i t y  ob t a inab l e  d u r i n g  the  course 
of a r u n  on l ike samples  is also ind ica ted  in  Fig. 2, 
which  shows the  da ta  on some typ ica l  r u n s  i n c l u d -  
ing uncor rec t ed  corrosion ra te  and  b l a n k - r a t e  data.  

Discussion 

One source of possible er ror  in  these m e a s u r e -  
me n t s  mus t  be considered.  High a p p a r e n t  ra tes  m a y  
be ind ica ted  a t  the  b e g i n n i n g  of a r u n  due  to m a t e -  
r ia l  adsorbed on the  outs ide sur face  of the  capsule  
which  desorbs  w h e n  the  capsule  is heated.  Correc-  
t ion  mi gh t  be m a d e  for such errors  by  us ing  b l a n k  
capsules  pu t  t h r ough  precise ly  the  same t r e a t m e n t  
as the capsules  u n d e r  cons idera t ion  b u t  which  con-  
t a in  d r y  air, i ne r t  gas, or a v a c u u m  ins tead  of the  

c o r r o d i n g  fluid. S ub t r a c t i on  of the average  va lues  
g iven  by  such b l a n k s  f rom the m e a s u r e d  ra tes  of 
cor roding  capsules wou ld  be expected to give more  
accura te  corrosion da ta  at  the b e g i n n i n g  of a run .  
P r e l i m i n a r y  w o r k  in  this  d i rec t ion  indica tes  tha t  
such b l anks  m a y  v a r y  in  magn i tude .  The ind ica t ions  
are tha t  the e r ror  f rom this source is n o r m a l l y  neg -  
l ig ible  af ter  the  first few days of a run ,  bu t  a few 
b l a n k  samples  have  shown signif icant  ou tgass ing  for 
per iods as long  as severa l  weeks.  This  m a t t e r  is r e -  
ce iving f u r t he r  a t ten t ion .  
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Fig. 3. Effect of wall thickness on apparent corrosion rates at 
316~ 

Carefu l  s t anda rd i za t ion  of a n n e a l i n g  opera t ions  
pr ior  to capsule  f ab r i ca t ion  is necessary.  Table  I i n -  
dicates tha t  v a c u u m  a n n e a l i n g  has an  effect on the 
corrosion ra te  of l o w - c a r b o n  steel. Thus,  s t a n d a r d i -  
za t ion of condi t ions  d u r i n g  the a n n e a l i n g  opera t ion  
is a p re requ i s i t e  for the d e t e r m i n a t i o n  of the effect 
of other  var iab les  u p o n  corrosion rates.  

It  is c lear  f rom Tab le  I and  Fig. 2 tha t  fa i r ly  re -  
p roduc ib le  H~ effusion ra te  data  are ob ta ined  by  e m-  
p loy ing  the appa ra tu s  and  t echn iques  described.  
The  ques t ion  of the  re la t ionsh ip  b e t w e e n  these  h y -  
drogen  effusion ra tes  and  corrosion ra tes  depends  
on how soon a s teady s ta te  is reached.  A categorical  
answer  is no t  yet  avai lable ,  bu t  there  is ev idence  
that ,  for mi ld  steel t r ea ted  as descr ibed above, it  is 
achieved fa i r ly  rapid ly .  

The first piece of ev idence  deals w i th  the  effect of 
wal l  th ickness  on ra tes  of H= effusion f rom corrod-  
ing capsules.  Fig. 3 exhib i t s  da ta  ob ta ined  f rom a 
series of expe r imen t s  in  which  capsules of d i f ferent  
wal l  th ickness  (0.153 in. vs. 0.028 in . )  bu t  o therwise  
iden t ica l  in  d imens ions  and  m a c h i n e d  f rom the 
same l o w - c a r b o n  steel rod were  subjec ted  to corro-  
sion by  dist i l led,  deionized wa te r  at 316~ Because  
the  h e a v i e r - w a l l e d  capsules  could no t  be  sealed 
read i ly  by  the  usua l  we ld ing  technique ,  closure of 
all  capsules in  this series was effected by  m e a n s  of 
a t h readed  cap sea t ing  a 59-degree  cone into a 60- 
degree  conical  opening.  The  capsules,  af ter  H~ a nd  
v a c u u m  annea l ing ,  were  filled wi th  the  wa t e r  to a 
level  jus t  sufficient to a l low for hea t ing  to 316~ 
wi thou t  exe r t ing  hyd rau l i c  p ressure  on the capsule  
walls.  Resul ts  were  not  as r ep roduc ib le  f rom sample  
to sample  as those ob ta ined  us ing  the s t a n d a r d  tech-  
n ique  of sample  p repara t ion ,  b u t  they  suffice to 
demons t r a t e  tha t  the  difference in  H_~ effusion ra tes  
and  cor respond ing  ca lcula ted  corrosion ra tes  is small .  
If the diffusion ra te  t h rough  the me ta l  wa l l  we re  
con t ro l l ing  the  ra t e  of effusion of H2, such a fivefold 
increase  in  wal l  th ickness  would  p roduce  a m u c h  
grea ter  change  in  H~ effusion ra te  t h a n  was  ob-  
served. The da ta  c lear ly  ind ica te  tha t  diffusion 
th rough  the me ta l  wa l l  of t h e  capsule  is no t  the 
con t ro l l ing  factor  in  H~ effusion u n d e r  the  s ta ted 
condit ions.  At  least,  this  is t r ue  af ter  the first few 
day of a run ,  and  perhaps  earl ier .  

A second piece of ev idence  confirms the rap id  a t -  
t a i n m e n t  of the  s t eady- s t a t e  rate.  More  impor t an t ,  
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Fig. 4. Comparison of corrosion rates obtained by the H~ effusion 
method with those obtained by the descaling method using multiple 
samples. 

it demons t r a t e s  tha t  the corrosion rates  d e t e r m i n e d  
by  the H~ effusion me thod  agree wel l  w i th  ra tes  
found  on s imi la r  ma te r i a l  by  conven t iona l  methods.  
Fig. 4 exhibi ts  a compar i son  of resul ts  ob ta ined  by  
the tt~ effusion me thod  and  those ob ta ined  by  Blaser  
a nd  Owens  (8) in  stat ic sys tems (autoc laves)  and  
semistat ie  systems (where  the  flow of fluid across the 
spec imens  was  1 f t / m i n  or less) by me a ns  of de-  
sealed weigh t - loss  m e a s u r e m e n t s  on a la rge  n u m b e r  
of samples.  D u r i n g  the i r  work,  despite cons iderable  
va r i a t i on  f rom sample  to sample,  cons is ten t  average  
corrosion ra tes  were  ob ta ined  on l o w - c a r b o n  steel 
exposed to 315~ high p u r i t y  wa te r  b rough t  up  to a 
pH (cold) of 11 wi th  Ntt4OH or LiOH. W i t h i n  the 
l imi t  of accuracy  of the method,  corrosion ra tes  ap-  
pear  to be i n d e p e n d e n t  of the  m a t e r i a l  used to pro-  
duce the  a lka l in i ty .  In  Fig. 4 the average  resul ts  
ob ta ined  by Blaser  and  Owens  are compared  wi th  
the average  resul t s  of five l o n g - t i m e  r u n s  in  s imi la r  
l o w - c a r b o n  steel capsules  (no t  v a c u u m  a n n e a l e d )  
filled wi th  a i r - s a t u r a t e d  dis t i l led  w a t e r  b rough t  to 
a pH (cold) of 10.6, in  two r u n s  wi th  NH4OH and  in  
the r e m a i n i n g  three  r u n s  wi th  NaOH. A g r e e m e n t  
wi th  the resul ts  of Blaser  and  Owens  is excel lent .  

Douglas  a nd  Zyzes (9) m e a s u r e d  corrosion ra tes  
of au toc laved  specimens  in  high t e m p e r a t u r e  wa te r  
by  mass  spec t romet r ic  ana lyses  of H~ evolved.  The i r  
corrosion rates  on Armco  and  high p u r i t y  i ron  in  
wa te r  at 316~ are of the same order  of m a g n i t u d e  
as the  measu red  corrosion ra tes  of low ca rbon  steel 
in 316~ wa te r  p resen ted  above.  

These resul ts  ind ica te  that ,  w i th in  the  l imi ta t ions  
he re in  stated,  the  H~ effusion t echn ique  is capable  
of g iv ing  re l iab le  corrosion da ta  in  aqueous  sys tems 
at e levated  t e m p e r a t u r e  and  pressure.  The tech-  
n ique  avoids the i n h e r e n t  e x p e r i m e n t a l  difficulties 
encoun te red  in  w e i g h t - g a i n  or weigh t - loss  methods  
and  al lows dif ferent ia l  corrosion ra tes  to be  deter-  
m i n e d  on a s ingle  specimen.  
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I. 

Galvanic Corrosion 
Current Flow and Polarization Characteristics of the Aluminum-Steel and 

Zinc-Steel Couples in Sodium Chloride Solution 

M. J. Pryor and D. S. Keir 

Kaiser Aluminum & Chemical Corporation, Spokane, Washington 

ABSTRACT 

Curren t  flow, weight loss, and polarization measurements  have been carried 
out on the a luminum-mi ld  steel and zinc-mild steel couples in normal  NaC1 
solution at 25~ Under  a wide var ie ty  of exper imental  conditions both alu- 
m inum and zinc are anodic to mild steel and completely protect it against  cor- 
rosion. In  both galvanic couples the current  flow and weight losses of the 
anodes are proport ional  to the area of the steel cathode and are much less 
dependent  on the anode area. Galvanic corrosion rates of both couples ap- 
pear to be.  controlled by oxygen depolarization and are thus markedly  in- 
creased by stirring. At high st i rr ing rates, the a luminum-s tee l  couple delivers 
a much higher galvanic current  than  the zinc-steel couple. 

Zinc (1) and  a l u m i n u m  (2-4) are anodic  to steel 
in  m a n y  aqueous  solut ions  and  of ten  corrode sacr i -  
ficially to i m p a r t  pa r t i a l  or complete  pro tec t ion  to 
steel. This  t e n d e n c y  of Zn  and  A1 to protect  steel  
ca thodica l ly  has been  reflected in  the good corrosion 
res is tance  of ga lvan ized  and  a lumin i zed  steel (5) ,  
p a r t i c u l a r l y  in  m a r i n e  e n v i r o n m e n t s  (6, 7). A l -  
though  cases are  repor ted  w h e n  Zn  (8-10) and  A1 
(3, 11, 12) reverse  the i r  po la r i ty  w i th  respect  to 
steel, i t  is gene ra l ly  t rue ,  at leas t  for the  z inc-s tee l  
couple, tha t  the  chance  of a po la r i ty  r eve r sa l  is 
m u c h  decreased in  the  presence  of chloride.  

Despite  a la rge  v o l u m e  of research  on ga lvan ic  
corrosion,  the re  has been  l i t t le  effort d i rec ted  to-  
w a r d  m e a s u r i n g  the  ac tua l  ga lvan ic  c u r r e n t  flow in  
the a l u m i n u m - s t e e l  couple p a r t i c u l a r l y  at zero ex-  
t e rna l  resis tance.  Hoxeng  and  P r u t t o n  (10) car r ied  
out  po ten t i a l  and  c u r r e n t  flow m e a s u r e m e n t s  on the 
z inc-s tee l  couple  d u r i n g  an  ex tens ive  s tudy  of the  
effects of different  an ions  in  solut ion.  However ,  
m a n y  of the i r  m e a s u r e m e n t s  refer  to cases where  
the steel was  anodic  to Zn  and  are thus  not  d i rec t ly  
comparab le  to resul ts  in  NaC1 w h e n  Z n  func t ions  as 

the anode.  A k i m o v  and  his co -worke r s  (12),  us ing  
Cu cathodes coupled to a wide  va r i e ty  of d i ss imi la r  
me ta l  anodes in  NaC1 solut ion,  d e m o n s t r a t e d  tha t  
the  c u r r e n t  flow was p ropor t iona l  to the  area  of the  
Cu cathode and  was  essent ia l ly  i n d e p e n d e n t  of the 
area  of d i ss imi la r  me ta l  anode.  This was  a direct  
conf i rmat ion  of the ear l ie r  work  of W h i t m a n  and  
Russel l  (13) on the copper - s tee l  couple. La te r  work  
by Evans  (2) ind ica ted  tha t  the  add i t iona l  corrosion 
produced  by  contact  wi th  a d i ss imi la r  me t a l  cathode 
was a p p r o x i m a t e l y  p ropor t iona l  to the  a rea  of the 
cathode only  w h e n  the  so lu t ion  res is tance  was fa i r ly  
low. 

Because of the  lack of q u a n t i t a t i v e  i n f o r m a t i o n  on 
the  a l u m i n u m - m i l d  steel couple in  chlor ide solu-  
tions, the i n v e s t i g a t i o n  descr ibed below was carr ied  
out. In  this phase  of the ove r - a l l  inves t iga t ion ,  cu r -  
ren ts  f lowing b e t w e e n  A1 and  steel electrodes and  
b e t w e e n  Z n  a nd  steel  e lectrodes in  n o r m a l  NaC1 
were  measured ,  together  wi th  weigh t  losses of the  
electrodes.  Po la r iza t ion  curves  were  d e t e r m i n e d  for 
the  two ga lvan ic  couples, and  the  effect of r e l a t ive  
areas of anode  and  cathode on c u r r e n t  flow, weight  
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loss, and  electrode pola r iza t ion  examined .  The  effect 
of ag i ta t ion  of the so lu t ion  on c u r r e n t  flow and  cor- 
rosion ra te  was also d e t e r m i n e d  for bo th  ga lvan ic  
couples. 

E x p e r i m e n t a l  

Materials 

The A1, Zn, and  mi ld  steel used in  this  i nves t iga -  
t ion  were  in  the fo rm of cold rol led sheet 0.088 
cm thick. The i r  composi t ions  are:  a l u m i n u m - - S i  
0.001%, Fe 0.001%, Cu 0.002%, ba lance  A1; z i n c - -  
Si 0.08%, Fe 0.001%, Cu 0.009%, Pb  0.002%, ba l -  
ance Zn;  mi ld  s t e e l - - C  0.07%, Si 0.02%, Mn 0.45%, 
P 0.010%, S 0.005%, Cu 0.06%, Ni 0.08%, Mo 0.005%, 
Co 0.03%, ba lance  Fe. 

All  solut ions  were  m a d e  f rom C. P. chemica ls  and  
dis t i l led wa te r  and were  t ho rough ly  shaken  to i n -  
sure  s a t u r a t i o n  wi th  dissolved air.  

Steel  samples  were  degreased in  benzene ,  p ickled  
in inh ib i t ed  HC1, r insed  in  dis t i l led water ,  dried,  
r insed  aga in  in  benzene,  and  stored in  d ry  air  for 24 
hr  before use. In i t i a l  expe r imen t s  were  car r ied  out  
in  which  A1 specimens  were  etched in  e i ther  HF  
or NaOH, r insed,  dried, and  s tored in  dry  air  for 
24 hr  before use. The anodic  we igh t  loss, po la r iza -  
t ion data,  and  n u m b e r  of coulombs pass ing in  the  
a l u m i n u m - s t e e l  couple  in  96 hr  were  found  to be 
insens i t ive  to the surface p r epa ra t i on  of the anodic  
metal .  Consequen t ly ,  A1 and  Zn specimens  used in  
subsequen t  expe r imen t s  received no surface p re -  
t r e a t m e n t  o ther  t h a n  thorough  degreas ing  in  b e n -  
zene. 

Experimental  Method 
Current flow and weight  loss de t e rmina t ions . -  

Two para l l e l  d i ss imi lar  me ta l  electrodes were  held  
in  posi t ion in  a Luci te  cell by  means  of m i c a r t a  
f rames  l ined  wi th  n e o p r e n e  gaskets.  The backs  of 
the  spec imens  were  masked  wi th  wa te rp roofed  
Scotch p re s su re - sens i t i ve  tape  to pro tec t  aga ins t  
seepage of the solut ions.  The  m a s k i n g  and  gaske t ing  
confined the  area  of each spec imen  in  contact  wi th  
the so lu t ion  to 100 cm ~ unless  smal le r  e lectrode 
areas were  specifically desired. 

The  space be tween  the  electrodes was  filled to a 
cons tan t  level  wi th  a p p r o x i m a t e l y  1600 ml  of n o r -  
ma l  NaC1 solut ion sa tu ra t ed  wi th  dissolved air. 
Evapora t i on  was p r e v e n t e d  l a rge ly  by  loosely cov-  
e r ing  the  cell wi th  S a r a n  tissue. The  cell was con-  
t a ined  in  a wa te r  ba th  t he rmos t a t t ed  at  25 ~ •176 

Diss imi lar  me ta l  electrodes w e r e  shor t - c i r cu i t ed  
for the test  per iod of 96 hr. C u r r e n t  read ings  were  
t aken  per iod ica l ly  by  i n t roduc ing  a zero res i s tance  
m i c r o a m m e t e r  into the circuit .  Po t en t i a l  m e a s u r e -  
men t s  1 of each electrode aga ins t  a s a tu r a t ed  ca lomel  
e lectrode showed tha t  the closed c i rcui t  po ten t ia l s  
of the anode and  cathode were  v i r t u a l l y  the same 
and  independen t ,  to w i t h i n  1 mv,  of the  posi t ion of 
the  calomel  e lectrode in  the  solut ion.  E v i d e n t l y  a n y  
s ignif icant  po ten t i a l  changes  in  the  couple  are 
l imi t ed  a lmos t  en t i r e ly  to the  e l ec t rode-so lu t ion  
in ter faces  and  do not  occur g r a d u a l l y  across the  
en t i r e  so lu t ion  pa th  as p ic tu red  by  A k i m o v  (19). 
These po ten t ia l  changes  at the electrode surfaces  
may  be regarded  as ene rgy  ba r r i e r s  which  a lone 

1 A l l  p o t e n t i a l s  i n  t h i s  p a p e r  a r e  e x p r e s s e d  o n  t h e  S t a n d a r d  H y -  
d r o g e n  S c a l e .  
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control  the rate  of ga lvan ic  corrosion w h e n  the 
res is tances  of the e x t e r n a l  c i rcui t  and  of the  solu-  
t ion  are very  low. M e a s u r e m e n t s  of both  pH and 
conduc t iv i ty  of the solut ion were  car r ied  out  be-  
fore and  af ter  the expe r imen t .  Af te r  96 hr, each 
test  was d i scon t inued  and  corrosion products  re -  
moved  chemica l ly  so tha t  the  weigh t  loss of the 
electrodes could be de te rmined .  Steel  specimens  
were  c leaned by i mme r s i on  for 2 m i n  in  1:1 HC1 in -  
h ib i ted  wi th  3% Rodine  41; A1 spec imens  were  
c leaned by i m m e r s i o n  for 10 m i n  in  a so lu t ion  con-  
t a in ing  2% chromic acid and  5% s y r u p y  H,PO, at 
80~ Zn specimens  were  c leaned  in  10% NH,C1 so- 
lu t ion  fol lowed by  i m m e r s i o n  in  a boi l ing  chromic 
ac id / s i l ve r  n i t r a t e  so lu t ion  (14).  B l a n k  weight  
losses were  d e t e r m i n e d  for the c l ean ing  procedures  
on uncor roded  pane l s  and  were  used in  ca lcu la t ing  
corrected weigh t  loss va lues  of the  corroded speci-  
mens.  The  total  n u m b e r  of coulombs f lowing in  each 
e x p e r i m e n t  was ca lcula ted  f rom the c u r r e n t / t i m e  
curve.  By also k n o w i n g  the  weigh t  loss of the  u n -  
coupled specimens  in  n o r m a l  NaC1 solut ion,  both 
the decrease in  weight  loss of the  cathodic m e m b e r  
of the couple and  the efficiency of d issolu t ion  of the 
anodic  m e m b e r  of the couple  could be calcula ted.  

Polarization studies.--The va r i a t i on  in  po ten t ia l  
of the  anodes and  cathodes w i th  c u r r e n t  was de te r -  
m i ne d  by  sho r t - c i r cu i t i ng  the  ga lvanic  couple 
t h rough  a low va r i ab le  series res i s tance  and  pe r -  
m i t t i ng  both the  c u r r e n t  and  po ten t ia l  to reach 
s teady va lues  at different  a r b i t r a r y  va lues  of ex-  
t e rna l  resis tance.  I t  has been  po in ted  out  p rev ious ly  
(15) tha t  this me thod  of m e a s u r i n g  pola r iza t ion  
curves  is more  t r u l y  comparab le  wi th  condi t ions  ex-  
is t ing d u r i n g  ga lvanic  corrosion,  s ince in  bo th  cases 
the po ten t ia l  and  ga lvan ic  c u r r e n t  m a y  v a r y  to-  
ge ther  in ach iev ing  s t eady- s t a t e  condit ions.  

Results 

Potential measurements . - -Potent ia l / t ime curves  
in  n o r m a l  NaC1 solu t ion  at  25~ for uncoup led  spec- 
imens  (100 cm ~) of Zn, A1, and  mi ld  steel  a re  shown 
in  Fig. 1. Whereas  the po ten t ia l s  of Zn  and  mi ld  
steel are  fa i r ly  s teady af ter  a short  t ime, the  po t en -  
t ial  of the A1 shows cons iderab le  var ia t ion .  The 
s teady po ten t i a l  of the  Z n  is nea r  the Nerns t  po ten -  
t ial  (16) corrected for Zn  ion act ivi ty .  

EEect ol relative area oS dissimilar metal  elec- 
trodes on current flow and weight  loss.--Triplicate 
expe r imen t s  were  car r ied  out  for 96 hr  on the  Z n -  
steel and  Al - s t ee l  couples in  n o r m a l  NaC1 solu t ion  
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Fig. 1. Potent ial / t ime curves for AI,  Zn, and mild steel in N NaCI  
solution at 25~  Equal areas (100 cm ~) of uncoupled metals. 
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Fig. 2. Triplicate curves relating current flow and potential to 
time for the AI-mild steel couple in N NaCI solution at 25~ 
Equal areas (]00 cm 2) of dissimilar metals. 

at  25~ Equa l  areas  of d i ss imi la r  meta l s  (100 cm ~) 
were  s i tua ted  15 cm apar t  in  these expe r imen t s  a nd  
were  shor t - c i r cu i t ed  t h rough  zero e x t e r n a l  res is t -  
ance. The va lues  of c u r r e n t  flow at  d i f ferent  t imes  
were  no t  h igh ly  r ep roduc ib le  in  rep l ica te  exper i -  
ments ,  the degree  of sca t te r  b e t w e e n  the  c u r r e n t /  
t ime  curves  be ing  shown  for the  Al - s t ee l  couple  in  
Fig. 2 and  for the  Z n - s t e e l  couple in  Fig. 3. D u r i n g  
these e x p e r i m e n t s  the  pH of the  so lu t ion  increased  
f rom abou t  5.2 to 7.2 and  the conduc t iv i ty  r e m a i n e d  
unchanged .  

S imi la r  expe r imen t s  were  car r ied  out  in  which  
the  d is tance  of separa t ion  of the  electrodes was  held  
cons tan t  at 15 cm b u t  in  which  the  electrode areas  
were  va r i ed  b e t w e e n  2 and  100 cm ~. Effect of ca th-  
ode area  on the  weigh t  losses of the  Z n  and  A1 an-  
odes and  on the  tota l  n u m b e r  of coulombs f lowing in  
96 hr  is shown  in  Fig. 4. The  effect of anodic  area  
on anodic  weight  loss is shown  in  Fig. 5 and  6. These 
figures also con ta in  the  we igh t  loss f igu res  for the 
expe r imen t s  wi th  equa l  areas  of A1, Zn, and  steel. 
The expe r imen t s  in  which  the area  of the  A1 anode  
was var ied  (Fig. 5) gave  less r ep roduc ib le  resul ts  
t h a n  those in  which  the area  of the  steel  cathode 
was var ied .  
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In  all  e xpe r i me n t s  descr ibed in  this  pape r  the 
steel spec imens  were  s t rong ly  cathodic to e i ther  
A1 or Zn  and  were,  w i t h i n  the l imi ts  of exper i -  
m e n t a l  error,  i.e., <0.01 m g / c m  ~ comple te ly  p ro -  
tected agains t  corrosion by  coupl ing  to e i ther  of 
these  anodes.  The weight  losses of the  Z n  and  A1 
specimens  were,  of course, m a r k e d l y  increased  by  
coupl ing  to the  mi ld  steel cathodes.  In  stat ic  solu-  
t ions both  the  A1 a nd  Zn  anodes were  ga lvan ica l ly  
corroded in  a u n i f o r m  m a n n e r .  F r o m  ca lcu la t ion  of 
the n u m b e r  of coulombs flowing, it was a p p a r e n t  
tha t  the  weight  losses of the anodes  were  apprec i -  
ab ly  in  excess of those ca lcu la ted  f rom the cu r r en t  
flow data,  p a r t i c u l a r l y  in  the case of Zn. These  ad-  
d i t ional  losses in  we igh t  wi l l  be re fe r red  to as the  
"weigh t  losses due  to local act ion".  Since the  cu r -  
r en t  was on ly  m e a s u r e d  on  an  i n t e r m i t t e n t  basis, 
the  e s t ima t ion  of the  n u m b e r  of coulombs  flowing is 
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less accura te  t h a n  the  m e a s u r e m e n t s  of weight  loss. 
Consequent ly ,  the accuracy  of the weigh t  losses due 
to local action, which  were  ca lcula ted  by  difference, 
is not  high, p a r t i c u l a r l y  for A1 anodes where  the  
to ta l  we igh t  loss is r e l a t ive ly  low. The va r i a t i on  in  
local ac t ion weight  losses of Zn  and  A1 wi th  d i ss im-  
i lar  me ta l  e lectrode area  is shown in  Fig. 7. 

Distance of separation of the electrodes.--Experi- 
ments  we re  n e x t  car r ied  out  to de t e rmine  the  effect, 
if any,  of d is tance  of separa t ion  of the electrodes on 
the  ra te  of ga lvan ic  corrosion of the Al - s t ee l  couple. 
In  these exper imen t s ,  weight  losses a lone  were  de-  
t e rmined .  The  resul t s  (Fig. 8) show tha t  the  weigh t  
loss on A1 anodes in  expe r imen t s  of 96 hr  d u r a t i o n  
decreased somewha t  as the  electrodes approached  
each other  closely. It  m u s t  also be real ized that ,  as 
the  d is tance  of separa t ion  decreased,  the  total  vo l -  
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Fig. 7. Effect of variation of anode and cathode areas on the 
anodic weight losses due to local action in the Al-mild steel and 
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ume  of solut ion also became  smal ler .  However ,  
w h e n  t h e  e l e c t r o d e s  w e r e  15 c m  a p a r t ,  t h e  e f f e c t  of  
smal l  va r i a t ions  in  d i s tance  of sepa ra t ion  was  i n -  
significant.  

Polarization measurements.--Anodic and  cathodic 
po la r iza t ion  curves  were  d e t e r m i n e d  for bo th  gal-  
van ic  couples in  the  m a n n e r  descr ibed above.  

Var ia t ion  of anodic  and  cathodic po la r iza t ion  
curves  as a func t ion  of ca thode  area was  d e t e r m i n e d  
for bo th  ga lvanic  couples by  employ ing  a 15 cm 
elect rode separa t ion  af ter  a fixed t ime of 24 hr. Re-  
sul ts  are con ta ined  in  Fig. 9 a n d  10 and  m a y  be used 
to assist in  e x p l a i n i n g  the  weigh t  loss resul t s  shown 
in  Fig. 4. Var ia t ion  of the anode  area  had  no signifi-  
cant  e f f ec t  o n  p o l a r i z a t i o n  c u r v e s  d e t e r m i n e d  i n  a 

s imi la r  m a n n e r .  
E]~ects of stirring.--Experiments were  ca r r i ed  out  

in which  d iss imi lar  me t a l  electrodes h a v i n g  equal  
areas (20 cm 2) were  c lamped  5 cm apa r t  by  means  
of a Luci te  holder  in a 400 ml  beaker .  A cons tan t  
vo lume  (320 ml )  of n o r m a l  NaC1 at 25~ was  used 
in  these tests. The  so lu t ion  in  the  beake r  was  s t i r red  
by a va r i ab le  speed s t i r re r  located cen t r a l l y  in  a 
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Fig. 9.  E f fec t  of a rea  of steel ca thode  on the polar izat ion curves 
for  the  A I - m i l d  steel  couple in N NaCI at  25~  using 100 cm 2 of AI.  
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Fig. 10. Effect of area of steel cathode on the polarization curves 
for the Zn-mild steel couple in N NaCI at 25~ using 100 cm 2 of Zn. 

f ixed pos i t ion  b e t w e e n  the  e lec t rodes .  E x p e r i m e n t s  
on the  effects of s t i r r i n g  w e r e  c a r r i e d  ou t  for  a p e -  
r iod  of 24 h r  on accoun t  of t he  g r e a t l y  i n c r e a s e d  
r a t e  of g a l v a n i c  corros ion.  W e i g h t  loss, c u r r e n t  flow, 
and  p o t e n t i a l  m e a s u r e m e n t s  we re  m a d e  as d e s c r i b e d  
p r ev ious ly .  The  effect of s t i r r i n g  on w e i g h t  loss and  
c u r r e n t  flow in t he  A l - s t ee l  couple  is shown  in Fig .  
11. In  u n s t i r r e d  solut ions ,  the  Z n - s t e e l  couple  d e -  
l i v e r e d  a h i g h e r  ga lvan i c  c u r r e n t  t h a n  the  A l - s t e e l  
couple.  A t  150 p p m  bo th  couples  d e l i v e r e d  the  s ame  
ga lvan i c  cu r ren t .  A t  300-500 rpm,  t h e  Z n - s t e e l  
coup le  gave  low a n d  h i g h l y  e r r a t i c  cu r ren t .  F o r  i n -  
s tance,  a t  a s t i r r i n g  r a t e  of 500 r p m  the  t o t a l  n u m -  
be r  of cou lombs  f lowing in s ix  e x p e r i m e n t s  on the  
Z n - s t e e l  coup le  v a r i e d  b e t w e e n  105 a n d  202. In  v i e w  
of the  h i g h l y  i r r e p r o d u c i b l e  n a t u r e  of the  r e su l t s  on 
the  Z n - s t e e l  couple  a t  t h e  h i g h e r  s t i r r i n g  ra tes ,  a 
r e p r e s e n t a t i v e  cu rve  canno t  be  i n c l u d e d  in Fig.  11. 
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Fig. 11. Effect of stirring rate on the total AI weight loss, AI 
weight loss due to local action, and number of coulombs flowing (in 
24 hr) in the Akmild steel couple in N NaCI at 25~ Equal areas 
(20 cm ~) of AI and steel. 

D i s c u s s i o n  

I t  shou ld  be  p o i n t e d  ou t  f irst  t h a t  t h e  r e su l t s  d e -  
s c r i be d  in  th is  p a p e r  a r e  c o n c e r n e d  p r i m a r i l y  w i t h  
t he  i n i t i a l  s tages  of g a l v a n i c  corros ion .  Such  fac to rs  
as the  s low f o r m a t i o n  of p r o t e c t i v e  f i lms ove r  long  
pe r i ods  of t ime,  w h i c h  can  m a r k e d l y  affect  g a l v a n i c  
c u r r e n t  flow, h a v e  no t  been  i n v e s t i g a t e d  in  th is  
work .  

The  re su l t s  of th is  i nves t i ga t i on  d e m o n s t r a t e  tha t ,  
in n o r m a l  NaC1 u n d e r  a w ide  v a r i e t y  of e x p e r i -  
m e n t a l  condi t ions ,  bo th  A1 and  Zn a re  anodic  to 
m i l d  s tee l  and  c o m p l e t e l y  p r o t e c t  i t  a ga in s t  c o r r o -  
sion, a t  l eas t  for  p e r i o d s  up  to 96 hr .  Fig .  2, 3, and  4 
d e m o n s t r a t e  t ha t  t h e  c u r r e n t  flow u n d e r  s im i l a r  e x -  
p e r i m e n t a l  cond i t ions  is s o m e w h a t  g r e a t e r  in  t h e  
Z n - s t e e l  coup le  t h a n  in  t he  A l - s t e e l  coup le  excep t  
a t  r a t e s  of s t i r r i n g  in  excess  of 150 rpm.  T h e  c u r -  
r e n t / t i m e  cu rves  for  bo th  couples  a r e  qu i t e  e r r a t i c  
(F ig .  2 and  3) a n d  show no e v i d e n c e  of  s e t t l i ng  d o w n  
to r e a l l y  s t e a d y  va lues .  W h e r e a s  the  p o t e n t i a l  of the  
Z n - s t e e l  coup le  is qu i te  u n i f o r m  at  a r o u n d  --0.88 v 
(Fig .  3) ,  i r r e s p e c t i v e  of v a r i a t i o n s  in c u r r e n t  flow, 
the  p o t e n t i a l  of the  A l - s t e e l  couple  shows  m u c h  
m o r e  v a r i a t i o n  (Fig .  2) .  

Fig.  10 shows t h a t  t h e  g a l v a n i c  co r ros ion  of  the  
Z n - s t e e l  couple  is u n d e r  ca thod ic  con t ro l  and  t ha t  
i nc r e a s ing  c u r r e n t s  m a y  b e  d r a w n  f r o m  a Zn anode  
w i t h  p r a c t i c a l l y  no change  in po ten t i a l .  Indeed ,  as 
p o i n t e d  out  p r ev ious ly ,  t he  p o t e n t i a l  t a k e n  up  b y  
t h e  Zn in NaC1 so lu t ion  con ta in ing  d i s so lved  a i r  
a p p e a r s  to be  a p p r o x i m a t e l y  the  N e r n s t  p o t e n t i a l  
c o r r e c t e d  for  Zn  ion  ac t iv i ty .  Consequen t ly ,  v a r i -  
a t ions  in c u r r e n t  flow m u s t  be  t o l e r a t e d  w i t h o u t  
g r e a t l y  a l t e r i n g  the  p o t e n t i a l  of the  couple .  F r o m  
the  fo rm of t h e  ca thodic  p o l a r i z a t i o n  cu rves  for  t he  
Z n - s t e e l  couple  (Fig .  10), i t  a p p e a r s  t h a t  t he  v a r i -  
a t ions  in c u r r e n t  f low a r e  due  to t he  r e l a t i v e  r a t e s  
of c o n s u m p t i o n  and  r e p l a c e m e n t  of d i s so lved  o x y -  
gen at  t h e  c a t h o d e / s o l u t i o n  in te r face .  

P o l a r i z a t i o n  cu rves  for  the  A l - s t e e l  coup le  (Fig .  
9) at  f irst  s ight  i nd ica t e  t h a t  cor ros ion  shou ld  be  
u n d e r  m i x e d  control .  F u r t h e r m o r e ,  c o m p a r i s o n  w i t h  
Fig .  1 shows  tha t ,  as the  A1 is c o r r o d e d  ga lva n i ca l l y ,  
i ts  o p e n - c i r c u i t  p o t e n t i a l  sh i f ts  s u b s t a n t i a l l y  in  t he  
m o r e  anodic  d i rec t ion .  Consequen t ly ,  a l t h o u g h  t h e  
p o t e n t i a l / t i m e  cu rves  (Fig .  1) w o u l d  i n d i c a t e  an  
o p e n - c i r c u i t  p o t e n t i a l  d i f fe rence  of a r o u n d  150 m v  
for  t h e  A l - s t e e l  coup le  ( and  a r o u n d  330 m v  for  t he  
Z n - s t e e l  coup le ) i  Fig.  9 shows  tha t ,  on coup l ing  to 
100 cm ~ of s teel ,  t h e r e  is a c t u a l l y  an  o p e n - c i r c u i t  
p o t e n t i a l  d i f f e rence  of a r o u n d  370 m v  for  t h e  A1- 
m i l d  s tee l  couple .  This  is s o m e w h a t  g r e a t e r  t h a n  
t h a t  for  the  Z n - s t e e l  coup le  u n d e r  s i m i l a r  cond i -  
t ions (Fig;  10).  S ince  the  p o t e n t i a l  of A1 in NaC1 is 
so f a r  d i sp l aced  f r o m  the  N e r n s t  p o t e n t i a l  (16) ,  
p r o b a b l y  due  to t h e  f o r m a t i o n  of p r o t e c t i v e  ox ide  
films, fac tors  i nc r e a s ing  i ts  co r ros ion  r a t e  and  ass i s t -  
ing  in  t h e  b r e a k d o w n  of t h e s e  p r o t e c t i v e  f i lms wi l l  
d i sp l ace  i ts  p o t e n t i a l  i n ' t h e  less noble  d i rec t ion .  E v i -  
d e n t l y  for  m e t a l s  such as A1, w h i c h  b e h a v e  in a 
h i g h l y  i r r e v e r s i b l e  m a n n e r ,  d i f ferences  in  cor ros ion  
or  so lu t ion  p o t e n t i a l  a re  a v e r y  u n r e l i a b l e  gu ide  to 
t he  t r u e  m a g n i t u d e  of o p e n - c i r c u i t  e m f  of  g a l v a n i c  
corros ion.  H o w e v e r ,  t h e  m a g n i t u d e  of t h e  ga lvan i c  
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corrosion c u r r e n t  wi l l  be  cont ro l led  u sua l l y  by the  
po la r iza t ion  charac ter is t ics  of the electrode reac-  
tions. 

Fig. 9 also shows tha t  the anodic  po la r iza t ion  
cu rve  for A1 is no t  fiat as is tha t  for Zn. Therefore ,  
changes  in  oxygen  concen t ra t ion  due  to r e l a t ive  
ra tes  of c o n s u m p t i o n  and  r ep l acemen t  of oxygen  at 
the  steel ca thode  wi l l  affect not  on ly  the  c u r r e n t  
flow bu t  also the  po ten t i a l  of the  Al - s t ee l  couple. 
Tha t  the more  rap id  decreases in  c u r r e n t  u sua l l y  
coincide wi th  cor responding  shifts in  po ten t i a l  in  
the less noble  d i rec t ion  (Fig. 2) suppor t s  the  con-  
t en t ion  tha t  the  corrosion ra te  of the  Al - s t ee l  couple 
is also cont ro l led  by  oxygen  depolar iza t ion.  This is 
s u b s e q u e n t l y  confirmed by  the s t i r r ing  expe r i me n t s  
in  Fig. 11. 

In  local -ce l l  corrosion it  is qu i t e  difficult to check 
the va l id i ty  of po la r iza t ion  curves  due  to the expe-  
r i m e n t a l  difficulty of separa t ing  anodic  and  cathodic 
areas.  However ,  in  s tudies  of ga lvanic  corros ion this  
difficulty does not  exist  to the same extent .  Conse-  
quen t ly ,  e x p e r i m e n t s  w i th  di f ferent  r e l a t ive  areas  
of A1, Zn, and  steel were  car r ied  out  as described.  
Po la r i za t ion  curves  for  the Z n - s t e e l  couple  (Fig. 10) 
ind ica te  tha t  the  ga lvan ic  corrosion is u n d e r  ca th-  
odic control .  Therefore ,  the  c u r r e n t  flow and  weigh t  
loss of the Z n  should  be p ropor t iona l  to the  area  of 
the steel cathode and  should  be less d e p e n d e n t  on 
the area  of the Zn  anode.  E x p e r i m e n t s  wi th  pa r t i a l  
areas of s teel  and  Zn  (Fig. 4 and  6) demons t r a t e  
tha t  this  is so, t he r eby  affording a di rect  conf i rma-  
t ion  of the  " C a t c h m e n t  P r inc ip le"  (17).  F u r t h e r -  
more  it is ev iden t  that ,  s ince the weigh t  loss of a Zn  
anode is on ly  s l ight ly  affected by  decreas ing  its 
area,  the  i n t ens i t y  of corrosion on the  Z n  m u s t  
m a r k e d l y  increase  wi th  decreas ing  area  (Fig. 6). 

The po la r i za t ion  curves  for the  Al - s t ee l  couple  
w i th  equa l  e lect rode areas  are  charac te r ized  by  
s teeply s loping anodic  po la r iza t ion  curves  and  r e l a -  
t ive ly  flat cathodic po la r i za t ion  curves  (Fig. 9). De- 
spi te  this, e x p e r i m e n t  shows that ,  as in  the case of the  
Z n - s t e e l  couple, c u r r e n t  flow and  weigh t  losses of 
the  A1 are a lmost  d i rec t ly  p ropor t iona l  to the  area  
of the steel cathode (Fig. 4) and  are less depe nde n t  
on the  area  of the  A1 anode,  even  though  the  resul t s  
wi th  va r i ab l e  areas of A1 show m u c h  scat ter  (Fig. 
5). Actua l ly ,  these resul t s  and  the po la r iza t ion  
curves  are not  as m u t u a l l y  incons i s t en t  as appears  
at first sight.  E x a m i n a t i o n  of the  cathodic  po la r i za -  
t ion  curves  for steel  (Fig. 9) shows tha t  the  ca th-  
odic reac t ion  ( the r educ t ion  of dissolved oxygen)  
becomes diffusion con t ro l l ed  ~ at a c u r r e n t  dens i ty  of 
a r o u n d  10-12 ~ a m p / c m  ~ u n d e r  these  e x p e r i m e n t a l  
condi t ions.  Whereas  in  the  Z n - s t e e l  couple  some 
gaseous H2 can p r o b a b l y  be evolved f rom the  steel 
cathode, it  is p robab l e  tha t  w h e n  a steel  cathode is 
coupled to A1 in  a NaC1 so lu t ion  con ta in ing  dis-  
solved oxygen,  its po ten t i a l  cannot  be depressed far  
enough  to evolve s ignif icant  quan t i t i e s  of H~. 3 Con-  
sequent ly ,  the cathodic reac t ion  in  the A l - s t ee l  
couple  should  be dependen t  p r i m a r i l y  on oxygen  de-  

T h e  c a t h o d i c  r e a c t i o n  is s a id  to  be  d i f fus ion  c o n t r o l l e d  w i t h  re -  
spec t  to  o x y g e n  w h e n  t h e  r a t e - c o n t r o l l i n g  s t ep  is  t h e  n o t e  a t  w h i c h  
o x y g e n  d i f fuses  f r o m  t h e  b u l k  of  t he  so lu t ion  to  t h e  s o l u t i o n - c a t h -  
ode  interface .  

polar izat ion.  Thus,  if the  cathodic area  is reduced,  
the c u r r e n t  dens i ty  at the ca thode  can only  achieve 
a ce r ta in  m a x i m u m  va lue  which  depends  on the  ra te  
at which  oxygen  diffuses f rom the b u l k  of the  solu-  
t ion to the cathode. F u r t h e r  reduc t ions  in  cathode 
area, therefore,  should resu l t  in  a p ropor t iona l  r e -  
duc t ion  in  both ga lvanic  c u r r e n t  flow and  weight  
loss of the A1. This effect is show n  in the  po la r iza-  
t ion  curves  in Fig. 9 and  by  the  weigh t  loss and  c u r -  
r en t  flow resul ts  in  Fig. 4. However ,  the  re la t ive  in -  
sens i t iv i ty  of the  c u r r e n t  flow and  corrosion ra te  to 
va r ia t ions  in the a rea  of the  A1 is less easy to u n d e r -  
s tand.  It  appears  f rom Fig. 9 tha t  the po ten t i a l  of A1 
in  NaC1 solu t ion  has to be  e n n o b l e d  to a r o u n d  0.5 v 
before  A1 ions wi l l  m ig ra t e  r ap id ly  t h rough  the  ox-  
ide film on the A1. Once this  po ten t i a l  is achieved,  
the  ra te  of m i g r a t i o n  of A1 ions t h r ough  the  oxide 
film m a y  be var ied  wide ly  w i th  l i t t le  change  in  po-  
tent ia l .  This assists in  e x p l a i n i n g  the  ve ry  smal l  
effect of A1 anode a rea  on ga lvan ic  corrosion of the 
Al - s t ee l  couple. 

The e xpe r i me n t s  in  which  the  d i s tance  of sepa ra -  
t ion  of A[ and  steel electrodes was var ied  (Fig. 8) 
d e m o n s t r a t e d  tha t  the  ra te  of ga lvanic  corrosion de-  
creased as the electrodes approached  each o ther  
more  closely. S ince  the  o v e r - a l l  vo lume  of so lu t ion  
decreases as the  d i s tance  of separa t ion  decreases, 
these  e x p e r i m e n t a l  condi t ions  favor  the  deve lop-  
m e n t  of h igher  b u l k  pH va lues  in  the  so lu t ion  and,  
consequent ly ,  an  increased  abso rp t ion  of CO~ f rom 
the  a tmosphere .  Separa te  e xpe r i me n t s  to be  re -  
por ted  la ter  have  shown  that ,  as wi th  Z n  (10),  in-  
c reas ing  concen t r a t ions  of sod ium b i ca rbona t e  p ro -  
gress ively  e nnob l e  the po ten t i a l  of A1 a nd  thus  de-  
crease the open-c i r cu i t  emf  of the  Al - s t ee l  couple.  
A l t e rna t ive ly ,  the  change  in  geomet ry  of the cell 
wi th  decreas ing d is tance  of e lectrode separa t ion  
ce r t a in ly  tends  to reduce  diffusion of d issolved oxy-  
gen f rom the surface  of the  so lu t ion  to the  lower  
por t ions  of the steel  cathode. This should reduce  the 
a rea  of steel ac t ing as an  effective cathode and, 
consequent ly ,  should  p ropo r t i ona t e ly  reduce  c u r r e n t  
flow and  the  weight  loss on the  A1 anode.  However ,  
it  should  be po in ted  out  t ha t  this effect is p r o b a b l y  
confined to solut ions of ve ry  low res is tance  since, 
wi th  h igher  res is tance solutions,  the  effect of r educ -  
ing the  res i s tance  of the  so lu t ion  pa th  wou ld  t end  
to mask  the  effect shown  in  Fig. 8. 

E x p e r i m e n t s  i nvo l v i ng  s t i r r i ng  (Fig. 11) f u r t h e r  
suppor t  the con ten t ion  tha t  the  ga lvanic  corrosion 
ra te  of the Al - s t ee l  couple  in  NaC1 solut ions  is 
l a rge ly  cont ro l led  by  oxygen  depola r iza t ion  at  the  
steel cathode. A l though  the  Z n - s t e e l  couple  de l ivers  
more  c u r r e n t  t h a n  the Al - s t ee l  couple in  stat ic  NaC1 
solutions,  the  s i tua t ion  is r eversed  at  s t i r r i ng  ra tes  
of 300 and  500 rpm.  Very  deep p i t t ing  of the  Zn  

3 T h i s  v i e w  is s u p p o r t e d  b y  t h e  f a c t  t h a t  t h e  p o t e n t i a l  of  s tee l  
c o u p l e d  to  A1 is n o t  d e p r e s s e d  f a r  e n o u g h  to c a t h o d i c a l l y  r e d u c e  
the  a i r - f o r m e d  o x i d e  f i lm  on the  i ron  ca thode  (18) .  T h u s ,  w i t h  
s m a l l  a r e a s  of s tee l  c a t h o d e  the  a i r - f o r m e d  o x i d e  f i lm is  p r o b a b l y  
r e e n f o r c e d  d u e  to  c o n t a c t  w i t h  a n  a l k a l i n e ,  o x y g e n - c o n t e i n i n g  s o l u -  
t ion .  C o n s e q u e n t l y ,  as s h o w n  in  F i g .  9, t h e  o p e n - c i r c u i t  p o t e n t i a l  of  
t h e  s t e e l  c a t h o d e  c a n  be  m a r k e d l y  e n n o b l e d  d u r i n g  g a l v a n i c  c o r r o -  
s ion  d u e  to  a r e d u c t i o n  in  t h e  r a t i o  of f i l m - f r e e  to  o x i d e  f i l m - c o v -  
e r e d  a r ea s .  H o w e v e r ,  d u r i n g  g a l v a n i c  corros ion  of  t h e  Z n - s t e e l  
coup l e ,  t h e  p o t e n t i a l  of  t h e  s t ee l  is  s h i f t e d  f a r  e n o u g h  i n  t h e  a c t i v e  
d i r e c t i o n  to r e d u c e  t h e  a i r - f o r m e d  o x i d e  f i lm  on t h e  s tee l  c a t h o d i c -  
al ly.  T h e r e f o r e ,  as  m a r k e d  a s h i f t  i n  t h e  o p e n - c i r c u i t  p o t e n t i a l  of  
t he  s t ee l  c a t h o d e  in  t h e  n o b l e  direc t ion  is no t  o b s e r v e d  (F ig .  10) 
s ince  t h e  c a t h o d e  is  f r e e  f r o m  o x i d e  d u r i n g  the  e x p e r i m e n t s .  
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anodes is observed at these s t i r r ing  rates  accom- 
pan ied  by  tow and  er ra t ic  cu r r en t s  and  high weigh t  
losses due  to local action.  On the  other  hand,  t he  A1 
is u n i f o r m l y  a t tacked  even  at s t i r r ing  rates  of 500 
rpm and  weight  loss due to local ac t ion increases  
only  s l ight ly  over  tha t  in  stat ic solut ions (Fig. 11). 
The poten t ia l s  of bo th  couples become ennob led  
wi th  inc reas ing  s t i r r ing  rate,  bul: the shift  in  po t en -  
t ial  of the  Al - s t ee l  couple is on ly  about  ha l f  of tha t  
of the Z n - s t e e l  couple  (100 mv)  u n d e r  s imi la r  con-  
dit ions.  This suggests tha t  the anodic  po la r iza t ion  
curve  of A1 is f latter t h a n  tha t  of Zn  w i t h i n  the  cu r -  
r en t  dens i ty  r ange  of 10-100 ~ a m p / c m  ~ as has been  
suggested previous ly .  

Fig. 7 shows the  we igh t  losses ( in  96 h r )  due to 
local ac t ion on Zn  and  A1 anodes of different  areas 
coupled to var ious  areas of mi ld  steel. I t  m a y  be 
seen tha t  the local act ion weight  loss on Zn  is a l -  
ways  ve ry  m u c h  grea te r  t h a n  tha t  on A1. This  is 
p r o b a b l y  due  to the  re la t ive  shapes of the anodic  
po la r iza t ion  curves  of A1 and  Zn  (Fig. 9 and  10). 
These ind ica te  tha t  the local cathodes on an  A1 a n -  
ode should  be suppressed more  effectively by  a re la -  
t ive ly  l a rge  shift  in  po ten t i a l  of a r o u n d  300 m v  
in  the nob le  d i rec t ion  d u r i n g  ga lvanic  corros ion 
(Fig. 9) as compared  w i th  a shift  of on ly  a r o u n d  20 
mv  (Fig. 10) in the  case of Zn. F u r t h e r m o r e ,  this  
effect would  be he igh tened  by  the  fact, po in ted  out  
p rev ious ly  (20),  tha t  the  cathodes on A1 in  NaC1 
solut ion con ta in ing  oxygen  are v e r y  smal l  and  com- 
prise on ly  about  5% of the tota l  spec imen area. 
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Inclusion of Fuchsin in Bright Nickel Deposits 
Kedzie Chemical Laboratory, Michigan State University, East Lansing, Michigan 

J. L. Dye and O. J. Klingenmaier 

ABSTRACT 

Fuchsin, a br ightener  used in nickel plating, was recovered from nickel 
deposits by dissolving the deposits in HC1. The amount  of fuchsin recovered 
per gram of Ni was roughly l inear  in fuchsin concentrat ion and decreased with 
increasing current  density. Some per t inent  properties of fuchsin were studied. 
The amount  of fuchsin included and its br ightening effect are correlated with 
a model which assumes preferent ia l  adsorption at grain corners and edges. 

This inves t iga t ion  was  car r ied  out  to d e t e r m i n e  
w h e t h e r  an  organic  b r igh t ene r  of the  second class 
(1) is inc luded  in  Ni deposits w i t h o u t  comple te  de-  
composit ion.  W h e n  this  was  found  to be  the  case, a 
s tudy  was  made  of the effect of b r i gh t e r  concen t r a -  
t ion  and  c u r r e n t  dens i ty  on the a m o u n t  inc luded  in  
the deposit .  

D u r i n g  pla t ing ,  a g radua l  decrease occurs in  the  
concen t ra t ion  of the b r i g h t e n i n g  agent  or agents.  

Whi le  decomposi t ion  products  u n d o u b t e d l y  account  
for some of this  loss, it  seems reasonab le  to assume 
tha t  some of the  b r i g h t e n i n g  agent  or its decompo-  
s i t ion products  are inc luded  in  the  deposit .  

The presence  of carbonaceous  m a t t e r  in  e lectro-  
deposi ted meta l s  of the i ron  group has been  re -  
por ted  by  a n u m b e r  of inves t igators ,  a nd  recent ly ,  
B r e n n e r  and  co -worke r s  (2) ,  found  the  ca rbon  and  
su l fu r  contents  of e lect rodeposi ted b r igh t  Ni to 
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range  f rom 0.02 to 0.08%. A search of the  l i t e r a t u r e  
fai led to disclose any  successful  inves t iga t ions  of 
the iden t i ty  of these inclusions.  

A common b r i g h t e n e r  of the  second class used in  
Ni p l a t i ng  is the organic  dye, fuchsin,  also k n o w n  as 
rosan i l ine  hydrochlor ide .  Its molecu la r  fo rmula  is: 
C~.~H.~N3C1. 

Fuchs in  was chosen for s tudy  p r i m a r i l y  because  
its in tense  color pe rmi t t ed  the  spec t rophotomet r ic  
d e t e r m i n a t i o n  of as l i t t le  as 50 ~g/1. A sens i t ive  
me thod  of analys is  was necessary  in  this  i nves t iga -  
t ion since the  b r i g h t e n i n g  agent  is used in  amoun t s  
as low as 1 mg/1. Accordingly ,  it was felt  t ha t  on ly  
a smal l  a m o u n t  would  be inc luded  in  the Ni deposit .  
One of the d rawbacks  invo lved  in  the  choice of 
fuchs in  for s tudy  is tha t  some decomposi t ion  could 
be expected because  of its complex  na tu re .  

Experimental 

The n icke l  stock so lu t ion  used in  the e x p e r i m e n t a l  
work  was a typica l  W a t t s - t y p e  ba th  of the fo l lowing 
composi t ion:  NiSO,.7H~O, 240 g / l ;  NiCI.~.6H.~O, 45 
g / l ;  boric acid, 30 g/1. The solut ion was purif ied by  
the me thod  of Ewing  (3) .  Br ight  ba ths  were  made  
by  add ing  to the above solut ion (4) :  sod ium n a p h -  
t ha l ene  disulfonate ,  4.5 g / l ;  sod ium l au ry l  su l -  
fonate,  0.1 g / l ;  fuchsin,  0.5-3.0 r a g / 1 .  

The fuchs in  1 was pur i f ied by  two rec rys ta l l i za -  
t ions f rom water .  The o ther  chemicals  used were  
ana ly t i ca l  r eagen t  grade  and  were  used wi thou t  f u r -  
ther  pur i f ica t ion  except  tha t  m e n t i o n e d  above.  

Brass sheet  stock 0.020 in. th ick  was e lec t ro-  
c leaned and  p la ted  wi th  du l l  Ni in  the usua l  fashion.  
The surface was then  buffed and  pass iva ted  elec-  
t ro ly t ica l ly .  To accomplish  this, the pane l  was a l -  
t e r n a t e l y  e lec t roc leaned (anodica l ly )  and  d ipped in 
HC1 4 or 5 t imes.  P l a t i ng  was  car r ied  out  in  a one 
l i ter  e lectrolysis  j a r  at 55 ~ -- I~  Ag i t a t ion  of the 
solut ion was p rov ided  by a low-pi tch ,  glass s t i r r i ng  
rod, ro ta t ing  at 200 rpm.  Anode  bags were  not  used 
for these deposi t ions  because  of the great  t e n d e n c y  
for fuchs in  to adsorb on cloth. A c u r r e n t  dens i ty  of 
0.02 a m p / c m  ~ was used, and  all  deposits  were  m i r -  
ror  br ight .  Fuchs in  reduced  wi th  Ni and  HC1 was 
used in the first exper iments .  Because of the  diffi- 
cul ty  of p r epa r ing  s t a n d a r d  solut ions of reduced  
fuchsin,  as descr ibed later,  p la t ing  was  done wi th  
n o n r e d u c e d  fuchsin.  The appea rance  of the deposits 
was ident ica l  to tha t  ob ta ined  wi th  reduced  fuchsin.  

A n u m b e r  of b r igh t  Ni deposits were  also p re -  
pared  f rom separa te  250 ml  amoun t s  of b r igh t  Ni 
solut ion in  a Hul l  Cell (5) .  The deposits  were  t h e n  
cut  and  combined  to give five c u r r e n t  dens i ty  ranges  
for s tudy.  

In  the course of this research,  it was necessa ry  to 
de t e rmine  fuchs in  quan t i t a t i ve ly ,  both  in the  p l a t -  
ing baths,  and  in  the  solut ions ob ta ined  by dissolv-  
ing the deposits.  The  procedure  adopted was as fol-  
lows: a 25 ml  sample  of the so lu t ion  was hea ted  
wi th  1 g of n icke l  fo rmate  to 90~176 The so lu t ion  
was cooled and  t r ans fe r r ed  to a 125 ml  separa to ry  
funne l .  Successive smal l  por t ions  of m e t h y l  e thy l  
ke tone  were  shaken  wi th  the  solut ion to ex t rac t  the 

1 A c e r t i f i e d  b i o l o g i c a l  s t a i n  d i s t r i b u t e d  b y  E a s t m a n  K o d a k  Co.  

dye. W h e n e v e r  the  fuchs in  concen t r a t i on  was  less 
t h a n  2.5 mg/1, a to ta l  of 25 ml  of e x t r a c t a n t  was 
used;  otherwise,  50 ml  was necessary.  The absorb -  
ancy  of the  m e t h y l  e thy l  ke tone  ex t r ac t ion  at a 
wave  length  of 548 m~ (cor responding  to the  maxi -  
m u m  absorbance )  was d e t e r m i n e d  wi th  a B e c k m a n  
Model DU Spec t ropho tomete r  us ing  1 cm cells. 
W h e n  w or k i ng  wi th  solut ions  ob ta ined  by  dissolv-  
ing the  deposits or wi th  reduced  fuchs in  solutions,  
the abso rbancy  increased  somewha t  over a per iod  of 
a few hours  to a cons tan t  va lue .  

Severa l  methods  of d issolving deposits  con ta in ing  
fuchs in  were  a t tempted ,  i nc lud ing  anodic  dissolu-  
tion, and  the  use of Classen 's  r eagen t  (6) .  The only  
method  which led to recovery  of fuchs in  was  disso- 
lu t ion  of the deposits in  HC1 solution.  Ni foil, we igh-  
ing abou t  1.2 g, was cut into smal l  pieces and  dis-  
solved in  15 ml  of 36% HC1. The  process r equ i r ed  
2-3 weeks  at room t empera tu re s ,  bu t  on ly  4 h r  at  
70~176 Both methods  were  used wi th  abou t  the 
same degree of success. The pH va lue  of the solut ion 
was raised to the  range  of 2 to 3 wi th  sod ium car-  
bonate ,  fol lowed by  the t r e a t m e n t  wi th  n icke l  for-  
ma te  as descr ibed previous ly .  

Po la rographic  s tudies  were  made  wi th  a Sa rgen t  
Model X X I  Po la rog raph  and  in f r a red  s tudies  wi th  a 
P e r k i n - E l m e r  Model 21 Record ing  Spec t rophoto-  
meter .  

Results 

While  fuchs in  has m a n y  advan tages  in  a s tudy  of 
this type, its p r inc ipa l  d i s advan t age  is the t e n d e n c y  
to undergo  complex  react ions.  Some of the react ions  
i nvo lv ing  fuchs in  are i l l u s t r a t ed  in  Fig. l a  and  lb .  

The react ions  of fuchs in  i m p o r t a n t  in  p l a t i ng  are 
its e lectrolyt ic  r educ t ion  and  oxidat ion.  One  l i ter  of 
a solut ion con t a in ing  2.0 m g  fuchs in  and  10 g HsBO~, 
pH 3.2, was e lect rolyzed b e t w e e n  graph i te  electrodes 
at a c u r r e n t  of 0.1 amp for abou t  4 hr. Per iodic  s am-  
p l ing  showed tha t  the  fuchs in  con ten t  decreased 
rough ly  l inea r ly  wi th  t ime  at a r a t e  of 0.4 mi l l i -  
m o l e s / F a r a d a y  of electr ici ty.  A repea t  e x p e r i m e n t  
wi th  a porous cup to separa te  the  anode and  cathode 
c o m p a r t m e n t s  showed tha t  the loss of color was  oc- 

sold f o ~  ~u~-~ ~ . ~  c ~ b l n o ~  be.se 
(1~t 7e1/~ ) (Z~) ( col~leeu ) 

Fig. la. Acid-base behavior of fuchsin 

~ 3 c l  

~ ~ s c l  

r~duce~ f~chs~n 
(gree. )  

neutral fuchs ~.~ L .  
( r , a )  

Fig. lb. Oxidation-reduction and decomposition behavior of fuchsin 
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Fig. 2. Determination of the number of electrons involved in the 
primary reduction step for fuchsin from polarographic data. 

cur r ing  in  the anode  compar tmen t .  This  could not  be 
made  q u a n t i t a t i v e  because  of the  s t rong  adsorp t ion  
of the dye into the porous  cup. A t t emp t s  were  made  
to ana lyze  the ox ida t ion  products  w i thou t  success. 
The oxida t ion  products  appeared  to be a complex  
m i x t u r e  r a the r  t h a n  a s ingle  pu re  substance.  

Because reduced  fuchs in  is r e c o m m e n d e d  as a 
b r i g h t e n i n g  agent  for Ni, the first deposits  were  
made  f rom a ba th  con ta in ing  the  reduced  dye. This 
was made  by  hea t ing  fuchs in  wi th  Ni and  HC1. This 
i n v a r i a b l y  resu l ted  in  the  loss of 20-40% of the 
fuchsin.  Since plates of exce l len t  qua l i ty  could  be  
ob ta ined  wi th  n o n r e d u c e d  fuchsin,  use  of the  re -  
duced m a t e r i a l  was  abandoned .  

Some po la rographic  s tudies  of fuchs in  were  m a d e  
to gain  f u r t h e r  ins igh t  into its e lect rolyt ic  p rope r -  
ties. It  was found  tha t  exce l len t  r educ t ion  waves  
could be ob ta ined  at the  d ropp ing  m e r c u r y  elec- 

t 
t rade.  Fig. 2 shows a g raph  of log vs. the  

i~--i 

dropping  electrode po ten t i a l  r e l a t ive  to the  sa tu -  
ra ted  calomel  electrode.  The leas t - squares  slope 
gives a va lue  of 1.06 for n,  the n u m b e r  of e lec t rons  
invo lved  in  the  reduct ion .  Whi le  q u a n t i t a t i v e  po la ro-  
graphic  s tudies  of the r educ t ion  were  made  at on ly  
two concent ra t ions ,  i t  appears  tha t  the  in i t i a l  step 
in  the  r educ t ion  is the  fo rma t ion  of a f ree  radical .  A 
cor responding  oxida t ion  wave  could no t  be fQund 
wi th  reduced  fuchs in  solutions.  A r a the r  poor ly  de-  
fined oxida t ion  wave  was ob ta ined  wi th  fuchs in  so- 
lu t ions  at +0.28 v vs. the  s a tu ra t ed  calomel  elec- 
t rode w h e n  a ro ta t ing  P t  e lectrode was  used. 

Fuchs in  was  recovered  f rom the  deposits  by  dis-  
solving the  deposits  in  HC1. A s tudy  was m a d e  of the  
effect of acid s t rength ,  t empe ra tu r e ,  and  t i m e  of 
heat ing,  on the decomposi t ion  of fuchsin .  Th i r t y -one  
r u n s  were  m a d e  u n d e r  va r ious  condit ions.  Resul t s  
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are g iven  in  Table  I. They  m a y  be s u m m a r i z e d  by  
s ta t ing  tha t  h igh  t empera tu res ,  h igh acid s t rengths ,  
and  long t imes of s t and ing  or hea t ing  resu l t ed  in  the  
loss of fuchsin.  

The absorp t ion  spec t rum of solut ions  of fuchs in  
in  w a t e r  and  in  m e t h y l  e thy l  ke tone  were  de te r -  
m i n e d  at a n u m b e r  of concent ra t ions .  The  mola r  
ex t inc t ion  coefficients were  found  to be 65,000 in  
wa te r  at 545 m~, and  91,000 in  m e t h y l  e thy l  ke tone  
at  548 m/z. These wave  lengths  cor respond to the  
absorp t ion  m a x i m a  in  the  two solvents .  

Beer 's  Law was obeyed in  bo th  solvents  w i th in  the 
e x p e r i m e n t a l  error .  These ca l ib ra t ion  curves  were  
used to eva lua te  the concen t ra t ions  of the  u n k n o w n  
samples.  

A tota l  of 19 deposi t ions  f rom solut ions  con ta in -  
ing fuchs in  were  made,  and  both  the  fuchs in  r e -  
covered f rom the  p la te  and  the  fuchs in  r e m a i n i n g  in  
the ba th  were  d e t e r m i n e d  spec t rophotometr ica l ly .  
Resul ts  are r ep resen ted  g raph ica l ly  in  Fig. 3. 

The effect of c u r r e n t  dens i ty  on the  a m o u n t  of 
fuchs in  inc luded  in  the Ni deposits was d e t e r m i n e d  
wi th  a Hul l  cell (5) .  The 250 ml  por t ions  of b r igh t  
Ni solut ion used in  these expe r imen t s  each con-  
t a ined  470 ~g of fuchs in  so tha t  the  concen t ra t ion  
was 1880/~g/l i ter .  Ni deposits  were  exce l len t  in  ap-  
pearance .  Table  II  gives resul t s  ob ta ined  in  analyses  
of fuchs in  f rom deposits cover ing  five ranges  of cu r -  
r en t  densi ty.  The re  is a no t ab l e  decrease  in  the 

Table I. Recovery of fuchsin from HCI solutions subjected to 
different conditions of time and temperature 

F u c h s i n  A m o u n t  of  
c o n t e n t  cone ,  a c i d  T e m p ,  T i m e  % 

(#g) (ml)  ( ~ C) (hr)  R e c o v e r e d  

80 3* 95 0.1 94 
40 5* 95 0.1 87 
40 3* 70-90 0.1 94 
40 3* 70-90 0.1 94 
40 3* 70-90 0.5 77 
40 3* 70-90 1.0 63 
40 3* 25 0.2 100 
40 5 25 0.2 100 
40 15 90-95 4 58 
40 15 90-95 4 58 
41 15 60-70 4 64 
41 15 60-70 4 65 
42 15 50-55 1 64 
42 15 50-55 2 66 
42 15 50-55 3 58 
42 15 50-55 4 60 
84 15 50-55 6 72 
40 5 25 24 86 
40 10 25 24 84 
40 15 25 24 84 
40 10 25 72 60 
40 15 25 168 57 
40t 15 80-85 1 72 
40t 15 80-85 4 46 
40~ 15 70-80 4 64 
40t 15 60-70 4 60 
40~ 15 50-55 4 63 
40t 15 50-55 4 60 
40f 15 25 48 58 
40t 15 25 168 58 
40i 15 25 168 66 

* P l u s  25 m l  of w a t e r .  
"~ 1.2 g of  p u r e  N i  fo i l  a d d e d  to  t h e  a c i d  so lu t ion .  
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Table II. Distribution of fuchsin in Hull cell deposits 
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F u c h s i n  r e c o v e r e d  ($g) 
C u r r e n t  A m o u n t  of N i  

d e n s i t y  ( a m p / f t ' )  d i s s o l v e d  (g) P e r  d e p o s i t  P e r  g of N i  

0-15 0.125 14 112 
15-40 0.405 26 62 
40-80 0.576 30 52 
80-120 0.334 8 24 

>120 0.409 12 29 

1.849" 90t 

* T o t a l  N i  d e p o s i t e d  w a s  1.995 g.  
) T h i s  v a l u e  w a s  28% of t h e  t o t a l  d e c r e a s e  of f u c h s i n  in  t h e  p l a t -  

i n g  so lu t ions .  

a m o u n t  of fuchs in  recovered  per  g r a m  of Ni as the  
cu r r en t  dens i ty  is increased.  

Conclusions 
Even  though  condi t ions  other  t h a n  concen t ra t ion  

were  made  as iden t ica l  as possible d u r i n g  the  v a r -  
ious deposit ions,  a cons iderab le  scat ter  of poin ts  re -  
sulted.  This m a y  be due  to at least  two i m p o r t a n t  
factors. 

1. U n e q u a l  so lu t ion  ag i ta t ion  at  the  electrode 
surface  would  ce r t a in ly  have  a p r o n o u n c e d  effect on 
the a m o u n t  of fuchs in  inc luded  in  the  deposit.  It  
would  be expected tha t  too vigorous s t i r r ing  would  
increase  the a m o u n t  of fuchs in  des t royed  by  ox ida-  
t ion as wel l  as the a m o u n t  inc luded  in  the  plate.  The 
data  seem to indica te  tha t  this effect is opera t ing .  

2. Fuchs in  is s lowly  des t royed in HC1 solut ion,  
and  by  heat,  as is shown  in  Table  I. Lack of r ep ro -  
duc ib i l i ty  of the  resul t s  could wel l  be  due to this 
loss of fuchsin.  

In  spite of the difficulties encoun te r ed  in o b t a i n -  
ing q u a n t i t a t i v e  data,  several  conclusions  can be 
d r a w n  f rom this  s tudy.  

1. Fuchs in ,  w h e n  used as a b r i g h t e n e r  of the  sec- 
ond class in  Ni p la t ing ,  is inc luded  in  the deposits  
wi thou t  be ing  comple te ly  destroyed.  Abou t  30% of 
the  tota l  decrease of fuchs in  in  the p la t ing  ba th  

lO0 

"Y : 

o V I I I I I  
o 5O0 LO00 1~O0 2OOO ~:~O0 

Jt t crogr~  of fuchsia per i i t e r  

Fig. 3. Effect of fuchsin concentrotiQn i ,  tho bath on the amount 
recovered from Ni deposits. 

could be recovered f rom the  deposit.  P r o b a b l y  much  
of the  rest  of the decrease resu l ted  f rom the anodic  
ox ida t ion  of fuchsin.  

2. The a m o u n t  of fuchs in  recovered f rom the de-  
posits increased wi th  the  concen t ra t ion  of fuchs in  
in  the  ba th  f rom abou t  18 ~g/g  Ni at  a ba th  con- 
cen t r a t ion  of 500 ~g/ l i te r ,  to abou t  90 ~ g / g  Ni at 
2500 ~g/ l i ter .  These  va lues  are low because  of losses 
of fuchsin,  and  it  is be l ieved  tha t  the va lues  should 
be revised  u p w a r d  by  30-40% to ob ta in  a be t t e r  
va l ue  of the  fuchs in  con ten t  in  the  Ni. E v e n  if al l  
of the  decrease of fuchs in  in  the  ba th  were  due  to its 
codeposi t ion w i th  Ni, the concen t r a t i on  of fuchs in  in  
Ni could not  exceed 500 ~g /g  Ni in  this  r ange  of 
concent ra t ion .  

3. The  a m o u n t  of fuchs in  recovered f rom the de-  
posits per  g r am of Ni decreases wi th  an increase  in 
c u r r e n t  densi ty.  This is to be  expected on a macro  
scale because  of local dep le t ion  of the organic  mole -  
cules at  regions of high c u r r e n t  densi ty .  

Since the pe rcen tage  of fuchs in  found  in  the de-  
posits was ve ry  low (about  0 .01%),  it  is possible 
tha t  the  b r i g h t e n i n g  act ion occurs because  of a 
p re fe ren t i a l  adsorp t ion  of fuchs in  at  poin ts  of high 
c u r r e n t  densi ty ,  such as g r a i n  corners  and  edges. 
Deposi t ion of Ni would  t h e n  be i n t e r r u p t e d  at  these 
points  and  accen tua ted  at low c u r r e n t  dens i ty  areas.  
Such act ion would  t end  to smooth  out  the deposit  
and  produce  r a n d o m l y  or ien ted  smal l  gra ins  lead ing  
to a br igh t  plate.  To check the p laus ib i l i ty  of this 
a r gume n t ,  the ra t io  of fuchs in  molecules  to Ni gra ins  
was calculated.  

The a m o u n t  of fuchs in  recovered  f rom 1 g Ni, 
p la ted  f rom a ba th  con ta in ing  1800 ~g of f u c h s i n /  
l i ter,  was used as the basis for the  calcula t ion.  Refer -  
ence to Fig. 3 indica tes  tha t  65 ~g fuchs in  was re -  
covered per  g r a m  of Ni. A s s u m i n g  3 5 %  loss of 
fuchs in  in the process of solut ion of the deposit,  a 
va l ue  of 100 ~g, or 3 x 10 -7 g r a m - m o l e s  of f u c h s i n / g  
Ni was chosen. This figure corresponds  to 1.8 x 10 TM 

molecu le s /g  Ni. Us ing  a dens i ty  of 8.9 g/cc for Ni 
and  the i n f o r m a t i o n  tha t  the  g ra in  size of b r igh t  Ni 
deposits  is less t h a n  10-' m m  (7) ,  the  n u m b e r  of 
fuchs in  molecules  per  g ra in  of Ni would  v a r y  f rom 
1600 at a g ra in  size of 10-' m m  to 1.6 at a g ra in  size 
of 10 -s mm.  Table  III  shows that ,  depend ing  on the 
g ra in  size produced,  it  would  be possible for the in -  
c luded fuchs in  molecules  to cover  the  edges of each 
grain ,  or m e r e l y  the  corners.  

A t t a c h m e n t  of organic  molecules  at the  gra in  
corners  and  edges d u r i n g  deposi t ion could res t r ic t  
g ra in  growth.  A h igher  fuchs in  concen t r a t i on  in  the 

Table III. Distribution of 100/~g of fuchsin in 1 g Ni 

L e n g t h  of 
F u c h s i n  m o l e c u l e s  g r a i n  e d g e  p e r  

G r a i n  s ize  ( ram)  p e r  g r a i n  f u e h s i n  m o l e c u l e  (A) 

1 • 10 -~ 1600 1.9 
5 • 10 ~ 200 7.5 
4 X 10 -5 100 12.0 
3 • 10 ~ 43 21.0 
2 • 10 -~ 13 47.0 
1 • 1 0  -~ 1 . 6  - -  

9 • 10 -~ 1.2 - -  

8 • 1 0  -~ 0 . 8  - -  
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solut ion would  then  increase  this effect by  m a k i n g  
a la rger  n u m b e r  of molecules  ava i l ab le  at the su r -  
face. The concen t ra t ion  of b r i g h t e n e r  could thus  
p lay  an  i m p o r t a n t  role in  d e t e r m i n i n g  the  g ra in  
size, wi th  more  b r i g h t e n e r  p roduc ing  smal le r  grains,  
bu t  at the same t ime  m o r e  b r i t t l e  deposits.  
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Throwing Index 
A New Graphical Method for Expressing Results 

of Throwing-Power Measurements 
Robert V. Jel inek and Hero F. David 1 

Department of Chemical and Metallurgical Engineering, Syracuse University, Syracuse, New York 

ABSTRACT 

A new direct method is proposed for expressing the results of throwing- 
power measurements  made on plat ing solutions in a conventional  rectangular  
throwing-power box with plane paral lel  electrodes. The metal  distr ibution 
ratio (M) is plotted vs. the l inear  ratio (P) on ari thmetic coordinates. The 
reciprocal of the slope of this plot is called "Throwing Index" and represents a 
direct measure of bath throwing-power.  Exper imenta l  data on several  solu- 
tions are presented and advantages of this method are discussed. 

Of p r ime  impor t ance  in  es tab l i sh ing  the  prac t ica l  
va lue  of a commerc ia l  e lec t rop la t ing  solut ion is 
" t h r o w i n g - p o w e r , "  the capaci ty  for p roduc ing  u n i -  
form coat ings on both  accessible and  inaccessible  
cathode areas.  This  pape r  p resen t s  a new  graphica l  
me thod  for ana lyz ing  d i rec t ly  the resul ts  of t h r o w -  
i n g - p o w e r  m e a s u r e m e n t s  in  t e rms  of " T h r o w i n g  
Index" .  

H a r i n g  and  B l u m ( 1 )  in t roduced  the  r e c t a n g u l a r  
cell w i th  p lane  pa ra l l e l  e lectrodes as a device for 
m e a s u r i n g  t h r o w i n g - p o w e r .  They  proposed the  defi- 
n i t ion,  

T h r o w i n g  power  = (P -- M ) / P  (I)  

where  P = l inea r  (or p r i m a r y )  ra t io  and  M = me ta l  
d i s t r i bu t ion  rat io b e t w e e n  the two e q u i - p o t e n t i a l  
p l ane  pa ra l l e l  cathodes placed at different  d is tances  
f rom the  anode.  

Two modified equa t ions  are  (2 -4 ) :  

T h r o w i n g  Efficiency = (P -- M ) / ( P  --  1) ( I I )  

T h r o w i n g  power  (BSI)  = (P -- M) / (P W M --  2) 
( I I I )  

I P re sen t  address :  Solvay Process  Div.,  Allied Chemical  & Dye  
Corp., Syracuse ,  N. Y. 

These reduce  the effect of P on the n u m e r i c a l  re -  
sults.  

Val id  object ions  have  been  ra ised to the t h r o w i n g -  
power  box. Chief  among  these are tha t  it  is an 
empi r i ca l  device wi th  an  electrode a r r a n g e m e n t  
d i ss imi la r  to m a n y  ac tua l  configurat ions ,  tha t  n u -  
mer ica l  va lues  ob ta ined  f rom it are  d e p e n d e n t  on 
cell d imensions ,  a n d  tha t  resul ts  m a y  even  be mis -  
l ead ing  for smal l  differences in  t h r o w i n g - p o w e r .  
However ,  the  fact r e ma i ns  tha t  it  is a s imple  and  
usefu l  test  a ppa r a t u s  which  pe rmi t s  d i rect  and  rapid  
compar i son  of d i f ferent  p l a t i ng  solut ions  or opera t -  
ing condi t ions  w i th  sufficient precis ion for most  
prac t ica l  purposes.  

Throwing Index 
In  a recent  s tudy  of the  e lec t rodeposi t ion  of 

al loys (5) ,  the  t h r o w i n g - p o w e r  of severa l  solut ions  
was  compared  u n d e r  va r i ed  ope ra t i ng  condi t ions.  
Measu remen t s  were  made  in  a cell of the  H a r i n g -  
B l u m  type, 1 in. wide  x 6 in. long, wi th  2 in. so lut ion 
depth.  

Tab le  I p resen ts  the  resu l t s  of a typ ica l  group of 
runs ,  showing  measu red  va lues  of M and  P, together  
wi th  t h r o w i n g - p o w e r  ca lcula ted  by  me a ns  of each 
of the  th ree  equa t ions  above.  None  expresses 
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Table I. Throwing-Power measurements* Table I1. Solution composition 

May 1957 

L i n e a r  Me ta l  T h r o w i n g  T h r o w i n g  T h r o w i n g  
ra t io  ra t io  P o w e r  eff iciency P o w e r - B S I  
(P) (M) [Eq. (I) ] [Eq. (II) ] [Eq. ( In )  ] 

Tin-zinc cyanide bath: 
(150~ 30 amp/ f t  '~) % % % 
2.17 1.49 31.4 58.1 41.0 
5.40 2.25 58.4 71.5 47.4 
9.50 3.05 67.9 76.0 61.1 
(75~ 30 amp/fff)  
2.02 1.18 41.5 82.4 70.0 
3.80 1.25 67.1 91.0 83.5 
5.70 1.42 75.0 91.2 83.5 

Lead-tin fluoborate bath: 
(80~ 40 amp/fff)  
2.30 2.22 3.5 6.2 3.2 
4.50 3.84 14.7 18.9 10.4 
9.50 7.63 19.7 22.0 12.3 
(80~ 30 a m p / f t  '~) 
2.08 1.95 6.3 12.0 6.4 
4.85 3.88 20.0 25.2 14.4 
9.50 7.02 26.1 29.2 17.1 

Cadmium cyanide bath: 
(80~ 15 amp/ f t  ~) 
2.11 1.26 40.4 76.5 62.0 
4.30 1.70 60.5 78.8 65.0 
9.00 2.23 75.1 84.5 73.5 

Acid zinc sulfate bath: 
(80~ 15 amp/ f t  ~) 
1.25 1.25 0 0 0 
1.85 1.87 --1.1 --2.4 --1.2 
4.76 5.27 --10.7 --13.6 --6.3 
6.00 6.94 --15.7 --18.8 --8.6 

* H a r i n g - B l u m  type  t h r o w i n g - p o w e r  box,  1 in. x 6 in., 2 in. so lu-  
t ion  depth .  T h i n  po l i s he d - s t e e l  ca thodes .  

t h r o w i n g  p o w e r  sa t i s fac to r i ly  in t e rms  of a f a i r ly  
cons tan t  va lue  ove r  a r ange  of l inear  ra t ios  for  one 
ba th  at cons tan t  p l a t i ng  condit ions.  Such a va lue  
wou ld  be use fu l  for  express ing  va r i a t ions  in 
t h r o w i n g - p o w e r  w i t h  changes  in cu r r en t  densi ty ,  
t e m p e r a t u r e ,  etc. 

Accord ing ly ,  the  s imple  p r o c e d u r e  of p lo t t ing  
m e t a l  ra t io  vs. l i nea r  ra t io  on a r i t h m e t i c  coord in -  
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Fig. 1. Throwing Index plot 
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Tin-zinc cyanide: 
Sodium stannate 16.0 oz/gal  
Zinc cyanide 1.2 
Potassium cyanide 2.8 
Potassium hydroxide  0.87 

Lead-tin ftuoborate: 
Lead 11.8 oz/gal  
Total t in 0.98 
Stannous tin 0.80 
Free  fluoboric acid 5.4 
Free  boric acid 3.4 

Acid zinc sulfate: 
pH 3.3 
Zinc 5.7 oz/gal  

Cadmium cyanide: 
Cadmium 2.10 oz/gal  
Total cyanide (as NaCN) 1.74 
Alkal in i ty  (as NaOH) 0.17 

ates was  t r ied  for  a g roup  of runs.  The  resu l t  was a 
l inear  re la t ionsh ip  for  each ba th  over  the  fu l l  r ange  
of the  data.  Fig. 1 shows such a plot  for  the  da ta  in 
Tab le  I. Tab le  II identif ies  t h e  p la t ing  ba ths  tested.  

At  first it was t hough t  the  resu l t  m i g h t  be fo r -  
tu i tous  for t he  p a r t i c u l a r  t h r o w i n g - b o x  and solu-  
t ions used in this  work .  To tes t  t he  method ,  da ta  
w e r e  t a k e n  f r o m  the  paper s  of Pan  (3) and G a r -  
dam (6) and p lo t t ed  in the  same  way.  P a n  used a 
H a r i n g - B l u m  box m e a s u r i n g  10 x 10 x 60 cm; 
G a r d a m ' s  da ta  a re  f r o m  two  cells, one  10 x 10 x 60 
cm, and the  o the r  2 x 2 x 12 cm. These  da ta  are  
shown in Fig. 2 and 3. 
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Fig. 2. Throwing Index plot, data of Pan (3) 
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Fig. 3. Throwing Index plots, data of Gardam (6) 
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Table II1. Values of Throwing Index 

T H R O W I N G  I N D E X  

Current  Throwing  
Bath Temp  density Index  

(~ (amp/ f t  2) 

Authors" Data: ~ 2 
Sn-Zn cyanide 75 30 10.0 

150 30 3.68 
Pb-Sn  fluoborate 80 30 1.38 --- - -  

80 40 1.24 o 
Cd cyanide 80 15 5.75 
Acid Zn sulfate 80 15 1.19 ~- i 

Data of Pan (3): 
Cd cyanide 
Acid Zn sulfate 
Ni sulfate-chloride 

Data of Gardam (6) 
Acid Cu sulfate 

68 15 1.34 
77 15 0.83 
80 28 0.96 

75 0.92 2.58 
75 1.85 1.98 
75 3.70 1.18 
75 4.63 1.19 
75 9.25 1.04 
75 13.9 1.10 

Acid Ni sulfate 

The poin t  M = 1, P = 1 should be c o m m o n  to all  
of the curves,  and  so each of the  l ines  on Fig. 1, 2, 
and  3 was  ex tended  to inc lude  this point .  A solu t ion  
wi th  ideal  t h rowing  character is t ics  would  p roduce  
a hor izon ta l  l ine at  M = 1, and  one wi th  poor 
t h r o w i n g - p o w e r  would  show a ve ry  steep l ine  on 
this t y p e  of plot. Thus  it  was reasoned  tha t  the  
slope of the l ine  could be used as an  ind ica t ion  of 
t h r o w i n g - p o w e r .  In  order  to have  la rger  va lues  
associated wi th  be t t e r  t h r o w i n g - p o w e r ,  the rec ipro-  
cal of the slope was used. The des igna t ion  " T h r o w -  
ing Index"  is suggested for this n u m b e r ,  in order  to 
d i s t ingu ish  it  f rom T h r o w i n g  Power  and  T h r o w i n g  
Efficiency used in  the  l i t e ra tu re .  

Values  of T h r o w i n g  Index  ob ta ined  f rom Fig. 1, 
2, and  3 are l isted in  Table  III. Fig 4 presen ts  the 
re la t ion  b e t w e e n  T h r o w i n g  Index  and  c u r r e n t  den -  
si ty for two solutions,  as shown  by  G a r d a m ' s  
da ta  (6) .  

Discussion 
There  are severa l  advan tages  associated wi th  the 

new  T h r o w i n g  Index  method:  
1. E x p e r i m e n t a l  da ta  f rom the f ami l i a r  H a r i n g -  

B l u m  cell a re  used d i rec t ly  and  conven ien t ly .  No 
fo rmulas  are required ,  and  the re  is no ques t ion  as 
to which  equa t ion  was used w h e n  the  resul ts  are 
reported.  

2. A s ingle  n u m b e r  is obta ined,  charac ter i s t ic  of 
a r ange  of l i nea r  ratios.  This  makes  it  conven i en t  to 
follow e x p e r i m e n t a l l y  the  effects of t empera tu re ,  
c u r r e n t  densi ty ,  ba th  concent ra t ion ,  and  o ther  
p la t ing  var iables .  

3. T h r o w i n g  Index  is ob ta ined  f rom severa l  ex-  
p e r i m e n t a l  points,  m i n i m i z i n g  errors  in  m e a s u r e -  
m e n t  at  any  one point .  The th ree  fo rmulas  in  use 
at p resen t  all  r equ i re  i n d i v i d u a l  t h r o w i n g - p o w e r  
ca lcula t ions  at  each point ;  r e l a t ive ly  smal l  er rors  in  
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Fig. 4. Throwing Index vs. current density, data of Gardam (6) 

one or two points  can t hen  produce  an  anomalous  
t h r o w i n g - p o w e r  curve  w h e n  the  da ta  a re  graphed.  

The method  does not  p resen t  a ny  ne w  theore t ica l  
approach  to the  t h r o w i n g - p o w e r  problem.  I t  is sub-  
ject  to the  same l imi ta t ions  tha t  have  a l r eady  been  
poin ted  out for the H a r i n g - B l u m  cell (7 -9) .  Throw-  
ing Index  is offered p r inc ipa l ly  as a usefu l  empir ica l  
tool, c o n v e n i e n t  for prac t ica l  e lec t rop la t ing  studies,  
ope ra t ing  specifications, and  p roduc t ion  control  tests. 
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ABSTRACT 

The complex Sn2P~O7 ba th  was found sa t is factory  for the e lec t ropla t ing  of 
Sn since it gave good qual i ty  deposi ts  over  a wide  range of exper imen ta l  con- 
ditions. Addi t ion  agents  l i k e  dex t r in -ge la t in  increased the br ightness  of the  
deposits.  This b a t h  has severa l  advantages  over  the  s tannate  bath.  

Ac id  su l f a t e  and  a lka l i  s t a n n a t e  b a t h s  a r e  w i d e l y  
used for  i n d u s t r i a l  p l a t i n g  of Sn. In  t he  l i t e r a t u r e ,  
use  of p y r o p h o s p h a t e  b a t h s  is m e n t i o n e d  on ly  b y  
Rose l eu r  (1 -3 )  and  M a r i n o  (4) .  Recen t ly ,  S a f r a n e k  
and  F a u s t  (5)  used  the  Sn~P~OT-copper c y a n i d e  b a t h  
for  depos i t ion  of S n - C u  a l loys .  

The  p r i n c i p a l  a d v a n t a g e s  of us ing  p y r o p h o s p h a t e  
so lu t ions  for  e l e c t r o p l a t i n g  r e l a t e  to h igh  so lub i l i ty ,  
nonpo i sonous  na tu r e ,  s t ab i l i t y ,  a n d  low m e t a l  ion 
c o n c e n t r a t i o n  due  to c o m p l e x  fo rma t ion .  D e t a i l e d  
i nves t i ga t i ons  on the  e l e c t rodepos i t i on  of va r i ous  
m e t a l s  and  a l loys  f r o m  this  b a t h  w e r e  u n d e r t a k e n  to 
s t u d y  the  e l e c t r o c h e m i s t r y  of m e t a l  p y r o p h o s p h a t e  
solut ions ,  o p t i m u m  o p e r a t i n g  cond i t ions  for  s a t i s -  
f a c t o r y  depos i t ion ,  and  to c o m p a r e  i ts  p e r f o r m a n c e  
w i th  t ha t  of w e l l - e s t a b l i s h e d  ba ths .  E l e c t r o d e p o s i t i o n  
of Sn, Zn, C u - S n  a l l oy  and  Ni f rom the  p y r o p h o s -  
p h a t e  b a t h  has  been  r e p o r t e d  br ie f ly  in p r e l i m i n a r y  
no tes  f rom th is  l a b o r a t o r y  ( 6 - 9 ) .  This  p a p e r  p r e -  
sents  in d e t a i l  the  w o r k  on the  depos i t i on  of Sn. 

Experimental 
P l a t i n g  so lu t ions  w e r e  p r e p a r e d  b y  d i s so lv ing  

SmP,O~ in Na,P~O7 solut ion ,  r e s u l t i n g  in f o r m a t i o n  
of a c o m p l e x :  Sn~P~O7 q- Na,P~O7 ~ 2Na~[Sn (P~O7)]. 
P o t e n t i o m e t r i c  and  c o n d u c t i m e t r i c  t i t r a t i o n s  s h o w e d  
tha t  the  r a t io  of p y r o p h o s p h a t e  to Sn  in  the  c o m p l e x  
is 1:1. The  Sn ion c o n c e n t r a t i o n  in t he  so lu t ion  as 
found  f rom p o t e n t i a l  m e a s u r e m e n t s  was  of t he  o r d e r  
of  10 -1' g - i on /1  (10) .  The  p y r o p h o s p h a t e  con t e n t  of  
t he  b a t h  was  a l w a y s  in excess  of t h a t  r e q u i r e d  for  
c o m p l e x  fo rma t ion .  SnaP,O: was  p r e p a r e d  b y  a d d i n g  
Na~P~O7 so lu t ion  to a so lu t ion  of SnCI~ in HC1. The  
p r e c i p i t a t e  f o r m e d  was  w a s h e d  t h o r o u g h l y ,  d r i ed ,  
and  k e p t  for  use. S t a n n o u s  p y r o p h o s p h a t e  was  a n -  
a lyzed  for  Sn b y  the  c u p f e r r o n  me thod ,  and  for  
p y r o p h o s p h a t e  b y  decompos i t i on  to o r t h o p h o s p h a t e  
and  then  v o l u m e t r i c  e s t i m a t i o n  b y  t h e  a m m o n i u m  
m o l y b d a t e  me thod .  Compos i t i on  ( b y  w e i g h t )  was :  
Sn,  54.0, p y r o p h o s p h a t e  39.5, and  w a t e r  6 .5%. 

I t  was  poss ib le  to m a i n t a i n  a f a i r l y  h igh  Sn con-  
t en t  in the  p l a t i n g  b a t h  because  of t he  h igh  so lu -  
b i l i t y  of Na,P~O~ in w a t e r .  K e e p i n g  in  v i ew  the  cost,  
d r a g  out  losses, and  neces s i t y  for  t he  p re sence  of a 
high f ree  p y r o p h o s p h a t e  con ten t  ( a n d  c o n s e q u e n t l y  
t he  t e n d e n c y  of t he  b a t h  to c r y s t a l l i z e  at  l ow  t em-  
p e r a t u r e s ) ,  i t  was  no t  a d v i s a b l e  to go b e y o n d  a Sn 
con ten t  of 33 g/1. T h e  Na,  P~O~ c o n c e n t r a t i o n  in t he  
r a n g e  80-480 g/1 was  f o u n d  s u i t a b l e  for  t he  m e t a l  
concen t r a t i ons  used,  t h e  r a t i o  ( b y  w e i g h t )  of Na~P~O~ 
to Sn~P~O~ b e i n g  f rom 4:1 to 8: 1. T h e  f r ee  p y r o p h o s -  

p h a t e  i m p r o v e d  anode  corros ion ,  conduc t iv i ty ,  and  
t h r o w i n g  power .  Nine  b a t h  compos i t ions  w e r e  s t u d -  
ied, t he  Sn~P~O7 con ten t  be ing  20, 40, and  60 g / l ,  
and  the  r a t io  of Na4P,O7 to SnaP,O, be ing  4: 1, 6: 1, 
and  8: 1. 

Chemica l s  e m p l o y e d  for  t he  p l a t i n g  b a t h  w e r e  of 
C.P. qua l i ty ,  SnCI~ be ing  " B a k e r s  A n a l y z e d "  and  
sod ium p y r o p h o s p h a t e  Br i t i sh  D r u g  Houses  b r and .  
F r e s h  so lu t ions  w e r e  r u n  fo r  each  e x p e r i m e n t .  C a n -  
n ing  and  Co. Sn  anodes  (3 x 1 x ~/s in.)  and  Cu shee t  
ca thodes  (3 x 1 x 1/32 in.)  w e r e  used,  t he  i n t e r -  
e l ec t rode  d i s t ance  be ing  1 in., i m m e r s e d  a r e a  of each  
e l ec t rode  2 in. z, and  p l a t i n g  t i m e  20-30 min.  E x p e r i -  
m e n t a l  de ta i l s  conce rn ing  c l ean ing  e lec t rodes ,  p l a t -  
ing  equ ipmen t ,  c u r r e n t  efficiencies (on the  bas is  of 
d i v a l e n t  S n ) ,  t e m p e r a t u r e ,  ag i t a t i on  ( speed  500 
r p m  a p p r o x i m a t e l y ) ,  pH, and  r e s i s t i v i t y  w e r e  the  
s ame  as d e s c r i b e d  p r e v i o u s l y  (11, 12). The  p H  was  
v a r i e d  b y  the  a d d i t i o n  of H~PO, or  NaOH.  

C a t h o d e  and  anode  po t e n t i a l s  d u r i n g  depos i t i on  
w e r e  d e t e r m i n e d  as fol lows.  The  e l ec t rode  whose  
p o t e n t i a l  was  to be  m e a s u r e d  was  coup led  w i th  a 
s a t u r a t e d  ca lomel  e l ec t rode  and  the  emf  of t he  c o m -  
b i n a t i o n  d e t e r m i n e d  b y  us ing  a T ins l ey  p o t e n t i o -  
me te r .  The  connec t ion  to t he  e l ec t rode  was  m a d e  by  
an  a g a r - a g a r  b r i d g e  w h o s e  t ip,  d r a w n  in to  a cap i l -  
l a r y  of  a p p r o x i m a t e l y  1 m m  d i a m e t e r ,  p r e s sed  
l i gh t l y  a ga in s t  t he  e lec t rode ,  m i n i m i z i n g  t h e r e b y  the  
e r r o r  due  to p o t e n t i a l  d r o p  t h r o u g h  t h e  e l ec t ro ly t e .  
A t h i c k  l a y e r  of Sn was  depos i t ed  on the  ca thode  
be fo re  t a k i n g  m e a s u r e m e n t s .  Then,  c o m m e n c i n g  
f rom the  s ta t ic  po ten t i a l ,  emf  r e a d i n g s  w e r e  t a k e n  
a t  va r i ous  c u r r e n t  dens i t ies .  Suff icient  t ime,  a p -  
p r o x i m a t e l y  2-3 min,  was  a l l o w e d  for  each  m e a s u r e -  
m e n t  to e n a b l e  t h e  p o t e n t i a l  to r e a c h  a s t e a d y  va lue .  
P l a t i n g  cond i t ions  w e r e  c a r e f u l l y  c on t ro l l e d  to o b -  
t a in  r e su l t s  of t h e  a c c u r a c y  of •  v, as  fa r  as 
poss ib le .  P o t e n t i a l  va lue s  r e f e r  t h r o u g h o u t  to t h e  
H scale.  

The  l i m i t i n g  C.D. was  found  f rom (a )  C .D . - ca th -  
ode p o t e n t i a l  curves ,  t h e r e  be ing  a s u d d e n  change  in 
t he  fo rm of t h e  c u r v e  a t  t he  l i m i t i n g  C.D., and  (b )  
c u r r e n t  ef f ic iency-C.D,  da ta .  Bo th  m e t h o d s  gave  
p r a c t i c a l l y  the  s a m e  va lues .  The  t h r o w i n g  p o w e r  
was  c a l c u l a t e d  f rom the  equa t ions  of S c h ] o t t e r -  
K o r p i u n  (13) as w e l l  as t hose  of  G a r d a m  (14) .  In  
the  l a t t e r  case, t he  equa t ion  for  a l i n e a r  r e l a t i o n -  
sh ip  b e t w e e n  c a t h o d e  p o t e n t i a l  and  log C.D. was  
used,  and  as a p p r o x i m a t i o n ,  t h e  i n t e r - e l e c t r o d e  dis-  
t a n c e  was  s u b s t i t u t e d  for  /~ of  the  equa t ion .  
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Vol. 104, No. 5 T I N  P L A T I N G  F R O M  P Y R O P H O S P H A T E  B A T H  283 

Table I. Effect of addition agents on current efficiency 
and quality of deposit 

Sn~P~O7 60 g/ l ,  Na4P20~ 360 g/ l ,  t e m p e r a t u r e  
60~ pH 9.0, cathode Cu, anode Sn, still plat ing.  

Quali ty of deposit :  A - - m a r k e d  improvemen t ,  B--- 
s l ight  improvemen t ,  C- -no  effect, D--de te r iora t ion .  

No. Addi t ion agent  

Cur ren t  
efficiency % 

A m o u n t  Br igh t -  
added C.D. Cath-  An-  ness of 

g/1 a m p / d m  2 ode ode deposit 

Fig. 1. Photomicrographs of deposits from Sn~P~Oz 60, Na~P,-07 
360 g/I, Cu cathode. Magnification 1 x 500 before reduction for 
publication. Plate 1. Fine-grained, bright deposit at 80~ and 1.6 
amp/dm 2, from stannate bath (composition, Table II); Plate 2, fine- 
grained, semibright deposit at 50oC and 0.54 amp/dm ~, from pyra- 
phosphate bath; Plate 3, coarse-grained, semibright deposit at 
80~ and 0.54 amp/dm~; Plate 4, fine-grained, bright deposit at 
80~ and 1.6 amp/dm~; Plate 5, fine-grained and brighter deposit 
with same conditions as Plate 4 and with 10 g/I dextrin and 1 g/I 
gelatin. 

To s tudy  the  s t ruc ture ,  a th ick  coa t ing  of Sn was  
depos i ted  u n d e r  va r ious  condi t ions  on pol i shed  
ca thode  plates ,  and p h o t o m i c r o g r a p h s  w e r e  t a k e n  
wi th  a Vicke r ' s  p ro j ec t i on  microscope  at  500 m a g -  
nif ication,  us ing  K o d a k  B20 process  plates .  

Results 
A de ta i l ed  s tudy  of the  effect of i m p o r t a n t  v a r i -  

ables on depos i t ion  was  made ,  and resul t s  a re  p r e -  
sen ted  g r a p h i c a l l y  in  Fig.  1-11 and  Tab les  I and  
II. Resul t s  ob ta ined  for  al l  concen t ra t ions  s tud ied  
h a v e  not  been  cove red  g r a p h i c a l l y  to avo id  o v e r -  
l apping;  for  t he  same reason  points  co r re spond ing  to 
100% efficiencies or s tat ic  po ten t ia l s  h a v e  no t  been  
m arked .  The  da t a  co r re spond  to good qua l i t y  d e -  
posits. The  decompos i t ion  po ten t i a l  for  t he  p la t ing  
solut ion was  2.5-2.6 v and the  b a t h  v o l t a g e  0.30-1.00 
v. The  s t anda rd  s t anna te  ba th  compos i t ion  was  m o d -  
ified to b r ing  the  Sn con ten t  on a pa r  w i t h  tha t  of 
the  p y r o p h o s p h a t e  bath .  

lo t  

o~ d s  o.'8 1:o t:z 1:4 
c. Z. a ~n p /d ,n  z 

Fig. 2. (a) Sn2Pg07 20 g/I, ratio 6; (b) Sn2P~07 40 g/I, ratio 6; 
(c) Sn~P20z 60 g/I, ratio 4; (d) Sn2PgOz 60 g/I, ratio 6; (e) Sn~P~07 
60 g/I, ratio 8; temp, 60~ 

1. Nil  - -  0.85 100 103 - -  
1.01 100 103 - -  
1.24 92 104 - -  

2. Sodium ni t ra te  15.0 0.85 99 106 C 
1.01 98 104 C 
1.16 97 106 C 

3. Ammonium ci trate  15.0 0.85 93 107 B 
1".01 93 105 B 
1.16 95 101 B 

4. Sodium oleate 5.0 0.85 97 103 D 
1.01 92 97 D 

5. Sodium ta r t ra te  15.0 1.01 100 106 A 
1.16 96 105 B 
1.32 95 103 C 

6. Sodium acetate 15.0 1.16 98 105 C 
1.32 90 104 C 

7. Resorcinol 20.0 0.85 100 98 D 
1.16 92 103 D 

8. Dext r in  5.0 1.01 100 105 A 
1.16 99 104 A 
1.32 95 103 B 

9. Dext r in  10.0 1.32 100 105 A 
1.47 100 105 A 
1.63 96 104 A 

10. Gelat in 0.5 1.32 93 105 C 
1.47 90 100 C 

11. Gelat in 1.0 1.01 100 105 B 
1.32 94 106 B 
1.63 95 101 C 
1.94 95 100 D 

12. ~-naphthol 1.0 1.16 96 104 A 
1.32 92 I00 B 

13. Dext r in  + 10.0 1.32 94 105 A 
Gelat in  1.0 1.63 94 102 A 

1.94 90 100 A 
2.25 91 99 A 
2.71 88 99 C 

Nature of deposit.--The ba th  gave  mat te ,  whi te ,  
smooth,  and a d h e r e n t  deposi ts  of Sn on Cu (s teel  
or brass)  ca thodes  ove r  a w ide  r ange  of p l a t i ng  con-  
di t ions:  m e t a l  content ,  ra t io  of Na~P~O7 to m e t a l  
py rophospha te ,  pH  (8.0, 9.0, and 9.5). I nc r ea se  in 
C.D. gave  f i n e r - g r a i n e d  deposi ts  and inc rease  in 
t e m p e r a t u r e  or  ag i t a t ion  gave  coarser  g ra ined  ones. 
The  add i t ion  of  d e x t r i n  or d e x t r i n - g e l a t i n  c o m b i n a -  
tion, t a r t r a t e ,  and f l - naph tho l  in  o p t i m u m  concen-  
t ra t ions  inc reased  br ightness .  T h e  d e x t r i n - g e l a t i n  
combina t ion  was  the  best  and gave  deposi ts  corn- 

~ too 

qo 

ea~c a~i~a~e'd 

Fig. 3. Concentration (d) of Fig. 2. 

o.~ 1:s 2'.# s:2 4'.o 418 s~, 
c.~ amp/dm2 
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q) 

~ ~o oJ~ ;~ z~4 ~Ja d.o 41~ s.~ 
e.d. o rap/do, z 

Fig. 4. (a) Sn~P20, 60 g/I, ratio 6, temp, 60~ (b) Sn~P~O~ 60 
g/I, ratio 6, temp, 60~ + (gelatin 1, dextrin 10 g/I);  (c) Sn.~P207 
60 g/I, ratio 6, temp, 80~ (d) Sn.,P~O: 60 g/I, ratio 6, temp, 80~ 
(agitated). 

p a r a b l e  w i t h  those  o b t a i n e d  f rom the  s t a n n a t e  b a t h  
(Fig .  1, p l a t e s  1-5) .  The  effect of va r i ous  a d d i t i o n  
agen t s  on q u a l i t y  of t he  depos i t  and  c u r r e n t  effi- 
c iency  is r e c o r d e d  in Tab le  I. 

Curren~ el~ciencies.--In t h e  w o r k i n g  C.D. range ,  
ca thode  efficiency was  n e a r l y  100%, anode  efficiency 
was  a b i t  h igher ,  100-110%, a l t h o u g h  t h e  anode  d id  
not  d i s so lve  c h e m i c a l l y  in the  p l a t i n g  solut ion.  Cur-  
r en t  efficiencies r e m a i n e d  p r a c t i c a l l y  una f fec ted  by  
changes  in  concen t ra t ion ,  t e m p e r a t u r e ,  ag i t a t ion ,  
p H  (no t  r e c o r d e d ) ,  or  use  of a d d i t i o n  agen t s  (F ig .  
2 - 4  and  Tab le  I ) .  

Current density.--The C.D. r a n g e  and  l i m i t i n g  
C.D. i n c r e a s e d  w i th  i n c r e a s e  in m e t a l  con ten t ,  the  
r a t io  of Na~P_~O, to m e t a l  p y r o p h o s p h a t e  ( to a s m a l l  
e x t e n t ) ,  r i se  in  t e m p e r a t u r e ,  ag i t a t ion ,  and  the  a d -  
d i t ion  of few subs tances  l ike  dex t r i n ,  ge l a t i n  or  
the i r  combina t ion ,  p H  v a r i a t i o n  h a d  l i t t l e  effect. I t  

2 I I 

,f G 8 

Fig. 5. (a) Sn~P20, 20 g/I; (b) Sn~P207 40 g/I; (c) Sn2P207 60 g/I; 
temp, 60=C. 

I .o 

"2 

. !  

o 

- 7  c~ , tAoJe  p o t e n ~ i a I ( v o l t s )  

Fig. 6. (a) Sn2P~07 20 g/I, ratio 4; (b) Sn~P~O~ 20 g/l, ratio 8; 
(c) Sn~P.~07 60 g/I, ratio 4; (d) Sn_~P207 60 g/I, ratio 8; temp, 60~ 

2.4 

2.0 

1.6 

"4 

/.8 

f.4 

N 

�9 .~ o.~ 

0.2 
0 

- ' 6  - ' 7  - . 8  - ' 9  - / . 0  
d~,l,~oJ, ,oole,~liol (volts) 

Fig. 7. Sn~P~07 60 glI, ratio 6 

i 

- ' 6  - ' 7  - ' 8  - *?  - I . 0  - l , f  
cot~oJe potential(volts) 

-/.z 

Fig. 8. Concentration as in Fig. 7, temp, 60~ (a) addition nil; 
(b) addition ammonium citrate 15 g/I; (c) addition gelatin 1 g/I;  
(d) addition gelatin 1, dextrin 10 g/I (dextrin only also). 

was  pos s ib l e  to go up  to 5 a m p / d m t  T h e r e  was  no 
i n t e r f e r e n c e  w i t h  anode  d i s so lu t ion  d u e  to f i lm fo r -  
mat ion ,  etc., even  a t  h igh  C.D. (Fig .  2-4 and  Tab le  
I ) .  

Specific resistivity.--Increase in  m e t a l  content ,  
r a t io  of Na,P~O~ to m e t a l  p y r o p h o s p h a t e ,  or  t e m p e r -  
a t u r e  (not  shown)  and  dec rease  of p H  ( s l i g h t l y )  
l o w e r e d  the  r e s i s t i v i t y  (Fig .  5) .  The  a d d i t i o n  of 
d e x t r i n - g e l a t i n  c o m b i n a t i o n  h a d  no effect. 

Polarization.--Cathode p o l a r i z a t i o n  d e c r e a s e d  
w i th  i nc rea se  of  m e t a l  c o n t e n t  ( k e e p i n g  the  r a t i o  
s a m e ) ,  ra t io ,  t e m p e r a t u r e ,  ag i t a t ion ,  a n d  p H  (no t  
r e c o r d e d ) .  A d d i t i o n  of dex t r i n ,  ge la t in ,  o r  d e x t r i n -  
ge l a t i n  c o m b i n a t i o n  had  the  g e n e r a l  effect  of i n -  
c r e a s i n g  po l a r i z a t i on ;  a t  l ow  C.D., h o w e v e r ,  a l o w -  
e r ing  was  obse rved .  A m m o n i u m  c i t r a t e  d e c r e a s e d  
po la r i za t ion .  In  a l l  cases i t  i n c r e a s e d  w i t h  r i s e  in 
C.D. up  to the  l i m i t i n g  C.D. only .  A f t e r  th is  s tage,  a 
d e c r e a s e  was  o b s e r v e d  f r o m  t h e  a v a i l a b l e  da ta .  C u r -  
r en t  eff iciency t hen  dec reased ,  H evo lu t i on  com-  
menced ,  and  the  depos i t  was  no t  good (Fig .  6 -8) .  
C . D . - p o t e n t i a l  cu rves  for  s t a n n a t e  b a t h  a r e  also r e -  
co rded  in  Fig .  9. 

The  effect of v a r i a b l e s  on anode  p o l a r i z a t i o n  was  
s im i l a r  to t ha t  on  ca thode  po la r i za t ion .  No l i m i t i n g  
v a l u e  for  t h e  anode  C.D. was  found  in t he  C.D. 
r a n g e  s tud ied .  D e x t r i n - g e l a t i n  d e c r e a s e d  p o l a r i z a -  
t ion  (Fig .  10).  
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C'aZAode poEen~ia/.(k'oL~s) 

Fig. 9. Concentration Table II: (A) temp, 50~ (B) temp, 60~ 
(C) temp, 70~ 

2.4 

e~ 
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Fig. 10. Sn2P.,,O7 60 g/l: (A) ratio 4, temp, 60~ (B) ratio 6, 
temp, 60~ (C) ratio 6, temp, 80~ (D) ratio 6, temp, 60~ -I- 
(gelatin 1, 10 dextrin g/I). 

Throwing power.--The p l a t i n g  so lu t ion  possessed  
good t h r o w i n g  power .  Ca l cu l a t i ons  on the  bas is  of 
t he  S c h l o t t e r - K o r p i u n  equa t ion  showed  t h a t  t he  
t h r o w i n g  p o w e r  i nc r ea sed  w i t h  r i se  in m e t a l  con-  
t en t  and  t e m p e r a t u r e ,  and  w i t h  t h e  use  of dex t r i n ,  
ge la t in ,  or  t h e i r  combina t ion ,  w h i l e  i t  d e c r e a s e d  
w i th  i nc r ea s ing  C.D., and  to a s m a l l  e x t e n t  w i t h  r i se  
in  p H  and  ag i t a t ion .  The  S c h l o t t e r - K o r p i u n  t h r o w -  
ing p o w e r  va lues  w e r e  in  t he  r a n g e  5.7-10.8 for  t h e  
p y r o p h o s p h a t e ,  and  9.8-16.4 for  t h e  s t a n n a t e  ba ths .  
F o r  t he  o p t i m u m  p y r o p h o s p h a t e  ba th ,  t he  G a r d a m  
v a l u e  was  59% as a g a i n s t  64% for  t he  s t a n n a t e  
(Fig .  11, cu rves  A and  D, Tab ]e  I I ) .  

Control and maintenance oJ bath.--The b a t h  was  
qu i te  s t ab le  and  d id  no t  decompose  w i t h  h igh  t e m -  
p e r a t u r e s .  Compos i t i on  d id  not  change  a p p r e c i a b l y  
a f t e r  e lec t ro lys i s ,  s ince  c u r r e n t  efficiencies w e r e  
h igh  and  p r a c t i c a l l y  ba l anced ,  and  t h e r e  w e r e  no 
diff icul t ies  due  to  a n o d e  corros ion.  In  a t y p i c a l  case  
w i th  a so lu t ion  con t a in ing  60 g/1 of Sn~P~O~ and  360 
g/1 of Na~P~O~, changes  b e f o r e  and  a f t e r  e l ec t ro lys i s  
for  40 m i n  at  0.7 a m p / d m  ~, 60~ w e r e :  m e t a l  con-  
tent ,  32.4-32.6 g / l ;  t o t a l  p y r o p h o s p h a t e  (P~O0, 
164.2-164.3 g / l ;  pH,  9.0-9.2; specific r e s i s t i v i ty ,  
8.65-8.66 o h m s / c m  ~. The  so lu t ions  d id  not  con ta in  
o r t h o p h o s p h a t e  be fo re  and  a f t e r  e l ec t ro lys i s  as es -  
t i m a t e d  b y  the  m e t h o d  of Kol thof f  and  S t e n g e r  
(15) .  A f r e s h l y  p r e p a r e d  so lu t ion  cou ld  b e  used  for  
4-5 runs  w i t h o u t  a n y  d e t e r i o r a t i o n  in  i ts  p e r f o r m -  

- / . 5  

- l . z  

"~ - '8  
1 I I I I I I 

2.6 2 .4  z.z  2.0 
loy. ~.d. c-) 

Fig. 11. (A) Na~Sn(OH)~ bath concentration Table II, temp, 70~ 
(B) Sn2P207 40 g/I, ratio 6, temp, 60~ (C) Sn~P207 60 g/I, ratio 
6, temp, 60~ (D) Sn2P20~ 60 g/I, ratio 6, temp :o0~ ~ (gelatin 
1, dextrin 10 g/I). 

ance  ( q u a l i t y  of deposi t ,  C.D. range ,  c u r r e n t  effi- 
ciencies,  e tc . ) .  A so lu t ion  w h i c h  was  aged  for  a b o u t  
two  m o n t h s  was  e q u a l l y  sa t i s f ac to ry .  

Testing of deposits.--Coatings of a n y  d e s i r ed  
th i ckness  of 0.0005 in. or  a b o v e  ( c a l c u l a t e d  f r o m  
a r e a  and  w e i g h t )  could  be  o b t a i n e d  b y  v a r y i n g  the  
p l a t i n g  t ime.  A d h e r e n c e  of depos i t s  to t he  base  
m e t a l  as d e t e r m i n e d  b y  b e n d i n g  and  b r e a k i n g  tes t s  
was  good. F e r r i c y a n i d e  ( s t ee l  ba se )  and  ho t  w a t e r  
tes ts  showed  t h a t  t h e y  w e r e  f r ee  f rom poros i ty .  Cor -  
ros ion  r e s i s t ance  was  good in the  l a b o r a t o r y  a t m o s -  
p h e r e  (4-6 too) .  Sn con ten t  of t he  depos i t s  was  
a b o v e  99.8%. 

Optimum plating conditions.--A s t u d y  of e x p e r i -  
m e n t a l  r e su l t s  l ed  to the  fo l lowing  o p t i m u m  b a t h  
compos i t ion  and  o p e r a t i n g  cond i t ions  for  t he  bes t  
p e r f o r m a n c e  of t h e  SnaP,O, ba th .  B a t h  compos i t ion :  
SnaP,O, 60 ( t i n  con ten t  32.4),  Na~P207 360, d e x t r i n  
10, ge l a t i n  1 g/1. O p e r a t i n g  condi t ions :  C a t h o d e  
C.D.: 0.2-2.3 a m p / d m  ~ (s t i l l ,  60~  up  to 5.0 
a m p / d m  2 ( ag i t a t ed ,  80~ w i t h o u t  a d d i t i o n  a g e n t s ) ;  
p H  9.0, t e m p e r a t u r e :  60-80~ t i m e  to depos i t  0.001 
in. t h i ckness  a t  2.2 a m p / d m  ~, 80~ 25 min.  

Comparison o] pyrophosphate and stannate baths. 
- - T a b l e  I I  g ives  an  i dea  of  t he  r e l a t i v e  p e r f o r m -  
ance  of the  p y r o p h o s p h a t e  a n d  s t a n n a t e  b a t h s  for  
Sn p l a t ing .  D a t a  r e c o r d e d  for  s t a n n a t e  b a t h  w e r e  
o b t a i n e d  e x p e r i m e n t a l l y  as w e l l  as f r o m  l i t e r a t u r e  
(1, 16, 17).  

T h e  Sn~P~O~ b a t h  is s u p e r i o r  to  t he  s t a n n a t e  b a t h  
in  t h e  fo l lowing  respec t s :  (a) c u r r e n t  efficiencies up  
to t he  l i m i t i n g  c a t h o d e  C.D., (b) b a t h  vo l tage ,  (c) 
s t ab i l i t y ,  (d) w i d e  r a n g e  of anode  C.D., a n d  (e)  
absence  of c r i t i ca l  anode  C.D. w h i c h  f ac i l i t a t e s  b a t h  
control .  I t  c o m p a r e s  we l l  w i t h  t he  s t a n n a t e  b a t h  in 
t h r o w i n g  power ,  q u a l i t y  of deposi t ,  and  cost  of p l a t -  
ing  solut ion.  In  v i e w  of these  cons ide ra t ions ,  i t  can  
be s t a t ed  t h a t  t h e  p y r o p h o s p h a t e  b a t h  c o m p a r e s  f a -  
v o r a b l y  w i t h  the  c o m m e r c i a l  s t a n n a t e  b a t h  and  is 
s u i t a b l e  for  Sn  p la t ing .  

Discussion 

The Sn~P~O~ bath gives satisfactory deposits of Sn 
on steel ,  Cu, or  b ra s s  ove r  a w ide  r a n g e  of o p e r a t -  
ing cond i t ions  and  has  m a n y  a d v a n t a g e s  ove r  the  
c o n v e n t i o n a l  s t a n n a t e  ba th .  R o s e l e u r  (2)  used  a 
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Table II. Comparison between pyrophosphate and stannate baths 

N o .  

S t a n n a t e  

P y r o p h o s p h a t e  E x p e r i m e n t a l  L i t e r a t u r e  

1. Composit ion g/1 

2. Tin g/1 
Free  pyrophospha te  

(P207) g/1 116.4 
3. Addi t ion  agents g/1 Dext r in  10.0 

Gela t in  1.0 
4. pH 9 
5. Temp, ~ 60-80 
6. Bath voltage,  0.3-1.0 

v, 80~ (0.6-2.3 a m p / d m  2) 
7. Specific res is t iv i ty  

60~ ohms /cm ~ 8.65 
8. Cathode C.D. (max)  

a m p / d m  ~ 5.0 
9. Anode C.D. (max)  a m p / d m  ~ 5.0 

10. Cathode cur ren t  efficiency, % 91-100 
11. Anode cur ren t  efficiency, % 99-112 
12. Cathode polar izat ion 0.28-0.60 

60~ v (0.4-2.3 a m p / d m 0  
13. Throwing  power,  60~ 

Sch lo t t e r -Korp iun  
(0.54 a m p / d m 0  10.8 

G a r d a m  % (0.39 amp/dmD 59 
14. S tab i l i ty  of ba th  Good 
15. Qual i ty  of deposi t  Good 
16. Time in min to deposi t  

0.001 in. at  1.6 a m p / d m  ~ 
80~ 34 

17. Cost of bath,  dol lars  pe r  
l i te r  (approx)  0.76 

Sn~P~O7 60 Na~Sn (OH) 6 74 
Na~P207360 NaOH 7.5 

Sodium acetate  11 
30% H20~ 3 drops 

32.4 32.4 

B 

12 
60-70 
4.5 

0.4-2.3 a m p / d m 0  

8.56 

1.6 
1.6 

70-83 
80-98 

0.40-0.73 
(0.23-1.60 a m p / d m 0  

Na~Sn(OH)6 90 
NaOH 7.5 
Sodium acetate  15.0 

H~O~ (100 vol) 0.5 ml 
40.0 

60-80 
3.0-4.5 

( 1.1-2.7 a m p / d m 0  

1.1-2.7 
1.1-4.3 
60-90 
60-90 

16.3 
64 (70~ 68-74 

Fa i r  Fa i r  
Good Good 

70 

1.00 

so lu t ion  of t he  compos i t i on :  fu sed  SnCI~ 1.0-1.5, 
Na,P207 10.0-12.5 g/1. H o w e v e r ,  no m e n t i o n  was  
m a d e  of  t he  p l a t i n g  cond i t i ons  e x c e p t  t h a t  th is  b a t h  
was  u n a b l e  to g ive  h e a v y  deposi ts .  A n o t h e r  Rose -  
l eu r  so lu t ion  (3)  was  m a d e  up  of SnC1, 9.4, Na,P20,  
75.0, d e x t r i n  6.25 g / l ;  o p e r a t i n g  cond i t ions :  60~ 
and  C.D. of 5 amp/ f f f .  So lu t ions  used  in  t h e  p r e s e n t  
i n v e s t i g a t i o n  w e r e  s i m p l e r  in  compos i t ion ,  a d d i t i o n  
agen t s  be ing  used  on ly  to o b t a i n  some  benef ic ia l  
effects. The  m e t a l  con ten t  was  high,  and  i t  was  p o s -  
s ib le  to w o r k  the  b a t h  a t  c u r r e n t  dens i t i es  up  to 5 
a m p / d m L  

O r g a n i c  b r i g h t e n e r s  l i ke  d e x t r i n ,  ge la t in ,  and  
f l - n a p h t h o l  in  the  p y r o p h o s p h a t e  b a t h  w e r e  also 
used  in  the  ac id  Sn ba th .  H e n r i c k s  (18) a t t r i b u t e d  
the  b r i g h t e n i n g  ac t ion  to t h e i r  ac id  p i c k l i n g  i n h i b i t -  
ing t endency .  T a r t r a t e  h a d  some b r i g h t e n i n g  effect,  
as in the  depos i t i on  of Cu f r o m  the  p y r o p h o s p h a t e  
ba th ;  i t  is p e r h a p s  d u e  to c o m p l e x  fo rma t ion .  The  
g r a i n  size b e c a m e  f iner  and  the  ca thode  p o l a r i z a t i o n  
inc reased  w i t h  a d d i t i o n  of d e x t r i n - g e l a t i n .  

Ca thode  p o l a r i z a t i o n  was  f a i r l y  high,  a l t h o u g h  
s l i gh t ly  less t h a n  t h a t  of s t a n n a t e  ba th .  T h e  r e l a -  
t ionsh ip  b e t w e e n  ca thode  p o t e n t i a l  a n d  log C.D. is 
l i n e a r  fo r  t he  p y r o p h o s p h a t e  as w e l l  as t he  s t a n -  
ha t e  b a t h  (Fig .  11) and  bo th  of t h e m  g ive  f ine-  
g r a i n e d  depos i t s  (F ig .  1). G a r d a m  (19) sugges t ed  
t h a t  t he  l o g a r i t h m i c  type ,  i.e., ~E a log  I, i nd i ca t e s  
f r e q u e n t  f o r m a t i o n  of n e w  g r a i n  nucle i ,  viz. ,  p r o -  
duc t i on  of  f i n e - g r a i n e d  deposi ts .  E x p e r i m e n t a l  r e -  
su l t s  a r e  in a c c o r d a n c e  w i t h  t h e  G a r d a m  theo ry .  

H o w e v e r ,  i t  shou ld  be s t a t ed  t h a t  e x h a u s t i v e  p o l a r i -  
za t ion  m e a s u r e m e n t s  w e r e  not  m a d e  fo r  t he  s t a n -  
n a t e  ba th .  T h e  a n o d e  p o t e n t i a l  m e a s u r e m e n t s  
showed  tha t  no l i m i t i n g  C.D. was  f o u n d  for  anode  
d isso lu t ion .  This  is one of t h e  i m p o r t a n t  a d v a n t a g e s  
of the  p y r o p h o s p h a t e  b a t h  a ga in s t  t h e  s t anna te ,  
w h e r e  t h e r e  is a l i m i t  to t he  anode  C.D. T h e  t h r o w -  
ing  p o w e r  of t he  ba th ,  S c h l o t t e r - K o r p i u n  as w e l l  as  
G a r d a m ,  was  of the  s a m e  o r d e r  as t h a t  of s t a n n a t e  
ba th .  The  l a t t e r  is a m o n g  t h e  bes t  of  the  p l a t i n g  
ba ths ,  so far  as th is  p r o p e r t y  is concerned .  

In  the  e l ec t rodepos i t i on  of Sn  f rom the  c o m p l e x  
p y r o p h o s p h a t e  ba th ,  t he  m e t a l  ion c onc e n t r a t i on  
was  low;  smooth ,  f i ne -g ra ined ,  and  b r i g h t  depos i t s  
w e r e  o b t a i n e d  at  e l ec t rode  efficiencies close to 100%. 
The  ca thode  p o l a r i z a t i o n  was  high,  and  t h e  t h r o w -  
ing  p o w e r  of  the  ba th  was  v e r y  good.  The  p e r f o r m -  
ance  of the  b a t h  was  in  a c c o rda nc e  w i t h  the  g e n e r a l  
e xpe c t a t i ons  for  a c o m p l e x  sa l t  p l a t i n g  ba th .  The  
p r e s e n t  w o r k  ind ica t e s  t h a t  th is  b a t h  shows  p r o m i s e  
and  is s u i t a b l e  for  f u r t h e r  i n v e s t i g a t i o n  on a com-  
m e r c i a l  scale.  
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A Simplified Procedure and Apparatus for Measuring 
Surface Area of Fine Powders By Gas Adsorption 

F. M. Starkweather and D. T. Palumbo ~ 

Chemistry Laboratory, Sylvania Electric Products Inc., Flushing, New York 

ABSTRACT 

A modification of the  s t anda rd  Brunauer -Emmet t -Te l l e r  (BET) gas adsorp-  
t ion technique for  the  de te rmina t ion  of surface areas  of fine powders  is 
presented.  Data  show tha t  values  usua l ly  wi th in  10% of those by  the s tandard  
method  are  obta ined for Ba, Sr, Ca carbonates,  ZnS, CdS, and Zn~SiO4. A sim- 
plified design of the  convent ional  gas adsorpt ion  appara tus  is described.  I t  is 
s imple to operate,  less subject  to accidenta l  damage,  and can be set up wi th  
s impler  accessories than are  r equ i red  for  the  s t andard  BET system. 

In  t he  i nves t i ga t i on  of t he  p r e p a r a t i o n  of t r i p l e  
c a r b o n a t e s  for  use  in o x i d e  ca thode  s tudies ,  a r e l i -  
ab l e  m e a s u r e  of t h e  p a r t i c l e  size is r equ i r ed .  Pa s t  
p r a c t i c e  has  been  to m e a s u r e  t he  su r f ace  a r e a  b y  the  
BET gas a d s o r p t i o n  m e t h o d  ( d e s c r i b e d  b e l o w )  a n d  
to ca l cu l a t e  t h e  m e a n  p a r t i c l e  d i a m e t e r  ( M P D )  as -  
s u m i n g  s p h e r i c a l  pa r t i c l e s .  O r d i n a r y  g r a v i t a t i o n a l  
s e d i m e n t a t i o n  m e t h o d s  a r e  no t  s u i t a b l e  for  t he se  
m a t e r i a l s  as t he  m e a n  p a r t i c l e  d i a m e t e r s  a r e  in t he  
r a n g e  0.07-1 ~. The  F i s h e r  S u b - S i e v e  S ize r  ( F S S S ) ,  
w h i c h  has  been  used  for  con t ro l  of c o m m e r c i a l  p r e p -  
a r a t i o n  of ca rbona tes ,  was  also unsu i t ab l e .  Here ,  t he  
size va lue s  o b t a i n e d  depended ,  in  pa r t ,  on the  d e -  
g ree  of a g g l o m e r a t i o n  of t h e  p r e c i p i t a t e .  F o r  p a r t i -  
cles of r o u g h  e x t e r n a l  or  w i t h  l a r g e  i n t e r n a l  sur face ,  
the  a i r  p e r m e a t i o n  m e t h o d  ( F S S S )  w o u l d  not  be  
e x p e c t e d  to g ive  va lue s  c o m p a r a b l e  to  t he  gas  a d -  
so rp t ion  me thod .  H o w e v e r ,  l a r g e  i n t e r n a l  su r f ace  
can r e su l t  f r om the  a g g l o m e r a t i o n  of i n d i v i d u a l  
pa r t i c l e s  w i t h  smoo th  sur face .  In  t hese  cases, t h e  a i r  
p e r m e a t i o n  m e t h o d  w o u l d  not  i nd i ca t e  w h e t h e r  t h e  
a g g l o m e r a t e  size, c r y s t a l l i t e  size, or  bo th  h a v e  
changed .  

The  m a j o r  d r a w b a c k  of  the  BET p r o c e d u r e  is the  
t ime  r e q u i r e d  for  a d e t e r m i n a t i o n .  Unless  o v e r n i g h t  

1 P r e s e n t  addres s :  Sylvania  Electric Products  Inc., Towanda,  Pa. 

ou tgas s ing  is used,  a t  l eas t  two  d a y s '  e l a p s e d  t ime  
pe r  s a m p l e  a r e  r e q u i r e d  for  t h e  m e a s u r e m e n t .  A c -  
tua l  o p e r a t i o n a l  t i m e  r e q u i r e d  is a p p r o x i m a t e l y  6 
hr .  The  r e su l t  is t h a t  a n y  e x p e r i m e n t a l  p r o g r a m  
w h i c h  d e p e n d s  on BET m e a s u r e m e n t s  is s l owed  
d o w n  c o r r e s p o n d i n g l y .  

In  p r e l i m i n a r y  e x p e r i m e n t s ,  such  as those  w h e r e  
va r i ous  p r o c e d u r e s  for  p r e p a r a t i o n  of c a r b o n a t e s  
a r e  su rveyed ,  a su r f ace  a r e a  v a l u e  w i t h i n  25% of 
the  t r ue  a r e a  is u s u a l l y  suff icient  for  m e a n i n g f u l  
resul t s .  A s impl i f i ca t ion  o f  t h e  BET m e t h o d  to r e -  
duce  the  t ime  p e r  d e t e r m i n a t i o n  to a b o u t  1 h r  w i th  
a n e g a t i v e  e r r o r  u s u a l l y  no g r e a t e r  t h a n  10% of the  
s t a n d a r d  BET v a l u e  is d i scussed  be low.  The  m a g n i -  
t ude  of the  e r r o r  is a func t ion  of  s a m p l e  compos i t ion  
and  su r f ace  area .  In  g e n e r a l  t he  e r r o r  inc reases  w i th  
s a mp le s  of l a r g e r  su r face  area .  The  des ign  and  con-  
s t ruc t ion  of a s impl i f ied  uni t ,  p a r t i c u l a r l y  su i t ed  for  
r a p i d  m e a s u r e m e n t s ,  is desc r ibed .  

The  m a j o r  s av ing  in the  t i m e  of a d e t e r m i n a t i o n  
r e su l t s  f r om the  use  of a s ing le  p o i n t  su r f a c e  a r ea  
d e t e r m i n a t i o n ,  e l i m i n a t i o n  of t h e  d e a d  space  d e t e r -  
mina t ion ,  and  a sho r t  ou tgas s ing  schedule .  O the r  
w o r k e r s  have  p r o p o s e d  and  e m p l o y e d  these  modi f i -  
ca t ions .  E m m e t t  (1 ) ,  for  e x a m p l e ,  po in t s  ou t  t h a t  
the  s lope  of an  a d s o r p t i o n  cu rve  us ing  a zero  i n t e r -  



288 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  May 1957 

cept  and  one m e a s u r e d  p o i n t  is u s u a l l y  w i t h i n  5% 
of the  s lope  d e t e r m i n e d  b y  t h r e e  or  fou r  poin ts .  
Bugge  and  K e r l o g u e  (2)  h a v e  shown  tha t  s h o r t e r  
ou tgas s ing  t ime  and  a v o i d a n c e  of the  d e a d  space  d e -  
t e r m i n a t i o n  gave  r e su l t s  on ly  s l i g h t l y  l o w e r  (ca. 
3 % )  t han  va lues  o b t a i n e d  b y  the  s t a n d a r d  me thod .  
A m r o n  and  S t a r k w e a t h e r  (3)  h a v e  s h o w n  t h a t  
< 2 %  e r r o r  is i n t r o d u c e d  b y  us ing  two  or  t h r e e  
po in t s  for  d e t e r m i n i n g  the  cu rve  r a t h e r  t h a n  f ive o r  
m o r e  and  h a d  cons ide red  the  f e a s i b i l i t y  of  a s ing le  
po in t  a d s o r p t i o n  run .  The  modi f ica t ions  d e s c r i b e d  
b e l o w  r e p r e s e n t  the  n a t u r a l  e x t e n s i o n  and  i n t e g r a -  
t ion  of t h e s e  ideas  in to  a un i t  s imp le  to cons t ruc t  
and  o p e r a t e  a n d  a m e t h o d  w h i c h  p e r m i t s  d e t e r m i -  
na t ions  of su r f ace  a r e a  in  a m i n i m u m  of t ime .  

Experimental  

Standard BET adsorption method.--The a p p a r a -  
tus  used  for  the  d e t e r m i n a t i o n  of su r f ace  a r e a  is of 
s t a n d a r d  des ign  (4) .  A c o m p l e t e  r u n  en ta i l s  t he  fo l -  
l owing  s teps :  sea l ing  a w e i g h e d  s a m p l e  in  an  a d -  
so rp t ion  bu lb  onto t h e  sys t em;  ou tgas s ing  a t  e l e -  
v a t e d  t e m p e r a t u r e  to r e m o v e  a d s o r b e d  w a t e r  and  
gases;  c a l i b r a t i o n  of the  a d s o r p t i o n  b u l b  for  vo lume ,  
us ing  he l i um;  m e a s u r e m e n t  of n i t r o g e n  t a k e n  up  b y  
the  s a m p l e  as a func t ion  of p r e s s u r e  a t  cons t an t  
t e m p e r a t u r e ;  c a l cu l a t i on  of t he  su r f ace  a r e a  f r o m  
t h e  a d s o r p t i o n  i s o t h e r m  (1) .  

The  t i m e  for  a r u n  is d e t e r m i n e d  b y  the  o u t g a s -  
s ing p r o c e d u r e  a n d  t h e  n u m b e r  of  e x p e r i m e n t a l  
po in t s  m e a s u r e d  on t h e  a d s o r p t i o n  curve .  

Simplified BET procedure.--The a p p a r a t u s  used  
for  the  s impl i f ied  p r o c e d u r e  m a y  be  the  s ame  as for  
the  s t a n d a r d  me thod ,  w i t h  the  s a m p l e  t u b e  pos i t i on  
f i t ted w i th  a g r o u n d  glass  jo in t .  This  e l i m i n a t e s  a 
glass  sea l ing  ope ra t ion .  F u r t h e r  s impl i f ica t ions  a r e  
possible ,  i n c l u d i n g  e l i m i n a t i o n  of the  d i f fus ion 
p u m p ,  McLeod  gauge,  and  m e r c u r y  r e se rvo i r s .  The  
s impl i f ied  m e t h o d  i n c o r p o r a t e s  t h e  fo l l owing  f ea -  
tu res :  (a) ou tgass ing  a t  r o o m  t e m p e r a t u r e  10-20 

m i n  to a p r e s s u r e  of 1 /x o r  less;  (b) s a m p l e  t u b e  cal-  
i b r a t e d  for  v o l u m e  w i t h  g r o u n d  glass  connec t ion  to 
t he  sys t em;  (c) a o n e - p o i n t  r u n  a t  a b o u t  15 cm 
p r e s s u r e  and  a s s u m p t i o n  of zero  in t e rcep t .  

W i t h  s amp le s  of k n o w n  d e n s i t y  and  a c a l i b r a t e d  
s a m p l e  t ube  vo lume ,  the  h e l i u m  r u n  can  be  omi t t ed .  

The  a c c u r a c y  of t he  p r o p o s e d  m e t h o d  was  checked  
b y  d e t e r m i n i n g  the  su r f ace  a r e a  of s a m p l e s  of i n -  
t e r e s t  ( phospho r s  a n d  t r i p l e  c a r b o n a t e s )  b y  bo th  
p rocedures .  

A Simplified Gas Adsorption Apparatus 

A s impl i f ied  BET a p p a r a t u s  is shown  in Fig.  l a ,  
b, c. The  m a j o r  po in t s  of d i f fe rence  a r e  t he  s u b s t i t u -  
t ion  of a v a r i a b l e  v o l u m e  m a n o m e t e r  for  t he  f ixed  
v o l u m e  m a n o m e t e r  and  a f ixed  " c a l i b r a t e d "  v o l u m e  
for  t he  " v a r i a b l e "  c a l i b r a t e d  v o l u m e  of  t he  s t a n d -  
a r d  a p p a r a t u s .  These  modi f ica t ions  e l i m i n a t e  t he  
m e r c u r y  r e s e r v o i r  and  e l i m i n a t e  a d j u s t m e n t  of  the  
m e r c u r y  leve ls .  The  e l i m i n a t i o n  of t he  need  f o r  
m e r c u r y  l eve l  a d j u s t m e n t  r e p r e s e n t s  a c o n s i d e r a b l e  
s impl i f i ca t ion  in  the  p rocedu re .  O t h e r  modi f i ca t ions  
i nc lude  t h e  use  of: (a) r e s t r i c t e d  c a p i l l a r i e s  in the  
h e l i u m  and  n i t r o g e n  e n t r a n c e  l ines  to r educe  the  
p o s s i b i l i t y  of p r e s s u r e  su rges  d a m a g i n g  the  a p p a -  
r a tus ;  (b) g r o u n d  glass  jo in t s  for  a t t a c h i n g  s a m p l e  
tubes ,  h e l i u m  and  n i t r o g e n  r e se rvo i r s  to t he  sys t em;  
(c)  a s a m p l e  t u b e  v o l u m e  w h i c h  can  be  i so la ted  
f r o m  the  c a l i b r a t e d  vo lume ,  gas  in le ts ,  and  m a n o m -  
e ter .  

D i r ec t  p u m p i n g  on t h e  s a m p l e  t u b e  v o l u m e  is 
poss ib le  w i t h o u t  d i s t u r b i n g  the  gas  m e t e r i n g  p o r -  
t ion  of the  sys tem.  E n t r a i n e d  powde r ,  r e s u l t i n g  
f rom too r a p i d  an  evacua t ion ,  is p r e v e n t e d  f r o m  d e -  
pos i t i ng  in t h e  c a l i b r a t e d  v o l u m e  ( r e q u i r i n g  a 
c l ean ing  of the  s y s t e m  a n d  r e c a l i b r a t i o n ) .  A t w o -  
w a y  s topcock  in t he  s a m p l e  t u b e  l ine  also p e r m i t s  
in i t i a l  ou tgas s ing  of t h e  s a m p l e  t h r o u g h  a r e s t r i c t e d  
cap i l l a ry ,  f u r t h e r  r e d u c i n g  the  pos s ib i l i t y  of  p o w d e r  
e n t r a i n m e n t  in to  t he  sys tem.  

m 

Fig. la. (Left) Front view. From left to right, sample tubes--$ 10/30 joints, gas buret, manometer. Fig. lb. (Center) Rear view. 
From left to right, N2 and He supply--S" 19/38 joints, cold trap--~'29/42 joint. Fig. lc (Right) Side view. 
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Table I. Comparison of standard and simplified BET systems Table Ill. Reproducibility of standard BET determinations* 
(simplified gas adsorption method) (samples re-run without removal from system) 

S t a n d a r d  s y s t e m  S i m p l i f i e d  s y s t e m  CaTi08 CaTiO3 
S a m p l e  m e / g  1V[PD m~/g  M P D  BaCO8 u n m i l l e d  m i l l e d  65 h r  

m e / g  M P D ,  ~ m 2 / g  M P D ,  ~ m Z / g  M P D ,  

Cadmium sulfide 19.0 0.0656 17.8 0.070 
19.1 0.0653 18.3 0.068 4.88 0.277 4.21 0.348 9.79 0.149 

Triple carbonate #2  2.20 0.713 2.20 0.713 4.88 0.277 4.14 0.353 9.58 0.153 
2.23 0.705 2.10 0.745 4.96 0.274 4.21 0.348 10.01 0.146 

4.96 0.274 4.22 0.347 10.06 0.145 
Zinc sulfide #1 20.3 0.072 18.8 0.078 4.79 0.283 

5.27 0.257 
Table II. Reproducibility of gQs volume measurement for simplified 5.14 0.263 

gas adsorption system 5.40 0.251 

S a m p l e  t u b e s  V o l u m e ,  cc A v g  d e v ,  % 

#1 10.55 0.48 
10.45 

#2  6.14 0.13 
6.12 
6.12 

#3  4.00 0.13 
3.99 

The m a n o m e t e r ,  made  f rom prec is ion  bore tub ing ,  
and  gas bu re t  of the  sys t em are ca l ib ra t ed  for vo l -  
u m e  (wi th  m e r c u r y )  before  the  sys tem is assem-  
bled. The t u b i n g  volume,  i.e., f rom the  zero level  of 
the m a n o m e t e r  to stopcocks of ca l ib ra ted  vo lume,  
gas bottles,  and  sample  tube,  is t h e n  d e t e r m i n e d  
by i n t roduc ing  He in to  the evacua ted  sys tem at  
k n o w n  p res su re  and  t empera tu re ,  t hen  m e a s u r i n g  
the  change  in  p ressure  w h e n  the ca l ib ra ted  v o l u m e  
is t he rmos t a t ed  wi th  l iqu id  N~. 

The va l id i ty  of this  me thod  of ca l ib ra t ion  was  
checked by  d e t e r m i n i n g  the  v o l u m e  of the b u r e t  
wi th  He at  l iqu id  N~ t e m p e r a t u r e  and  compar ing  
this va lue  to the ca l ib ra t ion  m a d e  wi th  mercu ry .  
In  the  ca lcu la t ion  for d e t e r m i n i n g  the  t u b i n g  vol -  
ume  it  is a ssumed  tha t  there  is no t e m p e r a t u r e  
transition zone from the section at liquid N~ temper- 
ature to that at room temperature. The buret was 
attached to the conventional BET system for the 
volume measurement. Mercury and helium calibra- 
tions agreed to within 0.1%. A comparison of runs 
on typical powders made with the standard and 
simplified systems using the rapid procedure (short 
outgassing time and one point adsorption) are given 
in Table I. In general, there is close agreement in 
the values for surface area obtained on the two sys- 
tems. 

To indicate the inherent accuracy of the simpli- 
fied system, Table II gives results of volume meas- 
urements with the simplified system. In all cases the 
average deviation of duplicate determinations was 
less than 0.5 %. Where conventional runs were made 
on both systems (powder outgassed at 140~ for 4 
hr, three adsorption points) the surface area values 
agreed within experimental error. For example, a 
CdS powder gave a value of 20.9 m~/g on the con- 
ventional system and 21.3 m~/g on the simplified 
system. 

Comparison of the Methods 

Reproducibil i ty of each method. - -For  the  s t a n d -  
a rd  procedure ,  Tab le  III  gives the  areas  of samples  

5.03___0.17 4.19--0.04 9.86--0.18 

* M e a n  p a r t i c l e  d i a m e t e r s  c o m p u t e d  f r o m  s u r f a c e  a r e a  v a l u e s  b y  
t h e  r e l a t i o n  M P D  = 6 / s u r f a c e  a r e a  x d e n s i t y .  

Table IV. Reproducibility of standard BET determinations 
of surface area and mean particle diameter 

(Different samples of same materials used for runs 1 and 2) 

A r e a  A v g  d e v ,  
S a m p l e  m e / g  M P D ,  ~ % 

Triple carbonate #1 5.76 0.273 0.17 
5.74 0.274 

Triple carbonate #2  2.45 0.642 0.00 
2.45 0.642 

Triple carbonate #3  9.31 0.169 1.67 
9.00 0.175 

CaTiO~ 4.33 0.338 0.12 
4.22 0.339 

tha t  were  r e m e a s u r e d  wi thou t  be ing  r e move d  f rom 
the system. The average  dev ia t ion  was  found  to 
v a r y  f rom 0.95 to 3.3%. In  cases where  dupl ica te  
samples  were  r u n  (Tab le  IV) the  average  dev ia t ion  
was 0 to 1.8%. Wi th  dupl ica te  samples  us ing  the 
simplif ied me thod  the average  dev ia t ion  was 0.26 to 
1.5% (Tab le  V) .  

Agreement  of surface area values between the 
two methods . - - In  most  cases it  was found  tha t  the 
s implif ied BET m e t h o d  gave va lues  t ha t  va r i ed  less 
t h a n  10% f rom the s t anda rd  BET va lue  (Tab le  VI) .  
On ly  in  the case of a ZnS  wi th  a la rge  surface  area  
was the  simplif ied me thod  apprec i ab ly  in  e r ror  
(abou t  27% low) .  Also, r epor ted  va lues  are a lways  
on the  low side of the s t a n d a r d  BET value.  I t  should  
be po in ted  out  tha t  a l though  in  this case the s impl i -  
fied me thod  gives a va lue  of 0.072 ~ MPD compared  
to 0.052 ~ MPD by  the conven t iona l  method,  the  
F i sher  S u b - S i e v e  Sizer and  opt ical  microscope ex-  
a m i n a t i o n  would  give va lues  of 6 ~. 

Discussion of  Results 

In  d e t e r m i n i n g  the r ep roduc ib i l i t y  of surface  area  
m e a s u r e m e n t s  a d i s t inc t ion  mus t  be  made  b e t w e e n  
the sys tem accuracy  and  the  sample  s tabi l i ty .  The 
fo rmer  is a func t ion  of the phys ica l  des ign  (i.e., 
accuracy  of v o l u m e  and  p ressure  m e a s u r e m e n t )  of 
the system, the l a t t e r  a func t ion  of composi t ion and  
prev ious  h i s tory  of the  sample.  

For  a s t a n d a r d  BET d e t e r m i n a t i o n  a m i n i m u m  of 
four  p ressure  read ings  a re  r equ i r ed  for a s ingle  ad-  
sorpt ion  point ,  namely ,  two read ings  each for a he-  
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Table Y. Reproducibility of simplified BET determinations 
of surface area and mean particle diameter 

(Different samples of same material used for runs !, 2, and 3) 
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Table VII.  Effect of time and temperature of outgassing 
on surface area. Outgassing schedule 

Area  MPD,  A v g  dev ,  
S a m p l e  m~/g ~ % 

10 
Zinc sulfide #1  20.5 0.0715 0.76 30 

20.3 0.0722 90 
20.6 0.0711 360 

Zinc sulfide #2  0.277 5.28 1.25 
0.284 5.16 

Triple carbonate #1  5.18 0.303 0.38 
5.22 0.301 

Triple carbonate #2 2.20 0.713 0.68 
2.23 0.705 

Cadmium sulfide 19.0 0.0656 0.26 
19.1 0.0653 

Table VI. Comparison of standard and simplified BET 
surface area determinations 

Error ,  % 
s t a n d a r d  

S t a n d a r d  S i m p l i f i e d  v a l u e  for  
B E T  Va lue  BET Va lue  s u r f a c e  

M a t e r i a l  m~/g M P D  m~/g  MPD area  

ZnS (Fired) 0.30 4.9 0.28 5.2 --  6.1 
ZnS (Unfired) 27.9 0.0524 20.4 0.0722 --26.9 
Zn2SiO~ 0.90 1.7 0.84 1.8 --  5.9 
CdS 20.9 0.0596 19.1 0.0653 --  3.9 
Triple carbonate 2.45 0.642 2.21 0.711 --  9.8 
Triple carbonate 5.74 0.279 5.20 0.302 --  9.4 

l i u m  and  a n i t r ogen  run .  Wi th  the  s t a n d a r d  BET 
system, p ressure  read ings  are  accura te  to +--0.02 cm, 
or 0.1% for a 20 cm height .  In  the  wors t  case, the  
er ror  expected  would  be 0.4%. In  genera l ,  dupl ica te  
d e t e r m i n a t i o n s  show devia t ions  of this order  of 
m a g n i t u d e  (Tables  IV and  V) .  La rge r  dev ia t ions  
m a y  be the  resu l t  of incomple te  outgass ing  of t he  
samples  or ac tua l  changes  in  the  sur face  area. ~ F r o m  
Table  III  (Col. 1 and  5) t he re  is no ted  a t r en d  to a 
la rger  surface  area  w h e n  the same sample  is me a s -  
u red  r epea ted ly  on the  system. Here  it  is possible 
tha t  the a p p a r e n t  increase  in  surface  area  is a re -  
sul t  of more  comple te  outgassing.  

In  eva lua t i ng  this  me thod  it  was  po in ted  out  tha t  
the sur face  a rea  va lues  ob ta ined  were,  in  genera l ,  
lower  t h a n  those g iven  by  the  s t a n d a r d  procedure .  
Tha t  this  is a t t r i b u t e d  to the  shor tened  outgass ing  
procedure  is shown in  Table  VII. Outgass ing  effi- 
c iency (for  fixed t ime  and  t e m p e r a t u r e )  should  in-  
crease wi th  decreased sur face  area  and  degree  of 
agg lomera t ion  of the  powder .  However ,  there  ap-  
pears  to be l i t t le  dif ference in  outgass ing  efficiency 
over  a wide  r ange  of p u m p i n g  condi t ions  (Tab le  
VI I I ) .  For  example ,  outgass ing  for 15 m i n  at l iqu id  
N~ t e m p e r a t u r e  (77.4~ gave a surface  a rea  on ly  
6% lower  t h a n  for ou tgass ing  a t  300~ 

In  the  ca lcu la t ion  of the  surface  a rea  of powders  
us ing  a s ingle  po in t  adsorp t ion  m e a s u r e m e n t  the  as-  
s u m p t i o n  was  m a d e  tha t  the curve  had  a zero i n t e r -  
cept. The  da ta  of Tab le  IX show tha t  if the  va lue  of 

2 Changes  in  su r face  a rea  as  a r e s u l t  of t he  p r e p a r a t i o n  h is torY of 
t r i p l e  ca rbona te s  is  c u r r e n t l y  u n d e r  i n v e s t i g a t i o n .  Th i s  w o r k  w i l l  b e  
desc r ibed  in  a f u t u r e  repor t .  

S i m p l i f i e d  +Error, % 
Time ,  BET  V a l u e  of  s t a n d a r d  
m i n  Temp ,  ~ m2/g  MPD v a l u e  

25 20.3 0.0722 --26.9 
110 24.2 0.0605 --13.4 
140 25.6 0.0511 --  9.4 
140 27.9* 0.0524 0 

* S t a n d a r d  method- - -ou tgas  2 h r  a t  r o o m  t e m p e r a t u r e ,  6 h r  a t  
140~ 

the  in te rcep t  is a ssumed  grea te r  t h a n  zero (usua l ly  
the  case in  an  ac tua l  r u n )  the  simplif ied BET v a l u e  
approaches  the  s t anda rd  va l ue  more  closely. 

The  accuracy  of the  simplif ied p rocedure  is m u c h  
be t t e r  t h a n  the  da ta  imply .  A l though  the  simplif ied 
p rocedure  gives va lues  tha t  are 3-27% lower  t h a n  
the  s t a n d a r d  r u n  for a va r i e t y  of mater ia l s ,  for a 
pa r t i cu l a r  m a t e r i a l  in  a g iven  size r ange  the  sur face  
a rea  va lues  by  bo th  procedures  differ by  a r e l a t ive ly  
cons t an t  factor. For  example ,  for t r ip le  carbonates  
wi th  sur face  areas  of 2.45 and  5.76 m~/g the  mod i -  
fied va l ue  was  f rom 9.0 to 10.2% lower  t h a n  the  
s t a n d a r d  value .  Based on these  data,  it  is possible to 
pred ic t  the  surface area tha t  would  be ob ta ined  by  a 
s t anda rd  r u n  w i t h i n  2% of the  ac tua l  v a l u e  ob-  
t a ined  by  m e a s u r e m e n t .  The accuracy  of this  p ro -  
cedure  was d e m o n s t r a t e d  in  a ba tch  p rec ip i t a t ion  of 
t r ip le  carbonate .  I t  was r equ i r ed  tha t  a 2-1b sample  
be p r epa red  h a v i n g  a m e a n  par t i c le  d i a m e t e r  of 
close to 0.64 ~. 

The re  be ing  no p rev ious  b a c k g r o u n d  in  prec ip i -  
ta t ions  wi th  the  pa r t i cu l a r  reagen ts  used, t r i a l  p rep -  
a ra t ions  were  m e a s u r e d  by  the  one po in t  adsorp t ion  
method.  Based on a difference of 11% b e t w e e n  the  
s t anda rd  and  one poin t  adsorp t ion  r u n  on a typica l  
sample,  the  t r i a l  r u n s  were  des igned to give a s am-  
ple 11% lower  in  area  w h e n  m e a s u r e d  by  the  s im-  
plified procedure .  The  2-1b ba tch  was t h e n  p r epa red  
based on data  f rom the  tr ials.  W h e n  m e a s u r e d  by  

Table VIII.  Effect of outgassing samples with varied pumping 
procedures. Outgassed 15 min 

Sur face  
Temp ,  P r e s s u r e  a rea  

M e t h o d  of  o u t g a s s i n g  ~ ~ m~/g  

Welch duo seal pump 25 ~4  18.3 
Two stage oil diffusion pump 25 ~2  18.3 
Two stage oil diffusion pump --195.8" ~2  18.3 

* L i q u i d  n i t r o g e n  t e m p e r a t u r e .  

Table IX. Effect of assumed values of intercept 
on surface area of triple carbonate 

Error ,  % 
Sur face  of  s t a n d a r d  v a l u e  

R u n  No. I n t e r c e p t  a rea  MPD, /~  fo r  su r f ace  a r ea  

1 0.000 5.22 0.301 --9.3 
0.003 5.31 0.296 --8.0 
0.015 5.71 0.275 --1.2 

2 0.00O 5.18 0.303 --9.8 
0.003 5.25 0.299 --8.5 
0.007 5.36 0.293 --6.6 
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the  conven t iona l  procedure ,  it  had  a m e a n  par t ic le  
d i ame te r  of 0.63 t~ compared  to the  des i red size of 
0.64 t~- 

Manuscript  received Ju ly  13, 1955. This paper  was 
prepared for delivery before the Cincinnat i  Meeting. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1957 
JOURNAL. 
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Temperature Dependence of Electroluminescence 
C. H. Haake 

Lamp Division, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Elect ro luminescent  brightness measurements  were carried out on several 
zinc sulfide phosphors over wide ranges of tempera ture  and frequency. From 
the tempera ture  dependence of photoluminescence a thermal  extinction factor 
was derived which, when introduced in the electroluminescent  brightness 
values, led to an ideal electroluminescent  brightness unaffected by thermal  
quenching. In  general, this ideal brightness was found to increase or tend to 
saturat ion with increasing temperature,  bu t  did not decrease. The tempera ture  
sensit ivity of the ideal electroluminescence is explained on the basis of a two- 
step mechanism: the excitation process and the r e tu rn  process. Luminescence 
is assumed to occur only dur ing  the lat ter  process. On the phosphors studied 
the temperature  dependence of the ideal electroluminescent  brightness seems 
to be due main ly  to the thermal  behavior  of traps dur ing  the re tu rn  process, 
since the electron re tu rn  is impeded by traps. 

This work  const i tu tes  an  a t t emp t  to ob ta in  the 
t e m p e r a t u r e  dependence  of e lec t ro luminescence  of 
some zinc sulfide phosphors  de tached f rom t h e r m a l  
quench ing  of luminescence  and  to a r r ive  at  conc lu-  
sions as to which  m e c h a n i s m  is m a i n l y  respons ib le  
for the t e m p e r a t u r e  sens i t iv i ty  of e l ec t ro lumines -  
cence in  these phosphors .  E lec t ro luminescence  of 
powdered  samples  was  m e a s u r e d  be tween  --180 ~ to 
+ 1 5 0 ~  at  var ious  f requenc ies  and  vol tages  of op-  
era t ion.  M e a s u r e m e n t s  of pho to luminescence  were  
car r ied  out  on the same phosphor  samples  over  the  
same t e m p e r a t u r e  range.  By combin ing  p h o t o l u m i -  
nescence and  e lec t ro luminescence  at  a n y  g iven  t e m -  
p e r a t u r e  in  a proper  m a n n e r ,  a n  ideal  e l ec t ro lumi -  
nescence  was  der ived  wh ich  is tha t  expected  if no 
t h e r m a l  q u e n c h i n g  were  effective. Thus  it  was  pos-  
sible to consider  the  t e m p e r a t u r e  dependence  of 
e lec t ro luminescence  due to t h e r m a l  q u e n c h i n g  and  
tha t  due to an  in t r ins ic  t e m p e r a t u r e  sens i t iv i ty  of 
the ideal  e l ec t ro luminescen t  b r igh tness  separa te ly .  

The m e c h a n i s m  which  leads to e l ec t ro lumines -  
cence is be l ieved  to occur in  two steps which  a re  
separa ted  in  t ime  and  space. The  exc i ta t ion  process 
provides  a n u m b e r  of e lect rons  l i be ra t ed  f rom cen-  
ters  in  a h igh field zone b y  field ioniza t ion  and  i n -  
elastic collisions. These e lect rons  are  r ap id ly  swept  
out  in to  low field zones where  t hey  become t rapped.  
O n l y  w h e n  the e lect rons  r e t u r n  to e m p t y  l u m i n e s -  
cence centers  upon  field reversa l  ( r e t u r n  process)  
does luminescence  occur. 

Experimental Arrangement 
The phosphor  powders  inves t iga ted  were  inse r ted  

into a c o n d e n s e r - t y p e  cell. The phosphor  was e m-  

bedded in  air  which  exc luded  a ny  b r igh tness  va r i -  
a t ions  due  to t h e r m a l  changes  of the  dielectr ic  
proper t ies  of the  e mbe dd i ng  me d i um.  P r e m a t u r e  
e lectr ical  b r e a k d o w n  was avoided by  a t h i n  t r ans -  
p a r e n t  film ( M y l a r ) .  The  th ickness  of this  film was 
abou t  5 t~ compared  to ~85  t~ th ickness  of the  phos-  
phor  layer .  Hence,  t h e r m a l  changes  of the  dielectr ic  
p roper t ies  in  the film affected the field across the 
phosphor  par t ic les  on ly  to a m i n o r  degree.  The cell 
par t s  were  m a d e  of a l u m i n u m  and  Teflon. 

The  u n i t  in  which  the cell  could be subjec ted  to 
t e m p e r a t u r e s  f rom --180 ~ to + 1 5 0 ~  is shown  in  
Fig. 1. The cell was  inse r ted  in to  a copper  c h a m b e r  

t 
~-" \FI 

~Y///////////~ 
CELL 

Fig. 1. Apparatus for measuring the temperoture dependence of 
electroluminescence. 
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( C u ) .  I t  could  be  cooled b y  l iqu id  N: or  w a r m e d  b y  
hea t i ng  e l e m e n t s  (H)  in  the  wal l s .  The  hea t i n g  c u r -  
r en t  was  con t ro l l ed  b y  a Var iac .  T h e  p h o s p h o r  in 
the  cel l  was  exc i t ed  to l u m i n e s c e n c e  e i t he r  e l ec -  
t r i c a l l y  or  b y  u.v. l i gh t  f rom a h igh  p r e s s u r e  m e r -  
c u r y  l a m p  (B)  ove r  a s e m i - t r a n s p a r e n t  m i r r o r  (M) .  
A n  a u d i o f r e q u e n c y  g e n e r a t o r  c o n n e c t e d  to a p o w e r  
ampl i f i e r  s e r v e d  as a vo l t age  source  to  o p e r a t e  t he  
cell .  T h e  vo l t age  a p p l i e d  to t he  u.v. l a m p  (B)  was  
s t ab i l i zed  e l ec t ron ica l ly .  The  u.v. i n t e n s i t y  cou ld  be  

~ lOOr~ . - - .__  ~ _  

m 5 0  

~ 2 0 ~ . - - - ~  

~ 5  
m 
z 

~ 2  

v a r i e d  b y  v a r y i n g  the  d i s t ance  of (B)  to 
The  l igh t  e m i t t e d  f r o m  the  p h o s p h o r  was  
b y  a p h o t o m u l t i p l i e r  (P )  (1P21)  o p e r a t e d  
u l a t e d  p o w e r  supp ly .  

The  t i m e  a v e r a g e d  p h o t o c u r r e n t  was  
by  a K e i t h l e y  v a c u u m  t u b e  e l ec t rome te r .  

the  in le t .  
m e a s u r e d  
on a r e g -  

m e a s u r e d  
The  te rn-  

I 
200 250 300 350 400 ('K) 

p e r a t u r e  of the  p h o s p h o r  was  o b t a i n e d  b y  m e a n s  of 
a c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e  (Th)  s c r e w e d  
onto the  m e t a l  back  e l ec t rode  of t h e  cell .  The  t h e r -  
m o - v o l t a g e  was  m e a s u r e d  b y  a L&N prec i s ion  p o -  
t e n t i o m e t e r .  The  f i l te r  F1 t r a n s m i t t e d  on ly  u.v. 
r a d i a t i o n  in  the  n e i g h b o r h o o d  of 3500A ( C o r n i n g  
5860).  The  f i l ter  F:  cu t  off u.v. l i gh t  and  thus  p r e -  
v e n t e d  i t  f r om fa l l ing  onto the  ca thode  of t h e  p h o t o -  
m u l t i p l i e r .  F:  t r a n s m i t t e d  m a i n l y  b e t w e e n  4600- 
7000A ( y e l l o w i s h  Scho t t - f i l t e r ) .  S ince  no v a c u u m  
was  app l ied ,  ca re  h a d  to be  t a k e n  to a v o i d  c o n d e n -  
sa t ion  of w a t e r  v a p o r  on the  glass  p a r t s  of t he  t e m -  
p e r a t u r e  s y s t e m  a t  low t e m p e r a t u r e s .  This  was  
a ccompl i shed  by  i n se r t i ng  vesse ls  in the  cel l  c h a m -  
ber  and  a r o u n d  the  p h o t o m u l t i p l i e r  w h i c h  con t a ined  
an efficient d r y i n g  agent .  

Elimination of Thermal Quenching 
I t  is a s s u m e d  tha t  t h e r m a l  quench ing  as o b s e r v e d  

w i t h  p h o t o t u m i n e s c e n c e  also occurs  w i t h  e l e c t r o -  
l uminescence  such t h a t  t he  b r i g h t n e s s  t ends  to d e -  
c rease  w i t h  i nc r ea s ing  t e m p e r a t u r e  (1) .  One  m a y  
then  define the  e l e c t r o l u m i n e s c e n t  b r i g h t n e s s  ( I~ )  
a c t u a l l y  m e a s u r e d  as e q u a l  to an  i d e a l  e l e c t r o l u m i -  
nescen t  b r i g h t n e s s  (Ie]o) modi f ied  b y  the  p r o b a b i l i t y  
of t h e r m a l  quench ing  of  l u m i n e s c e n c e  (pt  = le~/L]o). 

This  p r o b a b i l i t y  is a s s u m e d  to be  t he  s a m e  as  t h a t  
for  p h o t o l u m i n e s c e n t  b r i g h t n e s s  ( I t )  a t  a n y  t e m -  
p e r a t u r e  T. Hence  

1,~ (T)  L ( T )  
p t ( T )  --  - -  - -  ( I )  

I . , o (T )  Lo 

w h e r e  Lo s t ands  for  t he  p h o t o l u m i n e s c e n t  b r i g h t n e s s  
w h i c h  is unaf fec ted  b y  t h e r m a l  quench ing  and  thus  
u s u a l l y  occurs  on ly  a t  l ow  t e m p e r a t u r e s .  H e r e  Ie,o is 
a func t ion  of t e m p e r a t u r e  because  of the  t e m p e r a -  
tu re  s e n s i t i v i t y  of p u r e  e l e c t r o l u m i n e s c e n c e  b u t  no t  
of quench ing .  

Thus  w i t h  Eq. ( I )  
L ( T )  

I , , ( T )  = L , o ( T ) . - -  (II) 
Iro 

If the luminescence probability It (T)/Lo were de- 
pendent only on temperature, one plot of D over the 
whole temperature range of interest would be suffi- 
cient, since le, (T) need be divided simply by pt(T) 
in order to obtain I~o(T). However, pr is also de- 
p e n d e n t  on the  i n t e n s i t y  of t he  exc i t i ng  r a d i a t i o n  
(2) .  This  m a y  l ead  to an  inc rease  of  p h o t o l u m i n e s -  
cent  b r i g h t n e s s  f a s t e r  t h a n  l i n e a r  w i t h  i nc rea s ing  

TEMPERATURE T 

Fig. 2. Schematic procedure for finding I~ o from It(T) plots 
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e x c i t a t i o n  i n t e n s i t y  (3) .  More  speci f ica l ly ,  a t  a g iven  
t e m p e r a t u r e  the  effect of t h e r m a l  quench ing  m a y  be  
less p r o n o u n c e d  a t  h i g h e r  b r i gh tne s se s  L. Th i s  p h e -  
n o m e n o n  m u s t  also be  e x p e c t e d  w i th  e l e c t r o l u m i -  
nescence.  In  o r d e r  to account  for  th is  effect, no t  on ly  
m u s t  the  ra t ios  of Eq. ( I )  be cons ide red  e q u a l  bu t  
also e i t he r  n u m e r a t o r  a n d  d e n o m i n a t o r .  Hence ,  Eq. 
( I I )  can  be w r i t t e n  

I01(T) 
I , , ( T )  = I , , o ( T )  

Ifo 
or s i m p l y  

Do = 1 . ,o(T)  ( I I I )  

This  m e a n s  t h a t  t h e r e  m u s t  be  a k n o w n  L - v a l u e  
equa l  to each  I e l -va lue  m e a s u r e d  at  a n y  t e m p e r a -  
t u r e  T. C o n s e q u e n t l y  a ser ies  of p lo ts  of I t ( T )  m u s t  
be  t a k e n  w i th  d i f fe ren t  e x c i t i n g  u.v. i n t ens i t i e s  in 
o r d e r  to cover  t he  w h o l e  r a n g e  of t he  I e , -va lues  a t  
a n y  t e m p e r a t u r e .  

The  p r i n c i p l e  of t h e  p r o c e d u r e  to d e t e r m i n e  I,~o (T)  
is i l l u s t r a t e d  in  Fig.  2. F o r  e x a m p l e ,  le t  an  e l ec t ro -  
l u m i n e s c e n t  b r i g h t n e s s  of Io~ = 5 un i t s  be  m e a s u r e d  
at  400~ A m o n g  t h e  n u m b e r  of  v a r i o u s  p lo ts  of 
p h o t o l u m i n e s c e n t  b r i g h t n e s s  I t ( T )  t h e r e  m u s t  be  
one  p lo t  w h i c h  also shows  a b r i g h t n e s s  of 5 un i t s  a t  
40O~ The m a x i m u m  b r i g h t n e s s  of th is  p a r t i c u l a r  
p lo t  of p h o t o l u m i n e s c e n c e  t hen  is the  a p p r o p r i a t e  
v a l u e  of Lo ( h e r e  a b o u t  80 un i t s )  a c c o r d i n g  to Eq.  
( I I I ) .  If  a t  T = 290~ an  e l e c t r o l u m i n e s c e n t  
b r i g h t n e s s  Io, = 30 un i t s  is m e a s u r e d  and  none  of 
t he  L ( T ) - p l o t s  p r e v i o u s l y  o b t a i n e d  goes t h r o u g h  
th is  L , - v a l u e ,  t he  D ( T ) - p l o t s  m u s t  be suff ic ient ly  
close to each  o the r  so t h a t  i n t e r p o l a t i o n  is poss ib le .  
In  th is  p a r t i c u l a r  case Lo is found  to be  a b o u t  40 
uni ts .  F r o m  t h e s e  e x a m p l e s  i t  becomes  obv ious  t ha t  
Do in Eq. ( I I I )  is a func t ion  of  Ie~ a n d  one shou ld  
t h e r e f o r e  w r i t e  

Do(L])  = I.~o(T) ( I l i a )  

W i t h  th is  p r o c e d u r e  a s p e c t r a l  emiss ion  sh i f t  w i t h  
temperature w h i c h  w o u l d  cause  a fa ls i f ied  r e sponse  
of the  p h o t o m u l t i p l i e r  is e x c l u d e d  f r o m  the  1.,o 
va lues ,  s ince bo th  I~, and  It show a b o u t  t h e  s ame  
emiss ion  co lor  a t  a n y  g iven  t e m p e r a t u r e  (4 ) .  This,  
howeve r ,  is t r u e  on ly  i f  t h e  f r e q u e n c y  of t h e  a l t e r -  
n a t i n g  f ield a p p l i e d  to t h e  p h o s p h o r  has  no effect  on 
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the  emiss ion  color.  F o r t u n a t e l y  t h e r e  a r e  some 
s i n g l e - b a n d  p h o s p h o r s  fo r  w h i c h  t h e  sh i f t  of t h e  
emiss ion  color  is neg l ig ib l e  f r o m  15 to 10,000 cps. 
O n l y  those  p h o s p h o r s  w e r e  s t ud i ed  here .  

This  p r o c e d u r e  is b a s e d  on the  a s s u m p t i o n  t h a t  
bo th  e l e c t r o l u m i n e s c e n c e  and  p h o t o l u m i n e s c e n c e  
a r e  u n i f o r m l y  e m i t t e d  t h r o u g h o u t  t h e  p h o s p h o r  
c rys ta l s .  H o w e v e r ,  i t  has  been  o b s e r v e d  (5, 6) t h a t  
e l e c t r o l u m i n e s c e n c e  occurs  p r e f e r e n t i a l l y  in  a n u m -  
be r  of s ingle  spots.  Hence ,  the  e l e c t r o l u m i n e s c e n t  
spot  b r i g h t n e s s  is h i g h e r  t h a n  t h e  p h o t o l u m i n e s c e n t  
b r i gh tne s s  w h e n  the  e l e c t r o m e t e r  connec t ed  to t h e  
pho toce l l  r e a d s  t he  s ame  p h o t o c u r r e n t .  The  L,o- 
va lue s  o b t a i n e d  can, t he re fo re ,  be  t a k e n  on ly  as f i rs t  
a p p r o x i m a t i o n s .  

Exper imental  Results 

The  t e m p e r a t u r e  d e p e n d e n c e  of  e l e c t r o l u m i n e s -  
cence was  m e a s u r e d  on a n u m b e r  of p o w d e r e d  s in -  
g l e - b a n d  zinc sulf ide  p h o s p h o r s  con ta in ing  Cu, 
C u - P b ,  o x y g e n  a n d  C1 i m p u r i t i e s  ( h e a t i n g  r a t e  
abou t  3 ~  Two of these  p h o s p h o r s  w e r e  chosen  
at  r a n d o m  and  s u b j e c t e d  to a m o r e  i n t e n s i v e  s t u d y :  
WL77 ( Z n S . Z n O  a c t i v a t e d  w i t h  Cu a n d  Pb,  coac t i -  
v a t e d  w i t h  C1, f i red in  a i r )  and  WL702 ( Z n S  ac t i -  
v a t e d  w i t h  Cu, c o a c t i v a t e d  w i t h  C1, f i red  u n d e r  spe -  
c ia l  cond i t i ons ) .  1 A t  r o o m  t e m p e r a t u r e  bo th  p h o s -  
pho r s  e m i t t e d  in  t he  g r e e n  n e a r l y  i n d e p e n d e n t  of 
f r e q u e n c y  up  to 10 kc. F i g  3a a n d  b show the  a v e r -  
aged  e l e c t r o l u m i n e s c e n t  b r i gh tne s se s  I~1 as func t ions  
of t e m p e r a t u r e  on WL77 a n d  WLT02 a t  an  a v e r a g e  
field s t r e n g t h  of a b o u t  5 x 10' v / c m  ( c o r r e s p o n d i n g  
to 400 v r m s  across  t h e  ce l l )  w i t h  15, 100, 1000, and  
10,000 cps (gas  d i s c h a r g e  a n d  b r e a k d o w n  d id  not  
occur  b e l o w  6-7.10'  v / c m ) .  A f t e r  the  p h o s p h o r s  
w e r e  k e p t  a t  a b o u t  + 5 0 ~  for  1 hr ,  d u r i n g  w h i c h  
t i m e  t h e  a b o v e  field a l t e r n a t i n g  w i t h  a b o u t  500 cps 
was  app l ied ,  the  cu rves  p r o v e d  r e p r o d u c i b l e  in 
shape,  r e g a r d l e s s  of t h e  d i r ec t i on  of t h e  t e m p e r a -  
t u r e  change .  

F i g  3a and  b c l e a r l y  i l l u s t r a t e  t he  sh i f t  of t he  
b r i g h t n e s s  cu rves  to h i g h e r  t e m p e r a t u r e s  w i t h  i n -  
c r eas ing  f r equency .  This  p h e n o m e n o n  has  b e e n  ob -  
s e r v e d  be fo re  b y  s e v e r a l  w o r k e r s  (7 -10 ) .  B r i g h t n e s s  
curves  a r e  less  sens i t ive  to changes  of t h e  e l ec t r i c  
field s t r eng th .  In  genera l ,  t he  b r i g h t n e s s  p e a k s  sh i f t  
b u t  s l i gh t ly  to l o w e r  t e m p e r a t u r e s  w i t h  i nc r e a s ing  
field s t r e n g t h  and  u s u a l l y  some  m i n o r  changes  occur  
on t h e  low t e m p e r a t u r e  s ide  of t he  peaks .  

E m p l o y i n g  the  m e t h o d  d e s c r i b e d  a b o v e  the  
e l e c t r o l u m i n e s c e n t  b r igh tnes s ,  1,1, w a s  c o n v e r t e d  to 
the  idea l  e l e c t r o l u m i n e s c e n t  b r igh tnes s ,  Ie,o, w h i c h  
w o u l d  ex i s t  w i t h o u t  i n t e r f e r e n c e  f rom t h e r m a l  
quench ing  of luminescence .  F o r  th is  p u r p o s e  a set  
of p h o t o l u m i n e s c e n t  b r i g h t n e s s  p lo t s  as func t ions  of 
t e m p e r a t u r e  was  m e a s u r e d  such  t h a t  the  w h o l e  
scope of t he  b r i g h t n e s s e s  Io~ a t  a n y  t e m p e r a t u r e  was  
c ove red  or  a t  l e a s t  ea s i ly  access ib le  to e x t r a p o l a t i o n .  
The  conve r s ion  of t h e  L , - v a l u e s  to c o r r e s p o n d i n g  
Lo-va lues  as d e m o n s t r a t e d  in F ig .  2 w a s  c a r r i e d  ou t  
in  a m o r e  c o n v e n i e n t  w a y  b y  p l o t t i n g  log (Lo) as a 
func t ion  of log (If)  w i t h  t he  t e m p e r a t u r e  T as p a r a -  
m e t e r  (F ig .  4) .  As  can  b e  seen  in Fig .  4 the  phos-  

* Both phosphors were prepared by W. Lehmann in this labo- 
ratory. 
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Fig. 3b. Electroluminescent brightness as a function of tempera- 
ture at 400 v rms and various frequencies. WL702. 

p h o r  has  a c q u i r e d  a l i n e a r  emiss ion  at  a b o u t  - -80~ 
Be low this  t e m p e r a t u r e  p h o t o l u m i n e s c e n c e  is con-  
s t an t  and  on ly  upon  f u r t h e r  d e c r e a s e  of  t e m p e r a t u r e  
beg ins  to dec rea se  s l igh t ly ,  w h i c h  is due  to changes  
of t he  u.v. a b s o r p t i o n  c ha ra c t e r i s t i c s  (2) .  H o w e v e r ,  
th is  has  no b e a r i n g  on t h e  p r e s e n t  cons ide ra t i ons  of 
e l e c t ro lumine sc e nc e .  Thus ,  Lo is a s s u m e d  cons t an t  
for  a l l  T < - -80  ~ 

The  g e n e r a l  r e su l t  is cons i s t en t  w i t h  b o t h  p h o s -  
phors .  L~o inc reases  s t e a d i l y  w i t h  i n c r e a s i n g  t e m p e r -  
a t u r e  or  e x h i b i t s  a t e n d e n c y  to s a tu ra t ion ,  b u t  i t  
does  no t  decrease .  F ig .  5 shows  such  a s t e p - c u r v e .  
S i m i l a r  c u r v e s  h a v e  been  r e p o r t e d  b y  A l f r e y  and  
T a y l o r  (7)  in  t e m p e r a t u r e  r anges  w h e r e  t h e r m a l  
quench ing  is no t  y e t  p r e d o m i n a n t .  T h e  shape  of  t he  



294 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  May 1957 

lOO - 

WL77 

IO0 I0 I 0.1 
I f  

Fig. 4. Practical chart for finding I~,o fram plots of Ira as func- 
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3 ~  (WLT02),  s = 5 x 108 sec-1]. Resul ts  are  
g iven  in Tab le  II. (The  va lues  in  b racke t s  are  de-  
r ived  f rom unreso lved  glow peaks.)  

Tab le  I I I  shows a cor re la t ion  of the  t e m p e r a t u r e s  
T~,x and  Tin,. at  which  e l ec t ro luminescen t  b r igh tness  
e x t r e m a  occur, the ac t iva t ion  energies,  a nd  the  t e m -  
p e r a t u r e  ranges  in  which  these  ac t iva t ion  energies  
are observed as s t ra igh t  l ines  f rom the  plots of log 
I.,o as a func t ion  of 1000/T for va r ious  f requenc ies  
and  a vo l tage  of 400 v rms  across the cell. I t  wi l l  be 
no ted  that  the t e m p e r a t u r e  ranges  in  which  the  
ac t iva t ion  energies  occur exh ib i t  the same t e n d e n c y  
to shif t  to h igher  t e m p e r a t u r e s  wi th  increas ing  f re -  

Ie,o(T)-plots leads one  to expect  some k i n d  of t he r -  
ma l  ac t iva t ion  energies  which  should become re -  
vealed w h e n  log (Io]o) is p lo t ted  over  1000/T ( ~  
[A first a t t emp t  in  this  d i rec t ion  has a l r eady  been  
made  by  Mat t l e r  (11) who p lo t ted  log Ie, as a f unc -  
t ion  of 1000/T.]  Indeed,  a series of s t ra igh t  l ines  
was found  wi th  ave rage  slopes which  cor respond to 
about  0.02; 0.05; and  0.16 e.v. wi th  WL77, and  0.006; 
0.08; 0.13; and  0.24 e.v. w i th  WL702 (Fig. 6). Some-  
t imes the slopes ceased to be s t ra igh t  l ines at the 
h igh t e m p e r a t u r e  side of the s t ra igh t  l ines  and  log 
Ie,o became only  w e a k l y  d e p e n d e n t  on  1000/T. A n  
ind ica t ion  of this behav io r  is found  in  Fig. 6 nea r  
1000/T = 4. The ac t iva t ion  energies  are d e p e n d e n t  
on f r equency  such tha t  inc reas ing  f r e q u e n c y  t ends  to 
increase  the ac t iva t ion  energies.  Also, decreas ing  
vol tage  shows a p r o n o u n c e d  increase  of the ac t iva -  
t ion energies,  and  the s t ra igh t  l ines of log (Ie,o) vs. 
1000/T somet imes  appear  b r o k e n  so tha t  effect ively 
the n u m b e r  of ac t iva t ion  energies  found  b e t w e e n  
--180 ~ and  + 150~ seems to increase.  T a b l e  I 
shows resul t s  ob ta ined  on both  phosphors  for v a r i -  
ous f requencies  and  vol tages  across the  cell. 

In  order  to compare  the  ac t iva t ion  energies  w i th  
the t rap  depths,  glow curves  were  t aken  for bo th  
phosphors  (see Fig. 7). T rap  depths  were  ca lcula ted  
according to a me thod  descr ibed by  Cur ie  and  
Cur ie  (12) [hea t ing  ra te  ~ 2 . 5 ~  (WL77) ,  and  

Table I. Activation energies at various frequencies and voltages 

W L 7 7  
F r e q u e n c y  Vo l t age  A c t i v a t i o n  ene rg i e s  

(cps) (v) (e. v.) 

15 400 0.024 0.035 0.15 
100 400 0.022 0.038 0.17 

250 0.032 0.049 0.23 
1000 400 0.024 0.040 0.16 

250 0.028 0.056 0.23 
10000 400 0.025 0.055 0.16 

250 0.043 0.06; 0.105 0.25 
150 0.06 0.10; 0.12; 0.15; 0.18 0.32 

WL702 
F r e q u e n c y  Vo l t age  A c t i v a t i o n  energies  

(cps) (v) (e. v.)  

15 400 - -  0.077 0.099 0.14 
100 400 0.006 0.076 0.096 0.18 

200 0.018 0.11 0.13 0.21 
1000 400 0.006 0.084 0.13 0.26 

200 0.014 0.132 0.17; 0.23 0.33 
10000 400 0.0095 0.094 0.27(?) 0.36(?) 

Table II. Trap depths of WL77 and WLT02 

P h o s p h o r  T r a p  D e p t h s  (e. v.) 

WL77 (~0.2) 0.25 (~0.3) 0.38 
WL702 - -  (~0.26) 0.30 (?) 
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Table III. Survey of experimental results with respect 
to temperature and frequency 

EL. b r i g h t n e s s  
Tmax A c t i v a t i o n  T e m p .  r a n g e  of  act .  

F r e q u e n c y  (~ e n e r g y  e n e r g y  
(cps) Train (e.v.)  (~ 

WL77: 
15 

100 

1000 

10000 

0.02 --168 to --131 
--75 0.04 --120 to - -  76 

--45 
+ 6 0.15 --  37to +124 

0.02 --172 to --151 
--65 0.04 --137 to --65 

--30 
+37 0.17 --  18 to +120 

0.02 --168 to --150 
--38 0.04 --142 to --13 

- - 5  

+70 0.16 +6  to +150 
0.03 --176 to --142 

- -  9 0.06 --120 to --8 
+25 

+100 0.16 +30 to +144 

WL702: 

15 ? ? 
0.08 --127 to --56 

--10 0.10 --43 to +9  
0.14 +22 to +80 

100 0.006 --174 to --144 
0.08 --120 to --40 

0 0.10 --28 to +30 
0.18 +36 to +108 

1000 0.006 --174 to --122 
0.08 --104 to --44 

+31 0.13 --30 to +20 
0.26 +36 to +148 

10000 --123 0.01 --180 to --120 

+72 

--97 
0.09 --84 to +12 
0.27(?) + 2 0 t o  +84 
0.36(?) + 8 6 t o  +150 

quencies  as the  e x t r e m a  of the  e l ec t ro luminescen t  
br ightness .  

Discussion and Interpretat ion 

Ideal Brightness 

If one re la tes  the  exponen t i a l  factor  of Ie,o which  
leads to the obse rva t ion  of ac t iva t ion  energies  to a 
t h e r m a l  release process of e lect rons  f rom ce r t a in  
centers,  the ac t iva t ion  energies  appear  as ene rgy  
"depths"  E*. The p robab i l i t y  p of e lec t ron  escape 
f rom such centers  is fac i l i ta ted  in  the presence  of an  
electric field (13) : 

p cc e x p -  E * / k T  = exp --  [E - -  ~(F)  ] / k T  (IV) 

[E, dep th  of center  in  the absence  of a field; F, field 
s t reng th ;  f ( F ) ,  f unc t i on  of field s t r e n g t h  such tha t  
f ( F )  increases  wi th  inc reas ing  F] .  The  inf luence  of 
f r equency  on E* is most  l ike ly  due to capaci t ive  
effects. C o m b i n a t i o n s  of h igh  field regions  and  low 
field regions  as exist  ins ide  the  phosphor  crys ta ls  
form some sort  of microcapaci tors  across which  the  
po ten t ia l  drop decreases w i th  inc reas ing  f requency .  
Hence  inc reas ing  f r equency  reduces  the effective 
field and  E* increases  as observed.  If now the  va lues  
of Tab le  II  are  compared  wi th  those of Table  III, one 
finds tha t  w i th  low vol tages  and  high f requenc ies  the  
high va lues  of E* approach  those of the  t rap  depths  

54 

q 

- 2 0 0  -150 - I 0 0  - 5 0  
TEMPERATURE (~ 

Fig. 7. Glow curves on WL77 and WL702 

as d e t e r m i n e d  f rom glow curves.  Therefore ,  it  seems 
jus t i f iable  to iden t i fy  E in  re la t ion  (IV) wi th  a t rap  
depth.  T h e n  the low va lues  of E* observed  at  low 
t e m p e r a t u r e s  would  cor respond to t raps  which  a re  
too shal low to be de tec table  by  glow curves.  

The t e m p e r a t u r e  behav io r  of e lec t ro luminescence  
can now  be considered in  a simplif ied model  based 
on the  act ion of e lec t ron  traps.  There  is ample  evi- 
dence tha t  the  essent ia l  processes of e l ec t ro lumines -  
cence are confined to ce r ta in  h igh field regions  and  
ad jacen t  low field regions.  The high field regions 
m a y  occur e i ther  in  po ten t ia l  ba r r i e r s  (14) or nea r  
sharp  points  or edges of conduc t ing  segregat ions  in  
the  host crys ta l  (e.g., Cu~S) (15).  In  these regions 
e lec t rons  f ie ld- ionized f rom donors  or  in jec ted  elec-  
t rons  are accelera ted and  thus  become able  to 
col l i s ion- ionize  luminescence  centers.  The electrons,  
qu ick ly  increas ing  in n u m b e r ,  are  swept  out  into the  
low field regions  where  the  ene rgy  gain  by  field 
act ion is lower  t h a n  the ene rgy  loss by  impact .  Thus  
the  e lect rons  become t r apped  to an  ex t en t  de te r -  
m i ne d  by  t e m p e r a t u r e  and  f requency .  D u r i n g  this  
pa r t  of the process (exc i ta t ion  process) h a r d l y  any  
emiss ion occurs, s ince the  t r a n s i t  t ime  of e lect rons  
t h r ough  the  h igh  field region  is e x t r e m e l y  sma l l  (see 
A p p e n d i x ) .  P a r t i c u l a r l y  in  the  case of conduc t ing  
segregat ions  in  the  host crystals ,  the  h igh field region  
reverses  its s ign wi th  the  nex t  ha l f - cyc le  of the  ap-  
pl ied vo l tage  and  conduc t ion  e lect rons  are a t t rac ted  
f rom the low field region  to the  h igh field region  
w h e r e  they  r ecombine  wi th  e m p t y  luminescence  
centers.  I t  is this p a r t  of the  process ( r e t u r n  process) 
which  gives the  m a j o r  c o n t r i b u t i o n  to l igh t  emis -  
sion. E x p e r i m e n t a l  proof for the t i m e - s e p a r a t i o n  
of exc i ta t ion  and  r e t u r n  process was ob ta ined  w h e n  
the  b u i l d u p  of e lec t ro luminescence  on p rev ious ly  
quenched  phosphors  was s tud ied  (16).  No l igh t  em-  
ission could be  observed  d u r i n g  the first ha l f -cyc le  
of the  vo l tage  applied,  in  a g r e e m e n t  w i th  W a y m o u t h  
and  Bi t te r  (6) .  

Both processes are func t ions  of field, f requency ,  
and  t empe ra tu r e .  The  p roduc t ion  a nd  behav io r  of 
conduc t ion  e lect rons  i n  the  h igh  field zone d u r i n g  
the exc i ta t ion  process, however ,  p r o b a b l y  is de t e r -  
m i n e d  m a i n l y  by  the  compara t i ve ly  h igh field and  
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i ts  f r e q u e n c y  and  on ly  to a l esser  deg ree  b y  t e m -  
p e r a t u r e .  

Le t  m be the  n u m b e r  of  t r a p s  occup ied  b y  e lec -  
t rons  at  the  t ime  t. D i s r e g a r d i n g  r e t r a p p i n g ,  t he  
t i m e  d e p e n d e n c e  of t r a p  e m p t y i n g  can  t hen  b e  d e -  
s c r ibed  b y  

din~dr = --pro 

w h e r e  p is the  p r o b a b i l i t y  of e l ec t ron  escape  f r o m  
t r aps  in the  low field region ,  as  g iven  b y  Eq. ( I V ) .  
f ( F )  in p not  on ly  d e p e n d s  on t ime  b u t  also in an  
u n k n o w n  fa sh ion  on s p a t i a l  coo rd ina t e s .  H o w e v e r ,  
as a first  a p p r o x i m a t i o n ,  f ( F )  is se t  p r o p o r t i o n a l  to 

an  a v e r a g e d  field s t r e n g t h  F w h i c h  r e n d e r s  p i n d e -  
p e n d e n t  of t ime  and  space.  Thus  

m = m, e x p ( - - p t )  

w h e r e  mo is the  n u m b e r  of t r a p s  a t  t h e  b e g i n n i n g  of 
t he  r e t u r n  process  and  d e p e n d s  m a i n l y  on the  e x -  
c i t a t i on  process ,  i.e., on f ield and  f r equency .  

If  i t  is a s s u m e d  t h a t  each  e l ec t ron  e j ec t ed  f rom 
a t r a p  is q u i c k l y  c a r r i e d  a w a y  to l uminescence  cen -  
te rs  in t he  h igh  f ield zone d u r i n g  the  t ime  the  r e t u r n  
process  is in  effect, d m / d t  is a m e a s u r e  of t he  
m o m e n t a r y  l igh t  e m i t t e d  so t h a t  the  m e a n  emiss ion  
d u r i n g  one h a l f - c y c l e  is 

I~1o cc --2fp ~ m  dt = 2f mo(f) [1 - -  exp  ( - -p /2}  r ] (V)  
o 

LIo(T) i nc reases  s t e a d i l y  w i t h  t e m p e r a t u r e  as long  
as p <<2f,  i.e., 

/,loa m~(f)p  ~- mo(5)s exp  - -  [E - -  const  F ] / k T  (Va)  

A s t r a i g h t  l ine  a p p e a r s  on p l o t t i n g  log (Iolo) as a 
func t ion  of 1/T. As the  t e m p e r a t u r e  is f u r t h e r  i n -  
c reased ,  p > 2 f  and  Ielo t ends  to s a t u r a t i o n  as a c t u -  
a l ly  obse rved .  The  t e m p e r a t u r e  r a n g e  in  w h i c h  th i s  
t e n d e n c y  p r e v a i l s  occurs  at  h i g h e r  t e m p e r a t u r e s  for  
h i g h e r  f requenc ies .  This  ag rees  v e r y  we l l  w i t h  e x -  
p e r i m e n t  where ,  h o w e v e r ,  m o r e  t h a n  one ac t i va t i on  
e n e r g y  appea r s .  This  is because  t r a p p i n g  l eve l s  of 
d i f fe ren t  dep th s  have  d i f fe ren t  p - f u n c t i o n s .  W h e n -  
eve r  p~>>25 p r e v a i l s  w i t h  one g roup  of  t r aps ,  t h e  
n e x t  d e e p e r  t r aps  w i t h  p~<<2f m a y  beg in  to show 
in I~1o. 

A q u a n t i t a t i v e  exp re s s ion  of  the  sh i f t  of the  
b r i gh tne s s  cu rves  to h i g h e r  t e m p e r a t u r e s  a long  the  
t e m p e r a t u r e  sca le  can  be  d e r i v e d  b y  def in ing  a n o r -  
m a l i z ed  idea l  b r i g h t n e s s  w h i c h  is t he  r a t io  of Io,o to 
1oio at  p > > 2 f  

2f too(f) [ 1 - - e x p  ( - -p /2 f )  ] 

2f moU) 
1 - - e x p  ( - -p l2 f )  

W T ,  f = 

Fig.  8 shows  a s c h e m a t i c  d i a g r a m  of two  p lo t s  of the  
n o r m a l i z e d  idea l  b r i g h t n e s s  for  two  d i f fe ren t  f re -  
quencies .  The  r e l a t i v e  b r i g h t n e s s  found  a t  a t e m p e r -  
a t u r e  T, w i t h  a f r e q u e n c y  f~ can  on ly  be  r e p r o d u c e d  
a t  a h i g h e r  f r e q u e n c y  f~, i f  t he  t e m p e r a t u r e  7'1 is 
i nc r ea sed  to % w h i c h  is d e r i v e d  f rom the  e q u a l i t y  
cond i t ion  

W ~ .  t~ ~ W ~ 2 ,  r2 

o r  

1 - - e x p  (--p~12fl) = 1 - - e x p  (--p=/2f:)  

M a y  1957 

~1.0- 
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Fig. 8. Shift of the normalized electroluminescent brightness to 
higher temperatures with increasing frequency. 

o r  

p 1 / 2 f l  = p,/2f~ 

Hence  p /2 f  is cons t an t  for  c o r r e s p o n d i n g  po in t s  of 
the  n o r m a l i z e d  b r i g h t n e s s  curves ,  so t h a t  

f = const  exp  --E*/kT~ (VI )  
w h e r e  To deno tes  t he  t e m p e r a t u r e s  at  c o r r e s p o n d i n g  
points .  This  e x p r e s s i o n  was  f irst  p o s t u l a t e d  b y  A1- 
f r ey  and  T a y l o r  and  shou ld  a l w a y s  a p p e a r  w h e n  
t r a p  e m p t y i n g  is t i m e  r e s t r i c t e d  b y  the  f r e q u e n c y  
of ope ra t ion .  H o w e v e r ,  i t  is h a r d  to f ind such  cor -  
r e s p o n d i n g  po in t s  in  t he  u n n o r m a l i z e d  Ielo(T)- 
curves .  

Real Brightness I~1 

I t  is now easy  to see w h a t  d e t e r m i n e s  t h e  shape  
of a n / e ,  ( T ) - c u r v e .  In  t he  t e m p e r a t u r e  r a n g e  w h e r e  
t h e r m a l  quench ing  has  no t  y e t  b e c o m e  effect ive,  Iel 
is equa l  to I~ The  b r i g h t n e s s  m e a s u r e d  w i l l  i n -  
c rease  w i t h  i nc r e a s ing  t e m p e r a t u r e  or  t e n d  to s a t u -  
r a t i on  as t h e  l i f e t i m e  p1-1 of  e l ec t rons  in a ce r t a in  
g roup  of t r a p s  dec reases  to p~-~<<l/2f. Then  the  
n e x t  d e e p e r  g roup  of t r a p p i n g  leve ls  beg ins  to e jec t  
e l ec t rons  d i s c e r n i b l y  so t h a t  I~ a g a i n  increases .  A t  
th is  p o i n t  l e t  t h e r m a l  q u e n c h i n g  b e c o m e  effect ive.  
A t  first,  quench ing  wi l l  be  w e a k  and  I~ s t i l l  i n -  
c reases  a l t h o u g h  w i t h  a s l i g h t l y  l o w e r  ra te .  On a p -  
p r o a c h i n g  the  cond i t i on  p~-~<<l/2f, t h e r m a l  q u e n c h -  
ing, h o w e v e r  w e a k  i t  m a y  be,  causes  I~1 to dec rea se  
and  a b r i g h t n e s s  m a x i m u m  is obse rved .  I f  th is  l a s t  
g roup  of t r a p s  w e r e  t he  d e e p e s t  one in t he  phosphor ,  
1.1 w o u l d  d e c r e a s e  c o n t i n u o u s l y  w i t h  i nc r ea s ing  
t e m p e r a t u r e  as d e t e r m i n e d  b y  quench ing .  H o w e v e r ,  
if  a d e e p e r  t r a p p i n g  g roup  exis ts ,  I~1 can  r i s e  again ,  
because  t h e r m a l  t r a p  e m p t y i n g  m a y  t e m p o r a r i l y  
o v e r c o m p e n s a t e  t h e r m a l  quench ing .  The re fo re ,  a 
m i n i m u m  of I.~ occurs .  W i t h  f u r t h e r  t e m p e r a t u r e  i n -  
crease ,  t h e r m a l  quench ing  ga ins  m o r e  a n d  m o r e  i m -  
p o r t a n c e  so t h a t  a m a x i m u m  of Io~ is obse rved ,  and  
t hen  Iel dec reases  again .  These  cond i t ions  a r e  i l lus -  
t r a t e d  in Fig.  5. 

H o w e v e r ,  t he  l i fe  t ime  p-~ not  on ly  dec reases  w i th  
i nc rea s ing  t e m p e r a t u r e  b u t  also w i t h  i nc r e a s ing  field 
s t r eng th .  F o l l o w i n g  th is  r eason ing ,  a m a x i m u m  of 
L, should  be  f o u n d  at  a l o w e r  t e m p e r a t u r e  on in -  
c r eas ing  the  vo l tage .  This  could  be  conf i rmed  b y  
e x p e r i m e n t ,  a l t h o u g h  w i t h  the  r e l a t i v e l y  sma l l  
r a n g e  of v o l t a g e  used  the  t e m p e r a t u r e  sh i f t  of the  
b r i g h t n e s s  m a x i m a  n e v e r  e x c e e d e d  10 ~ A good e x -  
a m p l e  of these  condi t ions ,  h o w e v e r ,  has  b e e n  g iven  
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b y  M a t t l e r  (4)  who  v a r i e d  the  vo l t age  a p p l i e d  to 
his ZnS .Cu  phospho r s  up  to a f ac to r  of 6. 

I t  was  s t a t ed  e a r l i e r  t h a t  i t  is h a r d  to f ind c o r r e s -  
p o n d i n g  po in t s  in  t he  u n n o r m a l i z e d  L~o-Curves 
w h i c h  r e l a t e  the  f r e q u e n c y  of o p e r a t i o n  to To ac -  
co rd ing  to Eq. ( V I ) .  E x a c t  n o r m a l i z a t i o n  f r o m  e x -  
p e r i m e n t a l  p lo t s  is difficult ,  e spec i a l l y  on p h o s p h o r s  
w i t h  s e v e r a l  t r a p p i n g  groups .  There fo re ,  one m a y  
a t t e m p t  to f ind these  c o r r e s p o n d i n g  po in t s  f r o m  the  
L , - c u r v e s  a c t u a l l y  m e a s u r e d .  The  on ly  ou t s t and ing ,  
eas i ly  loca l i zed  po in t s  a r e  t h e  e x t r e m a  of the  Ie~- 
curves .  H o w e v e r ,  i t  is not  qu i te  co r rec t  to r e g a r d  
these  as c o r r e s p o n d i n g  points .  As  has  been  s h o w n  
above,  b r i g h t n e s s  m a x i m a  (or  m i n i m a )  a r i s e  f r o m  a 
c o m p e t i t i o n  p rocess  of t r a p  e m p t y i n g  and  t h e r m a l  
quench ing .  If, e.g., a m a x i m u m  occurs  a t  a t e m p e r a -  
t u r e  T1 for  a f r e q u e n c y  fl, t he  m a x i m u m  wi l l  be  
sh i f t ed  to T2>TI fo r  a f r e q u e n c y  f~>~ l .  H o w e v e r ,  a t  
t he  t e m p e r a t u r e  T~ t h e r m a l  quench ing  is m u c h  m o r e  
effect ive  t h a n  at  the  l o w e r  t e m p e r a t u r e  T ,  Hence ,  
th is  i n c r e a s e d  effect of q u e n c h i n g  g ives  a m a x i m u m  
occu r r ing  at  t h e  t e m p e r a t u r e  T~, w h i c h  is l o w e r  t h a n  
t ha t  e x p e c t e d  f r o m  Eq. (VI ) .  Upon  p l o t t i n g  the  
m a x i m a  pos i t ions  l o g a r i t h m i c a l l y  accord ing  to Eq. 
(VI)  one  w o u l d  f ind m o r e  or  less  d i s t o r t e d  s t r a i g h t  
l ines  and  the  E - v a l u e s  d e r i v e d  f r o m  t h e i r  s lopes  a r e  
h i g h e r  t h a n  those  w h i c h  one w o u l d  o b t a i n  f rom 
p lo t s  of  e x a c t l y  c o r r e s p o n d i n g  poin ts .  

The  two  m a x i m a  in WL77, and  t h e  s ing le  m a x i -  
m u m  in WL702 w e r e  t r e a t e d  as a p p r o x i m a t e l y  co r -  
r e s p o n d i n g  po in t s  and  p l o t t e d  acco rd ing  to Eq. ( V I ) .  
As  expec ted ,  the  v a l u e s  of E o b t a i n e d  a re  h i g h e r  
t han  the  t h e r m a l  a c t i va t i on  ene rg ies  of L~0 and  even  
h i g h e r  t h a n  the  t r a p  dep th s  d e r i v e d  f rom the  g low 
curves ,  as can  be seen in  T a b l e  IV. 

Summary and Conclusions 

M e a s u r e m e n t s  of e l e c t r o l u m i n e s c e n c e  and  p h o t o -  
l uminescence  c a r r i e d  out  on s e v e r a l  zinc sul f ide  
phospho r s  ove r  a w ide  t e m p e r a t u r e  r a n g e  p e r m i t t e d  
d e t e r m i n a t i o n  of an  idea l  e l e c t r o l u m i n e s c e n t  b r i g h t -  
ness w h i c h  is una f fec ted  b y  t e m p e r a t u r e  q u e n c h -  
ing  of luminescence .  The  t h e r m a l  b e h a v i o r  of th is  
i dea l  b r i g h t n e s s  seems  to i m p l y  t ha t  t r a p  e m p t y i n g  
is t h e  m a j o r  effect  of  t e m p e r a t u r e  on e l e c t r o l u m i n e s -  
cence a p a r t  f r om t h e r m a l  quench ing .  Va r ious  a u t h o r s  
have  r ea l i zed  t h e  s igni f icance  of  e l e c t r o n  t r a p s  [see, 
e.g., r e f e r ences  (9, 1 7 - 2 1 ) ] .  H o w e v e r ,  t h e r e  is s t i l l  
some  c o n t r o v e r s y  as to w h e t h e r  t he  t r a p s  in t h e  
h igh  field r eg ion  or  those  in  the  low field r eg ion  a r e  
p r e d o m i n a n t l y  r e spons ib l e  for  t he  t h e r m a l  b e h a v i o r  
of e l ec t ro luminescence .  The  p r e s e n t  s t u d y  ind ica t e s  
the  i m p o r t a n c e  of t r a p s  in  the  l ow field region .  This  
conc lus ion  is b a s e d  on the  a s s u m p t i o n  t h a t  e l ec t ro -  
l uminescence  occurs  in a coup led  t w o - s t e p  process .  
D u r i n g  exc i t a t i on  e l ec t rons  a r e  f r e e d  in t he  h igh  
field zone and  c a u g h t  in  t r a p s  in t h e  l ow field zone. 
The  n u m b e r  of e l ec t rons  r e t u r n i n g  for  l u m i n e s c e n t  

Table IV. Activation energies derived from Eq. (VI) 
with Tr as temperatures of brightness maxima 

WL77 WL702 

E1 (e.v.) ~0.57 ~0.55 
E~ (e.v.) ,-&.7 
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r e c o m b i n a t i o n s  is m a i n l y  d e t e r m i n e d  b y  the  r a t e  of 
t h e r m a l  and  f ield r e l ea se  of e l ec t rons  f r o m  t raps .  A 
s imp le  m o d e l  can  e x p l a i n  the  g e n e r a l  t r e n d  of  e lec -  
t r o l u m i n e s c e n t  b r i g h t n e s s  w i t h  v a r y i n g  t e m p e r a -  
t u r e  a n d  f r equency .  

These  conclus ions  l e a d  to t he  p r a c t i c a l  conse -  
quence  tha t ,  bes ide  o t h e r  qua l i t i es ,  a good  e l e c t r o -  
l u m i n e s c e n t  p h o s p h o r  shou ld  h a v e  on ly  a f ew  sha l -  
low t r a p s  a n d  no deep  t r aps .  The  t e m p e r a t u r e  at  
w h i c h  t h e r m a l  quench ing  sets in  shou ld  be  high.  U n -  
f o r t u n a t e l y ,  t he  l a t t e r  can  be  a c c o m p l i s h e d  on ly  b y  
c o m p r o m i s i n g  w i t h  a n o t h e r  e s sen t i a l i t y .  E x p e r i m e n t  
shows  t ha t  good e l e c t r o l u m i n e s c e n t  p h o s p h o r s  need  
a h i g h  copper  concen t ra t ion ,  b u t  t h a t  t h e r m a l  
q u e n c h i n g  sets in a t  a t e m p e r a t u r e  w h i c h  dec reases  
w i t h  i nc r e a s ing  copper  c onc e n t r a t i on  (22) .  

As  a f inal  c o m m e n t  i t  shou ld  be e m p h a s i z e d  t h a t  
the  a b o v e  e x p l a n a t i o n  of t r a p  ac t ion  on e l e c t r o l u m i -  
nescence  is not  a l l - e m b r a c i n g .  I t  p r ed i c t s  e x t r e m a  in 
e l e c t r o l u m i n e s c e n c e - t e m p e r a t u r e  cu rves  on ly  in  t e m -  
p e r a t u r e  r eg ions  w h e r e  t h e r m a l  q u e n c h i n g  is a l r e a d y  
effect ive.  H o w e v e r ,  Johnson ,  P ipe r ,  and  W i l l i a m s  (9)  
h a v e  s h o w n  t h a t  a ZnS.A1.Cu p h o s p h o r  e x h i b i t e d  
e x t r e m a  in a t e m p e r a t u r e  r a n g e  fa r  b e l o w  the  onse t  
of t h e r m a l  quench ing .  Some  m e a s u r e m e n t s  w e r e  
c a r r i e d  out  on the  s ame  p h o s p h o r  in t hese  l a b o r a -  
tor ies .  This  effect  m u s t  be  accoun ted  for  as  a t e m -  
p o r a r y  s u p e r - p o s i t i o n  of  a d i f fe ren t  t e m p e r a t u r e  
ac t ion  on the  one ou t l i ned  above .  Fig .  9 shows  a p lo t  
of log  (Io,0) as a f u n c t i o n  of 1000/T o b t a i n e d  f r o m  
th is  phosphor .  I t  can  be  seen  t h a t  w i t h  th is  p h o s -  
p h o r  s t r a i g h t  l ines  ( a c t i v a t i o n  ene rg i e s )  also occur,  
e x c e p t  in t he  c o m p a r a t i v e l y  s m a l l  t e m p e r a t u r e  
r a n g e  b e t w e e n  150~176 
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A P P E N D I X  

Recombination Probability in High-Field Regions 
If it is agreed that, because of inelastic scattering 

with  latt ice atoms, on the average,  conduction electrons 
cannot exceed a kinetic energy higher  than that  of the 
band-to-band gap (23), the fol lowing energy balance 
is val id  in ZnS 

eF  ~o N 3.5 e.v. 

(e, electron charge; F average electric field; )~o, mean  
electron path be tween  two exci t ing collisions). With 

~ 1O ~ v / c m  
~o ~ 3 .5  �9 lO -~ cm 

With m* as effective electron mass, x as distance an 
electron has t rave led  in the field-direction, and dx/dt  
as dr if t -veloci ty  

m *  ( d x )  2 
-~- ~ = ~ x  
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Integrat ion results in 

~ / /  2m* ~ 
�9 o :  - -  =7 .10  -l*sec 

eF 

as the t ime requi red  for an electron to drif t  the dis- 
tance ~o" (m*,~m). If the wid th  of a high field region 
is assumed to be of the order  of 10 ~ to 10 -~ cm which  is 
about 300 to 3 times )~, the transit  t ime of an electron 
through this region is of the order  of �9 = 10 -11 to 1O -~ 
s e e .  

If  n conduction electrons are created per  cm ~ of the 
high field region per second, the total  number  of pos- 
sible recombinat ions is n. The capture  volume of one 
empty center  avai lable for recombinations per second 
is/~cm~/sec so that  the total  number  of capture volumes 
per second is/~n. Then the favorable  number  of recom- 
binations is de termined by fin, by the number  of avail-  
able electrons, n, and by the t ime T actual ly avai lable  
for these transitions. Hence the probabil i ty  of radia-  
t ive re turn  per  electron is 

(t~n) nT 
- -  - -  t i n t  

n 

With n being of the order  of 10 TM cm -~ or less, and 
= 10 -1" cm 8 sec (24) this probabi l i ty  becomes 1O -" to 

10 -~ or less which indeed is negligible. [This value  is in 
accord with findings of Zalm (24).] Consequent ly  there  

should be v i r tua l ly  no electroluminescence during the 
excitat ion process. 

Manuscript  received Ju ly  12, 1956. 

Any discussion of this paper  wi l l  appear in a Dis- 
cussion Section to be published in the December  1957 
JOURNAL. 
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ABSTRACT 

The t ranspor t  numbers  of the ions in NaNO~-AgNO~ mixtures  are very 
closely proport ional  to the mole fractions. The t ranspor t  n u m b e r  of the ni -  
t rate  ion remains  essentially constant. It is thus concluded that  there are no 
complex species in NaNO, or AgNOs and that  all cations present  are struc- 
tura l ly  in identical positions. This argues s trongly against any concept except 
complete dissociation in  this n i t ra te  system. 

A comple te  t r anspo r t  n u m b e r - c o m p o s i t i o n  curve  
for a b i n a r y  fused sal t  m i x t u r e  has no t  b e e n  ob-  
t a ined  previous ly .  Such da ta  are of m u c h  in te res t  
because  t r anspo r t  n u m b e r s  should  be sens i t ive  
probes  to changes  in  s t r u c t u r e  of sal t  m i x t u r e s  wi th  
composit ion.  For  such a b i n a r y  m i x t u r e  two types  of 
da ta  are needed  to y ie ld  a comple te  d e t e r m i n a t i o n  
of t r an spo r t  n u m b e r s :  Hi t to r f  cell da ta  conce rn ing  
changes  in  re la t ive  composi t ion  of sal t  n e a r  the  
electrodes,  and  v o l u m e - c h a n g e  data,  to d e t e r m i n e  
tota l  change  in  equ iva len t s  of sal t  i n  each e lect rode 
compar tmen t .  In  pr inciple ,  bo th  types  of da ta  could 
be ob ta ined  in  a s ingle  e x p e r i m e n t  of p rope r  de-  
sign, bu t  in  prac t ice  i t  was found  s imple r  to pe r -  
fo rm separa te  exper iments .  

The f u n d a m e n t a l  equa t ions  r e l a t ing  to the  H i t -  
torf  expe r imen t s  were  developed by  We tmor e  and  
Aziz (1) who pe r fo rmed  some expe r imen t s  on the  
AgNO:NaNO~ mix tu re .  

Experimental 
Hit tor f  type  of t r anspo r t  da ta  was  ob ta ined  by  

us ing  a celI m a d e  f rom 4 m m  ID P y r e x  t u b i n g  b e n t  
into the  shape  of a v e r y  b road  U tube.  This  t ube  was  
placed in  a muffle f u rnace  m a i n t a i n e d  at  305 ~ 
--+5~ and  was filled by  pour ing  the  m o l t e n  sal t  in to  
one end. S i lver  electrodes were  inse r ted  in to  the  
ends of the  tube  and  abou t  30 coulombs of e lec t r ic i ty  
passed. A n  a l t e r n a t i n g  c u r r e n t  of abou t  100 m a  (five 
t imes  the  di rect  c u r r e n t )  was super imposed  to help  
p r e v e n t  t rees  f rom growing  out  f rom the  cathode.  
The tubes  were  ca re fu l ly  r emoved  and  cooled a n d  
cut  into th ree  parts ,  an  anode  section, a cathode sec- 
t ion, and  a short  cen te r  section. These  sections were  
ana lyzed  by  t i t r a t i n g  the  Ag § (Volhard)  and  de te r -  
m i n i n g  the ne t  weight  of salt  in  each section. O n l y  
those tubes  wi th  cen t e r  sections closely cor respond-  
ing to the  or ig ina l  m i x t u r e  ( a p p r o x i m a t e l y  10% of 
the  runs )  were  used. Tota l  equ iva len t s  of c u r r e n t  
were  m e a s u r e d  by  us ing  a s i lver  coulometer .  

A n  a l t e rna t i ve  p rocedure  was to p lace  a n  u l t r a -  
fine, s in te red  glass m e m b r a n e  in  the  cen te r  of the  U, 
the  m e m b r a n e  thus  cor responding  to Hi t to r f  cen te r  

�9 P r e s e n t  a d d r e s s ,  F r i c k  C h e m i c a l  Lab . ,  P r i n c e t o n  U n i v e r s i t y ,  
P r i n c e t o n ,  N.  J .  

compar tmen t .  The two por t ions  ob ta ined  af ter  elec- 
t ro lys is  and  af ter  b r e a k i n g  the  cell  at  t he  m e m b r a n e  
were  analyzed.  The  use  of this  type  of cell  e l imi -  
na tes  the over lap  of the  anode  and  cathode compar t -  
men t s  due to convec t ion  which  is found  in  a m a j o r i t y  
of the  cells no t  c o n t a i n i n g  the  m e m b r a n e .  

The vo lume  change  in  the  electrode c o m p a r t m e n t s  
was d e t e r m i n e d  by  us ing  a modified cell s imi la r  to 
tha t  descr ibed by  Duke  and  La i ty  (2) .  The  modif ica-  
t ion  consisted of omi t t i ng  the  cap i l l a ry  w i th  the  
b u b b l e  and  m e a s u r i n g  d i rec t ly  by  changes  in  he ight  
the  vo lume  change  in  the  electrode compar tmen t s .  
The  mov ing  b u b b l e  could no t  be used because  it r e -  
sponds to dens i ty  as wel l  as to vo lume  changes.  The  
electrodes were  Ag p la ted  f rom aqueous  cyanide  
onto tungs ten .  The level  was  m e a s u r e d  in  a capi l -  
l a ry  ( two 1 - m m  capi l lar ies  were  sealed to the  top 
of each electrode c o m p a r t m e n t  to faci l i ta te  f i l l ing) 
which  cons t i tu ted  the  uppe r  pa r t  of each cell com-  
p a r t m e n t .  I t  was  found  tha t  differences in  head  
across the u l t ra f ine  m e m b r a n e  p roduced  a s l ight  
l eakage  ( abou t  0.06 c mS / h r / c m head) .  This leakage  
was  ca l ib ra ted  a nd  t a k e n  in to  account  for each run .  
A d-c  c u r r e n t  of abou t  50 m a  was used, a nd  f rom 
5 to 10 m e a s u r e m e n t s  w e r e  t a k e n  over  per iods  of 
2000 sec on a g iven  mix tu re .  I n  case of p u r e  NaNO~, 
Ag-AgNO~ electrodes were  used. 

Results and Discussion 
Consider  first the Hi t to r f  type  of exper imen t .  

For  the  anode c o m p a r t m e n t ,  n~--no1 ~ Z -  tiZ, and  
r~ - -  no~ ~ - - ~ Z  

where  rh and  n~ are the  f inal  n u m b e r s  of equ iva len t s  
of AgNO~ and  NaNO~, respect ively ,  in  the  anode 
c o m p a r t m e n t  af ter  Z equ iva l en t s  of c u r r e n t  have  
been  passed, no~ and  no~ are the  or ig ina l  n u m b e r  of 
equ iva len t s  of these salts i n  the  anode  compar tmen t ,  
and  tl and  t~ are  the  t r a n spo r t  n u m b e r s  of Ag + and  
Na § respect ively .  A s i lver  anode  is used. Combin ing  
these  equa t ions  wi th  the  fol lowing,  

tl + t, + t~ = 1 
(I) 

h a l  
- -  No~, and  

no1 + no~ 
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Table I. Variation of q~ with composition .so 

M a y  1957 

Noe r 

0.91 0.94 
0.70 0.69 
0.50 0.50 
0.29 0.30 

No1 + No~ = 1, where  t~ is the t r anspo r t  n u m b e r  
of the n i t r a t e  ion and  No1 and  N0, are the o r ig ina l  
equ iva l en t  f ract ions  of AgNO, and  NaNO~, respec- 
t ively,  Eq. ( I I )  is ob ta ined  

No~ nl -- No1 n~ 
r ~- = 1 --  tl --  N,~ t~ (II)  

Z 

where  @ combines  all  of the e x p e r i m e n t a l  va lues  as 
a func t ion  of the  t r an spo r t  n u m b e r  and  can be seen 
to be t~ if the  re fe rence  po in t  is the n i t r a t e  ion 
(t~ = 0). This  equa t ion  was  first de r ived  by  W e t -  
more  and  Aziz (1).  Notice tha t  the re fe rence  po in t  
is not  fixed by  this  equa t i on  wh ich  conta ins  one 
degree  of freedom. Values  of @ are shown  in  Tab le  I. 
The au thors  cannot  account  for the  reasons  for the  
d i sc repancy  b e t w e e n  these resul t s  and  those of 
Wetmore  and  Aziz (1) on the  same system. 

The vo lume  change  equa t ions  for the  anode are:  

V ~  ( l - - t 1 )  Z V A , ~ o ~ - - t ~ Z V ~ o ~ - - Z V ~ s  ( I I I )  

where  the V's are the pa r t i a l  mola l  vo lumes  in  the  
mix tu re ,  and  V~ is the equ iva Ien t  vo lume  of si lver.  
Then  Eqs. ( I ) ,  ( I I ) ,  and  ( I I I )  m a y  be  solved for  the  

t r an spo r t  n u m b e r s  t~, t~, and  t,, if n~, rt~, Z, V~, VA~No, 

and  V~=.~o~ and  the  or ig ina l  composi t ions  are known .  
Eq. ( I I I )  combined  wi th  (I)  and  (II)  fixes the  re f -  
erence po in t  as be ing  the  porous disk;  this  po in t  is a 
fixed poin t  in  the l iqu id  p rov id ing  the l iqu id  is no t  
a l lowed to leak past  the  disk due to pressures  caused 
by  g rav i t a t i ona l  head and  m o m e n t u m  changes  at  
the disk. A n y  leakage  m u s t  be p rope r ly  ca l ib ra ted  
and  t aken  into account .  Ano the r  possibi l i ty  is tha t  
the  disk affects the  t r an spo r t  n u m b e r s  by  p r e f e r e n -  
t ia l  adsorp t ion  of an apprec iab le  f rac t ion  of one  of 
the ions;  this seems u n l i k e l y  in  v i ew  of the smal l  
surface  to vo lume  rat io  inside the  disk, and  in  this  
work  it is a s sumed  tha t  the  disk has no p re fe ren t i a l  

Table II. Volume changes in the anode compartment of the 
cell using mixtures of AgNO~ and NaNO~ 

V ~ x  10+s Z x l 0  s 
No2 (ce) (Equiva len ts}  

1.00 2.0 _ 2.0 1.00 • 0.03 
0.73 --1.0 m 3.0 0.52 • 0.03 
0.50 0.7 • 0.3 0.52 • 0.03 
0.30 +0.6 • 0.6 0.52 • 0.03 
0.00 + 1.0 • 3.0 0.52 • 0.03 

:,'0~ 
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Fig. 1. Transport numbers vs. composition in AgNO3-NaNO~ mix- 
tures. 

effect. The vo lume  changes  observed are l is ted in  
Tab le  II. 

The resul ts  of Byrne ,  F leming ,  and  W e t m o r e  (3) 
on densi t ies  and  total  conduct iv i t ies  show tha t  t h e  
mola l  vo lumes  are essen t ia l ly  ident ica l  to the mola r  
vo lumes  (V1 = 43.86 cc and  V~ = 44.43 cc),  and,  
combined  wi th  the au thors '  resul ts ,  show tha t  the  
mobi l i t ies  of the  ions are  cons tan t  ( to ta l  conduc-  
t iv i ty  be ing  l inea r  and  a lmost  cons t an t  wi th  com- 
pos i t ion) .  The final resul ts  are  shown in  Fig  1. The 
lack of dependence  of mob i l i t y  on composi t ion,  
mob i l i t y  be ing  t / X  where  X is the  ion  fract ion,  
shows tha t  the re  is no sys temat ic  change  in  the  
charac te r  of e i ther  salt  w h e n  d i lu ted  wi th  the 
other.  If  complex  ions or incomple te  dissociat ion 
were  present ,  one would  expect  a change  in  mob i l i t y  
at low concen t ra t ions  due to a change  in  degree  of 
dissociat ion u n d e r  these condi t ions .  Thus  it  has 
been  shown  by  n o n t h e r m o d y n a m i c  cons idera t ions  
tha t  these fused n i t r a t e s  essen t ia l ly  are comple te ly  
dissociated in  m u t u a l  m i x t u r e s  and  the  p u r e  salts. 

Manuscript  received August  16, 1956. This paper was 
prepared for delivery before the San Francisco Meet- 
ing, Apri l  29-May 3, 1956. This is Contr ibut ion No. 482; 
the work was performed in the Ames Lab. of the U. S. 
Atomic Energy Commission. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1957 
JOURNAL. 
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ABSTRACT 

Ti tan ium was produced by electrolyzing a molten bath of a sodium and 
potassium chloride mixture  containing potassium fluotitanate, I~TiF6, and so- 
d ium fluotitanate, Na2TiF6. The formation of t r iva lent  t i t an ium double fluorides 
of sodium and potassium always preceded the production of metall ic t i t an ium 
dur ing  the electrolysis. These new t r ivalent  t i t an ium compounds were posi- 
t ively identified as K2NaTiF6, K~TiF~, and Na~TiF~. Free metall ic sodium was 
deposited at the same time as t i t an ium when using a cooled cathode. This fact 
together with the measured polarization voltage and the presence of t r iva lent  
t i t an ium compounds indicate that  production of metall ic t i t an ium proceeds by 
secondary reactions in two steps: first, te t ravalent  t i t an ium is reduced to 
the t r iva lent  state; second, t r iva lent  t i t an ium is finally reduced to metall ic 
t i tanium. 

Metal l ic  t i t a n i u m  m a y  be p roduced  by  electrolysis  
of po ta s s ium f luot i tanate ,  K~TiF~, or sod ium fluot i-  
tana te ,  Na~TiF6, i n  fused hal ide  ba ths  u n d e r  a rgon  
cover. However ,  due  to lack of p ro tec t ive  a tmos -  
phere  d u r i n g  the electrolysis,  severa l  expe r ime n t e r s  
(1, 2) fa i led to produce  Ti by this  method.  For  s imi-  
l a r  reasons (3) the fo rma t ion  of some t i t a n i u m  oxy-  
fluoride compounds  was  observed whi le  conduc t ing  
electrolysis  in  open tubes.  

Recent ly ,  posi t ive  resul t s  were  ob ta ined  (4) on 
the p roduc t i on  of Ti me t a l  by  electrolyzing,  u n d e r  
an  a rgon  a tmosphere ,  po ta s s ium f luo t i t ana te  K_~TiF, 
dissolved in  NaC1; the  ou t s t and ing  i ndus t r i a l  pos-  
s ibi l i t ies  of this  process have  been  shown.  

The p resen t  au thors  (5) r epor ted  some of the i r  
resul ts  on the p roduc t ion  of Ti by  electrolysis  of 
sod ium and  po tass ium f luot i tanates  in  a m i x t u r e  of 
fused sod ium and  po tass ium chlor ides  conducted  in  
an  a rgon  a tmosphere ,  and  they  have  shown  tha t  this  
e lectrolysis  l en t  i tself  ve ry  wel l  to the  s tudy  of the  
m e c h a n i s m  of the  reac t ion  invo lved  in  the  p roduc -  
t ion of meta l l ic  Ti. 

In  the  p resen t  work,  special  a t t en t i on  has been  
paid  to the d e t e r m i n a t i o n  of po la r iza t ion  vol tages  
and  of i n t e r m e d i a r y  compounds  appea r ing  d u r i n g  
electrolysis  in  order  to find out  more  def ini te ly  by  
which  steps the  p roduc t ion  of Ti occurred  an d  also 
to ver i fy  if Ti was p roduced  d i rec t ly  by  electrolysis  
as a p r i m a r y  p roduc t  or if it  was  the  resu l t  of a 
secondary  reac t ion  b e t w e e n  Ti compounds  and  Na 
formed as a p r i m a r y  deposit .  

Experimental 
Electrolys is  was s tudied  in  g raph i t e  cells w i th  

o r d i n a r y  or w a t e r  cooled cathodes and  also in  U-  
shaped fused quar tz  cells us ing  e i ther  a n o r m a l  
cathode or a ro ta t ing  cathode w i th  a d ry  sal t  i n j ec -  
t ion  system. Po la r i za t ion  vol tage  cons idered  as the  
back emf  of the ove r - a l l  reac t ion  was m e a s u r e d  by  
the  i n t e r r u p t o r - c o m m u t a t o r  me thod  us ing  an  elec- 
t ronic  vo l tmeter .  

Gases were  ana lyzed  in  a mass spec t rometer  for 
ch lor ine  and  fluorine.  The  ca thode  p roduc t s  a n d  the  
res idua l  me l t  were  s u b m i t t e d  to a combined  chemi-  
cal, spectrographic ,  and  x - r a y  analysis .  

The electrolytic celL--Fig. 1 represen ts  a section 
t h r ough  the f u r n a c e  and  the e lect rolyt ic  g raph i te  
cell. The  fu rnace  has chromel  wi re  hea t ing  e lements  
wi th  au tomat ic  t e m p e r a t u r e  control.  The g raph i t e  
cell is the anode and  is located in  a closed gas - t igh t  
s ta inless  steel cyl inder .  The cen t ra l  ca thode  is i n t e r -  
changeable .  _Argon gas is i n t roduced  th rough  the top 
by me a ns  of an  Inconel  tube  down  to the  crucible.  

Fig. 2 shows a U- shaped  t u b e  used as a second 
cell; it is made  of t r a n s p a r e n t  fused quar tz  i n  order  
to fol low the color change  d u r i n g  the me l t  and  the  
electrolysis.  The  electrodes a re  r e mova b l e  a n d  both  
c o m p a r t m e n t s  of the U tube  are  flushed wi th  a con-  
t inuous  flow of argon.  Fig. 3 gives a de ta i led  v iew 
of a s imi la r  cell w i th  a ro t a t ing  ca thode  and  a dry  
salt  in jec t ion  sys tem u n d e r  a rgon  a tmosphere .  In  
Fig. 4 ,  more  detai ls  are  shown  of the  ro t a t ing  
cathode and  the m e r c u r y  seal and  contact .  

Results 
The first expe r imen t s  deal t  wi th  two series of 

e lectrolyses in  which  the fused ba th  m i x t u r e s  con-  
sisted essen t ia l ly  of NaC1 and  KC1 bu t  differed by  
the  add i t ion  e i ther  of po ta s s ium f luo t i t ana te  or 
sod ium f luot i tana te  in  the  p ropor t ion  of 20-30% as 
ind ica ted  in  Tables  I and  II. These e xpe r imen t s  
were  conducted  in  a graphi te  c ruc ib le  m a i n t a i n e d  at  
650~ or 700~ us ing  a Mo cathode except  in  a few 
cases w he r e  it was replaced  by  a s ta inless  steel 
wa te r -coo led  cathode. 

In  Series F, the vol tage  appl ied  on the  cell was 
be t w e e n  3.80 a nd  4.5 v a nd  the  c u r r e n t  b e t w e e n  9 
and  15 amp. The po la r iza t ion  vol tage  m e a s u r e d  be-  
t w e e n  2.60 and  2.80 v. The  gas evolved was  m a i n l y  
ch lor ine  con t a in ing  bu t  a t r ace  of f luorine.  
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Fig. I. Furnace and electrolytic cell. 1. cathode support; 2. Pt- 
PtRh thermocouple; 3. anode connections; 4. bolted lid (brass); 
5. rubber seal; 6. stainless steel cylinder; 7. chromel-alumel thermo- 
couple; 8. adjusting nut for electrode; 9. asbestos insulation; 10. 
stainless steel crucible support; 11. cooling spiral; 12. Argon inlet 
(stainless steel); 13. asbestos cover; 14. thermocouple for furnace 
control; 15. heating element (chromel); 16. alundum cement; 17. 
fused alumina tube; 18. refractory cement; 19. SiI-O-Cel; 20. stain- 
less steel cathode; 21. graphite crucible; 22. refractory bricks; 23. 
asbestos; 24. furnace shell; 25. Argon outlet control valve. 

I n  t h e  s e c o n d  se r i e s ,  S e r i e s  N, t h e  a p p l i e d  v o l t a g e  
o n  t h e  ce l l  v a r i e d  f r o m  4.5 t o  5.2 v w i t h  a c u r r e n t  of  
15 -20  a m p ;  p o l a r i z a t i o n  v o l t a g e  w a s  s o m e w h a t  
l o w e r  t h a n  i n  t h e  f i r s t  s e r i e s ,  b u t  i t  i n c r e a s e d  to  3.05 
v w h e n  a w a t e r - c o o l e d  e l e c t r o d e  w a s  u s e d .  T h e  g a s  
e v o l v e d  c o n t a i n e d  c h l o r i n e  a n d  a p p r e c i a b l e  a m o u n t s  
of  f l u o r i n e  i n  c o m p a r i s o n  w i t h  S e r i e s  F.  

Electrolytic Products 

A f t e r  c o o l i n g  t h e  m e l t ,  i t  w a s  s e p a r a t e d  f r o m  t h e  
c r u c i b l e  as  a c y l i n d r i c a l  s o l i d  m a s s  s u r r o u n d i n g  t h e  
c a t h o d e .  W h e n  c u t  i n  h a l f ,  i t  s h o w e d  a s e c t i o n  c o m -  
p r i s i n g  t w o  w e l l - d e f i n e d  z o n e s :  ( a )  a s p h e r i c a l  
" n u t "  o r  b a l l  a r o u n d  t h e  c a t h o d e  w h e r e  m e t a l l i c  T i  
c r y s t a l s  w e r e  e m b e d d e d  i n  a d e e p  v i o l e t  sa l t ,  a n d  
( b )  a r e s i d u a l  f r o z e n  m e l t  of  w h i t e  s a l t  w i t h  a l i g h t  
v i o l e t  s h a d e .  

Fig. 2. U-tube cell with normal electrodes. I. anode holder; 2. 
Argon inlet; 3. rubber stopper; 4. Argon outlet; 5. quartz U-shaped 
tube; 6. graphite anode; 7. Pyrex tube; 8. stainless steel cathode; 
9. cathode guide. 

A f t e r  s e p a r a t i n g  t h e s e  t w o  z o n e s  m e c h a n i c a l l y  
t h e y  w e r e  a n a l y z e d  b y  p h y s i c a l  a n d  c h e m i c a l  
m e t h o d s .  

T h e  c a t h o d e  " n u t "  p r o v e d  to  b e  T i  m e t a l  i n t e r -  
l o c k e d  w i t h  a t i t a n i u m  f l u o r i d e  c o m p o u n d  w h i c h  h a d  
n e v e r  b e e n  d e s c r i b e d  b e f o r e  i n  t h e  l i t e r a t u r e .  T h i s  
d e e p  v i o l e t  c o m p o u n d  w a s  p r e s e n t  i n v a r i a b l y  i n  a l l  
e l e c t r o l y s e s  m e n t i o n e d  a b o v e  as  i t  w a s  e s t a b l i s h e d  
b y  x - r a y  d i f f r a c t i o n )  I t  w a s  i s o l a t e d  a n d  a n a l y z e d  
s p e c t r o g r a p h i c a l l y  a n d  c h e m i c a l l y .  I t s  f o r m u l a  w a s  
f o u n d  to  b e  KpNaTiF~ ( c o m p o u n d  A ) .  K ~ I a T i F ~  m a y  

1 Tracings have been deposited as Document 5134 with the ADI 
Auxiliary Publications Project, Photoduplteation Service, Library 
of Congress; Washington 5, D. C. A copy may be secured by citing 
the Document number and by remitting $1.25 for a photoprint or 
for a 35-rnm microfilm. Advance payment is required. Make check 
payable to: Chief, Photoduplication Service, Library of Congress. 
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Table I. Typical electrolyses of Series F 
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B a t h  c o m p o s i t i o n ,  
N ~ g 

G r a p h i t e  c r u c i b l e  as  a n o d e ,  Mo w i r e  as  c a t h o d e  

Vo l t s :  
p o l a r i -  T e m p ,  G a s  

Vo l t s :  ce l l  A m p s :  ce l l  z a t i o n  ~ A m p - h r  e v o l v e d  

A n a l y s e s  

Ca thode*  
p r o d u c t s  

R e s i d u a l #  
m e l t  

NaC1 --35.2 C1 
F3 KC1 --44.8 3.75 8 2.82 660 10 F (minor)  

K~TiF~--20 

NaC1 --35.2 C1 
F14 KC1 --44.8 4.40 15 2.85 690 17.5 F (minor)  

K_~TiF~---20 

Ti NaC1-KC1 (major)  
K~NaTiF~ NaF (minor)  

K,NaTiF6 (minor)  

Ti NaC1-KC1 (major)  
KfNaTiF6 NaF (minor)  

K,NaTiF, (minor)  

* NaC1-KCI  a n d  s o m e  N a F  l e a c h e d  ou t  w i t h  H~_O. 
No KC1 or  K~TiF6 a n d  a l so  no  f r e e  T i F a  o r  d i v a l e n t  t i t a n i u m  c o m p o u n d s  c o u l d  b e  d e t e c t e d .  

be w r i t t e n  2KF, NaF, TiF.~ to ind ica te  be t t e r  tha t  the  
K and  Na conten ts  are  cons t an t ly  in  the  ra t io  2:1 
and  tha t  the Ti is t r i va l en t .  

Compound  A was also identif ied in  the r e s idua l  
me l t  whe re  i t  was p re sen t  in  smal le r  amounts ,  to -  
ge ther  w i th  an  excess of KC1, NaC1, and  some NaF. 
I t  should  be emphas ized  tha t  no KF,  nor  TiFf, no r  
d iva l en t  compounds  could be detec ted;  ne i the r  
could any  of the  po tas s ium and  sod ium f luot i tanates  
added at the s t a r t  of the  electrolysis  be detected.  

Based on the spect rographic  and  chemica l  da ta  
alone, c o m p o u n d  A could wel l  have  been  a m i x t u r e  
of two other  t r i v a l e n t  fluoride compounds ,  K~TiF6 
(compound  B) and  Na~TiF6 ( compound  C),  i n  the 
rat io 2: 1. 

S ince  compounds  B and  C are no t  descr ibed in  the  
l i t e ra tu re ,  it  was necessary  to synthes ize  t h e m  by  
e lec t ro lyz ing  two dif ferent  mel ts  which  con ta ined  
the  t e t r a v a l e n t  t i t a n i u m  fluoride compounds  in  the  
chlor ide salts and  in  which  e i ther  solely sod ium ions 
or solely po tass ium ions w e r e  present .  The  composi -  
t ions  of these mel ts  are shown  in  Tab le  III  i nc lud ing  
also the condi t ions  of the  electrolysis  of both  types  
of melts .  A l though  chlor ine  was  evolved a b u n d a n t l y  
d u r i n g  the  process, no f luorine could be detec ted  
w i th  the mass spect rometer .  F u r t h e r m o r e ,  in  these 
two series of exper imen t s ,  Ti  was  p roduced  at  the 
cathode in te r locked  wi th  a da rk  viole t  salt. In  the 
sodium bea r ing  melt ,  this  sal t  was ident if ied by  
x - r ay ,  spec t rographic  and  chemical  analys is  as 
Na~TiF~ ( compound  C).  In  the po tass ium be a r i ng  
mel t  it was ident if ied as K~TiF0 ( compound  B) .  

Some i m p o r t a n t  phys ica l  character is t ics  of the  
th ree  new  compounds  A, B, and  C are g iven  in  Table  

IV. F r o m  x - r a y  d i a g r a m  tracings,  it was found  tha t  
compound  A has a we l l -de f ined  f ace -cen te red  cubic 
la t t ice  w i th  a 8.374~k p a r a m e t e r  and  compounds  B 
and  C have  a close to cubic s t ruc tu re  d i s t inc t ly  dif-  
f e ren t  f rom compound  AJ  

Electrolysis with Water-Cooled Cathode 
A n o t h e r  series of e lectrolysis  was conducted  in  

the  g raph i te  crucible  us ing  a wa te r -coo led  cathode. 
Opera t ing  condi t ions  (Table  V) were  a p p r o x i m a t e l y  
the  same as in  the  two series, m e n t i o n e d  previous ly ,  
except  for the tota l  a mpe r e - hou r s .  Use of the  cooled 
cathode p roduced  a t e m p e r a t u r e  g rad ien t  and  made  
it possible  to freeze ou t  Na which  was deposi ted as 
a p r i m a r y  p roduc t  even  at  the  v e r y  s ta r t  of the  
electrolysis .  

As expected w i th  a cooled cathode, po la r iza t ion  
vol tage  was  h igher  t h a n  in  the  first series. Also, 
there  was  an  excess of t i t a n i u m  salts in  all  the res i -  
dua l  melts ,  ind ica t ing  tha t  Na was  not  fo rmed  at  the 
end of the e lectrolysis  on account  of the  exhaus t ion  
of t i t a n i u m  bea r ing  r a w  mate r i a l s  i n  the e lect rolyt ic  
bath .  If  this had  been  the case, the po la r iza t ion  vol t -  
age w ou l d  have  shown  a l a rge  increase  a nd  wou ld  
have  cor responded  to the po la r iza t ion  vol tage  of 
NaC1 which,  for this low t empera tu r e ,  m a y  be est i -  
ma t e d  at  a p p r o x i m a t e l y  3.8 v. 

As a b l a n k  run ,  a ba th  of the  same composi t ion  as 
the  above electrolyt ic  mel ts  was submi t t e d  to s imple  
fus ion  w i t hou t  electrolysis  a nd  kept  at  700~ for 
5 hr. Traces  of ch lor ine  were  evolved and  appreci-  
a b l e  a moun t s  of K~NaTiF~ could be detected in  the 

M o r e  d e t a i l s  on  t h e  c h a r a c t e r i s t i c s  of  t h e s e  c o m p o u n d s  w i l l  b e  
p u b l i s h e d  i n  a p a p e r  by  N o r m a n  F.  H. B r i g h t ,  J .  F .  R o w l a n d ,  a n d  
J .  G. W u r m .  

Table II. Typical electrolyses of Series N 

N ~ 

G r a p h i t e  c r u c i b l e  as  a n o d e  

V o l t :  
B a t h  c o m p o s i t i o n ,  V o l t :  A m p :  p o l a r i -  T e m p ,  G a s  Ca thode*  

g ce l l  ce l l  z a t i o n  ~ A m p - h r  e v o l v e d  p r o d u c t s  

Analyses 

R e s i d u a l f  m e l t  C a t h o d e  

N2 

N7 

NaC1 - -  87.75 C1 Ti 
KC1 --111.9 4.2 16.0 2.30 675 24 F K~NaTiF6 
Na~TiF~-- 49.5 unidentified 

minor  
NaC1 - -  87.75 3.05 C1 Ti 
KC1 --111.90 5.2 20.0 3.01 670 30 F I~NaTiF~ 
NafTiF~-- 49.50 unidentified 

minor  (Na) 

NaC1-KC1 (major)  
NaF (minor)  Mo 
K~NaTiF6 (minor)  wire 

NaC1-KC1 (major)  Stainless 
NaF (minor)  steel 
K~NaTiF~ (minor)  water-  

cooled 

* NaC1; KC1; N a F ;  l e a c h e d  o u t  w i t h  HfO.  
t No K F  o r  NaeTiF6 a l so  no  f r e e  T iFa  o r  d i v a l e n t  t i t a n i u m  c o m p o u n d s  c o u l d  be  d e t e c t e d .  
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Table III. Typical electrolyses of Series S 

May 1957 

B a t h  compos i t ion ,  
N ~ g 

G r a p h i t e  c ruc ib l e  as anode,  s t a i n l e s s  s t e e l  ca thode  
Vol t :  

p o l a r i -  Gas  
V o l t : c e l l  A m p : c e l l  za t ion  Temp ,  ~ A m p - h r  e v o l v e d  Ca thode  p r o d u c t s  

A n a l y s e s  

Residual melt 

NaC1 --200 
Sl 4.3 20 2.60 820 20 C1 

Na~TiF~-- 50 

NaC1 --200 
$4 5 25 2.87 780 25 C1 

K2TiF6-- 50 

melt .  This  proves  tha t  the  r educ t ion  of the t e t r a -  
va l en t  t i t a n i u m  to the t r i v a l e n t  t i t a n i u m  in  the com-  
plex fluoride s tar ts  as a chemical  r educ t ion  by  
s imple  hea t ing .  

Fig. 5 is a pho tog raph  and  ma tched  d r a w i n g  of a 
typica l  section th rough  a spher ica l  ca thode n u t ;  con-  
centr ic  zones are c lear ly  v i s ib le  showing  com- 
pound  A a r o u n d  the ca thode  wi th  a we l l -de f ined  
zone of smal l  Ti c rys ta ls  and  of l a rger  crys ta ls  and 
also an  ex t e rna l  l ayer  of compound  A. At  lower  cu r -  
r en t  dens i ty  (5 amp/cm~) ,  the  Ti crystals  were  of 
compact  fo rm as shown in  Fig. 6, whi le  at h igher  
c u r r e n t  dens i ty  (10 amp/cm~) ,  they  had  a d e n d r i -  
tic fo rm (Fig. 7). 

Current e]]iciency.--Typical cu r r en t  efficiencies 
ob ta ined  d u r i n g  electrolysis  of K~TiF~ and  Na~TiF~ in  
fused KC1-NaC1 ba ths  are g iven  in  Table  VI. 

Electrolysis in U-Shaped Tubes 

With  a U - s h a p e d  tube,  it is possible  to p r e v e n t  re -  
comb ina t i on  of cathode and  anode  products  and  to 
ob ta in  more  precise m e a s u r e m e n t s  of the po la r iza -  
t ion  voltage.  

Ti NaC1 (major)  
NasTiF6 Na3TiF6 
no Na2TiF~ NaF ( sma] lminor )  

Ti KC1 (major)  
K3TiF~ K~TiF~ 
K2TiF~ (minor) K~TiF~ (minor) 

KF (small minor) 

In  Tables  VII  and  VIII  are g iven  the  opera t ing  
condi t ions  used d u r i n g  the  electrolysis  in  U- tubes .  
In  the  first series of electrolyses,  ba th  composi t ion  
a nd  genera l  condi t ions  were  a p p r o x i m a t e l y  the  same 
as i n  g raph i te  cells wi th  o r d i n a r y  cathodes.  

However ,  in  the  second of these series, on ly  sod ium 
and  po tass ium chlorides were  p re sen t  at the start .  
This  m a d e  is possible to me a su r e  po la r iza t ion  vo l t -  
age w h e n  Na was p roduced  u n d e r  a g iven  set of 
condi t ions  and,  also, to fol low the  po la r i za t ion  volt-  
age w h e n  po tas s ium f luot i tana te  K~TiF~ was  in jec ted  
s u b s e q u e n t l y  in  the  ca thode  c o m p a r t m e n t  a l r eady  
con ta in ing  the  e lect rodeposi ted  meta l l ic  Na. The 
effect of ro ta t ing  the  cathode d u r i n g  these  m e a s u r e -  
men t s  was also ascer ta ined.  

Fig. 8 records the  vol tage  appl ied  in  the  cell and  
the cor responding  amperage  before  and  af ter  in jec -  
t ion of K~TiFG. The first cu rve  shows tha t  the cu r -  
r en t  could no t  exceed 3 amp before  in jec t ion  due  to 
the  anode effect and  to meta l l i c  sod ium en t e r i ng  the  
mel t ;  the r e su l t ing  u n s t a b l e  cond i t ion  was  aggra -  
va ted  on a t t e m p t i n g  to ra ise  the appl ied  vol tage  

Fig. 3. Dry salt injection system 

Fig. 4. Details of rotating electrode and mercury seal. 1. rotating 
electrode (stainless steel); 2. gear; 3. mercury container; 4. brass 
support; S. cathode guide; 6. pulley; 7. worm gear; 8. U-shaped 
quartz tube; 9. graphite anode; 10. feeder (Pyrex); 11. glass stopper. 
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Fig. 5. Section through a cathode ball. 1. Water cooled stainless 
steel cathode; 2. and 3. layers of violet salt rich in K~NaTiF~ with 
some minor amounts of residual melt; 4. metallic Na embedded in 
residual melt; 5. fine Ti crystals with some K~NaTiF6 and residual 
melt; 6. large Ti crystals with small amounts of K~NaTiF~ and 
residual melt. 

Electrolysis : U 5 
?Ames: 
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Fig. 8. Amperage and applied voltage an the ceil and the cor- 
responding polarization voltage before and after injection of K~TiF~ 
in a fused KCI-NaCI bath. 

Fig. 6. Compact Ti crystals obtained with a current density at the 
cathode of 5 amp/cm ~. 

salts to produce  meta l l i c  Ti as m a y  be in fe r r ed  f rom 
the cons tan t  va lue  of 2.35 v which  was reached  by  
the po la r iza t ion  voltage.  This vo l tage  is close to 
the theore t ica l  va lue  ca lcula ted  f rom the  free en -  
ergy change  of the  simplified react ion:  

TiF~ § 3NaC1 --> Ti + 3NaF + 3/2 CI~ 

which  is 2.26 v at  680~ 
It  should be  emphas ized  tha t  the me l t  t u r n e d  

violet  i m m e d i a t e l y  af ter  the  in ject ion,  i nd ica t ing  the 
fo rma t ion  of the  t r i v a l e n t  f luoride compound  at  the 
ve ry  s ta r t  m u c h  before  the po la r iza t ion  vol tage  a t -  
t a ined  a cons tan t  value .  

Fig. 7. Dendritic Ti crystals obtained with a current density at 
the cathode of 10 amp/cm 2. 

whence  the  amperage  dropped  to a ve ry  low value.  
I m m e d i a t e l y  a f te r  i n j ec t i ng  K~TiF~, the  s tab i l i ty  of 
the  ba th  was  improved  cons iderab ly  and  the  appl ied  
vo l tage  and  the  cor responding  c u r r e n t  could be 
raised.  At  the same t ime, there  was a sharp  drop in  
the  po la r iza t ion  vol tage  due to a secondary  reac t ion  
b e t w e e n  the  Na p resen t  and  the  in jec ted  Ti b e a r i n g  

In terpre ta t ion  of Results 

Reaction in the Melt  and Dissociation 

The foregoing resul t s  show tha t  in  the  ea r ly  stage 
of me l t i ng  a nd  d u r i n g  electrolysis  the  fo l lowing 
reac t ion  takes  place:  

a 
K~TiF~ Jr NaC1 ~ K~NaTiF~ + 1/2 CI~ (I)  

The m a r k e d  s tab i l i ty  of the  compound  K2NaTiF~ 
points  to a h igh hea t  of fo rma t ion  which  favors  re -  
ac t ion  (I)  in  d i rec t ion  "a". F u r t h e r m o r e  it  m a y  be 
seen in  this  reac t ion  tha t  the  po tas s ium f luo t i tana te  
m u s t  necessar i ly  unde rgo  ionizat ion,  tha t  the  rad i -  
cal (TiFo) is ca r r ied  a long in  the products  and, 

Table IV. Some physical characteristics of new compounds A,B,C 

Res 
Compound St ruc ture  indices Cell-edge Solubil i ty in  H~O 

A 

B 

C 

K~NaTiF~ Face-centered cubic 1.408 8.374A Little soluble 
(co) 1.406 More soluble 

K.~TiF~ Close to cubic (e) < 1.406 - -  in hot water  
with hydrolysis 

(~0) 1.387 Slightly soluble 
Na~TiFG Close to cubic (e) 1.382 - -  in hot water  
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Table Y. Typical electrolyses of Series F 

May 1957 

B a t h  compos i t i on ,  
N ~ g 

W i t h  w a t e r  cooled,  s t a in l e s s  s tee l  as ca thode ,  g r a p h i t e  c ruc ib l e  as a n o d e  
Vol t :  

p o l a r i -  Gas  Ca thode*  
V o l t : c e l l  A m p : c e l l  za t ion  Temp ,  ~ A m p - h r  e v o l v e d  p r o d u c t s  

A n a l y s e s  

Res idua l*  m e l t  

NaC1 - -  88 Ti 
F16 KCl --122 5.0 20 3.10 675 20 C1 K,NaTiF~ 

K~TiF~-- 50 F (minor) (Na) 

NaC1 - -  88 3.15 Ti 
F17 KC1 --122 6.0 30 3.40 660 30 C1 K~NaTiF, 

K~TiF~-- 50 (end) F (minor)  (Na) 

NaC1 - -  88 Ti 
F18 KC1 --122 5.5 25 3.10 670 9 C1 K~NaTiF~ 

K~TiF~-- 50 F (minor)  (Na) 

NaC1 - -  88 Blank melt, fused at 700~ 
F19 KC1 --122 not electrolyzed C1 

K2TiF~- 50 No F 

NaC1-KC1 (major) 
NaF (minor)  
K~NaTiF~ (minor)  

NaC1-KC1 (major)  
NaF (minor)  
K~NaTiF6 (minor)  

NaC1-KC1 (major)  
NaF (minor)  
K~NaTiF~ (minor)  

NaC1-KC1 (major) 
K~TiF~ 
K,NaTiFe (minor)  

* NaC1-KCI ,  s o m e  N a F  a n d  N a  l e a c h e d  out .  
$ No K F  o r  K2TiF~, no  f ree  TiFs  o r  d i v a l e n t  Ti  c o m p o u n d s  could  be  de tec ted .  

f inally,  tha t  the  t e t r a v a l e n t  t i t a n i u m  is reduced  to 
the t r i v a l e n t  state. However ,  f rom the  da ta  p resen ted  
in  Table  V ( E x p e r i m e n t  F -19)  and  also in  Tab le  
VII  ( E x p e r i m e n t  U-3 ) ,  it  becomes ev iden t  tha t  re -  
act ion (I)  is s l ight  in  d i rec t ion  "a" w h e n  it  is t ak ing  
place by  s imple  mel t ing ,  bu t  it  wi l l  be g rea t ly  ac- 
celera ted and  rap id ly  comple ted  by  the  passage of 
the c u r r e n t  according to the equa t ion :  

e 
K~TiF~ + NaC1 ~ K~NaTiF, + 1/2 CI~ (Ia)  

I t  fol lows tha t  K.~TiF~ in  the  me l t  is not  dissociated 
according  to the  equa t ion :  

K~TiF~ ~ 2K § + 2F § + TiF~ 

since TiF,, due to its h igh vapor  pressure ,  wou ld  
have  showed up in  the gaseous products .  A p p a r -  
ent ly ,  this  compound  does no t  fol low the  same  type  
of dissociat ion as cryol i te  (Na § F-, and  A1F.). It  
follows therefore  tha t  the  po tass ium f luot i tana te  dis-  
sociates as follows: 

Table VI. Current efficiency 

No. 

E lec t ro lyses  of NaC1--KC1--KeTiF6 (50 g) 
G r a p h i t e  c ruc ib l e  anode ,  s t a in less  s teel  ca thode  

Ca thode  
c u r r e n t  C u r r e n t  

Vol t :  A m p :  dens i t i es ,  eff iciency,  
cel l  cel l  Temp ,  ~ a m p / c m  2 A m p - h r  % 

F21 4.9 25 710 5.3 22.9 48.5 
F22 5.1 30 680 6.3 27.5 41.3 
F23 4.8 20 710 4.2 20 43.6 
F24 4.85 25 700 5.3 22.9 47.2 

K2TiF~ ~ (TiF6)--  + 2K ~ 
Jle ( I I )  

(TiF6) - - -  

The dissociat ion of sod ium f luot i tana te  Na~TiF~ 
follows a s imi la r  p a t t e r n  as m a y  be i n f e r r ed  f rom 
the products  found  af ter  the  electrolysis.  

By ana logy  wi th  K~TiF~ and  Na2TiF~, dissociat ions 
of the t r i va l e n t  t i t a n i u m  compounds  m a y  be wr i t t en :  

KsTiF6 ~ (TiFf) - - -  + 3K + (I I I )  

Na.TiF6 ~ (TiF0)-- -  + 3Na § (IV) 

K ~ a T i F ~  ~ ( T i F f ) - - -  + Na § + 2K + (V) 

Tha t  the  possible  a l t e r na t i ve  dissociat ion 

M,TiF0 ~ TiF~ + 3M § + 3F- 

does not  take  place is also conf i rmed by  the  absence  
of TiF,  in  the me l t  or in  the  gas evolved.  

Mechanism of Electrolysis 
First step.--Reduction of t e t r a v a l e n t  to t r i v a l e n t  

t i t a n i um.  
(A)  K~TiF~ in  NaC1-KC1 

Since meta l l i c  Na was f ound  f rom the  ve ry  s tar t  
of the  electrolysis  it appears  ev iden t  t ha t  the p r i -  
m a r y  electrolyt ic  reac t ion  m a y  be w r i t t e n  

NaC1 -~ Na + 1/2 C12 ( p r i m a r y  electrolyt ic  reac t ion)  
(VI)  

fol lowed by  the  secondary  reac t ion  

Na + K~TiF~ ~ K_~NaTiF, (VII)  

Theo re t i c a l  y i e l d :  0.44 g T i / a m p - h r  

Table VII. Typical electrolyses in U-shaped quartz tubes 

B a t h  c o m p o s i t i o n :  NaC1 KC1--KeTiFe (20%) 
Ca thode :  s t a in less  s teel ;  a n o d e : g r a p h i t e  

P o l a r i z a t i o n  
No. V o l t : c e l l  A m p : c e l l  Temp ,  *C v o l t a g e  

U3 7.0 7.0 680 2.40 
2.50 

I m p o r t a n t  o b s e r v a t i o n s  be fo re  e lec t ro lys i s :  (a) color  c h a n g e  of  
the  m e l t :  to v io l e t ;  (b) s ign i f i can t  a m o u n t s  of ch lo r ine  evo lved .  

Table VIII. Typical electrolyses in U-shaped quartz tubes 

B a t h  c o m p o s i t i o n :  NaC1 KCl ,  i n i t i a l  KeTiF6 i n j e c t e d  a f t e r  15 ra in  
a d d i n g  u p  to 20% of  the  to ta l  b a t h  

Ca thode :  s t a in less  s teel ;  anode :  g r a p h i t e  

Po la r i za -  Po la r i za -  
t i on  vol t .  t i o n  vo l t .  

be fore  a f t e r  
Vol t :  A m p :  Temp,  i n j e c t i o n  i n j e c t i o n  

No. Ca thode  cell  cel l  ~ v v 

U2 Rotating 7.5 7 680 3.40 1.95o2.0 

U3 No 9.2 7 682 3.40 2.35 
rotation 
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the  l a t t e r  is c o n t r i b u t o r y  to i n c r e a s i n g  the  KdNaTiF~ 
f o r m e d  b y  r e a c t i o n  ( I )  and  p r e d o m i n a n t l y  ( I a )  and  
is the  f irst  s tep  in the  r e d u c t i o n  of Ti. 

The  m a i n  f e a t u r e s  of  t h e  s p h e r i c a l  ca thode  nu t  as 
i l l u s t r a t e d  in  Fig.  5 m a y  n o w  find a log ica l  e x p l a n a -  
t ion  w h i c h  a t  t h e  s a m e  t i m e  b r i n g s  f u r t h e r  p roo f  
t h a t  t h e  r eac t i ons  w r i t t e n  in  ( I ) ,  ( I a )  and  ( V I I )  
a c t u a l l y  t a k e  p l a c e  at  the  s a m e  t ime .  In  fact ,  t h e  
ou te r  concen t r i c  zone of t he  K~NaTiF0 v io le t  s a l t  is a 
v i sua l  p r o o f  t h a t  t h e r e  is an  a d v a n c i n g  f ron t  of the  
t r i v a l e n t  c o m p o u n d  f o r m e d  to a l a r g e  e x t e n t  b y  r e -  
ac t ion  ( I )  a n d  ( I a )  whi le ,  in  t he  i m m e d i a t e  v i c i n i t y  
of the  c a t h o d e  w h e r e  N a  t ends  to depos i t  be fo re  
f lowing d o w n  t o w a r d  the  end of t he  e lec t rode ,  t he  
K~NaTiF~ v io le t  sa l t  is f o r m e d  n e a r l y  e x c l u s i v e l y  b y  
w a y  of r e a c t i o n  ( V I I ) .  

(B)  Na~TiFo in NaC1-KC1 

I t  shou ld  be  no ted  t h a t  w h e n  Na,TiF~ i n s t e a d  of 
K~TiF~ is a d d e d  to a NaC1-KC1 b a t h  the  o b s e r v e d  
c o m p o u n d  K,NaTiFo f o r m e d  d u r i n g  t h e  e l ec t ro lys i s  
m a y  p o s s i b l y  f ind its o r ig in  f rom the  two d i f fe ren t  
processes  i l l u s t r a t e d  be low.  

First possibility 
a 

Na.~TiF6 + 2KC1 ~- K~TiF~ + NaC1 ( V I I I )  
b )  ~ + NaC1 
K~NaTiF~ + 1/2 CL 
[as in ( I )  and  also as in (VI I )  ] 

A l t h o u g h  on t h e r m o d y n a m i c  basis ,  r e a c t i o n  
(VI I I )  shou ld  be  s l igh t  in  d i r ec t ion  ( a ) ,  i t  is i n -  
c reased  c o n s i d e r a b l y  b y  the  f o r m a t i o n  (b )  of t h e  
v e r y  s t ab l e  c o m p o u n d  K,NaTiF~. 

Second possibility 

The  p r i m a r y  cel l  r eac t i on  (VI )  NaCI->  N a  + 
1/2 CL fo l lowed  b y  the  s e c o n d a r y  r e a c t i o n  

Na~TiFo + N a  ~ Na.TiF0 ( IX)  

H o w e v e r ,  th is  Na.TiF~ found  as a f ree  c o m p o u n d  
in t he  absence  of p o t a s s i u m  ions, as for  i n s t ance  in  
t he  e l ec t ro lys i s  S .  cou ld  no t  be  d e t e c t e d  in t he  p r e s -  
ence  of KC1. This  ind ica t e s  how s t r o n g l y  the  f o l l o w -  
ing r e a c t i o n  t a k e s  p l ace  

Na.TiF~ + 2KC1-~K~NaTiFo + 2NaC1 (X)  

(C)  Na,TiF~ in NaC1 a n d  K~TiF. in  KC1 

In  t h e  ser ies  S, of  b a t h  compos i t i on  Na~TiF. - -  
NaC1 the  i n t e r m e d i a r y  p r o d u c t  Na .T iF ,  was  f o r m e d  
d u r i n g  the  e l ec t ro lys i s  b y  a r e a c t i o n  s im i l a r  to ( I X ) .  

F u r t h e r m o r e ,  in  ser ies  S~ m a d e  b y  e l ec t ro lyz ing  a 
b a t h  of K~TiF~ in KC1, t h e  i n t e r m e d i a r y  p r o d u c t  
K.TiF~ s i m i l a r l y  m a y  be  e x p l a i n e d  b y  a r e a c t i o n  of 
t h e  s ame  t y p e  as ( I X ) .  

K + K~TiF6 ~ K,TiFo (XI )  

w h e r e  K is the  p r i m a r y  p r o d u c t  of e l ec t ro lys i s  in 
t h e  absence  of N a  ions. 

Second step.--Reduction of t r i v a l e n t  t i t a n i u m  to 
the  m e t a l l i c  s ta te .  

The  second  s tep  p roceeds  d i r e c t l y  f rom the  t r i -  
v a l e n t  s t a t e  to me ta l l i c  Ti and  m a y  be  e x p l a i n e d  b y  
a ser ies  of two  b o u n d a r y  m e c h a n i s m s  acco rd ing  to 
the  fo l lowing  equa t ions  

3e 
3NaCI--~ 3Na -l- 3/2 CI~ 

3e 
K~NaTiFo + 3NaC1--~ Ti + 4 N a F  + 2 K F  
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( V i a )  

( x n )  

w h i c h  m a y  be  w r i t t e n  as an  o v e r - a l l  e l ec t ro ly s i s  r e -  
ac t ion  as  fo l lows  

3e 
K~IaTiF~ + 3NaC1--> Ti  + 4 N a F  + 2 K F  + 3 /2  CL 

( X I I a )  

Reac t ion  ( V i a )  is t he  i n i t i a l  p r i m a r y  e l e c t ro ly t i c  
reac t ion .  In  p r e s e n c e  of t he  c o m p o u n d  K~NaTiF6, i t  
is i m m e d i a t e l y  fo l l owed  b y  the  d e p o l a r i z a t i o n  re-  
ac t ion  ( X I I ) .  This  p h e n o m e n o n  in fac t  has  been  
no t i ced  and  m e a s u r e d  in  p a r t i c u l a r  in t h e  U - t u b e  
cel l  w i t h  a d e l a y e d  in j ec t ion  of K2TiF6. The  use  of  a 
cooled ca thode  a c t u a l l y  i n t r o d u c e d  a d e l a y  b e t w e e n  
r eac t i ons  ( V i a )  and  ( X I I )  so t h a t  some m e t a l l i c  Na  
r e m a i n e d  u n r e a c t e d  on the  c a thode  a f t e r  e l ec t ro -  
lysis .  

In  zone 5 of Fig.  5 Na  diffuses  m o r e  s l o w l y  in t he  
p a r t i a l l y  cooled m o l t e n  mass  in the  v i c i n i t y  of  t he  
ca thode  and  thus  g ives  r i s e  to f iner  Ti c ry s t a l s  ac -  
co rd ing  to r e a c t i o n  ( X I I ) .  In  zone  6 on the  c o n t r a r y ,  
f o r m a t i o n  of d e n d r i t i c  c ry s t a l s  w o u l d  r e su l t  p r e -  
d o m i n a n t l y  f r o m  t h e  o v e r - a l l  e l e c t r o l y t i c  r e a c t i o n  
( X I I a ) .  This  d i f f e rence  b e t w e e n  the  s ize  of  t he  d e -  
pos i t ed  Ti  c ry s t a l s  was  less  m a r k e d  w h e n  o r d i n a r y  
uncoo led  ca thodes  w e r e  used;  in th is  l a t t e r  case i t  
a p p e a r s  t h a t  Ti  was  p r o d u c e d  m o s t l y  u n d e r  d e n d r i -  
t ic  f o r m  b y  t h e  o v e r - a l l  e l e c t ro ly t i c  r e a c t i o n  ( X I I a ) .  

A n o t h e r  p l a u s i b l e  i n t e r m e d i a r y  s tep  i n v o l v i n g  the  
r e a c t i o n  of t r i v a l e n t  in to  d i v a l e n t  t i t a n i u m  was  d i s -  
c a r d e d  as of m a j o r  occu r r ence  s ince  i t  w o u l d  not  be  
in a g r e e m e n t  w i t h  t he  m e a s u r e d  p o l a r i z a t i o n  v o l t -  
ages  and,  f u r t h e r m o r e ,  w o u l d  have  g iven  r i se  to  
d i v a l e n t  t i t a n i u m  c o m p o u n d s  w h i c h  could  no t  be  
d e t e c t e d  in t he  p roduc t s .  

S ince  a p p r e c i a b l e  qua n t i t i e s  of K F  w e r e  no t  found  
in t he  r e a c t i o n  p roduc t s ,  i t  fo l lows  t h a t  t h e  K F  
f o r m e d  b y  e q u a t i o n  ( X I I )  r eac t s  r e a d i l y  w i t h  the  
NaC1 p r e s e n t  in t he  b a t h  as fo l lows  

K F  + NaC1 ~ N a F  + KC1 (XV)  

Hence  t h e  o v e r - a l l  cel l  r e a c t i o n  of th is  second  s tep  
m a y  be  s u m m a r i z e d  b y  the  fo l lowing  e q u a t i o n  

3e 
2 K F .  N a F .  TiF~ + 5NaC1 ~ Ti  + 6NaF  + 

2KC1 + 3 /2CL ( X V I )  

T h e  s m a l l  a m o u n t s  of f luor ine  d e t e c t e d  in  some of 
t he  e x p e r i m e n t s  m a y  be  e x p l a i n e d  b y  t r aces  of N a F  
p a r t i c i p a t i n g  in  t he  p r i m a r y  r e d u c t i o n  ( N a F - ~ N a  
1/2 F~). 

Conclusions 
F r o m  the  fo rego ing  discuss ion,  i t  m a y  b e  con-  

c luded  t h a t  t he  p o t a s s i u m  and  sod ium t r i v a l e n t  t i t a -  
n i u m  f luor ide  c o m p o u n d  K2NaTiF0 o r  i ts  p a r e n t  com-  
pounds  of t h e  t y p e  M.TiF~ a r e  a l w a y s  f o r m e d  in t h e  
first  s tage  of m e t a l l i c  Ti  p r o d u c t i o n  u p o n  e l ec t ro lys i s  
of f luo t i t ana tes  in  fused  h a l i d e  ba ths .  The  k n o w l e d g e  
of t he  i m p o r t a n t  p a r t  p l a y e d  b y  these  t r i v a l e n t  fluo- 
r i de  c o m p o u n d s  d u r i n g  e l ec t ro lys i s  w i l l  l e a d  to a 
b e t t e r  in s igh t  and  a b e t t e r  con t ro l  of t he  cond i t ions  
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of Ti p roduc t ion  and  m a y  poss ib ly  open the field to 
direct  p l a t ing  of Ti f rom ba ths  con t a in ing  these  com-  
pounds,  to ref in ing and  recovery  processes us ing  
soluble  i m p u r e  Ti anodes. 
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ABSTRACT 

The use of electromotive force measurements  on galvanic cells for the 
determinat ion of s tandard molar free energies of formation of halides, oxides, 
sulfides, and other compounds at elevated temperatures  is surveyed. New po- 
tentiali t ies and inherent  l imitat ions are shown. Formulas for the estimate of 
errors resul t ing from electronic conduction and from transference of the com- 
ponents of electrolytes between different activity levels are derived. 

The s t a n d a r d  free ene rgy  of f o rma t ion  of m e t a l -  
n o n m e t a l  compounds  m a y  be ob ta ined  f rom:  (a) 
s t anda rd  heats  of f o rma t ion  and  s t anda rd  mola r  en -  
tropies;  (b)  dissociat ion equi l ibr ia ,  e.g., P d O ( s )  = 
P d ( s )  + 1/2 O~(g); (c) r educ t ion  equi l ibr ia ,  e.g., 
P b S ( s )  + H~(g) = Pb(1)  + H~S(g);  and  (d) emf 
m e a s u r e m e n t s  of ga lvan ic  cells. 

The th i rd  me thod  was wide ly  used du r ing  the first 
th ree  decades of this cen tury .  Nowadays  the  first 
method  is favored  by  m a n y  au thors  af ter  the p re -  
cision of the  d e t e r m i n a t i o n  of heats  of fo rma t ion  has 
been  increased,  r e l i ab le  s t anda rd  en t ropy  va lues  at 
25 ~ have  become avai lable ,  and  the accuracy  of the 
m e a s u r e m e n t  of specific heats  and  hea t  conten ts  at 
h igher  t e m p e r a t u r e s  has been  s teadi ly  improved .  
The first method  is gene ra l l y  appl icable .  In  contrast ,  
the second me thod  applies  to ve ry  few compounds  
since in  most  cases dissociat ion pressures  are  m u c h  
too low for re l iab le  direct  measu remen t s .  L ike -  
wise, the  th i rd  method  is confined to compounds  ior  
which  the e q u i l i b r i u m  rat io  of the cons t i tuen t  mole -  
cules in  the gas phase  is no t  too ex t reme.  

The fou r th  me thod  has also been  used for m a n y  
years.  P e r t i n e n t  resul ts  have  been  ob ta ined  at room 
t e m p e r a t u r e  and  e leva ted  t e m p e r a t u r e s  as well.  A l -  

l P r e s e n t  addres s :  R a t a k a t u  5 B 18, He l s ink i ,  F i n l a n d .  

though  this me thod  is no t  gene ra l ly  appl icable ,  its 
usefu lness  seems to be unde re s t ima ted .  In  w h a t  fol-  
lows an  a t t e mp t  is made  to show the po ten t ia l i t i es  of 
this method  at e leva ted  t e m p e r a t u r e s  and  some i n -  
he ren t  l imi ta t ions .  For  a compar ison,  cells i nvo lv ing  
aqueous  e lect rolytes  for m e a s u r e m e n t s  at  room t e m -  
p e r a t u r e  are  also cons idered  bu t  no t  discussed in  
detail .  

D e t e r m i n a t i o n  of s t a n d a r d  mola r  f ree energies  of 
f o r ma t i on  at  e levated  t e m p e r a t u r e s  is especial ly  i m -  
p o r t a n t  in  con junc t ion  w i th  me ta l l u rg i ca l  problems.  
Data  deduced f rom emf  da ta  m a y  s u p p l e m e n t  data  
ob ta ined  f rom reduc t ion  equ i l ib r i a  and  o ther  gas 
equi l ibr ia ,  e.g., Cu~S(s) + 2Cu~.O(s) ~ 6Cu(s )  + 
SO.~(g). 

The free energy change AF of a reaction is ob- 

tained from the emf E of a galvanic cell as 

• = --nEF [ 1 ] 

where  n denotes  the n u m b e r  of fa radays  to be 
passed across the  cell in  order  to effect the  reac t ion  
u n d e r  cons idera t ion  and  F is the  F a r a d a y  constant .  

F r o m  Eq. [1] it follows tha t  an  u n c e r t a i n t y  of 
0.001 v = 1 m v  in  the emf corresponds  to an  un -  
ce r t a in ty  of 23 n cal in  AF, i.e., 46 cal  if n =2 .  On 
the  o ther  hand,  if the s t a n d a r d  free ene rgy  change  of 
a chemical  reac t ion  is ob ta ined  f rom gas e q u i l i b r i u m  
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m e a s u r e m e n t s  b y  us ing  t h e  f o r m u l a  AF ~ = - - R T  i n  K,  
an  u n c e r t a i n t y  in  t he  e q u i l i b r i u m  cons tan t  of 1% 
c o r r e s p o n d s  to an  u n c e r t a i n t y  of  20 cal  in AF ~ a t  
1000~ In  v i ew  of t hese  f igures  an  a c c u r a c y  of the  
o r d e r  of 1 m v  in emf  m e a s u r e m e n t s  m a y  be  con-  
s ide red  as d e s i r a b l e  and  also as s a t i s f a c t o r y  in  o r d e r  
to ob t a in  s igni f icant  d a t a  w h i c h  s u p p l e m e n t  d a t a  d e -  
duced  f rom gas e q u i l i b r i u m  m e a s u r e m e n t s ,  or  m a y  
be  used  in  o r d e r  to p r e d i c t  gas equ i l ib r i a .  

Cells for the Determination of the Free Energy 
of Formation of Halides, Oxides, and Sulfides 

Cells w i t h o u t  A u x i l i a r y  Elec tro ly te  

The  s t a n d a r d  f ree  e n e r g y  of f o r m a t i o n  of a c o m -  
p o u n d  A ( X )  m a y  be o b t a i n e d  mos t  d i r e c t l y  f rom 
the  emf  of t he  cel l  

A I A ( X )  I Pt ,  X (I)  

if the  c o m p o u n d  A ( X )  is a p u r e l y  ionic  conduc to r  
and  if  m e t a l  A, c o m p o u n d  A ( X ) ,  and  n o n m e t a l  X 
a re  p r e s e n t  as v i r t u a l l y  p u r e  phases  at  a t m o s p h e r i c  
p res su re ,  i.e., in t h e i r  s t a n d a r d  s ta tes .  

F o r  convenience ,  t he  n o n m e t a l l i c  cons t i t uen t  m a y  
not  be  p r e s e n t  in i ts  s t a n d a r d  s ta te ,  e.g., 

A g ( s )  i A g I  (s)  ] Pt,  I~ (p~ = 0.01 a r m ) ,  N~(g) ( I I )  

Then  Eq. [1]  g ives  t h e  f ree  e n e r g y  of f o r m a t i o n  
•  of A g I  f r o m  s i lve r  and  iod ine  v a p o r  of  p a r t i a l  
p r e s s u r e  p~.~. T h e r e f r o m  the  s t a n d a r d  f ree  e n e r g y  of 
f o r m a t i o n  AF ~ is o b t a i n e d  b y  add ing  1/2 R T  in p~. 

F r o m  the  emf  of ce l ls  of  t y p e  ( I ) ,  s t a n d a r d  f r ee  
ene rg ies  of f o r m a t i o n  at  e l e v a t e d  t e m p e r a t u r e s  h a v e  
been  o b t a i n e d  for  s i lve r  ha l i de s  (1 -10) ,  l e ad  ha l ides  
(1-3,  7 -13) ,  CdC1, (1, 9, 10),  ZnCI~ (1, 9, 11), and  
MgCI~ (10, 14) in  bo th  t he  sol id  and  the  l iqu id  s ta te .  

So l id  c o m p o u n d s  m a y  e x h i b i t  e l ec t ron ic  r a t h e r  
t h a n  ionic  conduct ion:  There fo re ,  the  s t a n d a r d  f ree  
e n e r g y  of f o r m a t i o n  of c o m p o u n d s  such  as Cu~O or  
AgeS canno t  be  o b t a i n e d  f rom emf  m e a s u r e m e n t s  on 
cel ls  of t y p e  ( I ) .  Even  in the  case of t y p i c a l  ionic  
conduc to r s  such  as sol id  A g B r  or  AgI ,  e l ec t ron  ho le  
conduc t ion  becomes  a p p r e c i a b l e  at  h i g h e r  h a l o g e n  
p a r t i a l  p r e s s u r e s  (15, 16),  and  t h e r e f o r e  t h e  r e l a t i o n  
b e t w e e n  emf  and  AF s t a t e d  in  Eq. [1]  is to be  r e -  
p l a c e d  b y  a m o r e  e l a b o r a t e  r e l a t ion .  I f  t he  c o m -  
p o u n d  A (X)  e x h i b i t s  on ly  s l igh t  dev i a t i ons  f r o m  the  
i dea l  s t o i ch iome t r i c  ra t io ,  i t  has  been  d e r i v e d  
t ha t  (17) 

1 
E - -  - -  f~_x"(tA + tx)dg'x 

ZxF rx" 

1 .~F-I ~'' 
--  - -  ( 1 - - t ~ ) d F x  [2]  

ZxF 

w h e r e  tA,tx and  t~, r e spec t i ve ly ,  a r e  the  t r a n s f e r e n c e  
n u m b e r s  of m e t a l  A, n o n m e t a l  X, and  e lec t rons  in  
c o m p o u n d  A ( X ) ,  z~ is the  abso lu t e  v a l u e  of t he  

va l ence  of  n o n m e t a l  X and  ~'x' and  F~",  r e spec t i ve ly ,  
a r e  t he  p a r t i a l  m o l a r  f r ee  ene rg ie s  of n o n m e t a l  X 
on the  l e f t - h a n d  and  on the  r i g h t - h a n d  s ide  of cel l  
( I ) .  

The  f ree  e n e r g y  change  AFA(x) for  t he  f o r m a t i o n  of 
c o m p o u n d  A ( X )  in  cel l  ( I )  for  one  mo le  of m e t a l  
A of va l ence  zA is 

AFt,x) = F,c~) ~ -- F~ ~ -- ( z f f z x )Fx"  [3]  
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w h e r e  FA<x~ ~ and  FA ~ a r e  the  s t a n d a r d  m o l a r  f ree  en- 
e rg ies  of c o m p o u n d  A (X)  and  m e t a l  A, r e spec t ive ly .  

T h e  v a l u e  of Fx '  is g iven  b y  the  e q u i l i b r i u m  con-  
d i t ion  b e t w e e n  A, X, and  A ( X )  on t h e  l e f t - h a n d  
s ide  of cel l  ( I ) ,  

FA ~ + ( z # z x ) ~ ' =  F~x~ ~ [ 4 ]  

Upon  combin ing  Eqs. [3]  and  [4] ,  i t  fo l lows  t h a t  

Fx' = Fx" + (Zx/ZA)• [5] 

In  v i ew  of Eq. [5] ,  i t  fo l lows  f rom Eq. [2]  t ha t  

- -  , t  ZA f ~ x  
• = - - z ,EF  -- - -  t~dFx [6]  

Z x  FX' 

w h e r e  the  second  t e r m  on the  r i g h t - h a n d  s ide  is a 
co r rec t ion  t e r m  if  the  c o m p o u n d  A ( X )  is m o s t l y  an  
ionic  conduc tor ,  i.e., to is m u c h  s m a l l e r  t h a n  un i ty .  

In  o r d e r  to d e t e r m i n e  the  v a l u e  of to, the  fo l low-  
ing  m e t h o d s  m a y  be  cons idered .  

( A )  A s igni f icant  c o n t r i b u t i o n  of  e l ec t ron ic  con-  
duc t ion  is r e v e a l e d  b y  de v i a t i ons  f r o m  F a r a d a y ' s  
l a w  w h e n  an  e l ec t ro lys i s  is conduc ted .  I t  is difficult,  
howeve r ,  to d e t e r m i n e  s m a l l  de v i a t i ons  f rom F a r a -  
d a y ' s  l a w  e spec i a l l y  if  the  p a r t i a l  m o l a r  f ree  en -  
e r g y  of m e t a l  A o r  n o n m e t a l  X is to be  va r i ed .  

(B)  A n o t h e r  p o s s i b i l i t y  is to m e a s u r e  t he  to ta l  
c o n d u c t i v i t y  of c o m p o u n d  A (X)  as a func t ion  of the  
p a r t i a l  p r e s s u r e  of m e t a l  A or  n o n m e t a l  X (15, 18).  
I f  ionic  conduc t ion  p reva i l s ,  i t  is j u s t i f i ab le  to as -  
sume  t h a t  v a r i a t i o n s  in the  t o t a l  c o n d u c t i v i t y  a r e  es-  
s e n t i a l l y  due  to n - t y p e  or  p - t y p e  s emiconduc t ion  
s ince t he  mob i l i t i e s  of excess  e l ec t rons  or  e l ec t ron  
holes  a r e  m u c h  g r e a t e r  t h a n  the  mob i l i t i e s  of ionic 
defects .  

(C)  P o l a r i z a t i o n  m e a s u r e m e n t s  a r e  e spec i a l l y  
p ro f i t a b l e  in o r d e r  to d e t e r m i n e  v e r y  s m a l l  con t r i -  
bu t ions  of  e l ec t ron ic  conduc t ion  (19, 20) and  to en -  
su r e  t h a t  the  l as t  t e r m  in Eq. [6]  is neg l ig ib le .  

(D)  F o r  s i lve r  c h l o r i d e  the  v a l u e  of t~ has  been  
c a l c u l a t e d  i n d i r e c t l y  f rom t h e  r a t e  of t he  r eac t i on  
b e t w e e n  s i lve r  and  ch lo r ine  (15) .  T h e r e f r o m  the  
v a l u e  of t he  i n t e g r a l  in  Eq. [6]  fo r  a cel l  i n v o l v i n g  
the  f o r m a t i o n  of s i l ve r  c h l o r i d e  f r o m  ch lo r ine  of  a t -  
m o s p h e r i c  p r e s s u r e  has  been  c a l c u l a t e d  to be  140 
cal  a t  300~ S ince  e l ec t ron  hole  conduc t ion  in AgC1 
inc reases  w i t h  i nc rea s ing  ch lo r ine  p a r t i a l  p re s su re ,  
t he  e r r o r  d u e  to a p p r e c i a b l e  e l e c t r o n  ho le  c o nduc -  
t ion  m a y  be  m i n i m i z e d  b y  a p p l y i n g  a low h a l o g e n  
p a r t i a l  p r e s su re .  E v e n t u a l l y ,  f ree  ch lo r ine  m a y  be  
r e p l a c e d  b y  a m i x t u r e  of h y d r o g e n  h a l i d e  and  h y -  
drogen .  

In  the  des ign  of cel ls  of t y p e  ( I ) ,  c a r e  has  to be  
e x e r c i s e d  to m i n i m i z e  d i f fus ion of n o n m e t a l  X to the  
l e f t - h a n d  e l ec t rode  be c a use  o t h e r w i s e  t h e r e  r e su l t s  
a " m i x e d  p o t e n t i a l "  (21-23)  r a t h e r  t h a n  an  equ i l ib -  
r i u m  p o t e n t i a l  due  to ca thod ic  r e d u c t i o n  of  n o n -  
m e t a l  X and  anodic  d i s so lu t ion  of m e t a l  A a t  t he  
l e f t - h a n d  e lec t rode .  In  cel ls  of t y p e  ( I )  i nvo lv ing  
sol id  A ( X ) ,  the  sol id  e l e c t r o l y t e  m u s t  f o rm  a gas -  
t i gh t  seal  b e t w e e n  t h e  two  e lec t rodes .  E v e n  u n d e r  
these  condi t ions ,  con t inuous  d i s so lu t ion  of m e t a l  A 
t a k e s  p l ace  b y  v i r t u e  of m i g r a t i o n  of ions and  e lec-  
t rons  in  t he  sol id  c o m p o u n d  as is k n o w n  f r o m  in -  
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vest igat ions on reactions of metals  with oxygen, 
sulfur, or halogen at  e levated t empera tu res  (17). A 
significant shift  of the emf seems l ike ly  only if the 
distance between the two electrodes in cells of type  
(I)  is less than 0.1 cm. If cells involving different  
thicknesses of the solid compound A ( X )  corres-  
ponding to different rates of the aforementioned side 
reaction show essentially the same emf, the effect of 
this side reaction can be regarded to be negligible. 

In the case of a liquid compound A(X), separate 
electrode compartments warranting a minimum of 
convective mass transfer between the two compart- 
ments are needed. To prevent any transfer of non- 
metal to the left-hand electrode in cell (I), Grube 
and Rau (7) have used glass as a solid intermediate 
electrolyte, e.g., 

Ag(s) IAgCl(1)IglassIAgCl(1)Igraphite, Cl~(g) (III) 

The potential difference between liquid AgCl and 
glass on the left-hand side is supposed to cancel 
against that on the right-hand side. However, since 
silver chloride and glass have neither a cation nor an 
anion in common, the potential difference between 
liquid AgC1 and glass is thermodynamically not well 
defined. Therefore, asymmetry potentials may occur. 
This may explain inconsistencies of the order of 0.01 
v reported by Grube and Rau (7). The absence of 
asymmetry potentials may be checked by measuring 
the emf of symmetrical cells involving silver elec- 
trodes on both sides. 

Cells Involving Aqueous Electrolytes 

At room tempera tu re  the  conduct ivi ty  of most 
salts is inconvenient ly  low. Therefore,  cells involv-  
ing aqueous electrolytes  are used. If the compound 
A ( X )  is sufficiently soluble, an aux i l i a ry  e lect rolyte  
is, in principle,  not needed. In general ,  however,  an 
aux i l i a ry  e lectrolyte  is used. The aux i l i a ry  electro- 
lyte  may  have the anion in common with  compound 
A (X).  For  instance, the cell 

AglAgC1 (s) ,  HC1 (aq)!HC1 (aq) IP t ,  CI: (g) (IV) 

may  be used to de te rmine  the s tandard  free energy 
of format ion of s i lver  chloride (24). Under  condi-  
tions where  the composition of the e lect rolyte  is 
v i r tua l ly  constant  throughout  cell ( IV),  the cell re -  
action for passing one fa raday  may  be wr i t t en  as 

Ag (s) -I- 1/2 CI_.(g) = AgC1 (s) [7] 

In addit ion,  the amount  of HC1 in the l e f t -hand  
compar tmen t  of cell  (IV) decreases, and the amount  
of HC1 in the  r i gh t -hand  compar tment  increases. 
Transfer  of HC1 from the l e f t -hand  to the r igh t -  
hand compar tment  is immate r ia l  for the free energy 
balance if the t ransfer  takes place be tween solutions 
involving v i r tua l ly  equal  activities.  

If chlorine of a tmospher ic  pressure  is used, the 
ac t iv i ty  of HC1 on the r i gh t -hand  side of cell 
(IV) is lowered by  the format ion of C13- ions 
and is increased by  the hydrolys is  of C12. Thus, 
on passing current  across cell ( IV) ,  not only s i lver  
chloride is formed according to Eq. [7] but  also HC1 
is t r ans fe r red  be tween  different  ac t iv i ty  levels. 
The difference in the HC1 act iv i ty  may  be minimized 
by using low chlorine pa r t i a l  pressures  (21) and ex-  
t rapola t ing  resul ts  to zero chlorine pa r t i a l  pressure.  
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In this way, all  uncer ta in t ies  usual ly  ascribed to 
l iquid junction potent ia ls  may  be el iminated.  

This procedure  becomes imprac t ica l  in the  case of 
iodides since the complex L- is formed more read i ly  
than the complex C18-. Therefore,  it is expedient  to 
use an aux i l i a ry  e lect rolyte  which has the cation in 
common wi th  the compound whose free energy of 
format ion is to be determined.  As an example  the  
cell (25) 

Pb Pb(C104)~, Pb(C10~)2, HC104 (aq) ,  Pt  
IHC10~ (aq) P b L ( s ) ,  I~ ( s )  

(V) 
is cited. 

On passing two faradays,  the cell react ion is 

P b ( s )  + I= (s) = PbL (s) [8] 

since the solubil i t ies of solid PbI2 and L in the elec- 
t ro ly te  are sufficiently low so that  the re  is no sig- 
nificant difference in composit ion be tween  the lef t -  
hand and the r i gh t -hand  electrolyte.  

In cells of type (IV) involving an aux i l i a ry  elec- 
t ro lyte  with the  anion in common with  compound 
A ( X ) ,  format ion of A ( X )  on passing current  takes 
place at the l e f t -hand  electrode. Therefore,  com- 
pound A (X) must  be present  in the l e f t -hand  com- 
pa r tmen t  of cells of type ( IV) .  If compound A ( X )  is 
only s l ight ly  soluble, presence of solid A ( X )  in the 
r i gh t -hand  compar tment  is immater ia l .  If, however,  
the solubi l i ty  of compound A ( X )  is appreciable ,  
compound A (X) should be present  in both compar t -  
ments  in order  to ensure equal  act ivi t ies of the aux-  
i l ia ry  electrolyte.  

Conversely, in cells of type  (V) involving an 
aux i l i a ry  e lect rolyte  wi th  the cation in common with 
compound A ( X ) ,  format ion of A ( X )  on passing 
current  takes place at  the r igh t -hand  electrode. 
Therefore,  the e lect rolyte  in the r i gh t -hand  com- 
pa r tmen t  of cells of type  (V) must  be sa tu ra ted  
with  compound A ( X ) .  Sa tura t ion  of the l e f t -hand  
compar tment  is immate r i a l  if the solubi l i ty  is low, 
but  is necessary if the solubi l i ty  is appreciable.  

Cells with Auxiliary Electrolytes at Elevated 
Temperatures 

If  an aux i l i a ry  e lect rolyte  is used as in cells (IV) 
and (V),  not  only the magni tude  but  also the  na ture  
of the  conduct ivi ty  of the compound A ( X )  is im-  
ma te r i a l  for the cell reaction.  Therefore,  cells in-  
volving aux i l i a ry  e lectrolytes  are also prof i table  in 
order  to de te rmine  the free energy of format ion of 
halides, oxides, and sulfides at e levated tempera-  
tures. As an analogue to cell ( IV) ,  the  cell 

KC1, NaC1 (1), KC1, NaC1 (1) Pt, 
A l ( s )  A1CL (s) A1CL (s) ' Cl~(g) 

(vi)  

has been invest igated by Treadwel l  and Tere-  
besi (26) be tween about 100 ~ and 200~ The cell 
react ion on passing three fa radays  is 

A l ( s )  q- 1.5 CI= (g) = AICL(s)  [9] 

Thus the emf of cell (VI)  gives the free energy of 
format ion of a luminum chloride. 

In contradis t inct ion to cell ( IV) ,  the e lectrolyte  in 
cell (VI) must  be sa tu ra ted  with  solid A1CL on both 
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sides in order to have a constant activity of the elec- 
trolyte because the solubility of A1CL in the liquid 
electrolyte is substantial. 

Hill and Porter  (27) have investigated cells of 
type 

NiINiO(s),  salt melt with CaOlsalt melt with CaO I 

Pt, O~(g) (VII) 

Spurious results may have been caused by diffu- 
sion of oxygen to the lef t -hand electrode. 

The compound A (X) whose free energy of forma-  
tion is to be determined may not be stable in the 
presence of nonmetal of atmospheric pressure. This 
is t rue for FeO, CoO, and Cu~O. In this case, the 
electrolyte in the r ight-hand compartment  of cell 
(VII) cannot be saturated with compound A ( X ) .  If 
only the electrolyte in the lef t -hand compartment  is 
saturated, there is necessarily a difference in the 
activity of the components of the electrolyte be- 
tween the lef t -hand and the r ight -hand compart-  
ment. Thus the cell reaction involves not only for- 
mation of compound A ( X )  but also transfer of 
electrolyte between different activity levels. A 
simple evaluation of emf measurements is possible 
only if the solubility of compound A ( X )  in the elec- 
trolyte is sufficiently low, and therefore, the ac- 
tivity difference between the electrolyte with and 
without saturation with compound A ( X )  is neglig- 
ible. To overcome this restriction, Treadwell (28) 
has used porcelain as an intermediate solid electro- 
lyte in determining the standard free energy of 
formation of Cu~O, CoO, NiO, and other oxides. As 
an example, we quote the cell 
Cu (s)}Cu~O (s), borate meltlporcelain 1 

Ag (1), O.o (g) (VIII)  

which involves the cell reaction 

2Cu (s) + 1/2 02 (g) = Cu~O (s) [10] 

on passing two faradays if oxygen ions alone carry 
the current in porcelain used as an intermediate 
electrolyte. 

To ensure a low solubility of compound A(X) ,  
use of a solid auxiliary electrolyte may be con- 
sidered, e.g., 

Cu (s), Cu.~O(s) I (ZrO.~ + CaO)IPt,  02 (g) (IX) 

Since the current in a solid solution of CaO in 
ZrO~ is carried essentially by oxygen ions (18), the 
virtual cell reaction on passing two faradays is that 
in Eq. [10]. 

Cell (IX) has not been investigated so far. Oxy-  
gen must be prevented from diffusing to the left- 
hand electrode since otherwise a mixed potential 
rather than an equilibrium potential would prevail. 
To this end, gas-tight crucibles consisting of the solid 
electrolyte are needed. Since such crucibles are not 
easy to make, measurements on cell (IX) do not 
seem recommendable. Instead, cell (XXI) has been 
investigated (see below). 

As an example for a cell where the compound 
A(X)  and the electrolyte have the cation in com- 
mon, the cell 
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MgF~ (s), IMgF~ (s), Pt, 
Mg (1) MgO (s) IMgO (s) Of(g) 

(x)  
is cited. Cell (X) has been investigated by Treadwell, 
Ammann,  and Ztirrer (14) between 637 ~ and 727~ 
Regardless of the nature of the migrating ions in 
solid MgF~, the cell reaction on passing two faradays 
is 

Mg (1) + 1/20~ (g) = MgO (s) [11] 

Thus the emf of cell (X) gives the standard free 
energy of formation of solid MgO. 

Another example is the cell 

Ag(s)  ]AgI (s)]Ages (s), S(1), Pt (XI) 

with solid AgI as electrolyte involving migration of 
silver ions. The virtual cell reaction on passing two 
faradays is 

2Ag(s) + S(1) = AgeS(s) [12] 

The emf of cell (XI) has been measured by Rein- 
hold (29) and by Kiukkola and Wagner (18). 
Therefrom the standard molar  free energy of for- 
mation of AgeS has been deduced. Analogous inves- 
tigations have been made with Ag~Se (18, 29). 

In cells involving liquid electrolytes, diffusion 
of nonmetal  to the metal electrode must be pre- 
vented. To this end, an intermediate solid electro- 
lyte analogous to that in cell (III)  may be used. In 
order to obtain the standard free energy of forma- 
tion of AlsO,, Treadwell and Terebesi (30) have in- 
vestigated the cell 

Na,A1F~(1), porcelain INa~A1F~(1)' Pt, O.o(g) 
AI(1) AI~O~ (s) IA1,.,O~ (s) 

(Xli) 

Cells for Determination of the Standard Free Energy 
Change of Displacement Reactions 

The foregoing measurements may be supple- 
mented by investigations on cells involving metal 
displacement reactions, 

(1/z~) A + (1/z~) B(X)  = (1/zA)A(X) + (1/z~) B 
[13] 

where zA and z~, respectively, denote the valences of 
metals A and B in the compounds A(X)  and B(X) .  
The standard free energy change of reaction [13] 
formulated for one equivalent is equal to the dif- 
ference of the standard free energies of formation of 
the metal compounds A ( X )  and B(X)  per equiva- 
lent. Consequently, if one of the latter values is 
known, the other value may be calculated readily 
from the difference which in turn may be obtained 
from the emf value of an appropriate cell. 

Cells without Auxiliary Electrolyte 
In some cases, it is possible to design cells with-  

out any auxiliary electrolyte, e.g. (2, 3, 31-33) 

Pb(s)  ]PbCl~(s)IAgC1 (s) lAg(s)  (XlII)  

Since chlorine ions migrate in PbCI~ and silver 
ions in AgC1, the virtual  cell reaction on passing two 
faradays across cell (XIII)  is 

Pb(s )  + 2AgCl(s) ~ 2Ag(s)  + PbCL(s)  [14] 
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Cel l  ( X I I I )  is a s o - c a l l e d  D a n i e l l - t y p e  cell .  In  
genera l ,  i nves t i ga t i ons  on such cel ls  h a v e  been  m a d e  
w i t h  m o l t e n  salts ,  e.g. (1, 7, 10, 32, 34-39) 

P b ( l )  I P b C I ~ ( 1 ) I A g C I ( I ) l A g ( s )  ( X I V )  

In  v i e w  of the  l i qu id  junc t ion ,  the  v i r t u a l  cel l  r e -  
ac t ion  also invo lves  t r a n s f e r  of PbCL and  AgC1 b e -  
t w e e n  d i f fe ren t  a c t i v i t y  levels .  Thus  the  emf  of cel l  
( X I V )  does no t  g ive  d i r e c t l y  t h e  s t a n d a r d  f ree  e n -  
e r g y  change  of d i s p l a c e m e n t  r eac t i on  [14].  

To d e r i v e  a g e n e r a l  fo rmula ,  cons ide r  the  cel l  

A I A ( X )  ] B ( X ) f B  ( X V )  

in w h i c h  the  compos i t ion  of the  sa l t  m e l t  is s u p -  
posed  to be  a con t inuous  s i n g l e - v a l u e d  func t ion  of 
d i s t ance  x f rom the  l e f t - h a n d  e l ec t rode  at  x ---- 0 up  
to x : L a t  the  r i g h t - h a n d  e lec t rode .  The  t r a n s -  
f e rence  n u m b e r s  of  t h e  ca t ions ,  t ,  and  t~, m a y  be  
def ined b y  ass ign ing  a v a l u e  of zero to the  t r a n s -  
f e r ence  n u m b e r  of t he  anion.  Thus  the  v a l u e  of tA 
in  p u r e  A ( X )  is e q u a l  to u n i t y  b y  def ini t ion,  and  
the  s ame  is t r u e  for  tB in p u r e  B ( X ) .  

On pa s s ing  e l ec t r i ca l  c u r r e n t  across  cel l  ( X V ) ,  
A - i o n s  e n t e r  the  m e l t  of p u r e  A ( X ) ,  A - i o n s  and  
B- ions  a re  t r a n s f e r r e d  in t he  sa l t  m e l t  in the  x -  
d i rec t ion ,  and  B- ions  a r e  d i s c h a r g e d  at  t he  r i g h t -  
h a n d  e lec t rode .  Then  i t  fo l lows  f rom the  f ree  e n e r g y  
b a l a n c e  for  one f a r a d a y  t ha t  

( l / z , )  [ F  . . . . . .  (x  = 0) - -  FA ~ ] 

f + ( l / z ~ )  o t~ (OF~ ..... / O x ) d x  

f + (1/z~) t~ (a-g~_,o~/Ox) d x  

+ (1/zB) [ - -F~ ..... (x  : L)  + F~ ~ : - - E F  

Us ing  the  g e n e r a l  r e l a t i ons  

( 1 / z , ) F  . . . . .  + (1/zx)Fx_~o. 

(1/z~)F~ .... + (1/ZQ~x .... 
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F i n a l l y ,  t he  r e l a t i o n  

F~x~ : F.~x) ~ + RT In N.c~) 7.cx) [21] 

m a y  be  i n t r o d u c e d  w h e r e  7B{x) is t he  a c t i v i t y  co-  
efficient of B ( X )  in  t h e  b i n a r y  m e l t  A ( X ) - - B ( X ) .  
S u b s t i t u t i o n  of Eq. [21] in Eq. [20]  y i e lds  

AF . . . .  EF -t- AF* [22] 

[15] 

m 

: (1/z.)F.,x) [16] 

: ( 1/zB)FB,x, [17] 

one m a y  e l i m i n a t e  the  p a r t i a l  m o l a r  f r ee  ene rg ies  
of t h e  ions  f rom Eq. [15]  and  ob ta in s  

[(1/z.) (F.,x~ ~ ~ (i/z~) (F~x~~176 

f + ,, ( t . / z . )  ( a ~ x , / O x )  dx  

f + o (t~/z~) ( ~ x , / o x )  d x = - - E F  [18] 

w h e r e  t he  exp re s s ion  in b r a c k e t s  is equa l  to t he  
s t a n d a r d  f ree  e n e r g y  c h a n g e  AF ~ of the  d i s p l a c e -  
m e n t  r e a c t i o n  f o r m u l a t e d  in Eq. [13].  

The  d e r i v a t i v e s  of F,~x~ and  F~(~ a r e  i n t e r r e l a t e d  
by  the  G i b b s - D u h e m  equa t ion  

N.,r dF,,x, + NB(x, dF-B(x~ : 0 [19] 

w h e r e  N,~x) and  N~x~ a re  t h e  mole  f r ac t ions  fff 
A ( X )  and  B ( X ) ,  r e spec t i ve ly .  S u b s t i t u t i n g  Eq. [19] 
and  t r a n s p o s i n g  i n t e g r a l s  to the  r i g h t - h a n d  s ide  of 
Eq. [18],  

w h e r e  

•  ~ = - - E F  

fo L[ t~ tA ]N~(x aFB,X) dx  [20] 
zBN~{y) z,,N .(x) ax 

A F  ~ = - -RT 
z~N~cx) z,NA~x) 

( aln ~ , B ( x ) ) d N B ( x )  [23] 
1 J- alnNB(x) 

If  t he  mob i l i t i e s  of  A- ions  and  B- ions  a r e  equa l  
and  i n d e p e n d e n t  of t he  compos i t i on  of  t h e  sa l t  mel t ,  
the  e xp re s s ion  in  b r a c k e t s  u n d e r  the  i n t e g r a l  v a n -  
i shes  and  thus  t he  emf  of  cel l  (XV)  gives  d i r e c t l y  
AF ~ In  genera l ,  e q u a l  mob i l i t i e s  of A - i o n s  and  
B- ions  canno t  be  e x p e c t e d  and,  the re fo re ,  t h e  i n t e -  
g r a l  in Eq. [23] does  no t  van i sh .  I f  t he  mob i l i t i e s  of 
the  ions in the  m e l t  A ( X ) - B ( X )  a r e  of the  s ame  
o r d e r  of m a g n i t u d e ,  d e v i a t i o n s  f rom R a o u l t ' s  l a w  
a re  no t  excess ive ,  and  z,  = zs, t hen  the  abso lu t e  
v a l u e  of AF* is of  t he  o r d e r  of or  less  t h a n  R T / z , ,  
i.e., 1000 cal  a t  1000~ for  z ,  =zB ---- 2. 

The  v a l u e  of AF ~ for  t h e  d i s p l a c e m e n t  r e a c t i o n  in 
Eq. [13] can  be  o b t a i n e d  r i g o r o u s l y  as t he  p r o d u c t  
of t he  F a r a d a y  cons t an t  a n d  the  d i f fe rence  E'of t he  
emf  va lues  of  cel ls  of t y p e  ( I )  i nvo lv ing  the  f o r m a -  
t ion  of c o m p o u n d s  A ( X )  and  B ( X )  as v i r t u a l  cel l  
reac t ions .  Upon  s u b s t i t u t i n g  AF ~ = --E'F in  Eq. 
[22],  i t  fo l lows  t h a t  

( E -  E')F = A F  * [ 2 4 ]  

As fa r  as e x p e r i m e n t a l  v a l u e s  a r e  a v a i l a b l e  (7, 
10, 34-39) ,  i t  has  been  f o u n d  t h a t  the  a b s o l u t e  v a l u e  
of  t h e  d i f fe rence  E --  E' is, in genera l ,  of  t h e  o r d e r  
of or  less t h a n  0.03 v and,  t he re fo re ,  ~F  ~ is of t he  
o r d e r  of or  less  t h a n  700 ca l  in accord  w i t h  t he  a b o v e  
e s t i m a t e  based  on Eq. [23].  I f  th is  r e su l t  is g e n e r a l -  
ized, t h e  e r r o r  m a y  be  e s t i m a t e d  w h e n  the  e m f  of a 
cel l  of t y p e  (XV)  has  been  m e a s u r e d  and  the  v a l u e  
AF ~ of the  d i s p l a c e m e n t  r eac t i on  in  Eq. [13]  is 
c a l c u l a t e d  a p p r o x i m a t e l y  f rom Eq. [22] u n d e r  n e g -  
lect  of the  t e r m  AF ~. G r e a t e r  d i s c repanc ie s  r e p o r t e d  
b y  Lo renz  a n d  V e l d e  (10) for  cel ls  i n v o l v i n g  m a g -  
n e s i u m  seem to be  due  to e r ro r s  r e s u l t i n g  f rom 
m i x e d  po t e n t i a l s  in  v i ew  of t he  h igh  r e a c t i v i t y  of 
m a g n e s i u m .  

As  a rule ,  m e a s u r e m e n t s  on D a n i e l l - t y p e  cel ls  
a r e  not  r e c o m m e n d e d  for  a t h e r m o d y n a m i c  e v a l u -  
a t ion  s ince r e l i a b l e  t r a n s f e r e n c e  n u m b e r s  a r e  no t  
ava i l ab l e .  S c h w a r z  (40) has  p o i n t e d  out  t h a t  i t  m a y  
be  m o r e  a p p r o p r i a t e  to ca l cu l a t e  t r a n s f e r e n c e  n u m -  
be r s  f r o m  emf  m e a s u r e m e n t s  r a t h e r  t h a n  to m e a s -  
u r e  these  va lue s  d i r e c t l y  w i t h  the  a id  of t h e  H i t t o r f  
me thod .  

In  cel l  ( X I I I )  bo th  c o m p o u n d s  A ( X )  and  B ( X )  
show p r e d o m i n a n t l y  ionic  conduct ion .  This  is not  a 
n e c e s s a r y  condi t ion .  The  v i r t u a l  cel l  r e a c t i o n  is also 
r e p r e s e n t e d  b y  Eq. [13] if  on ly  t he  c o m p o u n d  of the  
less nob le  m e t a l  is an  ionic  conduc tor .  A h y p o t h e t i -  
cal  cell  is 

ZrIZrO~ ( +  CaO) ]Ni ,  NiO ( X V I )  
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w h e r e  sol id  ZrO~ is d o p e d  w i t h  CaO in o r d e r  to en -  
su r e  ionic  conduc t ion  and  the  r i g h t - h a n d  e l e c t r o d e  
is a t a b l e t  cons i s t ing  of an  i n t i m a t e  m i x t u r e  of 
n i cke l  and  n i cke l  oxide .  Thus  the  v i r t u a l  cel l  r e -  
ac t ion  on pa s s ing  fou r  f a r a d a y s  w o u l d  be 

Zr  (s) q- 2NiO (s) ---- ZrO~ (s) -k 2Ni (s) [ 2 5 ]  

I t  is doub t fu l ,  h o w e v e r ,  w h e t h e r  z i r con ia  d o p e d  
w i t h  CaO is s t i l l  an  ionic c o n d u c t o r  u n d e r  h i g h l y  
r e d u c i n g  cond i t ions  c o r r e s p o n d i n g  to t he  coex i s t ence  
of  z i r c o n i u m  m e t a l  and  z i rconia .  

HIGH T E M P E R A T U R E  •  ~ F R O M  G A L V A N I C  C E L L S  313 

Cells Involving Aqueous E~ectrolytes 

If  the  c o m p o u n d  of the  less nob le  m e t a l  of the  
p a i r  A - B  is c o n s i d e r a b l y  m o r e  so lub le  t h a n  the  
c o m p o u n d  of the  m o r e  nob le  me ta l ,  a cel l  w i t h o u t  
a u x i l i a r y  e l e c t r o l y t e  m a y  b e  i nves t i ga t ed ,  e.g., 

PbIPbCI~(s ) ,  aq!PbCl~_(s), AgC1 ( s ) ,  a q l A g  ( X V I I )  

w i t h  r e a c t i o n  [14] as t he  v i r t u a l  cel l  r eac t ion .  
In  o r d e r  to m i n i m i z e  the  d i f fe rence  in compos i t ion  

of t he  e l ec t ro ly t e ,  a n  a u x i l i a r y  e l e c t r o l y t e  w h i c h  has  
t he  an ion  in c o m m o n  w i t h  compounds  A ( X )  and  
B ( X )  m a y  be used,  e.g., 

Pb]0 .1M KC1, PbCl~(s)  [ 
0.1M KC1, PbCl~(s ) ,  A g C l ( s )  l a g  ( X V I I I )  

I t  is a lso poss ib le  to use  a so lub le  sa l t  of the  less 
n o b l e  m e t a l  of the  p a i r  A - B  as a u x i l i a r y  e l ec t ro ly te ,  
e.g., 

p ,  [0.1M Pb(C10~)~, 0.1M P b ( C 1 0 0 ~  , 
~  PbCI ,  ( s ) ,  AgC1 (s)  A g  

( X I X )  

I n s t e a d  of d i s p l a c e m e n t  r eac t i on  [13] i n v o l v i n g  
two  m e t a l s  A a n d  B a n d  t h e i r  compounds ,  also con-  
s ider  d i s p l a c e m e n t  r eac t i ons  i n v o l v i n g  h y d r o g e n  in -  
s t ead  of m e t a l  A, e.g., 

1/2 H~(g) -b A g C l ( s )  = H C l ( a q )  + A g ( s )  [26] 

for  w h i c h  the  f r ee  e n e r g y  c h a n g e  m a y  be  o b t a i n e d  
f r o m  the  emf  of the  cel l  

Pt,  H~(g)10.1M HC1]0.1M HC1, AgC1 ( s ) [ A g  ( X X )  

In  the  p r e s e n c e  of w a t e r ,  mos t  ha l i de s  a r e  no t  
s t ab le  as a n h y d r o u s  sal ts .  There fo re ,  p e r t i n e n t  r e -  
sul ts  h a v e  been  o b t a i n e d  for  AgC1, HgC1, and  
PbCI~ b u t  no t  fo r  o t h e r  ch lo r ides  such as CdCI~ or  
ZnC1,. F o r  the  l a t t e r  sal ts ,  h o w e v e r ,  va lue s  a r e  
o b t a i n a b l e  f r o m  emf  m e a s u r e m e n t s  on  cel ls  of 
t y p e  ( I )  a t  e l e v a t e d  t e m p e r a t u r e s  w i t h o u t  p r e sence  
of w a t e r  as has  been  r e p o r t e d  above.  

S i m i l a r l y ,  r eac t ions  i n v o l v i n g  m e t a l  ox ides  and  
sulf ides h a v e  been  i n v e s t i g a t e d  (41-46) .  F o r  v a r i -  
ous  reasons ,  h o w e v e r ,  t he  a p p l i c a b i l i t y  of emf  m e a s -  
u r e m e n t s  is l imi ted .  Reasons  for  l a c k  of a c c u r a c y  in 
some  cases needs  f u r t h e r  c lar i f ica t ion.  

Cells Involving Auxiliary Electrolytes at Elevated 
Temperatures 

If  bo th  c o m p o u n d s  A ( X )  and  B ( X )  e x h i b i t  e l ec -  
t ron ic  conduc t ion ,  cel ls  of t y p e  (XV)  or  ( X V I )  
m u s t  be r e p l a c e d  b y  cel ls  i n v o l v i n g  an  a u x i l i a r y  
e l ec t ro ly t e .  In  t h e  f irst  p lace ,  a n  a u x i l i a r y  e l e c t r o -  

l y t e  m a y  be  used  w h i c h  has  the  an ion  in  c o m m o n  
wi th  c o m p o u n d s  A ( X )  and  B ( X ) ,  e.g., 

Fe,  FeOIZrO~ ( +  C a O ) I C u ,  Cu~O ( X X I )  

w i t h  a sol id  so lu t ion  of CaO in ZrO~ i n v o l v i n g  an i -  
onic conduct ion .  M e a s u r e m e n t s  on cel ls  of t ypes  
( X X I )  h a v e  been  used  in o r d e r  to c a l c u l a t e  the  
s t a n d a r d  m o l a r  f ree  e n e r g y  of f o r m a t i o n  of  Cu~O, 
NiO, and  CoO b e t w e e n  abou t  800 ~ and  l l 0 0 ~  (18) .  

A l iqu id  e l e c t r o l y t e  m a y  also be used,  e.g., 

C u ( s )  ICu2S ( s ) ,  Na~S (1)1Na2S (1) [ 
Na~S(1), AgeS ( s ) l A g  (s)  ( X X I I )  

w h e r e  the  l e f t - h a n d  c o m p a r t m e n t  con ta ins  a Na2S 
m e l t  s a t u r a t e d  w i t h  sol id  Cuss and  t h e  r i g h t - h a n d  
c o m p a r t m e n t  con ta ins  l iqu id  Na~S s a t u r a t e d  w i th  
sol id  AgeS. If  t he  so lub i l i t i e s  of Cu~S and  Ag..,S in 
m o l t e n  Na.~S a re  suff ic ient ly  low, the  v i r t u a l  cel l  r e -  
ac t ion  on pas s ing  two  f a r a d a y s  m a y  be f o r m u l a t e d  
as 

2 C u ( s )  + AgeS(s )  = 2 A g ( s )  + CusS(s )  [27]  

u n d e r  neg lec t  of t r a n s f e r  of Na.~S b e t w e e n  d i f fe ren t  
c o m p a r t m e n t s  of cel l  ( X X I I ) .  

U n d e r  cond i t ions  i n v o l v i n g  an  a p p r e c i a b l e  so lu-  
b i l i t y  of Cu~S a n d  Ag ,S  in m o l t e n  Na,S, the  v i r t u a l  
cel l  r e a c t i o n  also i nvo lves  t r a n s f e r  of Na~S b e t w e e n  
d i f fe ren t  a c t i v i t y  l eve l s  and,  the re fo re ,  the  emf  of 
cel l  ( X X I I )  does  no t  g ive  d i r e c t l y  the  s t a n d a r d  f ree  
e n e r g y  change  of d i s p l a c e m e n t  r eac t i on  [27].  

To d e r i v e  a g e n e r a l  f o rmu la ,  cons ide r  t he  cel l  

A I A ( X ) ,  C ( X ) I C ( X ) ! C ( X ) , B ( X ) I B  ( X X I I I )  

w h e r e  t he  a u x i l i a r y  e l e c t r o l y t e  is l iqu id  C ( X ) .  The  
l e f t - h a n d  c o m p a r t m e n t  and  the  r i g h t - h a n d  com-  
p a r t m e n t  of eel1 ( X X I I I )  a re  supposed  to be  s a t u -  
r a t e d  w i t h  sol id  A ( X )  and  B ( X ) ,  r e spec t i ve ly .  The  
compos i t i on  of t h e  l i qu id  p h a s e  is a s s u m e d  to be  a 
s i n g l e - v a l u e d  func t ion  of d i s t a n c e  x f rom the  l e f t -  
h a n d  e l e c t r o d e  a t  x = 0. 

In  essence,  cel l  ( X X I I I )  consis ts  of two  ha l f  cells,  
one e x t e n d i n g  f r o m  x = 0 to x = L1 and  the  o the r  
one e x t e n d i n g  f r o m  x = L1 to x = L~ w h e r e  L1 is 
the  c oo rd ina t e  of a p l a n e  w i t h i n  the  m i d d l e  c o m -  
p a r t m e n t  con t a in ing  p u r e  C ( X ) ,  and  L~ is t h e  co-  
o r d i n a t e  of the  r i g h t - h a n d  e lec t rode .  

On pas s ing  c u r r e n t  across  cel l  ( X X I I I ) ,  A - i o n s  
a r e  f o r m e d  at  t he  l e f t - h a n d  e lec t rode ,  and  A- ions  
and  C- ions  a r e  t r a n s f e r r e d  in  t he  x d i rec t ion .  On 
the  r i g h t - h a n d  s ide  of cel l  ( X X I I I ) ,  B - i o n s  and  
C- ions  a r e  t r a n s f e r r e d  in the  x - d i r e c t i o n ,  and  B - i o n s  
a r e  r e d u c e d  to m e t a l  B. 

F r o m  the  f ree  e n e r g y  ba l a nc e  for  one f a r a d a y  i t  
fo l lows  t ha t  

(1/zA) [FA ..... (x  = O) - -  FA ~ 

+ (1/zA) ~ J r 1  t., (O F~ ..... /O x)  dx 
o 

+ (1/zo) f ~  t~ (o ~_,oJO x) dx 
o 

+ (1/zR) fL~ tB (OF, .... /0 x) dx 
L1 
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+ (1/zB) [F~ . . . .  (x  = L~) + F~ ~ = - - E F  [28] 

Us ing  Eqs. [16] and  [17] and  an  ana logous  e q u a -  
t ion  for  C ( X ) ,  one m a y  e l i m i n a t e  the  p a r t i a l  m o l a r  
f r ee  ene rg ie s  of the  ions f rom Eq. [28] and  ob ta in s  

[ ( 1 / z , )  (FA(x> ~  ~  (1/zB) (r ,(x) ~ 1 7 6  

+ Y ~  (tJz~) (0 F~(x~/O x) dx 
o 

+ fL~ (tc/z~ (0 Fc<x,/0 x) dx 
o 

+ f ~  (t3/z~) (0 :FB<x,/O x) dx 
L1  

L~ 

+ Y (tc/zr (0 F-o(x~/O x) dx = --EF [29] 
L 1  

F o r  t he  two  b i n a r y  sys t ems  A ( X ) - - C ( X )  and  
B ( X ) - - C ( X )  t h e  G i b b s - D u h e m  equa t i ons  r e a d  

NB,x, dF3,x, + Nc(x> dFc{x> = 0 [31] 

S u b s t i t u t i n g  Eqs. [30] and  [31] in  Eq. [29] and  
r eca l l i ng  t h a t  the  exp re s s ion  in  b r a c k e t s  in Eq. [29] 
is e q u a l  to t he  s t a n d a r d  f ree  e n e r g y  c h a n g e  AF ~ of 
the  d i s p l a c e m e n t  r e a c t i o n  f o r m u l a t e d  in Eq. [13] ,  
one ob ta in s  

AF ~ =EF 

z;~N A{x~ zcNc{:<} " 8x 

ZBNB(x) zoNe{x> Ox 

F o r  so lub i l i t i e s  of  A ( X )  and  B ( X )  l o w e r  t h a n  10 
mole  %, the  r e l a t i ons  for  d i l u t e  so lu t ions  

dF~(x, : RT d In N~{.~> 

dF-~x~ = RT d In NB(x~ 

m a y  be  used  as f a i r  a p p r o x i m a t i o n s .  
W r i t i n g  Eq. [32]  for  AF ~ in  t h e  g e n e r a l  f o r m  in 

Eq. [22],  one  finds f r o m  Eqs. [32] ,  [33a] ,  and  [335]  
t ha t  the  a d d i t i o n a l  t e r m  AF* r e s u l t i n g  f rom the  con-  
t r i b u t i o n  of t r a n s f e r e n c e  effects is 

AF -} ---- - -  RT y-<,r . . . .  
o 

I t ~  tA ] dNA(x) 
zcNc~x) z~N_~x> 

+ RT y~%r .... 
o 

zcNc(x) z3N~ (x) 

[33a]  

[335]  

w h e r e  N,~x~. ,.t and  N,(x,, ,at a r e  t h e  mo le  f rac t ions  of 
A ( X )  and  B ( X )  in  t h e  a u x i l i a r y  l i qu id  e l e c t r o l y t e  
s a t u r a t e d  w i t h  sol id  A ( X )  and  B ( X ) ,  r e spec t i ve ly .  

F o r  a n u m e r i c a l  eva lua t i on ,  we  a s s u m e  equa l  v a l -  
ences of t he  ca t ions  

zA = z ,  = Zo [35] 

Moreover ,  for  an  e s t i m a t e  of  t h e  o r d e r  of m a g n i -  
tude ,  w e  a s sume  a neg l ig ib l e  m o b i l i t y  of t he  anions  
and  deno te  the  r a t i o  of t he  m o b i l i t y  of ca t ions  A and  
B to t h a t  of C b y  ] ,  and  ]3. Thus  

uA ---- ]~u~ u3 = fBur Ux = 0 [36] 

H e n c e  in m i x t u r e s  of the  b i n a r y  s y s t e m  A ( X ) -  
C(X) 

t~ = [37] 

1 -- NA{x~ 
t~ : [ 3 8 ]  

and  in m i x t u r e s  of t he  b i n a r y  sys t ems  B ( X ) - C ( X )  

tB : [39]  
1 + ( ] , -  1)N,,x,  

1 - -  N3cx> 
to : [40]  

1 + (]%-- 1)NB(x) 

Upon  s u b s t i t u t i o n  of Eqs. [35] to [40]  in Eq. 
[34] ,  i t  fo l lows  t h a t  

AF* = (RT/zA) l n [1  + ( f , - -  1)N,r . . . .  ] 
--(RT/zA) l n [1  + ( ] ,  - -  1)N3,x, . . . .  ] [41 ]  

or  a p p r o x i m a t e l y ,  

AF* ~ (RT/zA) (:fA-- 1)NA,x~ . . . .  
-- (RT/zA) (I3 -- 1) N,,x~ .... 

i f  zA ---- zB : zc, N,(~> < < 1 ,  N,{x, < < 1  [42] 

A c c o r d i n g  to Eq. [42] the  v a l u e  of AF* is d e t e r -  
m i n e d  b y  two  t e r m s  w h i c h  a r e  p r o p o r t i o n a l  to t h e  
so lub i l i t i e s  of c o m p o u n d s  A ( X )  and  B ( X )  in the  
a u x i l i a r y  e l e c t r o l y t e  C ( X )  and  m o r e o v e r  p r o p o r -  
t i ona l  to t he  d i f fe rence  b e t w e e n  t h e  mob i l i t i e s  of 
ions  A and  C a n d  ions B and  C, r e spec t i ve ly .  

As an  i l l u s t r a t i v e  e x a m p l e ,  i t  is a s s u m e d  t h a t  zA : 
z~ = zc = 1, fA = 2, ]~ : 1, NA(x) . . . .  : 0.01, and  T : 
1000~ w h e r e u p o n  AF* is found  to b e  e q u a l  to 20 
cal.  F o r  mos t  purposes ,  such  a low v a l u e  is neg l ig i -  
b l e  b u t  the  t e r m  AF ~+ m a y  be  s igni f icant  if  one of the  
compounds  A ( X )  or  B (X)  has  a h i g h e r  so lub i l i t y  in 
t he  a u x i l i a r y  e l e c t r o l y t e  C ( X ) .  

T h e  fo rego ing  cons ide ra t i ons  also a p p l y  to ga l -  
van ic  cel ls  i n v o l v i n g  so l id  e l ec t ro ly te s .  Cel l  ( X X I )  
r e p r e s e n t s  a p a r t i c u l a r l y  s i m p l e  case, s ince  t h e  a u x -  
i l i a r y  e l e c t r o l y t e  (ZrO.~ + CaO)  is e s s e n t i a l l y  an  
an ion  conduc to r  due  to t he  p re sence  of  an ion  v a c a n -  
cies (47, 48) .  I f  none  of t h e  ca t ions  Zr  '+, Ca ~+, Nff +, 
and  Cu + has  a m o b i l i t y  c o m p a r a b l e  to t h a t  of o x y -  
gen  ions, pa s sage  of  c u r r e n t  does no t  r e su l t  in  t r a n s -  
fe r  of one of t he  ox ide  c ompone n t s  b e t w e e n  d i f fe r -  
en t  a c t i v i t y  leve ls  in t h e  e l ec t ro ly te .  Thus  the  v i r -  
t ua l  cell  r e a c t i o n  is g i v e n  b y  the  g e n e r a l  Eq. [13] 
r e g a r d l e s s  of the  m a g n i t u d e  of t he  s o l u b i l i t y  of t he  
ox ides  a t  t he  e l ec t rodes  in  t h e  a u x i l i a r y  e l e c t r o l y t e  
(ZrO~ + C a O ) .  

y L 

+ (1/z~) t~, (o F-[_,oo/O x)  dz  
L 1  
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Another  cell involving a l iquid aux i l i a ry  e lect ro-  
ly te  is the  cell  

borate  melt,  bora te  borate  melt,  C u ( s )  
Ni (s )  NiO (s) mel t  Cu~O (s) 

( x x i v )  

The v i r tua l  cell react ion on passing two fa radays  
is 

2Ni(s)  + Cu~O(s) = 2Cu(s)  + NiO(s)  [43] 

if the solubil i t ies of NiO and Cu,O in the bora te  mel t  
are  sufficiently low so tha t  the difference in compo- 
sition of the e lect rolyte  on the l e f t -hand  and the 
r igh t -hand  side of the cell can be disregarded.  

A calculat ion of the  t e rm  AF * accounting for 
t ransference effects in the genera l  Eq. [22] is more 
involved than  for ceil  (XXII I )  since the  aux i l i a ry  
e lec t ro ly te  involves two components,  Na,O and B~O~. 
On the l e f t -hand  side of cell (XXIV) there  is, 
therefore,  a l iquid junct ion potent ia l  for the t e r na r y  
system NiO-Na=O-B~O,. Thus the  emf of cell 
(XXIV) is not comple te ly  defined by the composi-  
t ion of the te rmina l  solutions next  to the electrodes 
but  also depends on the t r a jec to ry  in the Gibbs t r i -  
angle NiO-Na~O-B~O~ for the transition from the 
electrolyte next to the left-hand electrode to the 
electrolyte in the middle compartment, and likewise 
on the trajectory in the Gibbs triangle Cu20-Na~O- 
B~O, for the transition from the electrolyte in the 
middle compartment to the electrolyte next to the 
right-hand electrode. This is essentially the same 
situation found in ternary aqueous solutions where 
a liquid junction potential may correspond to the 
Planek formula, to the Henderson formula, or other 
formulas, depending on the experimental conditions 
provided for establishing a liquid junction (49). 

In addition, one may consider auxiliary electro- 
lytes which have the cation in common with the 
compound of the less noble metal of the pair A-B, 
e.g., (18) 

Pb(s) IPbCI2(s)IPbS(s), AgeS (s), Ag(s) (XXV) 

where PbCl~ shows predominantly ionic conduction 
and the right-hand electrode is an intimate mixture 
of PbS, AgeS, and Ag. Thus the virtual cell reaction 
on passing two faradays is 

Pb(s) -5 AgeS(s) : 2Ag(s) + PbS(s) [44] 

Treadwell, Ammann, and Z~rrer (14) have in- 
vestigated cells analogous to cell (XXV) in order to 
determine the free energy change of the reaction 

3MgO ~ 2A1 ~ A120~ -5 3Mg [45] 

but  the format ion of the spinel phase MgAI~O, may  
in ter fere  wi th  the main reaction. 

Similar ly ,  d isplacement  react ions between com- 
pounds of meta l  A wi th  different  nonmeta ls  may  be 
invest igated,  e.g., 

PbI~(s) + Cl~(g) : PbCl~(s) -5 I~(g) [46] 

Appropr ia t e  cells may  be devised by  using the 
same principles  as for meta l  d isplacement  reactions. 
In  general ,  cells of this  type  do not  seem recom- 
mendab le  since use of gas electrodes is inconvenient.  
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Conclusions 

In the foregoing sections, different types of gal- 
vanic cells have been listed. A careful selection of 
the most promising type is necessary because the 
relation between emf and AF stated in Eq. [i] never 
holds rigorously, but is an approximation. The most 
important deviations are due to the following rea- 
sons. 

i. Electronic conduction may occur in addition to 
ionic conduction. A more elaborate relation between 
E and AF has been stated in Eq. [6] for cells of 
type (I). Similar equations may be derived for 
other types of cells. By and large, interference due 
to electronic conduction is more serious with solid 
than with liquid electrolytes. 

2. In view of mutual solubility, reactants and 
reaction products may not be present in their stand- 
ard states. If the solubilities are known, correction 
terms may be estimated in order to obtain standard 
free energ:~ ~:hanges. Reference is made to recent 
calculations for Cu~S (50). 

3. If the solubility of reactants and reaction prod- 
ucts in solid or liquid electrolytes is not negligible, 
the virtual cell reaction also involves transfer of the 
components of the electrolyte between different 
activity levels which have to be considered in the 
thermodynamic evaluation, e.g., Eq. [22]. A rigorous 
evaluation requires numerical values of the trans- 
ference numbers as a function of the composition of 
the electrolyte. Unfortunately, these values are diffi- 
cult to obtain. 

As a rule, solubilities in solid electrolytes are 
lower than in liquid electrolytes. Cells involving 
solid electrolytes have, therefore, some merits in 
comparison to cells involving liquid electrolytes, but 
it must be ascertained that the error resulting from 
electronic conduction is sufficiently low when a 
solid electrolyte is used. 

This survey has been used as a basis for the selec- 
tion of cells which were considered to be particu- 
larly promising for the determination of standard 
molar free energies of formation of metallurgically 
important compounds at elevated temperatures. 

In a separate paper (18) results of emf measure- 
ments on galvanic cells involving solid electrolytes 
are presented. Therefrom the standard molar free 
energies of formation of CoO, NiO, Cu=O, AgeS, 
Ag=Se, PbS, and several phases of the system Ag-Te 
have been deduced. Experimental investigations 
have been made exclusively with solid electrolytes 
in order to show new potential uses, but further in- 
vestigations on cells involving liquid electrolytes are 
likewise desirable. To obtain reliable results, it will 
be necessary to determine solubilities of the re- 
actants and reaction products in liquid electrolytes 
for an estimate of the contribution of transference 
effects with the help of formulas derived above. 

Emf measurements may be considered especially 
for the investigation of compounds which are diffi- 
cult to reduce by means of hydrogen or carbon mon- 
oxide and, therefore, do not lend themselves readily 
for gas equilibrium investigations. Treadwell and 
his associates (14, 26, 30) have shown the useful- 
ness of emf measurements in the case of magnesium 
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oxide, a l u m i n u m  oxide, and  a l u m i n u m  chloride.  
Adap t ion  of emf m e a s u r e m e n t s  to t h e r m o d y n a m i c  
inves t iga t ions  on t i t a n i u m  and  z i r con ium compounds  
m a y  be possible. Use of emf m e a s u r e m e n t s  for t he r -  
m o d y n a m i c  inves t iga t ions  on the  sys tem u r a n i u m -  
oxygen  has been  discussed in  a separa te  repor t  (51).  

Manuscript  received August  9, 1956. The paper is 
based on a thesis submit ted by Kalevi  Kiukkola  in 
part ial  fulfi l lment of the requirements  for the D.Sc. 
degree, Massachusetts Inst i tute  of Technology. Work 
was done under  Contract AT (30-1)-1002 with the 
U.S.A.E.C. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1957 
JOURNAL. 

REFERENCES 

1. R. Lorenz, Die Elektrolyse geschmolzener Salze, 
Vol. 3, Knapp, Halle (1906). 

2. M. Katayama,  Z. physik .  Chem., 61, 566 (1908). 
3. H. Reinhold, Z. anorg, u. allgem. Chem., 171, 181 

(1928). 
4. E. J. Salstrom and J. H. Hildebrand,  J. Am.  Chem. 

Soc., 52, 4650 (1930). 
5. E. J. Salstrom, ibid., 55, 4426 (1936). 
6. E. J. Salstrom, ibid., 56, 1272 (1934) ; E. J. Salstrom, 

T. J. Kew, and T. M. Powell, ibid., 58, 1848 (1936). 
7. G. Grube and E. A. Rau, Z. Elektrochem.,  40, 352 

(1934). 
8. U. Croatto and C. Bruno, Ricerca Sci., 17, 1998 

(1947). 
9. R. Lorenz and M. G. Fox, Z. physik .  Chem., 63, 

109, 121 (1908). 
10. R. Lorenz and H. Velde, Z. anorg, u. allgem. Chem., 

183, 81 (1929). 
11. J. H. Hi ldebrand and A. Wachter, J. Am.  Chem. 

Soc., 52, 4655 (1930). 
12. J. H. Hi ldebrand and G. C. Ruhle, ibid., 49, 722 

(1927). 
13. E. J. Salstrom and J. H. Hildebrand,  ibid., 52, 4641, 

4650 (1930). 
14. W. D. Treadwell,  A. Ammann,  and Th. Ziirrer, 

Helv.  Chim. Acta,  19, 1255 (1936). 
15. C. Wagner,  Z. phys ik .  Chem., B32, 447 (1936). 
16. W. Jost and K. Weiss, Z. phys ik .  Chem. N. F., 2, 112 

(1954). 
17. C. Wagner,  Z. physik .  Chem., B21, 25 (1933). 
18. K. Kiukkola  and C. Wagner,  J. Electrochem. Soc., 

to be published. 
19. C. Wagner,  Z. Elektrochem.,  60, 4 (1956); Proc. 

Internat .  Committee of Electrochemical Thermo- 
dynamics and Kinetics, 1956. 

20. J. B. Wagner and C. Wagner,  J. Chem. Phys. ,  June  
1957. 

21. C. Wagner  and W. Traud, Z. Elektrochem. ,  44, 391 
(1938). 

22. K. Nagel, ibid., 44, 637 (1938); E. Lange and K. 
Nagel, ibid., 44, 792, 856 (1938). 

23. I. M. Kolthoff and C. S. Miller, J. A m .  Chem. Soc., 
62, 2171 (1940). 

24. L. Wolff, Z. ElektTochem., 20, 19 (1914). 
25. R. H. Gerke, J. Am.  Chem. Soc., 44, 1684 (1922). 
26. W. D. Treadwell  and L. Terebesi, Helv.  Chim. Acta,  

18, 103 (1935). 
27. D. G. Hill and R. Porter, AEC Report Contract AT- 

(40-1)-1526, Sept. 15, 1953. 
28. W. D. Treadwell,  Z. Elektrochem.,  22, 414 (1916). 
29. H. Reinhold, ibid., 40, 361 (1934). 
30. W. D. Treadwell  and L. Terebesi, Helv.  Chim. Acta,  

16, 922 (1933). 
31. F. Haber  and  S. Tolloczko, Z. anorg. Chem.,  41, 407 

(1904). 
32. B. A. Rose, G. J. Davis, and H. J. T. Ell ingham, 

Disc. Faraday Soc., 4, 154 (1948). 
33. A. Sator, Compt. rend., 234, 2283 (1952). 
34. R. Suchy, Z. anorg. Chem.,  27, 152 (1901). 
35. G. Tammann,  Z. anorg, u. allgem. Chem., 133, 267 

(1924). 
36. L. Holub, F. Neubert,  and F. Sauerwald, Z. physik .  

Chem., A174, 161 (1935). 
37. R. Lorenz, ibid., 130, 39 (1927). 
38. R. Lorenz and F. Michael, ibid., A137, 1 (1928). 
39. F. Oppenheimer,  Z. anorg, u. allgem. Chem., 189, 

297 (1930). 
40. K. E. Schwarz, Z. Elektrochem. ,  45, 740 (1939); 

47, 144 (1941). 
41. D. F. Smith and H. K. Woods, J. Am.  Chem. Soc., 

45, 2632 (1923). 
42. C. G. Maier, G. S. Parks, and C. T. Anderson, ibid., 

48, 2564 (1926). 
43. C. G. Maier, ibid., 51, 194 (1929). 
44. A. A. Noyes and E. S. Freed, ibid., 42, 476 (1920). 
45. I. A. Makolkin, Zhur. Fiz. Khim.,  16, 13, 18 (1942). 

46. J. R. Coates, A. G. Cole, E. L. Gray, and N. D. Faux, 
J. Am.  Chem. Soc., 73, 707 (1951). 

47. C. Wagner, Naturwissenschaf ten,  31, 265 (1943). 
48. F. Hund, Z. physik .  Chem., 199, 142 (1952). 
49. D. A. MacInnes, The Principles of Electrochemistry, 

pp. 226 ft., Reinhold Publ ish ing Corp., New York 
(1939). 

50. J. B. Wagner  and C. Wagner,  This Journal, 1957. 
51. C. Wagner,  "Thermodynamics  of the System Urani-  

um-Oxygen",  AEC Report WAPD-144, July  23, 
1955. 



Technical Notes @ 
Growth of Silicon Crystals by a Vapor Phase 

Pyrolytic Deposition Method 

Hughes Aircraft Company, 

A s t u d y  has  been  m a d e  of the  f e a s i b i l i t y  of g r o w -  
ing  Si c ry s t a l s  b y  the  r e a c t i o n  of gaseous  SiBr ,  w i t h  
H~ at  t he  su r faces  of hot  Si seed  f i l aments  (1) .  The  
i m m e d i a t e  ob j ec t i ve  has  been  to p r o d u c e  depos i t s  of 
a p u r i t y  and  a c r y s t a l  pe r f ec t i on  suff icient  for  s e m i -  
conduc to r  dev ice  purposes .  A n  u l t i m a t e  o b j e c t i v e  
has  been  the  depos i t i on  of a r b i t r a r y ,  complex ,  p-n 
j u n c t i o n  s t r uc tu r e s  b y  con t ro l  of t h e  t y p e s  and  
a m o u n t s  of i m p u r i t i e s  d e l i b e r a t e l y  i n t r o d u c e d  into  
t he  process  gas  s t r eam.  This  is a p a r t i a l  r e p o r t  cov -  
e r ing  the  m o r e  i n t e r e s t i n g  o b s e r v a t i o n s  and  resu l t s .  

S iBr ,  has  been  p r o d u c e d  b y  r eac t i on  of Br= w i t h  
ho t  Si (2)  and  has  been  pur i f i ed  b y  f r a c t i o n a l  d i s -  
t i l l a t i on  and  c h r o m a t o g r a p h i c  a d s o r p t i o n  t echn iques .  
The  p r o d u c t  n o r m a l l y  used  was  s p e c t r o g r a p h i c a l l y  
p u r e  acco rd ing  to H a r v e y ' s  s e m i q u a n t i t a t i v e  m e t h -  
od (3 ) .  

The  depos i t i on  r e a c t i o n  has  been  a s sumed  to be  

2H~(g) 4-- S i B r , ( g )  ~ S i ( s )  -4- 4 H B r ( g )  

C o m p u t a t i o n s  based  on d a t a  in  the  l i t e r a t u r e  (4)  
g ive  for  th is  r e a c t i o n  •  ~ ~ 50.4 -+ 1.2 k c a l / m o l e  
in  the  r a n g e  0~176 a n d  ind ica t e  t h a t  AF ~ is 
f a v o r a b l e  above  a b o u t  1000~ This  r eac t i on  has  
been  s t ud i ed  in the  a p p a r a t u s  shown  in Fig.  1. 

Description of Apparatus 
Pur i f i ed  H._, and  H e - - c l e a n ,  d r y  and  o x y g e n - f r e e - -  

a re  s u p p l i e d  to the  depos i t i on  a p p a r a t u s  of Fig.  1 
f rom o t h e r  e q u i p m e n t  not  shown.  H e  is u sed  to 
f lush the  a p p a r a t u s  be fo re  and  a f t e r  the  runs .  D u r -  
ing  the  runs ,  p a r t  of t he  pur i f i ed  H~ is b u b b l e d  
t h r o u g h  the  bo i l ing  S iBr ,  in the  "pot . "  The  r e s u l t i n g  
H~-SiBr~ m i x t u r e  is s t r i p p e d  down  to a k n o w n  con-  
c e n t r a t i o n  in the  t h e r m o s t a t e d  " s t r i p p i n g  con-  
dense r . "  The  r e m a i n i n g ,  m a k e - u p  H~ is a d d e d  to t he  
gas e m e r g i n g  f r o m  the  condense r  to p r o d u c e  the  d e -  
s i red  r e a c t i o n  m i x t u r e .  This  m i x t u r e  passes  t h r o u g h  
a glass  t ube  sys tem,  h e a t e d  to p r e v e n t  condensa t ion ,  
in to  the  r e a c t i o n  tube .  The  gas passes  first  ove r  a 
hot  (1100~176 Ta i m p u r i t y - s c a v e n g i n g  f i la-  
m e n t  and  t h e n  ove r  t h e  Si  f i l ament .  The  effluent  
gases  t hen  e n t e r  m o r e  a p p a r a t u s  no t  shown  he re  
and  a re  d i sposed  of. 

The  Si  f i l aments  a r e  0.02-0.06 in. (0.5-1.5 m m )  
th ick ,  0.05-0.10 in. (1.25-2.5 m m )  wide ,  and  1.5-2.5 
in. (3.7-6.2 m m )  long.  T h e y  a re  m o u n t e d  on the  
p o w e r  l eads  b y  Ni  a n d  Ta  w i r e  loops  a n c h o r e d  to 
t he  ends  of the  f i l aments  b y  b u n d l e s  of t i g h t l y  
wound,  fine Ta  wire .  G l a s s - t o - m e t a l  seals  a re  used  

1 P r e s e n t  a d d r e s s :  T e x a s  I n s t r u m e n t s  I n c o r p o r a t e d ,  6000 L e m m o n  
A v e n u e ,  Dal las ,  Texas.  

R. C. Sangster, I E. F. Maverick, and M. L. Croutch 
Research and Development Department, Semiconductor Division, 

Culver City, California 
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for  t he  two  c e n t r a l  p o w e r  leads .  The  two  end  p o w e r  
l eads  consis t  of h e a v y  t u n g s t e n  wi re s  s l id ing  in 
c lose - f i t t ing  c a p i l l a r y  tubes .  Bi ts  of " T a c k i w a x "  
p r o v i d e  a f l ex ib le  sea l  b e t w e e n  the  w i re s  and  the  
capillaries. Spring tension applied to the tungsten 
leads keeps the filaments taut. The filament power 
supplies each consist of a Variac, a rheostat, and an 
ammeter, in series. The rheostat is necessary in the 
case of the Si filaments because of the negative re- 
sistance characteristics of Si. The useful filament 
temperature range is II00~176 Below II00~ 
the reaction yield drops off rapidly. Above 1350~ 
difficulties due to the alloying of Si and Ta are 
encountered. 

The filament temperatures can be measured optic- 
ally with a precision of •176176 The precision 
of setting and determining the H~ flow rates is 
--+2.5%, and the SiBr~ concentration • 

Semi-Empirical Analysis of the Deposition Process 
Basic phenomena.--The bas ic  p h e n o m e n a  d e t e r -  

m i n i n g  the  p h y s i c a l  n a t u r e  of t he  depos i t  s eem to be  

GLASS R O D ~  
RACK 

LEAD 

SILICON F ILAMEN]~  

REACTION TU BE- -~  

UP HYDROGEN IN 

TANTALUM FILAMENT-- 
~HEATING TAPE- 

(.3 

-TO GAS 
DISPOSAL 
SYSTEM 

HYDROGEN ~,~ 
~"~ - OUT ~ H20 

POWER LEADS 
~ L . / f ~  THERMOMETER wELL 

~ S I L I C O N  TETRABROMIDE 
\ ~ , ,  "POT" (200  ml 

HEAT NG MANTLE~.~ ,~  

TO VARIAC 

Fig. 1. Deposition apparatus 
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the  fo l lowing :  (a )  c o m p e t i t i v e  n u c l e a t i o n  r a t e s  for  
o r i e n t e d  and  d i s o r i e n t e d  g rowth ;  (b)  m o b i l i t y  of t he  
a toms  on the  su r f ace  of t h e  depos i t ;  ( c ) r a t e  of d e -  
pos i t i on  of t he  St; a n d  (d )  t u r b u l e n c e  and  i n h o m o -  
g e n e i t y  of t h e  p rocess  gas a t  t he  su r f ace  of t he  
f i l ament .  

N u c l e a t i o n  for  d i s o r i e n t e d  g r o w t h  obv ious ly  m u s t  
be  s u p p r e s s e d  w h e n  m o n o c r y s t a l l i n e  depos i t s  a r e  
des i red .  The  m o b i l i t y  of t he  a toms  on the  su r f ace  
of the  depos i t  shou ld  be such t h a t  an  a t o m  can  ge t  
to a n o r m a l  su r f ace  l a t t i ce  s i te  be fo re  the  n e x t  
l a y e r  of a toms  is depos i t ed ,  b u t  no t  so h igh  t ha t  
m a n y  can  be a t t r a c t e d  to reg ions  of i nc ip i en t  dis-  
o r i e n t e d  or  d e n d r i t i c  g rowth .  T h e  depos i t i on  r a t e  
shou ld  be  such  t h a t  a toms  a re  s u p p l i e d  as r a p i d l y  as 
the  g r o w i n g  c r y s t a l  can  accep t  them,  b u t  not  so fas t  
t h a t  n u c l e a t i o n  for  p o l y c r y s t a l l i n e  g r o w t h  is f a v -  
ored,  or  so s low t h a t  the  a toms  h a v e  a chance  to 
m i g r a t e  v e r y  fa r  be fo re  the  n e x t  l a y e r  is p u t  down.  
The  t u r b u l e n c e  of the  p rocess  gas  m u s t  be  h igh  
enough  to i n su re  r e a s o n a b l y  t h o r o u g h  con tac t  w i t h  
the  f i l amen t  surfaces ,  b u t  no t  so h igh  as to l e ad  to 
p r o n o u n c e d  i n h o m o g e n e i t y  n e a r  t he  sur faces ;  such  
i n h o m o g e n e i t y  can  p r o d u c e  loca l  a r ea s  of e i t he r  h igh  
or  low depos i t i on  r a t e  and  can o t h e r w i s e  f a v o r  d i s -  
o r i e n t e d  or  n o n u n i f o r m  growth .  

Effects o5 process variables.--Proper p r e t r e a t m e n t  
of t h e  Si seed su r face  is n e c e s s a r y  if  o r i e n t e d  g r o w t h  
is to be  ob ta ined .  C h e m i c a l  e t ch ing  is d e s i r a b l e  for  
p r o d u c i n g  a supe r f i c i a l ly  c l ean  surface ,  b u t  a l l  such  
t echn iques  a p p a r e n t l y  l eave  an  ox ide  f i lm w h i c h  
m u s t  be d e s t r o y e d  be fo re  depos i t i on  is begun .  F o r  
th is  p u r p o s e  the  on ly  successfu l  t e c h n i q u e  t h a t  has  
been  found  is p r e h e a t i n g  in  a s t r e a m  of p u r e  H~ for 
30-60 min  a t  1275~ 

The  p u r i t y  of t he  SiBr~ affects d i r e c t l y  t he  c h e m -  
ica l  p u r i t y  a n d  t h e r e f o r e  t h e  e l e c t r i c a l  p r o p e r t i e s  
of t he  depos i t ;  e q u a l l y  i m p o r t a n t ,  h o w e v e r ,  is t he  
fac t  t h a t  s o m e  i m p u r i t i e s  can  m a k e  i t  imposs ib l e  to 
o b t a i n  m o n o c r y s t a l l i n e  deposi ts .  Moreover ,  even  
w h e n  clean,  dry ,  o x y g e n - f r e e  H~ a n d  h i g h l y  p u r i -  
fied SiBr~ a re  used,  i t  is s t i l l  n e c e s s a r y  to u s e  a ho t  
Ta  s caveng ing  f i l amen t  for  f u r t h e r  pu r i f i ca t ion  of 
t he  gas. 

The  t h e r m o d y n a m i c  effects of t he  f i l ament  t e m -  
p e r a t u r e  are,  of course ,  bas ic  to t h e  e n t i r e  process .  
In  add i t ion ,  t e m p e r a t u r e  affects t he  p h y s i c a l  n a t u r e  
of the  depos i t  t h r o u g h  i ts  inf luence on the  r a t e s  of 
nuc l ea t i on  and  on the  m o b i l i t y  of the  a toms  on the  
su r f ace  of the  deposi t .  Nuc l ea t i on  for  d i s o r i e n t e d  
g r o w t h  is f a v o r e d  b y  the  h i g h e r  t e m p e r a t u r e s ;  the  
m o b i l i t y  of the  a toms  is inc reased .  

The  effects of c h a n g e s  in t h e  SiBr~ c o n c e n t r a t i o n  
a r e  caused  p r i m a r i l y  b y  changes  in the  r a t e  a t  w h i c h  
the  Si is depos i ted .  The  a c c o m p a n y i n g  v a r i a t i o n  in 
the  t o t a l  a m o u n t  of Si w h i c h  h a p p e n s  to be d e -  
pos i t ed  in a g iven  r u n  is i m p o r t a n t  on ly  s econda r i l y .  
In general, dendrite formation is suppressed and de- 
posit uniformity favored by the higher SiBr4 con- 
centrations. 

Longer running times lead to the deposition of 
more material, other conditions being equal. When- 
ever the total amount of the deposit increases, char- 
acteristic changes occur. The deposits become 
thicker; dendrites, if present, grow larger; the 

s m a l l e r  d e n d r i t e s  a r e  c r o w d e d  out  b y  the  l a r g e r ;  and  
t h e r e  a r e  m o r e  o p p o r t u n i t i e s  in  g e n e r a l  for  d i s -  
o r i e n t e d  g rowth .  

The  mos t  i m p o r t a n t  effects of t he  p rocess  gas 
flow r a t e  a r e  due  to t he  t u r b u l e n c e  and  inhomo-  
g e n e i t y  of t he  gas  phase .  T h e  h i g h e r  t he  f low ra te ,  
t he  g r e a t e r  t he  t u r b u l e n c e ,  and  the  m o r e  dend r i t i c  
t he  deposi t .  H o w e v e r ,  w i t h  t h e  compos i t i on  of t h e  gas  
p h a s e  he ld  cons tan t ,  t he  h i g h e r  flow ra t e s  also i n -  
vo lve  h i g h e r  Si  depos i t i on  ra tes ,  and  th is  t ends  to 
coun t e r ac t  some of the  effects of the  i n c r e a s e d  t u r b -  
u lence .  

In  t he  case  of the  r e a c t i o n  c h a m b e r  d i a m e t e r ,  
t u r b u l e n c e  is aga in  the  i m p o r t a n t  fac tor .  The  l a r g e r  
d i a m e t e r s  l e ad  to g r e a t e r  ef fec t ive  t u r b u l e n c e  a t  t he  
f i l amen t  sur face .  This  is in  d i r e c t  c o n t r a s t  to t he  
n o r m a l  e x p e c t a t i o n  t h a t  a cons t an t  v o l u m e  flow r a t e  
a n d  a l a r g e r  d i a m e t e r  w i l l  y i e l d  a less  t u r b u l e n t  
flow. The  t h e r m a l  convec t ion  effects ex i s t i ng  in t he  
depos i t i on  c h a m b e r  compl i ca t e  m u c h  of t he  r e a s o n -  
ing abou t  t u rbu l ence .  

W i t h  r e g a r d  to pos i t i on  on t h e  f i l ament ,  t h e  d e -  
posi ts  on the  l o w e r  po r t i ons  of t he  f i l aments  a r e  
cooler,  t h i cke r ,  and  u s u a l l y  m o r e  i m p u r e  t h a n  those  
h i g h e r  up.  

Results 

Depos i t s  of Si on Si  seed  f i l aments  h a v e  been  p r o -  
d u c e d  w i t h  p r o p e r t i e s  a d e q u a t e  for  e x p e r i m e n t a l  
dev ice  p u r p o s e s  (see Fig.  2 and  3) .  Bo th  m e t a l l o -  
g r aph i c  sec t ion ing  and  x - r a y  d i f f rac t ion  t echn iques  
show tha t  t he  bes t  depos i t s  h a v e  the  s a m e  o r i e n t a -  
t ion  as the  ba se  f i laments .  T h e r e  a r e  on ly  f a in t  i n d i -  
ca t ions  of the  junc t ions  b e t w e e n  the  seeds  a n d  the  
deposi ts ,  and  t h e r e  is r e l a t i v e l y  l i t t l e  i nd i ca t i on  of 
l i neage  s t ruc tu re .  The  depos i t ed  Si  is n o r m a l l y  n -  
type ,  w i t h  a r e s i s t i v i t y  in  t h e  r a n g e  1-100 o h m - c m ,  
as c o m p u t e d  f r o m  the  r e su l t s  of t w o - p o i n t  p r o b e  
m e a s u r e m e n t s  on  the  f i l amen t  be fo re  and  a f t e r  d e -  
posi t ion.  The  ex i s t ence  of  p-n j unc t ions  b e t w e e n  n -  
t y p e  depos i t s  a n d  p - t y p e  seeds  m a k e s  i t  poss ib le  to 
a p p l y  G u d m u n d s e n ' s  (1)  m i c r o - o p t i c a l  p r o b e  t e c h -  
n ique  to m e a s u r e  t he  m i n o r i t y  c a r r i e r  l i fe t imes .  The  

Fig. 2. Part of a metallographic cross section of the first filament 
produced with a reasonably uniform, oriented deposit. The deposit 
is about 0.010 in. (0.25 ram) thick at the lower right. The area 
toward the upper right represents part of the original seed. Several 
characteristic structures are present: a layer of inclusions at the 
seed-deposit interface, propagation of seed structures into the de- 
posit, and lineage and polycrystalline regions in the deposit proper. 
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Fig. 3. Part of a metallographic section of a very good filament. 
The seed is at the left, the deposit at the right. The total width of 
the picture corresponds to about 0.003 in. (0.075 mm). Most of the 
apparent imperfections are surface scratches and grain. 

lifetimes found for the deposits range from 0.i to 
1 /~sec. 

O p t i m u m  cond i t ions  for  the  f o r m a t i o n  of these  
depos i t s  i nvo lve  S iBr ,  concen t r a t i ons  in  t he  r a n g e  
0.6-1.0 mo le  %, t o t a l  H~ flow r a t e s  of a b o u t  1.5 
1/min,  and  f i l amen t  t e m p e r a t u r e s  in  the  r a n g e  
1100~176 w h e n  a r e a c t i o n  c h a m b e r  w i t h  a 25 
m m  i n n e r  d i a m e t e r  is used.  U n d e r  these  cond i t ions  
0.005-0.010 in. (0.125-0.25 r am)  of S i / h r  is depos i t ed .  

Depos i t s  can  also be o b t a i n e d  on bo th  Si and  Ta  
f i l aments  in the  fo rm of d e n d r i t e s  w h i c h  have  la rge ,  
w e l l - f o r m e d ,  p y r a m i d a l  endcaps ,  w i t h  face  edges  
0.01-0.02 in. (0.25-0.5 m m )  long.  I n d i v i d u a l  d e n d -  
r i t e s  of th is  so r t  m i g h t  be  use fu l  in  some p o i n t -  
con tac t  dev ices .  O p t i m u m  r e a c t i o n  cond i t ions  for  
the  f o r m a t i o n  of th is  t y p e  of depos i t  a r e  a SiBr~ con-  
c e n t r a t i o n  of a b o u t  0.3 m o l e  %, a t o t a l  H~ flow r a t e  
of 1-1.5 1/min,  and  a f i l amen t  t e m p e r a t u r e  of 
1275~ w i t h  a r e a c t i o n  t u b e  h a v i n g  a 25 m m  i n n e r  
d i a m e t e r .  

A b o v e  a p p r o x i m a t e l y  l l 0 0 ~  a b o u t  40% of the  
i n p u t  SiBr~ r eac t s  to depos i t  Si, w i t h  no a p p a r e n t  
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d e p e n d e n c e  on the  t e m p e r a t u r e  and  w i t h  r e l a t i v e l y  
l i t t l e  on the  o t h e r  r e a c t i o n  condi t ions ,  w i t h i n  the  
r anges  covered .  T h e r e  a p p e a r s  to be  a m a x i m u m  in 
the  r a t e  of depos i t i on  vs. c o n c e n t r a t i o n  c u r v e  at 
a b o u t  0.6-0.7 m o l e  % SiBr~. 
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S e v e r a l  r e c e n t  p a p e r s  (1 ,3 )  have  e x p r e s s e d  the  
i dea  t h a t  t he  r a t e  of d i r ec t  c o m b i n a t i o n  of h y d r o g e n  
a toms  on a c a thode  su r f ace  is too s low to s u p p o r t  
c u r r e n t s  of m o r e  t h a n  10 -1 a m p / c m  ~. In  consequence ,  
r e m o v a l  of a tomic  h y d r o g e n  f r o m  the  su r face  w o u l d  
have  to occur  b y  an  a l t e r n a t i v e  m e c h a n i s m ,  specif i -  

ca l ly  the  e l e c t r o c h e m i c a l  c o m b i n a t i o n  of an  a d s o r b e d  
a t o m  and  a h y d r o n i u m  ion. H o w e v e r ,  ca l cu la t ions  
i nd i ca t e  t h a t  t he  r a t e  of d i r ec t  a tomic  c o m b i n a t i o n  
is g r e a t  enough  to s u p p o r t  e x t r e m e l y  h igh  c u r r e n t  
dens i t ies .  These  ca l cu l a t i ons  a n d  some conclus ions  
d r a w n  f r o m  t h e m  a p p e a r  be low.  
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The ra te  of comb ina t i on  of h y d r o g e n  a toms on a 
surface  m a y  be expressed  as fol lows 

r = K ( k T / h )  H ~ ( f * / F ~ )  exp - - A H o / R T  (I)  

whe re  r is the  n u m b e r  of combina t ions /cm~/sec ,  
( k T / h )  is the  E y r i n g  f r e q u e n c y  factor,  H is the  
n u m b e r  of h y d r o g e n  a toms / cm:  of surface,  ]* is the 
pa r t i t i on  func t i on  of the  ac t iva ted  complex,  f ,  is the 
pa r t i t i on  func t ion  of the  h y d r o g e n  atom, AHo is the 
heat  of ac t iva t ion  at  0~ and  K is the  t r ansmis s ion  
coefficient. The d imens ions  of f*/~f:, exp- -AHo/RT are 
cm~-molecu le /a tom:  and  the  t e rm  is equa l  to e x p -  
G * / R T  ~ K ~ H * / H  ~, where  G* is the free ene rgy  
of ac t iva t ion  and  H* refers  to the ac t iva ted  complex.  

Values  for the  pa r t i t i on  func t i on  depend  on the 
mob i l i t y  of the atoms, i.e., for  i m m o b i l e  a toms the re  
are no ro t a t i ona l  or t r a n s l a t i o n a l  con t r ibu t ions .  
Since v i b r a t i o n a l  pa r t i t i on  func t ions  are  of the  order  
of u n i t y  at room t empera tu r e ,  the  ra t io  of pa r t i t i on  
func t ions  in  this case is a p p r o x i m a t e l y  un i ty .  

For  mobi le  h y d r o g e n  atoms, as in  a t w o - d i m e n -  
s ional  m o n a t o m i c  gas, the  pa r t i t i on  func t ions  i n -  
c lude t r a n s l a t i o n a l  t e rms  on ly  since these mobi le  
h y d r o g e n  atoms have  2 degrees of t r a n s l a t i o n  f ree-  
dom and  no  modes of ro t a t iona l  or v ib r a t i ona l  f r ee -  
dom. There fore  (5) 

f ,  : 2 ~ m k t / h  ~ 

where  m is the mass  of a hyd rogen  atom. 
The  ac t iva ted  complex  has two degrees of t r a n s -  

l a t iona l  f reedom and  only  one mode  of ro ta t ion ,  
since the o ther  ro t a t i ona l  mode of this  l i nea r  mo le -  
cule wou ld  be n o r m a l  to the surface.  The n o r m a l  
mode of v i b r a t i o n a l  f reedom of this  d ia tomic  mole -  
cule is replaced  by  t r a n s l a t i o n  in  the coordina te  of 
decomposi t ion.  There fo re  

~* : (4 ~r m k t / h  ~) (4 v ~ k t  ~ m / h  ~) '/~ 

is the d i s tance  b e t w e e n  centers  of the  a toms in  
the ac t iva ted  state,  he re  t aken  as 0.74 • 10-' cm. 
Therefore ,  in  the  case of a mob i l e  a tom the  ra t io  of 
pa r t i t i on  func t ions  is equa l  to 2 ~ h / ( m k t )  '/~. The 
ove r - a l l  equa t ions  can t h e n  be expressed  as 

r ........ : ( k T / h )  ~ H'-' [ h / ( m k t ) ~ / ~ ]  exp- -AHo/RT 
= H ~ ~ ( k T / m )  '/~ exp - - A H o / R T  ( I Ia)  

The t e r m  H:c~ ( k T / h )  ~/~ is equa l  to the  coll ision 
n u m b e r ,  as it  should  be. 

r . . . . . . . . . .  = ( k T / h )  H ~ ( S / 2 L )  exp- -AHo/RT ( I Ib)  

where  S is the  n u m b e r  of ad j acen t  sites per  a tom 
(e i ther  2 or 4),  and  L is the  n u m b e r  of s i t e s / cm:  
(about  10~). The f a c t o r ( S / 2 L )  is necessa ry  since 
on ly  ad jacen t  a toms can combine .  

I n s e r t i n g  the correct  n u m e r i c a l  va lues  in to  the 
first t e rms  on  the  r igh t  h a n d  sides of ( I Ia)  and  ( I Ib)  
gives 

r~ob~ = 1 • 10 -~ H ~ exp - - •  

r~ ....... ~,~ = 3 • 10 -~ H ~ exp - - A H o / R T  

S u r p r i s i n g l y  enough  it seems to m a k e  l i t t le  dif-  
fe rence  in  the n u m e r i c a l  ca lcu la t ion  w h e t h e r  the 
hyd rogens  are cons idered  mobi le  or immobi le .  How-  
ever,  s ince i m m o b i l i t y  seems more  probable ,  it  is 
assumed tha t  the  ra te  is 3 • 10 ~ H ~ exp - - A H o / R T .  
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To ob ta in  the  va lues  of AHo, it is a s sumed  tha t  
this wi l l  be equa l  to AH, the  e x p e r i m e n t a l  ac t iva t ion  
energy.  AHo is less t h a n  AH by  only  300 cal in  the 
case of a mob i l e  layer  and  600 cal in  the case of an  
immob i l e  layer .  

AH has been  d e t e r m i n e d  only  for Pt,  s ince for 
cathodes at which  c o m b i n a t i o n  is no t  r a t e - d e t e r m i n -  
ing  there  is no obvious  w a y  of d e t e r m i n i n g  the  
ac t iva t ion  ene rgy  for a n o n r a t e - d e t e r m i n i n g  step. I t  
was found  to be about  2 k c a l / m o l e  (3) .  Es t imates  
have  been  m a d e  (1-4)  to the  effect tha t  on o ther  
meta l s  the ac t iva t ion  ene rgy  for c o m b i n a t i o n  should  
be even  less t h a n  2 kca l /mo le .  These es t imates  are 
based on the  ideas tha t :  (a) the c ombi na t i on  ra te  
is essent ia l ly  a surface  rad ica l  r eac t ion  a nd  should  
be ve ry  rapid ;  (b)  the more  t igh t ly  the  a tom is held  
to the  surface  the  lower  the  ene rgy  of the  in i t i a l  
s tate  and  there fore  the h igher  the ene rgy  of ac t iva -  
t ion  should  be. P t  has a v e r y  h igh heat  of adsorp-  
t ion  of H. For  o ther  meta l s  wi th  lower  heats  of 
adsorpt ion,  the ene rgy  of ac t iva t ion  for c omb i na t i on  
should  be less t h a n  tha t  on Pt. 

Also, on a theore t ica l  basis  [ (5 )  p. 214], the spe-  
cific ra te  cons tan t  for the  homogeneous  gas phase  
c ombi na t i on  of h y d r o g e n  a toms has been  es t imated  
to be g iven  by  the  express ion  

k ~ k'  • 2.98 • 101' cc mole  -~ sec -1 

where  k '  is the  t r ans f e r  coefficient. The  free ene rgy  
of ac t iva t ion  ca lcu la ted  f rom this  is less t h a n  1 
kca l /mole .  The  e n t r opy  of ac t iva t ion  at a s t a n d a r d  
s ta te  of 1 mo le / cc  is e s t ima ted  by  the  same source to 
be 5.3 e.u. The ene rgy  of ac t iva t ion  w ou l d  t he re -  
fore be abou t  2 �89 k c a l / m o l e  or less for the  gas phase  
react ion.  N o r m a l l y  the  he te rogeneous  reac t ion  
wou ld  be expected  to have  a lower  ac t iva t ion  en -  
ergy,  or at the  most  on ly  a s l ight ly  h igher  value .  
There fore  the  va l ue  of AH is t a k e n  as be ing  abou t  
3 kcal  or less w i th  an  u p p e r  l imi t  of 6 kcal.  This  is 
th ree  t imes  tha t  d e t e r m i n e d  for P t  and  more  t h a n  
twice  the  es t ima ted  va lue  for the gas phase  react ion.  

Numerical Calculations 
This provides  al l  the  i n f o r m a t i o n  needed  to cal-  

cu la te  the  ra te  at  a ny  surface  coverage a nd  the su r -  
face coverage  at  a n y  g iven  c o m b i n a t i o n  rate.  Ex -  
press ing  the  specific r a t e  in  t e rms  of c u r r e n t  dens i ty  
by  m u l t i p l y i n g  by  2 F / N ,  i.e., two e lec t rons  per  com-  
b ina t ion ,  gives 

i . . . . .  ~ 6 • 10 -~1H ~ e x p - - A H J R T  ( I I I )  

If  the surface  is s a tu ra t ed  wi th  h y d r o g e n  atoms, H 
is 10% The fol lowing c ombi na t i on  cu r ren t s  resu l t  
for ind ica ted  va lues  of AH: 

i ( a m p / c m  ~) AH ( k c a l / m o l e )  

103 0 
6 • 10 ~ 3 
2 • 10 ' 6 
50 10 

E v e n  wi th  the  e x t r e m e l y  high va l ue  of ac t iva t ion  
ene rgy  of 10 kca l /mole ,  t he  ca lcu la ted  c ombi na t i on  
ra te  is 50 amp w h e n  the  sur face  is sa tura ted .  

To d e t e r m i n e  the sur face  concen t r a t i on  at any  
pa r t i cu l a r  c u r r e n t  densi ty ,  it is necessa ry  to re la te  



Vol. 104, No. 5 N O T E S  O N  H Y D R O G E N  O V E R V O L T A G E  321 

the  r a t e  of d i rec t  combina t i on  to the  o v e r - a l l  c u r r e n t  
densi ty .  

If  the  r a t e - d e t e r m i n i n g  step is d i rec t  combina t ion ,  
the  o v e r - a l l  r a t e  is the  combina t i on  rate.  H o w e v e r ,  
if  the  e l e c t rochemica l  m e c h a n i s m  is the  r a t e - d e t e r -  
m i n i n g  step, it m u s t  be  at leas t  100 t imes  as fas t  as 
t he  d i rec t  combina t ion .  Consequen t ly ,  d i rec t  c o m -  
b ina t ion  is at mos t  one o n e - h u n d r e d t h  of the  ob-  
s e rved  c u r r e n t  dens i ty  and the  m a x i m u m  c o n c e n t r a -  
t ion of a tomic  h y d r o g e n  is t ha t  w h i c h  suppor t s  this  
f r ac t i on  of the  o v e r - a l l  c u r r e n t  densi ty .  If  the  d is -  
cha rge  is the  r a t e - d e t e r m i n i n g  step, m a x i m u m  cov-  
e r age  m a y  be ob ta ined  by  as suming  a m i n i m u m  r a t e  
of r e m o v a l  w h i c h  wi l l  equa l  t he  cur ren t .  

F r o m  these  cons idera t ions ,  for  the  va r ious  r a t e -  
d e t e r m i n i n g  m e c h a n i s m s  the  c o m b i n a t i o n  r a t e  at 
any obse rved  o v e r - a l l  c u r r e n t  can be ca lcula ted ,  and 
f r o m  this a m a x i m u m  v a l u e  of the  sur face  concen-  
t r a t i on  of h y d r o g e n  can be  ob ta ined  us ing  Eq. ( I I I ) .  
Tab l e  I shows va lues  of h y d r o g e n  a t o m  c o n c e n t r a -  
tion, exp re s sed  as the  f r ac t ion  of the  to ta l  su r face  
covered ,  at a c u r r e n t  dens i ty  of 1 a m p / c m  ~. 

F r o m  Tab le  I i t  can be  seen tha t  on ly  2% of the  
su r face  w o u l d  be  cove red  a t  a c u r r e n t  dens i ty  of  1 
a m p / c m  ~ e v e n  if the  ac t i va t i on  e n e r g y  w e r e  10 kcal ,  
w h i c h  is five t imes  tha t  of the  obse rved  v a l u e  for  
combina t i on  on Pt.  

Table I 

Rate-determining step AH = 3 Kcal 6 Kcal 10 Kcal 

Slow combination 10 -~~ 10 ~-~ 10 -1-~ 
Slow discharge 10 -~s 10 -~'6 10 -1"7 
Electrochemical  

combination 10 -7s 10 "~~ 10 -~~ 

Conclusions 

In  the  case of the  c o m b i n a t i o n  of h y d r o g e n  a toms 
on a ca thode  surface,  the  f r e q u e n c y  fac to r  is i nde -  
p e n d e n t  of the  m o b i l i t y  of t he  adsorbed  hydrogen .  

The  sur face  of a w o r k i n g  ca thode  is on ly  sparse ly  
cove red  w i t h  h y d r o g e n  a toms e v e n  at h igh  c u r r e n t  
densi t ies .  

The  e l e c t r o c h e m i c a l  m e c h a n i s m  m a y  be r a t e  de -  
t e r m i n i n g  bu t  not  because  the  combina t i on  r a t e  is 
too s low to suppor t  t he  cur ren t .  

R e d u c t i o n  of ca t ions  at a ca thode  w o u l d  no t  seem 
to be due  to the  ac t ion  of  adsorbed  h y d r o g e n  a toms 
bu t  w o u l d  t ake  p lace  at the  m e t a l  surface,  i.e., such 
r educ t ion  is e l ec t rochemica l ,  not  chemica l .  

The  ac t ion  of depolar izers ,  such as KNO~ in  the  
s tudy  of d issolu t ion  of me ta l s  in acids (6) ,  seems to 
be s o m e t h i n g  o ther  t h a n  r e m o v a l  of h y d r o g e n  a toms 
f r o m  the  surface.  

Manuscript  received March 12, 1956. 

Any discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1957 
JOURNAL. 
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ABSTRACT 

Commercial SiC is a semiconductor that can be prepared as predominantly 
n- or p-type at will. The body conductivity is linear and determines the be- 
havior of SiC heating elements, which are usually made from n-type. The 
interfacial conductivity is much lower, nonlinear, and is exploited in lightning 
arresters, which are made from p-type. While the electrical behavior of this 
material is poorly understood in detail, the broad outlines are summarized 
in terms of semiconductor theory. 

SiC is m a n u f a c t u r e d  and  used  on a l a r g e  scale  as 
an  a b r a s i v e  and  r e f r a c t o r y ,  and  is a f a m i l i a r  m a t e -  
r i a l  to w o r k e r s  in  t h e  e l e c t r o t h e r m i c  indus t r i e s .  
More  i n t e r e s t i n g  f r o m  a t h e o r e t i c a l  po in t  of v i e w  
and  of m o r e  r ecen t  d e v e l o p m e n t  a r e  i ts  a p p l i c a t i o n s  
as an  e l ec t r i ca l  conduc to r .  In  t h e  fo l lowing ,  t h e  two  
bas ic  t y p e s  of e l ec t r i ca l  a p p l i c a t i o n  a r e  desc r ibed ,  
fo l l owed  b y  a d i scuss ion  of  the  a t t e m p t s  to e x p l a i n  
t h e  o b s e r v e d  p h e n o m e n a .  The  o b j e c t i v e  is to p r e -  
sen t  a s u r v e y  for  the  nonspec i a l i s t  and  a gu ide  to the  
w i d e l y  s c a t t e r e d  l i t e r a t u r e  on th is  sub jec t .  

Crystal Structure 
W h e n  SiC is f o r m e d  at  a t e m p e r a t u r e  of  2000~ 

or  lower ,  i t  has  a cubic  s t ruc tu re .  This  modi f i ca t ion  
has  been  d e s i g n a t e d  b e t a  s i l icon  ca rb ide .  I t  has  been  
p r e p a r e d  on ly  in  v e r y  s m a l l  c rys ta l s ,  and  the  b u l k  
p r o p e r t i e s  h a v e  no t  been  r e p o r t e d  to a n y  e x t e n t  in 
the  l i t e r a t u r e .  A t t e m p t s  to ho t  p re s s  or  s i n t e r  the  
c r y s t a l s  to f o r m  a cohe ren t  body  cause  a t r a n s f o r m a -  
t ion  to the  a l p h a  form,  w h i c h  is t he  o r d i n a r y  SiC 
of commerce .  

A l p h a  s i l icon c a r b i d e  occurs  in  a n u m b e r  of h e x -  
agona l  and  r h o m b o h e d r a l  c r y s t a l  types ,  w h i c h  h a v e  
been  i n v e s t i g a t e d  e x t e n s i v e l y  b y  T h i b a u l t  (1) ,  
R a m s d e l l  (2) ,  and  L u n d q v i s t  (3 ) .  A r e v i e w  of the  
l i t e r a t u r e  on c r y s t a l  s t r u c t u r e  has  been  c o m p i l e d  b y  
H a r m o n  a n d  M i x e r  (4) .  

S ince  i t  has  been  imposs ib l e  to i so la te  spec imens  
of the  v a r i o u s  t y p e s  of  a l p h a  s i l icon c a r b i d e  the  
r e l a t i onsh ip ,  if any ,  b e t w e e n  c r y s t a l  f o rm  and  e lec-  
t r i ca l  p r o p e r t i e s  has  no t  been  clar i f ied.  The re fo re ,  
th is  a p p r o a c h  is no t  cons ide red  f u r t h e r  here .  The  
r e m a i n d e r  of  the  t e x t  dea l s  for  t he  mos t  p a r t  w i t h  
t he  u s u a l  a l p h a  type ,  and  e s sen t i a l l y  w i t h o u t  con-  
s i d e r a t i o n  of the  v a r i o u s  c r y s t a l  h a b i t s  d e s c r i b e d  b y  
Th ibau l t ,  Ramsde l l ,  and  Lundqv i s t .  

Commercial Silicon Carbide 
T r a n s p a r e n t  c r y s t a l s  of SiC, co lor less  or  pa l e  

y e l l o w  to g reen i sh ,  occur  as occas iona l  i so l a t ed  

pocke t s  in c o m m e r c i a l  ingots .  This  m a t e r i a l  is of no 
i m p o r t a n c e  c o m m e r c i a l l y .  In  sp i te  of t he  a t t r a c t i v e  
a p p e a r a n c e  of t he  c rys t a l s ,  c h e m i c a l  a n a l y s i s  shows  
t ha t  i m p u r i t i e s  a r e  s t i l l  p r e s e n t  to t he  e x t e n t  of 
pos s ib ly  0.3 %. 

G r e e n  SiC is a v a i l a b l e  c o m m e r c i a l l y  in  m o d e r a t e  
quan t i t i e s ,  and  is u sed  in  t he  m a n u f a c t u r e  of c e r t a i n  
g r a d e s  of g r i n d i n g  w h e e l s  and  in  h e a t i n g  e l emen t s .  
I t  has  been  s h o w n  to conduc t  e l ec t r i c i t y  p r i n c i p a l l y  
by  flow of e lec t rons ,  a n d  is c lassed  as an  n - t y p e  or  
e l ec t ron  excess  s emiconduc to r .  

So -ca l l ed  g r a y  SiC is t he  s t a n d a r d  a b r a s i v e  and  
r e f r a c t o r y  m a t e r i a l ,  a n d  is the  t y p e  u s u a l l y  e n -  
c o u n t e r e d  u n d e r  t he  n a m e  s i l icon c a r b i d e  and  v a r i -  
ous t r a d e  names .  T h e  color  of i n d i v i d u a l  c ry s t a l s  
va r i e s  w i d e l y  t h r o u g h  d a r k  green ,  b lue ,  v a r i o u s  
shades  of d a r k  g ray ,  a n d  b lack .  E l e c t r i c a l  p r o p e r t i e s  
a r e  q u i t e  v a r i a b l e ,  b u t  c h a r g e  is t r a n s f e r r e d  p r i n -  
c i pa l l y  b y  flow of  holes,  a n d  th is  m a t e r i a l  is c lassed  
r a t h e r  loose ly  as a p - t y p e  or  e l e c t r o n  de fec t  s e m i -  
conductor .  

G r a y  SiC m a y  be  ca l l ed  b l a c k  if  i t  is u n u s u a l l y  
d a r k  in color.  H o w e v e r ,  th is  d e s i g n a t i o n  u s u a l l y  
m e a n s  a m a t e r i a l  to w h i c h  a l u m i n a  has  been  a d d e d  
to p r o d u c e  s t rong  e l e c t r o n  de fec t  conduct ion .  This  
m a t e r i a l  is u sed  to m a k e  n o n l i n e a r  r e s i s to r s  of 
va r i ous  k inds ,  r a n g i n g  in  size f rom a u t o m a t i c  vo l -  
u m e  con t ro l s  t he  size of a d i m e  to l a r g e  l i g h t n i n g  
a r r e s t e r s  s e v e r a l  fee t  h igh .  

W h i l e  t h e  n o m e n c l a t u r e  d e s c r i b e d  a b o v e  has  
g r o w n  up  w i t h  t h e  i n d u s t r y  and  is s e r v i c e a b l e  w i t h -  
in i ts  l imi t a t ions ,  i t  ha s  been  s h o w n  b y  K e n d a l l  (5)  
t h a t  the  co lor  and  m e c h a n i s m  of  conduc t ion  can  be  
m a d e  i n d e p e n d e n t  of each  o the r  to a c o n s i d e r a b l e  
d e g r e e  b y  spec ia l  t e chn iques  of p r e p a r a t i o n .  In  gen -  
era l ,  K e n d a l l ' s  l i gh t  co lo red  c r y s t a l s  w e r e  n - t y p e ,  
bu t  b l a c k  ones cou ld  be  m a d e  e i t he r  n - o r  p - t y p e  a t  
wil l .  The  a b o v e  c lass i f ica t ion  shou ld  t h e r e f o r e  be 
r e g a r d e d  on ly  as a u se fu l  gu ide  to c u r r e n t l y  a v a i l -  
ab l e  c o m m e r c i a l  p roduc t s .  
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Table I. Chemical analysis of commercial silicon carbides, in per cent 

Color less  G r e e n  G r a y  B l a c k  

SiC 99.7 99.0 98.7 98.7 
Free C 0.11 0.30 0.20 0.20 
Free SiO~ 0.02 0.00 0.75 0.71 
A1 <0.05 0.05 0.20 0.30 
Fe <0.05 <0.05 <0.05 <0.05 
Ca <0.03 <0.03 0.03 0.03 
Mg <0.05 <0.05 <0.05 <0.05 

The var ious  types  of commerc ia l  SiC do not  differ 
ve ry  m u c h  in  chemical  analysis .  The most  obvious  
difference is in  the  a l u m i n u m  content .  The  colorless 
ma te r i a l  is p u r e r  bu t  sti l l  fa r  short  of the  p u r i t y  
r equ i r ed  for  basic research  on  e lect r ical  conduct ion .  
Tab le  I shows typ ica l  ana lyses  for samples  of SiC 
tha t  have  u n d e r g o n e  a severe  acid t r e a t m e n t  to re -  
move  sur face  con tamina t ion .  

Silicon Carbide I'leQting Elements 

W h e n  g r a n u l a r  SiC is pressed  or r a m m e d  wi th  a 
t e m p o r a r y  bond  and  s u b s e q u e n t l y  fired at 2000 ~ 
2500~ the i n d i v i d u a l  g ra ins  s in te r  toge ther  to fo rm 
a s trong,  r e f r ac to ry  and  somewha t  porous  body.  
W h e n  su i t ab ly  processed, this  body  is a fa i r ly  good 
electr ical  conductor ,  h a v i n g  a specific res i s tance  of 
abou t  0.1 ohm-cm at 1000~ and  not  more  t h a n  
about  0.2 o h m - c m  at  room t empera tu re .  I t  can  be 
exposed to oxidiz ing condi t ions  at t e m p e r a t u r e s  as 
h igh as 1400~ for severa l  t housand  hours  w i thou t  
serious loss in  s t r eng th  or change  in  electr ical  r e -  
sistance. Since the  i n d i v i d u a l  gra ins  are welded  to-  
ge ther  a t  poin ts  of contact ,  the  e lect r ical  p roper t ies  
are d e t e r m i n e d  by  the  body  conduc t iv i ty  of the c rys-  
tals. C u r r e n t  is p ropor t iona l  to voltage,  and  conduc-  
t ion  is l i nea r  by  definit ion.  Simple,  rugged  hea t ing  
e lements  made  of s in te red  SiC have  been  ava i lab le  
for m a n y  years,  bo th  in  Europe  and  Nor th  America ,  
u n d e r  var ious  t r ade  names .  

Whi le  hea t ing  e lements  can  be m a d e  f rom a ny  of 
the commerc ia l ly  ava i l ab le  types  of SiC, the  green  
n - t y p e  is used o rd ina r i ly .  The  e lect r ical  cha rac t e r -  
istics are more  u n i f o r m  t h a n  those of the b lack  type,  
the change  in  res is tance  w i th  t e m p e r a t u r e  is smal ler ,  
and  the t e m p e r a t u r e  coefficient of res i s tance  is posi-  
t ive in  the usua l  opera t ing  range.  

The commerc ia l  deve lopmen t  of SiC hea t ing  ele-  
men t s  in  this coun t ry  d u r i n g  the  las t  t h i r t y  years  
has invo lved  two c o m p l e m e n t a r y  and  c o n c u r r e n t  
mechan i sms :  (a) a s teady i m p r o v e m e n t  i n  phys ica l  
proper t ies ,  both  in  mechan ica l  ruggedness  and  re -  
s is tance to de te r io ra t ion  in  service, and  (b)  a g rad -  
u a t  educa t ion  of i n d u s t r i a l  consumers  to the ad-  
van tages  of this  me thod  of heat ing,  and  the  deve l -  
o p m e n t  of p rac t ica l  electric ki lns.  

A n  i m p o r t a n t  f ea tu re  of the m o d e r n  SiC hea t ing  
e l emen t  is the  so-called "cold end".  I n t eg ra l  end  sec- 
t ions  of the  e l ements  a re  i m p r e g n a t e d  w i th  si l icon 
on o ther  ma te r i a l s  to m a k e  t h e m  h igh ly  conduct ing.  
Since the  end  sections are  s t rong mechan i ca l l y  a nd  
the same d i a m e t e r  as the cen t ra l  hea t ing  section, the 
e l emen t  is easi ly  m o u n t e d  and  replaced,  and  l i t t le  
e lect r ical  ene rgy  is was ted  outs ide the  hea t ing  zone 
of the  ki ln .  

SiC hea t ing  e l emen t s  were  o r ig ina l ly  used on ly  in  
l abo ra to ry  fu rnaces  a nd  in  smal l  k i lns  for h igh 
grade  ceramic  ware ,  bu t  are now  be ing  used in  
m a n y  indus t r i e s  such as the  c u r r e n t l y  booming  ce- 
ramic  die lect r ic  indus t ry .  At  least  two large  a b r a -  
sive p l an t s  in  the Un i t ed  States  use electric k i lns  
for f ir ing g r ind ing  wheels.  

M a n n  (6) r ecen t ly  pub l i shed  a discussion of SiC 
hea t ing  e l emen t s  as used in  Europe,  l a rge ly  f rom the  
point  of v iew of opera t ing  economics.  The a r t  of 
m a k i n g  such hea t ing  e l emen t s  has received l i t t le  
a t t en t i on  in  the scientific and  i n d u s t r i a l  l i t e ra tu re ,  
and  is best  s tud ied  f rom patents .  I t  has been  im-  
possible to p repa re  a l ist  of pa ten t s  for inc lus ion  in  
the b ib l iog raphy  of this review.  

Silicon Carbide Nonlinear Resistors 

SiC n o n l i n e a r  resis tors  operate  by  en t i r e ly  differ-  
ent  m e c h a n i s m  f rom hea t ing  e lements  and  are  p r e -  
pa red  in  a di f ferent  way.  For  this  purpose  b lack  
( p - t y p e )  SiC is used to fo rm a co lumn  of discrete  
grains,  which  is made  into a mono l i t h  by  add ing  a 
ceramic  bond  and  f ir ing in  a ki ln.  The  tempera•  
mus t  be h igh enough  to m a t u r e  the  bond,  bu t  m u c h  
too low to s in te r  the  gra ins  together .  Contacts  are 
added to the ends w i th  a m e t a l  spray.  A body  
made  in  this  w a y  has the fo l lowing character is t ics :  
(A) I t  can conduct  at v e r y  h igh  c u r r e n t  densi t ies  
for shor t  periods of t ime  w i t hou t  damage.  As m u c h  
as 3000 a m p / i n .  ~ can  be car r ied  for a few mic ro -  
seconds. (B) Most of the  vol tage  drop across the  
resis tor  occurs at  the  in te r faces  b e t w e e n  the  grains.  
Ohm's  l aw becomes comple te ly  i nva l id  a nd  an  ap-  
p r ox i ma t e  empi r ica l  r e la t ionsh ip  is used 

V = K F  (I)  

where  V is the  vo l tage  drop, K is a cons tan t  depend -  
ing on the geomet ry  of the body  and  the m a n u f a c -  
t u r i n g  process, I is cur ren t ,  and  n is an  empi r i ca l ly  
d e t e r m i n e d  exponent .  For  smal l  resis tors  tha t  are  
used at c u r r e n t  densi t ies  measu red  in  mi l l i amperes  
per  squa re  inch,  n ranges  b e t w e e n  0.20 and  0.35. At  
c u r r e n t  densi t ies  of h u n d r e d s  of amperes  per  square  
inch,  as found  in  l i gh t n i ng  a r res te r  appl icat ions ,  n 
m a y  be as low as 0.1. 

SiC n o n l i n e a r  resis tors  l end  themse lves  r ead i ly  to 
use in  l i gh t n i ng  arres ters ,  since the  c u r r e n t  passed 
increases  v e r y  r ap id ly  wi th  increas ing  voltage.  They  
have  a p r o n o u n c e d  v a l v i n g  ac t ion  and  do no t  a l low 
high vol tages  to be  bu i l t  up  across them.  In  a typica l  
ins ta l la t ion ,  a SiC n o n l i n e a r  res is tor  and  a series of 
a i r  gaps are connected  in  series f rom the  l ine  to 
ground.  A sudden  increase  in  voltage,  such as is 
caused by  a l i gh t n i ng  discharge,  b reaks  clown the  
gap and  a la rge  c u r r e n t  flows to ground,  l imi t ing  the 
peak  vol tage  on the l ine  to a safe va lue .  As soon as 
the l ine  vol tage  r e t u r n s  to normal ,  the res is tor  re -  
duces the c u r r e n t  to such a low va l ue  tha t  the are 
across the gaps goes out. 

Such  l i gh tn ing  ar res te rs  we re  first used abou t  
1908, w h e n  two pa ten t s  w e r e  issued. Since tha t  t ime  
d e v e l o p m e n t  has been  con t inuous  a nd  there  are  now 
at  least  five la rge  m a n u f a c t u r e r s  of SiC l i gh tn ing  
a r res te rs  in  this  coun t ry .  Recent ly ,  smal l  n o n l i n e a r  
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SiC res is tors ,  d o w n  to a w a t t  or  two  in r a t i ng ,  have  
become i n c r e a s i n g l y  a v a i l a b l e  for  use  as  s u r g e  s u p -  
pressors ,  a u t o m a t i c  v o l u m e  controls ,  and  for  m a n y  
a pp l i c a t i ons  in  e l ec t ron ic  e q u i p m e n t .  

A n  o u t s t a n d i n g  p a p e r  on SiC n o n l i n e a r  r e s i s to r s  
was  p u b l i s h e d  in  1946 b y  A s h w o r t h ,  N e e d h a m ,  and  
S i l l a r s  (7 ) .  This  r e v i e w  is r e c o m m e n d e d  as a bas ic  
t e x t  on the  subjec t .  Teszne r  et al. (8)  h a v e  m a d e  an  
e x t e n s i v e  i n v e s t i g a t i o n  of t he  effect  of t h e  b o n d  on 
the  p r o p e r t i e s  of  l i g h t n i n g  a r r e s t e r  b locks .  A n  e x -  
ce l l en t  a r t i c l e  on l i g h t n i n g  a r r e s t e r s  was  p u b l i s h e d  
b y  Ro th  (9)  in  1954. T h i e n - C h i  a n d  V e r g n o l l e  (10) 
and  Zf ick le r  (11) h a v e  p u b l i s h e d  p a p e r s  of  g e n e r a l  
i n t e r e s t  r ecen t ly .  The  l i t e r a t u r e  n o t e d  a b o v e  is es -  
s e n t i a l l y  p r a c t i c a l  in  ou t look .  More  t h e o r e t i c a l  
p a p e r s  a r e  l i s t ed  be low.  

Pure Silicon Carbide 

The  pas t  t en  y e a r s  h a v e  seen  t r e m e n d o u s  a d -  
vances  in t h e  bas ic  t h e o r y  of  s emiconduc to r s .  Such  
a d v a n c e s  a r e  poss ib l e  on ly  w h e n  a l a r g e  c o m m e r c i a l  
d e m a n d ,  e i the r  a c t u a l  or  po ten t i a l ,  is coup led  w i t h  
a d e q u a t e  m a t e r i a l s  and  fac i l i t i es  for  r e sea rch .  The  
need  for  m i c r o w a v e  rect i f iers ,  f o l l owed  b y  the  d i s -  
cove ry  of t r a n s i s t o r  act ion,  a n d  the  p r e s s u r e  for  
m i n i a t u r i z a t i o n  of e l ec t ron ic  c o m p o n e n t s  p r o v i d e d  
the  impe tus .  In  a d d i t i o n  the  mos t  p r o m i s i n g  m a t e -  
r ia ls ,  Ge and  St, m e l t  a t  r e a d i l y  a t t a i n a b l e  t e m p e r a -  
tu res  and  can be p r e p a r e d  in  e x t r e m e l y  h igh  p u r i t y .  
W h i l e  SiC m i g h t  p o t e n t i a l l y  be  e q u a l l y  u se fu l  as 'a 
s e m i c o n d u c t o r  as Ge  and  St, w o r k  on th is  m a t e r i a l  
has  been  g r e a t l y  h a m p e r e d  b y  the  l a c k  of spec i -  
mens  of h igh  or  even  a c c u r a t e l y  k n o w n  p u r i t y .  SiC 
canno t  be me l t ed ,  sub l imes  w i t h  p a r t i a l  d e c o m p o -  
s i t ion  a t  abou t  2600~ and  its f o r m a t i o n  t e m p e r a -  
t u r e  u n d e r  t h e  u s u a l  condi t ions  of m a n u f a c t u r e  is 
we l l  a b o v e  2000~ U n d e r  such  h a n d i c a p s  i t  is not  
r e m a r k a b l e  t ha t  th is  c o m p o u n d  has  no t  y e t  been  
m a d e  to the  p u r i t y  levels  ( i m p u r i t i e s  m e a s u r e d  in 
p a r t s  p e r  100 ) r e q u i r e d  for  bas ic  r e s e a r c h  on s e m i -  
conductors .  In  sp i te  of these  difficult ies,  t h r e e  r e -  
s ea rch  g roups  have  succeeded  in r e c e n t  y e a r s  in 
p r e p a r i n g  SiC of p u r i t y  g r e a t l y  e x c e e d i n g  t h a t  of 
the  c o m m e r c i a l  m a t e r i a l .  

In  1931 Moers  (12) r e p o r t e d  the  p r e p a r a t i o n  of 
p u r e  SiC b y  pas s ing  a gaseous  m i x t u r e  of h y d r o g e n ,  
s i l icon t e t r a c h l o r i d e ,  and  t o luene  ove r  a f i l amen t  
h e a t e d  to a t e m p e r a t u r e  of a t  l eas t  2200~ Smal l ,  
t r a n s p a r e n t  y e l l o w  c rys t a l s  g r e w  on the  f i lament .  
T h e y  w e r e  found  b y  x - r a y  ana lys i s  to be  of t h e  cubic  
or  b e t a  modi f ica t ion ,  and  w e r e  r e p o r t e d  to be  non -  
conduc t ing ,  a l t h o u g h  no v e r y  se r ious  a t t e m p t  seems  
to h a v e  been  m a d e  to m e a s u r e  t h e i r  conduc t iv i ty .  

In  1947 K e n d a l l  and  Yeo (13) d e s c r i b e d  a d e v e l -  
o p m e n t  of t h e  s a m e  process ,  and  in 1953 K e n d a l l  
(14) r e p o r t e d  a f u r t h e r  r e f i nemen t  of t he  t echn ique .  
Us ing  a ca rbon  f i l amen t  a t  2100~176 and  the  
m i x t u r e  of gases  n o t e d  above ,  he was  success fu l  in  
p r o d u c i n g  smal l ,  t r a n s p a r e n t  y e l l o w  c rys t a l s  of b e t a  
s i l icon ca rb ide .  K e n d a l l  and  Yeo r e p o r t e d  a r e a d i l y  
m e a s u r a b l e  c o n d u c t i v i t y  for  a l l  of t h e i r  spec imens ,  
and  no ted  t h a t  t h e  depos i t ed  c r y s t a l s  c o n d u c t e d  b e t -  
t e r  t h a n  c o m m e r c i a l l y  p r e p a r e d  c rys ta l s .  This  m a y  
h a v e  r e s u l t e d  f r o m  t h e  fac t  t h a t  t h e i r  c ry s t a l s  w e r e  

the  be t a  modif ica t ion ,  w h i l e  t h e  c o m m e r c i a l  c ry s t a l s  
w e r e  a l m o s t  c e r t a i n l y  t he  a l p h a  type .  The  f ew  o b -  
s e rva t i ons  t ha t  h a v e  been  m a d e  i n d i c a t e  t h a t  b e t a  
s i l icon c a r b i d e  is p r o b a b l y  a b e t t e r  conduc to r  t h a n  
the  a l p h a  type .  D a t a  a v a i l a b l e  a r e  no t  suff icient  to 
show w h e t h e r  th is  a p p a r e n t  d i f fe rence  in  conduc-  
t i v i t y  is consis tent .  

K e n d a l l  d e t e r m i n e d  t h e  s ign of the  t h e r m o e l e c t r i c  
coefficient a t  r o o m  t e m p e r a t u r e  and  conc luded  t h a t  
a l l  y e l l o w  c rys t a l s  w e r e  n - t y p e .  B l a c k  c rys t a l s  cou ld  
be m a d e  a t  t e m p e r a t u r e s  b e l o w  2000~ and  w e r e  
u s u a l l y  found  to be  n - type ,  a l t h o u g h  c o m m e r c i a l  
b l a c k  SiC is p - t y p e .  

In  1955 L e l y  (15) r e p o r t e d  a n e w  a p p r o a c h  to t h e  
p r o b l e m  of m a k i n g  t h e  p u r e  compound .  By  h e a t i n g  
a SiC c ruc ib l e  f r o m  t h e  ou t s ide  to a t e m p e r a t u r e  of  
2500~176 he  p r o d u c e d  s u b l i m e d  c r y s t a l s  for  
wh ich  he  c l a ime d  a con ten t  of  t o t a l  i m p u r i t i e s  as 
low as 10 _5 at. %. This  f igure  r e p r e s e n t s  a long s tep  
t o w a r d  the  p u r i t y  r e q u i r e d  for  r e s e a r c h  on s e m i -  
conduc to r s  and  p r o b a b l y  exceeds  a n y t h i n g  done  p r e -  
v ious ly .  The  c rys t a l s  w e r e  he xa gona l ,  as w o u l d  be  
e x p e c t e d  in  th is  t e m p e r a t u r e  range ,  and  the  bes t  
ones we re  color less  and  t r a n s p a r e n t .  W h i l e  L e l y  d id  
not  r e p o r t  c o n d u c t i v i t y  f igures,  he  a p p a r e n t l y  ca l -  
cu l a t ed  the  p u r i t y  of 10 ̀5 at.  % f r o m  such  m e a s u r e -  
ments .  I f  so, he m u s t  h a v e  o b t a i n e d  some c r y s t a l s  
t h a t  w e r e  v e r y  low in conduc t i v i t y .  

S ince  a tomic  b o n d i n g  in  SiC is a l m o s t  p u r e l y  
covalen t ,  a n d  s ince  i n t r i n s i c  conduc t ion  does  no t  b e -  
come s igni f icant  b e l o w  1600~176 i t  is r e a s o n -  
ab le  to expec t  t h a t  t he  p u r e  c o m p o u n d  is colorless ,  
t r a n s p a r e n t ,  and  s u b s t a n t i a l l y  n o n c o n d u c t i n g  a t  a l l  
o r d i n a r y  t e m p e r a t u r e s .  A l l  the  r e p o r t e d  w o r k  sup -  
po r t s  th is  conclusion,  in  t h a t  t he  a b o v e  a r r a y  of 
p r o p e r t i e s  is a p p r o a c h e d  m o r e  and  m o r e  c lose ly  as 
the  p u r i t y  increases .  There fo re ,  i t  is a s s u m e d  tha t  
the  g e n e r a l  n a t u r e  of the  p u r e  c o m p o u n d  is e s t a b -  
l ished,  and  t h a t  a n y  e x p l a n a t i o n  of the  o b s e r v e d  
e l ec t r i ca l  p r o p e r t i e s  of the  c o m m e r c i a l  m a t e r i a l  
m u s t  be  b a s e d  on the  effects of v a r i o u s  i m p u r i t i e s  
t h a t  i t  conta ins .  

Mechanism of Linear Conduction 
The b a r e  fac t  of  e l ec t r i ca l  conduc t ion  b y  SiC is 

r e a d i l y  e x p l a i n e d  b y  the  p re sence  of impur i t i e s ,  es-  
p e c i a l l y  those  t r i v a l e n t  and  p e n t a v a l e n t  a toms  t h a t  
can  occupy  n o r m a l  l a t t i c e  sites.  In  genera l ,  a t r i -  
v a l e n t  a t o m  p r o v i d e s  a t  i ts  l a t t i c e  s i te  one less 
va l ence  e l e c t r o n  t h a n  is n e c e s s a r y  to p r o d u c e  the  
four  c o v a l e n t  bonds  of the  p e r f e c t  SiC la t t ice .  The  
miss ing  e l ec t ron  acts  as a hole  t h a t  conduc t s  v e r y  
m u c h  as a pos i t ive  e l e c t r o n  would ,  w i t h  p o s s i b l y  a 
l o w e r  mob i l i t y .  The  on ly  t r i v a l e n t  a t o m  used  com-  
m e r c i a l l y  for  th is  p u r p o s e  is t h a t  of A1. L u n d -  
qv is t  (3)  r e p o r t e d  t h a t  the  p r e s e n c e  of A1 favor s  t h e  
f o r m a t i o n  of t he  s o - c a l l e d  t y p e  I I I  modi f i ca t ion  of 
t he  h e x a g o n a l  s t ruc tu re ,  b u t  t h e  r e s u l t i n g  c o r r e l a -  
t ion  b e t w e e n  e l ec t r i ca l  p r o p e r t i e s  and  c r y s t a l  t y p e  
is p r o b a b l y  co inc iden ta l .  

A p e n t a v a l e n t  a t o m  p r o v i d e s  at  a l a t t i c e  s i te  
one m o r e  t h a n  the  n u m b e r  of e l ec t rons  r e q u i r e d  for  
t he  n o r m a l  cova len t  bonds .  The  excess  e l ec t ron  is 
loose ly  b o u n d  and  is e a s i l y  r a i sed  to an  e n e r g y  leve l  
a t  w h i c h  i t  can  m i g r a t e  t h r o u g h  t h e  l a t t i ce  u n d e r  
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Fig. I. Specific resistance in ohm-cm as a function of tempera- 
ture for a typical SiC heating element. 

the  inf luence  of an  a p p l i e d  field. This  p h e n o m e n o n  
cons t i tu te s  n - t y p e  conduc t ion  b y  def ini t ion.  

I t  is i n s t r u c t i v e  to e x a m i n e  a t y p i c a l  cu rve  of spe -  
cific r e s i s t ance  vs. t e m p e r a t u r e  for  a c o m m e r c i a l  SiC 
h e a t i n g  e l e m e n t  (F ig .  1).  The  t e m p e r a t u r e  scale  has  
been  d i v i d e d  r a t h e r  a r b i t r a r i l y  in to  low, m e d i u m ,  
and  h igh  ranges ,  r e spec t i ve ly .  I n  t h e  low t e m p e r a -  
t u r e  region,  t h e  d e n s i t y  of conduc t i ng  e l ec t rons  in -  
c reases  p r o g r e s s i v e l y  w i t h  r i s ing  t e m p e r a t u r e  as 
m o r e  and  m o r e  e l ec t rons  a r e  r e l e a s e d  b y  t h e r m a l  
exc i t a t i on  f r o m  i m p e r f e c t  cova l en t  bonds .  These  i m -  
pe r f ec t  bonds  occur  a t  l a t t i c e  s i tes  occup ied  b y  
a toms  o t h e r  t h a n  Si  and  C, or  p o s s i b l y  w h e r e  t h e r e  
is a loca l  def ic iency  of C. The  r e s i s t i v i t y  fa l l s  w i t h  
i nc rea s ing  t e m p e r a t u r e ,  as is u s u a l l y  t h e  case  w i t h  
semiconduc to r s .  In  t he  m e d i u m  t e m p e r a t u r e  range ,  
mos t  of  t h e  a v a i l a b l e  bonds  have  been  b r o k e n  and  
the  n u m b e r  of conduc t ing  e l ec t rons  changes  l i t t l e  
w i th  t e m p e r a t u r e .  In  th is  r a n g e  the  t h e r m a l  v i b r a -  
t ion  of t he  l a t t i c e  p l a y s  the  l e a d i n g  role.  S ince  th is  
v i b r a t i o n  i n t e r f e r e s  w i t h  t h e  m i g r a t i o n  of conduc t ion  
e lec t rons ,  r e s i s t i v i t y  r ises  w i t h  i nc rea s ing  t e m p e r a -  
ture .  The  conduc t ion  is e s sen t i a l l y  meta l l i c ,  excep t  
for  the  low d e n s i t y  of  e l ec t rons  as c o m p a r e d  w i t h  
t y p i c a l  meta l s .  A t  a b o u t  1600~176 in t r in s i c  
conduc t ion  becomes  s igni f icant  as e l ec t rons  a r e  r e -  
l eased  f r o m  the  n o r m a l  cova l en t  bonds ,  and  t h e  r e -  
s i s t iv i ty  fa l l s  s t e e p l y  w i t h  i nc r ea s ing  t e m p e r a t u r e .  

The  " m e t a l l i c "  conduc t ion  r a n g e  is of the  g r e a t e s t  
i m p o r t a n c e  c o m m e r c i a l l y ,  s ince  t he  pos i t i ve  t e m p e r -  
a t u r e  coefficient  of  r e s i s t ance  confers  a l a rge  d e g r e e  
of t e m p e r a t u r e  s t a b i l i t y  on an  e l e c t r i c a l l y  h e a t e d  
ki ln .  H e a t i n g  e l e m e n t s  m a d e  f rom g r a y  SiC t e n d  to 
have  a h i g h e r  in i t i a l  r e s i s t ance  t h a n  those  m a d e  
f rom g r e e n  SiC, a n d  the  r a n g e  of n e g a t i v e  t e m p e r a -  
t u r e  coefficient t ends  to e x t e n d  ove r  t h e  me ta l l i c  
r a n g e  and  f r e q u e n t l y  to obscu re  i t  c o m p l e t e l y .  This  
is p r o b a b l y  the  p r i n c i p a l  r eason  for  the  choice  of 
g r e e n  SiC as the  r a w  m a t e r i a l  for  c o m m e r c i a l  h e a t -  
ing  e lements .  

T h e o r e t i c a l l y  i t  is poss ib le  for  SiC con ta in ing  
no th ing  b u t  Si  and  C to act  as an  i m p u r i t y  s e m i c o n -  
d u c t o r  as long  as t h e r e  a r e  po in t s  in  the  c r y s t a l  
w h e r e  t he  c o m p o u n d  is a t  l eas t  l oca l l y  nons to i ch io -  
met r i c .  The  ex i s t ence  of n o n s t o i c h i o m e t r i c  SiC has  
o f ten  been  c o n j e c t u r e d  b u t  n e v e r  p roved .  The  d e -  

p a r t u r e  f rom s to i ch iome t r i c  p r o p o r t i o n s  t h a t  w o u l d  
be n e c e s s a r y  to e x p l a i n  t he  o b s e r v e d  e l ec t r i ca l  
effects is v e r y  m u c h  less t h a n  can  b e  d e t e c t e d  b y  
chemica l  ana lys i s ,  and  t h e r e  seems  l i t t l e  l i ke l i hood  
t h a t  t h e  ques t ion  w i l l  e v e r  be s e t t l ed  in  th is  way .  
L e l y  (15) s t a tes  r a t h e r  p o s i t i v e l y  t h a t  t h e r e  is no 
ev idence  of a n y  k i n d  for  t h e  ex i s t ence  of non -  
s t o i c h i o m e t r i c  SiC. He  a t t r i b u t e s  t he  g r e e n  color  a n d  
c o n d u c t i v i t y  to the  p re sence  of 0.0001-0.001% of 
p e n t a v a l e n t  n i t rogen ,  w h i c h  w o u l d  p r o d u c e  n - t y p e  
c o n d u c t i v i t y  as obse rved .  L e l y  used  a f u r n a c e  w i t h  
a p r o t e c t i v e  a t m o s p h e r e ,  and  a d d e d  v a r i o u s  vo l a t i l e  
ha l ides  to the  gas to con t ro l  t h e  compos i t i on  of t h e  
p roduc t .  H e  f o u n d  t h a t  A1 and  B add i t i ons  p r o m o t e  
p - t y p e  c o n d u c t i v i t y  and  t h a t  N and  P cause  n - t y p e .  

K e n d a l l  (14) p r o d u c e d  SiC b y  depos i t i on  f r o m  the  
gas p h a s e  as n o t e d  ea r l i e r .  B y  chang ing  the  S i / C  
ra t io  in t he  gases  e n t e r i n g  t h e  f u r n a c e  he  was  ab l e  
to p r o d u c e  n -  or  p - t y p e  m a t e r i a l  a t  wi l l ,  f r o m  w h i c h  
he  conc luded  t h a t  he  was  o b t a i n i n g  a s l igh t  d e p a r t -  
u r e  f rom s to i ch iome t r i c  p ropo r t i ons .  I f  his  s t a r t i n g  
m a t e r i a l s  w e r e  pure ,  his conc lus ion  seems  i n e s c a p -  
able .  

S u m m a r i z i n g  the  da ta ,  i t  seems  l i k e l y  t h a t  n o n -  
s t o i ch iome t r i c  b u t  o t h e r w i s e  p u r e  SiC can  be  p re -  
p a r e d  u n d e r  spec ia l  condi t ions .  The  c o m m e r c i a l l y  
i m p o r t a n t  g reen  v a r i e t y  seems  to be  an  n - t y p e  s e m i -  
conduc to r  c on t a in ing  p e n t a v a l e n t  n i t r o g e n  a toms  on 
n o r m a l  l a t t i ce  si tes.  The  o r d i n a r y  g r a y  SiC con ta ins  
so m a n y  i m p u r i t i e s  t h a t  i t  m a y  n e v e r  be  poss ib l e  to 
e x p l a i n  i ts  p r o p e r t i e s  excep t  in a q u a l i t a t i v e  way .  
As  m i g h t  be  expec ted ,  i t  is qu i t e  v a r i a b l e  e l ec t r i -  
ca l ly ,  a n d  th is  v a r i a b i l i t y  e x t e n d s  d o w n  to i n d i v i d -  
ua l  c rys ta l s ,  w h e r e  p-n j unc t i ons  a r e  no t  u n c o m m o n  
a l t h o u g h  the  m a t e r i a l  is p r e d o m i n a n t l y  p - t y p e .  
W h i l e  b l a c k  e l ec t r i ca l  g r a d e  SiC is also a c o m p a r a -  
t i v e l y  i m p u r e  p roduc t ,  t h e  d e l i b e r a t e  a d d i t i o n  of A1 
s w a m p s  out  the  effect of t he  o t h e r  i m p u r i t i e s  and  
resu l t s  in s t ab le  and  cons i s t en t  p - t y p e  conduc t iv i ty .  

Mechanism of Nonlinear Conduction 
In  n o n l i n e a r  SiC re s i s to r s  t he  b u l k  r e s i s t i v i t y  of 

t he  c rys t a l s  has  no s ign i f ican t  influence,  s ince  p r a c -  
t i c a l l y  t h e  e n t i r e  v o l t a g e  d rop  occurs  a t  t he  i n t e r -  
faces  b e t w e e n  gra ins .  Eq. ( I )  is suff ic ient ly  a c c u r a t e  
for  mos t  purposes ,  b u t  c loser  e x a m i n a t i o n  shows  
t ha t  n .changes w i t h  c u r r e n t  d e n s i t y  i f  t he  l a t t e r  is 
a l l o w e d  to v a r y  ove r  a suf f ic ient ly  l a r g e  r ange .  

In  1944 K e n d a l l  (16)  r e p o r t e d  m e a s u r e m e n t s  of  
v o l t a g e  vs. c u r r e n t  fo r  s ingle  con tac t s  b e t w e e n  
m e t a l  and  SiC and  b e t w e e n  c rys t a l s  of  SiC. In  t he  
e x p e r i m e n t  mos t  p e r t i n e n t  to t h e  p r e s e n t  d iscuss ion,  
he  w o r k e d  w i t h  a s ingle  c on t a c t  b e t w e e n  a g r e e n  
c r y s t a l  and  a b l a c k  one. T h e  r a n g e  of c u r r e n t  was  
f r o m  10 '-1~ to a b o u t  10-' amp .  L o g - l o g  v o l t a g e - c u r -  
r en t  p lo ts  w e r e  a p p r o x i m a t e l y  l i n e a r  (n  cons t an t )  
ove r  a c u r r e n t  r a n g e  of s e v e r a l  p o w e r s  of ten,  b u t  
w e r e  f a r  f r o m  l i n e a r  w h e n  cons ide red  in  t h e i r  en -  
t i r e ty .  One of K e n d a l l ' s  cu rves  is r e p r o d u c e d  in Fig.  
2. This  e x a m p l e  i l l u s t r a t e s  t he  fac t  t h a t  c u r r e n t  flow 
b e t w e e n  g ra in s  of SiC is a c o m p l i c a t e d  phenomenon ,  
a n d  d i f f e ren t  m e c h a n i s m s  m a y  b e  e x p e c t e d  to  p l a y  
the  l e a d i n g  ro le  a t  d i f fe ren t  c u r r e n t  dens i t ies .  

S ince  the  t h e o r y  is con t rove r s i a l ,  i t  is w e l l  to e x -  
a m i n e  first  t he  e m p i r i c a l  obse rva t ions .  To th is  end  i t  
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Fig. 2. Volt-ampere characteristic carve for a single contact be- 

tween grains of SiC. 

is conven i en t  to speak of low, med ium,  and  h igh  
cu r r en t  ranges.  

In  the  low c u r r e n t  range ,  c u r r e n t  is p ropor t iona l  
to voltage.  Both B r a u n  and  Busch (17) and  K e n d a l l  
(16) made  m e a s u r e m e n t s  in  this  range ,  and  K e n d a l l  
showed tha t  for his p a r t i c u l a r  crysta ls  it  ex t ended  
up to a c u r r e n t  dens i ty  of abou t  10 -~ a m p / c o n t a c t .  
The  conclus ion  is clear  tha t  g ra in  contacts  conduct  
l i nea r ly  at sufficiently low c u r r e n t  densit ies.  

The m e d i u m  c u r r e n t  r ange  ex tends  to 10-4-10 -~ 
amp/con tac t .  I n  this  r a n g e  n of Eq. (I)  is constant .  
The  va lue  of n is d i f ferent  for d i f ferent  spec imens  of 
SiC, b u t  is w i t h i n  the  r ange  0.20-0.35. The m e d i u m  
range  of cu r r en t  densi t ies  is charac te r ized  by  the  
fact tha t  conduc t ion  is c lear ly  non l inea r ,  and  i n -  
dependen t  of secondary  t h e r m a l  effects caused by  
the d iss ipa t ion  of e lectr ical  ene rgy  at  the contacts.  

The high c u r r e n t  r ange  ex tends  up  to a c u r r e n t  
dens i ty  at which  the  contacts  suffer p e r m a n e n t  
damage  f rom excessive heat ing,  of the  order  of 
0.1-1.0 amp /con t ac t .  This  r ange  is charac te r ized  by  
s t rong t h e r m a l  effects, as shown  by  the  appea rance  
of a hysteres is  loop in  the  vol tage  vs. c u r r e n t  plot.  
Because of the  t h e r m a l  effects, it  becomes difficult 
to a t tach  a c lear  m e a n i n g  to n,  b u t  the  a p p a r e n t  
va lue  decreases to abou t  0.1. This  low va lue  of n is 
advan tageous  in  l i gh tn ing  a r res te r  appl icat ions,  
since it  means  tha t  the  n o n l i n e a r  res is tor  has a p ro -  
nounced  "safe ty  va lve"  action, and  s t rong ly  resists  
any  inf luence  tha t  tends  to bu i ld  up  a h igh vol tage  
across it. 

Wi th  the  above facts in  mind ,  an  a t t emp t  wi l l  be  
made  to set up a mode l  by  which  the  var ious  phe -  
n o m e n a  can be unders tood.  Exper ience  in  this  field 
has shown  tha t  a s t a t emen t  m a d e  today  is l ike ly  to 
be  p roved  wrong  tomorrow.  Wi th  this  r e se rva t ion  in  
mind ,  i t  is s t i l l  possible  to t race  some sort  of logical  
pa th  t h rough  the  maze of e x p e r i m e n t  and  a r g u m e n t  
tha t  has g rown  up  abou t  this  subject .  

The  basic  fact to be  exp la ined  is t ha t  the  res i s tance  
of a s ingle  contact  is m u c h  too h igh  to ar ise f rom 
the k n o w n  fa i r ly  low res is t iv i ty  of the  b u l k  m a t e -  
rial.  This  is t r ue  even  if the  t rue  a rea  of contact  is a 
smal l  f rac t ion  of the  a p p a r e n t  area,  l ead ing  to a so- 
cal led cons t r ic t ion  resis tance.  Fu r the r ,  this contact  
res i s tance  is non l inea r ,  the  c u r r e n t  chang ing  m u c h  

more  r ap id ly  t h a n  the  impressed  voltage.  I t  is c lear  
tha t  a vo l t age - sens i t ive  ba r r i e r  to c u r r e n t  flow 
exists  a t  each g r a i n  to g r a i n  contact ,  a nd  con t ro -  
ve r sy  has cen te red  essen t ia l ly  abou t  the  n a t u r e  of 
this  barr ier .  

For  a long t ime  i t  was  cons idered  t ha t  the  ba r r i e r  
was a solid mechan ica l  one, m a d e  up  p r e d o m i n a n t l y  
of si l ica or si l iceous mater ia l s .  This  theory  received 
its s t rongest  s u p p o r t  f rom B r a u n  and  Busch (17).  
The  a s sumpt ion  was reasonable ,  since the  presence  
of such films on SiC crysta ls  can  be shown  b y  elec- 
t r on  diffraction.  Also, some m a n u f a c t u r e r s  ob ta in  
increased  vol tage  drop a nd  n o n l i n e a r i t y  in  the i r  r e -  
sistors by m a k i n g  t h e m  f rom SiC gra in  t ha t  has 
been  calc ined in  air  to fo rm a sil ica l aye r  on the  su r -  
face. I n  addi t ion,  bonded  l i gh t n i ng  a r r e s t e r  blocks 
h a v e  a h igh  in i t i a l  res i s tance  a nd  m u s t  be  " fo rmed"  
by sub jec t ing  t h e m  to repea ted  high c u r r e n t  surges.  
F o r m i n g  grea t ly  reduces  a nd  also stabi l izes the  r e -  
sistance. There  is l i t t le  doub t  tha t  fo rming  breaks  
down  films of s i l iceous b o n d  tha t  in f i l t ra te  b e t w e e n  
the gra ins  in  the m a n u f a c t u r i n g  process. 

However ,  i n  1949, Jones,  Scott, a nd  Si l la rs  (18) 
a nd  Mitchel l  and  Si l lars  (19) showed c lear ly  tha t  
the h igh and  n o n l i n e a r  contact  res i s tance  r e m a i n e d  
u n d i m i n i s h e d  w h e n  all  surface  films were  ve ry  
ca re fu l ly  and  comple te ly  removed.  Surfaces  for 
which  the res idua l  film, if any,  was ce r t a in ly  less 
t h a n  3A thick were  a lmos t  i nd i s t i ngu i shab l e  elec- 
t r i ca l ly  f rom ones on which  si l ica had  been  evapo-  
ra ted  to a th ickness  of 90A. 

Since the  b a r r i e r  is a fa i r ly  good in su l a to r  at  low 
field s t rengths ,  it can  be made  to act as the  dielec-  
t r ic  in  a capaci tor  by  fir ing a t h i n  l ayer  of s i lver  on 
the surface.  This e x p e r i m e n t  was car r ied  out  at  the  
Nor ton  Co. a nd  capac i tance  was  found  to increase  
wi th  increas ing  voltage.  A s s u m i n g  an  effective di -  
electric cons tan t  of 10 for the  bar r ie r ,  i ts a p p a r e n t  
th ickness  r e m a i n e d  cons tan t  at  500A up to 0.5 v, 
bu t  decreased r ap id ly  wi th  inc reas ing  vol tage  and  
reached a va lue  of 40A at  2.0 v. A m u c h  more  e labo-  
ra te  e x p e r i m e n t  of the same genera l  type  was  r e -  
por ted  by  Mitchel l  and  Si l lars  (19).  

Since i t  has been  shown  tha t  a mechan i ca l  fi lm is 
not  necessary  to produce  the  observed  effects, and  
tha t  the  a p p a r e n t  ba r r i e r  th ickness  can  be changed  
over  a r ange  of t en  to one b y  changes  in  field 
s t rength,  the mechan ica l  fi lm theory  has become 
un t enab l e .  Meanwhi le ,  research  on t rans i s to rs  has 
p rov ided  p laus ib le  models  of charge d i s t r i bu t ion  
tha t  predict ,  at  leas t  qua l i t a t ive ly ,  the  observed  
effects. The  p resen t  consensus  is tha t  the  ba r r i e r  r e -  
sul ts  f rom the  d i s t r i bu t ion  of space charge  in  the  
SiC la t t ice  w i t h i n  a few angs t roms  of the  surface.  
F u r t h e r  discussion of this  p h e n o m e n o n  wou ld  ex-  
ceed the  scope of this art icle.  Wi l l i ams  (20) has 
w r i t t e n  a theore t ica l  s u r v e y  of the  p rob lem,  and  it  
can  be fol lowed in  deta i l  i n  the  exce l len t  series of 
papers  by  the  research  staff of Me t ropo l i t an -Vicke r s  
in  Eng l a nd  (5, 7, 13, 14, 16, 18, 19, 21). 

Conclusions 

While  e lectr ical  uses of SiC have  as sumed  i n d u s -  
t r i a l  impor t ance  in  recent  years,  the  a r t  has g rea t ly  
exceeded the  science. Research  on SiC has been  
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h a m p e r e d  b y  an  a l m o s t  t o t a l  l a c k  of spec imens  of 
h igh  or  even  k n o w n  p u r i t y .  Two m e t h o d s  h a v e  been  
d e v e l o p e d  to  m a k e  t h e  p u r e  compound ,  a n d  th is  
p r o b l e m  is no l o n g e r  i n s u r m o u n t a b l e .  The  l i n e a r  
body  res i s tance ,  and  e spec i a l l y  t he  n o n l i n e a r  con-  
t ac t  res i s tance ,  a r e  bo th  e x p l o i t e d  c o m m e r c i a l l y ,  
b u t  s t i l l  p r e s e n t  u n s o l v e d  p r o b l e m s  to t he  t h e o r e t i -  
cian. Much  exce l l en t  e x p e r i m e n t a t i o n  has  been  r e -  
po r t ed ,  e spec ia l ly  in Eng land ,  and  a t h e o r e t i c a l  so lu -  
t ion is p r o b a b l y  a t t a i n a b l e  b y  the  use  of q u a n t u m  
mechan ics .  A n  a t t e m p t  has  been  m a d e  to  l i s t  t he  
p r i n c i p a l  p a p e r s  t ha t  shou ld  be  r e a d  b y  those  who  
w o u l d  l i ke  to  become  c o n v e r s a n t  w i t h  the  w o r k  t h a t  
has  been  done  in  th is  field. 

Manuscr ip t  rece ived  October  29, 1956. This paper  was 
p repa red  for  de l ivery  before  the  Cleveland Meeting, 
Sept. 30 to Oct. 4, 1956. 

A n y  discussion of this pape r  wi l l  appear  in a Dis- 
cussion Section to be publ i shed  in the  December  1957 
JOURNAL. 
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Some Unusual Effects of Hydrogen in Corrosion Reactions 
J. E. Draley and W. E. Ruther 
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ABSTRACT 

Consideration of corrosion in the presence of water  has led to the postula- 
tion of damage by hydrogen produced in the reaction. For cases where the 
metal surface is covered with a protective layer, it is considered that  some 
hydrogen ions diffuse through the layer and form hydrogen atoms beneath  it. 
The consequence of the production of hydrogen in this location is to decrease 
corrosion resistance. Three types of harmful  effects are i l lustrated. 

Ex is t ing  theory  has lef t  a n u m b e r  of incons i s t en -  
cies and  anomal ies  in  its e x p l a n a t i o n  of corrosion 
phenomena .  The fo l lowing has been  developed in  
an  effort to provide  r ea sonab le  e x p l a n a t i o n  for some 
of these cases. This theory  has evolved l a rge ly  as a 
consequence  of s tudies  of the behav io r  of A1, U, and  
the i r  alloys. Much of its d e v e l o p m e n t  d u r i n g  i nves t i -  
ga t ion  of h igh t e m p e r a t u r e  aqueous  corrosion of 
A1 and  its al loys has been  repor ted  (1) .  This  paper  
presen ts  the theory  in  a more  genera l ized  form, and  
an  effort is made  to show ins tances  in  which  it ap-  
plies. In  addi t ion,  its app l icab i l i ty  is suggested in  
some cases whe re  the  theory  m i g h t  be  v a l u a b l e  bu t  
for which  there  is l i t t le  or no ev idence  to ind ica te  
its val id i ty .  I t  is suspected  tha t  the p h e n o m e n o n  
(acce le ra t ion  of corrosion damage  by  H produced)  
is more  widesp read  t h a n  has h i the r to  been  bel ieved,  
and  it is hoped tha t  the  p resen t  work  wi l l  p romote  
more  act ive cons idera t ion  of its possibi l i ty.  

The descr ip t ion  of the  processes is g iven  for cor-  
rosion react ions  which  proceed t h r o u g h  a t h i n  con-  
t inuous  p ro tec t ive  film on the  metal ,  which  is cal led 
a "ba r r i e r  film." P r o b a b l y  the  most  c o m m o n  type  
of b a r r i e r  film is tha t  w h i c h  is fo rmed  as a conse-  
quence  of the  corrosion react ion,  most  f r e q u e n t l y  
be ing  an  oxide. There  migh t  be  cases in  which  films 
w i th  s imi la r  proper t ies  can be fo rmed  pr ior  to the  
corrosion exposure.  

One of the  most  i n t e r e s t i ng  proper t ies  of such 
films is the i r  adhe rence  to the base  metal .  At  this  
t ime  the n a t u r e  of the  b o n d i n g  b e t w e e n  the  film a nd  
the  me ta l  is no t  be l i eved  to be  wel l  unders tood .  
There  does seem to be ind ica t ion  t ha t  the  p ro tec -  
t ive p roper t i es  of the  film and  p r o b a b l y  its ve ry  
ex is tence  (as a film) r e q u i r e  a t t a c h m e n t  to and  sup-  
por t  by  the  me ta l  benea th .  

I t  is no t  u n u s u a l  for the  b a r r i e r  film to be covered 
over  wi th  a th icker  corrosion p roduc t  layer .  In  some 
cases this th icker  l ayer  appears  to be a cons ide rab ly  
more  porous  mater ia l .  I t  is l ike ly  tha t  it is fo rmed  
by  some sort  of t r a n s f o r m a t i o n  process f rom the  
t h i n n e r  b a r r i e r  layer.  The  n a t u r e  of this  t r a n s -  
fo rma t ion  process p r o b a b l y  changes  f rom case to 
case. In  some ins tances  the  composi t ions  are  differ-  
en t  and  the  t r a n s f o r m a t i o n  migh t  consist  of an  oxi-  
da t ion  or a h y d r a t i o n  process. In  some cases it  ap-  
pears  no t  to be one of these and  pe rhaps  r ep resen t s  

on ly  a c r ack ing  or f r a g m e n t a t i o n  in to  discrete  crys- 
tals ( the  ba r r i e r  l ayer  is p r o b a b l y  u n d e r  a cons ider -  
able  s t ress) .  This  t ype  of s i tua t ion  wou ld  be ex-  
pected to lead to a d i m i n i s h i n g  ra te  of reac t ion  for 
an  in i t i a l  period, fo l lowed by  a cons tan t  ox ida t ion  
or corrosion rate ,  as the  ra tes  of des t ruc t ion  and  
fo rma t ion  of the  pro tec t ive  ba r r i e r  film became 
equal.  The  concept  of double  l aye red  corrosion p rod-  
uct  for A1 has been  developed by  Dekker  a nd  U r -  
qua r t  (2) and  H u n t e r  and  Fowle  (3) ,  a mong  others.  

The p resen t  t heo ry  wi l l  be  developed in  t e rms  of 
ba r r i e r  films b u t  no res t r ic t ion  is i n t e n d e d  agains t  
o ther  cases such as adsorbed  layers.  Wi th  mino r  
modif icat ions the  theory  can be adap ted  to fit these 
cases. 

Description of Corrosion Process 
Oxida t ion  p r o b a b l y  proceeds t h rough  b a r r i e r  films 

by  ionic migra t ion .  For  the case of corrosion in  en -  
v i r o n m e n t s  c o n t a i n i n g  w a t e r  the  i m p o r t a n t  p roc-  
esses are  r ep resen ted  in  Fig. 1. Migra t ions  are 
r ep re sen t ed  as occur r ing  t h r ough  the  b u l k  of a con-  
t inuous  oxide  film. If some of these ac tua l ly  occur 
by  diffusion t h r ough  b reaks  or cracks in  b a r r i e r  
films it  wi l l  no t  a l t e r  the  genera l  a r g u m e n t .  The  b a r -  
r ier  film is r e p r e se n t e d  as cons is t ing  of oxide be -  
cause this  is the  most  gene ra l  case. On ly  smal l  
changes  in  w or d i ng  wou ld  be  necessary  to a l low 
appl ica t ion  of the descr ip t ion  to films of o ther  con-  
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s t i tut ion.  In  those cases whe re  the re  is a porous  
solid on the outs ide of the  ba r r i e r  l ayer  of oxide 
the wa te r  ind ica ted  in  Fig. 1 should  be i m a g i n e d  as 
be ing  absorbed  in  the porous layer .  

The  anodic  process can  proceed by cat ion diffusion 
o u t w a r d  t h rough  the  oxide or by  an ion  diffusion i n -  
ward.  Both encourage  the ox ida t ion  of the me t a l  
and  the fo rma t ion  of n e w  oxide, and  this is the r ea -  
son they  a re  classed as anodic. Also, two types  of 
diffusion are shown for the cathodic process: diffu-  
sion of e lec t rons  out  t h rough  the oxide and,  the  n e w  
fea tu re  proposed here,  i n w a r d  mig ra t i on  of H ions. 
Some of the  possible reac t ions  fo rming  oxide ion, 
hyd rox ide  ions, and  h y d r o g e n  ions f rom wa te r  are 
shown at the oxide interface.  Other  possible su r -  
face react ions  perhaps  should have  been  i l lus t ra ted ,  
such as the  r educ t ion  of oxygen  and  the r educ t ion  
of cat ions to form meta l .  

P r o b a b l y  the  H ions in  the oxide are combined  
wi th  oxide ions and  diffusion, or migra t ion ,  p ro -  
ceeds by  a series of t ransfers .  They  could also be 
in ters t i t ia l ,  of course, wi th  no i n s t a n t a n e o u s  a t t ach-  
m e n t  to a n y  pa r t i cu l a r  oxide ion. The so-ca l led  
h y d r a t e d  oxides con ta in  hyd rox ide  ions and  it  is 
suspected tha t  at least  some of the  diffusing protons  
were  o r ig ina l ly  incorpora ted  in to  the oxide in  this  
form. The d r iv ing  forces for the  diffusion of p ro tons  
are p r e s u m a b l y  the po ten t i a l  g r ad i en t  and  a p ro ton  
concen t r a t i on  g r ad i en t  th rough  the  oxide. I t  is be -  
l ieved tha t  H is fo rmed  benea th  the  oxide la rge ly  as 
a resu l t  of cathodic p ro ton  m i g r a t i o n  r a the r  t h a n  
anodic  hydrox ide  ion migra t ion .  The basic ev idence  
is tha t  the a c c u m u l a t i o n  of corrosion p roduc t  H in  
the me ta l  is decreased by  anodic  po la r iza t ion  and  
increased  by cathodic polar izat ion.  The  meta l s  for 
which  this  is k n o w n  to have  been  d e m o n s t r a t e d  i n -  
c lude  steels, a l u m i n u m ,  and  u r a n i u m  alloys. 

One could also propose tha t  the H is t r an s po r t e d  
th rough  the  oxide in  the  form of a toms r a the r  t h a n  
ions. There  is no k n o w n  posi t ive  r e fu t a t i on  of this 
hypothesis ,  bu t  it is cons idered  un l ike ly .  First ,  the 
H atoms would  be cons ide rab ly  la rger  t han  the ions;  
this wou ld  m a k e  m i g r a t i o n  th rough  the  oxide la t t ice  
m u c h  more  difficult. Second, it appears  u n l i k e l y  tha t  
such a n e u t r a l  a tom could exist  for ve ry  long in  an  
e n v i r o n m e n t  such as an  oxide, wi th  its ve ry  h igh 
local electr ic  fields. Third ,  the d r i v ing  force for 
the  mig ra t i on  would  be cons ide rab ly  lower  t h a n  for 
the m i g r a t i o n  of protons.  The po ten t i a l  g r ad i en t  
w cald  no t  be inf luent ia l ,  and  the  on ly  k n o w n  d r i v -  
ing force l ead ing  to a ne t  t r ans fe r  wou ld  be a con-  
cen t r a t i on  g rad ien t  set up by  r emova l  of the H 
atoms at the m e t a l - o x i d e  interface.  In  m a n y  cases 
such r emova l  does no t  occur w i thou t  a h y d r o g e n  
(a tomic?)  pressure  to increase  the  rate.  1 If the  diffu-  
s ion of H atoms occurred  th rough  the oxide, no 
grea te r  p ressure  of this sort could develop b e n e a t h  
the oxide t h a n  exis ted above it. 

The cathodic r educ t ion  of H ions produces  H 
a toms at the most  act ive  cathode spots, tha t  is, 
w h e r e  the  e lect rons  are  most  avai lable .  It  is not  
necessa r i ly  possible to descr ibe  such cathode poin ts  
in  t e rms  of the i r  potent ia l ,  a l though  the  reac t ions  

1 H y d r o g e n  o v e r v o l t a g e  to l i b e r a t e  g a s e o u s  h y d r o g e n  o r  to  c a u s e  
r a p i d  e m b r i t t l e r n e n t .  

should a l te r  the  po ten t i a l  g rad ien t s  in  the  oxide and  
ad jacen t  solut ion.  

Three  types of disposal  of the h y d r o g e n  atoms 
thus  p roduced  b e n e a t h  the ba r r i e r  film are i l lus -  
t r a ted :  

( A ) Dif]usion into the me taL- - I t  is no t ab l e  tha t  
the same me ta l l u rg i ca l  factors  which  charac te r i s t i c -  
a l ly  increase  local cathodic ac t iv i ty  u sua l l y  also i n -  
crease p e r m e a b i l i t y  to H diffusion. I nc luded  among  
such factors are the presence  of inc lus ions  (usua l ly  
ca thodic) ,  porosi ty,  and  s t r u c t u r a l  defects. As wil l  
be i l lus t ra ted ,  the  r e s u l t a n t  diffusion in to  the  meta l  
can lead to qu i te  h a r m f u l  effects. 

(B) Formation of gaseous H . - - S u c h  gas can 
r u p t u r e  the ba r r i e r  film as its p ressure  becomes suf-  
ficient to do so. This r u p t u r i n g  act ion wou ld  resu l t  
in  increased  corrosion,  p r o b a b l y  localized at  a n y  
one time. The ac tua l  ra te  of corrosion mi gh t  be de-  
t e r m i n e d  by  the  ra te  of r u p t u r i n g .  This  appears  
l ike ly  if the u n b r o k e n  film is qu i te  p ro tec t ive  and  
the  anodic  reac t ion  can take  place on ly  ve ry  s lowly 
by  diffusion or m i g r a t i on  t h r ough  it. 

(C) Formation of metal  hydride in cases where  
this reaction is possible . - -The hydr ide  p roduced  
would  be expected  to i n t e r f e r e  wi th  the  bond  be -  
t w e e n  the ba r r i e r  film a nd  the  suppo r t i ng  metal .  In  
this w a y  the  b a r r i e r  fi lm s tab i l i ty  wou ld  be de-  
stroyed,  the oxide pe rhaps  recrys ta l l iz ing ,  a nd  i ts  
h igh ly  pro tec t ive  n a t u r e  wou ld  disappear .  

The total  reac t ion  can be s u m m a r i z e d  as two sets 
of compet ing  processes in  series. The anodic  c u r r en t  
wi l l  be  car r ied  by  an ion  a nd  ca t ion  mig ra t ion ,  in  i n -  
verse  p ropor t ion  to the  " res is tances"  of the  compe t -  
ing  total  anode  processes. The  cathodic c u r r e n t  
wil l  be carr ied  by  e lec t ron  and  p ro ton  migra t ions ,  in  
inve r se  p ropor t ion  to the  " res is tances"  of these  
respec t ive  tota l  processes. Such processes inc lude  
the  acquis i t ion  a nd  inco rpo ra t ion  of the  diffusing 
species into the  oxide, diffusion, cathodic reduct ion ,  
and  l ibe ra t ion  and  disposal  of the products .  Cont ro l  
of the corrosion reac t ion  can be  cons idered  to be 
the  sum of the  anodic  and  cathodic  res is tances  (each 
of which  is the pa ra l l e l  sum of two complex  " re -  
s i s tances") .  

Disposal  of those H a toms which  a re  p roduced  
b e n e a t h  the oxide wi l l  be d iv ided  a mong  the  th ree  
compet ing  processes. Al l  can be expected  to r e -  
duce corrosion res is tance.  

P r e v e n t i n g  the i r  d a m a g i n g  effects can be accom- 
pl ished by  m a k i n g  the " res i s tance"  of the e lec t ron  
m i g r a t i o n  process ve ry  low compared  to tha t  for 
the p ro ton  m i g r a t i o n  process. Note tha t  the  subs t i -  
t u t ion  of a more  f a vo r a b l e  cathodic r eac t ion  on the  
sur face  of the oxide  can be a case of this type,  since 
chemical  r educ t ion  becomes easier. However ,  if the 
electronic res i s tance  of the  oxide is high, no  d i m i n u -  
t ion  in  damage  by  H wou ld  be expected to occur as 
a resu l t  of the  add i t ion  of a typica l  "cathodic  de-  
po la r izer"  such as oxygen  (unless  the  i nco rpo ra t ion  
of H in to  the  oxide is s i m u l t a n e o u s l y  r educed ) .  

Cer t a in  o therwise  anoma lous  resul ts  can be ex-  
p l a ined  in  these  terms.  In  pa r t i cu la r ,  some cases of 
anodic  pro tec t ion  or pa r t i a l  p ro tec t ion  and  cathodic 
accelera t ion  of corrosion are logical, as far  as is 
known ,  for the first t ime. 
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I l lustrations of Effects of Liberated H on 
Corrosion Behavior 

In  m a n y  of the  cases given,  proof t ha t  it  is the  H 
which  causes the ob jec t ionab le  acce le ra t ion  of corro-  
s ion d a m a g e  wi l l  appear  inconclus ive .  In  some i n -  
s tances  good cor re la t ion  wi l l  be  d e m o n s t r a t e d  be -  
tween  behav io r  and  H found  in  the  me t a l  af ter  cor-  
rosion (or me ta l  h y d r i d e  found  af ter  cor ros ion) .  
For  the l i be ra t ion  of gas b e n e a t h  the  film, however ,  
no such direct  ev idence  can be ob ta ined  an d  less 
di rect  ind ica t ions  m u s t  be  used. 

Di~usion into the metal.--A1 alloys form bl is ters  
at  e leva ted  t e m p e r a t u r e s  in  mois t  air.  These  are be -  
l ieved to be  caused b y  ]-I~ a c c u m u l a t i n g  in  cavi t ies  
and  r i f ts  in  the  me ta l  s t ruc tu re  to produce  the  p res -  
sure  which  causes swel l ing.  The  p h e n o m e n o n  is 
observed  to increase  in  i n t ens i t y  as me t a l l u r g i c a l  
factors a re  added which  t end  to cause less sound  
surface  s t ruc tures .  Thus  sur face  defects caused by  
incorpora ted  second phases  and  f rom severe  w o r k -  
ing cause more  b l i s t e r ing  by  the open ing  of the  su r -  
face t e x t u r e  to a l low more  rap id  diffusion of H in to  
the  metal .  Such surface  b l i s t e r ing  can be p r e v e n t e d  
by  d issolv ing off the  surface  oxide pr ior  to hea t ing .  
One effective me thod  of accompl i sh ing  this is by  i m -  
m e r s i n g  A1 in  b raz ing  flux. 

This is pe rhaps  ev idence  tha t  the  b a r r i e r  film p re -  
ven t s  the  escape of H fo rmed  b e n e a t h  it. This  r e -  
s t r ic t ion  of its f ree escape appears  to be necessary  to 
cause the  H to p e n e t r a t e  a m a t e r i a l  w i th  a low H 
diffusion rate.  Smi th  (4) repor ts  the  difficulty of 
diffusing H o u t w a r d  t h rough  surface  films. 

In  wa t e r  at t e m p e r a t u r e s  m u c h  above 200~ most  
c o m m o n  A1 alloys suffer r ap id  corrosive  de te r io ra -  
t ion. The  samples  in  Fig. 2 show appea rance  typ ica l  
of the  b e g i n n i n g  of d a m a g i n g  a t tack  of 1100 A1 af ter  
abou t  2 weeks  in  dis t i l led wa t e r  at  275~ At  a 
t e m p e r a t u r e  of 350~ this  m a t e r i a l  is en t i r e ly  dis-  
i n t eg ra t ed  and  corroded to oxide in  a few hours.  
Ana lys i s  has shown a cons iderab le  increase  in  H 
con ten t  of the surface  layers  of cor roding  1100 A1 

Fig. 2. Typical appearance of 1100 AI after about two weeks in 
distilled water at 275~ 
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pr ior  to d a m a g i n g  at tack.  The  p h e n o m e n o n  can  be  
p r e v e n t e d  up to abou t  350~ by  f o r mi ng  act ive 
cathode sites for H c ombi na t i on  on the  m e t a l  su r -  
face. Metals  of low H overvo l tage  can be deposi ted 
f rom solut ion or incorpora ted  in to  the A1 by  a l loy-  
ing. I t  has no t  b e e n  d e t e r m i n e d  w h e t h e r  this  me thod  
owes most  of its effectiveness to its ab i l i ty  to cause 
c ombi na t i on  of the H a tom s ( b e n e a t h  the  oxide)  be -  
fore  they  can diffuse into the metal ,  or w h e t h e r  at  
such poin ts  the cathodic me t a l  p ro t rudes  t h rough  
and  above the ba r r i e r  film of oxide, p r ov i d i ng  act ive 
l i be ra t ion  sites for the H on the  outside.  The  l a t t e r  
poss ib i l i ty  can be  cons idered  to be a case w h e r e  the  
to ta l  process i n v o l v i n g  m o v e m e n t  of e lec t rons  ou t -  
w a r d  th rough  such places in  the  oxide is m a d e  qui te  
easy. For  the pu rpose  of p r e v e n t i n g  H~ p e n e t r a t i o n  
in to  A1, Ni is the  most  effective me t a l  wh ich  has r e -  
ceived m u c h  a t t en t ion .  A n  alloy, m a d e  by  the  addi -  
t ion  of 1% n icke l  to 1100 A1, shows no m e a s u r a b l e  
increase  in  H con ten t  d u r i n g  corrosion in  w a t e r  a t  
t e m p e r a t u r e s  as h igh as 350~ and  no corrosion 
d a m a g e  other  t h a n  n o r m a l  surface at tack.  This 
de ve l opme n t  has been  descr ibed  by  Dra l ey  and  
R u t h e r  (1).  

Metal l ic  U corrodes qu i t e  r ap id ly  in  w a t e r  at 
e leva ted  t empera tu re s .  A b a r r i e r  film oxide can be  
s tabi l ized by  a l loy ing  to p roduce  ma te r i a l s  of low 
corrosion ra te  in  the same e n v i r o n m e n t .  These  alloys 
are gene ra l l y  observed  to fai l  by  c rack ing  or c r u m -  
b l ing  af ter  p ro longed  corrosion test ing.  Such  fa i lu re  
has been  shown to occur af ter  an  a c c u m u l a t i o n  of 
more  t h a n  a cr i t ical  concen t r a t i on  of H in  the  cor-  
rosion sample.  In  some cases (U-Mo al loys) ,  a 
second phase has been  observed  to fo rm at abou t  the  
same t ime ,  d ispersed w i t h i n  the  meta l l i c  m a t r i x  (5) .  
This  is be l ieved  to be a hydr ide .  I t  is cons idered  
tha t  the  increase  in  v o l u m e  in  the fo rma t ion  of the  
ne w  phase  creates  qui te  h igh local stresses. In  a n -  
other  class of U alloys, typ ica l ly  c o n t a i n i n g  smal l  
a m o u n t s  of Nb and  Zr, no such second phase has 
been  discovered in  n o r m a l  corroded specimens,  a l -  
though  some H a c c u m u l a t i o n  in  the me t a l  and  m e -  
chanica l  f a i lu re  occur. I t  is c lear  tha t  h igh  local 
stresses are produced.  For  bo th  types  of alloy, 
corrosion " l i fe t ime"  can be increased  m a t e r i a l l y  by  
add ing  a Ni sal t  to the water .  As has been  shown 
to occur on A1, this should resu l t  in  Ni deposits,  p ro-  
v id ing  good H l i be ra t ion  sites. 

Dur ing  its corrosion in  dis t i l led  w a t e r  at e leva ted  
t empera tu re s ,  Zr  produces  a t h i n  p ro tec t ive  l aye r  of 
corrosion product .  By  d e t e r m i n i n g  the  H con ten t  of 
the metal ,  Thomas  (6) has shown  tha t  a s ignif icant  
f rac t ion  of the to ta l  H produced  in  the  corrosion re -  
act ion is absorbed  in  the metal ,  some of wh ich  u l t i -  
m a t e l y  forms z i r c on i um h y d r i d e  crys ta ls  at  the  su r -  
face, and  g rowing  in to  the  me t a l  (7) .  A t  abou t  the  
same t ime  the  corrosion ra te  increases,  w i th  the  
f o r ma t i on  of c rys t a l l i ne  corrosion p roduc t  (less 
p ro tec t ive ) .  I t  has no t  been  d e t e r m i n e d  expe r i -  
m e n t a l l y  w h e t h e r  a cr i t ical  H c onc e n t r a t i on  in  the  
surface  layers  of the me t a l  inf luences  the  t r a n s i t i o n  
in  corrosion behavior ,  so tha t  the  ev idence  to sup-  
por t  the  p re sen t  thesis is no t  conclusive.  

The  absorp t ion  of H in  steels d u r i n g  corros ion and  
especial ly  d u r i n g  p ick l ing  or e l ec t rop la t ing  has b e e n  
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wel l  k n o w n  for  m a n y  years .  The  mos t  se r ious  r e s u l t  
is s o m e t i m e s  seve re  e m b r i t t l e m e n t  of the  s teel .  
D a m a g e  of  th is  t y p e  is g e n e r a l l y  p o s t u l a t e d  to occur  
in the  s ame  fash ion  as has  e a r l i e r  been  m e n t i o n e d  
for  AI:  by  t h e  f o r m a t i o n  of m o l e c u l a r  H in po re s  or  
open  p laces  in  the  m e t a l  s t r u c t u r e  and  the  r e s u l t a n t  
h igh  loca l  s t resses  p r o d u c e d .  This  k i n d  of e m b r i t t l e -  
m e n t  of F e  can  occur  in d r y  H a l t h o u g h  i t  is acce l -  
e r a t e d  b y  t h e  p r e s e n c e  of m o i s t u r e  [ s h o w n  b y  S t a n -  
l ey  ( 8 ) ] .  S e v e r a l  r e v i e w s  of the  d a m a g e  of s tee l  b y  
H h a v e  been  w r i t t e n ,  for  e x a m p l e ,  B u z z a r d  and  
Cleaves  (9) .  

The  in i t i a l  p r e sence  of H in some U a l loys  (10) 
a n d  in  Zr  (6) acce l e r a t e s  t he  r a t e  of  f u r t h e r  H 
p i c k u p  d u r i n g  aqueous  cor ros ion ,  in  the  f o r m e r  
case  l e a d i n g  to h i g h e r  cor ros ion  r a t e s  a n d  e a r l y  
" f a i l u r e . "  T h e r e  h a v e  also been  a n u m b e r  of i n -  
s t ances  in w h i c h  the  p re sence  of  H in o t h e r  m e t a l s  
has  caused  i n c r e a s e d  corros ion .  F o r  e x a m p l e ,  
B e r g e r  and  Tul l  (11) o~se rved  c o r r e l a t i o n  b e t w e e n  
the  a m o u n t  of b l i s t e r i n g  of p u r e  (99 .8%)  A1 in a i r  
a t  600~ and  the  f o r m a t i o n  of deep  p i t s  in  e lec -  
t r o l y t i c  e tch ing .  I w a m u r a  and  c o - a u t h o r s  (12) ob -  
s e r v e d  t h a t  A1 a l loys  con t a in ing  H c o r r o d e d  f a s t e r  
in 10% N a O H  so lu t ion  t h a n  those  w h i c h  c o n t a i n e d  
l i t t l e  or  no  H. S m i t h  and  D e r g e  (13) h a v e  s h o w n  
tha t  the  s u s c e p t i b i l i t y  of P d  to a t t a c k  b y  e t ch ing  
agen t s  va r i e s  in p a r a l l e l  w i t h  t he  a v i d i t y  w i t h  w h i c h  
the  m e t a l  t a k e s  up  H~ f rom the  gas phase .  The  r a t e  
of H.., u p t a k e  was  shown  to be  r e l a t e d  to the  p r e s e n c e  
of f issures  in t he  me ta l s .  

W h e n  m e t a l  s t r u c t u r e s  have  s o m e w h a t  b o r d e r l i n e  
H di f fus ion ra tes ,  t ha t  is, w h e n  a s m a l l  c h a n g e  in  
m e t a l  s t r u c t u r e  m i g h t  be  e x p e c t e d  to i nc rea se  t he  
acqu i s i t i on  of H by  the  m e t a l  to an  e x t e n t  w h i c h  
w o u l d  then  be d i sce rn ib le ,  such m e t a l  m i g h t  be  
e x p e c t e d  to be  suscep t ib l e  to " s t ress  cor ros ion . "  In 
th is  ins tance ,  a p p l y i n g  t ens ion  shou ld  p r o d u c e  a 
s m a l l  a m o u n t  of open ing  in t h e  m e t a l  la t t ice ,  r e -  
su l t ing  in d i f fus ion of H i n w a r d  a t  t h e  mos t  suscep -  
t ib l e  p laces .  The  r e a s o n i n g  is s u p p o r t e d  b y  the  fact 
t ha t  the  a m o u n t  of i n t e r n a l  h y d r i d e  f o r m e d  d u r i n g  
ca thod ic  c h a r g i n g  of a U a l loy  is i n c r e a s e d  b y  t e n -  
s ion and  d e c r e a s e d  b y  compres s ion  (5) .  I t  is p e r h a p s  
s ign i f ican t  t ha t  in  n e a r l y  a l l  cases  of " s t ress  c o r r o -  
s ion c r a c k i n g "  i t  is on ly  t he  effect of t ens ion  w h i c h  
inc reases  cor ros ion  s u s c e p t i b i l i t y  (14) .  This  t y p e  of 
r e a s o n i n g  does  no t  s eem to e x p l a i n  a l l  s t ress  c o r r o -  
s ion c rack ing ,  howeve r ,  b e c a u s e  some m e t a l s  w h i c h  
show the  p h e n o m e n o n  (e.g., A1 a l loys  a t  o r d i n a r y  
t e m p e r a t u r e s )  w o u l d  not  be  e x p e c t e d  to h a v e  
" b o r d e r l i n e  h y d r o g e n  di f fus ion r a t e s . "  I t  is no t  c l ea r  
w h e t h e r  such  r e a s o n i n g  shou ld  a p p l y  to cor ros ion  
fa t igue .  E x p e r i m e n t a l l y  i t  was  s h o w n  b y  Evans  a n d  
S i m n a d  (15) t h a t  s m a l l  ca thod ic  c u r r e n t s  d e c r e a s e d  
the fatigue life of mild steel (although greater 
cathodic polarization increased fatigue life). 

Formation of gaseous hydrogen . - -As  p r e v i o u s l y  
r e m a r k e d ,  t h e r e  is no k n o w n  u n e q u i v o c a l  e v i d e n c e  
as to w h e t h e r  H~ l i b e r a t e d  in  t he  cor ros ion  r e a c t i o n  
inf luences  cor ros ion  r a t e s  b y  r u p t u r i n g  p r o t e c t i v e  
films. The  fo l lowing  d i scuss ion  o n  A1 can be  con-  
s i d e r e d  use fu l  on ly  w h e r e  b a r r i e r  f i lms wi l l  f o r m  
and  d e t e r m i n e  cor ros ion  ra tes .  This  p r o b a b l y  r e -  

s t r ic t s  a t t e n t i o n  to cases w h e r e  cor ros ion  is qu i t e  
s low and  u n i f o r m  on a gross  scale,  i.e., w h e r e  s ignif i -  
can t  local  a t t a c k  does no t  occur.  

Cor ros ion  of A1 a l loys  in  d i s t i l l ed  w a t e r  a t  o r d i -  
n a r y  t e m p e r a t u r e s  is c h a r a c t e r i z e d  b y  t h e  f o r m a -  
t ion  of t i ny  sha l l ow  pits .  I t  is p r o p o s e d  t h a t  these  
a r e  the  p laces  w h e r e  H.~ is f o r m e d  b e n e a t h  t h e  f i lm 
a n d  r u p t u r e s  it. A t  such a reas  the  cor ros ion  r e -  
ac t ion  then  t akes  p l ace  r a p i d l y  for  a shor t  bu t  s ig-  
n i f icant  p e r i o d  ( d u r i n g  w h i c h  t i m e  the  a r e a s  are,  
of course ,  a n o d e s ) ,  w i t h  the  u l t i m a t e  r e s u l t  of r e -  
f o r m i n g  the  f i lm there .  Note  t ha t  the  "e tch  p i t s "  
a r e  p r o p o s e d  to f o r m  a t  w h a t  w e r e  o r i g i n a l l y  ac t ive  
ca thode  s i tes  r a t h e r  t h a n  a t  s i tes  w h i c h  d i f fe red  
from the rest of the surface by being intrinsically 
more reactive anodically. In environments where 
pitting is observed, the same reasoning might be 
applicable as providing one kind of pit initiation. 
That is, pits might start at or about what were 
originally cathodes. It is clear that once pits are 
formed and continue to grow, the laws that govern 
the progress of the corrosion reaction must be differ- 
ent, since barrier films do not form at the pits. 

This theory predicts that corrosion rates should be 
increased by mild cathodic polarization, and de- 
creased by mild anodic polarization. In oxygen- 
saturated KOH solution (pH 10.5), the corrosion of 
ii00 Al follows this pattern exactly. As much as 
90% reduction in rate was caused by anodic po- 
larization. Unfortunately, the corrosion rate is 
strongly dependent on pH in this solution, and there 
is no way of knowing how much of the observed 
changes were caused by the local pH changes re- 
sulting from the induced cathodic and anodic re- 
actions. 

Much more valuable evidence would be provided 
by accurately determining the effects of polarizing 
current (of both polarities) on the corrosion rate of 
this metal in distilled water. Published data show 
that the corrosion rate is minimum in this pH range 
(at 50~ (16), so that changing the pH by po- 
larization (in either direction) would be expected 
to increase the corrosion rate slightly. This work 
has been started, but it will be a long job because of 
the requirement of accurate determination of ex- 
tremely low rates. 

In somecases striking increase in metal oxidation 
rate in gases (such as oxygen, air, carbon dioxide, 
sulfur, and sulfur-containing gases) is caused by the 
addition of a little water vapor (17). It is reasonable 
to propose that this is the result of the formation of 
H~ beneath the oxide layer. Only a small amount 
of H.~ might be sufficient to cause a considerable 
amount of more rapid oxidation by oxide rupturing. 

Formation of metal  hydr~de.--U co r rodes  in  ho t  
d i s t i l l ed  w a t e r  a t  a r a p i d  r a t e  (300-500 t o d d  a t  
100~ w h i c h  is c o n s t a n t  a f t e r  a s h o r t  i n i t i a l  
p e r i o d  of s l ower  reac t ion .  T h e  co r ros ion  p r o d u c t  is 
u s u a l l y  a fine g r a n u l a r  p o w d e r  of UO~. A f t e r  co r -  
ros ion  test ,  the  cor ros ion  p r o d u c t  has  been  o b s e r v e d  
to con ta in  UH~ as we l l  as the  oxide ,  UO~. Since  
w a t e r  converts h y d r i d e  to t h e  oxide ,  i t  is i n f e r r e d  
t ha t  the  h y d r i d e  is f o r m e d  on the  m e t a l  sur face .  
This  d i s rup t s  an  in i t i a l  fi lm of ox ide  and  p r e v e n t s  i ts  
s u b s e q u e n t  f o rma t ion .  I t  is b e l i e v e d  t h a t  d u r i n g  
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c o n t i n u i n g  corrosion,  u r a n i u m  hydr ide  forms u n d e r  
the oxide and  p reven t s  the  fo rma t ion  of a b a r r i e r  
fihn. 

At  lower  t empera tu res ,  t h in  p ro tec t ive  oxide films 
fo rm on the  same U, on ly  w h e n  the re  is oxygen  in  
the water .  This  oxide is also UO2, a l though  it  l imi ts  
corrosion to qui te  smal l  rates.  Here  it  is pe rhaps  
t rue  tha t  the  r educ t ion  of oxygen  occurs in  p r e f e r -  
ence to the  fo rma t ion  of H~ so tha t  there  is l i t t le  h y -  
dr ide  fo rmed  b e n e a t h  the  b a r r i e r  film. However ,  
it  appears  tha t  a smal l  a m o u n t  of H~ is produced,  for, 
af ter  p ro t r ac t ed  test ing,  oxide b r e a k d o w n  occurs at 
local spots which  then  spread  and  the  corrosion be -  
comes m u c h  more  rapid.  Care fu l  diffract ion work  
by  W a b e r  (18) has shown  the ex is tence  of UH~ in  
such cases. 

Conclusion 
I t  is c lear  tha t  just i f ied app l ica t ion  of the  theory  

of inc reased  corrosion caused by  H~ fo rma t io n  be.- 
n e a t h  the  p ro tec t ive  film is not  un ive r sa l .  However ,  
it  appears  to be v a l u a b l e  as an  add i t ion  to ex i s t ing  
theory,  in  affording u n d e r s t a n d i n g  of some corrosion 
p h e n o m e n a ,  and  in  a few cases it has p red ic ted  suc-  
cessful  m e a n s  of p rov id ing  be t t e r  corrosion res is t -  
ance. 

Manuscript  received J anua ry  20, 1956. This paper 
was prepared for delivery before the Pi t t sburgh Meet- 
ing, Oct. 9-13, 1955. Work was performed under  the 
auspices of the Atomic Energy Commission. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1957 
JOURNAL. 
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Kinetics of the Oxidation of Chromium 
Earl A. Gulbransen and Kenneth F. Andrew 

Research Laboratories, Westinghouse Electric Corporation, Churchill Borough, Pittsburgh, Pennsylvania 

ABSTRACT 

The oxidation of high pur i ty  chromium was studied over  the t empera tu re  
range 700~176 using the vacuum microbalance method. Below 900~ 
convent ional  oxidation curves were  obtained which can be fitted to the para- 
bolic rate  law. Above  900~ and for a film thickness of approximate ly  4800A, 
the rate of oxidation increased in an unusual  manner.  This increase in the rate 
of oxidation disappeared on fur ther  oxidation. At tempera tures  of 1050~ and 
higher  a large increase occurred in the rate  of oxidation, suggesting that  the 
oxide film was no longer  protect ive  for film thicknesses greater  than 42,000A. 

A logar i thmic plot of the parabolic ra te  law constant vs. 1/T shows two 
straight  lines separated by a t ransformat ion region. This gives 37,500 ca l /mole  
and --15.3 entropy units for heat  of act ivation and entropy of act ivat ion be- 
tween 700 ~ and 900~ and 59,400 ca l /mole  and +6.2 entropy units for 1000 ~ 
1100~ 

The rate  of evaporat ion and the rate  of oxidation of Cr are equal  at about 
950~ This corresponds to the t ransformat ion  region be tween  the two mech- 
anisms of oxidation. It is concluded that  the fai lure of Cr in oxidation is 
closely re la ted to the high vapor  pressure of Cr above 900~ 

A preliminary study was made of the oxidation of 

Cr and the data could be fitted to the parabolic rate 
law. The heat of activation was reported to be 
66,300 cal/mole (I). This paper presents a more 

complete study of the kinetics of the oxidation of a 
pure grade of Cr over the temperature range 700 ~ 
II00~ and for reaction times of 6 hr. 

Since Cr is an important component of oxidation 
resistant high temperature alloys, one of the objec- 
tives of this work was to study the conditions under 
which Cr fails in oxidation. This failure occurs 
when a rapid reaction develops in which diffusion 
processes  a re  no l onge r  r a t e  cont ro l l ing ,  Poor  ad-  
hesion of the  ox ide  to the  m e t a l  is o b s e r v e d  for  
these  condit ions.  For  some metals ,  this b r e a k d o w n  
of the  p ro t ec t i ve  ox ide  film is t e r m e d  " b r e a k - a w a y "  
corrosion.  

Two  oxides  f o r m  on Cr, Cr203 and CrO3, the  l a t t e r  
unde r  s t rong  ox id iz ing  condi t ions.  Cr~O~ exis ts  in 
m o r e  than  one phase  (2,3).  R h o m b o h e d r a l  Cr~O~ is 
f o r m e d  on ox id iz ing  Cr (4) .  The  res i s t ance  to ox i -  
da t ion  of a l loys  con ta in ing  Cr  has been  a t t r i b u t e d  
to the  f o r m a t i o n  of Cr~O~ or to spinels  con ta in ing  
Cr.~O3 (5 -7 ) .  

Experimental 
The  v a c u u m  m i c r o b a l a n c e  m e t h o d  has been  de-  

scr ibed  (8-10) .  In  this  s tudy  a n e w  type  of m i c r o -  
ba lance  of low sens i t iv i ty  for  the  h igh  t e m p e r a t u r e  
reac t ion  r a n g e  was  used. The  sens i t i v i t y  is 0.22 d i -  
vis ions per  m i c r o g r a m  and one d iv is ion  equa l s  
0.001 cm. The  w e i g h t  change  could  be e s t i m a t e d  to 
1.2 ~g. 

The  f u r n a c e  tube  con ta in ing  the  spec imen  was  
cons t ruc ted  of m u l l i t e  (11).  This  t ube  was  sea led  
d i rec t  to t he  a l l - P y r e x  glass v a c u u m  system.  

To avoid  e v a p o r a t i o n  of Cr at 900~ and  h ighe r  
the  spec imen  and r eac t ion  t u b e  w e r e  h e a t e d  r ap id ly  
to the  r eac t ion  t e m p e r a t u r e  in a v a c u u m  of less t h a n  
10 ~ m m  Hg. Pur i f i ed  o x y g e n  (8) was  added  as soon 
as t h e r m a l  e q u i l i b r i u m  was  es tabl ished.  

The  r ep roduc ib i l i t y  of the  ox ida t ion  e x p e r i m e n t s  
was  about  5 -10% above  950~ and  10-20% be low 
950~ 

Samples . - -Table  I shows the  ana lyses  of the  
B u r e a u  of Mines  g rade  of Cr  used in this  s tudy.  
S t r ips  of 10 mi l  sheet  w e r e  sawed  to spec imens  1 
cm wide  and 1.6 cm long. Sam p le s  had sur face  a reas  
of 3.5 cm 2 and w e i g h e d  0.50 g. S p e c i m e n s  w e r e  
a b r a d e d  and c l eaned  fo l l owing  the  p rocedu re s  used 
p r ev ious ly  (1) .  

Results and Discussion 
The  r a t e  cu rves  a re  shown in Fig. 1 and 2. The  

w e i g h t  gain is in tLg/cm ~ and  is c o n v e r t e d  to th ickness  
in A by m u l t i p l y i n g  by  60. This  is ca l cu la t ed  on the  
basis of t he  ox ide  Cr~O~ (4) and  a su r face  roughness  
ra t io  of uni ty .  

Table I. Analyses of chromium metal (Bureau of Mines) 

A n a l y s e s  
M e t a l  W t  % o r  p p m  M e t h o d  

A1 0.01 -- 0.1% 
Si 0.05 % 
Fe 0,001 - -  0.01% 
Cu 0.001 --  0.01% 
Mg Less than 0.001% 
O* 150 ppm 
H* 5 ppm 
N* Less than 10 ppm 
C 0.0032% 

Spectroscopic 
Spectroscopic 
Spectroscopic 
Spectroscopic 
Spectroscopic 
Vacuum fusion 

* I n g o t  m a t e r i a l .  
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Fig. 1. Oxidation of Cr, 700~176 7.6 cm Hg of O=, abraded 
1-4/0. 
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sion coefficient of the diffusing specie, the  n u m b e r  of 
defects in  the  latt ice,  a nd  has an  e x p o n e n t i a l  t e m -  
p e r a t u r e  dependence  (12).  

Fig. 3 to 6 show parabol ic  r a t e  law plots for the  
7 0 0  ~ , 9 0 0  ~  1 0 0 0  ~ , and  l l 0 0 ~  ox ida t ion  exper i -  
ments .  At  700~ the  parabol ic  ra te  law fitted except  
for the in i t i a l  s tage of the reac t ion  (Fig. 3). A de-  
v ia t ion  f rom the parabol ic  ra te  law occur red  af ter  
240 ra in  of reac t ion  at  900~ (Fig. 4).  Dev ia t ion  
f rom the parabol ic  ra te  l aw is no ted  at  B (Fig. 5) 
for the 1000~ oxidat ion.  This was at a p p r o x i m a t e l y  
the same film th ickness  as found  in  the  900~ ex-  

160( 

cM 
Eo;2O( 

E 
~k 8 0 0  

o E9 400 

0 

-- 60,000 Angstroms 

~ - . " ~  ~ ,050 ~ 

~ - ~ ' - " ~ - - ~ - ' - ~  ~ 1000 ~ 
�9 950, ~ 

40 80 120 160 200 240 280 320 560 
Time ( m in.) 

Fig. 2. Oxidation of Cr, 950~176 7.6 cm Hg of O2, abraded 
1-4/0. 

Time and Temperature  

Fig. 1 shows c o n v e n t i o n a l  ox ida t ion  curves  for 
t e m p e r a t u r e s  of 700~176 A rap id  in i t i a l  r a t e  of 
ox ida t ion  is found,  w i th  the  ra te  decreas ing  as the  
film thickens .  A n e w  p h e n o m e n o n  appears  in  the  
950~ expe r imen t .  Here,  the ra te  of ox ida t ion  does 
no t  decrease  con t i nua l l y  w i th  t ime. Ins tead,  at a film 
th ickness  of 80 # g / c m  '~ or 4800A, the r a t e  of ox ida-  
t ion  increases.  A s imi la r  p h e n o m e n a  occurs in  oxi -  
da t ion  e x p e r i m e n t s  in  Fig. 2 at  975 ~ 1000 ~ 1025 ~ 
and  1050~ for s imi la r  film thicknesses.  However ,  
for these  t empera tu re s ,  t he  increase  is on ly  t e m -  
po ra ry  and  the  course of the ox ida t ion  aga in  ap-  
pears  to fol low a n o r m a l  behavior .  

For  ox ida t ion  e x p e r i m e n t s  above 1050~ the oxi -  
da t ion  curves  show a second type  of b r e a k d o w n  
phenomenon with the rate of oxidation increasing 
for thicknesses above 700/~g/cm ~ or 42,000A. Due to 
the limitations of the balance it has not been pos- 
sible to study the end result of this type of break- 
away oxidation. 

A comparison of the results of this study with that 
of the older work (i) shows lower oxidation rates. 
The lower oxidation rates are attributed to the 
greater purity of the present Cr samples. 

Parabolic Rate Law Correlation 

The parabol ic  ra te  law is of va lue  in  s t udy ing  the 
m e c h a n i s m  of oxidat ion,  even  though  dev ia t ions  
m a y  occur, s ince the  law is based on f u n d a m e n t a l  
physical theory. Deviations from the rate law 
suggest that physical and chemical changes do occur 
in the oxide film as a function of time, film thick- 
ness, and temperature. 

The parabolic rate law states that 

W ~ ---- At  + C 

Here  W is the  weigh t  gain,  t is the  t ime,  and  A a nd  
C are  constants .  The cons t an t  A inc ludes  the diffu-  

400 
E 

~ 300 
E 

..~200 

E 
o I00 

0 40 80 120 160 200 240 280 320 560 
Time (rain.) 

Fig. 3. Oxidation of Cr, 700~ 7.6 cm Hg of O~, abraded 1-4/0, 
parabolic plot A = 8.22 X 10 -~ (g/cm~)~/sec. 
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Fig. 4. Oxidation of Cr, 900~ 7.6 cm Hg of O~, abraded 1-4/0, 
parabolic plot A ~ 2.92 X 10 -~:' (g/cm~)~/sec- 
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Fig. 5. Oxidation of Cr, 1000~ 7.6 cm Hg of 0=, abraded 1-4/0, 
parabolic plot Ao ~ = 4.51 X 10 1~ (g/cm.~Y/sec-1. 
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Fig. 6. Oxidation of Cr, 1100~ 7.6 cm Hg of O~, abraded I -4 /0 ,  
parabolic plot Ac ~ = 5.28 X 10 -~ (g/cm2)Vsec. 
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Table II. Properties of oxide films on Cr Table III. Summary of parabolic rate law constants 

T e m p ,  A 
~  ( g / c m  ~') ~ sec  -1 

S t a b i l i t y  o f  
f i l m  t o  

T c m p ,  T h i c k n e s s *  c r a c k i n g  o n  
~  / ~ g m / c m  '2 A ~ C o l o r  c o o l i n g  R a t e  l a w  

700 13.7 822 St raw Stable Parabol ic  
750 26.9 1614 Green Stable Parabol ic  
800 38.1 2286 Green  Stable Parabol ic  
850 52.5 3150 Green  Stable Parabol ic  
900 87 5220 Green  Stable Parabol ic  
950 127 7620 Green  Stable Parabol ic  
975 228 13680 Gray-green  Stable Parabol ic  

1000 324 19440 Gray-green  Stable  Parabol ic  
1000 346 20760 Gray-green  Stable Parabol ic  
1025 516 30960 Gray-green  Stable Parabol ic  
1050 640 38400 Dark gray Stable Some accel- 

erat ion of 
react ion 

1075 960 57600 Dark gray Unstable  Accelera t -  
ing reac-  
t ion 

1100 1280  76800 Dark gray Unstable  Accelerat-  
ing reac- 
tion 

* 6 - h r  e x p e r i m e n t s .  

per t inent .  At  C the  fi lm appear s  to r ega in  its p r o -  
t ec t ive  proper t ies .  H o w e v e r ,  the  slope C-D is g r e a t e r  
t han  the  slope A-B .  Dev ia t i on  f r o m  the  pa rabo l i c  
ra te  l aw  is only  t e m p o r a r y  in na tu re .  Due  to the  
r ap id  r eac t ion  at 1100~ the  t e m p o r a r y  dev i a t i on  
no t ed  at  l ower  t e m p e r a t u r e s  is no t  eas i ly  obse rved  
(Fig. 6). At  D for  a film th ickness  of 720 /~g /cm ~ the  
ra te  of ox ida t ion  dev ia te s  in a pos i t ive  sense f r o m  
both  the  pa rabo l i c  r a t e  l aw  and the  l inea r  r a t e  law. 
On cool ing the  spec imen,  the  ox ide  film f laked off 
f r o m  the  meta l .  

Tab le  II g ives  a s u m m a r y  of the  e x p e r i m e n t a l l y  
obse rved  p rope r t i e s  of oxide  films on Cr. The  t h i c k -  
ness of the  ox ide  film f o r m e d  a f te r  6 h r  of r eac t i on  
is t abu la ted ,  t oge the r  w i t h  the  color  of t he  oxide,  
its s t ab i l i ty  to f laking off of the  m e t a l  on cooling,  
and the  type  of ra te  l aw  cor re la t ion .  

Comparison with Nickel 

Fig. 7 shows a compar i son  of t he  ox ida t ion  c u r v e  
of Cr at 1050~ w i t h  tha t  fo r  Ni  at  1050~ Cr 
oxidizes  at an  a p p r e c i a b l y  s lower  r a t e  t han  Ni (13).  
In the  Ni ox ida t ion  e x p e r i m e n t  t he  ox ide  f i lm f laked 
a w a y  f r o m  the  m e t a l  on cooling, w h i l e  the  oxide  

2000  

1 6 0 0  

u 

1 2 0 0  

::L 
.E 
o 800 - - -  
(D 

i 400 

0 2 0  

I > J  . fJ  
f 

4 0  60  80  I 0 0  120 
T i m e  ( r a i n . )  

Fig. 7. Oxidation of Ni (curve A) and Cr (curve B), 1050~ 7.6 
cm Hg of O~, abraded 1-4/0. 

700 8.22 • 10 -'~ 
750 3.14 x 10 -1' 
800 6.95 x 10 -14 
850 1.18 X 10 -~ 
900 3.02 X 10 -1~ 
950 5.50 X 10 -~ 
975 1.20 X 10 -~ 

1000 4.51 X 10 -2 
1000 4.93 • 10 -1~ 
1025 1.15 X 10 -~ 
1050 1.81 X 10 -~ 
1075 3.08 • 10 -~ 
1100 5.28 • 10 -1~ 

film f o r m e d  o n  Cr was  n e a r  to the  u n s t a b l e  condi -  
tion. 

Temperature Dependence 

Tab le  II I  s u m m a r i z e s  the  pa rabo l i c  r a t e  l a w  con-  
s tants  over  the t e m p e r a t u r e  range.  Fo r  e x p e r i m e n t s  
be low  950~ pa rabo l i c  r a t e  l aw  cons tants  are  ca l -  
cu la ted  for  th icknesses  b e l o w  tha t  for  the  first de -  
v i a t i on  of the  r a t e  l aw cor re la t ion .  A b o v e  950~ 
pa rabo l i c  r a t e  l aw  cons tants  a r e  ca l cu la t ed  for  con-  
di t ions  above  the  first d e v i a t i o n  and  b e l o w  the  
second dev ia t i on  no t iced  at t e m p e r a t u r e s  above  
1050~ 

Fig.  8 shows a log A vs. 1/T plot.  Two  s t r a igh t  
l ines a r e  found  to desc r ibe  the  t e m p e r a t u r e  d e p e n d -  
ence  of the pa rabo l i c  ra te  l aw  constants .  B e t w e e n  
the  two  s t r a igh t  l ine  por t ions  of the  p lo t  a t r a n s -  
f o r m a t i o n  reg ion  exists.  T h e  hea t  of ac t i va t i on  is 
37,500 c a l / m o l e  b e t w e e n  700 ~ and 950~ and 59,400 
c a l / m o l e  b e t w e e n  1000 ~ and  1100~ T h e  ex i s t ence  
of this t r a n s f o r m a t i o n  zone  suggests  t ha t  a m a j o r  
change  is occu r r ing  w i t h i n  t he  o x i d e - m e t a l  system. 

I t  is concluded t ha t  Cr  fa i l s  in ox ida t ion  above  
1000~ The r ap id  inc rease  in t he  pa rabo l i c  r a t e  l aw  
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Fig. 8. Oxidation of Bureau of Mines Cr, abraded 4/0, log A vs. 
I /T,  700~176 ~Hv-D ~ 37,500 cal/mole, 1000~176 
~HA_~ ~ 59,420 cal/mole. 
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cons tants  at 950~176 suggests  t ha t  this inc rease  
is a p r e l i m i n a r y  s y m p t o m  of b r e a k d o w n .  

Comparison ol Rate of Oxidation with 
Rate o] Evaporation 

One p r o p e r t y  of Cr wh ich  p lays  an  i m p o r t a n t  
ro le  in ox ida t ion  at h igh  t e m p e r a t u r e  is t he  h igh  
v a p o r  p r e s su re  of the  m e t a l  above  900~ (1) .  To 
discuss the  ro le  of v a p o r  p r e s su re  in oxida t ion ,  i t  is 
essent ia l  to r e v i e w  brief ly  the  f u n d a m e n t a l  p r i nc i -  
ples of ox ida t ion  and to ind ica te  tha t  the  ox ide  film 
f o r m e d  on me ta l s  consists of m a n y  sma l l  c rys ta l l i t e s  
of v a r i a b l e  size. 

In the  usua l  ox ida t ion  process,  only  the  oxide  
v e r y  close to the  m e t a l  i n t e r f ace  is in e q u i l i b r i u m  
w i t h  the  meta l .  Meta l  ions a re  t r a n s f e r r e d  f r o m  the  
m e t a l  to the  oxide  on ly  at locat ions  w h e r e  the  ox ide  
and m e t a l  a re  in i n t i m a t e  contact .  The  e n e r g y  b a r -  
r i e r  for  this  t r a n s p o r t  process  is usua l ly  l e s s  t han  
the sublimation energy of the metal. Due to this 

fact, concentration gradients of Cr occur across the 
oxide crystallites and oxide film, and diffusion of 
metal follows. The vapor pressure of the metal for 
these conditions plays no direct role in the rate- 
controlling process. 

Consider a higher temperature where the rate of 
evaporation of metal from a free surface approaches 

that of the rate of metal diffusing through the oxide 
during oxidation. For these conditions, metal atoms 
or ions can be transferred to the oxide crystals from 
the vapor phase as well as at the metal oxide inter- 
face, since the oxide film is not continuous, but 
composed of many oxide crystals. Thus, metal vapor 

can penetrate through portions of the film and short 
circuit the normal diffusion processes. 

It is of interest therefore to compare for Cr the 

rate of evaporation with the rate at which metal 
atoms diffuse through the oxide and react with oxy- 

gen. The rate of evaporation data come from an 
earlier paper (I), while the rate at which Cr atoms 

diffuse through the oxide is calculated from the l- 
to 2-hr oxidation period. Fig. 9 shows a log rate vs. 
I/T plot of the data. 
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The  t r a n s f o r m a t i o n  poin t  ( C - B  in Fig. 8) co r r e -  
sponds to the  condi t ion  in Fig. 9 at w h i c h  the  ra te  
of e v a p o r a t i o n  is equa l  to t he  r a t e  of Cr diffusion. 
A b o v e  1000~ the  r a t e  of e v a p o r a t i o n  is g r e a t e r  t han  
the  r a t e  of Cr  diffusion. Fo r  these  condi t ions  
(1000~ and h i g h e r ) ,  the  ox ide  film appear s  to lose 
its p r o t e c t i v e  p rope r t i e s  a f t e r  a def ini te  th ickness  of 
ox ide  has formed.  The  r eac t ion  ra te  increases  r a -  
p id ly  w i t h  t i m e  and the  adhes ion  of t he  ox ide  to the  
m e t a l  is v e r y  poor.  

Thus  the  h igh  v a p o r  p r e s s u r e  of Cr shor t  c i rcui ts  
the n o r m a l  diffusion processes  and for  these  condi -  
t ions a g rea t ly  inc reased  r a t e  of r eac t ion  resul ts .  

Theoretical 

The  t r ans i t ion  r a t e - t h e o r y  (1) and the  classical  
exp re s s ion  (12) for  the  diffusion coefficient as ex -  
pressed  by Zene r  (14) h a v e  been  used to i n t e r p r e t  
the pa rabo l i c  r a t e  law.  F o l l o w i n g  this t r e a t m e n t ,  
the  fo l lowing  equa t i on  for  the  pa rabo l i c  r a t e  l aw 
cons tan t  can be  der ived ,  a s suming  a m e c h a n i s m  
based  on ca t ion  v a c a n c y  diffusion. 

) AH ~ 

~+~s*.  /R e 8/~ / R T  

AS o AH o 
H e r e  - -  and - -  a re  the  en t ropy  and hea t  of 

8/3 8/3 

f o r m a t i o n  of the  vacancies ,  wh i l e  AS* and AH* are  
the  e n t r o p y  and  hea t  of ac t i va t i on  of diffusion, a is 
the  i n t e r a t o m i c  d is tance  b e t w e e n  diffusion sites, , is 
t he  f r e q u e n c y  of v i b r a t i o n  a long the  d i rec t ion  across 
the  saddle  conf igurat ion,  R is the  gas constant ,  T is 
the  t e m p e r a t u r e ,  and  ~ a coefficient d e t e r m i n e d  by 
the  g e o m e t r y  of the  a tomic  jumps .  A has the  uni ts  
of  cm s see-'. 

To e v a l u a t e  v and ~ it was  necessa ry  to assume a 
p a r t i c u l a r  ox ide  and a m e c h a n i s m  for diffusion. A c -  
cord ing  to the  w o r k  of G u l b r a n s e n  and H i c k m a n  
(4) ,  r h o m b o h e d r a l  Cr20~ is f o r m e d  on ox id iz ing  Cr. 

Deta i l s  of the  app l i ca t ion  of this equa t i on  to Cr=O, 
h a v e  a l r e a d y  been  discussed (15) .  F r o m  the  t e m p e r -  
a tu r e  coefficient of the  r eac t ion  and the  v a l u e  of A at 
a g iven  t e m p e r a t u r e ,  t he  v a l u e  of the  h e a t  and  

soo e n t r o p y  t e rms  can be eva lua ted .  These  t e rms  h a v e  
I 

- been called heat and entropy of activation, since a 

- rate process is involved. 
- Table IV shows a summary of the experimental 

heats, entropies, and free energies of activation for 

- the oxidation of Cr (12). Below 950~ an entropy 
- of activation of --15.3 _+ 0.4 cal/mole/~ was cal- 
- culated from the equation. Above I025~ an entropy 

of activation of 6.2 _+ 0.3 cal/mole/~ was calcu- 

- lated. 
- The  e x p e r i m e n t a l  e n t r o p y  of ac t i va t i on  is m a d e  
- up of two  t e rms  (12) :  (a)  e n t r o p y  of f o r m a t i o n  of 

vacancies ,  and (b) e n t r o p y  of ac t iva t ion  of diffusion. 
- Z e n e r  (14) has  shown for  t he  case of me ta l s  tha t  
- the  e n t r o p y  of ac t i va t i on  of diffusion should  be  post-  
- t ive.  This  has been  ver i f ied  by G u l b r a n s e n  and 

A n d r e w  (13) for  the  ox ida t ion  of  p u r e  Ni. H o w e v e r ,  
o ther  ox ida t ion  reac t ions  h a v e  shown n e g a t i v e  v a l -  
ues for  the  e n t r o p y  of ac t iva t ion  of diffusion. 

The  e n t r o p y  associa ted  w i t h  the  f o r m a t i o n  of a 
la t t i ce  v a c a n c y  for  the  Cr20~ la t t i ce  is a p p r o x i m a t e l y  

~d 'o 
.70 .75 .80 .85 ,90 .95 1.0 1.05 
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Fig. 9. Comparison rate of evaporation of Cr from clean surface 
(curve A) with rate of oxidation of Cr (curve B), rate (log scale) 
vs. 1/T.  
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Table IV. Parabolic rate law constants, entropies, heats, and free energies of activation for the oxidation reaction 

t A AH* AS* -- T AS* hF*  
~ cm2/sec c a l / m o l e  c a l / m o l e / ~  c a l / m o l e  c a l / m o l e  C o m m e n t s  

700 3.06 X IO -~ 37,500 --15.7 15,300 52,800 
750 1.17 X 10 -I~ 37,500 --15.0 15,300 52,800 
800 2.59 X 10 -~4 37,500 --15.1 16,200 53,700 
850 4.39 X 10 ~4 37,500 --15.6 17,500 55,000 
900 1.12 X 10 -~ 37,500 --15.2 17,800 55,300 
950 2.05 X 10 -~ 37,500 --15.3 18,700 56,200 

1025 4.28 X 10 -~ 59,400 5.9 --7700 51,700 
1050 6.73 X 10 -~ 59,400 5.9 --7800 51,600 
1075 1.15 X 10 -u 59,400 6.2 --8400 51,000 
i i00 1.96 X I0 -J1 59,400 6.4 --8800 50,600 

Oxide film adher- 
ent, rate of evapo- 
rat ion lower than 
rate of oxidation. 

Oxide film flakes 
off on cooling, rate 
of e v a p o r a t i o n  
higher than rate 
of oxidation. 

--7.5 c a l / m o l e / ~  F r o m  this the e n t r o p y  of ac t iva -  
t ion of diffusion is --8 c a l / m o l e / ~  for the  t e m p e r a -  
tu re  r a n g e  700~176 Above  1025~ a va lue  of 
§ ca l /mo le /~  is calculated.  

The posi t ive  va lue  of the  en t ropy  of ac t iva t ion  
found  for the  h igh t e m p e r a t u r e  r ange  is in  agree-  
m e n t  wi th  Zener ' s  diffusion p ic tu re  (14).  However ,  
the  va lue  appears  high w h e n  it is compared  to the 
va lue  of + 2  found  for the ox ida t ion  of Ni (13).  

The nega t ive  va lue  of --7.5 c a l / m o l e / ~  for the  
t e m p e r a t u r e  r ange  700~176 is unexp la ined ,  al-  
though  s imi la r  nega t ive  va lues  of the en t ropy  of 
ac t iva t ion  are  found  for a n u m b e r  of metals .  The  
di f ferent  hea t  and  en t ropy  of ac t iva t ion  va lues  found  
for the  two t e m p e r a t u r e  regions  suggest  tha t  a 
d i f ferent  reac t ion  m e c h a n i s m  is ra te  cont ro l l ing .  

Failure 05 Cr in Oxidation 

A n  analyses  of the k ine t ic  da ta  show severa l  
i n t e re s t ing  facts. (A)  Cr begins  to fail  in  ox ida t ion  
at a t e m p e r a t u r e  where  the ra te  of evapora t ion  of 
Cr f rom a c lean surface is equal  to the ra te  of re -  
action.  This suggests tha t  the d i s t r i bu t ion  of de-  
fects in  the Cr~O.~ lat t ice m a y  change  g rea t ly  at 
this t empera tu re .  (B) For  ox ida t ion  above 1000~ 
the adhes ion  of the oxide to the  me ta l  depends  on 
the oxide film thickness.  This m a y  be re la ted  to the 
fact tha t  at  a ce r ta in  th ickness  the ra te  of evapo ra -  
t ion approaches  or becomes equa l  to the  ra te  of 
oxidat ion.  (C) The  heat  and  en t ropy  of ac t iva t ion  
change  dras t ica l ly  for oxida t ion  condi t ions  w he r e  
the me ta l  wil l  u l t i m a t e l y  fail  at th icker  film th i ck -  
nesses. 

Thus,  the  fa i lu re  of Cr in  ox ida t ion  is c lear ly  
re la ted  to its high vapor  p ressure  at 900~ and  
higher .  

Manuscript  received Ju ly  9, 
pared for del ivery before the 
29 to Oct. 3, 1956. 

1956. This paper was pre- 
Cleveland Meeting, Sept. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1957 
J O U R N A L .  
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Anodic Oxidation of Aluminum, Chromium, Hafnium, Niobium, 
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ABSTRACT 

Some aspects of the mode of format ion of anodic oxidation films in the 
potential  region below oxygen evolution were examined for a number  of metals 
under  as near ly  constant  exper imental  conditions as possible. The metals se- 
lected were A1, Ti, Hf, V, Nb, Ta, and Cr. Results for Zr were reported in 
earlier publications. Electrolytic parameters  and formation fields were evalu- 
ated from the un i ta ry  formation rates. Local currents  were estimated using 
the method described previously. 

The mode  of fo rma t ion  of anodic  oxide films on 
meta l s  is of i nc reas ing  technica l  and  scientific i n -  
terest.  The technica l  appl ica t ions  of anod iza t ion  are  
wel l  k n o w n ,  and  f u r t h e r  in te res t  in  the  subjec t  has 
de r ived  l r o m  its i m p o r t a n c e  f rom the  po in t  of v iew 
of the  m e c h a n i s m  of e lectrode processes in  genera l .  

The  purpose  of the p re sen t  work  was  to e x a m i n e  
the  fo rma t ion  of anodic  oxide films on ce r t a in  m e t -  
als be low the po ten t i a l  of oxygen  evo lu t ion  u n d e r  
e x p e r i m e n t a l  condi t ions  sufficiently cons tan t  to pe r -  
mi t  comparisons .  The  meta l s  selected for s tudy  
were  A1, Ti, Hf, V, Nb, Ta, and  Cr. Zr  had  b e e n  
s tud ied  p rev ious ly  (1, 2). 

The p ioneer  work  of Gi in the r schu lze  and  of G i in -  
therschulze  and  Betz in i t i a t ed  m u c h  of the  p re sen t  
day  in t e re s t  in  oxide film format ion ,  m a n y  of the  
theore t ica l  discussions h a v i n g  been  based  on the i r  
empi r ica l  resul ts .  The  fo rma t ion  of anodic  oxide 
films on Ta was  repor ted  by  Gf in therschulze  a nd  
Betz (3) ,  and  fo rma t ion  of films on the add i t i ona l  
meta l s  W, Zr, and  A1 was  discussed (4) .  G i i n t h e r -  
schulze and  Kel le r  (5) r epor ted  tha t  e lec t ro ly t i -  
cal ly  fo rmed  oxides had  high densi t ies  and  h igh  
dielectr ic  cons tan ts  co r respond ing  to the  p roper t i es  
of fired oxides. Studies  of the  fo rma t ion  of these  
films led Gi in the r schu lze  and  Betz (6) to the  con-  
c lusion tha t  the  ion c u r r e n t  f o rming  the films fol-  
lowed an  exponen t i a l  r e la t ionsh ip  w i th  the  electr ic  
field. The  w o r k  of Gi in the rschu lze  and  Betz has  
been  pub l i shed  in  a book on e lec t ro ly t ic  capaci tors  
(7) .  

The  genera l  l i t e r a tu r e  on anodiza t ion  was  found  
to be too ex tens ive  for de ta i led  c o m m e n t ;  however ,  
re ferences  (8) t h rough  (33) have  b e e n  selected as 
be ing  of in te res t  in  connec t ion  w i th  anod iza t ion  of 
the pa r t i cu l a r  meta l s  e x a m i n e d  in  this  work.  

Experimental 
The appa ra tu s  used consis ted of a cons tan t  t e m -  

p e r a t u r e  ba th  con t a in ing  the anode,  cathode, a nd  
re fe rence  electrode c o m p a r t m e n t s ;  the  po ten t i a l  

m e a s u r i n g  circui t  w i th  po ten t iomete r ,  ga lvanomete r ,  
and  mi l l i vo l tme te r ;  the  c u r r e n t  m e a s u r i n g  circui t  
w i th  sens i t ive  g a l v a n o m e t e r  (nu l l  type)  a nd  po- 
t en t iome te r ;  a nd  the  c u r r e n t  regula tor .  

For  most  of the e xpe r i me n t s  the  g a l v a n o m e t e r  for 
the  c u r r e n t  m e a s u r i n g  circui t  was an  A. C. B r o w n  
E lec t ron ik  n u l l  ind ica tor  wi th  a sens i t iv i ty  of 10 ~ 
a m p / m m .  For  the  1 ~ amp c u r r e n t  dens i ty  runs  a 
L&N re f l ec t ing - type  g a l v a n o m e t e r  wi th  a sens i t iv -  
i ty  of 3.7 x 10 '~ ~ a m p / m m  was used. 

G r o u n d i n g  of the  cathode t h r ough  a la rge  con-  
denser  was found  to be necessa ry  to avoid f luc tua-  
t ions  in  m i l l i v o l t m e t e r  read ings  due to s t ray  cur -  
rents .  Likewise,  al l  motor  and  me ta l  par t s  were  
sys temat ica l ly  grounded ,  as was  the a-c  ga lvano -  
meter .  

Test  spec imens  were  m o u n t e d  as follows: The 
me t a l  spec imen  was  first t u r n e d  to accura te  d i ame te r  
( u sua l l y  1.595 cm, e q u i v a l e n t  to 2 cm ~ on the  face) ,  
bored,  tapped,  and  m o u n t e d  in  plastic,  us ing  a 
s t a n d a r d  me ta l log raph ic  plast ic  m o u n t i n g  powder ,  
hea ted  die, a nd  press  technique .  The plast ic  cy l in -  
der  was  t hen  dr i l l ed  a nd  t apped  to t ake  a t h r eaded  
tube  th rough  which  a brass  rod could be inse r t ed  to 
t h r ead  in to  the backside  of the  me t a l  specimen,  
thus  es tab l i sh ing  a firm electr ical  connect ion.  This 
me thod  showed special  advan tages  of speed of p r ep -  
a r a t i on  and  r ep roduc ib i l i t y  of a p p a r e n t  surface 
area, a nd  p rov ided  a c o n v e n i e n t  ho lder  for ab ras ion  
of the  metal .  

Experimental Procedure 
M a n y  e x p e r i m e n t s  were  car r ied  out  to devise a 

s t a n d a r d  me thod  which  wou ld  m i n i m i z e  the  va r i -  
a t i o n s  due to the  e x p e r i m e n t a l  condi t ions.  The  tests 
we re  all  r u n  at 25~ and  in  the  same e lec t ro ly te  
(see be low) .  Ai r  was b u b b l e d  cons t an t ly  t h rough  
the  e lec t ro ly te  to m a i n t a i n  air  sa tu ra t ion ,  and  to 
p rov ide  s t i r r ing .  The  same re fe rence  electrode,  

1Presen t  address :  Research  Labs. ,  Wes t inghouse  Electric Corp., 
P i t t sburgh ,  Pa. 

P r e se n t  address :  Dept.  of Chemis t ry ,  S tanford  Univers i ty ,  Stan-  
ford,  Calif. 
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sa tu ra t ed  mercu rous  sulfate,  was used in all  expe r i -  
ments ,  and  all po ten t ia l s  g iven  here  a re  r e fe r red  to 
this electrode.  

The spec imens  were  ab raded  dry  on e i ther  m e t -  
a l lographic  paper  or emery  cloth i m m e d i a t e l y  be -  
fore each test. For  Ti, Cr, Ta, V, Nb, and  Hf, the  
abras ion  consisted of 100 pa ra l l e l  s t rokes on 3/0 
emery  cloth. This was  sufficient to r emove  all 
v is ible  r ight  angle  scratches and  yet  it  was be l ieved  
not to produce  an  u n d u l y  co ld -worked  surface.  
Reproduc ib i l i ty  b e t w e e n  runs  was good. Wi th  A1, 
separa te  s tudies  were  m a d e  us ing  3/0 emery  cloth in  
one case, and  400 me ta l log raph ic  paper  in the other.  
Wi th  AI, the fo rma t ion  ra te  ( ra te  of change  of po-  
t en t i a l  wi th  t ime  (AE/At) was found  to v a r y  con-  
s ide rab ly  wi th  the degree  of ab ras ion  ( p a r t i c u l a r l y  
not iceable  on the  coarser  gr i ts) ,  25 s trokes on 400 
paper  be ing  found  sufficient to expose a new  surface  
and  give r ep roduc ib le  resul ts .  The 3/0 ab ras ion  
p roduced  lower  in i t i a l  and  lower  cons tan t  f o rma t i on  
rates,  as would  be expected on the  basis of the  
grea te r  surface  area  and  consequen t  lower  c u r r e n t  
dens i ty  in  the case of this coarser  abras ion.  

Af te r  abras ion  the spec imen  was connec ted  to the  
c u r r e n t  r egu la to r  and  the m i l l i v o l t m e t e r  an d  i m -  
mersed  wi th  c u r r e n t  swi tched on. T imes  f rom final  
abras ion  to first r ead ing  were  of the order  of 6-10 
sec and, depend ing  on the appl ied  cur ren t ,  m e a s u r e -  
men t s  were  car r ied  out  over  a per iod of up  to 8 hr. 

The r a n g e  of c u r r e n t  densi t ies  was 0-100 # 
a m p / c m  ~ and  the a p p a r e n t  surface area of all  speci-  
mens  was about  2 cm ~. 

Each m e t a l  was anodized at severa l  c u r r e n t  d e n -  
sities up to 100 ~ amp. At  least  t h ree  check r u n s  
were  m a d e  at each c u r r e n t  dens i ty  except  0 and  1 

amp where  usua l ly  on ly  two r u n s  were  m a d e  in  
each case. 

Materials 
The e lec t ro ly te  used th roughou t  these expe r i me n t s  

was a boric  a c i d - a m m o n i a  solution.  This e lec t ro ly te  
was selected because  of its use by  m a n y  prev ious  
inves t iga tors  for the anodiza t ion  of A1, Ta, and  Zr. 
The so lu t ion  was c o n v e n i e n t l y  m a d e  by  s a t u r a t i n g  
dis t i l led  wa te r  wi th  r eagen t  grade  boric acid at 
25~ then  b u b b l i n g  in  gaseous a m m o n i a  to a pH 
of 8. 

The  p resen t  ava i l ab i l i t y  of var ious  r a re  meta l s  in  
high p u r i t y  was one of the reasons  for  i n i t i a t i n g  the 
p resen t  work  on anodic  polar iza t ion.  F u r t h e r  t h a n  
the ava i l ab i l i t y  of the pu re  metals ,  a form su i tab le  
for e x p e r i m e n t  was requi red .  Deve lopmen t s  in  a rc -  
m e l t i n g  and  m e t a l - f o r m i n g  t echn iques  p e r m i t t e d  
the tes t ing  of dense  metal ,  whereas  ear l ie r  i nves t i -  
gators f r e q u e n t l y  had  to work  wi th  powders  or 
l umps  of r e l a t i ve ly  i m p u r e  mater ia l s .  

The A1 was  ob ta ined  as Hoopes pig, recast  to bar ,  
and  ro t a ry  swaged to a p p r o x i m a t e  size. 

The iodide t i t a n i u m  was a r c - m e l t e d  f rom the  
crys ta l  ba r  to the  a rc -cas t  bu t ton ,  which  was  t h e n  
t u r n e d  to spec imen  size. Kro l l  process Ti was ob-  
t a ined  as swaged rod and  spec imens  t u r n e d  f rom 
this rod. 

The iodide h a f n i u m  was a r c - m e l t e d  f rom the  
crys ta l  bar  to the a rc -cas t  but ton ,  which was  then  
t u r n e d  to spec imen  size. 

Table I. Experimental metals 

Metal Type % Metal Chief impuri t ies  % 

A1 Hoopes 99.99 Fe, Cu, Si traces 
Ti Kroll  99.6 Fe ~ 0.2, O ~ 0.05, 

Mg ~ 0.1, N, C, Mn 
traces 

Ti Iodide 99.9 Fe ~ 0.02, A1, Mn, 
C traces 

V Calcium bomb 99.9 O ~ 0.05, N, C traces 
Nb Fansteel  99.9 Labeled research grade 

by Fansteel  
Ta Electrolytic 99.9 Fe, C, O traces 
Hf Iodide 96.1 Zr --~ 3.8, Fe, Si, A1 

traces 
Cr Ductile 99.95 O ~ 0.04, Fe, Si traces 
Zr Kroll  (not 99.6 O ~ 0.16, Fe = 0.06, 

annealed)  C ~ 0.037, Sn = 0.05, 
Hf ~ 0.03 

Va was ob ta ined  as l umps  f rom the  Ca bomb  re -  
duc t ion  process and  a r c - m e l t e d  to a b u t t o n  which 
was  t u r n e d  to spec imen  size. 

Nb was ob ta ined  as rol led sheet, cut  up, and  arc-  
me l t ed  to a bu t ton ,  which  was t u r n e d  to spec imen  
size. 

Ta a nd  Cr w e r e  ob ta ined  as swaged rod. 
Zr (Kro l l  process) was tes ted in  sheet  form as 

repor ted  p rev ious ly  (1, 2).  
Tab le  I lists the meta l s  wi th  a pp r ox i ma t e  tota l  

me t a l  conten ts  and  chief impur i t i es .  
The  a r c - m e l t e d  bu t tons  were  used in  the  as-cas t  

condi t ion  d i rec t ly  w i t hou t  f u r t h e r  annea l ing .  The 
swaged rod ma te r i a l s  were  a n n e a l e d  by  seal ing in  
evacua ted  Vycor ampoules  a nd  hea t ing  to 950~ 
for Cr, Ta, a nd  Ti, and  to 500~ for A1. 

Experimental Results 

E x p e r i m e n t a l  resul t s  for the  d i f ferent  meta l s  were  
recorded in  the fo l lowing  m a n n e r :  po ten t i a l  vs. 
t ime curves,  r e p r e s e n t i n g  the p r i m a r y  data,  were  
ob ta ined  for each meta l ;  f rom the p o t e n t i a l - t i m e  da ta  
a second series of curves  was  cons t ruc ted  which  
show the  re la t ionsh ip  log (AE/At) vs. log t ime  and  
also the re la t ionsh ip  of the  log of the cons tan t  ra te  
vs. log c u r r e n t  densi ty .  Such plots show, for the 
film formers,  how the l i m i t i n g  cons tan t  f o r ma t ion  
ra te  (AE/At) at  cons tan t  c u r r e n t  dens i ty  increases  
wi th  this c u r r e n t  densi ty .  F r o m  the  log ra te  vs. log 
t ime  and  vs. log I plots the  local cu r r en t s  were  cal-  
culated,  according to the me thod  developed ear l ie r  
(1). 

If  the va lues  for  the cons tan t  r a t e  of change  of po-  
t en t i a l  at a g iven  c u r r e n t  dens i ty  be d iv ided  by 
tha t  c u r r e n t  ( in  mic roampere s  per  cm ~) a ne w  va lue  
is ob ta ined  which  has been  cal led the  u n i t a r y  for-  
m a t i o n  rate,  1/1 (AE/At), or RI. F r o m  the  plots 
of the  u n i t a r y  f o r ma t i on  ra te  vs. log c u r r e n t  densi ty ,  
a th i rd  series of curves  was  ob ta ined  showing  the  
l i nea r  dependence  of the u n i t a r y  ra t e  on the  loga-  
r i t h m  of the c u r r e n t  densi ty .  This resu l t  is p red ic ted  
f rom the empi r i ca l  l aw of anodic  film g rowth  
I ~ A+e'+F where  I is the to ta l  anodic  cur ren t ,  A+ 
a nd  B+ are the  e lect rolyt ic  pa ramete r s ,  and  /7 is the  
field across the  oxide film. 
Aluminum.--Fig. 1 shows the  potential vs. t ime  
curve  for a n n e a l e d  A1 a b r a de d  on 400 paper .  The  log 
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Fig. 1. Potential vs. time for AI abraded on 400 grit paper. 
Anodized in air-saturated ammonium borate solution at  25~ 

r a t e  vs. log t ime  and  log c u r r e a t  d e n s i t y  cu rves  for  
A1 a b r a d e d  on  3 /0  a n d  400 m e  s i m i l a r  in  f o r m  to 
t h a t  s h o w n  for  Ta  in Fig .  2. Fig.  3 shows  t h e  p lo t s  
of u n i t a r y  r a t e s  vs. log c u r r e n t  dens i ty .  The  400 tes t  
as seen  f rom the  d o t t e d  l ine  shows  d e v i a t i o n  f r o m  
l i nea r i t y .  H o w e v e r ,  for  p u r p o s e s  of c a l cu l a t i on  a 
s t r a i g h t  l i ne  was  d r a w n  t h r o u g h  the  i n t e r m e d i a t e  
points .  

E x p e r i m e n t a l  r uns  in  t h e  r eg ion  b e l o w  10 ~ a m p  
w e r e  f o u n d  to g ive  u n r e p r o d u c i b l e  resu l t s .  Indeed ,  
the  f o r m a t i o n  r a t e  a t  10 ~ a m p  is seen  to be  s ca rce ly  
m o r e  t h a n  t h a t  a t  zero  a p p l i e d  cu r ren t .  A l t h o u g h  A1 
is cons ide r ed  h e r e  to be  a g e n u i n e  fi lm f o r m e r  u n d e r  
t he  cond i t ions  of  t he se  e x p e r i m e n t s ,  t he  a b n o r m a l l y  
low fi lm f o r m a t i o n  ra t e ,  w h i c h  m a y  b e  due  to  p a r t i a l  
d i s so lu t ion  of  t h e  film, d i d  p r e v e n t  r e a d y  d i s c r i m i -  
n a t i o n  of the  r e su l t s  a t  the  lowes t  c u r r e n t  dens i t i es ,  
i.e., b e l o w  10 /~ amp .  R e p r o d u c i b i l i t y  on the  3 /0  
e m e r y  c lo th  w i t h  A1 was  found  to be  v e r y  poor .  This  
was  a t t r i b u t e d  to t he  v i r t u a l  i m p o s s i b i l i t y  of d u p l i -  
c a t i ng  t h e  deg ree  of  ab ra s ion  b e t w e e n  runs .  H igh  
p u r i t y  A1 is e x t r e m e l y  soft,  and  c o n s e q u e n t l y  v e r y  
s m a l l  changes  in p r e s s u r e  d u r i n g  a b r a s i o n  w o u l d  be  
e x p e c t e d  to cause  l a r g e  v a r i a t i o n s  in  t he  d e g r e e  of 
a b r a s i o n  and,  hence,  in  t he  r , ,al  s u r f a c e  area .  The  
i n c r e a s e d  f o r m a t i o n  r a t e  of the  400 g r i t  ove r  t he  
3 /0  g r i t  qu i t e  p r o b a b l y  ref lects  this  d i f ference.  
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Fig. 2 .  Log rote  of c h a n g e  a f  paten1 
current density of Ta in air-saturated 
at 25~ 
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Since  3 /0  w a s  f o u n d  to b e  u n s u i t a b l e ,  400 g r i t  
p a p e r  was  used  a n d  r e p r o d u c i b i l i t y  f o u n d  to be  
m o r e  sa t i s f ac to ry .  D e sp i t e  t he  i m p r o v e m e n t  n o t e d  
us ing  400 g r i t  p a p e r ,  o the r  v a r i a b l e s  c o n t i n u e d  to i n -  
f luence the  f o r m a t i o n  ra te .  In  p a r t i c u l a r ,  i t  was  
f o u n d  t h a t  t he  age  of  t he  a m m o n i u m  b o r a t e  e lec -  
t r o l y t e  h a d  a p r o n o u n c e d  effect  on the  resu l t s .  A 
f resh ,  i.e., p r e v i o u s l y  unused ,  so lu t ion  p r o d u c e d  
f o r m a t i o n  r a t e  v a l u e s  abou t  30% l o w e r  t h a n  those  
o b t a i n e d  in  so lu t ions  w h i c h  h a d  been  used  r e -  
p e a t e d l y  (a  poss ib l e  i nd i c a t i on  of so lub i l i t y  of the  
f i lm in t he  e l e c t r o l y t e  or  of d i s c h a r g e  of c e r t a i n  
an ions  in  the  so lu t ion ,  such  as c h l o r i d e ) .  

A t t e m p t s  to s t u d y  t h e  effect  of  co ld  w o r k  on the  
f o r m a t i o n  r a t e  for  A1 w e r e  a b a n d o n e d  b e c a u s e  of 
t h e s e  i r r e g u l a r i t i e s .  
Titanium.--Ti r e c e i v e d  t h e  mos t  d e t a i l e d  e x a m i n a -  
t ion  of the  m e t a l s  t e s t ed  in  the  p r e s e n t  i nves t i ga t i on .  
I o d i d e  t i t a n i u m  was  t e s t e d  b e c a u s e  of i ts  r e l a t i v e l y  
h i g h e r  p u r i t y  c o m p a r e d  w i t h  t h e  c o m m e r c i a l  K r o l l  
p rocess  me ta l .  
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Fig. 4. Potential vs. time for iodide titanium abraded on 3 /0  
emery. Anodized in air-saturated ammonium borate solution at 
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In addi t ion to iodide and Kro l l  process Ti (cor-  
responding to two different  pur i t i es ) ,  three  series 
of runs  were  made using Kro l l  process Ti which had 
been given different  degrees of cold work.  Three 
cyl inders  of Krol l  process Ti of about  % in. d i ame-  
ter  and %, ~ ,  and 3~ in. in height,  respect ively,  
were  vacuum annealed at  800~ then cold pressed 
ax ia l ly  to reduct ions of 11%, 24%, and 34% each. 
The specimen reduced 34% sl ipped in shear  on the 
diagonal  of the pressed cyl inder  and the s l ipped 
plane was made  the face of the  specimen for anodic 
testing. The 11% and 24% co ld -worked  specimens 
were  tes ted on the or ig ina l  c i rcular  faces. 

The specimen reduced 11% was found to give 
values of the  format ion  ra te  v i r tua l ly  unchanged 
f rom annea led  mater ia l .  The specimen reduced 24% 
gave s l ight ly  h igher  values than  the  annealed,  but  
of such sl ight  differences as not to be c lear ly  con- 
clusive. The specimen reduced 34%, however,  
showed quite posi t ive increase. Fig. 4 shows the 
po t en t i a l - t ime  curve for iodide Ti. Curves for Krol l  
process Ti and the  34% cold work  were  indent ica l  
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Fig. 5. Log rate of change of potential vs. log time and vs. log 
current density for iodide titanium in alr-saturated ammonium 
borate solution at 25~ 
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Fig. 6. Unitary formation rate vs. log current density for iodide 
titanium, Kroll process Ti, and Kroll process, 34% cold-worked Ti. 
Air-saturated ammonium borate solution at 25~ 

in form but  wi th  grea te r  slopes in each case, the 
co ld -worked  having  grea te r  slope than the Kro l l  Ti, 
and the la t te r  more than iodide. It should be noted 
tha t  the zero appl ied  cur ren t  curve was nea r ly  
ident ical  for the  three cases. Fig. 5 shows the log 
ra te  vs. log t ime and log cur ren t  dens i ty  for iodide 
Ti. Fig. 6 shows the dependence  of the un i t a ry  ra te  
on the log cur ren t  densi ty  for the three  types of 
Ti specimens. Krol l  process and the co ld -worked  
specimens gave curves displaced u p w a r d  from the 
iodide curves. 

Other metals .--Results  for  iodide Hf are shown in 
Fig. 7. The ]og r a t e  vs. log t ime and log cur ren t  
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Fig. 7. Potential vs. rime for HF abraded on 3 /0  emery; Anodized 
in air-saturated ammonium borate solution at 25~ 
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Fig. 10. Potential vs. time for Nb abraded on 3 /0  emery. An- 
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Fig. 12. Potential vs. time for Ta abraded on 3/0 emery. An- 
odized in air-saturated ammonium borate solution at 25~ 

d e n s i t y  c u r v e  is a g a i n  of t h e  s ame  t y p e  as shown  
b y  Ta, Fig .  2. 

Resu l t s  for  V a r e  ,shown in Fig .  8 a n d  9. 
Resu l t s  for  Nb  a re  s h o w n  in Fig .  3, 10, and  11. 
P o t e n t i a l  vs. t i m e  cu rves  for  Ta  a r e  s h o w n  in Fig .  

2, 3, and  12. 
Resu l t s  for  Cr a r e  s h o w n  in Fig .  13. T h e  log r a t e  

vs. log t i m e  cu rves  a r e  of  t he  s ame  t y p e  as s h o w n  b y  
V, Fig .  9. A n o d i z a t i o n  of Cr  a t  h igh  c u r r e n t  dens i t i e s  
gave  a d i s t i n c t l y  g r e e n  d i s so lu t ion  p roduc t .  

Discuss ion  

Metal Types 
The  r e su l t s  show t h a t  t h e  m e t a l s  t e s t ed  u n d e r  t h e  

cond i t ions  of these  e x p e r i m e n t s  f a l l  r o u g h l y  in to  
t h r e e  ca t egor i e s :  ( a )  t h e  non  f i l m - f o r m e r s  Cr  a n d  
V; (b )  t he  f i l m - f o r m e r s  A1, Ti, Hf, Ta, and  Zr ;  (c)  
an  i n t e r m e d i a t e  class c o n t a i n i n g  Nb  as a s ing le  
m e m b e r .  

E x a m i n a t i o n  of t he  p o t e n t i a l - t i m e  c u r v e s  for  r e p -  
r e s e n t a t i v e  m e t a l s  of these  groups ,  for  e x a m p l e ,  V, 
Ta, and  Nb, show c e r t a i n  di f ferences .  The  V p o t e n -  
t i a l  t i m e  cu rves  (Fig .  8) r i se  r a p i d l y  to a n e a r l y  
cons t an t  c o m m o n  v a l u e  of a b o u t  m i n u s  0.6 v. This  
p o t e n t i a l  is f a r  b e l o w  t h a t  of o x y g e n  evo lu t ion .  Ta,  
on t h e  o t h e r  hand ,  shows  (Fig .  2) a f a m i l y  of cu rves  
t y p i c a l  of a f i lm fo rmer .  Each  c u r v e  has  an  in i t i a l  
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Fig. 11. Log rate of change of potential vs. log time and vs. log 
current density for Nb in air-saturated ammonium borate solution 
at 25~ 

s h a r p  r i se  fo l l owed  b y  a d i s t i n c t l y  l i n e a r  p o r t i o n  
w h i c h  pe r s i s t s  up  to the  o x y g e n  evo lu t ion  po ten t i a l ,  
w h e r e  t h e  r a t e  fa l l s  off sudden ly .  I n c r e a s i n g  c u r r e n t  
d e n s i t y  does no t  c h a n g e  th is  c h a r a c t e r i s t i c  b e h a v i o r ;  
on ly  t h e  s lope  of t he  l i n e a r  p o r t i o n  of t he  c u r v e  is 
i nc reased ,  and  the  t i m e  to r e a c h  o x y g e n  evo lu t i on  
p o t e n t i a l s  is dec reased .  

Nb  (Fig .  10) shows  a n o t h e r  set  of curves .  W h i l e  
supe r f i c i a l ly  r e s e m b l i n g  the  p e r f o r m a n c e  of t he  f i lm 
fo rmers ,  t he  b e h a v i o r  is s o m e w h a t  d i f ferent .  I n  t he  
p o t e n t i a l  t ime  p lo t s  t he  e x p e c t e d  " l i n e a r "  p o r t i o n  is 
no t  l i nea r ,  as m a y  b e  d e t e r m i n e d  b y  s i g h t i n g  a long  
the  cu rves  in  t h e  p l a n e  of t he  page .  

T h e  d i f fe rences  a m o n g  the  t h r e e  t y p e s  a r e  m o r e  
a p p a r e n t ,  h o w e v e r ,  w h e n  t h e  l o g a r i t h m  of t h e  r a t e  
of  c h a n g e  of p o t e n t i a l  log (AE/At)  is p l o t t e d  vs. t he  
l o g a r i t h m  of the  t ime .  The  d a t a  for  V (Fig .  9) ,  Ta  
(Fig .  3) ,  a n d  Nb  (Fig .  11) m a y  be  c o m p a r e d .  The  
non  f i l m - f o r m e r  V is seen  to g ive  an  in i t i a l  n e g a t i v e  
s lope  w h i c h  r a p i d l y  becomes  s teeper .  W i t h  t he  e x -  
cep t ion  of  s e v e r a l  u n e x p l a i n e d  a r r e s t s  a t  t h e  h i g h e r  
c u r r e n t  dens i t i e s  ( fo r  b o t h  V a n d  C r ) ,  t h e  cu rves  
a p p e a r  to go d o w n w a r d  s t ead i ly .  This  t y p e  of c u r v e  
can  b e  e x p l a i n e d  pos s ib ly  on  t h e  bas i s  of f i lm d i s -  
so lu t ion ,  or  else on t h e  bas is  of an  e x t r e m e l y  po rous  
f i lm s t ruc tu re .  In  the  case  of Cr and  V t h e  on ly  
effect  of i n c r e a s i n g  c u r r e n t  d e n s i t y  was  m e r e l y  to 
a c c e l e r a t e  t h e  r a p i d  r i se  of p o t e n t i a l  to a cons t an t  
va lue .  

F o r  t h e  t y p i c a l  f i l m - f o r m e r  Ta  (Fig .  2) the  
cu rves  a r e  seen  to d e c r e a s e  m o r e  or  less  r a p i d l y  to  
h o r i z o n t a l  l ines  c o r r e s p o n d i n g  to t h e  l i n e a r  r eg ion  of 
c o n s t a n t  s lope  of t he  p o t e n t i a l - t i m e  plot .  

F o r  Nb  (Fig .  11),  an  i n i t i a l  d e c r e a s e  to a m i n i -  
m u m  f o l l o w e d  b y  a d i s t i n c t  r i se  to a m a x i m u m  is 
obse rved .  This  sugges t s  a c o m b i n a t i o n  of t he  n o n -  
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Fig. 13. Potential vs. time for Cr abraded on 3/0 emery. An- 
odized in air-saturated ammonium borate solution at  25~ 
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Table II. Local currents (electrolyte: saturated ammonium borate) 

A B ( ~ a m p / c m  ~) a t  t i m e  C u r r e n t  ( m i n )  
M e t a l  m y / r a i n  s lope  0.5 1 5 10 50 

Table III. Unitary formation rates (mv/min//~ amp/cm ~) 

C u r r e n t  D e n s i t y  
M e t a l  1 5 10 20  30 40 50 100 

A1 3 /0  0.355 1.45 36.3 30.2 17.4 9.33 0.925 
A1 400 0.447 1.5 67.6 53.7 11.8 5.01 0.977 
T i  ( iod ide)  7.08 1.05 7.94 4 .63 2 .69 0.895 0,282 
T i  (Kro] l )  6.61 1.12 7.84 5,41 3.66 0.815 0.38 
T i  ( K r o l l  CW) 7.94 1.07 6.50 4.72 1.61 0.65 0 .18 
H f  ( iod ide)  10.5 1.03 10.12 8.91 2.09 0.855 0.007 
N b  (Max)  3.16 1.06 32.4 17.4 3.31 1.24 0.141 

(Min)  1.78 1.12 44.7 25.1 5.19 2.05 0.263 
T a  5.25 1,08 12.3 7.25 1.90 0.899 0.330 

f i lm- fo rmer  and  f i lm- fo rmer  types  and  hence  Nb 
was cons idered  as be long ing  to an  i n t e r m e d i a t e  
type.  

Since no d is t inc t  hor izon ta l  por t ion  of the  curve  
was  ob t a ined  on the  log ra te  vs. log t ime  plot,  the  
cu s tomary  plot  of log cons tan t  r a t e  vs. log c u r r e n t  
dens i ty  could no t  be  obta ined .  However ,  b y  as-  
s u m i n g  e i ther  the  m a x i m a  or m i n i m a  of the  curves  
to be  cons t an t  r a t e  port ions,  a l i nea r  r e l a t ionsh ip  
was  aga in  ob ta ined  in  bo th  cases. The  two s t ra igh t  
l ines  are  shown in  Fig.  11. 

The fact  tha t  the po t en t i a l  changes  w i th  t ime,  
even  at zero appl ied  cur ren t ,  has been  i n t e r p r e t e d  as 
due to a film b u i l d i n g  process r e su l t i ng  f rom the  
passage of local cu r r en t s  b e t w e e n  microscopic  
anodes  and  cathodes in  the  surface  of the electrode.  
A me thod  for e s t ima t ing  these  local  cu r r en t s  at  a 
g iven  t ime  has b e e n  deve loped  (1) .  The  r a t e  of 
change  of appl ied  po t en t i a l  w i th  t ime  necessary  to 
m a i n t a i n  a cons tan t  c u r r e n t  has b e e n  found  to fit 
the re la t ionsh ip  

AE/At  = A I  B (I)  
o r  

log AE/At  ---- log A + B log I ( I I )  

whe re  E is the  potent ia l ,  1 the  c u r r e n t  densi ty ,  a nd  
A is the fo rma t ion  ra te  at  u n i t  c u r r e n t  densi ty .  

Cons tan t s  A and  B are  d e t e r m i n e d  f rom the log 
ra te  vs. log I plot  and  the  va lue  of log fo rma t i on  
ra te  at  a g iven  t ime read  f rom the  zero appl ied  c u r -  
r e n t  curve.  F r o m  this  the  local c u r r e n t  I at  the  g iven  
t ime  m a y  be  calculated.  Tab le  II  l ists the  local cu r -  
r en t s  for  the  va r ious  meta l s  at  0.5, 1, 5, 10, a n d  50 
min ,  respect ively ,  toge ther  w i th  the cons tan ts  A a nd  
B. Excep t  for A1, the va lue  of B is seen to be  re -  
m a r k a b l y  constant ,  even  among  the  di f ferent  meta ls .  
The  cons tan t  A, however ,  shows a la rge  va r i a t i on  

3O 
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-~ o HAFNIUM 

i A TANTALUM 
-- EO 

[3 NIOD~U M (MAX)  
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J 
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o - - . . . . . . . . . . . . . . . . . . . .  , , ,  . r  
Io Eo 30  4O 
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Fig. 14. Local currents vs. time for iodide titanium, Hf, To, Nb 
(max), and AI (3/0). Air-saturated ammonium borate solution at 
25~ 

T i  ( iod ide  ann)  6.9 7,4 8.1 8.3 8.4 8.9 
T i  ( K r o l l  ann )  7.4 7.8 8.5 8.9 9.35 9.5 
T i  ( K r o ] l  34%)  7.95 8.75 9.0 9.5 9.6 9.95 
Z r  ( K r o l l  ann )  8,2 9.3 9.8 10.8 11.3 
H1 ( iod ide  ann)  9.7 10.45 10.9 11.2 11.8 12.05 
V No  s t a b l e  f i lm 
N b  (Max)  2.7 3.6 4.0 4.4 4.6 4.7 

(Min)  1.55 2.4 2.6 2.8 3.05 3.3 
T a  5.25 5.95 6.35 6.75 7.4 8.1 
Cr  N o  s t a b l e  f i lm  
AI  (3/0)  0.9 1.4 1.6 1.7 2.0 2.5 
A1 (400) 1.4 1.8 2.3 2.4 2.6 3.9 

a mong  the  metals .  Two sets of va lues  for Nb are  
inc luded,  ref lect ing the  fact  tha t  the  local  cu r ren t s  
are  ca lcula ted  f rom the m a x i m u m  or m i n i m u m  v a l -  
ues of the  log ra te  vs. log I plots. 

The  local  c u r r e n t  va lues  for Ti, Hf, a nd  Ta  a re  of 
the  same  order  as those ca lcu la ted  for Zr  (1) bo th  in  
a m m o n i u m  bora te  a nd  o ther  electrolytes ,  i.e., abou t  
10 ~ a m p / c m  ~ at abou t  0.5 min .  For  Nb, however ,  
a v a l u e  b e t w e e n  32 a nd  44 ~ a m p / c m  ~ was  ob ta ined ,  
a nd  for A1, a b r a de d  on 400 gr i t  paper ,  the  v e r y  large  
va lue  of 67.6 ~ a m p / c m  ~ was  obta ined .  At  50 m i n  it  
had  d imin i shed  to on ly  1 ~ a m p / c m  ~. Fig. 14 shows a 
plot  of the  local  cu r r en t s  vs. t ime  for the  f i lm- 
formers .  On ly  A1 appears  to d iverge  f rom the  p a t -  
t e r n  of the  o ther  metals .  

Unitary  Format ion  Rates  

The u n i t a r y  f o r ma t i on  rate,  1/I  (AE /A t ) ,  or R,, 
affords some compar i son  of the behav io r  of the  d i f -  
f e ren t  metals .  Ta b l e  I I I  gives the va lues  for the  
meta l s  e x a m i n e d  in  the  p re sen t  work,  p lus  Zr  f rom 
other  w o r k  for compar ison.  

Tab le  III  shows tha t  R~ increases  w i t h  c u r r e n t  
dens i ty  for a g iven  meta l .  The  R, va l ue  is found  
to increase  also w i th  i m p u r i t y  con ten t  in  Ti and  to 
increase  w i th  cold work.  

Fu r the r ,  if the  meta l s  a re  a r r a n g e d  according to 
the i r  places  in  the  per iodic  t ab l e  as in  Tab le  IV, the  
R~ va lues  for all  c u r r e n t  densi t ies  show an  increase  
in  going f rom top to bo t tom and  f rom r igh t  to lef t  
as shown  by  the  pa th  of the  arrows.  Values  of R1 for 
100 ~ a m p / c m  ~ are a r r a n g e d  in  Ta b l e  IV for i l lus -  
t ra t ion .  

The  posi t ion of A1 is s o m e w h a t  unce r t a in ,  bu t  the  
ve ry  low u n i t a r y  fo rma t ion  ra te  does show tha t  it  
p r o b a b l y  be longs  to the  r igh t  in  the table.  

Elec tro ly t ic  Parame te r s  

Plots  of the  u n i t a r y  f o r m a t i o n  r a t e  vs. log c u r r e n t  
dens i ty  gave l i nea r  re la t ionsh ips  as p red ic ted  f rom 
the  empi r ica l  l aw of anodic  film growth  

I : A+e ~+F (III) 

where I is the total anodic current, A+ and B+ are 
electrolytic parameters, and F is the field across the 

Table IV. Trends of R~ with the Periodic Table 

Ti (8.9) V (0) Cr (0) 
Zr (11.3) Nb (4 .7 )max  

I (3.3) min 
Hf (12.05) # Ta (8.1) 

Al (2.5) 3/0 
(3.9) 400 
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Table V. Electrolytic parameters 

M e t a l  

InSercept 
m v  a m  2 

o-A+ aB+ 
S lope  mir l  tzamp /zamp/cm~ c m / v  -'%t~/a v / c m  B+ ~loa 

Ti (iodide) 1.0 
Ti (Kroll)  1.2 
Ti (Krol l  34%) 1.1 
Zr ref. (36) 1.69 
Hf 1.25 

Max 1.15 
Nb 

Min 0.75 
Ta 1.28 
A1 (3/0) 1.6 
A1 (400) 2.12 

6.9 1.23 • 10 -~ 6.75 X 10 -~ 
7.25 8.91 • 10 -~ 5.63 X 10 -~ 
8.0 5.37 • 10 -s 6.14 • 10 -~ 
7.68 2.9 x 10 ~ 4.6 X 10 -~ 
9.6 2.09 X 10 -s 6.2 X 10 -6 
2.7 4.47 X 10 -3 7.35 X 10 -6 

1.8 3.98 X 10 ~ 11.3 x 10 -~ 
5.07 1.05 • 10 ~ 5.8 x 10 -~ 

--0.7 2.74 3.8 x 10 ~ 
--0.7 2.14 2.86 • 10 -6 

3.04 x 10 ~ 20.5 
3.30 x 10 ~ 18.6 
3.48 x 10 ~ 21.4 
3.26 x 10 ~ 15 
3.60 x 10 ~ 22.3 
1.36 x 10 ~ 10.0 

0.89 X 10 ~ 10.1 
2.38 X 10 ~ 13.8 
0.95 X 10 ~ 3.6 
1.34 x 10 ~ 3.84 

ox ide  film. The  C a b r e r a - M o t t  t h e o r y  leads  to an 
e q u a t i o n  of t he  above  type  (29).  

I t  is poss ib le  (2) to ca l cu l a t e  A§ and  B§ us ing  the  
slope and  in t e r cep t  of t he  u n i t a r y  r a t e  vs, log I plot .  
The  va lues  of ~ A+ and  ~ B+ ( w h e r e  ~ is the  r o u g h -  
ness f ac to r ) ,  w i t h  the  slopes and  in t e rcep t s  t h e y  a re  
ca lcu la ted  f rom,  a r e  shown  in T a b l e  V. The  d i m e n -  
sionless cons tan t  B§ for  each  m e t a l  is also shown  
( w h e r e  F10o is the  f o r m a t i o n  field for  a c u r r e n t  of 
100 ~ amp/cm2) .  

In  add i t ion  to the  resu l t s  r e p o r t e d  in Tab l e  u for  
Ta, low po ten t i a l  runs  w e r e  m a d e  on the  same  speci -  
m e n  in 0.1% Na~SO, so lu t ion  at  48~ us ing  bo th  
m e c h a n i c a l l y  po l i shed  and  b r i g h t - e t c h e d  surfaces.  
T h e  a v e r a g e  u n i t a r y  f o r m a t i o n  r a t e  ob t a ined  fo r  25 

m y  am ~ 
d i f fe ren t  runs  was  19.0 . This  co r r e -  

rain ~ amp 

sponds to FI| ~ 6.3 x l0  s v / c m  us ing  8.74 g / c c  for  
the  dens i ty  of t a n t a l u m  oxide.  F o r m a t i o n  ra tes  on 
the  po l i shed  sur faces  w e r e  no t  constant .  T h e  t i m e  
r e q u i r e d  for  t he  p o t e n t i a l  to inc rease  by  200 m v  was  
m e a s u r e d  o v e r  t he  p r e - o x y g e n  evo lu t ion  po t en t i a l  
range.  E i g h t y - t h r e e  of these  m e a s u r e m e n t s  w e r e  
t aken  in t he  25 d i f fe ren t  runs  and a v e r a g e d  to ob-  
t a in  the  final  a v e r a g e  u n i t a r y  f o r m a t i o n  rate .  

Ta  was  s tud ied  in the  h igh  po t en t i a l  r a n g e  by  
V e r m i l y e a  (14) and  by Y o u n g  (25) .  V e r m i l y e a  ob-  
t a ined  a v a l u e  of ~10~/~ for  anodic  Ta,O~ films on 
b r i g h t - e t c h e d  Ta  of 6.13 x 10 ~ v / c m .  These  m e a s -  
u r e m e n t s  w e r e  m a d e  at  48~ in  0.1% Na~SO~ so lu-  
tion. Young  ob ta ined  6.17 x 106 v / c m  ( i n t e r p o l a t e d  
to 48~ for  Ta20~ f o r m e d  on m e c h a n i c a l l y  po l i shed  
Ta  in 0.5M Na~SO~. 

The  p r o d u c t  B+F,0o m a y  be used  as an e s t i m a t e  of 
t he  a m o u n t  the  ac t iva t ion  b a r r i e r  m u s t  be  l o w -  
e red  by  the  field in o rde r  t h a t  a cons tan t  c u r r e n t  
dens i ty  of 100 ~ a m p / c m "  m a y  pass t h r o u g h  the  
ox ide  film. The  h i g h e r  the  ze ro- f ie ld  b a r r i e r  he ight ,  
the  h i g h e r  the  p roduc t  B§ should  be  for  a g iven  
meta l .  (The  p a r a m e t e r  A+ should  also be a m e a s u r e  
of this  b a r r i e r  he igh t ;  an inc rease  in b a r r i e r  h e i g h t  
w o u l d  dec rease  A+.) 

I t  w o u l d  also be expec t ed  tha t  the  local  c u r r e n t  
w o u l d  decay  at  i nc reas ing  r a t e  for  inc reas ing  b a r -  
r i e r  he igh t  for  a g iven  meta l .  

The  fo rego ing  t r e a t m e n t  p e r m i t s  an  analysis ,  up  
to a point ,  of the  k ine t ics  of t he  fi lm bu i ld ing  p r o c -  

ess. A n  a l t e r n a t i v e  t r e a t m e n t ,  m o r e  d i r ec t l y  based  
on the  m e thods  of e l e c t r o c h e m i c a l  kinet ics ,  has  b e e n  
d e v e l o p e d  and  wi l l  be  t he  ob jec t  of a n o t h e r  c o m -  
mun ica t ion .  
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Metal-Water Reactions 
IV. Kinetics of the Reaction between Calcium and Water Vapor 

Harry J. Svec and Charles Apel 
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ABSTRACT 

Calc ium meta l  was reac ted  w i th  w a t e r  vapor  in the  t empe ra tu r e  range  
20~176 and at  wa te r  vapor  pressures  of 18-93 m m  Hg. The  exper imen t s  indi-  
cated tha t  the only products  were  Ca(OH)~ and Ha and tha t  the  reac t ion  pro-  
ceeded according to the  equat ion 

Ca -t- 2H~O ~ C a ( O H ) ,  + H~ 
A manomet r i c  s tudy of the  reac t ion  showed tha t  i t  fo l lowed the  logar i thmic  
ra te  law. The ra te  constant  was observed to be l inea r ly  dependent  on wa te r  
vapor  pressure  below 70~ and to decrease  wi th  increas ing t e m p e r a t u r e  in the  
range 20~176 At  70~ the ra te  constant  was observed to be independen t  of 
wa te r  vapor  pressure.  The act ivat ion energy  was found to be --7.52 kca l /mo le  
in the  pressure  dependent  range.  

The  k ine t i c s  of g a s - m e t a l  r e ac t i ons  i n v o l v i n g  Nf, 
O2, and  H~ h a v e  been  w i d e l y  s t u d i e d  a n d  n u m e r o u s  
r e f e r e n c e s  a r e  a v a i l a b l e  (1) .  R e c e n t l y  t h e r e  has  
been  i n t e r e s t  in  t h e  r e a c t i o n s  b e t w e e n  m e t a l s  a n d  
w a t e r  vapor .  Svec  and  Dea l  h a v e  shown  tha t  L i  (2)  
a n d  Th (3)  bo th  fo l low t h e  l o g a r i t h m  l a w  w h e n  r e -  
ac ted  w i t h  w a t e r  vapor .  

A s t u d y  of t he  r a t e  a t  w h i c h  r e a c t i o n  t a k e s  p l a c e  
b e t w e e n  Ca and  w a t e r  v a p o r  w a s  u n d e r t a k e n  in  
o r d e r  to c o m p a r e  t h e  r e a c t i v i t y  of Ca w i t h  t h a t  os 
Li  and  the  o the r  a l k a l i n e  e a r t h  me ta l s .  A n  e x a m i n a -  
t ion  of r e a c t i o n  p r o d u c t s  s h o w e d  t h a t  t he  r e a c t i o n  
t akes  p l a c e  acco rd ing  to t he  e q u a t i o n  

Ca + 2H~O-~ C a ( O H ) 2  + H~ ( I )  

Because  of t h e  n a t u r e  of t he  reac t ion ,  t he  r a t e  was  
fo l l owed  b y  o b s e r v i n g  t h e  evo lu t i on  of H~ as  a f u n c -  
t ion  of t ime .  Cond i t ions  of t e m p e r a t u r e  and  w a t e r  
v a p o r  p r e s s u r e  w e r e  r e g u l a t e d  c a r e f u l l y  in  o r d e r  to 
d e t e r m i n e  the i r  effect on the  r a t e  of the  reac t ion .  

Experimental 
One p o u n d  c y l i n d e r s  of cast,  r e d i s t i l l e d  Ca m e t a l  

w e r e  o b t a i n e d  f rom the  M e t a l l u r g i c a l  D iv i s ion  of t he  
A m e s  L a b o r a t o r y .  S p e c t r o g r a p h i c  ana lys i s  s h o w e d  

t h a t  t h e  i m p u r i t i e s  t o t a l l e d  a p p r o x i m a t e l y  0.5%, 
o c c u r r i n g  as a m i x t u r e  of A1, Ba,  Cr,  Fe ,  Mg, Mn, 
Si, Sr ,  Y, a n d  Zr .  S o m e  of t he se  e l emen t s ,  n o t a b l y  
Y a n d  Zr,  w e r e  p r o b a b l y  i n t r o d u c e d  in  t r a c e  
a m o u n t s  d u r i n g  the  m a c h i n i n g  of the  s a m p l e  spec i -  
mens .  Rough  cy l inde r s ,  a p p r o x i m a t e l y  ~ in. in 
d i a m e t e r  and  2 in. in  length ,  w e r e  cu t  a n d  t u r n e d  
u n d e r  N a - d r i e d  t u r b i n e  oi l  on a l a t h e  in  t h e  m a c h i n e  
shop.  T h e y  w e r e  t hen  f in i shed  b y  m a c h i n i n g  on a 
l a t h e  m o u n t e d  in a c o n t r o l l e d  a t m o s p h e r e  b o x  con-  
t a i n i n g  He. The  f inal  m a c h i n i n g  cond i t ions  w e r e  
c a r e f u l l y  d u p l i c a t e d  for  each  c y l i n d e r  to i n s u r e  u n i -  
f o r m  m e t a l  su r faces  for  t he  e n t i r e  g r o u p  of  spec i -  
m e n s  used  in  th is  s tudy .  B e f o r e  use,  f r e s h l y  p r e -  
p a r e d  c y l i n d r i c a l  spec imens  w e r e  s to red  u n d e r  N a -  
d r i e d  t u r b i n e  oi l  t h r o u g h  w h i c h  pur i f i ed  He  had  
b e e n  b u b b l e d .  

I m m e d i a t e l y  p r e c e d i n g  use, d ime ns ions  of each  
c y l i n d e r  w e r e  m e a s u r e d  w i t h  m a c h i n i s t s '  ca l ipe rs .  
F o l l o w i n g  this,  a s t a in less  s tee l  hook  was  f a s t e n e d  to 
t h e  top  of t he  c y l i n d e r  in  o r d e r  to h a n g  t h e  c y l i n d e r  
in  the  r e a c t i o n  vessel .  The  oi l  in  w h i c h  the  Ca h a d  
b e e n  s to r ed  was  r e m o v e d  b y  m e a n s  of r inses  in  N a -  
dr ied ,  l ow  bo i l ing  p e t r o l e u m  e ther ,  f o l l o w e d  b y  one  
r i n se  in  N a - d r i e d  d i e t h y l  e ther .  
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The  reac t ions  occur red  in  a p p a r a t u s  s l igh t ly  
d i f ferent  f r o m  the one descr ibed  in  a paper  to be  
publ i shed .  1 

D u r i n g  the  s tudy,  w a t e r  vapor  pressures  of 18, 
32, 55, 72, a n d  93 m m  Hg w e r e  used  at  r eac t ion  
t e m p e r a t u r e s  of 20 ~ 25 ~ 30 ~ 35 ~ 40 ~ 45 ~ 50 ~ 
55 ~ 60 ~ and  70~ Wa te r  was i n t roduced  in to  the  
appa ra tu s  t h r o u g h  the  Hg covered  s e r u m  bot t le  
s topper  by  means  of a hypode rmic  syr inge.  As the  
reac t ion  b e t w e e n  w a t e r  vapor  and  Ca proceeded,  
the  p ressure  of the  H~ evolved  was  con t inuous ly  fol-  
lowed by  m e a n s  of a r eco rd ing  Hg m a n o m e t e r  (4) .  

Values  for the  a m o u n t  of wa t e r  vapor  u n d e r g o i n g  
reac t ion  per  u n i t  a rea  of me t a l  we re  ob t a ined  f rom 
H pressures  by  d e t e r m i n i n g  the to ta l  v o l u m e  of the  
reac t ion  appa ra tu s  a n d  the  v o l u m e  and  sur face  areas  
of the  Ca cyl inder .  The  H~ pressures  we re  ob t a ined  
by  sub t r ac t i ng  the wa t e r  vapor  p re s su re  employed  
in  a p a r t i c u l a r  r u n  f rom the  to ta l  gas p ressures  
t h roughou t  the  run .  I t  was  a s sumed  tha t  the  Ca 
surface  areas  ob ta ined  f rom the  cy l inde r  d imens ions  
and  used in  these ca lcu la t ions  w e r e  m i n i m u m  areas, 
bu t  tha t  t hey  were  p ropor t iona l  to the  t r u e  areas  
by  a cons t an t  factor.  The  r ep roduc ib i l i t y  of the  
e x p e r i m e n t a l  resul t s  suppor ted  this  assumpt ion .  

Results 
I n a s m u c h  as the  r eac t ion  of Ca w i t h  w a t e r  vapor  

proceeds w i th  the  fo rma t ion  of a surface  film, the  
reac t ion  da ta  are  expected  to fit one  of the  gas-sol id  
reac t ion  ra te  laws. A compar i son  of the  mos t  com-  
m o n  of these laws (5,6) is p r e sen t ed  in  Fig. 1. I t  is 
ev iden t  tha t  a s t ra igh t  l i ne  is fo l lowed by  the  loga-  
r i t hmic  t r e a t m e n t  of the  data,  wh i l e  the  l inear ,  
parabol ic ,  and  cubic plots  are curved.  P lo ts  of da ta  
f rom wa te r  v a p o r - C a  reac t ions  at  o ther  t e m p e r a -  
tures  and  pressures  cor robora te  this  conclusion.  

The  va lue  of the  cons t an t  in  the  loga r i thmic  e q u a -  
t ion  was  set equa l  to 0.4 by  Brodsky  and  Cub ic -  
ciotti  (7) in  s i l i con-oxygen  reac t ion  r a t e  studies.  
Svec and  Deal  observed  tha t  a v a l u e  of 0.45 for a 
fit the  da ta  w h e n  wa t e r  vapor  was  reac ted  w i th  Li 
(2) and  Th (3) .  The  v a l u e  0.45 also fit the  da t a  in  
the  p re sen t  s tudy.  

Loga r i thmic  plots we re  m a d e  for  each reac t ion  
and values of the logarithmic rate constant K were 
obtained from the slopes of the first i00 rain of the 
curves. Several typical plots are shown (Fig. 2) for 
r eac t ion  da ta  ob ta ined  at  va r ious  t e m p e r a t u r e s  a nd  
a wa t e r  vapor  p ressure  of 32 m m  Hg. On e x t e n d i n g  
the  da ta  p r e sen t ed  in  Fig. 2 over  longer  per iods of 
t ime,  definite changes  or b reaks  w e r e  observed  in  
the  slopes of the  curves.  Af te r  each of these  breaks ,  
the  reac t ion  ra te  became  unpred ic t ab le .  

The  t e m p e r a t u r e  dependence  of the  ra te  cons t an t  
K was  d e t e r m i n e d  by  p lo t t i ng  the  va lues  of K ob-  
t a ined  a t  cons t an t  w a t e r  vapor  p ressure  aga ins t  t e m -  
pera tu re ,  as shown in  Fig. 3. The  ra tes  were  f ound  
to decrease w i th  inc reas ing  t e m p e r a t u r e  u n t i l  a t -  
t a i n i n g  a m i n i m u m  b e t w e e n  50 ~ and  70~ The  ra te  
t hen  increased  w i th  t e m p e r a t u r e  up  to 70~ w h i c h  
was the  h ighes t  t e m p e r a t u r e  employed  in  this  s tudy.  
Wi th  the except ion  of the  r u n s  a t  18 m m  Hg, a l l  
isobars  converge  to a K va lue  of abou t  12 at  70~ 

1 Th i s  J o u r n a l ,  J u l y  195"/ i ssue .  
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Fig. 1. Compariso.  of four rate laws for gas-metal  react io.s usi .g 
Ca-water vapor data. Temperature, 36~ water vapor pressure, 
32 mm Hg. 

A r r h e n i u s  plots we re  m a d e  for each isobar  over  
the  t e m p e r a t u r e  r a n g e  in  wh ich  the  reac t ion  ra te  de -  
creased w i th  inc reas ing  t e m p e r a t u r e ,  and  ac t iva t ion  
energies  we re  ob ta ined  f rom the  slopes of the  lines.  
These  were  posi t ive  (Fig. 4) a nd  were  l i nea r  w i t h i n  
e x p e r i m e n t a l  error ,  i nd i ca t ing  nega t ive  energies  of 
ac t iva t ion .  At  the  t e m p e r a t u r e s  employed  the  act i -  
va t i on  ene rgy  appeared  to be i n d e p e n d e n t  of wa t e r  
vapor  p ressure  a nd  had  an  average  v a l u e  of --7.52 
-- 0.28 kca l /mo le .  

The  d e p e n d e n c e  of the ra te  cons tan t  on wa t e r  
vapor  p ressure  was  d e t e r m i n e d  by  p lo t t ing  the  va l -  
ues of K a t  cons t an t  t e m p e r a t u r e  aga ins t  w a t e r  
vapor  pressure .  Each i so the rma l  plot  was  l i nea r  
a nd  mos t  of t h e m  ind ica ted  a va lue  of zero for K 
at  a vapor  p ressure  of abou t  10 m m  Hg. 

On the  basis  of the p ressure  d e p e n d e n c e  of the  
r a t e  cons tan t  a nd  the  ac t iva t ion  ene rgy  --7.52 +--- 
0.28 kca l /mo le ,  an  empi r i ca l  equa t i on  was  de r ived  
r e l a t i ng  the  ra te  cons tan t  K to t e m p e r a t u r e  and  
w a t e r  vapor  pressure .  This  equa t i on  states tha t  

K = A ( P -  10)e ~/T mg  H~O/cm ~ 

Ca sur face- log  h r  ( I I )  

w he r e  A is a constant ,  P is the  w a t e r  vapor  in  m m  
Hg, a nd  T is the  abso lu te  t empe ra tu r e .  The  v a l u e  
3,785 is the  --Q/R of the  A r r h e n i u s  e q u a t i o n  wh ich  
states t ha t  K is p ropor t iona l  to e-~ The  cons tan t  
--10 was  t a k e n  f rom the  va lue  for P w h e n  K = 0 
f rom the  plots  of the  ra te  cons tan t  vs. w a t e r  vapor  
pressure.  ~ This  equa t i on  applies  to the  t e m p e r a t u r e  
r a n g e  20 ~ - -60~ in  which  the  m i n i m u m  va lues  of 
the  r a t e  cons t an t  occur as ind ica ted  in  Fig. 3. In  
this  r a n g e  the  cons t an t  A was  found  to h a v e  a va lue  
of (2.57 • 0.31) x 10 -~ m m  I-I20/em ~ Ca m m  Hg log 
hr. Us ing  this  v a l u e  leads to the  ra te  express ion  
W ~- 2.57 x 10 -~ ( P -  10)e ~/T log (1 -t- 0.45t) ( I I I )  
w he r e  W is the  n u m b e r  of m i l l i g r ams  of w a t e r  con-  
sume d  per  squa re  c e n t i m e t e r  of Ca surface,  P is 
the  w a t e r  vapor  p ressure  in  m i l l i me t e r s  of mercu ry ,  

T h e  a u t h o r s  b e l i e v e  t h a t  a d i f f e r en t  r a t e  l a w  is f o l l o w e d  at  p r e s -  
su res  b e l o w  10 ram. No e x p e r i m e n t a l  da t a  we re  ob t a ined ,  h o w e v e r ,  
due  to  t he  l i m i t a t i o n s  of  t h e  p r e s e n t  m e thod ,  K = 0 on ly  app l i e s  
he re  w h e r e  t he  l o g a r i t h m i c  l a w  holds ,  
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Fig. 2. Logarithmic plot of Ca-water vapor data at 32 mm Hg 
water vapor pressure and varying temperatures. 

T is the  abso lu te  t empe ra tu r e ,  and  t is the  t i m e  in  
hours.  Values  of K d e t e r m i n e d  f rom Eq. ( I I)  com-  
pa re  f a v o r a b l y  w i th  the  e x p e r i m e n t a l  va lues  of K 
ob ta ined  in  the  w a t e r  vapor  p ressure  d e p e n d e n t  
ranges.  

The  ra t io  of the  molecu la r  v o l u m e  of Ca(OH)~ 
to tha t  of Ca me ta l  is 1.20. Accord ing  to Evans  (8) 
such a ra t io  should  lead to b l i s t e r ing  and  f laking as 
the coat thickens.  This  was  found  to be t rue ,  espe-  
c ial ly  for r u n s  of more  t h a n  100-min  dura t ion ,  af ter  
which  the reac t ion  ra te  of ten  changed  a b r u p t l y  a nd  
f r a g m e n t s  of the  Ca(OH)= coat were  observed  at 
the bo t tom of the  r eac t ion  vessel.  U n d e r  such con-  
dit ions,  Ca(OH)~ does no t  fo rm a t r u l y  pro tec t ive  
coating,  b u t  is crazed wi th  m i n u t e  cracks g iv ing  r ise 
t o  many  possible diffusion paths.  

Discussion of  Results 
I n a s m u c h  as a reac t ion  p roduc t  film separa tes  the 

two species u n d e r g o i n g  react ion,  a diffusion process 
m u s t  occur before  r eac t ion  can  take  place. E i ther  
wa t e r  molecules  m u s t  be  absorbed  and  diffuse i n -  

l i i i 
O ISmm No 0 72mm Hg 
a 32mm HQ 

De A 55ram Hg V 93ram Hg 

~S 

22 

EO 72 

,. \ \  
K ISl4 a 5 ~  & ~  

12 18 32 

S 

6 

4 

0 l I I I i F 
eo" 3o" 4o" so" co" To" 

TEMPERATURE "C 

Fig. 3. Effect of temperature on rate constants from Ca-water 
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w a r d  or Ca ions m u s t  diffuse ou tward .  I t  is possible 
tha t  a c o m b i n a t i o n  of bo th  occurs. The  first order  
dependence  of the ra te  cons tan t  on w a t e r  vapor  
p ressure  indica tes  that,  in  the  t e m p e r a t u r e  r ange  
20~176 the  i n w a r d  diffusion of w a t e r  molecules  
t h r ough  the  crazed reac t ion  p roduc t  coat is p rob -  
ab ly  the  r a t e - c o n t r o l l i n g  step. F u r t h e r  ev idence  
in  suppor t  of this concept  is the  decrease  of the  r e -  
act ion r a t e  wi th  i nc r ea s ing  t e m p e r a t u r e  in  this 
range.  To e xp l a i n  this  dependence  of the  reac t ion  
ra te  on t e m p e r a t u r e  and  w a t e r  vapor  p re s su re  (9) ,  
it should  be cons idered  t ha t  the  n u m b e r  of wa t e r  
molecules  s t r i k ing  the  Ca(OH)~ surface  is d i rec t ly  
p ropor t iona l  to the  wa te r  vapor  p ressure  a t  a g iven  
t empera tu re .  Of these, a ce r ta in  f rac t ion  adhe re  and  
diffuse i n w a r d  t h r ough  the  Ca (OH) ~ layer .  However ,  
as the  t e m p e r a t u r e  of the  sys tem increases,  some of 
the  adhered  w a t e r  molecules  a t t a in  enough  t h e r m a l  
ene rgy  to b r e a k  away  f rom the  sur face  of the  speci-  
m e n  a nd  r e t u r n  to the gas phase. This  process de-  
creases the n u m b e r  of molecules  which  can  diffuse 
t h r ough  the  Ca (OH)= coat a nd  become ava i l ab l e  for  
reac t ion  w i th  the  Ca, a nd  leads to a r educ t ion  in  
the  va l ue  of the  r a t e  constant .  A nega t i ve  ac t iva t ion  
ene rgy  as a hea t  of desorp t ion  resul ts .  At  70~ the 
reac t ion  ra te  becomes i n d e p e n d e n t  of the  wa t e r  
vapor  pressure ,  p r o b a b l y  because  of a no t he r  mech -  
an i sm becoming  domi na n t ,  such as the o u t w a r d  di f -  
fus ion  of Ca ions t h r ough  a coat ing in  which  craz-  
ing  is at  a m i n i m u m  or is absen t  due  to hea l ing  of 
the crys ta l  d i scont inui t ies .  = In  this  case the  Ca ions 
a nd  e lect rons  reach  the  Ca(OH)= gas in te r face  and  
unde r go  reac t ion  w i t h  all  ava i l ab l e  w a t e r  molecules  
before the  wa te r  molecules  receive  sufficient t h e r m a l  
ene rgy  to escape f rom the  surface.  The  n u m b e r  of 
Ca ions diffusing o u t w a r d  t h e n  becomes  the  r a t e -  
con t ro l l ing  factor.  W h e n  this  process becomes r a t e -  
control l ing,  the  reac t ion  r a t e  should increase  w i th  
t e m p e r a t u r e  because  the  r a t e  at  w h i c h  Ca ions 
diffuse o u t w a r d  increases  w i th  i nc reas ing  t e m p e r a -  
ture .  This  was f ound  to be  t r u e  (Fig. 3) i n a s m u c h  as 

Tha t  th is  is r ea sonab le  is i nd ica t ed  b y  some w o r k  in  w h i c h  s a m -  
ples of bo th  Ca(OI-I)~ a n d  Ca(OD)2  w e r e  p r e p a r e d  b y  the  me ta l -  
w a t e r  v a p o r  r eac t ion  a t  r oom t e m p e r a t u r e .  X - r a y  d a t a  on  th i s  
ma te r i a l s  as it was  first  p r e p a r e d  w e r e  ve ry  poor ,  a p p e a r i n g  as ex-  
t r eme ly  diffuse or  even  spo t ty  p o w d e r  d iag rams .  A n n e a l i n g  the  
ma te r i a l  a t  a b o u t  100~ in  the  p resence  of w a t e r  v a p o r  comple te ly  
e l imina ted  th is  difficulty,  i nd ica t ing  cons iderab le  c rys ta l  g r o w t h  b y  
a k ind  of coalesc ing of ve ry  smal l  crys ta l l i tes .  X - r a y  d i a g r a m s  of  
the  Ca (OH)2  coa t ing  f r o m  reac t ions  a t  70~ show cons ide rab ly  
s h a r p e r  lines t h a n  do those  f rom m a t e r i a l  p r o d u c e d  a t  l o w e r  t e m -  
pe ra tu res .  
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the  reac t ion  ra te  was observed  to inc rease  w i th  t e m -  
p e r a t u r e  as soon as the  p ressure  dependence  d isap-  
peared.  

The  work  in  this s tudy  was  l imi t ed  to the  t e m -  
p e r a t u r e  r a n g e  20~176 The  i n w a r d  diffusion of 
wa t e r  molecules  t h rough  the Ca(OH)~ coat is p r i -  
m a r i l y  respons ib le  for  the  observed  phenomena .  
F u r t h e r  s tudies  a t  h igher  t e m p e r a t u r e s  are  com-  
p l ica ted  by  the  fo rma t ion  of n e w  or di f ferent  re -  
act ion products .  The  w o r k  of Svec a n d  Gibbs  (10) 
ce r t a in ly  suppor t s  this  conten t ion .  A de ta i led  s tudy  
at  t e m p e r a t u r e s  above  70~ is u n d e r  way.  The  re -  
sul ts  of this  n e w  s tudy  differ f rom those repor ted  
here  and  wi l l  be  r epor ted  separa te ly .  

Manuscript  received August  6, 1956. Work was per- 
formed in the Ames Laboratory of the A.E.C. Contri-  
but ion No. 000. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1957 
JOURNAL. 
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Reaction of Zirconium with Water Vapor 
at Subatmospheric Pressures 

M. W. Mallett, W. M. Albrecht, and R. E. Bennett 

Battel le  Memorial  Inst i tute ,  Columbus,  Ohio 

ABSTRACT 

The reaction of iodide zirconium with water vapor at 33 mm Hg pressure 
was investigated in the range 300~176 The rates follow a cubic law. The 
cubic rate constant in (~g/cm=)'~/see is k = 6.71 X I0 z exp (--29,700/RT) where 
29,709 __+ 700 cal/mole is the activation energy. Reaction films of monoclinic 
ZrO2 are N-type semiconductors. Therefore, it is concluded that the mechanism 
of film formation is the same as that for the zirconium-oxygen reaction. 

The performance of Zr in high-temperature water 

is of great interest in nuclear reactor technology. 
Therefore, considerable work has been carried out 
on this subject. Work on the corrosion of Zr in 

water at high temperature and pressure has been 
reviewed (i). No specific rate law was reported for 
the corrosion reaction, but one could infer from the 
published data that the cubic law might have been 

followed. 
In the usual corrosion testing it is customary to 

cool the samples from the experimental tempera- 
ture periodically, remove them from the pressure 
vessel, and weigh them at room temperature in 
order to determine corrosion rates. It is not known 

what effect this periodic temperature cycling may 
have on the reaction kinetics. Because of the in- 
sensitivity of the technique the initial stage of re- 
action is often indiscernible and the means by which 
later rate-controlling conditions are established in 

the surface film cannot be determined. Therefore, 
the present study of the reaction of Zr with water 
vapor was made in a system in which continuous 

measurement of weight gain data could be obtained. 
Subatmospheric pressure (33 mm Hg) water vapor 
was used in order to slow the reaction so that the 

kinet ics  d u r i n g  the  in i t i a l  per iod  of reac t ion  could 
be de te rmined .  Also, tests we re  made  to d e t e r m i n e  
some of the m e c h a n i s m s  of f o r ma t i on  of the  reac t ion  
products .  

Experimental 
M a t e r i a L - - C y l i n d r i c a l  test  specimens,  1 cm in  di -  

ame te r  by  1 cm long, we re  m a c h i n e d  f rom arc-  
me l t ed  i od ide -z i r con ium rod. For  low t e m p e r a t u r e  
runs ,  some of this  rod was  f ab r i ca t ed  in to  foil, 0.03 
cm thick.  Resul ts  of spectrographic ,  chemical ,  and  
v a c u u m - f u s i o n  ana lyses  are g iven  in  Tab le  I. A n  
accelerated corrosion test of this material in 400~ 
steam gave a weight gain of 360 mg/dm = after 90 hr. 

Apparatus.--A Sartorious Electrona Microbalance 

was used to measure the weight gain of the speci- 
men. Essentially this balance is an electronically 
controlled null-type instrument. The amount of cUr- 

rent necessary to maintain balance is measured On 
a microammeter which is calibrated directly in 

micrograms. 

The balance was evacuated by a three-stage. Hg- 
diffusion pump, backed by a mechanical vacuum 
pump. A ]iquid-N cold trap was placed between the 
pumping system and the microbalance to prevent 
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Table I. Analysis of arc-melted iodide zirconium 

Element  A m o u n t  present ,  w t  % 

Fe 0.060 
Hf 0.030 
Cr 0.010 
A1 0.010 
Ni 0.005 
Si 0.003 
Mg 0.002 
Pb 0.002 
Cu 0.002 
Ca 0.002 
Mn <0.001 
Sn <0.001 
Ti ~0.001 
H~ 0.0004* 
N~ 0.003 
O~ 0.042 

* Af te r  degassing.  

back  diffusion of Hg into  the  ba l ance  section. A n  
ioniza t ion  gauge  b e t w e e n  the  cold t r ap  and  ba l ance  
was  used  to m e a s u r e  p ressures  in the  sys tem.  

The  s ample  was  spot w e l d e d  to a P t  w i r e  0.005 in. 
in d i a m e t e r  and 24 in. long, w h i c h  suspended  the  
sample  f r o m  the b e a m  of t he  b a l a n c e  into  t he  r e -  
ac t ion  tube.  A res i s t ance  w o u n d  f u r n a c e  was  used 
to hea t  the  spec imen.  T e m p e r a t u r e s  w e r e  con-  
t ro l l ed  to • 1 7 6  

W a t e r  v a p o r  was  supp l ied  to t he  spec imen  t h r o u g h  
a s ta inless  s teel  b e l l o w s - t y p e  v a c u u m  v a l v e  f r o m  a 
glass s torage  bulb,  con ta in ing  d e a e r a t e d  d i s t i l l ed  
wate r .  This  w a t e r  was  p r e v i o u s l y  bo i led  for  5 m i n  
at  a tmosphe r i c  pressure .  A f t e r  i t  was  p laced  in the  
s to rage  bulb,  the  bu lb  was  e v a c u a t e d  to 10 m m  Hg 
and held there for I/2 hr to remove any dissolved 
gases that might have remained in the water. 

Method.--Rates of reaction of Zr with water 
vapor were determined by measuring the rates of 
weight gain of the specimens. Prior to the rate de- 
terminatfons, the specimens were degassed for 4 hr 
at 800~ Then they were abraded with dry 240-, 
400-, and 600-grit SiC paper. The specimen was sus- 
pended in the reaction tube and heated to tempera- 
ture in a vacuum of 0.01 /~ Hg pressure by a re- 
sistance-wound furnace. The reaction was started 
by adding water vapor at a pressure of 33 • 2 mm Hg 
to the furnace section. Rate data were not taken until 
1 min after the reaction was started to allow for 
adsorption of water vapor by the Pt suspension 
wire and balance beam of the microbalance. Pre- 
liminary experiments showed this time to be suffi- 
cient to establish equilibrium with the apparatus. 
Weight gain measurements were made at 2-20 rain 
intervals for 6-24 hr. The original geometric di- 
mensions of the specimens were used to calculate 
the weight gain per unit surface area. 

Approximations based on weight gain of samples 
indicated that the maximum amount of H~ that was 
formed in the reactions was 3 ml STP. For most of 
the reactions the amount of H~ produced was much 
less than this. The partial pressure of H~O in the 
system remains constant. Because of mass differ- 
ences the I-I2 product does not noticeably effect the 
diffusion of water vapor from the reservoir to the 

5oo~ l 
/ 

0 20 40 60  SO I00 120 140 

Time, mln 

Fig. 1. Reaction of Zr with water vapor at 33 mm Hg pressure 

specimen.  Ca lcu la t ions  show tha t  the  m i n i m u m  
m o l e  ra t io  of w a t e r  v a p o r  to H~ in the  r eac t ion  
c h a m b e r  was  about  3-1. 

R e s u l t s  

K i n e t i c  d a t a . - - R e a c t i o n  ra tes  of a r c - m e l t e d  iodide 
z i r con ium w i t h  w a t e r  v a p o r  at  a p r e s su re  of  33 m m  
Hg w e r e  m e a s u r e d  f r o m  300 ~ to 600~ T h e  da ta  
fo l l owed  the  cubic r a t e  law,  w 3 ~ k t ,  w h e r e  w is the  
w e i g h t  ga in  in m i c r o g r a m s  per  squa re  cen t ime te r ,  t 
is the  t ime,  and k is the  cubic  ra te  constant .  In 
Fig. 1, w ~ is p lo t t ed  aga ins t  t for  s eve ra l  r e p r e s e n t a -  
t i ve  expe r imen t s .  I t  is seen tha t  the  da t a  fa l l  on a 
s t r a igh t  line. A c c o r d i n g l y  a p lo t  of log w vs. log t 
should  g ive  a s t r a igh t  l ine  w i t h  a s lope of 0.33 if the  
cubic  l aw  is f o l l owed  exac t ly .  Va lues  of  the  cubic  
r a t e  constants ,  c o m p u t e d  f r o m  the  va r ious  plots,  
and  the  slopes of the  log - log  plots  a re  g iven  in Tab le  
II. A l t h o u g h  the  slopes v a r y  somewha t ,  t h e y  ag ree  
m o r e  closely to t he  slope for  t he  cubic  l aw  than  to 
tha t  for  any  o the r  s imple  r a t e  law.  

A plot  of the  cubic  r a t e  cons tan ts  aga ins t  the  r e -  
c iproca l  of the abso lu te  t e m p e r a t u r e  is shown in 
Fig. 2. The  equa t i on  for  t he  best  s t r a igh t  l ine  
t h r o u g h  the  set of points  was  ca l cu la t ed  by  the  
m e t h o d  of leas t  squares .  T h e  A r r h e n i u s  e q u a t i o n  
was  used to ca lcu la te  the  e n e r g y  of ac t i va t i on  and  
f r e q u e n c y  factor .  In  the  r ange  300~176  the  cu-  

Table II. Rate constants for the reaction of arc-melted iodide 
zirconium with water vapor 

Rate  constant ,  k, in 
Temp,  ~ (/zg/crae) ~/see Slope of log-log plot 

300 1.7 0.39 
325 9.1 0.35 
350 2.8 X 10 0.41 
400 1.2 X 10 ~ 0.40 
475 1.2 X 10' 0.27 
500 2.3 X l0 s 0.39 
570 6.7 X 10 ' 0.35 
600 2.2 X 104 0.35 
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Temperoture,~ 

60O 550 500  450  4 0 0  350 300  

\ 
0 \ O= 2 9 . 7 0 0  + 7 0 0  col/mole 

\ 
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\ 
\ 

I.I 1.2 1.3 1,4 1.5 ].6 1.7 1.8 

I 0 0 0  
T(K)  

Fig. 2. Temperature dependence of cubic rate constant for re- 
action of Zr with water vapor. 

bic ra te  cons t an t  in  (~ g/cm~)~/sec is k = 6.71 x 108 
exp (--29,700/RT) w h e r e  29,700 +--700 c a l / m o l e  is 
the  ac t iva t ion  ene rgy  a n d  the  p robab l e  e r ro r  i n  a 
ca lcu la ted  k is a p p r o x i m a t e l y  2.7%. 

Films.--At the end  of reac t ion  ra te  runs ,  speci-  
mens  were  cooled to room t e m p e r a t u r e  and  e x a m -  
ined.  In  al l  cases, a g r a y - b l a c k  film covered the. 
reac ted  specimens.  This  film adhered  ve ry  s t rong ly  
to the  base metal .  Meta l lographic  e x a m i n a t i o n  
showed tha t  the  film was a dense  s ing l e -phased  
mater ia l .  A pho tomic rog raph  of a film p roduced  on 
a spec imen  reac ted  w i th  wa t e r  vapor  at 400~ for 
24 hr  is shown in  Fig. 3. The fi lm is ve ry  t h i n  ( abou t  
0.0001 cm) and  x - r a y  ana lys i s  showed it  to be 
monoc l in ic  ZrO~. 

Mechanisms.--Experiments were  m a d e  to de t e r -  
m i n e  the  m e c h a n i s m s  of the  reac t ion  as discussed in  
a p rev ious  s tudy  on the  ox ida t ion  of Z r  (2) .  

A m a r k e r  e x p e r i m e n t  was  m a d e  to d e t e r m i n e  the  
diffusing species in  the  reac t ion  film. The  m a r k e r  
was  a t h in  l ayer  of Cr~O, powder  ( in  wa te r )  pa i n t e d  
on a sheet  specimen.  T h e  specime n was  t h e n  re -  
acted w i th  wa t e r  vapor  a t  400~ for 1400 hr.  At  
the  end  of the  reac t ion  the  Cr~O, m a r k e r  r e m a i n e d  

en t i r e ly  at the  f i lm-gas  in te r face  i nd i ca t i ng  tha t  the 
oxygen  ion is diffusing t h r o u g h  the  fi lm a n d  the  
ZrO.~ is be ing  p r o d u c e d  at  the  me ta l - f i lm  interface .  

Thermoe lec t r i c  power  m e a s u r e m e n t s  we re  m a d e  to 
d e t e r m i n e  the  type  of e lect ronic  conduc t ion  t h rough  
the  films. A m e a s u r e m e n t  was  m a d e  us ing  a hot  
(700~ t u n g s t e n  probe  on a n  oxide film produced  
on a spec imen  at  400~ The  s ign of the t h e r m o -  
electr ic  power  was  f ound  to be  negat ive .  Elec t ronic  
conduc t ion  in  the  films is t h r ough  excess electrons.  
There fo re  the  films are N - t y p e  semiconductors .  A p -  
p a r e n t l y  the  m e c h a n i s m  of film f o r ma t i on  in  the  r e -  
act ion of w a t e r  vapor  wi th  Zr  is s imi la r  to tha t  for 
the  reac t ion  of oxygen  wi th  Zr  (2) .  

Specific res i s t iv i ty  m e a s u r e m e n t s  m a d e  at  room 
t e m p e r a t u r e  on reac t ion  films p roduced  at  400~ 
gave  a va lue  of 4 x 10" ohm-cm.  This  is cons ider -  
ab ly  lower  t h a n  the  specific res i s t iv i ty  ( 6 x 1 0  L' 
o h m - c m )  of the  films p roduced  in  the  z i r c o n i u m -  
oxygen  react ion.  This  difference in  specific res i s t iv -  
i ty  m a y  be caused by  H in  some fo rm in  the  film. 
V a c u u m - f u s i o n  ana lys i s  of an  en t i re  reac ted  speci-  
m e n  (24 hr  at  400~ for H gave 6 p p m  by  weight .  
This  agrees w i t h i n  the  precis ion of the  ana lys i s  
w i th  4 p p m  ob t a ined  on the  ana lys i s  of the  Zr  be -  
fore reac t ion  wi th  w a t e r  vapor .  Therefore ,  if the re  
is an  effect of H o n  the  proper t ies  of the  film, it is 
a t  lower  concen t ra t ions  t h a n  could be  detected.  

Discussion and Conclusions 

I t  was found  tha t  in  the t e m p e r a t u r e  r a nge  300 ~ 
600~ the  reac t ion  of Zr  w i th  w a t e r  vapor  at 33 m m  
Hg p res su re  follows the cubic  r a t e  law w i t h  an  ac-  
t i va t ion  ene rgy  of 29,700 ca l /mole .  Thomas  (1) in  
r e v i e w i n g  the var ious  works  on the  corrosion of 
Zr in  w a t e r  a t  h igh  t e m p e r a t u r e  (250~176  and  
p re s su re  showed tha t  the slope of the  plot  of log of 
we igh t  ga in  aga ins t  log of t ime  was  of the  order  of 
0.3. This indica tes  tha t  the  cubic l aw was be ing  
followed. Thomas  repor ts  an  ac t iva t ion  ene rgy  of 
11,400 c a l / m o l e  which  is cons ide rab ly  lower  t h a n  
t ha t  f rom the  p r e se n t  s tudy.  

The cubic r a t e  l a w  had  b e e n  found  to hold  for 
the reac t ion  of oxygen  at  1 a t m  pressure  w i th  Zr  
( ac t iva t ion  energy,  47,200 c a l / mo l e )  (3) a nd  wi th  
a Z r - l . 5  wt  % t in  a l loy ( ac t iva t ion  energy ,  38,400 
c a l / mo l e )  (2) in  the  t e m p e r a t u r e  r a nge  500~176 
G u l b r a n s e n  and  A n d r e w  (4) i n  i nves t i ga t i ng  the  
reac t ion  of Zr  w i t h  oxygen  at  low pressures  (0.076 
to 7.6 cm Hg) in  the  r a nge  200~176 ind ica ted  
tha t  the  reac t ion  m a y  be parabol ic .  However ,  the i r  
da ta  were  rep lo t t ed  (3) a nd  exce l len t  a g r e e m e n t  
w i th  the  cubic law was found  for the  reac t ion  for 
which  the  ac t iva t ion  ene rgy  is 26,200 ca l /mole .  This 
is in  fa i r  a g r e e m e n t  w i t h  the  29,700 c a l / m o l e  ob-  
t a ined  in  the  p r e se n t  s tudy.  The  o v e r - a l l  m e c h a n i s m  
of film f o r ma t i on  is the  same  in  bo th  cases. This  
indica tes  tha t  the  con t ro l l ing  steps in  reac t ions  of 
Z r  w i t h  wa te r  vapor  and  oxygen  at low pressures  
are  ve ry  s imilar .  

Fig. 3. Zr reacted with water vapor at 400~ for 24 hr. Note 
thin (0.0001 cm) gray-black film of ZrO2. Magnification, 1200X. 
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A New Commercial Process for Electrowinning Manganese 
M. C. Carosella and R. M. Fowler 

Electro Metallurgical Company, A Division of Union Carbide Corporation, Niagara Falls, New York 

ABSTRACT 

The deve lopment  of a novel  process for the e lec t rowinning  of manganese  
f rom aqueous solutions is descr ibed  wi th  emphasis  on the raw mate r ia l s  used 
and the advantages  gained thereby .  A commercia l  p lan t  based  on this process 
was bui l t  and a descr ipt ion of the  methods  of qual i ty  control,  chemical  analyses,  
and character is t ics  of the meta l  so produced  is given. 

A l l m a n d  and  C a m p b e l l  (1)  r e p o r t e d  t ha t  t h e y  h a d  
p r e p a r e d  p u r e  Mn in a cohe ren t  f o r m  f rom a Mn 
SO~ �9 (NH,)~ SOs e l e c t r o l y t e  in  a d i a p h r a g m  cell ,  b u t  
a f t e r  a s m a l l  a m o u n t  depos i t ed  the  depos i t s  b e c a m e  
loose and  sca led  off. She l t on  (2) and  c o - w o r k e r s  
(374) m a d e  a n u m b e r  of i m p r o v e m e n t s  a n d  d e v e l -  
oped  the  first  con t inuous  process  for  p r o d u c i n g  Mn 
b y  e lec t ro lys i s .  The  r e su l t s  of these  i n v e s t i g a t i o n s  
w e r e  suff ic ient ly  e n c o u r a g i n g  to j u s t i f y  in 1939 the  
cons t ruc t i on  of a c o m m e r c i a l  p l a n t  (5) .  W h i l e  th is  
p l a n t  s t a r t e d  ope ra t i ons  in 1941, some p rocess  
changes  h a d  to be  i n t r o d u c e d  so t h a t  b y  1949 the  
r a t h e r  c o m p l e x  p rocess  us ing  se l ec t ed  h igh  g r a d e  
ores  was  s t a t ed  to be  u n d e r  close con t ro l  (6) .  

I n v e s t i g a t i o n  of t h e  process  for  e l e c t r o w i n n i n g  Mn 
as d e v e l o p e d  b y  She l ton ,  et al., s t a r t e d  h e r e  in  1938. 
Also  o t h e r  m e t h o d s  for  p r o d u c i n g  a p u r e  g r a d e  of 
Mn w e r e  be ing  i n v e s t i g a t e d  w i t h  some success.  N u -  
m e r o u s  sources  of Mn, i n c l u d i n g  f e r r o m a n g a n e s e ,  
ores,  a n d  slags,  w e r e  i nves t iga t ed .  As  a r e su l t  of 
these  s tudies ,  a p i lo t  p l a n t  was  b u i l t  to deve lop  a 
process  for  e l e c t r o w i n n i n g  Mn. 

Pilot Plant 
The  p i lo t  p l a n t  was  des igned  to be  qu i t e  f lex ib le  

so t ha t  i t  w o u l d  be  s u i t a b l e  fo r  h a n d l i n g  v a r i o u s  
t y p e s  of s t a r t i n g  m a t e r i a l s  a n d  m e t h o d s  of so lu t ion  
pur i f i ca t ion .  

Proeesses ,  b a s e d  on f e r r o m a n g a n e s e  a n d  s e v e r a l  
d i f f e ren t  t y p e s  of ores,  w e r e  d e v e l o p e d  a n d  s t u d i e d  
f r o m  an  economic  v i ewpo in t .  S o m e  diff icul t ies  w e r e  
e x p e r i e n c e d  in  t he  e l e c t ro ly t i c  s tep  b e c a u s e  t he  l eve l  
of i m p u r i t i e s  in  e l e c t r o l y t e s  d e r i v e d  f r o m  some  of 
t he se  source  m a t e r i a l s  was  a b o v e  t o l e r a b l e  l imi ts .  
Me thods  of pu r i f i ca t ion  as r e p o r t e d  b y  the  U. S. B u -  
r e a u  of Mines  w e r e  no t  a l w a y s  success fu l  in  e l i m i -  
n a t i n g  a l l  of t he  d e l e t e r i o u s  impur i t i e s .  

A f t e r  t h e  ore  a n d  f e r r o m a n g a n e s e  p rocesses  h a d  
been  d e m o n s t r a t e d  to be  t e c h n i c a l l y  feas ib le ,  an  
economic  e v a l u a t i o n  s h o w e d  t h a t  t h e  cost  of Mn in 
these  m a t e r i a l s  was  t he  l a r g e s t  s ing le  f ac to r  in  t he  

t o t a l  cost  of p r o d u c i n g  e l e c t r o l y t i c  Mn. In  add i t ion ,  
t he  m e t h o d s  used  to p r o d u c e  an  e l e c t r o l y t e  of suffi- 
c i en t  p u r i t y  w e r e  c o m p l e x  a n d  cost ly .  As  a r e s u l t  
of these  s tudies ,  va r i ous  t y p e s  of s lag,  w h i c h  w e r e  
a v a i l a b l e  f r o m  Mn ore  s m e l t i n g  ope ra t ions ,  w e r e  
i n v e s t i g a t e d  as source  m a t e r i a l s  for  Mn. D u r i n g  
these  s tud ies  i t  was  d i s c ove re d  t h a t  t he  M n  in some 
of these  s lags cou ld  b e  e x t r a c t e d  w i t h  d i l u t e  ac id  
solut ions ,  and  t h a t  t he  e x t r a c t  l i quors  w e r e  eas i ly  
pur i f ied .  

C o n c u r r e n t l y  an  i n v e s t i g a t i o n  to deve lop  s u i t a b l e  
e l ec t ro ly t i c  cel ls  for  th is  p rocess  h a d  b e e n  u n d e r  
way .  T h e  staff  of t he  B u r e a u  of Mines  a t  B o u l d e r  
City,  Nev.,  (7)  h a d  done  c o n s i d e r a b l e  e x p e r i m e n t a -  
t ion  on va r i ous  t y p e s  of cells .  T h e i r  w o r k  i n d i c a t e d  
t h a t  a f a l s e - b o t t o m - t y p e  ce l l  was  t he  bes t .  A l t h o u g h  
t h e i r  cel l  h a d  m a n y  i n h e r e n t  a d v a n t a g e s ,  i t  h a d  the  
d i s a d v a n t a g e  of c o m p l e x  des ign  a n d  was  diff icult  to 
d i s a s s e m b l e  and  clean.  F u r t h e r  e x p e r i m e n t a t i o n  
h e r e  l ed  to t he  d e v e l o p m e n t  of a cel l  (8)  w h i c h  is 

Fig. 1. Improved electrolytic Mn cell 
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s imp le  in  des ign.  Fig .  1 shows  the  m a i n  f e a t u r e s  of 
t he  n e w  cell .  Bas ica l ly ,  i t  is a r e c t a n g u l a r  w o o d e n  
t ank ,  A,  w i t h  l e ad  l in ing,  B; C a n d  D a re  the  ca thode  
a n d  a n o d e  b u s b a r s  connec t ed  to t he  H a s t e l l o y  a l l oy  
ca thodes  H (9)  a n d  99% lead,  1% s i lve r  (10) 
anodes ,  I, r e spec t i ve ly .  F e e d  is i n t r o d u c e d  a t  E in to  
the  c a t h o l y t e  heade r ,  J, w h i c h  supp l i e s  the  i n d i v i d -  
u a l  f r ames ,  G, w h i c h  a r e  cove red  w i t h  canvas  or  
s y n t h e t i c  f iber  d i a p h r a g m s ,  F. Two  out le ts ,  K, a r e  
p r o v i d e d  on each  ca thode  f r a m e  for  c i r c u l a t i n g  c a t h -  
o ly te  to t he  c o m m o n  heade r .  H y d r o g e n  g e n e r a t e d  a t  
t he  ca thodes ,  H, acts  as a g a s - l i f t  to cause  t he  c a t h -  
o ly te  to c i r c u l a t e  f r ee ly ,  t hus  r e s u l t i n g  in  a u n i f o r m  
M n  c o n c e n t r a t i o n  and  p H  in  a l l  c a t h o t y t e  c o m p a r t -  
ments .  The  so lu t ion  passes  t h r o u g h  the  d i a p h r a g m s ,  
F,  in to  t h e  a n o l y t e  c o m p a r t m e n t ,  L. The  s p e n t  a n o -  
l y t e  over f lows  f r o m  t h e  cel l  a t  M. The  a n o d e  s l udge  
f o r m e d  d u r i n g  e l ec t ro ly s i s  fa l l s  f r e e l y  in to  t h e  b o t -  
t om of t he  a n o l y t e  c h a m b e r .  T h e  b o t t o m  of th is  
c h a m b e r ,  N, is s loped  to p e r m i t  f lushing  the  s ludge  
t h r o u g h  a v a l v e  at  P w i t h o u t  d i s a s s e m b l i n g  the  cell .  
The  c a t h o l y t e  h e a d e r  can  be  r e a d i l y  f lushed out,  
w h e n  r e q u i r e d ,  t h r o u g h  Q. 

S ince  ca thodes  for  depos i t i on  of Mn m u s t  be  
c h e m i c a l l y  iner t ,  w i t h  a su r f ace  of such a n a t u r e  
t ha t  the  e l ec t rodepos i t  a d h e r e s  b u t  can  be  eas i ly  
s t r i p p e d  b y  f lex ing  or  h a m m e r i n g ,  m a n y  co r ro s ion -  
r e s i s t a n t  a l loys  w e r e  t r i e d  as c a thode  m a t e r i a l s  in  
t h e  p i lo t  p l an t .  Ca thodes  m a d e  f r o m  t h e  H a s t e l l o y  
a l loys  p e r f o r m e d  b e t t e r  t h a n  those  m a d e  f r o m  s t a i n -  
less s tee ls  b e c a u s e  t h e y  w e r e  m o r e  cor ros ion  r e -  
s i s t an t  a n d  r e q u i r e d  i n f r e q u e n t  po l i sh ing .  In  a d d i -  
t ion  a n y  m e t a l  w h i c h  d id  not  s t r ip  f r o m  the  H a s t e l -  
loy  a l l oy  ca thodes  cou ld  be  d i s so lved  in  a n o l y t e  
w i t h o u t  d e s t r o y i n g  the  p o l i s h e d  sur face .  S ta in l e s s  
s tee l  ca thodes  h a d  to be  p o l i s h e d  a f t e r  each  s t r i p p i n g  
to p r e v e n t  t he  n e x t  depos i t  f r o m  a d h e r i n g  so t i g h t l y  
tha t  r e m o v a l  was  difficult .  

Commerc ia l  Plant  
W h e n  an  economic  ana lys i s  of t he  p i lo t  p l a n t  o p e r -  

a t ion  s h o w e d  t h a t  t h e  s lag  process  was  f a v o r a b l e ,  a 
c o m m e r c i a l  p l a n t  was  d e s i g n e d  and  bu i l t .  In  t he  n e w  
process  (11) ,  Mn ore  was  s m e l t e d  in  a s u b m e r g e d  
arc  f u r n a c e  w i t h  coke and  a flux, w h e n  necessa ry ,  to  
p r o d u c e  s t a n d a r d  f e r r o m a n g a n e s e  a n d  a h i g h - m a n -  
ganese  slag.  As  s h o w n  in  T a b l e  I, t he  s lag con ta ins  
on ly  s m a l l  a m o u n t s  of m e t a l s  w h i c h  cause  t r o u b l e  
in t he  e l e c t r o w i n n i n g  step.  

The  g e n e r a l  f lowshee t  of t h e  n e w  process  is as 
fo l lows.  The  m a n g a n e s e  s i l i ca te  slag,  m i l l e d  to  - -200 
m e s h  in  a d r y  g r i n d i n g  uni t ,  is l e a c h e d  to a p H  of 4.4 
w i t h  a n o l y t e  and  m a k e - u p  H~SO~. The  r e s u l t i n g  
s l u r r y  is n e x t  t r e a t e d  w i t h  gaseous  a m m o n i a  to a 
p H  of 6.6 to p r e c i p i t a t e  mos t  of t h e  i m p u r i t i e s .  T h e  
n e u t r a l i z e d  s l u r r y  is f i l t e red  a n d  t h e  r e s i d u e  w a s h e d  
w i t h  w a t e r  to r e c o v e r  t he  so lub le  Mn. The  f i l t r a t e  
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a n d  w a s h  w a t e r  a r e  t r e a t e d  w i t h  a s m a l l  a m o u n t  of 
H~O2 to ox id ize  a n d  p r e c i p i t a t e  t he  r e s i d u a l  i ron.  The  
p r e c i p i t a t e  is f i l t e red  f rom the  so lu t ion  w h i c h  is 
p u m p e d  to a cel l  f e ed  s to rage  t ank .  SO~ is a d d e d  to 
th i s  so lu t ion  b e f o r e  i t  en t e r s  t h e  cel l  c i rcui t .  A n o -  
l y t e  p r o d u c e d  in  the  cel ls  is r e t u r n e d  to t he  l e a c h -  
ing  c i rcui t .  

P rov i s i ons  h a v e  been  m a d e  in  t he  p l a n t  to r e m o v e  
Mg f r o m  t h e  c i r cu i t  w h e n  necessa ry .  A n o l y t e  is 
cooled  in  a con t inuous  v a c u u m  c r y s t a l l i z e r  a n d  a 
c o m p l e x  Mg, Mn, (NH,)~ SO, c rys t a l l i zed .  A f t e r  r e -  
m o v i n g  the  sal t ,  t he  so lu t ion  is r e t u r n e d  to t he  l e a c h -  
ing  c i rcui t .  

This  p rocess  is  qu i t e  d i f f e ren t  a n d  has  less p r o c -  
ess ing  s t eps  t h a n  e i t he r  t h e  p rocesses  d e s c r i b e d  b y  
B e n n e t t  (6)  or  t h a t  d e v e l o p e d  b y  t h e  i n v e s t i g a t o r s  
a t  t h e  B u r e a u  of  Mines  (7 ) .  T y p i c a l  a n a l y s e s  of t h e  
cel l  f e ed  a n d  a n o l y t e  a r e  s h o w n  in T a b l e  II .  

H a s t e l l o y  a l loy  C ca thodes ,  42- b y  24- in .  b y  16- 
gauge ,  a r e  r e g u l a r l y  r e m o v e d  f rom the  cel ls  on a 
72-h r  schedule .  T h e y  a r e  first  d i p p e d  in  a d i l u t e  so-  
lu t ion  of sod ium b i c h r o m a t e  to p r e v e n t  t he  m e t a l  
su r f ace  f r o m  d a r k e n i n g ,  t h e n  w a s h e d  w i t h  w a t e r  to 
r e m o v e  so lub le  sal ts ,  a n d  dr ied .  The  b r i t t l e  c a thode  
depos i t s  a r e  s t r i p p e d  w i t h  the  a id  of a r u b b e r  ma l l e t .  
T h e  ca thodes  a r e  t h e n  soaked  in a n o l y t e  to d i s so lve  
a n y  r e s i d u a l  Mn meta l .  A f t e r  th is  t r e a t m e n t ,  fo l -  
l o w e d  b y  w a s h i n g  w i t h  a d e t e r g e n t  so lu t ion  a n d  
r in s ing  w i t h  w a t e r ,  t h e y  a r e  r e a d y  to r e t u r n  to t h e  
cells.  

T h e  p l a n t  is e q u i p p e d  w i t h  a buff ing  m a c h i n e  to 
r e s t o r e  t he  p o l i s h e d  su r f a c e  w h e n  needed .  U n d e r  
n o r m a l  o p e r a t i n g  condi t ions ,  ca thodes  a r e  u s u a l l y  
p o l i s h e d  a p r o x i m a t e l y  t w i c e  each  yea r .  

The  s t r i p p e d  m e t a l  is e i t h e r  p a c k e d  in  d r u m s  for  
s h i p m e n t  or  l o a d e d  in  s t a in less  s tee l  cans  w h i c h  a r e  
p l a c e d  in  an  e l e c t r i c a l l y  h e a t e d  f u r n a c e  to r e m o v e  H. 

Quality Control of Electrolytic Mn 

One of t h e  m a j o r  p r o b l e m s  in a n y  r e s e a r c h  p r o -  
g r a m  l e a d i n g  to a n e w  p r o d u c t  is the  d e v e l o p m e n t  of 
p r o c e d u r e s  for  d e t e r m i n i n g  t h e  q u a l i t y  of t he  p r o d -  
uct.  D i r ec t  e s t i m a t i o n  of Mn is no t  a sufficient  m e a s -  
u r e  of p u r i t y  of  t h e  p r o d u c t  because  t h e r e  is no 
h i g h l y  p r e c i s e  m e t h o d  for  e s t i m a t i n g  Mn. The  s t a n d -  
a r d  b i s m u t h a t e  m e t h o d  (12) in  t he  h a n d s  of i ts  d e -  
v e l o p e r s  was  no t  b e t t e r  t h a n  one  p a r t  in  a t h o u s a n d  
or  0.10% Mn. W i t h  i m p r o v e m e n t s  t ha t  h a v e  been  
i n c o r p o r a t e d ,  r e su l t s  s t i l l  t e n d  to be  o n  the  low s ide  
b e c a u s e  o x i d a t i o n  is n e v e r  qu i t e  comple te .  T h e  Vol -  
h a r d  m e t h o d  is even  m o r e  e m p i r i c a l  a n d  is l i k e w i s e  
unsu i t ab l e .  T h e r e  is no h i g h l y  p rec i se  g r a v i m e t r i c  
m e t h o d  for  Mn. The  c lass ica l  d e t e r m i n a t i o n  of Mn 
as Mn~P207 (13) l eaves  m u c h  to be d e s i r e d  in  t h e  
w a y  of  t he  compos i t i on  of p r e c i p i t a t e ,  o t h e r  e l e m e n t s  
p r e c i p i t a t e d ,  etc.,  so in a l l  th is  w o r k  the  p e r c e n t a g e  

Table I. Typical analyses of deleterious impurities in slag Table II. Analyses of cell solutions, g/l 

% 

I ron  0.14 
Molybdenum 0.006 
Copper  0.003 
Nickel  <0.001 
Cobal t  <0.0001 

Feed Anolyte 

Mn 32 - 34 10 - 12 
(NH4) ~SO~ 120 - 140 120 - 140 
SO2 0.30 - 0.50 - 
H~SO~ - 36 ~ 44 
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Table III. Analysis of electrolytic Mn, content in ppm 

~ 1 0  i f  p r e s e n t  ~ 1 0  10-20 

A1, B, Cr, Ti, V, Zr  Fe, Cu, Ag, Co, Ni Pb, Si, Ca, iYlg 

of  M n  w a s  o b t a i n e d  b y  s u b t r a c t i n g  the  s u m  of t he  
o t h e r  e l e m e n t s  f r o m  100. 

Determination of other meta ts . - -The  mos t  s a t i s -  
f a c t o r y  m e t h o d  for  e s t i m a t i n g  r e s i d u a l  m e t a l l i c  e l e -  
m e n t s  in  e l e c t ro ly t i c  Mn is b y  emiss ion  spec t roscopy .  
F o r  low concen t r a t i ons ,  i t  is bo th  r a p i d  and  prec ise .  
T a b l e  I I I  l is ts  t h e  r e su l t s  of a q u a n t i t a t i v e  e x a m i n a -  
t ion of t y p i c a l  e l e c t r o l y t i c  Mn samples .  In  t h e  case  
of the  r e su l t s  in  th is  t ab le ,  e x c e l l e n t  a g r e e m e n t  was  
o b t a i n e d  b e t w e e n  s p e c t r o g r a p h i c  a n d  wet  c h e m i c a l  
l abo ra to r i e s ,  and  t h e  s p e c t r o g r a p h i c  l a b o r a t o r y  of 
an  i n d e p e n d e n t  r e s e a r c h  i n s t i t u t i o n  to w h o m  s a m p l e s  
w e r e  s u b m i t t e d .  Some  of the  me ta l s ,  such as Cu a n d  
Pb,  can  b e  d e t e r m i n e d  r e a d i l y  w i t h  s p e c t r o p h o t o -  
m e t r i c  p r o c e d u r e s  b u t  for  o thers ,  for  e x a m p l e ,  Ca, 
t h e r e  a r e  no w e t  p r o c e d u r e s  w i t h  s a t i s f a c t o r y  sens i -  
t i v i t y  in  t h e  p r e s e n c e  of such  a p r e p o n d e r a n c e  of 
Mn. 

Determination o] metalloids.--P, S, and  C a r e  of 
i n t e r e s t  to t he  use r  of  e l e c t r o l y t i c  Mn. In  fact ,  one 
a d v a n t a g e  of t he  e l e c t r o l y t i c  ove r  t he  e l e c t r o t h e r m i c  
m a t e r i a l  is t he  v e r y  low P con ten t  of t he  fo rme r .  
The  s p e c t r o p h o t o m e t r i c  m e t h o d  fo r  P (14) is suffi- 
c i en t ly  sens i t ive .  Us ing  this  me thod ,  t he  p l a n t  m a t e -  
r i a l  is cons i s t en t ly  b e l o w  5 ppm.  

S ince  Mn is depos i t ed  f r o m  an  (NH~)~SO~ ba th ,  
t h e r e  is o p p o r t u n i t y  for  S to c o n t a m i n a t e  t h e  me ta l .  
The  e x a c t  m o d e  of o c c u r r e n c e  of S in  t he  m e t a l  is 
no t  k n o w n ,  a l t h o u g h  i t  is p r o b a b l e  t h a t  u n d e r  ce r -  
t a i n  cond i t ions  some of t h e  c o m p l e x  S c o m p o u n d s  in  
t he  e l e c t r o l y t e  a r e  r e d u c e d  to sulf ides  a t  t he  ac t i ve  
ca thode  sur face .  L ikewise ,  a n y  e l e c t r o l y t e  t r a p p e d  
in  the  depos i t  w o u l d  c o n t r i b u t e  to t he  S p resen t .  
I n i t i a l l y ,  i t  was  t h e  p r a c t i c e  to d e t e r m i n e  bo th  su l -  
fide a n d  su l fa t e  sul fur ,  b u t  i t  was  f o u n d  t h a t  t h e r e  
was  no c o r r e l a t i o n  even  in  success ive  p o r t i o n s  of t he  
s a m e  a n a l y t i c a l  sample .  The  i nd i ca t i ons  w e r e  t h a t  
i t  was  pos s ib l e  b y  v a r i a t i o n s  in  t he  r a t e  of so lu t ion  
of a p a r t i c u l a r  s a m p l e  to a l t e r  t h e  p e r c e n t a g e  of t he  
two  f o r m s  p re sen t .  S i m i l a r  diff icul t ies  e n c o u n t e r e d  
in the  ana lys i s  of m a t e r i a l  con t a in ing  f e r r i c  i r on  
a n d  sulf ides  (15)  can  be  e l i m i n a t e d  b y  the  a d d i t i o n  
of s t a n n o u s  ch lor ide .  S i m i l a r  tes t s  on e l e c t r o l y t i c  Mn, 
w h i l e  b e t t e r  t h a n  w i t h o u t  s t a n n o u s  ch lor ide ,  w e r e  
no t  too sa t i s f ac to ry ,  so i t  a p p e a r s  t h a t  t h e  e v o l u t i o n  
m e t h o d  has  l i m i t e d  u t i l i t y  for  t h e  d e t e r m i n a t i o n  of S. 

S p r e s e n t  in a n y  f o r m  w o u l d  b e  r e c o v e r e d  in  the  
m e t a l  w h e n  t h e  Mn is u sed  for  a l loy ing .  S ince  i t  is 
no t  the  f o r m  b u t  t h e  a m o u n t  of S t h a t  is i m p o r t a n t  
for  m e t a l l u r g i c a l  uses,  on ly  a d e t e r m i n a t i o n  of t o t a l  
S, b y  t h e  combus t i on  m e t h o d  t h a t  is s t a n d a r d  in  t he  
s t ee l  i n d u s t r y ,  is n o w  made .  A s a m p l e  is also 
t r e a t e d  w i t h  w a t e r  to ge t  an  e s t i m a t e  of t he  c o m -  
p l e t enes s  of t he  w a s h i n g  of t he  ca thodes  for  p rocess  
control .  The  w a s h e r  is so o p e r a t e d  t ha t  no tes t  is 
o b t a i n e d  for  so lub le  su l fa tes .  

The  S con ten t  of t he  Mn has  d r o p p e d  as t h e  p r o c -  
ess o p e r a t e d  a n d  m o r e  con t ro l  was  e x e r c i s e d  ove r  

va r i ous  fac tors .  A t  t he  p r e s e n t  t i m e  the  S is less  
t h a n  0.030%. 

The  a m o u n t  of  C p r e s e n t  is so s m a l l  t h a t  i t  is no t  
of i m p o r t a n c e .  The  c a r b o n  l eve l  in  t h e  m e t a l  has  
been  cons i s t en t ly  b e l o w  0.005%. 

Determination of gaseous elements . --For m a n y  
m e t a l l u r g i c a l  uses,  t h e  con ten t  of gaseous  e l e m e n t s  
in  e l e c t r o l y t i c  Mn is i m p o r t a n t .  S ince  i t  is d e p o s i t e d  
f r o m  a so lu t ion  c o n t a i n i n g  l a r g e  a m o u n t s  of a m -  
m o n i u m  ion, N could  be  p re sen t .  F o r t u n a t e l y ,  N can  
be  d e t e r m i n e d  v e r y  p r e c i s e l y  b y  the  s t a n d a r d  
m e t h o d  used  for  s tee ls  (17) .  A l l  t he  a n a l y s e s  t h a t  
h a v e  been  m a d e  ind i ca t e  t h a t  t h e  N con ten t  is less  
t h a n  50 p p m  a l t h o u g h  100-300 p p m  m a y  be  p i c k e d  
up  in t h e  d e h y d r o g e n a t i o n  process .  F o r  spec ia l  p u r -  
poses,  a n i t r i d e d  g r a d e  w i t h  a b o u t  6 % N is p r o d u c e d .  

O x y g e n  is i m p o r t a n t  be c a use  i t  m a y  be  an  u n -  
d e s i r a b l e  add i t ion ,  as for  e x a m p l e  in  M n - T i  a l loys .  
Also  if  t he  Mn is to be  d e t e r m i n e d  b y  di f ference ,  a 
s u b s t a n t i a l  e r r o r  is i n t r o d u c e d  in  t he  r e s u l t  for  Mn 
if  o x y g e n  is ignored .  The  o n l y  s u i t a b l e  m e t h o d  for  
o x y g e n  is b y  v a c u u m  fusion.  A n  a p p a r a t u s  s i m i l a r  
to t h a t  d e s c r i b e d  b y  H a m n e r  a n d  F o w l e r  (18) w i t h  
the  s a m p l e  enc losed  in  a t in  capsu le  has  been  f o u n d  
sa t i s f ac to ry .  T h e  cel ls  a r e  o p e r a t e d  to k e e p  t h e  o x y -  
gen  con ten t  b e l o w  0.15%. H o w e v e r ,  i t  m u s t  a l w a y s  
be  k e p t  in  m i n d  t h a t  M n  is a r e a d i l y  o x i d i z a b l e  
m e t a l  a n d  the  o x y g e n  c on t e n t  can  be  i n c r e a s e d  b y  
i m p r o p e r  hand l ing .  

F o r  some purposes ,  t he  H c on t e n t  is of  i n t e re s t ,  
a n d  s ince  s ign i f ican t  a m o u n t s  a r e  codepos i t ed ,  i t  
m u s t  be  r e m o v e d  b y  s u b s e q u e n t  t r e a t m e n t  if  l o w -  
h y d r o g e n  m a t e r i a l  is des i red .  As  depos i t ed ,  t h e  Mn 
m e t a l  con ta ins  a b o u t  0.02% H. Much  of th is  can  be  
r e m o v e d  b y  t r e a t m e n t  a t  500~ as was  p o i n t e d  ou t  
b y  Po t t e r ,  e t  al. (19) .  U n f o r t u n a t e l y  t h e y  d id  no t  
s t a r t  w i t h  h y d r o g e n - f r e e  m a t e r i a l  no r  d id  t h e y  eve r  
d e t e r m i n e  t h e  a m o u n t  of H r e m a i n i n g  a f t e r  t h e i r  
t r e a t m e n t s .  

S i e v e r t s  a n d  Mor i t z  (20)  also s t ud i e d  the  so lu-  
b i l i t y  of  H in  Mn. T h e i r  m a t e r i a l  was  v a c u u m -  
d i s t i l l ed  on a s m a l l  scale  a n d  e q u i l i b r a t e d  w i t h  H. 
T h e y  m e a s u r e d  the  changes  in  H con ten t  of t he  
m e t a l  b y  m e a n s  of t he  gas e v o l v e d  a n d  s h o w e d  t h a t  
a t  400~176 t h e r e  was  a b o u t  9 m l  of H /100  g or  
8 p p m  in solu t ion .  Po t t e r ,  e t  al. (19) r e p o r t  t ha t  
a b o u t  7 cc of gas /100  g of  m e t a l  is r e a b s o r b e d  b e -  
low 600~ S i e v e r t s  a n d  Mor i t z  f o u n d  a b o u t  35 m l  
was  r e a b s o r b e d  on  coo l ing  in  H at  760 m m  pres su re .  
S ince  n e i t h e r  of  these  i n v e s t i g a t o r s  a n a l y z e d  t h e  
Mn for  H, t he  r e su l t s  a r e  t h e  d i f fe rences  of  two  
r a t h e r  l a rge  n u m b e r s  c on t a in ing  c o n s i d e r a b l e  v a r i -  
a t ion.  I t  is no t  poss ib le  to dec ide  p r e c i s e l y  f r o m  
t h e i r  w o r k  h o w  m u c h  H w o u l d  r e m a i n  on h e a t i n g  
e l e c t ro ly t i c  Mn to 500~ a n d  on cool ing  to  room 
t e m p e r a t u r e .  The  i n d i c a t i o n  is t h a t  t h e r e  m a y  be  a t  
l eas t  16 m l / 1 0 0  g or  14 p p m  r e m a i n i n g  in  m a t e r i a l  
so t r e a t e d .  

S ince  p r i m a r y  i n t e r e s t  l ies  in  t he  t o t a l  a m o u n t  
of H p r e s e n t  and  no t  in  c h e c k i n g  w h e t h e r  a d d i t i o n a l  
H can  be d r i v e n  off, t he  a p p a r a t u s  d e s c r i b e d  b y  
Po t t e r ,  et al., is no t  s u i t a b l e  for  t he  d e t e r m i n a t i o n  
of t o t a l  H in d e h y d r o g e n a t e d  m e t a l ;  t he  on ly  sa t i s -  
f a c t o r y  p r o c e d u r e  is b y  v a c u u m  fusion.  A 100-g 
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H y d r o g e n  o b t a i n e d  in  s u c c e s s i v e  t r e a t m e n t s  

600~ IO00~ 1700~ T o t a l  
S a m p l e  p p m  p p m  p p m  p p m  

No. 1 2 - 9 11 
- 3 1 1 ,  12 14, 15 
- - 11, 12 11, 12 

No. 2 3 - 18 21 
- 4 11 15 
- - 13, 15, 20 13, 15, 20 

s a m p l e  was  h e a t e d  to 600~ in an  a p p a r a t u s ,  s i m i l a r  
to t h a t  d e s c r i b e d  b y  Po t t e r ,  et al., for  30 m i n  at  a 
p r e s s u r e  of 10 -~ m m  Hg a n d  the  H col lec ted .  The  
s a m p l e  was  cooled,  d r y  a r g o n  a d m i t t e d ,  a n d  20 g 
r e m o v e d .  T h e  s a m p l e  w a s  t h e n  r e h e a t e d  in vacuo to 
1000~ for  30 m i n  a n d  the  evo lved  H col lec ted .  A f t e r  
cool ing,  as before ,  t he  r e m a i n d e r  was  t hen  a n a l y z e d  
b y  t h e  v a c u u m - f u s i o n  p r o c e d u r e  (see T a b l e  IV) .  
S a m p l e s  of t h e  o r i g i n a l  m a t e r i a l  w e r e  also a n a l y z e d  
d i r e c t l y  b y  v a c u u m  fusion.  The  r e su l t s  a r e  in  good 
a g r e e m e n t  a n d  show c l e a r l y  t h a t  a l l  the  H canno t  
be  r e m o v e d  at  600~ in vacuo in  a r e a s o n a b l e  t ime .  
To see if  th is  was  a p r o p e r t y  p e c u l i a r  to  t he  e l e c t r o -  
ly t i c  Mn p r o d u c e d  b y  t h e  p r e s e n t  process ,  s a m p l e s  
p r o d u c e d  a n d  d e h y d r o g e n a t e d  in  o t h e r  p l aces  w e r e  
a n a l y z e d ;  s i m i l a r  r e su l t s  w e r e  ob ta ined .  A l l  t h e  
e v i d e n c e  po in t s  to t he  neces s i t y  of s t a t i ng  the  con-  
d i t ions  used  to o b t a i n  t h e  H conten t .  In  o the r  words ,  
a spec i f ica t ion  t h a t  t he  H con ten t  of e l e c t ro ly t i c  Mn 
is less t h a n  a g iven  f igure  is m e a n i n g l e s s  un less  t he  
a n a l y t i c a l  m e t h o d  used  to o b t a i n  t h a t  f igure  is d e -  
scr ibed .  I f  d e h y d r o g e n a t e d  at  510~ ( 9 5 0 ~  a l l  t he  
e v i d e n c e  o b t a i n e d  h e r e  i nd i ca t e s  t h a t  t h e r e  is a b o u t  
10-15 p p m  r e m a i n i n g .  T a b l e  V shows  the  p r ec i s i on  
t ha t  can  be  o b t a i n e d  b y  the  v a c u u m  fus ion  p r o -  
cedure .  F o r  th is  tes t ,  s a m p l e s  w e r e  chosen  s ized 16 
b y  48 mesh .  Each  s a m p l e  was  d i v i d e d  in to  t h r e e  p o r -  
t ions.  The  s a m p l e s  w e r e  mixed ,  d r i e d  in  a i r  a t  
l l 0 ~  for  1 hr ,  t h e n  s t o r ed  in  a dess ica tor .  Be fo re  
t h e y  w e r e  sen t  to t h e  l a b o r a t o r y ,  t h e y  w e r e  a s s igned  
r a n d o m  n u m b e r s  so t h a t  t h e y  w e r e  a n a l y z e d  in r a n -  
d o m  fash ion  b y  two  d i f fe ren t  chemis ts .  F r o m  a s t a -  
t i s t i ca l  s t u d y  of t he se  da ta ,  i t  was  conc luded  t h a t  t he  
p rec i s ion  of t he  H d e t e r m i n a t i o n ,  u s ing  v a c u u m  
fusion,  is of  t he  o r d e r  of  5 p p m .  F a c t o r s  such  as  
d r y i n g  a n d  t h e  size of s a m p l e  u sed  a r e  i m p o r t a n t .  

Sampling electrolytic Mn.- - In  a n y  q u a l i t y  c on t ro l  
p r o g r a m ,  i t  is e s sen t i a l  t h a t  t h e  s a m p l e  e x a m i n e d  in  
t he  l a b o r a t o r y  r e p r e s e n t  a d e q u a t e l y  t h e  lot  of m a t e -  
r i a l  f r o m  w h i c h  i t  was  d r a w n .  T h e  p l a n t  p r o c e d u r e  
for  s a m p l i n g  fol lows.  

The  m a t e r i a l  is c o m b i n e d  in  42,000-1b lots.  W h e n  a 
lot  is p a c k e d  in  d r u m s ,  500 lb to t he  d r u m ,  5 lb  a r e  
t a k e n  f r o m  each d r u m  b y  p e r i o d i c a l l y  cu t t i n g  t h e  

Table V. Precision of the determination of H in electrolytic Mn 

Sample No. Sample not dried Dried IIO~ for i hr, ppm 

1 220 192, 204, 195 
2 21 13, 15, 21 
3 15 I0, 11, 13 
4 13 10, 11, 14 
5 13 10, 10, I0 

S a m p l e  p r e p a r a t i o n  O x y g e n ,  % 

Coarse 0.13, 0.14 
Coarse (p ickled  3% HNO~) 0.13, 0.14 
8 X D 0.15, 0.16 
8 >< D (dr ied  1 hr  at  l l 0~  0.18, 0.18 
35 X D 0.17, 0.18 
35 X D (dr ied  1 h r  at  l l 0~  0.23, 0.23 

s t r e a m  as t h e  d r u m  is fi l led. Thus  a 400-1b gross  
s a m p l e  is a c c u m u l a t e d .  This  is b r o k e n  in to  s m a l l  
p ieces  1/4 x 1/s in., and  a s a m p l e  riff led ou t  for  gas 
ana lys i s .  A second  p o r t i o n  is r o l l ed  to 20 mesh ,  
r iff led to 1 lb,  a n d  c r u s h e d  to 100 m e s h  for  t h e  a n a -  
l y t i c a l  sample .  

S ince  Mn is r e a d i l y  ox id ized ,  t he  r e d u c t i o n  of t he  
gross  s a m p l e  p r e s e n t s  p r o b l e m s .  T a b l e  VI  shows  
some  r e su l t s  o b t a i n e d  b y  c r u s h i n g  to fine sizes. T h e y  
i n d i c a t e  t h a t  s u b s t a n t i a l  o x i d a t i o n  m a y  t a k e  p l ace  
i f  t h e  m e t a l  is r e d u c e d  f r o m  1/4 x 1/s in. to pass  a 
3 5 - m e s h  sieve.  The  m i n u s  3 5 - m e s h  m a t e r i a l ,  o r  even  
m i n u s  100-mesh  m a t e r i a l ,  is m u c h  m o r e  d e s i r a b l e  as 
a sample .  I f  one  is no t  i n t e r e s t e d  in oxygen ,  t h e  
s a m p l e  can  be  r e d u c e d  to a s u i t a b l e  size b y  t h e  
s t a n d a r d  tools  u sed  in  t h e  f e r r o a l l o y  i n d u s t r y  (21) .  
I f  t h e  i r o n  con ten t  is of i n t e re s t ,  i t  is e s sen t i a l  to  use  
on ly  a l l o y - s t e e l  e q u i p m e n t  a n d  a l iquo t  a l a r g e  s a m -  
p l e  r a t h e r  t h a n  c rush  to fine sizes, s ince  c o n s i d e r -  
a b l e  a m o u n t s  of a d v e n t i t i o u s  i r on  can  be  o b t a i n e d  
f r o m  o r d i n a r y  cas t  i r on  e q u i p m e n t .  

Summary 
A p l a n t  b a s e d  on the  s lag process  has  been  shown  

to h a v e  a s i m p l e  f lowsheet ,  y e t  g ives  a v e r y  p u r e  
so lu t ion  a m e n a b l e  to easy  e lec t ro lys i s .  P l a t i n g  d i f -  
f icul t ies  w h i c h  m a y  be  caused  b y  i m p u r i t i e s  in t h e  
so lu t ion  h a v e  n e v e r  been  e n c o u n t e r e d  in  t he  Cell 
room.  

T h e  m e t a l  p r o d u c e d  has  b e e n  cons i s t en t ly  of h igh  
qua l i t y .  The  n e w  t y p e  of cel l  has  p r o v e d  to be  easy  
to o p e r a t e  a n d  s imp le  to control .  The  H a s t e l l o y  
a l loy  C ca thodes ,  w h i l e  h i g h e r  in  i n i t i a l  cost  t h a n  
s t a in less  steel ,  h a v e  been  v e r y  s a t i s f a c t o r y  a n d  h a v e  
jus t i f i ed  t h e i r  h i g h e r  cost  in  s av ings  in  m a i n t e n a n c e  
a n d  ease  of s t r i p p i n g  t h e  d e p o s i t e d  me ta l .  

W i t h  t he  n e w  process  i t  is poss ib l e  to s m e l t  a Mn 
ore  to  f e r r o m a n g a n e s e  a n d  a slag,  t h e n  r e c o v e r  t he  
Mn in  t h e  s lag  as e l e c t r o l y t i c  Mn. I n  th i s  w a y  n e a r l y  
a l l  t h e  Mn in an  o re  is c o n v e r t e d  in to  fo rms  su i t ab l e  
for  t he  m e t a l l u r g i c a l  i n d u s t r y ,  t hus  c onse rv ing  M n  
resources .  This  p r o g r a m  has  m a d e  a v a i l a b l e  for  t he  
m e t a l  i n d u s t r i e s  a d d i t i o n a l  supp l i e s  of h i g h - p u r i t y  
Mn m e t a l  for  t he  p r o d u c t i o n  of b e t t e r  a l loys .  
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Effects of Various Polyvalent Metal Anion Additions 
to an Alkaline Magnesium Anodizing Bath 

W. McNeil l  and R. Wick 

Pitman-Dunn Laboratories, Frankford Arsenal, Philadelphia, Pennsylvania 

ABSTRACT 

The effects of some polyvalent  metal  anions in magnesium anodizing were 
compared. Coated panels were exposed to salt spray to determine their  corro- 
sion resistance. Hardness and dielectric s trength tests were also carried out. 
Coatings from chromate, stannate,  vanadate,  tungstate, and mangana te  baths 
were compared with those from a bath containing no polyvalent  metal  anion. 
Differences in corrosion resistance were noted, with vanadate  baths producing 
the best results. Differences in color were noted also. 

Anodic  coat ings ava i l ab le  for m a g n e s i u m  are of 
two types,  those coat ings  f o r m e d  at  low vol tage  
( u n d e r  10 v)  and  those fo rmed  at h igh  vol tages  
(60-320 v) .  

The  low vol tage  coat ings  are t h i n  a n d  have  low 
surface  roughness  in  compar i son  wi th  those coat ings  
fo rmed  at h igh voltages.  Low vol tage  coat ing  for -  
m a t i o n  is p r o b a b l y  a s imple  process, i nvo lv in g  only  
the  e lec t rochemica l  r eac t ion  of Mg w i t h  the  an ions  
in  the ba th  to fo rm an  oxide or hyd rox ide  coating.  
On  the  o ther  hand ,  h igh  vol tage  coat ings  are  fo rmed  
by  a complex  process. Spark ing ,  wh ich  occurs on 
the Mg surface  d u r i n g  anodizing,  resul t s  in  the  for -  
m a t i o n  of ve ry  h a r d  deposits  wh ich  r e semble  s in -  
t e red  ceramic  mater ia l s .  The chemica l  reac t ions  
which  occur in  the  spa rk  zone are no t  k n o w n ,  bu t  it  
is c lear  t ha t  r educ t ion  products  occur i n  the  coat ing  
even  w h e n  fo rma t ion  is car r ied  out  us ing  di rect  cu r -  
rent .  The  process canno t  be e lec t rochemica l  since 
ox ida t ion  on ly  can occur at an  anode.  I t  is more  
l ikely,  then ,  tha t  the  h igh vol tage  anodic  coat ings  
are fo rmed  by  a t h e r m a l  process which  is b r o u g h t  

about  by  e lec t rochemica l  means .  A n  in t e r e s t i ng  fea-  
t u r e  of the  ba ths  used  for h igh  vol tage  anodiz ing  is 
tha t  they  usua l ly  con ta in  an ions  such as d i ch romate  
or m a n g a n a t e  which  are reduced,  the  r educ t ion  p rod-  
ucts a ppe a r i ng  in  the coating.  The  use  of an ions  of 
this  type  in  Mg f inishing has been  k n o w n  for  m a n y  
years  (1-5) ,  bu t  the i r  va lue  in  h igh  vol tage  anodic  
ba ths  has been  a subjec t  of cons iderab le  specula t ion.  

The de ve l opme n t  of the  HAE process (4) afforded 
an  oppo r t un i t y  to inves t iga te  the  effect of a va r i e t y  
of p o l y v a l e n t  me t a l  an ions  in  a lka l ine  anod iz ing  
ba ths  for magnes iums .  It  was  possible to ca r ry  out  
such a s tudy  wi th  the HAE b a t h  because  an ions  such 
as chromate ,  s t anna te ,  etc., could be subs t i t u t ed  for  
m a n g a n a t e  a nd  these  subs t i tu t ions  were  f ound  to 
have  no s ignif icant  effect on opera t ing  condi t ions  
necessa ry  for coat ing format ion .  W i t h  the  Cr-22 
ba th  (6),  for example ,  no subs t i tu t e  for  ch romate  
has been  f ound  which  does no t  adve r se ly  affect 
coat ing  format ion .  

Ea r l y  work  on subs t i tu tes  for m a n g a n a t e  in  the  
HAE anodic ba th  gave inconc lus ive  resu l t s  because  
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two  i m p o r t a n t  v a r i a b l e s  w e r e  no t  recognized .  The  
first  of t he se  was  " ag ing"  of the  anod ic  coat ing.  The  
co r ros ion  r e s i s t ance  of coa ted  p a n e l s  i n c r e a s e d  if  
e x p o s e d  to the  l a b o r a t o r y  a t m o s p h e r e ,  a t  a m b i e n t  
t e m p e r a t u r e s ,  for  s e v e r a l  w e e k s  d u r i n g  seasons  of 
h igh  h u m i d i t y .  The  s ame  effect cou ld  be o b t a i n e d  
by  p l ac ing  coa ted  pane l s  in  a i r  of a p p r o x i m a t e l y  
100% r e l a t i v e  h u m i d i t y  a t  a b o u t  180~ for  s e v e r a l  
hours .  S e v e r a l  ac idic  pos t  d ips  w e r e  t r i e d  also. One  
of these,  an  aqueous  b i f luor ide  d i c h r o m a t e  dip, w h e n  
c o m b i n e d  w i t h  h u m i d  aging,  was  f o u n d  c a p a b l e  of 
i n c r e a s i n g  the  cor ros ion  r e s i s t ance  of H A E  coa t ed  
pane l s  by  s e v e r a l  h u n d r e d  p e r  cen t  (7) .  

The  second  impor, t an t  v a r i a b l e  was  in  t he  Mg 
a l loy  i tself .  Pane l s  f r o m  d i f fe ren t  p r o d u c t i o n  lots  
gave  tes t  d i f fe rences  w h i c h  w e r e  s igni f icant  and  
a t t r i b u t a b l e  to  t he  a l loy  stock.  These  d i f fe rences  a p -  
p e a r e d  r e p e a t e d l y  even  a f t e r  as m u c h  as 0.010 in. 
of su r f ace  was  r e m o v e d  b y  ac id  p ick l ing .  

To con t ro l  v a r i a t i o n s  in  the  pos t  t r e a t m e n t ,  a l l  of 
t he  pane l s  in  a g iven  tes t  a r e  d i p p e d  fo r  t h e  s a m e  
l e n g t h  of t i m e  and  aged  s i m u l t a n e o u s l y .  To con t ro l  
the  effect of v a r i a t i o n s  in t he  a l loy,  s tock  pane l s  a r e  
a l l  cu t  f r o m  the  s ame  p r o d u c t i o n  lot  and  r a n d o m i z e d  
be fo re  be ing  coated.  This  p r o c e d u r e  g ives  a m e a s u r e  
of con t ro l  ove r  tes t s  on anodic  coa t ings  on Nig w h i c h  
was  no t  o b t a i n e d  f o r m e r l y .  I t  was  necessa ry ,  in  v i e w  
of the  i m p o r t a n c e  of the  a b o v e  va r i ab l e s ,  to r e -  
i n v e s t i g a t e  t he  ro le  of p o l y v a l e n t  m e t a l  an ions  in 
Mg coa t ing  ba ths .  

Experimental 
Mg pane l s ,  4 in. x 6 in. x 0.051 in., w e r e  cut  f r o m  

a s ingle  lot  of FS1  a l loy  sheet .  The  Mg was  r e c e i v e d  
f rom the  m a n u f a c t u r e r  w i t h  a p r o d u c e r ' s  d i c h r o m a t e  
p i c k l e  a n d  s t enc i l l ed  i n k  iden t i f i ca t ion  m a r k s  on one 
s ide  of each  sheet ,  i.e., the  i n k e d  s ide;  the  oppos i t e  
s ide  is ca l l ed  h e r e  the  c l ea r  side. The  pane l s  w e r e  
d e b u r r e d  a n d  t hen  n u m b e r e d  on the  i n k e d  s ide;  t h e y  
w e r e  d e g r e a s e d  in  ace tone  p r i o r  to anodiz ing ,  bu t  
w e r e  no t  c l e a n e d  o the rwise .  

A 200- l i t e r  s tock  so lu t ion  was  p r e p a r e d  con ta in ing  
150g/1 U S P  g r a d e  KOH,  30 g/1 U S P  g r a d e  ( d r i e d  
ge l )  A1 (OH)s,  35 g/1 pur i f i ed  a n h y d r o u s  KF ,  35 g/1 
t e chn i ca l  g r a d e  Na,PO4.12 H.,O, and  t a p  w a t e r  to 
m a k e  the  r e q u i r e d  vo lume .  

F r o m  this  so lu t ion ,  five 3 0 - l i t e r  b a t h s  w e r e  p r e -  
pa red ,  r e s p e c t i v e l y  con ta in ing  c h r o m a t e ,  t ungs t a t e ,  
v a n a d a t e ,  s t anna te ,  a n d  m a n g a n a t e  ( H A E  b a t h ) .  
Each  was  m a d e  0.086M in the  add i t ive .  A s ix th  ba th ,  
c on t a in ing  no  add i t ive ,  was  used  as control .  

A n o d i z i n g  was  c a r r i e d  out  in a s tee l  t a n k  e q u i p p e d  
w i th  a Cu cool ing  coil. B a t h  t e m p e r a t u r e  d u r i n g  
anod iz ing  v a r i e d  s o m e w h a t ,  bu t  g e n e r a l l y  r e m a i n e d  
w i t h i n  fou r  deg rees  of 24~ 

P o w e r  was  s u p p l i e d  to  t h e  b a t h  b y  a 60-cycle ,  45- 
a m p  un i t  w h i c h  m a i n t a i n e d  b a t h  c u r r e n t  cons t an t  
by  a u t o m a t i c a l l y  v a r y i n g  the  vo l t age  as r e s i s t ance  
changed .  P a n e l s  w e r e  coa ted  in ba t ches  of s ix  a t  a 
c u r r e n t  d e n s i t y  of 15 a m p / f t  2, and  a t r e a t m e n t  t i m e  
of 90 rain.  Vol t ages  a t  t h e  c o m p l e t i o n  of  t r e a t m e n t  
w e r e  b e t w e e n  80 and  90 v. A f t e r  anodiz ing ,  t h e  p a n e l s  
w e r e  r i n s e d  in cold  r u n n i n g  w a t e r  and  a l l o w e d  to 
s t a n d  un t i l  dry .  A f t e r  d r y i n g  the  pane l s  w e r e  s t o r ed  

in  a des i cca to r  ove r  a n h y d r o u s  m a g n e s i u m  p e r -  
c h l o r a t e  to p r e v e n t  n a t u r a l  aging.  

P a n e l s  w e r e  se l ec t ed  f r o m  each  b a t h  and  two  
g roups  of 36 pane l s  each  w e r e  a s sembled .  One  g r o u p  
r e m a i n e d  in s t o r a ge  in the  des i cca to r  w h i l e  t he  o the r  
g roup  was  d i p p e d  a n d  aged.  The  pos t  t r e a t m e n t  con-  
s i s t ed  of a 45 sec i m m e r s i o n  in an  aqueous  so lu t ion  
cons i s t ing  of 10% NH~HF~ and  2% Na~Cr~OT.2H~O. 

The  d i p p e d  p a n e l s  w e r e  a l l o w e d  to d r y  w i t h o u t  
r ins ing  a n d  w e r e  t h e n  p l a c e d  in  a i r  of a p p r o x i m a t e l y  
100% r e l a t i v e  h u m i d i t y  for  4 h r  a t  a t e m p e r a t u r e  of 
f r o m  175 ~ to 180~ A f t e r  ag ing  t h e y  w e r e  r e m o v e d ,  
w r a p p e d  in con tac t  w i t h  each  other ,  and  s t o r ed  in 
t he  l a b o r a t o r y .  F i v e  days  l a t e r  a l l  72 p a n e l s  w e r e  
e x p o s e d  to the  sa l t  s p r a y  in  a c c o rda nc e  w i t h  A S T M  
B-117-44T.  The  c l ea r  s ide  of each  p a n e l  was  e x p o s e d  
w i t h  t he  r a c k  m a r k  down.  O b s e r v a t i o n s  w e r e  m a d e  
a f t e r  48, 120, a n d  312 hr.  

The  pane l s  w e r e  r e m o v e d  f r o m  the  sa l t  s p r a y  and  
f lushed w i t h  t a p  w a t e r  ( p r e v a i l i n g  t e m p e r a t u r e ,  
67~  No b r u s h i n g  was  g iven .  The  p a n e l s  w e r e  
a l l o w e d  to d r y  a n d  the  n u m b e r  of p i t s  counted .  P i t s  
o r i g i n a t i n g  on p a n e l  edges  w e r e  no t  counted .  A f t e r  
each  o b s e r v a t i o n  the  pane l s  w e r e  r e p l a c e d  in  the  sa l t  
s p r a y  c a b i n e t  in  d i f fe ren t  order .  

D ie l ec t r i c  s t r e n g t h  m e a s u r e m e n t s  w e r e  m a d e  in 
acco rdance  w i t h  A S T M  tes t  B-110-45 ,  on d u p l i c a t e  
s a m p l e s  f r o m  each  of the  six ba ths .  The  ob jec t  of 
th is  t e s t  was  m e r e l y  to d e t e r m i n e  w h e t h e r  l a r g e  d i f -  
f e r ences  due  to  b a t h  compos i t i on  ex i s ted ,  a n d  no  
a t t e m p t  was  m a d e  to d e t e r m i n e  the  n a t u r e  of t he  
r e l a t i o n s h i p  b e t w e e n  b a t h  compos i t i on  a n d  d i e l ec t r i c  
p rope r t i e s .  

Coa t ing  h a r d n e s s  was  t e s t e d  b y  r u b b i n g  a b a r  of 
s tee l  of R o c k w e l l  C63 h a r d n e s s  ove r  t he  pane ls .  This  
tes t  was  used  on ly  to d e t e r m i n e  w h e t h e r  a n y  of the  
coa t ings  we re  n o t a b l y  def ic ient  in th is  respect .  

Results and Discussion 
Appearance.--The a p p e a r a n c e  of the  v a r i o u s  coa t -  

ings  was  s t r o n g l y  d e p e n d e n t  on b a t h  compos i t ions .  
T e x t u r e  was  no t  m u c h  affected,  but ,  as w o u l d  be  e x -  
pec ted ,  coa t ings  of d i f fe ren t  colors  w e r e  ob ta ined .  
The  H A E  coa ted  p a n e l s  w e r e  m e d i u m  b r o w n ,  w h i l e  
those  coa ted  in the  c h r o m a t e  a n d  v a n a d a t e  b a t h s  
w e r e  l i gh t  g r e e n  a n d  s la te  g ray ,  r e spe c t i ve ly .  P a n e l s  
f r o m  the  o t h e r  t h r e e  b a t h s  w e r e  a l l  o f f -whi te ,  a l -  
t h o u g h  those  f r o m  the  s t a n n a t e  b a t h  m i g h t  be  d e -  
s c r i be d  as l igh t  g ray .  A l l  the  coa t ings  h a d  the  s ame  
t y p e  of p a r t l y  s i n t e r e d  c e r a mic  a p p e a r a n c e ,  w h e n  
e x a m i n e d  u n d e r  a magn i f i ca t ion  of 75X. T h e y  w e r e  
a l l  of a b o u t  the  s ame  t e x t u r e ,  w i t h  the  e x c e p t i o n  of 
those  t r e a t e d  in t he  n o - a d d i t i v e  ba th .  T h e s e  h a d  a 
f ew  s m a l l  w h i t e  nodu le s  d i s t r i b u t e d  ove r  t he  s u r -  
face.  I t  was  f o u n d  tha t ,  b y  a d d i n g  su i t ab l e  quan t i t i e s  
of c h r o m a t e  and  m a n g a n a t e  to the  n o - a d d i t i v e  ba th ,  
o l ive  d r a b  coa t ings  cou ld  be  p r o d u c e d  w h i c h  m a t c h e d  
the  l u s t e r l e s s  g r e e n  No. 3412 (o l ive  d r a b )  of F e d e r a l  
Spec i f i ca t ion  TT-C-595 ,  J an .  12, 1950. 

W h e t h e r  such  a b a t h  could  be  r e g u l a t e d  w e l l  
enough  to be  p r a c t i c a l  was  no t  i n v e s t i g a t e d  because  
i t  w o u l d  h a v e  r e q u i r e d  e x p e r i m e n t a l  ef for t  b e y o n d  
the  scope of t he  w o r k  r e p o r t e d .  

Hardness.--The h a r d n e s s  of a l l  s ix  t y p e s  of coa t -  
ings  was  t e s t ed  as d e s c r i b e d  in  the  p r e c e d i n g  sec-  
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Table I. Results of dielectric strength test 

M e a n  S t a n d a r d  
B a t h  t y p e  b r e a k d o w n  v o l t a g e  d e v i a t i o n  

Table III. Results of significance test 

N o t  pos t  t r e a t e d  P o s t  t r e a t e d  
B a t h  t y p e  48 h r  120 h r  312 h r  48 h r  120 h r  312 h r  

Stannate  566 48.2 
Vanadate 610 50.6 
Manganate  581 43.7 
Chromate 591 48.0 
Tungstate  638 54.0 
No-additive 600 51.8 

tion. In  each case, the  coat ing ab raded  the steel. 
There  was no not iceable  difference b e t w e e n  the 
ha rdness  of the  va r ious  coatings.  

Dielectric s trength. - -The dielectr ic  s t reng ths  of 
the  coat ings were  m e a s u r e d  and  the m e a n s  a nd  
s t a n d a r d  devia t ions  are shown  in  Tab le  I. 

None of the  groups  of pane ls  was  di f ferent  f rom 
the n o - a d d i t i v e  group at the 0.95 level  of significance. 

Corrosion resistance.--In the  sal t  spray  tests, each 
ba th  composi t ion  was  r ep re sen t ed  by  two groups  of 
six pane ls  each. One group was  pos t - t r ea ted ,  a nd  
the other  was not.  A s u m m a r y  of the  corrosion da ta  
i n  pi ts  per  pane l  is g iven  in  Tab le  II. 

Nea r ly  all the pane l s  in  both  groups  showed some 
corrosion,  even  at  48 hr  and  this  was su rp r i s ing  in  
v iew of past  exper ience  wi th  some of the coat ings  in  
the test. This  was be l i eved  to be due to the FS1 al loy 
stock f rom which  the pane ls  were  obta ined,  and  does 
not  reflect the m a x i m u m  corrosion res i s tance  t ha t  
can be ob ta ined  wi th  such coatings.  In  the  case of 
the pos t - t r ea t ed  specimens,  moreover ,  f u r t h e r  i m -  
p r o v e m e n t  could have  been  ob ta ined  by  r epea t ing  
the pos t -d ipp ing  and  aging steps severa l  t imes,  or by  
inc reas ing  the  aging t ime. In  an  ear l ie r  expe r imen t ,  
16 panels ,  cut  f rom a di f ferent  lot of FS1 alloy, were  
coated in  a n o - a d d i t i v e  bath ,  d ipped  in  the  d ichro-  
ma te -b i f luo r ide  solut ion,  aged 22 hr,  and  exposed to 
salt  spray.  Af te r  400 hr  exposure  the pane ls  ave r -  
aged 3.6 pits per  4 in. x 6 in. panel ,  and  the s t a n d a r d  
dev ia t ion  was  2.3 pits per  panel .  

Wi th  the  type  of pane ls  i nc luded  in  this  test, cor-  
rosion usua l ly  begins  b e t w e e n  48- and  120-hr  expos-  

Table II. Summary of corrosion data 

N o t  pos t  t r e a t e d  P o s t  t r e a t e d  
48 120 312 48 120 312 

B a t h  t y p e  h r  h r  h r  h r  h r  h r  

Stannate  
Mean 17.8 22.2 23.2 6.5 12.8  14.8 
Std dev 8.9 7.4 8.1 5.8 5.3 6.1 

Vanadate 
Mean 8.5 13.0  15.5 2.0 6.3 7.7 
Std dev 2.7 3.5 3.8 1.7 2.9 3.3 

Manganate  
Mean 26.2 56.5 59.0 1.7 12.3  13.5 
Std dev 7.1 6.5 7.5 1.9 3.8 3.3 

Chromate 
Mean 
Std dev 

36.0 52.2 52.3 6.7 10.8 13.7 
4.0 11.4 12.2 6.9 6.6 7.3 

Tungstate  
Mean 48.5 58.5 58.3 8.7 17.0  20.3 
Std dev 24.8 16.9  12.4 3.9 7.2 6.0 

No-additive 
Mean 
Std dev 

46.7 57.7 57.7 3.7 10.3  12.7 
13.2 11.8  10.1 2.3 2.2 2.2 

Stannate  +3  +3  +3  0 0 0 
Vanadate +3  +3  +3  0 +1  +1  
Manganate + 3 0 0 + 1 0 0 
Chromate + 3 0 0 0 0 O 
Tungstate  0 0 0 --1 0 --1 

ure. In  this test  corrosion was wel l  u n d e r w a y  af ter  
48-hr  exposure.  Corros ion resul t s  for the  group  of 
pane ls  coated in  the n o - a d d i t i v e  ba th  were  compared  
w i th  those for  the  other  coatings.  The da ta  were  
tes ted for s ignif icance us ing  S t ude n t ' s  t - t e s t ;  resul t s  
are g iven  in  Tab le  III. 

Pos i t ive  va lues  ind ica te  s igni f icant ly  greater ,  and  
nega t ive  va lues  indica te  s igni f icant ly  less, corrosion 
res is tance  t h a n  tha t  of the  co r respond ing  group of 
n o - a d d i t i v e  panels .  N ume r i c a l  va lues  ind ica te  the  
h ighes t  levels  at which  the differences were  signif i-  
cant ,  a nd  are as follows: 1--0.95 level ;  2--0.99 level ;  
3--0.995 level.  Zero va lues  ind ica te  no s ignif icant  
difference at the 0.95 level.  

Differences b e t w e e n  coat ings  are m u c h  l a rge r  at 
48-hr  exposure  t h a n  at o ther  exposure  t imes.  This  
is p r o b a b l y  because  the corrosion at the ear l ie r  t ime  
was not  fu l ly  developed at all  the  po ten t i a l  points  of 
fa i lure .  It  wou ld  appear  tha t  the 120-hr  exposure  
was sufficient to produce  pi ts  at n e a r l y  all  of these 
points  since increases  in  corrosion,  f rom 120 to 312 
hr, were  small .  P robab ly ,  then ,  more  re l iab le  con-  
clusions can be d r a w n  f rom the  120- a n d  312-hr  
data.  In  some cases, f ewer  pits were  coun ted  at 312 
h r  t h a n  at 120 hr. This  was not  necessar i ly  due to 
e r roneous  count ing ,  bu t  occurred  w h e n  n e i g h b o r i n g  
pits grew so large  tha t  they  merged.  However ,  no 
pits over  1/16 in. in  d i ame te r  were  observed  on any  
of the panels .  Whi le  it is t r u e  tha t  this  exposes a 
weakness  in  pi t  coun t ing  as a me thod  of e s t ima t ing  
salt  spray  corrosion,  o ther  methods  tha t  m i gh t  be 
used have  g rea te r  shor tcomings .  A n  example  would  
be tha t  of e s t ima t ing  the per  cent  of the area  of the 
pane l  tha t  was  corroded. Here  the to ta l  a rea  of cor-  
rosion per  pa ne l  is qui te  smal l  and  es t imates  f r e -  
q u e n t l y  fai l  to show differences.  The reversa l s  tha t  
did occur had  l i t t le  effect on the resul t s  of the  test, 
a nd  it  was no t  w o r t h w h i l e  to a t t e mp t  to refine the  
technique .  

The  data  show c lear ly  tha t  the  post t r e a t m e n t  
causes a t r e m e n d o u s  increase  in  the corrosion res is t -  
ance of all  the panels .  Wi th  the  except ion  of v a n a -  
date, the effects of ba th  addi t ives  are r e l a t ive ly  
minor .  The n o n - p o s t - t r e a t e d  v a n a d a t e  spec imens  
showed almost  as m u c h  corrosion res i s tance  as mos t  
of the pos t - t r ea t ed  groups,  a nd  far  more  corrosion 
res is tance  t h a n  any  of the  o ther  n o n - p o s t - t r e a t e d  
groups.  

Conclusions 
Pro tec t ive  coat ings  on FS1 Mg al loy can  be ob-  

t a ined  by  anod iz ing  a ba th  p r epa red  f rom potas-  
s ium hydroxide ,  a l u m i n u m  hydroxide ,  t r i sod ium 
phosphate ,  a nd  po tass ium fluoride. The add i t ion  of 
s tanna te ,  vanada te ,  m a n g a n a t e ,  chromate ,  or t u n g -  
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state  to this ba th  makes  it possible to produce  coat-  
ings which  differ wi th  respect  to color and  corrosion 
resis tance.  The corrosion res i s tance  of all  these coat-  
ings is g rea t ly  improved  by  a post t r e a t m e n t  consis t -  
ing of i m m e r s i o n  in  a b i f l uo r ide -d i ch roma te  so lu t ion  
fo l lowed by  ag ing  in  a hot, h u m i d  a tmosphere .  

The add i t ion  of v a n a d a t e  increases  the corrosion 
res is tance  of the coating. 

Al l  the coat ings s tud ied  are h a r d  enough  to 
abrade  Rockwel l  C63 steel. 

Acknowledgment 
This  paper  describes e x p e r i m e n t a l  work  suppor t ed  

by  the O r d n a n c e  Corps and  conducted  at F r a n k f o r d  
Ar sena l  u n d e r  P ro jec t  TB4-302B-5.  The  au thors  
wish  to express  the i r  apprec ia t ion  to the  O r d n a n c e  
Corps for pe rmiss ion  to pub l i sh  this paper .  

Manuscript  received April  12, 1956. This paper was 
prepared for del ivery before the Cleveland Meeting, 
Sept. 29 to Oct. 4, 1956. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be publ ished in the December 1957 
,]'OURNAL. 

REFERENCES 

i. Siemens & Halske, Aktiengesellschaft, British Pat. 
459,017, Dee. 31, 1936. 

2. L. Renault ,  French  Pat. 815,115, July 7, 1937. 
3. R. W. Buzzard, U. S. Pat. 2,314,341, March 23, 1943. 
4. H. A. Evangelides, "The HAE Process for Magnesi- 

um, I. In t roductory  Report," Frankford  Arsenal  
Report R-1000, Jan. 1951. 

5. H. A. Evangelides, U. S. Pat. 2,723,952, Nov. 1955. 
6. W. McNeill, Metal Finishing, 53, 57, December (1955). 
7. H. A. Evangelides, Product Finishing, (British) p. 

54, October (1954). 

Electric Moments of Certain Partially Fluorinated Esters 
J. B. Romans and T. D. Call inan l 

U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

The electric moments  of six par t ia l ly  fluorinated esters have been deter- 
mined. The materials  studied were liquids at room tempera ture  and were 
known to be chemically iner t  and thermal ly  stable. All  six esters were found 
to be highly polar compounds exhibi t ing marked  tendencies to associate mole- 
cularly;  they possessed dipole moments  of the order of 2.8 to 3.8 X 10 -18 esu-cm. 
From the exper imenta l ly  de termined pe rmanen t  electric moments,  the most 
probable molecular configurations were calculated for each of the esters. The 
predominat ing  s t ructure  includes one cis-type configuration. It  is evident  that  
the molecules exist, for the most part, in a nonplanar  form. 

The e lec t r ica l  proper t ies  of some pa r t i a l ly  f luor i -  
na t ed  esters  have  been  d e t e r m i n e d  for the purpose  of 
e luc ida t ing  the i r  mo lecu l a r  configurat ions .  The  
f luoresters  s tud ied  (Tables  I and  Ia)  were  s y n t h e -  
sized by  the ester i f icat ion of pa r t i a l l y  f luor ina ted  
alcohols w i t h  un f luo r ina t ed  acids (1).. The  s t ra igh t  
cha in  p r i m a r y  alcohols employed  were :  

1H, 1H, 5H-oc ta f luoropen tano l -1  . . . . . .  
H(CF~)~CH2OH.. .  ~ ' - a m y l  alcohol 

1H, 1H, 7H-dodecaf luorohep tano l -1  . . .  
H(CF~)~CH~OH.. .  ~ ' - h e p t y l  alcohol 

1H, 1H, 9H-hexadeca f luo rononano l -1  . .  
H(CF, )~CH~OH. . .  ~ ' - n o n y l  alcohol 

The  acids used  were  2 - e thy l  hexanoic  acid, g lu ta r ic  
acid, 3 - m e t h y l g l u t a r i c  acid, t r i ca rba l ly l i c  acid, and  
phtha l ic  acid. In  the case of the polybas ic  acids, on ly  
the  to ta l ly  esterif ied de r iva t ives  were  prepared .  Al l  
the ma te r i a l s  s tud ied  were  l iquids  at  room t e m p e r a -  
t u r e  and  were  k n o w n  to be chemica l ly  ine r t  a nd  
t h e r m a l l y  s table  (1). The  densi ty ,  i ndex  of r e f rac -  
tion, and  molecu la r  we igh t  d e t e r m i n e d  p rev ious ly  (1) 
are g iven  because  they  are essent ia l  to the ca lcu la -  
t ion  of the mo la r  po la r i za t ion .  

The dipole m o m e n t s  of the  six pa r t i a l l y  f luor ina ted  
esters were  ob ta ined  by  d e t e r m i n i n g  the mola r  

1 P r e s e n t  a d d r e s s :  I n t e r n a t i o n a l  B u s i n e s s  M a c h i n e s  Corp . ,  P o u g h -  
k e e p s i e ,  N. Y.  

pola r iza t ion  of the m a t e r i a l  w h e n  dissolved in  a 
n o n p o l a r  so lvent  (2), a nd  t h e n  ca lcu la t ing  the ex -  
t r apo la t ed  va lue  of po la r iza t ion  at  inf ini te  d i lu t ion.  
The e x p e r i m e n t a l  va lues  ob ta ined  and  the resul t s  of 
ca lcu la t ions  pe r f o r me d  are  p r e se n t e d  in  Tab le  II. 
Solu t ions  of the  pa r t i a l ly  f luor ina ted  esters  were  
p r epa red  in  ACS grade  benzene .  The densi t ies  were  
m e a s u r e d  at 20~ wi th  a modified S p r e n g e l - t y p e  
p y c n o m e t e r  i n  a cons t an t  t e m p e r a t u r e  ba th .  The  
dielectr ic  cons tan t  da ta  at  1 Mc were  o b t a i n e d  at  
20~ wi th  a Q me t e r  and  cell descr ibed p rev ious -  
ly (3) except  tha t  in  order  to ob ta in  g rea te r  precis ion 
wi th  this  type  of appara tus ,  the  m a i n  t u n i n g  con-  
denser  of the Q me t e r  was p rov ided  wi th  a de ten t  
stop and  all t u n i n g  was done by  m e a n s  of the  v e r n i e r  
condenser .  Wi th  this  a r r a n g e m e n t ,  the  dielectr ic  
cons tan ts  of the benzene  solut ions  were  d e t e r m i n e d  
w i t h i n  -----0.001. 

In  d e t e r m i n i n g  the  mola r  po la r iza t ion  of the 
subs tance  at  inf ini te  d i lu t ion,  P oo graphs  were  p r e -  
pa red  and  the r equ i r ed  l i nea r  ex t r apo la t ion  pe r -  
formed.  The dipole m o m e n t s  were  t hen  ca lcu la ted  
f rom the  va lues  of the  po la r iza t ion  at inf ini te  d i lu -  
tion. As shown  in  Tab le  III,  b i s ( ~ ' - a m y l )  ph tha l a t e  
was  f ound  to have  the  h ighes t  dipole m o m e n t  of the  
six esters  s tud ied  (3.8D), whi le  ~ ' - n o n y l  2 - e t h y l h e x -  
anoa te  ha d  the  lowest  (2.8D);  al l  are  h ighe r  t h a n  
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Table I. Formulas and abbreviations (1) of certain partially fluorinated esters 

June 1957 

C~H5 

H(CF,),CH,OC--CH(CHD.~CH. 
H 
O 

I 

#'-Nonyl 2-ethylhexanoate 
IH, IH,9H-Hexadecafluorononyl 
2-ethylhexanoate 

~O 
H(CF~)~CH~O--C "/ 

CH~ 
I 

HC-CHs 

CH~ 
f 

H(CFD,CH~O--C %0 

III 

Bis(r 3-methylglutarate 
Bis( IH, IH,5H-octafluoropentyl) 
3-methylglutarate 

H (CF.,),CH~O--C s20 
I 

CH~ 
~o 

HC-C-OCH~(CFD,H 
r 

CH~ 
I 

H(CF.D,CH.O--C %0 

V 
T r i s ( # ' - a m y l ) . t r i c a r b a l l y l a t e  
Tris(1H,1H,5H-octaf luoropentyl  
t r i ca rba l ly l a t e  

Table la. Physical constants of partially fluorinated esters studied 

Molcc- Freez- 
ular Density Index of Flash ing* 

S u b -  w t  a t  20~ r e f r a c t i o n  Viscos i ty  (cs) p o i n t  p o i n t  
s t ance  ( theory)  (g/cc) No20 68~ 210~ (~ (~ 

I 558.31 1.4384 1.3555 12 1.44 - -  0 
II 560.25 1.5980 1.3560 29 2.65 380 --17 
Ill 574.27 1.5570 1.3595 33 2.79 375 --75** 
IV 774.31 1.6484 1.3505 66 3.70 440 --30 
V 818.32 1.6800 1.3588 240 6.74 - -  - -30 '*  
VI 594.26 1.6237 1.3990 160 4.80 400 39 

Values  i n t e r p o l a t e d  f r o m  data .  
* T he  es ters  supe rcoo l  r e a d i l y  and  are d i f f icu l t  to c rys ta l l ize .  

** P o u r  po in t .  

w a t e r  (1.87D),  the  c o m m o n  a lcohols  (1.7D) and  the  
es te rs  (1.6D).  The  effect of i n t r o d u c i n g  the  s ide  
cha in  in to  t he  ac id  sec to r  of the  e s t e r  is to r e d u c e  the  
d ipo le  m o m e n t  s l igh t ly ,  w h i l e  the  i n t r o d u c t i o n  of 
each  CF,  g roup  in t he  a lcohol  cha in  inc reases  t he  
d ipo le  m o m e n t  s l igh t ly .  The  h igh  d ie l ec t r i c  cons t an t s  
o b s e r v e d  a r i se  f rom the  p e r m a n e n t  e l ec t r i c  m o m e n t s  
of these  molecu les .  Va lues  w o u l d  be h i g h e r  w e r e  i t  

H (CF.0,CH20--C ~O 

CH~ 
} 
CH. 
I 
CH. 

H(CFD.CH~O--C %0 

II  

Bis (~ ' -amyl )  g lu ta ra te  
Bis ( 1H, 1H,5H-octaftuoropentyl)  
g lu ta ra te  

H(CF~).CH~O--c~O 

CH~ 
l 

HC-CH, 
l 
CH. 

H (CF~) 8CH~O--C %0 

IV 

Bis(#'-heptyl) 3-methylglutarate 
Bis ( 1 H, iH,7H-dodecafluorohepty]) 
3-methy lg lu ta ra te  

O 

~ - C O C H . ( C F . ) , H  

~ - - C O C H ~ ( C F . ) . H  
II 
O 

VI 
Bis (~ ' - amyl )  ph tha la t e  
Bis (1H,1H,5H-octafluoropentyl)  
ph tha la t e  

no t  for  m o l e c u l a r  associa t ion ,  t he  a r r a n g e m e n t  of t he  
mo lecu l e s  be ing  such t h a t  ~he m o m e n t s  cance l  each  
o the r  a p p r e c i a b l y .  

By d e t e r m i n i n g  the  p o l a r i z a t i o n  of t he se  es te r s  in  
d i lu t e  be nz e ne  so lu t ion  a n d  v e c t o r i a l l y  a d d i n g  the  
p o l a r  m o m e n t s  of c o n s t i t u t e d  a tomic  groups ,  i t  is 
poss ib le  to ob t a in  i n f o r m a t i o n  on the  conf igura t ion  
of the  molecu les .  In  o r d e r  to do th is  t he  fo l l owing  
s teps  we re  t a k e n :  

1. The  d ipo le  m o m e n t s  of the  t h r e e  p a r t i a l l y  f luo-  
r i n a t e d  a lcohols  e m p l o y e d  in syn the s i z ing  the  es te rs  
w e r e  d e t e r m i n e d .  

2. F r o m  these  d ipo le  m o m e n t s ,  the  g r o u p  m o m e n t s  
of t he  H(CF~),CH~-,  H(CF06CH2-  , a n d  H(CF08CH~-  
r ad i ca l s  we re  c a l c u l a t e d  on the  a s s u m p t i o n  t h a t  the  
a lcohols  w e r e  s i m i l a r  in s t r u c t u r e  to n o r m a l  a l i pha t i c  
a lcohols  and  m i g h t  be  c ons ide r e d  to h a v e  an  e lec t r i c  
m o m e n t  a r i s ing  f r o m  the  vec to r  a d d i t i o n  of two  

< 

group  m o m e n t s ,  H(CF2)CH~O- a n d  H O -  o p e r a t i n g  a t  
an  ang le  of 110 ~ (4a) .  

3. F r o m  the  g roup  m o m e n t s  thus  e s t ab l i shed ,  t he  
s t r u c t u r e s  of the  p a r t i a l l y  f l uo r ina t ed  es te r s  wh ich  
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Table II. Polarization of partially fluorinated esters in benzene 
at 20~ 

Table IV. Polarization of partially fluorinated alcohols in benzene 
at 20~ 

De ns i t y  Die lec t r i c  P o l a r i z a t i o n  
Mole  f r a c t i o n  (g/cc) c o n s t a n t  a t  1Mc (cc) 

Dens i t y  Die lec t r i c  P o l a r i z a t i o n  
Mole  f r a c t i o n  (g/cc) c o n s t a n t  a t  1Mc (cc) 

~'-Nonyl 2-e thylhexanoate  
0.0022 0.8827 2.301 240 
0.0045 0.8878 2.317 232 
0.0092 0.8981 2.349 227 
1.0000 1.4384 4.66 213 

B i s ( r  g lu ta ra te  
0.0045 0.8897 2.340 294 
0.0092 0.9015 2.397 291 
0.0291 0.9512 2.641 288 
1.0000 1.5980 7.48 240 

Bis (~ ' - amyl )  3 -methylg lu ta ra te  
0.0045 0.8895 2.337 290 
0.0092 0.9014 2.399 299 
0.0293 0.9493 2.645 283 
1.0000 1.5570 7.44 252 

Bis (~ ' -hep ty l )  3 -methy lg lu ta ra te  
0.0045 0.8947 2.339 329 
0.0093 0.9118 2.399 332 
0.0303 0.9811 2.638 325 
1.0000 1.6484 5.94 292 

Tr i s (~ ' - amyl )  t r i ca rba l ly l a t e  
0.0045 0.8962 2.358 394 
0.0093 0.9148 2.433 390 
0.0304 0.9919 2.787 395 
1.00O0 1.6800 7.81 340 

Bis (~ ' - amyl )  ph tha la te  
0.0045 0.8907 2.366 381 
0.0092 0.9037 2.447 372 
0.0292 0.9564 2.804 366 
1.0000 1.6237 8.67 263 

Benzene 
t.0000 0.8776 2.283 26.66 

we re  t h e o r e t i c a l l y  poss ib le  accord ing  to k n o w n  d a t a  
of s t e r e o c h e m i s t r y  w e r e  c o n s t r u c t e d  and  t h e i r  d ipo le  
m o m e n t s  ca lcu la ted .  

4. The  e x p e r i m e n t a l l y  d e t e r m i n e d  d ipo le  m o m e n t s  
we re  t hen  c o m p a r e d  w i t h  those  t h e o r e t i c a l l y  possible .  

The  d ipo l e  m o m e n t s  of t he  t h r e e  p a r t i a l l y  f luo-  
r i n a t e d  a lcohols  s t u d i e d  w e r e  d e t e r m i n e d  b y  the  
benzene  so lu t ion  t e c h n i q u e  o u t l i n e d  p r e v i o u s l y ,  t he  
r e su l t s  of w h i c h  a r e  g iven  in Tab les  IV and  V. Upon  
d i l u t i on  w i t h  benzene  the  p o l a r i z a t i o n  of a l l  t h r e e  
a lcohols  i nc reased ;  the  h i g h e s t  va lue s  o b t a i n e d  
r a n g e d  f r o m  198 to 237 cc. The  d ipo le  m o m e n t s  
of the  p a r t i a l l y  f l uo r ina t ed  a lcohols  a r e  h igh  
(2.SB-3.06D) b e i n g  a p p r o x i m a t e l y  90% g r e a t e r  t h a n  
the  d ipo le  m o m e n t s  of the  c o r r e s p o n d i n g  u n s u b s t i -  
t u t e d  alcohols .  In  the  l i qu id  s t a t e  t he  mo lecu l e s  a r e  
h i g h l y  a s soc ia t ed  as s h o w n  b y  t h e  r e l a t i v e l y  l ow 
p o l a r i z a t i o n  va lue s  of the  p u r e  compounds .  

Table Ill. Dipole moments of six partially fluorinated esters 

~ -  0.219 ~ / P  - -  R X 10 - ~  esu-cm 

~ ' - A m y l A l c o h o l  
0.0045 0.8827 2.331 198 
0.0180 0.8979 2.471 192 
1.0000 1.6647 16.93 117 

~ ' - H e p t y l A l c o h o l  
0.0045 0.8852 2.331 216 
0.0182 0.9084 2.468 206 
1.0000 1.7532 11.69 148 

~ ' -Nony lAlcoho l  
0.0045 0.8877 2.332 237 
0.0185 0.9185 2.466 221 

S ince  the  h y d r o x y l  g r o u p  m o m e n t  has  a k n o w n  
v a l u e  (4a)  of 1.51D a n d  the  e x p e r i m e n t a l l y  d e t e r -  
m i n e d  v a l u e  of ~ , ' - amyl  a l coho l  is 2.88D, us ing  t h e  
modi f i ca t ion  of the  L a w  of Cosines  for  d e t e r m i n i n g  
the  c o n c u r r e n t  d iagona l ,  

~ . ~ ,  ---- ~I.~D -~ ~ - -  2~.~,  ~ cos 110 ~ 

the  v a l u e  of the  g roup  m o m e n t  ~I(CF~)~CH~O- was  
f o u n d  to be 1.98D and  t a k i n g  0.74D (4a)  as the  

( 

-C- (~ -  va lue ,  the  g roup  m o m e n t  H(CF~)~CH~- has  a 
v a l u e  of 2.72D. By  s im i l a r  r e a s o n i n g  the  v a l u e  of 

~t(CF.~)~CH~- is 2.81D and  t h a t  of tt(CF~)~CH~-, 2.93D. 
~'-Nonyl 2-ethylhexanoate.--The d ipo le  m o m e n t s  

of the  p l a n a r  f o r m s  of t he  a l i pha t i c  e s te r s  such as 
amyl ,  h e p t y l  and  n o n y l  2 - e t h y l h e x a n o a t e  w e r e  ca l -  
c u l a t e d  acco rd ing  to t he  u s u a l  m e t h o d s  a n d  f o u n d  to 
possess  va lue s  s l i g h t l y  h i g h e r  t h a n  those  of 2 - e t h y l -  
h e x a n o i c  acid.  The  d i r ec t i on  of the  m o m e n t  w i t h i n  
the  e s t e r  m o l e c u l e  is, of course ,  d i f fe ren t  f r o m  t h a t  
in  the  ac id  (4b) .  N o n y l  2 - e t h y l h e x a n o a t e  has  a 
v a l u e  of 1.6D in t he  cis conf igu ra t ion  w h i l e  t h e  ac id  
has  a v a l u e  of 1.4D in the  c o r r e s p o n d i n g  p l a n a r  fo rm.  
The  n o n p l a n a r  s t r u c t u r e s  c a l c u l a t e d  on t h e  bas i s  of 
a 30 ~ t i l t  (4c) a t  the  C - O - C  l i n k a g e  h a v e  d ipo le  
m o m e n t  va lue s  of 1.SD for  t he  e s t e r  a n d  1.TD for  t he  
acid. A c a l c u l a t e d  v a l u e  of 4.4D is o b t a i n e d  for  the  
p l a n a r  cis f o r m  of the  ~ ' - n o n y l  2 - e t h y l h e x a n o a t e ,  

O~ o O..q" ~ j , ~ -  , w h e r e  R is t he  2 - e t h y l h e x y l  r a d i c a l  and  

~" the  ~ ' - n o n y l  rad ica l .  F o r  the  n o n p l a n a r  cis f o rm  
in  w h i c h  the  p l a n e  of t he  ~'O cha in  is a t  an  ang le  of 
30 ~ w i t h  the  p l a n e  of t he  2 - e t h y l h e x a n o a t e  group,  
t he  c a l c u l a t e d  d ipo le  m o m e n t  is 3.8D. This  dif fers  
f r o m  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e  of 2.8D. 
On the  o t h e r  hand ,  the  p l a n a r  t r a n s  f o r m  of the  2-  

S u b s t a n c e  

E x t r a -  
p o l a t e d  Dipole 
polar i-  Molar  moment* 
za t ion ref rac t ion  (esu-cm) 
P(CC) R (~-0.04) 

4' Nonyl  2 -e thy lhexanoate  248 84.70 
Bis (@-amyl) g lu ta ra te  297 76.60 
Bis (~ ' -amyl)  3 -methylg lu ta ra te  281 81.30 
Bis (~ ' -heptyl )  3 -methy lg lu ta ra te  326 101.2 
Tris  (~ ' -amyl)  t r i ca rba l ly l a t e  398 107.2 
Bis (~ ' -amyl)  ph tha la te  390 88.53 

* D ~ i ~< iO -Is esu-cm. 

2.80D 
3.25D 
3.09D 
3.28D 
3.73D 
3.80D 

Table Y. Dipole moments of the partially fluorinated alcohols 

S u b s t a n c e  

Dipo le  
E x t r a p o l a t e d  Mola r  m o m e n t *  
p o l a r i z a t i o n  r e f r a c t i o n  (e~u-cm) 

P(cc)  R (~0.04) 

~ ' -Amyl  alcohol 200 27.48 2.88D 
~ ' -Hepty l  alcohol 219 37.34 2.95D 
~'-Nonyl  alcohol 243 47.20 3.06D 

* D ~ 1 X I0-I~ esu-cm. 
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Fig. 1. Probable structure of ~'-nenyl 2-ethylhexanoate (nonplanar 
cis form). 

e t h y l h e x a n o i c  ac id  has  a c a l c u l a t e d  d ipo le  m o m e n t  
of 3.9D a n d  the  v a l u e  for  the  p l a n a r  t r a n s  f o r m  of 

the  c o r r e s p o n d i n g  n o n y l  e s t e r  O~'C-Ox is 3.5D. 
R z R '  

The  c a l c u l a t e d  v a l u e  of t he  d ipo le  m o m e n t  of the  
O ' -nonyl  2 - e t h y l h e x a n o a t e  in the  p l a n a r  t r ans  f o r m  
is 0.4D, a v a l u e  o n e - s e v e n t h  t h a t  o b s e r v e d  e x p e r i -  
m e n t a l l y .  F o r  these  r easons  i t  is p r o b a b l e  t h a t  the  
s t r u c t u r e  of the  O ' -nony l  2 - e t h y l h e x a n o a t e  shown  

Fig. 2. Planar molecular structure of bis (~'-amyl) glutarate: (a) 
Cis-cis form with carbonyl oxygens opposed; (b) Trans~trans form 
with carbonyl oxygens opposed; (c) Trans-trans form with carbonyl 
oxygens adjacent; (d) Cis-trans form with carbonyl oxygens adja- 
cent; (e) Cis-trans form with carbonyl oxygens opposed; (f) Cis-cis 
form with carbonyl oxygens adjacent, 

in  Fig.  1, c o r r e s p o n d i n g  to t he  n o n p l a n a r  cis fo rm,  
p r e d o m i n a t e s .  

Bis(~'-amyl) glutarate.--Bis(~'-amyl) g l u t a r a t e  
m a y  be cons ide r ed  for  the  p u r p o s e s  of s t r u c t u r a l  
ana lys i s  to be  c o m p o s e d  of e igh t  e l ec t r i c  vec to r s  
wh ich  g ive  r i se  to s ix  p l a n a r  s t ruc tu re s ,  the  d ipo le  
m o m e n t s  of w h i c h  can  be  c a l c u l a t e d  f r o m  the  g roup  
m o m e n t s  p r e v i o u s l y  e s t ab l i shed .  T w o  of these  
s t r u c t u r e s  a r i se  f r o m  the  c i s -c i s  conf igura t ions  of t he  
two  e s t e r  g roups ,  t w o  f r o m  t h e  t r a n s - t r a n s  conf igu-  
r a t i ons  and  two  f rom c o m b i n e d  c i s - t r a n s  conf igu ra -  
t ions  (Fig .  2) .  Two of t he  e l e c t r i c a l l y  s y m m e t r i c a l  
p l a n a r  s t r u c t u r e s  ( ~ 0 ) ,  one cons i s t ing  of a c i s -c is  
f o rm  (Fig .  2a)  a n d  the  o t h e r  of a t r a n s - t r a n s  f o r m  
(Fig .  2b)  a re  coup led  oppos i t e l y  t h r o u g h  the  g l u t a r i c  
ac id  cha in ;  n e i t h e r  of t he se  conf igura t ions  a re  
t h o u g h t  to be  p r e s e n t  in  t h e  a c t u a l  m a t e r i a l  s ince  
the  l a t t e r  has  an  o b s e r v e d  d ipo le  m o m e n t  of 3.2D. 
By  coup l ing  two  t r a n s  conf igura t ions  in  a p l a n e  
t h r o u g h  the  g l u t a r i c  ac id  c a r b o n  cha in  and  h a v i n g  
the  c a r b o n y l  o x y g e n s  on the  same  s ide  of t he  m o l e -  
cule  (Fig .  2c), an  e l e c t r i c a l l y  u n s y m m e t r i c a l  m o l e -  
cu le  h a v i n g  a c a l c u l a t e d  d ipo le  m o m e n t  of 0.1D r e -  
sults .  This  v a l u e  dif fers  a p p r e c i a b l y  f r o m  t h a t  
o b s e r v e d  e x p e r i m e n t a l l y  a n d  could  be  p r e s e n t  in t he  
m a t e r i a l  on ly  in  v e r y  s m a l l  quan t i t i e s .  A n o t h e r  
poss ib le  e l e c t r i c a l l y  u n s y m m e t r i c a l  s t r u c t u r e  con-  
sists  of a coup led  a r r a y  of  one cis and  one t r a n s  
conf igura t ion  w i t h  bo th  c a r b o n y l  oxygens  on the  
s ame  side of t he  m o l e c u l e  (Fig .  2d) .  Such  a s t r u c t u r e  
has  a c a l cu l a t ed  d ipo l e  m o m e n t  of 3.7D, a v a l u e  0.5D 
g r e a t e r  t h a n  t ha t  o b s e r v e d  e x p e r i m e n t a l l y .  W h e n  
e i t h e r  t he  cis o r  t he  t r a n s  conf igu ra t ion  is r o t a t e d  
t h r o u g h  180 ~ , an  u n s y m m e t r i c a l  m o l e c u l e  is o b -  
t a i n e d  (Fig .  2e)  w h i c h  has  a d ipo le  m o m e n t  of 3.7D 
also. F i n a l l y  b y  coup l ing  two  cis conf igura t ions  in  
a p l a n e  t h r o u g h  the  g l u t a r i c  acid  chain,  a n d  a r r a n g -  
ing  the  c a r b o n y l  g roups  on the  s ame  side of t he  
m o l e c u l e  as s h o w n  in Fig.  2f, a s t r u c t u r e  h a v i n g  a 
c a l c u l a t e d  d ipo le  m o m e n t  of 2.6D is ob ta ined .  

The  o b s e r v e d  e lec t r i c  m o m e n t  of 3.2D, w h i c h  is 
i n t e r m e d i a t e  b e t w e e n  the  two  c i s - t r a n s  con f igu ra -  
t ions  (Fig.  2d a n d  2e) and  the  c i s -c i s  o x y g e n s  a d j a -  
cen t  conf igura t ion  (Fig .  2f) ,  sugges t s  t h a t  if t he  m a -  
t e r i a l  is p l ana r ,  i t  consis ts  of a m i x t u r e  of a l l  t h r e e  
s t ruc tu res ,  pos s ib ly  in t he  p r o p o r t i o n s  of 50% cis -c is  
o x y g e n s  ad j acen t ,  25% c i s - t r a n s  o x y g e n s  ad j acen t ,  
and  25% o x y g e n s  opposed.  

If  i t  is a s s u m e d  t h a t  t h e  m o l e c u l e  is no t  p l a n a r ,  
bu t  r a t h e r  t ha t  the  C - O - C  a t o m s  fo rm an  ang le  of 
30 ~ w i t h  t he  p l a n e  of the  g l u t a r i c  ac id  c h a i n  (4c) ,  
t hen  i t  is poss ib le  to d e r i v e  conf igura t ions  in  space  
h a v i n g  an  e lec t r i c  m o m e n t  a p p r o a c h i n g  3.2D and  
s t r u c t u r e s  possess ing  some of the  c h a r a c t e r i s t i c s  of 
a l l  t h r e e  p l a n a r  conf igura t ions .  As  an  e x a m p l e ,  con-  
s ide r  the  effect  of r o t a t i n g  each  of the  ~ ' -O  g roups  
in  the  c is -c is  o x y g e n s  a d j a c e n t  conf igu ra t ion  (Fig .  
2f)  ( the  mos t  a b u n d a n t  p l a n a r  f o r m )  in  such  a w a y  
tha t  each  is i n c i d e n t  to the  s a m e  s ide  of the  g l u t a r i c  
ac id  p l a n e  at  an  ang le  of 30 ~ the  t h e o r e t i c a l  e l ec t r i c  
m o m e n t  is 3.3D. Such  a conf igu ra t ion  is s h o w n  in 
Fig .  3. No c h a n g e  in  the  d ipo l e  m o m e n t  w o u l d  h a v e  
o c c u r r e d  if t he  r o t a t i o n  of t h e  ~ ' -O  g roups  h a d  been  
such t h a t  bo th  m a d e  30 ~ ang les  w i t h  the  g l u t a r i c  ac id  
cha in  f r o m  oppos i t e  sides.  
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Fig. 3. Probable structure of bis (~'-amyl) glntarate (nonplanar 
cis-cis form with carbonyl oxygens adjacent). 

Bis(~'-amyl) 3-methylglutarate.--The e l ec t r i c a l  
fields in  b i s ( ~ - a m y l )  3 - m e t h y l g l u t a r a t e  r e s e m b l e  
those  in  b i s ( r  g l u t a r a t e  a n d  m a y  be cons id -  
e r e d  to a r i se  f r o m  n ine  e l ec t r i c  vec tors ,  f ou r  assoc i -  
a t ed  w i t h  t he  c a r b o n y l  g roups ,  f ou r  w i t h  t he  p a r -  
t i a l l y  f l u o r i n a t e d  a l k o x y  groups ,  a n d  a s m a l l  one 
a r i s ing  f r o m  the  3 - m e t h y l  group.  The  l a t t e r  g roup  
causes  the  s l igh t  b u t  m e a s u r a b l e  d i f fe rence  in  t he  
d ipo le  m o m e n t  of t h e  b i s ( ~ ' - a m y l )  3 - m e t h y l g l u t a r -  
a te  f r o m  t h a t  of t he  b i s ( q / - a m y l )  g lu t a r a t e .  W h i l e  
the  i n t r o d u c t i o n  of the  3 - m e t h y l  g r o u p  in a p l a n a r  
s t r u c t u r e  m i g h t  be  t h o u g h t  a t  f i rs t  to  r a i se  t he  n~um - 
be r  of poss ib l e  s t r u c t u r e s  to twe lve ,  s tud ies  m a d e  
us ing  S t u a r t - B r i e g l e b  a t o m  m o d e l s  i n d i c a t e  t h a t  b e -  
cause  of s t e r i c  h i n d r a n c e  on ly  e igh t  s t r u c t u r e s  a r e  
l ike ly .  

Two  cis conf igura t ions  of e s t e r  chains ,  or  two  t r a n s  
conf igura t ions  coup l ed  oppos i t e l y  t h r o u g h  the  3-  
m e t h y l g l u t a r i c  ac id  cha in  r e s u l t  in  s t r u c t u r e s  h a v -  
ing d ipo le  m o m e n t s  of 0.4D. A cis con f igu ra t ion  
coup l ed  to a~trans  s t r u c t u r e  w i t h  t he  c a r b o n y I  o x y -  
gens  on the  s ame  side of the  m o l e c u l e  g ives  r i se  to a 
d ipo le  m o m e n t  of 3.9D w h e n  the  3 - m e t h y l  g roup  is 
n e a r  t h e  t r a i l s  c a r b o x y l  g roup  a n d  3.6D w h e n  i t  is 
n e a r  the  cis c a r b o x y l  group.  Two  t r a n s  con f igu ra -  
t ions  w i t h  the  3 - m e t h y l  g roup  on the  s ame  s ide  as 
t he  a d j a c e n t  c a r b o n y l  o x y g e n s  r e su l t  in a c a l c u l a t e d  
d ipo le  m o m e n t  of 0.5D, w h i l e  r o t a t i o n  of t he  3-  
m e t h y l  g r o u p  180 ~ a r o u n d  t h e  g l u t a r i c  ac id  cha in  
r e su l t s  in  a c a l c u l a t e d  v a l u e  of 0.3D; these  v a l u e s  a r e  
m u c h  l o w e r  t h a n  t h a t  o b s e r v e d  e x p e r i m e n t a l l y  
(3.1D).  T w o  cis conf igura t ions  w i t h  t h e  3 - m e t h y l  on 
the  s a m e  s ide  as t h e  a d j a c e n t  c a r b o n y l  o x y g e n s  g ive  
r i se  in  a p l a n a r  s t r u c t u r e  to  a d ipo le  m o m e n t  of 2.2D. 
R o t a t i n g  the  3 - m e t h y l  g r o u p  t h r o u g h  180 ~ ra i ses  t he  
c a l c u l a t e d  m o m e n t  to 3.0D. If  the  b i s ( @ ' - a m y l )  3- 
m e t h y l g l u t a r a t e  is t hus  cons ide r ed  to ex i s t  in t he  
p l a n a r  fo rm,  the  c is -c is  conf igu ra t ion  w i t h  c a r b o n y l  
o x y g e n s  a d j a c e n t  w o u l d  seem to p r e d o m i n a t e .  I f  i t  
is a s s u m e d  t h a t  the  m o l e c u l e  is no t  p l a n a r  b u t  r a t h e r  

Fig. 4. Probable structure of bis (~,'-amyl) 3-methylglutarate 
(nonplanar cis~cis form with carbonyl oxygens adjacent). 

tha t  each  ~ ' -O g r o u p  is t i l t e d  30 ~ f r o m  the  s ame  side 
of the  p l a n e  of t he  3 - m e t h y l g l u t a r i c  ac id  chain ,  t he  
d ipo le  m o m e n t  w o u l d  a p p r o a c h  t h e  v a l u e  d e t e r -  
m i n e d  e x p e r i m e n t a l l y .  Such  a conf igura t ion  is 
s h o w n  in  Fig .  4. 

Bis ( ~'-heptyl ) 3-methylglutarate.--Bis ( q / - h e p t y l )  
3 - m e t h y l g l u t a r a t e  (3.3D) dif fers  f r o m  b i s ( ~ ' - a m y l )  
3 - m e t h y l g l u t a r a t e  in  t h a t  t h e  v a l u e  of t h e  e l ec t r i c  
m o m e n t  a s soc ia t ed  w i t h  t he  p a r t i a l l y  f l uo r ina t ed  
h e p t y l  g roup  (2.8D) is h i g h e r  t h a n  t h a t  a s soc ia t ed  
w i t h  t he  c o r r e s p o n d i n g  a m y l  g roup  (2.7D).  The  
effect  of a d d i n g  v e c t o r i a l l y  t he  i n c r e m e n t  of 0.1D to 
each  of t he  poss ib l e  s t r u c t u r e s  r e s u l t s  in  on ly  s m a l l  
changes  in t he  c a l c u l a t e d  v a l u e s  f r o m  those  p r e -  
v ious ly  d iscussed.  Thus  t w o  cis conf igura t ions  of 
e s t e r  cha ins  or  two  t r a n s  conf igura t ions  coup led  o p -  
pos i t e ly  t h r o u g h  the  3 - m e t h y l  g l u t a r i c  ac id  cha in  
r e s u l t  in  s t r u c t u r e s  h a v i n g  d ipo le  m o m e n t s  of 0.413. 
A t r a n s - t r a n s  conf igu ra t ion  w i t h  t he  c a r b o n y l  o x y -  
gens  a d j a c e n t  a n d  w i t h  t he  3 - m e t h y l  g r o u p  on the  
s ame  s ide  has  a c a l c u l a t e d  d ipo le  m o m e n t  of 0.6D, 
w h i l e  r o t a t i o n  of the  3 - m e t h y l  g r o u p  t h r o u g h  180 ~ 
a r o u n d  the  g l u t a r i c  ac id  c h a i n  r e su l t s  in  a c a l c u l a t e d  
v a l u e  of 0.2D; these  va lue s  a r e  m u c h  l o w e r  t h a n  tha t  
obse rved .  

A c i s - t r a n s  conf igu ra t ion  w i t h  c a r b o n y l  o x y g e n s  
a d j a c e n t  g ives  r i se  to a d ipo le  m o m e n t  of 3.7D w h e n  
the  3 - m e t h y l  g roup  l ies  n e a r  t he  a d j a c e n t  oxygens .  
W h e n  i t  is r o t a t e d  t h r o u g h  180 ~ , the  m o m e n t  r i ses  
to 4.0D. A s i m i l a r  conf igura t ion  b u t  w i t h  the  c a r -  
b o n y l  o x y g e n s  opposed  g ives  r i se  to a d ipo le  m o m e n t  
of 3.8-4.0D d e p e n d i n g  on the  pos i t ion  of t he  3 - m e t h y l  
g roup .  A c i s -c i s  con f igu ra t ion  w i t h  t he  3 - m e t h y l  
g r o u p  on the  s a m e  s ide  of t he  m o l e c u l e  as the  c a r -  
b o n y l  o x y g e n s  g ives  r i se  to  a d ipo le  m o m e n t  of 2.2D, 
w h i l e  r o t a t i n g  the  3 - m e t h y l  g roup  t h r o u g h  180 ~ 
ra i ses  t he  c a l c u l a t e d  m o m e n t  to 3.0D. 

If  i t  is a s s u m e d  t h a t  the  b i s ( q / - h e p t y l )  3 - m e t h y l -  
g l u t a r a t e  m o l e c u l e  is no t  p l a n a r  b u t  t h a t  t he  ~ ' -O  
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Fig. 5. Probable structure of bis (~'-heptyl) 3-methylglutarate 
(nonplanar cis-cis form with carbonyl oxygens adjacent). 

groups are t i l ted  f rom the same side of the p l ane  of 
the 3 - m e t h y l g l u t a r i c  acid chain,  the dipole m o m e n t  
would  approach  the observed  va lue  of 3.3D. Such a 
s t ruc tu re  is shown in  Fig. 5. 

Tris ( ~'-amyl ) tricarballylate.--The t r i s ( ~ ' - a m y l )  
t r i c a rba l ly l a t e  molecu le  (3.7D) m a y  be though t  of 
as be ing  a b i s (~ / - amy l )  3 - m e t h y l g l u t a r a t e  molecu le  
in  which  a -C(O)O#" group  has been  subs t i t u t ed  for 
the 3 - m e t h y l  group.  This suggests the  poss ib i l i ty  of 
molecu la r  conf igura t ions  in  the form of a T. If  the 
groups  are a l igned  in  this  way  in  a plane,  there  are 
five combina t ions  of cis and  t r ans  conf igura t ions  pos-  
sible which  lead to e lec t r ica l ly  u n s y m m e t r i c a l  m o d -  
els h a v i n g  p e r m a n e n t  m o m e n t s  in  the r ange  0.2-4.7D. 
Thus  the mode l  cons is t ing  of two t rans  groups in  the 
c ross -ba r  of the T and  one cis group as the cen te r  
post ( t r a n s - c i s - t r a n s )  has a ca lcu la ted  m o m e n t  
of 4.0D, while  a c i s - t r ans -c i s  conf igura t ion  has a 
m o m e n t  of 2.4D. F u r t h e r m o r e ,  a c is-c is-c is  config- 
u r a t i on  has a ca lcu la ted  m o m e n t  of 4.7D and  a t r a n s -  
t r a n s - t r a n s  conf igura t ion  a m o m e n t  of 0.2D. F ina l ly ,  
the c i s - t r a n s - t r a n s  conf igura t ion  has a ca lcu la ted  
m o m e n t  of 3.8D. All  the foregoing  are theore t ica l  
p l a n a r  s t ruc tures ;  w h e n  assembled  f rom S t u a r t -  
Br iegleb  a tom models,  however ,  none  appear  l ike ly  
because  of steric h indrance .  Rather ,  it  appears  more  
l ike ly  tha t  the ac tua l  conf igura t ion  is n o n p l a n a r .  
One such s t ruc tu re  which  appears  l ike ly  is tha t  
shown in  Fig. 6; the cen te r  post of the T is a cis con-  
f igura t ion  h a v i n g  its vector  in  the p l ane  p e r p e n d i c u -  
lar  to the paper ;  the  c ross -ba r  consists of two cis 
conf igura t ions  which  have  been  t i l ted  down  out  of 
the p l ane  of the  paper.  The ca lcu la ted  m o m e n t  of 
such a molecule  is 3.7D w h e n  the angle  b e t w e e n  the  
c ross -ba r  vec tor  and  the  cen t e r -pos t  vector  is 114 ~ . 

Bis(~'-amyt) phthalate.--The observed electr ic  
m o m e n t  of b i s ( # ' - a m y l )  ph tha l a t e  is 3.8D, the  h igh -  
est va lue  of the esters s tudied.  In  es tab l i sh ing  the  
s t ruc tu re  of the o r t h o - s u b s t i t u t e d  benzene  d e r i va -  

Fig. 6. Probable structure of tris (~'-amyl) tricarballylate (tri-cis 
form). 

tives, the a s sumpt ion  is m a d e  tha t  the benzene  r ing  
is p l a n a r  a nd  tha t  the groups exer t  e lectr ic  forces 
at  an  ang le  of 80 ~ (5}. A s s u m i n g  this, a t r a n s - t r a n s  
oxygens  ad jacen t  conf igura t ion  

,o o, 

resul ts  in  a ca lcu la ted  va lue  of 0.3D, whi le  a va lue  
of 0.3D is also ob ta ined  f rom a t r a n s - t r a n s  oxygens  
opposed conf igura t ion  

O 

O --C-O~.-,// --C-O~-~' 
H 
O 

Neither of these structures seems likely. A config- 
uration having cis-trans oxygens opposed has a 
value of 3.9D while, cis-trans oxygens adjacent re- 
sults in a value of 4.0D. Both of these values are 
close to that observed experimentally. Finally, a 
cis-cis oxygens opposed structure has a calculated 
moment of 3.9D, while the cis-cis oxygens adjacent 
structure has a value of 7.3D. From results obtained, 
it thus appears that one of three planar structures 
is possible; from Stuart-Briegleb atom models, how- 
ever, none seems probable; actually, a number of 
nonplanar configurations containing at least one cis 
structure possess dipole moments in the range of 
3.9D, but due to the limitations of the dipole analysis 
technique, the exact nonplanar structure is not 
deducible. 

Conclus ions 
The dipole m o m e n t s  of the  pa r t i a l l y  f luor ina ted  

esters  were  f ound  to be h ighe r  t han  tha t  of water ,  
the common  alcohols, and  u n h a l o g e n a t e d  esters. The 
in t roduc t ion  of a side cha in  in to  the acid sector of 
the  es ter  t ends  to reduce  the dipole m o m e n t  s l ight ly .  
The i n t roduc t i on  of each CF~ group increases  the 
dipole m o m e n t  sl ightly.  The  h igh  dielectr ic  con-  
s tants  of the esters  ar ise f rom the p e r m a n e n t  t o o -  
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ment s  and  would  be even  h igher  were  it  no t  for 
mo lecu l a r  association.  

A s tudy  of the mo lecu l a r  s t ruc tu re  of the esters  
has ind ica ted  tha t  severa l  possible s t ruc tu res  m a y  
exist  for each compound ,  b u t  e x p e r i m e n t a l  da ta  l i m -  
its these possible structt~res to ones which  con ta in  a 
cis form. I t  is also conc luded  tha t  the  molecules  
exist  for the most  pa r t  in  a n o n p l a n a r  form. 
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The Therrnoluminescence of CaF2:Mn 
Robert J. Ginther and Russell D. Kirk 

United States Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

The thermoluminescence of manganese-act ivated calcium fluoride has been 
found to be dependent  on both its manganese  content  and the presence of other 
foreign ions. Sodium and oxygen promote high tempera ture  glow peaks, 
whereas the addition of t r iva lent  cations causes the thermoluminescence of 
oxygen-containing mater ial  to occur at lower temperatures.  Thermolumines-  
cence may be excited by x-rays, by mechanical  handling,  or by i r radiat ion with 
blue light. Glow peak positions are independent  of the method of excitation. 

In  a c u r r e n t  i nves t iga t ion  of the app l ica t ion  of 
t h e r m o l u m i n e s c e n c e  to the  dos ime t ry  of high e n e r g y  
rad ia t ion ,  one  of the  mos t  efficient ma t e r i a l s  f o u n d  
was CaF~: Mn. The p r e p a r a t i o n  of this  phosphor  and  
its sens i t iza t ion  by Ce have  been  descr ibed p re -  
v ious ly  (1) .  In  the p re sen t  paper ,  the  dependence  of 
the  t h e r m o l u m i n e s c e n c e  of this phosphor  on both  its 
M n  con ten t  and  on the  effect of subs t i t uen t s  are p r e -  
sented.  Its app l ica t ion  as a t h e r m o l u m i n e s c e n t  dosi-  
me t e r  wi l l  be descr ibed elsewhere.  

A m o n g  the most  i m p o r t a n t  character is t ics  re -  
qu i red  of a t h e r m o l u m i n e s c e n t  dos imete r  m a t e r i a l  is 
f r eedom f rom low t e m p e r a t u r e  glow peaks which  
would  enab le  t h e r m a l  r ad ia t ion  to free t r apped  
e lec t rons  at low t e m p e r a t u r e s  and  erase the 
effect of the h igh ene rgy  r ad i a t i on  (2) .  It  is t he re -  
fore the search for ma te r i a l s  h a v i n g  on ly  h igh t e m -  
p e r a t u r e  t h e r m o l u m i n e s c e n c e  and  the s tudy  of the 
effect of compos i t iona l  va r i a t i on  on glow peak  posi-  
t ion  which were  the p r inc ipa l  subjects  of the  i n -  
ves t igat ion.  Consequen t ly ,  on ly  t h e r m o l u m i n e s c e n c e  
above  room t e m p e r a t u r e  was  of in teres t .  

Consideration of calcium fluoride as a possible 
dosimeter material was occasioned by the observa- 
tion of an intense thermally stimulated emission fol- 
lowing the x-irradiation of a mineral sample from 
Franklin, N. J. Wick (3) has studied the thermo- 
luminescence of both synthetic and natural fluorite 

c o n t a i n i n g  manganese .  In  her  work,  glow curves  
were  no t  ob ta ined ,  a n d  some low t e m p e r a t u r e  
( < 1 0 0 ~  t h e r m o l u m i n e s c e n c e  was observed  wi th  
every  sample.  

Experimental 
Syn the t i c  samples  of M n - a c t i v a t e d  ca lc ium fluor-  

ide were  p r epa red  by  the  t echn ique  descr ibed  ear -  
l ier  (1) .  

For  the t h e r m o l u m i n e s c e n c e  m e a s u r e m e n t s ,  1/2 in. 
d i ame te r  powder  p laques  were  pressed in to  the r e -  
cess of e i ther  a brass  or A1 holder .  Af te r  i r rad ia t ion ,  
samples  were  hea ted  at a ra te  of 10~  in  a 
l i gh t - t i gh t  conta iner .  The l ight  ou tpu t  of the phos-  
phor  was  detec ted  by  a 1P21 pho tomul t i p l i e r  tube,  
and  amplif ied by  a sens i t ive  d-c  amplif ier .  The phos-  
phor  t e m p e r a t u r e  was  detected by  a thermocouple .  
The  pho to tube  and  the rmocoup le  s ignals  were  si-  
m u l t a n e o u s l y  recorded  wi th  an  X - Y  recorder  y ie ld -  
ing a direct  plot  of t h e r m o l u m i n e s c e n c e  vs. t e m p e r -  
a ture .  

A C o m i n g  No. 9780 filter was  employed  in  the  
pho to tube  hous ing  to m i n i m i z e  the s igna l  con t r i -  
bu t e d  by  b lack  body r ad i a t i on  at  high t empera tu res .  
In  the  case of weak  t h e r m o l u m i n e s c e n t  emissions,  
the  red  l ight  emi t t ed  by  the  hot s ample  a nd  su r -  
r ound i ngs  can exceed the  t h e r m o l u m i n e s c e n c e  sig- 
na l  a nd  l imi t  the  sens i t iv i ty  of m e a s u r e m e n t .  Use of 
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Fig. 1. Thermoluminescence of natural fluorite 

the 9780 filter wh ich  t r a n s m i t s  the  green  emiss ion  
of the phosphor ,  bu t  absorbs  in  la rge  measu r e  the  
red t h e r m a l  rad ia t ion ,  pe rmi t s  the  e m p l o y m e n t  of 
the  ampl i f ier  at  its fu l l  sens i t iv i ty  (0.001 ~a for fu l l  
scale me te r  def lect ion) .  At  this h igh  sens i t iv i ty  the 
s ignal  f rom the t h e r m a l  r ad i a t i on  is ev iden t  f rom 
an  inc reas ing  pho to tube  s ignal  b e g i n n i n g  at  a t e m -  
p e r a t u r e  of abou t  340~ Since the  t h e r m o l u m i n e s -  
cence of CaF< Mn is a lmost  comple te ly  exhaus ted  at 
this t empe ra tu r e ,  an inc reas ing  s ignal  at 340~ does 
no t  i n t e r f e r e  w i th  the m e a s u r e m e n t .  

For  the  m e a s u r e m e n t  of ve ry  low t h e r m o l u m i n e s -  
cent  emiss ion  a second appa ra tus  emp loy ing  a 5819 
pho to tube  was const ructed.  This  appa ra tu s  was  de-  
s igned to employ  powder  p laques  1 ~ in. in  d i ame te r  
r a the r  t h a n  the  1/2 in. d i ame te r  p laques  used in  the  
ear l ie r  model .  The l a rger  p laques  together  wi th  the  
grea te r  cathode area  of the  5819 compared  to tha t  of 
the 1P21 tube  gave  a sens i t iv i ty  increase  of abou t  a 
factor  of five. The  n e w  u n i t  employed  the same cir-  
cu i t ry  and  did not  differ in  p r inc ip le  f rom the  ear l ie r  
appara tus .  

For  the  d e t e r m i n a t i o n  of the effect of composi t ion  
on the glow spec t rum or on r e l a t i ve  sens i t iv i ty ,  
samples  were  exposed to 40 K V P  x - r a y s  f rom a 
Bucky  T h e r a p y  Uni t  1 employ ing  a Machle t t  t u n g s t e n  
target ,  Be w i n d o w  tube.  

T h e r m o l u m i n e s c e n c e  as a Funct ion of Composi t ion 

The glow curve for the sample of fluorite from 
Franklin, N. J., is shown in Fig. i. This material has 
a large proportion of its emission at temperatures 
below 200~ The mineral has a high temperature 
peak at 235 ~ however; its thermoluminescent yield 
to the given x-ray exposure placed it among the 
most sensitive materials the authors have observed. 
Its green emission suggested the presence of a Mn 
activator, and it therefore seemed of interest to 
determine the thermoluminescent properties of Mn- 
activated CaF2. 

The first series of synthetic samples measured 
were those containing from 0.I0 to 7.50 mole % Mn. 
Their thermoluminescence following~equal exposure 
to 40 KVP x-rays is shown in Fig. 2. With the two 
lowest Mn concentrations strong low temperature 
thermoluminescence is obtained. There is evidence 
of low temperature peaks at about 90 ~ and 140~ 
in the glow curve for the 1.0% Mn sample, but 
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Fig, 2. Thermoluminescence of synthetic CaF,_,:Mn as a function of 
Mn content. 

samples of 5.0% and 7.5% have but a single glow 
peak. Apparent]y 7.5% of Mn exceeds the optimum 
activator content with respect to both the thermo- 
luminescent yield and the position of the glow peak. 

Samples having Mn contents of 2, 3, and 4% were 
then prepared. Their glow curves are shown in Fig. 
3 along with those of the 1.0 and 5.0% samples for 
comparison. The optimum Mn content appears to 
be 3.0%. Of the samples containing no vestiges of 
the low temperature glow peaks it is the most effi- 
cient, and its peak is at the highest temperature, 
255~ However, since a number of samples con- 
taining 5.0% of Mn together with additions of other 
foreign ions were already available, this higher 
concentration was used for further investigation of 
the thermoluminescence of the system. 

It was known that the emission spectrum of cal- 
cium fluoride varied with its Mn content, and a cor- 
relation of the glow peak position with Mn concen- 
tration at first appeared plausible. However, it will 
be shown that freedom from low temperature ther- 
moluminescenee is a function of more than simply 
the Mn content, so that a correlation of the glow 
curves with the emission spectra is not warranted. 

The above samples had been prepared from cal- 
cium fluoride precipitated from CaCO= with dilute 
HF. This precipitation technique yielded a coarse 
grained product which is resistant to hydrolysis on 
drying and believed to contain a minimum of hydro- 
lyzed products such as Ca(OH),. Use of commer- 
cially available CaF, known to contain either Ca 
(OH)~ or CaCO, yielded phosphors with very in- 
efficient thermoluminescence. It was therefore of 
interest to determine the effect of employing a CaF~ 

IOC //\, 

/ \ 
80-- ....... Co F 2 1.0% Mn . ~ / ' ~  i 

. . . .  Co F2, 2.0% Mn ,,'i~'-,~\ ~, '% 
. . . . .  Co FZ, 3.0%Mn / ~' ", ",\\ ' 
- - c o  ~,4.OO/oM. , '// '(%',, 

_ ' c  ........... oo oMo ,'i, 

[ ] [ L...4--- I 
40 80 120 160 200 240 280 320 360 400 

TEMPERATURE ~ 

Fig. 3. Thermoluminescence of synthetic CaF2:Mn as a function of 
Mn content. 
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Fig. 4. Thermoluminescence of CoF~:Mn prepared from Harshaw 
CaF~. 

r aw m a t e r i a l  wi th  the  lowest  ava i l ab le  oxygen  con-  
tent .  Such a source p r e s u m a b l y  is opt ical  qua l i t y  
crystals,  e i ther  syn the t i c  or na tu r a l .  Accord ing ly  
samples  were  p repa red  f rom both  Ha r shaw a n d  Op-  
tovac syn the t i c  ca lc ium fluoride, as wel l  as f rom a 
clear, colorless m i n e r a l  sample.  The  glow curve  of 
a CaF~, 5% M n  sample  p r e p a r e d  f rom H a r s h a w  cal-  
c ium fluoride is shown  in  Fig. 4. There  is a la rge  
p ropor t ion  of the t h e r m o l u m i n e s c e n c e  be low 100~ 
and  n o n e  of the  p r e d o m i n a n t  glow peaks  are at t e m -  
pe ra tu re s  above  200~ Phosphors  made  f rom Op-  
tovac and  n a t u r a l  f luori te gave s imilar ,  bu t  no t  pe r -  
fect ly  iden t i ca l  glow curves.  Minor  va r i a t i ons  in  the  
he ight  of the  glow peaks  w e r e  ob ta ined  d e p e n d i n g  
on the  r aw  m a t e r i a l  source, bu t  in  every  case the  
glow curve  consisted of th ree  a p p r o x i m a t e l y  equa l  
peaks  at  190 ~ , 130 ~ , and  in  the  ne ighborhood  of 
40~176 Wi th  n o n e  of these r a w  m a t e r i a l  sources 
was  a s t rong  glow peak  above  200~ observed.  
Spec t rographic  ana lys i s  of the  s ingle  crys ta l  sources 
of ca lc ium fluoride ind ica ted  tha t  they  were  all  r e l a -  
t ive ly  pure.  Traces  of on ly  B, Mg, and  Sr  were  
found  in  the  syn the t ic  crystals .  The  n a t u r a l  c rys ta l  
con ta ined  in  add i t ion  fa in t  t races (ca 0.0001%) of 
Fe and  Na. 

Add i t i on  of 0.01% Na to this  f o r m u l a t i o n  by  i n -  
co rpora t ing  g r o u n d  s ingle  crys ta l  NaF  in  the ba tch  
composi t ion  did p roduce  a phosphor  h a v i n g  a glow 
curve  showing  m a i n l y  h igh  t e m p e r a t u r e  t h e r m o -  
luminescence ,  bu t  the glow peak  ob ta ined  was m u c h  
b roader  t h a n  tha t  of samples  p r e p a r e d  f rom prec ip i -  
t a ted  ca lc ium fluoride wi th  the  same Mn concen-  
t ra t ion .  Moreover,  as shown  in  Fig.  4, wi th  0.01% 
Na the re  is st i l l  ev idence  of low t e m p e r a t u r e  peaks.  
Spec t rograph ic  ana lys i s  of the  p rec ip i t a ted  CaF,  r e -  
vea led  m u c h  less t h a n  0.01% of any  a lka l i  ion, so the 
high t e m p e r a t u r e  charac ter i s t ic  associated w i th  use 
of p rec ip i t a ted  CaF, is no t  due  to a lka l i  impur i t y .  
Inc lus ion  of Na in  samples  p r e p a r e d  w i th  p rec ip i -  
ta ted  CaF, did not  inf luence  the glow peak  posit ion,  
b u t  p roduced  a loss of efficiency. 

I t  was  f o u n d  tha t  the  incorpora t ion  of oxygen  in  
H a r s h a w  CaF= produced  CaF=:Mn phosphors  wi th  a 
h igh t e m p e r a t u r e  t h e r m o l u m i n e s c e n c e  s imi la r  to 
tha t  of samples  m a d e  wi th  p rec ip i t a ted  CaF~. Oxy-  
gen m a y  be effect ively incorpora ted  by  p r e h e a t i n g  
the CaF= in  a mois t  a tmosphe re  or by  re t i r ing  f in-  
ished phosphors  in  a d ry  a tmosphere  w i t h  CaCO,. 
E x p e r i m e n t s  pe r fo rmed  to da te  do not  d i s t ingu ish  
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140 | .... HARSHAW-12OOOG -He 

THEN 5% Mn 
, ~ 3 7 - E - 3  - - . - -  HARSHAW 1200~ He 
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Fig. 5. Effect of oxygen upon thermoluminescence of CaF~:Mn 
prepared from Harshaw CaF~. 

w h e t h e r  the oxygen  is c o m b i n e d  as O ~- or OH- ion. 
In  Fig. 5 are r ep roduced  the glow curves  of some 

samples  p r epa red  w i th  oxygen  addi t ions  to H a r s h a w  
CaF,. I nc luded  in  this  f igure for compar i son  is the  
glow curve  of the  5% Mn sample  wi th  no oxygen  
addi t ion.  W h e n  H a r s h a w  CaF= was first fired at  
1200~ in  wet  He, and  t h e n  this  pa r t i a l l y  h y d r o -  
lyzed m a t e r i a l  was  employed  in  the  synthes i s  of a 
5.0% Mn phosphor ,  a glow cu rve  h a v i n g  its m a i n  
peak  at  215~ was obta ined .  P r e s u m a b l y  the  we t  He 
f ir ing effeeted the  i nco rpo ra t ion  of oxide or h y -  
d rox ide  ion. Insofar  as the  au thors  a re  aware ,  n e i t h e r  
the exis tence  of a ca lc ium oxyfluor ide nor  the  so lu-  
b i l i ty  of 03- or OH- ions in  CaF= have  been  repor ted,  
so the m e c h a n i s m  of oxygen  inco rpo ra t ion  is u n -  
clear. 

A n  a t t e mp t  was made  to c lar i fy  this s i tua t ion  by  
p r e p a r i n g  a sample  f rom H a r s h a w  CaF= in  which  
O '- ion was  i n t roduced  in  a d ry  a tmosphe re  by  p re -  
firing the  f luoride w i t h  CaCO, in  dry  He. As shown 
in  Fig. 5 the va r i a t i on  of the  glow curve  p roduced  
by  this synthes is  p rocedure  is ve ry  d i f fe rent  f rom 
tha t  ob t a ined  b y  hydrolys is .  Moreover,  the  va r i -  
a t ion  observed  is i n  no w a y  connec ted  wi th  the addi -  
t ion  of oxygen  as shown  by  the glow curve  of a 
sample  p r e p a r e d  in  the  same w a y  except  tha t  CaCO, 
was omi t t ed  in  the  d ry  He firing. However ,  if any  
of the  th ree  phosphors  shown  to have  low t e m p e r a -  
t u r e  t h e r m o l u m i n e s c e n c e  in  Fig. 5 is re t i red  wi th  
0.10% CaCO,, a phosphor  w i th  h igh t e m p e r a t u r e  
t h e r m o l u m i n e s c e n c e  is obta ined .  

F r o m  the above e xpe r i me n t s  it  is obse rved  tha t  
the  order  in  which  the  oxygen  and  the Mn are in -  
corpora ted  in  CaF,  is impor t an t .  For  the  hydro lys i s  
procedure ,  the  CaF.  m u s t  first be  fired in  wet  He 
a nd  t h e n  re t i red  w i t h  the  source of M n  in  a dry  
a tmosphe re  to p roduce  the  phosphor .  E x p e r i m e n t s  
in  which  M n - c o n t a i n i n g  f luori te  was  fired in  wet  He 
led to ox ida t ion  of Mn a nd  a da rk  b rown ,  w e a k l y  
l u m i n e s c e n t  product .  The  r e q u i r e d  order  in  which  
oxygen  and  Mn m u s t  be  i n t roduced  w h e n  CaCO, is 
the  source  of oxygen  is more  difficult to u n d e r s t a n d .  
In  this  case the  oxygen  m u s t  be incorpora ted  af ter  
the  Mn has  b e e n  c o m b i n e d  in  the  ca lc ium fluoride. 
F r o m  these  e x p e r i m e n t s  it  has been  conc luded  tha t  
the i m p u r i t y  respons ib le  for the  t h e r m o l u m i n e s c e n c e  
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Fig. 6. Effect of substituents on the thermoluminescence of CaF,: 
Mn. 

cha rac t e r i s t i c s  of p h o s p h o r s  p r e p a r e d  f rom p r e c i p i -  
t a t e d  CaF~ is oxygen�9  W h i l e  some low t e m p e r a t u r e  
emiss ion  was  o b s e r v e d  f r o m  samp le s  p r e p a r e d  f rom 
H a r s h a w  ca l c ium f luor ide  w i t h  o x y g e n  add i t ions ,  
the  h igh  t e m p e r a t u r e  g low p e a k  of these  m a t e r i a l s  
is s i m i l a r  in b r e a d t h  to t ha t  of p h o s p h o r s  m a d e  w i t h  
p r e c i p i t a t e d  CaF~. 

In  a f u r t h e r  a t t e m p t  to conf i rm tha t  o x y g e n  is 
the  i m p u r i t y  r e s p o n s i b l e  for  t h e  t h e r m o l u m i n e s c e n c e  
c h a r a c t e r i s t i c  of p h o s p h o r s  p r e p a r e d  f rom p r e c i p i -  
t a t e d  ca l c ium f luoride,  a t t e m p t s  w e r e  m a d e  to p r o c -  
ess t he  p r e c i p i t a t e d  m a t e r i a l  in  o r d e r  to r e m o v e  the  
c o n t a i n e d  o x y g e n  a n d  to d e m o n s t r a t e  t h a t  p h o s p h o r s  
p r e p a r e d  f r o m  such m a t e r i a l  h a v e  low t e m p e r a t u r e  
t h e r m o l u m i n e s c e n c e � 9  To d a t e  such  a t t e m p t s  h a v e  
been  unsuccessfu l .  F i r i n g  p h o s p h o r  s a m p l e s  w i t h  
e i t he r  a m m o n i u m  f luor ide  or  b i f luor ide  h a d  no effect  
upon  the i r  g low curves .  I n c o r p o r a t i o n  of PbF~ in the  
fo rmula ,  a t e c h n i q u e  e m p l o y e d  b y  S t o c k b a r g e r  and  
B l a n c h a r d  (4)  to d e o x i d i z e  f luor ide  mel t s ,  sh i f t ed  
the  g low p e a k  on ly  a b o u t  t en  deg ree s  to l o w e r  t e m -  
p e r a t u r e .  A p p a r e n t l y  the  a m m o n i u m  f luor ide  vo l -  
a t i l izes  be fo re  r e a c t i o n  can  occur  and  P b F ,  is i n -  
effect ive  at  1200~ The  m i n o r  sh i f t  p r o d u c e d  b y  
PbF~ is p r o b a b l y  a s soc ia t ed  w i t h  the  p r e s e n c e  of 
P b  +§ ion r a t h e r  t h a n  the  r e m o v a l  of oxygen .  

L o w  t e m p e r a t u r e  t h e r m o l u m i n e s c e n c e  m a y  be  o b -  
t a i n e d  b y  i n c o r p o r a t i n g  ce r t a i n  f o r e ign  ions  in  M n -  
a c t i v a t e d  ca l c ium f luor ide  p r e p a r e d  f rom p r e c i p i -  
t a t e d  ma te r i a l � 9  Fig.  6 i l l u s t r a t e s  the  g low curves  ob -  
t a i n e d  w i t h  some of  t he se  addi t ives �9  S r  and  Mg a re  
shown  to p r o v i d e  r a t h e r  m i n o r  sh i f t s  of t he  g low 
peaks  to l o w e r  t e m p e r a t u r e � 9  Ce a n d  Y suppre s s  
the  h igh  t e m p e r a t u r e  t h e r m o l u m i n e s c e n c e  and  p r o -  
duce  s t rong  low t e m p e r a t u r e  peaks�9 No a d d i t i o n  was  
f o u n d  w h i c h  w o u l d  e i t he r  i n t e n s i f y  the  h igh  t e m -  
p e r a t u r e  g low p e a k  of p h o s p h o r s  m a d e  w i t h  p r e c i p i -  
t a t e d  CaF ,  or  sh i f t  th is  p e a k  to even  h i g h e r  t e m -  
p e r a t u r e s .  

The  a b o v e  o b s e r v a t i o n s  w e r e  o b t a i n e d  w i t h  x - r a y  
e x c i t a t i o n  of t he  phosphor �9  T h e  m a t e r i a l  m a y  also 
be  exc i t ed  b y  7 - r ays ,  b y  v i s ib le  l ight ,  and  b y  m e -  
c h a n i c a l  t r e a t m e n t  to p r o d u c e  the  s ame  g low 
peaks .  O b s e r v a t i o n  of t h e r m o l u m i n e s c e n c e  fo l l owing  
the  g r i n d i n g  of glass  and  of f luor i te  was  m a d e  b y  
N y s w a n d e r  and  Cohn (5)  w h o  n a m e d  the  p h e n o m e -  

non tribothermoluminescence. Wick observed tri- 
bothermoluminescence in Mn-activated fluorite. The 
5.0% Mn samples employed in the current investi- 
gation exhibited this property. The extreme sensi- 
tivity of this material to mechanical handling is 
illustrated by the following sequence of experi- 
ments. Instead of pressing the sample into a plaque, 
the phosphor was cemented in with sodium silicate 
and  a g low c u r v e  m e a s u r e m e n t  was  made .  A t h e r -  
m o l u m i n e s c e n c e  e xc i t e d  b y  the  g r i n d i n g  of t he  f i red 
s a m p l e  cake  was  observed �9  W i t h o u t  d i s t u r b i n g  the  
a p p a r a t u s  in  a n y  way ,  t he  g low  cu rve  m e a s u r e m e n t  
was  repea ted �9  No t h e r m o l u m i n e s c e n c e  was  r eco rded ,  
i n d i c a t i n g  t ha t  t he  h e a t i n g  of the  p r e v i o u s  r u n  h a d  
e x h a u s t e d  the  phosphor �9  The  s a m p l e  h o l d e r  was  
t hen  r e m o v e d  f rom the  a p p a r a t u s  a n d  r e p l a c e d  in 
c o m p l e t e  da rknes s ,  and  a t h i r d  g low c u r v e  was  
m e a s u r e d .  A p p r o x i m a t e l y  o n e - h a l f  of t he  o r ig ina l  
t h e r m o l u m i n e s c e n c e  was  r eco rded .  T h e  s a m e  r e su l t s  
we re  o b t a i n e d  r e g a r d l e s s  of w h e t h e r  the  g low  curves  
w e r e  o b t a i n e d  b y  h e a t i n g  the  s a mp le s  in air ,  in  He, 
or  in vacuum�9  

The  t h e r m o l u m i n e s c e n c e  e xc i t e d  b y  v i s ib le  l igh t  
is v e r y  weak ,  and  is bes t  o b s e r v e d  on ly  a f t e r  t he  
m e c h a n i c a l l y  s t i m u l a t e d  emis s ion  is r emoved �9  If  a 
s a m p l e  is not  r e m o v e d  f r o m  t h e  a p p a r a t u s  a f t e r  a 
t h e r m o l u m i n e s c e n c e  m e a s u r e m e n t ,  b u t  is i r r a d i a t e d  
w i t h  wh i t e  l ight ,  a g low c u r v e  is o b t a i n e d  upon  r e -  
h e a t i n g  the  sample �9  Some  i r r a d i a t i o n s  m a d e  w i t h  
f i l ters  showed  t h a t  b lue  l i gh t  p r o d u c e d  the  effect b u t  
t ha t  r e d  l igh t  d id  not.  B lue  l igh t  is a b s o r b e d  in  a 
4000A Mn a b s o r p t i o n  band .  This  a b s o r p t i o n  b a n d  
was  first  d e t e c t e d  b y  e x c i t a t i o n  m e a s u r e m e n t s  on 
p o w d e r e d  s a m p l e s  (1) .  G a r l i c k  (6)  has  r e c e n t l y  
conf i rmed  i ts  ex i s t ence  b y  a b s o r p t i o n  m e a s u r e m e n t s  
on c lea r  crysta ls �9  

Conclus ions 

The high temperature glow peak of CaF~:Mn has 
been shown to be a function of both its Mn content 
and the presence of either alkali or oxygen im- 
purity. The simplest explanation of the effect of 
alkali or oxygen in producing a distinct glow peak is 
that these ions produce local deficiencies of positive 
charge (7) which are compensated by the production 
of either negative ion vacancies or interstitial posi- 
tive ions. The compensating defects provide deep 
electron traps resulting in high temperature thermo- 
luminescence. Addition of trivalent ions to oxygen- 
bearing fluorite suppresses the positive charge de- 
ficiency and diminishes the high temperature ther- 
molumine sc e nc e .  

Resu l t s  o b t a i n e d  b y  b l u e  l igh t  e x c i t a t i o n  a r e  no t  
eas i ly  accoun ted  for  b y  the  a b o v e  e x p l a n a t i o n .  B lue  
l igh t  is a b s o r b e d  in a d i s c r e t e  Mn a b s o r p t i o n  b a n d  
and  w o u l d  no t  be  e x p e c t e d  to p r o d u c e  f r ee  e lec t rons .  
In  the  l i gh t  of th is  o b s e r v a t i o n  the  inf luence  of the  
i m p u r i t y  m u s t  be  a t t r i b u t e d  to a d i r ec t  effect  upon  
the  Mn ac t i va to r .  
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of Hardness of an Intermetallic Compound 
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ABSTRACT 

The t e m p e r a t u r e  dependence  of hardness  of the  in te rmeta l l i c  compound 
AgMg was s tudied f rom --19O~ to the solidus t e m p e r a t u r e  over  the  ent i re  
homogene i ty  range.  The effect of s t ruc ture  on hardness  at  h igh homologous 
t empera tu res  differs r ad ica l ly  f rom tha t  at  low tempera tures .  These results,  
over  v i r tua l ly  the  ful l  homologous t empe ra tu r e  range,  appear  to ra t ional ize  
p rev ious ly  cont rad ic tory  studies of the effect of defect  s t ruc ture  on the room 
t empera tu r e  s t rength  of in te rmeta l l ic  compounds.  

N u m e r o u s  s tud ies  h a v e  conf i rmed  t h e  i m p o r t a n c e  
of de fec t  s t r u c t u r e  in  d e t e r m i n i n g  m e c h a n i c a l  p r o p -  
e r t i es  of i n t e r m e t a l l i c  a n d  i n t e r s t i t i a l  compounds .  
E x p e r i m e n t a l  r e su l t s  a r e  c o n t r a d i c t o r y ,  h o w e v e r ,  
some p lo t s  of s t r e n g t h  vs. compos i t i on  showing  m i n -  
ima,  o the r s  m a x i m a .  K o r n i l o v  (1)  has  sugges t ed  t h a t  
t ime  and  t e m p e r a t u r e  m i g h t  also affect  m e c h a n i c a l  
p r o p e r t i e s  of a compound .  Moreove r ,  i t  was  f o u n d  
r e c e n t l y  (2)  t h a t  i ron  g r o u p  a l u m i n i d e s  con t a in ing  
e i t he r  v a c a n c y  or  s u b s t i t u t i o n a l  de fec t s  w e r e  con-  
s i d e r a b l y  h a r d e r  t h a n  t h e  c o r r e s p o n d i n g  d e f e c t - f r e e  
s to i ch iome t r i c  compos i t ions ,  a l t h o u g h  the  m a g n i t u d e  
of th is  effect  d i m i n i s h e d  w i t h  i n c r e a s i n g  t e m p e r a -  
tu re .  S ince  in  t h a t  s t u d y  t h e  effect of de fec t  s t r u c -  
t u r e  cou ld  not  be  e x a m i n e d  at  t e m p e r a t u r e s  h i g h e r  
t h a n  abou t  0.6 of t he  m e l t i n g  point ,  t he  e x p e r i m e n t s  
w e r e  r e p e a t e d  us ing  AgMg,  a s t ab le  c o m p o u n d  w h i c h  
me l t s  c o n g r u e n t l y  at  a s u b s t a n t i a l l y  l o w e r  t e m p e r -  
a t u r e  (820~ and  w h i c h  ex is t s  ove r  a b r o a d  h o m o -  
g e n e i t y  range .  I t  has  the  o r d e r e d  BCC or  CsC1 s t r u c -  
tu re ,  as d id  the  p r e v i o u s l y  s t u d i e d  a lumin ides .  This  
c o m p o u n d  p e r m i t t e d  t e s t i ng  of t h e  sugges t ion  a r i s -  
ing  f r o m  the  e a r l i e r  w o r k  tha t ,  a t  suff ic ient ly  h igh  
homologous  t e m p e r a t u r e s ,  l a t t i c e  de fec t s  h a v e  a 
so f t en ing  effect even  w i t h  shor t  t imes  of load ing .  

The S i lver-Magnes ium Sys t em  

A l t h o u g h  the  A g - M g  s y s t e m  has  been  i n v e s t i -  
ga t ed  m a n y  t imes ,  no s ingle  i n v e s t i g a t o r  has  done  a 
t h o r o u g h  job  over  t he  w h o l e  r a n g e  of t he  d i a g r a m .  
The  m a i n  f e a t u r e s  of t he  d i a g r a m  w e r e  first  d e -  
l i n e a t e d  by  Z e m c z u z n y  (3)  and  l a t e r  r e f ined  a n d  
s u p p l e m e n t e d  b y  o the r  i n v e s t i g a t o r s  ( 4 - 1 2 ) .  The  
e a r l y  f indings  of Sae f t e l  and  Sachs  (13) a r e  b y  n o w  
c o m p l e t e l y  d i s c r ed i t ed .  Fig .  1 is a compos i t e  of w h a t  

a p p e a r  to be  t h e  mos t  a c c u r a t e  po r t i ons  of t h e  p r e -  
v ious ly  c i t ed  works .  

S o l u b i l i t y  l im i t s  of the  c o m p o u n d  A g M g  or  fl 
p h a s e  a r e  d e s e r v i n g  of spec ia l  men t ion ,  n o t  on ly  
be c a use  of t he i r  i m p o r t a n c e  to t he  p r e s e n t  i n v e s t i -  
gat ion,  bu t  also be c a use  th is  is one  of the  mos t  s e r i -  
ous a r eas  of d i s a g r e e m e n t  a m o n g  inves t i ga to r s .  
Z e m c z u z n y  (3)  on the  bas is  of his  t h e r m a l  a n a l y s e s  
set  the  m a x i m u m  so lub i l i t y  l imi t s  a t  37.4 a n d  65.43 
A / o  Mg. S m i r n o v  a n d  K u r n a k o v  (4) ,  w o r k i n g  w i th  
spec imens  a n n e a l e d  at  400~ c l a i m e d  con f i rma t ion  
of Z e m c z u z n y ' s  f igures,  b u t  t h e i r  a c t u a l  h a r d n e s s  
and  r e s i s t i v i t y  d a t a  w o u l d  seem to i n d i c a t e  l imi t s  a t  
400~ m o r e  l i ke  40.0 and  58.2 A / o  Mg. X - r a y  and  
m e t a l l o g r a p h i c  s tud ies  b y  A g e e v  and  K u z n e t z o v  (7)  
on spec imens  a n n e a l e d  at  a n d  q u e n c h e d  f r o m  a 
ser ies  of t e m p e r a t u r e s  show s o m e w h a t  n a r r o w e r  
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Fig. 1. Phase diagram of the Ag-J~g system 
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Fig. 2. Photomicrograph of AgMg, etchant H2SO,, Cr03 + H~O. 
IOOX. 

s o l u b i l i t y  l imi t s  on bo th  sides,  as w e l l  as a s ign i f -  
i can t  t e m p e r a t u r e  d e p e n d e n c e  of so lub i l i ty .  A n d r e w s  
and  H u m e - R o t h e r y  (9) d e t e r m i n e d  the  l i m i t  on ly  
on the  A g - r i c h  side. T h e i r  r e su l t s  a g r e e  on ly  a p -  
p r o x i m a t e l y  w i t h  those  of Z e m c z u z n y  (3)  and  S t a i r -  
nov  a n d  K u r n a k o v  (4) .  L e t n e r  a n d  S i d h u  (10) 
c l a i m e d  the  l imi t s  a t  525~ to be  47.0 a n d  67.5 A / o  
Mg, b u t  t h e i r  l a t t i ce  p a r a m e t e r  d a t a  i nd i ca t e  t ha t  
42.0 A / o  Mg is m o r e  l i k e l y  for  t he  A g - r i c h  l imi t .  
T h e  emf  d a t a  of K a c h i  (12) at  500~ def ine  t he  s ame  
l i m i t  as j u s t  u n d e r  40 A / o  Mg. Consideration of a l l  
these  resu l t s ,  as we l l  as t he  f indings  of the  p r e s e n t  
s tudy ,  1 i n d i c a t e  tha t  the  p r o b a b l e  boundaries of t he  
fl phase  l ie  as shown  in Fig.  1. 

Experimental 
Preparation of samples.---Approximately 500 g 

hea t s  of s e v e r a l  d i f fe ren t  fl p h a s e  a l loys  w e r e  i n -  
duc t ion  m e l t e d  in  a g r a p h i t e  c r u c i b l e  and  cast  in to  
a 1 in. d i a m e t e r  sp l i t  g r a p h i t e  mold .  The  Mg ~ a n d  
A g  ~ used w e r e  bo th  99.99% pure .  C1 gas was  b u b -  
b l ed  t h r o u g h  the  m e l t  c o n t i n u o u s l y  a n d  m a i n t a i n e d  
as a c o v e r  d u r i n g  p o u r i n g  to p ro t ec t  the  m e t a l  f r o m  
ox ida t ion .  The  ingots  w e r e  t h e n  h o m o g e n i z e d  8 
h r  a t  a t e m p e r a t u r e  50~ ~ b e l o w  the  s u p p o s e d  
m e l t i n g  point .  E a r l y  in  the  p r o g r a m ,  l a b o r a t o r y  d r y  
H was  used  for  the  h e a t  t r e a t i n g  a t m o s p h e r e .  H o w -  
ever ,  v a r i a t i o n s  in d e w  po in t  a t  t imes  r e s u l t e d  in 
se r ious  o x i d a t i o n  of samples .  The re fo re ,  mos t  of t he  
hea t  t r e a t m e n t s  w e r e  c a r r i e d  out  in  Vycor  t u b e s  
f i l led w i t h  d r y  A at  a p p r o x i m a t e l y  0.5 a tm;  Ti 
chips  s e p a r a t e d  f rom the  s a m p l e  b y  a p lug  of q u a r t z  
wool  w e r e  used  as a ge t t e r .  This  t e c h n i q u e  was  suc-  
cessful  even  w i t h  M g - r i c h  samples .  

M e t a l l o g r a p h i c  p r e p a r a t i o n  of t he  s amp le s  was  
i m p e d e d  b y  a p r o n o u n c e d  t e n d e n c y  for  the  m a t e r i a l  
to flow b a d l y  d u r i n g  pol i sh ing ,  r e s u l t i n g  in t he  p r o -  
duc t ion  of s t r u c t u r a l  a r t i fac t s .  S a t i s f a c t o r y  su r f ace  
p r e p a r a t i o n  was  a c h i e v e d  on ly  w i t h  e x t r e m e  ca re  
and  r e p e a t e d  po l i sh ing  and  e tching .  R e p r e s e n t a t i v e  

1 A  38.8 A / o  M g  a l l o y  w a s  f o u n d  to  b e  t w o  p h a s e  a t  70O~ a n d  
be low.  A 65.8 A / o  M g  a l l o y  s h o w e d  no  e v i d e n c e  fo r  pe r i t ee t i e  fo r -  
m a t i o n  of ",I phase when quenched from 475" or 500~C but only a 
characteristic Widmanstatten precipitate of %, from solid solution. 
The same alloy quenched from 52S~ showed evidence of liquid 
phase forma$ion. The inability to retain the solid solution condition 
at least for the 500~ quench must be attributed to insufficient 
rapidity of quench. This could perhaps have been circumvented 
had a vacuum quenching furnace been available. 

Snow Chemical Co. 

8 Handy and Harman. 

Fig. 3. Photomicrograph of AgMg + a-Ag solid solution, etchant 
H~SO,, CrO~, + H~O. l OOX. 

Fig. 4. Photomicrograph of AgMg + ~,-AgMgs, etchant HNOs, 
Hac + H~O. 250X. 

p h o t o m i c r o g r a p h s  of  s t r u c t u r e s  o b t a i n e d  a r e  shown  
in Fig .  2-4. Fig.  2 is t y p i c a l  of those  a l loys  n e a r  t he  
m i d d l e  of  t he  h o m o g e n e i t y  range ,  i.e., a s imple ,  
s ing le  phase  of e q u i - a x e d  g r a i n  s t ruc tu re .  Fig .  3 and  
4 a r e  t y p i c a l  of a l loys ,  s ing le  p h a s e  at  h igh  t e m p e r a -  
ture ,  wh ich  have  p r e c i p i t a t e d  A g  and  AgMgs, r e -  
spec t ive ly ,  on cool ing d u e  to d e c r e a s i n g  solubil i ty, .  
as shown  in Fig .  1. The  h o m o g e n e i t y  of each  ingo t  
was  checked  m e t a l l o g r a p h i c a l l y ,  fo l l owing  w h i c h  a 
h a r d n e s s  tes t  s p e c i m e n  a p p r o x i m a t e l y  1/2 in. h igh  
and  1 in. in d i a m e t e r  was  cu t  f rom the  ingot .  D r i l l e d  
chips  w e r e  t hen  r e m o v e d  f r o m  an  i m m e d i a t e l y  a d -  
j a c e n t  p o r t i o n  of t he  i ngo t  for  c h e m i c a l  ana lys i s .  
These  fine p a r t i c l e s  ox id i zed  qu i t e  r a p i d l y  s o  t ha t  i t  
was  n e c e s s a r y  to w e i g h  the  s a m p l e  i m m e d i a t e l y  
a f t e r  o b t a i n i n g  it. A g  was  d e t e r m i n e d  b y  e l e c t r o -  
depos i t i on  f rom a l k a l i n e  c y a n i d e  solut ion .  In  mos t  
cases, t he  b a l a n c e  of the  i ngo t  was  r e m e l t e d  to m a k e  
o the r  compos i t ions .  A n a l y s i s  con f i rmed  t h a t  u s u a l l y  
a s m a l l  bu t  s ign i f ican t  a m o u n t  of Mg was  los t  on 
me l t ing .  There fo re ,  a l l  compos i t ions  n o t e d  h e r e i n  a r e  
a n a l y z e d  r a t h e r  t h a n  i n t e n d e d  va lues .  

Hardness tests.---Indentation h a r d n e s s  m e a s u r e -  
m e n t s  w e r e  m a d e  on a l l  s a m p l e s  ~ w i t h  a Vicke r s  
d i a m o n d  i n d e n t e r  a n d  a 200 g load.  F r o m  r o o m  t e m -  

~The  38.8 A / o  Mg a l loy  was  t e s t ed  e v e n  t h o u g h  a v e r y  s m a l l  
a m o u n t  of second p h a s e  was  p resen t .  I t  is  b e l i e v e d  t h a t  t he  occur -  
rence  of th i s  second phase  in  t he  a m o u n t  a n d  d i s t r i b u t i o n  p r e s e n t  
d id  no t  s ign i f i can t ly  affect  t he  resu l t s .  H o w e v e r ,  f ine p r e c i p i t a t e  
p r e sen t  in  the  65.8 A / o  Mg s a m p l e  as in  Fig .  4 d id  affect  the  re -  
su l t s ;  c o n s e q u e n t l y ,  da ta  fo r  t h i s  c o m p o s i t i o n  w e r e  e x c l u d e d  f r o m  
further considerat ion.  
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Fig. 6. Hardness-composi t ion isotherms for a series of A g M g  alloys 

p e r a t u r e  to t he  m e l t i n g  p o i n t  a m i c r o  ho t  h a r d n e s s  
t e s t e r  of mod i f i ed  B e r g h  des ign  was  u sed  (14) .  The  
i n s t r u m e n t  a n d  t e s t i ng  p r o c e d u r e  w e r e  i d e n t i c a l  to 
those  p r e v i o u s l y  e m p l o y e d  (2) ,  excep t  t h a t  a pos i -  
t i ve  p r e s s u r e  of a r g o n  was  used  as an  a t m o s p h e r e  
r a t h e r  t h a n  v a c u u m  in  o r d e r  to m i n i m i z e  v o l a t i l i z a -  
t ion  of Mg at  h igh  t e m p e r a t u r e s .  A r g o n  was  pu r i f i ed  
b e f o r e  i n t r o d u c t i o n  in to  t he  t e s t i ng  c h a m b e r  b y  
p a s s a g e  ove r  ho t  Mg chips  (SO0~ F o r  t es t s  b e l o w  
r o o m  t e m p e r a t u r e ,  a T u k o n  mic ro  h a r d n e s s  t e s t e r  
was  u sed  t o g e t h e r  w i t h  cool ing  b a t h s  of l i qu id  N, 
F reon -12 ,  or  d r y  i ce - ace tone .  R o o m  t e m p e r a t u r e  
po in t s  d e t e r m i n e d  w i t h  bo th  i n s t r u m e n t s  w e r e  f o u n d  
to a g r e e  s a t i s f ac to r i l y .  H a r d n e s s - t e m p e r a t u r e  cu rves  
w e r e  r u n  at  l eas t  t w i c e  on each  s a m p l e  to  i n s u r e  t h a t  
su r f ace  w o r k  h a r d e n i n g  effects h a d  been  e l i m i n a t e d  
(2 ) .  T h e  r e d u c e d  d a t a  w e r e  f ina l ly  p l o t t e d  for  con-  
v e n i e n c e  on a s e m i - l o g a r i t h m i c  scale  (14,15).  A l l  of 
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Fig,  7.  Comparison of the e f fec t  of composit ion on room tempera -  
ture hardness of A g M g  according to d i f fe rent  investigators.  

t hese  d a t a  a re  g iven  in  Fig.  5. The  or ig ins  for  c o m -  
pos i t ions  of success ive ly  h i g h e r  Mg c on t e n t  h a v e  
each  been  sh i f t ed  200~ h i g h e r  t h a n  t h e  p r e v i o u s  
curve ,  to p r e v e n t  confus ion  of points .  

D i s c u s s i o n  
t h e  curves  of Fig .  5 a r e  s im i l a r  in t h e i r  g e n e r a l  

f e a t u r e s  to t hose  p r e v i o u s l y  o b s e r v e d  (2,14,15) in  
t h a t  on these  s e m i - l o g a r i t h m i c  c o o r d i n a t e s  the  
cu rves  a r e  c o m p r i s e d  of two  a p p r o x i m a t e l y  l i n e a r  
s e g m e n t s  w h i c h  cross  at  a b o u t  0.5 of t h e  m e l t i n g  
point .  In  th is  case, h o w e v e r ,  c e r t a i n  r e g u l a r  and  r e -  
p r o d u c i b l e  d e v i a t i o n s  f r o m  t r u e  l i n e a r i t y  w e r e  ob -  
s e r v e d  in  t h e  h igh  t e m p e r a t u r e  s e g m e n t  of a l l  cu rves  
e x c e p t  t h a t  for  t h e  mos t  A g - r i c h  a l loy.  C a r e f u l  con-  
s i d e r a t i o n  of a n d  t e s t i ng  for  poss ib l e  sources  of th is  
a n o m a l y  h a v e  t hus  f a r  f a i l ed  to d i sc lose  a n y  u n -  
equ ivoca l  e x p l a n a t i o n  for  th is  b e h a v i o r  (16) .  

T h e  effects of de fec t  s t r u c t u r e  on h a r d n e s s  a r e  
mos t  r e a d i l y  p e r c e i v e d  f r o m  h a r d n e s s - c o m p o s i t i o n  
i so the rms .  The  d a t a  of Fig .  5 h a v e  been  cross  p lo t t ed  
in  th is  m a n n e r  in  Fig.  6. He re  i t  w i l l  be  o b s e r v e d  
t h a t  h a r d n e s s  m i n i m a  a r e  l oc a t e d  n e a r  t he  s to ich io-  
m e t r i c  compos i t i on  at  l ow  t e m p e r a t u r e s .  As  the  
t e m p e r a t u r e  increases ,  t he se  m i n i m a  f l a t t en  a n d  
u l t i m a t e l y  r e v e r s e  to b e c o m e  m a x i m a  at  v e r y  h igh  
t e m p e r a t u r e s .  The  room t e m p e r a t u r e  h a r d n e s s  d a t a  
b y  S m i r n o v  a n d  K u r n a k o v  (4)  a n d  b y  A g e e v  and  
K u z n e t z o v  (7)  a r e  c o m p a r e d  w i t h  the  r e su l t s  of t he  
p r e s e n t  s t u d y  in  Fig .  7. ~'~ In  v i e w  of t he  d i f fe rences  
in t e s t i ng  t e c h n i q u e  ( S m i r n o v  a n d  K u r n a h o v - B r i n -  
e l l  5.6 m m  bal l ,  50 kg  load ;  A g e e v  a n d  K u z n e t z o v  
u n k n o w n ) ,  a g r e e m e n t  is  c ons ide r e d  sa t i s f ac to ry .  
The  x - r a y  s tud ies  of A g e e v  a n d  K u z n e t z o v  (7)  and  
of L e t n e r  and  S i d h u  (10) a n d  the  t h e r m o d y n a m i c  

A g e e v  a n d  K u z n e t z o v  Dre sen t  t h e i r  d a t a  n o r m a l i z e d  to a v a l u e  
of 1.00 a t  50.0 A / o  M g .  T h e r e f o r e ,  i t  w a s  n e c e s s a r y  to  choose  s o m e  
r e a l  h a r d n e s s  fo r  t h i s  c o m p o s i t i o n  fo r  p u r p o s e s  of c o m p a r i s o n .  A 
v a l u e  of 90 k g / m m e  w a s  a s s u m e d .  

T h e  m i n i m u m  i n  t h e  c u r v e  as  c l r a ~ n  d e v i a t e s  s l i g h t l y  f r o m  t h e  
s t o i c h i o m e t r i c  v a l u e  of 50 A / o .  I t  is  b e l i e v e d  t h a t  t h e  d a t a  a r e  i n -  
a d e q u a t e  f o r  t h i s  to be  s igr i i f icant .  
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Fig. 8. Hordness-composition isohornologs for e series of AgMg olloys 

i nves t i ga t i ons  of K a c h i  (12) show tha t  A g M g  is mos t  
p e r f e c t l y  o r d e r e d  at  the  s t o i ch iome t r i c  compos i t i on  
and  has  a s u b s t i t u t i o n a l  defec t  s t r u c t u r e  on bo th  
s ides  of s t o i ch iome t ry .  The  h a r d n e s s  m i n i m a  f o u n d  
a t  low t e m p e r a t u r e s  a r e  t h e r e f o r e  in a g r e e m e n t  w i t h  
t he  p r e v i o u s l y  e s t a b l i s h e d  effects of de fec t  s t r u c -  
t u r e  (2 ) .  

In  r a t i o n a l i z i n g  t h e  h igh  t e m p e r a t u r e  b e h a v i o r  of 
AgMg,  one m i g h t  w o n d e r  w h e t h e r  the  l o w e r  h a r d -  
ness  of compos i t i ons  n e a r  the  s o l u b i l i t y  l im i t s  is a 
r e su l t  of c loser  a p p r o a c h  to t h e  m e l t i n g  po in t  as has  
been  d i scussed  for  o t h e r  sy s t ems  b y  W e s t b r o o k  and  
Nisbe t  (17) .  To assess  th is  poss ib i l i ty ,  e x p e r i m e n t a l  
d a t a  a r e  p lo t t ed  in Fig.  8 as  i sohomologous  t e m p e r a -  
t u r e  curves ,  i.e., the  h a r d n e s s  va lue s  on a n y  one  
c u r v e  r e p r e s e n t  d a t a  for  d i f fe ren t  a c tua l  t e m p e r a -  
tures ,  bu t  for  t he  s ame  r a t i o  of tes t  t e m p e r a t u r e  a n d  
so l idus  t e m p e r a t u r e .  This  m e t h o d  of p l o t t i n g  has  
on ly  a l t e r e d  the  shapes  of the  cu rves  s l i g h t l y  as 
c o m p a r e d  to Fig.  6; the  cu rves  b e c o m e  flat a t  a b o u t  
0.6 of t he  m e l t i n g  p o i n t  and  def in i te  m a x i m a  s t i l l  
ex i s t  a b o v e  a homologous  t e m p e r a t u r e  of a b o u t  0.8. 
This  r e s u l t  i nd i ca t e s  t ha t  the  a p p a r e n t  so f t en ing  is 
t r u l y  an  effect of de fec t  s t r u c t u r e  and  no t  of v a r i -  
a t ions  in  m e l t i n g  poin t .  

The  need  for  c o n s i d e r a t i o n  of poss ib le  effects of 
a t e m p e r a t u r e  d e p e n d e n t  de fec t  c o n c e n t r a t i o n  has  
been  o b v i a t e d  b y  the  t h e r m o d y n a m i c  s tud ies  of 
K a c h i  (12) .  K a c h i  d e d u c e d  f r o m  emf  m e a s u r e m e n t s  
t h a t  t h e  d e g r e e  of d i s o r d e r  of A g M g  in  the  n e i g h b o r -  
hood  of 500~ is 10-', a v a l u e  a b o u t  100 t imes  as 
s m a l l  as  t ha t  u s u a l l y  e x p e r i e n c e d  for  3 /2  e l ec t ron  
c o m p o u n d s f  These  d a t a  also p e r m i t  c a l c u l a t i o n  of  
a h y p o t h e t i c a l  d i s o r d e r i n g  t e m p e r a t u r e  of  1500~ 
fa r  a b o v e  the  a c t u a l  m e l t i n g  po in t  of t h e  compound ,  
a r e s u l t  w h i c h  is i n d i c a t i v e  of the  h igh  s t a b i l i t y  of 
AgMg.  

T A s i m i l a r  s t u d y  by  T r z e b i a t o w s k i  a n d  T e r p i l o w s k i  (35) p u b -  
l i s h e d  s ince  t h e  c o m p l e t i o n  of t h i s  m a n u s c r i p t  s h o w s  a d i s o r d e r  
v a l u e  of 0.03. T h e i r  d a t a  a r e  b e l i e v e d  by  t h e  p r e s e n t  a u t h o r  to be  
less  a c c u r a t e  t h a n  t h o s e  of K a c h i  (12).  

On t i le  bas is  of t he  fo r ego ing  re su l t s  a t e n t a t i v e  
g e n e r a l  p o s t u l a t e  can  be  a d v a n c e d  tha t ,  a t  l ow  t e m -  
p e r a t u r e s ,  l a t t i c e  d e f e c t s - - s u b s t i t u t i o n a l  or  v a c a n c y  
- - a r e  s t r e n g t h e n i n g  fac tors ,  w h i l e  a t  t e m p e r a t u r e s  
s u b s t a n t i a l l y  a b o v e  0.5 of t he  m e l t i n g  poin t ,  l a t t i c e  
de fec t s  a r e  w e a k e n i n g  fac tors .  Of those  cases  r e -  
p o r t e d  in the  l i t e r a t u r e ,  Cu~Au (18) ,  C u A u  (18) ,  
MgCd (19) ,  a n d  PbT1 (20,21) a l l  show m i n i m a  at  
s t o i c h i o m e t r y  and  a l l  w e r e  t e s t ed  at  t e m p e r a t u r e s  
b e l o w  abou t  0.6 T~,,. s Two cases  h a v e  been  r e p o r t e d  
wh ich  show m a x i m a  n e a r  the  s to i ch iome t r i c  com-  
pos i t ion  Bi~TI~ (22) and  TiO (23) .  In  the  f o r m e r  
ins tance ,  room t e m p e r a t u r e  ( t h e  on ly  t e m p e r a t u r e  
s t u d i e d )  is s l i g h t l y  a b o v e  0.6 T,,p a n d  the  d u r a t i o n  
o f  l oa d ing  is l ong  (30 m i n ) .  The  o b s e r v e d  b e h a v i o r  
thus  confo rms  w i t h  t h a t  p o s t u l a t e d  for  h igh  ( h o m o l -  
ogous)  t e m p e r a t u r e s .  TiO is a p a r t i c u l a r l y  i n t e r -  
e s t ing  case s ince  E h r l i c h  (24) f o u n d  tha t ,  c o n t r a r y  to  
t he  u s u a l  case, the  m a x i m u m  n u m b e r  of de fec t s  is 
l oca t ed  at  the  s t o i ch iome t r i c  compos i t i on  a n d  t ha t  
each  s u b - l a t t i c e  becomes  m o r e  p e r f e c t  as t he  c o m -  
pos i t ion  becomes  e n r i c h e d  in i ts  p a r t i c u l a r  compo-  
n e n t ?  The  low (homologous )  t e m p e r a t u r e  h a r d n e s s  
r e su l t s  on TiO, a l t h o u g h  supe r f i c i a l l y  s i m i l a r  to t he  
h igh  t e m p e r a t u r e  b e h a v i o r  of A g M g  and  Bi~TL, ac -  
t u a l l y  a re  cons i s t en t  w i t h  the  o b s e r v e d  low t e m p e r -  
a t u r e  b e h a v i o r  of a l l  c o m p o u n d s  of v a r i a b l e  com-  
pos i t ion .  

A l l  the  o b s e r v e d  b e h a v i o r s  of c o m p o u n d s  of v a r i -  
ab l e  compos i t i on  a r e  cons i s t en t  w i t h  the  a b o v e  
pos tu la t e .  The  p h y s i c a l  bas is  for  the  o b s e r v e d  
h igh  t e m p e r a t u r e  b e h a v i o r  is also a p p a r e n t ,  a t  l eas t  
in a c rude  sense.  I f  h igh  t e m p e r a t u r e  d e f o r m a t i o n  
is d i f f u s i o n - c o n t r o l l e d  as is supposed  (26-28) ,  t h e n  
a n y  f ac to r  t e n d i n g  to i n c r e a s e  t he  di f fus ion co- 
efficients wi l l  t e n d  to i n c r e a s e  t he  a m o u n t  of d e f o r -  
m a t i o n  for  a g iven  load  and  t ime.  Bo th  s u b s t i t u -  
t i ona l  and  v a c a n c y  defec t s  h a v e  been  s h o w n  (29) to 
e n h a n c e  d i f fus ion coefficients in  an  i s o m o r p h o u s  
c o m p o u n d  at  h igh  t e m p e r a t u r e s .  

S i m i l a r  effects of l a t t i c e  de fec t s  m a y  e x p l a i n  some 
long puzz l ing  anomal ies .  F o r  e x a m p l e ,  i t  has  been  
f o u n d  t ha t  c e r t a i n  A1-Zn  a l loys  h a v e  an  a b n o r m a l l y  
h igh  p la s t i c i ty ,  g r e a t e r  even  t h a n  e i t h e r  of the  two 
p u r e  componen t s ,  a t  bo th  r o o m  and  e l e v a t e d  t e m -  
p e r a t u r e s  (30-32) .  The  n a t u r e  of the  so l idus  cu rve  
is such  t ha t  t he  b e h a v i o r  canno t  be  accoun ted  for  
b y  a " m e l t i n g  po in t  effect"  (17) .  H o w e v e r ,  E l l wood  
(33) has  s h o w n  tha t  t he  A1-Zn sol id  so lu t ion  
has  a s u r p r i s i n g l y  h igh  c o n c e n t r a t i o n  of l a t t i c e  v a -  
cancies  and  r o o m  t e m p e r a t u r e  for  th is  s y s t e m  is 
abou t  0.5 T ~ .  

The  effects of r a d i a t i o n  on the  c reep  s t r e n g t h  of  
m e t a l s  h a v e  been  a p p a r e n t l y  confl ict ing.  R a d i a t i o n  
has  been  f o u n d  to ra ise ,  to lower ,  a n d  to h a v e  no  
effect  on the  r e s i s t a nc e  to c r eep  (34) .  S ince  the  p r i n -  
c ipa l  effect of r a d i a t i o n  is to p r o d u c e  a h i g h e r  t h a n  
n o r m a l  c o n c e n t r a t i o n  of de fec t s  in  t h e  la t t i ce ,  one  
m i g h t  expec t  f r o m  the  p r e s e n t  r e su l t s  t h a t  r a d i a t i o n  
w o u l d  i nc rea se  c reep  s t r e n g t h  at  l ow  ( h o m o l o g o u s )  
t e m p e r a t u r e s ,  dec rea se  i t  a t  h igh  ( h o m o l o g o u s )  t e m -  
pe r a tu r e s ,  and  h a v e  no s igni f icant  effect  a t  i n t e r -  

s Trap = t e m p e r a t u r e  of m e l t i n g .  

R o s t o k e r  (25) has  s h o w n  h o w  th i s  p e c u l i a r  s t r u c t u r a l  b e h a v i o r  
m a y  be  r a t i o n a l i z e d  f r o m  t h e  v i e w p o i n t  of  p r e s e r v i n g  a c r i t i c a l  
e l e c t r o n  c o n c e n t r a t i o n  p e r  u n i t  c e l l  
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media t e  t empera tu re s .  Such  cons idera t ion  wou ld  
seem to ra t iona l i ze  the  observa t ions  of the  effect 
of r ad i a t i on  on creep. 

Summary 
H a r d n e s s - t e m p e r a t u r e  s tudies  of six alloys in  the  

c o m p o u n d  AgNig or /3 phase  show tha t  l a t t i ce  defects  
a re  a s t r e n g t h e n i n g  factor  a t  low homologous  t e m -  
pe ra tu re s  (<0.5  T~,) a n d  a w e a k e n i n g  factor  at  h igh  
homologous  t e m p e r a t u r e s  (>0 .7  Tin,). The  effects at  
h igh  homologous  t e m p e r a t u r e s  are  t hough t  to be  a 
resu l t  of the  effect of defect  s t r uc tu r e  on diffusion 
rates.  These resul t s  appea r  to ra t iona l ize  prev ious  
s tudies  of the  effects of defect  s t r uc tu r e  on the room 
t e m p e r a t u r e  s t r eng th  of i n t e rme ta l l i c  compounds .  
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ABSTRACT 

The preparat ion of T~Bi~ dispersions in liquid Bi uti l izing electrolytic Th 
has been investigated by three techniques. These materials  are potential ly 
useful  as fuels for l iquid metal  reactors. Dispersions have been prepared suc- 
cessfully in desired concentration, particle size, and shape by addit ion of 
crushed Th cathode deposits to Bi, addition of as-deposited cathode to Bi in the 
cell, and by electrolysis of ThCL using a l iquid Bi cathode. Procedures, condi- 
tions, and results are fully described. 

In  recen t  years  a va r i e t y  of reac tor  types  have  
been proposed as po ten t i a l  nuc l ea r  power  p roduc t ion  
systems. A m o n g  the  more  i n t e r e s t i ng  of these r e -  
actors is the l iqu id  me ta l  fuel  reactor  (LMFR) .  

The basic p r inc ip l e  beh ind  such reactors  is tha t  
they  employ  low me l t i ng  al loys for t r an spo r t  of f is-  
s ionable  ma te r i a l  in  and  out  of the  reac tor  in  place of 
the usua l  solid fuel  e lements .  This  concept  has been  
ex t ended  to i nc lude  the  b r eed ing  of f issionable m a t e -  
r ial  in  the  same or secondary  l iqu id  me ta l  circuit .  

Al l  des igns  of l iqu id  me ta l  fuel  reactors  (1,2,4) 
r equ i r e  a b l a n k e t  to b reed  fissile fuel  f rom Th. Since 
the  so lubi l i ty  of Th  in  low me l t i ng  al loys is low, the  
use of d ispers ions  has been  considered.  One  pro-  
posed d ispers ion  is tha t  of a t h o r i u m  b i s m u t h i d e  in  
Bi. This  paper  is concerned  wi th  the p r e p a r a t i o n  of 
tha t  p a r t i c u l a r  dispersion.  

A l iqu id  m e t a l  fuel  d ispers ion  such as Th~Bi~ in  
Bi m u s t  mee t  ce r ta in  r e q u i r e m e n t s  to be a sa t is fac-  
tory  mate r ia l .  The  par t ic le  size and  shape  of the  
Th~Bi~ a re  of p r ime  impor tance .  If par t ic les  are  too 
large  or no t  equiaxed,  c logging of pumps ,  filters, and  
l ines could occur. Large  par t ic les  wou ld  also t end  
to p romote  excessive se t t l ing  of the dispersion.  Some 
p e r t i n e n t  p roper t ies  are  shown in  Tab le  I and  the 
l iqu id  Bi solubi l i t ies  of Th  and  U in  Fig. 1. 

I t  is seen tha t  dens i ty  and  m e l t i n g  po in t  of the  
d ispers ion  are  no pa r t i cu l a r  p roblem.  The  m a i n  
cons idera t ions  t a k e n  into account  in  p r e p a r a t i o n  of 

Table I. Properties involved in ThsB6 system 

N e u t r o n  
a b s o r b t i o n  

cross 
M a t e -  mp,  d(s)  d( l )  S o l u b i I i t y  s e c t i o n  

r i a l  ~ g / cc  g / cc  in  Bi(1) B a r n s / a t o m  

Bi 271.3 10.00 9.80 - -  0.032 
Th 1690--+10 11.7 - -  0.006%-350~ 7.0 
Th~Bi~ - -  ~10.4 - -  0.006%-350~ - -  

the m a t e r i a l  are  par t ic le  size and  shape. Sma l l  p a r -  
ticles (<50~)  of equ iaxed  shape  are  desired. 

These dispers ions  m a y  be  p r epa red  in  at  least  
th ree  ways :  

1. P rec ip i t a t i on  of TI%Bi~ f rom solu t ion  by  cool- 
ing f rom 1200~ where  the  Th  wou ld  be dissolved. 
However ,  la rge  p la te le t s  form, so this  is no t  a use-  
fu l  procedure .  

2. Exfo l ia t ion  of Th chips or powder  in  the  Bi 
melt .  Use of powder  m a y  give added cont ro l  over  
u l t i m a t e  Th~Bi5 par t i c le  size. P o w d e r  can  be  p ro -  
duced by:  (a)  h y d r i d i n g  of Th  fol towed by  decom-  
posit ion,  and  (b)  fus ion  electrolysis.  

3. Direct  e lec t rodepos i t ion  of Th  f rom a fused 
salt  ba th  in to  l iqu id  Bi cathode.  

Th prec ip i ta ted  f rom solu t ion  (me thod  1) forms 
undes i rab le ,  l a rge  plate le ts .  Other  me thods  have  

zo ~ 

10 ~ -  
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~ TID 65,-Hayes-Gordon (p.130) 
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Fig. 1. Solubility of Th and U in liquid Bi 
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Fig. 2. Typical Th cathode deposit prepared by electrolysis of 
ThCI4-NaCI system. 

an a d v a n t a g e  in  t ha t  s t ab l e  e q u i a x e d  p a r t i c l e s  a r e  
p r o d u c e d  b y  the  ex fo l i a t i on  of the  c o m p o u n d  f rom 
Th m e t a l  a t  l ow  t e m p e r a t u r e s .  

This  w o r k  is conce rned  p r i m a r i l y  w i t h  the  m e t h -  
ods  u t i l i z ing  e l ec t ro ly t i c  Th  p o w d e r .  I t  is t h o u g h t  
t h a t  e l e c t ro ly t i c  m e t h o d s  could  be  c a r r i e d  ou t  m o r e  
e c o n o m i c a l l y  as a r e s u l t  of t he  bas ic  e c o n o m y  of 
e l e c t ro ly t i c  m e t h o d s  and  also because  t h e  Th w o u l d  
no t  h a v e  to be  r e c o v e r e d  as m e t a l  p r i o r  to f o r m a t i o n  
of the  a l loy .  

N u m e r o u s  e x a m p l e s  of a l loy  a n d  i n t e r m e t a l l i c  
p r e p a r a t i o n  b y  fused  sa l t  e l ec t ro ly s i s  ex i s t  in  t h e  
l i t e r a t u r e .  A t  l eas t  3 g e n e r a l  m e t h o d s  a r e  used :  

1. Depos i t i on  of one m e t a l  in  a l i qu id  m e t a l  
c a thode  (5 -9 ) .  

2. Codepos i t i on  of 2 or  m o r e  m e t a l  p o w d e r s .  
3. Depos i t i on  of one  m e t a l  on a sol id  m e t a l  

( c a t h o d e )  to f o r m  a l i qu id  a l loy  eutec t ic .  
The  t h i r d  p rocess  t y p e  has  b e e n  c a r r i e d  ou t  here .  

I n t e r m e t a l l i c s  of Z r - N i ,  T i - F e ,  etc., h a v e  b e e n  p r e -  
p a r e d  b y  depos i t i on  of Zr,  Ti, etc., f r o m  fused  f luo- 
r i d e - c h l o r i d e  me l t s  on a sol id  ba se  m e t a l  ca thode .  
A eu tec t ic  forms,  d r ips  off, and  col lects  in  a poo l  on 
the  cel l  bo t tom.  

The  bas ic  Th  m e t a l  p o w d e r  p r e p a r a t i o n  e m p l o y e d  
in th is  w o r k  has  been  d e s c r i b e d  (10 ) ;  ThC1, in 
NaC1 or  s i m i l a r  h a l i d e  m e l t  is e l e c t r o l y z e d  in an 
i n e r t  a t m o s p h e r e  g r a p h i t e  l ined  cell .  The  ca thode  
depos i t  p a r t i c l e  size m a y  be  v a r i e d  b y  changes  in 
e l ec t ro lys i s  condi t ions .  

A t y p i c a l  Th depos i t  con t a in ing  40-50% m e t a l  is 
shown  in Fig .  2. 

The  w o r k  d e s c r i b e d  b e l o w  invo lves  the  use  of th i s  
t e c h n i q u e  a n d  also t he  d i r ec t  e l e c t r o d e p o s i t i o n  of 
Th in a m o l t e n  Bi  ca thode .  

Experimental 
The  e x p e r i m e n t a l  p r o g r a m  i n c l u d e d  a s y s t e m a t i c  

i n v e s t i g a t i o n  of a l l  poss ib l e  m e t h o d s  i n v o l v i n g  t h e  
e l e c t ro ly t i c  cell .  I t  has  been  d e m o n s t r a t e d  (11) t h a t  
p o w d e r  p r o d u c e d  b y  e l ec t ro ly t i c  m e t h o d s  can  be  
used  to p r o d u c e  d i spe r s ions  w i t h  d e s i r a b l e  p r o p -  
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er t ies .  The  first  set  of e x p e r i m e n t s  o m i t t e d  the  
aqueous  l each ing  s teps  and  t h e  c ru shed  c o m m i n u t e d  
depos i t  was  a d d e d  d i r e c t l y  to m o l t e n  Bi. In  t h e  
second  group,  t he  ca thode  r e m o v a l  a n d  c rush ing  
s teps  w e r e  e l i m i n a t e d  a n d  the  Th depos i t  s i m p l y  
m i x e d  in to  a m o l t e n  Bi b a t h  on t h e  b o t t o m  of t h e  
cell .  In  the  l as t  ser ies ,  Th w a s  d e p o s i t e d  d i r e c t l y  
in to  a m o l t e n  Bi  ca thode .  

In  a l l  cases the  goal  of the  w o r k  was  the  a p p l i c a -  
t ion  of s u i t a b l e  cond i t ions  to y i e l d  a d i spe r s ion  of 
fine p a r t i c l e  size (~50~)  con t a in ing  e q u i a x e d  p a r -  
t ic les  a n d  5-10% by  w e i g h t  Th (12 .5-25% Th~Bi~). 
Th con ten t  a n d  p a r t i c l e  size w e r e  d e t e r m i n e d  m e t -  
a l l o g r a p h i c a l l y .  

Mechanical Dispersion Preparation 
I n i t i a l l y  p r e p a r e d  d i spe r s ions  of Th~Bi5 in Bi  w e r e  

m a d e  b y  the  a d d i t i o n  of c o m m i n u t e d ,  s c r eened  as-  
p r o d u c e d  (no t  l e a c h e d )  e l e c t ro ly t i c  Th depos i t s  to 
l i qu id  Bi. Cond i t ions  of t ime,  t e m p e r a t u r e ,  and  ag i -  
t a t i on  w e r e  con t ro l l ed .  

The  fo l l owing  fac to rs  w e r e  br ie f ly  s t u d i e d  in th is  
p h a s e  of the  w o r k :  d i s p e r s i o n  t ime ;  t e m p e r a t u r e ;  
effect of depos i t  m e s h  size; effect of sa l t  a d d i t i o n  to 
c a t h o d e  m i x  (e.g., MgCI~). 

This  w o r k  i n d i c a t e d  t ha t  u n l e a c h e d  ca thode  d e -  
pos i t s  could  no t  be  used  to fo rm t h e  d i spe r s ions  and  
was  t hus  a b a n d o n e d  in f a v o r  of t he  m o r e  d i r ec t  
m e t h o d s  d e s c r i b e d  be low.  

Mechanical Preparation within the Cell 

The  second  a p p r o a c h  i n v o l v e d  the  omiss ion  of 
c a thode  r e m o v a l  a n d  c o m m i n u t i o n  s teps  as we l l  as 
the  l each ing  ope ra t ion .  The  Th e l ec t rodepos i t  w a s  
first  p r e p a r e d  b y  e l ec t ro ly s i s  of ThC14 and  t h e n  
d r o p p e d  in to  a pool  of m o l t e n  Bi  con t a ined  w i t h i n  
t h e  cell .  

E q u i p m e n t  used  for  th is  p r o c e d u r e  has  been  d e -  
s c r i bed  p r e v i o u s l y  (10) .  A l l  i n t e r n a l  p a r t s  a r e  of 
g r a p h i t e  i n c l u d i n g  the  c ruc ib le .  The  c r u c i b l e  is s u p -  
p o r t e d  on a g r a p h i t e  t o p p e d  Ni  pos t  w h i c h  also 
se rves  as t he  a n o d e  connect ion .  Ca thode  e n t r y  is 
t h r o u g h  t h e  p o r t  in the  r e m o v a b l e  head .  S t e e l -  
t i p p e d  Ni  rods  w e r e  used  as ca thodes .  The  cel l  is 
h e a t e d  b y  a m a c h i n e d  g r a p h i t e  r e s i s t ance  e l ement .  
L a m p b l a c k  is e m p l o y e d  as an  i n su l a t i ng  m a t e r i a l .  
The  Bi  was  c o n t a i n e d  in  a p o r c e l a i n  cup on the  
c r u c i b l e  bo t tom.  

The  h e a t i n g  c u r r e n t  was  s u p p l i e d  b y  a 7.5 k v a  
t r a n s f o r m e r  coup led  w i t h  a p o w e r s t a t .  The  d - c  
source  was  a 200 a m p  Se rect i f ier .  

Cond i t ions  of the  e l ec t ro lys i s  w e r e  a d j u s t e d  to 
g ive  a fine p a r t i c l e  size depos i t ,  i.e., h igh  c u r r e n t  
dens i ty ,  l o w e r  t e m p e r a t u r e ,  and  r e l a t i v e l y  h igh  Th 
c o n c e n t r a t i o n  in t he  mel t .  

W h e n  t h e  m e l t  h a d  been  e x h a u s t e d  e s s e n t i a l l y  of 
Th con ten t ,  the  ce l l  was  shu t  d o w n  and  the  ca thode  
s u p p o r t  rod  t a p p e d  so t ha t  the  depos i t  s l i pped  off 
in to  t he  Bi. The  m i x t u r e  was  t h e n  v i g o r o u s l y  s t i r r e d  
1-11/2 hr .  P r o p e r  s t i r r i n g  is e s sen t i a l  in  ach i ev ing  
c o m p l e t e  r e a c t i o n  a n d  o b t a i n i n g  a h o m o g e n e o u s  d i s -  
pe rs ion .  

D a t a  f r o m  s e v e r a l  r uns  of th is  t y p e  a r e  s u m -  
m a r i z e d  in  T a b l e  II .  This  was  t he  mos t  cons i s t en t ly  
successfu l  p r o c e d u r e  of t he  t h r e e  a p p r o a c h e s  t r i ed .  
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Table II. Mechanical dispersion preparation in cell 

% 
Mel t  Ter~p,  C.D. ThaBi5 Th.~Bi~ cha rac t e r ,  

wt .  % ~ a m p / d m =  in  B i  p a r t i c l e  size---~ 

37.7 NaC1-ThCL 650 250 20 Fine grained 
33.5 NaC1 equiaxed, 9-35 
28.8 KC1 
19.0 NaC1.ThCL 650 250 
44.5 NaC1 
36.5 KC1 
Like (406-12) 635 250 
26.4 NaC1-ThCL 540 250 
16.8 NaCI 
56.8 CaCL 

50 Equiaxed, 42 

50 Equiaxed, 42 
60 Equiaxed, fine 

Note :  A l l  m e l t s - - 5 - 1 0 %  T h  by wt ,  500 g, B i  pool ;  a l l  m e l t s  ag i -  
t a t e d  u s i n g  m o t o r - d r i v e n  s t i r r e r  w i t h  g r a p h i t e  or  s t a in less  s t e e l  
p a d d l e  a f t e r  depos i t  d ropped .  

Dispers ions  con t a in ing  up to 60% ThsBi5 were  p r e -  
pared.  

The  fo l lowing condi t ions  are  i m p o r t a n t  to the  
successful  use of this  p rocedure :  

1. The  e lect rolys is  of ThCL m u s t  be  car r ied  out  
u n d e r  condi t ions  to y ie ld  a fine par t ic le  size Th  
powder ;  t empe ra tu r e ,  550 ~ ~ Th  concen t r a t ions  
5-10 w / o ;  ccd, 200-300 a m p / d m  ~. 

2. Efficient m e c h a n i c a l  ag i ta t ion  m u s t  be car r ied  
out  d u r i n g  add i t ion  of the  deposi t  to the  Bi a nd  for 
a per iod  of t ime  a f t e rward .  

3. Longer  s t i r r ing  per iods  t end  to reduce  p a r -  
t icle size of the  Th~Bi~. 

Direct Electrodeposition 

Direct  e lec t rodepos i t ion  of Th  f rom a fused ThCL-  
MCI~ sys tem us ing  a l iqu id  Bi ca thode was car r ied  
out  in  cells, whose des ign  is essen t ia l ly  a closed Ni-  
l ined  s ta inless  steel t ube  hea ted  e x t e r n a l l y  by  n i -  
ch rome  w o u n d  resistors.  The  head  is a gasketed,  
wa te r - coo led  N i - l i n e d  steel p la te  w i th  openings  for 
cathode, anode,  and  s t i r rer .  The me l t  con t a ine r  was 
a porce la in  beake r  inse r t ed  in  a g raph i t e  c ruc ib le  as 
a safety m e a s u r e  in  case of b reakage .  Electrolysis  
was  car r ied  out  in  an  A a tmosphe re  us ing  a g raph i te  
anode.  A g raph i t e  t ipped Ni rod served as a con-  
tac t  to the m o l t e n  Bi cathode in  the  bo t tom of the  
porce la in  c ruc ib le .The  cathode contac t  was i n s u l a t e d  
f rom the  mel t  by  a qua r t z  sleeve. In  ear l ie r  runs ,  
s t i r r ing  was a t t emp ted  by  b u b b l i n g  A gas t h r ough  

Fig. 3. Component parts of cell used in liquid Bi cathode elec- 
trolysis. A, Ni lined steel, water-cooled cell head; B, graphite 
anode; C, steel stirrer; D, graphite tip, cathode contact; E, por- 
celain crucible; F, graphite outer crucible; G, Ni shaft of cathode 
contact; H, quartz sleeves. 

the  cathode contact .  La te r  mechan i ca l  s t i r r ing  was  
used, wi th  a g raph i t e  padd le  i m m e r s e d  in  the  ca th -  
ode; this was more  successful.  Crucibles ,  electrodes,  
and  s t i r re r  are i l l u s t r a t ed  in  Fig. 3. The  cell was  
opera ted  th rough  a West  con t ro l le r  us ing  a t h e r m o -  
couple  in  the  cruc ib le  wall .  T e m p e r a t u r e  was  con-  
t ro l led  to _10~  A 100-amp Se rectif ier  acted a s  

a d-c  source for the  un i t .  

The ThCI~ used was  p r e p a r e d  in  this  l abo ra to ry  
f rom ThOCO~ by  procedures  p rev ious ly  descr ibed 
(10).  Other  sal ts  were  of r e a ge n t  g rade  a nd  care 
was t a ke n  to exc lude  air, mois ture ,  and  o ther  con-  
t a m i n a n t s  f rom the  system. In  m a n y  runs ,  the  me l t  
was first sparged wi th  HC1 for f u r t he r  purif icat ion.  

Electrolysis  was  gene ra l l y  car r ied  out  for a suf-  
ficient n u m b e r  of ampere  hours  to y ie ld  a Th~Bis-Bi 
ingot  con t a in ing  25% Th~Bi5 (10% Th)  based  on a 
50% c u r r e n t  efficiency. 

Table II1. Electrodepositlon of Th in liquid Bi 

Temp,  % T h  W t  B i  C.D. % Th~Bi5 Th~Bi5 c h a r a c t e r ;  
R u n  Me l t  ~ m e l t  g a m p / d i n  e A g i t a t i o n  i n  B i  avg.  p a r t i c l e  size 

368-5 NaC1-KC1 (1: 1) 730 5 150 22 None 2 Sma l l - - a t  grain 
boundaries 9 

368-11 NaC1-KC1 ( 1: 1) 755 10 100 140 None 16 Large, long rectang. 
plates--630 x 42 

368-6 NaC1-KC1 (1: l) 725 25 150 18 None 11 Massive clusters--10 
368-14 NaC1-CaCL 625 10 150 28 None 0.8 Small  amt . - - top  of 

ingot--40 
368-22 NaC1-CaCL 625 21 150 160 None 1 Small  amt. equ iaxed- -  

part icles--7 
368-25 LiC1-KC1 425 10 150 18 Bubble 2.5 Massive needle  l i ke - -  

12~ 
368-24 LiC1-KC1 405 25 150 18 Bubble 1.5 Small  amt. large--26 
368-34 MgCL-NaC1-KC1 405 12 150 50 Mech. 5 Small  amt. equ iaxed- -  

14 
368-36 MgCL-NaC1-KC1 600 12 150 50 Mech. 20 Equiaxed 39 
368-38 MgCL-NaC1-KC1 600 17 500 1O0 Mech. 30 Equiaxed, some plates 
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Fig. 4. Button obtained by dropping technique. Middle of speci- 
men. Magnification, 150X before reduction for publication. 

Mel ts  w e r e  a l l o w e d  to cool w i t h i n  t he  cell .  The  
ingot  was  eas i ly  s e p a r a t e d  f rom the  sa l t  a n d  t h e n  
sec t ioned  fo r  e x a m i n a t i o n .  

I n i t i a l  r u n s  w e r e  of a s u r v e y  n a t u r e  in  o r d e r  to 
e s t ab l i sh  cond i t ions  r e q u i r e d  to depos i t  Th in  a 
l i qu id  Bi  ca thode .  V a r i a t i o n s  w e r e  ef fec ted  in  t e m -  
p e r a t u r e ,  c u r r e n t  dens i ty ,  Th c o n c e n t r a t i o n  in  t h e  
mel t ,  and  a g i t a t i o n  a t  t h e  ca thode .  

I n  o r d e r  to i n v e s t i g a t e  a r a n g e  of  t e m p e r a t u r e s  
f rom 400~176 v a r i o u s  a l k a l i  and  a l k a l i n e  e a r t h  
ch lo r ide  eu tec t ics  w e r e  e m p l o y e d  as mel ts .  C u r r e n t  
d e n s i t y  v a r i a t i o n  was  f r o m  20-160 a m p / d i n  ~, a n d  
m e l t  Th c o n c e n t r a t i o n  f r o m  5-25% b y  we igh t .  

D a t a  f r o m  s e v e r a l  e l e c t ro ly t i c  r uns  a r e  s u m -  
m a r i z e d  in  T a b l e  III .  The  fo l l owing  g e n e r a l  o b s e r v a -  
t ions  w e r e  ga ined  f r o m  th i s  work .  

1. Runs  e m p l o y i n g  no a g i t a t i o n  or  b u b b l e  ag i -  
t a t i o n  g e n e r a l l y  gave  low c o n c e n t r a t i o n  d i spe r s ions  
w i t h  a l a r g e  a m o u n t  of r e s i d u a l  u n r e a c t e d  Th p o w -  
d e r  in  t h e  v i c i n i t y  of t he  ca thode .  

2. M e c h a n i c a l  a g i t a t i o n  of t he  ca thode  p r o d u c e d  
c o m p l e t e l y  r e a c t e d  d i spe r s ions  of m a x i m u m  con-  
c e n t r a t i o n  a n d  m o r e  u n i f o r m  p a r t i c l e  size and  h o m o -  
gene i ty .  

3. B a t h  c o n c e n t r a t i o n s  of a r o u n d  10% b y  w e i g h t  
Th  gave  t h e  bes t  r e s u l t s  f r om t h e  s t a n d p o i n t  of u n i -  
f o r m  e q u i a x e d  pa r t i c l e s .  

4. L o w  c u r r e n t  dens i t i e s  ( < 5 0  a m p / d i n  ~) g e n -  
e r a l l y  p r o d u c e d  i n f e r i o r  resu l t s .  

5. B a t h  compos i t i on  o t h e r  t h a n  Th con ten t  has  
l i t t l e  if  a n y  effect on the  r e s u l t i n g  d i spers ion .  

Fig. 6. Electrolytic Th deposited in Bi. Large rectangular plates 
of Th~Bi~. 630 X 42 ~. Magnification, 75X before reduction for 
publication. 

6. B e t t e r  m i x i n g  was  o b t a i n e d  us ing  500 g c a t h -  
odes as opposed  to 100-150 g ( in  350-g  m e l t s ) .  

7. S t i r r i n g  is effect ive  in  b r e a k i n g  up  a n d / o r  
h i n d e r i n g  f o r m a t i o n  of c lus te r s  a n d  l a r g e  p l a t e s  of 
Th~Bi~. 

8. T e m p e r a t u r e s  of 600~176 a r e  p r e f e r r e d  to  
400~176 f r o m  a r e s u l t i n g  p a r t i c l e  s ize s t andpo in t .  

Evaluat ion  
M e t a l l o g r a p h i c  t e chn iques  w e r e  e m p l o y e d  bo th  for  

p a r t i c l e  size ana lys i s  and  for  e s t i m a t i n g  Th3Bi~ con-  
t en t  of t h e  d i spe r s ion  ingots  p r e p a r e d .  

A l l  ingo t s  w e r e  first  w a s h e d  to r e m o v e  a n y  s u r -  
face  sal ts .  This  p r o d u c e d  some su r f ace  ox ida t ion ,  
s ince  T h a i 5  r eac t s  r e a d i l y  w i t h  moi s tu re .  The  s a m -  
p les  w e r e  s ec t ioned  for  e x a m i n a t i o n ,  so th is  d id  no t  
i n t e r f e r e .  A l l  cu t t i ng  a n d  p o l i s h i n g  o p e r a t i o n s  w e r e  
done  u n d e r  CCI~ to p r e v e n t  t a r n i s h i n g  of t he  spec i -  
m e n  surfaces .  B a k e l i t e  m o u n t i n g s  w e r e  emp loyed .  
P l a n e  su r faces  w e r e  o b t a i n e d  in a g r i n d i n g  bel t ,  a n d  
po l i sh ing  was  done  on a s low l a p p i n g  w h e e l  w i t h  
e i t he r  1 ~ d i a m o n d  p o w d e r  or  L i n d e  l e v i g a t e d  a l u m -  
ina  (B 5125).  S p e c i m e n s  w e r e  s t o r e d  u n d e r  CC1,. 

P a r t i c l e  size d e t e r m i n a t i o n s  w e r e  m a d e  b y  use  of 
a F i l e r  eye  piece,  t a k i n g  the  a v e r a g e  of 6 or  m o r e  
r ead ings .  C o n c e n t r a t i o n s  of t he  d i s p e r s i o n  was  es-  
t i m a t e d  b y  su r f ace  a r e a  of Th~Bi~ pa r t i c l e s .  

S e v e r a l  spec imens  p r o d u c e d  b y  the  e l e c t ro ly t i c  
m e t h o d s  e m p l o y e d  a re  s h o w n  in  Fig.  4-7. 

T h e  ingo t s  in  Fig .  4 a n d  5 w e r e  p r e p a r e d  b y  t h e  
in situ a d d i t i o n  me thod .  Fig .  4 is a t y p i c a l  m i d d l e  

Fig. 5. Top of button in Fig. 4. High magnification. Particles 
9-35 ~ in size. Magnification, 500X before reduction for publication. 

Fig. 7. 500 g Bi-ThsBi5 showing high concentration (co. 30%) of 
equiaxed particles. Magnification, 150X before reduction for pub- 
lication. 
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sect ion of such an  ingot,  and  Fig. 5 is a spec imen  
con t a in ing  about  50% Th,Bi5 w i th  an  average  p a r -  
t icle size of 42 tL. 

Fig. 6 and  7 were  p r epa red  by the direct  e lectro-  
deposi t ion  technique .  Fig. 6 i l lus t ra tes  the large 
p la te le t  f o rma t ion  which  can occur whe re  s t i r r ing  is 
not  used or is ineffective.  Fig. 7 is the des i red type  
of equ iaxed  par t ic le  in  abou t  30% concen t ra t ion .  

Conclusions 
Three  approaches  to the  p r e p a r a t i o n  of Th3Bi~ 

dispers ions  in  l iqu id  Bi have  been  inves t iga ted .  
These th ree  methods  have  a m o u n t e d  to a progress ive  
e l im ina t i on  of steps in  the  recovery  of Th  me t a l  
powder  f rom fusion electrolysis  ca thode deposits.  
Dispers ions  sa t is factory  in  both  par t ic le  size and  
shape character is t ics  have  been  p r epa red  us ing  com-  
m i n u t e d  deposits, as -depos i ted  cathodes,  and  also 
by  direct  e lec t rodepos i t ion  in  Bi. 

The pa r t i cu l a r  me thod  su i tab le  for a g iven  p rac -  
t ical use would  depend  la rge ly  on the  economics i n -  
vo lved  wi th  respect  to the r e q u i r e d  q u a n t i t y  of 
dispersion.  For  l abo ra to ry  quant i t ies ,  the  use of Th  
powder  or c o m m i n u t e d  deposit  wou ld  be  s impler .  
For  smal l  scale commerc ia l  amounts ,  the  in situ pre -  
pa r a t i on  would  seem desirable .  If la rge  quan t i t i e s  
were  requi red ,  the direct  e lect rolyt ic  p rocedure  
would  p r o b a b l y  offer the most  economical  p r e p a r a -  
tion. Use of a f lowing Bi cathode would  enab le  p r e -  
pa r a t i on  of the d ispers ion  on a con t inuous  basis. 

The  more  i m p o r t a n t  cons idera t ions  p e r t i n e n t  to 
successful  p r e p a r a t i o n  of a d ispers ion  su i tab le  for 
use as a l iqu id  reactor  fuel  as ind ica ted  by  this  i n -  
vest igat ion,  are s u m m a r i z e d  below:  

1. Th  me ta l  powder  ut i l ized should  be of fine 
par t ic le  size and  as u n i f o r m  as possible. Condi t ions  
of h igh c u r r e n t  densi ty ,  m i n i m u m  t empera tu re ,  and  
high Th mel t  concen t r a t i on  should be used w h e t h e r  
Th is d i rec t ly  deposi ted in  Bi or Th deposit  is p r e -  
pa red  first. 

2. Vigorous mechan ica l  s t i r r ing  is r equ i r ed  d u r -  
ing and  fo l lowing m i x i n g  of Th wi th  Bi regardless  of 
p rocedure  used. This promotes  fo rma t ion  of Th~Bi~ 
and  also serves to reduce  final par t ic le  size a nd  
p la te le t  fo rmat ion .  

3. Par t i c le  size of Th~Bi~ in  gene ra l  decreases 
wi th  increased  t empera tu re ,  a l though  in  the  di rect  
e lectrolysis  the t e n d e n c y  of increased  t e m p e r a t u r e  
to p roduce  la rger  Th  par t ic les  m i n i m i z e d  the effect 
somewhat .  

4. Th~Bi~ par t ic le  size tends  to decrease wi th  an  
increase  of d ispers ion  or s t i r r ing  time. 

5. Other  salts have  l i t t le  effect e i the r  as con-  
s t i tuen ts  of an  e lect rolyt ic  me l t  or added  to a m e -  
chanica l  mix tu re .  

6. Dispers ions  m a y  be p r epa red  c o n t a i n i n g  up  to 
50% Th~Bi5 d e p e n d i n g  on condi t ions  employed.  P a r -  
t icle size m a y  r a nge  f rom 5-1000 ~ d e p e n d e n t  on the  
Th  me t a l  used a nd  on d ispers ion  condi t ions.  Th~Bi~ 
m a y  be p r epa red  as p la te le t s  or as equ i axed  p a r -  
ticles. 

This  in i t i a l  i nves t iga t ion  has d e m o n s t r a t e d  ade-  
qua t e ly  the feas ib i l i ty  of p r e p a r i n g  l iqu id  m e t a l  fuel  
dispersions,  a nd  in  pa r t i cu la r ,  Th~Bi~-Bi, us ing  
electrolyt ic  Th. It  is no t  necessa ry  to r emove  Th 
f rom its salt  m a t r i x  pr ior  to reac t ion  w i th  the  Bi. It  
also m a y  be d i rec t ly  deposi ted in  an  ag i ta ted  Bi 
ca thode  to form the des i red dispersion.  
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ABSTRACT 

Elec t romot ive  force measurements  on galvanic  cells involv ing  solid electro-  
lytes  have been made in order  to obta in  the s t andard  molar  f ree  energy of 
fo rmat ion  of CoO, NiO, Cu~O, AgeS, Ag~Se, PbS, and severa l  phases of the 
system Ag-Te at e leva ted  tempera tures .  

H a b e r  and  Tol loczko  (1) ,  K a t a y a m a  (2) ,  R e i n h o l d  
(3, 4),  T r e a d w e l l ,  A m m a n n ,  a n d  Zf i r r e r  (5) ,  C r o a t t o  
a n d  B r u n o  (6) ,  Rose, Davis ,  a n d  E l l i n g h a m  (7) ,  
S a t o r  (8) ,  and  o the r s  h a v e  s h o w n  t h a t  emf  m e a s u r e -  
m e n t s  on g a l v a n i c  cel ls  i n v o l v i n g  so l id  e l e c t r o l y t e s  
m a y  y i e l d  v a l u a b l e  t h e r m o d y n a m i c  da ta .  The  fo l -  
l owing  i n v e s t i g a t i o n s  h a v e  been  m a d e  in  o r d e r  to  
show n e w  p o t e n t i a l i t i e s  of emf  m e a s u r e m e n t s  on 
g a l v a n i c  cel ls  i n v o l v i n g  so l id  e l e c t r o l y t e s  for  t he  
d e t e r m i n a t i o n  of t he  s t a n d a r d  m o l a r  f r ee  e n e r g y  of 
f o r m a t i o n  of oxides ,  sulfides,  se lenides ,  and  t e l l u r i d e s  
at  e l e v a t e d  t e m p e r a t u r e s .  

Oxide Ceils 
General 

In  o r d e r  to o b t a i n  t he  s t a n d a r d  m o l a r  f ree  e n e r g y  
of f o r m a t i o n  of CoO, NiO, and  Cu20, cel ls  of t y p e  

A, A ( O )  I e l e c t r o l y t e  I B, B ( O )  ( I )  

i n v o l v i n g  ox ides  A ( O )  and  B ( O )  of m e t a l s  A a n d  B 
have  been  inves t iga t ed .  The  e l e c t r o l y t e  was  a so l id  
so lu t ion  of ZrO~ a n d  CaO invo lv ing  o x y g e n  ion v a -  
cancies  acco rd ing  to H u n d  (9) .  E l ec t r i c a l  conduc t ion  
due  to m i g r a t i o n  of o x y g e n  ions v i a  vacanc i e s  has  
been  a s c e r t a i n e d  b y  tes t s  d e s c r i b e d  be low.  A n a l o -  
gous  so l id  ox ide  so lu t ions  w e r e  t e s t e d  b u t  f o u n d  to 
be  less sa t i s f ac to ry .  

F o r  p r e d o m i n a n t  ionic  conduc t i on  due  to m i g r a -  
t ion  of o x y g e n  ions  in  t h e  e l ec t ro ly t e ,  the  v i r t u a l  
cel l  r e a c t i o n  m a y  be  e x p r e s s e d  in  t e r m s  of o x y g e n  
t r a n s f e r  f r o m  the  r i g h t - h a n d  to t he  l e f t - h a n d  e lec-  
t rode .  Hence  the  emf  E of  cel l  ( I )  is 

E = [  " - '  o2 - - F ~ ~ 1 7 6  [1]  

w h e r e  Fo~' and  Fo~", r e spec t i ve ly ,  a r e  t h e  p a r t i a l  mo-  
l a r  f ree  ene rg ie s  of o x y g e n  on the  l e f t - h a n d  and  t h e  
r i g h t - h a n d  s ide  of cel l  ( I ) ,  F ~  ~ is t h e  s t a n d a r d  
m o l a r  f ree  e n e r g y  of oxygen ,  and  F is t h e  F a r a d a y  
cons tan t .  

In  mos t  e x p e r i m e n t s  r e p o r t e d  be low,  a m i x t u r e  of 
i r on  and  wi i s t i t e  was  used  on t h e  l e f t - h a n d  s ide  of  
cel l  ( I ) .  Upon  c o m b i n i n g  v a l u e s  of  t h e  C O J C O  r a t i o  
ove r  i r on  and  wf is t i te  a cco rd ing  to D a r k e n  a n d  
G u r r y  (10) and  s t a n d a r d  m o l a r  f r ee  ene rg i e s  of 
f o r m a t i o n  for  CO and  CO2 acco rd ing  to C o u g h l i n  
(11) ,  v a l u e s  for  t h e  r e l a t i v e  p a r t i a l  m o l a r  f ree  e n -  

F ~ e r g y  F o ~ -  o~ ove r  i ron  and  wf is t i t e  h a v e  been  ca l -  

P r e s e n t  addres s :  R a t a k a t u  5 B 18, He l s ink i ,  F i n l a n d .  

Table I. Free energy values for the system iron-oxygen from gas 
equilibrium measurements 

I r o n  + W~istite W i i s t i t e  + M a g n e t i t e  

Temp, pcoJpc o Fo2-- Foe~ ~%ojPeo Foe-- Fo2~ 
~ kcal kcal 

800 0.532 --93.00 2.56 --86.30 
900 0.460 --89.76 3.47 --80.34 

1000 0.396 --86.68 4.62 --74.26 
1100 0.355 --82.52 6.12 

c u l a t e d  and  a re  l i s t ed  in  T a b l e  I. U p o n  s u b s t i t u t i n g  
these  v a l u e s  a n d  e x p e r i m e n t a l  v a l u e s  of E in  Eq. 

F o [1] ,  v a l u e s  of o ~ - - F ~  ove r  m e t a l  B a n d  ox ide  
B ( O )  and  the  s t a n d a r d  m o l a r  f ree  e n e r g y  of f o r m a -  
t ion  of ox ide  B ( O )  h a v e  been  c a l c u l a t e d  for  B = 
Co, Ni, Cu. 

In  some runs ,  a m i x t u r e  of wf i s t i t e  a n d  m a g n e t i t e  
was  used  on the  l e f t - h a n d  s ide  of the  cel l  in  o r d e r  
to def ine the  o x y g e n  po ten t i a l .  F o r  t he  e v a l u a t i o n  

of these  e x p e r i m e n t s ,  v a l u e s  of Fo~--Fo2 ~ over  
w i l s t i t e  and  m a g n e t i t e  h a v e  b e e n  c a l c u l a t e d  and  a r e  
also l i s t ed  in T a b l e  I. 

Preparation of the Electrolytes 

The  fo l lowing  sol id  so lu t ions  w e r e  p r e p a r e d  ac -  
co rd ing  to H u n d  (9, 12),  

A:  0.85 ThO~ -t- 0.15 LaOl.~ 
B: 0.75 ThO2 + 0.25 LaO~.5 
C: 0.85 ThO2 -k 0.15 CaO 
D: 0.85 ZrO2 + 0.15 CaO 
E:  0.60 ZrO2 + 0.40 CaO 

To p r e p a r e  e l e c t ro ly t e s  A and  B, a so lu t ion  of 
Th (NO~)~ and  La20~ in d i l u t e  n i t r i c  ac id  was  p r e c i p i -  
t a t e d  w i t h  a m m o n i a .  The  c o p r e c i p i t a t e d  h y d r o x i d e s  
w e r e  c o n v e r t e d  in to  ox ides  as is d e s c r i b e d  b e l o w  for  
ZrO.~-CaO. E l e c t r o l y t e  C was  p r e p a r e d  b y  e v a p o r a t -  
ing  a so lu t ion  of Th(NO~)4 and  CaCO8 in d i l u t e  
n i t r i c  acid.  S i m i l a r l y ,  to p r e p a r e  e l e c t r o l y t e s  D a n d  
E, z i r c o n y l  n i t r a t e  was  d i s so lved  in  bo i l i ng  concen -  
t r a t e d  n i t r i c  ac id  and  c a l c i u m  c a r b o n a t e  was  d i s -  
so lved  in  d i l u t e  n i t r i c  acid.  A m i x t u r e  of t h e s e  so lu -  
t ions  w a s  e v a p o r a t e d  in  a p o r c e l a i n  d i sh  to d r y n e s s  
on a w a t e r  ba th .  The  r e m a i n i n g  sol id  m a t e r i a l  was  
d r i e d  o v e r n i g h t  a t  120~ g r o u n d  in an  a g a t e  m o r t a r ,  
d e c o m p o s e d  a t  a b o u t  500~ and  f i red  12 h r  at 
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Lead to~ Thermocouple 

Potentiorneter Rubber Gasket 

N 2 Outlet 

Brass Head 

Pt Leo or Tube 

Cell .Nichrorne 
Resistance 
Furnace 

~ r t u b e  

Vycor rod Lead to Potenfiometer 
N 2 Inlet 

Brass Head 
Fig. 1. Cell for rneosurernents with solid oxide electrolyte 

1000~ and  12 hr  at 1250~ in  a P t  boat  w i th  g r ind -  
ing af ter  each firing. The powder  was pressed in to  
tab le ts  0.5 cm in  d i ame te r  and  abou t  0.2 cm th ick  at 
a p ressure  of abou t  10 t o n s / c m  ~. The table ts  were  
f inal ly  s in te red  ove rn igh t  in  a P t  boat  u n d e r  a i r  at  
1400~176 

W h e n  the  powder  was fired at  a t e m p e r a t u r e  be -  
low 1250~ i t  was  too v o l u m i n o u s  and  not  su i t ab le  
for p ress ing  tablets .  On  the o ther  hand,  w h e n  the  
powder  was  fired at h igher  t empera tu res ,  it  was not  
sufficiently reac t ive  to y ie ld  dense tab le t s  d u r i n g  the  
final s in te r ing .  

A r r a n g e m e n t  of  t he  Ce l l  

A cell of type  (I)  consists of a t ab le t  of a m i x t u r e  
of me t a l  A and  its oxide, a t ab le t  of the  electrolyte ,  
and  a t ab le t  of a m i x t u r e  of me ta l  B and  its oxide 
b e t w e e n  P t  disks connected  wi th  P t  leads. The  cell 
a s sembly  is shown in  Fig. 1. Since one lead goes to 
the top and  the  o ther  lead to the  bo t tom of the  f u r -  
nace, the e x t e r n a l  res i s tance  b e t w e e n  the  leads in  
pa ra l l e l  to the  cell is d e t e r m i n e d  by  the  res i s t iv i ty  
of the s t ruc tu r a l  componen ts  of the  cell a s sembly  
which  a re  at  room t e m p e r a t u r e  w i th  a neg l ig ib le  
leakage  cur ren t .  The  smal l  d is tance  b e t w e e n  the 
electrodes min imizes  local t e m p e r a t u r e  differences 
w i t h i n  the  cell and  the re f rom e v e n t u a l l y  r e su l t ing  
the rmoelec t r i c  forces. The t e m p e r a t u r e  of the  cell 
can be  m e a s u r e d  w i th  the  help of a t he rmocoup le  
n e x t  to the  top electrode of the cell. 

To assemble  the  cell, the  bo t tom brass  head wi th  
the  vycor  rod was lowered  un t i l  the  top of the vycor  
rod was outs ide  the  furnace .  Af te r  a s sembl ing  the  
celI on top of the vycor  rod, the  ou te r  vycor  t ube  
was  b rough t  in  pos i t ion  and  the r e m a i n i n g  par t s  of 
the cell a s sembly  were  ins ta l led  so tha t  the  cell  was  
u n d e r  l ight  pressure .  F i n a l l y  the  whole  cell assem-  
b ly  was  raised so tha t  the  cell was in  the midd le  of 
the  r e s i s t ance -hea t ed  furnace .  

Use of an  ou te r  t r a n s p a r e n t  vycor  t ube  fac i l i ta ted  
a s sembl ing  of the cell bu t  l imi ted  the  m a x i m u m  op- 
e ra t ing  t e m p e r a t u r e  to abou t  1150~ 

Al l  m e a s u r e m e n t s  were  m a d e  in  pur i f ied n i t r o g e n  
or argon.  The  gas was pur i f ied  by  pass ing  over  as-  
carite,  a n h y d r o u s  m a g n e s i u m  perchlora te ,  act ive 
copper at  200~ (13), a nd  f inal ly  once more  over  
ascar i te  and  a n h y d r o u s  m a g n e s i u m  perchlora te .  The 
uppe r  pa r t  of the  copper  tower  was oxidized in  order  
to r emove  h y d r o g e n  or hyd roca rbons  poss ib ly  pres -  
en t  in  the t a n k  gas. 

C o n d u c t i v i t y  M e a s u r e m e n t s  

At e leva ted  t empera tu res ,  concen t ra t ions  of excess 
e lect rons  and  e lec t ron  holes in  the solid oxide elec- 
t ro ly tes  a re  p r e s u m a b l y  d e t e r m i n e d  by  the  oxygen  
pa r t i a l  p ressure  of the  s u r r o u n d i n g  a tmosphere  by  
v i r t ue  of the  react ions  

O2(g) + 4 excess e lect rons  + 2 an ion  v a c a n c i e s = 2  O ~- 

[2] 

O~(g) + 4 va l ence  electrons + 2 an ion  vacancies  

= 2 O ~- + 4 e lec t ron  holes [3] 

In  v iew of the  low tota l  conduct iv i ty ,  concen-  
t r a t ions  of excess e lect rons  a nd  e lec t ron  holes a r e  
m u c h  smal le r  t h a n  the concen t r a t i on  of an ion  va -  
cancies.  Thus, concen t ra t ions  of an ion  vacancies  a n d  

va lence  e lect rons  are v i r t u a l l y  i n d e p e n d e n t  of the  
e x t e r n a l  oxygen  pa r t i a l  pressure .  Hence,  on app ly -  
ing the  ideal  l aw of mass  act ion to Eqs. [2] and  
[3],  it  follows tha t  

c_ = Kl(po~) -11" [4] 

c+ = K~(po~) ~/" [5] 

where  c_ and  c+, respect ively ,  a re  the  concen t ra t ions  
of excess e lectrons and  e lec t ron  holes, a nd  K1 and  K~ 
are constants .  

In  v iew of Eqs. [4] a nd  [5],  an  apprec iab le  con-  
t r i bu t i on  of excess e lec t rons  or e lec t ron  holes  is i n -  
d icated by  a r ise of the tota l  conduc t iv i ty  w i th  
decreas ing  or inc reas ing  oxygen  pa r t i a l  pressure ,  
respect ively.  

In  order  to test  the  dependence  of the  to ta l  con-  
due t iv i ty  on oxygen  pa r t i a l  pressure ,  the  e lect r ical  
res is tance  of e lec t ro ly te  tab le t s  was  m e a s u r e d  be -  
t w e e n  P t  electrodes w i th  a l t e r n a t i n g  c u r r e n t  at 
870~ In  order  to m i n i m i z e  contact  resis tance,  the  
tab le ts  were  p rov ided  e i ther  w i th  t h in  A u  layers  
appl ied  by v a c u u m  vapor iza t ion ,  or wi th  t h in  P t  
films ob ta ined  by  cathodic sput te r ing .  

The fo l lowing a tmospheres  were  used. 
1. Oxygen  of a tmospher ic  pressure ,  po~ = 1 arm, 
2. A i r  of a tmospher ic  pressure ,  po~ = 0.21 atm, 
3. Ni t rogen  of a tmospher ic  pressure ,  po= ~ 10 -~ to 

10 ~ arm, 
4. A r g o n  s a t u r a t e d  w i th  w a t e r  vapor  at  room 

t e m p e r a t u r e  w i th  an  add i t ion  of e lect rolyt ic  
h y d r o g e n  cor responding  to a H~O/H~ rat io  of 
the order  of un i ty ,  po~ ~ 10 -~7 a tm,  

5. Hydrogen  of a tmospher ic  p ressure  sa tu ra t ed  
w i th  w a t e r  vapor  a t  2 5 ~  po~ ~ 10 -~ atm,  

6. H y d r o g e n  of a tmospher ic  p ressure  s a tu ra t ed  
wi th  w a t e r  vapor  at  0~ po~ ~ 4 • 10 -~ arm. 

The electr ical  conduc t iv i ty  of e lec t ro ly te  D (0.85 
ZrO~ + 0.15 CaO) at  870~ was  found  to be v i r t u a l l y  
cons tan t  (abou t  1.6 • 10 -~ ohm-~em -~) w h e n  the  oxygen  
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pa r t i a l  p ressure  was va r i ed  w i t h i n  the a f o r e m e n -  
t ioned  wide  l imits .  I n  contrast ,  the conduc t iv i t y  of 
ThO.~-La~O~ solid solut ions  var ied  up to 50% w h e r e -  
by an  ob jec t ionab le  m a g n i t u d e  of e lectronic  conduc-  
t ion is indicated.  Even  grea te r  va r i a t ions  have  been  
observed wi th  e lec t ro ly te  C (ThO~ § CaO).  Fo r  this  
reason,  the  fo l lowing  m e a s u r e m e n t s  h a v e  b e e n  m a d e  
wi th  solid ZrO~-CaO solut ions.  

E lec t ron ic  conduc t ion  in  ThO~-La,~O~ and  ThO~-CaO 
samples  m a y  have  been  caused by  the  presence  of 
impur i t i es .  F u r t h e r  inves t iga t ions  are needed  in  
order  to c la r i fy  the  n a t u r e  of e lect ronic  conduc t ion  
in  such solid oxide solut ions.  

In  order  to d e t e r m i n e  smal l  con t r ibu t ions  of elec-' 
t ronic  conduc t ion  in  ionic conductors ,  po la r iza t ion  
m e a s u r e m e n t s  are prof i table  as has been  shown  re -  
cen t ly  (14).  M e a s u r e m e n t s  on the cell 

Fe, wi is t i te  1 (ZrO~ -~ CaO) I Au  (II)  

conf i rmed tha t  e lectronic  conduc t ion  yields  on ly  a 
m ino r  c o n t r i b u t i o n  to the  tota l  conduct iv i ty .  These 
measu remen t s ,  however ,  were  not  car r ied  sufficient-  
l y  fa r  in  order  to m a k e  possible a comprehens ive  
q u a n t i t a t i v e  eva lua t ion .  

Measurements on Cells Involving Iron Oxides 

To ver i fy  the  p resuppos i t ion  of p r e d o m i n a n t  ionic 
conduction in ZrO~-CaO solid solutions, there was 
investigated the cell 

Fe, Fe~O [ (ZrO~ ~- CaO) ] F%O, FesO, (llI) 

where Fe~O and FeyO denote wiistite coexisting with 
metallic iron and with magnetite, respectively. 

Two-phase mixtures Fe, Fe~O and F%O, Fe~O, 
with  F e / O  rat ios  of 2 and  0.875, respect ively ,  were  
made  by  press ing  wel l  m ixed  h y d r o g e n - r e d u c e d  i ron 
powder  (--200 mesh,  Ma l l i nck rod t  A.R.) and  m a g -  
ne t i te  powder  (--200 mesh,  p r epa red  f rom C.P. 
FelOn) into tab le ts  at a p ressure  of 10 t o n s / c m  ~. 

In  each run ,  the emf of the  cell was  m e a s u r e d  at 
r i s ing  and  fa l l ing  t empera tu re .  In  general ,  s teady  
po ten t ia l s  were  a t t a ined  more  r ap id ly  at h igher  t e m -  
pe ra tu re s  t h a n  at  lower  t empera tu re s .  A s ingle  r u n  
las ted  one or two days, or even  longer .  Obse rved  
emf  va lues  were  plot ted  vs. t empe ra tu r e .  Runs  were  
cons idered  to be sa t i s fac tory  w h e n  va lues  for as-  
cend ing  and  descending  t e m p e r a t u r e s  agreed  w i t h i n  
1 or 2 my.  Values  for e v e n  t e m p e r a t u r e s  read f rom 
these  plots  are  l i s ted in  Tab le  II. 

I n  some runs ,  po ten t ia l s  were  found  to be i l l -  
defined. In  these  runs ,  the  e lec t ro ly te  was  no t  suffi- 
c ien t ly  dense  as was ind ica ted  b y  p e n e t r a t i o n  of the  
cons t i tuen t s  of the  electrodes t oward  the  in te r io r  of 
the  e lec t ro ly te  table t ,  poss ib ly  because  of cap i l l a ry  

Table II. Electromotive force E of cell (111) Fe, Fe~O 1 electrolyte { 
FeyO, Fe~O~ 

Calc. 
Elec tTolyie  E l e c t r o l y t e  f r o m  

Temp,  0.85 ZrO~ + 0.15 CaO 0.6 ZrO2 § 0.4 CaO Eq. [6] 
~ E (mv)  E (mv) E (my) 

800 72 73 71 71 71 70 72.5 
900 103 103 103 103 102 101 102.1 

1000 134 133 136 134 132 134 134.8 
1100 166 165 166 - -  166 168.5 
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Table III. Electromotive force E of cell (IV) Fe, wiJstite { (0.85 Zr02 
0.15 CaO) I Co, CoO and standard free energy change ~F ~ of 

the reaction Co(s) + 1/20~(g) ~ CoO(s) from emf measurements 
and calculations by Coughlin (11) 

Temp,  No. E AF ~ (kcal) 
~ of r u n s  m y  cel l  (IV) C o u g h l i n  

900 1 186 --36.30 --35.65 
950 4 188• --35.49 --34.75 

1000 4 189• --34.62 --33.80 
1050 4 191• --33.74 --32.90 
1100 4 192___2 --32.88 --31.95 

suct ion  by  v i r t u e  of plast ic  flow, or surface  diffusion. 
Other  r u n s  fai led p r o b a b l y  because  of h a r m f u l  im-  
pur i t i es  in  the  oxides used for the  p r e p a r a t i o n  of the  
electrolyte.  

The observed  emf va lues  m a y  be compared  wi th  
the  resul t s  of gas e q u i l i b r i u m  inves t iga t ions .  To 
this  end, one m a y  r ewr i t e  Eq. [1] as 

RT (pooJpoo) i, 
E ---- In  [6] 

2F (pcoJpoo), 

where  the  subscr ip ts  I and  II, respect ively ,  refer  to 
the l e f t - h a n d  a nd  the  r i g h t - h a n d  e lect rode of cell 
( I ) .  N ume r i c a l  va lues  of these  rat ios according to 
D a r k e n  and  G u r r y  (10) are l is ted in  Tab le  I. Emf  
va lues  ca lcula ted  f rom Eq. [6], which  are l isted in 
the last  co lumn  of Tab le  II, agree  ve ry  sa t i s fac tor i ly  
wi th  observed  emf  values .  

Standard Molar Free Energy of Formation of 
Cobalt Oxide 

Resul ts  for the  cell 
Fe, Fe~OI (0 .85ZrO~W0.15CaO)  [Co, CoO (IV) 

and  t he  s t anda rd  mo l a r  f ree ene rgy  of fo rma t ion  
~F ~ of cobal t  oxide are shown in  Tab le  III. Re l iab le  
va lues  were  ob ta ined  only  above 900~ The  r ep ro -  
duc ib i l i t y  of the emf  va lues  is •  v or be t t e r  
cor responding  to an  u n c e r t a i n t y  in  AF ~ of •  kcal.  

Upon  subs t i t u t i ng  observed  emf va lues  and  
C O J C O  rat ios over  i ron  and  wiis t i te  in  Eq. [6], 
C O J C O  rat ios  over  cobal t  and  cobal t  oxide and  the 
s t a n d a r d  free ene rgy  change  of the  reac t ion  

CoO(s)  ~- CO(g)  = Co(s )  ~- CO2(g) [7] 

have  been  calculated.  Fig. 2 shows these  va lues  to-  
gether  w i th  va lues  deduced  f rom gas e q u i l i b r i u m  
m e a s u r e m e n t s  by  E m m e t t  and  Shul tz  (15) ,  W a -  
t a n a b e  (16) ,  and  Schenck  and  Wesselkock (17) as a 
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Fig.  2 .  S t a n d a r d  free e n e r g y  c h a n g e  A F  ~ o f  t h e  r e a c t i o n  C o O ( s )  
-~ CO(g) ~ Co(s) -~- C02(g) from gas equilibrium measurements 
[-t- Emmett and Shultz (15), X Watanabe (16), A Schenck and 
Wesselkock (17)] and emf measurements (o). The uncertainty in 
the latter value is indicated by the length of the arrow. 
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Fig. 3. Standard free energy change AF ~ of the reaction CoO(s) 
+ H.2(g) = Co(s) -I- H20(g) from gas equilibrium measurements 
[-I- Emmett and Shultz (18), X Kleppa (19), A Shibata and Mori 
(20)] and emf measurements (o). 

func t ion  of t empe ra tu r e .  Both sets of da ta  supp le -  
m e n t  each o ther  and  m a y  be r ep re sen t ed  b y  a 
smooth curve.  

Upon  combin ing  ~F ~ va lues  for reac t ion  [7] and  
the  wa te r  gas e q u i l i b r i u m  ca lcu la ted  f rom da ta  com-  
pi led by  Cough l in  (11),  the s t a n d a r d  free e n e r g y  
change  for the  reac t ion  

CoO(s)  + H~(g) = Co(s)  + H~O(g) [8] 

has been  calculated.  Fig 3 shows tha t  these da ta  
agree w i th  va lues  ca lcula ted  f rom d e t e r m i n a t i o n s  
of the H~O/H~ rat io  over  cobal t  and  cobal t  oxide 
according to E m m e t t  and  Shul tz  (18) and  Kleppa  
(19) bu t  differ f rom those repor ted  by  Sh iba t a  and  
Mori  (20),  poss ib ly  because  of the i r  neglec t  of t he r -  
ma l  diffusion. 

Standard Molar Free Energy of Formation o] 
Nickel Oxide 

Resul ts  of the  cell 
Fe, Fe~O ! 0.85 ZrO,  + 0.15 CaO) I Ni, NiO (V) 

are shown in  Tab le  IV. The  r ep roduc ib i l i t y  of the  
emf  va lues  is 0.002 v or bet ter ,  co r r e spond ing  to an  
u n c e r t a i n t y  in  aF  ~ of •  kcal.  Resul ts  were  com-  
pa red  w i th  resul ts  of gas e q u i l i b r i u m  m e a s u r e m e n t s  
in  the  same w a y  as for cobalt,  see Fig. 4 and  5. AF ~ 
va lues  deduced  f rom emf va lues  for the  r educ t ion  of 
NiO by  means  of CO lie be tween  va lues  ca lcu la ted  
f rom C O J C O  rat ios  according to Schenck  and  Wes-  
selkock (17),  W a t a n a b e  (21),  and  Fr icke  and  Wel t -  
b rech t  (22).  Since the  C O J C O  rat ios  over  n icke l  
and  n icke l  oxide are fa i r ly  la rge  (63 to 454), er rors  

Table IV. Electromotive force E of the cell (V) 
Fe, wiJstite [ (0.85 ZrO, + 0.15 CoO) ( Ni, NiO 

and standard free energy change AF ~ of the reaction 
Ni(s) -{- �89 ~ NiO(s) 

from emf measurements and calculations by Coughlin (11) 

T e m p ,  N o ,  E AY ~ ( k c a l )  
~  o f  r u n s  t n v  c e l l  ( V )  C o u g h l i n  

750 2 261--+2 --35.20 --34.58 
800 2 2 6 6 •  --34.23 --33.49 
850 3 2 7 1 •  --33.29 --32.40 
900 6 276-+1 --32.15 --31.31 
950 6 281-+1 --31.19 --30.22 

1000 6 286-+2 --30.15 --29.14 
1050 5 291-+2 --29.12 --28.07 
1100 5 296-+2 --28.11 --26.92 
1140 2 300__+1 --27.22 --26.13 
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Fig. 4. Standard free energy change ~F ~ of the reaction NiO(s) 
+ CO(g) = Ni(s) + CO~(g) from gas equilibrium measurements 
[A Schenck and Wesselkock (17), X Watanabe (21), + Fricke 
and Weitbreeht (22)] and emf measurements (o). 

- 8 . 0  

9 . 0  

-I 0 . 0  

g 
~ -I [ 0 
L 
<1 

- 1 2 . 0  

- I  3 . 0 !  
4 0 (  

I I I i 1 "] 

"+.,. 

I I I I 
5 0 0  600  700 800  

" C  

"~'o\ 
% . ~  

'~0 %. 
' ~  

I I 
9 0 0  I 0 0 0  I I O0  

Fig. 5. Standard free energy change of the reaction NiO(s) -f- 
H2(g) ~ Ni(s) + H20(g) from gas equilibrium measurements 
[-~- Pease and Cook (23)] and emf measurements (o). 

are p robab ly  grea te r  t h a n  for the ana logous  equi -  
l ib r ia  in  the sys tems Fe-O and  Co-O. AF ~ va lues  for 
the  r educ t ion  of NiO by  m e a n s  of H2 according to 
Pease  and  Cook (23) are in accord w i th  AF ~ va lues  
ca lcula ted  f rom emf  va lues  at  h igher  t e m p e r a t u r e s  
as is shown  in  Fig. 5. 

For  a comparison,  Tab le  IV lists s t a n d a r d  mola r  
f ree energies  of the  fo rma t ion  of n icke l  oxide rec-  
o m m e n d e d  by  Cough l in  (11).  These va lues  are about  
1 kcal  more  posi t ive  t h a n  va lues  ca lcula ted  f rom emf  
measu remen t s .  No e x p l a n a t i o n  for this d ive rgence  
can  be given.  

Standard Molar Free Energy oS Formation of 
Cuprous Oxide 

Emf  values  of the cells 

Fe, FexO I e lec t ro ly te  I Cu, Cu20 (VI)  

Fe~O, Fe~O, ] e lec t ro ly te  I Cu, Cu~O (VII)  

wi th  the  e lect rolytes  (0.85 ZrO~ § 0.15 CaO) and  
(0.6 ZrO2 + 0.4 CaO) are shown  in  Tab le  V. Values  

Table V. Electromotive force E of the cells 
Fe, FexO I electrolyte ] Cu, Cu~O (VI) 
FeyO, Fe~O, I electrolyte I Cu, Cu20 (VII) 

E ( m y )  o f  c e l l  ( V I )  E ( m y )  o f  c e l l  ( V I I )  
T e m p ,  0 . 85  Z r O 2  0 .6  Z r O 2  0 .85  Z r O e  0 .6  Z r O e  

~ +0.15 CaO +0.4 CaO +0.15 CaO +0.4 CaO 

800 532 532 456 461 
850 536 537 448 448 
900 539 540 436 436 
950 541 542 424 423 

1000 543 543 412 409 
1035 544 544 402 398 
1050 545 545 398 
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Table VI. Standard free energy change ~F ~ of the reaction 
2 Cu(s) 4- V20=(g) = Cu~O(s) 

calculated from emf values of cells (VI) and (VII), emf measure- 
ments of Treadwell (24) (Tr) corrected for thermoelectric ef- 

fects (25), and calculations by CougMin (Co) (11). 

A F  ~ ( k c a l )  f r o m  
T c m p ,  

~ cell (VI )  cell (VII:) Tr Co 

800 --21.96 --21.98 --21.17 --22.2 
900 --19.97 --20.06 --19.70 --20.7 

1000 --18.29 --18.17 --18.08 --19.1 
1050 --17.42 --17.20 --18.4 

for the s t a n d a r d  mola r  free ene rgy  of fo rma t ion  of 
cuprous  oxide are l is ted in  Tab le  VI. These va lues  
agree fa i r ly  wel l  wi th  resul ts  deduced  f rom emf  
m e a s u r e m e n t s  made  by  T readwe l l  (24) wi th  a cor-  
rec t ion for the rmoelec t r i c  effects (25).  T readwe l l  
i nves t iga ted  the  cell 

Cu (s) I Cu~O (s) ,  bor  ate me l t  I porce la in  I Ag (1), O2 ( g ) 
(VII I )  

which  invo lves  the  r eac t ion  2Cu + 1/20~ ~ Cu20 on 
pass ing two fa radays  if oxygen  ions a lone ca r ry  the  
c u r r e n t  in  porce la in  as an i n t e r m e d i a t e  solid elec- 
t rolyte.  

The r ep roduc ib i l i t y  of the  emf va lues  is -+--0.002 v 
or bet ter ,  co r responding  to an u n c e r t a i n t y  in  AF ~ of 
--+0.1 kcal.  For  a compar ison ,  Table  VI also lists 
va lues  of AF ~ ca lcula ted  f rom var ious  sources by  
Coughl in  (11) wi th  an es t imated  u n c e r t a i n t y  of 
-+1.5 kcal.  These va lues  are  abou t  1 kcal  more  ne ga -  
t ive t h a n  va lues  f rom emf  measu remen t s .  

No CO_JCO and  H,.O/H~ e q u i l i b r i u m  rat ios  over  
Cu and  Cu.~O have  been  d e t e r m i n e d  since these rat ios 
are i n c o n v e n i e n t l y  high.  

Rober ts  and  S m y t h  (26) have  d e t e r m i n e d  oxygen  
pa r t i a l  p ressures  over  l i qu id  copper and  solid Cu.~O 
be tween  1119 ~ and  1184~ The re f rom va lues  be-  
t w e e n  --14,100 and  --14,250 eal for the  s t a n d a r d  mo-  
lar  free ene rgy  of fo rma t ion  of Cu:O are calculated.  
These va lues  are cons ide rab ly  more  posi t ive  t h a n  the  
va lues  l is ted in  Table  VI. In  v iew of i n h e r e n t  diffi- 
cult ies discussed in  the  paper  by  Rober ts  and  Smyth ,  
it  seems p robab l e  tha t  the  effect of side react ions  has 
not  been  sufficiently e l imina t ed  in  the i r  m e a s u r e -  
men t s  of oxygen  pa r t i a l  pressures .  

S t a n d a r d  M o l a r  Free Energy of Format ion  of 
Silver Sul f ide 

Reinhold  (4) has a l ready  d e t e r m i n e d  t he  emf of 
the  cell 

Ag( s )  I AgI ( s )  I Ag:S(s ) ,  S(1),  C ( IX)  

i nvo lv ing  the  v i r t u a l  cell reac t ion  

2Ag(s )  4- S(1) = AgeS(s) [9] 

Add i t i ona l  m e a s u r e m e n t s  were  m a d e  in  order  to 
ob ta in  a h igher  accuracy.  The  se tup of the cell is 
shown  in  Fig.  6. To assemble  the  cell, s i lver  iodide 
was me l t ed  in  the  Py rex  tube,  and  the  g raph i te  elec-  
t rode  B, the  glass t u b e  A, and  the  t h e r m o c o u p l e  
shield were  immersed .  T h e n  the  cell was t r a n s f e r r e d  
to ano the r  fu rnace  whose  t e m p e r a t u r e  was  be low 
the me l t i ng  po in t  of AgI  bu t  above its t r a n s f o r m a -  
t ion  po in t  at  146~ Af te r  the AgI  had  solidified, 
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Fig. 6. Cell Ag(s) [ Agl(s) [ AgsS(s), S(I), C 
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su l fu r  was in t roduced  into glass t u b e  A, and  the 
g raph i te  e lect rode C was  b r o u g h t  i n  contact  w i t h  the  
AgI. To s tar t  a run ,  s i lver  sulfide was  fo rmed  elec- 
t ro ly t i ca l ly  at  g raph i te  rod C by  pass ing a c u r r e n t  of 
5 to 20 ma  for abou t  hal f  an  hour  w i th  g raph i t e  rod 
B as anode.  I n  some runs ,  more  s i lver  sulfide was 
fo rmed  af ter  the  first emf  m e a s u r e m e n t s  had  been  
made.  In  o ther  runs ,  g raph i te  rod C was  w r a p p e d  
wi th  s i lver  wi re  which  t r a n s f o r m e d  to s i lver  sulfide. 
The  emf  va lues  were  found  to be i n d e p e n d e n t  of the  
p rocedure  of p r e p a r a t i o n  of s i lver  sulfide and  its 
amount .  

Observed  emf  va lues  are shown  in  Tab le  VII. 
They  agree wi th  Re inhold ' s  va lues  w i t h i n  0.01 v, 
which  is the  l imi t  of accuracy  of the  l a t t e r  values.  
In  addi t ion,  Table  VII  lists va lues  for the free en -  
e rgy  of f o r ma t i on  of s i lver  sulfide compu ted  f rom 
emf va lues  wi th  the  aid of the  f o r mu l a  

AF ~ = --2EF [10] 

The r ep roduc ib i l i t y  of the  emf va lues  is • v, 
cor responding  to an  u n c e r t a i n t y  in  AF ~ of -+0.05 kcal. 

The  e q u i l i b r i u m  of the reac t ion  

AgeS(s) + H~(g) : 2Ag(s )  + H~S(g) [11] 

has been  inves t iga ted  by var ious  authors ,  most  re -  
cen t ly  by  Rosenqvis t  (27) b e t w e e n  490 ~ and  900~ 
AF ~ va lues  for reac t ion  [11] ex t r apo la t ed  to 200 ~ 
400~ f rom Rosenqvis t ' s  da ta  agree w i t h i n  _+0.2 kcal  
wi th  va lues  ca lcula ted  f rom s t a n d a r d  mo l a r  f ree  en -  
ergies of f o r m a t i o n  of Ages according to Ta b l e  VII  
and  va lues  for H~S r e c o m m e n d e d  by  Rossini,  et al. 
(28) a n d  Ke l l ey  (29).  

Table VII. Electromotive force E of cell (IX) 
Ag(s) / Agl(s) [ Ag2S(s), S(I), C 

and standard free energy change AF ~ of the reaction 
2 Ag(s) 4- S(I) ~ Ag2S(s) 

T e m p ,  N o .  E A F  ~ 
~ o f  r u n s  m v  k c a l  

150 3 220__.1 --10.15 
178 3 224--+1 --10.35 
200 3 228+--1 --10.52 
250 3 236+-1 --10.89 
300 5 244___1 --11.24 
350 5 252+-1 --11.62 
400 5 260___1 --11.99 
425 3 264+-1 --12.18 
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Standard Molar  Free Energy of Formation of 
Silver Selenide 

Simi la r ly ,  the emf  of the  cell 

A g ( s )  I A g I ( s )  l Ag~Se(s),  Se(s ,  1), C (X)  

has been  de te rmined .  Resul ts  are shown  in  Tab le  VIII .  
The  emf of cell (X)  was found  to be wel l  r ep ro -  

ducib le  be low 380~ I n  some runs ,  higher ,  u n s t e a d y  
po ten t ia l s  were  observed  above 380~ p r e s u m a b l y  
because  Ag2Se dissolved in  l iqu id  s e l e n i u m  (30) and  
its a m o u n t  was insuff icient  for sa tu ra t ion .  On ly  if 
excess s i lver  se len ide  is present ,  the  chemical  po t en -  
t ials  of s i lver  and  s e l e n i u m  are  wel l  defined. E v e n  
u n d e r  these condit ions,  a correc t ion  for the  ca lcu la -  
t ion  of the  s t a n d a r d  free ene rgy  of s i lver  se lenide  is 
needed  because s e l e n i u m  as a r e a c t a n t  is no t  p res -  
en t  i n  its s t anda rd  state. This  correc t ion  is suppos-  
edly  not  s ignif icant  be low 400~ because  the  so lu-  
b i l i ty  of Ag2Se in  l iqu id  s e l en ium is smal l  (31) 

So l id - s ta te  coulomet r ic  t i t r a t ions  ana logous  to 
those made  wi th  AgeS (32) ind ica te  va r i a t ions  of the  
A g / S e  ra t io  as low as 0.004 to 0.005 b e t w e e n  200 ~ 
300~ Therefore ,  dev ia t ions  f rom the  ideal  compo-  
s i t ion of s i lver  se len ide  in  cell (X)  are  insignif icant .  

Cell (X)  has p rev ious ly  b e e n  inves t iga ted  by  
Re inho ld  (4) .  These va lues  show cons iderab le  scat-  
ter  and  differ up to 0.1 v f rom va lues  shown  in  Tab le  
VIII  for u n k n o w n  reasons.  

F r o m  the  t e m p e r a t u r e  dependence  of the  s t a n d a r d  
free ene rgy  of f o r m a t i o n  of Ag~Se it  fol lows t h a t  

2Ag(s )  + Se(1) ~ Ag~Se(s) 
AF ~ = --13.46 - -  0.0074 • ( T -  500) kcal ;  

AH ~ = --9.76 kcal ;  AS ~ -- 7.4 e.u. at T > 5 0 0 ~  [12] 

Upon  us ing  e n t h a l p y  and  en t ropy  i n c r e m e n t s  of 
Ag, Se, and  Ag.~Se b e t w e e n  298 ~ and  500~ as corn- 
pried by  Kel ley  (29),  the  va lues  of AH ~ and  AS ~ at 
298~ are  obta ined.  T h e r e f r o m  AF ~ ---- • ~ - -  TAS ~ 
at 298~ m a y  be calculated.  Thus,  

2Ag(s )  + Se ( s )  = Ag~Se(s) 
AF ~ = --11.94 kcal ;  AH ~ = --11.38 kcal ;  

AS ~ --~ 5.24 e.u. at  298~ [13] 

The va lue  A H ~  kcal  seems to be more  
cons is tent  t h a n  the va lue  of --2.9 kcal,  wh ich  was 
ob ta ined  by  Fab re  (33) on combin ing  the va lues  for 
severa l  react ions  wh ich  were  inves t iga ted  calor i -  
met r ica l ly .  

The s t anda rd  mo la r  en t ropy  of Ag.~Se at  298 ~ is 
ob ta ined  as 

Table VIII. Electromotive force E of the cell (X) 
Ag(s) [ Agl(s) I Ag~Se(s), Se(s,I), C 

and standard free energy change AF ~ of the reaction 
2 Ag(s) -I- Se(s,I) ~ Ag2Se(s) 

T e m p ,  N o .  E AF ~ 
~ o f  r u n s  m y  k c a l  

160 2 281.0 ~+ 0.6 -12.96 
170 3 282.5 • 0.5 -13.03 
200 3 287.4 m 0.6 -13.26 
250 3 295.4 __+ 0.5 -13.63 
300 3 303.5 • 0.6 --14.00 
350 3 311.6 • 0.7 -14.37 
370 3 314.8 + 0.7 --14.52 
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S~ ~ AS ~ + 2S%g + S%o 
5.24 + 2 • 10.206 + 10.0 --~ 35.65 e.u. at 298~ 

[14] 

w i th  s t a n d a r d  en t ropy  va lues  for Ag and  Se r ecom-  
m e n d e d  by  Rossini,  et al. (28).  

Standard Molar  Free Energy of Formation of 
Lead Sulfide 

Solid lead chloride,  p u r e  or doped wi th  KC1, is 
k n o w n  to be an  anionic  conductor  (34-36) .  Thus,  
the  s t a n d a r d  free ene rgy  of fo rma t ion  of lead sulfide 
should be o b t a i n a b l e  f rom a cell ana logous  to cell 
( I X ) ,  

P b ( s )  ] PbCl~(s)  I P b S ( s ) ,  S(1),  C (XI)  

The emf of cell (XI)  was found  to be no t  wel l  re -  
producible ,  p r e s u m a b l y  for the  fo l lowing  reason.  
In  v iew of the sh r i nka ge  d u r i n g  the  solidif icat ion of 
PbCI~ and  lack of plast ic i ty ,  no t ight  seal  of lead 
chlor ide b e t w e e n  the  two electrodes was ob ta ined  
and, therefore,  su l fu r  vapor  could diffuse to the  lead 
electrode so t ha t  a m i xe d  po ten t i a l  r a t h e r  t h a n  an  
e q u i l i b r i u m  po ten t i a l  p reva i led .  

Therefore ,  a cell i nvo l v i ng  a Ag-Ag=S electrode 
ins t ead  of a su l fu r  e lect rode was  inves t iga ted ,  

Pb(s ,  1) i PbCI~(+KC1)  I P b S ( s ) ,  Ag=S(s),  A g ( s )  
(Xli) 

wi th  the  v i r t u a l  cell r eac t ion  

Pb( s ,  1) + AgeS(s)  ---- P b S ( s )  + 2Ag(s )  [15] 

P r e l i m i n a r y  inves t iga t ions  have  shown  tha t  the  
so lubi l i ty  of AgeS in  P bS  is less t h a n  1 mole  % be -  
low 400~ Simi la r ly ,  a low solubi l i ty  of P bS  in  AgeS 
is assumed.  AgeS a nd  P bS  are, therefore,  cons idered  
to be p resen t  v i r t u a l l y  in  the i r  s t anda rd  states. 

The e lec t ro ly te  was solid lead chlor ide  con t a in ing  
0.5 w / o  KC1 in  order  to increase  the  conduct iv i ty ,  
p r e s u m a b l y  due  to a h ighe r  an ion  v a c a n c y  concen-  
t r a t i on  (37).  To p r e pa r e  the  electrolyte ,  PbCI~ and  
KC1 were  me l t ed  u n d e r  a s t r eam of a rgon  con ta in ing  
a smal l  a m o u n t  of chlor ine.  The solidified mel t  was  
c rushed  to powder .  

In  order  to ex tend  m e a s u r e m e n t s  above the  m e l t -  
ing po in t  of lead at 327~ a cruc ib le  of lead chlor ide 
filled wi th  l iqu id  lead was  used. Fig. 7 shows the  
assembled  cell  ~ h i c h  was  placed in  the  fu rnace  
shown in  Fig. 1. 

Crucibles  of lead chlor ide were  pressed in  the  tool 
shown in  Fig. 8. A n e a r l y  u n i f o r m  dens i ty  was ob-  
t a ined  by  app ly ing  p ressure  f rom top and  bo t tom 
punches  and  by  p r ov i d i ng  n e a r l y  equa l  compress ion  
rat ios  of the  powder  at the  bo t tom and  in  the  wal ls  

Pt Lead 
Pt D i s c ~ . ~ . . ~ . ~ ~ G r a p h i t e  Rod 

PbCI 2 Crucible 

~ ( P b S ,  A02S, Ag) 
Pt Disc- �9 ~ Tablet 

P! Lead 

Fig. 7. Cell Pb(s, I) J PbCh(+KCI) L PbS(s), AgeS(s), Ag(s) 
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of t he  c ruc ib le .  The  p r e s s e d  c ruc ib l e s  w e r e  e j e c t e d  
t h r o u g h  the  u p p e r  end  of t he  die,  w h i c h  was  s l i g h t l y  
t a p e r e d .  T h e  c ruc ib le s  w e r e  used  e i t he r  as such,  or  
a f t e r  s i n t e r i n g  u n d e r  a r g o n  a t  a b o u t  400~ Differ-  
en t  p r o c e d u r e s  d id  no t  r e s u l t  in  s y s t e m a t i c  d i f f e r -  
ences  in  t he  m e a s u r e d  emf.  

On r e p l a c i n g  the  l o w e r  p u n c h  b y  a sho r t  s tee l  
rod,  c y l i n d r i c a l  t a b l e t s  of a m i x t u r e  of Ag,  AgsS, and  
P b S  for  t he  r i g h t - h a n d  e l ec t rode  in  cel l  ( X I I )  cou ld  
be  m a d e .  

Resu l t s  of emf  m e a s u r e m e n t s  a r e  l i s t ed  in  T a b l e  IX. 
Upon  c o m b i n i n g  AF ~ v a l u e s  for  r eac t i ons  [9]  a n d  

[15],  v a l u e s  for  t he  s t a n d a r d  f ree  e n e r g y  of f o r m a -  
t ion  of P b S  a re  ob ta ined .  These  va lue s  a r e  also shown  
in T a b l e  IX. 

The  e q u i l i b r i u m  

P b S ( s )  -F  H~(g) = Pb(1 )  -~ H s S ( g )  [16]  

has  been  i n v e s t i g a t e d  b y  J e l l i n e k  a n d  Z a k o w s k i  (38) ,  
J e l l i n e k  and  D e u b e l  (39) ,  and  Sudo  (40) .  AF ~ v a l -  
ues  for  r e a c t i o n  [16] c a l c u l a t e d  f r o m  s t a n d a r d  f ree  
ene rg ies  of f o r m a t i o n  of P b S  l i s t ed  in  Tab le  I X  and  
va lue s  for  H~S r e c o m m e n d e d  b y  Rossini ,  et al. (28) 
and  K e l l e y  (29) a r e  cons i s t en t  w i t h  Sudo ' s  m e a s u r e -  
m e n t s  (40) b u t  d i v e r g e  f r o m  e a r l i e r  m e a s u r e m e n t s  
b y  J e l l i n e k  and  his  assoc ia tes  (38, 39) .  

T h e  Sys tem S i l v e r - T e l l u r i u m  
The p h a s e  d i a g r a m  of  t h e  s y s t e m  s i l v e r - t e l l u r i u m  

has  been  i n v e s t i g a t e d  b y  P61abon (41) ,  P e l l i n i  a n d  
Q u e r c i g h  (42) ,  C h i k a s h i g e  a n d  Sa i to  (43) ,  K o e r n  
(44) ,  a n d  K r a c e k  a n d  K s a n d a  (45) .  In  a d d i t i o n  to  
t he  c o m p o u n d  AgaTe, w h i c h  has  a c o n g r u e n t  m e l t i n g  

Table IX. Electromotive force E of the cell (XI I )  
Pb(s,I) I PbCh ( ~ K C I )  I PbS(s), AgeS(s), Ag(s) 

and standard free energy change AF ~ of the reaction 
Pb(s,I) -]- S(I) = PbS(s) 

T e m p ,  N o .  E h F  ~ 
~ of  r u n s  m v  k c a l  

250 7 254 + 3 --22.60 
300 7 240 ___ 3 --22.33 
327 7 232 • 3 --22.14 
350 6 226 _+ 3 --22.05 
400 6 211 _ 2 --21.73 
427 2 203 _ 1 --21.54 

po in t  a t  a b o u t  9 5 8 ~  t h e r e  is a t  l eas t  one  o the r  
i n t e r m e d i a t e  p h a s e  i n v o l v i n g  a s m a l l e r  A g / T e  r a t i o  
w i t h  an  i n c o n g r u e n t  m e l t i n g  poin t ,  for  w h i c h  the  
f o r m u l a s  

A g T e  (42) ,  AgaTe, = Agl.~,Te (43) ,  Ag~Te~ 
= Agl.~Te (44) ,  a n d  Agl.~oTe (45) 

have  been  sugges ted .  
To c la r i fy ,  t he  a c t i v i t y  aAg of s i lve r  in  A g - T e  

"a l l oys"  has  been  d e t e r m i n e d  as a func t ion  of the  
A g / T e  r a t i o  b y  m e a s u r i n g  the  emf  of t h e  cel l  

A g ( s )  ] A g I ( s )  I (Ag,  Te)  ( X I I I )  

S ince  s i lve r  i o d i d e  is an  ionic  conduc tor ,  t he  emf  
E of t he  cel l  ( X I I I )  is 

E = -- ( R T / F )  in  aAg = --F,~ [17] 

w h e r e  FA~ is t he  p a r t i a l  m o l a r  f r ee  e n e r g y  of m i x i n g  
of s i lve r  for  p u r e  sol id  s i lve r  as r e f e r e n c e  s ta te .  

Upon  pas s ing  c u r r e n t  across  cel l  ( X I I I )  f r o m  r i g h t  
to left ,  a def in i te  a m o u n t  of s i lve r  can  be  t r a n s -  
f e r r e d  f r o m  the  a l l oy  to t h e  l e f t - h a n d  e l ec t rode  
cons i s t ing  of p u r e  s i lver .  Thus,  cel l  ( X I I I )  p e r m i t s  
a s o l i d - s t a t e  t i t r a t i o n  ana logous  to t h a t  u sed  for  
s i lve r  sulf ide  (32) .  The  c h a n g e  in  the  A g / T e  ra t io ,  
Ar, is in v i e w  of F a r a d a y ' s  l a w  

Ar = it/n~eF [18] 

w h e r e  i is t h e  c u r r e n t  a p p l i e d  d u r i n g  t i m e  t, n~o is 
the  n u m b e r  of mo les  of t e l l u r i u m ,  and  F is t he  F a r a -  
d a y  cons tan t .  

A t  t he  b e g i n n i n g  of a t i t r a t i on ,  t he  A g - T e  a l loy  
was  e q u i l i b r a t e d  w i t h  m e t a l l i c  s i l ve r  b y  s h o r t - c i r -  
cu i t ing  cel l  ( X I I I ) .  S u b s e q u e n t l y ,  s i l ve r  w a s  r e -  
moved .  I n  c o n t r a d i s t i n c t i o n  to m e a s u r e m e n t s  of the  
ana logous  cel l  fo r  t he  s y s t e m  A g - S ,  a s t e a d y  p o t e n -  
t i a l  was  a t t a i n e d  no t  i m m e d i a t e l y  b u t  on ly  a f t e r  
a b o u t  ha l f  an  hour .  

Resu l t s  for  250 ~ a n d  300~ a re  shown  in Fig.  9 
and  10. Po in t s  i n d i c a t e d  b y  sol id  squa re s  w e r e  ob -  
t a i n e d  f r o m  m e a s u r e m e n t s  of cel ls  w i t h  p r e d e t e r -  
m i n e d  cons t an t  compos i t i on  of t he  A g - T e  a l loy.  
T h e r e  a r e  t h r e e  r eg ions  i n v o l v i n g  a v a r i a b l e  p o t e n -  
t i a l  E c o r r e s p o n d i n g  to t h r e e  d i f fe ren t  phases  de s ig -  
n a t e d  as a, % a n d  e. The  o n e - p h a s e  reg ions  a r e  
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separa ted  by  two-phase  regions  ind ica ted  by  p la -  
teaus  in  the E vs. ~r  plots. 

Since the  homogene i ty  range  of the  a lpha  phase  
is r a the r  na r row,  it m a y  be a s sumed  w i thou t  con- 
s iderab le  er ror  tha t  the phase equ i l i b ra t ed  wi th  
meta l l ic  s i lver  has n e a r l y  the fo rmu la  AgaTe w h e r e -  
upon  the A g / T e  ra t io  shown on top of Fig. 9 and  10 
m a y  be calculated as 

~" = 2 -  ~r [19] 

At  300~ the A g / T e  rat io ranges  f rom 1.99 to 2.00 
for the  a phase,  f rom 1.88 to 1.91 for the T phase, and  
f rom 1.63 to 1.66 for the e phase. 

F r o m  the va lues  shown in  Fig. 9 and  10, the  free 
ene rgy  of fo rma t ion  of a one -phase  or t w o - p h a s e  
al loy i nvo lv ing  Nag g - a t o m  Ag and  (1--N.~) g - a t o m  
Te m a y  be ca lcula ted  as (46) 

f F ~' = (1--NA~) "~ F~'A~ N ~ dN~  [20] 
o ( 1 - -  A~) 

Upon d iv id ing  F ~ by  N ~  = (1 --  NA~), the  s t a n d a r d  
mola r  free energies  of fo rma t ion  AF ~ of the  s i lver  
t e l lu r ides  hav ing  the fo rmulas  Ag,Te, Ag,.~Te, and  
Ag~.,Te have  been  calculated.  These va lues  are 
l is ted in  Table  X. 

The  emf  of the  cell  

Ag I AgNO~(aq)  I (Ag, We) (XIV)  

has been  d e t e r m i n e d  at  room t e m p e r a t u r e  by  
Pusch in  (47).  A plot  of emf vs. the  A g / T e  ra t io  does 
not  ind ica te  ano the r  compound  in  add i t ion  to AgaTe. 
It  is possible, however ,  tha t  the  scat ter  in  Pusc h i n ' s  
plot of E vs. composi t ion obscures  smal l  steps corre-  
spond ing  to di f ferent  compounds.  Moreover,  com-  
p le te  e lec t rochemical  e q u i l i b r i u m  m a y  not  have  been  
reached at  room t e m p e r a t u r e  as has been  found,  e.g., 
for the  sys tem C u - Z n  by  S a u e r w a l d  (48).  

Manuscript  received August 9, 1956. The paper is 
based on a thesis submit ted by  K. Kiukkola  in part ial  

Table X. Thermodynamic values for the system silver-tellurium 

2 5 0 ~  3 0 0 ~  

~F ~ (2Ag + Te = Ag.ffe) --11.4 
AF ~ (1.90Ag + Te ~ Agl ~Te) --11.0 
AF ~ (1.64Ag + Te ~ Ag~.~ffe) --9.5 

--12.0 kcal 
--11.5 kcal 
--10.0 kcal 

fulfi l lment of requi rements  for the degree of D.Sc. in 
metallurgy,  Massachusetts Inst i tute  of Technology, 
Cambridge, Mass. Work was done under  Contract 
AT(30-1)-1002 with the U.S.A.E.C. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1957 
JOURNAL. 
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Measurement of Ion and Water Transport 
J. G. McKelvey, Jr., K. S. 

Noltes @.,,, 
across Membranes 

Spiegler, and M. R. J. Wyllie 
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Electrical migration of ions and solvent (electro- 
5smosis )  p l a y s  an  i m p o r t a n t  p a r t  in  t h e  s t u d y  of 
m e m b r a n e  t r a n s p o r t  processes .  The  d i f fe ren t  t r a n s -  
p o r t  processes ,  such as diffusion,  conduc tance ,  a n d  
h y d r a u l i c  p e r m e a t i o n ,  a r e  r e l a t e d  to each  o the r  b y  
a s y s t e m  of equa t ions  b a s e d  on the  t h e r m o d y n a m i c s  
of t he  s t e a d y  s t a t e  (1,2) .  In  o r d e r  to c o m p l y  w i t h  t he  
def in i t ions  used  in  th is  s y s t e m  a n d  t hus  o b t a i n  
m a x i m u m  accuracy ,  the  t r a n s p o r t  shou ld  b e  m e a s -  
u r e d  w h e n  t h e  so lu t ions  s e p a r a t e d  b y  the  m e m b r a n e  
a r e  of e q u a l  c o n c e n t r a t i o n  a n d  w i t h o u t  c h a n g i n g  th i s  
cond i t ion  d u r i n g  the  e x p e r i m e n t .  This  r e s t r i c t i o n  
l imi t s  t he  a p p l i c a b i l i t y  of t he  c o n v e n t i o n a l  m e t h o d s  
for  t he  m e a s u r e m e n t  of e l e c t r i c a l  ion  a n d  w a t e r  
t r a n s p o r t .  

T r a n s p o r t  n u m b e r s  of ions  across  m e m b r a n e s  c a n  

be c o m p u t e d  f r o m  m e m b r a n e  p o t e n t i a l s  ( " e m f  
m e t h o d " )  or m a y  b e  d e t e r m i n e d  d i r e c t l y  b y  e lec -  
t ro lys i s  ( " d y n a m i c "  m e t h o d ) .  The  emf  m e t h o d  is 
d e p e n d e n t  on a c o n c e n t r a t i o n  g r ad i en t ,  and,  t h e r e -  
fore,  on ly  an  a v e r a g e  t r a n s p o r t  n u m b e r  w i t h  r e s p e c t  
to so lu t ion  c o n c e n t r a t i o n  can  be  ca lcu la ted .  Also,  
the  p o t e n t i a l  d e p e n d s  no t  m e r e l y  on the  ion t r a n s -  
p o r t  n u m b e r ,  b u t  on a c o m b i n a t i o n  of  ion  a n d  so l -  
ven t  t r a n s p o r t  (3,4) .  

In  t he  d y n a m i c  me thod ,  e l ec t r i c  c u r r e n t  is pa s sed  
t h r o u g h  t h e  sy s t em:  

E l ec t rode  1 - So lu t i on  1 - M e m b r a n e  - So lu t ion  2 - 
E l e c t r o d e  2 

T r a n s p o r t  n u m b e r s  a r e  then  c a l c u l a t e d  f r o m  con-  
c e n t r a t i o n  changes  caused  b y  t h e  e lec t ro lys i s .  W h e n  
P t  e l ec t rodes  a r e  used,  the  e l ec t rode  r eac t i ons  p r o -  
duce  h y d r o g e n  a n d / o r  h y d r o x y l  ions, b o t h  of w h i c h  
h a v e  h igh  m e m b r a n e  mob i l i t i e s  a n d  m a y  in t e r f e r e .  
H o w e v e r ,  the  d y n a m i c  m e t h o d  a l lows  s e p a r a t e  d e -  
t e r m i n a t i o n  of  ion m i g r a t i o n  a n d  e l ec t roSsmot i c  
w a t e r  t r an spo r t .  

In  o r d e r  to o v e r c o m e  the  diff icul t ies  i n h e r e n t  in  

t he  d y n a m i c  me thod ,  M u r a k o s h i  (5) used  a K a m a l -  
g a m  a n o d e  and  Hg c a thode  in  his  s t u d y  of sy s t ems  
of KC1 so lu t ions  a n d  c a t i o n - e x c h a n g e  m e m b r a n e s .  
A g-A gC1  e l ec t rodes  h a v e  f r e q u e n t l y  been  e m p l o y e d  
(2 ,6 -8) .  T h e i r  e f fec t ive  use  is r e s t r i c t e d  to ch lo r ide  
sys t ems  and,  in  the  case of c a t i o n - e x c h a n g e  m e m -  
b ranes ,  t h e y  do no t  e l i m i n a t e  t he  c r e a t i o n  of a con-  
c e n t r a t i o n  d i f f e rence  across  t he  m e m b r a n e .  

F o r  these  r ea sons  a n e w  m e t h o d  was  d e v i s e d  he re  
us ing  r a d i o a c t i v e  t racers ,  w h i c h  a l lows  ion  and  w a -  
t e r  t r a n s p o r t  to be  m e a s u r e d  a t  a c o n s t a n t  c oncen -  
t r a t ion ,  w i t h o u t  i n t e r f e r e n c e  f rom e l e c t r o d e  r e a c -  
t ions,  a n d  w i t h  a h igh  d e g r e e  of prec is ion .  In  th i s  
m e t h o d  the  so lu t ion  c o n c e n t r a t i o n  is k e p t  cons t an t  
b y  a d d i n g  s m a l l  a m o u n t s  of i o n - e x c h a n g e  res ins ,  
w h i c h  act  as buffers ,  to each  e l ec t rode  c o m p a r t -  
men t .  W h i l e  the  so lu t ion  c o n c e n t r a t i o n  r e m a i n s  
cons tan t ,  t he  specific r a d i o a c t i v i t y  of a t  l eas t  one  
so lu t ion  changes .  The  ion  t r a n s p o r t  is t h e n  d e t e r -  
m i n e d  f rom this  change  in  t he  specific a c t i v i t y  of the  
so lu t ion  a f t e r  e lec t ro lys i s .  

This  m e t h o d  ove rcomes  l i m i t a t i o n s  i m p o s e d  on 
c o n v e n t i o n a l  t r a n s p o r t  m e a s u r e m e n t s  w h i c h  need  
spec ia l  e l ec t rodes  (e.g., Ag-AgC1  e l ec t rodes  for  
m e a s u r e m e n t s  in  ch lo r ide  so lu t ions )  a n d  w h i c h  a l -  
mos t  a l w a y s  cause  c o n c e n t r a t i o n  changes .  F o r  i n -  
s tance ,  even  A g - A g C 1  e l ec t rodes  cause  e n r i c h m e n t  
of NaC1 in t he  c a thode  c o m p a r t m e n t  in  t r a n s p o r t  
m e a s u r e m e n t s  across  c a t i o n - e x c h a n g e  m e m b r a n e s .  
The  p r e s e n t  m e t h o d  shou ld  be  a p p l i c a b l e  to so lu -  
t ions  of  o t h e r  sa l t s  also, e.g., su l fa tes ,  pe r c h lo r a t e s ,  
phospha te s ,  etc.,  for  w h i c h  no s u i t a b l e  e l e c t rodes  a r e  
ava i l ab le .  

The  cel l  (F ig .  1) consis ts  of two  " L u c i t e "  com-  
p a r t m e n t s ,  each  e q u i p p e d  w i t h  a c a l i b r a t e d  bure t ,  
t h e r m o m e t e r ,  P t  e lec t rode ,  and  a p lug  for  r e m o v i n g  
samples .  Each  h a l f - c e l l  ho lds  abou t  260 m l  of so lu-  
t ion  and  m e a s u r e s  a b o u t  7.5 cm on t h e  ou t s ide  edges.  
T h e  m e m b r a n e  is m o u n t e d  b e t w e e n  t h e  two  h a l f -  
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Fig. 1. Sectional view of transport cell: 1, cell body; 2, calibrated 
buret; 3, thermometer; 4, Pt electrode; 5, rubber dam gasket; 
6, "O" ring gasket; 7, membrane; 8, AI support plate; 9, perforated 
"Lucite" disk. Cell material : "Lucite"; fittings: "Teflon" except 
thermometer fitting which is "Nylon"; gaskets: "O" rings (except 
No. 5). Plugs on the extreme left and right close holes which have 
been provided for future insertion of other probes. 

cells  and  h e l d  s e c u r e l y  in p l ace  b y  two  "O" r ings .  
Two p e r f o r a t e d  " L u c i t e "  d i sks  a r e  m o u n t e d ,  one  on 
each  s ide  of the  m e m b r a n e ,  to p r e v e n t  b u l g i n g  
caused  by  u n e q u a l  l i qu id  leve ls  in t he  two  bu re t t e s .  
S t i r r i n g  is a c c o m p l i s h e d  b y  a s m a l l  (Ts x Y4 in . )  
" K e l - F "  coa ted  m a g n e t i c  s t i r r i n g  b a r  in  each  c o m -  
p a r t m e n t .  The  s t i r r e r  is d r i v e n  b y  a c o m m e r c i a l  
m a g n e t i c  s t i r r i n g  dev ice  s l i gh t ly  modi f ied  to fit t he  
l i m i t e d  space.  S m a l l  tubes  f i l led w i t h  " D r i e r i t e "  a r e  
m o u n t e d  on top  of each  b u r e t  to  d e t e r m i n e  m i n o r  
losses due  to e v a p o r a t i o n  and  sp ray .  A s i lve r  cou lo -  
m e t e r  was  used  to m e a s u r e  t he  a m o u n t  of c h a r g e  
passed .  [A  p h o t o g r a p h i c  r e p r o d u c t i o n  of the  ce l l  in  
a c t u a l  o p e r a t i o n  m a y  be  f o u n d  in (10) . ]  

In  ope ra t i on ,  each  h a l f - c e l l  is f i l led w i t h  a sa l t  
solut ion,  and  c u r r e n t  is pa s sed  b e t w e e n  the  two  P t  
e lec t rodes .  Dras t i c  c o n c e n t r a t i o n  changes  and  con-  
t a m i n a t i o n  b y  e l ec t rode  r eac t ions  d u r i n g  the  p a s sa ge  
of c u r r e n t  a r e  o v e r c o m e  b y  a d d i n g  a few g r a m s  of a 
w e a k l y  ac id  c a r b o x y l i c  c a t i o n - e x c h a n g e  r e s i n  1 to 
each  ha l f - ce l l .  In  t r a n s p o r t  m e a s u r e m e n t s  across  a 
c a t i o n - e x c h a n g e  m e m b r a n e ,  t h e  r e s in  in  the  ca thode  
c o m p a r t m e n t  is in  t h e  h y d r o g e n  fo rm;  t ha t  in  t he  
a n o d e  c o m p a r t m e n t ,  in t h e  a p p r o p r i a t e  m e t a l  fo rm.  
The  p r e s e n c e  of these  res ins  buf fe rs  t he  c o n c e n t r a -  
t ions  of sod ium ions, w h i c h  m i g r a t e  t h r o u g h  the  
m e m b r a n e  to a m u c h  g r e a t e r  e x t e n t  t h a n  the  ch lo -  
r i d e  ions. The  t r a n s p o r t  e x p e r i m e n t  can be  r e p -  
r e s e n t e d  s c h e m a t i c a l l y  for  NaC1 a n d  a c a t i o n - e x -  
c h a n g e  m e m b r a n e  in  t he  fo l l owing  m a n n e r :  

M e m b r a n e  
P t  a n o d e ] N a * C 1  so lu t ion  INaC1 s o l u t i o n l P t  a n o d e  
-~ -~ N a * R  ] ~- HR 

A n o d e  c o m p a r t m e n t  C a t h o d e  c o m p a r t m e n t  

w h e r e  R r e p r e s e n t s  t h e  i o n - e x c h a n g e  r e s in  r ad i ca l .  
The  a s t e r i s k  s ignif ies  t h a t  t he  N a  ion  in  t he  a n o d e  

c o m p a r t m e n t  is  t r a c e d  w i th  2.6 y N a  ~. The  specific 
a c t i v i t y  of Na  in t he  a n o d e  so lu t ion  a n d  on t h e  g r a n -  
u l a r  r e s in  is t he  same.  As  c u r r e n t  is p a s s e d  b e t w e e n  
the  two  e lec t rodes ,  the  fo l lowing  r e a c t i o n s  t a k e  
p lace  in the  c a thode  c o m p a r t m e n t :  

H,~O + e--~ OH- + ~/2 H= (g)  [1]  

Na + § OH- + HR-* NaR + H20 [2] 

where e- represent the electron. The net cathode 
reaction is, therefore: 

Na + + e- ~- HR ~ NaR + 1/2 H~ (g) [3]  

Thus  the  t r a n s p o r t e d  ca t ion  is r e m o v e d  w i t h o u t  
i n t r o d u c i n g  e x t r a n e o u s  ions or  wa t e r .  A n o d e  com-  
p a r t m e n t  r eac t ions  a r e  b a s e d  on the  h igh  aff ini ty  of 
t he  r e s in  for  h y d r o g e n  ions:  

C1- - -  e -  ~ 1/z CLo ( g )  [ 4 ]  

o r  

1/2 H~O - -  e - ~  1/4 02 (g)  -t- H + [5]  

In  the  l a t t e r  case, h y d r o g e n  ions a r e  r e m o v e d  f r o m  
the  so lu t ion  b y  the  g r a n u l a r  r e s in :  

H + ~- NaR ~ HR ~- Na + [6]  

W h e n  r e a c t i o n  [5]  p r e d o m i n a t e s  ove r  [4] ,  as is 
the  case  in  d i l u t e  ch lo r ide  solut ions ,  t h e  c o n c e n t r a -  
t ion  on bo th  s ides  of  t he  m e m b r a n e  r e m a i n s  a b o u t  
cons tan t .  A t  a n y  ra te ,  no n e w  types  of ions  a r e  i n -  
t r o d u c e d  in to  t h e  so lu t ion  phase .  In  m o r e  c oncen -  
t r a t e d  solut ions ,  w h e r e  r e a c t i o n  [4]  be c ome s  a p -  
p rec iab le ,  the  p e r c e n t a g e  c h a n g e  of c h l o r i d e  con-  
c e n t r a t i o n  for  a g iven  a m o u n t  of c u r r e n t  t r a n s f e r r e d  
can  a l w a y s  be  k e p t  low, b e c a u s e  of t he  h igh  con-  
c e n t r a t i o n  of t he  solut ions .  

In  t h e  r eg ion  of i m p e r f e c t  m e m b r a n e  se lec t iv i ty ,  
t he  e l ec t rode  r e a c t i o n s  do no t  even  c o m p e n s a t e  a p -  
p r o x i m a t e l y  for  t he  ion  t r a n s p o r t  across  t he  m e m -  
b rane .  In  fact ,  if  less t h a n  ha l f  of the  c u r r e n t  is c a r -  
r i e d  b y  cat ions,  c o n c e n t r a t i o n  changes  in  t he  e l ec -  
t r o d e  c o m p a r t m e n t s  a r e  g r e a t e r  t h a n  in  a ce l l  w i t h  
A g-A gC1  e lec t rodes .  In  th is  case  i t  m a y  b e  pos -  
s ib le  to s u b s t i t u t e  a w e a k l y  bas ic  g r a n u l a r  an ion  e x -  
c h a n g e  res in  in  bo th  c o m p a r t m e n t s .  A n  ana logous  
ser ies  of r eac t i ons  m a y  b e  e x p e c t e d  to t hose  d e -  
s c r i be d  a b o v e  fo r  t he  w e a k l y  ac id  ca t i on  e x c h a n g e  
res in2  Use of t h e  w e a k l y  bas ic  r e s in  shou ld  p r o v e  
p a r t i c u l a r l y  u se fu l  in  the  s t u d y  of an ion  e x c h a n g e  
m e m b r a n e s .  

In  a t y p i c a l  e x p e r i m e n t  i t  was  ver i f ied  b y  a n a l -  
ys is  of t h e  r e s in  g r a in s  a n d  t h e  so lu t ions  t ha t  t h e  
r eac t i ons  do i n d e e d  t a k e  p l a c e  as c i ted  above .  The  
p H  of the  so lu t ions  was  d e t e r m i n e d  a f t e r  each  e x -  
p e r i m e n t  us ing  " A l k a c i d "  tes t  p a p e r ,  a n d  in  a l l  
cases  was  f o u n d  to b e  n e u t r a l .  In  o r d e r  to  v e r i f y  
t h a t  so lu t ions  r e m a i n e d  n e u t r a l  a t  a l l  t imes  d u r i n g  
the  e x p e r i m e n t ,  m e t h y l  r e d  w a s  a d d e d  to t h e  a n o d e  
c o m p a r t m e n t  a n d  p h e n o l p h t h a l e i n  to t he  c a thode  
c o m p a r t m e n t .  U n d e r  t hese  condi t ions ,  c u r r e n t  d e n -  
s i t ies  of 2.5 m a / c m  ~ or  l o w e r  d id  no t  p r o d u c e  a n y  
color  change .  W h e n  s m a l l e r  r e s in  g r a i n s  a r e  used  
a n d  s t i r r i n g  is m o r e  v igorous ,  h i g h e r  c u r r e n t  d e n s i -  
t ies  a r e  pe rmi s s ib l e .  

1 A m b e r l i t e  IRC-50 ,  R o h m  & H a a s ,  P h i l a d e l p h i a ,  Pa . ,  ~ # 1 2  U.S .  2 T h e  a u t h o r s  a r e  i n d e b t e d  to  Dr .  N.  W. l~osenberg ,  of Ionics,  Inc . ,  
m e s h .  C a m b r i d g e ,  Mass . ,  f o r  t h i s  suggestion.  
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Table I. Ion and water transport across "Permaplex C-I" membrane (product of the Permutit Co., London) 
W a t e r  c o n t e n t :  37 ,5%.  C a p a c i t y :  1.75 m e q .  p e r  g w e t  m e m b r a n e  o r  0.146 m e q .  cm-~. T h i c k n e s s :  0.077 cm.  
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Ion transport data 

E x p e r i m e n t  1 2 3 4 5 

before 0.1013 0.1023 0.1014 0.3044 0.3002 
after  0.1019 0.1017 0.1004 0.3054 0.3021 

before 
after 

Cathode 
Normali ty of compar tment  

NaC1 solutions Anode 
compartment  

Charge passed (mill ifaradays) 
Transpor t  number ,  tN,+ 

From radiotracer  t ransfer  

0.1013 0.1085 0.1014 0.3104 0.3017 
0.1002 0.1024 0.1009 0.3043 0.2945 
9.22 13.38 7.38 11.28 11.28 

0.97 - -  1.02 1.03 
From chloride-ion concentrat ion 
change in cathode compartment  
Avg 

Anode bure t  loss (ml) 
Cathode bure t  gain (ml) 
Average water  t ransport  (ml) 
Water  t ranspor t  (moles faraday -t ) 

- -  0.976 - -  0.985 1.009 
- -  0.973___.03 - -  1.00___.03 1.024-.03 

Water transport data 

1.11 - -  0 . 9 1  - -  1.33 
1.04 1.57 1.00 - -  1.40 
1.08 1.57 0.96 - -  1.36 
6.4• 6.5--+0.3 7.2• - -  6.7• 

The t r a n s p o r t  n u m b e r  of the an ion  is ca lcu la ted  
f rom the  change  in  chlor ide concen t r a t i on  of the  
cathode compar tmen t .  Wi th  appropr i a t e  m i n o r  cor-  
rect ions  for wa te r  t r an spo r t  and  swel l ing  and  ex-  
c lus ion of sorbed salt  by  the res in  w h e n  chang ing  
f rom the hyd rogen  to sodium form, the  an ion  t r a n s -  
por t  n u m b e r  can be d e t e r m i n e d  w i t h i n  at  least  
+---0.03. 

The t r an spo r t  n u m b e r  of the  cat ion is d e t e r m i n e d  
i n d e p e n d e n t l y  by t agg ing  the  so lu t ion  and  res in  in  
the  anode compar tmen t ,  as wel l  as the  m e m b r a n e ,  
wi th  a rad ioac t ive  isotope of the cat ion u n d e r  con-  
s idera t ion  and  obse rv ing  the  change  in  specific ac- 
t iv i ty  in  bo th  c o m p a r t m e n t s  w i th  passage of cu r ren t .  
Thus,  the t r anspo r t  n u m b e r  of the ca t ion  can be de-  
t e r m i n e d  w i t h i n  ---0.03 t r anspo r t  uni ts .  The specific 
ac t iv i ty  of Na in  the  so lu t ion  and  res in  in  the anode  
c o m p a r t m e n t  and  on the m e m b r a n e  is the  same at 
the s tar t  and  t h roughou t  the  whole  exper imen t .  I t  is 
i m p o r t a n t  to r emove  the so lu t ion  f rom the cathode 
c o m p a r t m e n t  as soon as possible  af ter  the s toppage 
of the c u r r e n t  and  the  r ead ing  of the l iqu id  level  
in  the burets .  If this so lut ion is kep t  in  contact  w i th  
the m e m b r a n e  for more  t h a n  abou t  10 min ,  an  ap -  
prec iable  e r ror  m a y  resu l t  f rom the  increase  of the  
specific ac t iv i ty  of the  solut ions  by  exchange  of ions 
wi th  the m e m b r a n e .  

On the  other  hand,  exchange  wi th  the g r a n u l a r  
res in  in  the c o m p a r t m e n t s  is m u c h  fas ter  t h a n  w i th  
the m e m b r a n e  and  therefore  the specific ac t iv i ty  on 
the g r a n u l a r  res in  is no t  apprec iab ly  smal le r  t h a n  in 
the solut ion.  This was  verif ied by  the  au thors  in  one 
exper imen t .  However ,  for precis ion m e a s u r e m e n t s  
they  r e c o m m e n d  tha t  the  specific ac t iv i ty  in  the  
g r a n u l a r  resin,  on the m e m b r a n e  and  in  the solut ion,  
be d e t e r m i n e d  at the  end  of the expe r imen t ,  thus  
ve r i fy ing  the equa l i ty  of the specific act ivi t ies  of 
ano ly te  and  m e m b r a n e ,  on the  one hand,  and  ca th-  
olyte  and  g r a n u l a r  res in  in  the cathode c o m p a r t m e n t  
on the other  hand.  Correct ions  can  t h e n  be m a d e  for 
m ino r  devia t ions  f rom the expected specific ac t iv -  
ities. 

The ac t iv i ty  of the  solut ions  was d e t e r m i n e d  by  
evapora t i ng  a sample  to d ryness  and  count ing,  us -  

ing a t h i n  e n d - w i n d o w  G.M. t ube  connec ted  to a 
Model  1070 "Mul t isca ler" .  ~ Sufficient ac t iv i ty  was  
incorpora ted  in  the  anode  c o m p a r t m e n t  so that ,  at  
the  end  of the  exper imen t ,  the ac t iv i ty  in  the  ca th-  
ode c o m p a r t m e n t  was  at leas t  10% of tha t  in  the  
anode  c o m p a r t m e n t .  The coun t ing  ra te  va r i ed  be-  
t w e e n  200 to 3000 c o u n t s / r a i n  in  di f ferent  samples  
( b a c k g r o u n d :  abou t  28 c o u n t s / m i n ) .  At  least  four  
d i f ferent  samples  of each so lu t ion  were  p r epa red  
a n d  abou t  10,000 counts  we re  a c c umul a t e d  for  each 
sample.  C o u n t i n g  ra tes  were  corrected for back -  
g round  and  non l i ne a r i t y .  U nde r  these condi t ions,  
the  act ivi t ies  of the  solut ions  could be d e t e r m i n e d  
w i t h i n  __1%. 

Since  the  sum of the  e lectr ical  t r a n spo r t  n u m b e r s  
is un i ty ,  the above two methods,  used in  c o n j u n c -  
tion, p rov ide  usefu l  checks on the  i n d i v i d u a l  p ro -  
cedures  as wel l  as an  increase  in  ove r - a l l  accuracy.  
Tab le  I lists ion a nd  wa te r  t r a n spo r t  da ta  t a k e n  f rom 
severa l  r e p r e s e n t a t i v e  expe r imen t s .  

I t  is seen that,  w i t h i n  the  es t ima ted  e r ror  of 3%, 
the  t r a n spo r t  n u m b e r  of sodium, tN,§ in  " P e r m a -  
p lex  C - - I "  was  found  to be u n i t y  in  solut ions  abou t  
0.1 and  0.3N wi th  respect  to NaC1. There  is l i t t le  in  
the  l i t e r a tu re  wi th  which  to compare  this  resul t .  
K r e s s m a n  and  Tye  (9) r epor ted  tN~+ z 0.98 for 0.1N 
NaC1. The au thors '  resu l t  is no t  incons i s t en t  wi th  
theirs.  I t  is i m p o r t a n t  tha t  ca lcu la t ions  of the  t r a n s -  
por t  n u m b e r  (a)  f rom the  rad io t race r  t r ans fe r  and  
(b)  f rom the  chlor ide ion concen t r a t i on  change  in  
the cathode c o m p a r t m e n t  lead to the same resul t ,  
w i t h i n  e x p e r i m e n t a l  error ,  a l though  these de te r -  
m i n a t i o n s  are  essen t ia l ly  i n d e p e n d e n t  of each other.  

Wate r  t r a n spo r t  is d e t e r m i n e d  d i rec t ly  f rom the  
bu re t  r ead ings  af ter  correc t ion  for t e m p e r a t u r e  
changes,  e lect rolyt ic  decomposi t ion  ( r eac t ion  [5 ] ) ,  
evapora t ion ,  a nd  spray.  Al l  gas bubb le s  which  are 
evolved at the electrodes m u s t  be  r e move d  care fu l ly  
before  the  f inal  r e a d i ng  of the  bu r e t  level.  This  
was  accompl ished in  this cell by  des ign ing  the  ins ide  
sur face  of the  roof of each c o m p a r t m e n t  in  the  
shape of a dome and  by  ca re fu l ly  pol i sh ing  it  so 
tha t  the  gas bubb le s  escaped speedi ly  t h rough  the 

3 A t o m i c  I n s t r u m e n t  Co., C a m b r i d g e ,  Mass .  



390 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  J u n e  1957 

burets .  It  was found  tha t  a t race  of a commerc i a l  
non ion ic  de t e rgen t  was  ve ry  he lp fu l  in  r e m o v i n g  gas 
bubb les  con t inuous ly .  The type  of de t e rgen t  to be 
used depends  on the  sal t  u n d e r  inves t iga t ion ,  solu-  
t ion  concen t ra t ion ,  and  c u r r e n t  densi ty .  In  the  case 
of NaC1 solut ions,  the au thors  added  a 1:9 m i x t u r e  
of "P lu ron i c "  L-61 and  L-72 ~ in  the cathode com-  
pa r tmen t ,  and  "Tr i ton"  X-45 ~ in" the anode  com-  
p a r t m e n t .  W h e n  used in  the cathode c o m p a r t m e n t ,  
however ,  T r i t on  X-45 p roduced  excess foam, whi le  
the P lu ron ics  appea red  ineffect ive in  the presence  of 
ch lor ine  w h e n  used in  the anode compar tmen t .  The 
effective de te rgen t  concen t r a t i on  for 1N solut ions  is 
abou t  0.075 ml  of the  commerc ia l  de t e rgen t  per  l i ter .  
In  expe r imen t s  w i th  CaCI~ solutions,  F i sher  Aerosol  ~ 
was used in  bo th  compar tmen t s .  

Wate r  t r an spo r t  is ca lcu la ted  as the average  of 
the  v o l u m e  decrease in  the  anode c o m p a r t m e n t  a nd  
the  v o l u m e  increase  in  the  cathode c o m p a r t m e n t .  I t  
is, of course, necessa ry  to expel  all  gas bubb l e s  be -  
fore r ead ing  the  burets .  I t  is es t imated  tha t  the 
va lues  so ob ta ined  are accura te  w i t h i n  5%. 

The magne t i c  s t i r re rs  used gene ra t e  cons iderab le  
heat,  even  w h e n  opera ted  f rom rheosta ts  located 
some d is tance  f rom the  cell. La rge  changes  in  t e m -  
pera tu re ,  however ,  were  overcome by  b lowing  com-  
pressed air  t h rough  the  motor  housings .  

4 W y a n d o t t e  C h e m i c a l  Corp . ,  W y a n d o t t e ,  Mich .  

R o h m  & H a a s  Co.,  P h i l a d e l p h i a ,  Pa .  

8 F i s h e r  Sc i en t i f i c  Co.,  P i t t s b u r g h ,  Pa .  

The same cell m a y  be used for the m e a s u r e m e n t  
of m e m b r a n e  poten t ia l s  a nd  diffusion across m e m -  
branes .  In  the l a t t e r  cases it is advisab le  to use more  
vigorous s t i r re rs  or c i rcu la t ion  sys tems for the  solu-  
tions. 

Manuscript  received Ju ly  24, 1956. The method used 
in these studies was presented at the A.A.A.S. Gordon 
Conference on Ion Exchange in 1954. 

Any  discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1957 
J O U R N A L .  
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Anodic Behavior of Iron in Acid Solutions 
Mi l ton Stern and Richard M. Roth 1 

Metals Research Laboratories, Electro Metallurgical Company,  

A Division oy Union Carbide Corporation, Niagara Falls, New York  

The e lec t rochemica l  behav io r  of i ron  has been  the  
subjec t  of ex tens ive  research  w i t h i n  the last  few 
years.  S t e rn  (1) has descr ibed the re la t ionsh ips  which  
exist  b e t w e e e n  the corrosion potent ia l ,  the corrosion 
rate,  and  the  h y d r o g e n  ac t iva t ion  overvo l tage  of p u r e  
Fe  in  acid NaC1 solut ions.  Anodic  po la r iza t ion  me a s -  
u r e m e n t s  were  no t  r ep roduc ib le  and  showed m a r k e d  
hysteresis .  Thus, a q u a n t i t a t i v e  descr ip t ion  of the 
local anodic  po la r iza t ion  curve  for the ma te r i a l  could 
not  be  presen ted .  However ,  s ince the  corrosion ra te  
and  the hyd rogen  ac t iva t ion  overvol tage  pa ramete r s ,  
io and  fl, we re  cons tan t  over  the pH range  1-4 and  
the corrosion po ten t i a l  va r ied  by  0.056 v for each 
u n i t  pH change,  it was concluded tha t  the local 
anodic  po la r iza t ion  cu rve  for Fe at cu r r en t s  cor-  
r e spond ing  to the  corrosion c u r r e n t  is e x t r e m e l y  
steep. 

On the other  hand,  ano the r  e x p l a n a t i o n  is possible 
if one considers  tha t  the anodic  fo rma t ion  of fe r rous  
ions f rom i ron  is pH dependen t .  In  par t i cu la r ,  for 
this m e c h a n i s m  to exp la in  the da ta  proper ly ,  anodic  
po la r iza t ion  mus t  show an  R T / F  dependence  on pH. 
The fo rmer  e x p l a n a t i o n  was selected because  no 

l P r e s e n t  a d d r e s s :  L e h i g h  U n i v e r s i t y ,  B e t h l e h e m ,  Pa .  

obvious process could be devised which  gave the 
anodic  reac t ion  the proper  pH dependence .  

Bonhoeffer  (2) descr ibed the work  of Heus le r  and  
Kaesche,  two of his associates at the M a x - P l a n c k -  
Ins t i tu t .  These  inves t iga to rs  also found  a hys teres is  
effect during anodic polarization but reported that in 
HCIO~ solutions the local anodic polarization be- 
havior of Fe does indeed show the pH dependence 
required to support the second explanation de- 
scribed above. However, anodic measurements in 
HCIO~ cannot be considered typical of behavior in 
acid NaCl solutions, particularly for a situation 
where ferrous ion complexing may be important. 

These results, however, required that anodic be- 
havior in acid NaC1 be examined critically to deter- 
mine which of the possible proposals is correct. 

The question can be summarized simply. Does the 
Tafel  slope for d issolu t ion  of Fe (Fe-> Fe++-~ 2e) 
have  a n o r m a l  va lue  of abou t  0.1 v, or is the slope an  
o r d e r  of m a g n i t u d e  grea te r?  

Procedure 
Two ne w  e x p e r i m e n t a l  approaches  are possible, 

e i ther  of which  can supp ly  the  answer  to this ques-  
tion. Both have  been  descr ibed  by  S t e r n  a nd  Gea ry  
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(3 ) .  The  t e chn iques  h a v e  been  a p p l i e d  to the  F e  
p r o b l e m ,  and  thus  a r e  d i scussed  he re  br ief ly .  The  
m e t h o d s  m a k e  use of a c c u r a t e  l o w - c u r r e n t  p o l a r i z a -  
t ion  m e a s u r e m e n t s  c lose to the  co r ros ion  p o t e n t i a l  
a n d  thus  h a v e  the  a d v a n t a g e  of e l i m i n a t i n g  changes  
in su r f ace  compos i t i on  a n d  s t r u c t u r e  w h i c h  m a y  oc-  
cur  a t  h i g h e r  cur ren t s .  

E q u i p m e n t  and  e x p e r i m e n t a l  t e chn iques  h a v e  
been  d e s c r i b e d  e l s e w h e r e  (1) .  

M e t h o d / . - - I f  the  co r ros ion  p o t e n t i a l  a n d  c u r r e n t  
a r e  d e t e r m i n e d  b y  the  i n t e r s ec t i on  of anod ic  a n d  
ca thod ic  T a f e l - t y p e  p o l a r i z a t i o n  curves ,  i t  can  be  
shown  t h a t  

di,, ,  ) ~ - ~ 0  ---- (2.3) (i  . . . .  ) (tic ~- flA) (Z) 
/,,~-) O 

w h e r e  tic is t he  ca thod ic  Tafe l  slope, fl~ is the  anodic  
Tafe l  slope,  and  ~ is t he  d i f fe rence  b e t w e e n  the  
p o l a r i z e d  p o t e n t i a l  and  the  cor ros ion  po ten t i a l .  
Thus,  a l i n e a r  p lo t  of p o t e n t i a l  as a func t ion  of a p -  
p l i ed  c u r r e n t  y i e lds  a s t r a i g h t  l ine  for  suff ic ient ly  
s m a l l  va lue s  of a p p l i e d  anodic  or  ca thod ic  cu r r en t .  
The  s lope of th is  s t r a i g h t  l ine  sec t ion  is d~/d i .  
S i m u l t a n e o u s  m e a s u r e m e n t  of the  cor ros ion  r a t e  a n d  
h y d r o g e n  o v e r v o l t a g e  y i e lds  va lue s  of i . . . .  and  tic. 
Thus,  sufficient  i n f o r m a t i o n  is a v a i l a b l e  to ca l cu l a t e  
t h e  s l o p e  of t he  anod ic  p o l a r i z a t i o n  c u r v e  us ing  
Eq. ( I ) .  

Such  m e a s u r e m e n t s  h a v e  been  c o n d u c t e d  in  4% 
NaC1 acid i f ied  w i t h  HC1 to a p H  v a l u e  of 1.5. The  
ana lys i s  of t he  F e  used  was  d i f fe ren t  f rom t h a t  r e -  
p o r t e d  p r e v i o u s l y  (1) ,  the  S con ten t  be ing  0.01%. 
The  m a t e r i a l  t hus  e x h i b i t e d  d i f f e ren t  va lue s  for  t h e  
h y d r o g e n  a c t i v a t i o n  o v e r v o l t a g e  p a r a m e t e r s .  The  
e x c h a n g e  cur ren t ,  io, was  found  to be  0.041 ~ a m p /  
cm ~, w h i l e  tic was  d e t e r m i n e d  as 0.083 v. T h e  co r -  
ros ion  r a t e  in  th is  case is e q u i v a l e n t  to 26.2 t~ 
a m p / c m  ~. Fig .  1 is a p lo t  of t he  ca thod ic  p o l a r i z a t i o n  
d a t a  in the  l o w - c u r r e n t  r eg ion  w h e r e  the  p o t e n t i a l  
is a l i n e a r  func t ion  of a p p l i e d  ca thod ic  cu r ren t .  The  
v a l u e  of d ~ / d i  is 6.7(10 - ')  v / t~amp/cm% Us ing  the  
a b o v e  d a t a  in Eq. (1) p r o d u c e s  a c a l c u l a t e d  v a l u e  of 
fiA of 0.078 v. 

I t  is i n t e r e s t i n g  to no te  t h a t  the  f ac to r  d ~ )  - 
di / ~---+ 0 

is e x a c t l y  the  t e r m  w h i c h  Bonhoef fe r  (4)  p r e f e r s  
to cal l  " p o l a r i z a t i o n  r e s i s t ance . "  In  Eq. ( I ) ,  w h i c h  
exp res se s  th is  t e rm,  t he  cor ros ion  c u r r e n t  is in  t he  

0 - o~ dE 
> o ~  d~ "= 6.7 (lO-') V/FAMP/CM = 

z ~  
-.236 ~  z ~- ~ o_ o~ 

> ~>-.240 
j (D 

o 

O i , , i i n i , i i i , , , , , , I 
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Fig. 1. L i nea r  relation between potential and applied cathodic 
c u r r e n t .  
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Fig. 2. Potential as a function of applied cathodic current 

d e n o m i n a t o r .  This  e x p l a i n s  the  i nc rea se  in  p o l a r i z a -  
t ion  r e s i s t ance  w h i c h  is f o u n d  w i t h  de c r ea s ing  

) cor ros ion  ra tes .  A c t u a l l y ,  ~ ~___>~s n e i t h e r  a r e -  

s i s tance  in  the  u s u a l  sense  of t he  t e r m  no r  a f u n d a -  
m e n t a l  e l e c t r o c h e m i c a l  p a r a m e t e r  w h i c h  con t ro l s  
co r ros ion  ra t e .  The  l i n e a r  d e p e n d e n c e  of p o t e n t i a l  
on c u r r e n t  on ly  ex is t s  because  t h e  d i f f e rence  b e -  
t w e e n  two  l o g a r i t h m i c  func t ions  of c u r r e n t  a p p r o x i -  
m a t e s  a l i n e a r  func t ion  w h e n  t h e  l o g a r i t h m i c  f u n c -  
t ions  a r e  of t he  s a m e  o r d e r  of m a g n i t u d e  (3 ) .  

Method  / / . - - F o r  a s y s t e m  in wh ich  the  co r ros ion  
p o t e n t i a l  a n d  cor ros ion  r a t e  a r e  d e t e r m i n e d  by  the  
i n t e r s e c t i o n  of two  Tafe l  l ines ,  w h e r e  t he  i n t e r s e e -  
t ion  is suff ic ient ly  r e m o v e d  f r o m  the  e q u i l i b r i u m  
p o t e n t i a l s  of t he  o x i d a t i o n  and  r e d u c t i o n  r eac t i ons  
i nvo lved ,  i t  has  been  s h o w n  (3)  t ha t  t h e  e x p e r i -  
m e n t a l  ca thod ic  p o l a r i z a t i o n  c u r v e  is d e s c r i b e d  b y  
the  fo l l owing  equa t i on :  

i,pp + iA 
= --tic log (11) 

~r 

w h e r e  i~pp is t he  a p p l i e d  ca thod ic  c u r r e n t  and  iA is 
t he  t o t a l  anod ic  cu r ren t .  H y d r o g e n  a c t i v a t i o n  po -  
l a r i z a t i o n  m e a s u r e m e n t s  in  t h e  T a f e l  r eg ion  s u p p l y  a 
v a l u e  for  tic. 

Thus,  us ing  Eq. ( I I ) ,  t he  loca l  anodic  c u r r e n t  m a y  
be  c a l c u l a t e d  as a func t ion  of p o t e n t i a l  d u r i n g  ca -  
thod ic  po l a r i za t i on .  

Fig.  2 is a p lo t  of p o t e n t i a l  as a func t ion  of a p p l i e d  
ca thod ic  cu r ren t .  C a l c u l a t e d  va lue s  of iA a r e  i n -  
c luded  and  t r a c e  t he  s h a p e  of t he  loca l  anod ic  p o -  
l a r i z a t i on  curve .  I t  is qu i t e  a p p a r e n t  h e r e  a g a i n  t h a t  
the  loca l  anod ic  p o l a r i z a t i o n  c u r v e  i s  no t  s teep,  t h e  
m e a s u r e d  v a l u e  be ing  0.068 v. Thus,  i t  has  been  es -  
t a b l i s h e d  t h a t  anod ic  b e h a v i o r  in  HC1 is s i m i l a r  to 
t h a t  r e p o r t e d  b y  Bonhoef fe r  in  HC10~. 

Discussion 

I t  is n e c e s s a r y  to e x p l a i n  the  p a r t i c u l a r  p H  d e -  
p e n d e n c e  of anod ic  p o l a r i z a t i o n  w h i c h  p r o d u c e s  the  
p o t e n t i a l  and  cor ros ion  r a t e  d e p e n d e n c e  a l r e a d y  
r e p o r t e d  b y  s e v e r a l  i nves t iga to r s .  In  t he  p H  r a n g e  
1-4, i t  is diff icult  to accep t  the  fac t  t ha t  t he  e q u i l i b -  
r i u m  p o t e n t i a l  of t he  F e  so lu t ion  r e a c t i o n  is p H  
sens i t ive .  Thus,  one poss ib le  a l t e r n a t i v e  e x p l a n a t i o n  
r e s ides  in a r e d u c t i o n  of the  e x c h a n g e  c u r r e n t  d e n -  
s i ty  for  the  r e a c t i o n  F e  ~ F e  § + 2e as t he  h y d r o g e n  
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ion ac t iv i ty  increases.  This is not  the on ly  poss ibi l -  
ity, however .  It  has a l r eady  been  shown tha t  d u r i n g  
corrosion of Fe  in  acids, the m a j o r  por t ion  of the  
surface  appears  to func t i on  as the cathode. If one 
considers  tha t  the cathodic area  increases  as the 
h y d r o g e n  ion ac t iv i ty  increases,  possibly  caused by  
grea te r  h y d r o g e n  adsorpt ion,  t h e n  a decrease in  the 
rea l  area  of the anode results .  The  anodic  and  ca th -  
odic po la r iza t ion  curves  in  Fig. 2 are based on a cu r -  
r e n t - d e n s i t y  ca lcu la t ion  which  uses the  en t i r e  geo- 
met r ic  sample  sur face  area. Essent ia l ly ,  this  is a 
plot  of the po la r iza t ion  curves  on a c u r r e n t  basis 
r a the r  t h a n  a c u r r e n t - d e n s i t y  basis  so tha t  the  
curves  in te rsec t  at the corrosion po ten t i a l  and  the 
corrosion cur ren t .  Thus,  even  though  the  equ i l i b -  
r i u m  potent ia l ,  flA, and  io for the solut ion of Fe are 
comple te ly  i n d e p e n d e n t  of pH, a decrease  in  the  
anode a rea  wil l  shift  a plot  of po ten t i a l  vs. anodic  
c u r r e n t  to the lef t  and  produce  a decrease in  the  ex-  
change  c u r r e n t  even  though  the  exchange  c u r r e n t  
dens i ty  is constant .  Therefore ,  the p H  d e p e n d e n c e  
of the corrosion ra te  and  corrosion po ten t i a l  of Fe 
m a y  also be exp la ined  as a decrease  in  anodic  area  
wi th  an  increase  in  hyd rogen  ion act ivi ty .  

I t  is i n t e r e s t i ng  to no te  tha t  Hi l l son  (5) r epor ted  
tha t  a C u / C u  *§ electrode showed a decrease in  act ive  

area as a func t ion  of concen t r a t i on  of surface  act ive 
agent .  This p roduced  a decrease  in  the  exchange  
cur ren t .  However ,  the  exchange  c u r r e n t  dens i ty  r e -  
m a i n e d  constant .  

There  is no obvious  e x p e r i m e n t  which  can dis-  
t i ngu i sh  b e t w e e n  a shift  in  the  rea l  exchange  cur -  
r e n t  dens i ty  and  a change  in  the  anode  area  of Fe. 
However ,  w i t hou t  a ny  a p p a r e n t  reason  for con-  
s ider ing  the  reac t ion  Fe ~ Fe  ++ + 2e to be  pH de-  
penden t ,  it  appears  tha t  the  be t t e r  of the two ex-  
p l ana t ions  is tha t  based on a decreas ing  anode  area  
as the pH is decreased.  

Manuscript  received Ju ly  24, 1956. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the December 1957 
JOURI~AL. 
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Discnssion Section 
Anodic Transients of Copper in Hydrochloric Acid 

Ralph S. Cooper (pp. 307-315, Vol. 103) 
J a m e s  H. B a r t l e t f :  (A)  If  t he  anode  be  h o r i z o n t a l  

and  sh ie lded ,  and  if t he  c u r r e n t  has  d e c r e a s e d  to 
zero, w h a t  is the  n a t u r e  of the  b r e a k  t r a n s i e n t  and  
w h a t  fac to rs  g o v e r n  i ts  d u r a t i o n ?  

(B)  D u r i n g  a b r e a k  t r an s i en t ,  is t h e  m a i n  p r o c -  
ess d i s so lu t ion  of the  a n o d e  l a y e r  or  is i t  d i m i n u t i o n  
of t he  a m o u n t  of CuCI-~ in  the  pores ,  w i t h  the  a t -  
t e n d a n t  consequences? 

Ralph S. Cooper: (A) For horizontal shielded 
anodes the current decreases monotonically, ap- 
proaching zero as the layer resistance increases with 
time but never actually becoming zero. Upon break- 
ing the circuit, the anode voltage will change by the 
amount of the IR drop across the layer, and will im- 
mediately assume the open circuit electrode poten- 
tial. No extensive experiments of this type have 
been performed, but it may be expected that the 
break transients observed will be similar to those 
for unshielded anodes with three differences. First, 
for  V -------0.05, an  a p p r e c i a b l e  l a y e r  r e s i s t ance  is to  

be  expec ted .  Second ly ,  the  d u r a t i o n  of the  --0.05 v 
v o l t a g e  d e c a y  p l a t e a u  m a y  pos s ib ly  be  longe r  b e -  
cause  of the  l o w e r  r a t e  of so lub i l i t y  of t he  l aye r .  
F i n a l l y ,  t he  e l ec t rode  p o t e n t i a l  w i l l  no t  d rop  b e l o w  
--0.27 v as t he  a n o l y t e  wi l l  r e m a i n  s a t u r a t e d  w i t h  
CuC1. 

(B)  T h e r e  are,  in  genera l ,  two  processes  associ -  
a t ed  w i t h  t he  b r e a k  t r an s i en t .  The  first  is t he  o p e n -  
ing  of t he  pores  in t h e  CuC1 l aye r ,  w h i c h  r e su l t s  in  
d e c a y  of t he  l a y e r  res i s t ance .  The  c o m p l e t i o n  of t he  
r e s i s t ance  d e c a y  is co inc iden t  w i t h  t h e  end  of t he  
--0.05 v v o l t a g e  d e c a y  p l a t eau .  On ly  1% of t h e  CuC1 
l a y e r  need  d i sso lve  in  o r d e r  for  i ts  r e s i s t ance  to b e -  
come s m a l l  c o m p a r e d  to t he  so lu t ion  res i s tance .  The  
second  process  is t he  r e m o v a l  of the  b u l k  of t he  
CuC1 l aye r .  This  occurs  on ly  for. u n s h i e l d e d  e lec-  
t r odes  w h e r e  convec t ion  can  act  to r e m o v e  the  
CuCI-~ ion c o m p l e x  a t  an  a p p r e c i a b l e  ra te .  This  
p rocess  r e q u i r e s  of t he  o r d e r  of 10 see for  c o m p l e -  
t ion,  d u r i n g  w h i c h  the  anode  p o t e n t i a l  r e m a i n s  a t  
--0.27 v. Upon  c o m p l e t i o n  t h e  so lu t ion  becomes  u n -  
s a t u r a t e d  w i t h  r e spec t  to CuC1 and  t h e  p o t e n t i a l  
fa l l s  b e l o w  --0.27 v, end ing  the  second  v o l t a g e  d e c a y  
p l a t eau .  

The Nature of the Film Formed on Copper 
during Electropolishing 

E. C. Williams and Marjorie A. Barrett (pp. 363-366, Vol. 103) 
I. Epelbo in  and M. F r o m e n t h  The  s tudy ,  b y  e lec -  

t r on  d i f f rac t ion ,  of m e t a l s  po l i shed  e l e c t r o l y t i c a l l y  
g ives  c o n t r a d i c t o r y  resu l t s .  Thus ,  Boui l lon ,  B o u i l -  
l o n - N y s s e n ,  and  D e l p l a n c k &  have  r e p o r t e d  t ha t  i t  is 

T h i s  D i s c u s s i o n  S ec t i on  i n c l u d e s  d i scuss ion  of pape r s  a p p e a r i n g  
in  t h e  JOURNAL Of The  E l e c t r o c h e m i c a l  Socie ty ,  103, No. 6-12 ( J u n e -  
D e c e m b e r  1956). D i s c u s s i o n  n o t  a v a i l a b l e  fo r  t h i s  i ssue  w i l l  a p p e a r  
in  t h e  D i s c u s s i o n  S e c t i o n  of the  D e c e m b e r  1957 JOURNAL. 

Dept .  of Phys i c s ,  U n i v e r s i t y  of I l l ino is ,  U r b a n a ,  I l l .  

-~Lab. de  P h y s i q u e  E n s e i g n e m e n t  de  la Fa c u l t~  des Sc iences  de 
Par i s ,  1 r ue  Vic to r  Cous in ,  Par is ,  F rance .  

poss ib le  to ob ta in ,  b y  e l e c t ro ly t i c  po l i sh ing ,  copper  
su r f aces  f ree  of a l l  f o r e ign  l ayers .  This  conc lus ion  
is in  d i s a g r e e m e n t  w i t h  t he  r e su l t s  of W i l l i a m s  a n d  
B a r r e t t ,  a l t h o u g h  in bo th  cases  t he  coppe r  w a s  
po l i shed  in  p h o s p h o r i c  acid.  

W e  t h i n k  t h a t  i t  is diff icult  to d r a w  conc lus ions  
f rom an  e x a m i n a t i o n  c a r r i e d  out  a f t e r  the  s p e c i m e n  
has  been  r e m o v e d  f rom t h e  solut ion.  This  is w h y  
w e  s t u d y  the  po l i sh ing  d u r i n g  the  course  of the  
e lec t ro lys i s ,  b y  s u p e r i m p o s i n g  a l o w - a m p l i t u d e  
a l t e r n a t i n g  c u r r e n t  on the  con t inuous  cu r ren t .  The  
s t u d y  of v a r i a t i o n s  of t h e  c o m p o n e n t s  of i m p e d a n c e  
as a func t ion  of f r e q u e n c y  e na b l e s  one to o b t a i n  
i n f o r m a t i o n  a b o u t  the  s t r u c t u r e  of the  a n o d e  l aye r ,  
and  i t  has  been  e s t a b l i s h e d '  t h a t  t h e  p h e n o m e n a  a re  
m o r e  c o m p l e x  in  p h o s p h o r i c  ac id  t h a n  in  so lu t ions  
b a s e d  on C I O j  ions.  

A s s u m i n g  t ha t  i t  is poss ib le  to po l i sh  s m a l l  copper  
su r faces  in  m a g n e s i u m  p e r c h l o r a t e - e t h y l  a lcoho l  
m i x t u r e s ,  i t  w o u l d  be i n t e r e s t i n g  to e x a m i n e  such  
su r faces  b y  e l e c t r o n  d i f f rac t ion .  

E. C. W i l l i a m s  and Marjor ie  A. Barrett :  O u r  ob -  
s e r v a t i o n s  a r e  no t  n e c e s s a r i l y  in d i s a g r e e m e n t  w i t h  
those  of Boui l lon ,  B o u i l l o n - N y s s e n ,  and  De lp l ancke .  
T h e y  conf i rm the  p r e v i o u s  r e su l t s  of H o a r  a n d  
Farthing concerning the existence of a film during 
polishing and we have furthermore emphasized that 
the film is formed, and remains on the surface, un- 
der the current-density conditions for polishing but 
that it dissolves in the acid when the circuit is 
opened. It is therefore possible to obtain a surface 
substantially free of a nonmetallic layer by with- 
drawing the specimen from the electrolyte some 
time after the cessation of current. Whether or not 
it is then completely free of all adsorbed radicals 
is doubtful, but we think that Messieurs Epelb0in 
and Froment probably do not have in mind con- 
tamination of a molecular order of magnitude. 

We agree that it is difficult to draw conclusions 
from an examination carried out after the specimen 
has been removed from solution. On the other 
hand our conclusions, which we arrived at after 
taking due precautions, do not in any way offend 
electrochemical principles and they appear to com- 
plete a fairly satisfactory picture of the polishing 
process based on Elmore's theory. The superim- 
posed alternating current technique is no doubt 
promising as a means of providing information on 
the structure of the anode layer, but in our opinion 
it is a very indirect method and difficult to interpret. 

Pitting Corrosion of 18Cr-SNi Stainless Steel 
M. A. Streicher (pp. 375-390, Vol. 103) 

N. D. Greene ,  J r2 :  In  his  p a p e r  the  a u t h o r  s t a tes  
t h a t  p i t t i n g  m a y  be  d i v i d e d  into  two  d i s t i nc t  s teps :  

F. Bou i l l on ,  Y. B o u i l l o n - N y s s e n ,  and  A. De lp l ancke ,  Bull .  soc. 
chim.  Belges,  65, 245 (1956). 

I. Epe lbo in ,  J. chim. phys . ,  49, C214 (1952) ; M d t a u x  (Corrosion-  
Inds . ) ,  [376], 31, 475 (1956). 

Co r ros ion  Resea rch  Lab. ,  Ohio  S ta te  U n i v e r s i t y ,  C o l u m b u s  1O, 
Ohio. 
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pi t  i n i t i a t i o n  and  p i t  g rowth .  P i t  i n i t i a t i on  is a mos t  
cu r ious  t e chn i ca l  t e rm.  To m y  k n o w l e d g e ,  i t  has  
n e v e r  been  defined.  True ,  a p i t  does  s t a r t  a t  some 
po in t ;  h o w e v e r ,  th is  fac t  s u r e l y  does  no t  cons t i t u t e  
a def in i t ion  of an  i n i t i a t i on  s tep.  

If  p i t t i n g  invo lves  two  d i s t i nc t  s teps  i t  m u s t  be  
poss ib l e  to c h a r a c t e r i z e  and  s e p a r a t e  each  of these  
s teps.  L ikewise ,  i t  shou ld  b e  poss ib l e  to s t a t e  the  
p o i n t  a t  w h i c h  the  i n i t i a t i on  s tep  ceases  a n d  the  
g r o w t h  s tep  beg ins  or  a s sumes  m a j o r  i m p o r t a n c e .  I 
w o u l d  a p p r e c i a t e  h a v i n g  t h e  a u t h o r ' s  def in i t ion  of 
the  p i t  i n i t i a t i on  s tep  a n d  his c o m m e n t s  on the  a b o v e  
points .  

H o w  does  t he  a u t h o r  s e p a r a t e  t h e  i n i t i a t i o n  a n d  
g r o w t h  s t eps  in  t he  t es t  he  desc r ibe s?  If  p i t t i n g  is a 
t w o - s t e p  process ,  as p roposed ,  w o u l d n ' t  t he  n u m b e r  
of  p i t s  w h i c h  a p p e a r  d u r i n g  the  t e s t  r e p r e s e n t  t h e  
c u m u l a t i v e  ac t ion  of i n i t i a t i on  a n d  g r o w t h  u n d e r  
conditions of i m p r e s s e d  c u r r e n t ?  

A tes t  s i m i l a r  to t h e  a u t h o r ' s  tes t  in  0.1N s o d i u m  
ch lo r ide  was  p e r f o r m e d  in th is  l a b o r a t o r y .  Mic ro -  
scopic  e x a m i n a t i o n  of t he  s p e c i m e n  s h o w e d  n u m e r -  
ous  e x t r e m e l y  s m a l l  p i t s  in  a d d i t i o n  to those  v i s ib l e  
to t he  n a k e d  eye.  M a n y  of t he se  fine p i t s  w e r e  
c l u s t e r e d  a r o u n d  the  l a r g e r  mac roscop i c  pi ts .  P r o b -  
ing  i n d i c a t e d  t h a t  t h e y  w e r e  de f in i t e ly  p i t  d e p r e s -  
s ions a n d  no t  t he  r e s u l t  of " roof  co l l apse"  of t he  
l a r g e r  p i t  cavi t ies .  Fig .  11 in  the  a u t h o r ' s  p a p e r  
i l l u s t r a t e s  th is  p h e n o m e n o n .  Close e x a m i n a t i o n  of 
th is  p h o t o g r a p h  ind i ca t e s  t he  p r e s e n c e  of a p p r o x i -  
m a t e l y  s ix  t i ny  pi ts .  W e r e  t h e s e  n u m e r o u s  m i c r o -  
scopic  p i t s  i n c l u d e d  in  t he  t o t a l  p i t  counts?  

M. A. S t r e t c h e r :  The  d iv i s ion  of p i t t i n g  in to  p i t  
i n i t i a t i on  ( s u r f a c e  b r e a k - d o w n )  a n d  p i t  g r o w t h  is 
a c o n v e n i e n t  m e t h o d  for  s e p a r a t i n g  va r i ous  f ac to r s  
i n v o l v e d  in  each  of these  two  s teps ,  and  fo l lows  
n a t u r a l l y  f rom t h e  f ac t  t h a t  one  la rge ,  deep  p i t  m a y  
be  of  m u c h  g r e a t e r  i m p o r t a n c e  t h a n  m a n y  sha l low 
pi ts .  The  fac to rs  in  t h e  m e t a l  or  t he  e n v i r o n m e n t  
w h i c h  l e a d  to su r f ace  b r e a k - d o w n  a r e  no t  neces -  
s a r i l y  t h e  s a m e  as those  w h i c h  p r o m o t e  excess ive  
g rowth .  These  concep ts  of p i t  i n i t i a t i on  a n d  p i t  
g r o w t h  ( p r o p a g a t i o n )  have  been  f o u n d  use fu l  b y  
o t h e r  i n v e s t i g a t o r s ?  

The  b r e a k - d o w n  of the  su r f ace  m a y  be  d e t e c t e d  
in  s e v e r a l  ways ,  b y  changes  in  e l e c t r o d e  p o t e n t i a l  
(see Ref. 25 of t he  d i scussed  p a p e r )  or  b y  t h e  a p -  
p e a r a n c e  of a pi t .  In  m y  inves t iga t ion ,  e l e c t r o l y t i c  
m e t h o d s  w e r e  u sed  to b r e a k  d o w n  the  pa s s iv e  s u r -  
face.  The  n u m b e r  of p i t s  f o r m e d  in th is  w a y  was  
used  as a m e a s u r e  of t h e  p i t t i n g  r e s i s t a n c e  of t he  
s teel .  T h e  a c t u a l  size of t he  p i t  was  l a r g e l y  a f u n c -  
t ion of  t he  n u m b e r  of  p i t s  f o r m e d  and  t h e  a m o u n t  
of c u r r e n t  pas s ing  t h r o u g h  the  cell .  The re fo re ,  th is  
m e t h o d  was  not  s u i t a b l e  for  t h e  s t u d y  of p i t  g r o w t h  
a n d  was  no t  used  for  th is  purpose .  P i t s  w e r e  g r o w n  
o n l y  to r e v e a l  t he  n u m b e r  of  po in t s  of  b r e a k - d o w n  
in t h e  sur face .  

In  o r d e r  to obse rve  p i t s  in  t h e i r  r e l a t i o n s h i p  to t he  
m e t a l l u r g i c a l  s t r u c t u r e  t he  g r o w t h  p rocess  m u s t  be  
s t o p p e d  w h i l e  t h e y  a r e  s t i l l  v e r y  smal l .  Also,  for  
m e t a l l o g r a p h i c  s tud ies  a v e r y  l a r g e  n u m b e r  of p i t s  
m u s t  be  f o r m e d  in o r d e r  to o b t a i n  p i t s  w i t h i n  t he  

e p.  M. Aziz,  CorroSion, 9, 85 (1953); R. May,  d. Inst .  Metals ,  3~, 
65 (1953). 

m i n u t e  a r e a  u n d e r  o b s e r v a t i o n  in  t h e  mic roscope .  The  
c u r r e n t  dens i t i e s  r e q u i r e d  to f o r m  t h e s e  l a r g e  n u m -  
bers  of p i t s  a r e  m u c h  g r e a t e r  t h a n  those  used  in  t he  
s t a n d a r d  tes t  d e s c r i b e d  in  t he  p a p e r ;  i.e., a g r a d u a l  
i nc rea se  of anod ic  c u r r e n t  f r o m  zero to 3 m a / c m  ~ in 
a b o u t  15 rain.  

F o r  m e t a l l o g r a p h i c  o b s e r v a t i o n  of p i t  f o r m a t i o n  
a l a r g e  c u r r e n t  was  a p p l i e d  for  a sho r t  pe r iod ,  w h i c h  
r e s u l t e d  in  m a n y  pits ,  a f ew  of w h i c h  g r e w  to t he  
c a v i t y  s tage  be fo re  t he  c u r r e n t  was  s topped .  This  
p h e n o m e n o n  was  also s h o w n  b y  t i m e - l a p s e  m o t i o n  
p i c tu re s  t a k e n  d u r i n g  the  e x t e n d e d  a p p l i c a t i o n  of an  
anod ic  cu r ren t .  P i t s  g r e w  i r r e g u l a r l y .  A f t e r  some 
g r o w t h  a f ew  p i t s  s t o p p e d  g rowing ,  w h i l e  o the r s  
continued, and then suddenly grew again. 

Microscopic examination of specimens which had 
been subjected to the standard pitting test, as de- 
scribed in the paper, did not reveal any pits which 
were not readily visible to the unaided eye. 

Natural and Thermally Formed Oxide Films 
on Aluminum 

M. S. Hunter and P. Fowle (pp. 482-485, Vol. 103) 

D. A. V e r m i l y e a h  This  p a p e r  is e x t r e m e l y  i n t e r -  
e s t ing  and  does  m u c h  to  c l a r i f y  the  p h e n o m e n a  oc-  
c u r r i n g  d u r i n g  the  gaseous  o x i d a t i o n  of A1. One of 
t he  mos t  i n t e r e s t i n g  r e su l t s  of t h e  s t u d y  is the  
fac t  t ha t  the  b a r r i e r  l a y e r  t h i ckness  is a l i n e a r  f u n c -  
t ion  of the  t e m p e r a t u r e  of ox ida t ion .  A c c o r d i n g  to 
the  t h e o r y  of Mot t  and  C a b r e r a  8 a p lo t  of t he  r e c i p -  
roca l  of the  t h i ckness  a g a i n s t  t e m p e r a t u r e  shou ld  
be  l inea r .  The  e x p e r i m e n t s  of R h o d i n  ~ on  Cu a g r e e  
we l l  w i t h  the  M o t t - C a b r e r a  t heo ry ,  b u t  t h e  p r e s e n t  
r e su l t s  on A1 do not.  To m y  k n o w l e d g e  t h e r e  is a t  
p r e s e n t  no t h e o r y  w h i c h  p r e d i c t s  t he  o b s e r v e d  d e -  
p e n d e n c e  of b a r r i e r  t h i ckness  on t e m p e r a t u r e ,  a n d  a 
f u r t h e r  s t u d y  of th is  s y s t e m  m i g h t  p r o v e  v e r y  e n -  
l igh ten ing .  

M. S. H u n t e r  a n d  P. F o w l e :  The  l i n e a r  r e l a t i o n -  
sh ip  b e t w e e n  b a r r i e r  t h i cknes s  and  t e m p e r a t u r e  is 
an  o b s e r v e d  fac t  w h i c h  has  no t  y e t  b e e n  e x p l a i n e d  
b y  theory .  W o r k  is c o n t i n u i n g  in  an  a t t e m p t  to 
evo lve  such  an  e x p l a n a t i o n .  A poss ib l e  k e y  to th i s  
b e h a v i o r  m a y  be  the  fac t  t ha t  t h e  t h i cknes s  of 
a n o d i c a l l y  f o r m e d  b a r r i e r  o x i d e  f i lms is a l i n e a r  
func t ion  of vo l tage ,  w h i c h  sugges t s  t h a t  t he  t h e r m a l  
forces  w h i c h  c r ea t e  n a t u r a l  b a r r i e r s  m a y  be  a n a l o -  
gous to vo l t a ge  w h i c h  c r ea t e s  anod ic  b a r r i e r s .  

Preparation of High Purity Rhenium 

D. M. Rosenbaum, R. J. Runck, and I. E. Campbell 
(pp. 518-521, Vol. 103) 

Alan Seybolt l~ W o u l d  i t  be  poss ib le  to r e d u c e  the  
ReCL to m e t a l  d i r e c t l y  b y  h y d r o g e n ,  i n s t e a d  of go ing  
t h r o u g h  the  ReO~ s tep?  

D. lYI. Rosenbaum, R. J. Runck, and I. E. Camp- 
bell: W e  h a v e  p r e p a r e d  r h e n i u m  m e t a l  b y  h y d r o -  
gen  r e d u c t i o n  of t he  ch lor ide ,  b u t  t h e  " h y d r o l y z e d  
m e t h o d "  gave  a p u r e r  p r o d u c t ,  t h a t  w a s  in  a f o r m  

7 Resea rch  Lab. ,  G e n e r a l  E lec t r i c  Co., S c h e n e c t a d y ,  N. Y. 

S N. Cabre ra  and  N. F. Mott ,  Rc~ts.  Progr.  Phys . ,  12, 103 (1948- 
49).  

O T. N. Rhod in ,  J. A m .  Che~n. Soe., 72, 5102 (1950);  ibi~., 73, 
3143 (1951). 

lo Resea rch  Lab. ,  G e n e r a l  E lec t r i c  Co., Schenec t ady ,  N. Y. 



Vol. 104, No. 6 D I S C U S S I O N  

m o r e  s u i t a b l e  for  t h e  i n t e n d e d  p rocess ing  b y  p o w -  
d e r - m e t a l l u r g y  t echn iques .  

A Mechanism for the Anodic Dissolution of 
Magnesium 

J. H. Greenblatt (pp. 539-543, Vol. 103) 
I. E p e l b o i n  a n d  M. Froment11: ( A )  The  w o r k  of 

J. H. G r e e n b l a t t  is v e r y  in t e re s t ing ,  because  for  ce r -  
t a in  p r o b l e m s  i t  is i m p o r t a n t  to k n o w  the  p r o p o r t i o n  
b e t w e e n  the  q u a n t i t y  of m a g n e s i u m  r e t a i n e d  in  t he  
anod ic  cor ros ion  p r o d u c t s  and  those  r e n d e r e d  so lub le  
in  t he  3% NaC1 solut ion.  On the  o t h e r  hand ,  i t  a p -  
p e a r s  to us  t ha t  for  t he  u n d e r s t a n d i n g  of t he  m e c h -  
a n i s m  of t he  i r r e g u l a r  d i s so lu t ion  of d i f fe ren t  m e t -  
als, i t  is p r e f e r a b l e  to avo id  the  f o r m a t i o n  of an  in -  
so lub le  l ayer ,  and  i t  is for  th i s  r ea son  t h a t  w e  use 
e l e c t ro ly t i c  po l i sh ing .  T h e  l a t t e r  app l i e s  a c t u a l l y  
to a l l  t he  m e t a l s  a n d  i t  p e r m i t s  1"-1~ us to d i s t ingu i sh ,  
b y  the  a p p l i c a t i o n  of F a r a d a y ' s  l aw,  two  modes  of 
anod ic  d i sso lu t ion .  The  first  is c h a r a c t e r i z e d  b y  the  
d i s so lu t ion  of the  m e t a l  in t h e  f o r m  of such  s t a b l e  
ions  as:  A g  § A u  ~§ Hg ~, Ni ~*, Co ~§ Cu ~, Zn  ~§ Cd  ~, 
Go'*, S i  ~§ F e  ~+, Mn ~+, G a  ~§ Mo ~*, W ~§ Zn  '~+, Mg ~+, U ~§ 
V "§ A1 "+, Be ~§ The  o the r  m o d e  of d i s so lu t ion  b e -  
comes  e v i d e n t  w i t h  ions as:  A u  +, Cu +, Ge ~§ Si  ~§ Ga  +, 
W ~§ Zn § Mg +, U +, V ~+, A1 +, Be*, La  § Ce +, Ti  § L i  +, a n d  
i t  t a k e s  p l a c e  in  the  p r e s e n c e  of a c o m p a c t  a d s o r p -  
t ion  of c e r t a i n  an ions  on the  su r face  of the  me ta l ,  
n o t a b l y  w i t h  C10-, ions. The  m a j o r i t y  of the  m e t a l s  
w h i c h  w e  h a v e  m e n t i o n e d  a r e  po l i shed  in  t he  p r e s -  
ence  of these  an ions  and  w e  h a v e  p roved ,  b y  g r a v i -  
m e t r i c  d e t e r m i n a t i o n  of CI-, t h a t  u n s t a b l e  ions such  
as Mg § Zn  +, V ~+, A1 § Be +, L a  § Ti  § r e d u c e  the  C10-, 
anions .  The  p e r f e c t  a g r e e m e n t  b e t w e e n  t h e  cou lo -  
m e t r i c  d a t a  a n d  the  g r a v i m e t r i c  d e t e r m i n a t i o n  of 
CI-, w h i c h  pe r s i s t s  in a l a r g e  r a n g e  of c u r r e n t  d e n -  
si ty,  as w e l l  as o the r  e x p e r i m e n t a l  w o r k  (see foo t -  
no tes  14 and  15),  seems  to r e m o v e  ce r t a i n  h y p o t h -  
eses such as: c h e m i c a l  a t t a c k  of t he  anode,  f o r m a -  
t ion  of complexes ,  p r e s e n c e  of s i m u l t a n e o u s  r e -  
ac t ions  at  t h e  e lec t rode ,  etc. 

(B)  We do no t  u n d e r s t a n d  how the  c o m p a r i s o n  
b e t w e e n  the  a m o u n t  of Mg e q u i v a l e n t  to t h e  l i b -  
e r a t e d  h y d r o g e n  a n d  the  d i s t r i b u t i o n  of Mg a f t e r  i ts  
d i s so lu t ion  is c a p a b l e  of i n f o r m i n g  us of the  even-  
t u a l i t y  of r e a c t i o n s  I a n d  IV s h o w n  on p a g e  542 of 
t he  pape r .  I t  is a p i t y  t h a t  for  the  d i scuss ion  of these  
r eac t i ons  Mr. G r e e n b l a t t  has  not  suff ic ient ly  u t i l i z ed  
his o w n  d a t a  i nd ica t ed ,  for  e x a m p l e ,  in  T a b l e  I, p. 
541. In  effect,  if  one supposes  t h a t  t he  ions Mg § 
e v e n t u a l l y  r e d u c e  w a t e r ,  the  a g r e e m e n t  b e t w e e n  the  
c o u l o m e t r i c  d a t a  ( c o l u m n  5) and  the  t o t a l  q u a n t i t y  
of l i b e r a t e d  h y d r o g e n  ( c o l u m n  4) is exce l l en t .  One  
deduces  b y  the  two  me thods ,  w i t h  t h e  e x c e p t i o n  of 
t he  m e a s u r e m e n t s  m a d e  at  v e r y  low c u r r e n t  d e n -  
s i t ies  (0.0196 a m p / c m ~ ) ,  t ha t  t he  i n i t i a l  a v e r a g e  
va l ence  is e q u a l  to 1.3. Th is  f igure  p e r m i t s  t h e  d e -  

l i  Lab.  de  P h y s i q u e  E n s e i g n e m e n t  de  la  F a c u l t ~  des  Sc iences  de  
Par i s ,  1 r ue  Vic to r  Cous in ,  Par i s ,  F rance .  

I. E p e l b o i n  a n d  M. F r o m e n t ,  Compt .  rend.,  238, 2416 (1954). 

is Ph.  B r o u i l l e t ,  I. Epe lbo in ,  a n d  M. F r o m e n t ,  Compt.  rend.,  ~39, 
1795 (1954). 

~ P h .  B r o u i l l e t ,  Thes is ,  P a r i s  (1955); M~taux (Corrosion-Inds.) ,  
30, 141 (1955). 

~ I .  Epe lbo in ,  54 ~ R ~ u n i o n  de la  B u n s e n - G e s e l l s c h a f t ,  Gos la r ,  
May 1955; Z. E lek tvoche~ . ,  59, 689 (1955). 
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duc t ion ,  a cco rd ing  to Eq. I a n d  IV, t h a t  t h e  d i s s o l u -  
t ion  of one  g r a m  a t o m  of Mg invo lves  70% ions  of 
the  Mg § s t a t e  a n d  30% of t he  Mg "+ s ta te .  By  c r e a t -  
ing  a m o r e  c o m p a c t  a d s o r p t i o n  of c e r t a i n  an ions  on 
the  su r f a c e  of t he  me ta l ,  one can  i n c r e a s e  t he  p e r -  
cen t age  of Mg ~ ions. F o r  e x a m p l e ,  w i t h  t he  po l i sh ing  
ba ths  w i t h  a base  of m a g n e s i u m  p e r c h l o r a t e  w e  h a v e  
f o u n d  t h a t  80% of the  Mg ions  a r e  in t h e  m o n o -  
v a l e n t  s ta te .  This  resu l t ,  p u b l i s h e d  t h r e e  y e a r s  ago, ~ 
conf i rms t h a t  t he  m e c h a n i s m  of t h e  i r r e g u l a r  anod ic  
d i s so lu t ion  of Mg, l i ke  t ha t  of o t h e r  me ta l s ,  m u s t  be  
connec t ed  w i t h  t h e  cons t i t u t i on  of t he  e l e c t r o c h e m -  
ical  d o u b l e  l a ye r / "  

J .  H. G r e e n b l a t t :  The  c o m m e n t s  of I. E p e l b o i n  
and  M. F r o m e n t  h a v e  been  n o t e d  and  t h e  a u t h o r  
finds no d i s g r e e m e n t  w i t h  them.  The  a u t h o r  b e c a m e  
a w a r e  of t he  w o r k  of E p e l b o i n  a n d  c o - w o r k e r s  l a t e  
in 1955 a f t e r  t he  p a p e r  u n d e r  d i scuss ion  h a d  been  
s u b m i t t e d  for  p u b l i c a t i o n  and  has  f o l l o w e d  t h e i r  
w o r k  w i t h  i n t e r e s t  s ince  t ha t  t ime .  

The  a u t h o r  has  a t t e m p t e d  to e x p l a i n  t he  so lu t ion  
of Mg u n d e r  w h a t  m i g h t  be  ca l l ed  " n o r m a l "  con-  
d i t ions  of use  for  Mg anodes  w h e n  i n s o l u b l e  p r o d -  
uc ts  do form.  To do this ,  of course ,  i t  is n e c e s s a r y  to 
e s t ab l i sh  t h e  a m o u n t s  of d i s so lved  m a t e r i a l  found  
in t he  v a r i o u s  r e a c t i o n  p roduc t s .  The  d i s t r i b u t i o n  
of p r o d u c t s  and  t h e i r  r a t io s  is a c o n s e q u e n c e  of the  
r e l a t i v e  oc c u r r e nc e  of r eac t ions  ( I )  and  ( IV) ,  s ince  
i n s o l u b l e  Mg can  on ly  r e su l t  if  r e a c t i o n  ( I )  is occu r -  
r i ng  a n d  t h e r e  is no se l f - co r ros ion .  W h e n  s e l f - c o r -  
ros ion  d id  occur,  t h e  excess  w e i g h t  loss a l w a y s  a p -  
p e a r e d  as i n so lub l e  p roduc t ,  a n d  th is  r e a c t i o n  p a t h  
could  be  thus  a c c o u n t e d  for.  I f  no s e l f - c o r r o s i o n  
occur red ,  eff iciencies of r o u g h l y  50% w e r e  o b t a i n e d  
and  t h e  i n so lub l e  and  so lub le  Mg w e r e  in  r o u g h l y  
1 : 1 ra t io .  This  p r o d u c t  d i s t r i b u t i o n  could  on ly  occur  
t h r o u g h  the  p r e d o m i n a n c e  of 1. W h a t  is sa id  in  effect 
is t h a t  Mg § r eac t s  c lose to t he  su r f ace  w i t h  H~O a n d  
the  a m o u n t  of r e a c t i o n  can  be  d e d u c e d  f r o m  t h e  
a m o u n t  of MgO p r o d u c e d .  This  is an  e x a c t l y  a n a l o -  
gous p r o c e d u r e  to t h a t  of E p e l b o i n  a n d  F r o m e n t  
who  d e t e r m i n e  the  a m o u n t  of Mg § p r e s e n t  b y  d e t e r -  
m i n i n g  the  a m o u n t  of r e a c t i o n  p r o d u c t  b e t w e e n  Mg ~ 
and  C10-,, i.e., C1-. 

The  a u t h o r  d id  no t  u t i l i ze  t h e  d a t a  of T a b l e  I, p. 
541, in  t h e  m a n n e r  sugges t ed  b y  E p e l b o i n  a n d  F r o -  
m e n t  be c a use  he  fe l t  t h a t  i t  was  suff ic ient ly  a c c u r a t e  
to d r a w  on ly  the  b r o a d e r  a n d  m o r e  g e n e r a l  conc lu -  
s ions a b o u t  t he  k ine t i c  m e c h a n i s m  p roposed .  The  
q u a n t i t i e s  of h y d r o g e n  co l lec ted  w e r e  t h o u g h t  to 
suffer  f r o m  the  m a x i m u m  e x p e r i m e n t a l  e r r o r  b e -  
cause  of the  m e t h o d  of c o n d u c t i n g  the  e x p e r i m e n t s .  
S m a l l  v a r i a t i o n s  in th is  q u a n t i t y  w o u l d  l e ad  to r e a -  
s o n a b l y  l a r g e  v a r i a t i o n s  in a p p a r e n t  va l e nc e  w h i c h  
the  a u t h o r  fe l t  m i g h t  no t  ref lec t  t he  t r u e  s i tua t ion .  

More  a c c u r a t e  a n a l y s e s  of t he  d i s t r i b u t i o n  of r e -  
ac t ion  p r o d u c t s  h a v e  b e e n  o b t a i n e d  s ince  t he  a b o v e  
m e n t i o n e d  work ,  a n d  t h e y  can  be  used  to d i s t i ngu i sh  
b e t w e e n  r eac t ions  ( I )  and  ( IV)  as fo l lows :  

Mg->  Mg* -~ e ( I )  

2Mg + + H.O-> Mg ++ + MgO + H~ ( I I )  

Mg-*  Mg §247 + 2e ( IV)  

J, I. E p e l b o i n  and  M. F r o m e n t ,  73 ~ Co l loque  I n t e r n a t i o n a l  de la 
C e n t r e  N a t i o n a l  de  la  R e c h e r c h e  Sc ien t i f ique ,  Par i s ,  Oc tobe r  1956. 
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Table I. Electrolysis data for pure Mg anodes at room temperature 
22~ 

Curren t  
dens i ty  Calculated Soluble Insoluble  
{amp/ Wt loss w t  loss Mg Mg 
cm~) (ms)  Q/F. 12 (ms)  (rag) (rag) 

0.027 259 136 136 117 0.86 
0.027 260 136 136 124 0.91 
0.036 262 134 133 133 1.00 
0.036 265 134 139 130 0.97 
0.044 254 131 133 120 0.92 
0.044 248 131 131 121 0.93 
0.052 250 136 139 116 0.85 
0.052 246 136 139 123 0.91 
0.056 248 136 138 122 0.90 
0.056 234 136 141 110 0.81 
0.056 257 136 136 133 0.98 
0.064 230 131 139 115 0.88 
0.064 231 131 136 114 0.87 
0.064 227 131 135 102 0.77 

Suppose  ~ is the f rac t ion  of (I)  occur r ing  and  
( 1 -  a) the f rac t ion  ( IV) .  T h e n  for the passage of 
Q coulombs,  c~(Q/F) - 2 4 g  of Mg wil l  dissolve ac-  
cord ing  to ( I ) ,  of which,  if ( I I )  holds t rue,  Qa �9 24/2F  
wi l l  be soluble  and  ~Q �9 24 /2F wil l  be insoluble .  The 
a m o u n t  d issolv ing by  (IV) is (1--c~) Q / F .  12, all  
of which  is soluble.  

Tota l  soluble  Mg ++ is t hen  Q / F  �9 12. The  inso lub le  
m a g n e s i u m  is ocQ/F. 12. Accord ing  to this, the  
soluble  reac t ion  p roduc t  should a lways  be cons tan t  
at Q / F .  12 whi le  the  inso lub le  m a t e r i a l  and  total  
weight  loss should decrease if ( IV) occurs. The data  
above ob ta ined  over a r ange  of c u r r e n t  densi t ies  
ind ica te  tha t  this is essen t ia l ly  true.  

Values  of ~ or the f rac t ion  of (I) occur r ing  are seen 
to average  abou t  0.9. At  h igher  c u r r e n t  densi t ies  
it  can be seen tha t  the  totals  of co lumns  4 and  5 are 
grea te r  t h a n  the tota l  weight  loss. This  s t r eng thens  
the au thor ' s  con ten t ion  tha t  such da ta  should  be 
used in  a gene ra l  way  and  tha t  the  conc lus ion  to be 
d r a w n  f rom the  above  tab le  is that ,  u n d e r  the  con-  
di t ions  of electrolysis  as car r ied  out  in  the au thor ' s  
work,  r eac t ion  (I)  p r e d o m i n a t e s  a lmost  exc lus ive ly  
and  tha t  (IV) is r e l a t ive ly  u n i m p o r t a n t .  

Depth of  Surface Damage  Due to Abrasion 
on Germanium 

T. M. Buck and F. S. McKim (pp. 593-597, Vol. 103) 

B. A. Irving~h The  figures for depths  of surface  
damage  on ab raded  Ge repor ted  by  Buck  and  Mc- 
K i m  rep resen t  average  depths  over  the  a rea  of the i r  
m e a s u r e m e n t  (abou t  2 cm~). In  the  course of work  
in  this l abo ra to ry  on the  e tch ing  of Ge it  has been  
shown tha t  damage  caused by  a scratch can reach 
cons ide rab ly  grea te r  depths.  

A (100) surface on a s i ng l e - c rys t a l  Ge spec imen  
was g r o u n d  on 320 mesh  C a r b o r u n d u m  paper  and  
then  on progress ive ly  finer abras ive  down  to one 
mic ron  d i a m o n d  dust,  to give a me ta l l og raph i ca l l y  
pol ished surface.  A d is t inc i tve  a r r a y  of scratches 
was  observed  d u r i n g  the  in i t i a l  stages of g r i nd ing  
wi th  the  320 mesh  C a r b o r u n d u m  paper.  I t  is es- 
t ima ted  tha t  at least  20 ~ of m a t e r i a l  were  r emove d  
d u r i n g  g r i n d i n g  and  pol ishing.  The  spec imen  was  

17 Research  Lab., Associa ted  Electr ical  Indus t r i es  Ltd.,  A l d e r m a s -  
ton Court,  Aldermas ton ,  Berksh i re ,  England.  

Fig. 1. Etched Ge surface, showing facetted etch-marks. 5X be- 
fore reduction for publication. 
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Fig. 2. Single facet enlarged to show etch pits. 2,000X before 
reduction for publication. 

t hen  etched in  hypochlorous  acid u n t i l  a f u r t h e r  
layer ,  40 ~ thick, had  been  removed.  The  d i s t inc t ive  
scratches,  not iced  d u r i n g  gr inding ,  were  r ep roduced  
wi th  others as an  a r r a y  of facet ted  e t c h - m a r k s  
(Fig. 1). Sma l l  etch pi ts  occurred  d i s t r ibu ted  over  
the surface  bu t  concen t r a t ed  a long the  e t c h - m a r k s  
(Fig. 2). The dens i ty  a nd  d i s t r i bu t ion  of the  pi ts  
(o ther  t h a n  those on the  e t c h - m a r k s )  we re  s imi la r  
to tha t  ob ta ined  for the  same  spec imen  etched in  
CP-4  which  is k n o w n  to p roduce  pits at  d is loca-  
tions. 1~ It is suggested tha t  dis locat ions are  r e spons i -  
ble  for the pers i s tence  of the  scratches as e tch-  
marks .  

A b r a s i o n  can, therefore ,  cause local damage  at  
depths  grea te r  t h a n  40 ~ t ak ing  the  fo rm of rows 
of dislocations.  

T. M. Buck  and  F. S. McKim:  Our  data  showed 
p r i nc i pa l l y  that ,  by  e tch ing  to depths  a p p r o x i m a t e l y  
equa l  to the par t ic le  size of the ab ras ive  used in  
l app ing  or pol ishing,  the  ave rage  r e c o m b i n a t i o n  
veloci ty  over  the surface  a rea  used was  r educed  to 
low levels  ( ~-- 100 cm/sec )  where  no f u r t h e r  signifi-  
cant  change  could be detec ted  in  the  PME method.  

1~ F. L. Vogel, W. G. Pfann ,  H. E. Corey, and  E. E. Thomas ,  Phys. 
Rev.,  90, 489 (1953). 
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We have,  in  our  paper ,  recognized the  poss ib i l i ty  
of deeper  local damage,  in  v iew of Uhl i r ' s  ~" s tudies  
of reverse  character is t ics  of e l ec t ro ly t e -Ge  bar r ie rs .  
Mr. I rv ing ' s  da ta  f u rn i sh  usefu l  i n f o r m a t i o n  r e ga r d -  
ing  the n a t u r e  of such local damage.  The scratches 
he observes  are  p r o b a b l y  deeper  t h a n  a n y  we have  
encoun t e r ed  since he used 320 mesh  abras ive  ( m a x i -  
m u m  par t ic le  d i ame te r  50-60 /~) as the  in i t i a l  l ap -  
p ing  t r ea tmen t .  However ,  we  have  observed tha t  
the r e c o m b i n a t i o n  veloci ty  does not  drop as sharply,  
w i th  etching,  for a f ine-pol i shed surface  on which  
n u m e r o u s  scratches are v is ib le  owing to insufficient  
pol ishing or fore ign  par t ic les  in  the pol i sh ing  com-  
pound.  

Kinetics of Formation of Porous or Partially 
Detached Scales 

c. Ernest Birchenall (pp. 619-624, Vol. 103) 
U. R. Evans~~ The  effect of vacancies  deve lop ing  

at the  base of a g rowing  oxide film on the  g rowth  
law is of grea t  in te res t  today,  and  Professor  B i rch -  
ena l l ' s  de ta i led  t r e a t m e n t  should be welcomed.  

In  a s l ight ly  di f ferent  way,  it has been  possible '-'~ 
to a r r ive  at  an  equa t ion  which  seems to fit such facts 
as are k n o w n  to us. A n y  vacancy  a r i s ing  f rom the 
passage of an  a tom (as ca t ion)  into the  film m a y  
e i ther  (a) move  in to  the oxide or meta l l i c  p h a s e - -  
possibly,  in  the l a t t e r  case, becoming  ex t ingu i shed  
on a r r iva l  at  a dis locat ion or (b)  set t le  a t  the  ox ide-  
film interface ,  no t  necessa r i ly  at the  o r ig ina l  po in t  of 
format ion .  

The second of these occurrences  m u s t  help to cut  
d o w n  the  a rea  over  which  m o v e m e n t  of ions across 
the  film can  occur. P r e s u m a b l y  the  chance  of i t  
h a p p e n i n g  wi l l  be  p ropo r t i ona l  to the  n u m b e r  of 
sites st i l l  avai lable .  The  a s sumpt ion  led me a few 
years  ago to an  express ion  for the weigh t  change  
(W) at  t ime  (t)  

W = k~log (t '/~ q- k~) + k~ 

w h e n  k~, k~, and  k~ are  constants .  S o m e w h a t  la ter  
Mills, ~ s t u d y i n g  the  ox ida t ion  of Cu, e x p e r i m e n t a l l y  
found  this equa t ion  to be obeyed u n d e r  c i r c um-  
stances whe re  ne i the r  the  parabol ic  nor  the o r d i n a r y  
logar i thmic  equa t ion  was  obeyed.  

Of course, in  other  cases the condi t ions  on which  
this  equa t ion  is based m a y  not  be fulfilled, and  t h e n  
those developed by  Professor  Bi rchena l l ,  s t a r t ing  
f rom dif ferent  premises ,  m a y  have  usefu l  app l ica -  
t ion. 

L. Seigle~: We have  found  Dr. B i rchena l l ' s  paper  
i n t e r e s t i ng  because  of the s imi l a r i t y  of the p h e n o m -  
enon  he is cons ider ing  to tha t  of void fo rma t i on  
in  meta l s  d u r i n g  diffusion. Studies  of the  l a t t e r  
process ~ ind ica te  tha t  the  fo rma t ion  of voids is 
somet imes  ca ta lyzed  by  oxides in  the solid meta l ,  
sugges t ing  tha t  the o x i d e - m e t a l  i n t e r f ace  can be a 
favored  site for vacancy  condensa t ion .  If void for -  

19 A. U h l i r ,  Bell  Sy s t em  Teeh. J . ,  35, 333 (1956). 

~o 19 M a n o r  Cour t ,  G r a n g e  Rd.,  C a m b r i d g e ,  E n g l a n d .  

z~ U. R. Evans ,  Rev iews  of Pure and Appl ied  Chemist?nd (Mel-  
bourne) ,  5, 1 (1955). 

T. Mi l l s  a n d  U. R. Evans ,  J. Chem. Soc., 1956, 2182. 

2s M e t a l l u r g y  Labs. ,  S y l v a n i a  E lec t r i c  P r o d u c t s  Inc. ,  Bays ide ,  
N . Y .  

Z~R. Resn i ck  a n d  L. Seigle ,  J. Metals, 9, 87 (1957). 
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mar ion  by  this  m e c h a n i s m  is looked u p o n  as a n u -  
c lea t ion a nd  g rowth  process, the n u c l e a t i o n  f re -  
quency  is seen to be d e p e n d e n t  u p o n  the  re l a t ive  
in t e r rac ia l  ene rgy  of the o x i d e - m e t a l  in terface ,  and  
the degree  of vacancy  s u p e r s a t u r a t i o n  a t t a i n e d  at 
this  in ter face .  

The  same ideas m i gh t  be  appl ied  to the n u c l e a t i o n  
of voids at the o x i d e - m e t a l  in te r face  d u r i n g  scale 
format ion .  For  example ,  if it  is a ssumed  tha t  v a c a n -  
cies pass across an  i n i t i a l l y  coheren t  in te r face  in to  
the base metal ,  the  vacancy  concen t r a t i on  at  the  
in te r face  wi l l  t end  to bu i l d  up u n t i l  a q u a s i - s t e a d y  
state is reached  in  which  the ra te  of a r r iva l  of va -  
cancies t h rough  the oxide is equa l  to the r a t e  of r e -  
mova l  t h rough  the meta l .  The  excess vacancy  con-  
cen t r a t i on  in  the me t a l  at  the in terface ,  N~, can  t hen  
be ob ta ined  by  so lv ing  the equa t i on  (see footnote  
24) : 

d~N~ N~ 
I v : D r - -  - - - ~ 0  

OX ~ r 

wi th  the b o u n d a r y  condi t ions  N~ = 0 for x = ~ and  
--D~ (dNv/dx)  = (DoAXo/I) for x---- 0. 

The so lu t ion  is 

X 

a n d N , =  N v ( x = o )  -- Do•  ~ ~ 

In  the above equa t ions  N~, Do, a nd  r are the excess 
concen t ra t ion ,  diffusion coefficient, and  l i fe t ime of 
vacancies  in  the meta l ,  respect ively ,  LxX0 and  Do are 
the concen t r a t i on  d i f ferent ia l  a n d  diffusion coeffi- 
c ient  of cat ions in  the oxide, and  1 is the th ickness  of 
the scale. The  q u a n t i t y  ~/D~ can be w r i t t e n  in  t e rms  
of dens i ty  of dislocations,  N~, jogs on dislocations,  j, 
e q u i l i b r i u m  vacancy  concen t ra t ion ,  No, a nd  self-  
diffusion coefficient, D~, in  the  meta l ,  a nd  expres -  
sions ob ta ined  for the  r e l a t ive  excess concen t r a t i on  
of vacancies  at the  o x i d e - m e t a l  in te r face :  

N~ DoaXo 
- - =  ( low t e m p e r a t u r e s )  
No D,,, l N~ ~/~ 

N~ DoAXo 
N~  ~ D,~ l(N~ ja) ~/~ (h igh  t e m p e r a t u r e s )  

In  the  above a is the  a tom spacing in  the  me t a l  
and  • m u s t  be expressed  as a tom fract ion.  Mak ing  
appropr i a t e  a s sumpt ions  abou t  N~ a nd  j, a va lue  of 
N~/N~ can be ca lcu la ted  which  mi gh t  ind ica te  the  
p robab i l i t y  of n u c l e a t i o n  at the  in terface .  No a t -  
t e mp t  has been  m a d e  to app ly  these equat ions ,  b u t  
they  are  offered as a possible  approach.  

I t  is also possible tha t  the  o x i d e - m e t a l  in te r face  
acts as a source a nd  s ink  for vacanc ies  in  the  w a y  
tha t  g ra in  bounda r i e s  in  meta l s  seem to. ~ If this  is 
t rue ,  the  va c a nc y  flow wou ld  no t  cross the  in terface ,  
bu t  be  e l i m i n a t e d  at  it: b y  a m e c h a n i s m  whose detai ls  
are  no t  ye t  unders tood .  

C. E. B i r c h e n a l h  The  a u t h o r  apprecia tes  the addi -  
t iona l  r e m a r k s  f u r n i she d  b y  Doctors Eva ns  and  
Seigle. Since I am in  gene ra l  a g r e e m e n t  w i th  

z~ R. Bal luf f i  and  L. Seigle ,  Ac t a  M e t . ,  3,~170 (1955), 
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these observat ions ,  I should  l ike  to take  the  oppor -  
t u n i t y  to m a k e  severa l  c o m m e n t s  which  m a y  be 
s o m e w h a t  repe t i t ious  bu t  seem to me to be i m p o r -  
tant ,  if on ly  as po in ts  r e q u i r i n g  f u r t h e r  exper i -  
m e n t a l  or theore t ica l  s tudy.  

I, as wel l  as others,  have  looked for poros i ty  de-  
ve lop ing  w i t h i n  a me t a l  whi le  an oxide grows upon  
it. Such  poros i ty  has not  been  found  w h e n  the  sub -  
s t ra te  is a p u r e  meta l ,  on ly  w h e n  it  is an  alloy. In  
the la t te r  case the poros i ty  is p r o b a b l y  K i r k e n d a l l  
porosi ty  a r i s ing  f rom meta l l i c  in te rd i f fus ion  as the 
ox ida t ion  p r e f e r e n t i a l l y  removes  one componen t .  

Poros i ty  does occur f r e q u e n t l y  w i t h i n  the  oxide 
layer .  Its ex ten t  a n d  d i s t r i bu t i on  seems to be ve ry  
sens i t ive  to spec imen  geometry ,  i nd i ca t ing  t ha t  i n -  
c lusions or impur i t i e s  are no t  a l l - i m p o r t a n t ,  a l -  
though  they  be ma jo r  factors  in  d e t e r m i n i n g  w he r e  
pores s ta r t  in  any  g iven  geometry .  

In  an  ionic crys ta l  it  appears  tha t  a n n i h i l a t i o n  of 
vacanc ies  of one charge  requ i res  a de fo rma t i on  of 
the  la t t ice  of ions of the o ther  charge.  For  this  r ea -  
son it  becomes i m p o r t a n t  to l e a r n  more  of the  be-  
hav io r  of the  immob i l e  ions in  order  to cons t ruc t  a 
more  comple te  p ic tu re  of the  ox ida t ion  process. 

I t  is ev iden t  tha t  the  cr i t ical  region  is at the  m e t a l -  
oxide interface.  The  reg ion  is l iab le  to modif ica t ion 
by  the  a c c u m u l a t i o n  of inc lus ions  a n d  s lowly  dif-  
fus ing  impur i t i es .  I t  is also difficult to p r epa r e  for 
me ta l log raph ic  examina t i on .  In  the  long run ,  ne w  
t echn iques  m u s t  be  ref ined to give expl ic i t  answers  
abou t  the  exact  s ta te  of the  in t e r fac ia l  region.  

Rectifying Semiconductor Contacts 

H. K. Henisch (pp. 637-643, Vol. 103) 
R. E. Burgess~:  In  discussing the n u m b e r  of i m -  

pur i t i e s  in  the  b a r r i e r  layer,  the appropr i a t e  q u a n -  
t i ty  would  seem to be the n u m b e r  in  a cube of edge 
equa l  to the  b a r r i e r  th ickness  and  not  the tota l  
n u m b e r  present .  

~Dep t .  of ]Physics, Univers i ty  os Brit ish Columbia, Vancouver ,  
B. C., Canada. 
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H. K. Henisch:  In  order  to m a k e  a q u a n t i t a t i v e  as-  
sessment ,  it  is c o n v e n i e n t  to assume tha t  the  i m p u r i -  
ties are d i s t r ibu ted  in  the  form of a r e gu l a r  supe r -  
latt ice.  The p a r a m e t e r  which  concerns  us then  is the  
d is tance  b e t w e e n  n e i g h b o r i n g  impur i t i e s  in  r e l a t ion  
to the th ickness  which  the  b a r r i e r  wou ld  have  if the  
space charge were  cont inuous .  In  pract ice,  the  im-  
p u r i t y  d i s t r i bu t i on  would,  of course, be  r a n d o m  or 
at a n y  ra te  nonper iod ic  in  some other  way.  A n  ap-  
p r ox i ma t e  t r e a t m e n t  of this  case has been  g iven  by 
WilesY 

New Method of Studying Corrosion Inhibition of Iron 
with Sodium Silicate 

E. F. Duffek and D. S. McKinney (pp. 645-648, Vol. 103) 
L. L e h r m a n  and H. L. Shuldener28: The au thors  

assume tha t  the pro tec t ive  ac t ion  is due  to an  i n -  
v is ib le  film on the meta l .  If this  is t rue ,  t h e n  it  is 
conce ivable  tha t  this  film is a c o m b i n a t i o n  of the  
in i t i a l  corrosion p roduc t s  w i th  silica. 

I t  wou ld  be in t e re s t ing  to k n o w  if a n y  silica was  
r emoved  f rom the  test  solutions.  Our  work  c lea r ly  
ind ica ted  that ,  w h e n  sod ium sil icate acts as a cor-  
ros ion inh ib i tor ,  corrosion products  at the  surface  
of the me t a l  combine  w i th  silica to fo rm a pro tec-  
t ive  deposit.  

The  e x p e r i m e n t a l  t e c hn i que  used is v e r y  i n t e r -  
est ing.  I t  m i gh t  also be  used for d e t e r m i n i n g  the  
effect of silica occur r ing  n a t u r a l l y  in  w a t e r  vs. tha t  
added as sodium silicate. Sod ium si l icate could be 
added to a low silica w a t e r  and  caust ic  soda added 
to a high silica water ,  bo th  of the same  pH and  final 
silica content ,  and  the  pass i fy ing  effects of both  
solut ions  observed.  

We agree wi th  the  emphas i s  pu t  on v i sua l  e x a m i -  
n a t i o n  as aga ins t  weight  loss in  e x p e r i m e n t a l  work  
of this  type.  

G. G. Wi]es, P h i l  Mag., 46, 363 (I955). 

~ W a t e r  Service Labs., Inc., 423 West 126th St., New York 27, 
N . Y .  

December 19S7 Discussion Section 
A Discussion Section, covering papers publ ished in  the January- - - June  1957 JOURNALS, is scheduled for pub-  

lication in the December 1957 issue. Any  discussion which did not  reach the Editor in  t ime for inclusion in  the 
June  1957 Discussion Section will  be included in  the December 1957 issue. 

Those who plan to contr ibute  remarks  for this Discussion Section should submit  their  comments or ques- 
tions in  triplicate to the Managing Editor of the JOURNAL, 216 W. 102 St., New York 25, N. Y., not later than 
Sep tember  1, 1957. All  discussion will be forwarded to the author, or authors, for reply before being pr in ted  
in the JOURNAL. 



The Overpotential of the Manganese Dioxide Electrode 

II. Acid Electrolytes 
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ABSTRACT 

The overpotential  of electrodes prepared by electrodeposition on graphite 
was measured in solutions of sulfuric acid and manganese( I I )  and sodium 
sulfates as a funct ion of acidity, cur rent  density, and temperature .  The relat ion 
of overpotential  to current  densi ty and the shapes of the growth and decay 
curves can be explained quanti tat ively,  on the assumption that the pr imary 
reduction product  is MnOOH on the MnO~ surface and the electrode potential  
is dependent  on the ratio of MnOOH to MnO~ on the surface. 

The ove rpo ten t i a l  of the  MnO~ elect rode in  NH4C1 
e lec t ro ly te  at pH 5 and  pH 7 was m e a s u r e d  by  
Chre i tzberg  and  Vosburgh  (1) .  The ove rpo ten t i a l  
was defined as the  difference b e t w e e n  the  o p e n - c i r -  
cuit  po ten t i a l  in the s teady state  a t t a ined  af ter  a 
d ischarge and  the c losed-c i rcu i t  po ten t i a l  at the end  
of the discharge.  The ou t s t and ing  fea tures  observed 
in  this and  prev ious  work  (2) we re  (a) the  over -  
po ten t i a l  increases  s lowly at the b e g i n n i n g  of a 
discharge,  (b)  the decay af ter  b r e a k i n g  the c i rcui t  
is slow, (c) the r e l a t ion  b e t w e e n  ove rpo ten t i a l  and  
the  l oga r i t hm of the  c u r r e n t  dens i ty  is no t  l inear ,  
and  (d)  the  ove rpo ten t i a l  is a l i nea r  f unc t i on  of the 
l oga r i t hm of the a m m o n i u m  ion concen t r a t i on  at 
cons tan t  ionic s t rength .  These facts seemed best  
exp la ined  qua l i t a t i ve ly  on the  basis of two assump-  
tions: (a) the po ten t i a l  of a MnO2 electrode de-  
pends  on the  composi t ion  of the  oxide at the  su r -  
face exposed to the  so lu t ion  (3, 4 ) ;  (b)  d u r i n g  or 
af ter  d i scharge  the lower  oxide fo rmed  at the  su r -  
face can diffuse into the  h igher  oxide below, pe r -  
haps by  a process i n v o l v i n g  the  m o v e m e n t  of on ly  
pro tons  and  e lec t rons  (2 ,5 ) .  In  addi t ion,  w h e n  
enough  of a su i t ab le  e lec t ro ly te  is p resen t  it  is 
k n o w n  tha t  cons iderab le  m a n a g a n e s e ( I I )  ion goes 
into so lu t ion  d u r i n g  a discharge,  and  this reac t ion  
con t inues  for a t ime  af ter  the c i rcui t  is b r o k e n  
(4, 6). In  solut ions  of h igh  pH the  m a n g a n e s e ( I I )  
ion in  so lu t ion  should e v e n t u a l l y  react  w i th  a ny  
MnO~ r e m a i n i n g  on the  electrode to b r i ng  the sys tem 
to comple te  equ i l i b r ium.  

The slow g rowth  of the ove rpo ten t i a l  is consid-  
ered to resu l t  f rom the reduc t ion  of MnO~ at  the  
surface  exposed to the  so lu t ion  at  a ra te  fas ter  t h a n  
tha t  at which  the lower  oxide p roduced  is removed.  
In  the  s teady  s ta te  of po la r iza t ion  these two ra tes  
become equal ,  w i th  m o r e  lower  oxide on the su r -  
face t h a n  at open -c i r cu i t  equ i l ib r ium.  Af te r  b r e a k -  
ing  the  c i rcui t  the  excess lower  oxide con t inues  to be 
r emoved  f rom the  sur face  by  the  two processes, i n -  
wa rd  diffusion and  reac t ion  w i th  the e lec t ro ly te  

1Presen t  address:  Depa r tmen t  of Indust r ia l  Chemistry,  Kyoto  
Univers i ty ,  Kyoto,  Japan.  

to give m a n g a n e s e ( I I )  ion. The  effect of the a m -  
m o n i u m  ion concen t ra t ion  is exp l a ined  as an  effect 
on the  ra te  of reac t ion  of a m m o n i u m  ion wi th  the  
lower  oxide. 

Wi th  two i n d e p e n d e n t  processes for the  r emova l  
of lower  oxide f rom the surface,  the  discharge is 
more  compl ica ted  t h a n  des i rab le  for a q u a n t i t a t i v e  
exp lana t ion .  By chang ing  the condit ions,  one or the 
o ther  of the  processes can be reduced  in  impor t ance  
or e l imina ted .  In  a sufficiently acid so lu t ion  con-  
t a i n i ng  cons iderab le  m a n g a n e s e ( I I )  ion the  MnO~ 
electrode po ten t i a l  af ter  a d ischarge r e t u r n s  to a 
va lue  equa l  to tha t  before d ischarge  (7) .  This  i n -  
dicates tha t  all  of the  lower  oxide p roduced  has re -  
acted wi th  the acid. 

Discharges  in  severa l  acid solut ions  have  been  
carried, out. The overpo ten t i a l s  have  been  m e a s u r e d  
and  the  d ischarge  and  recovery  curves  observed.  It  
has been  possible  to develop equa t ions  for the  var i -  
a t ion  of the ove rpo ten t i a l  w i th  c u r r e n t  dens i ty  and  
for the g rowth  and  decay of the  overpoten t ia l .  

Experimental Methods 
The p r e p a r a t i o n  of MnO~ electrodes by  e lectro-  

deposi t ion on g raph i te  rods and  the  p r e p a r a t i o n  of 
cells were  as p rev ious ly  descr ibed  (1, 8). The  elec-  
t rodes were  made  of cy l indr ica l  g r aph i t e  rods wi th  
8 cm ~ of exposed a rea  on which  was  e lect rodeposi ted  
0.2 mmol e  of MnO~. The  cells consis ted of a cen t r a l l y  
located MnO~ elect rode in  a vessel  ho ld ing  abou t  
190 ml  of e lec t ro ly te  w i th  a cy l indr i ca l  P b  electrode 
l in ing  the wal l  of the  vessel. A L u g g i n  cap i l l a ry  was  
p rov ided  for a re fe rence  e lec t rode  which  was of Hg 
and  Hg~SO~ wi th  an  e lec t ro ly te  the  same as, or 
s imi la r  to, t ha t  of the  cell. 

Cons tan t  c u r r e n t  for d ischarges  was  p rov ided  by  
four  dry  cells in  series, w i th  h a n d  r egu l a t i on  of the  
res i s tance  in  the  circui t .  Both  c u r r e n t  and  the  po-  
t en t i a l  difference b e t w e e n  the  MnO~ and  Hg~SO, 
electrodes were  m e a s u r e d  by  a record ing  po ten t io -  
me te r  sens i t ive  to about  1 my.  The cells were  m a i n -  
t a ined  at  25 ~ +--- 0.5~ in  an  a i r  ba th  d u r i n g  m e a s u r e -  
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Fig. 1. Open- and closed-circuit potentials of a single electrode in 5 

electrolyte 1. The equilibrium open-circuit potential was 650 mv, 6 
while the closed-circuit potential depended on the current as shown. S H 1  

The curve was redrawn from a recording potentiometer graph. S H 2  

Table I. Composition of acid electrolytes 

C o m p o s i t i o n ,  M 
No. H,zSO4 Na2SO~ MnSO4 p H  

1.00 - -  0.10 0.12 a 
0.50 0.50 0.10 0.55 ~ 
0.10 0.90 0.10 1.55 ~ 
0.05 0.95 0.10 2.12 ~ 
0.01 0.99 0.10 2.59" 

b 0.33 - -  4.0 ~ 
0.04 - -  0.01 1.39 c 
0.0125 0.015 * 0.01 1.94 ~ 

m e n t s  a n d  t h e  e l e c t r o l y t e  w a s  s t i r r e d  d u r i n g  m e a s -  
u r e m e n t s  b y  a m a g n e t i c  s t i r r e r .  

Overpotent ia l  Measurements  

T h e  ce l l s  w e r e  a l l o w e d  to  s t a n d  o v e r - n i g h t  b e -  
f o r e  m e a s u r e m e n t s  w e r e  b e g u n .  A f t e r  15 r a i n  o r  
m o r e  o n  o p e n  c i r c u i t  a c u r r e n t  w a s  p a s s e d  u n t i l  c o n -  
s t a n c y  w a s  a t t a i n e d .  W i t h  a n  e l e c t r o l y t e  1M i n  
H~SO, a n d  0 .1M i n  M n S O ,  c o n s t a n c y  o f  c l o s e d - c i r -  
c u i t  p o t e n t i a l  w a s  o r d i n a r i l y  a t t a i n e d  w i t h i n  2 r a in ,  
e x c e p t  i n  t h e  f i r s t  d i s c h a r g e ,  as  s h o w n  i n  F ig .  1. 
O n  b r e a k i n g  t h e  c i r c u i t ,  c o n s t a n c y  of  o p e n - c i r c u i t  
p o t e n t i a l  w a s  u s u a l l y  a t t a i n e d  i n  a b o u t  6 m i n .  T h e  
d i f f e r e n c e  b e t w e e n  t h e  c o n s t a n t  c l o s e d - c i r c u i t  po -  
t e n t i a l  a n d  t h e  c o n s t a n t  o p e n - c i r c u i t  p o t e n t i a l  a f t e r  
t h e  d i s c h a r g e  w a s  t a k e n  as  t h e  o v e r p o t e n t i a l .  S e v e r a l  
s u c c e s s i v e  m e a s u r e m e n t s  w e r e  p o s s i b l e  w i t h  a s i n g l e  
e l e c t r o d e  as  i l l u s t r a t e d  i n  F ig .  1, w h i c h  w a s  c o p i e d  
f r o m  p a r t  of  a r e c o r d e r  g r a p h .  

O v e r p o t e n t i a l s  a t  t h e  s a m e  c u r r e n t  d e n s i t y  e i t h e r  
o n  a s i n g l e  e l e c t r o d e  o r  o n  d i f f e r e n t  e l e c t r o d e s  s e l -  
d o m  d i f f e r e d  b y  m o r e  t h a n  1 m y .  I n  t h e  f i r s t  d i s -  
c h a r g e  of  a f r e s h  e l e c t r o d e  t h e  p o t e n t i a l  u s u a l l y  
p a s s e d  t h r o u g h  a p r o n o u n c e d  m i n i m u m  b e f o r e  b e -  
c o m i n g  c o n s t a n t  as  s h o w n  i n  F ig .  1. I n  s u b s e q u e n t  
d i s c h a r g e s  m a d e  s o o n  a f t e r  t h e  f i r s t  a m i n i m u m  w a s  
d e t e c t e d  o n l y  w h e n  a m o r e  s e n s i t i v e  r e c o r d i n g  p o -  
t e n t i o m e t e r  w a s  u s e d ,  i n  w h i c h  c a s e  t h e r e  w a s  a 
f a i n t  m i n i m u m  i n  e a c h  d i s c h a r g e  c u r v e .  W h e n  t h e  
f i r s t  d i s c h a r g e  w a s  a t  v e r y  s m a l l  c u r r e n t  d e n s i t y  
t h e r e  w a s  u s u a l l y  o n l y  a s m a l l  m i n i m u m ,  b u t  a 
l a r g e r  o n e  a p p e a r e d  l a t e r  w h e n  a s u f f i c i e n t l y  l a r g e  
c u r r e n t  w a s  p a s s e d .  W h e n  a n  e x c e s s i v e l y  l a r g e  c u r -  
r e n t  w a s  p a s s e d  t h e  c l o s e d - c i r c u i t  p o t e n t i a l  d i d  n o t  
b e c o m e  c o n s t a n t ,  as  i l l u s t r a t e d  i n  t h e  2 0 - m a  d i s -  
c h a r g e  a t  83 r a i n  i n  F ig .  1. S u c h  a d i s c h a r g e  a l w a y s  
d a m a g e d  t h e  e l e c t r o d e  so t h a t  o v e r p o t e n t i a l s  m e a s -  
u r e d  a f t e r w a r d  a t  l o w e r  c u r r e n t  d e n s i t i e s  w e r e  t o o  
l a r g e .  W i t h  l o w e r  a c i d  c o n c e n t r a t i o n  t h e  a t t a i n m e n t  
of  e q u i l i b r i u m  w a s  a l i t t l e  s l o w e r  a n d  t h e  r e p r o d u c i -  
b i l i t y  n o t  q u i t e  so good ,  b u t  t h e  o v e r p o t e n t i a l  w a s  
l a r g e r  a n d  t h e  r e l a t i v e  e r r o r  a b o u t  t h e  s a m e .  W h e n  
t h e  e l e c t r o l y t e  c o n t a i n e d  0 .01M H~SO,, 0 .99M Na~SO4 
a n d  0 .10M MnSO4,  c l o s e d - c i r c u i t  p o t e n t i a l s  b e c a m e  
c o n s t a n t  i n  3 -4  m i n  a n d ,  a f t e r  a d i s c h a r g e ,  30-45 r a i n  
w a s  r e q u i r e d  f o r  c o n s t a n c y  of  t h e  o p e n - c i r c u i t  p o -  
t e n t i a l .  

O v e r p o t e n t i a l  m e a s u r e m e n t s  w e r e  m a d e  a t  s e v -  
e r a l  c u r r e n t  d e n s i t i e s  a n d  w i t h  f ive  e l e c t r o l y t e s  c o n -  
t a i n i n g  H.~SO,, t h e  c o m p o s i t i o n s  of  w h i c h  a r e  g i v e n  
i n  T a b l e  I. I n  c o l u m n  4 of  T a b l e  I I  t h e  o b s e r v e d  

o v e r p o t e n t i a l s  a r e  g i v e n .  A n  a p p r o x i m a t e  c a l c u -  

,~ M e a s u r e d  w i t h  a g l a s s  e l e c t r o d e .  ~ A c e t i c  ac id ,  0 .1M, a n d  0 . 0 I M  
s o d i u m  a c e t a t e ,  c C a l c u l a t e d .  4 K2SO4. 

Table II. Variation of overpotential with current density and 
acidity. 25~ 

No. of No. of C u r r e n t  
e l e c -  m e a s u r e -  d e n s i t y  O v e r p o t e n t i a l ,  m y  

t r o d e s  m e n t s  m a / e l e c t r o d e  Obs.  Cor r .  Calc .  

Partl. Electrolyte No. 1. 
1 1 0.40 8 8 8 
1 1 0.50 10 I0 10 
1 2 1.00 16 16 15 
3 4 2.0 2O 20 21 
3 5 4.O 25 24 29 
1 1 8.O 32 31 37 
1 1 16.0 46 44 45 
1 1 24.0 54 51 50 

Part2. Electrolyte No. 2 
2 2 1.00 14 14 11 
2 2 2.0 18 18 17 
2 2 4.0 22 21 23 
2 2 8.0 30 29 31 
2 2 16.0 42 40 40 
2 2 32.0 51 47 49 

Part3. Electrolyte No. 3 
1 1 0.50 10 10 10 
1 1 1.00 14 14 17 
1 1 2.0 21 21 23 
1 3 4.0 29 28 31 
1 1 6.0 39 38 36 
1 1 8.0 42 40 40 
1 1 10.0 45 43 43 
1 1 12.0 53 51 46 

Part 4. Electrolyte No. 4 
1 3 1.00 22 - -  - -  
1 1 2.0 28 - -  - -  
1 1 4.0 33 - -  - -  

Part 5. Electrolyte No. 5 
2 2 0.70 19 19 19 
3 5 1.00 21 21 22 
3 4 2.0 28 27 31 
3 4 4,0 39 37 41 
1 1 6.0 50 47 47 
1 1 8.0 56 53 52 

l a t i o n  of  t h e  c o n c e n t r a t i o n  o v e r p o t e n t i a l  s h o w e d  
t h a t  o n l y  a t  t h e  h i g h e s t  c u r r e n t  d e n s i t i e s  w a s  t h i s  
a p p r e c i a b l e .  W h e n  t h e  c a l c u l a t e d  v a l u e  w a s  o v e r  
0.5 m y  a c o r r e c t i o n  w a s  m a d e ,  b u t  n o  c o r r e c t i o n s  
w e r e  o v e r  1 m v .  T h e  iR d r o p  i n c l u d e d  i n  t h e  m e a s -  
u r e m e n t s  w a s  a l i t t l e  l a r g e r .  T h i s  w a s  c a l c u l a t e d  i n  
t w o  p a r t s ,  t h a t  a l o n g  t h e  g r a p h i t e  rod ,  a n d  t h a t  
t h r o u g h  t h e  s o l u t i o n ;  t h e  t w o  w e r e  of  a p p r o x i m a t e l y  
e q u a l  m a g n i t u d e .  T h e  l a r g e r  p a r t  of  t h e  d i f f e r e n c e  
b e t w e e n  t h e  o b s e r v e d  a n d  c o r r e c t e d  v a l u e s  i n  T a b l e  
I I  is  t h i s  c o r r e c t i o n .  T h e  l a s t  c o l u m n  w a s  c a l c u -  

l a t e d  b y  Eq.  ( X X V I ) .  
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Table III. Variation of overpotential with current density in an 
electrolyte of 0.33M Na~SO4, 0.1M acetic acid, and 0.01M sodium 

acetate, pH 4.0, 25~ 

O V E R P O T E N T I A L  O F  T H E  MnO2 E L E C T R O D E  401 

C u r r e n t  Obs .  o v e r p o t e n t i a l ,  m y ,  a t  
m a  100 m a - m i n  200 m a - m i n  300 m a - m i n  

0.4 30 33 39 
0.5 38 39 40 
1.0 52 52 - -  
2.0 68 68 68 
3.0 (57) 78 78 
5.0 90 92 95 
1.0" 44 50 56 
2.0* 64 67 69 

* Ammonium sulfate instead of sodium sulfate in the electrolyte. 

In Table III are shown some overpotentials in an 
electrolyte of 0.33M Na~SO,, 0.1IV~ acetic acid, and 
0.01M sodium acetate (electrolyte 6). The establish- 
ment of a steady state of polarization was slower in 
this electrolyte, and measurements were made on 
each electrode after I00, 200, and 300 ma-min of 
discharge at a single current density. At the lowest 
current density the overpotential increased appre- 
ciably as the discharge proceeded, but usually the 
increase was small up to 300 ma-min of discharge. 
In two discharges ammonium sulfate was substi- 
tuted for the sodium sulfate, with only a small 
effect in the direction of less overpotential. 

With electrolyte 6, trouble was experienced in 
getting constant initial open-circuit potentials, and 
it was suspected that peroxide formation was re- 
sponsible (9). Exclusion of oxygen by a current of 
nitrogen led to satisfactory constancy. 

Overpotential and Acidity 

The  r e l a t ion  of o v e r p o t e n t i a l  to the  ac id i ty  of the  
e l ec t ro ly te  is shown  in Tab le  IV. In  the  second 
co lumn  are  g iven  the  to ta l  H~SO4 concen t ra t ions  of 
al l  but  two  of the  e lec t ro ly tes .  The  acid m u s t  have  
been  ionized  mos t ly  to H~O* and HSO~. The  pH 
va lues  of e l ec t ro ly te s  1-6 and the  C and V e l ec t ro -  
ly te  w e r e  m e a s u r e d  by means  of a glass e lec t rode .  
Those  of  SH1 and SH2 w e r e  ca lcula ted ,  these  e lec-  
t ro ly tes  h a v i n g  an ionic s t r eng th  of on ly  0.1. 

The  ove rpo t en t i a l s  in the  fifth co lumn  w e r e  ca l -  
cu la t ed  by the  empi r i ca l  equa t i on  • ~ 17 + 7 pH. 
This  expresses  the  resul t s  we l l  for  e l ec t ro ly tes  2-5 

Table IV. Variation of overpotential with acidity; current density 
4 ma/8 cm~; 25~ 

E l e c -  HeSO~ O v e r p o t e n t i a l ,  m y  
t r o l y t e a  M p H  Cor r . b  C a l c ' d  (1) C a l c ' d  (2) 

1 1.00 0.1 24 18 19 
2 0.50 0.6 21 21 22 
3 0.10 1.6 28 28 28 
4 0.05 2.1 32 32 31 
5 0.01 2.6 37 35 37 

SH1 0:04 1.3 35 26 32 
SH2 0.0125 1.9 36 30 36 
C and V c 7 70 66 - -  

6 d 4.0 85 45 - -  

a S e e  T a b l e  I f o r  c o m p o s i t i o n  of  e l e c t r o l y t e s .  
b C o r r e c t i o n s  f o r  I R  d r o p  a n d  c o n c e n t r a t i o n  p o l a r i z a t i o n  n o t  e x -  

c e e d i n g  a t o t a l  o f  2 m v  h a v e  b e e n  a p p l i e d .  
c T h e  s o u r c e  of  p r o t o n s  f o r  t h e  r e a c t i o n  w a s  2M NH~CI  (1 ) .  
d T h e  s o u r c e  of  p r o t o n s  w a s  0 .1M a c e t i c  acid.  

and C and V, but fails for the others. The assump- 
tion that the overpotential is determined by the 
nature and concentration of the source of protons for 
the electrode reaction leads to a better equation. It is 
sufficient for present purposes to assume that the 
H:~O + and HSO: ions are equivalent and to relate the 

overpotential to twice the total H~SO~ concentra- 
tion. This gives the equation AE~ ~ 22--91og 2c 
in which c is the concentration. The last column of 
Table IV shows that this equation gives good calcu- 
lated values for all of the electrolytes containing 
H~SO~ excep t  e l ec t ro ly tes  1 and SH1, fo r  wh ich  the  
ca lcu la ted  va lues  are  5 and 3 m v  too low, r e spec -  
t ive ly .  These  two  solut ions w e r e  t he  on ly  ones tha t  
con ta ined  no cat ions  o ther  t han  H30 § and Mn §247 

Growth and Decay of Polarization 

For  the  i nves t i ga t i on  of  the shapes of the  g r o w t h  
and decay  curves  a r eco rd ing  p o t e n t i o m e t e r  w i t h  a 
char t  speed of about  5 c m / m i n  and a sens i t iv i ty  of 
about  0.01 m v  was  used. This  i n s t r u m e n t  had  a 
r a n g e  of  only  0-10 mv,  so most  of the  e l e c t r o m o t i v e  
force  was  ba l anced  by  a h a n d - o p e r a t e d  p o t e n t i o -  
me te r .  

The  cu rves  showed  ev idence  of a smal l  iR drop in 
a g r e e m e n t  w i t h  t he  ca lcu la ted  va lues  and neg l ig ib le  
for  these  expe r imen t s .  S o m e  curves  are  shown in 
connec t ion  w i t h  t he i r  discussion below.  

The  d i scha rge  cu rves  al l  showed  m i n i m a  l ike  tha t  
in the  first  d i scha rge  in Fig. 1. The  m i n i m a  in sec-  
ond and subsequen t  d i scharges  m a d e  soon a f te r  t he  
first w e r e  too smal l  to h a v e  been  recogn ized  in the  
m e a s u r e m e n t s  of Fig. 1. 

Evidence for the Presence of Lower  Oxide on the 
Electrode SurSace 

If po l a r i za t ion  is the  resu l t  of the  a c c u m u l a t i o n  of 
l o w e r  oxide  on the  sur face  it should  be possible  to 
d e m o n s t r a t e  its presence .  A n  e lec t rode  was  dis-  
cha rged  in e l e c t r o l y t e  1 to a s t eady  s ta te  of  polar i -  
za t ion  at a c u r r e n t  of 1 m a / 8  cm ~. I t  was  then  
qu ick ly  r e m o v e d  f r o m  the  e lec t ro ly te ,  washed ,  and 
p laced  in a test  t ube  con ta in ing  1M H.~SO~ w i t h o u t  
added  m a n g a n e s e  sulfate .  A f t e r  5 m i n  it  was  t r ans -  
f e r r e d  to a second po r t i on  of  t h e  s a m e  solution,  and 
a f te r  i nc reas ing  per iods  of t ime  to a th i rd ,  four th ,  
and fif th por t ion.  Mn was  d e t e r m i n e d  c o l o r i m e t r i -  
ca l ly  in each por t ion  of the  solution.  T h e  e lec t rode  
was  r ep laced  in the  cell  w i t h  e l ec t ro ly t e  1 and the  
e x p e r i m e n t  r e p e a t e d  wi th  a d i scha rge  at  4 ma.  Two  
m o r e  e x p e r i m e n t s  w e r e  m a d e  w i t h  4 - m a  d i scharges  
of ano the r  e lec t rode .  B l a n k  e x p e r i m e n t s  w e r e  m a d e  
by  b r i n g i n g  the  two  e lec t rodes  to o p e n - c i r c u i t  equ i -  
l i b r i u m  w i t h  e l ec t ro ly t e  1 and then  t r a n s f e r r i n g  to 
the  success ive  por t ions  of 1M H~SO~. Resul t s  a re  
shown  in the  t h r ee  u p p e r  cu rves  of Fig. 2. 

A l l  t h r ee  cu rves  show tha t  m a n g a n e s e ( I I )  ion is 
e x t r a c t e d  con t inuous ly  for  m o r e  t h a n  80 m i n  both  
a f t e r  a d i scharge  and in the  blanks .  The  cu rves  for  
t he  d i scha rged  e lec t rodes  l ie  above  those  for  the  
b lanks  as the  r e su l t  of t he  e x t r a c t i o n  of  m o r e  m a n -  
g a n e s e ( I I )  ion in the  first 5 min.  A f t e r  5 min  all  
a re  a p p r o x i m a t e l y  para l le l .  The  e x p e r i m e n t  was  
r e p e a t e d  w i t h  e l ec t ro ly t e  5 w i t h  s imi la r  resul ts .  I t  
m a y  be conc luded  tha t  t he r e  is an  excess  of l ower  
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Fig. 2. Manganese(ll) ion dissolved from partially discharged 
and undischarged electrodes. In the experiments represented by the 
three upper curves the electrodes were transferred from o solution 
containing O.1M MnSO,, and |M  H2504 to one of 1M H2S04. The 
lowest curve represents on electrode at constant potential in |M 
H~S04 transferred to ]M H2SO~. 

oxide on the  surface of a f resh ly  d ischarged  elec-  
trode. 

The con t inuous  ex t r ac t ion  of m a n g a n e s e ( I I )  ion 
f rom the  electrodes is l a rge ly  the  r e su l t  of the  t r a n s -  
fer of the electrode f rom a solut ion con t a in ing  0.1M 
MnSO~ to one free f rom Mn. In  the  first so lu t ion  the  
electrode takes  up  m a n g a n e s e ( I I )  ion and  in  the  
second solu t ion  releases it slowly. A cor respond ing  
slow change  in electrode po ten t i a l  takes  place w h e n  
the  electrode is t r an s f e r r ed  f rom one so lu t ion  to the  
other.  

W h e n  an electrode was kept  in  1M H~SO, free 
f rom Mn, wi th  occasional  change  of solut ion,  un t i l  
the re  was no f u r t h e r  change  of potent ia l ,  i t  re- 
leased only  a l i t t le  m a n g a n e s e ( I I )  i o n t o  fresh 1M 
H~SO4. The  record of such an  e x p e r i m e n t  is g iven  in  
the lower  b l a n k  cu rve  of Fig. 2. A sample  at 180 m i n  
confirmed the  l inear  r e la t ionsh ip  shown. This m a y  
be a t rue  se l f -d i scharge  and  is equ iva l en t  to a cu r -  
r en t  dens i ty  of 0.02 m a / 8  cm 2. 

Effect of Temperature 

M e a s u r e m e n t s  s imi la r  to those in  Tab le  II were  
made  at different  t empera tu re s .  Some of the resul ts  
are shown in  Fig. 8, below, in  connec t ion  wi th  the i r  
discussion. The  15~  are in  poor  a g r e e m e n t  
wi th  the  others.  S imi la r  m e a s u r e m e n t s  were  made  
wi th  e lec t ro ly te  5. 

The effect of t e m p e r a t u r e  can  be compared  w i th  
tha t  at pH 7. The  ra t io  of the ove rpo ten t i a l  at  5~ 
to tha t  at 25~ is 1.4 at  pH 7 (1) w i th  a c u r r e n t  
dens i ty  of 1.6 ma /e l ec t rode ,  whi le  w i t h  e lec t ro ly te  
1 the co r respond ing  ra t io  is 2.2 for 1 m a / e l e c t r o d e  
and  2.7 for 2 ma /e l ec t rode .  For  e lec t ro ly te  5 the  
rat ios for 15 ~ and  25~ are  1.7 and  1.9 as compared  
w i th  1.2 for pH 7. The  rat ios increase  w i th  acidi ty.  
Elec t ro ly tes  1 and  5 can be compared  at t e m p e r a -  
tu res  25 ~ and  50~ the rat io for a cu r r en t  of 2 
m a / e l e c t r o d e  is 2.3 for e lec t rolyte  1 and  1.4 for 
e lec t ro ly te  5. 

Egect of Thickness of MnO~ 

A few electrodes were  made  wi th  t h i n n e r  and  
th icker  deposits  of MnO~ by  p l a t i ng  for 15 m i n  or 
2 hr  ins tead  of the  usua l  30 m i n  at 25 ma /e l ec t rode .  
The ove rpo ten t i a l  for a 4 - m a  d ischarge  was 29 m v  
for a 15-ra in  electrode,  24 m v  for a 3 0 - m i n  elec- 
trode, and  11 m v  for a 2 -h r  electrode.  Compar i son  

I -  6C - - -~  - -  I , 

0 4 C  . . . . .  

> 2 . . , 

0 

-OG 4 -0'.2 O!O 0'2 0;4 Oq6 018 I '0 ,12 1.4 
LOS I {MA)  

Fig. 3. Relation between overpotential and the logarithm of the 
current density (ma/8 cm2). The numbers indicate the electrolytes, 
compositions of which are given in Table I. 

of the d ischarge  curves  for a 1 -ma  discharge  of a 
30-rain and  a 2 -h r  e lect rode shows tha t  the  m i n i -  
m u m  va lue  comes cons ide rab ly  la te r  for the  2 -h r  
electrode,  at 12 m i n  af ter  the  b e g i n n i n g  of the dis-  
charge ins tead  of 5 min.  The m i n i m u m  usua l l y  
comes at abou t  the  same  s tage of d ischarge  as meas -  
ured  in  m a - m i n  (1) .  This  suggests  tha t  the  t rue  
c u r r e n t  dens i ty  m a y  be smal le r  for the 2 -h r  elec- 
trode, because  of l a rge r  su r face  area.  A sma l l e r  cu r -  
r en t  dens i ty  should  give a smal le r  ove rpo ten t i a l  in  
qua l i t a t i ve  a g r e e me n t  w i th  expe r imen t .  However ,  
rat ios of sur face  area  es t ima ted  f rom the m i n i m a  
and  f rom the overpo ten t ia l s  did not  agree. 

Discussion 
The Tafel Equation.--In Fig. 3 the r e l a t ion  be-  

t w e e n  the ove rpo ten t i a l  a nd  the  l o g a r i t h m  of the  
c u r r e n t  dens i ty  for e lec t rolytes  1, 3, 5, and  6 is 
shown. The curves  for the more  acid solut ions 
migh t  be cons idered  to consist  of two in t e re s t ing  
s t ra igh t  l ines.  Al l  r e semble  the  r e l a t ion  in  NH,C1 
e lec t ro ly te  at pH 7 except  tha t  the  ove rpo ten t i a l  de-  
creases cons ide rab ly  wi th  the la rge  increase  in  acid-  
i ty  (1) .  The slope of the  l o w - c u r r e n t  po r t ion  for 
e lect rolytes  1 and  3 is 15 m v / l o g  I. At  lower  acidi ty  
the slope is l a rger  bu t  approaches  this va lue  as the 
c u r r e n t  decreases. For  the  lead dioxide electrode the  
cor responding  slope is abou t  18 m v / l o g  I (10).  

A theory  of the ove rpo ten t i a l  s imi la r  to tha t  for 
the  hyd rogen  evo lu t ion  reac t ion  (11) does not  ac-  
count  for the slow g rowth  and  decay of po la r iza t ion  
and  predicts  too high a slope for the  Tafel  equat ion .  
A n  a l t e r n a t i v e  theory  has been  developed tha t  ac- 
counts  for the slow decay of po la r iza t ion  and  is also 
in  accord wi th  the observed  re la t ion  of c u r r e n t  and  
overpotent ia l .  

Decay o~ Polarization.--The pos tu la tes  adopted 
are as follows. (A) The po ten t i a l  of a MnO~ elec-  
t rode  is d e t e r m i n e d  in  pa r t  by  the  composi t ion  of 
the surface  exposed to the  e lec t ro ly te  (3, 4). (B) 
Overpo ten t i a l  resul t s  f rom an  excess of the  reac t ion  
p roduc t  on the  surface.  (C) In  a s teady s ta te  of dis-  
charge in  sufficiently acid e lect rolytes  the  reac t ion  
p roduc t  is r e move d  by  reac t ion  w i th  the acid as fast  
as it  is formed. (D) The  p r i m a r y  reac t ion  p roduc t  is 
MnOOH, which  reacts  w i th  the  acid of the  electro- 
ly te  according to the equa t ion :  

2MnOOH § 2H § ~ MnO~ -t- Mn  §247 ~- 2H~O (A)  

Consider  the  concen t ra t ions  of h y d r o g e n  and  
m a n g a n e s e  (II)  ions and  the  ionic s t r eng th  cons tant ,  
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which  was a p p r o x i m a t e l y  t rue  in  the exper imen t s .  
Let  L be the mole f rac t ion  of MnOOH in the  elec-  
t rode  sur face  and  ( 1 - - L )  the mole  f rac t ion  of 
MnO~. The ra te  at which  MnOOH is r emoved  f rom 
the surface  in  accordance wi th  Eq. (A) can be ex-  
pressed by  

dL 
k~L'-' -- k=(1 -- L) (I)  

dt 

in  which  k~ and  k.2 are the veloci ty  cons tan t s  of the  
fo rward  and  reverse  react ions.  These cons tants  i n -  
clude the cons t an t  h y d r o g e n  and  m a n g a n e s e  ion 
concent ra t ions .  If the pos tu la tes  are correct,  Eq. (I)  
should app ly  to the  reac t ion  of excess lower  oxide 
on the  e lect rode sur face  wi th  acid, on open circuit ,  
t ha t  is, to the  decay of polar izat ion.  At  equ i l ib r ium,  
-- dL /d t  is zero and  L becomes Lo, the mole  f rac t ion  
of lower  oxide in  the surface  at  e q u i l i b r i u m  on open 
circuit .  It  wi l l  be a s sumed  tha t  L, is smal l  w i th  acid 
electrolytes .  Then,  at e q u i l i b r i u m  

k~ 1 - -  L~ 1 
- -  ~ (II) 

k~ L~ ~ L ~'~ 

In t eg ra t i on  of (I) and  s impli f icat ion us ing (II)  and  
a s suming  L /  negl ig ib le  compared  wi th  L, gives 

L + L ~  
in  tk/ (k..)" q- 4 k~k~ + C ( I I I )  

L - - L ~  
in  which  C is the i n t eg ra t i on  cons tant .  T a k i n g  L~ 
as negl ig ib le  w h e n  added to or sub t rac t ed  f rom 
uni ty ,  ( I I I )  can be a r r a n g e d  to give 

i I--L 

L~ L 
in 

1 I--L 

L~ L 

- -  kt + C (IV) 

in  which  k = x/(k~) ~ + 4 kik2 
It  is assumed,  in  a g r e e m e n t  w i th  pos tu la te  (A) ,  

tha t  the  e lec t rode  po ten t i a l  E is d e t e r m i n e d  by L 
and  1 -  L in  accordance  w i th  the  equa t ion  

RT L 
E = E ~ - - - - l n - -  (V) 

F 1 - - L  

In  the s teady  state  of po la r iza t ion  L = Lp and  E = E~, 
and  at  open -c i r cu i t  e q u i l i b r i u m  L = L~ and  E = E~. 
The increase  of po ten t i a l  at any  t ime af ter  open ing  
the c i rcui t  is E -  E~ = AE and  the ove rpo ten t i a l  ~is 
E~ - -  Ep = AE~. I t  fol lows tha t  

RT i - -  L L~ 
AE = In ~ (Vl) 

F L 1 --  L~, 
RT 1 -- Lo L~ 

~Eo = -- In  - -  
F Lo 1 --  L~, 

RT L~ 
In. (Vll) 

F Lo(1 --L, , )  
C o m b i n i n g  ( IV) ,  (VI) ,  and  (VII)  

exp [ (AEo)F/RT] q- exp [ ( •  
in  = kt + C 

exp [ (~E~)F/RT] -- exp [ ( •  
(VII I )  

Since AE = 0 w h e n  the  c i rcui t  is opened a t  t = O, 

exp (•  + 1 
C = in  ( IX)  

exp ( A E , ) F / R T -  1 
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Eqs. (VIII) and (IX) give the change in ~E with 
time when the polarized electrode is allowed to 
stand in the electrolyte on open circuit. 

Decay curves were determined as described 
above. From the initial and final values of the elec- 
trode po ten t i a l  • was calculated,  and  k was  eva l -  
ua ted  f rom one va lue  of AE af te r  2-5 rain.  I t  was  
t hen  possible to ca lcula te  the  curves.  If the le f t -  
h a n d  t e r m  of Eq. (VII I )  is p lo t ted  aga ins t  the  t ime,  
a s t ra igh t  l ine  is obta ined,  w i th  a few of the  ea r ly  
points  and  some of the  last  ones dev ia t ing  f rom the  
line.  Since er rors  in  the la te r  observa t ions  are m a g -  
nified in  this plot, it is more  sa t is factory  to plot  • 
aga ins t  t ime, as in  Fig. 4 and  5. The equa t i on  holds 
wel l  for e lec t ro ly te  1, except  nea r  the  beg inn ing ,  
and  less wel l  for e lec t rolyte  5. The  cons ide rab ly  
sma l l e r  acid concen t ra t ion  in  e lec t ro ly te  5 and  
s lower ra te  of d issolving of the  lower  oxide m a y  
m a k e  possible  an  apprec iab le  a m o u n t  of diffusion of 
lower  oxide into the in te r io r  of the  MnO2 thus  com- 
p l ica t ing  the decay of polarization. 

Growth of polarization.--One m a y  now  proceed 
on the  a s sumpt ion  tha t  the  ove rpo ten t i a l  is de te r -  
m i n e d  by  a ba lance  be t w e e n  the  fo rma t ion  of lower  
oxide and  its d isso lu t ion  by  the  electrolyte .  In  the 
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Fig. 4. Decay of polarization, electrolyte 1; the increase in poten- 
tial after opening the circuit, AE, plotted against time. The lines 
w e r e  calculated by means of Eqs. (VIII) and (IX) and the points 
were taken from the recorded decay curves. The topmost curve 
followed the first discharge of an electrode, while the other two 
followed second discharges. 
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Fig. 5. Decay of polarization, electrolyte 5. The solid curves were 
calculated by means of Eqs. 8 and 9 and the dashed carves are 
drown to pass through the experimental points. First and second 
refer to first and second discharges of a particular electrode. The 
discontinuous line is the theoretical curve for the second discharge 
at 0.5 ma. 
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ea r ly  p a r t  of a d i scharge  the  r a t e  of increase ,  d L / d t ,  
of the  l o w e r  oxide  concen t r a t i on  on the  e lec t rode  
sur face  is equa l  to the  d i f fe rence  b e t w e e n  the  r a t e  
of p roduc t ion  of l o w e r  ox ide  by the  e l e c t rochem ica l  
react ion ,  wh ich  m a y  be r e p r e s e n t e d  by k'  I, and  the  
r a t e  of  dissolut ion,  w h i c h  is g iven  by Eq. ( I ) .  

dL 
- - - ~  k" I - -  klL" + k~(1 --  L)  (X)  

dt  

Eq. (X)  becomes  Eq. ( I )  w h e n  I 0. In  the  s t eady  
s ta te  of po la r i za t ion  at  cons tan t  c u r r e n t  d L / d t  = O, 
and L = L~,. Subs t i t u t i ng  in (X)  and r e a r r a n g i n g  

k '  I = klL~-" + k~L,, --  k~ (XI)  

Combin ing  (X)  and (XI)  

k2 
dLdt - - k l ( L ~ - - L ) ( L ~ , - ] - L ~ - I )  (XXI) 

I n t e g r a t i n g  ( X I I ) ,  

1 L~ -]- L -}- k~/k~ 
in : k~t + C (XI I I )  

2L,  + k, /k~ L2~ --  L 

In a suff icient ly acid solut ion k~/k~ should  be  
stoat1, wh i l e  L, should  be f a i r ly  large.  Neg l ec t i ng  
k / k ~  and no t ing  tha t  L = L~ w h e n  t = 0 

L,, + L Lp + L~ 
In In -- 2k~Lpt ( X l X )  

Lp --  L L~, --  L~ 

C o m b i n i n g  wi th  (V) and def ining E~ as the  e lec t rode  
po ten t i a l  at t --  0, AE,: = E~ --  E, and AE~ ~ E~ - -  E~, 

2L~(1 - -L~)  + e -~ + e -~ L v + L~ 
in - -  = 2k~Lpt + in 

e ~ - - e  ~ L ~ - - L ~  

( x x )  

in wh ich  x :  ( A E ~ ) F / R T  and a :  (~E , , )F /RT .  If  
2L~/(1 --  L~) can be neg lec ted ,  w h i c h  wi l l  be  shown  
l a t e r  to be just i f ied w h e n  • is small ,  

eX-t  - e -~ L ~ + L ~  
- -  2k~L,,t -t- In ( X X I )  

e ~ --  e -" L~ --  Lr 

The  l e f t - h a n d  t e r m  can be changed  to the  f o r m  of 
the  co r re spond ing  t e r m  of Eq. (VI I I ) ,  bu t  the  m e a n -  
ings of x and a are  s l igh t ly  dif ferent .  

Eq. ( X X I )  is in a p p r o x i m a t e  a g r e e m e n t  w i t h  
d i scha rge  cu rves  tha t  do no t  pass t h r o u g h  the  pro-  
nounced  m i n i m u m  of a first d ischarge ,  w h i c h  is i l -  
l u s t r a t ed  in Fig. 1. It  does not  p red ic t  the  smal l  
m i n i m a  found  by the  m o r e  accura te  m e a s u r e m e n t s  
in the l a te r  d ischarges .  H o w e v e r ,  a s imple  empi r i ca l  
cor rec t ion  can be app l ied  for the  u n k n o w n  process  
causing the minimum, and this leads to excellent 
agreement of calculated and observed values. A cal- 
culated curve and some experimental points taken 
from the recorded discharge curves of two elec- 
trodes are shown in Fig. 6. 

The first step in the empirical correction was to 
extrapolate the portion of the experimental curve 
at the right of the minimum back to zero time, giv- 
ing a curve like that ending at 16.5 mv in Fig. 6. 
This intercept was arbitrarily assumed to be AE~, 
the value of AE~ at the steady state of polarization 
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Fig. 6. Growth of polarization. The dashed curve is the theoretical 
curve for a discharge with no minimum. The solid carve is the 
theoretical curve corrected empirically to include the minimum. 

if  the  process  l ead ing  to the  m i n i m u m  had  not  t aken  
place.  The  process  l ead ing  to the  m i n i m u m  is as-  
sumed  to s ta r t  at  t = 0 and  its effect  on AE~ at  any 
t ime  to be g iven  by the d i f fe rence  b e t w e e n  16.5 m v  
and the  a p p r o p r i a t e  poin t  on e i the r  t he  e x t r a p o l a t e d  
or the  rea l  po r t ion  of the d i scharge  curve .  Add i t i on  
of these  d i f ferences  to the  co r re spond ing  ave rages  
of the  two  sets of e x p e r i m e n t a l  va lues  g ives  t he  
dashed  curve ,  w h i c h  is the  hypo the t i c a l  d i scharge  
cu rve  u n c o m p l i c a t e d  by the  second process.  This  
should  be  in accord  w i t h  Eq. ( X X I ) .  The  g raph ica l  
m e t h o d  gave  on ly  a first a p r o x i m a t i o n  to the  co r r ec -  
t ion  shown in Fig.  6. F r o m  the  first a p p r o x i m a t i o n  
the  l e f t - h a n d  t e r m  in Eq. ( X X I )  was ca l cu la t ed  and 
p lo t t ed  agains t  the  t ime.  This  should  g ive  a s t r a igh t  
line, but  the plot  was  v e r y  sens i t ive  to smal l  d i f fer -  
ences in • and only  one va lue  gave  a sa t i s fac tory  
line, 16.5 m v  in Fig.  6. F r o m  this va lue  and the  slope 
and in t e rcep t  of the  s t r a igh t  l ine  t he  final dashed  
c u r v e  was  ca lcu la ted .  W h e n  f r o m  this  final cu rve  
the  p rope r  d i f ferences  w e r e  sub t r ac t ed  the  solid 
c u r v e  was  ob ta ined ,  ag ree ing  w i t h  bo th  sets of e x -  
p e r i m e n t a l  points  we l l  w i t h i n  a mi l l i vo l t  for  the  
most  par t ,  or as we l l  as the  two  e x p e r i m e n t a l  curves  
agree.  

This  shows tha t  it is possible  to exp l a in  the  dis-  
cha rge  cu rves  w i t h  t he  sma l l e r  m i n i m a  as a c o m -  
b ina t ion  of t he  c u r v e  p red i c t ed  by the  above  theo ry  
and ano the r  process.  This o ther  process  m i g h t  be a 
change  of phys ica l  f o r m  of the  l ower  ox ide  (10).  

The  same t r e a t m e n t  was  app l ied  to some dis-  
charges  in e l ec t ro ly t e  5. Here ,  t h e  cor rec t ions  w e r e  
m u c h  l a r g e r  t han  for  e l ec t ro ly t e  1; in one case the  
e s t ima ted  theo re t i ca l  • was  45 m v  w h i l e  the  ac tua l  
s t e a d y - s t a t e  v a l u e  was  25 inv. H o w e v e r ,  the  cor -  
r ec ted  cu rve  was  in good a g r e e m e n t  w i t h  the  ob- 
se rved  values ,  b e t t e r  t han  w o u l d  be expec t ed  on t h e  
basis of the  decay  of po la r i za t ion  in e l ec t ro ly t e  5. 
The  a p p r o x i m a t i o n s  in the  d e r i v a t i o n  of Eq.  ( X X I )  
a re  s o m e w h a t  ques t ionab le  here ,  and t h e r e  is the  
poss ible  compl i ca t ion  of the  i n w a r d  dif fus ion of 
l ower  oxide.  The  empi r i ca l  co r rec t ion  seems to cor -  
rec t  for both  of these.  
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Overpo ten t ia l  and cur ren t  d e n s i t y . - - A t  the  s teady 
state of po la r iza t ion  d L / d t  = 0 in  Eq. (X)  and  

I = K,LJ  - -  K,2(1 --  Lp) ( X X l I )  

in  which  K~ and  K~ are  equa l  to k~ k '  and  k~ k',  r e -  
spect ively.  So lv ing  Eq. (VII)  for L~ 

1 
L,  = ( X X l I I )  

1 + [ ( 1 - - L , ) / L o ] e  -~ 

in  which  y = (AE~)F /RT ,  and  combin ing  (XXI I )  
and  (XXII I )  

K~ K~ [ (1  - - L ~ ) I L ~ ] e  -y 
I ~  

{1 + [ ( 1 -  L~)/Lo]e-~} ~ 1 + [ ( 1 -  L<)/L~]e -y 
(XXIV)  

Cons tan t  K~ can  be e l imina ted ,  since at open -c i r cu i t  
equilibrium 

k~ 

k~ 

C o m b i n i n g  (XXIV)  
gives 

K~ (1 --  Lo) 
I =  

O V E R P O T E N T I A L  O F  T H E  MnO,,  E L E C T R O D E  

Table V. Values of K2 and 1 ~ Lo in Eq. (XXVI) at 250C 

K~ I - -  L~ 
-- (XXV) 

K_o L o<-> 

and  (XXV) and  s impl i fy ing  

K~ ( 1 - - L ~ )  e-" 

Lo -t- (1 --L<,) e-" 
(XXVI)  

[Lo + ( 1 - - L J  e-'] "~ 

W h e n  the acid concen t r a t i on  is la rge  and  AE~ is 
small ,  L e l ( 1  - -L~)  < <  e ~ and  (XXVI)  can be s im-  
plified to 

I -- K~ exp --  K~ (XXVII )  
I--L~ L" 

The applicability of Eq. (XXVII) is shown in Fig. 
7 and 8, in which exp [2(AE~)F/RT] is plotted 
against I. In Fig. 8 the lines are drawn to fit the 

4! . . 

< 3  -- - 

"2 

, I 

ZIAF.e)F / I f ) 
7 8 9 

Fig. 7. Test of Eq. (XXVII) for the relation of overpotential (AEe) 
and current density; exp [2(~E~)F/RT] plotted against the cur- 
rent/8 cm 2 of electrode surface. The lines were drawn after finding 
the best values for the slopes and intercepts by use of Eq. (XXVI). 

U/' i "i ! 
/ 3o~ i 

- I / '  ; 
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Fig. 8. Application of Eq. (XXVII) to overpotentials at various 
temperatures (~ 
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E l e c t r o l y t e  No.  1 2 3 5 

K2 0.46 0.78 0.46 0.25 
1-L~ 1.00 0.99 0.97 0.95 

points, with most weight given to small values of 
AE~. In a preliminary drawing of Fig. 7 values of 
Ks and (I--L~) were determined from the slopes 
and intercepts. Using the values so obtained as first 
approximations it was found by repeated trial in 
Eq. (XXVI) which values gave the best agreement 
with experiment. The values adopted are given in 
Table V and were used in drawing the lines in Fig. 
7. The va lues  of AEe ca lcula ted  by  Eq. (XXVI)  are 
g iven  in  the last  c o l u m n  of Table  II. 

Ca lcu la ted  a nd  e x p e r i m e n t a l  va lues  of AEo agree 
qu i t e  wel l  except  at  4 and  8 ma  for e lec t ro ly te  1. 
There  are smal le r  dev ia t ions  in  the same d i rec t ion  
for the  other  e lect rolytes  at these cur rents ,  or at 
2 and  4 ma, whi le  the  a g r e e me n t  at the smal les t  and  
larges t  cu r ren t s  is gene ra l ly  bet ter .  It  is possible 
tha t  the app rox ima t ions  in  the theory  are  respon-  
sible. 

I t  is w o r t h y  of no te  tha t  e lec t ro ly te  1 seems to be 
out  of place in  Fig. 7 and  its va lue  for Ks does no t  fit 
in wi th  the series of va lues  for the  o ther  e lec t ro-  
lytes.  It  wi l l  be  recal led  tha t  e lec t ro ly te  1 also did 
not  agree wel l  w i th  the  others  in  the r e l a t ion  of 
overpo ten t i a l  to acidity.  

Var ia t ion  w i t h  t e m p e r a t u r e . - - I n  Fig. 8 Eq. 
( X X V I I )  is appl ied  to the  da ta  for the ove rpo ten t i a l  
in  e lec t ro ly te  1 at  the t e m p e r a t u r e s  5 ~ 15 ~ 25 ~ 
35 ~ a nd  50~ The va lues  of K~ found  g raph ica l ly  
are  0.064, 0.41, 0.46, 1.25, and  2.60. W h e n  log K~ is 
p lot ted  aga ins t  1 / T  in  accordance  w i th  the  A r r h e n -  
ius equa t i on  a s t ra igh t  l ine  is obta ined,  w i th  the 15 ~ 
va lue  dev ia t ing  more  t h a n  expected.  The va lue  of 
the  A r r h e n i u s  cons tan t  de r ived  f rom the slope of the  
l ine is 14.6 kcal. This  is in  the  r ange  for chemical  
react ions  r a the r  t h a n  diffusion processes. 

For  e lec t ro ly te  5 the va lues  of K~ found  f rom a 
plot  s imi la r  to Fig. 8 were  0.17, 0.25, 0.46, and  0.82 
for t e m p e r a t u r e s  15 ~ , 25 ~ 35 ~ , and  50~ F r o m  
these  the  va lue  9.5 kcal  was  ob ta ined  for the  A r -  
rhen ius  constant .  
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Anodic Corrosion and Hydrogen and Oxygen Overvoltage on Lead 
and Lead Antimony Alloys 

P. Riietschi and B. D. Cahan 

Research Department, The Electric Storage Battery Company, Philadelphia, Pennsylvania 

ABSTRACT 

Constant  current  techniques permit  rapid evaluation of the anodic corrosion 
of lead and lead an t imony alloys. The amount  of PbO2 formed dur ing anodiza- 
t ion can be evaluated by measur ing the length of the potent ial  plateau of the 
PbO~/PbSO4 couple produced dur ing  discharge. The rate of self-discharge and 
the degree of uti l ization of the lead dioxide must  be taken into aCcount in 
order to obtain correct corrosion figures. Methods for evaluat ing the self- 
discharge and degree of uti l ization of the PbO~ are described. 

X-ray diffraction pat terns were taken of the anodized Pb  and Pb-Sb alloy 
samples. Pat terns  of PbSO4, Pb, ~-PbO~, and ~-PbO~ were observed, but  there 
was no indication that  PbO was formed on any sample. The principal  anodiza- 
t ion product was ~-PbO~, a new crystall ine modification of PbO~. Hydrogen 
and oxygen overvoltages Were measured on various alloys of the Pb-Sb system, 
using in te r rup te r  techniques. Overvoltage and anodic corrosion of single crys- 
tal faces of Pb were also investigated. 

The anodic  corrosion of Pb  and  P b - S b  al loys is 
of f u n d a m e n t a l  i m p o r t a n c e  to the  l ead -ac id  b a t t e r y  
indus t ry .  Pos i t ive  gr id  corrosion is one  of the p r i n -  
cipal  reasons  w h y  l ead -ac id  ba t t e r i e s  wear  out  in  
service. The s t a n d a r d  me thod  in  the b a t t e r y  i n -  
dus t ry  for e v a l u a t i n g  posi t ive gr id  corrosion is the  
SAE overcharge  test. This  is essent ia l ly  a cons tan t  
c u r r e n t  e x p e r i m e n t  pe r fo rmed  in  the  reg ion  of 
oxygen  evolut ion.  

In  this  s tudy  cons tan t  cu r r en t  t echn iques  were  
used to s tudy  the anodic  behav io r  of Pb  and  P b - S b  
alloys u n d e r  precise ly  defined condit ions.  

L a n d e r  (1,2) and  Wolf  and  Boni l l a  (3) i nves t i -  
gated corrosion by  cons tan t  po ten t i a l  techniques .  
The fo rmer  finds t e t r agona l  ~-PbO~ is fo rmed  b y  the  
reac t ion  of H~O and  Pb  bu t  this  PbO~ is u n s t a b l e  on 
e lec t rochemica l  g rounds  and  goes to PbO and  PbSO~. 

F o r m a t i o n  of PbO as a p roduc t  of anodic  corro-  
s ion in  H~SO, has also been  r epor t ed  by  B u r b a n k  
(4).  These f indings are  i n  cont ras t  wi th  the  v iews 
of W y n n e - J o n e s  a n d  co -worke r s  (5) who find tha t  
PbO~ and  PbSO,  a re  the on ly  possible  reac t ion  p rod-  
ucts. Kabanov ,  et.al. (6) d e t e r m i n e d  the  ra t e  of 
anodic  corrosion by  m e a s u r i n g  the capaci ty  of the  
PbO~ layer  formed.  A s imi la r  t e chn ique  was  used in  
this  s tudy.  I t  has b e e n  shown  tha t  the h y d r o g e n  
overvo l tage  of meta l s  c an  be  cor re la ted  to the  
s t r eng th  of the  i n t e r m e t a l l i c  b o n d  (7) ,  and,  t h e r e -  
fore, to anodic  corrosion.  Accord ing  to this t heo ry  
the  h y d r o g e n  overvo l tage  decreases w i th  inc reas ing  

bond s t rength .  The oxygen  overvo l tage  also depends  
in a s imi la r  w a y  on the  character is t ics  of the  elec-  
t rode m a t e r i a l  so tha t  it  decreases w i th  inc reas ing  
s t r eng th  of the  b o n d  M- O  b e t w e e n  the  me t a l  and  
oxygen  (8) .  In  the  p re sen t  i nves t iga t ion  on anodic  
corrosion, hydrogen and oxygen overvoltage studies 
were therefore included. 

Experimental 
Pb alloys used for the  e xpe r i me n t s  were  cast in to  

str ips us ing  iden t ica l  cas t ing  condi t ions  for all  a l -  
loys. The  s t r ips  m e a s u r e d  2 cm x 2 cm x 2 m m  wi th  
an 8 cm x 1 cm x 2 m m  tab  for h a n d l i n g  a nd  elec- 
t r ica l  connect ion.  One  flat surface  of the  str ips was  
cut  wi th  a h igh ly  pol ished ca rbon  steel  m ic ro tome  
blade.  To min imize  c o l d - w o r k i n g  a nd  surface  oxi-  
da t ion  effects, five add i t iona l  cuts of 2 ~ dep th  were  
t a k e n  less t h a n  5 ra in  pr ior  to i n se r t i on  into the  ex-  
p e r i m e n t a l  cell. M e a s u r e m e n t s  showed the  f inal  
dep th  of roughness  to be sma l l e r  t h a n  1/10~. Tab le  
I lists the al loys used and  the i r  analyses .  

Table I. Analyses of alloys used (%) 

Al loy 
# Sb  As  Sn  Cu  B i  A g  F e  N i  

1 0.0001 - -  0.0001 0.0001 0 .0005 0.0001 - -  0.0001 
2 1.08 - -  0.0001 0.003 0.05 0.003 0.0005 0.0003 
3 2.16 0,008 0.0001 0.003 0.01 0 .004 0.0005 0.0003 
4 3.48 0.03 0.0001 0 .003 0.018 0.005 0.0005 0.0003 
5 5,76 0.025 0.0002 0.01 0.015 0.004 0 .0005 0 .0003 
6 7.26 0.015 0.0001 0.006 0.006 0.005 0.0005 0 .0008 
7 8,76 0.015 0.0001 0.01 0.003 0.004 0 .0005 0.001 
8 10.98 0,015 0,0001 0,005 0.008 0,002 0 .0005 0.001 
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OPTICAL SOCKET 

VENT 

ELECTROLYTI[ i 

~ LAMP SOCKET 

S c a l e :  i n c h e s  
Fig. 1. Electrolytic cell 

L a r g e  s ingle  c rys t a l s  of Pb  w e r e  p r e p a r e d  us ing  
d i f f e ren t i a l  cool ing  (9)  and  cut  w i t h  the  (100) ,  
(110) ,  a n d  (111) faces  p a r a l l e l  to t h e  surface .  Or i -  
en t a t i ons  of the  p l anes  w e r e  d e t e r m i n e d  b y  e t c h - p i t  
ana lys i s  (10) and  checked  w i t h  x - r a y  b a c k  ref lec-  
t ion.  The  p l a n e s  w e r e  o r i e n t e d  w i t h  an  a c c u r a c y  of 
1 -2%.  

Fig .  1 is a sec t iona l  v i e w  of the  spec ia l  e l e c t r o -  
l y t i c  cell  de s igned  for  r a p i d  m o u n t i n g  of spec imens .  
T h e  cel l  exposes  a def ined e l ec t rode  a r e a  of 0.95 cm ~ 
to t he  e l ec t ro ly t e .  The  L u g g i n  c a p i l l a r y  i n t e r sec t s  
the  c y l i n d r i c a l  anode  c o m p a r t m e n t  a t  t h e  spec imen  
su r f ace  and  thus  causes  a m i n i m a l  d i s t o r t i on  of t he  
u n i f o r m  e lec t r i c  field in  t he  e l ec t ro ly t e .  

Fig .  2 is the  s chema t i c  d i a g r a m  of t h e  c i rcu i t  u sed  
to p r o v i d e  i n t e r r u p t e d  c u r r e n t  s tud ies  of t he  IR drop  
d u r i n g  o v e r v o l t a g e  m e a s u r e m e n t s .  A s t a n d a r d  
p o w e r  s u p p l y  (V~ and  V~) s u p p l i e d  + 325 v D.C. a n d  
+200  v D.C., r e spec t i ve ly .  Vs is a t h y r a t r o n  osc i l l a to r  
a d j u s t a b l e  b y  m e a n s  of R~0 and  C~_~ to a f r e q u e n c y  
r a n g e  of 5 cps to 50 kc. The  r e s u l t a n t  s a w t o o t h  
w a v e  is d i f f e r e n t i a t e d  b y  C~s and  R~, p r o d u c i n g  a 
s h a r p  n e g a t i v e  p u l s e  w h i c h  t r i g g e r s  t he  m o n o s t a b l e  
m u l t i v i b r a t o r  V,~ and  V,~. A pos i t i ve  a n d  a n e g a t i v e  
pu l se  a r e  p r o d u c e d  across  the  coil  L~ in t he  p l a t e  
c i r cu i t  of V,~. These  pu l ses  a r e  ampl i f i ed  and  i n v e r t e d  
by  V~a and  fed  to the  ca thode  f o l l o w e r  V~b. The  f irst  
of  t he  two  pu l ses  t r i g g e r s  t h e  sweep  of an  osc i l lo -  
scope, a n d  t h e  second  is fed  to t he  pu l se  s h a p e r  V~. 
This  p r o d u c e s  a s h a r p  n e g a t i v e  pu l se  w h i c h  passes  
t h r o u g h  the  ga te  d iode  V~ and  t r i g g e r s  the  o u t p u t  
m u l t i v i b r a t o r  V~, V~, and  V~. This  m u l t i v i b r a t o r  is 
a r r a n g e d  so t h a t  Vs is n o r m a l l y  conduc t ing .  The  cel l  
to be  i n v e s t i g a t e d  is p l a c e d  in  t h e  p l a t e  c i r cu i t  of 
V~. The  sc reen  v o l t a g e  of t he  o u t p u t  t ubes  is he ld  
cons t an t  b y  the  VR t u b e s  V~0 a n d  V~. In  th is  w a y  
the  o u t p u t  c u r r e n t  is  he ld  a t  a c o n s t a n t  va lue ,  e x -  
cep t  w h e n  t h e  m u l t i v i b r a t o r  is t r i g g e r e d .  The  d iode  
V~ se rves  to coup le  t he  ca thodes  of  t he  m u l t i v i b r a -  
tor ,  and  inc reases  t he  cutoff  speed  b y  r a p i d l y  t u r n -  
ing  V~ on and  off a t  a g iven  ca thode  v o l t a g e  of V~. 
Cons t an t  or  i n t e r r u p t e d  c u r r e n t s  v a r i a b l e  f r o m  15 to 
100 m a  w e r e  p r o d u c e d  w i t h  t he  a p p a r a t u s  j u s t  d e -  
scr ibed ,  w i t h  an  a c c u r a c y  of •  

C u r r e n t s  b e l o w  15 m a  w e r e  p r o d u c e d  b y  t h e  d u a l  
con t ro l  h e p t o d e  V~, w h o s e  sc reen  gr ids  a r e  he ld  a t  

CHASSIS I I  
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~ - -  �9 ~ . . . .  
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CHASSIS  II I  

Fig. 2. Schematic diagram of 
supply (Chassis I), oscillator and 
rent output (Chassis I I I ) .  

El ,  2, ]2 - -  100 2w 
R3 - -  39k ~ w  
R 4 -  .22M ~ w  
R G -  .18M 1~w 
R7) - -  Determined by ampl i -  
R8) - -  tude of sync pulses 
Rg, 41 - -  5K pot  2w 
R10 - -  2M pot  2w 
R l l ,  25, 30 - -  .27M ~ w  
R13 - -  27K � 8 9  
R14, 36, 38 - -  .1M ~ w  
R15 - -  4.7K I w  
R16 - -  1OK pot  2w 
R17 - -  .25M pot  2w 
R18 - -  470 l w  
R19, 22 - -  1.2M l~w  
R20, 24 - -  1K l w  
R21 - -  3900 l w  
R23 - -  5600 l w  
R26, 40 - -  100 Y2w 
R27, 31 4.7K l~w  
R28, 3 2 -  .39M ~ w  
R29 - -  50K pot  2w 
R33 - -  IK  pot  10w 
R34 - -  100 10w adj.  
R35 - -  5K pot  4w 
R37 - -  100 2w 
R39 - -  390 2w 
R42 - -  5M po t  ~ w  
R 4 3 -  .47M Y2w 
R 4 4 -  100 pot  ~ w  
C1, 2, 3, 4 -40-40  mfd 475V elec 
C5 - -  50 mfd 25V 
C6 - -  .25 mtd 400 V 
C7 - -  .15 mfd 400 V 
C8, 25 - -  .05 mfd 400 V 
C9 - -  .015 mfd ceramic 
C10 - -  ,005 mfd ceramic 
C11, 28 - -  .002 mfd ceramic 
C 1 2 -  .008 mfd ceramic 

the electronic interrupter. Power 
interrupter (Chassis II), low cur- 

C13 - -  50 mfd ceramic 
C14, 18, 19, 26 - -  .01 mfd ceramic 
C15 - -  200 mmfd ceramic 
C16, 1 7 - -  .001 mfd ceramic 
C20 - -  4 mfd 150V elec 
C21 - -  10 mfd 350 V 
C22 - -  1 mfd 200 V 
C23 - -  .5 mfd 200 V 
C 2 4 - - . 1  mfd 200 V 
C 2 7 -  .006 mfd ceramic 
C29 - -  680 mmfd ceramic 
C30 - -  300 mmfd ceramic 
C31 - -  82 mmfd ceramic 
C 3 2 -  10 mmfd ceramic 
C33 - -  20 m~d 300 V elec 
C34 - -  40 mfd 350 V elec 
C35, 36 - -  .02 mfd ceramic 
$1, 5 - -  SPST Toggle Switch 
$2 - -  DPDT Toggle Switch 
$3 - -  7 pos. switch 
$ 4 -  I1 pos. switch 
56 - -  DPDT Switch with off position 
Ch 1, 2 - -  4Hy @ 120 mA  choke 
-I'~ - -  750CT @ 150mA, 5V 

@ 3A  6.3CT @ 4.5A 
T~ - -  500CT @ 70mA,  5V 

@ 3A,  6.3CT @ 4 .5A 
T ~ - -  117 @ 70 mA,  6 3  @ 2A 
L1 2mH coil 
V1,  2 - -  5V4G 
V3 - -  2D21 
Y4, 6 - -  GL6463 
V5 - -  12AU7 
V7  - -  6AL5 
V8,  9 - -  6CM6 
VIO,  11, 14 - -  0C3 
V12 I CK742 Hi Current Diode 
V13 I 6X4 
V15 I 5915A or 6CB6 

105 v b y  an  OC3 v o l t a g e  r e g u l a t o r  tube .  The  c u r -  
r en t s  w e r e  cons t an t  to -----0.5%. T h e  t u b e  V~ acts  as a 

c o n s t a n t  c u r r e n t  dev ice  un t i l  a n e g a t i v e  pu l se  is 
i m p r e s s e d  on i ts  second  con t ro l  gr id .  This  shu ts  off 
t he  t ube  un t i l  t he  pu l se  is r e m o v e d .  T h e  d r i v i n g  
p u l s e  is p r o d u c e d  across  t he  d iode  V~b. Off t imes  as 
shor t  as 0.5/~ sec w i t h  cutoff  t imes  of 0.2 ~ sec w e r e  
p r o d u c e d  b y  th is  a p p a r a t u s .  

A l l  e x p e r i m e n t s  w e r e  m a d e  in  a cons t an t  t e m p e r -  
a t u r e  ba~h at  30 ~ •176  The  H~SO, used  in  t he  
cel l  h a d  a specific g r a v i t y  of 1.225 (a t  20~ co r r e -  
s p o n d i n g  to 308g H ~ S O j l 0 0 0 g  of so lu t ion )  p r e p a r e d  
f rom C. P. H~SO~ and  t r i p l e  d i s t i l l ed  w a t e r  w i t h  a 
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specific res is tance  g rea te r  t h a n  2x10" ohm-cm.  Po-  
ten t ia l s  were  m e a s u r e d  wi th  e i ther  a h y d r o g e n  elec- 
t rode  or a m e r c u r y - m e r c u r o u s  su l fa te  e lectrode cal-  
i b r a t ed  at 0.607 v to hydrogen .  Po ten t ia l s  were  re -  
corded by  a # 4 2 2 0 0 - F  Model  S Mic romax  recorder  
opera ted  together  wi th  a h igh i npu t  impedance  (10 ~' 
ohm)  e lec t romete r  ampl i f ier  c i rcui t  f rom a L &N 
Elec t rochemograph  Un i t  No. 7673. A vol tage  d iv ider  
of 60 megohms  impedance  was  bu i l t  to change  the 
range  of the i n s t r u m e n t .  A b i a s - a d j u s t e r  consis t ing 
of a 100,000 ohm t e n - t u r n  precis ion Hel ipot  and  a 
cons tan t  vo l tage  source was placed in  series wi th  
the  vol tage  divider .  T r a n s i e n t  and  high speed phe -  
n o m e n a  were  recorded by  a M i n n e a p o l i s - H o n e y w e l l  
Vz second recorder ,  Model  Y153X(19)V-X-156, op- 
era ted  in  con junc t i on  wi th  a Gene ra l  Radio Elec t ro-  
me te r  Vo l tme te r  ampl i f ier  type  1230-A. 

X - r a y  diffract ion pa t t e rn s  were  t a k e n  wi th  a GE 
XRD-3  Geiger  Diff ractometer .  Anodized  P b  samples  
were  r emoved  f rom the e lect rolyt ic  cell, washed,  
and  dr ied  wi th  acetone w i t h i n  3 sec of the  i n t e r r u p -  
t ion of cur ren t .  Readab le  pa t t e rn s  could be ob ta ined  
w i t h i n  5 min  of r emova l  f rom the  cell, a l though  no 
change  was observed af ter  a 2 week  s tand  in  the dry  
state. 

Samples  of ~-PbO~ and  fi-PbO~ were  p r epa red  for 
x - r a y  ana lys i s  and  po ten t i a l  m e a s u r e m e n t s  by  sev- 
eral  methods.  The a-PbO~ was p r epa red  in  the  fol-  
lowing  ways:  

1. Elect rolys is  on P t  foil, in  a concen t ra t ed  solu-  
t ion of NaOH, s a tu r a t ed  wi th  Pb  (OH)~, at  a c u r r e n t  
dens i ty  of 1-10 m a / c m  ~. The  adhe r ing  fi lm sample  
was ground,  washed  wi th  hot a m m o n i u m  acetate  so- 
lu t ion  and  wi th  conduc t iv i ty  water .  F u r t h e r  pur i f i -  
ca t ion was ob ta ined  by  t r ea t ing  the washed  p roduc t  
wi th  2% HNO~ and  H_~O~ u n t i l  v io len t  reac t ion  
ceased. The m a t e r i a l  was t hen  washed  wi th  water ,  
hot a m m o n i u m  acetate,  and  aga in  w i th  water .  

2. Electrolysis  of a s t rong ly  a m m o n i a c a l  so lu t ion  
of concen t ra t ed  a m m o n i u m  aceta te  (50%)  sa tu ra t ed  
wi th  lead acetate  wi th  c u r r e n t  densi t ies  of 0.1-10 
m a / c r n  "~. 

3. P rec ip i t a t i on  at 15~ f rom an  a m m o n i a c a l  
so lu t ion  of lead aceta te  (200-300 g / l )  in  50% a m -  
m o n i u m  acetate  by  a m m o n i u m  pe r su l f a t e  so lu t ion  
(50 g / l ) .  

4. Convers ion  f rom fl-PbO~ at  a p re s su re  of 
125,000 psi. 

fi-PbO~ was p roduced  by the fo l lowing methods :  

1. Elect rolys is  of a sa tu ra t ed  so lu t ion  of lead 
n i t r a t e  con ta in ing  excess HNO, at a c u r r e n t  dens i ty  
of 0.1-10 m a / c m  ~. 

2. Baker  C.P. PbO~, washed  wi th  hot  s a t u r a t e d  
a m m o n i u m  aceta te  and  water .  

Samples  of ~- or fl-PbO~ used for po ten t i a l  m e a s -  
u r e m e n t s  were  f u r t h e r  t r ea ted  by  d iges t ion  wi th  
1.225 sp gr H~SO~ on  a s t eam b a t h  for 1 week,  ac- 
cording to the p rocedure  descr ibed by  H a m e r  ( l l ) .  

C u r r e n t  for anod iza t ion  r u n s  was  ob ta ined  f rom 
the i n t e r rup t e r ,  w i th  the  osci l la tor  d isconnected.  
Samples  were  anodized for 1, 2, 3, 4, and  20 h r  w i th  
a c u r r e n t  dens i ty  of 3 m a / c m  ~. The  fo rmed  PbO~ 
layers  were  t hen  d ischarged  wi th  cu r r en t s  of 100 t~a, 
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500tLa, or 2.5 ma, or left on open circuit where they 
underwent self-discharge. 

Samples were removed from the cell immediately 
after formation and also after discharge to deter- 
mine the quantity of PbO~ present. The PbO~ layers 
were treated with KI in sodium acetate containing 
acetic acid. The liberated iodine was titrated with 
standardized sodium thiosulfate, using semi-micro 
techniques. 

Results 

in this paper all current values are given for a 
specimen area of 0.95 cm'-'. Alloy samples were 
anodized with a current of 3 ma for various time 
periods and were then discharged with varying cur- 
rents .  Before the anod iza t ion  per iod was s tar ted,  the  
sample  was u sua l l y  cathodized for 30-60 m i n  wi th  a 
c u r r e n t  of 3 ma. D u r i n g  this  ca thodiza t ion  per iod  
hyd rogen  overvol tage  m e a s u r e m e n t s  were  taken.  

Fig. 3 shows the initial potential transients after 
reversing the current for a specimen of pure Pb 
(alloy No. i). The plateau at the Pb/PbSO~ poten- 
tial has a length of about 8 sec. There is also a very 
slight breai~ visible slightly above the theoretical 
potential of the Pb/PbO~ couple as indicated by the 
arrow in Fiig. 3 The cell reaction for this couple is 

PbO~ -t- 4H + § 4 e ~ -  2H~O + Pb  (1) 

cor responding  to a r evers ib le  po ten t i a l  of -t-0.665 v. 
Therefore,  it  is theore t i ca l ly  possible t ha t  PbO~ can 
be formed at po ten t ia l s  far  be low the  P b S O J P b O ~  
potent ia l .  The l a t t e r  has a v a l u e  of 31.685 v (11, 
12). It  wil l  be shown la te r  tha t  the s - c r y s t a l  mod i -  
fication of PbO~ is p r o b a b l y  fo rmed  by  reac t ion  ( I ) ,  
whereas  fl-PbO~ is fo rmed  by  ox ida t ion  of PbSO~. 
The overshoot  of the po ten t i a l  t r a n s i e n t  above  the  
po ten t i a l  for oxygen  evo lu t ion  is a p p r o x i m a t e l y  360 
mv.  Since a c u r r e n t  of 3 ma  was used the res is tance  
of the  pass iva t ing  su l fa te  layer  was  es t ima ted  to be 
120 ohms. F r o m  the l eng th  of the  Pb /PbSO~ r lg~ceu 
(8 sec) one can ca lcula te  tha t  a p p r o x i m a t e l y  I 25 
x 10 -~ moles PbSO~ were  formed,  co r respond ing  to a 
th ickness  of 640A if a dens i ty  of 6.2 g / c m  ~ is as-  
sumed  for the su l fa te  layer .  The " m e a n  specific r e -  
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Fig. 3. Initial voltage transients for a specimen of pure Pb (alloy 
No. 1) anodized at 3 ma. 
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Fig. 5. Total discharge time and the length of the first step after 
20 hr of anodization at 3 ma as a function of the antimony con- 
centration; discharge current 100 ~ a. 

Fig. 4. Discharge curve of a sample with 1% Sb (alloy No. 2) 
after 20 hr of anodization at 3 ma; discharge current 500 ma. 

sis tance" of the  su l fa te  was ca lcu la ted  to be 10 ~ 
o h m - c m  and  the  electr ic  field in  the su l fa te  l ayer  at 
the  b r e a k d o w n  po in t  5 x 10 ~ v / c m .  These  v e r y  ap- 
p r o x i m a t e  ca lcula t ions  a re  va l id  on ly  for a u n i f o r m  
surface.  The  po ten t i a l  of the posi t ive  electrode,  a f ter  
the  in i t i a l  peak,  passed t h r o u g h  a s l ight  m i n i m u m  
and  m a x i m u m  and  t h e n  decreased s lowly  w i th  t ime.  
This behav io r  has p rev ious ly  been  descr ibed  by  
W y n n e - J o n e s  and  co -worke r s  (13).  Af te r  anod iza -  
t ion  for 1, 2, 3, 4, or 20 hr, the  ex t en t  of anodic  cor-  
ros ion was  d e t e r m i n e d  by  d i scharg ing  the  PbO2 
formed  on the  electrode.  

A typica l  d ischarge  cu rve  is shown in  Fig. 4. This  
curve  was ob ta ined  af ter  anod iza t ion  of a sample  of 
1% Sb . (a l loy No. 2) for 20 h r  w i th  a c u r r e n t  of 3 
m a  in  H~SO, sp gr 1.225 and  at  a t e m p e r a t u r e  of 
30~ The  discharge  c u r r e n t  was 500 ~a. A smal l  
drop in  po ten t i a l  of 20 to 30 m v  is v is ib le  app rox i -  
m a t e l y  in  the  midd le  of the d ischarge  curve.  This 
smal l  change  in  po t en t i a l  was  obse rved  in  al l  dis-  
charge  runs .  Its pos i t ion  va r i ed  w i th  the  Sb con-  
cen t r a t i on  in  the  alloy. For  p u r e  Pb  the  change  oc- 
cu r red  n e a r  the  end  of the tota l  d i scharge  curve,  
whereas  for al loys wi th  Sb concen t ra t ions  above  3 % 
it was  n e a r  the  b e g i n n i n g  of the  curve .  Whi le  the  
two p la teaus  migh t  be  exp la ined  poss ib ly  as a pas -  
s iva t ion  p h e n o m e n o n ,  it is more  p robab le  t ha t  they  
cor respond to the  two c rys ta l l ine  modif icat ions  
and  fl-PbO~. 

The fo rma t ion  and  b r e a k d o w n  of the  pass iva t ing  
sul fa te  l aye r  p roduced  in i t i a l ly  u p o n  anod iza t ion  
us ing  a cons tan t  c u r r e n t  was shown  in  Fig. 3. A 
s imi la r  s tudy  was made  us ing  a n  i n t e r r u p t e d  cu r -  
r en t  of 3 m a  and  a r epe t i t i on  ra te  of abou t  1000 
t imes /sec ,  w h e r e b y  the  l eng th  of c u r r e n t  i n t e r r u p -  
t ion  was abou t  1/10 of the  l eng th  of the  c u r r e n t  
pulse. These c u r r e n t  pulses  we re  d i rec ted  in i t i a l ly  
in  the cathodic d i rec t ion  d u r i n g  wh ich  t ime  the  
bu i ld  up  and  decay of h y d r o g e n  overvo l tage  were  
s tudied.  Vol tage  t r a n s i e n t s  we re  observed  on the  
screen of an  oscilloscope and  the  ohmic  com pone n t  
of the  overvo l t age  was  de te rmined .  Add i t i ona l  work  

is p l a n n e d  us ing  this  ne w  t echn ique  for the s tudy  
of pass iva t ion  p h e n o m e n a .  

A la rge  n u m b e r  of d ischarge  runs  s imi la r  to those 
in  Fig. 4 were  made ;  anod iza t ion  was for 20 hr  at  
3 ma,  whi le  the  discharge c u r r e n t  was  100 ~a. Re-  
sults  a re  shown in  Fig. 5 to 8. Fig. 5 shows the  l eng th  
of the  tota l  d ischarge step ( sum of the  two p la teaus)  
a f te r  anod iza t ion  of samples  c o n t a i n i n g  var ious  Sb 
concent ra t ions .  The l eng th  of the  first p l a t eau  is 
also given,  a nd  this  l eng th  is cons tan t  for al l  al loys 
wi th  an  Sb concen t r a t i on  h igher  t h a n  3 %. The va lue  
of 2.94% rep resen t s  the l imi t  of solid so lub i l i ty  of 
Sb in  Pb  at 257~ (14).  

In  Fig. 6 the  l eng th  of the tota l  d i scharge  step 
af ter  anod iza t ion  for 4 h r  at  3 m a  has been  plot ted.  
The cu rve  of the squares  was  ob ta ined  by  m e a s u r i n g  
the po t en t i a l  decay on open c i rcui t  ( se l f -d i scharge ) .  
The  curve  of the  circles r epresen t s  the  l eng th  of 
the  d ischarge  steps app ly ing  discharge  c u r r en t  of 
100 ~a. For  a n y  Sb concen t r a t i on  the l eng th  of the  
se l f -d i scharge  step is of the  same order  of magn i -  
t ude  as the l eng th  of the  100 ~a discharge  step. 
Therefore ,  the  tota l  l eng th  of the d i scharge  step is a 
fa i r  m e a s u r e  of the  ex t en t  of anodic  corrosion only  
if the  r a t e  of se l f -d i scharge  is p rope r ly  t a k e n  into 
account .  
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Fig. 6. Total discharge time and self-discharge time after 4 hr of 
anodization at 3 ma as a function of Sb concentration. 
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In  o r d e r  to d e t e r m i n e  the  loss of  c a p a c i t y  ( a m p  
sec)  d u e  to s e l f - d i s c h a r g e  of t he  PbO~ l a y e r s  t h e  fo l -  
l owing  e x p e r i m e n t s  w e r e  made .  A ser ies  of p u r e  
P b  spec imens  ( a l l oy  No. 1) w h i c h  h a d  p r e v i o u s l y  
been  a n o d i z e d  w i t h  a c u r r e n t  of  3 m a  for  a p e r i o d  
of 20 h r  w e r e  d i s c h a r g e d  at  v a r i o u s  ra tes .  Fig .  7 
shows  a p lo t  of t he  p r o d u c t  i • t w h e r e  i is t he  d i s -  
c h a r g e  c u r r e n t  in  a m p e r e s  a n d  t is t h e  d i s c h a r g e  
t i m e  in seconds,  a g a i n s t  t h e  d i s c h a r g e  t i m e  in  sec-  
onds.  E v e n  i f  t h e  s a m e  a m o u n t  of  t he  PbO~ r e -  
m a i n e d  in  t h e  co r ros ion  l a y e r  a t  t h e  e n d  of t h e  p o -  
t e n t i a l  p l a t eau ,  i.e. i n d e p e n d e n t  of d i s c h a r g e  c u r -  
r en t  or  d i s c h a r g e  t ime ,  th is  p lo t  shou ld  no t  y i e l d  a 
h o r i z o n t a l  s t r a i g h t  l ine  b e c a u s e  t he  l a y e r  suffers  d i f -  
f e r en t  a m o u n t s  of  s e l f - d i s c h a r g e  for  d i f f e ren t  d i s -  
c h a r g e  t imes .  I t  can be  seen  t h a t  t he  a v a i l a b l e  ca -  
p a c i t y  thus  inc reases  w i t h  d e c r e a s i n g  d i s c h a r g e  
t ime .  By  m i c r o t i t r a t i o n ,  i t  was  f o u n d  t h a t  t h e  
a m o u n t  of  PbO~ l e f t  in  t he  l a y e r  a t  t h e  end  of dis-  
cha rge  was,  indeed ,  p r a c t i c a l l y  i n d e p e n d e n t  of t he  
d i s c h a r g e  ra te .  A t i t r a t i o n  of t h e  a b s o l u t e  a m o u n t  
of  PbO~ in a f r e s h l y  f o r m e d  ox ide  l a y e r  was  i ncon -  
c lus ive  b e c a u s e  s e l f - d i s c h a r g e  effects i n t e r f e r e d  
d u r i n g  d i s so lu t ion  of  t he  PbO~ in t he  so lu t ion  to be  
t i t r a t e d .  A m u c h  s m a l l e r  e r r o r  m i g h t  b e  a n t i c i p a t e d  
w h e n  d i s c h a r g e d  l a y e r s  w e r e  t i t r a t e d .  

One can  n o w  a s s u m e  t h a t  an  e x t r a p o l a t i o n  of t he  
c u r v e  in Fig.  7 to zero  d i s c h a r g e  t i m e  y i e ld s  t h e  
m a x i m u m  o b t a i n a b l e  c a p a c i t y  because  s e l f - d i s -  
c h a r g e  is n o w  e l i m i n a t e d .  The  t o t a l  a m o u n t  of co r -  
ros ion  is o b t a i n e d  b y  a d d i n g  to th is  l i m i t i n g  c a p a c i t y  
va lue ,  t h e  capac i t i e s  c o r r e s p o n d i n g  to t h e  a m o u n t  of 
PbO~ le f t  in  t he  l a y e r s  as found  b y  m i c r o t i t r a t i o n .  
C a p a c i t y  v a l u e s  o b t a i n e d  b y  th is  p r o c e d u r e  a r e  
m a r k e d  w i t h  c i rc les  in  Fig.  7 a n d  c o r r e s p o n d  to t he  
t o t a l  a m o u n t  of PbO~ f o r m e d  on  the  s a m p l e  su r f ace  
d u r i n g  the  2 0 - h r  anod iza t ion .  This  a m o u n t  should ,  of 
course,  b e  t he  s ame  fo r  t h e  d i f fe ren t  d i s c h a r g e  runs .  
A n  i n v e s t i g a t i o n  as i l l u s t r a t e d  for  p u r e  P b  in  Fig .  7 
w o u l d  e s s e n t i a l l y  be  n e c e s s a r y  for  each  a l l oy  s t ud i e d  
in  o r d e r  to d e t e r m i n e  e x a c t l y  t h e  t o t a l  a m o u n t  of 
cor ros ion .  This  is a n t i c i p a t e d  for  f u t u r e  work .  

F ig .  8 shows  t h e  d i s c h a r g e  t i m e  a f t e r  v a r i o u s  
pe r i ods  of anod i za t i on  for  p u r e  P b  samples .  T h e  d i s -  
cha rge  c u r r e n t  was  100 ~a. Va lues  for  s e l f - d i s c h a r g e  
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Fig. 7. Evaluation of the total amount of corrosion for a speci- 
men of pure Pb (alloy No. 1). The available capacity as a function 
of discharge is shown by the squares; the circles indicate the 
amount of total corrosion. 
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Fig. 8. Total discharge time and time for self-discharge as a func- 
tion of time of anodization at 3 ma. Solid symbols show data ob- 
tained on single crystal faces. 

a r e  g iven.  D a t a  on s ingle  c r y s t a l  faces  ( so l id  s y m -  
bols )  a r e  also s h o w n  on Fig.  8. The  e x t e n t  of  se l f -  
d i s c h a r g e  v a r i e d  s ign i f i can t ly  for  d i f fe ren t  c r y s t a l  
faces,  w h e r e a s  on ly  s l igh t  d i f fe rences  w e r e  o b s e r v e d  
w i t h  t h e  100 ~a d i scha rge .  

I t  m u s t  be  k e p t  in m i n d  t h a t  t he  a c t u a l  cor ros ion  
v a l u e s  o b t a i n e d  b y  the  p r o c e d u r e  o u t l i n e d  a b o v e  
and  i l l u s t r a t e d  in  Fig .  7 g ive  t he  a m o u n t  of PbO~ 
fo rmed .  The  d e p t h  of a t t a c k  can  be  c a l c u l a t e d  f rom 
t h e s e  v a l u e s  us ing  the  specific g r a v i t i e s  of t he  a l loys .  
Specif ic  g r a v i t i e s  and  c onve r s ion  fac to rs  a r e  g iven  
in  T a b l e  II. 

X - r a y  d i f f r ac t ion  p a t t e r n s  w e r e  t a k e n  of a ser ies  
of P b - S b  a l loys  w h i c h  h a d  been  a n o d i z e d  fo r  v a r y -  
ing  t i m e  pe r i ods  a n d  of spec imens  w h i c h  h a d  been  
d i s c h a r g e d  to t h e  end  of t he  f irst  p o t e n t i a l  p l a t eau .  
The  on ly  p a t t e r n s  o b s e r v a b l e  on a n y  s a m p l e  w e r e  
those  of PbSO4, Pb,  ~-PbO~, and  fl-PbO~. The  
~-PbO~ p a t t e r n  was  u s u a l l y  d o m i n a n t .  Also,  a f t e r  
d i s c h a r g e  of t h e  s a m p l e s  to t h e  end  of t h e  f irst  p o -  
t e n t i a l  p l a t eau ,  t he  a-PbO~ p a t t e r n  was  s t i l l  qu i t e  
s t rong,  even  t h o u g h  p a r t i a l l y  o b s c u r e d  b y  the  PbSO,  
p a t t e r n .  F ig .  9 shows  a t y p i c a l  p a t t e r n  of a s a m p l e  
( a l l o y  No. 8) w h i c h  h a d  been  a n o d i z e d  for  18 h r  
w i t h  a c u r r e n t  of 3 m a  in 1.225 sp g r  H~SO~ a t  30~ 
Also  shown  a re  t he  p a t t e r n  of e l e c t r o l y t i c a l l y  p r o -  
d u c e d  (see E x p e r i m e n t a l  P r o c e d u r e  1) a-PbO~, 
B a k e r ' s  C. P.  fl-PbO~, and,  fo r  p u r p o s e s  of c o m p a r i -  
son, t e t r a g o n a l  PbO p r o d u c e d  b y  t h e  o x i d a t i o n  of 
l e a d  g r o u n d  in  a b a l l  mi l l .  

H y d r o g e n  o v e r v o l t a g e  m e a s u r e m e n t s  w e r e  no t  
v e r y  r e p r o d u c i b l e ,  due  to a p p a r e n t  changes  in  the  
s u r f a c e  of  t h e  a l loys .  A f t e r  p o l a r i z a t i o n  w i t h  c u r -  
r en t s  l a r g e r  t h a n  5-10 m a / c m  ~, t he  o v e r v o l t a g e  
u s u a l l y  d e c r e a s e d  w i t h  t i m e  because  t he  s u r f a c e  was  

Table Ih Specific gravities of Pb-Sb alloys 

e m  3 
S p  g r  

% S b  ( g / c m  8) g P b  

c m  ~ 

g P b  i n  % of  p u r e P b  

0 11.35 0.0882 100 
4 11.02 0.0945 107.1 
6 10.89 0.0978 110.8 
8 10.75 0.1011 114.7 
9 10.67 0.1031 116.9 

11 10.52 0.1068 121.0 
12 10.44 0.1088 123.3 
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Fig. 9. X-ray diffraction patterns of PbO-I-Pb,  /~-PbO~, a- 
PbO2 and of alloy No. 8 after anodization with 3 ma for a period of 
18 hr. The patterns were taken with G.E. XRD-3 diffraction unit. 

increased  by  cathodic corrosion (15, 16). T h e r e  was  
p r o b a b l y  a s l ight  s imu l t aneous  p roduc t ion  of s t ibine.  
At  c u r r e n t  densi t ies  be low 0.5-1 m a / c m  ~ the  h y d r o -  
gen  overvo l t age  decreased due  to adsorp t ion  of 
an ions  (17).  The  Tafe l - s lopes  were  n e a r l y  the  same 
(0.120) for all  t he  alloys, in  the  curren~ dens i ty  
r a n g e  b e t w e e n  1 and  10 m a / c m  2. I n  order  to com-  
pa re  the  var ious  surfaces,  the  overvo l t age  was  meas-  
u red  as soon as possible  a f te r  i m m e r s i o n  of the 
sample,  s t a r t i ng  w i th  c u r r e n t s  of 3 m a / c m  ~ and  i n -  
creas ing to 10 ma/cm% E x p e r i m e n t s  w i t h  the  i n t e r -  
r u p t e r  showed tha t  the  ohmic  res i s tance  con t r i bu t e d  
less t h a n  2 m v  (a t  a c u r r e n t  of 3 m a )  to the  to ta l  
overvo l t age  in  the  cell  descr ibed i n  Fig. 1. Expe r i -  
men t s  w i th  s ingle  c rys ta l  faces of p u r e  Pb  showed 
tha t  the  differences in  h y d r o g e n  overvo l tage  be -  
tween  the  th ree  p lanes  inves t iga ted ,  n a m e l y  (100),  
( 111 ), and  (110),  were  v e r y  small .  Slopes of the  Tafe l  
l ines  were  close to 0.120 on al l  t h ree  faces. The h y -  
d rogen  overvo l tage  on the (111) face was  on ly  
abou t  20 m v  h igher  t h a n  on the  (100) face at  a cu r -  
r en t  of 1 ma/cm% The  h y d r o g e n  overvo l tage  on the  
(110) p l ane  showed a n  u n s t a b l e  b e h a v i o r  and  fluc- 
tua t ed  per iod ica l ly  w i th  t ime  b e t w e e n  the  va lues  for 
the (111) and  (100) plane.  

H y d r o g e n  overvo l tage  decreased w i th  inc reas ing  
Sb concen t ra t ion .  However ,  this  decrease was  
smal le r  t h a n  expected.  It  is conce ivable  tha t  Sb in  
solid so lu t ion  does no t  lower  the  h y d r o g e n  over -  
vol tage  as effect ively as free Sb. Some resu l t s  are  
g iven  in  Tab le  I I I  whe re  io denotes  the  exchange  
c u r r e n t  in  amperes ,  a the  t r ans f e r  coefficient, and  b 
the slope of the  Tafe l  l ine,  toge ther  w i th  l i t e r a tu r e  
va lues  [see also (18 -22) ]  for pu re  Pb  and  p u r e  Sb 
t a k e n  f rom the  recent  r ev i ew  by  Bockris  (23) .  

Table III. Hydrogen avervoltage on Pb-Sb alloys 

A l l o y  % S b  /o ~ b 

1 0 1.8X 10 -~ 0.50 0.120 
2 1.08 7.5 X 10 -~3 0.46 0.130 
3 2.16 1.4X 10 -~ 0.45 0.133 
5 5.76 4.5X 10 -~ 0.44 0.136 

Pb(23) 0 2X10 -1~ 0.48 
Sb (23) 100 10 -~ 0.58 

Table IV. Oxygen overvoltage on Pb-Sb alloys 

Alloy % Sb /o a b 

1 0 1.4X 10 -1~ 0.55 0.110 
2 1.08 8.9 X i0 -~ 0.55 0.i 10 
3 2.16 2.1X 10 -~~ 0.55 0.110 
5 5.76 4.4X 10 -1~ 0.55 0.110 

The oxygen  overvo l tage  decreased w i th  t ime.  The 
decrease  a m o u n t e d  u sua l l y  to abou t  60 m v  in  20 hr. 
This  decrease  has been  p r ev ious ly  descr ibed  (13),  
and  is due  poss ib ly  to inc reased  surface  area. One 
wou ld  also expect  d i f ferent  oxygen  overvol tages  for 
a-PbO2 a nd  fl-PbO~ a nd  there fore  a change  of oxy-  
gen  overvol tage  w i th  t ime  as the  re la t ive  a m o u n t  of 
the  two oxides on the  sur face  changes  wi th  t ime.  
The  ohmic  componen t  of the  overvo l tage  was  on ly  
abou t  1 m v  (at  3 m a )  as d e t e r m i n e d  by  the  c u r r e n t  
i n t e r r u p t e r  t echn ique .  

The  revers ib le  po ten t i a l  of the  oxygen  electrode 
(02 + 4H § + 4e -> 2H~O) is +1.260 v (for  H~SO, sp gr 
1.225) as ca lcula ted  f rom da ta  g iven  in  re ferences  
(12),  (24),  and  (25).  Overvo l t age  va lues  are g iven  
re la t ive  to this  potent ia l .  Tab le  IV summar i ze s  some 
resul ts  on oxygen  overvol tage  m e a s u r e m e n t s  us ing  
the  same symbols  as were  used in  Ta b l e  III.  These 
m e a s u r e m e n t s  have  been  t a k e n  af ter  20 h r  anodi-  
za t ion  w i th  3 ma.  

Af te r  2 hr  of anod iza t ion  at  3 ma,  the  oxygen  
overvo l t age  of pu re  Pb  was  0.840 v. The difference 
in  oxygen  overvo l tage  on the  single c rys ta l  faces 
(100),  (111),  and  (110) of the  pu re  Pb  spec imen  
were  less t h a n  5 mv.  The Tafet  slope was  the  same 
for the  th ree  planes ,  n a m e l y  0.110. 

Discussion 
D u r i n g  x - r a y  diffract ion analys is  of fo rmed  posi-  

t ive lead acid b a t t e r y  plates,  severa l  diffract ion 
peaks  were  no ted  tha t  did no t  cor respond to any  
k n o w n  compounds  of Pb. F u r t h e r  e x p e r i m e n t a t i o n  
has  pos i t ive ly  ident if ied this  m a t e r i a l  as a n e w  crys-  
t a l l ine  modif ica t ion  of lead dioxide, f ound  i n d e p e n d -  
en t ly  by  C a ha n  in  this  l a b o r a t o r y  a nd  Zas lavsky,  
el al. (26),  cal led a-PbO2 for the  purpose  of dif-  
f e r en t i a t i ng  it  f rom the  m o r e  c o m m o n  t e t r agona l  or 
ru t i l e  form, he re in  cal led fl-PbO~. The  a-PbO~ has an  

D~,,) w i th  o r tho rhombic  spa t ia l  group of P b c n  (or ~ 
the  axes a = 4.938A, b ~ 5.939A, c = 5.486A (26).  

Alpha-PbO~ has been  p r epa red  by  severa l  means ,  
as ind ica ted  in  the  e x p e r i m e n t a l  section. No tewor thy  
a mong  these me thods  of p r e p a r a t i o n  was the  con-  
ve r s ion  of fl-PbO~ to a-PbO~ at  a p ressure  of 125,000 
psi. 

The p a t t e r n  for ~-PbO2 also appears  on x - r ay  
dif f ract ion s tudies  of anodized  Pb  al loy surfaces.  A 
s tudy  of Pb  s t r ips  anodized  for  v a r y i n g  per iods of 
t ime  wi th  c u r r e n t  densi t ies  b e t w e e n  100 m a / c m  ~ and  
1 m a / c m  ~ shows first the  p roduc t ion  of an  in t ense  
p a t t e r n  for PbSO,, a g r a dua l  r e p l a c e m e n t  of the  
PbSO4 p a t t e r n  by  fi-PbO~, and  the  appea rance  of the 
~-PbO~ p a t t e r n  a long wi th  the  g radua l  d i sappea r -  
ance of the  fl-PbO~ pa t t e rn .  At  h igher  c u r r e n t  den -  
sities, the  p a t t e r n  of a-PbO~ becomes more  and  more  
p ronounced .  Resul ts  of this  s tudy  ind ica te  tha t  
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anodic oxidat ion of PbSO~ produces the f l - form of 
PbO~, whi le  the  a - f o r m  is produced by the  direct  
oxidat ion of Pb meta l  to PbO,. Since a -PbO,  forms 
d i rec t ly  f rom the Pb metal ,  i t  can be produced at 
potent ia ls  be tween the revers ib le  PbSO,-PbO~ po-  
tent ia l  (1.685 v) and the Pb-PbO~ potent ia l  (0.67 v) .  
Large  hard  black nodules consisting p r i m a r i l y  of 
~-PbO~ have been found in the examina t ion  of posi-  
t ive  grids f rom lead-acid  bat ter ies  af ter  r emova l  
from service. This condit ion has been not iced by 
other  inves t igators  (1,4, 27) but  has been in te r -  
p re ted  as format ion of t e t ragona l  PbO. 

The majo r  peak  of the powder  pa t t e rn  of a-PbO~ 
coincides wi th  the ma jo r  peak  of t e t r agona l  PbO 
(see Fig. 9). The thin films produced on anodizat ion 
of Pb give very  diffuse pat terns ,  and in m a n y  in-  
stances the  ma jo r  peak  is the only one c lear ly  vis i -  
ble. I t  is, therefore,  easy to mis in te rp re t  the  pa t t e rn  
of a-PbO~ on these films as belonging to t e t ragona l  
PbO. 

Lander  (1 ,2 ,27)  and Burbank  (4) have pos tu-  
la ted the  format ion of te t ragonal  PbO as the resul t  
of a so l id-s ta te  react ion be tween Pb and the PbO~ 
formed on anodization. The existence of PbO in a 
strong H~SO, solution is difficult to p ic ture  t he rmo-  
dynamica l ly  or k ine t ica l ly  and in no case has any 
t e t ragona l  PbO been detected in this  l abo ra to ry  by  
x - r a y  diffraction of Pb corroded in H,SO~. Samples  
of Pb anodized for var ious  periods of t ime have 
been removed from the electrolyte,  dried, and 
x - r a y e d  wi th in  5 rain. In all  cases, the only p rod-  
ucts were  a-PbO~, fl-PbO~, PbSO~, and no PbO. No 
change in these pa t te rns  was detected even af ter  2 
or more weeks  in the  d ry  state. L ibera t ion  of iodine 
from KI  solutions by these films even af ter  severa l  
weeks of s torage in the d ry  s tate  indicate  PbO~ to be 
present .  Discharge of these films showed vol tage 
steps corresponding to the PbO~-PbSO4 potential .  
Even samples which showed no fl-PbO~ pa t t e rn  
af ter  anodizat ion l ibe ra ted  iodine from KI solutions 
and showed the PbO,-PbSO4 potent ia ls  dur ing dis-  
charge. 

The fol lowing mechanism is proposed for anodic 
corrosion. In the  in i t ia l  stages of anodizat ion (Fig. 
3) PbSO, is first formed from the Pb at the  P b /  
PbSO, potent ial .  As this film is completed,  the po-  
ten t ia l  rises to the oxygen overvol tage  value,  where  
two react ions occur. PbSO~ is conver ted to fl-PbO,, 
and the under ly ing  grid metal ,  due to the high po-  
tent ial ,  is conver ted  d i rec t ly  to ~-PbO,  according to 
a Cabre ra -Mot t  type film formation.  As the anodiza-  
t ion progresses,  the  PbSO~ is used up in the  produc-  
t ion of fl-PbO~. 

Referr ing  to Fig. 5 and 6, the  to ta l  discharge t ime 
cannot give a correct  measure  of the anodic corro-  
sion wi thout  tak ing  into account the self-discharge.  
The results  demons t ra te  that  addit ions of Sb up to 
3% st rongly decrease anodic corrosion, whereas  
prac t ica l ly  nothing is gained by fu r the r  addi t ion  of 
Sb up to 11%. This behavior  can be expla ined  
p laus ib ly  by keeping in mind tha t  the solid solu-  
b i l i ty  of Sb in Pb is 3%. For  concentrat ions above 
3% Sb al l  the  al loys in the  range s tudied have  the 
same basic grain structure, the only difference being 
the relative proportion of free Sb in the interstices 

(28). I t  has been repor ted  e lsewhere  tha t  se l f -d is -  
charge increases wi th  increasing Sb concentra t ion 
(29). Therefore,  by correct ing the upper  curve of 
Fig. 5 for self-discharge according to the  procedure  
descr ibed in Fig. 7, one would obtain a level ing out 
of the corrosion curve. Indeed, such a correcLion 
could change the  shape of the curve r emarkab ly .  

The corrosion results  descr ibed above do not 
agree  wi th  those of Kabanov,  et al. (6).  This might  
be due to the fact  tha t  the  la t te r  authors  used sur -  
faces as-cas t  r a t h e r  than  micro tomed and surface 
film effects might  have  interfered.  These authors  
also neglected se l f -d ischarge  and inefficiency of dis-  
charge. 

The equi l ib r ium value  for the solubi l i ty  of Sb in 
Pb is only 0.24% at 25~ (14). Dur ing the cooling 
and aging period, Sb crysta ls  are  p rec ip i ta ted  f rom 
the 3% phase. The s t ruc ture  of the Pb grains, and 
hence the ra te  of corrosion, is the same for all  the 
alloys wi th  Sb concentra t ion above 3% if the  
cooling rates  are  the same. Using convent ional  cool- 
ing rates,  a ma jo r  amount  of Sb remains  in i t ia l ly  in 
solid solution and the la t t ice  constants subs tan t ia l ly  
decrease (14). According to the laws of e lect ro-  
chemical  kinetics,  the anodic corrosion in constant  
cur rent  exper iments  should increase wi th  increasing 
poten t ia l  (if pass iva t ion  is not in te r fe r ing)  and 
with  decreasing s t rength  of the metal l ic  bond. The 
addi t ion of Sb causes a deformat ion  of the Pb l a t -  
tice and p robab ly  high bond strength.  

I t  has been shown tha t  the  hydrogen  overvol tage  
decreases wi th  increasing s t rength  of the  bond be-  
tween the meta l  atoms (7) while  lower  overvol tage 
values could be associated on this basis wi th  h igher  
corrosion resistance.  One also must  keep in mind 
tha t  free Sb meta l  has a lower  hydrogen  overvol tage 
than  Pb [Table III  (23)] .  

Oxygen  overvol tage  can also be cor re la ted  to the  
ra te  of corrosion. According to the r a t e  equat ion for 
e lectrochemical  anodic a t tack  the corrosion current  
depends exponent ia l ly  on the electrode poten t ia l  if 
no pass ivat ing effects interfere .  Alloys wi th  low 
oxygen overvoltage,  therefore,  should be more re -  
s is tant  to anodic corrosion dur ing  constant  cur rent  
exper iments .  Calculat ions f rom data  on single c rys-  
tals  presented  in Fig. 9 show tha t  the (100) and 
(111) faces have  p rac t i ca l ly  the same corrosion re-  
sistance while  the (110) face is more  corrodible.  
McGivern,  work ing  wi th  cyl indr ica l  single crysta ls  
has also concluded tha t  the  (110) face is least  re -  
s is tant  to corrosion (30). 
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Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in  the June  1958 
JOURNAL. 
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Oxidation of Iron-Nickel Alloys 
II. Electron Diffraction at High Temperature 

R. T. Foley, C. J. Guare, and H. R. Schmidt 

General Engineering Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

The oxidation of i ron-nickel  alloys of 30%, 41%, and 78% Ni content  has 
been studied at temperatures  of 600 ~ 700 ~ 800 ~ and 900~ by the electron 
diffraction technique. A special furnace was developed for the electron diffrac- 
t ion ins t rument  for these experiments.  

Usual ly  more than  one oxide was present  on the alloy at these elevated 
temperatures.  Unl ike  the conclusion drawn from exclusively room tempera ture  
observations, the p redominant  oxide on the 30% and 41% Ni alloys was the 
ferri te  (Fe~O~ or NiFe~O4) rather  than  alpha-FelOn. At 700 ~ and 900 ~ both NiO 
and MoO~ exist on the 78% alloy. (This alloy contains 3.8% Mo.) The pres- 
ence of MoO3 above its mel t ing point  and where it exerts considerable vapor 
pressure is difficult to explain. 

In  some cases the lattice spacings of the alloy s t ructure  are carried over 
into the first formed oxide film. With subsequent  growth the spacings achieve 
the normal  (x-ray) values for the oxide. 

I ron  and  n icke l  fo rm a con t inuous  series of solid 
solut ion alloys, bo th  componen t s  of which  are oxi -  
dizable.  Such alloys, of ten wi th  the  add i t ion  of 
other  e lements ,  p rov ide  ma te r i a l s  of cons iderab le  
eng inee r ing  usefu lness  because  of t he i r  magne t i c  
character is t ics ,  t h e r m a l  expans ion  coefficients, ab i l -  
i ty  to fo rm g l a s s - t o - m e t a l  seals, or  genera l  corrosion 
resis tance.  The  s tudy  of the  ox ida t ion  of F e - N i  a l -  

loys is thus  of p rac t ica l  as wel l  as theore t ica l  i n -  
terest .  

The  e x a m i n a t i o n  of oxide films by  the  e lec t ron  
di f f ract ion t e c hn i que  is of pa r t i cu l a r  va lue  in  oxi-  
da t ion  work  because  the  e lec t ron  b e a m  pene t ra t e s  to 
a depth  of less t h a n  505_. As has been  po in ted  out  
before  (1 ,2 )  m a x i m u m  i n f o r m a t i o n  is ob ta ined  
w h e n  the  m e a s u r e m e n t  is made  at  the  t e m p e r a t u r e  
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Fig. I .  High temperature electron diffraction furnace; 1, outer 
radiation shield--stainless steel; 2, inner radiation shield--Pt; 3-4, 
outer radiation shield end caps with apertures--stainless steel; 
5-6, inner radiation shield end caps with apertures--Pt; 7, furnace 
body--ceramic; 8, insulator---ceramic; 9, heater solenoid wound on 
ceramic spooI--Pt; 10, thermocouple--chromel--alumel; 11, Iocator 
and shield--Pt; 12, sample; 13, spring for positioning sample-- 
stainless steel; 14, sample tray--Pt; 15, screen--Pt; }6, ]ead~Pt.  

of react ion.  The t r a n s f o r m a t i o n s  and  decomposi -  
t ions tha t  take  place u p o n  cooling f rom the  reac t ion  
t e m p e r a t u r e  to room t e m p e r a t u r e  m a y  mis lead  one 
in  the i n t e r p r e t a t i o n  of the  reac t ion  mechan i sm.  

This pape r  repor ts  an  e lec t ron  diffract ion s tudy  
of the  ox ida t ion  of th ree  commerc ia l  Fe-Ni  al loys at 
600 ~ , 700 ~ , 800 ~ , and  900~ The  purpose  of the  
s tudy  was to achieve  a be t t e r  u n d e r s t a n d i n g  of the  
s t ruc tu re  of the oxide films fo rmed  on  these al loys 
to add to the  o v e r - a l l  knowledge  of the  m e c h a n i s m  
of the ox ida t ion  of alloys. 

Exper imental  

Electron diffraction equipment.--For the  ox ida -  
t ion studies,  a f u rnace  o r ig ina l ly  des igned  for use in  
v a c u u m  up to 1000~ was  modified. W and  Ta  pa r t s  
we re  rep laced  by  P t  in  regions of h ighes t  t e m p e r a -  
t u r e  and  by  s ta inless  steel  in  the  cooler areas to i n -  
sure  res i s tance  to oxidat ion.  This  u n i t  has p roduced  
a sample  t e m p e r a t u r e  of 900~ for a n u m b e r  of 
hours  and  1000~ for  a shor t  t i m e  wi th  no evidence  
of de ter iora t ion .  The fu rnace  cons t ruc t ion  is shown 
in  Fig. 1. 

Alloys.--The F e - N i  al loys were  n o m i n a l l y  30, 41, 
and  78% Ni in  composi t ion.  Since they  all  con ta ined  
more  t h a n  29% Ni, t hey  were  a s sumed  to be  aus -  
tenit ic.  A l l  th ree  a l loys  are  m a n u f a c t u r e d  c o m m e r -  
c ial ly  and  used because  of the i r  special  phys ica l  
proper t ies .  They  were  ob ta ined  in  the  fo rm of cold- 
rol led sheet  stock, th ickness  0.051 cm (0.020 in.)  for 
the  30 and  78% Ni alloys, and  0.080 cm (0.031 in . )  
for the  41% Ni alloy. Sma l l  sections, 0.80 x 1.60 cm 
(5/16 x 5/8 in . ) ,  w e r e  sheared  f rom the  stock for 
ox ida t ion  in  the  furnace .  Care fu l  shea r ing  was  
necessa ry  to in su re  flatness of the  samples,  and  all  
edges were  d e b u r r e d  to p r e v e n t  obs t ruc t ion  of the  
e lec t ron  b e a m  by  edge part icles .  

Af t e r  shear ing,  samples  we re  hea t  t r ea ted  for 2-3 
hr  in  H~, dew po in t  30~ at  1100~176 They  
were  t hen  cooled in  H~ to room t empera tu r e .  

July 1957 

Sur/ace preparation.--The chemica l ly  c leaned 
sur face  was  p r epa red  by  p ick l ing  at  80~176  for 
2 ra in  in  a b a t h  of n i n e  pa r t s  w a t e r  and  one pa r t  
each of concen t ra t ed  H~SO4, HNOs, a nd  HC1. This  
was  fol lowed by  a w a t e r  r inse  and  a b r i g h t  dip in  a 
solut ion of two pa r t s  concen t ra t ed  H~SO, a nd  one 
pa r t  HNO~. A second r inse  was  fol lowed b y  i m m e r -  
sion in  NaCN solu t ion  (5 g/100 ml)  for abou t  1 hr. 
Samples  were  t hen  washed  in  r u n n i n g  water ,  dried, 
and  s tored in  d r y  acetone or benzene.  At  this  point ,  
the  surface possessed a ma t t e  appearance .  Com-  
posi t ion  of the  al loys in  the  chemica l ly  c leaned  con-  
d i t ion  is shown  in  Tab le  I. 

Electron di~raction studies.--Patterns were  first 
t a k e n  at  room t e m p e r a t u r e  and  a p ressure  of 0.01 
-0.1 ~ Hg. The sample  was  b r ough t  up  to 600~ and  
a p a t t e r n  ob t a ined  before  oxidat ion.  The  a l loy was  
t h e n  oxidized at  600~ by  i n t r o d u c i n g  a i r  to b r i n g  
the sys tem to a tmospher ic  p re s su re  and  m a i n t a i n i n g  
at t e m p e r a t u r e  and  p ressure  for  2 rain.  The  sys t em 
was t hen  evacua ted  and  a p a t t e r n  obta ined .  This  
was  repea ted  to effect ox ida t ions  for add i t iona l  10- 
and  2 0 - m i n  periods,  p a t t e r n s  be ing  recorded  for 
each t ime in te rva l .  (Tota l  ox ida t ion  t ime  at  the  
end  of each per iod was  2, 12, and  32 min . )  The  s am-  
ple was t h e n  a l lowed to cool in  v a c u u m  a nd  a p a t -  
t e r n  ob ta ined  w h e n  room t e m p e r a t u r e  was  reached.  
A s imi la r  p rocedure  was used for  s tudies  at  700 ~ 
800 ~ and  900~ 

The  a pp r ox i ma t e  t imes  for the  va r ious  opera t ions  
in  the  e lec t ron  di f f ract ion u n i t  were :  25 m i n  to 
b r i ng  the  sample  to t e m p e r a t u r e  in  v a c u u m ,  5 ra in  
to evacua te  f rom a tmospher ic  p ressure  a f t e r  an  
ox ida t ion  per iod  to ob t a in  a p a t t e r n  a nd  4 h r  to cool 
the sample  to room t e m p e r a t u r e  in  v a c u u m  af ter  
oxidat ion.  H e a t i ng  and  cooling per iods va r i ed  some- 
w h a t  d e p e n d i n g  on the  t e mpe r a t u r e s .  

Results 

Oxides Found on 30% N i - F e  Alloy 

Observa t ions  m a d e  on oxide films deve loped  d u r -  
ing the  ox ida t ion  of the  30% Ni a l loy a re  g iven  
schemat ica l ly  in  Tab le  II. The  "before  ox ida t ion"  
co lumn  refers  to the  s i tua t ion  w h e r e i n  the  sample  
was hea ted  to t e m p e r a t u r e  in  the  v a c u u m  of the  
i n s t r u m e n t ,  and  a ny  ox ida t ion  at  this  stage was  no t  
de l ibe ra te  bu t  occurred as the  resu l t  of oxygen  p res -  
sure  in  the  vacuum.  The  "first fo rmed  oxide"  refers  
to the  2 - m i n  ox ida t ion  only.  Usua l ly  the  12- and  
3 2 - m i n  dif f ract ion p a t t e r n s  s u p p l e m e n t e d  each 
other,  a nd  the  " th icker  oxide"  c o l u m n  in  the  tab le  
t hen  was  based on the  composi te  da ta  for these  two 

Table I. Composition of alloys studied 

A l l o y  A B C 

Nominal  Ni content  30 % 41% 78 % 
Ni 29.6 40.9 78.0 
Fe balance balance 17.4 
Mn 0.57 0.49 0.73 
C 0.010 0.012 0.010 
Mo - -  - -  3.80 
S 0.012 - -  0.009 
Si 0.17 0.14 0.13 
p 0.02 0.02 0.02 
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Table II. Patterns found on 30% Ni-Fe alloy 

E s t i m a t e d  * E s t i m a t e d  
Temp ,  ~ B e f o r e  o x i d a t i o n  F i r s t  f o r m e d  ox ide  t h i c k n e s s ,  A T h i c k e r  ox ide  th i ckness ,  A 

600 Al loy  pa t t e rn  Dis tor ted  Less than Fe~O, and Fe,O~ 1000 
--Fe,O3 or Fe.O, Fe,O, or Fe,O. 500 

700 Dis tor ted  al loy Dis tor ted  1000 Dis tor ted  2000-3000 
pa t t e rn  Fe~O, Fe~O~ 

800 Al loy  pa t t e rn  Fe,O3 (possibly  2000 Fe,O, 4000-8000 
( t race  Fe~O~ or Fe,O,) Fe,O,) 

900 Al loy  pa t t e rn  Fe,  O, 5000 Fe~O, 10,000-20,000 
( t race  Fe,O,) (possibly  Fe,O.) 

* This  was  based  on t he  k i n e t i c  e q u a t i o n  d e v e l o p e d  i n  a p a r a l l e l  i n v e s t i g a t i o n .  

t i m e  per iods .  On a f e w  occasions,  howeve r ,  one or  
the  o the r  of  these  two  t i m e  pe r i ods  p r o d u c e d  a v e r y  
poo r  p a t t e r n ,  and  in  t hose  cases  " t h i c k e r  ox ide"  
r e fe r s  to t he  good p a t t e r n  only .  

W h e n  the  a l loy  was  h e a t e d  to 600~ the  d i f f r a c -  
t ion  p a t t e r n  was  t h a t  of t he  a l l oy  p lus  a few l ines  
c o r r e s p o n d i n g  to Fe~O, o r  Fe,O,.  ( In  th is  pape r ,  Fe~O~ 
re fe r s  to t he  a l p h a  f o r m  only . )  The  p a t t e r n  o b t a i n e d  
a f t e r  t he  2 - m i n  o x i d a t i o n  was  qu i t e  d i s t o r t e d  a n d  
could  be  a s s igned  to Fe~O. o r  Fe~O,. As  used  here ,  
" d i s t o r t e d "  m e a n s  the  spac ings  of t he  l ines  w e r e  
sh i f t ed  f r o m  those  f o u n d  in t he  c o r r e s p o n d i n g  x - r a y  
p a t t e r n  p r o b a b l y  b e c a u s e  of a l t e r e d  l a t t i ce  p a r a -  
me te r s .  Upon  o x i d a t i o n  for  l onge r  t imes ,  a v e r y  
good p a t t e r n  for  Fe~O, deve loped ,  a n d  t h e r e  was  
s t rong  ev idence  for  Fe ,  O~. 

A l l  p a t t e r n s  a t  700~ w e r e  d i s t o r t e d  a l t h o u g h  dis-  
t o r t i on  l e s sened  w i t h  i nc r ea s ing  th ickness .  T h e  bes t  
p a t t e r n  fit for  the  t h i c k e r  f i lms was  Fe,O,. This  f i lm 
showed  Fe~O. as w e l l  as Fe~O, a t  r o o m  t e m p e r a t u r e .  
G e n e r a l l y  p a t t e r n s  w e r e  no t  o b t a i n e d  a t  r o o m  t e m -  
p e r a t u r e .  

A t  800~ the  a l l oy  p a t t e r n  and  a few ox ide  l ines  
w e r e  a p p a r e n t .  A f t e r  2 - m i n  ox ida t ion ,  t he  p r e -  
f e r r e d  ox ide  was  Fe,O3. T h e  t h i c k e r  f i lm was  Fe.O,.  

A t  900~ t h e  p r e f e r r e d  ox ide  was  Fe.O,. T h e  a l l o y  
p a t t e r n  was  o b s e r v a b l e  a t  t e m p e r a t u r e  "be fo r e  ox i -  
da t ion . "  The  p re sence  of Fe,O~ was  also ind ica ted .  

41% N i - F e  Alloy 
W h e n  th i s  a l l oy  was  h e a t e d  to 600~ in  t he  i n -  

s t r u m e n t  vacuum,  t h e  a l loy  p a t t e r n  as w e l l  as a few 
l ines  for  Fe ,O,  w e r e  o b t a i n e d  as s h o w n  in T a b l e  III .  
W i t h  c o n t i n u e d  ox ida t ion ,  bo th  ox ides  NiFe~O~ and  
Fe,O.  a p p e a r e d .  F r o m  the  e l e c t r o n  d i f f r ac t ion  pa t -  
t e rns  i t  w a s  no t  pos s ib l e  to d i s t i n g u i s h  b e t w e e n  
Fe,O.  a n d  NiFe~O~. H o w e v e r ,  p r e v i o u s  i n v e s t i g a t i o n  
(3)  h a d  s h o w n  t h a t  t he  compos i t i on  of t he  f e r r i t e  

was  NiFe~O,. B o t h  Fe,O~ and  t h e  f e r r i t e  e x i s t e d  even  
in  t he  f irst  f o r m e d  ox ide  films. 

A p a t t e r n  was  o b t a i n e d  on the  a l l oy  b e f o r e  h e a t -  
ing  to 700~ I n  a d d i t i o n  to t h e  a l l oy  p a t t e r n ,  ox ide  
l ines  w e r e  seen.  I t  was  i n t e r e s t i n g  to no te  t h a t  
h e a t i n g  to 700~ caused  a d i s t o r t i on  of t he  spacings .  
A t  700~ the  p r e d o m i n a n t  o x i d e  was  t h e  f e r r i t e .  In  
s e v e r a l  inc iden ts ,  t he  l ines  for  t he  f e r r i t e  w e r e  d i s -  
to r t ed .  As  t h e  o x i d a t i o n  p rog res sed ,  a g iven  spac ing  
was  seen  to i nc rea se  or  d e c r e a s e  to a p p r o x i m a t e  
m o r e  c lose ly  t he  spac ing  r e p o r t e d  f r o m  x - r a y  da ta .  

A t  800~ bo th  ox ides  NiFe~O~, and  Fe,O,  w e r e  in 
ev idence .  

W h e n  the  s a m p l e  was  h e a t e d  to 900~ in t he  i n -  
s t r u m e n t  v a c u u m  t h e  a l l o y  s t r u c t u r e  was  c o v e r e d  
b y  NiFe,O, .  The  f e r r i t e  was  p r o d u c e d  f i rs t  a t  low 
o x y g e n  p re s su re .  C e r t a i n  s t rong  l ines  o b s e r v e d  in  
t he  first  f o r m e d  f i lms w e r e  c a r r i e d  t h r o u g h  on ox i -  
d a t i o n  and  c o n t i n u a l l y  d i s to r t ed .  I n  t h e  t h i c k e r  
f i lms b o t h  NiFe~O, a n d  Fe,O.  w e r e  p r e s e n t  as shown  
b y  " u n i q u e "  l ines.  

A g e n e r a l  o b s e r v a t i o n  a p p e a r s  to be  t h a t  bo th  
oxides ,  NiFe ,O,  and  Fe,O~, g r o w  on t h e  41% N i - F e  
w h e n  ox id i zed  a t  t h e s e  t e m p e r a t u r e s .  

78% N i - F e  Alloy 

In  a d d i t i o n  to Ni  and  Fe ,  th is  a l l oy  con t a ined  
3.8% Mo w h i c h  e n t e r e d  in to  t h e  reac t ion .  E l e c t r o n  
d i f f r ac t ion  r e su l t s  a r e  l i s t ed  in  T a b l e  IV. 

A v e r y  good p a t t e r n  fo r  t he  a l loy  w a s  o b t a i n e d  
w h e n  the  s t r i p  was  e x a m i n e d  a t  600~ b e f o r e  ox i -  
da t ion .  As o x i d a t i o n  p roceeded ,  t he  a l l oy  p a t t e r n  
d i s t o r t e d  t o w a r d  t h a t  of Fe ,O,  and  a d d i t i o n a l  l ines  
b e g a n  to fill  in  t h e  p a t t e r n .  T h e  d i s t o r t i on  a n d  a d d i -  
t ion  of l ines  c o n t i n u e d  u n t i l  t he  p a t t e r n  f r o m  t h e  
t h i c k e s t  f i lm gave  e x c e l l e n t  a g r e e m e n t  w i t h  Fe,O~. 
This  Fe.O~ p r o b a b l y  con t a ined  c o n s i d e r a b l e  Ni. 

Table III .  Patterns found on 41% Ni-Fe alloy 

F i r s t  E s t i m a t e d  E s t i m a t e d  
Temp ,  ~ Befo re  o x i d a t i o n  f o r m e d  f i lm th i ckness ,  A T h i c k e r  f i lm th i ckness ,  A 

600 Al loy  pa t t e rn  NiFe~O~, Less than  NiFe=O,, Fe~O~ Less than  1000 
(FelOn) Fe203 500 

700 Al loy  pa t t e rn  NiFe~O,, Less than  NiFe~O, 1000-2000 
(FelOn) (Fe=Os) 1000 

800 Al loy  pa t t e rn  NiFe20,, 1500 NiFe~O,, Fe,O~ 3000-6000 
(Fe20~, NiFe~O~) Fe.O~ 

900 NiFe20. NiFe20~, 4000 NiFe~O~, Fe,O. 10,000-20,000 
Fe.O. 
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Table IV. Patterns found on 78% Ni-Fe alloy 

F i r s t  E s t i m a t e d  E s t i m a t e d  
Temp,  ~ Befo re  o x i d a t i o n  f o r m e d  f i lm th ickness ,  A T h i c k e r  f i lm th ickness ,  A 

600 Al loy  pa t t e rn  Dis tor ted  Less than  Fe~O, Less than  
al loy pa t t e rn  500 500 

700 Dis tor ted  al loy Dis tor ted  Less than NiO, MoO3 1000-2000 
pat tern ,  MoO~ NiO, (MOOD 500 

900 Al loy  pat tern ,  MoOs, (NiO) 1000-2000 NiO, (MOO8) 3000-10,000 
MoO~ 

A t  700~ be fo re  ox ida t ion ,  t h e  p a t t e r n  showed  
l ines  f r o m  the  a l l oy  a n d  f r o m  MoO~. In  t he  f irst  
f o r m e d  f i lm a d i s t o r t e d  NiO was  o b s e r v e d  a long  
w i t h  l ines  for  MOO,. T h e r e  was  good  ev idence  t h a t  
t h e  NiFe~O~ c h a r a c t e r i s t i c  of o x i d a t i o n  on  t h e  41% 
Ni a l l oy  was  also p re sen t .  The  t h i c k e r  f i lm a p p e a r e d  
to be a m i x t u r e  of MoO, and  NiO, t he  l a t t i ces  of 
w h i c h  w e r e  d i s to r t ed .  

A t  900~ "be fo re  o x i d a t i o n "  t he  l ines  for  t h e  a l l oy  
w e r e  obse rved .  The  a l l oy  a p p e a r e d  to be  cove red  
w i th  a th in  l a y e r  of MoO~ w h i c h  was  d i s to r t ed .  In  
the  first  f o r m e d  f i lm a v e r y  good p a t t e r n  for  MoO~ 
was  ob ta ined .  Upon  f u r t h e r  o x i d a t i o n  NiO p r e d o m i -  
na ted .  The  t h i ckes t  f i lm a p p e a r e d  to be  composed  of 
NiO w i t h  a t r ace  of MoO~. 

Discussion of Results 

G e n e r a l l y  the  e l e c t r o n  d i f f r ac t ion  p a t t e r n s  w e r e  
of fa i r  q u a l i t y  w i t h  r e s p e c t  to n u m b e r  and  i n t e n s i t y  
of l ines.  A g r e e m e n t  w i t h  A S T M  x - r a y  s t a n d a r d s  
was  a lmos t  a l w a y s  w i t h i n  2 -3% w h i c h  is good con-  
s i de r ing  the  p o s s i b i l i t y  of c o m p o u n d e d  dev i a t i ons  
r e s u l t i n g  f r o m  the  i n h e r e n t  i n a c c u r a c y  of the  e l ec -  
t r o n  d i f f r ac t ion  t echn ique ,  t he  e l e v a t e d  t e m p e r a -  
tures ,  and  d i s to r t i on  of o x i d e  l a y e r s  b y  subs t r a t e s .  
The  bes t  p a t t e r n s  w e r e  o b t a i n e d  at  600 ~ and  700~ 
the  room t e m p e r a t u r e ,  800 ~ and  900~ p a t t e r n s  
be ing  less defini te .  T h e r e  w e r e  no un iden t i f i ed  l ines.  
Because  of t he  sha l l ow  p e n e t r a t i o n  of t he  e l ec t ron  
beam,  t hese  p a t t e r n s  iden t i f i ed  the  su r f ace  s t r u c t u r e  
only.  

The  A S T M  x - r a y  s t a n d a r d s  used  for  c o m p a r i s o n  
w e r e  those  for  Ni, NiO, NiFe204, Fe,  FeO,  a-Fe~O3, 
~,-Fe~O~, Fe30~, MoO~, MoO~, and  NiMoO~. A l l o y  p a t -  
t e rn  s t a n d a r d s  w e r e  o b t a i n e d  f r o m  an  e x a m i n a t i o n  
of the  a l loys  w i t h  a G - E  X R D - 3  u n i t  a n d  a S P G - 2  
s p e c t r o g o n i o m e t e r  head .  

The  s tud ies  d e m o n s t r a t e d  qu i t e  we l l  t ha t  a t  these  
e l e v a t e d  t e m p e r a t u r e s  m o r e  t h a n  one ox ide  l a y e r  
was  p r e s e n t  even  on f a i r l y  s i m p l e  b i n a r y  a l loys .  
Un l ike  t he  conc lus ion  to be  d r a w n  f r o m  e x c l u s i v e l y  
room t e m p e r a t u r e  o b s e r v a t i o n s  (3) ,  t h e  p r e d o m i -  
n a n t  o x i d e  on the  30% and  41% Ni a l l oy  was  no t  
the  a-Fe20~ species,  b u t  r a t h e r  t he  f e r r i t e  s t ruc tu re .  
O t h e r  c h e m i c a l  a n a l y s e s  (3)  h a v e  s h o w n  the  f e r r i t e  
on  t h e  41% Ni  a l l oy  to be  NiFe~O, r a t h e r  t han  FelOn, 
and  i t  m i g h t  be  i n f e r r e d  t h a t  t he  ox ide  p r o d u c e d  on 
the  30% Ni a l loy  con t a ined  a p p r e c i a b l e  Ni. 

The  ox ide  l a y e r  p r o d u c e d  on the  78% Ni a l l oy  
was  complex .  A t  600~ t h e  g r o w t h  of the  t h in  f i lm 
was  inf luenced  b y  the  s t r u c t u r e  of t he  a l l oy  and  
t h e  t h i c k  f i lm b y  the  f e r r i t e  s t ruc tu re .  The  f e r r i t e  
p r o b a b l y  c o n t a i n e d  c o n s i d e r a b l e  Ni.  A t  700~ t h e r e  
was  ev idence  fo r  MoO~ a long  w i t h  NiO. Thus,  t he  
m e c h a n i s m  of o x i d a t i o n  m u s t  c e r t a i n l y  change  b e -  

t w e e n  600~ and  700~ More  su rp r i s ing ,  e x c e l l e n t  
a g r e e m e n t  w i t h  t he  MoO~ p a t t e r n  was  found  for  t h in  
f i lms at  900~ The  m e l t i n g  p o i n t  of  MoO8 is 795~ 
and  p r e s e n t  t h o u g h t  (4)  sugges t s  t h a t  t he  f o r m a t i o n  
of lYIoO~ a t  t e m p e r a t u r e s  a b o v e  i ts  m e l t i n g  po in t  
shou ld  l e ad  to c a t a s t r o p h i c  o x i d a t i o n  of  a l loys  con-  
t a i n ing  Mo, w h e r e a s  a s t ab l e  c o m p o u n d  such as  
NiMoO,  m u s t  be  p r o d u c e d  to p r e v e n t  c a t a s t r o p h i c  
a t t a c k  (5) .  In  our  case t he  n i cke l  m o l y b d a t e  was  
de f in i t e ly  absen t ,  b u t  the  78% Ni a l loy  was  the  mos t  
r e s i s t a n t  to o x i d a t i o n  of t h e  t h r e e  a l loys  s t u d i e d  as 
s h o w n  b y  k ine t i c  da ta .  T h e  t h i c k  f i lm s h o w e d  less  
pos i t i ve  ev idence  for  MoO~ so t h e  v o l a t i l e  o x i d e  was  
e l i m i n a t e d  as o x i d a t i o n  con t inued .  This  e l i m i n a t i o n  
could  r e su l t  b y  e v a p o r a t i o n  of MoO~ f r o m  the  s u r -  
face  fo l l owed  b y  m o r e  r a p i d  d i f fus ion  of  F e  or  Ni  
t h r o u g h  t h e  r e m a i n i n g  o x i d e  l a y e r  to  g ive  an  ox ide  
con ta in ing  one or  bo th  of those  a toms  r a t h e r  t h a n  
Mo. 

A l t h o u g h  a g r e e m e n t  of some e l ec t ron  d i f f rac t ion  
p a t t e r n s  of t he  78% Ni  a l l oy  was  e x c e l l e n t  w i t h  r e -  
spec t  to MoO~, a lmos t  e q u a l l y  good a g r e e m e n t  was  
o b t a i n e d  for  those  s ame  p a t t e r n s  w i t h  ~,-Fe~O~. H o w -  
ever ,  3,-Fe~O~ is no t  s t a b l e  a t  500~ o r  h i g h e r  (6, 7) .  

I t  is e n c o u r a g i n g  t h a t  t he  p a t t e r n  for  t h e  bas is  
m e t a l  was  o b t a i n e d  a t  t h e s e  e l e v a t e d  t e m p e r a t u r e s  
in the  o x y g e n  p r e s s u r e  c h a r a c t e r i s t i c  of t he  i n s t r u -  
men t .  W h i l e  less t h a n  0.1 ~, th is  p r e s s u r e  w o u l d  be  
t e r m e d  h igh  in  t e r m s  of ox id i z ing  p o t e n t i a l  (7 ) .  
E v e n  so, u s u a l l y  good  p a t t e r n s  for  t he  a l l o y  i t se l f  
w e r e  ob ta ined .  In  m a n y  cases  a f e w  l ines  of an  
ox ide  w e r e  o b t a i n e d  in  add i t ion .  I t  is poss ib l e  t h a t  
some  r e d u c t i o n  of the  ox ides  b y  the  c a r b o n  in t h e  
a l l oy  was  t a k i n g  p l ace  (8 ) .  

M a n y  p a t t e r n s  w e r e  d i s to r t ed .  This  d i s to r t i on  
could  be  a c c o u n t e d  for  in  d i f f e r en t  ways .  In  a t  l eas t  
one i n s t ance  the  d i s t o r t i o n  was  p r o d u c e d  b y  h e a t i n g  
the  s a m p l e  f r o m  r o o m  t e m p e r a t u r e  to 700~ V e r y  
of ten  the  "d"  spac ings  fo r  t h e  a l loy  w e r e  ca r r i ed  
ove r  to inf luence  the  "d"  spac ings  of t he  o x i d e  and  a 
t r e n d  in d i s t o r t i o n  occur red .  The  t e r m i n a t i o n  of 
th is  t r e n d  in  spac ings  was  t h e  x - r a y  spac ing  for  
t he  oxide .  A n  e x c e l l e n t  e x a m p l e  is shown  in Fig.  2 
for  the  78% a l loy  a t  600~ 

The  ev idence  in  Fig .  2 i nd i ca t e s  t h a t  in  t he  g r o w t h  
of an  ox ide  film, t h e r e  is f o r m e d  on t h e  su r f ace  a 
ser ies  of s t r u c t u r e s  w i t h  c o n t i n u o u s l y  v a r y i n g  p a r a -  
m e t e r s  w h i c h  c h a n g e  f r o m  those  of t he  a l l oy  w h e n  
the  f i lm is t h in  to those  of the  ox ide  w h e n  the  f i lm 
is th ick .  A p p a r e n t l y  th is  t r a n s f o r m a t i o n  can  be  c o m -  
p l e t e d  a t  a t h i ckness  less t h a n  500A, a n d  t h e  i n t e r -  
m e d i a t e  va lue s  of p a r a m e t e r s  w o u l d  cause  an  e r r o r  
in  t he  e s t i m a t e d  v a l u e s  of  f i lm th i ckness  b a s e d  on 
the  a s s u m p t i o n  t h a t  t h e  f i lm was  e n t i r e l y  ox ide  of 
n o r m a l  dens i ty .  As  the  f i lm inc reases  in  th i ckness ,  
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Fig. 2. Change in surface structure with oxidation on 78% Ni-Fe 
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these  i n t e r m e d i a t e  p a r a m e t e r  va lues  are p r o b a b l y  
r e t a ined  by  tha t  po r t ion  of the film n e a r  the  a l loy-  
oxide in terface .  

It  wou ld  be of in te res t  to k n o w  w h a t  a l loy  spac-  
ings were  be ing  d is tor ted  to the  n e w  oxide spacings.  
In  a m a j o r i t y  of the  cases the t r end  in  d i s tor t ion  
could not  be fol lowed over  the en t i r e  r ange  because  
of m u l t i p l e  oxides or incomple te  pa t te rns .  In  the  
case of Fig. 2, the  al loy p lanes  111,200, 220, and  311, 
respect ively,  w e n t  to oxide p lanes  222, 400, 440, and  

444 if the dot ted l ines are correct.  F u r t h e r  work  on 
o r i en ta t ion  inf luences  wi l l  be car r ied  out  in  this  l a b -  
oratory.  

In  these s tudies  it  was difficult to d i s t ingu i sh  be-  
t w e e n  Fe~O~ and  NiFe~O, (or Fe~O,). Ce r t a in  cha r -  
acter is t ic  or " u n i q u e "  l ines were  used to es tabl ish  
the  p resence  of one or the  o ther  of these compounds .  
These l ines were  u sua l l y  qu i te  s t rong a nd  were  no t  
ambiguous .  For  the  n icke l  ferr i te ,  a spacing at  about  
1.95 was significant.  For  Fe20~, a "d" spacing at  1.84 
was used. These va r i ed  f rom sample  to sample ;  for 
example ,  the  charac ter i s t ic  "d" spacing for the 
NiFe~O, compound  occurred  at  1.97, 1.96, 1.91, 1.92, 
and  1.93 in va r ious  samples.  

Obse rva t ions  repor ted  at t he  p resen t  t ime  are be -  
ing used a long wi th  k ine t i c  s tudies  to es tab l i sh  the  
m e c h a n i s m  of ox ida t ion  of these alloys. 

A c k n o w l e d g m e n t  
The au thors  wou ld  l ike to acknowledge  the con-  

s iderab le  con t r i bu t i on  m a d e  by  M.J. Co lumbe  in  
the  cons t ruc t ion  of the  fu rnace  and  opera t ion  of the 
e lec t ron  diffract ion appara tus .  

Manuscript  received August  3, 1956. Some of the 
mater ia l  in this paper  was given at the American 
Chemical Society Meeting at Dallas, Texas, Apri l  8-13: 
1956. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1958 
J O U R N A L .  
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Dissolution of Iron in Acidified Chromic Chloride 
Robert Skomoroski and Ceci l  V .  King 

Department oy Chemistry, New York University, New York, New York 

ABSTRACT 

The rate of dissolution of i ron from rotat ing cylinders was studied in 4M 
HC1 containing purple  and green CrCI,, also A1C13 and NaC1 up to 0.2M. These 
salts affect the rate of dissolution somewhat, bu t  chromic ion does not undergo 
reduction. While the s tandard  potentials predict  that reduct ion is possible, the 
actual  potent ial  of i ron in acid solutions is not  sufficiently negative. Cathodic 
polarization did not  accomplish direct or indirect  reduct ion of chromic ion, 
bu t  only cathodic protection of the iron. I t  was also shown that  metall ic iron 
catalyzes the oxidation of chromous ion by hydrogen ion. 

Solutions 

The d isso lu t ion  of Fe in  HC1-CrCI~ solut ions  was 
s tudied  in  order  to compare  the  reac t ion  w i th  tha t  
of Zn  and  Cd u n d e r  s imi la r  condi t ions  (1,2). F r o m  
the  pub l i shed  " s t a n d a r d "  potent ia ls ,  the  e q u i l i b r i u m  
cons tan t  of the  reac t ion  

Fe q- 2Cr+++ ~. ~ Fe ++ + 2Cr ++ (I)  

is found to be about i0, indicating nearly complete 
reduction of chromic ion by Fe to be thermody- 
namically possible. However, the actual potential 
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of Fe in  acid solut ions  is a lways  polar ized ca thodi -  
cal ly by  the  H, evo lu t ion  react ion,  and  is insens i t ive  
to fer rous  ion. React ion  (I)  t h e n  canno t  t ake  place 
unless  the  m e a s u r e d  po ten t i a l  is no t  a d e t e r m i n i n g  
factor, or the  chromic  ion acts as a depolar izer .  

Chromous  ion is t h e r m o d y n a m i c a l l y  u n s t a b l e  in  
acid solut ions,  the po ten t i a l  of the reac t ion  

C r  ++ -t- H + ~ C r  +++ + 1/z H2 ( I I )  

being  g iven  in  volts  at  25~ by  the  equa t ion  

E = 0.40 --  0.059 pH --  0.059 log (ac .... /at,++) ( I I I )  

At  pH <6, essen t ia l ly  no chromous  ion is p resen t  at  
e q u i l i b r i u m  (E = 0). React ion  (II)  is s low or neg -  
l igible  in  m a n y  solut ions  and  is no t  ca ta lyzed  by  Zn  
or Cd, so tha t  it m a y  be neglec ted  in  s tudies  w i th  
these meta l s  (1,2).  I t  is ca ta lyzed by  some metals ,  
especial ly  P t  (3,4),  and,  as shown  below,  by  Fe. 
Never theless ,  if reac t ions  (I)  and  ( I I )  were  to t ake  
place in  succession, ra tes  of Fe d issolu t ion  a nd  H~ 
evo lu t ion  would  be g rea te r  t h a n  in  the  absence  of 
chromic  ion. This research  was  des igned to c lar i fy  
the ac tua l  behav io r  of the  system. 

Experimental 
Cyl inders  of h i g h - p u r i t y  Fe  (SVEA Meta l ) ,  abou t  

1.9 x 2.5 cm in  d imens ions  and  15 cm ~ in  area,  were  
ro ta ted  in  100 ml  of acid solut ion,  deae ra ted  w i t h  N, 
as descr ibed before  (2) .  The reac t ion  cell  was 
t he rmos t a t t ed  at 25~ A smal l  s a tu ra t ed  K C l - c a l o -  
mel  cell was  inse r ted  for po ten t i a l  m e a s u r e m e n t s ,  
IR drop b e t w e e n  the  Fe cy l inde r  and  calomel  cell 
be ing  negl ig ib le  i n  all  cases. The e x p e r i m e n t s  were  
done in  4M HC1 to avoid pH changes  or sur face  
oxide complicat ions.  The Fe was  pol ished l igh t ly  
w i th  No. 600 SiC paper  before each th i rd  or four th  
r u n  since this  gave the  bes t  r eproduc ib i l i ty .  Weigh t  
loss was d e t e r m i n e d  af ter  1 -hr  immers ions ;  it  is 
l i nea r  wi th  t ime  in  s imi la r  e x p e r i m e n t s  w i th  HC1 
a lone  (5) .  

Reproduc ib i l i ty  was tes ted by  r epea t ing  runs  6 or 
7 t imes in  some of the  solutions.  The average  dev i a -  
t ion  f rom the  m e a n  va r i ed  f rom 4 to 9%, w i th  a 
m a x i m u m  single  dev ia t ion  of 17%. Resul ts  in  o ther  
solut ions are  the average  of 2 or 3 de te rmina t ions .  
The  ra tes  and  the ave rage  dev ia t ions  are s imi la r  to 
resul ts  r epor ted  by  Makrides ,  Komodromos ,  and  
H a c k e r m a n  for Fe  in  HC1 (5).  

Tab l e  I gives the  weigh t  loss in  deae ra ted  4M 
HC1 solut ions  con ta in ing  green  and  pu rp l e  forms 
of CrCI,, also A1CI, and  NaC1 for  compar ison.  

Severa l  solut ions  w e r e  tes ted for r educ t ion  of 
Cr *§247 by  i n t roduc ing  excess deae ra ted  K~Cr~O7 solu-  
t ion  into the  reac t ion  cell at the  end  of the runs .  

Table I. Average weight loss of iron cylinders, mg/cm~/hr; 
peripheral speed 15,000 cm/min; 4M HCI; 25~ 

C r C h  C r C h  
Csa i t ,  M P u r p l e  G r e e n  A1C13 N a C l  

0 4.3 4.3 4.3 4.3 
0.05 4.3 3.6 4.6 4.8 
0.10 4.6 3.6 4.4 4.6 
0.15 4.7 3.1 4.7 4.8 
0.20 5.1 2.9 5.0 4.5 

The excess d i ch roma te  was  t h e n  t i t r a t ed  w i th  s t a n d -  
ard  fer rous  so lu t ion  w i th  d i p h e n y l a m i n e  sulfonic  
acid as indicator .  The  r educ ing  power  of the  solu- 
t ions ave raged  2.9% less t h a n  ca lcula ted  f rom the  
weigh t  losses (40-50 m g ) ,  i nd i ca t ing  tha t  on ly  Fe  §247 
a nd  no Cr +§ had  been  formed.  

To test  the  effect of CrC1, on H~ evo lu t ion  direct ly ,  
s tr ips of Fe sheet  of 70 cm ~ a rea  were  ro l led  into 
spirals  and  inse r t ed  in to  a reac t ion  flask wh ich  was  
connec ted  to a m a n o m e t e r  t h r ough  a flexible glass 
capi l lary .  The so lu t ion  was in t roduced ,  the  ap-  
pa r a t u s  evacua ted  w i th  shaking,  and,  a f te r  seal ing 
f rom the pump,  the  p ressure  rise was followed. In i -  
t ia l  ra tes  were  errat ic ,  bu t  a f ter  severa l  per iods of 
r ead ing  a nd  r e - e v a c u a t i n g ,  r e a sonab ly  r ep roduc ib le  
va lues  were  obta ined.  Averages  were  as follows: 

4M HC1 a lone  5.55 cm H g / 5  m i n  
+ 0.2MCrC13 (g reen)  4.35 
+ 0.2MCrCI~ (pu rp le )  5.70 

Whi le  these e xpe r i me n t s  canno t  be  compared  di -  
rec t ly  wi th  those of Tab le  I, t he  g reen  CrCI~ ev i -  
den t ly  decreases H~ evo lu t ion  as wel l  as we igh t  loss; 
the  effect of pu rp l e  CrCl~ is w i t h i n  the  e x p e r i m e n t a l  
error .  

Potentials and polarization.--The po ten t i a l  of the  
ro t a t ing  Fe cy l inde r  was  m e a s u r e d  in  deae ra ted  so- 
lu t ions  m u c h  as descr ibed  by  Makrides ,  Komodromos ,  
and  H a c k e r m a n  (5) .  It  d r i f ted  w i th  t ime  as these 
au thors  describe,  in  4M HC1 alone and  w i t h  0.2M 
CrCI~, A1CI~, or NaC1 present .  Af t e r  1 hr  the  va lue  
was --0.38 to --0.40 v vs. the  SCE in  all  cases. 

Since a more  n e g a t i v e  po ten t i a l  should  be r e -  
qu i r ed  to r educe  Cr +++, po ten t i a l  and  we igh t  loss 
s tudies  were  m a d e  wi th  the  Fe polar ized ca thodi -  
calty.  A vessel  con t a in ing  1M KCI  and  a sheet  Ag 
anode was connec ted  to the  reac t ion  cell t h r ough  an  
agar  b r idge  ( la rge  enough  to avoid ove r he a t i ng ) ,  
a nd  c u r r e n t  was  supp l ied  f rom dry  cells. Since the  
po ten t ia l s  did no t  change  r a p i d l y  af ter  5 min ,  r e ad -  
ings were  t a ke n  af ter  ho ld ing  the  c u r r e n t  cons tan t  
for tha t  t ime.  Po la r i za t ion  curves  are  show n  in  Fig. 1. 

Weigh t  losses were  d e t e r m i n e d  at  smal l  i nc re -  
me n t s  of po la r iz ing  cur ren t ,  over  1-hr  per iods  as be -  
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Fig. 1. Change in potential for rotating Fe cylinder with polar- 
izing current. 
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fore. The Fe is p ro tec ted  in  HC1 a lone  and  wi th  bo th  
forms of CrC1, at 0.2M wi th  any  c u r r e n t  f rom 10 to 
75 m a  (on 15 cm~), we igh t  losses fa l l ing  to the  
order  of 0.01-0.1 mg /cm~/h r .  Runs  up to 8 h r  at  75 
m a  showed no v i sua l  change  in  color of the  so lu-  
t ions. 

Other experiments . - -To test  t he  ca ta ly t ic  effect of 
Fe on r eac t ion  ( I I ) ,  50 m l  of 0.2M CrC12, p r epa red  
by  r educ t ion  of CrC1, w i th  a m a l g a m a t e d  Z n  and  
con ta in ing  abou t  2M HC1, was b rough t  into contact  
wi th  a n  Fe cy l inder  in  a Jones  r educ to r  tube,  a nd  
s t i r red  w i th  pur i f ied N. In  30 m i n  the  b r igh t  b lue  
color had  changed  to da rk  green,  i nd i ca t ing  ox ida-  
t ion  to Cr +++. A n  Fe cy l inder  was  also ro ta ted  in  100 
ml  of 0.2M CrC1, con ta in ing  abou t  4M HC1, in  the  
reac t ion  cell, the  Fe be ing  polar ized ca thodica l ly  
w i th  a c u r r e n t  of 75 ma.  The b lue  color changed  
to g reen  in  the  course of 20 min .  

Since the  po la rograph ic  r educ t i on  of Cr +++ in  4M 
HC1 has not  been  repor ted ,  po la r i za t ion  curves  were  
r u n  wi th  0.002M green  and  p u r p l e  forms  in  4M HC1 
at 25~ 1 The  g reen  ion showed a r a t h e r  poor  w a v e  
s ta r t ing  a t  abou t  --0.55 v (vs. SCE) ,  w i th  no c lear ly  
defined r educ t ion  p l a t eau  or h a l f - w a v e  potent ia l .  
The p u r p l e  fo rm showed some reduc t ion  s t a r t i ng  at  
about  --1.0 v. A p p a r e n t l y  r educ t i on  of bo th  forms  at  
the  Hg surface  is s low and  the  pu rp l e  form shows 
cons iderab le  overvol tage.  

Discussion 
Since Fe  cata lyzes  reac t ion  (II)  one canno t  expect  

p e r m a n e n t  r educ t ion  of Cr  +++ un less  the  po t en t i a l  is 
in  the  reg ion  of s tab i l i ty  of Cr ++ according to Eq. 
( I I I ) .  A l t e r n a t e  r educ t ion  by  unpo la r i zed  Fe, r e -  
ox ida t ion  by  H § does no t  t ake  place. Cathodic  r educ -  
t ion  fo l lowed by  r eox ida t ion  canno t  be tes ted  di -  
rect ly,  s ince the  a m o u n t  of H~ evolved  depends  on ly  
on the n u m b e r  of coulombs passed. 

The po ten t i a l  of the  ch romic -ch romous  couple is 
somewha t  unce r t a in ,  and  the va lues  of --0.40 to 
--0.41 g iven  in  the l i t e r a tu r e  (6,7) a re  no t  s t r ic t ly  
s t anda rd  potent ia ls ,  s ince ac t iv i ty  coefficients in  the 
solut ions used are no t  r e l i ab ly  k n o w n .  If  Eq. ( I I I )  is 
correct,  t h e n  in  4M HC1 (pH = - - 0 . 9 )  a m i x t u r e  of 
Cr § and  Cr ++ at equa l  act ivi t ies  should be s table  at 
--0.71 v vs. the  SCE. 

The best  w o r k  on po la rograph ic  r educ t ion  of Cr +++, 
for compar i son  in  the p re sen t  connect ion,  appears  to 
have  been  done  by  H a m m  and  Shu l l  (8) .  This  was  
w i th  v e r y  d i lu te  CrCI~ in  0.1-0.4M KC1 and  d i lu te  
HC1. Wi th  f resh ly  p r e p a r e d  green  solut ions,  a ha l f -  
wave  po ten t i a l  was  found  a t - - 0 . 6 1  v vs. SCE. This  
wave  d i sappeared  w i th  t ime, whi le  ano the r  ap-  
peared  a t - - 0 . 8 9  v in  the  aged solut ions  ( the  h e x a -  
aquo ion) .  The  viole t  ion thus  displays  an  overvo l tage  
on Hg even  in  d i lu te  HC1. Some inves t iga to rs  have  
noted  ano the r  w a v e  at --1.06 v in  p u r p l e  solut ions  
(9) .  

1 E x p e r i m e n t s  b y  J o h n  G o r m a n ,  w h o m  t h e  a u t h o r s  w i s h  to t h a n k .  

No p la teaus  appear  i n  the curves  of Fig. 1, which  
indica tes  tha t  even  in  the reg ion  of supposed s ta-  
b i l i t y  of Cr ~ the  r educ t ion  overvo l t age  on Fe is 
g rea te r  t h a n  a ny  ove rpo ten t i a l  which  was  imposed.  
However ,  the  ox ida t ion  of Cr § at  the  Fe surface,  
even  wi th  75 m a  of c u r r e n t  and  a po ten t i a l  nea r  
--0.85 v, indica tes  tha t  Cr §247 is no t  s table  at  this  po-  
t en t i a l  u n d e r  the  g iven  condit ions.  

It  is s ignif icant  tha t  whi le  A1C1. and  p u r p l e  CrCI~ 
increase  the d isso lu t ion  ra te  somewhat ,  g reen  CrC1. 
decreases it up to 30%. This p r o b a b l y  indica tes  t ha t  
the  g reen  ion is s t rong ly  adsorbed  on Fe, decreas ing  
the  n u m b e r  of sites at  wh ich  H + can be reduced  
(po la r iza t ion  of ca thodes) .  Whi le  bo th  forms of 
CrC1. reac t  w i th  Cd in  HC1 solut ion,  the  r a t e  of H2 
evo lu t ion  is d imin i shed  (2) .  Also, whi le  ferr ic  ion 
is r educed  by  Fe in  H~SO,, H= evo lu t ion  is decreased 
d u r i n g  this reac t ion  (10).  This  has been  ascr ibed  by  
Gatos to compet i t ion  for adsorp t ion  sites (10) .  Both 
the  d ichlorochromic  ion and  the  su l fa tofer r ic  ion 
should  be more  s t rong ly  adsorbed  t h a n  the  s y m -  
me t r i ca l  hexaaquo  ions. 

This v iew is suppor ted  at  least  p a r t l y  by  the  po-  
l a r iza t ion  curves  of Fig. 1. The  g reen  ion increases  
the  H~ overvo l tage  more  t h a n  twice  as m u c h  as the  
p u r p l e  ion does. The  ques t ion  is raised,  how can  
the pu rp l e  ion be  adsorbed  to some extent ,  increase  
the H~ overvol tage ,  and  st i l l  increase  the  d isso lu t ion  
ra te?  P r o b a b l y  the  p u r p l e  ion is no t  adsorbed  wi th  
no appl ied  potent ia l ,  and  the  g reen  is adsorbed  to a 
grea te r  ex ten t  w h e n  the  Fe is polar ized.  

It  should be possible  to inves t iga te  the  adsorp t ion  
of bo th  chromic  ions on Fe by  classical  or  rad io -  
t r ace r  methods.  I t  has b e e n  shown  tha t  chromate  
and  d ich romate  ions a re  r e t a ined  on a steel  sur face  
(11),  w i th  the poss ib i l i ty  t ha t  r educ t ion  to Cr § is 

invo lved .  

Manuscript  received Sep tember  18, 1956. This paper 
was prepared for presenta t ion before the Cleveland 
Meeting, Sept. 29 to Oct. 3, 1956. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be publ ished in  the June  1958 
J O U R N A L .  
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ABSTRACT 

Potent ia l- t ime curves have been determined at 85~ for a niobium-stabil ized 
stainless steel dur ing  its t ransi t ion to the state that  is essentially stable in 
aerated 0.1N sulfuric acid. Exper iments  were conducted both with pre-oxidized 
specimens and with others that  were previously saturated wi th  hydrogen by 
electrolysis. It  was found that  the potential  passes through characteristic in- 
flections, and an at tempt was made to relate these to the processes with which 
they are associated. In  particular,  it was found that, for the conditions used, 
there is a "critical recovery potential"  above which spontaneous passivation 
occurs, and this potent ial  was shown to be approximately equal to the hydro- 
gen potent ial  for the same conditions. The corrosion rate was shown to be 
characterist ically related to the changes in potential.  

W h e n  ce r t a in  types  of s ta inless  steel  are  supe r -  
ficially oxidized by  exposure  to hot  air  and  then  
p laced  in  ae ra ted  H~SO, u n d e r  su i tab le  condi t ions ,  
the  i n i t i a l l y  nob le  sys tem m a y  first become act ive 
and  s u b s e q u e n t l y  r e t u r n  to an  essen t ia l ly  s table  
passive s ta te  (1) .  Bonhoeffer  and  Vet te r  (2) ,  who 
have  s tud ied  the ana logous  p h e n o m e n o n  man i f e s t ed  
by  ca rbon  steel in  HNOs, found  tha t  radica l  and  
charac ter i s t ic  changes  in  po ten t i a l  occur over  an  
i n t e r v a l  of abou t  0.5 sec. Be rwick  a n d  Evans  (3) 
s tudied  the  e n n o b l i n g  of the e lec t rode  po ten t i a l  of 
18-8 s ta inless  steel in  ae ra ted  H~SO, at  25~ and  
showed tha t  a ce r ta in  m i n i m u m  a m o u n t  of oxygen  
was r equ i r ed  to produce  passivi ty.  C o p p e r ( I I )  ions 
and  i ron  ( I I I )  ions also ra ise  the po ten t i a l  of s ta inless  
steel and  modi fy  corrosion ra tes  (4) .  The p re sen t  
w o r k  was  u n d e r t a k e n  as an  i n t r o d u c t i o n  to an  i n -  
ves t iga t ion  of the  m e c h a n i s m  of the  act ion of a va -  
r i e ty  of subs tances  on the  e lec t rochemica l  behav io r  
of s ta inless  steel i n  acidic solutions.  To u n d e r s t a n d  
the  possible effects of ions or molecules  on the  po-  
t en t i a l  of a composi te  surface  l ike  tha t  of a rea l  
metal ,  i t  was  des i rab le  to s tudy  in  deta i l  the  proc-  
esses i nvo lved  in  the  t r a n s i t i o n  b e t w e e n  nob le  and  
act ive states of the  sys tem in  the  absence  of ions 
o ther  t h a n  corrosion products .  P r e l i m i n a r y  exper i -  

men t s  disclosed condi t ions  u n d e r  which  the ac t iva -  
t ion  and  s u b s e q u e n t  pass iva t ion  by  oxygen  could be 
fol lowed over  m u c h  longer  t ime  in t e rva l s  t h a n  were  
invo lved  in  the  ca rbon - s t ee l  HNO~ system, thus  pe r -  
m i t t i n g  a more  tho rough  inves t iga t ion  of the  sev-  
era l  processes involved .  I t  was found  tha t  the  po-  
t e n t i a l - t i m e  curves  ob t a ined  by  con t inuous  record ing  
showed smooth  t r ans i t i ons  or inflect ions tha t  were  
ve ry  s imi la r  to the f ami l i a r  t i t r a t i on  curves  of a n a -  
ly t ica l  chemis t ry .  The  problem,  therefore ,  was  to 
cor re la te  these po ten t i a l  changes  wi th  the chemica l  
processes w i th  wh ich  they  are associated. 

Experimental Procedure 
The metal used in most of the experiments was 

a Nb-stabilized stainless steel (type 347) having 
the following analysis: C, 0.05; Ni, 9.75; Cr, 18.10; 
Mn, 0.71; St, 0.59; Nb, 0.57. The metal was in the 
form of cold-rolled, annealed, and pickled sheet 
0.010 in. thick. In some cases the surface was the 
original mill finish; in others it was either abraded 
with 2/0 emery or else electropolished in a mixture 
of H~SO, HsPO~, a nd  wate r .  The  electrodes were,  in  
most  cases, 1 cm squa re  a nd  had  an  in t eg ra l  lead 
which  was  i n su l a t e d  by  a coat of g lyp ta l  v a r n i s h  
dr ied  at l l 0 ~  In  p r e l i m i n a r y  e xpe r i me n t s  at  t e m -  
pe ra tu res  be t w e e n  25 ~ and  95~ it  was  f ound  tha t  
w h e n  such electrodes were  placed in  0.1N H~SO~ the  
t ime  r equ i r ed  for a s table  po ten t i a l  to be  a t t a i n e d  
d imin i shed  wi th  r i s ing  t e m p e r a t u r e .  The  po ten t i a l  
became  less nob le  wi th  r ise of t e m p e r a t u r e  in  the  
ae ra ted  acid a n d  became  progress ive ly  more  nob le  
w h e n  the  e lec t rode  was  r epea t ed ly  hea ted  and  
cooled in  the acid. The  t e m p e r a t u r e  of 85~ was  
selected for mos t  of the  e x p e r i m e n t s  as a m a t t e r  of 
convenience ,  s ince this  is n e a r  the t e m p e r a t u r e  of 
m a x i m u m  corrosion ra te  in  d i lu te  H~SO~ exposed to 
the air  and  is far  enough  be low the  bo i l ing  po in t  so 
tha t  excessive e va po r a t i on  is avoided.  A t  this  t e m -  
p e r a t u r e  the po ten t ia l s  were  rees tab l i shed  qu ick ly  
af ter  a n y  d i sp l acemen t  by  polar iza t ion.  

In  those e x p e r i m e n t s  in  which  an  oxide film was 
ar t i f ic ial ly  produced,  the electrodes were  hea ted  in  
a muffle f u r na c e  for t imes  v a r y i n g  b e t w e e n  15 m i n  
and  40 hr, and  at t e m p e r a t u r e s  b e t w e e n  300 ~ and  
450~ For  mos t  of the expe r imen t s ,  the  s t a n d a r d  
hea t ing  p rocedure  was  2 hr  at  445~ This  t r e a t -  
m e n t  p roduced  a b r o w n  film on spec imens  h a v i n g  
the mi l l  finish, a nd  pure ,  b r i l l i a n t  gold on e lectro-  
pol ished specimens.  Ev idence  tha t  the  resul t s  ob-  
t a ined  were  no t  inf luenced  b y  a ny  possible  a l t e r a -  
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t ion  of t h e  m e t a l  s t r u c t u r e  b y  the  o x i d a t i o n  was  
f o u n d  in t he  f ac t  t h a t  s i m i l a r  r e su l t s  w e r e  o b t a i n e d  
in  the  u l t i m a t e  s p o n t a n e o u s  p a s s i v a t i o n  of spec imens  
w h i c h  r e c e i v e d  no p r i o r  ox ida t i on ,  a l t h o u g h  t h e  
b e h a v i o r  a t  t he  b e g i n n i n g  of  an  e x p e r i m e n t  was ,  of 
course,  d i f ferent .  

The  w e l l - l a c q u e r e d  e l ec t rode  s t ems  pas sed  t h r o u g h  
r u b b e r  s t o p p e r s  in to  150 m l  of H~SO, c o n t a i n e d  in  
a 250-ml ,  r o u n d - b o t t o m  f lask h a v i n g  t h r e e  or  f ou r  
necks .  T h r o u g h  the  c e n t r a l  neck  a glass  s t i r r e r  was  
p a s s e d  w h i c h  o p e r a t e d  a t  a p p r o x i m a t e l y  600 r p m .  
The  s t i r r i n g  r a t e  was  j u s t  insuff ic ient  to d r a w  b u b -  
b les  of a i r  in to  t he  solu t ion .  A b r i d g e  con t a in ing  
0.1N H~SO, m a d e  connec t ion  to a r e f e r e n c e  e l e c t r o d e  
of Ag-Ag~SO,  in  0.1N H~SO, m a i n t a i n e d  a t  r o o m  
t e m p e r a t u r e .  This  h a l f - c e l l  was  f r e q u e n t l y  ca l i -  
b r a t e d  aga in s t  a s a t u r a t e d  ca lome l  e l e c t r o d e  (S .C.E. ) .  
P o t e n t i a l s  w e r e  m e a s u r e d  a n d  c o n t i n u o u s l y  r e c o r d e d  
b y  use  of a v i b r a t i n g - r e e d  e l e c t r o m e t e r  and  B r o w n  
r eco rde r .  P t  e l ec t rodes  ( s m o o t h  or  p l a t i n i z e d  for  d i f -  
f e r e n t  p u r p o s e s )  w e r e  also i n s e r t e d  in  the  I~SO4. 
I t  was  s h o w n  b y  tes ts  t h a t  t h e r e  was  insuff ic ient  
l e a k a g e  b e t w e e n  e l ec t rodes  to g ive  d e t e c t a b l e  p o -  
l a r i za t ion .  Because  of t he  e x p e r i m e n t a l  a r r a n g e -  
m e n t  e m p l o y e d ,  a l l  p o t e n t i a l s  g iven  i n c l u d e  a s m a l l  
b u t  u n k n o w n  p o t e n t i a l  due  to t he  t e m p e r a t u r e  g r a -  
d i en t  in  t he  b r idge .  W h e n  des i red ,  d i s so lved  F e  was  
d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  b y  use  of t h io -  
g lycol ic  ac id  (5) .  

A l l  p o t e n t i a l s  a r e  e x p r e s s e d  b y  r e f e r e n c e  to t he  
s a t u r a t e d  ca lome l  e lec t rode .  N o b i l i t y  t h e r e f o r e  is 
i n d i c a t e d  b y  po t en t i a l s  t h a t  a r e  pos i t i ve  to th is  e l ec -  
t r o d e  b y  100 m v  or  more .  E n n o b l i n g  and  d e b a s i n g  
a r e  f r e q u e n t l y  r e f e r r e d  to as oppos i t e  processes ,  
s ince  t he  m e a n i n g  of t he se  t e r m s  is c l ea r  w i t h o u t  
r e g a r d  to conven t ions  as to  signs.  U n d e r  t he  c o n d i -  
t ions  of these  e x p e r i m e n t s  the  s y s t e m  m a y  be  r e a -  
s o n a b l y  s t ab l e  on ly  in t he  noble ,  or  pass ive ,  r eg ion  
( m o r e  pos i t i ve  t h a n  +100  m v  S.C.E.)  or  in t he  base,  
or  ac t ive ,  r eg ion  ( m o r e  n e g a t i v e  t h a n  --300 m v  
S.C.E.) .  In  t he  i n t e r v e n i n g  r eg ion  of p o t e n t i a l s  r a p -  
id  t r a n s i t i o n s  of s t a t e  a r e  occur r ing .  

General Results 
The  d i f fe ren t  t y p e s  of p o t e n t i a l - t i m e  cu rves  ob -  

t a i n e d  in  a e r a t e d  so lu t ions  a r e  s u m m a r i z e d  in Fig .  
1. C u r v e  1 r e p r e s e n t s  t he  b e h a v i o r  of an  e l e c t r o -  
po l i shed  a n d  ox id i zed  s p e c i m e n  w h i c h  pa s sed  f r o m  
the  a i r - s t a b l e  s ta te  to t he  a c i d - s t a b l e  s t a t e  w i t h  
on ly  a s l igh t  d ip  in i ts e l ec t rode  p o t e n t i a l  a n d  w i t h  
on ly  a m i n i m u m  a m o u n t  of cor ros ion .  C u r v e  2 r e p -  
r e sen t s  the  o t h e r  e x t r e m e ,  in  w h i c h  the  i n i t i a l l y  
nob le  e l e c t r o d e  a f t e r  a t i m e  u n d e r w e n t  an  a b r u p t  
a c t i va t i on  to a p o t e n t i a l  a t  w h i c h  H~ was  l i b e r a t e d ,  
and  a f t e r  a s l igh t  r i se  in  p o t e n t i a l  c o n t i n u e d  a t  an  
ac t ive  p o t e n t i a l  w i t h  r a p i d  corros ion .  A f t e r  some 
t ime ,  p a s s i v a t i o n  was  a r t i f i c i a l ly  i n d u c e d  in  th is  e x -  
p e r i m e n t  b y  pa s s ing  a s t r e a m  of O~ t h r o u g h  the  
flask. C u r v e  3 r e p r e s e n t s  a case in  w h i c h  the  dE/d t  
v a l u e  in  t he  base  r eg ion  was  s l i gh t ly  pos i t i ve  u n t i l  
an  a b r u p t  e n n o b l i n g  b e g a n  w h i c h  was  fo l l owed  b y  
u l t i m a t e  pass iva t ion .  C u r v e  4 r e p r e s e n t s  the  b e -  
h a v i o r  of an  e l ec t rode  w h i c h  was  connec t ed  to a 
p l a t i n i z e d  e l e c t r o d e  in t he  s a m e  so lu t ion  t h r o u g h o u t  
mos t  of t h e  e x p e r i m e n t .  In  th is  case  t he  p o t e n t i a l  
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Fig. 1. Types of potential-time curves at 85~ referred to the 
saturated calomel half-cell. 

n e v e r  r e a c h e d  the  r eg ion  of a c t i ve  p o t e n t i a l s  and  
t h e r e  was  on ly  a s m a l l  a m o u n t  of cor ros ion .  F i n a l l y ,  
c u r v e  5 shows  the  b e h a v i o r  of an  e l ec t rode  w h i c h  
was  s a t u r a t e d  w i t h  H~ b y  ca thod ic  t r e a t m e n t  in  v e r y  
d i l u t e  N a O H  be fo re  b e i n g  i n s e r t e d  in to  t he  a e r a t e d  
H~SO4 solut ion .  He re  t h e r e  was  r a p i d  e n n o b l i n g  
f rom the  i n i t i a l l y  ac t ive  po ten t i a l ,  w i t h  v e r y  l i t t l e  
cor ros ion .  

Potent ial-Time Curve for Initially Oxidized 
Electrodes 

As i n d i c a t e d  in  Fig.  1, cu rves  2 a n d  3 r e p r e s e n t  
the  c o n t r a s t  b e t w e e n  cond i t ions  w h i c h  r e s u l t e d  in 
con t inuous  cor ros ion ,  in  t he  one  case, a n d  in  spon-  
t a ne ous  r e c o v e r y  w i t h  e s s e n t i a l l y  c o m p l e t e  s t a b i l i t y  
in t he  o t h e r  case. W h i c h  of t he  two  cu rves  was  fo l -  
l o w e d  p r o v e d  to be  h i g h l y  d e p e n d e n t  on t e m p e r a -  
ture ,  ac id i ty ,  c o n c e n t r a t i o n  of  oxygen ,  a n d  specific 
co r ros ion  r e s i s t a nc e  of t h e  m e t a l l i c  spec imen .  Thus,  
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Fig. 2. Potential-time curves for oxidized stainless steel and 
smooth Pt in aerated 0.1N H~SO~ at  85~ The brief inflection 
recorded on the chart a t  61 min is indicated on an expanded time 
scale by the dashed curve. 
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w h e n  the  t e m p e r a t u r e  was  85~ a n d  the  e l e c t r o l y t e  
was  0.1N H~SO,, one s p e c i m e n  of s t a in less  s t ee l  ( t y p e  
347) a lmos t  i n v a r i a b l y  fo l l owed  c u r v e  3, w h e r e a s  
e l ec t rodes  cut  f rom a d i f fe ren t  b a t c h  of m e t a l  h a v i n g  
a p p r o x i m a t e l y  the  s ame  a n a l y s i s  i n v a r i a b l y  f o l l o w e d  
cu rve  2 u n d e r  the  s a m e  condi t ions .  I t  was  f o u n d  
t ha t  t he  dE/dt s lope  in the  ac t ive  r eg ion  could  be  
c h a n g e d  f r o m  zero  or  n e g a t i v e  to pos i t ive ,  as  a ru le ,  
b y  l o w e r i n g  the  t e m p e r a t u r e  b y  5-10 degrees ,  or  b y  
r a i s i ng  the  p H  b y  a f ew  t e n t h s  of a uni t .  O t h e r  
m e a n s  of p r o d u c i n g  the  e n n o b l i n g  a r t i f i c i a l ly  a r e  
d i scussed  l a t e r .  

Fig.  2 shows  the  p o t e n t i a l - t i m e  cu rve  of a spec i -  
m e n  w h i c h  was  a b r a d e d  w i t h  2 /0  emery ,  o x i d i z e d  
for  2 h r  a t  450~ a n d  t hen  p l a c e d  in  0.1N H~SO, a t  
85~ t o g e t h e r  w i t h  a smoo th  P t  e lec t rode .  The  b e -  
h a v i o r  shown  is t y p i c a l  of n u m e r o u s  e x p e r i m e n t s  
m a d e  u n d e r  these  condi t ions .  The  f igure  i nd i ca t e s  
also the  cons i s t en t ly  o b s e r v e d  v i sua l  changes .  The  
d i s a p p e a r a n c e  of f i lm colora t ion ,  p a r t i c u l a r l y  on 
spec imens  t h a t  w e r e  no t  a b r a d e d ,  was  o f t en  s p e c t a c -  
u l a r l y  a b r u p t  w h e n  the  b r i e f  h a l t  a r o u n d  0 m v  was  
passed .  In  the  n u m e r o u s  e x p e r i m e n t s  of th i s  t ype ,  
t he  f a i r l y  s u d d e n  c h a n g e  f r o m  a s low to a v e r y  r a p i d  
e n n o b l i n g  of the  p o t e n t i a l  o c c u r r e d  u n i f o r m l y  w h e n  
the  r i s ing  p o t e n t i a l  r e a c h e d  --295 __-5 my .  This  c h a r -  
ac t e r i s t i c  p o t e n t i a l  is ca l l ed  h e r e  t he  "c r i t i c a l  r e c o v -  
e r y  p o t e n t i a l " .  I t  w a s  o b s e r v e d  to v a r y  s l i g h t l y  
w i t h  changes  in  p H  a n d  t e m p e r a t u r e .  

V a r i a t i o n s  in  t he  p o t e n t i a l  of the  P t  e l e c t r o d e  a r e  
a lso  s h o w n  in Fig .  2. D u r i n g  t h e  n o b l e  p e r i o d  of t h e  
s ta in less  s tee l  e l e c t r o d e  the  P t  r e m a i n e d  n e a r l y  con-  
s t an t  a f t e r  a few minu te s .  I ts  p o t e n t i a l  fe l l  s h a r p l y  
w i t h  t he  a c t i v a t i o n  of t he  s t a in l e s s  s tee l  e l e c t r o d e  
and  u n d e r w e n t  s u b s e q u e n t  changes  t h a t  w e r e  c l e a r -  
ly  c o r r e l a t e d  w i t h  t he  p rocesses  o c c u r r i n g  a t  t he  
su r f ace  of t h e  s t a in less  s teel .  

Fig .  3 shows  the  r e su l t s  of an  e x p e r i m e n t  of s i m -  
i l a r  c h a r a c t e r  e x c e p t  t h a t  the  e l e c t r o l y t e  was  a m i x -  
t u r e  of 0.1N H~SO, w i t h  0.1N sod ium su l fa t e  in  such  
p r o p o r t i o n s  (3: 1) t h a t  t he  m i x t u r e  h a d  a p H  of  1.46. 
In  th is  case  ca r e fu l  s p e c t r o p h o t o m e t r i c  d e t e r m i n a -  
t ions  w e r e  m a d e  on the  F e  w h i c h  passed  in to  so lu -  
t ion  d u r i n g  the  e x p e r i m e n t .  As  long  as  t he  p o t e n t i a l  
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r e m a i n e d  noble ,  the  d i s so lved  F e  was  b a r e l y  d e -  
t ec tab le .  The  b r e a k  in  p o t e n t i a l  was  a c c o m p a n i e d  
b y  the  onset  of an  e x t r e m e l y  h igh  r a t e  of co r ros ion  
and  the  s u b s e q u e n t  d i m i n u t i o n  in co r ros ion  r a t e  co-  
i nc ided  p r e c i s e l y  w i t h  t h e  pa s sa ge  t h r o u g h  t h e  c r i t -  
ica l  r e c o v e r y  po ten t i a l .  C h r o m i u m  a n d  Ni  w e r e  d e -  
t e r m i n e d  in on ly  a few ins tances ,  s ince  i t  is k n o w n  
(6) t h a t  s t a in less  s tee l  d i s so lves  e s s e n t i a l l y  in  t he  
p r o p o r t i o n s  p r e s e n t  in t he  me ta l .  The  r e l a t i o n  b e -  
t w e e n  the  d rop  in  p o t e n t i a l  and  i n c r e a s e  in  c o r r o -  
s ion r a t e  is s i m i l a r  to t h a t  o b s e r v e d  b y  S c h w a r t z  
(7)  in  the  a c t i v a t i o n  of pa s s ive  i ron.  

In  Fig .  4, w h i c h  is c o n s i d e r e d  m o r e  f u l l y  l a t e r ,  
an  e x p e r i m e n t  is shown  w h i c h  was  c o n d u c t e d  in a 
c u r r e n t  of pur i f i ed  H~ w i t h  an  e l e c t r o d e  t h a t  was  
i n i t i a l l y  ox id ized .  The  c u r v e  shows  t ha t  t he  s t a in less  
s tee l  h e l d  i ts  nob le  p o t e n t i a l  w i t h  no i m m e d i a t e  r e -  
sponse  w h a t e v e r  to the  m o l e c u l a r  H~. A f t e r  15 rain,  
t he  e l ec t rode  was  a c t i v a t e d  b y  m o m e n t a r i l y  sho r t  
c i r cu i t i ng  i t  to  a p l a t i n i z e d  e l e c t r o d e  in  t h e  s a m e  so-  
lu t ion .  This  e l ec t rode  was  a b o u t  800 m v  n e g a t i v e  
to t he  s t a in less  s tee l  and  the  t r e a t m e n t  i n s t a n t a n e -  
ous ly  d e s t r o y e d  t h e  nob i l i t y .  T h e r e a f t e r ,  co r ros ion  
p r o c e e d e d  r a p i d l y .  

Experiments in an Atmosphere of tt~ 
W h e n  the  ox ide  f i lm on the  s t a in less  s tee l  e l ec -  

t r o d e  b r o k e  down,  t he  p o t e n t i a l  fe l l  to a suff ic ient ly  
low v a l u e  for  H~ to be  l i b e r a t e d .  I t  w a s  su spec t ed  
t h a t  t he  inf lect ions  or  ha l t s  o b s e r v e d  in  t he  r e c o v e r y  
of n o b i l i t y  w e r e  s o m e h o w  assoc ia t ed  w i t h  t he  p r e s -  
ence  of h y d r o g e n  in t h e  m e t a l  and  w i t h  p rocesses  
connec t ed  w i t h  i ts  d i s p l a c e m e n t  b y  oxygen ,  F o r  th is  
r ea son  e x p e r i m e n t s  w e r e  c o n d u c t e d  to d e t e r m i n e  the  
e l e c t r o m o t i v e  b e h a v i o r  of e l ec t rodes  w h i c h  w e r e  i n i -  
t i a l l y  s a t u r a t e d  w i t h  h y d r o g e n .  Such  e l e c t rodes  w e r e  
m e a s u r e d  in  an  a t m o s p h e r e  of pur i f i ed  H~, in  a 
s t r e a m  of  an  i n e r t  gas, a n d  also w h e n  the  so lu t ion  
was  s t i r r e d  in  con tac t  w i t h  a i r  a cco rd ing  to t he  
s t a n d a r d  p r o c e d u r e .  

C y l i n d e r  I4~ w a s  pur i f i ed  b y  pa s sa ge  t h r o u g h  a 
c a t a l y t i c  o x y g e n  r e m o v e r  f o l l o w e d  b y  a so lu t ion  of 
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Table I. Empirical potential of the hydrogen electrode, 85"C 

E l e c t r o l y t e  p H  E (my  vs. S.C.E. )  

0.1N H~SO, 1.25 
0.1N H2SO, + 0.1N 

Na=SO, (2: 1) 1.50 
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w i t h  a s a m p l i n g  dev ice  for  t r a n s f e r r i n g  e l e c t r o l y t e  
to or  f r o m  the  f lask w i t h o u t  a d m i s s i o n  of  air .  The  
s ign i f ican t  o b s e r v a t i o n s  in  t hese  e x p e r i m e n t s  w e r e  
as fo l lows .  ( A )  The  i n i t i a l l y  ox id i zed  e l e c t r o d e  r e -  

--284 m a i n e d  n o b l e  u n t i l  i t  was  m o m e n t a r i l y  s h o r t - c i r -  
c u i t e d  to t he  p l a t i n i z e d  h y d r o g e n  e l ec t rode .  (B)  On - -303  
b e i n g  ac t i va t ed ,  t he  p r e o x i d i z e d  e l e c t r o d e  w e n t  to 
a m o r e  n e g a t i v e  p o t e n t i a l  t h a n  t h a t  i n i t i a l l y  e x -  
h i b i t e d  b y  the  c a thod i z e d  e lec t rode .  (C)  The  p o t e n -  
t i a l s  of  the  s t a in l e s s  s tee l  e l e c t rode s  w e r e  n e g a t i v e  
to t he  p l a t i n i z e d  e l e c t r o d e  a n d  b e c a m e  e s s e n t i a l l y  
c o n s t a n t  d u r i n g  the  p e r i o d  of ac t ive  co r ros ion  in  
h y d r o g e n .  (D)  T h e  co r ros ion  r a t e  of t he  ox id i zed  
e l e c t r o d e  i m m e d i a t e l y  a f t e r  i t s  a c t i v a t i o n  e x c e e d e d  
t h a t  of  t he  c a thod i z e d  e lec t rode .  (E)  T h e  co r ros ion  
r a t e  i n c r e a s e d  d u r i n g  pe r i ods  w h e n  the  s t a in less  
s tee l  was  s h o r t - c i r c u i t e d  to t he  p l a t i n i z e d  e l ec t rode ;  
t he  r a t e  d e c r e a s e d  w h e n  the  c i r cu i t  was  opened.  
( F )  The  c u r r e n t  pas s ing  b e t w e e n  the  s t a in less  s tee l  
a n d  P t  e l ec t rodes  was  m e a s u r e d  b y  a m i c r o a m m e t e r  
in one  e x p e r i m e n t .  This  c u r r e n t  a c c o u n t e d  for  75- 
82% of  t he  t o t a l  co r ros ion  o c c u r r i n g  d u r i n g  the  
shor t .  [The  c a l c u l a t i o n  w a s  b a s e d  on  t h e  ana lys i s  
for  F e  and  on the  a s s u m p t i o n  t h a t  t he  m e t a l l i c  
c ons t i t ue n t s  of t h e  a l l oy  d i s so lved  in t h e  p r o p o r t i o n s  
in  w h i c h  t h e y  w e r e  p r e s e n t  to g ive  F e ( I I ) ,  N i ( I I ) ,  
a n d  M n ( I I )  ions. The  two  p e r c e n t a g e s  s h o w n  a re  
for  t he  a l t e r n a t i v e  a s s u m p t i o n s  t h a t  C r ( I I I )  and  
C r ( I I ) ,  r e spe c t i ve ly ,  w e r e  t he  i m m e d i a t e  p r o d u c t s  
of t he  e l ec t rode  r eac t i on . ]  (G)  The  co r ros ion  r a t e  
i n c r e a s e d  t e m p o r a r i l y  w h e n  a i r  d i s p l a c e d  the  h y d r o -  
gen  a t m o s p h e r e  or  w h e n  v e r y  s m a l l  a m o u n t s  of 
H~O~ w e r e  added .  (H)  The  co r ros ion  r a t e  fe l l  n e a r -  
ly  to zero  a f t e r  t h e  p o t e n t i a l  e n n o b l e d  pa s t  the  
c r i t i ca l  r e c o v e r y  p o t e n t i a l  (Fig .  4) .  ( I )  The  p o t e n -  
t i a l s  s h o w e d  the  c h a r a c t e r i s t i c  b r i e f  h a l t s  d u r i n g  
the  e n n o b l i n g  p rocess  in  air .  ( J )  W h e n  a c a tho d i zed  
e l ec t rode  was  t r a n s f e r r e d  d i r e c t l y  to a e r a t e d  e lec -  
t r o ly t e ,  e n n o b l i n g  b e g a n  a t  once  a n d  was  qu i t e  
r a p i d  ( c u r v e  5 of Fig .  1).  ( K )  In  one e x p e r i m e n t ,  
a f t e r  t he  e l e c t r o d e  h a d  r e a c h e d  a . n e a r l y  cons t an t  
a c t i ve  p o t e n t i a l  in  h y d r o g e n ,  t he  h y d r o g e n  was  r e -  
p l a c e d  b y  an  i nd i f f e r en t  gas  t ha t  w a s  f r e e d  of 
o x y g e n ?  The  p o t e n t i a l  of  t he  s t a in less  s tee l  e lec -  
t r o d e  c o n t i n u e d  i ts  s low d r i f t  to m o r e  n e g a t i v e  

, 400 po ten t i a l s .  

300 Experiments with Composite Electrodes 

-200 - W h e n  p r e - o x i d i z e d  e l ec t rodes  w e r e  first  i n t r o -  
d u c e d  in to  a e r a t e d  0.1N H~SO4 a t  85~ the  p o t e n t i a l  

~oo ~ was  u n s t e a d y ,  i r r e g u l a r  f luc tua t ions  of 50 m v  or  so 
d 

be ing  g e n e r a l l y  o b s e r v e d  for  a t ime .  This  b e h a v i o r  
o ~ w o u l d  b e  e x p e c t e d  if  t he  f i lm w e r e  he t e rogeneous ,  

so t h a t  c u r r e n t s  cou ld  flow b e t w e e n  loca l  ca thodes  
-~00 

_-J a n d  anodes .  I t  was  c ons i s t e n t l y  o b s e r v e d  t h a t  s p e c -  
F- 

-2oo ~ i m e n s  t h a t  w e r e  e l e c t r o p o l i s h e d  p r i o r  to o x i d a t i o n  
h a d  p o t e n t i a l s  50-150 m v  m o r e  nob le  t h a n  spec imens  

-300 t h a t  w e r e  no t  so t r e a t e d  b e f o r e  f o r m a t i o n  of t h e  
o x i d e  film. This  o b s e r v a t i o n  m a d e  i t  poss ib l e  to 

-400 
s e p a r a t e  anod ic  and  ca thod ic  p rocesses  to a v e r y  

-5oo c o n s i d e r a b l e  d e g r e e  b y  s t u d y i n g  the  p o t e n t i a l  of a 
c o m p o s i t e  e l e c t r o d e  m a d e  b y  c onne c t i ng  an  e l e c t r o -  

1 T h e  gas  is b e l i e v e d  to  h a v e  b e e n  Ns b u t  o w i n g  to t h e  e r r o n e o u s  
l a b e l i n g  of a c y l i n d e r  t h a t  w a s  d i s c o v e r e d  a f t e r  c o m p l e t i o n  of t h e  
e x p e r i m e n t  i t  is  p o s s i b l e  t h a t  t h e  gas  w a s  A, 

c h r o m o u s  ch lo r ide  in  HCl.  A b r a d e d  e l ec t rodes  of 
s ta in less  s tee l  t y p e  347 of 2.0 cm ~ a r e a  w e r e  used.  
The  e l ec t rodes  w e r e  m a d e  ca thodes  in  v e r y  d i l u t e  
N a O H  so lu t ion  in  a po rous  cup.  A P t  a n o d e  was  
u sed  ou t s ide  t he  cup a n d  c u r r e n t  of a p p r o x i m a t e l y  
10 m a / c m  ~ was  pa s sed  for  v a r i o u s  pe r i ods  of t i m e  
f r o m  15 ra in  to 48 hr .  F o r  the  p o t e n t i a l  m e a s u r e -  
ments ,  t he  e l e c t r o d e  w a s  q u i c k l y  t r a n s f e r r e d  to t h e  
so lu t ion  of H~SO, or  su l f a t e  m i x t u r e  w h i c h  h a d  a l -  
r e a d y  b e e n  b r o u g h t  to t e m p e r a t u r e  a n d  e q u i l i b r a t -  
ed  w i t h  t he  a p p r o p r i a t e  gas. 

F o r  c o m p a r a t i v e  p u r p o s e s  t he  p o t e n t i a l  of  a p l a t i -  
n i zed  coi l  was  m e a s u r e d  s i m u l t a n e o u s l y  to o b t a i n  an  
e m p i r i c a l  r e v e r s i b l e  h y d r o g e n  p o t e n t i a l  a p p r o p r i a t e  
to the  e x p e r i m e n t a l  condi t ions .  T a b l e  I g ives  t he  
va lue s  ob ta ined ,  the  p o t e n t i a l  b e i n g  r e f e r r e d  to a 
s a t u r a t e d  ca lome l  h a l f - c e l l  d i p p i n g  in to  t he  specif ied 
ac id  so lu t ion  at  25~ I t  is to be  u n d e r s t o o d  t h a t  
h y d r o g e n  b u b b l e d  ove r  t he  P t  e l e c t r o d e  in t h e  ac id  
so lu t ion  a t  85~ and  e scaped  a t  a b a r o m e t r i c  p r e s -  
su r e  of a p p r o x i m a t e l y  740 mm,  and  t h a t  t he  p o t e n -  
t i a l  d i f fe rence  was  m e a s u r e d  b e t w e e n  th is  h y d r o g e n  
h a l f - c e l l  a n d  a r e f e r e n c e  h a l f - c e l l  of Ag-Ag.~SO, in  
0.1N H2SO, a t  25~ The  A g  h a l f - c e l l  was  t h e n  
m e a s u r e d  aga in s t  a c a lome l  h a l f - c e l l  w h i c h  d i p p e d  
in to  a 0.1N su l f a t e  so lu t ion  of t he  i n d i c a t e d  p H  
va lue .  Ove r  t he  n a r r o w  r a n g e  of ac id i t i e s  i nvo lved ,  
t he  v a r i a t i o n  of p o t e n t i a l  w i t h  p H  c o r r e s p o n d s  to 
t h a t  c a l c u l a t e d  f r o m  the  N e r n s t  e q u a t i o n  w i t h i n  1 
mv,  a l t h o u g h  p H  was  m e a s u r e d  a t  25~ 

Fig.  4 a n d  5 show re su l t s  t h a t  a r e  t y p i c a l  of e x -  
p e r i m e n t s  done  in  an  a t m o s p h e r e  of h y d r o g e n  w i t h  
s u b s e q u e n t  ae ra t i on ,  Fig .  4 r e f e r r i n g  to a p r e -  
ox id i zed  e l e c t r o d e  and  Fig.  5 to one t h a t  was  first  
t r e a t e d  c a t h o d i c a l l y  to s a t u r a t e  i t  w i t h  h y d r o g e n .  
F o r  these  e x p e r i m e n t s  t he  a p p a r a t u s  was  e q u i p p e d  
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Fig. 5. Potential-time and corrosion curves in a hydrogen atmos- 
phere initially: cathodized electrode. 
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pol ished electrode t h rough  a m i c r o a m m e t e r  to a 
spec imen  h a v i n g  the mi l l  finish, bo th  electrodes 
h a v i n g  been  oxidized 2 hr  at 445~ The electrodes 
were  of 3.74 cm ~ a rea  each. 

Because  the  ac tua l  ex t en t  of the  f u n c t i o n i n g  areas  
is u n k n o w n ,  the po la r iza t ions  m e a s u r e d  can have  no  
q u a n t i t a t i v e  significance. I t  was  found ,  however ,  
that ,  w h e n  the  po ten t i a l s  of the  separa te  compo-  
nen t s  were  m e a s u r e d  whi le  bo th  were  in  the  nob le  
region,  the  mixed  po t en t i a l  of the  composi te  elec-  
t rode  was  a lmost  tha t  of the  unpo l i shed  component .  
The po la r i za t ion  of the  cathodic  process the re fore  
g rea t ly  exceeds tha t  of the  anodic  process, even  
though  the  effective anodic  a rea  was  doubt less  ve ry  
m u c h  sma l l e r  t h a n  the  cathodic film of the e lec t ro-  
pol ished m e m b e r .  

A composi te  pa i r  was  observed  t h r o u g h  the  fa l l  
to an  act ive potent ia l ,  bo th  the  po t en t i a l  and  the  
in te re lec t rode  c u r r e n t  be ing  measured .  I t  was  ob-  
se rved  tha t  the  c u r r e n t  inc reased  r ap id ly  w h e n  the  
po ten t i a l  of the  anode  began  to fall, t h e n  d ropped  to 
zero as the  e lec t ropol i shed c o m p o n e n t  debased,  a n d  
briefly reversed  its d i rec t ion  w h e n  the  ac t iva t ion  
approached  complet ion.  Cor respondingly ,  the  elec-  
t ropol i shed  component ,  a l though  n o r m a l l y  the more  
stable,  lost its golden color whi le  some b r o w n  film 
was st i l l  v is ib le  on the  unpo l i shed  m e m b e r .  I t  is 
c lear  tha t  the  loss of nob i l i t y  is associated w i th  a 
" r educ t ive -d i s so lu t i on"  of the  oxide, as d e m o n -  
s t ra ted  b y  P r y o r  and  Evans  (8) for the case of 
c a r b o n - s t e e l  films. As shown by  r epea ted  analysis ,  
however ,  a ba re ly  de tec tab le  a m o u n t  of Fe passed 
in to  so lu t ion  u n t i l  ac t iva t ion  was  complete  (Fig. 3 
and  4).  

Experiments on the Ennobling Process 

One of the  most  s t r i k ing  resu l t s  of the  e xpe r i -  
men t s  was  the a b r u p t  e n n o b l i n g  tha t  occur red  
w h e n e v e r  the  po t en t i a l  r eached  the  cr i t ical  recovery  
potent ia l .  The  complex i ty  of the  ensu ing  processes 
is i nd ica ted  by  the  two inflect ions tha t  were  g e n e r -  
a l ly  observed  before  the  u l t i m a t e  pass ive  po t en t i a l  
was reached.  The  r e l a t ion  of h y d r o g e n  to the  pe r -  
s is tence of act ive  po ten t ia l s  is c lear ly  ind ica ted  by  
the  a p p r o x i m a t e  coincidence  of the  empi r i ca l  h y d r o -  
gen po ten t i a l  w i th  the cr i t ical  r ecovery  po t en t i a l  
in  the  same e n v i r o n m e n t .  For  these  reasons,  f u r -  
ther  e x p e r i m e n t s  were  devoted  to an  a t t e m p t  to 
explore  the factors opera t ive  in  the  e n n o b l i n g  
process. 

As ind ica ted  previous ly ,  no t  all  samples  of type  
347 s ta in less  steel  e n n o b l e d  spon taneous ly  af ter  de -  
bas ing  in to  the  reg ion  of act ive  potent ia ls .  The  se- 
lected e x p e r i m e n t a l  condi t ions  of t empe ra tu r e ,  acid-  
ity, and  oxygen  concen t r a t i on  were  def ini te ly  m a r g i n -  
al in  this  r ega rd  for spec imens  of the  a l loy  employed.  
Thus,  in  the  e x p e r i m e n t  i l l u s t r a t ed  in  curve  2 of 
Fig. 1, the  corrosion po t en t i a l  was  essen t ia l ly  con-  
s t an t  at  --350 mv,  a s teady  s ta te  of some k i n d  h a v i n g  
b e e n  reached.  U p o n  rep lac ing  the  air  w i t h  a s t r eam 
of O~, i m m e d i a t e  pass iva t ion  was  induced.  Add i t i on  
of smal l  a m o u n t s  of o ther  oxidiz ing agents  acted in  
l ike m a n n e r ;  thus,  less t h a n  1 mg  of Fe  8§ or of Cu ~§ 
in  150 ml  was  found  to cause i m m e d i a t e  recovery.  

Add i t i on  of 1 mg  of Cr 8§ as su l fa te  had  no inf luence  
on the  potent ia l .  W h e n  the po t en t i a l  of a spec imen  
pers is ted  in  the  act ive  region,  pass iva t ion  could also 
be i nduced  by  lower ing  the  t e m p e r a t u r e  5 or 10 de-  
grees, ra i s ing  the  p t I  va lue  f rom 1.25 to pe rhaps  1.50, 
or, usual ly ,  by  shor t ing  the  s ta inless  steel  to a p l a t -  
in ized  electrode in  the  same  ae ra ted  solut ion.  I t  is 
c lear  tha t  all  these e n n o b l i n g  procedures  affected 
the  re l a t ive  po la r iza t ions  of the  cathodic a nd  anodic  
processes in  such a w a y  tha t  the  m i x e d  po t en t i a l  
became  more  noble .  

In  m a n y  e x p e r i m e n t s  a smooth  P t  wi re  was  used 
to serve as a f e r r i c - f e r rous  ind ica to r  e lect rode af ter  
an  apprec iab le  concen t r a t i on  of Fe had  bu i l t  up. As 
m a y  be  seen in  Fig.  3, such an  electrode e n n o b l e d  
r a p i d l y  once the  s ta inless  steel  e lectrode passed the  
cr i t ica l  r ecovery  po t en t i a l  a n d  h y d r o g e n  ceased to 
be evolved.  The  P t  soon reached  a m a x i m u m  posi-  
t ive  po ten t i a l  a nd  then  s lowly  debased  u n t i l  the  two 
electrode po ten t i a l s  in  t ime  became  essen t ia l ly  equal .  
The dec l in ing  P t  po t en t i a l  ind ica ted  t ha t  the  
Fe~+/Fe ~§ ra t io  was  decreas ing  as e n n o b l i n g  of the  
s ta inless  steel  proceeded,  hence  the  fo l lowing  ex-  
p e r i m e n t  was  done  w i th  rad ioac t ive  Fe  to d e t e r m i n e  
w h e t h e r  dissolved Fe  ions and  the  pas s iva t ing  film 
were  in t e rac t ing .  ~ 

The  e lec t ro ly te  was  ae ra t ed  0.1N H~SO4 a nd  the  
t e m p e r a t u r e  85~ I n  one e x p e r i m e n t  four  a b r aded  
electrodes of 2 cm ~ a rea  each were  p laced  in  the acid 
together  wi th  a smooth  P t  electrode.  Al l  four  elec-  
t rodes were  cathodized d i rec t ly  in  the so lu t ion  f rom 
an  e x t e r n a l  source  of cu r ren t ,  us ing  the  P t  as anode.  
The  four  electrodes had  po ten t i a l s  in  the  n e i g h b o r -  
hood o f - - 3 1 0  m v  w h e n  the  c u r r e n t  was  stopped. 
One pa i r  of e lectrodes was  t h e n  he ld  at  --324 m y  b y  
c o n t i n u i n g  the  passage of 0.6-0.8 ma;  the  o ther  pa i r  
was  a l lowed to be g i n  the  e n n o b l i n g  process whi le  
s t i r r ing  of the  so lu t ion  in  contac t  w i th  air  was m a i n -  
ta ined.  At  this  po in t  rad ioac t ive  Fe (Fe ~, Fe ~9) in  
0.1N H~SO, was  added. This  Fe  had  b e e n  e lec t ro-  
ly t i ca l ly  r educed  to F e ( I I )  before  addi t ion .  Af te r  
the  add i t ion  (1 mg  Fe ) ,  the  two electrodes  which  
were  no t  be ing  cathodized e n n o b l e d  by  abou t  600 
m v  in  the  n e x t  10 min ,  wh i l e  the  first pa i r  of elec- 
t rodes was  he ld  at  the base  potent ia l .  F i f t een  m i n -  
utes  af ter  add i t ion  of the  rad ioac t ive  Fe  al l  four  
electrodes were  removed ,  t ho rough ly  washed  in  
w a t e r  a nd  acetone,  and  coun ted  on a be ta  p ropor -  
t iona l  counter .  As m a y  be seen in  Tab le  II, e lec-  
t rodes 77a, b had  a smal l  count ;  a cons ide rab ly  
g rea te r  count  was  ob t a ined  on the  spec imens  which  
had  b e e n  a l lowed to e nnob l e  (77c, d ) .  

Tab le  II  gives also the  resu l t s  of a second exper i -  
m e n t  which  was  done in  s imi la r  m a n n e r  except  tha t  
e lectrodes 77e, f were  kep t  at the  base po ten t i a l  on ly  
6 ra in  before  add i t ion  of 1 m g  of Fe c o n t a i n i n g  
rad ioac t ive  t racer .  A n  add i t i ona l  electrode,  77g, 
was  first e n n o b l e d  b y  he a t i ng  it  in  0.1N H~SO4 con-  
t a i n i ng  1.68 mg of o r d i n a r y  F e ( I I I )  u n t i l  i ts po t en -  
t ia l  had  passed +350  my.  It  was  t h e n  qu ick ly  t r a n s -  
fe r red  to the  acid c o n t a i n i n g  the  rad ioac t ive  Fe  and  
he ld  for  15 m i n  at  85~ to d e t e r m i n e  w h e t h e r  the  

e T h e  a s s i s t a n c e  of  Dr .  F r a n z  A.  P o s e y  in  th i s  e x p e r i m e n t  is  g l a d l y  
a c k n o w l e d g e d .  
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Table II. Exchange of Fe ~'~9 between film and solution 

S p e c i m e n  C o n d i t i o n  T o t a l  c p m  

77-a --324 mv 91 
77-b --324 mv 100 
77-c Ennobled 415 
77-d Ennobled 270 
77-e --320 mv 61 
77-f Ennobled 314 
77-g Pre-ennobled 304 
77-g Overnight  466" 
77-g --330 my, 48 min  82t 

* K e p t  o v e r n i g h t  i n  Fe-~, ~9 a t  60~ t h e n  1 h r  a t  85~ 
t S a m e  e l e c t r o d e  c a t h o d i c a l l y  r e d u c e d  in  r a d i o a c t i v e  so lu t i on .  

surface  s ta te  of the  a l r eady  e n n o b l e d  m e t a l  was in  
d y n a m i c  exchange  wi th  the Fe in  solut ion.  As seen 
f rom the  table,  this e lect rode also ga ined  rad ioac t ive  
Fe a m o u n t i n g  to 304 cpm (counts  per  m i n u t e ) .  This  
ac t iv i ty  was increased  to 466 cpm af ter  the sample  
had stood ove rn igh t  in  the  same r a d i o a c t i v e  Fe solu-  
t ion  a t  abou t  60~ 

The fo l lowing e x p e r i m e n t  d e m o n s t r a t e d  t ha t  the  
rad ioac t ive  Fe m e a s u r e d  in  these  expe r ime n t s  is 
associated w i th  the nob le  potent ia l .  The same speci-  
men,  77g, was r e t u r n e d  to the  rad ioac t ive  Fe solu-  
t ion  and  c u r r e n t  of abou t  1 ma  was  passed b e t w e e n  
it and  the P t  electrode,  the  s ta inless  steel be ing  the 
cathode. Meanwhi le ,  the  solut ion was s t i r red  in  
contac t  w i th  air  in  the usua l  m a n n e r .  Af te r  the  
po ten t i a l  had  been  m a i n t a i n e d  at  abou t  --330 m v  
for 48 m i n  the  sample  was  w i t h d r a w n ,  washed,  and  
aga in  counted.  The  ac t iv i ty  had  reduced  to 82 cpm, 
showing  tha t  abou t  83% of the ac t iv i ty  p rev ious ly  
p resen t  had gone back  in to  solut ion.  M e a s u r e m e n t  
of the po ten t i a l  of a smooth  P t  e lectrode in  the  same 
solu t ion  showed tha t  the  Fe  was  sti l l  a p p r o x i m a t e l y  
85% in the  form of F e ( I I I ) .  

The counts  of the r ad ioac t iv i ty  deposi ted on the  
electrodes canno t  be cons idered  precise, bu t  a coun t  
on the  H~SO~ so lu t ion  at the t ime  spec imens  a - d  
were  removed,  coupled w i th  an  Fe  analys is  at  the 
same t ime,  ind ica ted  t ha t  the  to ta l  a m o u n t  of Fe  
associated w i th  the r ad ioac t iv i ty  on the  me t a l  su r -  
face was  of the order  of 2-4 • 10 ~ a t . / c m  ~, which  
would  r ep re sen t  on ly  a smal l  f rac t ion  of a m o n -  
a tomic layer.  

E x p e r i m e n t s  w i th  n u m e r o u s  o ther  ions such as 
Cu 2§ and  Cr~O~ '- showed tha t  m a n y  of t h e m  also 
en te r  in to  the  e n n o b l i n g  process by  a r eac t ion  tha t  
deposits some fo rm of the  added  species a lmost  i r -  
r eve r s ib ly  in  the oxide film. These resul t s  wi l l  be 
r epor ted  in  a s u b s e q u e n t  paper .  

Discussion 
As shown in  Fig. 3, the  in i t i a l  po ten t i a l  of ab raded  

and  oxidized electrodes was  a lmost  as nob le  as t ha t  
of smooth  Pt. This  po ten t i a l  ve ry  gene ra l l y  became  
less nob le  for a t ime  u n t i l  i ts va lue  was  in  the  
ne ighborhood  of +350  mv,  w h e n  the  ra te  of debas -  
ing  increased  great ly.  D u r i n g  this  r ap id  fal l  of po-  
t en t i a l  a brief ,  b u t  definite,  ha l t  or inf lect ion was  
u sua l l y  observable ,  its m i d - p o i n t  ave rag ing  0 m v  in  
33 e x p e r i m e n t s  in  which  it was  m e a s u r a b l e  (Fig. 
2). D u r i n g  this  ha l t  the last  t races  of film colora t ion  

disappeared.  The  v i sua l  effect was  mos t  no t iceab le  
w i th  spec imens  h a v i n g  the o r ig ina l  mi l l  finish w h e n  
oxidized, since the  i r r egu la r  d i s appea rance  of the  
film left  spots of color which  flashed off a b r u p t l y  at 
the  end  of the  halt .  One of the inflect ions observed  
d u r i n g  the  s u b s e q u e n t  r e e n n o b l i n g  occur red  at ap-  
p r o x i m a t e l y  the  same po ten t i a l  (cf. Fig. 2, 4, and  5). 
This  behav io r  closely resembles  tha t  observed  by  
F lade  (9) and  by  Bonhoeffer  a nd  Vet te r  (2) in  con-  
nec t ion  w i th  the  ac t iva t ion  a nd  pass iva t ion  of Fe. 
Wi th  e lect ropol ished electrodes,  in  most  ins tances  
the  golden color g r a dua l l y  faded in to  the br ight ,  
s i lvery  appea rance  of the unox id ized  m e t a l  w i thou t  
ac t iva t ion  and,  hence,  wi th  ve ry  l i t t le  corrosion 
( cu rve  1, Fig. 1). As p rev ious ly  indica ted ,  the 
ac t iva t ion  process is doubt less  to be ascr ibed to 
r educ t i ve -d i s so lu t i on  of the  film by  local act ion.  

Whi le  the me t a l  was  ac t ive ly  cor roding  at  a r o u n d  
--330 m v  the corrosion ra te  was  shown  to be l im-  
i ted by  the h y d r o g e n  polar iza t ion,  since the  ra te  
inc reased  w h e n  the  s ta inless  steel  was  sho r t - c i r -  
cu i ted  to P t  or w h e n  oxygen  or o ther  oxid iz ing  agen t  
was  added. The fact tha t  the  corrosion ra te  was  
highest  jus t  a f ter  ac t iva t ion  a nd  h igher  for the p re -  
oxidized spec imen  t h a n  for a cathodized spec imen  
(Fig. 4 a nd  5) can be accounted  for by  two cons id-  
erat ions.  I m m e d i a t e l y  af ter  ac t iva t ion  the  H po la r i -  
za t ion  has no t  bu i l t  up;  i n  this  condi t ion  the  elec-  
t rode  was  shown  to have  a m u c h  h igher  anodic  
po la r iza t ion  res i s tance  (dE/di) t h a n  it  had  la te r  
w h e n  fu l ly  charged  wi th  hydrogen .  Secondly,  it 
has been  shown  tha t  ox ida t ion  of s ta inless  steels 
causes Cr (10) a nd  Si and  Nb (11) to pass in to  the  
film in  cons ide rab le  excess over  the  p ropor t ions  in  
which  they  are p resen t  in  the  metal .  The oute r  
meta l l i c  l ayer  is the re fore  deple ted  of these  s tabi l iz-  
ing e lements  a nd  of h igher  chemical  ac t iv i ty  t h a n  
n o r m a l  metal .  This  e n h a n c e d  ac t iv i ty  was  observed  
also by  Vernon ,  Wormwel l ,  a nd  Nurse  (10).  

The  corrosion ra te  decreased as the  mos t  act ive 
me ta l  was dissolved (Fig. 3 and  4) a nd  the  po ten t i a l  
s lowly became less nega t ive  u n d e r  condi t ions  of 
ae ra t ion  (Fig. 3). D u r i n g  this  period,  h y d r o g e n  was 
be ing  r e move d  f rom the  sur face  (a) by  reac t ion  
wi th  oxygen;  (b)  by  r educ t ion  of ferr ic  ions p resen t  
in  on ly  m i n u t e  concen t ra t ion ;  or (c) by  fo rma t ion  
of molecu la r  H~.. (At  more  posi t ive po ten t ia l s  the  
h y d r o g e n  m a y  also pass back  in to  so lu t ion  by  ion iza-  
t ion.)  Since u l t i m a t e  pass iva t ion  is accompl ished  
by  r educ t ion  of oxygen  (3) ,  i t  is obvious  tha t  spon-  
taneous  pass iva t ion  depends  on the  re l a t ive  ra tes  of 
the  two chief cathodic processes, name ly ,  r educ t ion  
of oxygen  and  r educ t ion  of h y d r o g e n  ions. The  ex-  
p e r i m e n t a l  resul t s  ind ica te  that ,  for the  p resen t  
condi t ions,  the  oxygen  reac t ion  becomes p r e p o n d e r -  
an t  at the cr i t ical  r ecovery  po ten t i a l  of --295 mv,  or 
jus t  s l ight ly  be low the  revers ib le  h y d r o g e n  potent ia l .  

For  pass iva t ion  to resul t ,  i t  is necessary  tha t  the  
me ta l  be  polar ized above  this  po ten t i a l  for a suffi- 
c ient  t ime  to r emove  the  hydrogen .  The  e x t r e m e l y  
rap id  e n n o b l i n g  t ha t  resul ts  w h e n  the cr i t ical  r e -  
covery  po ten t i a l  is reached  is be l i eved  to be asso- 
c iated w i th  reac t ion  of oxygen  wi th  the  act ive  h y -  
d rogen  on or in  the me ta l  to fo rm a pe roxy  corn- 
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and  s tainless  steel, therefore ,  is a q u a n t i t a t i v e  one, 
in  tha t  s ta inless  steel m a y  be ra ised above the h y -  
d rogen  po ten t i a l  by  oxygen  w i t hou t  benef i t  of a 
cathodic inh ib i tor ,  as if i ts  e lec t rons  a l r eady  had  a 
somewha t  d imin i shed  chemica l  act ivi ty .  To this  ex-  
t en t  there  is mer i t  in  the e lec t ron  theory  of pass iv i ty  
developed by  Uhl ig  and  Wulff  (17) a nd  by  Uhl ig  
(18).  Tha t  the  difference is no t  ve ry  large,  how-  
ever,  is shown by  the fact  tha t  e lec t rolyt ic  Fe cor-  
roded u n d e r  the  condi t ions  of these e x p e r i m e n t s  at  
a po ten t i a l  on ly  about  200 m v  be low tha t  of s ta inless  
steel. 

The p resen t  e xpe r i me n t s  shed l ight  on the  resul ts  
of Ede l eanu  (19),  who s tud ied  the  corrosion ra te  of 
an  18-8 s ta inless  steel  he ld  at  cons t an t  po ten t i a l s  in  
20% H~SO, (4.61N) at 25~ For  compar i son  wi th  

CORROSION RATE {g/cmZ-doy),Edeleonu 

Fig. 6. Corrosion rate at fixed potentials (Edeleonu) in relation 
to characteristic potentials observed in the present work. 

pound.  The  fo rma t ion  of H~O~ by  r educ t ion  of oxy-  
gen at  the  cathode in  e lectrolysis  of d i lu te  H~SO, is 
wel l  es tabl ished,  the y ie ld  be ing  v e r y  h igh w h e n  
the  c u r r e n t  dens i ty  is low, as it  is in  the corrosion 
process (12, 13). Such an  effect was  seen in  the 
p resen t  e x p e r i m e n t s  in  the  fo l lowing  way :  a P t  
electrode in  ae ra ted  H~SO~ was a t  a s t ab le  po ten t i a l  
a few h u n d r e d  mi l l ivo l t s  more  nob le  t h a n  a cor-  
rod ing  s ta inless  steel e lectrode in  the  same solut ion.  
W h e n  the electrodes were  connected,  the  P t  was  the  
cathode of the  cell so fo rmed  and  its po ten t i a l  became  
less noble .  W h e n  the  c i rcui t  was  opened,  the  p o t e n -  
t ia l  of the P t  rose at once to a more  nob le  va lue  t h a n  
it had before  be ing  shor t -c i rcu i ted ,  and  in  a few 
m i n u t e s  r e t u r n e d  to the in i t i a l  s tab le  va lue2  On the  
basis of this  i n t e rp re t a t ion ,  the  first ha l t  obse rved  
af ter  the rap id  e n n o b l i n g  above the  cr i t ical  r ecovery  
po ten t ia l  most  p r o b a b l y  r ep resen t s  the  t ime  r e -  
qu i red  for the  res idua l  h y d r o g e n  to diffuse f rom the 
in te r io r  of the metal .  The  second ha l t  u s u a l l y  ob-  
served is most  l ike ly  associated w i th  the  b u i l d i n g  of 
the  ac id - s t ab le  film, in  which  F e ( I I I )  ions were  
shown to be involved .  

There  wou ld  seem to be no qua l i t a t i ve  or f u n d a -  
m e n t a l  difference b e t w e e n  s tainless  steel and  Fe 
wi th  respect  to the essent ia l  condi t ion  for pass iva -  
t ion  to occur. As has been  po in ted  out  e l sewhere  
(14),  the pass iva t ion  of Fe can be achieved by  a t -  
mospher ic  oxygen  p rov ided  an  efficient i nh i b i t o r  
such as the XO2- ions or molecules  is present .  I t  
was  suggested (15, 16) tha t  these par t ic les  are ad-  
sorbed and  exer t  e lectrosta t ic  forces at the in te r face  
such as to d imin i sh  the chemical  ac t iv i ty  of the  elec-  
t rons  in  the  me ta l  sufficiently to p r e v e n t  the r educ -  
t ion  of h y d r o g e n  ions." The difference b e t w e e n  Fe  

a S i m i l a r  a c t i v a t i o n  of o x y g e n  by  h y d r o g e n  in  P t  w a s  o b s e r v e d  in  
t h e  s l o w e r  c o n v e r s i o n  of c a t h o d i c a l l y  d e p o s i t e d  TcO2 in to  HTcO4 by  
a e r a t e d  w a t e r  w h e n  t h e  h y d r o g e n  w a s  r e m o v e d  f r o m  t h e  e l e c t r o d e  
b e f o r e  e x p o s u r e  to o x y g e n .  HeOe r a p i d l y  e f fec ts  t h e  o x i d a t i o n .  

4 I t  is  to be  n o t e d  t h a t ,  i n  t h e  k i n e t i c s  of  i r r e v e r s i b l e  e l e c t r o d e  
p roces se s ,  t h e  c a t h o d i c  c o n s u m p t i o n  of e l e c t r o n s  as a r e a c t a n t  m a y  
b e  a f f ec t ed  by  f a c t o r s  t h a t  do  n o t  a p p e a r  i n  t h e  c h e m i c a l  e q u a t i o n  
e x p r e s s i n g  t h e  e l e c t r o d e  p roce s s .  S u c h  e f fec t s  m a y  c o n c e i v a b l y  a l t e r  
t h e  p r e - e x p o n e n t i a l  f a c t o r  as  t h e y  s u r e l y  c h a n g e  t h e  a c t i v a t i o n  e n -  
e r g y  in  t h e  e x p o n e n t i a l  t e r m .  I t  is i n  t h i s  s ense  t h a t  t h e  t e r m  
" a c t i v i t y "  of  e l e c t r o n s  is  u sed ,  w i t h o u t  a s s u m i n g  a n y  speci f ic  m e c h -  
a n i s m  fo r  t h e  e f fec ts  in  q u e s t i o n .  

his results ,  the  empi r ica l  h y d r o g e n  po ten t i a l  u n d e r  
his condi t ions  was  d e t e r m i n e d  a nd  found  to be --217 
inv. The  corrosion rates  of E d e l e a n u  are shown  by  
the points  at the left  of Fig. 6. The charac ter i s t ic  
po ten t ia l s  found  in  the p resen t  work  are ind ica ted  
at the  right.  It  is c lear  tha t  the m a x i m u m  corrosion 
ra te  occurred  jus t  s l ight ly  be low the  empi r i ca l  h y -  
d rogen  po ten t i a l  for 4.61N acid at  25~ As was  
shown previous ly ,  the cor roding  me ta l  in  0.1N acid 
a t  85~ has a po ten t i a l  s o m e w h a t  more  nega t ive  
t h a n  the  h y d r o g e n  po t en t i a l  for the  same condi t ions .  
A po ten t i a l  jus t  u n d e r  the h y d r o g e n  po ten t i a l  wou ld  
t hen  r ep resen t  the  h ighes t  anodic  po la r iza t ion  tha t  
could be appl ied  to the  m e t a l  w i t hou t  going to the  
po ten t i a l  for pass iva t ion .  

Manuscript  received August  13, 1956. The work on 
this paper was done for the A.E.C. under  contract with 
the Union Carbide Nuclear Co. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1958 
J O U R N A L .  
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ABSTRACT 

Studies of the changes in ionic conductivi ty of anodic Ta205 films following 
rapid changes of applied voltage or following a heat t rea tment  of the film 
have shown that  the activation energy and activation distance for ionic motion 
vary  with changes in electric field and temperature.  A consideration of these 
results along with other information obtained from the corrosion behavior  of 
the films and from x-ray diffraction by the films shows that a mechanism 
proposed earlier to account for ionic conduction in these films requires modifi- 
cation. It is suggested that  a change of the applied field changes not only the 
number  of conducting ions, as proposed earlier, but  also changes the average 
local configuration in the glass-like film and, hence, changes the mobil i ty  of 
the ions as well. Trans ient  behavior  similar to that  shown by the Ta~O~ films 
is also shown by anodic films of ALO~ and Nb~O~, but  not by anodic ZrO~. 

Accord ing  to a recent  theory  (1) of h igh field ionic 
conduc t ion  in  Ta~O~, the  c u r r e n t  is ca r r ied  by  i n t e r -  
s t i t ia l  Ta ions which  are crea ted  w h e n  a Ta  ion 
leaves its n o r m a l  posi t ion.  The Ta ion vacancies  
left  b e h i n d  act as t raps  for in ters t i t ia ls ,  a nd  an  
e q u i l i b r i u m  is es tab l i shed  w h e n  the  ra tes  of f o r m a -  
t ion  and  cap ture  of in te rs t i t i a l s  become equal .  The 
e q u i l i b r i u m  in te r s t i t i a l  Ta ion concen t r a t i on  is field 
dependen t .  If the field in  the Ta~O.~ is s u d d e n l y  
changed,  a t r a n s i e n t  cu r r en t  should  be observed be-  
cause of the  finite t ime  r equ i r ed  to es tab l i sh  the  ne w  
equ i l ib r ium.  If, for example ,  the  field was sudden ly  
increased,  the in i t i a l  c u r r e n t  wou ld  be lower  t h a n  
the  s teady va lue  cor responding  to the  n e w  field, 
and  there  wou ld  be a m e a s u r a b l e  inc rease  in  the  
c u r r e n t  whi le  the new  e q u i l i b r i u m  was be ing  es- 
tabl ished.  Such  t r ans i en t s  have  been  k n o w n  to 
exist  for m a n y  years  (2) ; this pape r  is a repor t  of a 
s tudy  of these t rans ien ts .  The da ta  ob ta ined  con-  
s idered toge ther  w i th  resul t s  of x - r a y  diffract ion 
and corrosion studies (3) make it appear unlikely 
that the proposed theory is adequate for the de- 
scription of ionic conduction in Ta20~ films, and a 
modification which takes account of the glass-like 
structure of the films is discussed. Preliminary ex- 
periments using other anodic films are also dis- 
cussed briefly. 

Theory 
Two types  of expe r imen t s  can p rov ide  use fu l  i n -  

format ion .  In  one type  t r a n s i e n t  cu r ren t s  are ob-  
served at cons tan t  vo l tage  and  in  the  other  vol tage  
t r ans i en t s  are observed at cons tan t  cur ren t .  The 
theory  for the  vol tage  t r a n s i e n t  at  cons tan t  c u r r e n t  
is discussed first. 

T r a n s i e n t s  at  c o n s t a n t  c u r r e n t . - - A c c o r d i n g  to the 
theory  of h igh field ionic conduc t ion  (1) ,  the  r a t e  of 
c rea t ion  of in te rs t i t i a l s  is g iven  by  

dn+ 
-- ( N - - n )  exp v [ - - ( Q , - - q M E ) / k T ]  (I)  

dt  

where  n is the  concen t r a t i on  of in ters t i t ia ls ,  N is 
the c onc e n t r a t i on  of Ta ions in  the  film, ~ is a f re-  
quency,  Q~ is the  ac t iva t ion  ene rgy  for c rea t ion  of 
an  in ters t i t ia l ,  q is the charge on the  ion, X, is the  
d is tance  f rom the n o r m a l  pos i t ion  of the  ion to the 
top of the  ac t iva t ion  bar r ie r ,  and  E is the  m a g n i t u d e  
of the  electric field. Q~ and  ~ have  di f ferent  va lues  
in  different  ranges  of field s t rengths .  The  ra te  of 
cap tu re  of in te r s t i t i a l s  is 

dn_ n ~ 
- -  -- v exp [--  (Q - q~E) k T ]  ( I I )  

dt  N 

where  Q is the ac t iva t ion  ene rgy  for m i g r a t i o n  of 
an  in t e r s t i t i a l  far  f rom a vacancy  and  X is the  cor-  
r e spond ing  ac t iva t ion  distance.  The e q u i l i b r i u m  
concen t ra t ion  c a n  be found  by  equa t i ng  Eqs. (I)  and  
(II)  and  solving for n. 

Now consider  an  anodic  TarO5 film t h r ough  which  
a c u r r e n t  is pass ing  so tha t  there  are no in t e r s t i t i a l  
Ta ions per  cubic cen t imeter .  If the field is i n t e r -  
r up t ed  and  the specinlen  is he ld  at a t e m p e r a t u r e  
T, these ions wi l l  move  abou t  in  the film by  dif- 
fus ion  and  e v e n t u a l l y  wi l l  al l  r e combine  wi th  va -  
cancies. The ra te  of r e c o m b i n a t i o n  wi l l  be  g iven  by  
an  equa t ion  s imi la r  to Eq. ( I I )  wi th  E = 0. For  zero 
field, however ,  the  cap ture  cross section should be 
cons ide rab ly  l a rge r  t h a n  for h igh  fields. This  can be 
a l lowed for fo rma l ly  by m u l t i p l y i n g  the  r igh t  hand  
side of Eq. ( I I )  by  b, where  b > >  1. The n u m b e r  of 
ions lef t  at a ny  t ime  t, nt,  is found  by  in t eg ra t i on  
to be 

n o  
n, -- ( I I I )  

1 + n o T t  
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where  ~, = b v / N  exp ( - - Q / k T o ) .  If a cons tan t  ion 
c u r r e n t l y  densi ty ,  j, is now passed th rough  the  film 
the  in i t i a l  field, E,, can be found  f rom 

j = 2kv n,  exp -- (Q - -  q k E , ) / k T  (IV) 

where  T is the t e m p e r a t u r e  at which  the  t r a n s i e n t  is 
observed.  Solv ing  for E~ gives 

E , -  I n - - +  + In (1 + n o T t )  (V) 
qX 2h v no 

which shows that  w h e n  no y t > >  1 a plot  of the 
in i t i a l  field r equ i r ed  to give a pa r t i cu l a r  c u r r e n t  vs. 
the  l oga r i t hm of the a n n e a l i n g  t ime  should give a 
s t ra ight  l ine  of slope k T / q ~ .  If the t e m p e r a t u r e  at  
which the t r ans i en t s  are observed is cons tan t  and  
the  a n n e a l i n g  t e m p e r a t u r e  var iab le ,  a plot  of the  
l oga r i t hm of the  a n n e a l i n g  t ime  r equ i r ed  to cause 
a g iven in i t i a l  field vs. the reciprocal  of the abso lu te  
t e m p e r a t u r e  should  give a s t r a igh t  l ine  of slope 
Q / k .  I t  should  therefore  be possible to d e t e r m i n e  
both  the  ac t iva t ion  ene rgy  Q and  ac t iva t ion  dis-  
t ance  X for the diffusion of Ta ions w h e n  they  are 
far  f rom any  vacancies.  F r o m  the data  on the  
k inet ics  of g rowth  of the  fi lm (4) ,  it  wou ld  t h e n  be 
possible to d e t e r m i n e  the ac t iva t ion  e n e r g y  Q, and  
ac t iva t ion  d is tance  k, for the  c rea t ion  of in t e r s t i t i a l  
ions and  hence  the i r  n u m b e r  at any  pa r t i cu l a r  field 
s t rength .  

It  is not  easy to ob ta in  an express ion  for the  vo l t -  
age as a f unc t i on  of t ime  d u r i n g  a cons tan t  c u r r e n t  
t r ans ien t .  However ,  the  order  of m a g n i t u d e  of the 
d u r a t i o n  of the t r a n s i e n t  can be es t imated  in  the 
fo l lowing m a n n e r .  Upon  app l ica t ion  of a cons tan t  
cu r r en t  to an  a n n e a l e d  Ta~O~ film the  vol tage  i n -  
creases r ap id ly  to a m a x i m u m  and  then  decreases 
as new in te r s t i t i a l  Ta  ions are formed.  The t ime  
r equ i r ed  for the complete  d i sappea rance  of the 
t r a n s i e n t  depends  p r i m a r i l y  on the  s teady field in  
the oxide w h e n  the t r a n s i e n t  has d isappeared .  The 
t ime for the vol tage  t r an s i en t  to d i sappear  at a con-  
s tan t  c u r r e n t  is therefore  the same as the corre-  
sponding  t ime  for a c u r r e n t  t r a n s i e n t  at the  f inal  
s teady field. Rewr i t i ng  Eqs. (I)  and  (II)  for a con-  
s tan t  field e x p e r i m e n t  and  a s suming  n ( <  N gives 

dn+ - - a  (Y) 
dt  

dn_ 
-- f i n  ~- (II') 

dt  

where  a and  fl are  constants .  A d d i n g  Eqs. ( I ' )  and  
(IY) to ob t a in  d n / d t  and  i n t eg ra t i ng  gives 

a -- n X/aft a -  no X/aft 
_ _  exp (- -2t  X/aft) (VI)  

a + n X/aft a + no X/aft  

where  no is the n u m b e r  of in t e r s t i t i a l  ions p resen t  
in i t i a l ly  and  t is the  t ime. Eq. (VI)  shows tha t  the 
t r an s i en t  wi l l  have  d i sappeared  a lmost  comple te ly  
w h e n  

3 
t -- - - _ _  (VII)  

X/~Z 

at  which  t ime n = ~/afl. F r o m  Eqs. ( I ) ,  (Y), ( I I ) ,  
and  ( I I ' )  

X/aft = v exp { - [ Q ~  + Q -  q(k, + k ) E ] / k T }  (VII I )  

w he r e  E is the s teady field af ter  the d i sappearance  
of the t r ans ien t .  Wi th  Eq. 6 of Ref. (1) Eq. (VII I )  
becomes 

X/aft = 2XN j (VII I ' )  

T r a n s i e n t s  at  c o n s t a n t  v o l t a g e . - - A n a l y s i s  of data  
f rom cons tan t  vol tage  e xpe r i me n t s  is m u c h  s imple r  
t h a n  wi th  tha t  of the cons tan t  c u r r e n t  exper iments .  
Consider  an anodic  TarO5 film which  is he ld  at a 
cons tan t  voltage.  If a c u r r e n t  j~ is pass ing  t h rough  
the film, a sudden  change  of vol tage  wil l  cause a 
sudden  change  of c u r r e n t  to j~. The va l ue  of qk is 
now found f rom Eq. (IV) to be 

k T  in  j l  q~ -- ( IX)  
E 1 -  E~ j~ 

where  E~ and  E~ are the  in i t i a l  and  final  field 
s t rengths .  

Once the  va lue  of qk has been  d e t e r m i n e d  f rom 
Eq. ( IX) ,  the ac t iva t ion  ene rgy  Q can be d e t e r m i n e d  
by t ak ing  severa l  spec imens  all  in  the  same in i t i a l  
condi t ion  and  record ing  the  in i t i a l  c u r r e n t  upon  
sudden  appl ica t ion  of a conven i en t  field s t rength .  
The cur ren t s  at the  same field s t r eng th  at  severa l  
t e m p e r a t u r e s  can t hen  be d e t e r m i n e d  wi th  the use 
of Eq. ( IV) ,  a nd  the  ac t iva t ion  ene rgy  d e t e r m i n e d  
f rom a plot of log c u r r e n t  vs. 1 / T .  

Experimental Methods 
Anodic Ta~O~ films were formed on chemically 

polished Ta sheet obtained from Fansteel Metal- 

lurgical Company. This material was the same type 
as that used previously (5). All of the films used in 
the constant current experiments were formed at 

1.56 ma/cm ~ (specimen area 6.4 cm 2) to 120 v at 
29~ using 2% Na~SO~ solution in water, and were 

1760A thick) As soon as the required thickness was 
reached the cell was short circuited to eliminate any 

changes in the film due to a slow discharge of the 
applied potential. After formation the films were 
annealed at various temperatures using heating 

baths of water or silicone oil depending on the an- 
nealing temperature. After the anneal a current of 
0.i ma/cm ~ was impressed on the specimen again 
us ing  2% Na~SO~ solut ion at  29~ a nd  the  vol tage  
recorded as a func t ion  of t ime  on a B r ush  Recording  
Osci l lograph.  The zero po in t  of the  recorder  was  
suppressed so tha t  on ly  abou t  40 v appeared  on the 
scale, and  the  vol tage  could be read  wi th  an  es- 
t ima ted  u n c e r t a i n t y  of __+0.4 v. 

Cons tan t  vol tage  e xpe r i me n t s  were  conducted  
us ing  the  same m a t e r i a l  and  e lect rolyt ic  solut ion.  
S u d d e n  changes in  the appl ied  vol tage  were  made  
wi th  the appa ra tu s  shown in  Fig. 1. By ope ra t ing  
switch S the vol tage  set on the  po t en t iome te r  could 
be added to or sub t rac t ed  f rom tha t  of the cons tan t  
vol tage  supply.  

Results 
E x p e r i m e n t s  u s i n g  c o n s t a n t  c u r r e n t . - - F i g .  2 shows 

typica l  vo l t age - t ime  t races  at cons tan t  cur ren t .  Each 
hor izonta l  d iv is ion r ep resen t s  0.2 sec, a nd  each 

J T h i c k n e s s  m e a s u r e d  by c o m p a r i s o n  w i t h  op t i ca l  s tep  g a u g e  (5).  
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Fig. 1. Apparatus used for producing sudden changes in the 
voltage applied across a specimen. 

small vertical division is 1.0 v. The voltage rises 
fairly rapidly, reaches a maximum, and then de- 
creases. The voltage rises slowly because of the 
necessity for charging the condenser formed by the 
system Ta-Ta~O~-solution which has a capacitance of 
0.8 mfd and requires 0.15 sec to reach 120 v at 0.64 
ma. As the voltage approaches the maximum some 
conduction in the film occurs, so that the voltage 
rises more slowly and the maximum is reached in 
all cases at about 0.35 sec. As the conductivity of the 
film increases due to the process responsible for the 
transient the voltage falls, reaches a minimum in 
about i0 sec, and then increases slowly as the film 
continues to grow at a steady rate. The increase 
in film thickness during the transient is only about 
5/k, so no appreciable error is made in calculating 
the field if it is assumed that the thickness is con- 
stant. 

The duration of the voltage transients at con- 
stant current, i0 sec, was the same for all specimens 
as it should be according to the theory. With k 
2 x i0 -~, N ~ 2.3 x I0 ~, Eq. (VIII') gives t ~ 8 sec, in 
very good agreement with the experimental va]ue. 

Fig. 3 shows the maximum field reached during 
the transient at constant current against the loga- 
rithm of the time. An approximation to the initial 
field [Eq. (V)] can be obtained by extrapolating 
the voltage time curve back until it meets the volt- 
age time curve for charging the condenser. Data ob- 
tained in this way are shown in Fig. 4, and linear 
field vs. log time plots are obtained. This extrapola- 
tion method is probably fairly good when the maxi- 
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Fig. 3. Maximum field reached during formation of films at 
constant current after annealing for various times at different tem- 
peratures. 

m u m  field is smal l  so t ha t  the  vol tage  changes  
s lowly  wi th  t ime, bu t  is ve ry  inaccu ra t e  w h e n  the 
m a x i m u m  field is large.  

Fig. 5 shows the  l oga r i t hm of the a n n e a l i n g  t ime  
r equ i r ed  to reach a g iven  m a x i m u m  field agains t  
the rec iprocal  of the  abso lu te  a n n e a l i n g  t e m p e r a -  
ture.  Since all  of the  curves  which  have  a g iven  
m a x i m u m  field also have  a p p r o x i m a t e l y  the same 
shape, each m a x i m u m  field corresponds  to a g iven  
in i t i a l  field and  hence  a g iven  state  of the oxide. The 
slopes of the curves  of Fig. 5 thus  are equa l  to Q/k, 
and  ac t iva t ion  energies  ca lcu la ted  f rom the slopes 
are plot ted vs. m a x i m u m  field in  Fig. 6. It  m a y  be 
seen tha t  ~he ac t iva t ion  ene rgy  increases  wi th  i n -  
creas ing ex t en t  of a n n e a l i n g  f rom abou t  0.8 ev to 
1.35 ev. 

The  ac t iva t ion  d is tance  X t imes  the charge  q can 
be es t imated  f rom the  slopes of the  curves  of Fig. 4 
us ing  Eq. (V) .  Values  of q)~ thus  ob ta ined  increase  
f rom 12 at  190~C to 21 at  29~ in  un i t s  of e lec t ron  
charges  t imes  a n g s t r o m  uni ts .  Whi le  these  va lues  
are c lear ly  of the r igh t  o rder  of magn i tude ,  they  are 
p r o b a b l y  cons ide rab ly  too large because  of the  fact 
tha t  the  ac t iva t ion  ene rgy  increases  as a n n e a l i n g  
progresses.  

Dependence of transient on the history of the film. 
- - S e v e r a l  e x p e r i m e n t s  were  pe r fo rmed  us ing  the 
cons tan t  c u r r e n t  me thod  to d e t e r m i n e  w h e t h e r  the  

Fig. 2. Voltage vs. time at constant current. Upper curve, speci- 
men annealed 1.5 x 10 ~ sec at 100~ lower curve, specimen an- 
nealed 4 sec at 100~ Each small division in the vertical direction 
is 1.0 v, and each division in the horizontal direction is 0.2 sec. 
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Fig. 4. Initial field obtained by extrapolation of curves similar to 
those of Fig. 2 vs. annealing time. 
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Fig. 5. Logarithm of the annealing time required to reach a given 
value of maximum field (see Fig. 3) vs. ] /T .  

c u r v e  of E .... vs. t i m e  was  sens i t ive  to the  p rev ious  
h i s tory  of the  film. Fig. 7 shows typ ica l  resul ts .  
C u r v e  1 is the  cu rve  for  140~ f r o m  Fig. 3. C u r v e  2 
is for spec imens  first  he ld  at 190~ for  10 sec to g ive  
an E .... of 0736. Since this  E .... w o u l d  h a v e  been  p r o -  
duced  in 250 sec at  140~ Em,x was  p lo t t ed  aga ins t  
log ( t ime  + 250). T h e r e  is some ind ica t ion  of  a 
m o r e  rap id  in i t ia l  r a t e  and a s lower  final  rate.  W h e n  
the  spec imens  w e r e  first he ld  at 80~ un t i l  the  cu r -  
ren t  was  0.5 ma  ( c u r v e  3) the  v a l u e  of E .... was  
about  the  same (0.0734) co r re spond ing  to 200 sec at 
140~ Upon  annea l ing  these  spec imens  at 140~ 
h o w e v e r ,  t he r e  is a m a r k e d  dev ia t ion  f r o m  the p r e -  
vious results .  Thus,  a g iven  v a l u e  of Em,~ is  not  as-  
socia ted  on ly  wi th  a ce r ta in  n u m b e r  of i n t e r -  
s t i t ials  and vacancies ,  s ince the b e h a v i o r  of the  fi lm 
on subsequen t  annea l ing  is a func t ion  of the  m a n n e r  
in wh ich  the  g iven  E .... was  ach ieved .  The  p resence  
of  h i s to ry  effects m a k e s  it  possible  tha t  the  ac t i va -  
t ion energ ies  shown in Fig. 6 m i g h t  be in error .  

Exper iments  at constant voltage.--Fig.  8 shows 
typ ica l  c u r r e n t  t r ans ien t s  at cons tan t  vol tage .  Each 
ho izonta l  d iv is ion  is 0.04 sec, and each smal l  ve r t i ca l  
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Fig. 7. History effects. Annealing at 140~ alone (curve 1) and 
offer annealing 10 sec at 190~ (curve 2) or forming at 0.5 ma, 
80~ (curve 3). 

div is ion  0.05 ma  on the  uppe r  t race,  0.4 ma  on the  
l ower  t race.  T h e r e  is some osci l la t ion of the  osci l -  
l og r aph  pen  a f te r  the  sudden  vo l t age  change,  bu t  
the  osci l la t ion is d a m p e d  out  in about  0.02 sec and 
causes no diff iculty in d e t e r m i n i n g  the  c u r r e n t  im-  
m e d i a t e l y  a f te r  the  vo l t age  change.  The  m a j o r  ad-  
v a n t a g e  of the  cons tan t  vo l t age  m e t h o d  is tha t  the  
t ime  r e q u i r e d  to charge  the  condenser  is n o w  on ly  
about  10 -4 sec. 

Values  of q)~ w e r e  ob ta ined  for  m a n y  d i f ferent  
ra t ios  of in i t ia l  and final cu r ren t s  us ing d i f ferent  
t e m p e r a t u r e s .  At  any one t e m p e r a t u r e  the  v a l u e  of 
qk was a p p r o x i m a t e l y  constant ,  i n d e p e n d e n t  of the  
field or  film thickness ,  a l t hough  the re  was  some in -  
d ica t ion  tha t  q;t was  l a rge r  w h e n  the field before  the  
vo l t age  c h a n g e  was  smal le r .  Inc reas ing  the  t e m -  
p e r a t u r e  caused an inc rease  in q;~ f r o m  4.5 e.A 
at 19~ to 6.1 e.A at 100~ as shown in Fig. 9. O the r  
e x p e r i m e n t s  des igned  to de tec t  a dependence  on 
spec imen  h i s to ry  used spec imens  f o r m e d  at  29~ 
10 m a  to 1750A, then  annea led  at 100~ for  5 and 15 
min.  Values  of qX obse rved  in i t i a l ly  in these  h i s to ry  

0 , 7  
. 0 6 2  

] }, ; [ I I 
. 0 6 4  . 0 6 6  . 0 6 8  . 0 7 0  . 0 7 2  , 0 7 4  . 0 7 6  

M A X I M U M  E L E C T R I C  F I E L D  V / ~  

Fig. 6. Activation energy obtained from Fig. 5 vs. maximum field 

Fig. 8. Current vs. time at constant voltage. Upper trace, 9] ~ 
small vertical division ~ 0.05 ma, field changed from 0.056 to 
0.0515 v/.~. Lower trace, 81~ small vertical division = 0.4 ma, 
field changed from 0.062 to 0.0575 v/.~. Both curves, one horizontal 
division = 0.04 sec. 
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Fig. 9. Variation of q~. with temperature 

e x p e r i m e n t s  were  6.3 and  6.5, respect ively .  As cur -  
r en t  flowed, however ,  the va lues  of qX decreased to 
4.7. Thus  the va lue  of qX is not  a s ingle  va lued  f unc -  
t ion  of the t e m p e r a t u r e  bu t  depends  on the  p rev ious  
h is tory  of the specimen.  

To d e t e r m i n e  the ac t iva t ion  ene rgy  for ionic con-  
duc t ion  severa l  spec imens  were  fo rmed  at  1.56 
m a / c m  ~ to 1759A at 29~ in  2% NasSau, annea l ed  at  
100~ in  bo i l ing  wa t e r  for 5 rain, and  the  in i t i a l  
c u r r e n t  m e a s u r e d  w h e n  a su i t ab le  field was appl ied  
at d i f ferent  t empera tu re s .  Cu r r en t s  which  wou ld  be 
produced  by  a field of 0.058 v / A  were  then  ca lcu-  
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Fig. 10. Logarithm of the current produced by a field of 0.058 
v/ .~ on specimens annealed 5 rain at  11~~ vs. 1/T. 

la ted us ing  Eq. ( IV)  wi th  qk = 6.3 as ob ta ined  
above for spec imens  annea l ed  in  this  m a n n e r .  The 
slope of a plot  of the l oga r i t hm of the  c u r r e n t  at 
E = 0.058 v / A  vs. 1/T  (Fig. 10) gives an  ac t iva t ion  
ene rgy  for ionic conduc t ion  of 0.7 ev. The zero field 
ac t iva t ion  ene rgy  would  be 0.7 + 0.058 x 6.3 = 1.06 
ev. A n n e a l i n g  for 5 m i n  at 100~ would  resu l t  in  an  
E ..... of abou t  0.07 v / A  (Fig. 3), and  f rom Fig. 6 the  
ac t iva t ion  ene rgy  Would be abou t  1.2 ev. Thus,  con-  
s ider ing  the u n c e r t a i n t y  in  the  a n n e a l i n g  ac t iva t ion  
energies  caused by  h i s to ry  effects, ac t iva t ion  ener -  
gies for a n n e a l i n g  and  for ion conduc t ion  appear  to 
be the  same. The ac t iva t ion  ene rgy  for ion conduc-  
t ion  is therefore  p r o b a b l y  var iab le ,  and  the  va lue  
of 1.06 ev would  be found  only  for spec imens  
t rea ted  in  exac t ly  the same m a n n e r  as those used 
above.  

Transient studies using other meta ls . - - I t  migh t  be 
expected  tha t  the k inds  of changes  which  occur in  
anodic  Ta~O~ films migh t  also occur in  o ther  amor -  
phous  anodic  films such as AI,~O,, Nb~Os, and  ZrO~. 
The cons tan t  vol tage  me thod  has been  used to de te r -  
m i n e  the va lues  of qX for films fo rmed  on chemica l ly  
pol ished Zr, Nb, and  A1. For  these tests a solut ion 
of 5% NH4HB4OT-3H~O in water ,  w i th  sufficient 
H~BO, to give a pH of 7, was used;  all  tests were  
conducted  at  room t e m p e r a t u r e  (26~ The thick-  
ness of the ZrO2 and  A120~ films was es t imated  f rom 
capaci tance  m e a s u r e m e n t s  us ing  va lues  for the di-  
electr ic  cons tan t  of 20 and  10, '~ respect ively ,  and  are 
fa i r ly  rel iable .  The th icknesses  of the Nb.~O~ films 
were  es t ima ted  by  compar i son  wi th  the opt ical  step 
gauge for Ta~O.~ films, and  m a y  be in  e r ror  because  
of differences in  the re f rac t ive  indices for the two 
mater ia l s .  Resul ts  are g iven  in  Tab le  I, a long wi th  
the resul ts  ob ta ined  for Ta. The "effective qX" in 
the  tab le  is  found  by a l lowing  the  t r a n s i e n t  to decay 
complete ly ,  us ing  the  ra t io  of in i t i a l  to f inal  cu r r en t  
in  Eq. ( IX) .  Values  of effective qX agree fa i r ly  wel l  
wi th  those repor ted  ear l ie r  by  var ious  au thors  as 
shown  in  the  table.  

The resul ts  show tha t  Nb~O.~ behaves  in  a m a n n e r  
s imi la r  to tha t  of Ta~Os, h a v i n g  a smal l  va lue  of qX 
which  does no t  v a r y  wi th  the c u r r e n t  densi ty .  A1 
and  Zr  show somewha t  different  behavior ,  the 
va lues  of q~ inc reas ing  wi th  decreas ing  c u r r e n t  d e n -  
sity. For  Zr this increase  is p r o b a b l y  the  resu l t  of 
the inc reas ing  electronic  c o m p o n e n t  of the c u r r e n t  
at  smal l  cu r ren t s ;  p r o b a b l y  on ly  the  resul t s  at  h igh 
cu r r en t s  are rel iable .  For  A1, on the  o ther  hand,  the  
c u r r e n t  is a lmost  all  ionic at  al l  of the c u r r e n t  d e n -  
sities used (12),  and  the change  in qX m a y  be  a re -  
sul t  of an  ac tua l  change  of s t ruc tu re  wi th  chang ing  
cur ren t .  

The most  i n t e re s t ing  pa r t  of these da ta  is the  
difference b e t w e e n  Zr  and  the  o ther  meta ls .  The re  is 
almost  no t r a n s i e n t  wi th  Zr, the c u r r e n t  i m m e d i -  
a te ly  af ter  the  change  of vol tage  be ing  n e a r l y  the  
s teady  value.  A t t e m p t s  to increase  a ny  possible  
t r a n s i e n t  by  i n t e r m e d i a t e  a n n e a l i n g  were  not  suc-  
cessful. Also, the  va lue  of qX found  for  Zr  is m u c h  
la rger  t h a n  tha t  for the other  metals .  I t  m a y  be tha t  

e T h i s  v a l u e  f o r  t h e  d i e l e c t r i c  c o n s t a n t  of  a n o d i c  a l u m i n u m  o x i d e  
w a s  c h o s e n  so t h a t  t h e  t h i c k n e s s  fo r  f o r m a t i o n  a t  r o o m  t e m D e r a t u r e ,  
3 m a / c m  ~, w o u l d  be  a b o u t  13 .5A/v ,  i n  a g r e e m e n t  w i t h  the  resu l t s  o f  
H a s s  (7) .  
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Table I. Results of transient studies using several metals 

O x i d e  f i lm C u r r e n t  de ns i t y  I n i t i a l  qX Ef fec t ive  qh Va lues  of e f fec t ive  
M a t e r i a l  t h i ckness ,  A range ,  ma/cm'- '  e .A e.A qk f r o m  the  l i t e r a t u r e  

ZrO~ 1500 0.007-0.003 4.0 
0.3-0.15 5.0 
1.5-1.0 10.8 11.3 11.2 Charlesby (8) 

AhO~ 1200 3.0-1.5 3.3 10.6 
0.3-0.15 4.1 7.5 Charlesby (9) 
0.03-0.015 4.5 12.1 10.5 Guntherschulze 

and Betz (10) 
Nb~O~ 1800 0.5-0.2 5.8 12.2 

0.005-0.02 5.8 
Ta~O~ 1600 3-1.5 4.6 12.1 11.7 Vermilyea (4) 

0.5-0.2 4.6 12.5 Young (11) 
0.1-0.05 4.8 

the  ionic cu r r en t  in  the ZrO~ film is cont ro l led  at an  
in te r face  r a the r  t h a n  in  the  b u l k  of the  ma te r i a l .  

Except  for Zr, however ,  resul ts  show tha t  s low 
changes  in  the  film fol low changes  in  the appl ied  
field, as for t a n t a l u m  oxide films. Values  of qk for 
all  except  ZrO~ are all  ve ry  reasonable ,  g iv ing  
va lues  of ~, r a n g i n g  f rom 1 to 1.5A if the ful l  ionic 
charges  are assumed.  In  v iew of the lack of t r a n -  
s ients  in ZrO.~ films and  the v e r y  large  va lue  of q~, 
it would  be i n t e r e s t i ng  to make  a more  thorough  
s tudy  of ionic conduc t ion  in  these films. 

Discussion 

Resul ts  ob ta ined  f rom cons tan t  cu r r en t  and  con-  
s t an t  vol tage  tests  are s u m m a r i z e d  in  Tab le  II. 

Values  of q)~ ob ta ined  in  cons tan t  vol tage  exper i -  
men t s  are be l ieved to be more  rel iable .  

The points  of a g r e e m e n t  be tween  the  resul ts  and  
theory  are tha t  t r ans i en t s  which  are qua l i t a t i ve ly  
of the type  predic ted  a re  observed,  and  tha t  the  
d u r a t i o n  of the t r ans i en t s  agrees wi th  the pred ic ted  
value.  The re  are, however ,  severa l  ser ious poin ts  
of d i sagreement .  In  the  first place, qk var ies  wi th  
the  t e m p e r a t u r e s  at which  it is m e a s u r e d  and  also 
wi th  the h i s tory  of the film. Second, the cons tan t  
cu r r en t  t r ans i en t s  also depend  on the h i s tory  of the 
film. Third ,  the ac t iva t ion  ene rgy  for a n n e a l i n g  de-  
pends  on the ex ten t  of annea l ing ,  while,  if the on ly  
process occur r ing  were  the  r ecombina t i on  of defects,  
it should be constant .  F ina l ly ,  the  n u m b e r s  of de-  
fects, ca lcu la ted  w i th  the  va lues  g iven  in  Tab le  I 
and  us ing  Eq. (5) of Ref. (1),  approach  the  n u m b e r  
of la t t ice  ions in  some ranges  of field and  t e m p e r -  
a ture .  The theory  should  apply  on ly  to ve ry  low 
concen t ra t ions  of defects, of the order  of 10 -~ or less 
of the  n u m b e r  of la t t ice  ions. 

F u r t h e r  evidence  which  appears  to cont rad ic t  the  
theory  has been  ob ta ined  in  tests to de t e rm i ne  the  
solut ion ra te  of the  films in  HF (3) .  I t  was found  
tha t  the  so lu t ion  ra te  decreased l i nea r ly  w i t h  log 
t ime  at  a n n e a l i n g  t e m p e r a t u r e s  f rom room t empera -  
t u r e  to 330~ Since the theory predicts that the 
change which is occurring is simply a decrease in 

Table II. Summary of activation energies and values of q~. 

M e t h o d  A c t i v a t i o n  e n e r g y  e v  q-e .A 

Constant  current  0.8-1.35 12-21 
Constant  voltage 1.06 4.5-6.5 

the n u m b e r  of defects, and  tha t  the n u m b e r  of de-  
fects is i nve r se ly  p ropor t iona l  to the  t ime,  these  r e -  
sults i mp l y  tha t  the corrosion ra te  is p ropor t iona l  to 
the  l oga r i t hm of the  defect  concent ra t ion .  I t  would  
be expected tha t  for smal l  defect  concen t ra t ions  
the solut ion ra te  would  be p ropor t iona l  to the  n u m -  
ber  of defects r a the r  t h a n  to the l oga r i t hm of the 
n u m b e r ,  and  it  is therefore  difficult to account  for 
this behav io r  un less  it  is pos tu la ted  t ha t  changes  in  
solut ion ra te  and  ra te  of ion t r a n spo r t  are  com-  
p le te ly  un re l a t ed .  However ,  the  m a g n i t u d e s  of the  
ac t iva t ion  energies  for the process respons ib le  for 
the  change  in  corrosion ra te  are the same as those 
for the change  in the cons tan t  c u r r e n t  t r ans ien t ,  
which  indicates  tha t  the processes are  p r o b a b l y  the 
same. 

In  add i t ion  to the changes  in  solut ion ra te  which  
occur upon  a n n e a l i n g  the  films, it was  also found  
(3) tha t  x - r a y  dif f ract ion pa t t e rn s  f rom the  film 
become somewha t  less diffuse upon  a n n e a l i n g  at 
t e m p e r a t u r e s  b e t w e e n  200 ~ and  600~ A decrease 
in the diffuseness of the  p a t t e r n  mi gh t  conce ivab ly  
occur if the concen t r a t i on  of in t e r s t i t i a l  Ta  ions 
decreased as pred ic ted  by  the theory.  I t  is probable ,  
however ,  tha t  such a change  wou ld  have  to invo lve  
defect  concen t ra t ions  of abou t  a t e n t h  of a pe rcen t  
or more,  tha t  is, a concen t r a t i on  so h igh  t ha t  the  
theory  would  not  apply.  

Al l  the evidence  suggests,  therefore ,  tha t  some 
change  other  t h a n  tha t  of the  concen t ra t ion  of de-  
fects a lone m u s t  be occurr ing.  A modif ica t ion of the  
theory  which  can  exp la in  qua l i t a t i ve l y  all of the  ob-  
served resul ts  follows. The anodic  oxide film on Ta 
is amorphous ,  a nd  appears  to be  glass l ike.  I t  is 
a ssumed  tha t  the  passage of a c u r r e n t  t h r ough  the 
film produces  a change  in  the  local ionic conf igura-  
t ion and  tha t  the change  is of such a n a t u r e  tha t  
conduc t ion  is m a d e  easier. For  example ,  the c u r r e n t  
flow migh t  change  an o r ig ina l ly  u n i f o r m  Ta ion 
concen t ra t ion  to one in  which  the  spacing b e t w e e n  
ions var ied  s l ight ly  f rom place to place in  the  film, 
wi th  the resu l t  tha t  some ions would  be located so 
tha t  j u m p s  to a n e i g h b o r i n g  posi t ion  wou ld  r e q u i r e  
r e l a t ive ly  less energy.  A n  increase  in  the cu r r en t  
dens i ty  would  be expected  to change  bo th  the  n u m -  
ber  and  the ac t iva t ion  ene rgy  for mot ion  of these 
f a vo r a b l y  located ions, the  tota l  effect be ing  to in -  
crease the  conduct iv i ty .  This  m e c h a n i s m  bears  a 
s t rong  r e semblance  to tha t  o r ig ina l ly  proposed,  since 
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here  the re  are a field d e p e n d e n t  n u m b e r  of mobi le  
ions which  cor respond to the " in te r s t i t i a l  ions" of 
the ear l ie r  theory.  The differences are, first, t ha t  all  
ions are now supposed to be la t t ice  ions, some of 
which  are in  f avorab le  conf igurat ions  for mot ion  
and,  second, tha t  both  the  n u m b e r  and  the ac t iva -  
t ion  ene rgy  for mot ion  of these ions changes  w i th  
the passage  of cu r r en t  ins tead  of jus t  the  n u m b e r  as 
p rev ious ly  assumed.  Suppor t  for the r easonab leness  
of changes  in  local conf igura t ion  is found  in  the fact 
tha t  changes in  local conf igura t ion  in  o r d i n a r y  
glasses accompany  heat  t r e a t m e n t s  such as rap id  
cooling f rom high t e m p e r a t u r e  or a n n e a l i n g  in  the  
t r ans i t i on  r ange  of t e m p e r a t u r e s  (6) ,  an d  the  
changes  are be l ieved to be  respons ib le  for the  ob-  
served var ia t ionS in  densi ty ,  r e f rac t ive  index,  con-  
duct iv i ty ,  and  other  propert ies .  

No q u a n t i t a t i v e  pred ic t ions  are  a t t empted ,  bu t  
qua l i t a t i ve ly  the exp lana t ions  of the e x p e r i m e n t a l  
resul t s  a re  as follows. First ,  consider  a cons t an t  
vol tage  t r an s i en t  e x p e r i m e n t  such as those de-  
scr ibed above.  W h e n  the  field is s u d d e n l y  changed  
the re  is an  i n s t a n t a n e o u s  change  in  c u r r e n t  because  
the effect of the smal le r  field on the ac t iva t ion  bar -  
r ier  is less. Fo l lowing  the i n s t an t aneous  change  
the re  is a slow change  in  both  the n u m b e r  of con-  
duc t ing  ions and  in  the  ba r r i e r s  to the i r  mot ion  
which  makes  ionic mot ion  more  difficult. The ne t  
resu l t  is tha t  the  field has p roduced  a m u c h  la rger  
effect t h a n  tha t  due solely to chang ing  the  field on 
the ba r r i e r  which  exis ted before the vol tage  change.  
In  other  words,  the effective va lue  of qX, defined 
by an  equa t ion  s imi la r  to Eq. ( IX)  bu t  m e a s u r i n g  
the  f inal  c u r r e n t  a f ter  the  decay of the t r ans ien t ,  
is m u c h  l a rge r  t h a n  the  ionic charge t imes  ha l f  the  
d is tance  b e t w e e n  successive m i n i m a  in  the ene rgy  of 
an  ion. The change  of q)~ wi th  t e m p e r a t u r e  and  the  
h i s tory  dependence  of q~, are, according to this  
mechan i sm,  a resu l t  of an  ac tua l  change  of ac t iva -  
t ion  d is tance  wi th  changes  in  local conf igura t ion.  
The range of values of q~, 4.5-- 6.5 e.A, is reason- 
able, particularly since it is possible that the ionic 

charge would be less than five. The value of the 
pre-exponential factor calculated from the data 
shown in Fig. I0 is about 2 x i0 ~, while the value of 
2XvN is about 4 x i0 = if ~ ~ 5.10 TM. Thus it appears 

that for Ta~O~ films treated in this one particular 
manner only about one Ta ion in a thousand is in a 
favorable local configuration for motion. The values 
of preexponential factors found in the earlier work 

(0.2 x I0 ~ to 2 x i0 ~) are difficult to interpret since 
they represent the intercepts of log rate vs. I/T 
plots for specimens with different local configura- 
tions held at the same electric field. 

When a film is annealed the structure would tend 
to change toward a more stable configuration, so 
that upon re-application of a field the current would 
be smaller. The activation energy for annealing is 

that observed above, 0.8-1.35 ev, and increases as 
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a n n e a l i n g  progresses.  A n n e a l i n g  a nd  conduc t ion  
m a y  both  invo lve  the same sort  of a tomic  m o v e -  
ments ,  since the  ac t iva t ion  energies  are s imilar .  The  
effect of the h is tory  of the film on the  a n n e a l i n g  
process is the  resu l t  of the  fact tha t  d i f ferent  m e t h -  
ods of r each ing  a s ta te  m e a s u r e d  by  the  t r a n s i e n t  
behav io r  r e su l t  in  di f ferent  local configurat ions,  and  
hence  films b r ough t  to such a state by  different  
methods  behave  d i f fe rent ly  on subsequen t  a n n e a l i n g  
by  the same method.  

In  add i t ion  to p roduc ing  changes  in  the  r a t e  of 
ionic t ranspor t ,  such changes  of local conf igura t ion  
wou ld  be expected to change  the  x - r a y  sca t te r ing  
by the  film and  also the  chemica l  p roper t ies  of the  
film. F u r t h e r m o r e ,  there  is no reason  to suppose tha t  
such changes wou ld  be res t r ic ted  to a n n e a l i n g  in  
a ny  pa r t i cu l a r  smal l  r ange  of t empera tu re s .  The 
results of measurements of the solution rate in HF 

and of x-ray scattering by the films are thus in good 
qualitative agreement with this mechanism, since it 
would be expected that the most stable state would 

be one of minimum lattice distortion and would 
show greater chemical stability and give less diffuse 

x-ray patterns. 
If it is accepted that changes in local configuration 

do occur, it is clear that the only experiments which 
can supply easily interpreted information about the 

values of activation distance and activation energy 

are those in which measurements are made on spec- 
imens having the same history and in a time short 
enough so that no changes in local configuration 
can occur. Measurements such as those reported 
ear l ie r  (4) for Ta~O~ are ve ry  difficult to i n t e rp r e t  
in  t e rms  of the  ac t iva t ion  energies  a nd  d is tance  ac-  
tua l ly  exis t ing  at a ny  i n s t a n t  in  the  film. 
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ABSTRACT 

The rate  of react ion be tween  magnesium and water  vapor  was studied in 
the t empera tu re  range be tween 425 ~ and 575~ and in the water  vapor  pressure 
range be tween 31 and 208 mm Hg. The react ion took place according to the 
l inear  rate  law. Rate constants were  found to be l inear ly  dependent  on the 
water  vapor  pressure. The act ivat ion energy for the react ion was found to 
vary  with  both t empera tu re  and wate r  vapor  pressure, increasing as the tem- 
pera ture  was increased and the water  vapor  pressure was decreased. This type 
of var ia t ion is explained on the basis of a change f rom a surface to a vapor  
phase react ion due to the very  large increase in the vapor  pressure of Mg 
metal  in the t empera tu re  range be tween  500 ~ and 600~ 

The kinet ics  of the  ox ida t ion  of Mg me ta l  by 
oxygen  gas h a v e  been  s tud ied  by m a n y  w o r k e r s  
(1-5) .  The  effect of the  p resence  of w a t e r  v a p o r  on 
the  ra te  of r eac t ion  was  also e x a m i n e d  in some of 
these  researches .  The  w o r k  r e p o r t e d  he re  inc ludes  
the  s tudy  of the  sur face  ox ida t ion  of Mg m e t a l  by 
w a t e r  v a p o r  in the  absence  of o ther  gases. Reac t ion  
t e m p e r a t u r e  and w a t e r  vapo r  p r e s su re  are  v a r i e d  
i n d e p e n d e n t l y  to d e t e r m i n e  the i r  inf luence  on the  
ra te  of react ion .  The  resu l t s  of these  s tudies  are  cor -  
r e l a t ed  w i t h  the  resu l t s  of the  ox ida t ion  of Mg by 
oxygen  and o ther  m e t a l - g a s  react ions .  

In the  t e m p e r a t u r e  r ange  cove red  by  this  work ,  
the  p roduc t s  of the  r eac t ion  b e t w e e n  Mg and w a t e r  
vapo r  are  MgO and H~, accord ing  to the  equa t i on  

Mg -~- H~O ~ MgO + H~ 

Because  of the  n a t u r e  of this s to ich iomet ry ,  the  ra te  
was  fo l lowed  by m e a s u r i n g  the  p re s su re  increases  
due  to H evo lu t ion  in a closed system. 

Experimental 
Apparatus 

The  appa ra tu s  for  the  s tudy  of the  r eac t ion  of 
w a t e r  v a p o r  and Mg is dep ic ted  d i a g r a m m a t i c a l l y  
in Fig. 1. The  v a c u u m  appa ra tu s  was  bui l t  a r o u n d  
a 25 m m  OD, P y r e x  glass tube  (A)  wh ich  was  
suspended  v e r t i c a l l y  in the  cen te r  of a 12 gal, con-  
t r o l l e d - t e m p e r a t u r e  w a t e r  bath.  A 10 mm,  h i g h -  
v a c u u m  grade  s topcock ($1) at the  top of the  tube  
and  at  the  w a t e r  l ine  of the  ba th  i so la ted  the  t h e r m o -  
s ta t t ed  pa r t  of the  a p p a r a t u s  f r o m  the  ou te r  v a c u u m  
p u m p i n g  system. Ap iezon  T grease  was  used  to 
lub r i ca t e  this  s topcock,  and  it  was  found  to hold  sa t -  
i s fac tor i ly  at  a l l  b a t h  t e m p e r a t u r e s  up to 72~ The  
l ower  por t ion  of the  tube  (A) was  connec ted  to an 
open ing  t h r o u g h  the  b o t t o m  of the  ba th  by  means  
of a k o v a r  seal  (B)  and  a s ta inless  s tee l  bal l  jo in t  

(C) .  The  por t  was  f i t ted w i t h  a th in  disk w h i c h  was  
sea led  to the  glass w a t e r  b a t h  j a r  w i t h  Ap iezon  W 
w a x  to g ive  a w a t e r - t i g h t  seal. A 35/20 ba l l  jo in t  
(T1) was  an i n t eg ra l  pa r t  of the  s ta inless  s teel  port .  
The  reac t ion  tube  (D) was  cons t ruc ted  of 24 m m  
OD Vycor  t ub ing  and the  socket  was  also m a d e  of 
Vycor.  The  m e t a l  sample  (F)  was  suspended  in the  
r eac t ion  tube  by  means  of n i c h r o m e  wire ,  A.W.G. 
34. The  s ample  was  i n su l a t ed  f r o m  the  n i c h r o m e  
w i r e  by a smal l  a l u m i n a  tube  p laced  in a hole  dr i l l ed  
across one end of the  spec imen.  

Fig. 1. Manometric apparatus for the study of the kinetics of the 
reaction of Mg and water vapor. 
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The reac t ion  t ube  was  hea ted  by  an  electric f u r -  
nace  (E) ,  the  core of which  consisted of an  Incone l  
tube  18 in. long, w i th  an  ID of 1.0 in. The l inea r  
t e m p e r a t u r e  va r i a t i on  was •176  for a sect ion 4.0 
in. long in  the  midd le  of the  tube.  The  fu rnace  had  
a Chrome]  A hea t ing  w i n d i n g  and  a P t  t e m p e r a t u r e -  
sens ing  w ind ing .  A n  e lec t ronic  p ropo r t i on ing  f u r -  
nace  cont ro l le r  (6) was  used, and  the  t e m p e r a t u r e  
in  the  reg ion  of the sample  was  cont ro l led  to be t t e r  
t h a n  •176 in  the t e m p e r a t u r e  r ange  b e t w e e n  
400 ~ and  600~ 

A record ing  m e r c u r i a l  m a n o m e t e r  (7) was  con-  
nec ted  to the  v a c u u m  appa ra tu s  t h rough  a 35/20 
ba l l  jo in t  (T~) us ing  Apiezon  W wax.  At  h igh  b a t h  
t empera tu res ,  b reaks  occurred  in  the  ca l ib ra t ion  
curves  w h e n  the Hg in  the  m a n o m e t e r  emerged  
above the  wa t e r  l ine  of the  bath .  A glass j acke t  
t h rough  which  ba th  wa t e r  was  c i rcu la ted  was  p laced  
over  the  m a n o m e t e r  t ube  as shown in  Fig. 1. The 
ca l ib ra t ion  curves  were  t hen  l inea r  at al l  b a t h  t e m -  
pe ra tu res  up  to 72~ the highest  employed  in  this  
work.  

A wa t e r  vapor  p ressure  control  un i t ,  fo l lowing  
the design of Apel  (8),  was  connec ted  to  the  v a c u u m  
appa ra tu s  t h rough  a 35/20 ba l l  jo in t  at (T,) .  W a t e r  
was p u m p e d  f rom a second cont ro l led  t e m p e r a t u r e  
ba th  t h rough  the  j acke t  enclos ing the tube  c o n t a i n -  
ing l iquid  wa t e r  (G) ,  thus  con t ro l l ing  the  t e m p e r a -  
t u r e  of the  l iqu id  wa te r  and,  therefore ,  the  w a t e r  
vapor  pressure.  A n  evacua ted  jacke t  was placed 
a r o u n d  the wa te r  j acke t  to insu la te  the wa t e r  j acke t  
f rom the s u r r o u n d i n g  bath.  The s u r r o u n d i n g  ba th  
and  the reac t ion  t ube  were  a lways  m a i n t a i n e d  at  
sufficiently h igh t e m p e r a t u r e s  to p r e v e n t  condensa -  
t ion  of wa t e r  in  areas outside the  vapor  p ressure  
control  uni t .  On ly  the  ba l l  jo in t  (T1) was in  an  
u n t h e r m o s t a t t e d  region, bu t  convect ion  of hea t  up -  
wa rd  f rom the  fu rnace  was  sufficient to p r e v e n t  con-  
densa t ion  in  this area. The top of the vapor  p ressure  
cont ro l  u n i t  was  fitted w i t h  a r u b b e r  s e rum bot t le  
s topper  (H) and  covered wi th  Hg to give a v a c u u m  
t ight  seal. Wate r  was  i n t roduced  in to  the  vapor  
pressure  control  u n i t  t h rough  the  stopper,  us ing  a 
hypode rmic  syr inge  ( J ) .  The wa te r  vapor  p ressure  
control  u n i t  was ca l ib ra ted  for severa l  t e m p e r a t u r e s  
of the  second cont ro l led  t e m p e r a t u r e  bath .  The  
vapor  pressures  were  r ep roduc ib le  to w i t h i n  ___1.5 
m m  for successive runs  at all  t e m p e r a t u r e s  e m-  
p loyed in  this work.  The l imi t ing  wa t e r  vapor  pres -  
sure  for this appa ra tu s  was a p p r o x i m a t e l y  250 m m  
Hg. The greases and  waxes  used in  a s sembl ing  the  
appa ra tu s  and  the p u m p s  used for c i rcu la t ing  the  
wa te r  wou ld  no t  w i t h s t a n d  the t e m p e r a t u r e s  neces-  
sary  to produce  h igher  wa t e r  vapor  pressures .  Also, 
the i n c r e m e n t  of change  of wa t e r  vapor  p ressure  
for smal l  t e m p e r a t u r e  changes  became  inc reas ing ly  
large at h igher  t empera tu res ,  to the  ex t en t  tha t  
above 70~ close cont ro l  w i th  the  p resen t  appa r a t u s  �9 
was v i r t u a l l y  impossible .  

Procedure 
Mg metal ,  in  the  form of blocks w i th  the approx i -  

ma te  d imens ions  1 x 1 x 8 in., was  ob ta ined  f rom 
the Dow Chemica l  Company ,  Midland,  Mich. Spec-  
t rographic  ana lys i s  for impur i t i es ,  f u rn i shed  wi th  
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the  metal ,  was  as follows: A1, 0.0047%; Ca, 0.01%; 
Cu, 0.009%; Fe, 0.031%; Mn, 0.058%; Ni, 0.003%; 
Pb, 0.005%; St, 0.001%; Sn, 0.001%; Zn, 0.001%. 
The blocks of Mg were  cut  l eng thwise  in to  four  
pieces and  t u r n e d  in to  rods. The  rods were  cut  into 
cy l inders  a p p r o x i m a t e l y  4.5 cm long.  These speci-  
m e n s  were  t h e n  f inished on  a la the  u n d e r  ca re fu l ly  
cont ro l led  and  dup l ica ted  m a c h i n i n g  condi t ions.  
Af te r  this t r e a t m e n t  the  cy l inders  ave raged  4.1 cm 
in  l eng th  and  1.1 cm in  d iameter .  They  were  washed  
in  dry,  t h i o p h e n e - f r e e  be nz e ne  to r emove  traces of 
surface  oil, a nd  were  a l lowed to s t and  in  a i r  u n t i l  
needed  for an  expe r imen t .  

In  p r e p a r a t i o n  for a run ,  the d imens ions  of the  
cy l inders  were  m e a s u r e d  w i th  mach in i s t ' s  calipers,  
and  a % in. hole was  dr i l l ed  across one end  of the  
sample  to accommodate  an  a l u m i n a  tube.  The  cyl -  
inders  were  h a n d l e d  w i th  p o l y e t h y l e n e  covered for -  
ceps to e l imina t e  f inger p r in t s  on the surface.  They  
were  e tched for 5 ra in  in  a solut ion c o n t a i n i n g  2% 
HNO3 in  abso lu te  e thanol ,  fo l lowed by  two r inses  of 
dry,  1:1 a c e t o n e - m e t h a n o l ;  t h e n  the cy l inders  were  
placed in  a beake r  of dry,  t h i o p h e n e - f r e e  benzene .  
The a l u m i n a  t ube  was  pos i t ioned  in  the  hole in  the  
end  of the cyl inders ,  and  a n i c h r o m e  hook, con-  
nec ted  to the n i ch rome  suspens ion  wire,  was  posi-  
t ioned in to  the  ends  of the  tube.  Samples  were  pro-  
tected f rom the  a tmosphere  in  the  be nz e ne  ba th  d u r -  
ing these  operat ions.  

Af te r  the e tch ing  and  r in s ing  procedure  had  been  
completed,  the ba l l  jo in t  on the s ta inless  steel por t  
(TI) (see Fig. 1) was  hea ted  a nd  de K h o t i n s k y - h a r d  
cemen t  was  applied.  Af te r  the  socket on the  reac-  
t ion  tube  had  been  heated,  the  sample  was  t a k e n  
out  of the be nz e ne  r inse  a nd  suspended  on a h i -  
chrome wire  clip ins ide  the  ba l l  jo in t  (C) .  The re -  
act ion t ube  was placed over  the  sample  a nd  sealed 
to the  appa ra tu s  immedia te ly .  Af te r  be ing  evacua t -  
ed for about  1 ra in  wi th  an  a u x i l i a r y  pump,  and  
wi th  a cold t r ap  to catch the  benzene ,  the  a ppa ra tu s  
was  opened to a high v a c u u m  p u m p i n g  system. 
P u m p i n g  was c on t i nue d  for 5 m i n  at 200~ in  order  
to outgas the system: T h e n  the sys tem was b rough t  
to the reac t ion  t e m p e r a t u r e  (425 ~ to 575~ by  
s l iding the f u r na c e  up over  the  reac t ion  tube.  By 
c o n t i n u i n g  the p u m p i n g  for 5 m i n  more,  the  pres -  
sure  was reduced  to less t h a n  10 -' m m  Hg. The ap-  
pa ra tus  was isola ted f rom the  v a c u u m  p u m p s  by  
closing stopcock ($l)  (see Fig. 1) and  1 ml  of de-  
gassed wa te r  was  i n t roduced  in to  the  vapor  pressure  
cont ro l  uni t .  The  w a t e r  vapor  p ressure  co r re spond-  
ing  to the t e m p e r a t u r e  of the  vapor  p ressure  control  
u n i t  was a t t a ined  i n  less t h a n  3 rain,  even  at  the  
highest  w a t e r  vapor  pressures .  The reac t ions  were  
gene ra l l y  a l lowed to proceed for 10 hr  or longer .  
At  the lowest  r eac t ion  t empera tu re s ,  the  i nduc t ion  
periods approached  8 hr, a nd  it was  necessa ry  to 
increase  the l eng th  of a r u n  to get su i t ab le  ra te  data.  
At  the end  of each run ,  the  w a t e r  vapor ,  the excess 
l iquid  water ,  and  the H~ were  p u m p e d  out  of the  
appa ra tu s  by  the  a ux i l i a r y  p u m p i n g  system. The 
samples  were  cooled to room t e m p e r a t u r e  in  a vac-  
uum,  air  was  admi t t ed  to the  appara tus ,  and  the  
spec imens  a nd  products  we re  stored u n d e r  a rgon  
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gas for  x - r a y  analysis .  The  r eac t i on  was  s tud ied  at 
31, 55, 92, 153, and 208 m m  w a t e r  v a p o r  p ressures  
and 425 ~ 450 ~ , 475 ~ , 500 ~ 525 ~ , 550 ~ and 575~ 

At  the  b e g i n n i n g  of each r eac t ion  t he r e  was  an 
induc t ion  per iod.  The  l eng th  of the  induc t ion  pe-  
r iods was  a func t ion  of the  r eac t ion  t e m p e r a t u r e  
and r a n g e d  f r o m  a p p r o x i m a t e l y  8 hr  at 425~ to 15 
m i n  at 575~ D u r i n g  this t i m e  the  increases  in 
p ressu re  w e r e  so smal l  tha t  the  a p p a r a t u s  was  not  
sens i t ive  enough  to fu rn i sh  da t a  for  the  d e t e r m i n a -  
t ion of the  r a t e  law. T o w a r d  the  end of the  i nduc -  
t ion periods,  the  r a t e  inc reased  sha rp ly  and t h e n  
became  cons tan t  w i t h  t ime.  

At  the  end  of each run,  as the  cy l inders  cooled 
to r o o m  t e m p e r a t u r e ,  the  r eac t ion  p roduc t  on the  
sur face  of the  m e t a l  b roke  a w a y  f r o m  the  cy l inders  
spontaneous ly ,  expos ing  e tched  m e t a l  surfaces.  The  
coat ings  w e r e  ident i f ied  by  x - r a y  p o w d e r  pho to -  
graphs  for the  h ighes t  and  lowes t  w a t e r  v a p o r  p r e s -  
sures  at  each  r eac t ion  t e m p e r a t u r e .  In  e v e r y  case 
the  only  p roduc t  was  MgO. The gas e v o l v e d  d u r i n g  
the r eac t ion  was  ana lyzed  mass  spec t rome t r i ca l ly ,  
and on ly  H~ and w a t e r  v a p o r  a p p e a r e d  in the  samples .  

Reac t ions  of Mg and w a t e r  v a p o r  of d i f fe ren t  
cha rac t e r  t han  desc r ibed  above  occur red  u n d e r  con-  
di t ions of h igh  t e m p e r a t u r e  and  low w a t e r  v a p o r  
pressure .  These  reac t ions  began  w i t h  the  usua l  in -  
duc t ion  period,  fo l lowed  by  a sharp  inc rease  in the  
ra te  and  the  l eve l ing  off to a cons tan t  ra te .  H o w -  
ever ,  a f t e r  p roceed ing  n o r m a l l y  for  per iods  of 1-4 
hr,  d e p e n d i n g  on the  t e m p e r a t u r e ,  a second sharp  
rise in the  r eac t ion  r a t e  was  observed .  MgO was  
depos i ted  on the  wal l s  of the  r eac t ion  tube  fo l lowing  
each  r eac t ion  of this  type.  W h e n  the  Mg cy l inde r s  
w e r e  cooled, mos t  of the  oxide  coat ing  pee led  off 
spontaneous ly ,  l e a v i n g  a shea th  s u r r o u n d i n g  the  
m e t a l  cyl inders .  The  m e t a l  cy l inders  could be eas i ly  
l i f ted  out  of these  sheaths,  and the  insides of the  
shea ths  w e r e  found  to be  l ined  w i t h  Mg crystals .  

The  reac t ion  r a t e  a lways  dec reased  af te r  r e c r y s t a l -  
l iza t ion  of Mg began.  Due  to l imi ta t ions  of the  ap -  
pa ra tus  and m e t h o d  used  in this work ,  i t  was  not  
possible  to d e t e r m i n e  the  r a t e  l aw  g o v e r n i n g  the  
vapo r  phase  react ions .  Ra te  l aw  d e t e r m i n a t i o n s  in 
this w o r k  w e r e  l imi t ed  to reac t ions  in w h i c h  the  
ox ide  p roduc t  was  confined to the  m e t a l  surface.  

Because  of the  f o r m a t i o n  of the  MgO coa t ing  on 
the  m e t a l  surface,  t he  r eac t ion  of Mg and w a t e r  v a p o r  
was  expec t ed  to fo l low one of the  four  p r inc ip l e  
r a t e  laws  (4, 9, 10) g o v e r n i n g  gas -so l id  react ions .  
A plot  c o m p a r i n g  these  l aws  for  the  da ta  of a t yp i -  
cal run  is shown  in Fig. 2. W a t e r  v a p o r - w e i g h t  
va lues  w e r e  ob ta ined  r ead i l y  f r o m  the  k n o w l e d g e  of 
the  H~ pressure ,  the  v o l u m e  of the  appara tus ,  the  
a rea  of the Mg cyl inders ,  and the  s t o i ch iom e t r y  of 
the  react ion.  I t  was  a s sumed  tha t  the  m e a s u r e d  
areas  of the  cy l inders  w e r e  m i n i m u m  va lues  and 
tha t  these va lues  w e r e  p ropo r t i ona l  to the  t rue  su r -  
face  areas  by  a f a i r ly  cons t an t  factor .  R e p r o d u c i -  
b i l i ty  of the da ta  co r robo ra t ed  this assumpt ion .  

Fo r  each run  the  a m o u n t  of w a t e r  v a p o r  r eac t ed  
per  cm 2 was  p lo t t ed  aga ins t  the  t ime  in hours.  E x -  
amples  of these  plots  for each  reac t ion  t e m p e r a t u r e  
of this  s tudy,  at a cons tan t  w a t e r  v a p o r  p re s su re  of 
208 m m  Hg, are  shown in Fig.  3. Ra te  cons tants  
w e r e  ca lcu la ted  f r o m  the  slopes of these  curves .  
Th ree  or m o r e  reac t ions  w e r e  ca r r i ed  out  for  each  
set of r eac t ion  condi t ions .  Ra te  cons tants  for  each  
run  are  l i s ted in Tab le  I w i t h  a v e r a g e  ra tes  for  
each t e m p e r a t u r e  and w a t e r  v a p o r  p r e s su re  ind ica t -  
ed. I t  m a y  be no ted  tha t  the  ra te  cons tants  at 31 
m m  w a t e r  vapo r  w e r e  g r e a t e r  t han  for  55 m m  w a t e r  
v a p o r  at both  525 ~ and  550~ This  was  a t t r i b u t e d  
to the  vapo r  phase  c h a r a c t e r  of these  reac t ions  
wh ich  is e x p l a i n e d  in the  discussion w h i c h  fol lows.  
A b o v e  500~ the  l ower  l im i t i ng  w a t e r  v a p o r  p res -  
sures  for  this w o r k  w e r e  d e t e r m i n e d  by the  a p p e a r -  
ance  of the  v a p o r  phase  t y p e  of reac t ion .  The  l o w e r  

Fig. 2. Rate data for the reaction of Mg and water vapor at 
525~ and 55 mm water vapor are plotted according to four rate 
laws. 
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Fig. 3. Examples of the plots of mg water vapor reacted per cm 2 
Mg surface against time for each reaction temperature of this study. 
Rate constants were calculated from the slopes of these curves. 
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Table I. Results of rate studies of the reaction of Mg and water 
vapor in the temperature range between 425 ~ and 575~ in the 

water vapor pressure range between 31 and 208 mm Hg 

R a t e  c o n s t a n t s  

R e a c t i o n  W a t e r  v a p o r  R u n s  A v g .  
t e m p ,  ~ P re s s ,  m m  H g  1 2 3 M e a n  dev .  

425 153 0.075 0.097 0.084 0.082 0.007 
425 208 0.067 0.078 0.101 0.085 0.013 

450 153 0.103 0.103 0.086 0.097 0.008 
450 208 0.131 0.141 0.153 0.141 0.007 

475 31 0.041 0.039 0.039 0.039 0.002 
475 55 0.055 0.055 0.050 0.053 0.002 
475 92 0.095 0.097 0.086 0.092 0.004 
475 153 0.141 0.138 0.143 0.140 0.002 
475 208 0.182 0.187 0.189 0.186 0.002 

500 31 0.068 0.067 0.066 0.067 0.001 
500 55 0.100 0.080 0.109 0.096 0.011 
500 92 0.128 0.125 0.133 0.128 0.002 
500 153 0.197 0.190 0.190 0.192 0.003 
500 208 0.261 0.253 0.253 0.255 0.003 

525 31 0.225 0.174 0.122 0.174 0.034 
525 55 0.168 0.165 0.157 0.163 0.004 
525 92 0.212 0.205 0.211 0.209 0.003 
525 153 0.277 0.284 0.283 0.281 0.002 
525 208 0.350 0.365 0.362 0.359 0.006 

550 31 0.337 0.400 0.400 0.379 0.028 
550 55 0.288 0.316 0.337 0.313 0.017 
550 92 0.394 0.390 0.408 0.397 0.007 
550 153 0.507 0.480 0.514 0.500 0.013 
550 208 0.612 0.623 0.620 0.618 0.004 

575 208 1.273 1.200 1.323 1.265 0.058 

l imi t  was  55 m m  w a t e r  v a p o r  at  525 ~ and 550~ 
and was  208 m m  at 575~ Because  the  a p p a r a t u s  
was  no t  capab le  of a t t a in ing  h i g h e r  w a t e r  v a p o r  
pressures ,  only  one w a t e r  v a p o r  p re s su re  was  e x -  
a m i n e d  at 575~ Plo ts  of r a t e  cons tan t  aga ins t  
w a t e r  v a p o r  p re s su re  show a l inea r  d e p e n d e n c e  in 
the  t e m p e r a t u r e  r a n g e  covered .  

Plots  of log k aga ins t  1/T  for  w a t e r  vapo r  p r e s -  
sures  of 55, 92, 153, and 208 m m  Hg are  shown  in 
Fig.  4. T w o  s t r a igh t  l ines w e r e  ob ta ined  fo r  each  
w a t e r  vapo r  pressure .  One of the  s t r a igh t  l ines  
covers  the  t e m p e r a t u r e  r a n g e  b e t w e e n  425 ~ and  
500~ and the  o the r  covers  the  r a n g e  b e t w e e n  525 ~ 
and 575~ A c t i v a t i o n  energ ies  at the  va r ious  w a t e r  
vapo r  p ressures  for the  two  t e m p e r a t u r e  r anges  a re  
shown in Tab le  II. 

A c t i v a t i o n  energ ies  for  the  w a t e r  v a p o r  p ressures  
be low  208 m m  w e r e  not  ca lcu la ted  for  the  t e m p e r a -  
t u re  r ange  b e t w e e n  525 ~ and 575~ because  on ly  
two  points  w e r e  a v a i l a b l e  for  these  curves .  T h e r e  
was  a g r adua l  dec rease  in ac t iva t ion  e n e r g y  w i t h  
inc rease  in w a t e r  v a p o r  p re s su re  in the  l ower  t e m -  
p e r a t u r e  range ,  and t he r e  was  a sharp  inc rease  in 

Table II. Activation energies for the reaction of Mg 
with water vapor 

A c t i v a t i o n  e n e r g y ,  k c a l / m o l e  
W a t e r  v a p o r  

p r e s s u r e ,  m m  H g  425 ~ ~ 525 ~ ~ 

55 31.7 • 7.6 - -  
92 21.8 • 3.9 - -  

153 15.2 _ 2.7 - -  
208 11.1 • 2.7 33.7 • 1.5 
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Fig. 4. Log k is plotted against the reciprocal of the absolute 
temperature for four water vapor pressures to demonstrate the varia- 
tion of the rate constants with temperature in the Arrhenius equa- 
tion. 

ac t iva t i on  e n e r g y  above  500~ at al l  w a t e r  v a p o r  
p ressures  inves t iga ted .  The  t r e n d  of al l  plots  in 
Fig.  4 ind ica tes  tha t  al l  a c t i va t i on  ene rg ie s  above  
500~ are  the  same. 

In the  ea r ly  p a r t  of this  work ,  diff icul ty was  en -  
c o u n t e r e d  in the  d e v e l o p m e n t  of a m e t h o d  of p r e p -  
a ra t ion  and h a n d l i n g  Mg so tha t  the  r eac t ion  w i t h  
wa te r  vapo r  w o u l d  t ake  place.  The  Mg cy l inders  
w e r e  e tched  for  2 rain in a solut ion of 2% HC1 in 
e thanol ,  w a s h e d  in two  ba ths  of a c e t o n e - m e t h a n o l ,  
and r insed  in dry,  t h i o p h e n e - f r e e  benzene .  The  
cy l inders  w e r e  suppor t ed  in the  bo t tom of the  r eac -  
t ion tube  by a smal l ,  U- shaped ,  s t a in le s s - s t ee l  clip. 
Sc rews  at each end  of the  clip w e r e  used to hold  the  
cy l inders  in place.  T h e  cy l inders  w e r e  insu la ted  
f r o m  the  clip by  ce ramic  t ips  on the  ends of the  
screws,  and  the  cl ip s e rved  to suppor t  the  cy l inders  
concen t r i ca l ly  in the  r eac t ion  tube.  E v e n  w i t h  this  
p r e p a r a t i o n  and w i t h  the  t e m p e r a t u r e  at 525~ for  
per iods  as long as 20 h r  t he r e  was  no v is ib le  ev i -  
dence  of  r eac t ion  in o v e r  80% of the  trials.  In some 
ins tances  the  r eac t ion  took p lace  only  at i so la ted  
spots on the  Mg surface .  The  m e t a l  a r o u n d  the  spots 
a p p e a r e d  b r i g h t  and  shiny.  Each  v a r i a b l e  in the  
p r o c e d u r e  of p r e p a r i n g  for  a r u n  was  changed  i nde -  
p e n d e n t l y  in an effort  to d e t e r m i n e  the  i m p o r t a n t  
fac tors  invo lved .  None  of the  va r i ab l e s  i nves t i ga t ed  
m a d e  s ignif icant  d i f ferences  as to w h e t h e r  or not  the  
r eac t ion  took place.  W h e n  the  use of the  n i c h r o m e  
w i r e  m e t h o d  of suspens ion  of  the  s ample  was  a d o p t -  
ed and  the  HNO~ e tch  was  used  to r ep l ace  the  HC1 
etch, on ly  about  5% of the  spec imens  fa i l ed  to u n -  
de rgo  reac t ion .  This  phase  of t he  sur face  ox ida t ion  
of Mg by  w a t e r  v a p o r  w a r r a n t s  f u r t h e r  i nves t i ga -  
tion. The  a p p a r e n t  pass iva t ion  of the  m e t a l  u n d e r  
ce r t a in  condi t ions  offers an o p p o r t u n i t y  for  f u t u r e  

s tudy.  

Discussion 

The  ox ida t ion  of Mg by  w a t e r  v a p o r  in the  t e m -  
p e r a t u r e  r ange  b e t w e e n  425 ~ and  575~ and the  
w a t e r  vapo r  p re s su re  r ange  b e t w e e n  31 and 208 m m  
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Hg can be exp la ined  by  three  di f ferent  mechan i sms ,  
all  of which  are r e l a t ed  to the vapor  p ressure  of the  
Mg metal .  

1. In  the t e m p e r a t u r e  r ange  b e t w e e n  425 ~ a nd  
500~ and  over  the  en t i r e  r ange  of wa t e r  vapor  
pressures ,  the  reac t ion  is confined to or takes  place 
ve ry  n e a r  the me t a l  surface.  Wate r  vapor  diffuses 
read i ly  t h rough  the  loose oxide s t ruc tu re  and  reac ts  
at the  m e t a l - o x i d e  in terface .  As the wa t e r  vapor  
p ressure  is reduced,  some Mg atoms ac tua l ly  leave  
the surface  of the me t a l  before  e n c o u n t e r i n g  w a t e r  
vapor  molecules ,  and  the reac t ion  takes  place e i ther  
in  the vapor  phase w i t h i n  the porous  oxide s t ruc tu re  
or on the i n t e r n a l  sur face  of the  oxide sheath.  This 
concept  is suppor ted  by  the  occur rence  of a g radua l  
increase  in  the  ac t iva t ion  ene rgy  wh ich  is observed  
as the wa t e r  vapor  p ressure  is r educed  in  this  t e m -  
p e r a t u r e  range .  

2. In  the t e m p e r a t u r e  r ange  b e t w e e n  500 ~ a nd  
575~ and  at  wa te r  vapor  pressures  sufficiently h igh  
to confine the  MgO produc t  to the surface of the  
me ta l  cyl inders ,  the  reac t ion  takes  place i n t e r s t i -  
t ia l ly  in  the loose oxide coat. The  ra te  of vapor iza -  
t ion of the  Mg a toms is so grea t  tha t  few w a t e r  
vapor  molecules  ever  reach  the  solid m e t a l  surface  
before  reac t ion  takes  place, and  a la rge  wa te r  vapor  
concen t r a t i on  g r ad i en t  exists  b e t w e e n  the  m e t a l -  
oxide and  the  gas -ox ide  interfaces .  The reac t ion  
takes  place e i ther  on the  i n t e r n a l  surfaces  of the  
oxide sheath  or in  the vapor  phase w i t h i n  the  loose 
oxide s t ruc ture .  This  m e c h a n i s m  exp la ins  the  sharp  
increase  in  the ac t iva t ion  ene rgy  at  a l l  wa t e r  vapor  
pressures  above 525~ 

3. W h e n  the wa t e r  vapor  p ressure  is r educed  
below 55 m m  at 525 ~ and  550~ and  be low 208 m m  
at 575~ there  is no longer  sufficient wa t e r  vapor  
w i t h i n  the  oxide coat to react  w i th  all  of the  v a p o r -  
ized Mg atoms, and  these  a toms escape f rom the  
oxide coat. MgO is deposi ted on the  wal ls  of the 
reac t ion  tube,  and  the  reac t ion  takes  place e i ther  in  
the  vapor  phase  or on the  wal ls  of the  reac t ion  tube.  
Leont is  and  Rhines  (2) observed  a vapor  phase  r e -  
act ion above 575~ in  the ox ida t ion  of Mg by  
oxygen.  

The most  i m p o r t a n t  factor  affect ing the  reac t ion  
m e c h a n i s m  in  the t e m p e r a t u r e  r ange  of this  work  
is the vapor  p ressure  of the Mg metal .  The  rap id  
r ise in  the  vapor  p ressure  b e t w e e n  500 ~ and  600~ 
is shown by  the  va lues  g iven  in  Tab le  I I I  (11).  

It  was i n t e r e s t i ng  to observe  tha t  the  a m o u n t  of 
vapor i za t ion  in  these  expe r imen t s  increased  af ter  
the ox ida t ion  had  t a k e n  place for some t ime.  This  
increase  in  the  a m o u n t  of vapor iza t ion  was  due  p re -  
s u m a b l y  to an  increase  in  the surface  area  of the 
me ta l  d u r i n g  the ox ida t ion  process. The  sur face  of 
the  me t a l  u n d e r  the  oxide coat was  a lways  rough ly  

Table III. Vapor pressure of Mg 

V a p o r  p r e s s u r e  of  Mg,  
T e m p ,  ~ m r n  H g  

500 0.053 
550 0.190 
600 0.684 

etched. G u l b r a n s e n  (1),  by  us ing  a v a c u u m  mic ro -  
ba l ance  technique ,  c lear ly  showed a s imi la r  increase  
in  the a m o u n t  of vapor iza t ion ,  a f ter  a per iod  of 
oxidat ion.  

The  concept  of increase  in  vapor i za t ion  w i th  r e -  
act ion on the  me t a l  surface  serves to e xp l a in  the  
steps lead ing  to the vapor  phase  react ions.  In  these 
reac t ions  the n o r m a l  i nduc t i on  per iod  is a lways  ob-  
se rved  a nd  the  reac t ion  s ta r t s  off at  a cons t an t  rate .  
However ,  as the reac t ion  proceeds,  the  a m o u n t  of 
vapor iza t ion  increases  as the  surface  becomes etched 
by  the  ox ida t ion  process a nd  the re  is no longer  suffi- 
c ient  wa te r  vapor  t r a v e r s i n g  the  oxide coat to con-  
fine the reac t ion  to the  sur face  of the metal .  W h e n  
this  occurs a no t he r  sharp  r ise in  r eac t ion  ra te  is 
observed.  As rec rys ta l l i za t ion  of Mg on the  ins ide  
of the  oxide sheath  takes  place, the r a t e  of reac t ion  
decreases,  p r e s u m a b l y  because  the M g - l i n e d  shea th  
is less p e r m e a b l e  to Mg vapor  t h a n  is the  oxide coat. 

These conclus ions  are cor robora ted  by  cor re la t ion  
of the ac t iva t ion  ene rgy  da ta  as d e t e r m i n e d  in  this  
s tudy  wi th  other  t h e r m o d y n a m i c  data.  React ions  
occur r ing  at  h igh t e m p e r a t u r e s  a n d / o r  low wa te r  
vapor  pressures  have  been  exp la ined  on the  basis  
of the  h igh vapor  p ressure  of Mg. Ac t iva t ion  en -  
ergies ob ta ined  for these reac t ions  in  this  work  are 
31.7-33.7 k /ca l .  These resul t s  agree wel l  wi th  the  
hea t  of s u b l i m a t i o n  of Mg, which  is 34.4 kca l  (12).  
At  lower  t e m p e r a t u r e s  a nd  at  the h ighes t  wa t e r  
vapor  p ressure  used in  this  s tudy,  the ac t iva t ion  
ene rgy  was found  to be 11.1 kcal.  This  va l ue  com- 
pares  f a vo r a b l y  w i t h  energ ies  d e t e r m i n e d  in  o ther  
wa te r  v a p o r - m e t a l  s tudies  (8, 13, 14) in  which  ad -  
sorpt ion  on or diffusion of some species t h r o u g h  the  
solid p roduc t  coat ing was  the  r a t e - c o n t r o l l i n g  step. 
I n a s m u c h  as ac t iva t ion  energies  i n t e r m e d i a t e  to 
these va lues  have  been  f ound  for some reac t ion  con-  
dit ions,  the conclus ion  is t e n a b l e  tha t  a c omb ina t i on  
of bo th  vapor iza t ion  a nd  diffusion t h r o u g h  the  coat-  
ing  de t e rmines  the  ove r - a l l  reac t ion  rate.  

Manuscript  received August  6, 1956. Contr ibut ion 
No. 529. Work on this paper  was performed in the 
Ames Laboratory of A.E.C. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1958 
J O U R N A L .  
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Enhanced Surface Reactions 

Manfred J. D. Low and H. Austin Taylor 

Nichols Laboratory, New York University, New York, New York 

ABSTRACT 

The influence of an electrodeless gaseous discharge on the rates of adsorp- 
tion of hydrogen on Pd-ALOe, ZnO and Ni-kieselguhr and of carbon monoxide 
on ZnO was investigated. Enhanced adsorption rates and extent  were found. 
A mechanism for the observed effect has been suggested which should have 
general  applicabil i ty in chemisorption, oxidation of metals, and other similar 
phenomena.  

An  in t e r e s t i ng  e x p e r i m e n t  on the inf luence  of a 
h i g h - f r e q u e n c y  induced  gaseous d ischarge  on the 
ra te  of chemisorp t ion  of oxygen  on NiO has been  
repor ted  by  Enge l l  and  Hauffe (1) .  The appl ica t ion  
of a Tesla  coil to the sys tem af ter  150 ra in  w h e n  
adsorp t ion  had  a lmost  ceased caused a m a r k e d  i n -  
crease in  adsorpt ion,  the  a m o u n t  adsorbed  a lmost  
doub l ing  in  30 min.  Lack  of an  e x p l a n a t i o n  for this  
la rge  effect caused by  such a m i n o r  d ischarge  
p rompted  a r epe t i t i on  of the  expe r imen t .  

Experimental 
A Tesla  coil of the  type  f r e q u e n t l y  used for l eak  

de tec t ion  was appl ied  to a s t a n d a r d  cons tan t  vo l -  
u m e  adsorp t ion  sys tem so tha t  a d ischarge  could be 
caused and  m a i n t a i n e d  in  a region  40 cm f rom the  
adso rben t  c h a m b e r  in  an  8 m m  O.D. t ube  l ead ing  
f rom the chambe r  to the  adsorp t ion  m e a s u r i n g  ap-  
para tus .  A p lug  of P y r e x - g l a s s  wool was  located in  
this  tube,  20 cm f rom the  po in t  of d ischarge a nd  be -  
tween  the  l a t t e r  and  the  adsorbent .  The coil was  
ad jus ted  to give a con t inuous  d i scharge  which  was  
ba re ly  v is ib le  in  a d a r k e n e d  room. P r e l i m i n a r y  ex-  
pe r imen t s  u n d e r  the  condi t ions  p r eva i l i ng  in  ac tua l  
r u n s  bu t  in  the  absence  of the adso rben t  showed 
tha t  the  discharge had  no not iceable  effect on the  
p ressure  in  the system. 

E x p e r i m e n t s  us ing  three  di f ferent  adsorben ts  are 
descr ibed:  (a)  15.53 g of a commerc ia l  Pd  h y d r o -  
gena t ion  ca ta lys t  m a d e  by  Bake r  and  Co. of 0.5% 
Pd on 1/16 in. e x t r u d e d  AI.~O~ pel lets ;  (b)  18.76 g 
ZnO f rom oxalate,  p r e p a r e d  according to the  me thod  
of Tay lo r  and  S i c k m a n  (2) ;  (c) 10 g N i -k i e se l guh r  
c o n t a i n i n g  11.5% Ni (3) .  

Gases used were  H2 and  CO. P u r e  H~ was p r e p a r e d  
by  diffusion of t a n k  H th rough  hea ted  Pd  th imbles .  
CO was ob ta ined  f rom the reac t ion  of CH~O~ and  
H2SO, and  was pur i f ied by  su i t ab le  wash ing  and  
drying .  

Results and Discussion 

The s t a t emen t  m a d e  ear l ie r  tha t  the d ischarge  
was wi thou t  effect un less  adso rben t  was p resen t  is 

i l l u s t r a t ed  by  the da ta  of two such runs  at different  
gas pressures  shown  in  Tab le  I. P ressures  were  
m e a s u r e d  on a d i bu t y l  ph tha l a t e  (DBP)  manome te r .  

The smal l  p ressure  changes in  r u n  II are  a t t r i b u t -  
able  to the  changes  in  room t e m p e r a t u r e  and,  as 
seen f rom r u n  I, w h e n  this is constant ,  so also is the 
p ressure  before, dur ing ,  and  af ter  the discharge.  
P r e s su re  changes  observed  d u r i n g  discharge  w h e n  
adso rben t  is p resen t  are exempli f ied  by  Tab le  II 
showing  the p ressure  read ings  for the  enhanced  ad-  
sorp t ion  of H~ on ZnO shown la te r  in  Fig. 4. 

I t  m a y  be seen tha t  the ra te  of p ressure  change,  
jus t  before  the  "discharge was applied,  fell  to about  
3 m m  DBP in  25 min.  D u r i n g  the first 5 m i n  of dis-  
charge the  p ressure  fell 5 m m  and  more  t h a n  20 m m  
d u r i n g  the ha l f  hour  the  d ischarge  was applied.  It  is 
seen, therefore ,  tha t  the effect of the d ischarge  is 
real ;  it  is far  f rom be ing  a small ,  del icate  effect and  
is comparab le  w i th  the n o r m a l  adsorp t ion  rates  on 
the  same adsorbent .  It  is the  more  s tar t l ing ,  since this 
enhanced  adsorp t ion  occurs on surfaces,  which,  f rom 
the classical po in t  of view, are a lmost  fu l ly  sa tu -  
r a ted  at the  p r eva i l i ng  pressure .  

Fig. 1 is a plot  of the  da ta  of a t yp i c a l  e x p e r i m e n t  
on the adsorp t ion  of H~ on Pd  �9 AI~O~ at  257~ The 

Table I. Effect of discharge in absence of adsorbent 

Run  I R u n  I I  
T i m e ,  R o o m  Pres s .  H2 T i m e ,  R o o m  Pres s .  I-I~ 
r a in  t e m p ,  ~ e m  D B P  r a i n  t e m p ,  ~ c m  D B P  

5 26.4 68.20 5 27.0 30.09 
10 26.4 68.20 10 27.0 30.09 
15 26.4 68.20 15 27.0 30.09 
20 26.4 68.20 20 27.0 30.09 

Discharge on Discharge on 
25 26.4 68.20 25 27.0 30.09 
30 26.4 68.20 30 27.0 30.09 
40 26.4 68.20 35 27.0 30.09 
50 26.4 68.20 40 27.1 30.8 

Discharge off 42 27.1 30.10 
55 26.4 88.20 45 27.1 30.10 
60 26.4 68.20 50 27.2 30.13 
70 26.4 68.20 60 27.3 30.20 

65 27.0 30.05 
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Table II. Enhanced adsorption of H2 on ZnO at 100~ 
Po ~ 66.9 cm DBP 

T i m e ,  m i n  R o o m  t e m p  P r e s s .  c m  D B P  

975 30.6 27.32 
1115 32.2 26.98 
1190 31.2 26.65 

Discharge on 
1195 31.2 26.10 
1200 31.2 25.58 
1205 31.2 25.08 
1215 31.2 24.38 
1220 31.2 24.10 
1225 31.4 23.88 
1230 31.4 23.76 

r u n  h a v i n g  con t inued  for 3 hr  and  the  p ressure  of 
the  H~ h a v i n g  fa l l en  f rom 77.23 to 56.75 cm DBP, 
the  Tesla  coil was t u r n e d  on. The  ra te  of disap- 
pea rance  of the gas is m a r k e d l y  increased  u n d e r  
the  inf luence  of the discharge.  Af te r  70 rain the  
Tesla  coil was t u r n e d  off. The ra te  of gas u p t a k e  
is seen to dec l ine  rapid ly ,  a l t hough  the  e n h a n c i n g  
effect of the discharge is sti l l  a p p a r e n t  10 rain later .  
The inser t  in  Fig. 1 is an  Elovich plot  (4) of the  da ta  
and  shows the r e t u r n  of the  ra te  to its in i t i a l  va lue  
af ter  cessat ion of the d ischarge  by  the  cons tancy  
of slope of the first and  th i rd  par t s  of the  curve.  A 
s imi la r  con t inua t i on  of the e n h a n c e m e n t  af ter  the  
d ischarge  is to be found  in  the e x p e r i m e n t  by  Enge l l  
and  Hauffe. 

In  Fig. 2 the  effect of a d i scharge  on the  ra te  of 
CO adsorp t ion  on ZnO at 257~ and  55 cm DBP is 
shown.  Aga in  the ra te  of gas up t ake  is m a r k e d l y  
enhanced  by the  discharge bu t  decreases aga in  
w h e n  the  d ischarge  ceases, f a l l in~  a lmost  to the  
same ra te  as tha t  before  the d ischarge  was applied.  

A s imi la r  effect was observed  in  the  inf luence  
of the  d ischarge  on the  ra te  of adsorp t ion  of H= at an 
in i t ia l  p ressure  of 71.3 cm DBP on  a N i - k i e s e l g u h r  
ca ta lys t  at 322~ as shown in  Fig. 3. 

The most  p r o n o u n c e d  effect was  found  on s t u d y -  
ing the  adsorp t ion  of H~ on ZnO. Fig. 4 and  5 aga in  
show the  m a r k e d  e n h a n c e m e n t  of the adsorp t ion  
caused by the  discharge.  The e n h a n c e m e n t  is ap-  
p a r e n t  not  only  d u r i n g  the course of a r u n  whi le  
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Fig. 1. Rate of adsorption of H~ on Pd. AI~O3 before, during, and 
after application of discharge. Insert is a plot of amount adsorbed 
against the logarithm of time. Temp, 257~ P~ ~ 77.23 cm DBP. 
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Fig. 2. Effect of discharge on adsorption of CO on ZnO. Temp, 
257~ Po ~ 55.0 cm DBP. 
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Fig. 3. Effect of discharge on adsorption of H2 on Ni-kieselguhr. 
Temp, 322~ Po = 71.3 cm DBP. 

spon taneous  gas up t ake  is occur r ing  (Fig. 4) bu t  
also the  adsorbent ,  s eeming ly  sa tu ra t ed  a f te r  seven 
days '  exposure,  m a y  be m a d e  to take  up more  gas 
(Fig. 5). 

As po in ted  out  by  Enge l l  a nd  Hauffe the  increase  
in  adsorp t ion  shown  in  the i r  exper imen t ,  and  in  
these  m a n y  exper imen t s ,  canno t  be  re la ted  to a 
s a tu r a t i on  of adso rben t  surface  by  adsorbate ,  s ince 
in  such a case a d ischarge  wou ld  be ineffectual .  I t  
is also u n l i k e l y  that ,  in  the  case of Ha adsorpt ion,  
the  effect is due  to a direct  and  mass ive  p roduc t ion  
of H atoms, since, in  the first place, the condi t ions  of 
the Tesla  coil d i scharge  are so feeble in  compar i son  
wi th  those necessary  for effective a tom p roduc t i on  
in  a Wood's  d ischarge tube  and,  in  the second place, 
exper ience  shows how effective is a p lug  of d ry  
glass wool, such as used here  as a pro tec t ion  for the 
catalyst ,  in  caus ing  a tom recombina t ion .  The s imi-  
l a r i ty  of the e n h a n c e m e n t  of adsorp t ion  of CO ind i -  
cates tha t  the  effect of the  discharge can  at  best  be 
bu t  a feeble exc i ta t ion  or ac t iva t ion  of molecules .  
The concen t r a t i on  of such species, atoms, or mo le -  
cules reach ing  the ca ta lys t  sur face  m u s t  be ex-  
t r e m e l y  smal l  and  the  m a r k e d  increase  in  adsorp t ion  
would  suggest  some fo rm of a chain  process. Engel l  
and  Hauffe have  a t t e mp t e d  to exp la in  the  effect in  
t e rms  of the i r  Ba r r i e r  Laye r  theory,  sugges t ing  tha t  
the  observed inc rease  in  gas u p t a k e  is due to a n  in -  
creased e lec t ron-af f in i ty  of the oxygen.  G r a y  and  
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Fig. 5. Effect of discharge on adsorption of H2 on ZnO after sat- 
uration during 7 and 9 days. Temp, 100~ Po ~ 64.6 cm DBP. 

D a r b y  (5) suggest  t ha t  the  effect, in  the  case of 
oxygen  on NiO, m a y  be due  to oxygen  be ing  bu i l t  
in to  the la t t ice  of the  adsorbent .  

An  a l t e rna t ive ,  more  a t t rac t ive ,  and  more  gen-  
era l  theory,  no t  appl icab le  a lone  to semiconduc tor  
surfaces,  m a y  be  deduced  f rom the theory  of Tay lo r  
and  Thon  (4) which  Tay lo r  (6,7) has ex tended .  
It  has been  amp ly  d e m o n s t r a t e d  in  the  vas t  m a -  
jo r i ty  of such s tudies  to which  the  Elovich equa t ion  
is appl icab le  tha t  the  ra te  of slow chemisorp t ion  is 
i n d e p e n d e n t  of the chang ing  p re s su re  in  the  gas 
phase. Therefore ,  the observed  dece le ra t ion  can  be 
a t t r i b u t e d  only  to the o ther  reac tan t ,  the  surface.  
Tay lor  and  Thon  (4) suggested tha t  this effect can 
resu l t  f rom a spon taneous  b imo lecu l a r  d i s appea r -  
ance of sites which  a re  created in i t i a l ly  t h rou gh  the  
contact  of the gas and  the  surface.  I t  has been  shown  
(6,7) tha t  this  site c rea t ion  can occur by  a b r a n c h -  
ing  cha in  m e c h a n i s m  in i t i a ted  by  the  reac t ion  of an  
act ive part icle ,  G, wi th  a surface  atom, S, caus ing  a 
"dissociat ion" of the  a tom into two adsorp t ion  sites, 
V. The o v e r - a l l  reac t ion  for the  b r a n c h e d  cha in  m a y  
be represen ted :  

G ~- n S ~  GV -~ ( 2 n - -  1 )V 

The r e m a i n i n g  ( 2 n - -  1) sites can be act ive for ad-  
sorption,  or a l t e rna t ive ly ,  suffer b imo lecu l a r  re -  
comb ina t i on  and  decay. It  is therefore  suggested 
tha t  d u r i n g  the discharge,  a n e w  site c rea t ion  process 

is induced  and  sites are p roduced  to an  ex t en t  which  
is eno rmous  in  compar i son  wi th  the n u m b e r  of 
exc i t ing  part ic les .  Chemiso rp t ion  of n o r m a l  mole -  
cules t hen  proceeds on the n e w l y  c rea ted  sites r e -  
su l t ing  in  an  e n h a n c e d  r a t e  of adsorpt ion.  

Conf i rma t ion  of the  proposed m e c h a n i s m  is to be  
found  in  the c o n t i n u a t i o n  of the  enhanced  adsorp-  
t ion  even  af ter  cessa t ion of the  discharge.  G r a y  and  
D a r b y  (5) m e a s u r e d  the  adsorp t ion  of oxygen  on a 
NiO film by  a conduc t ime t r i c  me thod  and  found  
tha t  a n  R.F. discharge,  m o m e n t a r i l y  applied,  y ie lded  
i m m e a s u r a b l y  h igh  va lues  for the conduc t iv i ty  and  
tha t  the  conduc t iv i ty  decreased only  g r a dua l l y  to 
the  n o r m a l  va lue  af ter  the  cessat ion of the dis-  
charge.  Gray  and  D a r b y  offer no e x p l a n a t i o n  for 
this observat ion .  In  t e rms  of the above mechan i sm,  
the  g r a dua l  change  on cessat ion of the d ischarge  is 
to be a t t r i b u t e d  to spon taneous  si te  decay accom- 
pan ied  by  site d i s appea rance  t h r ough  occupancy,  
processes in  the i r  e xpe r i me n t s  e x t e nd i ng  over  some 
20 min.  Af te r  the  sur face  has r e t u r n e d  to the  "no r -  
m a l "  state, tha t  is, its s ta te  i m m e d i a t e l y  before  the 
d ischarge  was  applied,  adsorp t ion  also con t inues  at  
the " n o r m a l "  rate,  a l t hough  s o m e w h a t  decreased 
because  of the  l a rge r  concen t r a t i on  of m a t e r i a l  now 
on the  surface.  G r a y  and  D a r b y  observe  this  "pe r -  
m a n e n t "  a l t e r a t i on  in  the va l ue  of the  surface  con-  
duc t iv i ty .  

W h e n  the  d i scharge  is appl ied  over  an  ex t ended  
per iod  r a t h e r  t h a n  m o m e n t a r i l y ,  site p roduc t ion  can 
be a c o n t i n u i n g  process.  Si te  decay as a b imo lecu l a r  
process m u s t  e v e n t u a l l y  equa l  or exceed si te  p ro -  
duct ion.  The fo rmer  leads to a cons tan t  site densi ty,  
wi th  adsorp t ion  l i nea r  i n  t ime.  This  was observed  by  
Enge l l  and  Hauffe  and  appears  in  Fig. 1. Other  data  
of the  au thors  conf i rm the second case. 

Conf i rmat ion  of the  proposed m e c h a n i s m  should 
be ava i l ab le  also in  al l  processes which  invo lve  any  
fo rm of sur face  energiz ing.  The  ox ida t ion  of meta l s  
u n d e r  the  inf luence  of a gaseous d ischarge  has been  
s tud ied  by  D r a vn i e ks  (8) .  In  this  s tudy,  a l though  
pe rhaps  less conc lus ive ly  because  electrodes were 
used, enhanced  ox ida t ion  was  occasional ly  detected.  
A m o r e  precise s tudy  by  F r y b u r g  (9) on the  ox ida-  
t ion  of P t  showed tha t  oxygen  atoms are at least  
400 t imes  more  effective t h a n  oxygen  molecules .  The 
proposal  made  here  offers a m e c h a n i s m  for this  en -  
h a n c e m e n t  as a b r a n c h e d  cha in  l eng th  of a r o u n d  
400. 

In  l ike m a n n e r ,  pho to -exc i t ed  adsorpt ions  observed  
by  K oba ya sh i  a nd  K a w a j i  (10) of oxygen  on ZnS  
u n d e r  the  in f luence  of 3650A rad i a t i on  s imi l a r ly  
po in t  to site c rea t ion  induced  by  the absorbed  en -  
ergy.  S imi l a r  effects have  found  the i r  w a y  in to  the 
p a t e n t  l i t e ra tu re .  I t  has been  c l a imed  (11) tha t  the 
coal c o n s u m p t i o n  of a ve r t i ca l  l ime  k i l n  was  de-  
creased f rom 180 to 126 k g / t o n  of l imes tone  by  the 
app l ica t ion  of a s i lent  e lect r ical  d ischarge  to the 
ki ln .  

The  above  and  o ther  examples  of a b n o r m a l  reac-  
t ion  have  the  c o m m o n  cr i te r ia  tha t  they  are (a)  
he te rogeneous  and  (b)  show e n h a n c e m e n t  of rate,  
or of ex ten t  of react ion,  or both, by  the  appl ica t ion  
of a r e l a t i ve ly  m i n u t e  s t imulus .  The a m o u n t  of en -  
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ergy  suppl ied  to the  sys tem is ex t r eme ly  smal l  ye t  
its effects are large.  This is prec ise ly  the s i tua t ion  
which  o r ig ina l ly  p r o m p t e d  the  sugges t ion  of a cha in  
m e c h a n i s m  for homogeneous  chemical  react ions.  
The absence  of a cha in  m e c h a n i s m  in  c u r r e n t  p ro -  
posals suggested to account  for he te rogeneous  re -  
action, i nc lud ing  chemisorpt ion ,  infers  t ha t  none  is 
able  to account  for the  pecul ia r i t i es  descr ibed in  this 
work.  The  genera l  app l i cab i l i ty  of the  s i t e -c rea t ion  
m e c h a n i s m  to chemisorp t ion  (4) ,  he te rogeneous  
chemical  reac t ions  (7, 12), and  to the  e n h a n c e m e n t s  
descr ibed h e r e i n  would  in fe r  a h igh degree of p l aus -  
ibi l i ty .  F u r t h e r  q u a n t i t a t i v e  da ta  are  r equ i r ed  for 
its conf i rmat ion.  

Manuscript  received Nov. 1, 1956. It was abstracted 
from a dissertation by M. J. D. Law submit ted to the 
faculty of the Graduate  School of Arts  and  Science, 
New York Univers i ty  in part ial  fulf i l lment of the re- 
quirements  for the Ph.D. degree, June  1956. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be publ ished in the June  1958 
JOURNAL. 
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ABSTRACT 

The introduct ion of Al, Zn, Mg, Ca, or Cd in Sr~(PO4)~ produces a new 
crystal phase which is probably  isomorphous with ~Cas(PO,)2. Activated with 
t in  this Sr-orthophosphate gives a strong luminescence with a m a x i m u m  at 
about  6300A under  excitat ion wi th  2537A. 

In  the  sys tems s tud ied  so far, Sn  m u s t  be p re sen t  
i n  the  la t t ice  as Sn  ~§ in  order  to be  an  effective ac-  
t ivator .  Since Sn  ~+ is easi ly  reduced  to Sn  me ta l  and,  
on the  o ther  hand,  is also read i ly  oxidized to Sn  '+, 
a ca re fu l ly  cont ro l led  a tmosphere  is r e q u i r e d  in  
p r e p a r i n g  efficient S n - a c t i v a t e d  phosphors.  Re-  
cent ly,  Bu t l e r  (1) p repa red  S n - a c t i v a t e d  a lka l ine  
ea r th  or thophosphates .  He  found  tha t  a f ir ing a t -  
mosphe re  of N~ con ta in ing  a smal l  pe rcen tage  of H~ 
is ve ry  effective in  keep ing  Sn  in  the  d iva l en t  state. 

flCaa(PO4)2--Sn, whose  emiss ion  has a m a x i m u m  
at  6300A and  a secondary  m a x i m u m  at  4950A, 
p roved  to be an  exce l len t  phosphor.  Sr~(PO,)~--Sn 
has an  emiss ion  at 3700A. On  i n t roduc ing  A1, Zn,  
Mg, Ca, or Cd into the S r -o r t hophospha t e  la t t ice  
the r a t h e r  weak  u.v. emiss ion of the  pu re  Sn-ac -  
t iva ted  S r -o r t hophospha t e  is replaced  by  a s t rong  
emiss ion at  6300-6500A. 

Preparation 
The r aw  mate r i a l s  used were  r eagen t  grade  

SrCO~, (NH,)~-IPO,, SnO, AI(NO~)~.  9H20, ZnO, 
MgCOa, CaCO~, and  CdCO,. The r equ i r ed  a m o u n t s  
of d ry  base ma te r i a l s  were  mixed  in  a r u n n e r  mi l l  
for 10 min.  The b lends  were  p rehea ted  at 500 ~ 
600~ for 1 hr  in  order  to e l imina t e  NH~, H~O, and  
occas ional ly  NO~ in  p repa ra t ions  con t a in ing  A1. 
Af te r  this the  m i x t u r e  was  mi l l ed  aga in  for 20 min.  

In  order  to fo rm the  ma t r ix ,  the  powders  were  
t h e n  hea ted  in  air  for 2 hr  at t e m p e r a t u r e s  r a n g i n g  

f rom 1000~176 Af te r  this  f i r ing the  powders  
a re  whi te  and  n o n l u m i n e s c e n t .  Fo l lowing  Bu t l e r  
(1) ,  the f inal  f i r ing was done in  N~ con t a in ing  some 

H2. 
In  the  au thors '  exper iments ,  samples  we re  fired 

for 30 ra in  a t  1 0 0 0 ~ 1 7 6  in  N2 wi th  0.5-1% H2 
in  a l u n d u m  crucibles.  The  fu rnace  t ube  was  s in-  
te red  a l u n d u m  (5 cm d i a me t e r )  and  in  all  p r e p a r a -  
t ions  the  gas flow was 5 1/min.  Samples  were  a l -  
lowed to cool to abou t  400~ in  the same r educ ing  
a tmosphe re  by  m o v i n g  the  crucibles  f rom the hot 
zone to a cooler por t ion  of the  a l u n d u m  tube .  

Structure 
X - r a y  d i ag rams  showed tha t  the  s t rong l u m i n e s -  

cence at about  6300A occur r ing  w h e n  pa r t  of the Sr 
i n  Sr~(PO,)~--Sn is subs t i t u t ed  by  A1, Mg, Zn, Ca, 
or Cd is associated wi th  a change  in  c rys ta l  s t ruc -  
ture .  This  ne w  crys ta l  s t r u c t u r e  is the  same, i r r e -  
spect ive  of which  of the  e l ements  m e n t i o n e d  above 
is subs t i tu t ed  for Sr. The  modified Sr~(PO,)~ is 
p r o b a b l y  i somorphous  w i t h  flCa~(PO4)~ as shown  in  
Fig. 1. It  appears  f rom this  f igure that ,  s t a r t i ng  wi th  
flCa,(PO,)~, a g radua l  r e p l a c e m e n t  of Ca by  Sr, 
apa r t  f rom other  m i n o r  differences,  resul t s  in  a 
w i d e n i n g  of the  flCa~(PO~)2 la t t ice  u n t i l  a C a / S r  
ra t io  of abou t  0.2 is reached.  Wi th  more  Sr added 
there  is a r a the r  sharp  t r ans i t i on  to the  n o r m a l  
S r -o r thophospha te  s t ruc ture .  This  t r a n s i t i o n  is ac-  
compan ied  by  a change  in  emiss ion f rom 6200 to 
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Fig. 1. X-ray diagrams of Ca,Sr-orthophosphates 

3700A. This  r e su l t  is d i f fe ren t  f r o m  t h a t  of  B u t l e r  
(1) ,  who  s ta tes  t h a t  a t  a C a / S r  r a t i o  of 2.3 a n e w  
c r y s t a l  p h a s e  a p p e a r s  w i t h o u t  a m a r k e d  c h a n g e  in 
emis s ion  and  also t h a t  s a m p l e s  w i t h  a h igh  Sr  con-  
tent ,  w h i c h  show the  long  w a v e - l e n g t h  f luorescence,  
m a y  h a v e  t h e  n o r m a l  S r - o r t h o p h o s p h a t e  s t r uc tu r e .  

T h e  f lCa,(PO,)~ s t r u c t u r e  as a s ingle  p h a s e  is r e -  
t a i n e d  b e t w e e n  m u c h  n a r r o w e r  l imi t s  in t he  case  of  
s u b s t i t u t i o n  of S r  b y  Mg, Zn, Cd, or  A1 (see sec t ion  
on C o m p o s i t i o n ) .  W i t h  i n c r e a s i n g  s u b s t i t u t i o n  of  S r  
b y  Mg, Zn, o r  Cd t h e r e  a r e  s t rong  ind ica t ions  t h a t  
a n e w  c r y s t a l  p h a s e  a p p e a r s  of  t he  compos i t ion  
SrX~(PO,)~, w h e r e  X = Mg, Zn, or  Cd, w i t h  a w e a k  
g r e e n i s h - b l u i s h  Sn emiss ion.  The  s u b s t i t u t i o n  of 
S r  b y  A1 is d i scussed  l a t e r .  T h e  m e t a l  ions  w h i c h  
p r o d u c e  the  p h a s e  t r a n s i t i o n  in  Sr , (PO, )~  a r e  
s m a l l e r  t h a n  the  S r  ion  w h i c h  t h e y  rep lace ,  so i t  is 
no t  s u r p r i s i n g  t h a t  t h e i r  i n t r o d u c t i o n  r e su l t s  in  a 
c h a n g e  to a s t r u c t u r e  l i ke  t ha t  of  flCa~(PO~)~ w i t h  a 
s m a l l e r  spac ing  of t he  m e t a l  ions. Moreove r ,  x - r a y  
w o r k  of M a c k a y  (2)  has  s h o w n  tha t  the  s t r u c t u r e  
of f lCa,(PO,)~ is r a t h e r  c lose ly  r e l a t e d  t o  t h a t  of 
Sr,(PO~)~ (3) .  

In  a g r e e m e n t  w i t h  th is  v iew,  i t  was  f o u n d  t h a t  the  
s m a l l e r  the  m e t a l  ion s u b s t i t u t i n g  for  t h e  S r  ion, the  
less of i t  is r e q u i r e d  to cause  the  t r a n s i t i o n  to t he  
~Ca~(PO~)~ s t ruc tu re .  The  m i n i m u m  ra t io s  of t he  
ca t ions  a t  w h i c h  the  flCa,(PO~)~ s t r u c t u r e  s t r o n g l y  
domina te s ,  a r r a n g e d  in t h e  o r d e r  of i nc r ea s ing  ionic 
r a d i u s  of the  s u b s t i t u t i n g  ion, a re :  A 1 / S r  = 0.08; 
M g / S r  = 0.03; Z n / S r  : 0.07; C a / S r  ---- 0.13; and  
C d / S r  ~ 0.13. I t  is seen t ha t  A1 does  not  fit in to  t he  
ser ies ;  this  po in t  is d i scussed  l a t e r .  The  fact  t ha t  
p a r t i a l  s u b s t i t u t i o n  of t he  l a r g e r  Ba ion  for  S r  does  
no t  p r o d u c e  t h e  )3Ca~(PO~)~ s t r u c t u r e  is also con-  
s i s t en t  w i t h  t h e  a b o v e  theo ry .  

A t t e m p t s  to conve r t  t he  modi f ied  S r - o r t h o p h o s -  
p h a t e  in to  t he  n o r m a l  one b y  v a r y i n g  f i r ing cond i -  
t ions  w e r e  qu i t e  unsuccess fu l .  F i r i n g  at  t e m p e r a -  
t u r e s  not  m u c h  b e l o w  t h e  m e l t i n g  po in t  r e s u l t e d  in 
h i g h l y  d i s t o r t e d  s t ruc tu r e s ,  x - r a y  d i a g r a m s  show ing  
no r e s e m b l a n c e  to e i t he r  of t h e  S r - o r t h o p h o s p h a t e  
modi f ica t ions .  X - r a y  d i a g r a m s  of p o w d e r s  f i red  at  
h igh  t e m p e r a t u r e s  and  con ta in ing  r a t h e r  l a r g e  

a m o u n t s  of A1 s h o w e d  in these  s t r u c t u r e s  the  p r e s -  
ence of AI~O~ as a second  phase .  

Composition 
In  a l l  p r e p a r a t i o n s  e x c e p t  t hose  c on t a in ing  A1 an  

excess  of 2 m o l e  % p h o s p h a t e  was  used.  A n  excess  
of the  a l k a l i n e  cons t i t uen t s  gave  b r o w n i s h  o r  g r a y -  
ish  p r o d u c t s  on f i r ing in t he  r e d u c i n g  a t m o s p h e r e  
due  to insuff ic ient  i n c o r p o r a t i o n  of the  Sn. O p t i m u m  
ra t ios  of  t he  m o l a r  c o n c e n t r a t i o n s  of t h e  ca t ions  
are :  A 1 / S r  ~ 0.1 - -  1; M g / S r  = 0.07 - -  0.4; C d / S r  ---- 
0.2; Z n / S r - ~  0 . 1 -  0.15; C a / S r  = ~ .  

K r S g e r  (4)  s u g g e s t e d  t h a t  t he  g r e a t  s o l u b i l i t y  of 
AI~O~ in the  S r - o r t h o p h o s p h a t e  m a t r i x  m i g h t  be  e x -  
p l a i n e d  b y  a s s u m i n g  a d i s t r i b u t i o n  of  A1 ove r  Ca 
and  P s i tes  in  a p r o p o r t i o n  of 2 to 1, t hus  m a i n t a i n -  
ing  c o m p e n s a t i o n  of charge .  The  compos i t ions  
Sr~_~Al~P~_xAlxOl~, c o r r e s p o n d i n g  to such a d i s t r i b u -  
t ion of  A1, a r e  r e p r e s e n t e d  b y  the  d o t t e d  l i ne  in t he  
t e r n a r y  d i a g r a m  of Fig.  2a. Thus  in  t he  e x t r e m e  
case  (x - - - -3 )  t he  h y p o t h e t i c a l  c o m p o u n d  9A1~O~. 
1P~O5 (po in t  P in  Fig .  2a)  m i g h t  have  an  o r t h o p h o s -  
p h a t e  s t r u c t u r e  w i t h o u t  vacanc ies .  

9Al~O~ �9 1P~O~ = 2A10 (A1,P) O~ ~ 2Sr~P,O~ 
-~ 4Srs(PO,)~ 

Since substitution of Sr ions by the smaller A1 
ions is accompanied by a substitution of P ions by 
the larger Al ions, it is clear that Al need not fit into 
the series (see section on Structure). 

The symbols placed underneath each point in 
Fig. 2a denote the phases occurring in the phosphors 
in decreasing order of concentration, as found by 
x-ray analysis. It is seen from Fig 2a that samples 
with a composition corresponding to points above 
the dotted line (Sr + A1 ~ 6 + x) all show the nor- 
mal Sr-orthophosphate structure. Possibly more A1 
ions than indicated in the above formula may be in- 
corporated at P sites; some Sr sites must then be 
v a c a n t  to m a i n t a i n  c h a r g e  compensa t ion .  

Fig .  2b g ives  t he  q u a n t u m  eff iciency of t he  A1- 
con ta in ing  p h o s p h o r s  as a func t ion  of  t h e i r  c o m p o s i -  
t ion.  

Efficient p h o s p h o r s  con ta in ing  Cd a re  s o m e w h a t  
diff icult  to p r e p a r e  s ince  p a r t  of the  Cd is vo l a t i l i z ed  

2Sr O 

=,~ �9 .Fa=normol orthophosphote 
" "~ '2 L b = ~ i e d  oHhop/msphQte 

C B = A I  PO~ 

E=AIfO~ 

AI  2 0 3 P A I  PO,~ I~ 0 5 
K B 

Fig. 2a. Partial composition phase diagram of the system 
SrO-AI~O~-P205. The symbols underneath each point give the 
various phases present in the order of their concentration. 
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2SrO 

~ (PO~)3~;=rn~dffied orthophosphot, 

\ ~  E =Argo3 
~mo35 

A~ 03 P AZ PO~ P~ 0 s 
E 8 

Fig. 2b. Partial composition phase diagram of the system 
SrO-AI2Oa-P=05. The figures give the quantum efficiency of the 
luminescence. 

/ A  ",. %\ 

5~0 6O0O 7s 

Fig. 3. Emmission of Sn- and Sn,Mn-activated Sr-orthophosphates 
modified with AI, Zn, Mg, or Cd. Excitation 2537.~. Sn concentra- 
tion 0.4 mole %,  Mn concentration 0.8 mole %.  - - -  ~(Sr,Mg)~ 
(PO~)~-Sn; Mg/Sr ~ 0.16; . . . . .  (Sr,Zn)3(PO~)~-Sn; Zn/Sr ~ 0.16; 
H-I-I-J-I-I-I-I-(Sr,Cd)=(PO,)~-Sn; Cd/Sr : 0.16; 
(Sr,AI)~(PO~MSn; AI/Sr = 0.33; -.-.-.-.-.-.-(Sr,AI)3(PO~MSn,Mn; 
AI/Sr = 0.33. 

d u r i n g  f ir ing in  the final r educ ing  a tmosphere .  Good 
resul t s  can be ob ta ined  by  m a k i n g  the H~ con ten t  of 
the  f inal  a tmosphe re  as low as possible  and  by  f i r ing 
for shor t  t imes.  

The ac t iva tor  concen t r a t i on  can be var ied  be-  
tween  0.1 and  1 mole  % wi thou t  m u c h  change  in  
efficiency. In  the  au thors '  p repara t ions ,  the  Sn con-  
t en t  was  0.4 mole  %. 

Emission Spectra  

The emiss ion  of the  modified S n - a c t i v a t e d  Sr- 
or thophosphate ,  w h e n  exci ted wi th  2537A, consists 
of a b road  b a n d  at  6300-6500A and  a w e a k  b a n d  
at  4000A. The  emiss ion energy  in  the b lue  b a n d  is 
abou t  5% of the total  emiss ion  energy .  The  re la t ive  
energies  in  the shor t  wave  and  long wave  emiss ion  
bands  do not  change  sens ib ly  wi th  ac t iva tor  con-  
cen t r a t i on  or the n a t u r e  and  a m o u n t  of the  sub -  
s t i tuents .  The  posi t ion of the m a i n  b a n d  depends  
s l ight ly  on the me ta l  which  is subs t i t u t ed  for Sr, as 
shown  in  Fig. 3. In  Fig. 3 all  curves  are no rma l i zed  
to the  same m a x i m u m  height .  The emiss ion  spect ra  
ob ta ined  w h e n  Ca is subs t i t u t ed  for Sr are in  ac- 
cord wi th  Bu t l e r ' s  (1) results .  The posi t ion  of the 
m a x i m u m  is not  inf luenced  by  the Sn  concen t r a t i on  
nor  by the  amoun t s  of A1, Zn, Mg, or Cd. Wi th  Mn 
as a second act ivator ,  the  peak  becomes sha rpe r  and  
shifts  to 6100A (Fig. 3). 

Q u a n t u m  Ef f ic iency 

The o p t i m u m  efficiency at room t e m p e r a t u r e  of a 
n u m b e r  of powders ,  as m e a s u r e d  by  Br i l  (5) ,  are  
g iven  in  Table  I, toge ther  wi th  f lCa,(PO,)~-Sn.  

Table I. Quantum efficiency of Sn-activated orthophosphate 
phosphors; excitation 2537A; activator concentration 0.4 

mole %. x ~ AI, Zn, Mg, Ca, Cd 

It  is seen f rom Table  I tha t  the q u a n t u m  efficiency 
of the  S n - a c t i v a t e d  Sr,A1- the  S r ,Zn- ,  and  the  Sr, 
Mg-o r thophospha te  is at leas t  as good as tha t  of 
flCa~(PO~)~-Sn. As the modified S r -o r thophospha te s  
do not  show the s u b - b a n d  at 4950A of flCa~(PO,)~- 
Sn  and  as the b a n d  at 4000A corresponds  to only  
abou t  5% of the  tota l  emiss ion  energy,  this  means  
tha t  these phosphors  give more  l ight  in  the long 
wave  emiss ion band.  The l a t t e r  m a y  be an  a d v a n -  
tage for appl ica t ions  in  f luorescent  lamps.  

Resistance toward  O x i d a t i o n  

In  f luorescent  l amp  m a n u f a c t u r e  the tubes  are 
hea ted  in  air  at abou t  540~ in  order  to r emove  the  
b i n d e r  used in  app ly ing  the  coat ing.  This  hea t  t r e a t -  
m e n t  causes a r educ t ion  in  l ight  ou tpu t  of about  
15% forf lCa, (PO,)~-Sn due  to pa r t i a l  ox ida t ion  of 
the  Sn ~+. This  decrease  in  l ight  ou tpu t  is far  less in  
the  Sr,Mg-,  Sr ,Zn-,  Sr ,Cd- ,  and  S r ,A l -o r thophos -  
pha te  phosphors  as shown  in  Tab le  II. The Sr ,Ca-  
o r thophospha te  phosphor  does not  show a be t t e r  re -  
s is tance t han  the  pu re  flCa, (PO~)~-Sn. 

W h e n  samples  are hea ted  in  air  for longer  periods,  
the l ight  ou tpu t  decreases s lowly  bu t  con t inuous ly  
un t i l  i t  is p rac t i ca l ly  zero af ter  100 hr  of hea t ing  in  
air  at  700~ Thus,  it appears  tha t  the  i n t roduc t i on  
of Mg, Zn, A1, or Cd does no t  affect the e q u i l i b r i u m  
be t w e e n  Sn  ~§ and  Sn  ~+ in  the  latt ice,  bu t  on ly  the  
ra te  at  which  the e q u i l i b r i u m  is reached.  

The  me l t i ng  po in t  of the  Mg-,  Zn- ,  AI- ,  or Cd- 
con ta in ing  phosphors  is m u c h  lower  t h a n  tha t  of Ca-  
or Ca, S r -o r thophospha te ;  therefore ,  they  are  p rob -  

Table II. Percentage reduction in light output on heating 200 mg 
samples in air for 15 min; firing 2 hr 1100 ~ in air and Vz hr 1050 ~ 
in N 2 - - 0 . 4 %  H2. Ratios of the cations are the same as in Table I. 

Sn concentration 0.4 mole %. 

P h o s p h o r  x / S r  Q.E. ,  % T,  ~ 500* 600 ~ 700  ~ 

~Ca~ (PO~) ~ 81 
(Sr,A1) ~ (PO,) = 0.33 85 
(Sr,Zn) = (PO~) ~ 0.16 87 
(Sr,Mg) ~ (PO,) = 0.12 87 
(Sr,Ca) ~ (PO~) = 0.16 75 
(Sr,Cd) ~ (PO,) ~ 0.20 70 

~Ca~ (POD = 5 27 92 
(Sr,Ca) ~ (PO~) ~ 6 39 90 
(Sr, Mg) ~ (PO~) ~ 0 0 8 
(Sr,Zn) 3 (PO,) ~ 3 10 12 
(Sr,A1) ~ (PO4) = 1 4 16 
(Sr,Cd) ~ (PO,) ~ 0 0 0 
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ably  less reac t ive  because  they  are be t t e r  c rys ta l -  
lized. This v iew is conf i rmed by  the  fact  that ,  on 
lower ing  the  f ir ing t e m p e r a t u r e ,  the i m p r o v e d  re -  
s is tance t oward  ox ida t ion  on hea t ing  in  air  is g rad -  
ua l ly  lost. 

Manuscript  received Oct. 10, 1956. This paper was 
prepared for del ivery before the Washington Meeting, 
May 12-16, 1957. 
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Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 
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Energy Transport by Cascade and Resonance Processes in Doubly 
Activated Phosphors 

Esther W. Claffy and Clifford C. Klick 

U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

A method, using quan tum efficiency measurements ,  is described for obtain- 
ing the efficiency of energy t ransfer  from sensitizer to activator centers in 
doubly  activated phosphors when both centers have allowed transitions.  From 
these measurements  and applying the theory of resonant  t ransfer  it is con- 
cluded that, for NaCh Ag, Cu, both cascade and resonant  t ransfer  mechanisms 
are impor tant  and that  the resonant  t ransfer  process increases more rapidly 
with concentrat ion than does the cascade process. 

Processes by  which ene rgy  is t r an s f e r r ed  f rom one 
ac t iva tor  to ano the r  in  a phosphor  have  been  of i n -  
teres t  for a long t ime. P a r t  of this in te res t  s tems 
f rom the widespread  commerc ia l  use of doub ly  
ac t iva ted  phosphors  and  pa r t  s tems f rom in te res t  
in  the m e c h a n i s m s  themselves .  Mater ia l s  such as 
the  sulfides in  which  pho toconduc t iv i ty  p lays  an 
i m p o r t a n t  role are  not  cons idered  here,  bu t  on ly  
mate r i a l s  where  ene rgy  t r an spo r t  occurs w i thou t  an  
a c c o m p a n y i n g  t r an spo r t  of charge.  

In  ino rgan ic  phosphors  a long series of exper i -  
m e n t a l  inves t iga t ions  (1-15)  has shown  tha t  ene rgy  
m a y  be absorbed  in  one center ,  cal led the  sensi t izer ,  
and  t r a n s f e r r e d  to ano the r  type  of center ,  cal led the  
act ivator ,  which  t h e n  emits.  These  inves t iga t ions  
have  been  concerned  wi th  cases in  which  the  sens i -  
t izer has a l lowed optical  t rans i t ions ,  whi le  those in  
the  ac t iva tor  are l a rge ly  forb idden.  For  this type  
of t r ans f e r  the  r ange  of i n t e rac t ion  b e t w e e n  sensi -  
t izer and  ac t iva tor  has also been  d e t e r m i n e d  (10, 13, 
14). 

In  organic  phosphors  the  field of in te res t  has 
been  p r i m a r i l y  in  the  absorp t ion  of ene rgy  in  the  
so lvent  molecules,  fo l lowed by  t r ans f e r  f rom so lvent  
molecu le  to so lvent  molecule  u n t i l  the ene rgy  
reaches a solute molecule  (16).  Here  the ene rgy  is 
t r an s f e r r ed  b e t w e e n  ident ica l  centers  wi th  a l lowed 
t rans i t ions .  

A q u a n t u m  theory  of r e sonan t  t r ans fe r  b e t w e e n  
l ike molecules  has been  deve loped  by  K a l l m a n  and  
L o n d o n  (17),  P e r r i n  (18),  and  FSrs ter  (19) and  ap-  
pl ied to p rob lems  of organic  phosphors .  This  theo ry  
has been  adap ted  by  Dexte r  (20) to the case of in -  
organic  phosphors  where  the  sensi t izer  and  ac t iva tor  
are d i f ferent  centers ;  the  theory  has also been  ex-  

t ended  to cover cases where  the  ac t iva tor  suffers 
fo rb idden  t r ans i t ions  of va r ious  types.  

In  add i t ion  to a r e sonan t  type  of t r ans f e r  of en -  
ergy f rom sensi t izer  to act ivator ,  ano the r  process 
m a y  occur which  is cal led the cascade process. This  
process occurs w h e n  the  sensi t izer  ac tua l ly  emits  
l ight  which  is r eabso rbed  by  the  ac t iva tor  before 
t h e  l ight  has a chance  to escape f rom the phosphor  
sample.  For  most  sensi t ized inorgan ic  ma te r i a l s  
p rev ious ly  inves t iga ted ,  the  ac t iva to r  has fo rb idden  
t r ans i t ions  so tha t  the di rect  absorp t ion  of l ight  by  
the cascade process is neg l ig ib ly  small .  However ,  
this  is not  the  case for phosphors  where  the  ac t iva tor  
has a l lowed t rans i t ions .  

It  is the  purpose  of this paper  to descr ibe methods  
for d e t e r m i n i n g  the  efficiency of t r ans fe r  of ene rgy  
by  resonance  and  cascade processes, and  to inves t i -  
gate the  re la t ive  impor t ance  of these processes in  an  
inorgan ic  phosphor  h a v i n g  a l lowed t r ans i t ions  in  
both  the  sens i t izer  and  act ivator .  To achieve this  end  
use is m a d e  of resul t s  both  f rom e x p e r i m e n t  and  
f rom theory.  

Determination of Transport Efficiencies 
The  me thod  used here  for the d e t e r m i n a t i o n  of 

t r a n spo r t  efficiencies rests  on m e a s u r e m e n t s  of 
q u a n t u m  efficiencies. A deta i led  descr ip t ion  of the  
e x p e r i m e n t a l  and  m a t h e m a t i c a l  t echn iques  invo lved  
in  such a m e a s u r e m e n t  wi l l  be  descr ibed elsewhere.  
The q u a n t u m  efficiency for l uminescence  f rom the  
sensi t izer  in  a doub ly  ac t iva ted  phosphor  m a y  be 
d e t e r m i n e d  f rom the  re la t ion  

Ggsens 
$~ - -  - -  ( 1  - -  ~ ) 3 ~  ( I )  

~ t o t a l  
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w h e r e  (SD) is t h e  q u a n t u m  efficiency for  sens i t i ze r  
emiss ion  in the  d o u b l y  a c t i v a t e d  phospho r ,  and  (Ss)  
is the  q u a n t u m  efficiency of the  s ame  p h o s p h o r  w i t h  
no  a c t i v a t o r  p resen t .  T h e  subsc r i p t s  r e f e r  to s i n g l y  
or  d o u b l y  a c t i v a t e d  phosphor s .  (~ .. . .  ) a n d ( a  .. . . .  ) 
are,  r e spec t i ve ly ,  t he  a b s o r p t i o n  coefficients for  t he  
sens i t i ze r  cen te r s  a lone  and  for  the  w h o l e  p h o s p h o r  
a t  the  e x c i t i n g  w a v e  length ,  and  (7) is the  eff iciency 
of t r a n s f e r  f r o m  sens i t i ze r  to ac t i va to r .  Thus  (7) 
m a y  b e  d e t e r m i n e d  f r o m  Eq. ( I )  if  t he  a b s o r p t i o n  
coefficients a r e  known .  F o r  m a t e r i a l s  w h i c h  c a n  be  
p r e p a r e d  as t r a n s p a r e n t  solids,  coefficients of a b -  
so rp t ion  m a y  be o b t a i n e d  f r o m  t r a n s m i s s i o n  m e a s -  
u r e m e n t s ;  for  m a t e r i a l s  o b t a i n a b l e  on ly  as p o w d e r s  
t h e  a b s o r p t i o n  coefficient  m a y  be  o b t a i n e d  f r o m  r e -  
f lect ion m e a s u r e m e n t s  (21) .  

In  a s i m i l a r  w a y  the  q u a n t u m  efficiency of t he  
a c t i v a t o r  emiss ion  m a y  be  ob ta ined .  T h e r e  a r e  t w o  
c on t r i bu t i ons  to t h e  emiss ion.  One a r i ses  f rom the  
d i r ec t  a b s o r p t i o n  of e x c i t i n g  l igh t  in the  a c t i v a t o r  
and  the  o t h e r  a r i ses  f r o m  t r a n s f e r  of e n e r g y  f r o m  
sens i t i ze r  to ac t i va to r .  T h e  to t a l  eff iciency is g iven  
b y  

Olact ~sens  
AD -- - -  Q + .  7As ( I I )  

Oftotal O~total 

H e r e  (A~) is t h e  o b s e r v e d  efficiency of a c t i v a t o r  
emiss ion  on i r r a d i a t i o n  in  the  sens i t izer .  Q is t he  
efficiency of l u m i n e s c e n c e  of t h e  a c t i v a t o r  in  t he  
same  p h o s p h o r  s a m p l e  w i t h  no sens i t izer ,  b u t  e x -  
c i ted  w i t h  l igh t  c o r r e s p o n d i n g  to t he  sens i t i ze r ' s  
a b s o r p t i o n  band .  A~ is t h e  a c t i v a t o r  eff iciency w h e n  
e xc i t ed  in  i ts  m a i n  a b s o r p t i o n  b a n d  w h i c h  m u s t  
o v e r l a p  the  emiss ion  of t he  sens i t i ze r  fo r  efficient  
t r a n s f e r  to occur .  In  m a n y  cases  t he  first  t e r m  on 
the  r i g h t  h a n d  s ide  of Eq. ( I I )  m a y  b e  n e g l e c t e d  
e i t he r  because  t h e  a b s o r p t i o n  of the  a c t i v a t o r  is 
s m a l l  a t  the  exc i t i ng  w a v e  l e n g t h  or  beca use  i ts  
eff iciency is neg l ig ib le .  I f  th is  is the  case,  Eq. ( I I )  
s impl i f ies  and  the  r a t i o  of Eqs. ( I )  and  ( I I )  becomes  

S~ A~ 1 
1 ( I I I )  

S~ A ,  

I t  shou ld  be  no ted  tha t ,  w h e r e  Eq. ( I I I )  can  be  
used,  the  t r a n s f e r  eff iciency m a y  b e  o b t a i n e d  f r o m  
q u a n t u m  eff iciency m e a s u r e m e n t s  a lone  w i t h o u t  t h e  
necess i ty  of  d e t e r m i n i n g  a b s o r p t i o n  coefficients.  

Once  the  t o t a l  t r a n s f e r  eff iciency has  been  ob -  
t a i n e d  f r o m  e x p e r i m e n t ,  i t  is n e c e s s a r y  to s e p a r a t e  i t  
in to  i ts  r e s o n a n t  t r a n s f e r  and  cascade  componen t s .  
This  is a c c o m p l i s h e d  b y  the  use  of t he  r e su l t s  of 
t heo ry .  F i r s t ,  r e v i e w  the  c o m p u t a t i o n  of r e s o n a n t  
t r a n s f e r  for  cases  w h e r e  t h e  a c t i v a t o r  has  an  a l l o w e d  
t r ans i t i on .  D e x t e r  uses a r e d u c e d  concen t r a t ion ,  y, 
to r e l a t e  e x p e r i m e n t a l  p a r a m e t e r s  to t he  r e s o n a n c e  
t r a n s f e r  efficiency; y is g iven  b y  

y : 7.96 x 10 x ~  

[ f  (Iv) 
E ~ 

In  th is  exp re s s ion  Xo is the  c o n c e n t r a t i o n  of ac -  
t i v a t o r  cen te r s  g iven  as a mole  f rac t ion ;  C § is t he  
n u m b e r  of s i tes  p e r  cubic  c e n t i m e t e r  t h a t  can  ac -  
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c o m m o d a t e  an  a c t i v a t o r  cen te r ;  n is the  i n d e x  of 
r e f r ac t ion .  D e x t e r  t akes  t he  t e r m  in r o u n d  b r a c k e t s  
to be  un i ty ;  th is  is e q u i v a l e n t  to a s s u m i n g  t h a t  t h e  
e lec t r i c  field at  a cen te r  is t he  s a m e  as t he  a v e r a g e  
e lec t r i c  field in  t h e  m e d i u m .  Qa is the  cross  sec t ion  
of t h e  a c t i v a t o r  for  a b s o r p t i o n  of l igh t  and  is d e -  
f ined b y  

Q. __ f a,ot dE 
x ~  c �9 ( v )  

w h e r e  E is in  un i t s  of e l ec t ron  vol ts ,  f , ( E )  is t h e  
emiss ion  s p e c t r u m  of the  sens i t i ze r  in t e r m s  of  t he  
r e l a t i v e  n u m b e r  of e m i t t e d  pho tons  as a func t ion  
of the  e n e r g y  in  e l ec t ron  vol ts .  The  c u r v e  is n o r m a l -  
ized so t ha t  

f~8(E)dE = 1 (VI)  

S i m i l a r l y  F~(E) is the  a b s o r p t i o n  s p e c t r u m  of t h e  
a c t i v a t o r  n o r m a l i z e d  so t h a t  

fFo(E)dE : 1 (VI I )  

The  r e d u c e d  concen t r a t i on ,  y, is r e l a t e d  to t he  q u a n -  
t u m  y i e l d  fo r  r e s o n a n t  t r a n s f e r  b y  Eq. (18) of  
D e x t e r ' s  p a p e r  w h i c h  is p l o t t e d  t h e r e  as Fig.  1. F o r  
y m u c h  less t h a n  u n i t y  th is  y i e l d  va r i e s  as 

7 ~ y(~r/2 + y In y - -  0.4228y) 

F o r  y m u c h  l a r g e r  t h a n  u n i t y  the  y i e l d  a p p r o a c h e s  
un i t y ;  i t  is 1/2 for  y ~ 0.65. W i t h  t hese  equa t ions ,  
then ,  i t  is poss ib le  to ca l cu l a t e  t he  r e s o n a n c e  t r a n s -  
fe r  efficiency. 

A n  a t t e m p t  has  been  m a d e  to ca l cu la t e  t he  effi- 
c iency  of  t r a n s f e r  b y  cascade  processes  in  p o w d e r s .  
The  m e t h o d  d e v e l o p e d  b y  J o h n s o n  (21) for  t he  
r e f l ec t iv i ty  of p o w d e r s  was  e x t e n d e d  to th is  case  
w h i c h  is c o m p l i c a t e d  by  the  fac t  t h a t  t he  e x c i t i n g  
l i gh t  a r i ses  in  the  p o w d e r  i tself .  Here ,  h o w e v e r ,  t he  
a p p r o x i m a t i o n s  i n v o l v e d  b e c a m e  i n c r e a s i n g l y  t r o u -  
b l e some  so t ha t  th is  t echnique ,  w h i c h  is also qu i t e  
c u m b e r s o m e ,  was  d i s ca rded .  Ins tead ,  t h e  q u a n t u m  
y i e l d  fo r  t r a n s f e r  b y  cascade  is o b t a i n e d  b y  s u b -  
t r a c t i n g  the  c a l c u l a t e d  r e s o n a n t  t r a n s f e r  y i e l d  f rom 
the  t o t a l  t r a n s f e r  y i e l d  o b t a i n e d  f r o m  e x p e r i m e n t .  

Measurements on NaCl:Ag, Cu 
The  N a C I : A g ,  Cu s y s t e m  was  chosen  for  s t u d y  

because  m a n y  of i ts  op t i ca l  p r o p e r t i e s  a r e  k n o w n  
and  because  i t  can  be  p r e p a r e d  as a s ing le  c r y s t a l  
for  t r a n s m i s s i o n  m e a s u r e m e n t s .  The  s t rong  a b s o r p -  
t ion  b a n d s  i n t r o d u c e d  in NaC1 b y  A g  a n d  Cu i n d i -  
ca te  t ha t  op t i ca l  t r a n s i t i o n s  in these  cen te r s  a r e  no t  
s t r o n g l y  fo rb idden .  

Spec i a l  p r e c a u t i o n s  w e r e  n e c e s s a r y  to p r e p a r e  
s a mp le s  wh ich  w e r e  f ree  of  l u m i n e s c e n t  i m p u r i t i e s  
a n d  gave  r e p r o d u c i b l e  resu l t s .  R e a g e n t  g r a d e  NaC1 
was  spec i a l l y  pur i f i ed  w i t h  d i th i zone  to r e m o v e  
t r aces  of such h e a v y  m e t a l  i m p u r i t i e s  as  Pb,  T1, Cu, 
and  Ag. Spec i a l  h igh  p u r i t y  AgC1 and  r e a g e n t  g r a d e  
CuCL w e r e  used  ( the  cupr i c  sa l t  be ing  c o n v e r t e d  
to c up rous  a t  t he  t e m p e r a t u r e  n e e d e d  for  c r y s t a l  
g r o w t h ) .  S ing le  c rys t a l s  w e r e  g r o w n  f r o m  t h e  m e l t  
b y  the  K y r o p o u l o s  m e t h o d ;  j u s t  be fo re  m e a s u r e -  
m e n t  t h e  s a mp le s  w e r e  p u l v e r i z e d  and  s i eved  to a 
p a r t i c l e  size of 179-149 ~ d i a m e t e r  (No. 80-100 
mesh  f r a c t i o n ) .  The  f inal  g r i n d i n g  a n d  s i ev ing  w e r e  
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Fig. |. Absorption and emission spectre of both Ag and Cu in 
NaCI plotted to arbitrary scales. The emission spectrum of Ag and 
the absorption spectrum of Cu overlap, giving rise to energy transfer 
from the Ag to Cu centers both by resonance transfer and by 
cascade processes. 

done  in  a room wi th  low humid i ty .  A t t e m p t s  t o  
use po lyc rys t a l l i ne  mel t s  were  unsuccess fu l ;  these  
p r epa ra t i ons  had  q u a n t u m  efficiencies which  were  
lower  t h a n  the  s ing l e - c rys t a l  p repara t ions .  

A n  a t t emp t  was  m a d e  to keep the concen t r a t i on  
of Ag cons tan t  at  abou t  10 -' mole  f rac t ion  whi le  
v a r y i n g  the  Cu concen t ra t ion .  Ana lys i s  for Cu was  
made  color imetr ica l ly ,  for Ag, nephe lomet r i ca l ly .  

The  absorp t ion  and  emiss ion  spect ra  of both  Ag 
and  Cu l u m i n e s c e n t  centers  in  NaCI are  shown  in  
Fig. 1. In  each case the scale of the  o rd ina te  is 
chosen a rb i t r a r i ly .  I t  is a p p a r e n t  f r o m  the  figure 
tha t  the re  is s t rong ove r l app ing  of the  emiss ion  
spec t rum of Ag and  the abso rp t ion  spec t rum of Cu. 
For  m e a s u r e m e n t s  of the  q u a n t u m  efficiency of 
t r ans fe r  f rom Ag to Cu, the exc i t ing  wave  l eng th  
was chosen as 2180A which  is at the peak  of the  Ag 
absorp t ion  band .  At  this  wave  l e n g t h  the  q u a n t u m  
efficiency of a NaCI:  Cu phosphor  was  m e a s u r e d  to 
be on ly  4%. This indica tes  tha t  the  emiss ion  f rom 
the  Cu centers  due  to di rect  absorp t ion  in  the cen-  
ters  m a y  be neglec ted  a l though  the re  is ano th e r  Cu 
absorp t ion  b a n d  p r e sen t  which  ex tends  into the  re -  
gion of the  exc i t ing  w a v e  length .  

I t  is i n t e r e s t i ng  to no te  tha t  bo th  Ag and  Cu a lone  
in  NaC1 give r ise to efficient phosphors  w i th  a m e a s -  
u red  q u a n t u m  efficiency of 80%. It  is appa ren t ,  
then,  tha t  r ad ia t ion less  t r ans i t ions  are  not  an  i m p o r -  
t an t  compl ica t ion  in  this  p rob lem.  

Resul ts  of these  m e a s u r e m e n t s  and  computa t ions  
a re  g iven  in  Tab le  I. The t r a n s f e r  yield,  ~/, is com-  
pu ted  us ing  Eq. ( I I I ) ;  computa t ions  us ing  the  more  
exact  express ions  (I)  and  ( I I )  ind ica ted  t ha t  the 
e r ro r  i n t roduced  us ing  Eq. ( I I I )  was less t h a n  the 
e r ro r  of m e a s u r e m e n t .  In  all  cases the r e s o n a n t  
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t r ans f e r  y ie ld  is less t h a n  tha t  due  to cascade, bu t  it  
increases  w i th  Cu concen t r a t i on  so tha t  for sample  
4 the two processes are  r ough l y  comparable .  I t  was 
not  possible to fol low the processes to h ighe r  ac-  
t i va to r  concen t ra t ions  in  this  case because  of the 
a p p a r e n t  onset  of p rec ip i t a t ion  of Cu in  the  crystals .  

Conclusions 

F r o m  the  m e a s u r e m e n t s  of this  pape r  it  m a y  be 
expected tha t  bo th  r e sonan t  t r ans fe r  a nd  cascade 
processes are i m p o r t a n t  in  doub ly  ac t iva ted  in -  
organic  phosphors  w i th  a l lowed t rans i t ions .  Whi le  
bo th  processes increase  w i th  ac t iva tor  c o n c e n t r a -  
t ion, the  r e s o n a n t  t r a n s f e r  process increases  more  
r a p i d l y  in  the case inves t iga ted  here.  
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Table I. Transfer efficiency values for NaChAg,Cu 

Efficiency of Efficiency of 
resonant  c a s c a d e  

Sample  XAg Xcu S9 Ss  AD A s  ~ t ransfer  t ransfer  

1 11x10 ~ 3x10 ~ 0.52 0.81 0.028 0.80 0.052 0.004 0.048 
2 6x10 -~ 6x10 -~ 0.56 0.81 0.23 0.80 0.29 0.070 0.22 
3 7x10 ~ 8x10 ~ 0.39 0.81 0.26 0.80 0.40 0.090 0.31 
4 12x10 -~ 16x10 ~ 0.21 0.81 0.19 0.80 0.48 0.17 0.31 
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ABSTRACT 

An electrolytic process for the product ion of potassium or sodium bromate  
using a pure  lead peroxide  anode has been operated successfully. A concen- 
t ra ted bromate  solution was electrolyzed continuously at a cathode of stainless 
steel wi th  an anodic current  density of 20 amp/d in  2 at 70~ current  efficiency, 
about 90%; anode consumption about 50-60 m g / K  amp-hr.  Pure  crystal l ine 
bromate  could be obtained by cooling the cell effluent at room temperature .  

A m o n g  a lka l i  m e t a l  ha logena tes ,  only  ch lora tes  
h a v e  been  p roduced  c o m m e r c i a l l y  in J a p a n  by  the  
e l ec t ro ly t i c  process.  N e w  uses for  b r o m a t e  b r o u g h t  
about  its e l ec t ro ly t i c  p roduc t ion ,  a l t h o u g h  in m u c h  
sma l l e r  amoun t s  t han  chlora te .  A n e w  e lec t ro ly t i c  
process  us ing  a lead  p e r o x i d e  anode  is desc r ibed  
here .  

Anode for Electrolytic Production of Bromate 
Elec t ro ly t i c  p r o d u c t i o n  of  b r o m a t e  is usua l ly  ca r -  

r i ed  out  a t  a g r a p h i t e  anode.  H o w e v e r ,  the  use of 
g raph i t e  has  u n f a v o r a b l e  effects. I t  spal ls  d u r i n g  
electrolysis ,  f o r m i n g  a m u d  w h i c h  m a k e s  con t inu -  
ous ope ra t ion  difficult. Also, the  final p r o d u c t  be -  
comes s l igh t ly  y e l l o w  1 and can be decolor ized  only  
w i t h  difficulty.  These  two  facts  a re  the  m a i n  r e a -  
sons for  the  sea rch  for  a be t t e r  ma te r i a l .  

A b r i e f  i nves t i ga t i on  showed  tha t  the  l ead  p e r -  
ox ide  e lec t rode  m a n u f a c t u r e d  by  a process  r e p o r t e d  
ea r l i e r  (2) was  the  most  p rac t i ca l  choice  for  an 
anode  ma te r i a l .  

A compac t  lead  p e r o x i d e  l a y e r  is depos i ted  e lec-  
t r o ly t i c a l l y  f r o m  n e u t r a l  lead  n i t r a t e  so lu t ion  upon  
the  i nne r  su r face  of  an  i ron  cy l inde r  w h i c h  acts as 
an anode.  An  e x a m p l e  of  the  ope ra t i ng  condi t ions  is 
shown  in T a b l e  I. Appara tus ,  used  is shown  in  Fig.  1. 

D u r i n g  e lect rolysis ,  the  ac id i ty  of the  e l ec t ro ly t e  

Table I. Operating conditions 

Electrolyte:  21-22% lead ni t ra te  solution. 
Anode: iron cyl inder  wi th  surface polished inside; 

length 500 mm, ID 204 mm, thickness 8 ram, 
weight  20.6 kg, avai lable surface area 32 dm ~. 

Cathode: copper rod (diameter  25 mm)  
Current :  172 amp 
Current  density, anodic: 5.4 amp/dm" 
Voltage: 7.4 v 
Temp: 50~ 
Flow rate  of electrolyte:  4 to 5 l / ra in  
Time: 66 hr  

1 This coloration has been considered hitherto to be due to the 
presence of chromate added to the cell (I). By the use of a lead 
peroxide anode instead of graphite, colorless crystals were obtained 
as shown here. 
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g r a d u a l l y  inc reased  and the  concen t r a t i on  of  Pb  § 
dec reased  accord ing  to the  fo l lowing  react ion .  

2Pb(NO~)~ + 2H~O-~ PbO~ + Pb  + 4HNO~ 

The  change  of these  two  was  found  to g ive  a b r i t -  
t le  depos i t  of lead  p e r o x i d e  wh ich  could  not  be cut  
for  f in ishing or  not  used for  an anode  of t h e  elec-  
t rolysis .  Moreove r ,  sudden  c h a n g e  of pH  due  to 
d i rec t  n e u t r a l i z a t i o n  of acid in t he  e l ec t ro ly t i c  b a t h  
g a v e  a deposi t  consis t ing of he t e rogeneous  l ayers  
wh ich  was  also br i t t le .  There fo re ,  the  pH and  the  
concen t r a t i on  of Pb § should  be  m a i n t a i n e d  as con-  
s tan t  as poss ib le  d u r i n g  e lect rolysis .  This was  ac-  
compl i shed  by  f lowing the  e l e c t r o l y t e  at  cons tan t  
r a t e  and  neu t r a l i z i ng  the  inc reas ing  ac id i ty  wi th  
P b ( O H ) ~  by us ing  the  a p p a r a t u s  shown in Fig.  1. 

The  e lec t ro lys is  was  conduc ted  un t i l  t he  th ickness  
of t he  deposi t  r e ached  about  8 ram. Each  end of the  
m o t h e r  cy l inde r  75 m m  in l eng th  was  cut  off; t hen  
by  cu t t ing  the  i ron  pa r t  of t he  cy l inde r  l eng thwise ,  a 
lead  pe rox ide  cy l inde r  of  su i t ab le  s t r eng th  and com-  
pac tness  as we l l  as of a smoo th  ou te r  su r face  was  

~ 7 

"t 

: i 
Fig. 1. Apparatus for etectrodepositing lead peroxide foyer. 

1, Iron cylinder; 2, lead peroxide layer deposited; 3, electrolytic 
bath; 4, neutralization tank; 5, settling tank; 6, pump for recycling 
electrolyte; 7, preheating tank. 
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obta ined  (d iameter ,  200 m m ;  length ,  350 r am) .  The  
lead perox ide  cy l inder  was separa ted  into twe lve  
par t s  by  cu t t ing  i t  aga in  lengthwise .  Each pa r t  of 
the lead perox ide  thus  ob ta ined  has the  shape of a 
r e c t a n g u l a r  piece shown  in  Fig. 2. Its d imens ions  
are as follows: length ,  350 ram; width ,  50 ram; 
thickness,  7-9 mm.  

Important Factors in Electrochemical Formation 
of Bromate 

Anodic  reac t ions  in  b r o m a t e  fo rma t ion  m a y  be 
r ep resen ted  as follows. 

2Br- - -  2e ~ Br~ (I)  

Br~ + OH--~ HBrO + Br- ( I I)  

Br~ + 2OH--* BrO- + Br- + H~O (I I I )  

2HBrO + B r O - ~  BrO- + 2HBr (IV) 

These react ions  are s imi la r  to those in  chlora te  
format ion ,  bu t  some differences are seen b e t w e e n  
the  two cases. Reac t ion  ( I V ) i s  abou t  100 t imes  
faster  t h a n  tha t  in  chlora te  fo rma t ion  according to 
K r e t z s c h m a r  (3).  On the  o ther  hand ,  react ions  ( I I )  
and  ( I I I )  seems to occur imper fec t ly  as compared  
wi th  those in  chlora te  f o rma t ion  by  compar ing  the  
hydro lys i s  cons tan t  of Br  wi th  tha t  of CI~ (4) .  5 
Therefore,  in  the case of b romate ,  it  m a y  be p re fe r -  
able  to m a i n t a i n  the  pH of the  e lec t ro ly te  s l ight ly  
a lka l ine  in  order  to favor  these reac t ions  and  thus  
ob ta in  high c u r r e n t  efficiency. This condi t ion  can 
be a t t a ined  easi ly  by  us ing  a n e u t r a l  or s l ight ly  
a lka l i ne  so lu t ion  of b r o m i d e  at the s tar t  of the  elec- 
trolysis.  Efforts to keep the pH in  the des i rab le  
r ange  is no t  necessa ry  except  to avoid d i scharge  of 
h y d r o x y l  ion. 

React ions  (II)  and  ( I I I )  m a y  also be accelera ted  
by  high t empe ra tu r e ,  which  has a f avorab le  effect 
on cu r r en t  efficiency. W h e n  reac t ions  (II)  and  ( I I I )  
are  sti l l  slow and  imper fec t  as compared  w i th  reac-  
t ion  ( I ) ,  the  c u r r e n t  concen t r a t i on  and  cu r r en t  den -  
s i ty  m a y  have  a m a r k e d  inf luence on the  c u r r e n t  
efficiency. P r e l i m i n a r y  e x p e r i m e n t s  showed tha t  
h igh  c u r r e n t  concen t r a t i on  and  also h igh  c u r r e n t  
dens i ty  [for  example ,  50 amp/1  to 100 amp/1  (13- 
28 a m p / d m  ~) ] had no u n f a v o r a b l e  effect on the  cu r -  
r en t  efficiency. This faci l i ta tes  des ign of the  cell and  
also the  d e t e r m i n a t i o n  of the ope ra t ing  condi t ions.  

e T h i s  w a s  c o n f i r m e d  b y  t h e  f a c t  t h a t  b r o m i n e  s e p a r a t e d  a t  t h e  
b o t t o m  of  t h e  ce l l  w h e n  t h e  i n i t i a l  p H  of t h e  e l e c t r o l y t e  w a s  less  
t h a n  8 a n d  t h e  c i r c u l a t i o n  of t h e  e l e c t r o l y t e  w a s  ine f f i c i en t .  

Fig. 2. Lead peroxide anode 
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Cell Design 
The cell des ign  depends  on the  use of ve r t i ca l  

lead perox ide  anodes  of r e c t a n g u l a r  shape  and  
s ta inless  steel cathodes.  A d i a g r a m  of the  b r o m a t e  
cell cons t ruc t ion  is shown in  Fig. 3. 

The cell body  is cons t ruc ted  of a sheet  i ron  rec-  
t a n g u l a r  t a n k  900 m m  long x 500 m m  wide x 400 m m  
high. Al l  ins ide  surfaces  of the  body  a re  l ined  w i th  
concrete.  Cell v o l u m e  was  d e t e r m i n e d  so as to keep 
the  cell  t e m p e r a t u r e  as cons tan t  as poss ib le  by  b a l -  
anc ing  the  i n t e r n a l  hea t ing  w i t h  n a t u r a l  cooling. 
Three  sheets of ha rd  v i n y l  chloride p o l y m e r  res ted 
side by  side on top of the  cell and  covered it  en -  
t i re ly .  The  cen t ra l  cover  suppor ted  10 anodes  and  
20 cathodes.  These were  a r r a n g e d  in  6 rows r u n n i n g  
the  l eng th  of the  cover. D o w n  the  midd le  were  two 
rows of 5 anodes,  and  on e i ther  side was  a row of 5 
cathodes.  In  each cell a l l  anodes and  all  cathodes 
were  in  para l le l .  

The  lead perox ide  anodes  were  50 m m  wide,  7-8 
m m  thick,  and  350 m m  long, and  ex t end  abou t  55 
m m  above t h e  cover. The  s ta inless  steel  cathodes  
(Aves ta  832-SV) were  35 m m  wide,  2.5 m m  thick,  
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nea res t  cathode was  about  13 mm.  
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Batch Experiments 

The cell was  opera ted  ba tchwise  wi th  90-95 1 of 
po ta s s ium b r omi de  solut ion.  To decrease anode  loss, 
the  t e m p e r a t u r e  was kept  as cons tan t  as possible.  
The pH was not  cont ro l led  and  reached  a m a x i m u m  
of abou t  10 w h e n  a s l ight ly  a lka l ine  so lu t ion  (less 
t h a n  pH 9) of b r omi de  was  used at the  s ta r t  of the  

I~ 900 ~I 

11t 

Fig. 3. Sanwa bromate cell. Dimension: length, 900 mm; width, 
500 ram; height, 400 mm. Anode: lead peroxide bar; length, 350 
ram; width, 50 mm; thickness, 7-9 mm. Cathode: stainless steel 
bar; length, 4.00 mm; width, 35 mm; thickness, 2.5 mm. Capacity: 95 I. 



450 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 

Table II. Operating conditions 

July  1957 

R u n  No. 

S t a r t i n g  e l ec t ro ly t e  
Cel l  A m o u n t  of 

K B r  KBrO3 Vol, I n i t i a l  C u r r e n t ,  vo l t age ,  Temp ,  T ime ,  cu r r en t ,  
g/1 g/1 1 p H  a m p  v ~ h r  m i n  1000 a m p - h r  

1 186 4 95 8.3 494 4.0 69 47 10 23.28 
2 173 6 90 8.9 506 3.9* 66 44 00 22.27 
3 229 9 95 6.9 500 3.8 67 56 40 28.3s 
4 232 9 95 8.9 500 3.7 66 56 40 28.33 
5 233 9 95 9.2 500 4.0 70 56 40 28.33 

* V o l t a g e  r e ached  a b o u t  4.6  v a t  the  e nd  of  the  e lec t ro lys i s .  

Results 

Conversion 
K B r 0 3  p r o d u c e d  K B r  of  b ro -  

C rys t a l  I n  u n c o n -  m i d e  to  C u r r e n t  
R u n  ob ta ined ,  so lu t ion ,  To ta l  ve r t ed ,  b r o m a t e ,  efficiency,  
No. k g  k g  k g  k g  % % 

1 17.3 5.6 22.9 1.0 94.2 94.6 
2 15.7 5.4 21.1 0.4 97.4 91.3 
3 22.7 3.9 26.6 2.7 87.4 90.5 
4 22.7 4.4 27.1 2.4 88.9 92.2 
5 24.0 3.1 27.1 3.0 86.7 92.2 

electrolysis .  Al l  e lectrolyses  were  conduc ted  at an  
anodic  c u r r e n t  dens i ty  of 20 a m p / d m  3. Ope ra t i ng  
condi t ions  and  resul t s  a re  g iven  in  Tab le  II. 

Two r u n s  were  made  to d e t e r m i n e  w h a t  losses 
the  anode  migh t  sus ta in  (Tab le  I I I ) .  

Lead pe rox ide  losses ave raged  53-56 mg/1000  
a m p - h r  and  also 57-60 g / t o n  of product .  I t  i n d i -  
cated tha t  the loss a m o u n t e d  to abou t  2.2-2.6% of 
the or ig ina l  we igh t  af ter  the anode  has been  used 
for one year .  Lead could no t  be  detec ted  in  the  
product ,  the  e lectrolyte ,  or  in  a b lack  deposi t  which  
developed on the cathode.  Lead was found  in  the 
sl ight  a m o u n t  of m u d  on the bo t tom of the  cell. 

An Example of Commercial Production 
On a commerc ia l  scale, 24 cells were  connec ted  in  

series to m a k e  a c i rcu i t  of 90 v and  500 amp.  The 
cell sys tem was d iv ided  in to  two so lu t ion  series of 
12 cells each. E lec t ro ly te  was in t roduced  in to  the 

Table III. Operating conditions 

Electrolyte: 180-220 g/1 KBr, 15-25 g/1 KBrO,, 
2 g/1 K2Cr30~, 
pH 9-10 (dur ing electrolysis) 

Temp, 70~176 
A m o u n t  

A n o d i c  of  c u r r e n t  
A m -  c u r r e n t  pe r  o n e  

p e r a g e  dens i ty ,  anode ,  
C u r r e n t ,  p e r  one  a m p /  T i m e ,  1000 

R u n  No. a m p  anode  d m  2 h r  a m p - h r  

Cell 1 (I0 anodes) 600 60 30 2970 178 
Cell 2 (15 anodes) 750 50 20 6170 308 

Results 

W e i g h t  of  anode* 
b e f o r e  a f t e r  L o s s  
elec-  elec-  p e r  p e r  t on  

t ro lys i s ,  t ro lys i s ,  Loss,  1000 a m p - h r  KBrO3 
R u n  No. g g g m g  g 

Cell 1 1146.5 1136.5 10.0 56.2 60 
Cell 2 1043.6 1027.2 16.4 53.3 57 

* Cel l  1, m e a n  v a l u e  of 4 anodes ;  cell  2, m e a n  v a l u e  of  10 anodes .  

cell by  means  of a glass t ube  th rough  the  cover  at  
one end  and  was  d i scharged  by  the same means  
t h r ough  the cover at  the  opposite end.  The  flow 
m a i n t a i n e d  good c i rcula t ion.  

A po ta s s ium b romide  so lu t ion  (pH 8-9) ,  con t a in -  
ing a p p r o x i m a t e l y  210-220 g/1 KBr,  19-24 g/1 
KBrO~, and  2 g/1 K2Cr,OT: was fed f rom a cons tan t  
head  t a n k  in to  the  cells. The concen t r a t i on  of b ro -  
mide  was ad jus ted  so as to p r e v e n t  c rys ta l l i za t ion  
of b r oma t e  d u r i n g  electrolysis .  In  a s ingle  pass 
t h rough  the cell, about  140 g/1 of b romide  was  con- 
ve r t ed  to bromate .  The composi t ion  of cell effluent 
was a p p r o x i m a t e l y  270 g/1 KBrO~ and  90 g / l  KBr.  
Resul t s  ob t a ined  are s u m m a r i z e d  in  Tab le  IV. 

Cell  effluent was a v e r y  clear  so lu t ion  due  to the 
inso lub i l i ty  of the  anode,  and  f i l t ra t ion was not  
necessary.  Af te r  electrolysis ,  the  e lec t ro ly te  was 
cooled to 20~176  wi th  c i r cu la t ing  water .  Abou t  
87% po tass ium b r o m a t e  c rys ta l l i zed  out. A lmos t  all  
of the r e m a i n i n g  po tas s ium b r o m a t e  in  the  mo the r  
l iquor  can  be crys ta l l ized  b y  add ing  a su i tab le  
a m o u n t  of po tass ium b r omi de  to r e t u r n  the  elec-  
t ro ly te  to the  or ig ina l  concen t r a t i on  for a ne w  cycle 
in  the b r oma t e  cells. By this  method,  97% of the  
b r o m a t e  p roduced  can be crys ta l l ized o u t  w i thou t  
evapora t ion .  

Po tas s ium b r oma t e  crys ta l  thus  p roduced  has ex-  
ce l lent  p u r i t y  w i t hou t  recrys ta l l i za t ion .  Fo l lowing  

Table IV. Charecteristics of bromate production 

Current :  510-550 amp 
Voltage: 1st cell 3.8 v, 2nd cell 3.7 v, 

other cells 3.5 v in 12 cells 
Current  density, anodic: 20-22 a m p / d m  2 
Temperature:  65~176 ( ls t  to 4th cells, less than  

60~ 
pH: alkaline, less than  about 10 
Rate of flow: 32 1/hr 
Curren t  efficiency: 90-92% 
Energy consumption: 3.84 kwhr  (d.c .) /kg KBrO~ 
Cell feed: 210-220 g/1 KBr, 19-24 g/1 KBrO~ 
Cell effluent: 260-280 g/1 KBrO~, 80-100 g/1 KBr 
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are the chemical  specifications of the  f inal  p roduc t  
c u r r e n t l y  be ing  produced:  colorless crystal ,  KBrO,  
assay, 99.2-99.5% ~ b r o m i d e  as KBr,  0.05-0.1% ; f ree 
acid, 0.35 cc 1/50N N a O H / 5  g KBrO,,  m a x ;  to ta l  
n i t rogen ,  0.002% max ;  sulfate ,  0.005% max ;  he a vy  
metals ,  0.0005% max ;  iron,  0.0025% max.  

Manuscript  received Apri l  30, 1956. This l~aper was 
prepared for del ivery before the San Francisco Meet- 
ing, Apri l  29 to May 3, 1956. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 

REFERENCES 
1. For example: C. H. Mart in  and E. C. Hardy  (Morton 

Salt Co.), U. S. Pat. 2191574 (1940). 
2. K. Sugino, Bull. Chem. Sac. Japan, 23, 115 (1950). 

[Method (I) ]. 
3. H. Kretzschmar,  Z. Elektrochem., 10, 789 (1904). 
4. W. C. Bray, J. Am. Chem. Sac., 32, 932 (1910); 33, 

1485 (1911). 

High Temperature Oxidation of High Purity 
and 1050~ 

Nickel between 750 ~ 

Earl A. Gulbransen and Kenneth F. Andrew 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

Kinet ic  studies on the oxidation of nickel using the vacuum microbalance 
method have been extended to I050~ in order to determine the conditions and 
mechanisms of breakdown of the metal  in oxidation. Below 900~ Ni oxidizes 
in the normal  m a n n e r  and the rate data fit in well  with exper imental  rate 
re la t ionship already established. At 900~ and higher, parabolic rate law 
plots of the data show increasing values of the constant  with time. At  1000~ 
and higher, the oxide cracks away from the metal.  It  is suggested that  Ni fails 
in protective oxidation due to a loss of adhesion at the oxide metal  interface. 

A n u m b e r  of s tudies  have  been  repor ted  on the  
ox ida t ion  of pu re  Ni. These s tudies  were  r ev iewed  
in  an  ear l ie r  paper  (1) .  In  recen t  years  precise 
da ta  have  been  ob ta ined  on the  k ine t ics  of the  oxi -  
da t ion  of pu re  Ni at t e m p e r a t u r e s  up  to 900~ 
Moore (2) ,  us ing  a vo lume t r i c  method,  s tud ied  the  
reac t ion  over  the  t e m p e r a t u r e  r ange  400~176  
whi le  G u l b r a n s e n  and  A n d r e w  (1),  us ing  a sens i t ive  
weigh t  ga in  method,  s tudied  the reac t ion  over  the  
t e m p e r a t u r e  r ange  400~176 Cons ide r ing  the  
differences in  me thod  and  metal ,  good ag re e me n t  
was  found.  In  bo th  s tudies  the parabol ic  ra te  law 
was used to cor re la te  the  e x p e r i m e n t a l  data.  Us ing  
the classical ra te  theo ry  of oxidat ion,  G u l b r a n s e n  
and  A n d r e w  (1) proposed a m e c h a n i s m  of reac t ion  
based on the diffusion of Ni ions t h rough  cat ion 
vacancies .  

This pape r  ex tends  the ear l ie r  work  to 1050~ 
Two objec t ives  were  of pa r t i cu l a r  in teres t .  Firs t ,  to 
compare  ox ida t ion  ra te  da ta  wi th  t r ace r  s tudies  (3) 
on the  diffusion of Ni ions t h rough  n icke l  oxide  and,  
second, to d e t e r m i n e  the  condi t ions  for t r ans i t i on  in  
the m e c h a n i s m  of oxidat ion.  Studies  on severa l  o ther  
meta l s  (4) have  shown  tha t  at some oxide th ickness  
t r a n s i t i o n  occurs f rom a slow pro tec t ive  oxide f o r m a -  
t ion  to a more  rap id  nonpro tec t ive  t ype  of oxide 
format ion .  If this  t r ans i t i on  p h e n o m e n a  is found  to 
occur for all  meta l s  and  alloys, we  a re  dea l ing  w i th  
a ques t ion  of great  t echn ica l  impor tance .  

Failure of metals in protective oxidation.--The 
use of meta l s  and  al loys at h igh t e m p e r a t u r e  in  m a n y  
appl ica t ions  depends  on the  fact tha t  the  oxide film 
l imi ts  to a ce r ta in  ex t en t  the  ra te  of oxidat ion.  I n  
the  pro tec t ive  r ange  of reac t ion  the  ra t e  of oxi -  

da t ion  decreases as the oxide film thickens .  How-  
ever,  at  some t e m p e r a t u r e ,  t ime,  and  oxygen  pres -  
sure,  or film thickness ,  the  ra te  of ox ida t ion  u n d e r -  
goes a t r ans i t i on  to a more  rap id  reac t ion  in  which  
the  ra te  of reac t ion  does not  depend  on the  oxide 
thickness.  This  p h e n o m e n a  has been  t e r m e d  "ca tas-  
t rophic  reac t ion ,"  " b r e a k a w a y  corrosion,"  " t rans i -  
t ion  reac t ion ,"  etc., d e pe nd i ng  on the  degree  of 
change  in  the reac t ion  kinet ics .  The change  in  
k ine t ics  is r e f e r r ed  to he re  as " fa i lu re  in  pro tec t ive  
ox ida t ion" ;  the film or scale is no longer  r a t e  con-  
t rol l ing.  The fo l lowing phys ica l  and  chemica l  fac-  
tors have  been  re la ted  to the onset  of t r a n s i t i o n  in  
the k inet ics  of the  reac t ion:  (a)  vo la t i l i za t ion  of the  
oxide;  (b)  vo la t i l i za t ion  of the meta l ;  (c) phase 
t r a n s f o r m a t i o n s  in  the  oxide;  (d)  phase  t r a n s f o r m a -  
t ions in  the  me ta l ;  (e) m e l t i n g  of the  oxide;  (f) 
loss of adhes ion  of the  oxide to the meta l ;  (g) com- 
bus t ion .  

Apparatus and Method 
Kine t i c  m e a s u r e m e n t s  we re  made  us ing  a v a c u u m  

mic roba l ance  me thod  which  has been  descr ibed (5) .  
However ,  to ex t end  the  r ange  of the method,  a low 
sens i t iv i ty  ba l ance  was  used as wel l  as spec imens  of 
sma l l e r  area.  In  this  .way  film th icknesses  of 2000 

g / c m  ~ weigh t  ga in  could be  measured .  In  t e rms  of 
film th ickness  for NiO, this  we igh t  ga in  is of the  
order  of 126,000A. The mic roba l ance  had  a sens i -  
t i v i t y  of 4 .75/d iv is ion  of 0.001 cm. 

Samples  w e r e  p r epa red  f rom high p u r i t y  n icke l  
s t r ip  pu rchased  f rom Johnson,  Ma they  a nd  Com-  
pany ,  London,  a nd  had  no meta l l i c  impur i t i e s  in  
excess of 0.0005 %. Spec imens  were  ab raded  th rough  
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loss of adhes ion  of the  oxide to the meta l ;  (g) com- 
bus t ion .  

Apparatus and Method 
Kine t i c  m e a s u r e m e n t s  we re  made  us ing  a v a c u u m  

mic roba l ance  me thod  which  has been  descr ibed (5) .  
However ,  to ex t end  the  r ange  of the method,  a low 
sens i t iv i ty  ba l ance  was  used as wel l  as spec imens  of 
sma l l e r  area.  In  this  .way  film th icknesses  of 2000 

g / c m  ~ weigh t  ga in  could be  measured .  In  t e rms  of 
film th ickness  for NiO, this  we igh t  ga in  is of the  
order  of 126,000A. The mic roba l ance  had  a sens i -  
t i v i t y  of 4 .75/d iv is ion  of 0.001 cm. 

Samples  w e r e  p r epa red  f rom high p u r i t y  n icke l  
s t r ip  pu rchased  f rom Johnson,  Ma they  a nd  Com-  
pany ,  London,  a nd  had  no meta l l i c  impur i t i e s  in  
excess of 0.0005 %. Spec imens  were  ab raded  th rough  
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4/0 po l i sh ing  pape r  in  a m a n n e r  descr ibed  p re -  
v ious ly  (6) .  

Spec imens  had  sur face  areas of 2.9 cm ~ and  
weighed abou t  0.1890 g. 

Results and Discussion 

The ra te  of ox ida t ion  of high p u r i t y  Ni was s tud -  
ied as a f unc t i on  of t ime  and  t e m p e r a t u r e  f rom 750 ~ 
to 1050~ Weigh t  changes  were  ca lcu la ted  in  un i t s  

g / c m  '~ and  conver ted  to A of film th ickness  (1) .  
To i n t e r p r e t  the  b e g i n n i n g  of a t r ans i t i on  in  the  

k inet ics  of the react ion,  carefu l  observa t ions  were  
made  on the  color of the  oxide and  adhe rence  of the  
oxide to the  metal .  Since these  observa t ions  can  be 
made  on ly  at  room t e m p e r a t u r e  af ter  reac t ion  has 
stopped, ce r ta in  p recau t ions  were  t a k e n  to assure  
the best  e x p e r i m e n t a l  condit ions.  Thus,  if the  color 
of the  oxide is used as a cr i ter ia  of loss of contact  
be tween  the  oxide and  metal ,  it is necessa ry  to 
equ i l i b r a t e  the me t a l  and  the  oxide w h e n  it is in  
good contact .  The fo l lowing  p rocedure  was adopted.  
Af te r  ox ida t ion  and  before  cooling, the  oxygen  
a tmosphere  was r emoved  and  the sys tem evacua ted  
to a p ressure  of less t h a n  10 -6 m m  Hg. Spec imens  
were  held  at t e m p e r a t u r e  for at least  15 m i n  to as-  
sure  e q u i l i b r i u m  b e t w e e n  the  me ta l  and  tha t  pa r t  of 
the  oxide film in  contact  wi th  the meta l .  

Fig. 1 shows ox ida t ion  curves  for the  t e m p e r a t u r e  
r ange  of 750~176 for 2 hr  of reac t ion  t i m e  and  
an  oxygen  pressure  of 7.6 cm Hg of oxygen.  Curves  
were  r ep roduc ib le  at  the h igher  t e m p e r a t u r e s  to 
--+5%. Tab l e  I shows the  th ickness  of the  oxide film 
af ter  2 hr  of react ion,  the color of the oxide  fi lm 
formed,  and  v i sua l  ev idence  on the loss of adhes ion  
of the  oxide fi lm as a resu l t  of cooling. 

The  color of the oxide  film was g ray  for t e m p e r a -  
tu res  up to 850~ whi le  above 900~ the oxide film 
was green.  The color of the  oxide was  d e t e r m i n e d  
by  the  condi t ions  u n d e r  which  it  was formed.  Thus  
g reen  colored oxide films were  fo rmed  u n d e r  s t rong  
oxidiz ing condi t ions  as shown  by  the  s tudies  of 
B6nard  (7) and  Bogatski i  (8) and  were  p r o b a b l y  
no t  fo rmed  w h e n  the  oxide was in  e q u i l i b r i u m  wi th  
the  me ta l  phase.  Since all  oxide films were  equ i l i -  
b ra t ed  wi th  the  metal ,  this  is i n t e rp r e t ed  to m e a n  
tha t  the  g reen  colored oxide films are caused by  
a lack of contact  of the  oxide w i th  the  me ta l  phase.  

Table I. Oxide film thickness vs. oxide color 

T h i c k n e s s  
T e m p ,  ~  ~ g / c m  e A *  C o l o r  S t a b i l i t y  

750 102.5 6,450 Gray Adherent  
800 160.0 10,060 Gray Adheren t  
850 224.0 14,090 Gray  Adheren t  
900 385.0 24,220 Dark green Adheren t  
950 653.0 41,070 Green Adherent  

1000 1220.0 76,740 Green Nonadherent  
1050 1890.0 118,900 Green Nonadherent  

* S u r f a c e  r o u g h n e s s  r a t i o  = 1. 

If the  me ta l  and  oxide lose contact  over  a la rge  
area, the oxide film can crack away  f rom the me ta l  
and  the  oxide  becomes n o n a d h e r e n t .  Stresses de-  
veloped be t w e e n  the  me t a l  and  oxide as a resu l t  of 
cooling aid the  process of c rack ing  the  oxide loose 
f rom the  metal .  

Ta b l e  I suggests  a defini te  r e la t ionsh ip  b e t w e e n  
the  color and  the loss of adherence  of the  oxide  as a 
resu l t  of cooling. The  950~ e x p e r i m e n t  was  an  
i n t e r m e d i a t e  case. 

The parabol ic  ra te  law was used to i n t e r p r e t  the 
ox ida t ion  data.  The  e q u a t i o n  states tha t  W ~ = A t  
+ C. Here  W is the  weigh t  gain, t is the t ime, and  
A and  C are constants .  Some of the ox ida t ion  ex-  
p e r i m e n t s  could  be  fitted to the  cubic ra te  law. Since 
the  cubic r a t e  l a w  has not  been  der ived  f rom ac- 
cepted phys ica l  pr inciples ,  this ra te  law has not  
been  used here  in  i n t e r p r e t a t i o n  of the  m e c h a n i s m  
of the reac t ion  (1) or of the  t r ans i t i on  phe nomenon .  

To test  the  a g r e e m e n t  of the  da ta  w i t h  the  p a r a -  
bolic ra te  law, plots  were  m a d e  of the  s q u a r e  of the  
weight  ga in  as a func t ion  of t ime.  Fig. 2 shows the  
plot  for the  750~ expe r imen t .  Here  the  va lue  of 
the  slope or ra te  law cons tan t  A decreases w i th  t ime  
as ox ida t ion  proceeds.  For  this e x p e r i m e n t  the 
cubic ra te  l aw gives a be t t e r  empi r i ca l  corre la t ion.  
At  750~ the  oxide film increases  in  its p ro tec t ive  
proper t ies  wi th  increas ing  th ickness  faster  t h a n  tha t  
p red ic ted  by  n o r m a l  diffusion processes. Af te r  2 hr  
of reac t ion  the  change  in  r a t e  l aw cons tan t  wi th  i n -  
c reas ing  a m o u n t s  of ox ida t ion  becomes a smal le r  
factor.  

Fig. 3 shows a parabol ic  r a t e  law plot  for the 
900~ expe r imen t .  A deta i led  analys is  of the plot  
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Fig. l. Effect of temperature on oxidation of nickel, 7.6 cm Hg of 
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Fig. 2. Oxidation Ni, 750~ 7.6 cm Hg of 02, parabolic plot. 
Abraded through 4/0. A = 9.03 x 10 -~ (g/cm~)2/sec. 
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Fig. 3. Oxidation Ni, 900~ 7.6 cm Hg of O=, parabolic plot. 
Abraded through 4/0. A~.~t~,~ = 1.875 x 10 -= (g/cm=)2/sec; 
AI-~ ~ = 2.01 x 10 -~ (g/cm2)2/sec. 

shows a s l igh t ly  inc reas ing  v a l u e  of A as r eac t ion  
proceeds.  

Fig. 4 shows a pa rabo l i c  r a t e  l aw  plo t  for  t he  
1050~ e x p e r i m e n t .  Here ,  t he  s lope A increases  
w i t h  the  a m o u n t  of oxida t ion .  The  inc reas ing  v a l u e  
of the  s lope A is t a k e n  as ev idence  for  loca l ized  
c rack ing  of t he  oxide  fi lm and r e p a i r  by oxida t ion .  
In the  e x p e r i m e n t  the  ox ide  was  g reen  and  c racked  
a w a y  f r o m  the  m e t a l  on cooling. 

Tab le  II  shows a s u m m a r y  of t he  pa rabo l i c  r a t e  
l aw  cons tants  t a k e n  f r o m  parabo l i c  ra te  l aw  plots.  
Fo r  t e m p e r a t u r e s  of 850~ and h igher ,  the  in i t i a l  
and 1-2 h r  va lues  of t h e  cons tants  w e r e  t abu la ted .  
The  in i t ia l  slopes w e r e  d e t e r m i n e d  du r ing  the  first  
10 min  of react ion.  A l t h o u g h  the  l im i t i ng  slopes at  
times close to zero would be of theoretical interest, 

it was impossible to measure the reaction rate for 
these conditions. The very early stage of the reac- 
tion in addition was complicated by surface area 
and trace impurity effects. 

Fig. 5 shows a plot of the parabolic rate law con- 

stants A on a log A vs. I/T plot. The results of the 
ea r l i e r  w o r k  at  550~176 as w e l l  as a r ecen t  
m e a s u r e m e n t  of Z i m a  (9) w e r e  p lo t t ed  t o g e t h e r  
w i t h  the  resul t s  of the  p re sen t  work .  T h e  da ta  show 
the  in i t ia l  s lope to be h ighe r  t han  the  1-2 h r  slope. 
This  was  shown  also ea r l i e r  (1).  H o w e v e r ,  above  
900~ the  in i t i a l  s lope was  less t h a n  the  final slope. 
The  in i t ia l  slopes above  900~ l ie b e t w e e n  t h e  e x -  
t r apo l a t ed  va lues  for  t h e  resu l t s  be low  900~ and 
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Fig. 4. Oxidation Ni, 1050~ 7.6 cm Hg of 02, parabolic plot. 
Abraded through 4/0. A ~ t ~  = 4.08 x 10 -~~ (g/cm~)~/sec; 
Al-~h~ = 5.56 x 10 -l~ (g/cm2)2/sec. 

Table II. Parabolic rate law constants, (g/cm2)2/sec 

Temp, ~ Initial value 1-2 Hr value 

750 9.03 X 10 -1" 
800 2.46 X 10 -= 
850 7.67 X 10 -= 5.84 • 10 -= 
900 1.875 X 10 -= 2.01 X 10 -= 
950 3.75 X 10 -11 6.34 X 10 -n 

1000 1.11 X 10 -1~ 2.41 X 10 -l~ 
1050 4.083 X 10 -1~ 5.55 X 10 -l~ 

the  1-2 h r  slopes. If  the  in i t i a l  va lues  could  be de-  
t e rmined ,  it was  sugges ted  tha t  these  va lues  wou ld  
fa l l  on an  e x t r a p o l a t e d  l ine  of BC in  Fig.  5. 

The  da ta  be low  900~ fit in we l l  w i t h  the  ea r l i e r  
work ,  us ing  a hea t  of ac t i va t i on  of 41,200 c a l / m o l e .  
A b o v e  900~ the  da t a  m a y  be  fa l l ing  on a second 
l ine  h a v i n g  a slope w h i c h  y ie lds  a hea t  of  ac t iva t ion  
of about  68,300 c a l / m o l e .  H o w e v e r ,  i f  the  ox ide  loses 
contac t  w i t h  the  meta l ,  the  s lope of th is  l ine  has 
l i t t le  mean ing .  

The  e x p e r i m e n t a l  hea t  of ac t i va t i on  of  41,200 
c a l / m o l e  was  in  a g r e e m e n t  w i t h  some p r e l i m i n a r y  
obse rva t ions  of Moore  (3) on the  hea t  of ac t iva t ion  
i n v o l v e d  in the  diffusion of n icke l  in n icke l  ox ide  at  
t e m p e r a t u r e s  g r e a t e r  than  1000~ us ing  a r ad io -  
ac t ive  t r a c e r  me thod .  Using  the  same g rade  of 
n icke l  as t ha t  used in this  s tudy,  Moore  (3) ob ta ined  
a v a l u e  of 44,200 c a l / m o l e  for  t he  hea t  of ac t iva t ion  
of t he  diffusion process.  These  va lues  can be c o m -  
pa red  since the  e x p e r i m e n t a l  hea t  of  a c t i va t i on  for 
both  the  ox ida t ion  e x p e r i m e n t s  and the  diffusion 
e x p e r i m e n t s  conta ins  the same  two  hea t  t e rms .  
These  were :  the  hea t  of f o r m a t i o n  of defec ts  for 
diffusion and t h e  hea t  of ac t i va t i on  of diffusion. 
S ince  the  pa rabo l i c  r a t e  l aw  cons t an t  i nvo lves  both  
the  hea t  of f o r m a t i o n  of defec ts  and the  hea t  of ac-  
t i va t ion  of diffusion as e x p o n e n t i a l  t e rms ,  the  defec t  
concen t r a t i on  at  the  o x i d e - m e t a l  and ox ide-gas  in -  
t e r f ace  changes  w i t h  the  t e m p e r a t u r e .  
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This a g r e e m e n t  of ox ida t ion  da ta  ob ta ined  below 
900~ and  the  diffusion da ta  of Moore ob ta ined  
above 1000~ suggests  tha t  dev ia t ions  observed  at  
950~ and  h igher  are due  to a t r ans i t i on  in  the k i -  
net ics of the ox ida t ion  react ion.  The t r a n s i t i o n  in  
the k ine t ics  was p r o b a b l y  due to local loss of ad-  
hes ion at  the m e t a l - o x i d e  in te r face  wi th  a subse-  
q u e n t  i n t e r r u p t i o n  of n o r m a l  diffusion processes. 

Conclusions 
F r o m  e x p e r i m e n t a l  observa t ions  on (a) the  color 

of the  oxide film, (b)  the  c rack ing  of the  oxides on 
cooling, and  (c) the devia t ions  f rom the parabol ic  
ra te  law it is conc luded  tha t  the f a i lu re  of n ickel  
oxide in  h igh  t e m p e r a t u r e  p ro tec t ive  ox ida t ion  is 
due  to a localized loss of adhes ion  at  the  in te r face  
be tween  the oxide and  metal .  This  fa i lu re  occurs for 
this grade  of n icke l  at abou t  900~ at which  t e m -  
p e r a t u r e  the  parabol ic  r a t e  l aw cons tan t  has a va lue  
of 1.88 x 10-~(g/cm~)2/sec and  a film th ickness  va lue  
of 400-600 ~ g / c m  ~. 

The fa i lu re  of the  o x i d e - m e t a l  adhes ion  m a y  be 
re la ted  to one of severa l  factors.  (A)  Stress  m a y  
exist  at the in te r face  due  to a m i s m a t c h i n g  of the 
n icke l  and  n ickel  oxide latt ice,  which  leads to 
fa i lu re  as the oxide  grows to a th ick  film. (B) O x y -  
gen m a y  dissolve in  the  nickel .  This  process could 
lead to smal l  changes  in  the phys ica l  and  chemical  
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proper t ies  of the  o x i d e - m e t a l  in te r face  which  could 
cause fai lure.  (C) Since ox ida t ion  resul t s  f rom a 
diffusion of n icke l  t h r ough  the  oxide, the oxide m u s t  
con t inuous ly  collapse onto the  me ta l  as n icke l  d i f -  
fuses f rom the  o x i d e - m e t a l  interface.  This  process 
wi l l  not  occur u n i f o r m l y  due to the  di f ferent  reac-  
t ion  ra tes  on the severa l  c rys ta l  o r i en ta t ions  of the  
me t a l  grains.  Thus,  cohesion be t w e e n  the  oxide 
crysta ls  and  cohesion b e t w e e n  the  a l loy and  oxide 
wou ld  be d imin ished .  

Manuscript  received December 5, 1956. This paper 
was prepared for delivery before the Washington Meet- 
ing, May 12-16, 1957. 

Any discussion of this paper wilt appear in  a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 
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Impedance at Polarized Platinum Electrodes in Various 
Electrolytes 

James N. Sarmousakis and Manfred J. Prager 

Wil l iam H. Nichols Chemical Laboratory,  N e w  York  Universi ty ,  N e w  York ,  N e w  York  

ABSTRACT 

The results of a l ternat ing current  bridge measurements  of the impedances 
of br ight  Pt  in contact with 1N aqueous solutions of KC1, KBr, and KI as func- 
tions of polarizing voltage and a l te rna t ing  current  f requency are presented. 
The data may be in terpre ted in a manne r  similar  to that  for experiments  with 
acid solutions. Various factors are discussed which may determine the de- 
pendence of the impedance on frequency for the electric double layer at 
rough surfaces. 

T h e  a l t e r n a t i n g  c u r r e n t  impedance  of a polar ized 
electrode i m m e r s e d  in  a n  e lec t ro ly te  can  give m u c h  
i n f o r m a t i o n  (1-4)  conce rn ing  condi t ions  ex is t ing  
and  processes occur r ing  at or n e a r  the m e t a l - e l e c -  
t ro ly te  in ter face .  Recent  s tudies  of this  e lect r ical  
p rope r ty  for b r igh t  P t  have  been  car r ied  out  by  
Ersh le r  and  his co -worke r s  (5, 6) and  by  S c h u l d i n e r  
(7, 8) p r i m a r i l y  f rom the  k ine t i c  po in t  of view, 
whi le  the work  of Rober t son  (9) ,  W i l b u r n  (10),  and  
Khei fe t s  and  Kras ikov  (11) on the  same  sub jec t  has 
been  concerned  m a i n l y  w i th  the  states of m e t a l -  
so lut ion sys tems at equ i l i b r ium.  However ,  no sys-  
tematic ,  compara t i ve  inves t iga t ion  has been  re -  
por ted  as ye t  h a v i n g  to deal  w i th  b r igh t  P t  d ipped  
in  aqueous  solut ions of a n u m b e r  of hal ides  of the 

same  alkal i  metal .  Accord ing ly  the authors ,  e mp loy -  
ing an  i mpe da nc e  br idge  method,  h a v e  d e t e r m i n e d  
the impedances  of b r igh t  P t  in  contac t  wi th  1N 
aqueous  solut ions  of KC1, KBr,  and  K I  to smal l  
a l t e r na t i ng  c u r r e n t s  pass ing  t h r ough  the  m e t a l  
polar ized at  va r ious  di rect  potent ia ls ,  as a func t ion  
of the  po la r i z ing  vo l tage  and  the  f r e que nc y  of the 
a l t e r n a t i n g  cur ren t .  

Experimental 
The appa ra tus  and  procedures  used for the  meas -  

u r e m e n t s  were  essen t ia l ly  those of Rober t son  (9) 
wi th  some modificat ions.  

The  glass assembly,  Fig.  1, consisted of a P y r e x  
cell A a t tached  to an  evacua t i ng  assembly,  J and  M, 
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Fig. 1. Diagram of an apparatus for the determination of the im- 
pedance of a Pt micreelectrode at fixed polarizing voltage. S, oscil- 
lator; D, amplifier; F, filters; O, oscilloscope; T, bridge transformer; 
R~, 10 ohms; R~, 10,000 ohms; R~, 1000 ohms; G, galvanometer, R4, 
11111.1 ohms in steps of 0.01 ohm; C1, 1.111 ~f in steps of 0.0001 
Ff; A, cell; B, microelectrode; C, counterelectrode; D1, D~, reference 
electrodes; E, 500 ml flask; H, copper furnace; I gas wash bottle; J, 
mercury manometer; M, dry ice-acetone trap; H, ungreased stop- 
cock; R, SO ml beaker; U, Tygon connection; L, 62 Henry induc- 
tance; K, type K-2 potentiometer; P, Student's potentiometer. 

and  to a s torage flask E in  which  the  e lec t ro ly te  
could be degassed and  t h e n  sa tu ra t ed  w i th  n i t r ogen  
en t e r i ng  f rom a t r a i n  made  up  of a ho t - copper  
f u rnace  H and  a s a tu ra to r  I. The  e lec t ro ly te  could 
t hen  be t r a n s f e r r e d  f rom flask E to cell A by  a 
s imple  rota t ion,  w i thou t  coming  in to  contact  w i th  
grease. Contac t  be tween  the  e lec t ro ly te  in  the  cell 
and  the electrode vessel  R was  made  t h roug h  the  
closed ung rea sed  stopcock N. On ly  the stopcocks 
l ead ing  to the  dry- ice  t rap  M and  f rom the s a tu ra to r  
I and  the  g round -g l a s s  jo in t  f rom flask E to cell A 
were  greased,  the  l u b r i c a n t  be ing  Apiezon  M grease. 

There  were  two electrodes in  cell A, the mic ro -  
e lect rode B and  the  coun te r  e lectrode C. The mic ro -  
e lectrode B was  made  by  seal ing a l eng th  of P t  wi re  
into a soft glass cap i l l a ry  t ube  so t ha t  on ly  a cross 
section of the  wi re  was exposed at  t he  end  of the  
capi l lary.  The  exposed end  of the  wi re  was  t hen  
pol ished wi th  success ively  f iner  grades of e me r y  
paper  d o w n  to grade  0000 and  f inal ly  on a m e t a l -  
lurg is t ' s  whee l  w i th  a microc lo th  us ing  first fine 
a l u m i n a  and  t h e n  L inde  A i r  Produc t s  Type  B-5125 
F ine  Abras ive .  M e a s u r e m e n t  of a pho tomicrograph ,  
made  w i t h  a me t a l l u rg i ca l  microscope,  gave the ap -  
p a r e n t  a rea  of the  pol ished cross sect ion of the Pt. 

The  coun te r  e lect rode C was of m u c h  l a rge r  a rea  
t han  tha t  of B so t ha t  its impedance  compared  wi th  
tha t  of B was  negl ig ible .  I t  was p r e p a r e d  by  coat ing  
the bo t tom of the  P y r e x  cell, in to  which  a P t  wi re  
lead had  been  loosely sealed, w i th  L iqu id  Br igh t  
P l a t i n u m  No. 05.1 Af t e r  h a v i n g  been  fired w i th  a 
T i r r i l l  b u r n e r  flame, the  m i r r o r  fo rmed  was  p la ted  
(12) w i th  a l aye r  of P t  black.  The seal t h rough  
which  the  w i r e  lead passed was m a d e  t ight  by  the  
Pt  deposited.  

D1 and  D~ in  Fig. 1 were  n o r m a l  s i lver -s i lver  h a l -  
ide re fe rence  electrodes.  Ag-AgC1 and  A g - A g B r  
electrodes were  p r e p a r e d  according to the  me thod  
of H a r n e d  (13),  A g - A g  I e lectrodes by  the me thod  
of O w e n  (14).  These electrodes were  cons t an t ly  

1Made by the Hanovia Chemical and Manufacturing Co., 1O0 
Chestnut St., Newark. N. J. 

checked, the  chlor ide  electrodes aga ins t  ca lomel  
electrodes (15) ,  the  b romide  a nd  iodide electrodes 
by  i n t e r c ompa r i son  of th ree  electrodes of each type  
w i th  each other.  

The  po la r iz ing  po t en t i a l  was appl ied  across elec-  
t rodes  B a nd  D1 by  me a ns  of a L&N S t ude n t ' s  po-  
t e n t i ome t e r  P and  m e a s u r e d  across B a n d  D~ by  
m e a n s  of a L&N Type  K - 2  po t e n t i ome t e r  t h r o u g h  a 
sens i t ive  g a l v a n o m e t e r  G. 

Electrodes  B and  C of cell A fo rmed  the  u n k n o w n  
a r m  of a ser ies- res is tance  br idge  wi th  equa l  ra t io  
arms.  The  b r idge  was  of the  comple te ly  shie lded 
type,  cell A be ing  the  on ly  componen t  unsh ie lded .  
The  equa l  ra t io  a rms  were  cons t ruc ted  as a C a m p -  
b e l l - S h a c k l e t o n  u n i t  (16).  On m e a s u r e m e n t  of L&N 
Type  106 mica  capaci tors  in  series w i th  var ious  
va lues  of resis tance,  it  was  found  tha t  the  accuracy  
of the  br idge  was  be t t e r  t h a n  1% and  was  i n d e p e n -  
den t  of f requency .  

The br idge  was  ac t iva ted  at a level  of 2 m v  by  an  
osci l la tor  S t h r ough  a po ten t i a l  d iv ide r  and  an  isola-  
t ion  t r a n s f o r m e r  T wi th  shield ung r ounde d .  The  de -  
tec tor  cirCuit consis ted of a h igh ga in  ampli f ier  D 
t u n e d  by  me a ns  of a W i e n  b r idge  feedback  circuit ,  
of b r i d g e d - T  l ine  f r e q u e n c y  filters F, a nd  of an  
oscilloscope O. 

The  P t  was by  repor t  99.5% pure .  ~ Al l  sal ts  were  
r eagen t  grade  at least  once recrys ta l l ized.  Solut ions  
were  p r epa red  f rom w a t e r  ob ta ined  as a midd le  
f rac t ion  on d is t i l l a t ion  of a so lu t ion  of KMnO,  in  
dis t i l led w a t e r  af ter  long ref luxing.  N~ was  passed 
over  Cu at  450~176 to r emove  oxygen.  

A n  e x p e r i m e n t  began  wi th  the  c l ean ing  of the  ap -  
pa ra tus .  The cell A and  flask E, kep t  in  concen t ra t ed  
HNO~, were  r insed  w i th  w a t e r  and  t h e n  s teamed  
for at  leas t  1 h r  over  a lka l ine  p e r m a n g a n a t e  so lu-  
tion. The microelect rode,  kep t  in  d is t i l led  water ,  
was  i m m e r s e d  in  w a r m  concen t r a t ed  HNOs for 5 ra in  
and  t h e n  washed  wi th  water .  The a p p a r a t u s  was 
assembled  af ter  the  appropr i a t e  so lu t ion  was  
poured  into flask E. The  sys tem was t h e n  flushed 
wi th  N~ for ~ h r  and  evacua ted  for 2 h r  w i th  an  oil 
p u m p  to r emove  dissolved gases. N, was  r e i n t r o -  
duced to b r i n g  the  sys tem to a tmospher ic  pressure .  
So lu t ion  was t h e n  t r a n s f e r r e d  to the m e a s u r i n g  cell 
f rom the  flask. The re fe rence  electrodes were  as-  
sembled  to the a ppa r a t u s  a nd  checked. 

To r emove  t race  impur i t i e s  f rom the  sur face  of 
the  P t  e lectrode the  p rocedure  descr ibed by  Robe r t -  
son (9) was used. The  P t  electrodes in  contac t  wi th  
the  KC1, KBr,  and  KI  solut ions  were  polar ized re -  
pea t ed ly  over  the  vol tage  ranges  --0.6 to 1.0, --0.4 
to 0.85, a n d - - 0 . 2  to 0.55, and  back, respect ively ,  the  
vol tages  g iven  be ing  re fe r red  to the cor responding  
s i l ve r - s i l ve r  ha l ide  electrodes.  This  process was  
t e r m i n a t e d  w h e n  the  capac i ty  of the  electrode,  
m e a s u r e d  at a g iven  des i red potent ia l ,  reached a 
p e r m a n e n t  m a x i m u m  value.  

Af te r  the  po ten t i a l  of the  electrode was  set at a 
g iven  value ,  r ead ings  on the  b r idge  were  made  
eve ry  five rain.  The capaci ty  ge ne r a l l y  decreased 
w i th  t ime, at first rap id ly ,  a nd  then  more  slowly.  A 
final  r e a d i n g  was  t a k e n  w h e n  its v a l u e  was  different  

2 Supplied by the American Platinum Works. 231 New Jersey 
Railroad Ave.. Newark. N. J. 
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by less t h a n  o n e - h a l f  of one per  cent  f rom the p re -  
vious read ing .  This u sua l l y  m e a n t  a change  of no 
more  t h a n  0.0001 /~ f in  capaci ty  in  5 min .  These 
va lues  of capaci ty  and  those cor responding  of res is t -  
ance are discussed in  the  nex t  sections. 

The expe r imen t s  were  car r ied  out  at  room t e m -  
p e r a t u r e  which  var ied  f rom 24 ~ to 31~ d u r i n g  the 
per iod of the inves t iga t ion .  

E x p e r i m e n t a l  Results 

W h e n  the e q u a l - a r m  impedance  br idge  was 
b rough t  to balance ,  the  capaci ty  and  res i s tance  in  
series in  the s t a n d a r d  a rm  were  e lec t r ica l ly  e qu i va -  
len t  to the  microe lec t rode  as a c i rcui t  componen t  at 
the  g iven  f r equency  and  polar iz ing  voltage.  

Capacity as a ]unction o] polarizing vol tage . - - In  
Fig. 2 are  r ep re sen t ed  all  the e x p e r i m e n t a l  va lues  
of the  capacities,  m e a s u r e d  at  a f r equency  of 980 
cps, for a s ingle  microe lec t rode  i m m e r s e d  in  1N K B r  
and  in  1N KI  solut ions  as a f unc t i on  of po la r iz ing  
potent ia l .  The pola r iz ing  po ten t ia l s  are r e fe r red  to 
the  n o r m a l  Ag-AgC1 electrode as s tandard .  In  ca lcu-  
l a t ing  these  va lues  of po ten t i a l  it  was assumed,  on 
the  basis of computa t ions  employ ing  the  Lewis  and  
Sa rgen t  equa t ion  (17),  tha t  the l iqu id  j u n c t i o n  po- 
ten t ia l s  be tween  the  po tass ium hal ides  were  neg l i -  
gible  (less t h a n  0.01 v ) .  The capacit ies  are  g iven  
in  mic rofa rads  per  square  cen t ime te r  as ca lcu la ted  
f rom the br idge  read ings  and  the a rea  ~'' of the  elec- 
trode,  1.42 x 10 -~ cm "~. 

The curves  are s imi la r  in  form to those of Dol in  
and  Ersh le r  ~ for 1N solut ions  of HC1 and  H~SO~, a nd  
for 0.03N and  0.2N solut ions  of HC1 1N in  KBr.  In  
par t icu la r ,  the  curves  in  Fig. 2 show a m a x i m u m  at 
cathodic po ten t ia l s  n e a r  tha t  for the  revers ib le  
evo lu t ion  of H~ at  u n i t  act ivi ty .  This m a x i m u m  is 
fol lowed by  a decrease  to a flat m i n i m u m  at i n t e r -  
med ia te  potent ia ls .  The  m i n i m u m  is fol lowed by 
a sharp  rise in  capaci ty  in  the  anodic  reg ion  at po-  
ten t ia l s  no t  far  away  f rom those at which  the  ha lo -  
gens wou ld  be evolved r eve r s ib ly  at u n i t  ac t iv i ty .  
The sharp  rise in  capaci ty  at h igh ly  anodic  po t en -  
t ials  has been  fol lowed in  deta i l  by  Rober t son  (9) 
for 1N HC1. The m i n i m u m  capaci ty  for bo th  salts 
appears  to be  abou t  18 ~ f / c m  "~ to be c o m p a r e d  w i th  
19 F f / c m  ~ for  1N HC1 as found  by  Rober t son  (9) .  

Capacity as a ]unction o~ f r equency . - - In  Fig. 3 are 
r ep resen ted  the  capact i t ies  in  mic rofa rads  per  
square  cen t ime te r  of the  microe lec t rode  as a f unc -  
t ion  of the  rec iprocal  of the square  root  of t he  f re-  
quency  of the a l t e r n a t i n g  c u r r e n t  used in  the me a s -  
u r e m e n t ,  at var ious  po la r iz ing  vol tages  as indicated.  

M e a s u r e m e n t s  of  t h e  c a p a c i t y  of t h i s  m i c r o e l e c t r o d c ,  w i t h  K I  
as  e l e c t r o l y t e ,  a t  t h e  b e g i n n i n g  a n d  e n d  of t h e  w o r k ,  h a d  a m a x i -  
m u m  d i s p e r s i o n  of 5%,  i n d i c a t i n g  no c h a n g e  in  e f f e c t i v e  a r e a  of 
t h e  e l e c t r o d e  s u r f a c e  w i t h i n  e x p e r i m e n t a l  e r r o r .  

4 V a l u e s  of c a p a c i t y  p e r  u n i t  a r e a  w e r e  m e a s u r e d  a t  n i n e  d i f f e r -  
e n t  p o l a r i z i n g  p o t e n t i a l s  fo r  t h i s  e l e c t r o d e  a n d  f o r  a n o t h e r  of  a r e a ,  
2.05 • 1 0 ~  cm2 i m m e r s e d  i n  1N KC1. T h e  a v e r a g e  of t h e  v a r i o u s  
r a t i o s  of d i f f e r e n c e  in  c a p a c i t y  of t h e  t w o  e l e c t r o d e s  to a v e r a g e  ca -  
p a c i t y  w a s  a p p r o x i m a t e l y  7%. T h e  d a t a  a r e  no t  g i v e n  in  d e t a i l  s ince  
t h e  c a p a c i t i e s  w e r e  v a r y i n g  w i t h  t i m e  a t  a r a t e  g r e a t e r  t h a n  one  
h a l f  of  one  p e r  c e n t  p e r  f ive  m i n u t e s .  

5 T h e  b r i d g e  u s e d  by  D o l i n  a n d  E r s h l e r  in  m e a s u r i n g  i m p e d a n c e  
h a d  a s t a n d a r d  a r m  c o n t a i n i n g  a c a p a c i t o r  a n d  r e s i s t a n c e  i n  p a r -  
a l l e l .  T h e  v a l u e s  of c a p a c i t y  a n d  r e s i s t a n c e  in  s e r i e s  as u s e d  i n  th i s  
i n v e s t i g a t i o n  m a y  be  c o n v e r t e d  by  c a l c u l a t i o n  w i t h  s t a n d a r d  f o r -  
m u l a s  to v a l u e s  i n  a p a r a l l e l  c o m b i n a t i o n  l i k e  t h a t  of D o l i n  a n d  
E r s h l e r .  T h e  m a g n i t u d e s  of  c a p a c i t y  in  s e r i e s  a n d  t h a t  i n  p a r a l l e l  
d i f f e r  f r o m  a b o u t  5% to a b o u t  12%. T h e  s h a p e  of t h e  c u r v e  in  F ig .  
2 w o u l d  no t  b e  c h a n g e d  s i g n i f i c a n t l y  by  t h e  t r a n s f o r m a t i o n .  
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POTENTIAL, VOLTS ( REFERRED TO A NORMAL 
SILVER-SILVER CHLORIDE ELECTROeE) 

Fig. 2. Dependence on the polarizing potential, referred to a 
I N  Ag-AgCI electrode, of the capacity, measured at 980 cps, of a 
Pt electrode immersed in 1N KBr and 1N KI solutions. 

At least  60% of the  poin ts  at  each po ten t i a l  r ep re -  
sent  averages  of at least  two i n d e p e n d e n t  m e a s u r e -  
ments .  However  mos t  of the  points  r e f e r r i ng  to KBr  
and  polar iz ing  potent ia l ,  --0.55 v, and  to KI  and  
polar iz ing  potent ia l ,  0.03 v, refer  to the  resul t s  of 
s ingle  me a su r e me n t s .  

The  r ep roduc ib i l i t y  of the da ta  used for  Fig. 3 
was no worse  t h a n  t ha t  ind ica ted  by  the  scat ter  of 
the points  i n  Fig. 2. I t  m a y  t h e n  be p r e s u m e d  tha t  
the absorp t ion  of t race  impur i t i e s  does not  p lay  a 
ve ry  s ignif icant  role in  d e t e r m i n i n g  the  f r equency  
dependences  as shown  by  the graphs.  Inspec t ion  of 
the curves  makes  i t  appear  possible tha t  t he re  is a 
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Fig. 3. Dependence on the frequency of the measuring alternating 
current, of the capacity of a Pt electrode immersed in aqueous 
1N KCI, KBr, and KI solutions at various polarizing potentials re- 
ferred to a 1N Ag-AgCI electrode. 
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Fig. 4. Dependence on the polarizing voltage referred to a IN 
Ag-AgCI electrode, of the resistance, measured at  980 cps, of a Pt 
electrode immersed in 1N KBr and KI solutions. 

l i n e a r  d e p e n d e n c e  of capac i t i e s  on the  r e c i p r o c a l  of 
t h e  s q u a r e  roo t  of t he  f r e q u e n c y  at  h i g h e r  f r e q u e n -  
cies. A t  l o w e r  f r equenc ie s  t h e r e  is a t e n d e n c y  for  
t h e  po in t s  to fa l l  b e l o w  the  l ines  d r a w n  t h r o u g h  the  
po in t s  a t  h i g h e r  f r equenc ies .  This  t rend ,  if  con-  
t inued ,  w o u l d  l e a d  to  t h e  m a x i m a  of c a p a c i t y  a t  
l o w e r  f r equenc ie s  f o u n d  b y  R o b e r t s o n  (9) .  

I n c r e a s e  of f r e q u e n c y  b y  a fac to r  of t e n  f r o m  480 
cps p r o d u c e s  an  i n c r e a s e  of abou t  35-45% for  1N 
KC1 and  of abou t  15-25% for  1N KI .  T h e  p e r c e n t a g e  
inc reases  for  each  of  t he  two  sa l t  so lu t ions  a r e  t he  
same,  w i t h i n  t he  e x p e r i m e n t a l  sca t te r ,  a t  a l l  po l a r -  
iz ing  p o t e n t i a l s  s tud ied .  F o r  1N K B r ,  t he  c o r r e -  
spond ing  inc reases  a r e  a p p r o x i m a t e l y  20% for  the  
two  mos t  pos i t i ve  p o l a r i z i n g  p o t e n t i a l s  and  abou t  
60-80% for  the  o the r  po ten t i a l s .  This  v a r i a t i o n  of 
t he  f r a c t i o n a l  inc reases  in  capac i ty ,  as p o t e n t i a l  
var ies ,  l ies  ou t s ide  t he  e x p e r i m e n t a l  s ca t t e r  of the  
m e a s u r e m e n t s ,  and  g ives  r i se  to an  a p p a r e n t  a n o m -  
a ly  in  t he  r e su l t s  fo r  t h e  b r o m i d e  so lu t ion  for  w h i c h  
no e x p l a n a t i o n  can  a t  p r e s e n t  be offered.  

Resistance.--Resistance m e a s u r e m e n t s  b y  t h e  p r o -  
c edu re  d e s c r i b e d  a re  h i g h l y  i r r e p r o d u c i b l e .  The  e x -  
t en t  to w h i c h  th is  s t a t e m e n t  is t r ue  m a y  be  seen  in 
Fig.  4 in w h i c h  a re  s h o w n  the  a p p a r e n t  ser ies  r e -  
s i s tances  p l o t t e d  as func t ions  of the  p o t e n t i a l  of 
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Fig. 5. Dependence on frequency of the apparent resistance of a 
Pt electrode immersed in 1N KCI, KBr, and Kt solutions and for 
various polarizing potentials referred to a 1N Ag-AgCI electrode. 
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Measurements at 980 cps. 

t he  mic roe l e c t rode .  These  r e s i s t ances  in  ser ies  
w i t h  t he  capac i t i e s  of Fig.  2 a r e  e q u i v a l e n t  to t h e  
m i c r o e l e c t r o d e  as e l ec t r i c  c i rcu i t  e l ements .  Res i s t -  
ances  a r e  l ow at  ca thod ic  po t e n t i a l s  and  h igh  at  
anod ic  po ten t i a l s .  

As  a l r e a d y  p o i n t e d  out  b y  Dol in  and  E r s h l e r  (6 ) ,  
R o b e r t s o n  (9) ,  and  G r a h a m e  (2) for  sy s t e ms  in -  
v o l v i n g  sol id  e l ec t rodes  w h i c h  t h e y  s tud ied ,  the  
ser ies  r e s i s t ance  is l a r g e  a t  low f r equenc ie s  a n d  d e -  
c reases  v e r y  r a p i d l y  w i t h  i nc rea se  of f r e q u e n c y  for  
a l l  t h e  sa l t s  and  a t  a l l  po t en t i a l s .  B r o k e n  l ine  g r a p h s  
a r e  d r a w n  on a l o g a r i t h m i c  scale  in  F ig .  5 to r e p r e -  
sen t  the  r e s i s t a n c e - a r e a  p r o d u c t s  in  o h m  cm ~ c o r r e -  
s p o n d i n g  to t he  capac i t i e s  s h o w n  in  Fig.  3. The  
c rossed  d a s h e d  l ines  se rve  to i nd i ca t e  t he  va lue s  of 
t he  p o w e r s  of ten,  M a n d  N, for  t he  g roups  of cu rves  
c losest  to them,  each  of w h i c h  c o r r e s p o n d s  to a d i f -  
f e r e n t  e l e c t r o l y t e  as shown.  The  a p p a r e n t  r e s i s t -  
ance  a p p e a r s  to be  r o u g h l y  i n v e r s e l y  p r o p o r t i o n a l  to 
the  f irst  p o w e r  of t h e  f r e que nc y ,  t he  p o w e r  be ing  
g r e a t e r  t h a n  one a t  low f r equenc i e s  and  less  t h a n  
one  a t  h i g h e r  f requenc ies .  

The  s i m i l a r i t y  in  behav io r ,  i l l u s t r a t e d  in  Fig .  2, of 
t h e  ser ies  capac i ty ,  as t he  p o l a r i z i n g  p o t e n t i a l  
changes ,  to t h a t  of  the  p a r a l l e l  c a p a c i t y  d e t e r m i n e d  
b y  Dol in  a n d  E r s h l e r  fo r  t h e i r  sy s t ems  has  a l r e a d y  
been  no ted .  W h e n  t h e  d a t a  for  ser ies  c a p a c i t y  and  
r e s i s t ance  a r e  used  to ca l cu l a t e  t he  e q u i v a l e n t  com-  
b i n a t i o n  of c a p a c i t y  and  r e s i s t a n c e  in  p a r a l l e l  and  
t h e  r e c i p r o c a l  o f  r e s i s t ance  ( c o n d u c t i v i t y )  o b t a i n e d  
t h e r e f r o m ,  i t  is f o u n d  t h a t  t he  r e s u l t i n g  va lue s  of 
c o n d u c t i v i t y  also change  w i t h  p o l a r i z i n g  p o t e n t i a l  
in m u c h  the  s a m e  w a y  as do the  c o r r e s p o n d i n g  
q u a n t i t i e s  d e t e r m i n e d  b y  Dol in  and  E r s h l e r  (see 
Fig.  6) .  

Discussion 

The  v a r i a b l e s  w h i c h  m a y  be  cons ide red  to de te r -  
m i n e  the  c o m b i n a t i o n  of c a p a c i t y  and  r e s i s t ance  
e q u i v a l e n t  to the  m i c r o e l e c t r o d e  as an  e l ec t r i ca l  
c i rcu i t  c o m p o n e n t  a r e  (a )  t y p e  of  e l ec t ro ly t e ,  (b)  
p o l a r i z i n g  po t en t i a l ,  (c) f r equency ,  (d)  roughness  
and  n o n h o m o g e n e i t y  of t he  e l e c t r o d e  sur face ,  ( e )  
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shape  of the  e l ec t rode  and  its s y m m e t r y ,  and  (5) 
p r e sence  of t r ace  i m p u r i t i e s  a t  t he  sur face .  

The  shape  fac to r  m a y  be  cons ide r ed  as not  i m -  
p o r t a n t  on the  p r e s u m p t i o n  t h a t  t h e  P t  e l e c t r o d e  
used  in th is  w o r k  b e h a v e d  m u c h  l ike  those  of 
R o b e r t s o n  (9)  whose  r e su l t s  i nd i ca t e  a s i m i l a r  b e -  
h a v i o r  of p l a n e  and  s p h e r i c a l  e l ec t rodes  w i t h  s imi l a r  
d e p e n d e n c e  of c a p a c i t y  on f r e q u e n c y  a t  a g iven  
p o t e n t i a l  in  1N HCt.  F u r t h e r ,  cons ide r ing  the  d e -  
g ree  of r e p r o d u c i b i l i t y  of the  v a l u e s  of t h e  c a p a c i t y  
as shown  in Fig.  2, the  a d s o r p t i o n  of  t r ace  i m p u r i t i e s  
is p r o b a b l y  not  a s igni f icant  fac tor .  

As has  a l r e a d y  been  p o i n t e d  out  for  Fig.  2 a n d  4 
t h e  capac i t i e s  and  conduc t i v i t i e s  v a r y  w i t h  p o l a r i z -  
ing p o t e n t i a l  in m u c h  the  s ame  m a n n e r  as has  been  
r e p o r t e d  b y  Dol in  and  E r s h l e r  (6)  w i t h  m a x i m a  at  
ca thod ic  po t en t i a l s  and  m i n i m a  at  i n t e r m e d i a t e  
po ten t i a l s .  In  a d d i t i o n  t h e r e  is t h e  s h a r p  i n c r e a s e  in 
c a p a c i t y  a t  anodic  po t en t i a l s  w h i c h  a p p e a r e d  in one  
e x p e r i m e n t  b y  Dol in  and  E r s h l e r  (6)  and  was  fo l -  
l o w e d  in d e t a i l  b y  R o b e r t s o n  (9)  for  1N HC1 a t  
po l a r i z i ng  po t en t i a l s  c lose to t h a t  for  t h e  r e v e r s i b l e  
evo lu t ion  of CI~ a t  un i t  ac t iv i ty .  T h e r e  a p p e a r s  no 
r e a s o n  to i n t e r p r e t  t he  d a t a  in a w a y  o t h e r  t h a n  t h a t  
of Dol in  and  Er sh le r .  A t  ca thod ic  po t en t i a l s  the  
d i s c h a r g e  of h y d r o g e n  ion and  r e d u c t i o n  of w a t e r  
and  a d s o r p t i o n  of  h y d r o g e n  t o g e t h e r  w i t h  p r o d u c -  
t ion  of h y d r o x y l  ion  g ive  r i se  to a h igh  capac i ty .  A t  
intermediate potentials where no reaction should be 
occurring, the electric double layer at the metal- 
solution interface should be the most important 
determining factor. At anodic potentials the sharp 
rise in capacity may be associated with a "pseudo- 
capacity" such as that described by Grahame (18) 
as occurring at the reversible potential of an elec- 
trode reaction. In this case the reversible poten- 
tial should be that of the discharge of iodide and 
bromide ions. 

The values of the potentials of the minima in 
capacity for the KBr and KI solutions are probably 
determined mainly by the rise in capacity due to 
reversible reaction commencing, so that they can- 
not be expected to have significance with respect to 
the structure of the double layer. 

For the clean, smooth, and symmetrical surfaces 
presented by freshly formed mercury drops, there is 
no dependence on frequency of the measured capac- 
ities and resistances, which last are made up only 
of the bulk-electrolyte and lead resistances as eom- 
ponents (19). It has further been shown experi- 
mentally that the variation of capacity with fre- 
quency for T1, Cd, and Pb electrodes is much de- 
creased by melting the electrode to form a smooth 
surface (20). If shape effects and the adsorption of 
trace impurities are to be assumed as not important 
in determining the variation with frequency of the 
capacity of the Pt electrode in contact with alkali 
halide solutions at potentials where no reaction can 
be occurring, then it may be presumed, as has al- 
ready been emphasized by Grahame (1,2), that 
roughness is still an important factor even with the 
type of polishing previously described. 

Any theory which is formulated to relate rough- 
ness to the frequency dependence of the measured 
impedance must be capable of explaining both the 

relatively small dispersion of the capacity and the 
much larger dispersion of series resistance of the 
electrode. For example, one might consider that, 
as the electric potential alternates during a meas- 
urement, the surface concentrations of ions in the 
hollows of the rough surface would oscillate, causing 
the hollows to become sources and sinks of ions 
moving out to and in from the bulk of the solution. 
The ease with which transfer by diffusion and mi- 
gration would remove and supply these ions would 
then be frequency dependent. However, it would 
require an extensive mathematical procedure to 
determine whether this explanation would account 
for the differences in dispersion of the capacities and 
resistances just mentioned. Experimental work on 
surfaces of known roughness is desirable, together 
with theoretical analysis, before circuit components 
equivalent to the electrode can be set up unambigu- 
ously. 

As has been pointed out by Grahame (i), double 
layer capacities for solid surfaces can be obtained 
by measurements at very high frequencies. The 
linear dependence of capacity on the square root of 
frequency which seems to be exhibited by the 
graphs of Fig. 3, especially for those curves involv- 
ing small capacities, and corresponding to polariz- 
ing potentials in the double layer region, if con- 
tinued to higher frequencies, may provide a means 
for carrying out extrapolations to infinite frequency. 
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Technical Note 

Electrodeposition of Lead from the Pyrophosphate Bath 
J. Vaid  and T. I.. Rama Char  

Department 05 General Chemistry, Indian Institute of Science, Bangalore, India 

Lead  is c o m m o n l y  p l a t ed  f r o m  the  fluosil icate,  
f luoborate ,  and s u l f a m a t e  baths.  B e l y a e r  (1) used  an 
a lka l i ne  ba th  con ta in ing  lead  ace ta te ,  sod ium h y -  
droxide ,  roche l l e  salt, rosin, and gelat in .  F e r g u s o n  
and H o v e y  (2) s ta te  tha t  a so lu t ion  con ta in ing  so- 
d i u m  pyrophospha te ,  copper  acetate ,  and lead  ace-  
ta te  showed  l i t t le  p r o m i s e  for C u - P b  al loy p la t ing .  
This  l a b o r a t o r y  has u n d e r t a k e n  a de ta i l ed  inves t i -  
ga t ion  on the  e lec t rodepos i t ion  of va r ious  me ta l s  
and a l loys  f r o m  the  p y r o p h o s p h a t e  bath.  The  p l a t -  
ing  of Pb  was  s tud ied  m a i n l y  in connec t ion  w i t h  
w o r k  on P b - S n  a l loy  deposi t ion.  

Experimental  
Pla t i ng  solut ions  w e r e  p r e p a r e d  by add i t ion  of 

sod ium p y r o p h o s p h a t e  to lead  n i t ra te ,  a complex ,  
Na~[Pb(P~O~) ], be ing  formed.  P o t e n t i o m e t r i c  and 
c o n d u c t o m e t r i c  t i t r a t ions  showed  tha t  the  ra t io  of 
p y r o p h o s p h a t e  to Pb in the  complex  is 1:1. T h e  Pb  
ion concen t r a t i on  in the  so lu t ion  and the  in s t ab i l i t y  
cons tan t  K of the complex  as found  f rom po ten t i a l  
m e a s u r e m e n t s  w e r e  of the  o rder  of 10 -1~ g ion /1  and 
10 -1:, r e spec t i ve ly  (3) .  Rogers  and Reyno lds  (4) r e -  
po r t ed  a va lue  of the  same o rde r  for  K of the  1:1 
complex ,  w h e r e a s  H a l d e r  (5) has  s ta ted  t h a t  t h e r e  
a r e  two  complexes  co r re spond ing  to 1:1 and 2:1 
ratios,  K for  the  l a t t e r  be ing  10 -~. The  p y r o p h o s -  
pha te  con ten t  of the  ba th  was a lways  in excess  of 
t ha t  r e q u i r e d  for  c o m p l e x  fo rmat ion .  The  ba th  con-  
t ro l  did not  p re sen t  any  difficulties. 

Cy l ind r i ca l  C u - p l a t e d  P t  ca thodes  ( d i a m e t e r  5/s 
in., l eng th  11/2 in.) and Pb  anodes  ( d i a m e t e r  1% in., 
l eng th  1 in.) w e r e  used, the  i m m e r s e d  anode  
area  be ing  four  t imes  the  ca thode  area  (3 in."). P l a t -  
ing t ime  was  20-30 rain; v o l u m e  of so lu t ion  used 
was  175 cc. The  res t  of the  e x p e r i m e n t a l  p r o c e d u r e  
was  the  same  as desc r ibed  before  (6) .  Ca thode  po-  
ten t ia l s  ( h y d r o g e n  scale)  w e r e  r e p r o d u c i b l e  to -----5 
mv.  P h o t o m i c r o g r a p h s  of a th ick  coa t ing  of Pb on 
Cu p la te  w e r e  t aken  wi th  a Vicke r ' s  p r o j e c t i o n  m i -  
croscope.  X - r a y  p o w d e r  pa t t e rns  of the  deposi ts  
w e r e  ob ta ined  f r o m  a S i emans  B a u j a h r  1950 mode l  
unit ,  w i t h  a 57.3 m m  d i a m e t e r  camera .  

Experimental  Results 
Tab le  I gives  t he  effect of v a r i a t i o n  of e l ec t ro ly te  

concen t r a t ion  and c u r r e n t  dens i ty  on the  ca thode  
efficiency and potent ia l .  Da ta  r eco rded  co r re spond  
to good qua l i t y  deposits.  The  decompos i t ion  p o t e n -  
t ia l  for  the  p la t ing  so lu t ion  was  1.6-1.7 v. 

Ca thode  efficiency was  90-100% th roughou t .  
Ge la t in  dec reased  the  efficiency as we l l  as the  l i m i t -  
ing c u r r e n t  dens i ty  (48-29 a m p / f f ) .  A solut ion 
con ta in ing  0.05M Pb(NO~)~ could  be r e g a r d e d  as 
op t imum.  The  specific r e s i s t iv i ty  and ca thode  po-  
l a r i za t ion  dec reased  w i t h  inc rease  in m e t a l  ion con- 
cent ra t ion .  The  inc rease  in po la r i za t ion  w i t h  the  
add i t ion  of ge la t in  has also been  o b s e r v e d  in Sn 
depos i t ion  f r o m  the  p y r o p h o s p h a t e  b a t h  (6) .  The  
t h r o w i n g  p o w e r  of the  so lu t ion  was  qu i t e  good, the  

Table I. 1200 rpm cathode, 60~ 0.2-1.1 v, pH 9.3, anode efficiency, close to 100%. For each concentration the first figure under current 
density gives the efficiency per cent and the second the cathode potential ( - -  sign) in volts on H scale. Static potential, --0.45 v; reference 

electrode, saturated calomel 

Conce n t r a t i on ,  g/1 Sp.  r e s i s t i v -  C u r r e n t  dens i ty  a m p / f V  
Lead  P y r o p h o s p h a t e  i ty ,  o h m / c m  3 5 10 19 29 38 48 

1. 2.1 7.0 55.1 

2. 5.2 17.5 29.2 

3. 10.4 35.0 15.9 

10.4 35.0 
( +  gelatin 0.5 g / l )  15.9 

4. 15.5 52.0 11.8 

5. 20.7 70.0 9.5 

93 94 89 88 - -  - -  
0.70 0.70 1.24 - -  - -  - -  

92 95 97 92 90 - -  
0.59 0.68 0.93 - -  - -  - -  

95 96 99 98 94 93 
0.57 0.59 0.71 1.10 1.20 - -  

87 87 80 59 - -  
0.59 1.37 1.64 1.74 - -  - -  

95 96 100 100 100 96 
0.56 0.57 0.66 0.74 1.03 - -  

95 99 100 100 100 96 
0.54 0.57 0.65 0.73 0.93 1.06 
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Fig. 1. (Left) Cu base; (center) Pb deposit under conditions of 
Table I-3, 19 amp/ft'; (right) same with gelatin. Magnification, 
500X before reduction for publication. 

S c h l o t t e r - K o r p i u n  va lue  (7) be ing  in  the r ange  1.7- 
4.7. 

The  ba th  gave a d h e r e n t  and  g r a y i s h - w h i t e  de-  
posits on Cu (steel  or brass)  cathodes.  The deposi t  
became f iner  g ra ined  and  b r igh t  (ma t t e )  by  add ing  
ge la t in  (Fig. 1). I t  has a face cen te red  cubic 
s t ruc ture ,  w i th  a = 4.93A. The deposits  (0.001 in.)  
were  nonporous  as ind ica ted  by  the  fe r roxy l  test  
(steel  base ) ,  and  the  corrosion res i s tance  was  good 
in  the  l a b o r a t o r y  a tmosphere  (0.001 in., 4 m o n t h s ) .  
The  t ime  r equ i r ed  to deposit  0.001 in. th ickness  at 
25 a m p / f t  ~ was  18 min .  

The pe r fo rmance  of the  py rophospha te  ba th  for 
Pb  p l a t i ng  appears  to be sat isfactory.  The deposi -  

t ion  of P b - S n  alloys f rom this  ba th  wi l l  be repor ted  
later .  
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the  G o v e r n m e n t  of Ind ia  for the a w a r d  of a Senior  
Research  Scholarsh ip  d u r i n g  the  per iod  of this i n -  
ves t igat ion.  

Manuscript  received August  6, 1956. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 
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Technical Eev ew @ 
A Review of Patents on Silicon Carbide Furnacing 

J. C. McMullen 
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The va lue  of a good abras ive  was  b rough t  to Ed-  
w a r d  Goodrich Achesons ' s  a t t en t i on  by  one of the  
m e m b e r s  of Ti f fany and  Company .  R e m e m b e r i n g  
one of his ear ly  expe r imen t s  in  which  clay, w h e n  
hea ted  in  a gas-f i red furnace ,  was  conver ted  to a 
hard,  c a r b o n - i m p r e g n a t e d  subs t ance  he decided to 
subjec t  clay and  ca rbon  to the inf luence of electr ic  
heat.  A smal l  i ron bowl  was a t tached  to one lead 
f rom a d y n a m o  and  filled wi th  a m i x t u r e  of c lay  and  
powdered  coke. A ca rbon  rod a t tached  to the  o ther  
lead was inser ted.  C u r r e n t  was passed t h rou gh  the 
m i x t u r e  un t i l  the cen te r  was hea ted  to a ve ry  h igh 
t empera tu re .  A n  e x a m i n a t i o n  of the cold mass re-  
vea led  a few b r igh t  specks on the  end  of the  ca rbon  
rod. W h e n  d r a w n  across a pane  of glass the  rod t ip 
cut l ike  a d i a m o n d .  The new  mater ia l ,  he thought ,  
was composed of ca rbon  and  co rundum.  

Acheson  soon modified the f u r n a c e  by  cons t ruc t -  
ing a hor izon ta l  one wi th  f i rebr ick walls.  Be tween  
two electrodes he p laced  a conduc t ing  core of loose 
graphi te  s u r r o u n d e d  by  a m i x t u r e  of clay, carbon,  
and  salt. The first pa t en t  r e l a t ing  to SiC was issued 
to h i m  in 1893 (1).  It  detai ls  the me thod  of m a n u -  
f ac tu re  and  correc t ly  describes the p roduc t  as SiC. 
Whi le  there  have  been  i m p r o v e m e n t s  in  f u r n a c i n g  
and  in  m ix  propor t ions ,  the  p r inc ip les  as developed 
by  Acheson  are st i l l  in  use today  in  the  commerc ia l  
p roduc t ion  of SiC. 

To keep this r ev iew w i t h i n  bounds ,  on ly  those 
Un i t ed  States  pa ten t s  which  show m a r k e d  changes  
over  the  or ig ina l  patent ,  at least  in  the wr i t e r ' s  
opinion,  wi l l  be discussed. A comple te  list, com-  
pr i s ing  59 of the subjec t  pa ten t s  reviewed,  is g iven  
in  the appendix .  A n  a t t emp t  is made  to a r r a n g e  the  
subjec t  m a t t e r  in  groups  r a the r  t h a n  chronologi -  
cally.  

Resistance Furnaces 
In  the or ig ina l  pa ten t ,  a mix  composed of 50% 

pure  carbon ,  25% clay, and  25% c o m m o n  sal t  was 
used. The  sal t  was  deemed  necessary  to act as a flux 
which  on me l t i ng  b r o u g h t  the par t ic les  of clay and  
ca rbon  in  i n t i m a t e  contact .  The  use of salt  is m e n -  
t ioned f r e q u e n t l y  t h r o u g h o u t  the p a t e n t  l i t e r a t u r e  
on SiC. K i r c h n e r  (48) descr ibed the  act ion of salt  
as follows: "The  sal t  t ends  to reduce  the  i m p u r i -  
ties in  the r e s u l t a n t  product ,  s ince it  reacts  at h igh 
t e m p e r a t u r e s  wi th  impur i t i e s  con ta in ing  i ron  and  
some other  e l ements  to form vola t i le  chlorides."  

In  Acheson 's  second pa t en t  (2) issued in  1896, the  
clay is rep laced  by  silica. C a r b o n  is used in  stoichio-  
met r i c  p ropor t ions  r a t h e r  t h a n  in  excess as s ta ted in  
the  or ig ina l  pa tent .  A generous  a m o u n t  of salt, 9%, 
is sti l l  added as a flux. Also 4% of sawdus t  was  
added to p romote  p e r m e a b i l i t y  to the  mix.  

F. J. Tone was issued 17 pa ten t s  f rom 1902 to 
1913. Two pa t en t s  (9, 11) descr ibe a f u r na c e  w i th  
m o v a b l e  s idewalls .  These  wal ls  were  made  in  sec- 
t ions composed of i ron  f rames  l ined wi th  f irebrick.  
This e l imina t ed  repea ted  h a n d l i n g  of i n d i v i d u a l  
br icks used in  assembl ing  the  SiC furnace .  

Accord ing  to the  accepted equa t ion  for  the  f o r m a -  
t ion  of silicon carbide (SiO2 + 3C = SiC + 2CO), 
1.4 tons of CO gas is generated for each ton of SiC 
produced. The heat value, on combustion, of this CO 
is equivalent to 3560 kwhr and, since 8000-12,000 
kwhr is required to produce a ton of SiC in com- 
mercial furnaces, the recovery of the waste gas 
offers one method of reducing manufacturing costs. 

Tone's patent (13) in 1908 described a furnace 
heated by a combination of electric power and com- 
bustion of gases generated during the operation. 
However, during one experiment an explosion oc- 
curred and further work on this method was aban- 
doned. 

Tone was granted two patents (16, 24) disclosing 
the use of a solid carbon core, which would be more 
consistent in physical properties than a loose core. 
However, the resistance of a solid rod is so low that 
either its length has to be greatly increased or its 
cross section reduced. Tone increased the length by 
the use of a zig-zag pattern. Since a loose graphite 
core, surrounded by the conventional sand-coke- 
sawdust mix, is used today, it indicates that a solid 
rod is not practical with this type of furnace load- 
ing. 

In 1909 Tone patented (15) a pot-type furnace for 
producing SiC. As furnacing proceeds, mix is added, 
and vertically depending electrodes raised until a 
complete ingot is formed. 

Ridgeway was an important contributor to the art. 
His patents (45, 47) disclose a radical departure 
from the conventional furnace method. He reasoned 
that SiC, since it becomes an excellent electrical con- 
ductor when heated, could be used as a core. A 
jointed graphite rod of small cross section is used 
to preheat the core composed of SiC-containing fur- 
nace by-products. A low voltage is used until the 
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graph i te  rod is consumed,  and  the  r e m a i n d e r  of the  
hea t  is made  wi th  increased  voltage.  I t  is c la imed 
tha t  the  efficiency is i m p r o v e d  by  m a k i n g  use  of 
the SiC by-p roduc t s .  The  en t i re  fu rnace  cha rge  
tends  to be hea ted  e lec t r ica l ly  r a t h e r  t h a n  b y  
t h e r m a l  r ad ia t ion  f rom a la rge  cen t ra l  core. 

R idgeway  also developed a closeable f u r na c e  
(52, 55) for m a k i n g  abras ive  me ta l  carbides.  The  
object  here  was to min imize  losses by  ox ida t ion  
of the p roduc t  and  by  vola t i l iza t ion .  Whi le  the 
me thod  is advan tageous  in  m a k i n g  bo ron  carbide,  
it is no t  p a r t i c u l a r l y  appl icable  for m a k i n g  SiC as 
losses, except  for CO, are  negl igible .  

Improved Product 
Accord ing  to Acheson 's  p a t e n t  (22) of 1912, a n e w  

produc t  d i f ferent  in  appea rance  and  h a v i n g  a t ough-  
ness and  ha rdness  at  least  equa l  and  perhaps  
g rea te r  t h a n  the  n o r m a l  p roduc t  is fo rmed w h e n  5% 
boron  oxide is incorpora ted  in  the  fu rnace  mix.  
Since the  r e su l t an t  SiC was found  to be essen t ia l ly  
boron- f ree ,  he  pos tu la ted  tha t  the  u n u s u a l  p ro -  
per t ies  are due to the mod i fy ing  inf luence  of the  
boron  d u r i n g  the react ion.  This suggests  tha t  o ther  
addi t ives  be  t r ied  to de t e rmine  the effect on the 
crys ta l  hab i t  of SiC. 

Tone ' s  pa t en t s  (17, 23) i n  1910 and  1912 deal  wi th  
m a k i n g  clear  crysta ls  of SiC us ing  pu re  r a w  m a t e -  
rials.  Such crystals,  it  is claimed,  possess doub le  
re f rac t ion  and  are of grea t  va lue  as gems, for they  
can be cut  wi th  r egu l a r  facets and  polished.  

Hu tch ins  in  1933 (44) descr ibed  a me thod  of p ro -  
duc ing  a dense  SiC, by  add ing  3% excess ca rbon  
to the  mix  and  f u r n a c i n g  w i th  a 30% increase  in  
power  ra te  over  tha t  n o r m a l l y  used. L u m p s  of the  
new  mate r ia l ,  it is c laimed,  h a v e  an  a p p a r e n t  den-  
si ty of 2.6 or g rea te r  whi le  the  o r d i n a r y  va r i e t y  is 
u sua l l y  less t h a n  1.8 g/cc.  SiC made  by  the process 
is said to consist  of dense ly  compacted  masses h a v i n g  
a s t ruc tu re  v e r y  s imi la r  to tha t  of a m a t e r i a l  sol idi-  
fied f rom a m o l t e n  state.  It  is also c la imed tha t  the 
dense m a t e r i a l  has a more  u n i f o r m  and  also a lower  
e lect r ical  res i s tance  t h a n  tha t  of n o r m a l l y  fu rnaced  
c rys ta l l ine  mater ia l .  

Furnace Mix 
A pa t en t  by  Hu tch ins  (34) in  1920 pe r t a ins  to the  

more  u n i f o r m  p roduc t i on  of SiC. D u r i n g  fu rnace  
opera t ions  the h igh ly  hea ted  vapors  of si l icon and  
silica t end  to r ise t h rough  the  charge.  This resu l t s  in  
a concen t r a t i on  of siliceous compounds  in  the  uppe r  
pa r t  of the  furnace ,  and  a deficiency of these  com-  
pounds  in  the  lower  par t .  In  Hu tch ins '  p re fe r red  
me thod  the bo t tom of the  fu rnace  is loaded wi th  
mix  h a v i n g  a S i O J C  rat io  of 1.94 whi le  mix  wi th  a 
1.70 ra t io  is used in  the  top. S ince  both  of these a re  
in  excess of the  theore t ica l  ratio~of 1.67, it  ind ica tes  
tha t  some Si leaves the r eac t ion  zone and  is e i ther  
condensed  in  the  ou te r  b y - p r o d u c t  m a t e r i a l  or is 
lost to the  a tmosphere .  

A p a t e n t  by  K i r c h n e r  (48) in  1935 is the on ly  one 
dea l ing  wi th  the  pore  fo rming  m a t e r i a l  used to p ro -  
mote  p e r m e a b i l i t y  in  the  r a w  mix.  He advocates  the  
use of b u c k w h e a t  or o the r  seed hul ls  to replace  
sawdust ,  s ince they  are more  cons is tent  phys ica l ly  

and  chemica l ly  and  al low be t t e r  control  of the  fu r -  
nace  mix.  

Use of Silicon Compounds 
Four  pa ten t s  cover  the  use  of ma te r i a l s  o ther  t h a n  

f ree  silica or silicon, w i th  carbon,  to fo rm SiC. 
D o r s e m a n  (5) in  1902 hea ted  ZnSiO3 and  C in  a 

closed arc fu rnace  to produce  meta l l i c  Z n  and  SiC. 
Zn  vapors  are condensed  to a l i qu id  and  the  CO is 
vented .  The r e m o v a l  of the  SiC f rom the  closed 
fu rnace  is no t  c lear ly  descr ibed  bu t  it appears  tha t  
this would  p r e se n t  qui te  a p rob lem.  

W e be r  (8) in  1903 descr ibed  a process for the  
m a n u f a c t u r e  of a l u m i n a  and  SiC f rom kaol in .  Cal-  
cined clay and  coke, bo th  f inely ground,  are hea ted  
e lec t r ica l ly  f o r mi ng  a m i x t u r e  of A1,C8 a nd  SiC. In  
water ,  the  fo rmer  hydro lyzes  and  the  ine r t  SiC 
crys ta ls  set t le  out. 

Thoms  (25) in  1912 found  a me thod  of m a k i n g  a 
SiC in  f i l ament  form as follows " . . . .  a d m i t t i n g  to 
an  evacua t ing  f lashing j a r  a p r e d e t e r m i n e d  a m o u n t  
of the  vapors  of si l icon te t rachlor ide ,  t hen  a p rede -  
t e r m i n e d  a m o u n t  of a m i x t u r e  of h y d r o g e n  and  
e thy l ene  gases and  then  in  f lashing a ca rbon  core in  
such a tmosphere ."  

Peacock (30, 31) in  1915 hea ted  fe ldspar  and  C to 
2500~ in  a N a tmosphere  to fo rm ca rbo -n i t r i de s  of 
A1 and  K. Af te r  these  gaseous products  are  col- 
lected, the t e m p e r a t u r e  is ra ised  to a pu r po r t ed  
3500~ to form SiC. 

Shaped Articles 
Twelve  pa ten t s  re la te  to f u r n a c i n g  of def ini te ly  

shaped art icles  of SiC. In  most  cases, the res i s tance-  
type  f u r na c e  was  used as a m e d i u m  for h e a t - f o r m -  
ing art icles  of SiC f rom p re shaped  carbon,  wood, 
fine si l icon carbide,  or  m i x t u r e s  of si l icon or var ious  
si l icon compounds  wi th  C (4, 10, 14, 19, 20, 21, 27, 
and  28). In  two pa ten t s  (26, 46) ar t icles  are con-  
ve r t ed  to SiC by  an  arc. In  one case (42) the re- 
act ion is car r ied  out  in  an  i n d u c t i o n  furnace .  

Geiger  (58) in  1947 was successful  in  fo rming  SiC 
at r e l a t ive ly  low t e m p e r a t u r e s  f rom an  i n t i m a t e  
m i x t u r e  of f inely d iv ided  C and  Si p rev ious ly  
molded  to a des i red shape. By m a i n t a i n i n g  n o n -  
oxidiz ing condi t ions  the  reac t ion  was comple ted  be -  
tween  1200 ~ and  1500~ in  a fue l - f i red  furnace .  

Continuous Furnaces 
There  have  been  n u m e r o u s  a t t empts  to produce  

SiC cont inuous ly .  The  advan tages  of such a process 
migh t  inc lude  a sav ing  in  labor  and  power  t h rough  
recupera t ion  of waste  heat ,  col lect ion and  use of 
the CO gas, as wel l  as a sav ing  in  opera t ing  space 
requ i red .  However ,  there  a re  m a n y  difficulties to 
be overcome due  to the  h igh  t e m p e r a t u r e s  involved,  
the  lack of f ree flow of the  ma te r i a l s  a nd  product ,  
and  the ab ras ive  ac t ion  of the m o v i n g  mater ia l s .  

Rober ts  (3) in  1897 p a t e n t e d  a process us ing  a 
modif ied arc furnace .  A hor izon ta l  c o l u m n  of m ix  
is fed by  a mechan i ca l  conveyor  be t w e e n  ca rbon  
electrodes.  The electrodes are first pos i t ioned so as 
to s t r ike  an  arc, t h e n  g r a d u a l l y  separa ted  as the 
SiC is fo rmed  a nd  becomes the conductor .  A r i b -  
bon  of p roduc t  emerges  and  there  r e ma i ns  the  p rob -  
lem of separa t ing  the SiC and  the  u n c o n v e r t e d  mix.  
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Tone (18) in  1910 i l lus t ra tes  two methods  of 
m a k i n g  SiC cont inuous ly .  In  the first case g r a n u l a r  
core ma te r i a l  is suppl ied  at and  a r o u n d  an  uppe r  
e lect rode and  is s u r r o u n d e d  by  the  mix  of ca rbon  
and  sil iceous mater ia l .  The  con ta in ing  wal ls  move  
downward ,  c a r ry ing  w i th  t h e m  the  charge  and  core, 
at a ra te  governed  by  the ingot  d i ame te r  r e p r e s e n t -  
ing most  economica l  p roduct ion .  The  lower  elec-  
t rode  is t ape red  so tha t  the  core m a t e r i a l  and  fin- 
ished p roduc t  move  o u t w a r d  and  m a y  be r emove d  
read i ly  f rom the furnace .  

In  Tone ' s  a l t e rna t e  scheme, the  mix,  suppor ted  on 
cars, is moved  con t inuous ly  u n d e r  two s t a t i ona ry  
ve r t i ca l ly  depend ing  electrodes.  Af t e r  the charge 
passes the  second electrode,  the  p roduc t s  are r e -  
moved.  The p r inc ipa l  objec t ion  is aga in  the  dif-  
f iculty of s epa ra t ing  the  SiC f rom the core and  the  
u n u s e d  mix.  

Cox (49, 50) in  1937 pa t en t ed  an  u p - f e d  furnace .  
A screw a r r a n g e m e n t  pushes  mix  up t h rough  an  in -  
ve r ted  t r u n c a t e d  cone - shaped  fu rnace  l ined  wi th  r e -  
f ractory.  Power  is suppl ied  t h rough  ca rbon  elec-  
t rodes p ro jec t ing  into the  sides of the furnace .  

Benner ,  Melton,  and  Boyer  (56) in  1939 employed  
an  e lec t r ica l ly  hea ted  t u n n e l  t h rough  which  re- 
f rac to ry  t rays,  loaded wi th  loose or b r i q u e t t e d  mix,  
are  passed. The t u n n e l  m a y  consist  of a hol low 
carbonaceous  conduc tor  to act as a res is tance  heater ,  
or m a y  be hea ted  by  induc t ion .  

Van  der  P y l  (59) was  issued a pa t en t  in  1956 
cover ing  a process to synthes ize  SiC. C la im #1  
ap t ly  describes the  me thod  as follows: "Process for 
the synthes is  of si l icon ca rb ide  compr i s ing  charg ing  
a m i x t u r e  of ca rbon  and  silica in to  a p lu r a l i t y  of 
open ended  con ta iners  which  are of a size and  shape 
to be de tachab le  jo ined  at  the  open ends, m a t i n g  a 
p lu r a l i t y  of said con ta iners  and  i n t roduc ing  t h e m  
into a t u b e  fu rnace  h a v i n g  the shape of a long tube  
t he r eby  fo rming  a t ube  w i t h i n  the t u b e  fu rnace  
which  t u b e  t he r eby  fo rmed  cons t i tu tes  a s ingle  
compar tmen t ,  a d v a n c i n g  the con ta iners  t h rou gh  the  
t ube  f u r n a c e  and  r e m o v i n g  the  con ta ine rs  which  
have  been  advanced  all  the  way  t h rough  the  t u b e  
furnace ,  said tube  fu rnace  be ing  at  a m e d i a n  loca-  
t ion  thereof  hea ted  to a t e m p e r a t u r e  of at  least  
1800~ ', 

The SiC produced  in  Van  der  Py l ' s  fu rnace  con-  
sists of discrete  crysta ls  which  r equ i r e  on ly  classifi- 
ca t ion  for use as ab ras ive  grain,  thus  e l i m i n a t i n g  
c rush ing  operat ions .  Costs are  f u r t he r  reduced  by  
the  u t i l i za t ion  of the  was te  gases. 

Summary 
In  s u m m a r y ,  the  ar t  of f u r n a c i n g  SiC has not  de-  

pa r t ed  rad ica l ly  f rom the  me thod  o r ig ina ted  by  
Acheson.  Today ' s  fu rnaces  are m u c h  la rger  bu t  t hey  
sti l l  use his p r inc ip le  of hea t ing  f rom wi th in ,  wi th  
the  charge ac t ing  as a r e f rac to ry  con ta ine r  as wel l  
as a t h e r m a l  i n su l a to r  for the  ingot  be ing  formed.  
I m p r o v e m e n t s  i n  fu rnace  design have  fac i l i ta ted  
load ing  and  u n l o a d i n g  operat ions.  Large  scale col- 
lec t ion and  u t i l i za t ion  of waste  gases have  not  ye t  
been  achieved.  Changes  in  core  composi t ion  and  
geomet ry  have  resu l ted  in  a mode ra t e  i m p r o v e m e n t  
in  the  ove r - a l l  efficiency of the  operat ion.  Bet te r  

phys ica l  and  chemical  p roper t ies  of the p roduc t  
have  been  a t t a ined  by con t ro l l ing  mi x  composi t ion  
and  power  input .  Severa l  s tar ts  have  been  made  
toward  a con t inuous  commerc ia l  process for m a k i n g  
SiC. 

Manuscript  received Janua ry  18, 1957. This paper 
was prepared for delivery before the Cleveland Meet- 
ing, Sept. 30 to Oct. 4, 1956. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 
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ABSTRACT 

The e lec t rochemical  character is t ics  of a number  of N-halogen organic com- 
pounds were  s tudied  in var ious  electrolytes .  Many of these compounds have 
grea ter  theore t ica l  ampere -minu te  capaci ty  pe r  uni t  of weight  than  the corre-  
sponding halogens,  or the inorganic  cathode mate r ia l s  used at p resen t  in 
p r i m a r y  cells. Of the  compounds studied, cyclic ure ides  and melamine  der iva-  
t ives have the most  p romis ing  character is t ics  for use as cathode mate r i a l s  in 
p r i m a r y  cells. Elect rodes  composed of these mate r ia l s  opera te  dur ing  cur ren t  
flow at potent ia ls  approx imat ing  the halogen-hal ide  couple, and give in an 
A1CL e lec t ro ly te  ampere -minu te  per  g ram capacit ies cor responding to a two-  
e lec t ron change per  "posit ive" ha logen in the  molecule.  

Expe r imen ta l  N, N 'd ich lo rod ime thy lhydan to in -magnes ium rese rve- type  cells 
have been const ructed and shown to opera te  over  a wide range  of cur ren t  
densi t ies  at  potent ia ls  above 2.0 v, giving capaci t ies  over  45 w hr / l b .  

The  d e s i r a b l e  e l e c t r o c h e m i c a l  p r o p e r t i e s  of a 
ca thode  m a t e r i a l  for  a p r i m a r y  ce l l  a re :  (a )  a h igh,  
r e v e r s i b l e  e l ec t rode  po ten t i a l ,  (b )  l ow  p o l a r i z a t i o n  
d u r i n g  c u r r e n t  flow, and  (c)  a h igh  a m p e r e - m i n u t e  
c a p a c i t y  p e r  un i t  of w e i g h t  and  vo lume .  The  r e -  
v e r s i b l e  e l ec t rode  p o t e n t i a l  can  be  d e t e r m i n e d  b y  
the  change  in  f ree  e n e r g y  of t he  ca thod ic  h a l f - c e l l  
reac t ion ,  w h i l e  t h e  a m p e r e - m i n u t e  c a p a c i t y  is d i -  
r e c t l y  p r o p o r t i o n a l  to the  n u m b e r  of F a r a d a y s  p e r  
mole  i n v o l v e d  in the  r educ t ion ,  and  i n v e r s e l y  to t he  
m o l e c u l a r  w e i g h t  of t h e  c a t h o d e  m a t e r i a l .  

In  add i t ion ,  ce  t a in  p h y s i c a l  and  c h e m i c a l  p r o p -  
e r t i e s  of a ca thode  m a t e r i a l  such as so lub i l i ty ,  s t a -  
b i l i ty ,  a n d  p h y s i c a l  f o r m  a r e  i m p o r t a n t  in  d e t e r m i n -  
ing  i ts  use  in  a p a r t i c u l a r  t y p e  of p r i m a r y  cell .  F o r  
e x a m p l e ,  m a t e r i a l s  w h i c h  h a v e  a h igh  so lub i l i ty ,  or  
low s t a b i l i t y  in  t he  e l ec t ro ly t e ,  w o u l d  be  u n s u i t a b l e  
for  use  in  d r y  cells,  b u t  m i g h t  f ind a p p l i c a t i o n  in  r e -  
se rve  cel ls  of the  t y p e  w h i c h  a r e  s t o r ed  d r y  and  ac -  
t i v a t e d  j u s t  p r i o r  to use  b y  a d d i n g  the  e l e c t r o l y t e  or  
w a t e r .  

The  h a l o g e n s  a r e  a t t r a c t i v e  m a t e r i a l s  for  u s e  as 
ca thodes  in  ba t t e r i e s ,  because  of t h e i r  h igh  e l ec t rode  
p o t e n t i a l  d u r i n g  c u r r e n t  flow, and  h igh  a m p e r e -  
hour  c a p a c i t y  p e r  un i t  of w e i g h t  and  vo lume .  The  
d i s a d v a n t a g e s  to t he  use  of these  m a t e r i a l s  a r e  ob -  
vious.  F l u o r i n e  and  ch lo r ine  a r e  h i g h l y  tox ic  and  
co r ros ive  gases,  b r o m i n e  a v o l a t i l e  l iquid ,  and  iod ine  
a so l id  w i t h  a h igh  v a p o r  p r e s s u r e .  M a n y  a t t e m p t s  
(1 -9 )  h a v e  been  m a d e  to u t i l i ze  t hese  m a t e r i a l s  in  
e l e c t r o c h e m i c a l  ba t t e r i e s ,  b u t  to da t e  the  diff icul t ies  
a s soc ia t ed  w i t h  t h e i r  h a n d l i n g  h a v e  no t  been  o v e r -  
come  to enab l e  t he  des ign  of a p r a c t i c a l  b a t t e r y .  

The  h y p o h a l o u s  ac ids  and  t h e i r  sa l t s  have  h i g h e r  
r e v e r s i b l e  e l ec t rode  p o t e n t i a l s  and  a m p e r e - m i n u t e  
capac i t i e s  p e r  un i t  of w e i g h t  t h a n  t h e i r  c o r r e s p o n d -  
ing  ha logens .  H o w e v e r ,  b e c a u s e  of  t h e i r  l ow  s t a -  
b i l i ty ,  or  h igh  so lub i l i ty ,  t h e y  a re  u n s u i t a b l e  for  
p r i m a r y  cells.  

The  N - h a l o g e n  o rgan ic  c o m p o u n d s  h a v e  been  
f o u n d  to h a v e  s im i l a r  e l e c t r o c h e m i c a l  p r o p e r t i e s  to  
t hose  of the  h y p o h a l o u s  ac ids  and  t h e i r  sal ts .  
These  o rgan ic  c o m p o u n d s  can  be  cons ide red  as s u b -  
s t i t u t e d  a m m o n i a  a n a l o g u e s  of h y p o h a l o u s  acid.  
M a n y  of t h e m  a r e  c o n s i d e r a b l y  m o r e  s t ab l e  t h a n  
t h e i r  c o r r e s p o n d i n g  i no rgan i c  h y p o h a l i t e s  and,  
t he re fo re ,  a r e  m o r e  a t t r a c t i v e  for  use  as ca thode  
m a t e r i a l s  in  p r i m a r y  cells.  

A r s e m  (10) d e s c r i b e d  d r y  cel ls  con t a in ing  a few 
N - h a l o g e n  o rgan ic  c o m p o u n d s  as ca thodes  coup led  
w i t h  a Zn anode .  No o t h e r  r e f e r e n c e  has  been  found  
in the  l i t e r a t u r e  r e f e r r i n g  to t he  a p p l i c a t i o n  of  these  
compounds to electrochemical power supplies. 

In this paper a survey of the electrochemical 
properties of various types of N-halogen organic 
compounds is presented, along with data obtained 
on experimental reserve cells containing one of the 
more promising materials as a cathode coupled with 

a Mg anode. 

Electrochemica~ Characteristics 

A t y p i c a l  e x a m p l e  of a N - h a l o g e n  o rgan ic  com-  
p o u n d  and  the  m a n n e r  in  w h i c h  the  h a l o g e n  is 
h e l d  in  the  m o l e c u l e  is s h o w n  b y  the  equa t i on :  

H :Ci :  

R : i ~ : H  + CI+C1 - ~  R : i ~ : H  Jr H + + C1- ( I )  

The  ch lo r ine  a t o m  a t t a c h e d  to  t h e  N is d e s c r i b e d  as 
a "pos i t i ve"  h a l o g e n  a n d  r e s e m b l e s  t h a t  a t t a c h e d  
to o x y g e n  as in  h y p o c h l o r o u s  acid,  s ince on h y -  
d ro ly s i s  i t  combines  w i t h  t he  n e g a t i v e  h y d r o x i d e  
ion  to fo rm h y p o c h l o r o u s  acid.  1 I t  is r e a s o n e d  t h a t  
r e ac t i ons  t a k i n g  p l ace  a t  an  e l ec t rode  con ta in ing  a 
N - h a l o g e n  o rgan ic  c o m p o u n d  could  p r o c e e d  t h r o u g h  
the  h y d r o l y s i s  s tage,  f o l l owed  b y  s u b s e q u e n t  r e -  

1 A t e s t  f o r  a " ' p o s i t i v e "  h a l o g e n  o r g a n i c  c o m p o u n d  is  to d i s s o l v e  
t h e  c o m p o u n d  in  a n  a q u e o u s  s o l u t i o n  of a c e t i c  a c i d  a n d  a n  i o d i d e  
a n d  U t r a t e  t h e  i o d i n e  l i b e r a t e d .  T w o  i o d i n e  a t o m s  a r e  l i b e r a t e d  f o r  
e v e r y  " p o s i t i v e "  h a l o g e n .  
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d u c t i o n  of  t h e  h y p o h a l i t e  ion .  T h e r e  is a l so  s o m e  
e x p e r i m e n t a l  e v i d e n c e  w h i c h  i n d i c a t e s  t h a t  t h e  e l e c -  
t r o d e  m e c h a n i s m  m i g h t  b e  t h r o u g h  t h e  d i r e c t  r e -  
d u c t i o n  of  t h e  N - h a l o g e n  c o m p o u n d .  E q u a t i o n s  a n d  
r e v e r s i b l e  e l e c t r o d e  p o t e n t i a l s  g i v e n  b y  L a t i m e r  
( 1 1 )  f o r  p o s s i b l e  r e a c t i o n s  of  a N - h a l o g e n  o r g a n i c  
e l e c t r o d e  i n  h a l i d e  e l e c t r o l y t e s  a r e  g i v e n  b e l o w ,  u s -  
i n g  t w o  m e c h a n i s m s .  

H y d r o l y s i s :  

R N H X  ~- H O H  = RNH~ § H O X  ( I I )  

Basic solutions: 
C10- -~ H~O -~ 2e-  ~ 2 O H -  ~- CI- E~ -~ 0.89 ( I I I )  

B r O -  -P H~O -~ 2e-  ~ 2 O H -  ~- B r - E ~  ~ 0.76 ( I V )  

Acidic solutions: 
H C 1 0  ~- C1- ~- H* ---- CI~ -b H~O ( V )  

Cl~ § 2e-  ~ 2C1- E ~ ~- 1.36 ( V I )  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A u g u s t  1957 

H C 1 0  -p 2 B r -  ~- H* ~ Br~ ~- H~O ~- C P  
H B r O  + B r -  ~- H* ~ Br~ ~- H 2 0  
Br~ + 2e-  ~ 2 B r -  E ~ ~ 1.09 ( V I I )  

D i r e c t  R e d u c t i o n :  
R N H X  + H~O -t- 2e~ = O H -  ~- X -  + RNH~ ( V I I I )  

R N H X  § H § ~- 2e-  : RNH~ -~ X -  ( I X )  

R N H X  ~- X -  -~ H + : RNH~ -P X~ 
X~ Jr 2e-  = 2X-  ( X I )  

Experimental Results 
M o s t  e l e c t r o d e  r e a c t i o n s  do  n o t  f u n c t i o n  a t  t h e i r  

r e v e r s i b l e  e l e c t r o d e  p o t e n t i a l s  b e c a u s e  of  t h e  i r r e -  
v e r s i b l e  n a t u r e  of  t h e  r e a c t i o n  a n d  p o l a r i z a t i o n  e f -  
f e c t s  e n c o u n t e r e d  w h e n  o p e r a t i n g  a n  e l e c t r o d e  a t  
a r e l a t i v e l y  h i g h  c u r r e n t  d e n s i t y .  S i n c e  m a n y  i n -  
o r g a n i c  a n d  o r g a n i c  r e a c t i o n s  a r e  k n o w n  to  b e  i r -  
r e v e r s i b l e  a n d  t h e i r  e l e c t r o d e  p o t e n t i a l s  d u r i n g  c u r -  

Table I. Capacity data for various N-halogen organic cathode materials 

A m p - m i n / g  
Source  % " A c t i v e "  h a l o g e n  capac i ty  Efflciency$ 

C a t h o d e  m a t e r i a l  (see foo t  notes)  A c t u a l  T h e o r e t i c a l  Theore t i ca l*  O b t a i n e d t  % 

C h l o r i n e  - -  50 50 45.4 - -  
B r o m i n e  ~ 50 50 20.1 

N - h a l o g e n  o rgan ic  c o m p o u n d s  
A m i d e s  
(a) Carboxylic acid 

N - b r o m o a c e t a m i d e  1 57 57 23.3 3.0 12.9 
N - b r o m o b e n z a m i d e  1 39.3 39.9 13.6 6.3 47.0 
N, N ' d i b r o m o t e r e p h t h a l a m i d e  ~ 43.7 49.7 19.8 6.6 38.0 
N, N ' d i b r o m o o x a m i d e  ~ 60.5 65.2 26.1 0.6 2.5 
N, N ' d i b r o m o s u c c i n a m i d e  ~ 57.5 58.3 23.5 2.4 10.3 
N, N ' d i b r o m o a d i p a m i d e  1 51.3 53.1 21.3 7.3 35.7 

(b )  Sulfonic acid 
N - c h l o r o - p - t o l u e n e s u l f o n a m i d e ,  

s o d i u m  sa l t  ~ - -  12.8 11.4 0.2 1.7 
N, N d i c h l o r o - p - t o l u e n e s u l f o n a m i d e  2 - -  29.6 26.8 14.1 52.6 
N, N d i b r o m o - p - t o l u e n e s u l f o n a m i d e  1 46.1 48.5 19.7 6.0 31.9 
N, N d i c h l o r o - p - b e n z e n e s u l f o n a m i d e  1 31.5 31.3 28.3 11.7 40.9 
N, N d i c h l o r o - p - c a r b o x y l i c  ac id  

b e n z e n e s u l f o n a m i d e  ~ - -  26.3 23.8 5.7 23.9 
Imides derived from dibasic acids 

N - c h l o r o s u c c i n i m i d e  ~ - -  26.6 24.1 11.7 48.5 
N - b r o m o s u c c i n i m i d e  ' - -  45.9 23.3 9.0 38.6 
N-bromophtha]imide ~ 33.2 35.3 14.2 4.7 35.1 

Amides of carbonic acid (urea) 
(a) Straight chain 

N, N ' d i e h l o r o b i u r e t  1 - -  41.3 37.4 ~15 .0  ~40 .1  
(b )  Cyclic 

T r i c h l o r o i s o c y a n u r i c  ac id  5 44.7 45.8 41.5 10.2 25.3 
3 Bromo,5 ,5  d i m e t h y l h y d a n t o i n  1 38.5 38.6 15.5 7.5 48.4 
N, N ' d i b r o m o d i m e t h y l h y d a n t o i n  1 55. 55.9 22.3 10.9 49.9 
N, N ' d i c h l o r o d i m e t h y l h y d a n t o i n  B 33. 33. 32.6 15.0 46.0 
N, N ' d i c h l o r o d i p h e n y l h y d a n t o i n  6 16. 22.1 20.1 6.3 43.1 
N, N ' d i b r o m o d i p h e n y l h y d a n t o i n  ~ 38. 39.0 15.6 7.5 49.5 
N, N ' d i b r o m o b a r b i t u r i c  ac id  ~ - -  55.9 22.5 3.6 16.0 

Amidines of carbonic acid (guanidine) 
N - c h l o r o d i c y a n d i a m i d e  5 15. 30.3 27.1 ~0 .1  0.8 
T r i c h l o r o m e l a m i n e  ~ 44.5 46.4 42.2 ~ 1 8  43.9 
T r i b r o m o m e l a m i n e  ~ 65.3 66.7 26.6 10.9 41.8 
H e x a c h l o r o m e I a m i n e  7 - -  64.0 58.0 ~19 .5  33.6 

C o m p u t e d  f r o m  ha l f - ce l l  da ta  in  F ig .  1-6 incl .  u s i n g  0.20 v as an a r b i t r a r y  e n d  poin t .  
* Theo re t i c a l  capac i ty  c o m p u t e d  f r o m  t h e o r e t i c a l  " a c t i v e "  h a l o g e n  conten t .  
$ Eff ic iency c o m p u t e d  on bas is  of a c t u a l  " a c t i v e "  h a l o g e n  c o n t e n t  of c o m p o u n d .  
1 A r a p a h o e  Chemica l s ,  Inc.  

Matheson ,  C o l e m a n  & Bell .  
3 A b b o t t  Labora to r i e s .  

F i s h e r  Sc ient i f ic  Co. 
5 A m e r i c a n  C y a n a m i d  Co. 

6 W y a n d o t t e  C h e m i c a l s  Corp.  
7 Wal l ace  & T ie rnan ,  Inc.  
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Fig. 1. Cathode potential-time relationship of various mane and 
dibasic carbexylic acid amide N-bromo derivatives discharged in 
250 g / I  M g B r ~ - 6 H ~ O  electrolyte at o rate of 0.030 amp/g. 

r e n t  flow canno t  b e  p r e d i c t e d  b y  t h e r m o d y n a m i c  
ca lcu la t ions ,  o the r  m e t h o d s  h a v e  to be used  to 
e v a l u a t e  n e w  m a t e r i a l s .  A t echn ique ,  p r e v i o u s l y  
d e s c r i b e d  (12) ,  was  used  to  s t u d y  t h e  e l e c t r o c h e m -  
ica l  p r o p e r t i e s  of a n u m b e r  of N - h a l o g e n  o rgan ic  
compounds .  This  consis ts  in  d i s c h a r g i n g  a t  a con-  
s t an t  c u r r e n t  d ra in ,  in a l a r g e  v o l u m e  of e l ec t ro ly t e ,  
a 0.5-g s a m p l e  of the  ca thode  m a t e r i a l  m i x e d  w i t h  
carbon .  The  p o t e n t i a l  of the  ca thode  was  m e a s u r e d  
aga in s t  a s a t u r a t e d  ca lome l  r e f e r e n c e  e l e c t r o d e  w i t h  
a L&N T y p e  K p o t e n t i o m e t e r .  

Half-Cell Discharge Data for Various N-Halogen 
Organic Compounds in a MgBr2 Electrolyte 

H a l f - c e l l  d a t a  o b t a i n e d  on v a r i o u s  N - h a l o g e n  
o rgan ic  c o m p o u n d s  d i s c h a r g e d  c o n t i n u o u s l y  a t  a 
0.030 a m p / g  r a t e  s in a MgBr~ �9 6H~O(250 g / l )  e lec -  
t r o l y t e  a r e  shown  in Fig .  1-6 inc lus ive .  The  d a t a  
g iven  i nc lude  an  IR drop  a m o u n t i n g  to 0.08 v due  
to the  r e s i s t ance  of e l e c t r o l y t e  and  a p p a r a t u s .  No 
co r r ec t i on  was  m a d e  for  t e m p e r a t u r e  v a r i a t i o n  of 
the  s a t u r a t e d  ca lome l  e l e c t r o d e  w h i c h  w o u l d  
a m o u n t  to no m o r e  t h a n  _0.01 v. 

The  c a p a c i t y  o b t a i n e d  to an  a r b i t r a r y  0.20 v cut  
off p o t e n t i a l  (vs. S.H.E.)  u n d e r  c u r r e n t  d r a i n  a long  
w i t h  t h e i r  e l ec t rode  efficiencies is p r e s e n t e d  in 

2 T h e  c u r r e n t  f low w a s  e x p r e s s e d  in  t h i s  m a n n e r  b e c a u s e  of t h e  
di f f i cu l ty  a s s o c i a t e d  w i t h  d e t e r m i n i n g  t h e  t r u e  s u r f a c e  a r e a  t a k i n g  
p a r t  i n  t h e  e l e c t r o c h e m i c a l  r e a c t i o n ,  w h i c h  v a l u e  is n e c e s s a r y  i n  
o r d e r  to  e x p r e s s  t h e  c u r r e n t  d e n s i t y  in  a m p e r e s  p e r  u n i t  a r e a .  
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Fig. 2. Cathode potential time relationship of various N-halogen 
derivatives of sulfonic acid amides discharged in 250 g/I MgBr2-6H20 
electrolyte at a rate of 0.030 amp/g. 

T a b l e  I t o g e t h e r  w i t h  t he  t h e o r e t i c a l  capac i t i e s  of 
these  m a t e r i a l s  e x p r e s s e d  in a m p e r e - m i n u t e s  p e r  
g ram.  

Acid amides of the type RCOHNX.--Table I 
shows  t h a t  fou r  of t he  s ix  l i s t ed  N - b r a i n 5  c a r -  
b o x y l i c  ac id  a m i d e s  h a v e  t h e o r e t i c a l  capac i t i e s  
g r e a t e r  t h a n  t h a t  of e l e m e n t a l  b r o m i n e .  H o w e v e r ,  
t h e  a c t u a l  capac i t i e s  o b t a i n e d  f rom t h e s e  com-  
p o u n d s  a r e  c o n s i d e r a b l y  l o w e r  t h a n  t heo re t i ca l ,  
r a n g i n g  f r o m  0.6-7.3 a m p - m i n / g ,  w i t h  efficiencies 
r a n g i n g  f rom 2.5 to 47 %. Also,  t he  efficiencies of t he  
N - b r o m o  a ro raa t i c  c a r b o x y l i c  ac id  c o m p o u n d s  a r e  
g r e a t e r  t h a n  those  of the  a l k y l  c a r b o x y l i c  ac id  c o m -  
pounds .  This  is p r o b a b l y  due  to t he  g r e a t e r  s t a -  
b i l i t y  and  l o w e r  so lub i l i t y  of t h e  a r o m a t i c  com-  
p o u n d s  in  t he  e l ec t ro ly t e .  This  r e l a t i o n s h i p  is even  
m o r e  e v i d e n t  w h e n  one cons ide rs  t he  capac i t i e s  and  
efficiencies of t he  homologous  ser ies  of a l k y l  N, N" 
d i b r o m o  d ibas ic  acids.  U n d e r  cond i t ions  of d i s -  
cha rge ,  t he  c a thode  efficiency of these  c o m p o u n d s  in -  
c reases  as the  cha in  l eng th  of t h e  d ibas ic  ac id  i n -  
creases ,  w h i l e  t h e r e  is a c o r r e s p o n d i n g  dec rease  in  
s o l u b i l i t y  as  one goes f r o m  N, N" d i b r o m o o x a m i d e  to  
N, N '  d i b r o m o a d i p a m i d e .  

The  h a l f - c e l l  d i s c h a r g e  cu rves  in  Fig.  1 show t h a t  
the  p o t e n t i a l s  of  these  e l e c t rode s  r a n g e  f r o m  0.60- 
0.90 v in i t i a l ly ,  b u t  dec rea se  r a p i d l y  u n d e r  c u r r e n t  
d ra in .  

Sulfonic acid amides 05 the type RSO~NHX.--Dis- 
coun t ing  the  d a t a  for  the  so lub le  sod ium sa l t  of N -  
c h l o r o - p - t o l u e n e s u l f o n a m i d e  ( C h l o r a m i n e  T ) ,  i t  is 
seen  in  T a b l e  I t h a t  capac i t i e s  r a n g i n g  for  5.7 to  
14.1 a m p - m i n / g  w e r e  o b t a i n e d  f r o m  c o m p o u n d s  of 
th is  class,  w i t h  c o r r e s p o n d i n g  efficiencies of 23.9- 
52.6%, r e spe c t i ve ly .  Be c a use  of t h e i r  h i g h e r  c a p a -  
c i t ies  and  efficiencies,  th is  c lass  of N - h a l o g e n  com-  
p o u n d s  has  g r e a t e r  p r o m i s e  as c a t h o d e  m a t e r i a l s  
fo r  p r i m a r y  cel ls  t h a n  t h e  p r e v i o u s l y  d i scussed  ca r -  
b o x y l i c  ac id  amides ,  the  bes t  of t he se  m a t e r i a l s  b e -  
ing  N, N d i c h l o r o - p - t o l u e n e s u l f o n a m i d e  ( D i c h l o r -  
a m i n e  T) .  

H a l f - c e l l  d a t a  o b t a i n e d  on va r i ous  N - h a l o g e n  d e -  
r i v a t i v e s  of su l fon ic  ac id  a m i d e s  a r e  p r e s e n t e d  in 
Fig.  2. As  expec t ed ,  the  N - c h l o r o  d e r i v a t i v e s  o p e r -  
a te  a t  a h i g h e r  p o t e n t i a l  and  g ive  a g r e a t e r  a m p e r e -  
m i n u t e  p e r  g r a m  c a p a c i t y  t h a n  the  c o r r e s p o n d i n g  
N - b r o m o  c ompounds ,  as e v i d e n c e d  b y  the  h a l f - c e l l  
d i s c h a r g e  d a t a  o b t a i n e d  on N, N d i c h l o r o - p - t o l u e n e -  
s u l f o n a m i d e  and  N, N d i b r o m o - p - t o l u e n e s u l f o n -  
amide .  The  poor  p e r f o r m a n c e  of the  s o d i u m  sa l t  of 
N - c h l o r o - p - t o l u e n e s u l f o n a m i d e  as a c a thode  m a t e -  
r i a l  is p r o b a b l y  due  to t h e  h igh  s o l u b i l i t y  of th i s  
c o m p o u n d  in the  MgBr~-H~O e l e c t ro ly t e .  

Also  s h o w n  a r e  h a l f - c e l l  d a t a  o b t a i n e d  on  N, N 
d i c h l o r o b e n z e n e s u t f o n a m i d e ,  N, N d i c h l o r o - p - c a r -  
b o x y l i c  ac id  b e n z e n e s u l f o n a m i d e ,  a n d  N, N d i -  
c h l o r o - p - t o l u e n e s u l f o n a m i d e ,  these  c o m p o u n d s  d i f -  
f e r i ng  f r o m  one a n o t h e r  on ly  in the  t y p e  of p a r a  
s u b s t i t u t e d  g roup .  I t  is seen  t h a t  t he  c a r b o x y l i c  ac id  
c o m p o u n d  has  a h i g h e r  p o t e n t i a l  i n i t i a l l y ,  p r o b a b l y  
as a r e su l t  of t h e  effect of t he  ac idic  g roup  on i ts  
po ten t i a l .  

Imides of the type (RCO)~NHX.--Diacyl d e r i v a -  
t ives  of a m m o n i a ,  (RCO)~NH, k n o w n  as imides ,  also 
have  a h y d r o g e n  a t t a c h e d  to t he  n i t r o g e n  a tom,  
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Fig. 3. Cathode potential-time relationship of various N-halogen 
imide derivatives discharged in 250 g/I MgBr2"6H~O electrolyte at 
a rote of 0.030 amp/g. 

which is rep laceab le  by  a halogen a tom to form the 
N-ha logen  der ivat ive .  Typical  examples  of this class 
are the N-chloro- ,  and N-bromosuccinimide ,  and 
ph tha l imide  compounds. Capaci ty  da ta  for these 
mater ia l s  are t abu la ted  in Table I and ha l f -ce l l  dis-  
charge da ta  shown in Fig. 3. These compounds had 
discharge character is t ics  s imilar  to the  previous ly  
discussed N-ha logen  acid amides. Of the three  
imides tested, N-chlorosuccinimide had the most 
favorable  discharge character is t ics .  

Amides of carbonic acid (urea derivatives).-- 
There are many  urea  der ivat ives  which also have a 
replaceable  hydrogen  a t tached to the ni t rogen atom, 
and thus are capable  of forming N-ha logen  com- 
pounds. N, N" dichlorobiure t  is an example  of a 
s t ra ight  chain compound of this class, whereas  t r i -  
chloroisocyanuric  acid, N, N" d ich lo rod imethy lhy-  
dantoin, and N, N" d ib romobarb i tu r i c  acid are ex-  
amples of cylic der ivat ives .  Al l  of these compounds 
have  the character is t ic  p rope r ty  of the other  N-  
halogen compounds cited, in tha t  they  are s trong 
oxidizing agents. 
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Fig. 4. Cathode potential-time relationship of various N-halogen 
urea derivatives discharged in 250 g/I MgBr~-6H20 electrolyte at 
a rate of 0.030 amp/g. 
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relationship of various N-halogen 
in 250 g/I MgBr2-6H20 electrolyte 

Among the cyclic urea  der ivat ives  tested, the hy-  
dantoin  compounds are of pa r t i cu la r  in teres t  be-  
cause of thei r  re la t ive ly  high electrode efficiencies 
in the MgBr2-H20 e lec t ro ly te  as shown in Table I. 
These compounds, measured  at  the 0.030 a m p / g  
rate,  had efficiencies ranging  from 43-50%, which 
values are grea te r  than those obtained for the other 
two cyclic urea  der iva t ives  tested. An efficiency of 
40% was also obtained f rom the s t ra ight  chain di-  
chlorobiuret  compound,  which along with  N, N'  
d ich lo rod imethy lhydan to in  are  the most promising 
compounds of this group because of the i r  high flat 
vol tage vs. t ime discharge curves (Fig. 4 and 5) 
and high theoret ica l  and expe r imen ta l ly  obtained 
a m pe r e - m i nu t e  per  gram capacit ies.  

Discharge curves for  the var ious  N-ha logen  
hydanto in  der iva t ives  are  shown in Fig. 5, and as 
expected the chloro compounds operate  at  h igher  
potent ia ls  dur ing  current  flow than the correspond-  
ing bromo compounds, while  the  monobromo com- 
pound has a potent ia l  lower  than  its corresponding 
dibromo compound. 

Amidines ol carbonic acid (guanidine deriva- 
tives).---Four compounds of this class, t r ich loro-  
and t r ibromomelamine ,  hexachloromelamine ,  and 
N-chlorodicyandiamide ,  al l  of which are solids at 
o rd ina ry  tempera tures ,  have been evaluated,  data  
being presented  in Fig. 6 and Table I. N-ch lorod i -  
cyandiamide  per formed  poor ly  as a cathode mate -  
rial,  p robab ly  because of low s tabi l i ty  under  the 
conditions of evaluat ion.  As with  other  N-ha logen  
compounds, t r i ch loromelamine  opera ted  at a h igher  
potent ia l  than  its cor responding  bromo compound, 
while the more h ighly  ha logenated  hexach loromel -  
amine opera ted  dur ing  current  flow in a MgBr:H~O 
elec t ro ly te  at  a h igher  electrode potent ia l  than  the 
t r ichloromelamine.  

F rom Table I i t  is seen tha t  t r i ch loromelamine  
and hexachloromelamine  gave a m pe r e - m i nu t e  per  
gram capacit ies of app rox ima te ly  18 and 19.5, re -  
spectively,  which values a re  the highest  obta ined on 
any of the N-ha logen  compounds tested in this in-  
vestigation. I t  is also significant to note tha t  these 
two melamines  have the highest  theoret ica l  capac-  
i ty  of all  the  N-ha logen  compounds considered, the 
capaci ty  of hexach loromelamine  being 28% grea ter  
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Fig. 6. Cathode potential-time relationship of various N-halogen 
guanidine derivatives discharged in 250 g / I  MgBr2.6H20 electrolyte 
at a rate of 0.030 amp/g.  

t h a n  the  t h e o r e t i c a l  a m p e r e - m i n u t e  p e r  g r a m  ca -  
p a c i t y  of ch lor ine .  

Half-Cell Discharge Data of Three N-Halogen 
Organic Compounds in Various Electrolytes 

I t  is seen  f r o m  t h e  d a t a  in T a b l e  I t h a t  in a 250 g/1 
MgBr2 6H~O e lec t ro ly t e ,  and  at  a 0.030 a m p / g  r a t e  
of d i scha rge ,  t he  c a thode  efficiency of  a l l  t he  o rgan ic  
N - h a l o g e n  compounds ,  excep t  N, N d i c h l o r o - p -  
t o l u e n e s u l f o n a m i d e ,  was  less t h a n  50%, i n d i c a t i n g  
t h a t  no t  a l l  the  ch lo r ine  a toms  a re  t a k i n g  p a r t  in t he  
e l ec t rode  reac t ion .  

A n a l y t i c a l  d a t a  o b t a i n e d  b y  d i s so lv ing  w e i g h e d  
s amp le s  of t r i c h l o r o m e l a m i n e  in g lac ia l  acet ic  ac id  
and  in  w a t e r ,  a d d i n g  an  excess  of p o t a s s i u m  iod ide  
and  t i t r a t i n g  the  iod ine  l i b e r a t e d  in  each  so lu t ion  
showed  t h a t  in  t he  g lac ia l  acet ic  ac id  so lu t ion  the  
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Fig. 7. Cathode potential-capacity relationship of three N- 
halogen organic compounds discharged in various electrolytes at a 
rate of 0.005 amp/g. 

" a c t i v e "  h a l o g e n  con ten t  in the  m o l e c u l e  was  44.5%, 
w h i c h  c o r r e s p o n d e d  to a two  e l ec t ron  change  p e r  
ch lo r ine  a tom,  w h e r e a s  in a w a t e r  so lu t ion  the  
l i b e r a t e d  iod ine  c o r r e s p o n d e d  to on ly  24.3% of the  
" a c t i v e "  chlor ine .  In  n e u t r a l  or  w a t e r  so lu t ion  a 
f ad ing  end  po in t  was  o b s e r v e d  in t he  t i t r a t i o n  of t he  
iodine,  i n d i c a t i n g  t h a t  t he  s l0w h y d r o l y s i s  of t r i -  
c h l o r o m e l a m i n e  was  the  cause  of t he  low v a l u e  for  
the  " a c t i v e "  ch lo r ine  con ten t  in t he  molecu le .  

S ince  t h e  e l ec t rode  efficiencies of mos t  ca thodes  
d e p e n d  on the  c u r r e n t  d e n s i t y  and  e l e c t r o l y t e  c o m -  
pos i t ion ,  h a l f - c e l l  d a t a  w e r e  o b t a i n e d  on N, N ' d i -  
c h l o r o d i m e t h y l h y d a n t o i n ,  t r i c h l o r o m e l a m i n e ,  and  
h e x a c h l o r o m e l a m i n e  w h e n  d i s c h a r g e d  a t  0.005 
a m p / g  r a t e  in  v a r i o u s  e l ec t ro ly t e s .  The  h a l f - c e l l  
d i s c h a r g e  cu rves  a r e  p r e s e n t e d  in  Fig .  7. 

D a t a  in Fig .  7 show t h a t  the  p o t e n t i a l s  d u r i n g  
c u r r e n t  flow of a l l  t h r e e  c a thode  m a t e r i a l s  i nc rease  
as t he  a c id i t y  of t he  e l e c t r o l y t e  is i nc reased ,  as 
m i g h t  be  e x p e c t e d  f r o m  an  e x a m i n a t i o n  of the  e lec -  
t r o d e  r eac t ions  p r e v i o u s l y  ci ted.  In  add i t ion ,  the  
a m p e r e - m i n u t e  p e r  g r a m  capac i t i e s  of t he  t h r e e  
ca thode  m a t e r i a l s  i nc rea se  w i t h  i n c r e a s i n g  e l e c t r o -  
l y t e  a c id i t y  w h i c h  is in  accord  w i t h  t h e  a n a l y t i c a l  
d a t a  p r e v i o u s l y  d iscussed .  In  a N a O H  e lec t ro ly t e ,  
t he  t h r e e  N - h a l o g e n  e l ec t rodes  p o l a r i z e d  r a p i d l y ,  
and  o p e r a t e d  at  low e l ec t rode  efficiencies.  This  low 
efficiency is b e l i e v e d  due  to t he  poor  s t a b i l i t y  of 
these  c o m p o u n d s  in  a s t r o n g l y  a l k a l i n e  solut ion.  

The  cou lombic  capac i t i e s  o b t a i n e d  f rom the  d i s -  
c h a r g e  d a t a  in  a MgBr ,  e l e c t r o l y t e  ( a l l o w i n g  an 0.8 
v d rop  in p o t e n t i a l  f r o m  in i t i a l )  c o r r e s p o n d  a p p r o x i -  
m a t e l y  to the  r e d u c t i o n  of one h a l o g e n  in  t he  N, 
N ' d i c h l o r o d i m e t h y l h y d a n t o i n ,  and  two  in t r i c h l o r o -  
m e l a m i n e  and  h e x a c h l o r o m e l a m i n e ,  a s s u m i n g  a two  
e l ec t ron  change  p e r  h a l o g e n  a t o m  in t he  molecu le .  
D i s c h a r g i n g  the  N, N ' d i c h l o r o d i m e t h y l h y d a n t o i n  
a n d  h e x a c h l o r o m e l a m i n e  in t he  m o r e  ac idic  (480 g/1 
A1C12 �9 6H~O) e l e c t r o l y t e  r e s u l t e d  in a 40% inc rease  
in e l e c t r o d e  efficiency. On the  o the r  hand ,  no in -  
c rease  in e l ec t rode  efficiency was  o b t a i n e d  f r o m  the  
t r i c h l o r o m e l a m i n e  e lec t rode ,  a l t h o u g h  a m o r e  f a v o r -  
ab l e  t y p e  of d i s c h a r g e  c u r v e  was  o b t a i n e d  in t he  
A1CI~ e l ec t ro ly t e .  

The  two  s tep  d i s cha rge  c u r v e  of t he  N, N ' d i -  
c h l o r o d i m e t h y l h y d a n t o i n  accounts  for  i ts  l a r g e  i n -  
c rease  in eff iciency in the  A1C1, e l ec t ro ly t e ,  s ince 
bo th  ac t ive  h a l o g e n  a toms  a re  n o w  b e i n g  u t i l i zed ,  
w h e r e a s  in t he  MgBr~ e l e c t r o l y t e  a p p a r e n t l y  on ly  
one h a l o g e n  a t o m  took  p a r t  in  t he  r educ t ion .  F r o m  
the  c h e m i c a l  s t r u c t u r e  of th is  compound ,  one w o u l d  
e x p e c t  t he  c h l o r i n e  on the  n i t r o g e n  a t o m  a d j a c e n t  to 
t he  two  c a r b o n y l  g roups  to b e  m o r e  ea s i l y  r e d u c e d  
t h a n  the  o t h e r  " a c t i v e "  h a l o g e n  in t he  molecu le ,  
t h e r e b y  accoun t ing  for  t he  two  s tep  r educ t ion .  

C a t h o d e  efficiencies c o m p u t e d  for  t he  d i s c h a r g e  
of t r i c h l o r o m e l a m i n e  and  h e x a c h l o r o m e l a m i n e  in 
t he  A1C12 e l e c t r o l y t e  i nd ica t e  a r e d u c t i o n  of 2 and  5 
h a l o g e n  a toms,  r e s p e c t i v e l y ;  a p p a r e n t l y  t h e  l a s t  h a l -  
ogen on the  m e l a m i n e  m o l e c u l e  is e x t r e m e l y  d i f -  
f icul t  to reduce .  

Comparison with Conventional Cathode Materials 

H a l f - c e l l  d i s c h a r g e  d a t a  o b t a i n e d  a t  a 0.005 
a m p / g  r a t e  for  two  of t he  m o r e  p r o m i s i n g  N - h a l o -  
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Fig. 8. Comparison of cathode potential-capacity relationship of 
various N-halogen organic and conventional inorganic cathode 
materials discharged at a rate of 0.005 amp/g in compatible elec- 
trolytes. 

gen c o m p o u n d s  c o m p a r e d  w i t h  t h r e e  ca thode  m a t e -  
r i a l s  n o w  used  in c o m m e r c i a l  p r i m a r y  cel ls  a r e  
s h o w n  in Fig.  8. These  d a t a  show t h a t  the  h e x a -  
c h l o r o m e l a m i n e  and  N, N ' d i c h l o r o d i m e t h y l h y d a n -  
to in  in bo th  a MgBr.~ and  an A1CI~ e l e c t r o l y t e  o p e r -  
a te  a t  c o n s i d e r a b l y  h i g h e r  po t en t i a l s  t h a n  e l e c t r o -  
ly t ic  m a n g a n e s e  d iox ide ,  cup rous  ch lor ide ,  or  s i l ve r  
( I I )  o x i d e  ca thodes  w h e n  t e s t ed  in t h e i r  c o m p a t i b l e  
e l e c t r o l y t e s  u n d e r  c o m p a r a b l e  cond i t ions  of  d i s -  
charge .  Ca lcu la t ions ,  ba sed  on a 0.2 v d rop  in h a l f -  
cel l  d i s c h a r g e  p o t e n t i a l  show tha t  h e x a c h l o r o m e l -  
amine ,  w h i c h  t h e o r e t i c a l l y  has  123% and  258% 
g r e a t e r  a m p e r e - m i n u t e  p e r  g r a m  c a p a c i t y  t h a n  s i l -  
v e r  ( I I )  ox ide  and  cup rous  ch lor ide ,  r e spec t ive ly ,  
gave  in an  A1CI~ e l e c t r o l y t e  74% and  226% g r e a t e r  
a m p e r e - m i n u t e  c a p a c i t y  p e r  un i t  of w e i g h t  t h a n  
these  ca thodes  d i s c h a r g e d  in t h e i r  c o m p a t i b l e  e lec -  
t ro ly tes .  F u r t h e r  i m p r o v e m e n t  in  t he  p e r f o r m a n c e  
of the  h e x a c h l o r o m e l a m i n e  ca thode  shou ld  be  p o s -  
s ib le  as i t  o p e r a t e d  u n d e r  these  cond i t ions  of d i s -  
c h a r g e  a t  on ly  58.6% efficiency. 

I t  w o u l d  be expec t ed ,  f r om the  h a l f - c e l l  d i s cha rge  
d a t a  in  Fig.  8, t ha t  coup l ing  N - h a l o g e n  o rgan ic  
ca thodes  w i t h  m a g n e s i u m  or  a l u m i n u m  anodes  
w o u l d  r e su l t  in p r i m a r y  cel ls  w i t h  o p e r a t i n g  p o t e n -  
t ia l s  of 2.2 and  1.8 v, r e spec t i ve ly .  

Primary  Cell Data 

W h i l e  i t  has  been  s h o w n  tha t  m a n y  of the  N - h a l -  
ogen o rgan ic  c o m p o u n d s  h a v e  a t t r a c t i v e  e l e c t r o -  
c h e m i c a l  cha rac t e r i s t i c s ,  t h e y  do h y d r o l y z e  in  
aqueous  so lu t ions  f o r m i n g  the  so lub le  h y p o h a l i t e .  
The  l a t t e r  p r o p e r t y  l im i t s  t he i r  use  as ca thodes  in  
p r i m a r y  b a t t e r i e s  a s s e m b l e d  w i t h  an  aqueous  e lec -  
t ro ly t e ,  s ince  the  she l f  l i fe  of t he  b a t t e r y  w o u l d  be  
l imi ted .  The  p r o b l e m  of h y d r o l y s i s  d u r i n g  s t o r a ge  is 
not  e n c o u n t e r e d  in r e s e r v e  cel ls  of  the  t y p e  w h i c h  
a r e  s t o r ed  d r y  or  in  an  i nac t i ve  cond i t ion  and  ac -  
t i v a t e d  p r i o r  to use  b y  a d d i n g  t h e  e l ec t ro ly t e .  

N, N '  d i c h l o r o d i m e t h y l h y d a n t o i n ,  a s t ab le  sol id  
w h i c h  can  be s u b l i m e d  at  130~ w i t h o u t  d e c o m -  
pos i t ion ,  and  has  a l ow  so lub i l i t y  in aqueous  so lu -  
t ions (0.21 g /100 g H,O a t  25~ was  se lec ted  for  
t r i a l  in  r e s e r v e  ba t t e r i e s .  Ca thodes  we re  con-  
s t r u c t e d  b y  t a k i n g  an  i n t i m a t e  m i x t u r e  of 2 p a r t s  
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Fig. 9. Constant current discharge curves for N, N'dichlorodim- 
ethylhydantoin-magnesium reserve cells (cast type). [Approx. vol. 4 
cm 3, wt 5.0 g (wet).] 

b y  we igh t  of the  m a t e r i a l  and  1 p a r t  b y  w e i g h t  of 
g r a p h i t e  and  h e a t i n g  to the  m e l t i n g  p o i n t  of t h e  
N, N ' d i c h l o r o d i m e t h y l h y d a n t o i n .  The  r e su l t i ng  
v iscous  m i x t u r e  was  p o u r e d  in to  a p a p e r - l i n e d  can 
(I. D. 0.395 in., h e i g h t  1.824 in . ) ,  a c a r b o n  rod  
(O. D. 0.100 in., he igh t  1.824 in . )  i n se r t ed ,  and  the  
mass  a l l ow e d  to so l id i fy .  The  f o r m e d  e l ec t rode  was  
r e m o v e d  f r o m  the  can, w r a p p e d  first  w i t h  a p iece  of 
a b s o r b e n t  n o n w o v e n  fab r i c  ( K e n d a l l - M i l l s )  m a t e -  
r ia l ,  t hen  w i t h  0.010 in. t h i c k  m a g n e s i u m  sheet .  The  
cel l  was  he ld  t o g e t h e r  b y  b i n d i n g  w i t h  wi re .  The  
a p p r o x i m a t e  d imens ions  of  t he  c o m p l e t e d  cel l  we re :  
he igh t ,  1~/4 in.;  d i a m e t e r ,  �89 in  ; vo lume ,  4 cm ~ (0.25 
i n / ) ;  w e i g h t  of ca thode ,  g r aph i t e ,  and  c a r b o n  rod,  
2.0 g; w e i g h t  of ca thode  m a t e r i a l ,  0.7 g; w e i g h t  of 
cel l  ( d r y ) ,  4.0 g; w e i g h t  of  ce l l  ( w e t ) ,  5.0 g. 

The  a b o v e  cel ls  w e r e  a c t i v a t e d  b y  i m m e r s i n g  
t h e m  in an  aqueous  so lu t ion  of MgBr~ �9 6H~O (250 
g / l )  and  Na~Cr~O,(1.0 g / l ) .  The  d i s c h a r g e  d a t a  o b -  
t a i n e d  on cel ls  of th is  cons t ruc t i on  a r e  shown  in 
Fig.  9. The  d a t a  show t h a t  t h e s e  N, N ' d i c h l o r o d i m -  
e t h y l h y d a n t o i n - m a g n e s i u m  r e s e r v e  cel ls  o p e r a t e  
a b o v e  2.0 v ove r  a w ide  r a n g e  o5 c u r r e n t  d ra ins ,  
a n d  g ive  capac i t i e s  of 1.1-3.2 w - m i n / c m  ~ a n d  0.9-2.6 
w - m i n / g ,  b a s e d  on a 1.80 v cu t  off. 

F l a t  cel ls  w e r e  also c o n s t r u c t e d  b y  p a s t i n g  3.8- 
4.5 g of the  fo l lowing  c a thode  m i x  on bo th  s ides  of a 
g r a p h i t e  p l a t e  ( 1 � 8 8  in. long  x 1 in. w i d e  x 1/16 in. 
th ick ,  w e i g h t  2.0 g ) .  
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Fig. 10. Constant current discharge curves for N, N'dichlorodlm- 
ethy(hydantain-magnesium reserve cells (flat type). [Approx. vol. 5 
cm ~, wt 10 g (wet).]  
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N, N ' D i c h l o r o d i m e t h y l h y d a n t o i n ,  0.96-1.13 g 
S h a w i n i g a n  a c e t y l e n e  b lack ,  0.56-0.48 g 
MgBr~ �9 6H~O (500 g / l )  -b 

Li~CrO4.2H20 (1.0 g / l ) e l e c t r o l y t e ,  2.4 -2.8 g 

The  a b o v e  ca thode  was  w r a p p e d  w i t h  a p i e c e  of 
a b s o r b e n t  K r a f t  p a p e r  and  t hen  w i t h  m a g n e s i u m  
shee t  (3 in. long x 1 in. w i d e  x 0.010 in. th ick ,  
w e i g h t  1.0 g ) .  The  a p p r o x i m a t e  w e i g h t  of t he  cel l  
a f t e r  a c t i v a t i n g  w i t h  m a g n e s i u m  b r o m i d e  e l e c t r o -  
l y t e  was  10 g and  occup ied  a v o l u m e  of a p p r o x i -  
m a t e l y  5.1 cm~(0.311 in? ) .  D i s c h a r g e  c h a r a c t e r i s t i c s  
of cel ls  of  th is  des ign  a r e  s h o w n  in Fig .  10. C a p a c -  
i t ies  of 5.3-12.1 w - m i n / c m  ~ and  2.7-6.2 w - m i n / g  
w e r e  o b t a i n e d  f r o m  these  cel ls  a t  c u r r e n t  d r a i n s  
r a n g i n g  f rom 1.0-0.250 amp .  

Cel ls  m a d e  b y  the  two  cons t ruc t ions  d e s c r i b e d  
a b o v e  r e p r e s e n t  l a b o r a t o r y  s a m p l e s  and  p e r f o r m -  
ance  c h a r a c t e r i s t i c s  w h i c h  can  be  e x p e c t e d  f rom 
r e s e r v e  cel ls  us ing  N - h a l o g e n  o rgan ic  c o m p o u n d s  as 
ca thode  m a t e r i a l s .  These  da ta ,  wh i l e  no t  r e p r e s e n t -  
ing  a c o m p l e t e d  d e v e l o p m e n t ,  po in t  to t he  p o s s i b i l -  
i ty  of d e v e l o p i n g  b a t t e r i e s  u t i l i z ing  r e l a t i v e l y  i n -  
e x p e n s i v e  m a t e r i a l s  w h i c h  wi l l  g ive  p e r f o r m a n c e  
c ha rac t e r i s t i c s  s u p e r i o r  to ex i s t i ng  r e s e r v e - t y p e  
ba t t e r i e s .  
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A n y  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be publ i shed  in the June  1958 
JOURNAL. 
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The Corrosion of Single Crystals and Recrystallized Single 

Crystals of Iron and Steel in Citric Acid 1 

W. Roger Buck, III, and Henry Leidheiser, Jr. 

Virginia Institute Jot Scientific Research, Richmond, Virginia 

ABSTRACT 

Corrosion studies, largely in 0.2M citric acid at 20~ and the boil ing point, 
were made on polycrystal l ine disks and monocrystal l ine spheres and disks of 
Armco iron and type L steel. P re l imina ry  experiments  indicated that  the (100) 
face corroded at the slowest rate and the minor  faces, of which the (321) is an 
example, corroded at the most rapid rate. Quant i ta t ive measurements  were 
confined to these two crystal faces. The (100) face was cathodic to the (321) 
face as shown by potential  measurements  in 0.2M citric acid in the presence 
and absence of air. The rate of corrosion of the (321) face was approximately 
twice that  of the (100) face on specimens which were chemically polished, 
electrolytically polished, machined with a sharp lathe tool, or polished with 
emery paper. The rates of corrosion of the polycrystal l ine s tar t ing mater ia l  
from which the single crystals were prepared were several times greater than 
those of the single crystals. Conversion of the single crystals to polycrystal l ine 
mater ial  by heat ing through the t ransformat ion tempera ture  resulted in a 
considerably increased corrosion rate. In the presence of 40-45 ppm of Sn( I I )  
the rates of corrosion of the single crystals in 0.2M citric acid at the boil ing 
point  were reduced greatly and no significant difference between the (100) 
and (321) faces was observed. 

I t  is gene ra l l y  recognized by  me ta l lu rg i s t s  tha t  
d i f ferent  c rys ta l  faces of a meta l  corrode at  d i f ferent  
rates.  The d i f fe ren t ia t ion  of gra ins  by  etching,  the 
v a r y i n g  in t e r f e r ence  colors fo rmed  on the gra ins  of 
po lyc rys t a l l i ne  meta l s  d u r i n g  the hea t ing  in  air, and  
the di f ferent  opt ical  p roper t ies  of the  oxide film 
formed on the var ious  gra ins  of po lyc rys t a l l i ne  
a l u m i n u m  are bu t  th ree  examples  f rom this gene ra l  
f u n d  of knowledge .  The  i m p o r t a n c e  of c rys ta l  face 
in  con t ro l l i ng  ra tes  of chemica l  reac t ions  has been  
d e m o n s t r a t e d  in a la rge  n u m b e r  of recen t  i nves t iga -  
t ions us ing  spher ica l  and  flat s ingle  crysta ls  ( 2 - 6 ) ;  
on ly  a few of those wi th  which  the  au thors  are more  
i n t i m a t e l y  concerned  are  m e n t i o n e d  here. The m a -  
jo r i ty  of such inves t iga t ions  have  been  qua l i t a t i ve  
in  n a t u r e  and  on ly  v e r y  l imi t ed  q u a n t i t a t i v e  i n fo r -  
m a t i o n  is ava i l ab le  on the re la t ive  ra tes  of corro-  
sion of d i f ferent  c rys ta l  faces in  l iquid  corrosion 
media.  The only  pape r  which  is d i rec t ly  re la ted  to 
the  p re sen t  w o r k  and  which  gives q u a n t i t a t i v e  in -  
f o rma t ion  on the rates  of solut ion of d i f ferent  c rys-  
ta l  faces of i ron  is tha t  of Engel l  (7) .  He s tudied  
the c u r r e n t - v o l t a g e  curves  d u r i n g  anodic  d issolu t ion  
in  acid and  found  tha t  " . . .  the ra te  of corrosion,  as 
shown by  the c u r r e n t  d e n s i t y - v o l t a g e  curve  d u r i n g  
d issolu t ion  of iron, in  all  cases inves t iga ted  is in -  
d e p e n d e n t  of the o r i en t a t i on  of the  crys ta l  surfaces  
at low c u r r e n t  densit ies.  At  h igher  densit ies,  on the 
other  hand ,  the (111) and  (110) surfaces are more  
g rea t ly  a t t acked  t h a n  the  cube faces by  a factor  of 

T h e  r e s u l t s  of  a f e w  of t h e  e x p e r i m e n t s  r e p o r t e d  h e r e i n  h a v e  
b e e n  d e s c r i b e d  p r e v i o u s l y  (1) .  B e c a u s e  of  t h e  b r e v i t y  of t h a t  c o m -  
m u n i c a t i o n  and  f o r  t h e  s a k e  of c o m p l e t e n e s s ,  t h o s e  r e s u l t s  a r e  a l so  
i n c l u d e d  in  t h i s  r e p o r t .  
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2. The other  o r i en ta t ions  lie in  the i r  p roper t ies  be-  
t w e e n  these ex t remes ."  

The purposes  of the p resen t  i nves t iga t ion  were  
(a)  to d e t e r m i n e  the  order  of m a g n i t u d e  of the  
differences b e t w e e n  the  ra tes  of corros ion of the  
c rys ta l  faces of i ron  in  a f ru i t  acid, (b)  to de t e rmine  
the factors which  control  the  r a t e  of corrosion, and  
(c) to compare  the  rates  of corrosion of s ingle  crys-  
ta l  w i th  po lyc rys ta l l ine  m a t e r i a l  of the  same com- 
posi t ion.  

Experimental 
Single  crysta ls  of Armco  iron,  3/s in. in  d i ame te r  

and  up  to 3Y2 in. in  length ,  were  p r e p a r e d  by the  
a n n e a l - s t r a i n - a n n e a l  method.  Rods, % in. in  d i a m -  
e ter  and  4 in. long, were  e tched in  aqua  regia  and 
were  a n n e a l e d  at  a p ressure  of 30-100 ~ of air  for 24 
hr  at  850~ Af te r  cooling, the rods were  reduced  
3.25% in  l eng th  by  compress ion,  which  was  car r ied  
out  in  a h a r d e n e d - s t e e l  cy l inde r  to p r e v e n t  bend ing .  
The  rods were  t hen  hea ted  at 890~176 at  a p res -  
sure  of 30-100 tz of air  for 5-10 days. Ce r t a in  mi l l  
r uns  had  a h igh t e n d e n c y  to form crys ta ls  tha t  
covered the en t i re  cross sect ion;  the larges t  crysta ls  
were  ob ta ined  f rom these rods. The Armco  crys ta ls  
we re  p r epa red  f rom stock which  had a lad le  ana l -  
ysis of: C 0.02%, Mn 0.03%, P 0.009%, and  S 
0.016%. 

Type  L ~ single crys ta ls  were  g rown  in  the  r im  
sect ion of c ross-sec t ional  pieces, 21/2 in. x 11/4 in. x 
1/2 in. to 3/4 in. thick,  of a r i m m e d  steel h a v i n g  a 
composi t ion  w i t h i n  the  r a nge  of specifications of L 

2 T y p e  L s t ee l  is  t h a t  spec i f i ed  b y  m a n u f a c t u r e r s  f o r  c o n t a i n e r s  
w i t h  t h e  m a x i m u m  c o r r o s i o n  r e s i s t a n c e .  
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steel. The mi l l  l ad le  ana lys i s  of this  ma te r i a l  was  C 
0.08%, Cu 0.02%, Mn 0.30%, Ni 0.01%, P 0.012%, 
Cr 0 .0 t%,  S 0.05%, Mo 0.00%, and  Si 0.008%. A 
wet  ana lys i s  ~ of the r im  area  in  which  the  crys ta ls  
g rew yie lded:  C 0.038%, P 0.011%, Mn 0.25%, and  
S 0.024%. Large  crysta ls  were  fo rmed  in  cross- 
sect ional  pieces cut  f rom the b i l le t  by  hea t ing  t h e m  
at a p ressure  of 30-100 tL and  850~ for 5-14 days. 
A pho tograph  of a typ ica l  g rowth  e x p e r i m e n t  is 
g iven  in  Fig. 1. 

Corrosion m e a s u r e m e n t s  made  at  20~ were  car-  
r ied out  in  20 ml  of acid deae ra ted  by  the  f reeze-  
t haw method  of P r y o r  and  Cohen  (8) .  The  acid 
so lu t ion  was  f rozen and  the  sys tem was p u m p e d  
d o w n  to a low. p ressure  wi th  a Hg diffusion p u m p  
and  thawed  five t imes.  The  Fe  sample  was  inse r ted  
into the  sys tem af ter  the  fifth freeze. P re s su re  
m e a s u r e m e n t s  we re  m a d e  wi th  a McLeod gauge 
which  was  separa ted  by  a stop cock and  d ry  ice t rap  
f rom the  acid solut ion.  M e a s u r e m e n t s  at  the bo i l ing  
po in t  were  m a d e  in  an  assembly  consis t ing of a 
250 ml  E r l e n m e y e r  flask and  a ref lux condenser .  
Af te r  the  so lu t ion  (100 ml )  had  been  boi l ing  for 
severa l  hours ,  the  cy l indr ica l  Fe s ingle  crystal ,  
held in  a shor t  l eng th  of Tygon  t u b i n g  in  order  to 
pro tec t  the  sides and  edges f rom the  act ion of the 
acid, was  inse r ted  in  the  E r l e n m e y e r  flask. The  
crys ta l  was held  by  means  of a p e r m a n e n t  m a g n e t  
so tha t  the  flat surfaces were  p e r p e n d i c u l a r  to the  
bo t tom of the flask. This  p r e c a u t i o n  was  necessa ry  
in  order  to keep the  ends of the  disk f reely  exposed 
to the solut ion.  The ra te  of corros ion as a func t ion  
of t ime  was d e t e r m i n e d  by  w i t h d r a w i n g  smal l  
samples  at i n t e rva l s  and  m a k i n g  ca lor imet r ic  de t e r -  
m ina t i ons  us ing  thioglycol l ic  acid. Weigh t  losses at 
the  end  of the  e x p e r i m e n t  served as a check on the 
ca lor imet r ic  de te rmina t ions .  

Single  crys ta l  spheres,  0.9 cm in  d iamete r ,  w i th  
a smal l  shaft  were  m a c h i n e d  f rom both  the  Armco  
rods and  the  L-s t ee l  slabs. Disks, 0.8 cm in  d i ame-  
ter  and  0.4-0.5 cm in  thickness,  whose  surfaces were  
pa ra l l e l  to the  (100) or (321) p lanes  were  cut  f rom 
the  long s ing le -c rys t a l  rod of Armco  Fe. Disks 
pa ra l l e l  to ( I00)  and  (32I )  p lanes  were  cut  f rom a 
s ingle  g ra in  of L-s teel .  Other  disks pa ra l l e l  to the 
(100) and  (321) p lanes  were  cut  f rom n e i g h b o r -  
ing crysta ls  in  the same piece of steel. The accuracy  
of the  cuts  was  d e t e r m i n e d  by back  reflect ion x - r a y  

8 T h e  a u t h o r s  a r e  i n d e b t e d  to t h e  A m e r i c a n  C a n  C o m p a n y  fo r  
c a r r y i n g  o u t  t h e s e  a n a l y s e s .  

Fig. 1. Typical large grains formed in the rim area of half of a 
cross-sectional piece cut from a billet of L-steel. 
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Fig. 2. Typical etch pattern on an Fe single-crystal sphere im- 
mersed in citric acid. 

ana lys i s  i m m e d i a t e l y  af ter  m a c h i n i n g  and  n e a r  the 
conc lus ion  of the  exper imen t s .  The o r i en t a t i on  of 
the  flat faces was w i t h i n  2 ~ of tha t  des i red  in  both  
cases. Af te r  mach in ing ,  the  c rys ta l s  were  deeply  
e tched and  were  t h e n  hea ted  for 6-16 hr  at  475 ~  
500~ in  He or in  a va c uum,  in  order  to re lease 
r e s idua l  s t ra ins  f rom the m a c h i n i n g  opera t ion .  The 
crys ta ls  were  pol ished wi th  me ta l log raph ic  emery  
pape r  fo l lowed by  chemical  pol i sh ing  in  M i r r o - F e '  
or in  the  ea r ly  exper imen t s ,  e lec t rolyt ic  pol i sh ing  
in  the  perchlor ic  ac id-acet ic  a n h y d r i d e  ba th  of 
J acque t  and  Racque t  (9) .  

Preliminary Experimental Results 
Results with spheres.--In order  to choose exper i -  

m e n t a l  condi t ions  a nd  c rys ta l  faces for the  q u a n t i -  
t a t ive  s tudy,  s i ng l e - c rys t a l  spheres were  i m m e r s e d  
for obse rva t ion  in  citr ic acid solut ions  r a n g i n g  f rom 
0.002M to sa tu ra t ion ,  at t e m p e r a t u r e s  f rom 25 ~ to 
85~ and  wi th  and  w i t hou t  s t i r r ing .  The  re la t ive  
behav io r  of the d i f ferent  faces was  the same u n d e r  
al l  condi t ions.  The  genera l  behav io r  i n  0.2M citric 
acid at room t e m p e r a t u r e  was  as fol lows:  Soon 
af ter  i m m e r s i o n  of the sphere,  h y d r o g e n  bubb le s  
began  to form. Af te r  15-30 min,  an  etch pa t t e rn  
could be seen, which  increased  in  cont ras t  for 12-24 
hr  and  e v e n t u a l l y  became obscured  by  genera l  cor-  
rosion. Firs t ,  the  la rge  areas s u r r o u n d i n g  the (111) 
faces lost the i r  o r ig ina l  h igh luster .  The  (100) faces 
and  a smal l  s q u a r e - s h a p e d  area  a r o u n d  t h e m  re-  
t a ined  the  h igh  lus te r  for  as long as 70 hr. Facets  
developed pa ra l l e l  to (100) p lanes  only.  A typica l  
etch p a t t e r n  is shown  in  Fig. 2. Microscopic v iews 
of the (100) face a nd  of the  a rea  ad j acen t  to the  
(111) face are  shown  in  Fig. 3 and  4. 

Spher ica l  crys ta ls  exposed to 3M acetic acid, 3M 
hydroch lor ic  acid, 1M su l fur ic  acid, 5% ni t r ic  acid 
in  alcohol ( n i t a l ) ,  3M phosphor ic  acid, 0.2M t a r -  
tar ic  acid, and  0.2M oxalic acid y ie lded  resul t s  es- 
sen t ia l ly  the  same as those ob ta ined  in  citr ic acid. 
Areas  s u r r o u n d i n g  the (111) faces were  the  first to 
etch a nd  become r oughe ne d  and  the  (100) faces 
showed the  s lowest  ra te  of etching.  There  were  

4 O b t a i n e d  f r o m  M a c D e r m i d ,  Inc . ,  W a t e r b u r y ,  Conn .  
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Fig. 3. Typical surface formed on (100) face of Fe when corroded 
in 0.2M citric acid. Magnification, IO00X. 

m i n o r  differences in  the  detai ls  of the  etch pa t t e rn s  
wi th  the  var ious  acids, bu t  the  grea t  dif ference be -  
tween  the (111) and  (100) areas was  no ted  in  all  
cases. 

P rev ious  e x p e r i m e n t s  in  this  l a b o r a t o r y  a nd  at  
the Un ive r s i t y  of Vi rg in ia  offered di rect  proof  t ha t  
the  ra te  of r o u g h e n i n g  of an  e lec t ro ly t ica l ly  pol -  
ished surface  was a m e a s u r e  of the ra te  of e tching.  
However ,  it was of in te res t  to check aga in  this  con-  
clusion. Two types  of e x p e r i m e n t s  bear  on this 
p roblem.  Firs t ,  the  resul t s  descr ibed in  a fo l lowing  
sect ion on the  po ten t ia l  m e a s u r e m e n t s  confirm con-  
clusions d r a w n  f rom the e x p e r i m e n t s  wi th  the 
spheres.  Second, an  e x p e r i m e n t  car r ied  out  in  n i t a l  
offered conv inc ing  ev idence  tha t  the  (100) face 
which  roughened  at the  slowest  r a t e  also e tched at 
the s lowest  rate. A n  e lec t ro ly t ica l ly  pol ished c rys-  
ta l  sphere  was i m m e r s e d  in  n i t a l  for a to ta l  of 16 
hr  at room t empera tu r e .  The crys ta l  was  t r an s f e r r e d  
f r e q u e n t l y  to f resh solut ions of n i t a l  in  order  to 
increase  the  ra te  of the  react ion.  At  the end  of the 
e x p e r i m e n t  the  six (100) faces were  raised app re -  
c iab ly  above the surface.  This resu l t  could on ly  
have  been  ob ta ined  if the (100) faces corroded at  
a s lower  r a t e  t h a n  any  other  face. 

Resul ts  observed  on the var ious  faces of the  
sphere  were  also observed  on po lyc rys t a l l i ne  s a m -  
ples of L-s tee l .  Gra ins  which  r e m a i n e d  smooth  d u r -  

ing corrosion also etched at the s lowest  ra te  as 
shown  by the fact  tha t  n e i g h b o r i n g  rough  gra ins  
were  at  a l ower  level.  These  smooth and  s low-cor -  
rod ing  gra ins  were  ident if ied as (100) faces f rom 
the fact tha t  m i n u t e  squa re  pi ts  were  developed on 
the i r  surfaces.  

Conf i rmat ion  of the genera l  conclus ion  tha t  the 
r a t e  of corrosion of the m i n o r  faces m a k i n g  smal l  
angles  wi th  the (111) p l a n e  was  g rea te r  t h a n  the  
(100) face was ob ta ined  in  the fo l lowing  exper i -  
ment .  A flat face pa ra l l e l  to a (100) p l a n e  was cut  
on a sphere  of Armco  Fe and  a flat face para l l e l  
to a (321) p l ane  was cut  on a second sphere.  Af te r  
e lectrolyt ic  pol ishing,  the  spheres  were  w o u n d  wi th  
Sn  wire  and  both  were  connec ted  to a Sn bar.  Al l  of 
the surfaces except  the (100) and  (321) faces of Fe 
and  a smal l  sect ion of the  Sn  ba r  were  coated wi th  
a wa te rp roof  lacquer .  The  assembly  was t hen  i n -  
ser ted in  a gel con ta in ing  7 g commerc ia l  ge la t in  in  
300 ml  of 0.02M citric acid con ta in ing  jus t  sufficient 
po ta s s ium fe r r i cyan ide  to give a s l ight  color. As the  
Fe corroded, the  products  diffused t h r ough  the  gel 
and  formed a b lue  color due  to fe r rous  f e r r i c y a n i d e  
as shown in  the  pho tog raph  in  Fig. 5. I t  wi l l  be  
no ted  in  the f igure tha t  the  diffusion zone a r o u n d  
the  (321) face on the  r igh t  is m u c h  th icke r  t h a n  the 
diffusion zone a r o u n d  the  (100} face on the left. 

Potential Measurements 
F o u r  different  types  of po ten t i a l  m e a s u r e m e n t s  

were  made  at  room t e m p e r a t u r e  in  0.2M citr ic acid. 
The resul t s  m a y  be s u m m a r i z e d  in  the fo l lowing  
s t a tements :  

1. The po ten t i a l  difference be t w e e n  (100) and  
(321) faces of Armco  Fe  in  solut ions  exposed to 
air  r anged  f rom 7 to 17 m v  af ter  i m m e r s i o n  for 
7-72 hr, the (100) face a lways  be ing  cathodic.  

2. The  po ten t i a l  difference b e t w e e n  the  (100) 
and  (321) faces of Armco  Fe  in  solut ions deaera ted  
by  f r e e z e - t ha w  cycl ing r a n g e d  f rom 3 to 8 m v  af ter  
i m m e r s i o n  for 23-92 hr, the  (100) face a lways  be ing  
cathodic.  

Fig. 4. Typical surface formed on (321) face of Fe when corroded 
in 0.2M citric acid. Magnification, 1500X. 

Fig. 5. Relative corrosion of the (321) face on the right and the 
(100) face on the left as indicated by the diffusion zone formed 
around the faces when connected to Sn and immersed in a citric 
acid gel containing potassium ferricyanide, 
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Fig. 6. Results obtained with single crystals of Armco Fe in 
experiments carried out at 20~ in 0.2M solutions of citric acid 
which had been deaerated by freeze-thaw cycling. 

3. Both the  (100) and  (321) faces were  cathodic 
to po lyc rys t a l l i ne  Sn  in  solut ions  deae ra ted  by  
f r e e z e - t h a w  cycling.  

4. A po ten t i a l  difference exis ted b e t w e e n  the  
(100) and  (321) faces w h e n  al l  the  exposed Fe  ex-  
cept the  flat crys ta l  faces was coated w i th  e lec t ro-  
deposi ted Sn  and  m e a s u r e m e n t s  we re  car r ied  out  
i n  deae ra ted  solut ions.  The ( 1 0 0 ) - S n  assembly  was  
cathodic by  5-20 m v  in  exposures  las t ing  up  to 69 
hr. 

Quantitative Corrosion Measurements  

Armco single crystals in deaerated 0.2M citric 
acid at 20~ m e a s u r e m e n t s  were  ca r -  
r ied  out  on s ingle  crys ta ls  con t a in ing  inc lus ions  of 
one or two smal le r  crys ta ls  of u n k n o w n  or ien ta t ion .  
Resul ts  w i th  these spec imens  were  not  r ep roduc ib le  
and  microscopic e x a m i n a t i o n  ind ica ted  t ha t  the  Jr- 
r ep roduc ib i l i t y  could be a t t r i b u t e d  to the  behav io r  
of the  g ra in  b o u n d a r y .  In  general ,  the  b o u n d a r y  was 
a t t acked  ve ry  r ap id ly  bo th  in  the pol i sh ing  opera -  
t ion  before  the s ta r t  of a r u n  and  also d u r i n g  cor-  
rosion. The  bond  b e t w e e n  ne ighbo r ing  crysta ls  of 
Armco  Fe, g r o w n  by  the  me thod  descr ibed  p r e -  
viously,  is ve ry  weak  as shown by  the  fact t ha t  
of ten a % in. ba r  h a v i n g  two gra ins  which  cover  
the  en t i r e  cross sect ion can be r ead i ly  b r o k e n  by  
h a n d  pressure .  

Using crysta ls  con ta in ing  no inclusions,  the  r e -  
sults  shown  in  Fig. 6 we re  obta ined.  For  the  l i nea r  
por t ion  of the curves  the corrosion ra te  of the (100) 
face r anged  f rom 0.0019 to 0.0044 m g / c m V h r  and  
averaged  for the  5 runs ,  0.0034 mg/cm~/h r .  For  the  
(321) face the ra te  r anged  f rom 0.0078 to 0.0107 
m g / c m V h r  and  averaged  0.0091 mg/cm~/hr .  S ince  
the ra tes  could  be decreased s l ight ly  by  add i t iona l  
f r e eze - t haw  cycl ing the re  is reason  to be l ieve  t ha t  
the  lack of be t t e r  r ep roduc ib i l i t y  was  due  to the  
presence  of smal l  a m o u n t s  of air  wh ich  were  lef t  
a f ter  the  5 f r e eze - t haw  operat ions.  

Armco  single crystals in deaerated 0.3N sulfuric 
acid at 20~ m e a s u r e m e n t s  were  made  in  
0.3N H~SO~. The (100) face corroded at  a n  average  
ra te  of 0.0091 m g / c m V h r  and  the (321) corroded at 
0.0168 m g / c m V h r .  These resul ts  are of m i n o r  sig-  
nif icance since on ly  a few m e a s u r e m e n t s  were  p e r -  

Table I. Rates of corrosion of the (100) and (321) faces of type L 
steel in boiling, refluxing 0.2M citric acid 

C o r r o s i o n  
r a t e  i n  m g / c m e / h r  

F a c e  No.  of  m e a s u r e m e n t s  R a n g e  A v e r a g e  

F i r s t  S e t  
(100) 4 0.7-1.3 1.0 
(321) 7 3.1-6.0 4.8 

S e c o n d  S e t  
(100) 5 1.3-1.8 1.5 
(321) 4 2.9-4.0 3.6 

T h i r d  Se t  
(100) 3 1.8-2.1 2.0 
(321) 3 3.7-4.2 4.0 

formed,  bu t  they  do show tha t  the  ra te  of corro-  
s ion of the  (321) face is fas ter  t h a n  tha t  of the 
(100) face in  H~SO, as wel l  as ci tr ic acid. 

Armco single crystals in boiling, refluxing 0.2M 
citric ac id . - -The  average  corrosion ra te  for the 
(100) face was 1.4 m g / c m V h r  and  of the  (321) face 
3.0 mg /cm2/h r .  (100) facets on ly  were  developed 
and  a grea t  deal  of the  corrosion of the  (100) faces 
occurred  by  pi t t ing .  These  pi ts  (Fig. 3) had  a 
squa re  cross sect ion and  are conf i rming  evidence  
t ha t  the  corrosion of the  (100) face occurred at the 
s lowest  rate.  

Type L steel single crystals in boiling, refluxing 
0.2M citric ac id . - -Three  sets of spec imens  were  used 
in  these exper imen t s .  In  the  first set, disks exposing 
(100) a nd  (321) faces were  cu t  f rom a s ingle  la rge  
g ra in  and  in  the  two other  sets the  faces were  cut 
f rom n e i g h b o r i n g  gra ins  in  a second slab. The  re -  
sul ts  ob ta ined  wi th  these  spec imens  are s u m m a r i z e d  
in  Tab le  I. 

Corrosion of polycrystalline Armco iron in 0.2M 
citric acid at the boiling poin t . - -The  ra te  of corro-  
s ion of the o r ig ina l  Armco  Fe  rods f rom which  the 
s ingle  crys ta ls  we re  p r epa red  r anged  f rom 4.8 to 
7.7 m g / c m V h r  w i th  an  average  ra te  of 6.0 mg/cm~/  
hr. The g ra in  size of this  m a t e r i a l  was  560 g r a i n s /  
m m  -~. 

Corrosion of polycrystalline Armco  Fe in 0.2M 
citric acid at the boiling poin t . - -The  21/2 in. x 21/2 
in. bi l le ts  of L steel  used to grow single  crys ta ls  
showed two d i s t inc t ive  regions w h e n  e tched in  HC1, 
a r i m  and  a core sect ion h a v i n g  a sharp  b o u n d a r y  
b e t w e e n  t h e m  (see Fig. 1). A wet  ana lys i s  of the  
r i m  and  core mi l l ings  y ie lded  the fo l lowing:  ~ 

% C  % P  % M n  % S  

Core 0.089 0.018 0.29 0.059 
Rim 0.038 0.011 0.25 0.024 

Add i t i ona l  qua l i t a t i ve  ana lyses  conf i rmed tha t  the  
concen t ra t ions  of C, Mn, and  S were  h igher  in  the 
core t h a n  in  the r i m  section. 

Corros ion ra tes  of u n a n n e a l e d  po lyc rys t a l l i ne  r i m  
and  core spec imens  were  d e t e r m i n e d  for compar i son  
wi th  one ano the r  and  wi th  s ing le -c rys t a l  rates.  The 
r im and  core samples  were  m a c h i n e d  in  the  shape of 
cy l inde r s  h a v i n g  the i r  axes pa ra l l e l  to the  ro l l ing  
d i rec t ion  in  the  bil let .  A typ ica l  r u n  is shown  in  
Fig. 7 where  resul t s  for s i ng l e - c rys t a l  spec imens  
are also g iven  for compar ison.  In  a series of exper i -  
me n t s  the  ra te  of corrosion,  as d e t e r m i n e d  f rom the  
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Fig. 7. Corrosion in 0.2M citric acid at the boiling point of poly- 
crystalline samples cut from rim and core sections of the as- 
received billet. Rates of corrosion of single crystals prepared in the 
rim area are given for comparison. 

l i nea r  po r t ion  of the  curve,  r anged  f rom 13.3 to 19.2 
m g / c m 2 / h r  for the r im  and  f rom 15.4 to 36 mg/cm~/  
hr  for the core. The average  va lues  were  15.6 
m g / c m ~ / h r  for the r im and  26.6 m g / c m ~ / h r  for the 
core. 

A few expe r imen t s  we re  also car r ied  out  on po ly -  
c rys ta l l ine  core spec imens  which  were  cu t  a f ter  the 
steel  sample  had  been  hea ted  for 100 hr  at an  a ve r -  
age p ressure  of a p p r o x i m a t e l y  50~. The ra tes  of cor-  
rosion of these spec imens  were  in  the  same r a n g e  as 
spec imens  which  had  not  been  sub jec ted  to a n y  hea t  
t r e a t m e n t .  

Recrystallized Armco crystals in 0.2M citric acid 
at the boiling p o i n t - - I n  the first exper iments ,  a disk 
expos ing  (100) faces and  a disk expos ing  (321) 
faces were  mach ined  wi th  a sharp  la the  tool. The 
r e su l t ing  surfaces y ie lded  back- re f lec t ion  x - r a y  pa t -  
t e rns  us ing  Fe r ad i a t i on  ind ica t ive  of f ine-gra ined ,  
po lyc rys t a l l i ne  iron. A typica l  corrosion e x p e r i m e n t  
is shown in  Fig. 8. The  ou t s t and ing  fea tu re  of this  
e x p e r i m e n t  is tha t  the r a t e  of corrosion of the m a -  
ch ined  (100) face was  h igh at the  s ta r t  of the ex-  
p e r i m e n t  and  a p p a r e n t l y  was a p p r o x i m a t e l y  the  
same as tha t  of the  m a c h i n e d  (321) face. As the  
corrosion con t inued  the  ra tes  d iverged  and  as sumed  
values  of 1.7-1.9 m g / c m ~ / h r  for the  (100) face and  
2.5-3.1 m g / c m ~ / h r  for the  (321) face. These va lues  
should be compared  wi th  va lues  of the corrosion 
of the s t r a i n - f r e e  surfaces of 1.4 m g / c m ~ / h r  for the  
(100) face and  3.0 m g / c m ~ / h r  for the (321) face 
in  expe r imen t s  carr ied  out  i m m e d i a t e l y  pr ior  to the  
expe r imen t s  in  which  the crysta ls  were  mach ined .  

Af te r  2 hr  of corrosion,  the surface  of the  (100) 
face had an  appea rance  such as tha t  shown in  Fig. 9. 
W h e n  the crys ta l  was  e x a m i n e d  wi th  a flashlight,  
reflections were  ob ta ined  only  f rom one q u a d r a n t  at  
a t ime. The  pho tograph  in  Fig. 9 was t aken  wi th  
two l ight  beams so tha t  the  4 q u a d r a n t s  on the  su r -  
face wou ld  be visible.  Such a p a t t e r n  on the surface 
p r e s u m a b l y  reflects the  fourfold  s y m m e t r y  of the 
d i s tor t ion  of the  crys ta l  as it was cut  in  the  lathe.  
The fact tha t  on ly  one q u a d r a n t  at a t ime  reflected 
l ight  f rom the  f lashl ight  suggests tha t  at  the  com-  
p le t ion  of the e x p e r i m e n t  the  (1O0) p lanes  in  the  
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Fig. 8. Corrosion in O.2M citric acid at the boiling point of single 
crystals of Armco Fe in the as-machined condition. 

surface  layers  were  not  pa ra l l e l  to the  surface.  
Some d is tor t ion  sti l l  exis ted in  the surface  layers .  

Recrys ta l l i za t ion  of a disk exposing (100) faces 
and  a disk exposing (321) faces was car r ied  out  by  
hea t ing  the disks in  v a c u u m  to 1O00~ and  cooling 
slowly. The phase change  f rom the  low t e m p e r a t u r e  
b o d y - c e n t e r e d  cubic s t ruc tu re  to the h igh t e m p e r -  
a tu re  f ace -cen te red  cubic s t ruc tu re  on hea t ing  and  
the reverse  change  on cooling resu l ted  in  r ec rys t a l -  
l izat ion.  The g ra in  size ob ta ined  a f te r  s low cooling 
to room t e m p e r a t u r e  was 42 g r a i n s / r a m  '~ on both  
specimens.  Meta l lographic  e x a m i n a t i o n  showed a 
s t r ik ing  subs t ruc tu r e  w i t h i n  m a n y  of the  grains.  

The average  ra te  of corrosion of the r ec rys t a l -  
l ized (100) disk was 4.4 mg/cm~/hr and  of the r e -  
c rys ta l l ized  (321) disk was 4.1 m g / c m ~ / h r  on s am-  
ples pol ished in  Mi r ro -Fe .  In  one e x p e r i m e n t  car-  
r ied out on specimens  which  had been  surfaced 
by  m a c h i n i n g  wi th  a sharp  la the  tool, the  rates  of 
corrosion were  4.8 and  4.6 m g / c m 2 / h r  for the re -  
crys ta l l ized (100) and  (321) disks, respect ively .  

Recrystallized type L stem crystals in 0.2M citric 
acid at the boiling point . - -A disk expos ing  (100) 
faces and  a disk expos ing  (321) faces were  rec rys -  

Fig. 9. Pattern on the surface of a machined (100) disk after 
corrosion for 2 hr in 0.2M citric acid at the boiling point. 
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ta l l ized in  the  same m a n n e r  as the Armco  crys ta ls  
by  hea t ing  t h e m  to 1000~ in  v a c u u m  and  cooling 
s lowly  to room t empera tu r e .  A g ra in  size of 48 
g r a i n s / m m  ~ resul ted.  The average  ra te  of corro-  
s ion of the  recrys ta l l i zed  (100) disk was  5.3 m g /  
cmVhr  and  of the  recrys ta l l i zed  (321) disk was  5.5 
mg/cm~/hr .  

In  a second series of exper iments ,  the  r ec rys -  
ta l l ized (100) was  s t r a ined  by  compress ing  it so 
tha t  the  th ickness  was  decreased to 75% of its 
f o rmer  value .  The average  ra te  of corrosion of this  
recrys ta l l i zed  and  s t r a ined  disk was 3.5 mg/cm~/hr .  

In  order  to ob ta in  p r e l i m i n a r y  i n f o r m a t i o n  use fu l  
in  a fu tu re  tho rough  s tudy  of the  effect of g ra in  size 
on corrosion rate,  the  fo l lowing e x p e r i m e n t s  were  
per formed.  The recrys ta l l i zed  and  s t r a ined  (100) 
disk r e su l t ing  f rom the  e x p e r i m e n t s  w i th  the  com-  
pressed spec imen  and  the  recrys ta l l i zed  (321) d isk  
were  conver ted  to f i ne -g ra ined  spec imens  by  hea t -  
ing t h e m  to 1000 ~ and  quench ing  t h e m  in  cold 
water .  G r a i n  sizes in  these specimens  were  1550 and  
1600 g r a i n s / m m L  The ra tes  of corrosion of these 
spec imens  r anged  f rom 7.1 to 8.5 and  averaged  7.9 
mg/cm~/hr .  

Corrosion in the presence of dissolved S n ( I I )  
i o n s . - - P r e l i m i n a r y  expe r imen t s  we re  car r ied  out  in  
an  a t t emp t  to d e t e r m i n e  the  re l a t ive  a m o u n t s  of Sn  
and  s ing le -c rys t a l  Fe which  corroded w h e n  the  two 
ma te r i a l s  were  in  good contact  and  equa l  areas  of 
both me ta l s  were  exposed to the  solut ion.  These  ex-  
pe r imen t s  ind ica ted  tha t  the presence  of Sn  de-  
creased g rea t ly  the  corrosion of the  steel. The p u r -  
pose of t he  n e x t  e x p e r i m e n t s  was  to a t t e m p t  to 
separa te  effects due to ga lvanic  ac t ion  f rom effects 
due to i nh ib i t i on  by  dissolved S n ( I I )  ions. 

In  order  to avoid the  i n t roduc t i on  of o ther  ions 
in to  the  solut ion,  the  Sn (II)  was added to the  citric 
acid solut ions  by  cor roding  a piece of Sn  wi r e  in  the  
acid. The  Sn  wire  corroded in  the  boi l ing,  re f lux ing  
0.2M citr ic acid at a ra te  of 0.0071 m g / c m ~ / h r  and  
an  accuracy  of 1 pa r t  in  40 could be ob ta ined  by  
cor roding  a Sn  wire  of k n o w n  sur face  area  for a 
k n o w n  per iod  of t ime.  The  resul t s  of the  expe r i -  
m e n t s  can be s u m m a r i z e d  in  the  fo l lowing th ree  
s t a t emen t s :  

1. There  was no difference in  behav io r  of the  
(100) and  (321) faces. 

2. I n  the  presence  of 40 p p m  of S n ( I I )  the  a v e r -  
age ra t e  of corrosion at  the  boi l ing  po in t  was 0.04 
m g / c m V h r  for  exposure  t imes  up  to 11 hr. 

3. In  the presence  of 43 p p m  of S n ( I I )  the  a v e r -  
age ra te  of corros ion in  deae ra ted  solut ions  a t  20~ 
was 0.001 m g / c m V h r  for exposure  t imes  up  to 2160 
hr. 

In  the  ear l ies t  expe r imen t s  S n ( I I )  was  i n t roduced  
by  dissolving SnO in the  citric acid solut ion.  In  
these expe r imen t s  the  ave rage  ra te  o f  corros ion of 
the (100) face was 2.1 m g / c m ~ / h r  and  the  ave rage  
r a t e  of corrosion of the (321) face was  2.5 m g / c m V  
hr. The ra te  of corrosion of the  (100) face was  ap-  
p a r e n t l y  unaf fec ted  by  the  add i t ion  of S n ( I I )  ions, 
whereas  the  ra te  of corrosion of the  (321) face was  
apprec i ab ly  reduced.  The  concen t r a t i on  of S n ( I I )  
in  so lu t ion  in  these expe r imen t s  was  u n k n o w n  be -  

cause of incomple te  solut ions  of the SnO, bu t  was 
less t h a n  11.5 ppm.  

Discussion 
Seven  dif ferent  types  of e xpe r i me n t s  repor ted  

here in  ind ica te  tha t  in  the  acids s tud ied  the (100) 
face corrodes at a s lower  ra te  t h a n  the m i n o r  faces 
of which  t h e  (321) face is an  example .  These seven 
types  are:  (a)  r eac t ion  pa t t e rn s  on  the  spheres;  (b)  
e x p e r i m e n t s  in  the  citr ic acid gel; (c) po ten t i a l  
m e a s u r e m e n t s ;  (d)  ra tes  of h y d r o g e n  evo lu t ion  
f rom crys ta ls  exposed to deae ra t ed  citric and  sul -  
fur ic  acids; (e) corros ion in  boi l ing  0.2M citric 
acid; (f) observa t ions  of the i n d i v i d u a l  gra ins  in  
po lyc rys ta l l ine  steel;  and  (g) f o r ma t i on  of facets 
and  etch pits expos ing  (100) faces d u r i n g  corrosion 
in  0.2M citr ic acid. 

On the  basis  of these obse rva t ions  the re  can  be no 
doub t  t ha t  the  (100) corrodes  at  a s lower  r a t e  and 
the (321) at a m u c h  more  rap id  ra te  in  0.2M citr ic 
acid. The  ques t ion  tha t  sti l l  r e ma i ns  to be answered  
is w h y  does this difference exist.  Since (100) facets 
are developed on bo th  the (100) face a nd  the  (321) 
face d u r i n g  corrosion there  is the  poss ib i l i ty  t ha t  the 
r e l a t ive  ra tes  m a y  be cor re la ted  w i th  the  re la t ive  
a moun t s  of (100) sur face  exposed on the  two faces. 
On the other  hand ,  Fe a toms exposed at  the  jo in ing  
edge of a (100) and  (010) facet, for example ,  wou ld  
be  expected to be more  v u l n e r a b l e  to a t t ack  by  the 
acid. The re la t ive  ra tes  of corros ion mi gh t  be  cor-  
re la ted  wi th  the  r e l a t ive  a m o u n t  of edge area  ex-  
posed on the (100) and  (321) faces. Wi th  the  ex-  
p e r i m e n t a l  da ta  ava i lab le  at  p r e se n t  it  is no t  de-  
s i red to express  a p re fe rence  for e i ther  of these  or 
o ther  possible  exp lana t ions  of the resul ts .  R ega rd -  
less of the  e x p l a n a t i o n  of the  resul ts ,  the ve ry  fact 
tha t  (100) facets are fo rmed  indicates  tha t  the 
(100) and  (321) faces have  different  i n h e r e n t  rates  
of corrosion.  

The poss ib i l i ty  tha t  the  me thod  of surface  p r e p a r a -  
t ion  controls  the  re la t ive  ra tes  of reac t ion  is ru led  
out  by  the  fact tha t  s imi la r  r e l a t ive  ra tes  were  ob-  
t a ined  on (100) a nd  (321) surfaces  tha t  were :  (a)  
chemica l ly  pol ished in  Mi r ro -Fe ,  (b)  e lec t ro ly t i -  
cal ly  polished, (c) machined ,  and  (d) pol ished wi th  
e me r y  paper .  Of course in  the  la t te r  two cases, the 
ra tes  on ly  approached  the  ra tes  of the  s t r a i n - f r ee  
specimens,  w h e n  the  heav i ly  s t r a ined  oute r  layers  
had b e e n  r e move d  in  the corrosion process. 

Po ten t i a l  m e a s u r e m e n t s  show tha t  the  (100) face 
is cathodic to the  (321) face in  citr ic acid. Po t en t i a l  
m e a s u r e m e n t s  and  ra te  m e a s u r e m e n t s  thus  suppor t  
one another .  The cathodic n a t u r e  of a g ra in  expos-  
ing a (100) face re la t ive  to a n e i g h b o r i n g  g ra in  
expos ing  ano the r  type  of face was observed  m a n y  
t imes  in  microscopic observa t ions  of po lyc rys t a l -  
l ine aggregates .  These observa t ions  confirm the  
v iew tha t  some types  of corrosion m a y  have  
the i r  or ig in  in  the  po t en t i a l  di f ference b e t w e e n  
the  c rys ta l  faces on the  gra ins  exposed at  the  su r -  
face. 

The etch p a t t e r n  ob ta ined  in  the  acids and  shown 
in  Fig. 2 indicated,  on the basis  of the  r a t e  of rough-  
ening ,  tha t  the ra tes  of corrosion of the m i n o r  faces 
s u r r o u n d i n g  the  (111) pole pos i t ion  were  m u c h  
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Table II. Summary of important results on the corrosion rates in 0.2M citric acid at the boiling point 

A r m c o  T y p e  L 
(i00) (321) (I00) (321) 

(all values in mg/cm2/hr) 

Starting material from which single 
crystals were prepared 4.8-7.1 13.3-19.2 (rim) 

15.4-36 (core) 
1.0-2.0 3.6-4.8 Chemical ly  pol ished single crys ta l  

Machined crys ta l  (s tar t  of corrosion) 
(a f te r  reach ing  lin ear  ra te)  
Recrys ta l l ized  to 42-48 g r a i n s / m m  ~ 
( chemical ly  pol ished)  
Recrys ta l l i zed  to 42 g ra ins / r am ~ 
(machined surface)  
Recrys ta l l ized  to 1550-1600 g r a i n s / m m  ~ 
by quenching f rom 1000 ~ 
In  the  presence of 40-45 p p m  [ S n ( I I ) ]  
(chemical ly  pol ished)  

1.4 3.0 
2.2-3.0 2.8 
1.7-1.9 2.5-3.1 

4.4 4.1 5.3 5.5 

4.8 4.6 

m o r e  r a p i d  t h a n  the  (100) and  t h e  m i n o r  faces  s u r -  
r o u n d i n g  this  p lane .  This  t y p e  of su r f ace  p a t t e r n  on 
e l e c t r o l y t i c a l l y  p o l i s h e d  cubic  s ing le  c r y s t a l s  is 
o f t en  o b s e r v e d  and  such  p a t t e r n s  h a v e  been  d e s c r i b e d  
for  t he  f o r m a t i o n  of  c a r b o n a c e o u s  depos i t s  on  Cu 
s ing le  c r y s t a l s  i m m e r s e d  in  a v i a t i o n  oi l  (10) ,  t he  
e t ch ing  of  Cu c rys t a l s  in a CuSO~-H2SO, e l e c t r o -  
l y t e  (11) ,  the  depos i t i on  of C f rom the  d e c o m p o s i -  
t ion of CO on s ingle  c rys t a l s  of Ni and  Co (4) ,  and  
the  f o r m a t i o n  of f ree  Ag  d u r i n g  t h e  p h o t o g r a p h i c  
d e v e l o p m e n t  of s ingle  c rys t a l s  of AgC1 (3) .  This  
s ame  t y p e  of p a t t e r n  has  been  o b s e r v e d  m a n y  o t h e r  
t imes  in u n p u b l i s h e d  e x p e r i m e n t s .  This  c o m m o n l y  
o b s e r v e d  p a t t e r n  is con f i rming  ev idence  for  t he  
v i e w  t h a t  the  c r y s t a l  p l anes  m a k i n g  sma l l  ang les  
w i th  t he  (111) p l a n e  a r e  uns t ab l e .  

The  cor ros ion  s tud ies  w h i c h  w e r e  c a r r i e d  ou t  in 
0.2M c i t r ic  ac id  at  t h e  bo i l ing  po in t  a r e  s u m m a r i z e d  
in  T a b l e  II. S e v e r a l  of the  i m p o r t a n t  r e su l t s  a r e  
n o w  discussed .  

In  the  case  of bo th  t he  A r m c o  and  L - s t e e l  s ingle  
c rys t a l s ,  t he  co r ros ion  r a t e  was  a p p a r e n t l y  less t h a n  
t ha t  of t he  s t a r t i n g  m a t e r i a l  f r o m  w h i c h  the  s ing le  
c rys t a l s  w e r e  p r e p a r e d .  S igni f ican t  r e d u c t i o n  in C 
c o n c e n t r a t i o n  on ly  took  p lace  d u r i n g  the  g r o w t h  of 
t he  s ing le  c rys t a l s  of L - s t e e l  as shown  by  the  fo l -  
l owing  ana lyse s  of s ing le  c rys t a l s  of s tee l  p r e p a r e d  
f rom a d i f fe ren t  b i l l e t  t h a n  was  used  in  t he  cor -  
ros ion  s tud ie s}  

The  r e d u c e d  r a t e  of co r ros ion  of the  s ingle  c r y s -  
t a l s  m a y  be accoun ted  for  in p a r t  b y  the  r e d u c t i o n  
in  C concen t ra t ion ,  s ince C is k n o w n  to i n c r e a s e  the  
r a t e s  of  cor ros ion  of s tee ls  by  f ru i t  ac ids  (12) .  T h a t  
th is  pu r i f i ca t ion  is no t  t he  c o m p l e t e  e x p l a n a t i o n  is 

7.1-8.5 

0.03-0.1 0.02-0.07 

s h o w n  b y  the  r e su l t s  o b t a i n e d  w i th  the  r e c r y s t a l -  
l ized  s ingle  c rys ta l s .  In  t h e  case  of  s ing le  c rys t a l s  
r e c r y s t a l l i z e d  to y i e ld  a g r a i n  size of 42-48 g r a i n s /  
m m  '~ t he  cor ros ion  r a t e  of t he  (100) f ace  was  i n -  
c r e a s e d  g r e a t l y  a n d  the  r a t e  of t he  (321) w a s  i n -  
c r ea sed  a p p r e c i a b l y ,  b u t  m u c h  less t h a n  the  (100) .  
W h e n  these  s a m e  c r y s t a l s  w e r e  r e c r y s t a l l i z e d  b y  
hea t  t r e a t m e n t  to a g r a i n  size of 1550-1600 g r a i n s /  
m m  ~, the  r a t e  i n c r e a s e d  to a n  a v e r a g e  r a t e  of 7.9 
m g / c m V h r .  A l t h o u g h  th is  l a t t e r  g r a i n  s ize is m u c h  
s m a l l e r  t h a n  the  a s - r e c e i v e d  m a t e r i a l ,  t h e  r a t e  of 
co r ros ion  is a p p r e c i a b l y  less,  e m p h a s i z i n g  t h e  i m -  
p o r t a n c e  of bo th  p u r i t y  and  g r a i n  size. 

These  r e su l t s  a l l  p o i n t  to t h e  conc lus ion  t ha t  t he  
p re sence  of g r a i n  b o u n d a r i e s  r e su l t s  in  a h i g h e r  cor -  
ros ion  ra te .  J u d g i n g  f r o m  the  s q u a r e  p i t s  f o r m e d  
on the  su r f ace  of some of t he  gra ins ,  t h e r e  was  an  
a p p r e c i a b l e  c o n c e n t r a t i o n  of g r a in s  w h o s e  (100) 
p l a n e s  we re  o r i e n t e d  a p p r o x i m a t e l y  p a r a l l e l  to t he  
sur face .  I t  w o u l d  be  e x p e c t e d  then ,  in  t h e  absence  
of g r a i n  b o u n d a r y  effects or  t h e  effect of one  g r a i n  
on ano the r ,  t h a t  the  co r ros ion  r a t e  of p o l y c r y s t a l l i n e  
i r on  or  s tee l  w o u l d  be  b e t w e e n  t h e  l ow r a t e  of t he  
(100) face  a n d  the  h igh  r a t e  of t he  (321) face.  

I t  is g e n e r a l l y  r ecogn ized  t ha t  S n ( I I )  ions d e -  
c r ea se  the  r a t e  of  co r ros ion  of s tee l  in  d e a e r a t e d  
f r u i t  ac ids  (13-15) ,  b u t  t he  d i s c o v e r y  m a d e  in  th is  
r e s e a r c h  is t h a t  t he  Sn ions  h a d  the  a b i l i t y  to m a k e  
the  co r ros ion  r a t e  of t he  (100) and  (321) faces  t h e  
same.  The  a p p a r e n t  u n i f o r m  a c t i v i t y  of t h e  faces  
was  d r a m a t i c a l l y  i l l u s t r a t e d  in e x p e r i m e n t s  w i t h  
spheres .  W h e n  a s ingle  c ry s t a l  s p h e r e  was  i m -  
m e r s e d  for  two  w e e k s  in  boi l ing,  r e f lux ing  0.2M 
c i t r ic  ac id  c on t a in ing  50 p p m  of S n ( I I ) ,  no cor ros ion  

Si l~In Mo Cr Cu Ni C P S 

Sta r t ing  mate r i a l  ( r im)  0.005 0.36 <0.002 <0.012 0.024 0.013 0.035 0.016 0.025 
S ta r t ing  mate r i a l  (core) 0.005 0.35 <0.002 <0.012 0.020 0.018 0.042 0.028 0.022 
#1  Crys ta l  ( r im)  0.005 0.29 <0.002 <0.012 0.023 0.012 0.017 0.016 
#2  Crysta l  ( r im)  0.012 0.36 <0.002 <0.012 0.038 0.012 0.020 0.022 
#2  Crys ta l  (core) 0.009 0.32 <0,003 <0.012 0.024 0.011 0.014 0.032 
#3  Crys ta l  ( r im) 0.027 
#3  Crys ta l  (core) 0.047 
~4  Crys ta l  ( r im)  0.006 
#4  Crys ta l  (core) 0.014 

Crys ta l s  b e a r i n g  the  same  n u m b e r  occup ied  b o t h  the  r i m  a n d  the  core.  Be fo re  ana ly s i s  t h e y  w e r e  cu t  a l o n g  t he  b o u n d a r y  b e t w e e n  t he  
r i m  and  t he  core. 
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p a t t e r n  fo rmed  on the  sphere.  In  ano the r  exper i -  
m e n t  t e r m i n a t e d  at the  end  of 8 hr  in  0.2M citr ic 
acid con ta in ing  10 p p m  S n ( I I ) ,  no p a t t e r n  was ob-  
served.  In  these expe r imen t s  wi th  the  spheres  the re  
was  some localized p i t t ing  which  did no t  appear  to 
be re la ted  to crys ta l  o r ien ta t ion ,  b u t  the  h igh ly  
pol ished surface was r e t a ined  u n t i l  the  end  of the  
expe r imen t .  

I n  e x p e r i m e n t s  car r ied  ou t  w i t h  s ingle  crysta ls  at  
the  boi l ing  po in t  in  0.2M citric acid con ta in ing  ap-  
p r o x i m a t e l y  40 p p m  of S n ( I I )  no S n  or Sn  com- 
pounds  could be detec ted  on the  surface  by  e i ther  
e lec t ron  diffract ion e x a m i n a t i o n  or by  v i sua l  ob-  
servat ion .  The e lec t ron  di f f ract ion p a t t e r n s  showed 
l ines due to i ron  oxide as wou ld  be expected.  In  
runs  w i th  po lyc rys t a l l i ne  steel spec imens  and  car -  
r ied out  for 96 hr, v is ib le  signs of Sn  were  detected 
on the surface.  This e x p e r i m e n t  indica tes  tha t  the re  
is a t e n d e n c y  for s t annous  ions to be  conve r t e d  to 
meta l l i c  t i n  on a steel surface  u n d e r  the  condi t ions  
used. 
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ABSTRACT 

The formation of black-oxide (magneti te)  coatings on mild steel in  hot 
concentrated solutions of sodium hydroxide and sodium ni t r i te  was studied 
over the tempera ture  range  130~176 The following mechanism is proposed 
for the over-all reaction: 

NO: 
Fe ) Fe (OH) ~ [1] 

OH- 

NO: 
Fe (OH) ~ ) Fe (OH) ~ <-~-~ FeO: [2] 

OH- 
Fe(OH).~ ~ Fe +* -~ 2 OH- [2a] 

Fe +§ ~- 2 FeO~ --> Fe(FeO.D~ [3] 

Of the total i ron dissolved in step [1], only about 30% was converted to 
black oxide on the surface. Values of the rate constant for step [1] were ob- 
tained from plots of total i ron dissolved vs. time. Plots of the ini t ial  rates 
(oxide-free surface) vs. 1/T were linear,  with an energy term of 41 kcal/mole.  
As the oxide coating buil t  up, the rates dropped to a fraction of the ini t ial  rate 
and the energy term increased sharply. For  thicker films the rates are ap- 
paren t ly  controlled by diffusion of the reactants through the film. 

A lka l i ne  oxidiz ing baths  are used in  the me ta l  
f inishing i n d u s t r y  to form b l ack -ox ide  coat ings on 
ferrous  metals ,  p a r t i c u l a r l y  mi ld  steels. Al l  of the 
p rop r i e t a ry  baths  gene ra l ly  use  the  same process 
condi t ions  and  salt  composit ions.  The p r inc ipa l  i n -  
g red ien ts  are a s t rong  alkali ,  u sua l ly  NaOH, and  an  
oxidiz ing agent ,  NaNO~ or NaNO~, or a m i x t u r e  of 
these two. P ropor t ions  v a r y  s o m e w h a t  f rom b a t h  
to bath,  and  some con ta in  smal l  a m o u n t s  of add i t ion  
agents,  a l though  the  effectiveness of these agents  
has not  been  c lear ly  demons t ra ted .  

The advan tages  and  l imi ta t ions  of the b l ack -  
oxide coat ings  have  been  descr ibed p rev ious ly  (1) .  
Briefly, t hey  provide  some add i t iona l  res i s tance  to 
a tmospher ic  corrosion,  bu t  fail  r ap id ly  in  salt  sp ray  
tests and  at h igh humidi t ies .  Oxide-coa ted  pieces are 
u sua l ly  g iven  add i t iona l  p ro tec t ion  by  use of a sup-  
p l e m e n t a l  oil film, fo rmed  by  i m m e r s i o n  in  a hot  
so luble  oil ba th  (2) .  This t r e a t m e n t  not  on ly  i m-  
par ts  a cons iderab le  increase  in  corrosion resis tance,  
bu t  also enhances  the decora t ive  va lue  of the  oxide 
coat. 

It  is be l ieved that  the  low res is tance  of the ox ide-  
coated steel wi thou t  the s u p p l e m e n t a l  oil film is due 
to the s l ight  poros i ty  and  to the th inness  ( in  the  
order  of a mic ron )  of the coatings.  The  purpose  of 
the  research descr ibed in  this pape r  was to s tudy  
the chemical  processes and  mechan i sms  invo lved  in 
the oxide format ion .  

Experimental 
The salts used in  all  expe r imen t s  were  fu rn i shed  

by  the El tex  Chemical  Corpora t ion  of Providence ,  

Rhode Is land,  and  were  of the  usua l  commerc ia l  
grade.  The composi t ion  of the  salts was abou t  66% 
NaOH and  33% NaNO~. The baths  were  p r e p a r e d  
by  add ing  1000 g of the sal t  m i x t u r e  to sufficient 
w a t e r  to ad jus t  the bo i l ing  po in t  of the  so lu t ion  to 
a ny  desired ope ra t ing  t e m p e r a t u r e  in  the  r ange  
130~176 The  ba th  t e m p e r a t u r e  was cont ro l led  
by  opera t ing  the b a t h  at the  boi l ing  po in t  and  add-  
ing  m a k e - u p  w a t e r  at a r a t e  equ iva l en t  to tha t  lost  
by  evapora t ion .  The  ba ths  were  con ta ined  in  a 
la rge  P y r e x  beaker ,  which  resu l ted  in  the a c c u m u -  
l a t ion  of smal l  quan t i t i e s  of si l icates in  the solut ion.  
However ,  the effect of silicates, if any,  was  m i n i -  
mized by  p r e p a r i n g  a f resh ba th  for each run ,  and  
by  r epea t ing  the  in i t i a l  po in t  a f ter  the comple t ion  
of each run .  

Coupons  were  cut  to a p p r o x i m a t e l y  one inch 
square  f rom 0.010 in. mi ld  steel  (SAE 1045) sh im 
stock, and  were  f inished by  sand ing  l igh t ly  wi th  
3/0 e me r y  paper.  The coupons were  i m m e r s e d  in  
the  ba th  for per iods r a n g i n g  f rom 0.5 to 15 rain, 
a f ter  which  they  were  r e move d  and  i m m e d i a t e l y  
quenched  in  cold water .  Af t e r  the weight  loss, of 
the order  of a few mi l l ig rams ,  was obta ined ,  the 
oxide coat ing was  r e move d  by  i m m e r s i n g  the  cou-  
pons for a few seconds in  20% HC1, a nd  aga in  re -  
cording  the weigh t  loss. F r o m  these  two weight  
losses, it  was d e t e r m i n e d  tha t  on ly  about  30% of the  
total  i ron  dissolved appeared  in  the  oxide  coat, the  
r e m a i n d e r  be ing  lost to the  solut ion.  

Each poin t  in  the  figures represen t s  an  average  
of da ta  t a k e n  on three  coupons, except  for the  r u n  
at 134~ For  some reason,  cons iderab le  difficulty 
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Fig, 1. Total iron dissolved at various temperatures 

was encoun t e r ed  in  ob t a in ing  r ep roduc ib l e  we igh t  
losses at this p a r t i c u l a r  t e m p e r a t u r e ;  the poin ts  
shown were  ob ta ined  by  ave rag ing  da ta  f rom n ine  
coupons at  each t ime.  At  the o ther  t empera tu re s ,  
we igh t  losses gene ra l ly  were  r ep roduc ib le  to w i t h i n  
less t han  2.0%. 

Resul ts  

The to ta l  i ron  dissolved by  the oxidiz ing ba th  was 
ob ta ined  by  add ing  the  two weigh t  losses ob ta ined  
as described above. These  da ta  are shown p lo t ted  
aga ins t  t ime  in  the  ba th  in  Fig. 1 and  2. Fig. i shows 
tha t  the i ron  d isso lu t ion  reac t ion  ra te  decreases 
m a r k e d l y  as the oxide film bu i lds  up. At  the  lower  
t empera tu re s ,  whe re  the  fi lm forms  more  slowly,  
the decrease is less t h a n  at  the h igher  t empera tu re s .  
As a m a t t e r  of fact, the slopes of all  of these curves  
af ter  15 ra in  in  the  ba th  are a p p r o x i m a t e l y  equa l  
at al l  t empera tu res ,  whi le  the in i t i a l  ra tes  v a r y  over  
an  order  of magn i tude .  Fig.  2 shows tha t  a log- log  
plot  gives a f ami ly  of s t ra igh t  l ines  of approx i -  
ma te ly  equa l  slopes. The va lues  of d ( F e ) / d t  for 
Fig. 3 and  5 were  ob ta ined  by r ep lo t t ing  these 
s t ra igh t  l ines on an  e x p a n d e d  l inea r  scale t h r ough  
the  t ime  i n t e r v a l  desired.  

In  r e m o v i n g  the  oxide film, it was no ted  tha t  dis-  
so lut ion occurred  first at the  corners  and  edges of 
the  coupon, and  t h e n  progressed v e r y  r ap id l y  to-  
w a r d  the center .  Also there  was no t e n d e n c y  for the 
steel i tself  to be  a t t acked  by the  acid un t i l  some 
2 or 3 m i n  af ter  the b l ack -ox ide  had  d isappeared .  
This suggests  tha t  a v e r y  t h in  (pas s iva t ing? )  film 
r ema ins  on the  sur face  d u r i n g  this  period.  No de-  
tec table  we igh t  loss was observed  d u r i n g  the  in -  
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Fig. 3. Arrhenius plot of initial rate constants 

t e rva l  af ter  the film was r emoved  and  before the  
m e t a l  was v i s ib ly  a t tacked.  

In  Fig. 3 the  in i t i a l  slopes of the  curves  of Fig. 1 
are  p lo t ted  aga ins t  the rec iprocal  of abso lu te  t e m -  
pe ra tu re .  I t  is a s sumed  tha t  in  the  in i t i a l  s tage of 
the react ion,  the  ra te  of i ron  d isso lu t ion  is descr ibed 

by:  
d ( F e )  

k ( X )  (I)  
dt 

where  X is the  f rac t ion  of the  to ta l  surface  ava i l ab le  
for the react ion.  For  Fig. 3, the  slopes are t a k e n  at  
t = 0, w he r e  X = 1.0. A typ ica l  A r r h e n i u s  plot  is 
obta ined ,  wi th  an  ene rgy  of ac t iva t ion  of 41 k c a l / m o l e  
and  a f r e que nc y  factor  of 2.8 x I0 n moles/cm~/sec.  

The th ickness  of the oxide film was es t imated  by  
d iv id ing  the  weigh t  of film per  squa re  cen t ime te r  
by  the b u l k  dens i ty  of magne t i t e ,  Fe(FeO~)~. Whi le  
the re  is no ev idence  to show tha t  the  b l a c k - o x i d e  is 
100% magne t i t e ,  por t ions  of the  fi lm r e moved  i n -  
tact  exh ib i t  f e r romagne t i sm.  I t  should be po in ted  
out that ,  at t e m p e r a t u r e s  on ly  s l ight ly  above 150~ 
the film conta ins  v is ib le  a moun t s  of r e d d i s h - y e l l o w  
oxide, and  is p r e s u m a b l y  a m i x t u r e  of m a g n e t i t e  
and  ferr ic  oxide. Whi le  it is possible  tha t  smal l  
a m o u n t s  of ferr ic  oxide (no t  v is ib le)  m a y  be pres -  
en t  at  150 ~ or even  146 ~ they  a re  no t  l ike ly  to be 
significant,  and  the  es t imates  of film thicknesses  as 
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-. ,c ,. ,,.. , , , ,  - '1- : ,3 . .  C-H-H  
-~I l~il , f  1 3 0 ~  I illli ~ o,f I }1 ' I I A c ~  / "  I IJIdJ / F 1 # [  I IJ~ r 

LhfI  X I /  /lllIll 

o i i 
r -,~I,,~IV,,~ -" I I { I ( I 
-ooe ~ . t , , ~ ,  ~I ~,~, ~,~, , ,  

~'[ I I~II J#|~]l # IItlI 
0.04 I IA'ILII ] Ill IIIIII 

.I,"I I I Ill I I I IIIII 

o 1 lllIIl IIIIll fill11 
1.0 IO.O 

TIME, MINUTES 

Fig. 2. Log-log plot of data of Fig. 1 
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Fig. 5. Arrhenius plot of rate constants at  different film thicknesses 

plot ted  in  Fig. 4 are r ea sonab ly  accurate .  The t h i ck -  
est film ob ta ined  af ter  15 -min  i m m e r s i o n  at  150 ~ 
was 1.85~. I t  is i n t e r e s t i ng  to no te  that ,  s ince on ly  
some 30% of the total  i ron  dissolved goes in to  the  
film, the re  is ac tua l ly  a ve ry  s l ight  decrease  in  the  
d imens ions  of steel pieces w h e n  t rea ted  in  these 
baths ,  a l though  the changes  a re  so smal l  as to be 
neg l ig ib le  in  most  cases. 

For  each t empera tu re ,  the t imes  at which  the  
films bui ld  up  to a g iven  th ickness  can  be read  f rom 
Fig. 4. By t a k i n g  the slopes of the curves  in  Fig. 1 at  
these t imes,  the curves  of Fig. 5 were  obta ined .  A l -  
though  the data  do not  fall  on such we l l -de f ined  
s t ra igh t  l ines  as those of Fig. 3, it  is c lear  tha t  no 
s ignif icant  change  in  the  ene rgy  t e r m  for the i ron  
d issolu t ion  reac t ion  occurs un t i l  the  film has bu i l t  
up to a th ickness  of at least  0.75~. As the  film th i ck -  
ens beyond  this  point ,  the ene rgy  t e r m  increases  
sharply .  

Mechan ism and Reactions 
The d e t e r m i n a t i o n  of the  exact  ox ida t ion  reac-  

t ions which  occur  in  these ba ths  is compl ica ted  by  
the fact tha t  the s t a n d a r d  o x i d a t i o n - r e d u c t i o n  po-  
ten t ia ls  for the possible ha l f -ce l l  react ions  are not  
k n o w n  at these t empera tu res .  F u r t h e r m o r e ,  the  
n u m e r o u s  reac t ions  possible  wi th  the  oxides of n i -  
t rogen,  the  n i t r a t e s  and ni t r i tes ,  and  the  equ i l ib r i a  
be tween  them are add i t iona l  compl ica t ing  factors.  
The possible ha l f - r eac t ions  for a sys tem con t a in ing  
i ron and  n i t r i t e s  in  a lka l i  are g iven  in  Tab le  I, w i th  

Table I. 

Possible  ha l f - r eac t i ons  ED, r o l l s  

Fe(OH)= + 2e--> Fe + 2OH- --0.877 
2H.~O + 2e -* H~ + 2OH- --0.828 
Fe (OH) ,  + le-~ F e ( O H ) ,  + OH- --0.56 

NO~ + H.~O + e -~ NO + 2OH- --0.46 
Fe ++ + 2e -* Fe --0.441 

NO~ + H.~O + 2e -~ NO.~ + 2 OH- +0.01 

2NO~ + 3H~O + 4e -~ N20 + 6 OH- +0.15 
2NO + H~O + 2e -~ N~O + 2 OH- +0.76 
F e O ] +  4H20 + 3e-~ Fe (OH),~ + 5 OH- +0.90 

~J 

Fe 04 = + H20 + Fe 02- + 02 

? NO2- 
OH- 

i 
Fe(OH) 3 + O H - ~ I F e O  z I+H20 

NO 2- i i , + 
OH- i 

NOz- ~ '  Fe ++ i + 2 0 H -  Fe ~ ~ Fe(OH) 2 
' ~ ' 

Fig. 6. Proposed mechanisms of black-oxide formation 

the i r  s t anda rd  r educ t ion  poten t ia l s  at  25~ as g iven  
by L a t i m e r  and  H i l d e b r a n d  (3) .  If  i t  is a ssumed  tha t  
the react ions  m a i n t a i n  a p p r o x i m a t e l y  the  same re l -  
a t ive  posi t ions as the t e m p e r a t u r e  is ra ised into the  
130~176 range ,  then  the  p robab l e  ne t  ox ida t ion  
react ions  are:  

2Fe + 2 N O [ +  3H~O-~ 2Fe(OH)~ + 2OH- + N~O (I I )  

4Fe(OH)~ + 2NO~+ 3H~O-~ 
4Fe(OH)3  + N~O + 2OH- ( I I I )  

Accord ing  to these react ions,  the  gas evolved w h e n  
steel is i m m e r s e d  in  the ba ths  should be p r e d o m i -  
n a n t l y  N~O. A n  effort was made  to collect and  
ana lyze  some of the  gas, b u t  because  of the  diffi- 
cul t ies  i nvo lved  in  c a r r y i n g  out  such  an  e x p e r i m e n t  
on these hot  caust ic  solut ions,  it was  a b a n d o n e d  
wi th  inconc lus ive  resul ts .  

The last  h a l f - r e a c t i o n  g iven  in  Tab le  I, t he  ox i -  
da t ion  of F e ( O H ) ,  to ferra te ,  is p re sen ted  because  
there  is some evidence  tha t  smal l  a m o u n t s  of fe r -  
ra tes  are fo rmed  at the h igher  t empera tu re s .  The 
charac ter i s t ic  p u r p l i s h - r e d  color of the fe r ra tes  was  
observed  m o m e n t a r i l y  in  the l ayer  of so lu t ion  on 
the steel surface af ter  quench ing .  Also, if the  cou-  
pon  is made  sufficiently anodic  (by  an  e lect r ical  
c i rcui t )  in  these solutions,  a h e a v y  p u r p l e - r e d  
s t r e a m i n g  occurs which  dissipates  slowly, a p p a r -  
e n t l y  due to the decomposi t ion  of the u n s t a b l e  f e r -  
ra te  into the  colorless ferr i te .  A s t a n d a r d  me thod  
of m a k i n g  a lka l i  fe r ra tes  is by  fus ion  of n i t r i t e  wi th  
F e ( O H ) ,  (4),  so tha t  it is no t  u n r e a s o n a b l e  to as-  
sume  tha t  smal l  a m o u n t s  of fe r ra tes  are  fo rmed  in  
these solut ions  n e a r  150~ 

The p robab l e  o v e r - a l l  m e c h a n i s m  for the f o r m a -  
t ion of the b l a c k - ox i de  is g iven  in  Fig. 6. The 
double  l ine  at the  lef t  of the figure indica tes  that ,  
a f ter  the  film has s ta r ted  to form, the r eac t ion  m u s t  
be preceded by  diffusion of the  r eac tan t s  t h rough  
the  oxide. The  Fe (OH)~  fo rmed  in  the  in i t i a l  s tep 
m u s t  t hen  y ie ld  the  fe r rous  ion by  dissociat ion and  
the Fe (OH)~  by  f u r t h e r  oxidat ion.  The  e q u i l i b r i u m  

be t w e e n  F e ( O H ) ,  a nd  FeO:  in  s t rong ly  a lka l ine  so- 
lu t ions  is wel l  known .  The  loss to the so lu t ion  of 
a cons iderab le  por t ion  of the  tota l  i ron  dissolved is 
p r o b a b l y  accounted  for by  the  smal l  a m o u n t  of 
fe r rous  ion ava i l ab le  at the surface  for p rec ip i t a -  
t ion  of Fe(FeO2).~. The low fer rous  ion concen t r a -  
t ion  can be accounted  for e i ther  by  a low so lub i l i ty  
of Fe(OH)~,  or by  a v e r y  rap id  ox ida t ion  to 
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Fe(OH)3.  Appa ren t ly ,  as on ly  30% of the  tota l  i ron  
appears  as Fe(FeO~.)~, of w h i c h  on ly  o n e - t h i r d  is 
Fe  ++, abou t  90% of the  Fe(OH)~  is oxidized to 
Fe(OH)3. 

The formation and subsequent decomposition of 
the ferrates are indicated in the figure, but with a 
question mark to indicate the uncertainty. 

The kinet ics  of the ove r - a l l  m e c h a n i s m  are a lmost  
ce r t a in ly  cont ro l led  by  the  in i t i a l  react ion.  I t  is sug-  
gested tha t  for film th icknesses  up to abou t  0.75 ~, 
this  reac t ion  is cont ro l led  by  Eq. ( I ) ,  w h e r e  k 
Ae -~1'~ and  X = 1.0 at  th ickness  0 ~, X = 0.55 at  
th ickness  0.25 ~, X = 0.42 at th ickness  0.50 ~, X = 
0.30 at th ickness  0.75 ~. 

As the  th ickness  increases  beyond  0.75 ~, the  
change  in  the  ene rgy  t e r m  reflects the  inc reas ing  
impor t ance  of diffusion t h rough  the  l ayer  in  con-  
t ro l l ing  the  rate.  This  means  essen t ia l ly  t ha t  the  
film is porous,  bu t  tha t  the  poros i ty  decreases as the  
fi lm thickens.  P r e s u m a b l y ,  if th ick  enough  films 
could be produced,  the  process wou ld  be en t i r e ly  
d i f fus ion-cont ro l led ,  and  the  ene rgy  t e rm  in  Eq. (I)  

would  become cons tan t  aga in  at  some va lue  grea te r  
t h a n  89 kca l /mole .  
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Annealing Anodic Films 
Changes in Dissolution Behavior and X-Ray Scattering 

D. A. Vermilyea 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

Upon anneal ing  anodic Ta20~ films the rate of solution of the film in HF 
decreases and the x-ray diffraction pa t te rn  from the film becomes sharper. The 
activation energy for the process responsible for changes in  solution rate is 
approximately the same as those observed for changes in ionic conduction 
upon annea l ing  and for ionic conduction itself. It  is believed that  changes in 
local ionic configuration are the cause of these property changes. The rate at 
which these changes occur appears to be controlled by the rate of t an ta lum 
ion motion. 

A n n e a l i n g  anodic  TarO5 films resul t s  in  a decrease  
in  the i r  ionic conduc t iv i ty .  This decrease has been  
i n t e rp r e t ed  (1) in  t e rms  of a m e c h a n i s m  i n v o l v i n g  
changes  in  the  local  ionic configurat ion,  pe rhaps  
s imi la r  to the  changes  which  are  k n o w n  to occur i n  
glasses upon  annea l ing .  In  this  paper  the changes  
in  the ra te  of so lu t ion  of the  film in  HF  and  the  
changes  in  sca t te r ing  of x - r a y s  which  accompa ny  
a n n e a l i n g  are  discussed. A compar i son  of the  ac-  
t iva t ion  energies  i nvo lved  indica tes  tha t  ionic con-  
duc t iv i ty  and  changes in  ionic conduc t iv i ty  and  d is -  
so lu t ion  behav io r  m a y  all  be cont ro l led  by  the  same 
process, which  is p r o b a b l y  Ta ion migra t ion .  

Experimental 
X - R a y  Diffraction Studies 

I t  was  found  by  Hil l ig  (2) tha t  oxide films fo rmed  
on chemica l ly  pol ished I Ta  spec imens  could easily 
be s t r ipped  in tac t  f rom the me ta l  by  the  fo l lowing 

1Po l i sh ing  solut ion:  55% H2SO4 (96%),  25% HNOa (70%),  a n d  
20% H F  (48%) b y  vo lume.  

procedure .  A layer  of n i t roce l lu lose  was  appl ied  
to the  surface  of the  oxide film f rom a so lu t ion  of 
10% n i t roce l lu lose  in  a m y l  acetate.  The  edges of 
the  coupon (~/4 in. x 2 in . )  were  scraped wi th  a 
razor  b lade  to p r e v e n t  c o n t i n u i t y  of the  oxide and  
the n i t roce l lu lose  fi lm a r o u n d  the  edge. The  n i t r o -  
cel lulose film was t hen  ca re fu l ly  l i f ted  off the  speci-  
men ;  the  oxide film came  w i t h  it. 

X - r a y  dif f ract ion spec imens  consisted of severa l  
l ayers  of films abou t  3000A th ick  fo rmed  in  0.2% 
Na~SO~ at  room t e m p e r a t u r e  us ing  a c u r r e n t  dens i ty  
of abou t  2 m a / c m t  F i lms  were  s t r ipped  as descr ibed 
above,  cut in to  1/4 in. squares,  and  placed n i t ro -  
cel lulose side up on a smal l  P t  ho lder  h a v i n g  a % 
in. hole  in  the  center .  This  holder  was  placed in  
a spot p la te  con ta in ing  e thy l  acetate  to dissolve the 
n i t rocel lu lose .  Af t e r  at  least  four  separa te  r ins ings  
of the film in  e thy l  aceta te  ano the r  square  was  
placed on top and  the  n i t roce l lu lose  dissolved away.  
This  process was  repea ted  u n t i l  t he re  were  six 
th icknesses  of oxide film (abou t  2~) on the  holder .  
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Diffract ion pa t t e rns  of films hea ted  2 m i n  at v a r -  
ious t e m p e r a t u r e s  were  t aken  us ing  Cr Ks  r ad i a t i on  
in  a cy l indr ica l  c amera  of 10 cm d i ame te r  us ing  a 
He a tmosphe re  to reduce  low angle  sca t te r ing  by  
air. The r ad i a t i on  was  no t  made  t r u l y  mon oc h r o -  
mat ic  by  diffract ion f rom a c rys ta l  because  the  
smal l  s ample  th ickness  would  have  r equ i r ed  ve ry  
long exposure  times. A L&N mic ropho tome t e r  was  
used to ob ta in  a curve  of i n t ens i t y  vs. d i s tance  on 
the  film. Crys ta l l ine  TarO5 gives a di f f ract ion p a t -  
t e rn  wi th  two s t rong l ines at d ~ 2.44 and  d = 3.14 
and  a somewha t  w e a k e r  one at  d ~ 3.9; in  the  
amorphous  m a t e r i a l  these three  l ines con t r i bu t e  to 
one broad  halo. The m a i n  con t r ibu t ion ,  however ,  
is f rom the  s t ronger  l ines  at  d----2.44 and  3.14. In  
order  to separa te  the l ines  it was necessa ry  to find 
th ree  symmet r i c a l  Gauss i an  curves  which  w h e n  
added together  gave the observed  p a t t e r n  (cor-  
rected for b a c k g r o u n d ) .  The b read ths  of the two 
highest  Gauss i an  curves  were  t h e n  m e a s u r e d  at 
ha l f  he igh t  and  the  resu l t  used as a m e a s u r e  of the 
diffuseness of the pa t t e rn .  A p a t t e r n  was  also t a k e n  
for a 0.001 cm flake of fused quar tz  for compar i son  
wi th  the Ta~_O5 pat te rns .  

Dissolution Studies 
If a Ta20~ film on the  Ta electrode on which  it 

was fo rmed  is d ipped into 48% H F  it wi l l  dissolve 
s lowly and  u n i f o r m l y  (3) ,  so t ha t  changes  in  t h i ck -  
ness  can be m e a s u r e d  by  compar i son  wi th  an  opt ical  
step gauge (4) .  However ,  HF  changes s t r eng th  
r a the r  r ap id ly  on s t a n d i n g  and  in  use, so tha t  some 
me thod  of ca l ib ra t ing  the  d issolv ing power  of the  
so lu t ion  was requi red .  The me thod  used was to 
dissolve a series of films in  which  every  th i rd  film 
was one fo rmed  in  a s t anda rd  m a n n e r ,  the  others  
h a v i n g  been  annea led .  A plot of the  r a t e  of so lu t ion  
of the s t a n d a r d  film vs. the  test  n u m b e r  was used to 
find by in t e rpo la t ion  the solut ion ra te  of a s t a n d a r d  
film at  any  test. The solut ion ra te  of the  s t a n d a r d  
film was t a k e n  a r b i t r a r i l y  as 20A/sec,  and  all  test  
resul ts  on a n n e a l e d  films were  m u l t i p l i e d  by  the 
ra t io  of 20A/sec  to the in t e rpo la t ed  so lu t ion  ra te  of 
the  s t anda rd  spec imen  for tha t  test. The so lu t ion  
ra te  ob ta ined  for the  annea l ed  spec imen  was thus  
the  ra te  of so lu t ion  re la t ive  to tha t  of the s t a n d a r d  
film. 

Al l  of the films were  fo rmed  by  anodiza t ion  at  
1.56 m a / c m  ~, 29~ to 120 v us ing  a 1% Na.~SO4 elec-  
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Fig. 2. Diffraction intensity (corrected for background) vs. diffrac- 
tion angle, showing the resolution of the broad diffraction maximum 
into its three component maxima. 

t ro ly t ic  solut ion.  The  fi lm th ickness  p roduced  was 
1759A-+ 10A. Af te r  f o r ma t i on  the films were  an -  
nea led  on the Ta e lec t rode  at different  t e m p e r a -  
tu res  us ing  ba ths  of water ,  s i l icone oil, m o l t e n  l ead-  
b i s m u t h - t i n  alloy, m o l t e n  KC1-LiC1 mix tu re ,  or air  
de pe nd i ng  on the  t ime  and  t empe ra tu r e .  Resul ts  
were  the  same regardless  of the  me thod  of hea t ing  
at  t e m p e r a t u r e s  up to 330~ The  s t a n d a r d  films 
were  formed in  exac t ly  the  same m a n n e r  bu t  were  
not  annea led .  

Exper imental  Results 

X-Ray DiI[raction Studies 
Fig. 1 shows mic ropho tome te r  t races of an  a m o r -  

phous  Ta~O~ film, c rys ta l l ine  Ta.~O~ film, and  quar tz ,  
respect ively .  The pa t t e rn s  for quar tz  and  amor -  
phous  oxide are qua l i t a t i ve l y  s imilar ,  showing  v e r y  
broad  halos and  cons iderab le  smal l  angle  sca t te r ing  
[ the  smal l  angle  sca t te r ing  is p r o b a b l y  a resu l t  of 
the  t echn ique  used, since W a r r e n  (5) found  l i t t le  
smal l  ang le  sca t t e r ing  f rom qua r t z ] .  I t  seems not  
un reasonab le ,  therefore,  tha t  the  anodic  films have  
a glassy s t ruc ture .  The peaks  in  the  p a t t e r n  for 
c rys ta l l ine  Ta~O~ appea r  at  abou t  the  same posi t ion  
as do the m a x i m a  in  the amorphous  pa t t e rn .  

Fig. 2 is a replo t  of the  da ta  f rom one of the  m i -  
c rophotomete r  t races  f rom which  the b a c k g r o u n d  
has been  subt rac ted ,  and  shows how the  th ree  
Gauss i an  curves  have  been  added to give the  ob-  
served curve.  The va lues  of l ine  b read ths  f rom ex-  
p e r i m e n t s  us ing  two separa te  spec imens  are  g iven 
in  Tab le  I. The t ime of a n n e a l i n g  at each t e m p e r a -  
tu re  was 5 min.  

There  is ade f in i t edec rease  in l ine  b read ths  for both 
films; the  decrease is g rea te r  for film No. 1. The two 

Table I. Values of line breadths 

L i n e  b r e a d t h  
F i l m  No. A n n e a l i n g  a t  hal~ h e i g h t  

t emp ,  ~ a r b i t r a r y  u n i t s  

1 As formed 1.03 
210 0.93 
375 0.90 
555 0.83 

2 As formed 0.92 
108 0.91 
210 0.89 
338 0.84 
505 0.83 
620 0.82 

Fig. 1. Diffraction intensity vs. diffraction angle: (a) an anodic 
Ta~05 film heated 2 rain at 555~ (b) same at 750~ (c) for 
vitreous silica. 
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Fig. 3. Change of relative solution rate with time of annealing at 
various temperatures, For the 430~ anneal the circles denote that 
the films were heated in air while the triangles denote films heated 
in molten KCI-LiCI mixture. The squares are use(] for the data ob- 
tained when films were held at 140~ with an applied electric 
field of 0.029 v / ~  (curve a). 

films were  made  at the  same t ime  and  in  exac t ly  
the  same way,  so they  should have  b e e n  ident ical .  
However ,  about  a m o n t h  elapsed b e t w e e n  the  two 
sets of exper imen t s ,  and  the  fact t ha t  the  o r ig ina l  
p a t t e r n  for fi lm No. 2 was  less diffuse m a y  be the  
resu l t  of a n n e a l i n g  for one m o n t h  at room t e m p e r -  
a ture .  

No a t t e m p t  was  m a d e  to d e t e r m i n e  the  exact  
s t r uc tu r e  of these fi lms f rom the  x - r a y  data.  A v e r y  
rough  ind ica t ion  of the ex ten t  of local  o rder  can  be 
ob ta ined  f rom the par t ic le  size wh ich  wou ld  be nec -  
essary to cause such l ine  b roaden ing .  This does no t  
imp ly  t ha t  such par t ic les  exist  but ,  if the  diffuse 
p a t t e r n  were  the  resu l t  of a ve ry  smal l  par t ic le  size, 
the order  of m a g n i t u d e  of the m e a n  par t ic le  d i a m -  
eter  wou ld  be abou t  10A. Because  of the  qua l i t a t i ve  
s imi l a r i t y  b e t w e e n  the  p a t t e r n s  for the  Ta~O~ films 
and  those ob ta ined  f rom v i t reous  quar tz ,  the  s impl -  
est i n t e r p r e t a t i o n  of the  x - r a y  data  is t ha t  the  
anodic  films have  a g lass - l ike  s t ruc ture ,  and  tha t  
changes  in  the  local  conf igura t ion  on a n n e a l i n g  the 
film resu l t  in  a sha rpe r  x - r a y  pa t t e rn .  

Dissolution Studies 

The ra te  of so lu t ion  of a n n e a l e d  oxide films de-  
creases n e a r l y  l i n e a r l y  wi th  the  l oga r i t hm of the  
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Fig. 4. Logarithm of the time required to reach a designated 
solution rate vs. the reciprocal of the temperature. 
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Fig. 5. Activation energy vs. extent of annealing as measured by 
solution rate. 

t ime  of a n n e a l i n g  at  t e m p e r a t u r e s  f rom room t e m -  
p e r a t u r e  to 330~ (Fig. 3).  At  430~ the  so lu t ion  
ra te  appears  to be approach ing  a m i n i m u m  af ter  
abou t  105 sec, and  the  resul t s  are s l ight ly  different  
d e p e n d i n g  on w h e t h e r  the specimens  were  hea ted  
in  air  or in  m o l t e n  KC1-LiC1 mix tu re .  T h e  resul t s  
of t r a n s i e n t  s tudies  on films hea ted  at h igh  t e m -  
pe ra tu re s  (6) ind ica te  t ha t  oxygen  mob i l i t y  in  the  
oxide becomes apprec iab le  above  abou t  350~ and  
tha t  some solu t ion  of oxygen  in  the Ta occurs, p a r -  
t i cu l a r ly  at g ra in  boundar ies .  The di f ferent  be -  
hav io r  at  430 ~ and  the  dependence  on a tmosphe re  
are p r o b a b l y  associated w i t h  this  increased  oxygen  
mobi l i ty .  

A plot  of the  l oga r i t hm of the  a n n e a l i n g  t ime  re -  
qu i red  to reach a p a r t i c u l a r  so lu t ion  ra te  vs. 1 /T  is 
show n  in  Fig. 4, and  the ac t iva t ion  ene rgy  de te r -  
m i n e d  f rom the  slopes of these curves  vs. so lu t ion  
ra te  is shown  in  Fig. 5. The  ac t iva t ion  ene rgy  i n -  
creases f rom abou t  1 ev to 2 ev as the so lu t ion  ra te  
decreases f rom 20 to 11. 

The  dependence  of the  so lu t ion  r a t e  on t ime  of 
a n n e a l i n g  at 140~ is shown  in  Fig. 6 for  films h a v -  
ing th ree  di f ferent  histories.  The  so lu t ion  r a t e  is 
p lo t ted  aga ins t  log ( t ime  at  140~ p lus  3700 sec) in 
curve  2 s ince the  in i t i a l  so lu t ion  ra te  for these 
films (16.2A/sec)  wou ld  have  been  p roduced  in  3700 
sec at  140~ and  aga ins t  log ( t ime  at  140~ plus  
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Fig. 6. History effect in annealing. Curve I is the same us that 
for 140=C from Fig. 3. Curves 2 and 3 are for films heated at 
140~ after holding for 100 sec at Ig0~  and at 80=C with on 
applied field of 0.055 v/.a,, respectively. 
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1400 sec in  curve  3. These resul ts  show c lear ly  tha t  
a g iven  so lu t ion  ra te  does not  comple te ly  descr ibe  
the  s tate  of the  film, since the behav io r  upon  a n -  
nea l ing  at 140~ depends  on film history.  

It should be no ted  tha t  the same so lu t ion  ra te  is 
p roduced  by ho ld ing  a film at 140~ for 1400 sec or 
at 80~ wi th  a field of 0.055 v / A .  Thus,  a n n e a l i n g  
wi th  an  appl ied  field resul ts  in a more  rap id  change  
in  the so lu t ion  rate.  This  is also shown  ve ry  c lear ly  
in  Fig. 3, cu rve  a, which  was ob ta ined  for films held  
at  140~ wi th  an appl ied  field of 0.029 v /A .  So lu -  
t ion ra tes  are  rough ly  c o m p a r a b l e  to those ob ta ined  
u p o n  a n n e a l i n g  at 190~ wi th  no field applied.  

In  add i t ion  to changes  in  the so lu t ion  ra te  p ro -  
duced by  a n n e a l i n g  the film wi th  or w i thou t  a n  ap-  
pl ied field, changes in  the  solut ion ra te  also occur if 
the ra te  of film fo rma t ion  is changed  at  one t e m -  
pera tu re .  At  room t empera tu r e ,  for example ,  the  
so lu t ion  ra tes  were  19.3A/sec, 20A/sec,  and  20.3A/ 
sec, a f ter  f o rma t ion  at ra tes  of 0.4A/sec,  8A/sec,  
and  40A/sec,  respect ively .  Whi le  these changes  are 
smal l  and  p r o b a b l y  wou ld  m a k e  obse rva t ion  of a n y  
change  in  x - r a y  sca t te r ing  e x t r e m e l y  difficult, i t  
seems r ea sonab le  to expect  tha t  such changes  do 
occur, and  tha t  the same  k ind  of change  in  fi lm 
s t ruc tu re  which  occurs on a n n e a l i n g  also occurs 
on chang ing  the ra te  of film growth.  

Discussion 
Accord ing  to the m e c h a n i s m  proposed p rev ious ly  1, 

the passage of a la rge  ionic cu r r en t  t h ro ugh  a 
Ta~O~ film resul ts  in  changes  in  local conf igura t ion  
which  faci l i ta te  conduct ion .  Upon  annea l ing ,  or 
upon  fo rma t ion  at a lower  electric field, the  s t ruc -  
tu re  changes  t oward  a new  configurat ion.  X - r a y  
data  c lear ly  ind ica te  tha t  some k ind  of change  in  
the d i rec t ion  of increased  order  does occur upon  
annea l ing .  The  d issolu t ion  data  show an  increased  
chemica l  s tab i l i ty  of the  film, which  would  be ex-  
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pected on i n t u i t i v e  g rounds  if the  s t r u c t u r a l  order  
increased.  It  is i n t e r e s t i ng  tha t  the  c rys ta l l ine  
anodic  TarO0 film (7) is a lmos t  en t i r e ly  r e s i s t an t  to 
HF. Upon a t t e m p t i n g  to dissolve a c rys t a l l i ne  film 
no change  in  fi lm th ickness  occurs, bu t  the  H F  pene -  
t ra tes  u n d e r  the crys ta l l i tes  and  separa tes  t h e m  
f rom the  meta l  by  d isso lv ing  a w a y  the meta l .  

The ac t iva t ion  ene rgy  for the  process respons ib le  
for  the  change  in  so lu t ion  r a t e  is abou t  1.25 ev af ter  
mi ld  anneal ing."  The v a l u e  found  for the  process 
which  causes a decrease  in  conduc t i v i t y  on a n n e a l i n g  
(1) is about  1.2 ev," and  for ion conduc t ion  i tself  is 
1.06 ev. '  These  va lues  are all  qu i t e  s imi la r  and  in  v iew 
of the h is tory  effects wi th  a t t e n d a n t  u n c e r t a i n t y  in  
the ac t iva t ion  energies  for a n n e a l i n g  a nd  for 
changes  in  conduct iv i ty ,  it  m a y  be  t ha t  al l  th ree  
processes i nvo l ve  the m i g r a t i o n  of Ta ions as the  
r a t e - d e t e r m i n i n g  step. Suppor t  for this  idea is 
found  in  the  fact  tha t  a n n e a l i n g  proceeds more  
r ap id ly  if an  electric field is p resen t  in  the mater ia l .  
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~These  energ ies  are  for  s p e c i m e n s  a n n e a l e d  5 m i n  a t  100~ so 
t h a t  the  co r ros ion  r a t e  w o u l d  De 18.2 A/sec .  

A Study of Cathode Potentials in Aqueous Tungstate Solutions 
D. R. Markwell 1 and M. L. Holt 
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ABSTRACT 

Cathode potential measurements were used as a means of obtaining informa- 
tion about the cathode process that results in the electrodeposition of tungsten 
alloys. A special cell designed to apply the Luggin-Haber backside capillary 
technique was used for making potential measurements during electrolysis. 
Changes in the observed cathode potential values resulting from varying the 
cathode current density and the electrolysis solution were recorded. A hy- 
pothesis to explain some of the peculiarities of the cathodic reduction of aque- 
ous tungstate solutions is offered. 

Pure tungsten has not been electrodeposited in 
weighable amounts from aqueous tungstate solu- 
tions; however, it is known that tungsten readily 
codeposits with certain other metals, notably Fe, Ni, 
and Co. Most of the literature reports on W electro- 

x P r e s e n t  addres s :  C a p t a i n  D. R. M a r k w e l l ,  503 E d g e b r o o k  Lane ,  
San  A n t o n i o  1, Texas .  

deposition have been concerned with the develop- 
ment of various types of alloy plating baths and the 
properties of the alloy deposits obtained. There has 
been very little experimental work reported di- 
rected primarily at finding an explanation for the 
cathodic behavior of tungstate ion in the presence of 
metal cations, although a catalytic reduction theory 
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has been  proposed (1) and  the  m e c h a n i s m  of the  
t u n g s t e n  al loys p l a t i ng  process has been  s tud ied  
(2) .  So lov 'eva  and  V a g r a m y a n  (3) m e a s u r e d  the  
po ten t i a l  of deposi t ion of F e - W  alloys and  suggested 
tha t  the i r  resul ts  did no t  agree w i th  the  ca ta ly t ic  
r educ t ion  theory.  Hoar  and  Buck low (4) compared  
h y d r o g e n  overpo ten t ia l s  on cathodes of Co, W, and  
Co-W, whi le  Peche r skaya  and  S tende r  (5) com-  
pa red  cathodes of Fe and  Ni-W.  The purpose  of the  
w o r k  repor ted  here  was  to use cathode po ten t i a l  
m e a s u r e m e n t s  as a means  of e x p l a i n i n g  w h y  it  is 
possible to e lectrodeposi t  W alloys b u t  no t  pu re  
W f rom aqueous  t ungs t a t e  solutions.  

F i n k  and  Jones  r epor ted  (6, 7) an  aqueous  car -  
b o n a t e - t u n g s t a t e  p l a t i ng  b a t h  for the  e lec t rodeposi -  
t ion  of W. Later ,  it  was shown  in  this  l abo ra to ry  (8) 
tha t  no meta l l i c  ca thode deposit  was ob ta ined  f rom 
a c a r b o n a t e - t u n g s t a t e  type  of b a t h  which  had  been  
ca re fu l ly  purif ied to r emove  t races  of Fe. I t  was  
also found  tha t  a pur i f ied c a r b o n a t e - t u n g s t a t e  b a t h  
gave a W - F e  al loy deposi t  w h e n  it  was  e lect rolyzed 
af ter  the  add i t ion  of smal l  amoun t s  of i r o n ( I I I )  
chloride.  I t  was  also repor ted  (9) tha t  Fe m u s t  be  
added to the  p la t ing  so lu t ion  as s imple  F e ( I I I )  or 
F e ( I I )  cat ions  and  tha t  h e x a c y a n o f e r r a t e ( I I I )  and  
h e x a c y a n o f e r r a t e ( I I )  ions were  no t  effective. 

There  are n u m e r o u s  pub l i shed  repor ts  of the  
e lec t rodepos i t ion  of W-Fe ,  W-Ni ,  a n d  W - C o  al loys 
f rom var ious  types  of p l a t i ng  solutions,  bu t  m u c h  of 
the  recen t  work  has m a d e  use of an  a m m o n i a c a l  
c i t ra te  type  of ba th .  S ince  the  a m m o n i a c a l  c i t ra te  
ba th  was to be used in  this  work,  a p r e l i m i n a r y  
Survey of b a t h  opera t ion  was m a d e  wi th  the  Hu l l  
cell (10).  It  was found,  as expected,  tha t  Fe, Co a nd  
Ni codeposit  wi th  W to give a l loy deposi ts  on the  
cathode, and  tha t  Cd, Cu, Mn, Ag, and  Z n  do not  
codeposit  w i th  W f rom this type  of b a t h  at the  
condi t ions  used. I t  seemed reasonab le  to assume 
tha t  a s tudy  of ca thode  poten t ia l s  in  a m m o n i a c a l  
c i t ra te  solut ions  could lead to an  e x p l a n a t i o n  of 
w h y  W codeposits f rom these solut ions  wi th  ce r ta in  
meta l s  bu t  no t  w i th  others.  

Exper imenta l  T e c h n i q u e s  
The cathode po ten t ia l s  r epor ted  in  this  w o r k  

were  ob ta ined  by  the  direct  me thod  us ing  a s a tu -  
r a ted  calomel  e lectrode and  the  backs ide  cap i l l a ry  
re fe rence  electrode t echn ique  (11-13) .  This me thod  
produces  a m i n i m u m  of d i s tor t ion  of c u r r e n t  dens i ty  
d i s t r i b u t i o n  by  the  re fe rence  e lec t rode  a n d  sa l t  
b r idge  because there  is no obs t ruc t ion  b e t w e e n  the  
cathode and  the anode  of the e lectrolysis  cell. The 
c u r r e n t  dens i ty  is a l i t t le  h igher  a r o u n d  the  edge 
of the  hole in  the ca thode  t h a n  it  is on the sur face  of 
the cathode;  however ,  this effect is smal l  if the  
area  of the  hole in  the  cathode is smal l  in  compar i -  
son to the  sur face  a rea  of the  cathode.  

The  test  cell shown  in  Fig. 1, and  cal led here  the  
ca thode  po ten t i a l  cell, was  m a c h i n e d  f rom a block 
of Luc i te  16.5 cm long,  7.6 cm wide,  and  15.2 cm 
h igh  which  was  m a d e  by  g lue ing  together  2.54 cm 
th ick  Luc i te  sheets. The  cathode c o m p a r t m e n t  
dr i l led  in  the  b lock was abou t  6.4 cm in  d i ame te r  
and  14 cm deep and  was cen te red  about  7 cm f rom 
one end  of the  block. The  side of this  c o m p a r t m e n t  

Fig. 1. Cathode potential cell. 1, lead from reference electrode 
through tubing; 2, side arm extension of calomel electrode; 3, 
cathode plug, with Pt cathode, fitted into cathode compartment 
wall; 4, cathode compartment; 5, anode compartment; 6, anode 
plug, with Pt anode, fitted into anode compartment wall; 7, gas 
inlet; 8, Pt wire to anode; 9, opening for solution samples; 10, one 
of two holders for removing diaphragm which separates anode and 
cathode compartments; 11, Pt wire to cathode; 12, to aspirator; 13, 
vapor trap; 14, stirrer. 

nea re s t  the end  was  opened and  e x p a n d e d  to form 
the  smal le r  r e c t a n g u l a r  anode c o m p a r t m e n t  h a v i n g  
the  same dep th  as the  ca thode  compar tmen t .  A re -  
mova b l e  V i n y o n  d i a p h r a g m  was used to separa te  
the  compar tmen t s .  Both the  cathode and  the  anode 
were  made  of P t  and  were  imbedded  in  Luci te  w i th  
the use of a Bueh le r  spec imen  m o u n t i n g  mold  to 
fo rm elect rode p lugs  which  fit in to  hor izon ta l  bo r -  
ings open ing  in to  each c o m p a r t m e n t  abou t  1 cm 
f rom the  bot tom. Each electrode p lug  was  held  
f i rmly  in  pos i t ion  by a s ta inless  steel  cover  which  
was fas tened  to the  end  surface  of the  cell by  m a -  
chine  screws. This a r r a n g e m e n t  made  it  possible  to 
r emove  the electrodes for inspec t ion  a nd  c leaning.  
Elec t r ica l  connec t ion  to each e lec t rode  was  m a d e  
w i t h  a P t  wi re  which  rose ve r t i ca l ly  t h r ough  the  
Luci te  b lock and  was spr ing  loaded to p rov ide  r igid  
contac t  w i th  the electrode.  A B e c k m a n  sa tu ra t ed  
ca lomel  e lect rode was used as the combined  re fe r -  
ence electrode and  salt  br idge.  This electrode ap-  
proached  the cathode f rom the  rear ,  passed t h rough  
a 0.3 cm d i a m e t e r  hole in  the  cathode,  a nd  was  
flush w i th  the  sur face  of the  cathode.  The effective 
cathode surface  a rea  was  1.20 cm ~. R u b b e r  gaskets  
and  "O" r ings  p rov ided  w a t e r t i g h t  seals a r o u n d  the  
re fe rence  e lect rode and  the w o r k i n g  electrodes.  
P rov i s ion  was  made  for gassing and  s t i r r ing  the  
solut ion.  

There  are  two d i s t inc t ly  di f ferent  e lect r ical  c i r -  
cuits  in  opera t ion  w h e n  cathode po ten t ia l s  are 
m e a s u r e d  by  the me thod  repor ted  here.  One c i rcui t  
consists of the cathode, the  anode, a nd  the  source 
of d i rect  cur ren t ,  wh i l e  the  other  is made  up  of the  
cathode, the  calomel  re fe rence  electrode,  and  the  
po ten t i a l  m e a s u r i n g  i n s t r u m e n t .  P rac t i ca l ly  no 
c u r r e n t  flows in  the  la t te r  circuit .  A 12 v lead s tor -  
age b a t t e r y  w i th  a su i tab le  cont ro l  pa ne l  suppl ied  
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direct  c u r r e n t  to the cell and  a L&N Model  7664, 
l ine  opera ted  pH (mi l l ivo l t )  m e t e r  was used to 
m e a s u r e  cathode potent ia ls .  The  cont ro l  pane l  was  
placed b e t w e e n  the  b a t t e r y  and  the cell and  con-  
sisted of six, l i nea r  taper,  w i r e w o u n d ,  c o n t i n u o u s l y  
va r i ab le  rheosta ts  in  series, and  one in  shunt .  This  
a l lowed the  po ten t ia l  appl ied  to the w o r k i n g  elec-  
t rodes to be adjusted from zero to 12 v. A Simpson, 
Model 373, milliammeter was connected in series 
in the control panel to indicate the cell current. Al- 
though cathode potentials slowly and continuously 
increased with time with any given voltage applied 
to the cell they eventually become constant. The 
time between the application of a given power set- 
ting and the leveling off of the cathode potential 
varied from about 2 hr at very low current den- 
sities to about 2 min at high current densities. The 
signal from the pH (millivolt) meter was fed into a 
Speedomax recorder. The steady-state cathode po- 
tential, as indicated by a vertical trace on the re- 
corder, is the value recorded in the data. The tem- 
perature of the  cell was m a i n t a i n e d  at  30 ~ ----- 0.5~ 
by i m m e r s i n g  the cell to a p p r o x i m a t e l y  th ree  
qua r t e r s  of its he igh t  i n  a wa te r  bath.  The  severa l  
pieces of appa ra tu s  were  g rounded  to a c o m m o n  
t e r m i n a l  on a cold wa te r  pipe. 

H e l i u m  was used to sweep oxygen  out  of the  
cathode po ten t i a l  cell d u r i n g  each run .  It  was found  
tha t  the  ra te  of gas flow, w i t h i n  wide  l imits ,  had  no 
effect on the  cathode po ten t i a l  or the  cell cur ren t .  
The same ra te  of flow, abou t  two bubb le s  per  sec- 
ond, was used in  eve ry  run .  Since the  e l imina t ion  
of convec t ion  effects in  m o d e r a t e l y  concen t ra t ed  
solut ions  be ing  e lect rolyzed at  c u r r e n t  densi t ies  of 
f rom 1 to 15 a m p / d m  ~ is not  possible, the solut ions  
were  s t i r red  v igorous ly  d u r i n g  all  exper imen t s .  
S t i r r i ng  does not  e l imina te  diffusion and  m i g r a t i o n  
effects, bu t  it does m a k e  t h e m  u n i m p o r t a n t  as com-  
pa red  to convect ion  effects, and  therefore  the  elec-  
t rolysis  proceeds u n d e r  convec t ion  cont ro l led  cu r -  
r en t  (14).  A glass s t i r r ing  rod, p laced m i d w a y  be -  
tween  the  cathode and  anode,  was ro ta ted  at 1440 
rpm.  The  cathode po ten t i a l  and  cell cu r r en t  were  
no t  v i s ib ly  affected by  wide  va r i a t ions  in  s t i r r i ng  
speed. The ba th  pH of 9.6_+ 0.1 was m a i n t a i n e d  
t h roughou t  every  r u n  by cont ro l led  gassing of the 
cell wi th  a n h y d r o u s  a m m o n i a  vapor .  

T w e n t y - f o u r  di f ferent  types  of solut ions  (Tab le  
I) were  used for cathode po ten t i a l  m e a s u r e m e n t s .  
Hereaf te r ,  these var ious  solut ions  are re fe r red  to by  
the symbol  ind ica ted  u n d e r  "Bath  des igna t ion"  in  
Tab le  I. One l i ter  of each of these solut ions,  ex -  
cept the "W" solut ion,  was p r epa red  f rom reagen t  
or C.P. chemicals .  Two l i ters  of the "W" so lu t ion  
were  p r epa red  and  one  l i te r  of this solut ion,  cal led 
" I m p u r e  W", was used in m a k i n g  cathode po ten t i a l  
r u n s  w i thou t  f u r t he r  t r ea tmen t .  The second l i te r  
of "W" solu t ion  was e lect rolyzed at 10 a m p / d m  ~ for 
30 m i n  b e t w e e n  large  P t  electrodes to remove,  by  
electrodeposi t ion,  t races  of other  metals .  This  so- 
lu t ion  is ca l led "Pu re  W". Each solut ion was ad-  
jus ted  to pH 9.6 w i th  NH,OH before an  electrolysis  
run.  Two h u n d r e d  ml  of each so lu t ion  was placed in  
the cell for each cathode po ten t i a l  run .  

In every solution (Table I) which contains metal 

Table I. Composition of the solutions used in making cathode 
potential measurements; concentrated NH~OH was added to every 

solution to pH 9.6 

F o r m u l a  Cone, 
B a t h  d e s i g n a t i o n  B a t h  c o m p o n e n t s  w t  m/1 Wt,  g/1 

~'W" 

" N i "  

" W - N i "  

" C u "  

" W - C u "  

" C i t r a t e  b l a n k "  
" F e  ( I I I ) "  

" W - F e  ( I n ) "  

" F e  ( I I ) "  

" W - R i c h  Fe  ( I n ) "  

" R i c h  W - F e  ( i n ) "  

" M o "  

" O r "  

" W - b l a n k "  
" N I ~  b l a n k "  

" C d "  

" W - C d "  

" A g "  

" W - A g "  

~'Zn" 

" W - Z n "  

" M n "  

" W - M n "  

(NH0 ~/tC~H~O.~ 226 0.750 170 
Na,~WO,. 2H.20 330 0.300 99.0 
(NH4) ~HC6HsO7 226 0.750 170 
N i S O v 6 H a O  263 0.300 78.9 
(NHD ~HC6HsO~ 226 0.750 170 
Na~WO~.2HeO 330 0.150 49,5 
NiSO4*6H~O 263 0.150 39,4 
(NHD =HC6HsO7 226 0.750 170 
CuSO4-5H20 250 0.300 74.9 
(NH0  ~HC6HsO~ 226 0.750 170 
Na~WO~-2H20 330 0.150 49.5 
CuSO~-5HeO 250 0.150 37.5 
(NH4) ~HCuH~O~ 226 0,750 170 
(NH~) ~ttC~H~Oz 226 0.750 170 
Fe~(SO~) ~ca.6HeO ca.508 0.150 70.2 
(NHD ~HC~I-I~O7 226 0.750 170 
NaeWO~-2HeO 330 0.150 49.5 
Fe~(SOD~ca.6H~O ca.5O8 0.075 38.1 
(NH~) HCeH507 226 0.750 170 
FeSO~. 7H~O 278 0.300 83.4 
(NH~) ~HC~I-I~Ov 226 0.750 170 
Na2WO~-2H~O 330 0.010 3.30 
Fee (SOD aca.6HeO ca.508 0.145 73.7 
(NHD ~HCcHsOv 226 0.750 170 
Na,~WO~.2I-I~O 330 0.290 95.7 
Fe2 (SO~) aca.6H.~O ca.508 0:005 2.54 
(NHD 2HC~HsO7 226 0,750 170 

Na,zMoO4.2H~O 242 0.300 72.6 
(NHD 2HCeH~O~ 226 0.750 170 
NaeCrO~-4H~O 234 0.300 70.2 
Na~WO~-2H~O 330 0,300 99.0 
A f ew  drops  of  conc. ~',/H,~OI-I a d d e d  to  H~O to  

p H  9.6 
(NH4) ettC6HsO7 226 0.750 170 
CdSO~-8/3H20 257 0.300 76.9 
(NH,) ~l"IC~bI~O ~ 226 0.750 170 
NaaWO, .2H20 330 0.150 49.5 
CdSO~.8/3H20 257 0.150 38.5 
(NH~) ,~HCeH~O. ~ 226 0.750 170 
Ag2SO4 312 0.150 46.8 
(NH~) 2HC~I507 226 0.750 170 
Na2WO~.2H~O 330 0,150 49.5 
Ag,zSO4 312 0,075 23.4 
(NH4) ~HC6H507 226 0.750 170 
ZnSO~-THeO 288 0.300 86.3 
( NHD ~HC6I-I507 226 0.750 170 
Na2WO~.2H20 330 0.150 49.5 
ZnSO~-7H~O 288 0.150 43,1 
(NH4) 2HC~HsOT 226 0.750 170 
MnSO~-H20 169 0.300 50.7 
(NH4) eHC~HsO~ 226 0.750 170 
Na2WO~-2H~O 330 0.150 49.5 
MnSOa-H~O 169 0,150 25.4 

ions, the total  concen t r a t i on  of all  n o n a l k a l i  me ta l  
ions, regardless  of species, was  0.3 m/1. Eve r y  solu-  
tion, except  the "W" and  "NH, b lanks , "  con ta ined  
0.75 m/1 of c i t ra te  ion. The  h igh  concen t r a t i on  of 
c i t ra te  ions was used to p rov ide  an  excess above 
tha t  r equ i r ed  for the fo rma t ion  of a ny  possible  
complexes  wi th  me t a l  ions. F u r t h e r m o r e ,  the  large 
q u a n t i t y  of a m m o n i u m  h y d r o x i d e  and  a m m o n i u m  
ion were  sufficient to fo rm all  possible  a m m i n e  
complexes  wi th  me t a l  ions and  st i l l  have  ava i l ab le  
f ree ammonia .  No p rec ip i t a t ion  of i r o n ( I I I )  hy -  
droxide  was  observed  in  the  "Fe  ba ths"  except  on 
p ro longed  s tanding .  

Concen t r a t i on  control  of the  solut ions was  p a r -  
t i a l ly  m a i n t a i n e d  wi th  the use of a Luci te  cover 
over  the cell. In  no case was more  t h a n  50 mg (u su -  
a l ly  m u c h  less) of me ta l  p la ted  on the  cathode.  
Since each fresh 200 ml  a l iquot  used in  a r u n  con-  
ta in  a p p r o x i m a t e l y  i0  g or more  of metal ,  the  de-  
crease in  me ta l  ion concen t r a t i on  of a solut ion,  due 
to e lectrodeposi t ion,  was less t h a n  1%. Evapora t i on  
losses we re  too smal l  to be a p p a r e n t  to the  eye and  
such losses were  a p p r o x i m a t e l y  the same in  every  
solut ion;  therefore ,  increase  in  concen t r a t i on  due  
to evapora t ion  in t roduced  on ly  a smal l  and  con-  
s i s ten t  error .  

O the r  e xpe r i me n t s  had  ind ica ted  tha t  the use  of 
F e ( I I I )  or F e ( I I )  as the codepos i t ing  me ta l  in  the 
e lec t rodeposi t ion  of W al loys m a d e  l i t t le  difference 
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in  the  appea rance  or n a t u r e  of the  deposit .  As can  
be seen in  the  graphica l  p r e s e n t a t i o n  of the data ,  
the re  is l i t t l e  difference in  the  ca thode  po ten t ia l s  in  
F e ( I I I )  and  F e ( I I )  solut ions  in  the  h igher  c u r r e n t  
dens i ty  (p la t ing)  ranges .  A l t h o u g h  Mo and  Cr do 
not  codeposit  w i th  W, the cathode poten t ia l s  in  the i r  
solut ions were  observed so tha t  t hey  could be com-  
pa red  w i th  the  W solut ion.  

The P t  cathode was p r epa red  for each r u n  by  
soaking it  ove rn igh t  in  concen t ra t ed  HC1 to dissolve 
the e lectrodeposi t  f rom the  P t  and  p rov ide  a fa i r ly  
u n i f o r m  surface.  In  those cases whe re  Cu or Ag was  
deposi ted on the cathode, it was first p laced  in  d i lu te  
HNO~ to dissolve the p la te  and  t h e n  r insed  a nd  
t r ea ted  as above.  The  cathode was  pol ished gen t ly  
on fine me ta l log raph ic  paper  on ly  w h e n  abso lu te ly  
necessary.  Before p lac ing  it  in  the  cell, the  ca thode 
was  tho rough ly  r insed,  b ru shed  wi th  a m o d e r a t e l y  
stiff b r i s t le  b rush  which  had  been  d ipped in  con-  
cen t r a t ed  HC1, and  aga in  r insed  w i t h  water .  The  
anode was t r ea ted  in  a s imi la r  m a n n e r .  In  spite of 
these p r epa ra t i ons  the  s t a r t ing  condi t ion  of the  
cathode surface  was  not  exac t ly  t he  same at  the  be -  
g i n n i n g  of every  r u n ;  this  is no doub t  one of the  
reasons  for the  lack of r ep roduc ib i l i t y  of cathode 
poten t ia l s  at low c u r r e n t  densit ies.  

No difficulty was encoun te red  w i th  the  m a i n t e n -  
ance of the  calomel  re fe rence  electrode.  I t  was  a l -  
lowed to s t and  b e t w e e n  expe r imen t s  in  a s a tu ra t ed  
so lu t ion  of KC1. The electrode was  checked before  
each r u n  to be ce r t a in  i t  and  the side a r m  ex tens ion  
were  fu l l  of solut ion,  and  to be su re  tha t  there  was  
und i sso lved  KC1 in  the  column.  No c o n t a m i n a t i o n  
of this e lectrode by  the h igh ly  colored electrolysis  
solut ions  was observed.  

Exper imenta l  Results 
The solut ions  used (Tab le  I)  are  c o n v e n i e n t l y  

d iv ided  in to  four  classes, according to the  t y p e  of 
cathode react ion,  as follows: Class 1, solut ions  f rom 
which an  a l loy deposi t  con t a in ing  W was ob ta ined  
u p o n  electrolysis ,  i.e., the  "W-Ni" ,  " W - F e  ( I I I )  ", " W -  
Rich Fe ( I I I )  ", and  "Rich W - F e  ( I I I ) " ;  Class 2, so lu-  
t ions f rom which  a deposi t  con ta in ing  no W was ob-  
t a ined  u p o n  electrolysis,  i.e., the  "Cu",  " W - C u " ,  
"Zn",  " W - Z n " ,  " F e ( I I ) " ,  "Fe ( I I I ) " ,  "Cd",  "W-Cd" ,  
"Ag",  "W-Ag" ,  and  "Ni"  ba ths ;  Class 3, solut ions  
f rom which  no deposi t  was ob ta ined  on electrolysis ,  
i.e., t he  " I m p u r e  W",  "Pu re  W", "Mn",  " W - M n " ,  
"Mo", and  "Cr" ba ths ;  and  Class 4, b l a n k  solut ions,  
i.e., the  "W b lank" ,  "NH., b l ank" ,  and  "Ci t ra te  
b l a n k "  baths .  

The ca thode  po ten t i a l  da ta  ob ta ined  in  the  v a r i -  
ous solut ions  are p resen ted  in  Fig. 2-5. In  Fig. 4 
par t s  of the  curves  for the  " W - M n "  and  "Cr"  ba ths  
and  all  of the curve  for the  "Mo" b a t h  are no t  shown  
because  they  lie w i t h i n  a reg ion  c rowded  wi th  
curves  f rom other  ba ths  and  the miss ing  pa r t s  of the  
curves  fol low the t r ends  shown in  the  c rowded pa r t  
of the  graph.  Cathode po ten t ia l s  for va lues  of the  
cell c u r r e n t  be low 0.10 m a  were  no t  r ep roduc ib l e  
and  are  no t  shown.  The  po ten t i a l  da ta  are for a v e r -  
age va lues  of the  cathode po ten t i a l s  for m u l t i p l e  
runs  w i th  a g iven  so lu t ion  at any  g iven  cur ren t .  
The  va lues  of "I" are  for the  tota l  cell cu r r en t s  of 
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Fig. 2. Class 1 solutions (see Table I for all compositions) give 
alloy deposits containing W. 
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Fig. 5. Class 4 solutions--blank solutions 

the  electrolysis  cell  and  m a y  be conver ted  to c u r r e n t  
dens i ty  in  a m p / d m  ~ by  d iv id ing  a ny  va lue  of ' T '  
by  twelve .  

S how n  in  Tab le  II  are  the  ave rage  m a x i m u m  de-  
v ia t ions  of the  cathode po ten t ia l s  f rom the  average  
ca thode  po ten t i a l  ( ave rage  o2 the severa l  r u n s  for 
a g iven  c u r r e n t  dens i ty  and  solut ion)  for each of 
the 24 types  of baths .  The  greates t  dev ia t ions  of the  
ca thode  po ten t i a l  f rom the average  for each type  of 
b a t h  a re  also shown.  The da ta  for this  t ab le  we re  
compi led  f rom the  e x p e r i m e n t a l  da ta  tab les  which  
are no t  i nc luded  here.  The  average  of average  m a x i -  
m u m  devia t ions  is 11 my,  and  the ave rage  of the  
grea tes t  dev ia t ions  is 27 my.  Therefore ,  the  average  
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Table II. Table of maximum deviations of cathode potentials 

B a t h  d e s i g n a t i o n  Class  

A v g  of  G r e a t e s t  
m a x i m u m  d e v i -  d e v i -  

a t ions  f ron ]  a t i o n  f r o m  
a v g  c a t h o d e  a v g  c a t h o d e  

p o t e n t i a l  p o t e n t i a l  

"W-Ni" 1 9 18 
"W-Fe ( I I I )"  1 12 26 
"W-Rich Fe ( I I I )"  1 19 26 
"Rich W-Fe ( I I I )"  1 12 49 
"Cu" 2 14 297* 
"W-Cu" 2 14 59 
"Zn" 2 5 19 
"W-Zn" 2 2 8 
"Fe (I1)" 2 16 37 
"Fe (111)" 2 14 22 
"Cd" 2 8 125" 
"W-Cd" 2 5 8 
"Ag" 2 6 23 
"W-Ag" 2 8 16 
"Ni" 2 11 36 
"Impure  W" 3 22 44 
"Pure W" 3 27 55 
"Mn" 3 10 24 
"W-Mn" 3 13 29 
"Mo" 3 7 16 
"Cr" 3 12 28 
"W Blank" 4 6 26 
"NH, blank" 4 6 8 
"Citrate blank" 4 3 8 

11 Avg. 27 

* Not  i n c l u d e d  in  c a l c u l a t i o n .  

r ep roduc ib i l i t y  of the cathode po ten t ia l s  i n  all  the 
solut ions wi l l  be r e fe r red  to as plus  or m i n u s  20 m y  
f rom the  cathode po ten t i a l  ind ica ted  at any  pa r t i c -  
u la r  c u r r e n t  dens i ty  for any  g iven  solut ion.  I n  a ve r -  
aging the greates t  m a x i m u m  devia t ions  of the 
cathode potent ia ls ,  two values,  297 m v  for the "Cu"  
ba th  and  125 mv  for the  "Cd" ba th  were  dele ted 
before computa t ion .  The 297 m v  dev ia t ion  for the 
"Cu" ba th  is no t  due  to poor data ,  bu t  is a ca thode  
po ten t ia l  t aken  at a v e r y  n e a r l y  hor izon ta l  por t ion  
of the "Cu"  ba th  cu rve  (see Fig. 3). A hor izon ta l  
por t ion  of such a curve,  i.e., r ap id ly  chang ing  
cathode po ten t i a l  at cons tan t  ' T ' ,  is a region  where  
no reac t ion  is occur r ing  at  the cathode. In  m e a s u r e -  
men t s  of this type, it  is r a r e ly  possible  to get r e -  
p roduc ib l e  resu l t s  on a fiat po r t ion  of a curve,  a nd  a 
la rge  dev ia t ion  is no t  cons idered  poor r ep roduc i -  
bi l i ty .  The 125 m v  dev ia t ion  for  the "Cd" ba th  is 
no t  exp la ined  and  m u s t  be cons idered  e x p e r i m e n t a l  
error.  In  general ,  r ep roduc ib i l i t y  of ca thode  po t en -  
t ials is be t t e r  in  the i n t e r m e d i a t e  c u r r e n t  range ,  
f rom 0.5 m a  to 50 ma,  t h a n  at v e r y  low or h igh 
cu r r en t s  p r o b a b l y  because  there  is no revers ib le  
electrode reac t ion  to s tabi l ize  the cathode p o t e n -  
t ia l  at ve ry  low cu r r en t s  and  there  are fast  i r r e -  
vers ib le  e lect rode react ions  tha t  cause severe  oscil-  
l a t ion  of the ca thode  po ten t i a l  at h igh cur rents .  
Storage of some solut ions  for severa l  weeks  be -  
tween  the first and  dup l i ca te  runs  also p r o b a b l y  a f -  
fected r ep roduc ib i l i t y  of the resul ts .  Ce r t a in l y  w i th  
the  var ious  ba ths  con ta in ing  Fe, the  re la t ive  
a m o u n t s  of F e ( I I I )  and  F e ( I I )  would  change  on 
pro longed  s tanding .  The  V i n y o n  d i a p h r a g m  a l lowed 
compara t i ve ly  f ree  passage  of the solut ion,  and  it, 

p lus  the gassing wi th  He, m i n i mi z e d  c o n t a m i n a t i o n  
of the  cathode by  anodic  oxygen  b u t  could no t  com-  
p le te ly  e l imina t e  it. O x y g e n  a r r i v i n g  at  the  cathode 
would,  of course, a l t e r  the  ca thode  potent ia l .  A re -  
ac t ion  is occur r ing  at the cathode on r i s ing  por t ions  
of a log ' T '  vs. ca thode  po ten t i a l  curve.  The g rea te r  
the  slope, the  be t t e r  is the  r ep roduc ib i l i t y  pe rhaps  
because  a m o d e r a t e l y  fast  series of ca thode  reac -  
t ions  s tabi l ize  the  cathode potent ia ls .  

I t  is seen in  the  curves  for  the  "Cu"  a nd  " W - C u "  
ba ths  (Fig. 3) tha t  t he re  is a l a rge  in i t ia I  r ise in  the  
cell c u r r e n t  which  ind ica tes  a r eac t ion  at the  
cathode, p r o b a b l y  the r educ t ion  of Cu (II)  to C u ( I ) .  
This  was  verif ied by  inspec t ion  which  showed the re  
was no h y d r o g e n  evo lu t ion  and  no depos i t ion  oc- 
c u r r i ng  for the  condi t ion  cor respond ing  to the  first 
s teep rise of these curves.  S imi la r ly ,  t he  in i t i a l  r ise 
in  the  curves  for the severa l  "Fe"  ba ths  (Fig. 3) is 
due  to the r educ t ion  of F e ( I I I )  to F e ( I I ) .  

I n  Fig. 4 al l  o~ the curves  are close together .  This  
represen ts  the da ta  for Class 3 solutions,  i.e., those 
baths  f rom which  no deposi t  was ob ta ined  u p o n  
electrolysis .  This  f igure also shows tha t  the  curves  
for  the more  act ive  meta l s  are  on the  r igh t  side of 
the graphs  as would  be expected.  In  compar ing  the 
curves  for the  va r ious  a l loy ba ths  wi th  the  ba ths  
con t a in ing  only  one  metal ,  i t  is ind ica ted  that ,  a l -  
t hough  the p resence  of the t ungs t a t e  ion a lways  
shifts the codeposi t ing m e t a l  ion cu rve  t oward  the  
"W" ba th  curve,  the  a l loy c u r ve  is more  n e a r l y  
s imi la r  to its pu re  codeposi t ing me ta l  curve.  This 
inf luence  var ies  wi th  the r e l a t ive  concen t ra t ions  of 
t u n g s t e n  to codeposi t ing me t a l  as seen wi th  the  "W-  
Rich F e ( I I I ) "  a nd  "Rich W - F e ( I I I ) "  ba ths  (Fig. 2) ;  
never the less ,  the codeposi t ing me ta l  inf luences  the  
posi t ion of the  c u r ve  more  s t rong ly  t h a n  does the  
W. It  is possible tha t  the shif t  of the va r ious  "W-  
F e ( I I I ) "  ba th  curves  toward  the "W" ba th  curve  
could be due to a w e a k l y  associated complex  be~ 
t w e e n  F e ( I I I )  a n d / o r  ( I I )  ions, t u n g s t a t e  ion, and  
c i t ra te  ion ;  however ,  the  da ta  do no t  s t rong ly  sup~ 
port  the  sugges t ion  of such a complex.  

The three  b l a n k  solut ions  were  s tudied  so tha t  
the i r  curves  could be compared  to those for the  "W" 
baths .  Fig. 5 shows tha t  the curves  for the  "W 
b l a n k "  and  the  "Ci t ra te  b l a n k "  are s imi la r  to the  
curves  for the " P u r e  W" and  " I m p u r e  W" baths.  
This s imply  ind ica tes  t ha t  n e i t h e r  t u n g s t a t e  ion nor  
c i t ra te  ion have  a n y  special  effect on the  cathode 
potent ia l .  The  curves  ob ta ined  a re  due  p r i m a r i l y  to 
cathodic hyd rogen  re leased f rom buffered solut ions  
of pH 9.6. 

Add i t i ona l  e xpe r i me n t s  were  made  wi th  the  
" P u r e  W", "W-Cu" ,  "Ni", "Ci t ra te  b lank" ,  and  
" F e ( I I I ) "  ba ths  to d e t e r m i n e  w h e n  hyd rogen  evo lu -  
t ion  began.  This was accompl ished by  carefu l  i n -  
spect ion of the solut ions  d u r i n g  electrolysis  w i th  the 
aid of a s t rong  l ight  which  i l l u m i n a t e d  the  cathode.  
I t  was  necessa ry  to stop s t i r r ing  and  gass ing w h e n  
m a k i n g  these obse rva t ions  and  it  was t h e n  possible  
to see the  first t races of h y d r o g e n  b u b b l e  format ion .  
In  every  case it was  observed  tha t  h y d r o g e n  evo lu -  
t ion  began  at a cathode po ten t i a l  of a p p r o x i m a t e l y  
900 my.  These da ta  do not  suppor t  the  sugges t ion  
tha t  the  presence  of the  t ungs t a t e  ion in  a so lu t ion  
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lowers  the  overvo l tage  of hyd rogen  on the cathode 
and  therefore  makes  h y d r o g e n  evo lu t ion  easier  t h a n  
t u n g s t e n  deposit ion.  The  lower ing  of h y d r o g e n  
overvo l tage  is not  cons idered  a good e x p l a n a t i o n  of 
why  pu re  t u n g s t e n  has not  b e e n  e lect rodeposi ted  
f rom aqueous  solutions.  

L a t i m e r  (15) gives the  fo l lowing values ,  in  k c a l /  
mole,  for the  free ene rgy  of f o rma t ion  of severa l  
aqueous  an ions :  --220 for WO4:, --218.8 for MoOg, 
--176.1 for CrOw- and --107.4 for MnOj. These values 
indicate very high thermodynamic stability of the 
aqueous tungstate, molybdate, and chromate ions 
in comparison to the permanganate ion. It is seen 
from the data that large energies are necessary to 
free W, Mo, or Cr from aqueous solutions of their 
ions and it would be predicted that the electrode- 
position of W and Mo from aqueous solutions would 
be accomplished with difficulty, if at all. It is prob- 
able that there is an activation energy barrier, in 
addition to the free energy of formation, which 
must be overcome in the reduction of the aqueous 
tungstate, molybdate, and chromate ions to their 
respective metals. Cr is eleetrodeposited only with 
difficulty and with average cathode current effi- 
eiencies of approximately 15%, while pure W and 
Mo apparently have not been eleetrodeposited from 
aqueous solution. 

Conclusions 
In  the  p la t ing  region,  i.e., 24 m a  (2 a m p / d i n  2) 

and  above,  the  cathode po ten t ia l s  in  the var ious  
solut ions  a re  as follows: " I m p u r e "  and  " P u r e  W" 
ba ths  1330-1375 mv,  " W - N i "  b a t h  1250-1355 mv,  
" W - F e ( I I I ) "  ba th  1100-1275 mv,  "W-Rich  F e ( I I I ) "  
ba th  780-1265 my,  "Rich W - F e ( I I I ) "  ba th  1200- 
1270 m v  (Fig. 4 and  2). These da ta  show tha t  the  
cathode poten t ia l s  of the  four  a l loy ba ths  come to 
w i t h i n  85 m v  of the average  cathode po ten t i a l  in  
the  "W" baths.  Fig. 3 shows tha t  cathode p o t e n -  
t ia ls  in  ba ths  o ther  t h a n  those con t a in ing  Fe or 
Ni are  cons ide rab ly  more  t h a n  85 m v  f rom the  
ave rage  cathode po ten t i a l  in  the  "W" baths .  I t  is 
emphas ized  tha t  on ly  compara t ive  va lues  of the  
cathode po ten t ia l s  shown  in  these  da ta  are  con-  
s idered significant.  S imi l a r  e x p e r i m e n t s  wou ld  show 
the same re la t ive  posi t ions of the  cathode po ten t ia l s  
of var ious  ba ths  compared  w i th  one ano the r  as are 
repor ted  here,  bu t  wou ld  p r o b a b l y  show different  
absolu te  values .  

The fo l lowing hypothes is  is offered as the  ex-  
p l a n a t i o n  of w h y  pu re  meta l l ic  W has not  been  elec-  
t rodeposi ted  f rom aqueous  t u n g s t a t e  ion solut ions  
and  w h y  W codeposits wi th  ce r ta in  o ther  meta l s :  
(a) aqueous  t u n g s t a t e  ion has a ve ry  h igh t h e r m o -  

d y n a m i c  s tab i l i ty  which  mus t  be overcome to p e r m i t  
deposi t ion  of meta l l ic  W; (b)  in  the  react ions  i n -  
vo lved  in  the  ove r - a l l  m e c h a n i s m  of the r educ t ion  of 
the aqueous  t ungs t a t e  ion to meta l l i c  W the re  is 
p robab ly ,  in  addi t ion  to the free ene rgy  of f o r m a -  
tion, an  ac t iva t ion  ene rgy  b a r r i e r  which  m u s t  be 
overcome;  and  (c) the  e lectrosta t ic  r epu l s ion  which  
exists  b e t w e e n  the nega t ive ly  charged aqueous  
t ungs t a t e  ion and  the nega t i ve ly  charged cathode 
p r o b a b l y  p r even t s  the  ion f rom coming sufficiently 
close to a cathode to a l low t r ans f e r  of the  q u a n t i t y  
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of ene rgy  f rom cathode to ion necessary  to over -  
come the  free ene rgy  of fo rma t ion  of the  ion and  
the ac t iva t ion  ene rgy  ba r r i e r  which  p r o b a b l y  exists  
in  the r educ t ion  process. 

T u n g s t e n  codeposits  wi th  ce r ta in  meta l s  such as 
Ni, Co, and  Fe f rom aqueous  t ungs t a t e  ion, me ta l  
ion solut ions  because  a f resh ly  deposi ted sur face  of 
the codeposi t ing me t a l  has the  ca ta ly t ic  effect of 
r educ ing  the  m a g n i t u d e  of the  ac t iva t ion  ene rgy  
ba r r i e r  which  p r o b a b l y  exists  i n  the  m e c h a n i s m  of 
r educ t ion  of the  aqueous  t u n g s t a t e  ion  to meta l l i c  
W. In  order  for a me t a l  to codeposit  wi th  W f rom 
aqueous  t ungs t a t e  ion, me ta l  ion solut ions  it  mus t  
have  the  fo l lowing p r ope r t i e s :  (a)  the codeposi t ing 
me ta l  m u s t  e lectrodeposi t  f rom the so lu t ion  u n d e r  
cons idera t ion ;  (b)  the codeposi t ing me t a l  m u s t  be 
added  to the  so lu t ion  as a s imple  cat ion;  (c) the  
cathode po ten t i a l  i n  an  aqueous  so lu t ion  of the  co- 
depos i t ing  meta l ,  bo th  wi th  and  w i t h o u t  t ungs t a t e  
ion p re sen t  in  the  solut ion,  m u s t  be w i t h i n  85 m v  of 
the  ca thode  po ten t i a l  in  a s imi la r  so lu t ion  con t a in -  
ing t u n g s t a t e  ion  bu t  no codeposi t ing me t a l  ion 
whi le  the  solut ions  are be ing  e lect rolyzed at  a cu r -  
r en t  dens i ty  of 2 a m p / d m  ~ or h igher ;  and  (d) the  
codeposi t ing me ta l  mus t  have  ca ta ly t ic  proper t ies ,  
i. e., i t  wi l l  p r o b a b l y  be a t r ans i t i on  e lement .  
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ABSTRACT 

The mater ial  isolated by Heller  from stubs of graphite anodes used in 
chlorine-caustic soda cells and shown by him to give the color in concentrated 
caustic soda has been reinvestigated. An extract  from the stubs after treat-  
ment  with nitr ic acid was found to consist of mellit ic acid, pentacarboxychloro-  
benzene, a te t racarboxychlorobenzene of u n k n o w n  configuration, and mater ia l  
of u n k n o w n  structure which is the source of the color. The acids were formed 
during the t rea tment  with ni tr ic  acid. The color forming mater ia l  seems to be 
of high molecular weight and s t ructura l ly  more complex than proposed by 
Heller. 

The organic  n a t u r e  of the m a t e r i a l  g iv ing  the  
fami l i a r  color (1) to the evapora ted  effluent f rom 
d i a p h r a g m  ch lo r ine -caus t i c  soda cells was first es- 
t ab l i shed  by  Hel ler  (2) who proposed for it a py r o -  
mel l i t ic  ac id -ch lo roqu ino l  s t r uc tu r e  ( I ) .  Since d i e n -  
ones in  which  a h y d r o g e n  is i nvo lved  are u n k n o w n  
because  of the i r  facile r e a r r a n g e m e n t  to the  cor re -  
sponding  phenols ,  a f u r t h e r  s tudy  of the m a t e r i a l  
was suggested.  

0 COOCH, CI 

Hooc L . ~  cooH c..ooc ~ c o o c a .  cH.ooc COOCH. 

H CI COOCH, COOClL 
1 II l l I  

Results 
The procedure  for the inves t iga t ion  is s u m m a r i z e d  

in  the flow sheet  (be low) .  
By m e t h y l a t i o n  of the ye l low m a t e r i a l  wi th  diazo-  

m e t h a n e  an  oil was ob ta ined  f rom which  h e x a m e t h y l  
me l l i t a t e  ( I I ) ,  p e n t a m e t h y l  c h l o r o b e n z e n e p e n t a c a r -  
boxyla te  ( I I I ) ,  and  a t e t r a m e t h y l  d i ch lo robenzene -  

Graphs 4~- filter 
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[ 
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t e t r aca rboxy la t e  were  recovered  by  sub l imat ion ,  
d is t i l la t ion  u n d e r  reduced  pressure ,  f r ac t iona l  c rys-  
ta l l iza t ion,  or ch romatograph ic  separa t ion  on a lu -  
mina .  The s t ruc tu re  of p e n t a m e t h y l c h l o r o b e n z e n e -  
p e n t a c a r b o x y l a t e  ( I I I )  was  d e m o n s t r a t e d  by  com-  
par i son  wi th  a sample  synthes ized  f rom p e n t a m e t h y l -  
ch lo robenzene  (4) .  The t e t r a m e t h y l  d i ch lo roben-  
zene t e t r aca rboxy la t e  was not  ob ta ined  in  sufficient 
quan t i t i e s  to be character ized.  These th ree  com-  
pounds  did not  give a color in  50% caustic.  

The red  res idua l  oil ob ta ined  af ter  r e mova l  of 
these compounds  could no t  be dist i l led,  sub l imed,  or 
crys ta l l ized  a nd  upon  t r e a t m e n t  w i th  a lka l i  dis-  
solved s lowly and  gave a reddish  pu rp l e  color. This  
oil af ter  t r e a t m e n t  wi th  HBr  gave a solid which  was  
w a t e r  soluble  and  gave the  reddish  p u r p l e  color 
wi th  alkali .  

A n  aqueous  so lu t ion  w h e n  passed th rough  a cat ion 
exchange  res in  ( IR-120H)  gave  an  e lua te  which,  on 
r e mova l  of the  solvent ,  y ie lded  a red  amorphous  
powder .  This p roduc t  could not  be purif ied f u r t h e r  
by  rec rys ta l l i za t ion  and  was  ob ta ined  in  insufficient  
a m o u n t s  to charac ter ize  fu r the r .  

treat with HNO~ 

HH~OH ~ 
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The mel l i t ic  acid could also be isola ted f rom the  
ye l low solid as the a m m o n i u m  sal t  h e x a h y d r a t e  by  
t r e a t m e n t  w i t h  concen t r a t ed  a m m o n i u m  hydrox ide .  
The s t ruc tu re  of this  sal t  was d e m o n s t r a t e d  by  acidi -  
fication a n d  convers ion  to the m e t h y l  ester.  The  
mo the r  l iquor  f rom the  a m m o n i u m  me l l i t a t e  af ter  
acidif icat ion and  m e t h y l a t i o n  gave p e n t a m e t h y l  
ch lo robenzenepen taca rboxy la t e .  

The  p resence  of mel l i t ic  acid in  the  ye l low solid 
ra ised  the  ques t ion  w h e t h e r  this  acid was p roduced  
f rom the  g raph i te  anodes  d i rec t ly  d u r i n g  the  f o r m a -  
t ion  of the  caustic or was  fo rmed  in  the  i so la t ion  by  
the rec rys ta l l i za t ion  step us ing  concen t r a t ed  HNO3. 
Fo l lowing  the  i sola t ion  p rocedure  of Hel le r  b u t  
omi t t i ng  the  rec rys ta l l i za t ion  f rom HNO~ gave  a 
da rk  g reen  t a r  which  p roduced  a da rk  pu rp le  color 
w h e n  boi led w i th  50% caustic.  Me thy l a t i on  of an  
e ther  suspens ion  of the  t a r  fo l lowed by  f r ac t iona l  
d i s t i l l a t ion  u n d e r  r educed  pressure  gave ye l low oils 
which  re fused  to crys ta l l ize  even  w h e n  seeded w i t h  
the esters men t ioned .  The  oils gave no color w i th  
50% alkali .  The  da rk  green  ta r  w h e n  t r ea t ed  w i th  
HNO, gave an  orange  solid which  showed s imi la r  
proper t ies  to those of Hel ler ' s  ma te r i a l .  These  r e -  
sul ts  i nd ica ted  tha t  the  r ec rys ta l l i za t ion  f rom HNO~ 
degraded  the  more  complex  compounds  fo rmed  f rom 
the anode du r ing  cell opera t ion  in to  the s imple r  
acids. The  da rk  g reen  ta r  did no t  con ta in  an y  sus-  
pended  ca rbon  so tha t  the l a t t e r  could be ru l ed  out  
as the  source of the  mel l i t i c  acid. 

This  deg rada t ion  of the complex  m i x t u r e  ob ta ined  
f rom the  anodes  by  HNO, into s imple r  compounds  
suggested  a direct  s tudy  of the  c o m p o u n d  which  
fo rmed  the  p u r p l i s h - b l u e  color in  50% caustic. The  
fi l trate f rom the p rec ip i t a t ion  of the  mel l i t ic  acid as 
the a m m o n i u m  salt  was hea ted  wi th  50% caust ic  
u n t i l  the b l u i s h - p u r p l e  color developed.  Acidif ica-  
t ion  w i t h  HC1 fol lowed by  evapora t i on  to d ryness  
gave a y e l l o w - b r o w n  solid. This  m a t e r i a l  occasion-  
a l ly  wou ld  give, u p o n  e the r  ex t r ac t ion  in  a Soxhle t  
ex t rac tor ,  a smal l  a m o u n t  of o r a n g e - t a n  m a t e r i a l  
which  p roduced  the  b l u i s h - p u r p l e  color i m m e d i -  
a te ly  in  cold 50% caustic.  This  behav io r  was no t  
cons is tent  and,  in  the m a j o r i t y  of the  a t tempts ,  the  
ex t r ac t ion  did not  give any  e ther  soluble  solids. F u r -  
ther  c h r o m a t o g r a p h y  was  no t  successful  due to the 
s t rong adsorp t ion  on the  column.  

Pur i f ica t ion  of the  m a t e r i a l  by  pass ing  t h r ough  
cat ion and  an ion  exchange  res ins  gave an  a m o r -  
phous powder  which  res is ted c rys ta l l i za t ion  and  f u r -  
ther  purif icat ion.  

The  resul t s  ob ta ined  wi th  Hel le r ' s  compound  i n -  
d icated tha t  at least  70% of his ma te r i a l  consisted 
of mel l i t ic  acid, pen t aca rboxych lo robenzene ,  and  
t e t r aca rboxyd ich lo robenzene .  The phys ica l  da ta  r e -  
por ted  for the  pyromel l i t i c  acid ch lo roqu ino l  (I)  
a p p r o x i m a t e  ve ry  closely the va lues  for p e n t a c a r -  
boxych lo robenzene  (IV) as shown  below, 

I IV 
%C 39.7 39.7 
%H 1.68 1.51 
%C1 11-12 10.66 
Neu t r a l  equiv.  75 66.5 
Mol. wt. 305 337.5 
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a nd  are in  a g r e e m e n t  wi th  such a fo rmula t ion .  
The proper t ies  of the res idue  ob ta ined  af ter  sepa-  

r a t ing  the  s impler  acids ind ica te  t ha t  the  compound  
or compounds  respons ib le  for the color in  caustic 
have  a h igher  mo lecu l a r  we igh t  and  are more  com-  
p l ica ted  t h a n  the c o m p o u n d  proposed by  Hel ler .  

Experimental ~ 
1. Methylation of HeLler's compound.--An e ther  

so lu t ion  of 3 g (0.07 mole)  of d i azome thane  was  
added  slowly, w i th  cons tan t  swir l ing ,  to 2 g (0.006 
mole based on mel l i t i c  acid) of Hel le r ' s  m a t e r i a l  
dissolved in  40 ml  of m e t h a n o l  or suspended  in  40 
ml  of ether.  Af te r  the  in i t i a l  l i be r a t i on  of n i t rogen ,  
the da rk  so lu t ion  was hea ted  at 100 ~ ove rn igh t  and  
gave a p p r o x i m a t e l y  2.7 g of a da rk  viscous oil. 

2. Pentamethyl chlorobenzenepentacarboxylate 
(III) and hexamethyl  ~nellitate (II): 

(a) Chromatography.--A solu t ion  of the  oil in  
benzene  was sub jec ted  to c h r o m a t o g r a p h y  on an  
a l u m i n a  c o l u m n  fol lowed by  e lu t ion  w i t h  benzene  
and  ether .  By f rac t iona l  c rys ta l l i za t ion  of the  first 
benzene  e lua te  0.6 of c rude  or 0.15 g of pu re  III  
was ob ta ined  and  f rom the  s u b s e q u e n t  e lua tes  1 g 
of crude  or 0.3 g of p u r e  II. 

(b) Sublimation.--By s u b l i m a t i o n  u n d e r  1 m m  
Hg pressure  in  a b a t h  at 135~ there  was  ob ta ined  
1.2 g of c rude  or 0.65 of pu re  III. The t e m p e r a t u r e  
of the  ba th  was  t h e n  raised.  At  a p p r o x i m a t e l y  
200~ 0.8 g of c rude  or 0.3 g of pu re  II  sub l imed.  

( c ) Crystallization.--Fractional crys ta l l i za t ion  
f rom a m i x t u r e  of benzene  and  p e t r o l e u m  ether  
(bp 60~176  gave 0.6 g of c rude  II or 0.15 g of 
pu re  compound.  

(d) Distillation.--Distillation at r educed  p res -  
sure  (1 m m  Hg)  gave a f rac t ion  boi l ing  be tween  
180 ~ ~nd 200~ which  weighed  1 g a nd  con ta ined  
mos t ly  III. The f rac t ion  boi l ing  at 200~ ~ gave 
0.5 g of c rude  II or 0.35 g of pu re  III .  

The  p u r e  h e x a m e t h y l  me l l i t a t e  ( I I)  was  ob ta ined  
f rom the  c rude  m a t e r i a l  separa ted  by  severa l  r e -  
c rys ta l l i za t ions  f rom a m i x t u r e  of benzene  and  pe-  
t r o l e um ether  (bp 60~176  and  me l t ed  at  185 ~ 
186.5~ In  some ins tances  decolor iz ing ca rbon  was  
used to e l i m i na t e  t races  of red  impur i t i es .  A m i x -  
t u r e  wi th  an  au then t i c  sample  (3) me l t ed  at the 
same  point .  

The p u r e  p e n t a m e t h y l c h l o r o b e n z e n e p e n t a c a r b o x -  
y l a t e  ( I I I )  fo rmed  colorless needles  af ter  several  
r ec rys ta l l i za t ions  of the crude  ester  f rom a m i x t u r e  
of e t h e r - p e t r o l e u m  ether  (bp 60~ ~ and  mel ted  
at  129~176 

Anal .  Calcd. for C1~H1~O10C1: C, 47.71; H, 3.75; 
OCH~, 38.50; mol. wt., 403. 

F o u n d :  C, 48.12; H, 3.57; OCH.~, 38.70; tool. wt., 
418. 

This ester  was  synthes ized  f rom p e n t a m e t h y l -  
ch lorobenzene  (4) in  the fo l lowing m a n n e r .  

P e n t a m e t h y l c h l o r o b e n z e n e  (2 g) was  hea ted  wi th  
KMnO,  (30 g) in  500 ml  of w a t e r  con t a in ing  5 ml  of 
10% NaOH at  100 ~ un t i l  all  the  organic  m a t e r i a l  
had  d isappeared .  This  process r equ i r ed  two weeks.  
The r e su l t i ng  m i x t u r e  was decolorized w i th  sod ium 

1 M e l t i n g  p o i n t s  and  b o i l i n g  p o i n t s  are  no t  cor rec ted .  
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bisulfite, acidified, and  filtered. The c rud e  acid 
(1 g) was recovered  f rom the ex t r ac t ion  of the 
f i l t ra te  in  a l i q u i d - l i q u i d  e ther  ex t r ac to r  as a b r o w n  
solid. This acid was not  purif ied f u r t h e r  bu t  was 
suspended  in  20 ml  of m e t h a n o l  and  t rea ted  wi th  
an  excess of d i azome thane  in  ether .  Recrys ta l l i za -  
t ion of the  r e su l t i ng  solid severa l  t imes  f rom a m i x -  
tu re  of e t h e r - p e t r o l e u m  e ther  (bp 60~176  fol-  
lowed by  a s u b l i m a t i o n  at  reduced  pressure  (1 m m  
Hg) gave long colorless needles  (0.25 g) me l t i ng  at  
130 ~ A m i x t u r e  wi th  a sample  isolated f rom the  
caustic color compound  mel ted  at  the  same point .  

3. TetramethyI  dichlorobenzenetetracarboxylate. 
- - T h e  m o t h e r  l iquors  f rom the rec rys ta l l i za t ion  of 
p e n t a m e t h y l  c h l o r o b e n z e n e p e n t a c a r b o x y l a t e  were  
evapora ted  to d ryness  and  the  res idue  was sub l imed  
at 90~ u n d e r  reduced  p re s su re  (1 m m  Hg) .  The 
r e su l t i ng  oil a f ter  severa l  r ec rys ta l l i za t ions  f rom a 
m i x t u r e  of e t h e r - p e t r o l e u m  e ther  (bp 60~176  
gave smal l  colorless needles  m e l t i n g  at 80~176 

Anal .  Calcd. for C~,H~_~O~CI.~: C, 44.34; H, 3.19; 
OCH., 32.74; mol. wt., 379. 

Found :  C, 44.04; H, 3.28; OCH,, 32.17; mol. wt., 
363, 324. 

4. A m m o n i u m  mellitate hexahydrate . - -A  solu-  
t ion  of 2 g (0.006 mole  based on mel l i t ic  acid)  of 
Hel le r ' s  c rude  caust ic  color in  10 m l  of 95% e thano l  
con ta in ing  a few drops of acetic acid, was t r ea ted  
wi th  a smal l  excess of concen t ra t ed  a m m o n i u m  h y -  
droxide.  The  crys ta ls  tha t  p rec ip i ta ted  on s t and ing  
were  f i l tered and  recrys ta l l ized  th ree  t imes f rom 
e t h a n o l - w a t e r  m i x t u r e s  and  gave 0.55 g (16 % )  of 
colorless needles  tha t  mel ted  w i th  decomposi t ion  
in  the v ic in i ty  of 100~ A sample  of caust ic  color 
we igh ing  3.35 g, which  had  b e e n  recrys ta l l i zed  once 
f rom 60% HNO,, gave 1.25 g (22%)  of pu re  a m -  
m o n i u m  salt. The y ie ld  of the  a m m o n i u m  sal t  
r anged  f rom 10-40% depend ing  on the p u r i t y  of the 
sample.  

Anal .  Calcd. for C~H~OI~N~: C, 26.09; H, 6.57; N, 
15.21. 

F o u n d :  C, 26.03; H, 6.42; N, 15.31. 

By t r e a t m e n t  wi th  hot  HNO, the salt  was con-  
ver ted  to mel l i t ic  acid which  me l t ed  at 275 ~ wi th  
decomposi t ion  in  an  open  cap i l l a ry  tube.  This acid 
is r epor ted  to me l t  at  288 ~ in a sealed one (5) .  A 
sample  of h e x a m e t h y l  me l l i t a t e  ob ta ined  by  reac-  
t ion  of the  acid wi th  d i azome thane  me l t ed  at  184.5 ~ 
186~ 

The m o t h e r  l iquor  af ter  r ec rys ta l l i za t ion  of the 
a m m o n i u m  me l l i t a t e  was acidified wi th  d i lu te  HC1 
and  a l lowed to evapora te  to dryness .  The t a n  to 
b r o w n i s h - r e d  solids thus  ob ta ined  were  suspended  
in  e ther  (2 g) ,  and  t r ea ted  wi th  1.5 g (0.035 mole)  
of an  e ther  so lu t ion  of d i azome thane  at  0~ for 2 
hr. The e ther  was decanted  and  evapora ted .  On 
s u b l i m a t i o n  at I35~176  at 1 m m  Hg, the r e -  
su l t ing  red wax  (1 g) ob ta ined  gave 0.6 g of a c rude  
product .  Recrys ta l l i za t ion  of the sub l ima te  f rom 
an  e the r - l i g ro in  (bp 60~176  m i x t u r e  af ter  de-  
color izat ion wi th  Nor i t  gave colorless needles  m e l t -  
ing  at 129~176 A m i x t u r e  wi th  a syn the t ic  s a m -  
ple of p e n t a c a r b o m e t h o x y c h l o r o b e n z e n e  showed no 
depress ion  in  me l t i ng  point .  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A u g u s t  1957 

5. Isolation o] caustic color.--Used graph i te  an -  
odes (100 kg)  were  placed in  a wooden  ba r r e l  con-  
t a i n i ng  abou t  110 1 of w a t e r  and  a l lowed to soak 
for three  weeks.  The l iqu id  was f i l tered f rom 
traces of g raph i te  and  gave a p p r o x i m a t e l y  95 1 of an  
acidic pale  ye l low solution.  This  so lu t ion  was con-  
cen t r a t ed  to 24 1 of an o range  colored so lu t ion  us ing  
a flash evapora to r  and  was t rea ted  in  the fo l lowing  
two ways:  

(a) The o range  so lu t ion  (12 1) was  made  basic 
wi th  10% aqueous  NaOH and  meta l l i c  salts were  r e -  
moved  by  add ing  a 10% solu t ion  of sod ium sulfide 
un t i l  p rec ip i t a t ion  ceased. The  r e su l t i ng  m i x t u r e  
was cen t r i fuged  f rom the b lack  prec ip i ta te  and  gave 
a da rk  red solut ion.  Acidif icat ion wi th  concen t ra t ed  
HC1 was fol lowed by  repea ted  f rac t iona l  c rys ta l -  
l izat ion to r emove  the  sal t  and  t hen  evapora t ion  to 
dryness .  The da rk  g reen  w a x  ob ta ined  was ex-  
t rac ted  in  a Soxhle t  ex t rac tor  wi th  abso lu te  e thanol .  
Remova l  of the  so lvent  gave  25 g of a g r e e n - b l a c k  
ta r  which  p roduced  a da rk  pu rp l e  color w h e n  boiled 
wi th  50% caustic.  Me thy la t i on  of an  e ther  sus-  
pens ion  of this t a r  wi th  d i azome thane  fol lowed by  
d is t i l l a t ion  at  r educed  p ressure  (1 m m  Hg)  gave 
on ly  smal l  a m o u n t s  of a ye l low oil which  did not  
crys ta l l ize  and  did not  give a color u p o n  hea t ing  
w i th  alkali .  T r e a t m e n t  of the ta r  wi th  concen t ra t ed  
HNO~ fol lowed by  d i azome thane  gave  h e x a m e t h y l  
me l l i t a t e  and  p e n t a m e t h y l  c h l o r o b e n z e n e p e n t a c a r -  
boxyla te .  

(b)  The o range  so lu t ion  (12 1) was  a l lowed to 
evapora te  to dryness .  By  ex t rac t ion  of the r e su l t -  
ing da rk  ye l low solid wi th  abso lu te  e ther  in  a Sox-  
h le t  appara tus ,  9 g of a t a n  m a t e r i a l  was  recovered.  
A n  add i t iona l  6 g was ob ta ined  by  ex t r ac t ing  the  
salts wi th  absolu te  e thanol .  Me thy la t i on  of these 
solids wi th  d iazomethane ,  as m e n t i o n e d  above (a ) ,  
w i th  or wi thou t  the sod ium .sulfide t r e a t m e n t  gave 
s imi la r  oils to those m e n t i o n e d  in  (a ) .  

Studies on the Isolation of the Caustic Color 
Compound 

Acid hydrolysis .--The res idue  r e m a i n i n g  a f te r  re -  
mova l  of the  mel l i t ic  acid a nd  the ch lo ropen taca r -  
b o x y b e n z e n e  as the m e t h y l  esters was hydro lyzed  
wi th  H Br  for 10 hr. Eva po r a t i on  of the so lu t ion  
gave a da rk  red powder  which  was separa ted  f rom 
inorgan ic  salts by  pass ing  an  aqueous  solut ion 
t h r ough  a ca t ion  exchange  res in  ( IR-120H) .  Re-  
mova l  of the so lvent  f rom the e lua te  gave  a red  
amorphous  powder  which  p roduced  a da rk  pu rp le  
color on s t a n d i n g  in  50% caustic. This  powder  gave 
no ash on pro longed  he a t i ng  and  could not  be 
purif ied f u r t he r  by  recrys ta l l iza t ion .  Aqueous  solu-  
t ions were  found  to absorb  s t rong ly  at 2230A and  
w e a k l y  at 2800A in  the  u l t r av io l e t  region.  The 
powder  con ta ined  ch lor ine  and  was ob ta ined  in  i n -  
sufficient a moun t s  to charac ter ize  fur ther .  

Basic hydrolysis . --The aqueous  so lu t ion  r e m a i n -  
ing f rom the p rec ip i t a t ion  of the mel l i t ic  acid as 
the  a m m o n i u m  sal t  was hea ted  wi th  50% NaOH 
un t i l  a b l u i s h - p u r p l e  color developed.  Acidif icat ion 
wi th  concen t r a t ed  HC1 fol lowed by  evapora t ion  to 
d ryness  gave a y e l l o w - b r o w n  solid. Ex t r ac t i on  of 
this solid in  a Soxhle t  ex t rac tor  wi th  abso lu te  e ther  
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gave a v e r y  smal l  a m o u n t  of o r a n g e - t a n  m a t e r i a l  
which  p roduced  the  b l u i s h - p u r p l e  color wi th  cold 
50% caustic immed ia t e ly .  The  m a t e r i a l  me l t ed  in  
the v ic in i ty  of 170~ wi th  decomposi t ion  and  gave 
no color w i th  aqueous  ferr ic  chloride.  

The compound  w h e n  added in  e ther  to an  a l u m i n a  
co lumn  could not  be e lu ted  w i th  ether ,  e thy l  ace-  
tate,  methanol ,  or water .  T r e a t m e n t  of the  a l u m i n a  
w i th  a lka l i  fol lowed by  acidif icat ion gave salts f rom 
which  the  o r a n g e - t a n  m a t e r i a l  could be aga in  ex-  
t r ac ted  w i th  ether .  This  m a t e r i a l  con ta ined  ch lor ine  
and  gave  b road  absorp t ion  bands  in  the  5.9 ~ and  
8 ~ i n f r a r ed  region.  The  first b a n d  is in  the  ca rbony l  
region and,  due to its broadness ,  is cons idered  to 
r ep resen t  severa l  of these groups.  The  b a n d  at  8 
is in  a g r e e m e n t  w i th  such a s t ruc ture .  

The p roduc t ion  of the  e ther  soluble  compound  
wi th  a lka l i  was  difficult to repea t  cons i s ten t ly  a nd  
p r e v e n t e d  the  a c c u m u l a t i o n  of enough  m a t e r i a l  to 
ca r ry  out  f u r t he r  studies.  I n  most  cases e ther  ex-  
t r ac t ion  of the  m a t e r i a l  gave no product .  

The y e l l o w - b r o w n  m a t e r i a l  dissolved in  w a t e r  
was  passed t h rough  a ca t ion  exchange  res in  ( IR-  
120H) and  t h e n  t h rough  an  an ion  exchange  res in  
( IR-4B) .  The  red e lua te  u p o n  r e m o v a l  of the  wa te r  
gave a da rk  m a t e r i a l  which  t u r n e d  pu rp l e  w h e n  
exposed to l ight.  This  pu rp l e  powder  gave absorp -  

t ion  peaks in  the  u l t r av io l e t  reg ion  at 2245A and  
2230A and  a b road  b a n d  at 5200A in  the  vis ib le  
region. 
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Electrolytic Reduction of Nitrobenzene to Hydrazobenzene 
Kiichiro Sugino and Taro Sekine 

Laboratory of Organic Electrochemistry, Department of Chemical Engineering, 

Tokyo Institute 05 Technology, Tokyo, Japan 

ABSTRACT 

In sraall scale exper iments  on the electrolytic preparat ion of hydrazo- 
benzene from ni t robenzene in alkal ine emulsion it was found that  cathodes of 
zinc, tin, cadmium, and lead wi th  more than 0.07 mole of spongy layer  per 
square decimeter of the surface were most sui table for the reduction. As base 
materials for the spongy layers, common metals such as Pb, Fe, and others 
were found to be useful. At  these cathodes, almost quant i ta t ive  yields of 
hydrazobenzene were obtained at relat ively high current  densities with suit- 
able agitation. The mechanism is believed to consist of t rue electrochemical 
reduct ion of n i t robenzene to azoxy- or azobenzene, followed by fur ther  chem- 
ical reduction of the azobenzene by sponge metal.  The mechanism gains sup- 
port from results of polarographic measurements  which show that, while 
n i t robenzene is an active depolarizer with or without  organic solvent in the 
catholyte, azobenzene is active only when  a solvent such as alcohol is present.  

In  the interest  of developing a practical electrochemical preparat ion of 
hydrazobenzene, p re l iminary  runs  have been made in a larger  cell using 1.5 
kg of ni t robenzene;  mater ia l  yields of hydrazobenzene up to 90% and current  
efficiencies of 80% at 17 amp/d in  ~ have been obtained, compared with yields 
of 95% and efficiencies as high as 88% at 30 a m p / d m  ~ obtained with the 
small  cell. 

I n t e re s t  in  the  e lect rolyt ic  p r e p a r a t i o n  of h y d r a -  
zobenzene  o r ig ina l ly  was  based on the  commerc ia l  
impor t ance  of this  p roduc t  as an  i n t e r m e d i a t e  for 
acid r e a r r a n g e m e n t  to benzid ine .  In  J a p a n  (1) 
h y d r a z o b e n z e n e  has been  p roduced  by  r educ t ion  of 
nitrobenzene with finely divided Zn. The cost of this 

r educ ing  agen t  makes  a prac t ica l  e lec t rochemica l  
me thod  a t t rac t ive .  

The first e lec t rochemica l  r educ t ion  of n i t r o b e n -  
zene was  car r ied  out  by  Elbs a nd  Kopp  (2) at a Ni 
ca thode in  aqueous-a lcohol ic  sod ium acetate  w i t h -  
out  s t i r r ing .  The  alcohol was  added to keep the  
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Table I. Results of preliminary experiments 

C u r r e n t  
eff iciency 

Ca thod ic  Yie ld  (%) of hyd razo -  
c u r r e n t  A m o u n t  of benzene  

R u n  dens i ty ,  cu r r en t ,  Hydrazo -  Azo- f o r m a -  
No. C a t h o i y t e  Ca thode  a m p / d i n  2 a m p - h r  Temp ,  ~ benzene  benzene  t i an  (%) 

1 CcH~NO~: 9.8 g Fe, smooth 3.0-1.5 11.8 75-78 9 46t 8 
NaOH: 5 g 
H~O: 90 cc 

2 H~O Ni, gauze 3.0-1.5 10.8 75-78 0 97 0 
3 CcH~NO~: 9.8 g Ni, gauze 3.0-1.5 11.1 75-78 53 35 52 

NaOH: 5 g 
H20: 45 cc 
Alcohol: 45 cc 

4 C~H~NO~: 9.8 g Zn, smooth 3-2 10.9 75-78 84 - -  84 
NaOH (5-9%): 100 cc 

5 C6H~NO2: 6.2 g Zn, spongy, 7.2-4.8 8.5 80-85 92 4.5 72 
NaOH (10%) : 60 cc on Zn 

6* C~HsNO~: 12.3 g Zn, spongy, 12-7.2 16.0 70-80 93 0.6 77 
NaOH (10%): 60 cc on Zn 

7 C~H~NO~: 12.3 g Zn, spongy, 12 17.5 70-80 23 32 17 
NaOH (10%): 60 cc on Fe gauze 

8* C~H~NO~: 12.3 g Pb, spongy, 12 16.0 70-80 90 3.3 75 
NaOH (10%): 60 cc on Pb 

* T o l u e n e  a d d e d  to ca tho ly t e  w h e n  c o n v e r s i o n  of n i t r o b e n z e n e  to a z o b e n z e n e  was  a p p r o x i m a t e l y  comple te .  
S o m e  azoxybenze ne  i nc luded .  R u n s  No. 1-4, a rea  of ca thode ,  80 c m  '~, u n g l a z e d  e a r t h e n w a r e  d i a p h r a g m ;  R u n s  No. 5-8, a rea  of ca thode ,  

42 cme, asbes tos  d i a p h r a g m .  

azoxy  compound  in so lu t ion  so tha t  it could be  r e -  
duced  to hydrazo ,  wh ich  could  then  be ox id ized  to 
the  azo by any  r e m a i n i n g  n i t r o b e n z e n e  or n i t roso -  
benzene,  accord ing  to the  s cheme  of H a b e r  (3) .  
To ob ta in  good c u r r e n t  efficiency, Elbs  and Kopp  
found  it  necessa ry  to r educe  the  c u r r e n t  dens i ty  to 
about  one fou r th  of the  in i t ia l  v a l u e  in the  final  r e -  
duc t ion  of azo to hydrazo .  McKee  and Gerapos to lou  
(4) us ing  concen t r a t ed  solut ions of a roma t i c  su l -  
fonates  to keep  the  depo la r i ze r s  in solut ion,  r educed  
n i t r o b e n z e n e  to h y d r a z o b e n z e n e  at s eve ra l  cathodes,  
i nc lud ing  Pb,  Sn, and  Zn, and w i t h  t he  addi t ion  of  
va r ious  salts. The i r  resul t s  w e r e  compl i ca t ed  by  the  
f o r m a t i o n  of cons ide rab le  amoun t s  of an i l ine  in the  
p re sence  of copper  su l fa t e  or at  b ronze  ca thodes ;  
t h e y  noted  so lub i l i ty  of Pb  and Zn ca thodes  in the  
a lka l ine  e lec t ro ly te ,  as w e l l  as the  benef ic ia l  effect 
of s t i r r ing ,  in inc reas ing  the  r a t e  of r educ t ion  of 
azobenzene.  

Reduc t ion  of  t h e  n i t r o  c o m p o u n d  to the  hydrazo  
w i t h o u t  the  use of a b l end ing  agen t  is desc r ibed  
chiefly in ea r ly  p a t e n t  l i t e r a t u r e  (5).  In this  w o r k  
n i t robenzene ,  suspended  by ag i t a t ion  in N a O H  e lec-  
t r o l y t e  of  concen t r a t i on  up to 5%, was  r educed  at 
va r ious  ca thodes  inc lud ing  Fe, Ni, and Pb. A l t h o u g h  
condi t ions  of e lec t ro lys i s  a re  i n a d e q u a t e l y  desc r ibed  
and ident i f ica t ion  of p roduc t s  o f ten  is insufficient ,  i t  
was  in this  w o r k  tha t  the  i m p o r t a n c e  of ag i t a t ion  as 
we l l  as the  ef fec t iveness  of add i t ion  of me ta l s  such 
as Zn, Sn, and Fb  in p r o m o t i n g  r educ t ion  beyond  
the  azo l eve l  was  first recognized.  Some  of this  
ea r ly  w o r k  has been  ci ted as showing  tha t  con t ro l  
of po ten t i a l  can d e t e r m i n e  the  i den t i t y  of the  p r o d -  
uct  obta ined.  O the r  p a t e n t  l i t e r a t u r e  of s o m e w h a t  
l a te r  da t e  (6) descr ibes  t he  r educ t ion  of suspended  
n i t r o b e n z e n e  at  abou t  90~ to h y d r a z o b e n z e n e  at 
c u r r e n t  dens i t ies  up to 0.1 a m p / c m  2 w h e n  Pb  was  
added  to t he  e lec t ro ly te .  The  use of h y d r o c a r b o n s  
such as benzene  as a so lven t  to keep  the  ca thode  

sur face  f ree  of  a d h e r e n t  deposi ts  was  also i n t r o -  
duced  in some of this  ea r ly  work .  

Most  r ecen t l y  Dey,  G ov indacha r i ,  and R a j a g o -  
pa l an  (7) r educed  n i t r o b e n z e n e  to h y d r a z o b e n z e n e  
on a 1000 g scale in 10% N a O H  at  an F e  ca thode  
w i t h  PbO added.  T h e y  no ted  the  depos i t ion  of 
spongy  Pb on the  cathode,  bu t  fa i led  to conf i rm the  
ef fec t iveness  of some add i t ion  agents ,  inc lud ing  t in  
and zinc oxides, in promoting the formation of hy- 
drazobenzene. 

It was the purpose of the present research to 
clarify some of the points raised in the early litera- 
ture, to investigate possible mechanisms whereby 
the electrolytic reduction of nitrobenzene can be 
directed to hydrazobenzene, and if possible to de- 
vise a practical electrochemical method superior to 
the usual zinc powder-alkali reduction. 

Apparatus and Recovery of Products 
The cel l  used for  the  p r e l i m i n a r y  e x p e r i m e n t s  of  

Tables  I and II  consis ted of a cy l ind r i ca l  glass con-  
ta iner ,  7 cm in he igh t  and 6.5 cm in d i ame te r ,  cen-  
t r a l l y  loca ted  w i t h i n  w h i c h  was  a porous  pot  d ia -  
p h r a g m  1 to isolate  the  anode.  A Ni p la te  w i t h i n  the  
porous  pot  s e rved  as anode,  and the  ca thode  was  a 
shee t  of any des i red  m e t a l  ben t  into the  f o r m  of a cy l -  
i nde r  a p p r o x i m a t e l y  3 cm h igh  and re s t ing  aga ins t  
t h e  wa l l  of  the  cel l  vessel .  In the  c a t h o l y t e  space, 
wh ich  he ld  a p p r o x i m a t e l y  60-100 cc of  e lec t ro ly te ,  
was  a t h e r m o m e t e r  and a glass s t i r r e r  r o t a t i ng  at 
1000-2000 rpm.  Fo r  al l  smal l  scale runs  excep t  those  
of Tables  I and II  an i m p r o v e d  cell  was  used. 

I t  consis ted of  a cy l ind r i ca l  glass b e a k e r  8 cm in 
he igh t  and 9 cm in d i a m e t e r  on the  bo t tom of wh ich  
res ted  a P t  or Ni  p la te  s e rv ing  as anode.  S u p p o r t e d  
above  the  anode  and c e n t r a l l y  loca ted  w i t h i n  the  
cell  vesse l  was  a glass cy l inde r  11 cm in he igh t  and 
6 cm in d i ame te r .  The  b o t t o m  of this cy l i nde r  was  

1 Made  of  u n g l a z e d  e a r t h e n w a r e  or  c o m m o n  asbes tos  c lo th  i n  
t h r e e  layers .  
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Table II. Effect of repeated electrolysis with a smooth and o spongy zinc cathode 

R u n  
No. C a t h o l y t e  Ca thode  

Ca thod ic  M a t e r i a l  
c u r r e n t  A m o u n t  of y i e l d  of 
dens i ty ,  cu r ren t ,  h y d r a z o -  

a m p / d m  2 a m p - h r  benzene  (%) Temp ,  ~ 
C u r r e n t  effi- 

c iency,  % 

1-a C~H~NO~:9.8 g. 
NaOH(5-10%):100 cc. 

1-b (a) 
1-c (a) 
1-d (a) 
2-a C~H~NO~:12.3 g. 

N a O H ( 5 % ) : 6 0  cc. 
2-b (b) 
2-c (b) 
2-d (b) 

Zn, smooth 2-3 10.9 84 

Zn, spongy 

92o_96 ~ 84 

2-3 12.0 81 92o-96 ~ 73 
2-3 12.0 86 92~ ~ 78 
2-3 12.0 85 92o-96 ~ 77 
12 17.5 77* 70~ ~ 60 

12 15.0 92 70o-80 ~ 82 
12 16.3 89 70o-80 ~ 73 
12 15.0 91 70o-80 ~ 81 

R u n  No. 1----Area of  c a thode  80 em e, u n g l a z e d  e a r t h e n w a r e  d i a p h r a g m .  
R u n  No. 2 - - A r e a  of  ca thode  42 cme, asbes tos  d i a p h r a g m ;  t o l u e n e  added .  

* A l ow  y i e l d  r e su l t ed  f r o m  the  i n c l u s i o n  of  a p a r t  of t h e  p r o d u c t  in  t he  d i a p h r a g m  n e w l y  used.  
(a) T he  r e s to r ed  ca tho ly t e  of the  same  c o m p o s i t i o n  as in  1-a u s i n g  the  c a t h o l y t e  f r o m  the  f o r m e r  run .  
(b} T h e  r e s t o r e d  c a t h o l y t e  of the  same  c o m p o s i t i o n  as in  2-a u s i n g  t he  c a t h o l y t e  f r o m  the  f o r m e r  run .  

closed w i t h  a d i a p h r a g m  m a d e  of one l a y e r  of c o m -  
mon  asbestos  cloth, as used  for  w a t e r  e lect rolys is ,  
wh ich  was  t r e a t ed  w i t h  c e m e n t  to ad jus t  the  poros -  
ity. Ins ide  t he  ca thode  c h a m b e r  f o r m e d  by the  glass 
cy l inder ,  a ho r i zon ta l  m e t a l  disk 5 cm in d i a m e t e r  
was  connec ted  to a v e r t i c a l  rod, s t i r r ing  be ing  ac-  
compl i shed  by m o v i n g  the  rod and ca thode  disk 
up and d o w n  w i t h  an a m p l i t u d e  of 3 cm at  100 
t i m e s / m i n  (100 osc i l l a t i ons / r a in ) .  The  cell  was  p r o -  
v ided  w i t h  cover  w i t h  ref lux.  A f t e r  a reduc t ion ,  the  
cooled ca tho ly t e  s e p a r a t e d  into c rude  h y d r a z o b e n -  
zene  c rys ta l s  a long  w i t h  an oi ly  l aye r  and an 
aqueous  solut ion.  The  c rys ta l s  w e r e  s e p a r a t e d  by 
f i l t ra t ion  and d isso lved  in benzene  to r e m o v e  m e -  
ta l l ic  con taminan t s .  The  benzene  so lu t ion  was  c o m -  
b ined  w i t h  t he  oi ly l a y e r  wh ich  had  been  sepa ra t ed  
f r o m  the  aqueous  solut ion.  A f t e r  the  benzene  had  
been  r e m o v e d  u n d e r  d imin i shed  pressure ,  the  solid 
r e s idue  was  w a s h e d  w i t h  2% acet ic  acid to r e m o v e  
ani l ine,  t hen  w i t h  wa te r ,  d r ied  at  65~ and 
weighed .  I t  was  t h e n  c o n v e r t e d  into benz id ine  by  
t r ea t i ng  w i t h  170 cc of 3.5% HC1 at  55~176  for  4 
hr.  The  und i s so lved  res idue,  consis t ing m a i n l y  of 
azobenzene ,  was  d r ied  and we ighed .  The  a m o u n t  of 
h y d r a z o b e n z e n e  was  ca l cu la t ed  by difference.  The  
aqueous  f i l t ra te  was  s t eam dis t i l led  to r e m o v e  an i -  
l ine  and the  d i s t i l l a te  acidif ied w i t h  acet ic  acid and 
combined  w i t h  the  2% acet ic  acid w a s h  so lu t ion  
desc r ibed  above.  The  a m o u n t  of  an i l ine  in t he  c o m -  
b ined  d i s t i l l a te  and w a s h  was  d e t e r m i n e d  as t r i -  
b romoan i l ine .  

Results and Discussion 

Resul ts  of p r e l i m i n a r y  e x p e r i m e n t s  are  s u m m a -  
r ized  in T a b l e  I. In  genera l ,  these  conf i rm resu l t s  

Table Ill. Effect of alkali strength on formation of hydrazobenzene 
from nitrobenzene 

Cathod ic  Yie ld  (%) 
c u r r e n t  A m o u n t  of Azo-  
dens i ty ,  cu r ren t ,  H y d r a z o -  b e n -  A n i -  

C a t h o l y t e  a m p / d i n  2 a m p - h r  b e n z e n e  zene l i ne  

C6H~NO2:9.8 g 15 12.0 88 6 0.4 
NaOH (10%) : 100 cc 
C6HsNO~: 9.8 g 11 12.3 83 12 1.4 
NaOH (3%) : 100 cc 

Cathode ,  s p o n g y  Zn on  Zn;  anode ,  Pt ;  ano ly te ,  100 ec 10% a q u e o u s  
NaOH;  ternp,  75~176 

of p r ev ious  inves t iga t ions  r e p o r t e d  in the  l i t e r a tu re .  
For  example ,  runs  1, 2, and 3 show t h a t  w i t h  in -  
so luble  ca thodes  such as Fe  and Ni, a subs tan t i a l  
y ie ld  of h y d r a z o b e n z e n e  can be  ob ta ined  only  if a 
so lven t  is added,  as in r u n  3, to keep  the  azobenzene  
in solut ion.  The  h i g h e r  efficiencies poss ible  w i t h  Zn 
as ca thode  m a t e r i a l  a re  conf i rmed  by resu l t s  of r u n  
4, et. seq., of Tab le  I. Note  tha t  the  use of soluble  
Zn, e v e n  in the  f o r m  of a smooth  sheet ,  g ives  m a t e -  
r i a l  y i e ld  and c u r r e n t  eff iciency of a h i g h e r  o rde r  
t h a n  the  inso lub le  Fe  and  Ni, wh i l e  the  use of 
spongy  Zn or  Pb  p e r m i t s  an inc rease  of two  to f o u r -  
fold  in c u r r e n t  dens i ty  w i t h o u t  m u c h  sacrif ice of 
c u r r e n t  efficiency. The  spongy  me ta l s  w e r e  ob ta ined  
by  p r e l i m i n a r y  e lec t ro lys is  in N a O H  e lec t ro ly te ,  
to w h i c h  m e t a l  sal t  had  been  added,  un t i l  the  su r -  
face  of t he  ca thode  a p p e a r e d  to be c o m p l e t e l y  cov-  
e red  w i t h  e l ec t rodepos i t ed  sponge.  I n f e r i o r  resul t s  
ob ta ined  w i t h  the  Zn  sponge  w h e n  depos i t ed  on Fe 
gauze  a re  a t t r i b u t e d  to i ncom ple t e  coverage .  

T o l u e n e  was  added  to r e m o v e  coat ings  of azoben-  
zene  and  o the r  i n t e r m e d i a t e  p roduc t s  w h i c h  ac-  
c u m u l a t e  on the  ca thode  and i n t e r f e r e  w i t h  the  
e lect rolys is .  I t  was  added  in runs  6 and 8 at  about  
the  t ime  the  n i t r o b e n z e n e  had  been  c o m p l e t e l y  con-  
v e r t e d  to the  azo level .  In these  smal l  scale e x p e r i -  
ments ,  the  add i t ion  of the  h y d r o c a r b o n  did not  a f -  
fect  the  resu l t s  v e r y  m u c h  w h e n  the  c a t h o l y t e  was  
t h o r o u g h l y  ag i ta ted .  H o w e v e r ,  on a m a n u f a c t u r i n g  
scale, i t  was  found  tha t  smooth  cont inuous  ope ra t ion  
seemed  to be imposs ib le  w i t h o u t  the  add i t ion  of 
these  hydroca rbons .  

The  resu l t s  of two  series of r e p e a t e d  e lec t ro lyses ,  
one w i t h  smooth  Zn and the  o the r  w i t h  a spongy 
Zn e lec t rode  are  shown in Tab l e  II. In  these  e x p e r t -  

Table IV. Reduction of nitrobenzene at spongy cathodes 

Cathod ic  Yie ld  
c u r r e n t  A m o u n t  of F iydrazo-  Azo-  
dens i ty ,  cu r ren t ,  benzene ,  benzene ,  

C a t h o d e  a m p / d i n  e a m p - h r  g % g % 
A n i l i n e ,  
g % 

Pb 30 18.0 7.0 96 0 0 0.2 3 
Cd 30 15.6 7.0 96 0 0 0.3 4 
Zn 30 13.5 7.0 96 0 0 0.2 3 
Sn 30 12.7 7.1 97 0 0 0.i 1 

Anode ,  P t ;  ano ly t e ,  100 cc 10% a q u e o u s  NaOI-I; c a tho ly t e ,  9.8 g 
n i t robenzene ,  90 cc 10% a q u e o u s  NaOH,  10 ec benzene ;  5.9 a m p ;  
t emp ,  57~176 
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Table V. Efficiency of different cathodes in reduction 
of nitrobenzene 

C a t h o d i c  
c u r r e n t  Y i e l d  of 
d e n s i t y ,  h y d r a z o b e n z e n e  

a m p / d m ~  g % 

C u r r e n t  
e f f i c i ency  

% 

Pb 30 4.7 65 65 
Cd 31 4.8 66 66 
Zn 29 6.0 82 82 
Sn 36 6.4 88 88 

A m o u n t  of c u r r e n t ,  10.9 a m p - h r ;  t e m p ,  75~176  o t h e r  c o n d i t i o n s  
as  in  T a b l e  IV.  

ment s  the  ca thode  and  the ca tho ly te  were  used in  
four  successive runs .  In  both series the efficiency 
was ma in t a ined ,  a l t hough  at d i f ferent  levels, de-  
p e n d i n g  on the cathode. E v i d e n t l y  no subs tance  
which  would  inh ib i t  the  reac t ion  had  accumula ted .  

F r o m  the  p r e l i m i n a r y  work  it  was  conc luded  tha t  
the  e lec t ro ly t ic  p r e p a r a t i o n  of h y d r a z o b e n z e n e  by  
r educ t ion  of emuls ions  of n i t r o b e n z e n e  in  d i lu te  
alkali ,  w i t hou t  organic  solvents ,  was  a prac t ica l  ob-  
jective,  and  tha t  the  use of spongy forms of a lka l i  
soluble  meta l s  as cathode surfaces held  promise  of 
h igh c u r r e n t  densi t ies  and  r e l a t ive ly  pure  products .  
Accordingly ,  wi th  the  improved  cell descr ibed  
above  a more  r igorous  i nves t iga t ion  of cr i t ical  con-  
di t ions  was  u n d e r t a k e n .  For  the  p r e p a r a t i o n  of the 
spongy cathodes the deposi t ion of 0.07 mole  of 
spongy m e t a l / d m  ~ of cathode surface  was adopted  
as s tandard .  This a m o u n t  is r e l a t i ve ly  la rge  com-  
pared  wi th  the  coverage used in  o ther  inves t iga t ions  
(4, 7), i.e., 0.019 and  0.004 m o l e / d m t  Benzene  was 
added to the ca tholy te  to keep the ca thode  clean. 

Table  I I I  compares  3% and  10% NaOH as ca tho-  
ly te  u n d e r  o therwise  s imi la r  condi t ions  of e lec t ro l -  
ysis. Since the  s t ronger  a lka l i  gave  h igher  y ie ld  of 
h y d r a z o b e n z e n e  at cons ide rab ly  h ighe r  c u r r e n t  d e n -  
sity, 10% NaOH was used as ca tho ly te  in  all  sub -  
sequen t  exper iments .  

F o u r  r u n s  were  car r ied  out  u s ing  Pb, Cd, Zn, 
and  Sn  as the cathode surface.  The electrodes were  
p repa red  by  depos i t ing  the spongy me ta l  f rom 
ca tho ly te  in i t i a l ly  conta in ing ,  respect ively ,  3.0 g 
PbO, 3.7 g CdSO~; 8/3H~O, 4.1 g ZnS~O-7H~O, and  
3.2 g SnCL-2H~O. Each surface  metal ,  except  Sn, 
was deposi ted on the same me ta l  in  mass ive  fo rm as 
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Fig. 2. Effect of agitation on yield of products. Curve I, hydrazo- 
benzene; curve II, azobenzene; curve III, aniline. 

base. Spongy  Sn  was  deposi ted on Pb  base. In  these 
runs  electrolysis  was con t inued  un t i l  azobenzene  
was comple te ly  reduced.  The  comple t ion  of the r e -  
duc t ion  was d e t e r m i n e d  by  the  d i sappea rance  of the 
red color of azobenzene.  U n d e r  the condi t ions  of 
Tab le  IV, it  is seen, all  four  meta l s  were  abou t  
equa l ly  su i tab le  for the  fo rma t ion  of h y d r a z o b e n -  
zene, g iv ing  a lmost  q u a n t i t a t i v e  yields.  However ,  
to de t e r mi ne  which  electrode of the four  was  the  
most  efficient, e lectrolyses  were  car r ied  out  us ing  
in  each case on ly  the  theore t ica l  cur ren t .  

In  v iew of the  ra te  of r educ t ion  Zn  and  Sn  
showed the i r  super io r i ty  over  Cd and  Pb.  Tab le  V, 
a n d  wi th  t hem c u r r e n t  dens i ty  could be ra ised  to 
abou t  30 a m p / d m  ~ w i t hou t  loss of c u r r e n t  efficiency. 

Since a lka l i  so luble  meta l s  were  observed  to be 
corroded d u r i n g  the electrolysis ,  they  seemed to be 
of l imi ted  usefu lness  in  prac t ice  as base  m a t e r i a l  of 
cathodes even  if a large a m o u n t  of spongy surface  
me ta l  were  used. Alka l i  i n so lub le  metals ,  therefore ,  
should  be preferab le ,  bu t  of course would  have  to 
be covered t ho rough ly  w i th  surface metal .  A h igh  
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Table VI. Effect of base metal on reduction at a spongy Zn cathode 

Cathodic 
Cathode cur ren t  A m o u n t  of Yield of Current  

base density, current ,  hydrazobenzene  efficiency, 
metal  amp/dm~ a m p - h r  g % % 

Zn 24.5 12.9 7.0 96 82 
Pb 24.1 12.5 6.8 93 81 
Fe 23.9 12.6 6.9 94 81 

Anode, Pt; anolyte,  100 cc 10% aqueous NaOH; eatholyte,  g.8 g 
nitrobenzene,  100 cc 10% aqueous NaOH, 10 cc benzene;  temp,  60 ~ 
70~ 

overvo l tage  metal ,  such as Pb, wou ld  appear  to be 
the  best  choice as the  base. 

Pb  is less act ive as a surface  me ta l  as descr ibed 
above,  so w h e n  covered wi th  a la rge  a m o u n t  of 
p re fe r red  surface  me ta l  such as Zn, Pb  was found  
to be re s i s t an t  to corrosion w h e n  used as base  meta l .  
Fe was s imi l a r ly  useful ,  p rov ided  tha t  it was  wel l  
covered w i th  act ive  sponge. Table  VI shows the  re -  
sults  of two cathodes m a d e  by  depos i t ing  the  s t a n d -  
a rd  a m o u n t  of Zn  sponge on  P b  and  Fe, a ca tho ly te  
con ta in ing  4.1 g ZnSO,.7H~O be ing  used in  each 
case for the  fo rma t ion  of the sponge, compared  wi th  
the  spongy Z n  cathode used in  fo rmer  runs .  

It  is c lear  f rom the t ab l e  that ,  w i th  tho rough  cov-  
erage, h igh  convers ion  and  c u r r e n t  efficiency can be 
ob ta ined  wi th  a n y  of the  two base me ta l s  as wel l  as 
zinc base. However ,  w h e n  Fe, a low overvol tage  
metal ,  is used prac t ica l ly  as the base, the  a m o u n t  of 
spongy Z n  gave a m a r k e d  inf luence upon  the  y ie ld  
of hydrazobenzene. Fig. 1 shows that if the amount 
of Zn sponge is below about 0.05 mole/din = the yield 
of hydrazobenzene is greatly decreased. It is be- 
lieved that the amount of Zn used by Dey, et at., (7) 
was too small for good results. 

Rate of agitation also has been shown to be a 
critical factor in obtaining high conversion to hy- 
drazobenzene. The oscillation was varied up to a 
rate of about 200 epm in a series of experiments, re- 

sults  of which  are show n  in  Fig. 2. Above  abou t  100 
osc i l l a t ions / ra in  u n i f o r m l y  high convers ion  to h y -  
d razobenzene  was obta ined,  and  the  a m o u n t  of azo- 
benzene  and  an i l i ne  2 in  the  p roduc t  fell  to a m i n i -  
mum.  Below this  rate,  cor responding  to a Reynolds  
n u m b e r  of abou t  7000, the  y ie ld  of hyd razobenzene  
fell off rapid ly ,  whi le  the  p ropor t ion  of o ther  r e -  
duc t ion  products rose. The curves of Fig. 2 indi- 
cate that the yield of desired hydrazobenzene is in- 
fluenced by the particle size of the emulsion, and 
that with any cell design the agitation must be at 
least sufficient to give particles small enough to 
produce the desired result. 

Preliminary Large Scale Runs 

The work  w i th  the smal l  e x p e r i m e n t a l  cell  i den -  
tified the  p r inc ipa l  condi t ions  necessa ry  to ob ta in  
cons i s ten t ly  h igh  convers ion  of n i t r o b e n z e n e  to h y -  
d razobenzene  at  h igh c u r r e n t  efficiency and  p rac -  
t ical  c u r r e n t  densi ty .  A cell capab le  of us ing  at least  
1.5 kg of n i t r o b e n z e n e  per  r u n  was  cons t ruc ted  and  
three  r u n s  were  car r ied  out  in  it. 

The cell is a r e c t a n g u l a r  sheet  i ron  vessel  63 x 28 x 
58 cm high, p rov ided  wi th  a r u b b e r - l i n e d  i ron  cover 
w i th  openings  for gas vent ,  reflux, and  two s t i r rers  
(d iamete r ,  8 cm) for ag i ta t ion  of the  catholyte .  
The vessel  is pa r t i t i one d  as shown  in  Fig. 3 to p ro -  
v ide  a hot  w a t e r  j acke t  and  a cell spac ing  of 15 cm. ~ 
Ni p la ted  Fe  w i th  an  act ive area  44 cm x 34 cm is 
used as anode.  The cathode, in  direct  contac t  wi th  
the  pa r t i t i on  bu i l t  into the vessel, is a lead sheet  
covered wi th  spongy Z n  wi th  a p p a r e n t  a rea  48 cm 
x 31 cm. A sheet  d i a p h r a g m  (48 x 23 cm) nea r  the  
anode is the  p roduc t  of N ippon  T o k u s h u  Togyo Com-  
pany ,  Nagoya,  J apan .  I t  has a composi t ion  of 90% 
AI~O~ and  5 % - 6 %  Side, and  poros i ty  of 35.6%. 
I n n e r  surfaces  of the  cell vessel  a re  l ined  w i th  ce- 
ment .  

The format ion  of aniline seems to be due to the incomplete con- 
version of pheny lhydroxy lamine  to azoxybenzene.  

* The  distance f rom the anode to the cathode. 

Alcohol solution from 
washing of the cell (1 l i ter)  

I 
(Evapora ted  

to 100 cc) 
I ! 

Hydrazobenzene (15 g) 

Table VII. Separation of reduction products (Run No. 1) 

Catholyte w i thd rawn  f rom cell 
I 

I' 
Crude hydrazobenzene crystal 

! 
(Washed with 1 1.5% acetic 
acid and 1 liter 20% EtOH) 

! 
I 

Solution 

I 
Evaporated 
to 300 cc) 

'1 Filtrate 

l 
( Evapora ted  

to 200 ec) 

I 
I 

Hydrazobenzene (4.1 g) 
Azobenzene (6.9 g) 

! 
Hydrazobenzene (909 g) 

m p 125~176 

! 
Filtrate 

I ! ! 
Totuene layer  (1 liter) Alkali l ayer  (13.2 li ter) 

, J (2 1.5% 
Acetic acid) 

I (Ether  
I ~ extraction ) 

Toluene layer  Acetic acid layer  

Hydrazobenzene (1.7 g) 
(Evaporated Azobenzene (3.6 g) 

to 300 cc) Aniline (2.5 g) 
I i 

Crystal  

Hydrazobenzene (74.5 g) 
Azobenzene (5.1 g) 

I 
Filtrate 

I r Toluene tayer  
(Evapora ted  to 100 cc, I 

t reated with Acid)  Evapora ted  
I to dryness) 

I 
Acetanilide (10.2 g, Hydrazobenzene (5 g) 

equivalent  to 7 g aniline) Azobenzene (27 g) 

I 
Toluene layer  

I 
(500cc5% 

acetic acid) 

! 
Acetic acid layer 

l 
Aniline (5.6 g) 
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Table VII I .  Three large scale experiments 

Run No. 

1 2 3 

Catholyte, C~HhNO~: 1.5 kg 1.5 kg 1.5 kg 
Water: 14 1 13 1 (~> 

NaOH: 1.5 kg 1.5 kg (a) 
Toluene: 1.5 1 1.5 1 (~ 

Tempera ture  ~b~ 90~ 90~ 90~ 
Amperage:  220-280 235-270 250-280 
Mean cathodic current  
density ( amp/dm ~) : 16.7 17.2 17.6 
Voltager~'~: 8.8-9.8 9.6-10.2 8.6-9.7 
Amount  of current,  

Ampere hours: 1888 1830 1701 
Per  cent of theoretical: 116 113 104 

Rate of agitation (rpm) : 300 300 300 
Material  yield ( % ), 

Hydrazobenzene:  90.1 89.5(a.~' 
Azobenzene: 4.0 4.4 
Anil ine:  1.3 2.3 

Current  efficiency 
hydrazobenzene ( % ) : 78 83 <~ 

a R u n  3 w a s  a c o n t i n u a t i o n  of  R u n  2. A f t e r  r e m o v a l  of  c r u d e  
h y d r a z o b e n z e n e  by  c o o l i n g  t h e  c a t h o l y t e  f r o m  R u n  2, 1.5 k g  n i t r o -  
b e n z e n e  a n d  su f f i c i en t  w a t e r  a n d  t o l u e n e  to  r e s t o r e  t h e  o r i g i n a l  
p r o p o r t i o n s  w e r e  a d d e d ;  t h e  r e s t o r e d  e a t h o l y t e  w a s  u s e d  as  starting 
c a t h o l y t e  fo r  R u n  3. M a t e r i a l  yields-  a n d  c u r r e n t  e f f i c iency  a r e  f o r  
c o m b i n e d  R u n s  2 a n d  3. 

b T h i s  is a b o u t  m a x i m u m  w h e n  t o l u e n e  w a s  used .  
c L a r g e  o h m i c  d r o p  t h r o u g h  t h e  d i a p h r a g m .  I t  c a n  be  r e d u c e d  

to a s u i t a b l e  v a l u e  by  d e c r e a s i n g  t h e  a m p e r a g e  so as to  g i v e  t h e  
m a x i m u m  e c o n o m i c a l  e f f ic iency .  

Of t h e  t o t a l  y i e l d  f r o m  R u n s  2 a n d  3, 2004.4  g h y d r a z o b e n z e n e ,  
902 g w a s  o b t a i n e d  as c r u d e  c r y s t a l  by  c o o l i n g  t h e  c a t h o l y t e  f r o m  
R u n  2; 1030 g w a s  o b t a i n e d  s i m i l a r l y  a t  t h e  e n d  of  R u n  3, a n d  72.4 
g w a s  o b t a i n e d  b y  f u r t h e r  p r o c e s s i n g  t h e  c a t h o l y t e  in  a c c o r d a n c e  
w i t h  t h e  s c h e m e  of T a b l e  VI I .  97.7 g a z o b e n z e n e  a n d  52.6 g a n i l i n e  
w e r e  a l so  r e c o v e r e d  f r o m  t h e  f ina l  c a t h o l y t e .  

The p rocedure  for recovery  of p roducts  f rom the 
large cell follows closely tha t  used in  the  smal l  
scale e x p e r i m e n t a l  work  and  is g iven  in  Tab le  VII. 

Detai ls  of the th ree  r u n s  made  a re  g iven  in  Tab le  
VIII.  The ca thode  was p r e p a r e d  by  electrolysis  in  
ca tholy te  in i t i a l ly  con t a in ing  145 g of Z n  dus t  u n t i l  
0.11 mole  of spongy me ta l  had  been  deposi ted per  
dm ~ of sur face  of the  Pb  base. The ano ly te  in  each 
r u n  was 10 l i t e r  of 20% NaOH. 

Polarograph ic  M e a s u r e m e n t s  

In  the l i t e ra tu re ,  theor ies  of the  m e c h a n i s m  of r e -  
duc t ion  of n i t r o b e n z e n e  have,  on the one hand ,  
recognized the  effect iveness of organic  solvents  in  
p r o m o t i n g  convers ion  to hydrazobenzene .  On the  
other,  the re  has appeared  the  sugges t ion  t ha t  the  
reac t ion  is vo l tage-cont ro l led ,  and  is favored  by  the 
use of a h igh  overvo l tage  cathode or of the  oxide 
of a high overvo l tage  me ta l  as add i t ion  agen t  to 
the ca tho ly te  (7, 9). The ea r ly  e x p e r i m e n t s  were  
on ly  qua l i ta t ive ,  and  if a high overvo l tage  cathode 
were  r ea l ly  desirable ,  t hen  m e r c u r y  migh t  be ex-  
pected to be the best  choice. 

In  an  effort to exp la in  the  difficulty w i th  the  re -  
duc t ion  of azobenzene  or azoxybenzene  to hyd razo -  
benzene  at a Ni or Fe cathode in  a lka l ine  emuls ion ,  
po la rograph ic  m e a s u r e m e n t s  were  car r ied  out  wi th  
n i t robenzene ,  azobenzene,  and  azoxybenzene ,  in  
aqueous  a lka l ine  e m u l s i o n  8 and  in  aqueous-a lcohol ic  
solut ion.  A n  improved  H e y r o v s k y - S h i k a t a  po la ro -  

3 P o l a r o g r a m s  i n  a l k a l i n e  e m u l s i o n  w e r e  n o t  of  t h e  t r u e  e m u l s i f y -  
i n g  s t a t e  w i t h  a g i t a t i o n ,  h u t  s a t u r a t e d  s o l u t i o n  o f  a z o x y  a n d  azo  
a f t e r  a l l o w i n g  t h e  e m u l s i o n  to  s t a n d  fo r  1 h r .  W o r k  on t h e  e f f ec t  of  
a g i t a t i o n  on  t h e  p o l a r o g r a m s  a t  a n  e m u l s i f y i n g  s t a t e  w a s  l a t e r  m a d e  
u s i n g  a z o x y b e n z e n e  e m u l s i o n .  T h e  r e s u l t s  s h o w e d  t h a t  t h e  w a v e  
h e i g h t  g r e w  l i n e a r l y  w i t h  t h e  r a t e  of  a g i t a t i o n .  

1 0 -  

8 -  Tw 

~6 ~�89 -o.67v.~ 

0 -0.4 -0.8 -I.~ 
E I~ VOUr~ ( vs. S.C.E. ) 

August 1957 

- 1 , 6  - 2 . 0  

Fig. 4. Polarograms for nitrobenzene. Curve I, 1 x 104 m/I nitro- 
benzene in 5% aqueous NaOH at a dropping Hg electrode, 20~ 
curve II, 1 x 10 -~ m/I nitrobenzene in 40% aqueous alcoholic solu- 
tion (pH 12.1) at dropping Hg electrode, 20~ curve III, 1 x 10 -3 
m/I nitrobenzene in 5% aqueous NaOH at Pt microcathode, 20~ 

graph  made  by  Yanag imoto  Company ,  Kyoto,  
J apan ,  (Type  PS, Model 52) was used in  connec t ion  
wi th  a g a l v a n o m e t e r  h a v i n g  sens i t iv i ty  of 3.29 x 
10 -9 a m p / m m .  The  sens i t iv i t ies  used were  1.65 x 10 -8 
and  1.65 x 10 -~ a m p / r a m .  The usua l  cell, no t  H type, 
emp loy ing  a s a tu ra t ed  calomel  re fe rence  electrode,  
was used. As cathode, both  the  usua l  d ropp ing  m e r -  
cu ry  e lec t rode  and  a micro ro ta t ing  me t a l  e lectrode 
were  used. The  t va lue  of the  d ropp ing  m e r c u r y  
cathode, 30 cm high, was  1.0-1.5 sec. The  ro t a t ing  
cathode consisted of a sect ion of wire,  0.2 m m  in  
d i ame te r  wi th  ava i l ab le  a rea  of 0.03 m m  ~, sealed in  
a glass tube.  The  s tem of the  cathode was ro ta ted  at 
1000 rpm.  

Po la rog rams  for n i t r o b e n z e n e  are show n  in  Fig. 4. 
In  both  aqueous  emul s ion  and  in  aqueous-a lcohol ic  
solut ion wi th  the  Hg cathode, and  wi th  both  P t  and  
Hg cathodes in  the  aqueous  emuls ion,  t hey  show the 
typica l  wave  wi th  E 1/2 at abou t  --0.67 v, which  is 
v e r y  n e a r  the va lue  f ound  by  Sh ika t a  (10) abou t  
t h i r t y  years  ago. 

I t  is f a i r ly  ce r ta in  tha t  these  waves  cor respond 
to the  r educ t ion  of n i t r o b e n z e n e  to n i t ro sobenzene  
and  p h e n y l h y d r o x y l a m i n e ,  which  in  a l k a l i n e  me-  
d i u m  react  to fo rm azoxybenzene .  

10 - -  ~ 

8 

- 0 .  ~ -O.  8 - 1 .  ~ - 1 .  S - 2 . 0  
F t~  u (v~ .  S . C . I : . )  

Fig. 5. Polarograms for azobenzene and azoxybenzene in 40% 
aqueous alcoholic solution (pH 12.1). Curve I, 2 x 10 -~ m/I azohen- 
zene, 20~ curve II, 2 x 10 -~ m/I azoxybenzene, 20~ 
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8 

F 

f _ 
0 -0.4 -0.8 -I. 2 -i.8 -2.0 

E IN VOLTS (vs. S.C.E.) 

Fig. 6. Polarograms for saturated solution of azoxybenzene in 
10% aqueous NaOH at 20 ~ and 75~ 

0 -0.4 -0.8 -1.2 -1.6 -2.0 
E IN VOLTS ( vs. S.C.E. ) 

Fig. 7. Polarograms for saturated solution of azobenzene in 10% 
aqueous NaOH at 20 ~ and 75~ 

Po la rog rams  for azoxy-  and  azobenzene  are  
shown in  Fig. 5-7. I n  40% aqueous-a lcohol ic  solu-  
t ion at  pH 12.1 ( in  Na~B4OT-NaOH buffer ) ,  each of 
these compounds  gave one w a v e  of typica l  shape 
w i th  E � 8 9  at --0.74 v for the  azoxy and  --0.88 v for 
the azo compound .  These potent ia l s  a re  apprec i ab ly  
lower  t h a n  tha t  of h y d r o g e n  evo lu t ion  at a n icke l  
microcathode .  

I n  contras t ,  the  po la rograms  of the  azoxy-  and  
azobenzene  in  aqueous  a lka l ine  emu l s ion  show l i t t l e  
ev idence  of r educ t ion  even  at e leva ted  t e m p e r a t u r e .  
For  azoxybenzene  the  graphs  of Fig. 6 show a smal l  
wave  at  a b o u t - - 0 . 8  v, abou t  the same va lue  as ob-  
served for E1/2 in  aqueous-a lcoho l ic  solut ion.  H o w -  
ever,  the  po la rog rams  for azobenzene  in  Fig. 7 show 
no d is t inc t  wave  pr ior  to the  hyd rogen  discharge.  

The po la rographic  s tudy  has shown  tha t  n i t r o -  
benzene  can act as a depolar izer  in  e i ther  aqueous  
emuls ion  or aqueous-a lcohol ic  solut ion.  However ,  
of the i n t e r m e d i a t e  r educ t ion  products  b e t w e e n  
n i t r o -  and  hydrazobenzene ,  azoxybenzene  is h igh ly  
res i s t an t  and  azobenzene  a lmost  comple te ly  res is t -  
an t  to f u r t he r  r educ t ion  in  aqueous  emuls ion .  Since 
azobenzene  is a lmost  comple te ly  inso lub le  in  aque -  
ous alkal i ,  and  since it  becomes an  act ive depo la r -  
izer u n d e r  condi t ions  w h e n  its so lub i l i ty  is increased  
by  add i t ion  of organic  solvent ,  it  is be l ieved  tha t  the  
difficulty in  ca r ry ing  the r educ t ion  of n i t r o b e n z e n e  
to the hydrazo  level  is expla ined ,  no t  by  a ny  i n -  
adequacy  of the  overvo l tage  of the  cathode, b u t  by  
the inso lub i l i ty  of the i n t e r m e d i a t e  azobenzene.  

If this v iew is correct,  it mus t  fol low tha t  the  ef-  
fect iveness  of ce r t a in  meta l s  in  p romo t ing  fo rma t ion  
of h y d r a z o b e n z e n e  in  the  absence  of organic  sol-  
ven t s  is exp la ined  on a basis  o ther  t h a n  e lec t ro-  
chemical  react ion.  It  is suggested t ha t  the  effect ive-  
ness of these  meta l s  is exp l a ined  by  chemical  re -  
duc t ion  of the  azo compound  at the cathode.  In  this  
v iew the  r e d u c t a n t  wou ld  be the  meta l ,  and  the  
func t i on  of e lectrode reac t ion  wou ld  be to res tore  
the  oxidized or ionic fo rm of the  me ta l  to the  m e -  
tal l ic condi t ion  for f u r t h e r  r educ t ion  of azobenzene.  
The  m e t a l  thus  wou ld  func t ion  as a h y d r o g e n  car -  
r ier  as a l r eady  proposed (8) for the r educ t ion  of 
2 - a m i n o - 4 - c h l o r o p y r i m i d i n e  and  its m e t h y l  com-  
pound  to co r respond ing  2 - a m i n o p y r i m i d i n e s  a t  Cd 

and  Z n  cathodes.  A n d  it  m a y  be that ,  if cathodes 
of a lka l i  soluble  spongy me t a l  and  h igh  c u r r e n t  
dens i ty  have  been  used f rom the c o m m e n c e m e n t  of 
the r educ t ion  of n i t r o b e n z e n e  as in  this  work,  the  
o v e r - a l l  r educ t ions  wou ld  m a i n l y  be the  chemical  
reac t ion  at the  cathode,  r a t h e r  t h a n  the  e lec t ro-  
chemica l  one. 

Conclusions 

1. Wi th  the  help  of po la rograph ic  m e a s u r e m e n t s  
it  has been  shown  tha t  the  difficult step in  the  for-  
m a t i o n  of h y d r a z o b e n z e n e  f rom n i t r o b e n z e n e  in  
a lka l ine  emu l s ion  is r educ t ion  of azoxybenzene  and,  
especial ly  azobenzene.  

2. The r educ t ion  of azoxybenzene  and  azoben-  
zene is he lped  by  the  presence  of o rganic  solvents  
which  keeps these compounds  in  solut ion.  

3. In  the absence  of an  organic  solvent ,  opera -  
t ion  w i th  an  a lka l i  emul s ion  of n i t r o b e n z e n e  can 
give good resul t s  if a ca thode ca r ry ing  a su i tab le  
a m o u n t  of a spongy l ayer  of Zn, Sn, Cd, or Pb  is 
used. U n d e r  these condi t ions  yie lds  and  efficiencies 
a re  v e r y  h igh  at  a r e l a t i ve ly  h igh  c u r r e n t  densi ty .  
High t e m p e r a t u r e  is p r e fe rab l e  and  the  ca tholy te  
m u s t  be wel l  s t i r red.  

4. The process is appl icab le  to la rge  scale work.  
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The Equilibrium between Titanium Metal, TiCI , and 
NaCI-KCI Melts 

Warren C. Kreye and Herbert H. Kellogg 

School of Mines, Columbia University, New York, New York 

TiCI  in 

ABSTRACT 

The equi l ibr ium between solid t i t an ium metal, di-, and t r iva lent  t i tan ium 
chlorides dissolved in an NaC1-KC1 melt  was measured under  carefully con- 
trolled exper imental  conditions. Divalent  t i t an ium was found to be the pre- 
dominant  valence state in the melt, for temperatures  of 700~176 The 
"apparent"  equi l ibr ium constant  (mole fractions replacing activities) for the 
reaction 

TiCl~ (NaC1-KC1 melt)  W 1/2 Ti ~ (c) = 3/2 TIC12 (NaC1-KC1 melt)  
was calculated and found to be a funct ion of the total t i t an ium concentrat ion 
in the melt. Limited data indicated that the equi l ibr ium is exothermic in 
agreement  wi th  expectation. 

Procedures  for m a k i n g  pu re  Ti metal ,  e i ther  on a 
l abo ra to ry  or p roduc t ion  scale, involve ,  a lmos t  
w i thou t  except ion,  r educ t ion  of t i t a n i u m  halides.  In  
m a n y  of these procedures  ( e l ec t rowinn ing ,  Kro l l  
process, sod ium reduc t ion  process) the  r educ t ion  is 
accompl ished in  the presence  of a sal t  me l t  com-  
posed of a lka l i  or a lka l ine  ea r th  chlorides.  In  the 
presence  of this  so lu t ion  phase, t i t a n i u m  te t rach lo -  
r ide  undergoes  s tepwise  r educ t ion  to the  t r iva len t ,  
d iva l en t  and,  finally,  ze rova len t  s tate  depend i ng  on 
the a m o u n t  and  s t r eng th  of the r educ ing  agent  e m -  
ployed.  In  e l e c t r o w i n n i n g  of Ti, the  m o l t e n  sal t  
wi l l  con ta in  var ious  p ropor t ions  of d i -  and  t r i v a l e n t  
Ti [ t e t r a v a l e n t  Ti is on ly  s l ight ly  soluble  in  sal t  
mel t s  ( 1 ) ]  depend ing  on w h e t h e r  it  is in  the  
s t rong ly  r educ ing  zone n e a r  the  cathode, or in  the  
oxid iz ing  zone n e a r  the  anode.  

The p re sen t  s tate  of knowledge  of the  e q u i l i b r i u m  
re la t ions  b e t w e e n  the  Ti hal ides  in  sal t  mel t s  is 
meager ;  p r o b a b l y  the on ly  work  k n o w n  to date  is 
tha t  of Mel lg ren  and  Opie (2) on the e q u i l i b r i u m  
be tween  TiCl~, TiCI~, and  Ti ~ in  the  presence  of an  
SrCI~-NaC1 mel t .  They  m e a s u r e d  the  e q u i l i b r i u m  
concen t r a t i on  of TiCI~ and  TIC18 for the  reac t ion:  

2TiC18(melt) + Ti ~ (C) ~ 3TiCl~(melt)  
as a func t ion  of to ta l  Ti concen t ra t ion ,  the rat io 
NaC1/SrCI~, and  t empe ra tu r e .  

The p resen t  s tudy  is s imi la r  to tha t  of Mel lg ren  
and  Opie except  tha t  the salt  me l t  was the equ i -  
mo la r  m i x t u r e  of NaC1 and  KC1. I t  is hoped tha t  by  

s tudies  of this k ind  the  complex  chemis t ry  of t i t a -  
n i u m  ha l ide  r educ t ion  m a y  be  be t t e r  unde r s tood  
and  more  economica l ly  cont ro l led  in  commerc ia l  
pract ice.  

Experimental 
The desired e q u i l i b r i u m  b e t w e e n  Ti me t a l  and  

dissolved t i t a n i u m  chlor ides  was  es tab l i shed  by  ad-  
d i t ion  of TIC1, to the NaC1-KC1 me l t  in  contac t  wi th  
excess meta l l i c  Ti. In  this  way,  TiCI~ a nd  TiCI~ 
were  formed in situ by  the  reac t ion  b e t w e e n  TiCL 
and  Ti ~ wi th  the  resu l t  tha t  the  p r o b l e m  of p r e p a r -  
ing pure  TiCI~ a nd  TiCI~ to use  as me l t  cons t i tuen t s  
was  obviated.  

In  essence, the  me thod  m a y  be descr ibed  as fol-  
lows. The  NaCI-KC1 melt ,  con ta in ing  excess solid 
Ti, was held  in  a Vycor  tube  u n d e r  a purif ied argon 
a tmosphere .  A n  argon-TiCl~ gas m i x t u r e  was t hen  
b u b b l e d  th rough  the  me l t  br ief ly in  order  to i n t r o -  
duce t i t a n i u m  chlor ides  to the  melt .  Af te r  each ad-  
d i t ion  of TIC14, the  me l t  was  sampled  at successive 
t ime  in te rva ls .  The  samples  of solidified me l t  were  
t hen  ana lyzed  for the  con ten t  of Tff § Ti ~§ a nd  Ti 4§ 

Materials .--Titanium metal ,  p r epa red  by  decom-  
posi t ion  of TiL, was ob ta ined  f rom the Foote  Min -  
eral  Co. I t  was used in  the fo rm of rods (0.8 cm di-  
ameter ,  3.8 cm l e n g t h ) .  

The  sal t  m i x t u r e  was m a d e  f rom e qu imo la r  
a m o u n t s  of r eagen t  grade  NaC1 and  KC1. Pr io r  to 
p lac ing  the  salts in  the cell, t hey  were  oven  dr ied  at 
110~ F u r t h e r  d e h y d r a t i o n  of t he  salts  was  accom-  
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Fig. 1. Simplified schematic diagram of equilibration apparatus 

p i i shed  by  v a c u u m  t r e a t m e n t  a f t e r  t h e y  w e r e  p l a c e d  
in t he  cel l  (see b e l o w ) .  The  TIC14 was  a spec ia l  
p u r i t y  p r o d u c t  (99.99% TiCI~) o b t a i n e d  f r o m  the  
N a t i o n a l  B u r e a u  of  S t a n d a r d s .  

Apparatus.--A s impl i f i ed  d i a g r a m  of t he  equ i l i -  
b r a t i o n  a p p a r a t u s  is g iven  in Fig .  1; i t  consis ts  of 
fou r  p r i n c i p a l  sec t ions  as  fo l lows :  P,  t h e  gas  p u r i -  
f icat ion train; S, the TiCI~ saturation device; R, the 
reactor for equilibration of the melt; and T, the 
sampling device. 

With the exception of certain valves noted below, 
the entire apparatus was constructed of Pyrex and 
Vycor. Vycor was used for those parts heated above 
450~ Graded seals were used to connect Pyrex and 
Vycor parts. For those parts of the gas train which 
were not required to handle TIC1, vapors, standard 
vacuum stopcocks and joints, lubricated with sili- 
cone grease, were used. No grease was found, how- 
ever, that would withstand the solvent action of hot 
TIC1, vapor. Therefore, in those parts of the ap- 
paratus which contain TiCl,, diaphragm-type, high- 
vacuum valves (Hoke, 411 Series) were used. These 
valves, which have a Teflon gasket, gave excellent 
service, and no corrosion of any of the parts was ob- 
served. Kovar-to-glass seals were used to connect 
the Pyrex lines to the diaphragm valves. 

To prevent condensation of TiCI~ asbestos-covered 
Nichrome wire was wound on the glass tubing car- 
rying these vapors. The temperature of the wind- 
ings was controlled by Variac transformers. For 
the same reason, valves which must handle TiCl~ 
vapors must be maintained hot. This was accom- 
plished by enclosing the valves in transite boxes 
which were heated by Nichrome windings. The 
valves were operated by extensions of their stems 
which passed through the face of the heated boxes. 

P-Gas purification.--Tank a rgon  was  pa s sed  
t h r o u g h  two  Mg(C10~)~ d r y i n g  towers ,  P1; t h e n  
t h r o u g h  an  a l l -g l a s s ,  f l o a t - t y p e  f lowmete r ,  P~; a n d  
f ina l ly  t h r o u g h  a ge t t e r  cons i s t ing  of s p o n g e  Ti  he ld  
in  a V y c o r  tube ,  P,. The  ge t t e r  was  h e a t e d  b y  a 
f u r n a c e  to 850~ 

S-TiC1,  saturation.--Purified a r g o n  was  f irst  
pa s sed  in to  a p r e s a t u r a t o r ,  $1, con t a in ing  l i qu id  
TiCL. The  TiCI~ was  m a i n t a i n e d  at  t he  a p p r o x i m a t e  
t e m p e r a t u r e  de s i r ed  b y  a h e a t i n g  man t l e .  The  
p a r t l y  s a t u r a t e d  gas  s t r e a m  t h e n  pa s sed  to t he  f inal  
s a t u r a t o r ,  S~, w h i c h  cons i s ted  of a g lass  c h a m b e r  
p a r t l y  f i l led w i t h  l i qu id  TiCI~. F r i t t e d - P y r e x  d i sks  
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were used in both saturators to disperse the gas 
stream. The final saturator was immersed in an oil- 
bath thermostat, controlled to --0.1~ 

R-Reactor section.--The Vycor equilibration cell, 
R,, was 4.6 cm O.D. and 40 cm in length. A gas inlet 
tube, Rs, was sealed into the top of the equilibration 
cell. Either pure A or an A-TiCl~ mixture could be 
bubbled into the melt through this tube. The dia- 
phragm valves in box RI were used to change from 
pure A to the A-TiCI~ mixture. The cell also con- 
tained a Vycor thermocouple well, Rio. The melt 
temperature was determined with a calibrated Pt- 
Pt 13% Rh thermocouple and a L&N precision 
thermocouple potentiometer. 

Sealed into the top of the cell was a glass sam- 
pling-chimney, Rg, 40 cm long and 13 mm O.D. At 
the top of the chimney was a Teflon tube which had 
been force-fitted to the Vycor. The top end of the 
Teflon tube was closed by means of a Teflon cap, 
carrying a female thread, which screwed to a male 
thread on the Teflon tube. To ensure a tight seal, 
a small Teflon cone was fitted into the beveled top 
of the Teflon tube, and was held tightly in place by 
the pressure of the screwed-down cap. 

Exit gases from the equilibration cell passed 
through valve box, R6, and a dry ice-acetone trap, 
RT, which collected any unreacted TiCl~. By means 
of one valve in box R~, the entire assembly could be 
connected to a vacuum pump and evacuated to de- 
hydrate the salts. 

The equilibration cell, R4, was heated by a Ni- 
chrome-wound furnace, R~, which had two inde- 
pendent windings. When the current through these 
windings was properly adjusted the temperature 
was  c o n s t a n t  to w i t h i n  • 1 7 6  for  a v e r t i c a l  l e n g t h  
of 10 cm. The  t e m p e r a t u r e  of t h e  m e l t  was  con-  
t r o l l e d  to - -1~  b y  a B r o w n  E l e c t r o n i k  Con t ro l l e r ,  
a c t i v a t e d  b y  a c h r o m e l - a l u m e l  t h e r m o c o u p l e  lo -  
ca t ed  close to t he  m a i n  f u r n a c e  wind ing .  

T-Sampling device.--The s a m p l i n g  p ipe t ,  T1, 
was  m a d e  of V y c o r  tub ing ,  85 cm long  and  8 m m  
O.D. Cons t r i c t ions  in  t he  p i p e t  w e r e  m a d e  at  i n t e r -  
va l s  of 12 cm to e n a b l e  s m a l l  s a mp le s  to be  b r o k e n  
off and  a n a l y z e d  s e p a r a t e l y .  A n  e v a c u a t e d  bu lb ,  T~, 
con t a ined  b e t w e e n  two  s topcocks ,  f i t ted  to the  top  of 
t he  s a m p l e  p i p e t  b y  m e a n s  of a g r o u n d  t a p e r  jo in t ,  
and  was  used  to suck  up  a p r e d e t e r m i n e d  a m o u n t  of 
m e l t  in to  the  s a m p l e  tube .  

Procedure 

Loading of cell and dehydration of sa l t - -The  Ti 
m e t a l  and  the  oven  d r i e d  sa l t s  w e r e  p l a c e d  in  the  
c l ean  cel l  be fo re  i t  w a s  sea led  to the  r e m a i n d e r  of 
t he  sys tem.  The  ce l l  was  t h e n  sea led  to  t h e  va r i ous  
connec t ing  tubes ,  a n d  the  s y s t e m  e v a c u a t e d .  T h e  
cel l  was  h e a t e d  in  i n t e r v a l s  of 100~ to 450~ w i t h  
sufficient  t i m e  a l l o w e d  at  each  t e m p e r a t u r e  for  the  
s y s t e m  to be  p u m p e d  d o w n  to 1 ~ (Hg)  p res su re .  
In  th is  way ,  t h e  o p t i m u m  d e h y d r a t i o n  of t h e  sa l t  
was  a c h i e v e d  w i t h  t he  l eas t  pos s ib i l i t y  of h y d r o l -  
ys is  (3) .  

W h e n  the  t e m p e r a t u r e  of t he  sa l t  r e a c h e d  450~ 
and  the  s y s t e m  p r e s s u r e  was  less t h a n  1 ~ ( H g ) ,  
p u r e  A was  a d m i t t e d  to t he  s y s t e m  t h r o u g h  R8 u n t i l  
the  p r e s s u r e  was  1 a tm.  A s t e a d y  flow of A a t  t he  
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r a t e  of 10-15 m l / m i n  was m a i n t a i n e d  t h rough  R~ 
t h r o u g h o u t  the  expe r imen t .  The  t e m p e r a t u r e  was  
n e x t  ra ised to 700~ and  the  salt  mel ted .  

Admission of TiC1, . - -The p resa tu ra to r ,  S~, and  the  
final sa tura tor ,  S~, were  hea ted  to the  des i red sa tu -  
r a t ion  t e m p e r a t u r e  (110 ~ The  va lves  were  t h e n  
swi tched so tha t  the  A-TiCI ,  m i x t u r e  was b u b b l e d  
t h rough  the  me l t  in  place of pu re  A. 

Since  the  ra te  of A flow and  the  pa r t i a l  p ressure  
of TiCL in  the A s t r eam were  known ,  ~ the  ra te  at  
which  TiCL en te red  the cell  could be calculated.  
Since no TIC1, was detec ted  in  the  d ry  ice t rap,  R~, 
in  any  of these  exper imen t s ,  it  could be a s sumed  
tha t  it  was q u a n t i t a t i v e l y  absorbed  by  the melt .  
W h e n  the  des i red a m o u n t  of TIC1, was added to the 
melt ,  the  va lves  were  aga in  changed  and  pu re  A 
was a l lowed to b u b b l e  s lowly  t h rough  the  me l t  
t h roughou t  the equ i l i b r a t i on  period.  C o n t i n u a l  
f lushing wi th  A was necessa ry  to p r e v e n t  p lugg ing  
of the tubes  wi th  vapor -depos i t ed  salts, and  also to 
provide  m i x i n g  w i t h i n  the  melt .  

Sampling the mel t . - -At  appropr i a t e  t ime  i n t e r -  
vals  a f ter  the i n t roduc t i on  of TiCL to the mel t ,  a 
s ample  was  t aken  for analysis .  Valve  1~ was first 
ad jus ted  so tha t  a rap id  flow of A was pass ing  
th rough  the ch imney,  R~. The Teflon cap on the  
c h i m n e y  was  t hen  removed,  and  the  s a m p l i n g  p ipe t  
s lowly inse r t ed  into the ch imney.  The p ipet  was 
lowered  in  s lowly so tha t  the A flow would  flush the  
a i r  and  desorbed moi s tu re  f rom the  pipet .  W h e n  the 
t ip of the  p ipet  reached  the me l t  level,  the  evacu -  
a ted  bulb,  T~, was connec ted  to the  top of the  s a m -  
p l ing  t ube  and  the lower  stopcock of this bu lb  was 
opened  slowly.  The p ipet  was t hen  w i t h d r a w n ,  the  
Teflon cap replaced,  and  the va lve  R~ was closed. 
The  p ipet  was separa ted  f rom the  g r o u n d  jo in t  by  
f l ame-sea l ing  the  t u b e  at the  top constr ic t ion.  I t  
was  then  s tored in  a d ry  box to awai t  analysis .  

Analysis.--Details of the  ana ly t i ca l  me thod  are 
g iven  in  (1) .  On ly  the  sequence  of the  steps and  the  
broad  ou t l i ne  of the  methods  a re  g iven  in  this  paper .  

Each sample  p ipet  con ta ined  four  segments  filled 
wi th  solidified salt. The contents  of two or more  of 
the segments  were  ana lyzed  separa te ly  and  the 
average  of the  resul ts  r epor ted  as the ana lys i s  of the  
sample.  To p r e p a r e  a sample  for ana lys i s  the  seg-  
m e n t  was b r o k e n  ins ide  an  a rgon-f i l l ed  d ry  box a nd  
the solidified sal t  ( abou t  3 g) t r an s f e r r ed  to a 
special  flask. On solidif icat ion the me l t  sh r inks  
a w a y  f rom the  wal ls  of the  s amp l ing  p ipet  so t ha t  
a c lean  and  comple te  t r ans f e r  of solid sal t  f rom each 
segment  was made.  

The ana ly t i ca l  sequence  consisted of three  m a i n  
steps, as follows: 

1. The  solid sal t  was  reac ted  wi th  HC1, u n d e r  an  
A a tmosphere ,  and  the  v o l u m e  of evolved H~ was 
measured .  The reac t ion  is: 

Ti ~+ + H +--~ Ti ~+ + %H~(g) 

This determined the amount of Ti 2+ in the sample. 
2. After oxidation of Ti ~+ to Ti ~+, the total con- 

centration of Ti ~+ was determined by titration of an 
aliquot of the acidified solution with standard di- 

1 T h e  p a r t i a l  p r e s s u r e  o f  TIC14 w a s  c a l c u l a t e d  f r o m  t h e  t e m p e r a -  
t u r e  of t h e  s a t u r a t o r  a n d  t h e  v a p o r  p r e s s u r e  d a t a  of  A r i i  ( 4 ) .  

Table I. Equilibration of TiCI4 with Ti ~ in NaCI-KCI (1 :IM) melts. 
Summary of experimental results 

E q u i l i b r a t i o n  

T i m e ,  
T e s t  No. h r t  T e m p ,  ~ 

M e l t  a n a l y s i s :  * m o l e / g  of  m e l t  x 10~ 

T o t a l  T i  T i  ~+ T i  a+ T i  4+ 
1% ___1% ~ 2 0 %  ~ 1 0 0 %  

A-1 24 700 3.61 3.14 0.44 0.03 
A-2 130 700 3.63 3.25 0.35 0.03 
A-3 270 700 3.82 3.45 0.32 0.05 
B-1 96 700 5.00 4.36 0.61 0.03 
B-2 300 700 5.13 4.68 0.41 0.03 
C-1 2 700 4.98 4.36 0.47 0.15 
C-2 47 700 5.04 4.54 0.38 0.12 
D-1 1 700 8.98 7.94 1.08 0.0 
D-2 289 700 9.15 8.34 0.74 0.07 
D-3 625 700 9.19 8.37 0.82 0.0 
E-1 1/2 700 17.17 14.96 2.11 0.10 
E-2 25 700 17.28 1 5 . 1 2  2.08 0.08 
E-3 284 700 17.82 15.86 1.84 0.12 
F-I 69 780 5.24 4.39 0.85 - -  
F-2 189 780 5.24 4.62 0.62 - -  

* A n a l y t i c a l  r e s u l t s  a r e  t h e  a v e r a g e  of t w o  o r  t h r e e  s a m p l e s  f r o m  
one  p ipe t ,  e x c e p t  fo r  B - 2  a n d  F - I ,  f o r  w h i c h  o n l y  one  s a m p l e  w a s  
a n a l y z e d .  

T i m e  e l a p s e d  a f t e r  t h e  l a s t  a d d i t i o n  of  TIC14 to t h e  m e l t .  

chromate  solut ion.  The o r ig ina l  con ten t  of Ti ~+ in  the  
sample  was ob ta ined  by  sub t r a c t i ng  the  a m o u n t  of 
Ti 2+ f rom the total  a m o u n t  of Ti '+ in  the  acidified 
solut ion.  

3. The total  Ti con ten t  of an  a l iquot  of the acidi -  
fied solut ion was nex t  d e t e r m i n e d  by  a vo lume t r i c  
method.  The con ten t  of Ti 4+ in  the  o r ig ina l  sample  
was found  by  difference b e t w e e n  the  tota l  Ti con-  
t en t  and  the  sum of the  Ti ~+ and  Ti *+ contents .  

Results and Discussion 

The resul ts  ob ta ined  for the e qu i l i b r a t i on  of 
TiCL a nd  Ti ~ in  the  p resence  of an  e q u i m o l a r  m i x -  
t u r e  of NaC1 and  KC1, are  g iven  in  Tab le  I. The data  
inc lude  tests at five di f ferent  levels  of Ti con ten t  in  
the  mo l t en  salt, two di f ferent  t empera tu re s ,  and  
equ i l i b r a t i on  t imes  f rom 1/2 hr  to 625 hr. 

The  most  s ignif icant  f ea tu re  of these  da ta  is the 
p r e d o m i n a n c e  of d iva l en t  Ti in  all  of the  melts .  Ti  ~+ 
const i tu tes  87-91% of the  tota l  Ti dissolved in  the  
mo l t en  salt. Most of the  r e m a i n d e r  of the  Ti is 
p r e sen t  as TiS§ Ti '§ accounts  for less t h a n  1% of the  
total  Ti in  mos t  cases. These  resul ts  are  in  q u a l i t a -  
t ive  a g r e e me n t  w i th  those of Mel lg ren  a nd  Opie (2) 
for the  same e q u i l i b r i u m  in  the  presence  of a sal t  
me l t  of NaC1 and  SrCL. They  found  tha t  d iva l en t  
Ti accounted  for 78-93% of the  dissolved Ti. They  
did no t  repor t  the  presence  of Ti% 

Ti 4+ content.--In assessing the  signif icance of the 
repor ted  va lues  for Ti 4+, it should  be no ted  tha t  these 
were  ca lcula ted  f rom the  difference b e t w e e n  two 
la rge  ana ly t i ca l  values ,  the  va lue  for to ta l  dissolved 
Ti less the va lue  for to ta l  Ti  "~ (a f te r  ox ida t ion  of 
Ti 2+ to Ti~+). The average  dev ia t ion  of each of these 
ana ly t i ca l  values,  for i n d e p e n d e n t  ana lyses  of the  
same samples,  was about  1%. Hence,  the  resul t s  for 
Ti '+ are  subjec t  to an  u n c e r t a i n t y  of 2% of the total  
Ti content .  This  u n c e r t a i n t y  is in  most  cases l a rger  
t h a n  the ca lcula ted  con ten t  of Ti '§ The  fact, how-  
ever,  tha t  the  ca lcu la ted  con ten t  oi Ti  '~ is a pos i t ive  
q u a n t i t y  in 11 cases out  of 13 suggests  tha t  the  
samples  did con ta in  a smal l  a m o u n t  of Ti 4+. 
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The au thors  prefe r  the  e x p l a n a t i o n  tha t  the  smal l  
con ten t  of Ti ~+ o r ig ina ted  f rom u n a v o i d a b l e  ox ida-  
t ion  of the  sample  by  air  d u r i n g  the ana ly t i ca l  p ro -  
cedure,  r a t h e r  t h a n  f rom the  e q u i l i b r i u m  in  the  
mel t .  Grea t  care was  exercised to m i n i m i z e  sample  
ox ida t ion  d u r i n g  h a n d l i n g  and  ana lys i s  [see Refe r -  
ence (1 ) ] ,  bu t  a m i n o r  a m o u n t  of ox ida t ion  was 
p r o b a b l y  unavo idab le .  In  suppor t  of this  hypothes is  
are the fo l lowing observa t ions :  

1. Ana lyses  of samples  in  series A and  B, (Tab le  
I) we re  made  af ter  a modif icat ion in  ana ly t i ca l  p ro -  
cedure  des igned to f u r t h e r  m i n i m i z e  the  poss ibi l i ty  
of sample  oxidat ion.  These samples  con ta ined  the  
smal les t  q u a n t i t y  of Ti% 

2. The re  is no cons is ten t  t r e n d  of Ti ~§ con ten t  
wi th  to ta l  Ti  content .  

3. TiCL is a vola t i le  componen t  in  NaC1-KC1 
mel ts  (1) .  If there  were  an  apprec iab le  con ten t  of 
TiCI~ in  the mel t ,  i t  should  be c o n t i n u a l l y  swept  out  
of the  me l t  by  the  s t r eam of A and  be  detec ted  in  
the exit  gases. Despi te  efforts to detect  TiCL in  the 
exit  gas f rom the appa ra tu s  by  a va r i e t y  of m e t h -  
ods, in  no case was the  test  posit ive.  Fu r the r ,  there  
was no r educ t ion  in  to ta l  Ti  con ten t  of the  mel t ,  
even  af ter  625 hr. I t  is conc luded  tha t  the concen-  
t r a t i on  of Ti '+ in  e q u i l i b r i u m  wi th  Ti ~ in  NaC1-KC1 
mel t s  is ve ry  small ,  and  t ha t  the  va lues  r epor ted  in  
Table  I are  u n d o u b t e d l y  too h igh  because  of s l ight  
ox ida t ion  of the samples  d u r i n g  h a n d l i n g  and  a n a l -  
ysis. I t  can be conc luded  fu r t he r  tha t  r educ t ion  of 
TIC1, to TiCI~ a n d / o r  TiCI~ is ve ry  r ap id  a t  700~ 
since a 1/2 hr  equ i l i b r a t i on  per iod  (test  E - l ,  Tab le  
I) is sufficient to reduce  Ti '§ con ten t  of the me l t  to 
a va lue  be low the  precis ion of the  ana ly t i c a l  
method.  

Tff + and Ti '+ content.--The ana lyses  for Ti  ~+ on i n -  
d e p e n d e n t  samples  were  r ep roduc ib le  to 1% of the  
repor ted  values .  The  va lues  for Ti ~§ however ,  were  
ca lcu la ted  by  difference of two la rge  ana ly t i c a l  
values,  the  v a l u e  for to ta l  TP + (a f te r  ox ida t ion  of 
Ti ~+ to TP+), less the  v a l u e  for Ti ~+, each of which  is 
sub jec t  to abou t  1% error .  The resul t s  for Ti "§ are 
therefore  in  doub t  by  ___2% of the  to ta l  Ti con ten t  of 
the samples.  Since va lues  r epor ted  for Ti '~ a m o u n t  
to only  8-12% of the  tota l  Ti  content ,  the u n c e r -  
t a i n t y  of the  va lues  for Ti '+ r epor ted  in  Tab le  I is 
abou t  •  This  u n c e r t a i n t y  should  be kep t  in  
m i n d  as the  significance of the  e q u i l i b r i u m  da ta  is 
discussed. 

Time of equilibration.--Values r epor ted  in  Table  
I show signif icant  changes  in  concen t ra t ions  for 
equ i l i b r a t i on  t imes  up to 280 hr. The one test  
car r ied  b e y o n d  280 hr  (D-3)  fai led to show a sig- 
ni f icant  change  in  concen t r a t i on  w h e n  the  t ime  of 
equ i l i b r a t i on  was ex tended  to 625 hr.  In  all  cases, 
increases  in  equ i l i b r a t i on  t ime  resu l ted  in  smal l  
increases  in  to ta l  Ti and  Ti ~+, and  smal l  decreases in  
Ti '+. These changes  a re  cons is ten t  w i th  progress  of 
the react ion,  

TP + + VzTi ~ = 3/2Ti  ~§ 

f rom left  to r ight .  Since this  is the  e q u i l i b r i u m  tha t  
mus t  ob ta in  in  the  melt ,  i t  c an  be conc luded  tha t  
t r ue  e q u i l i b r i u m  condi t ions  were  no t  reached  for 
t imes  m u c h  less t h a n  280 hr  at 700~ 
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Table II. "Equilibrium" concentration of TiCh and TiCh 

T o t a l  T i  /VTICl 2 
c o n t e n t  M o l e  f r a c t i o n s *  K x  --  

T e s t  N o .  T e m p ,  ~  w t  ~ NTLCI~ X 10 2 N T i C l  a X 10 2 N T l C l ~  

A-3 700 1.83 2.34 0.217 1.65 
B-2 700 2.46 3.20 0.281 2.04 
D-3 700 4.40 5.87 0.575 2.47 
E-3 700 8.54 11.71 1.36 2.95 
F-2 780 2.51 3.17 0.425 1.33 

* B a s e d  o n  t h e  c o n s t i t u e n t s  T i C l z ,  T i C l z ,  N a C 1 ,  a n d  K C 1 .  T h e  
s m a l l  c o n t e n t  o f  TIC14 i s  n e g l e c t e d .  

The u n u s u a l  l eng th  of t ime  r equ i r ed  to reach 
e q u i l i b r i u m  m a y  be due  to an  i n h e r e n t l y  slow ra te  
of reac t ion  at  700~ It is possible, however ,  t ha t  
s low diffusion of Ti ~ to the  surface  of the  Ti me ta l  
was ra te  control l ing.  The surface  area  of Ti meta l  
was smal l  ( the  me t a l  was used in  the  fo rm of rods) ,  
and  the a m o u n t  of ag i ta t ion  was sl ight  ( the  slow 
b u b b l i n g  of A, 10-15 m l / m i n ,  was  the on ly  source of 
ag i ta t ion  d u r i n g  the  e qu i l i b r a t i on  per iod) .  

In  the  discussion which  follows, the  composi t ion 
of the  me l t  at the  m a x i m u m  e qu i l i b r a t i on  t ime  
(250-300 hr  in  most  cases) is c o n s i d e r e d  as the 
e q u i l i b r i u m  composi t ion.  Proof  tha t  a s tate  of equ i -  
l i b r i u m  was reached,  by  e x p e r i m e n t s  des igned to 
approach  the e q u i l i b r i u m  f rom the o ther  direct ion,  
could no t  be ob ta ined  wi th  the  e x p e r i m e n t a l  me thod  
employed.  Since TIC1, was  the  source of TiCI~ and  
TiCI~ in these experiments, the equilibrium was 
always approached from the high oxidation state 
side. It would be necessary to add almost pure 
TiCl~ to the melt in order to approach the equilib- 
rium from the low oxidation state side. 

Equilibrium constant.--Melt composi t ions  at 
m a x i m u m  e qu i l i b r a t i on  t ime  ( p r e s u m e d  equ i l ib -  
r i u m  condi t ion)  are conver ted  to mole  f rac t ions  and  
repor ted  in  Tab le  II. Also repor ted  in  Ta b l e  II are  
va lues  for the a p p a r e n t  e q u i l i b r i u m  constant ,  K~, of 
the  reac t ion:  

TiCI~(NaC1-KCl mel t )  + 1/2Ti ~ (c) 
3/2TiCl~ (NaC1-KC1 me l t )  (I)  

8/2 
K~ : NT,c,_~/ NT,e,~ 

Ni ---- mole fraction of (i), based on the constituents: 

TIC1,, TIC1,, NaCI, KCI 

(apparent content of TiCL neglected) 
Fig. 2 shows the variation of K~ with total Ti con- 

centration. For comparison, Fig. 2 also shows the 

3.0 

~x2. 0 

I 

I I I I 

2 4 I g I0 
TOTAL TI CONTENT, WT. % 

Fig. 2. Variation of K~ with concentrQtion at  700~ 
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data  of Mel lg ren  and  Opie (2) who d e t e r m i n e d  K~ 
for this  e q u i l i b r i u m  in  an  NaC1-SrCL melt .  

The  v a l u e  of K~ does depend  on to ta l  Ti  concen -  
t ra t ion ,  bo th  for the  resul t s  of this i nves t iga t ion  and  
for those of Mel lg ren  and  Opie. K,  should  be con-  
s tan t  if the ac t iv i ty  coefficients of TiCl~ and  TiCL 
are constant ,  i.e., if the  solut ions  obey H e n r y ' s  l aw 
over  the  r ange  of concen t ra t ions  s tudied.  Since the 
mole f rac t ion  of TiCI: var ies  f rom 0.023 to 0.117 in  
these exper iments ,  the fa i lu re  to obey H e n r y ' s  l a w  
is not  surpr i s ing .  

Other  i n t e rp re t a t i ons  of the e q u i l i b r i u m  resu l t s  
were  a t t emp ted  in  an  effort to exp l a in  the  t r e n d  of 
K,  wi th  concent ra t ion .  Mel lg ren  and  Opie (2) po in t  
out  tha t  the  a s sumpt ion  tha t  d iva l en t  and  t r i v a l e n t  
Ti are associated into (TiCL)~ and  (TiCL)~ leads  to 
cons tan t  K va lues  for the  reac t ion  

(TiCL)~ + Ti ~ = (TiCI~)~ ( I I )  

This a s sumpt ion  would  also lead to r e l a t ive ly  
cons tan t  K va lues  for the  resul t s  of this i nves t i ga -  
tion. In  the absence  of more  di rect  proof  of associ-  
at ion,  however ,  the  au thors  p re fe r  to repor t  K,  for 
the s imple r  react ion.  

T e m k i n ' s  r u l e  (5) for the ideal  behav io r  of ionic 
mel ts  (both  in  the fo rm of mo la r  ion ic - f rac t ions  
and  equ iva l en t  ion ic - f r ac t ions )  was appl ied  to the 
e q u i l i b r i u m  results .  Values  of K for the reac t ions  

Ti ~+ ~- 1/2Ti ~ : 3 /2Ti  :+ ( I I I )  

TiCl :  -~ 1/2Ti ~ : 3 /2Ti  ~+ T 4C1- (IV) 

TiCl~- + 1/~Ti ~ = 3 /2Ti  ~+ + 6C1- (V) 

were  ca lcu la ted  in  this way.  The "cons tan t s"  so cal-  
culated,  however ,  s t i l l  showed the same t r en d  wi th  
concen t r a t i on  d isp layed  by  K,. I t  m u s t  be conc luded  
tha t  insuff icient  i n f o r m a t i o n  is ava i l ab le  to m a k e  a 
more  comple te  e x p l a n a t i o n  of the  e q u i l i b r i u m  re-  
sults.  

I t  is u n f o r t u n a t e  tha t  there  was t ime  for on ly  one 
test  at  a t e m p e r a t u r e  o ther  t h a n  700~ This one 
tes t  at  780~ (series F, Tab le  I )  did show a s ig-  
n i f ican t ly  l a rger  va lue  for the concen t r a t i on  of Ti 8§ 
and  a sma l l e r  va lue  of K~, t h a n  test  B wi th  the  same  
to ta l  Ti  con ten t  at 700~ This indica tes  tha t  r e -  
act ion (I)  is exothermic .  The  t h e r m o d y n a m i c  da ta  
of S k i n n e r  and  R u e h r w e i n  (6) and  of San de r son  
and  MacWood (7) show tha t  the reac t ion  

TiCL(s)  T 1/2Ti~ : 3/2TiCl~(s)  (VI)  

is also exothermic .  Q u a n t i t a t i v e  compar i son  of AH 
for react ions  (I)  and  (VI)  is not  possible  because  
the  heats  of fus ion  of TIC12 and  TiCL are  u n k n o w n .  
Mel lg ren  and  Opie (2) repor t  no change  in  K ,  w i th  
t e m p e r a t u r e  (650~176  for this system,  w i t h i n  
the accuracy  of the i r  ana ly t i c a l  me thod  (-----5%). 

Conclusions 
1. The e q u i l i b r i u m  of t i t a n i u m  chlor ides  w i th  

t i t a n i u m  meta l ,  in  the presence  of an  NaC1-KC1 
(1: 1M) mel t  at  700~176 is such tha t  d iva l en t  Ti 
is the p r e d o m i n a n t  species (87-91% of the to ta l  
dissolved Ti) .  

2. The a p p a r e n t  e q u i l i b r i u m  constant ,  K~, for  
the  reac t ion  TiCI~(NaC1-KC1 mel t )  ~ ~/2Ti~ -~ 
3 /2TiCL(NaC1-KC1 mel t )  has been  d e t e r m i n e d  as 
a func t ion  of concen t r a t i on  (1.8-8.5 wt  % tota l  dis-  
solved Ti) .  

3. Based on l imi ted  data,  the  reac t ion  equ i l ib -  
r i u m  was shown  to be exothermic .  

4. The  con ten t  of Ti 4+ in  mel ts  equ i l i b ra t ed  w i th  
Ti me ta l  was p r o v e n  to be less t h a n  1% of the  tota l  
dissolved Ti, and  is p r o b a b l y  m u c h  less. 
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Cuprous Sulfide at 300~ 
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ABSTRACT 

The f ree  energy change of the d isp lacement  react ion 
2 Cu(s)  + P b S ( s )  ~ Cu~S(s) + Pb(s ,  l) 

has been  deduced  f rom emf measurements  on the cell 
Cu I CuBr I Cu~.~S I (Cu~ ~sS, PbS)  I (PbCI~ + 1% KC1) I Pb  

be tween  250 ~ and 350~ There f rom a value  of --22,607 cal for the  s t andard  
free energy of format ion  of Cu~S at 300~ has been calculated.  

To s u p p l e m e n t  a v a i l a b l e  da ta ,  t h e  s t a n d a r d  f ree  
e n e r g y  of f o r m a t i o n  of Cu~S has  b e e n  d e t e r m i n e d  
w i th  the  a id  of e l e c t r o c h e m i c a l  m e a s u r e m e n t s .  In  
o r d e r  to o b t a i n  the  f r e e  e n e r g y  of f o r m a t i o n  of AgeS, 
the  cel l  

A g  I A g I  I AgeS, S ( 1 ) ,  g r a p h i t e  ( I )  

has  been  found  to be h e l p f u l  (1, 2) .  The  ana logous  
cel l  for  Cu~S canno t  be  used  because  Cu~S r eac t s  
w i t h  excess  su l fu r  to f o r m  CuS a n d  m o r e o v e r  CuI  
exh ib i t s  excess ive  e lec t ron ic  conduc t i on  u n d e r  
ox id i z ing  cond i t ions  such  as p r e v a i l  in  t he  p r e s e n c e  
of l i qu id  su l fu r  ( 3 - 6 ) .  To o v e r c o m e  these  di f f icul-  
t ies,  cel ls  i n v o l v i n g  d i s p l a c e m e n t  r eac t i ons  seem 
prof i t ab le .  S ince  the  s t a n d a r d  f r ee  e n e r g y  of  f o r m a -  
t ion of P b S  has  b e e n  d e t e r m i n e d  r e c e n t l y  (2) ,  i t  
s e e m e d  e x p e d i e n t  to m e a s u r e  t h e  f ree  e n e r g y  c h a n g e  
of the  r e a c t i o n  

2Cu + P b S  = Pb  + Cu~S [1]  

In  accord  w i t h  a g e n e r a l  s u r v e y  of t he  p o t e n t i a l  
use  of g a l v a n i c  cel ls  for  such  purposes ,  the  cel l  

Cu I CuBr  I Cu~S, PbS ,  P b  ( I I )  

m a y  be  used  u n d e r  cond i t ions  w h e r e  t he  t h r e e -  
phase  s y s t e m  P b - P b S - C u ~ S  is s tab le .  P r e l i m i n a r y  
ca l cu la t ions  i n d i c a t e d  t h a t  t h e  s t a n d a r d  f r ee  e n e r g y  
change  of r e a c t i o n  [1]  is pos i t i ve  b e l o w  a b o u t  300~ 
bu t  n e g a t i v e  at  h i g h e r  t e m p e r a t u r e s  and,  t he re fo re ,  
the  t h r e e - p h a s e  s y s t e m  P b - P b S - C u ~ S  is s t a b l e  on ly  
above  a b o u t  300~ A t  l o w e r  t e m p e r a t u r e s ,  the  
t h r e e - p h a s e  s y s t e m  C u - C u ~ S - P b S  is s t ab le .  Thus ,  
t h e  f r e e  e n e r g y  c h a n g e  of  r e a c t i o n  [1]  in t he  r e v e r s e  
d i r ec t i on  w o u l d  be  o b t a i n a b l e  f r o m  t h e  cel l  

Pb  i PbCl~ I PbS,  Cu~S, Cu ( I I I )  

S ince  i t  s e e m e d  d e s i r a b l e  to d e t e r m i n e  d i r e c t l y  
the  t e m p e r a t u r e  a t  w h i c h  the  s t a n d a r d  f r ee  e n e r g y  
of r e a c t i o n  [1]  changes  i ts  sign, an  u n c o n v e n t i o n a l  
cell ,  viz., 

C u l C u B r  I C u , S [  (Cu,S,  P b S )  
I (PbCI~ + 1% KC1) [ P b  ( IV)  

was  i n v e s t i g a t e d  w h e r e  Cu ,S  deno tes  cup rous  su l -  
fide i n v o l v i n g  a defici t  of  copper  w i t h i n  t he  h o m o -  

1 P resen t  address :  D e p a r t m e n t  of MetallurgY, P e n n s y l v a n i a  S t a t e  
Univers i ty ,  Un ive r s i ty  Pa rk ,  Pa.  

g e n e i t y  r a n g e  of th i s  p h a s e  (7 ) .  F o r  r ea sons  d i s -  
cussed  be low,  a c o p p e r - t o - s u l f u r  r a t i o  x = 1.98 was  
used.  In  v i e w  of  t h e  f ini te  c o p p e r  deficit ,  c up rous  
sulf ide  in cel l  ( IV)  is no t  in  i ts  s t a n d a r d  s ta te .  

Cel l  ( IV)  m a y  be  cons ide red  as a d o u b l e  cel l  i n -  
vo lv ing  the  i n d i v i d u a l  cel ls  

Cu I C u B r  ] Cu~S I g r a p h i t e  ( IVa)  
and  

g r a p h i t e  I (Cu~S, P b S )  I (PbCL_ + 1% KC1) ] P b  
( IVb)  

w h e r e  t he  p a r t i a l  m o l a r  f ree  e n e r g y  of su l fu r  a t  t he  
g r a p h i t e  e l ec t rodes  is d e t e r m i n e d  b y  the  c o p p e r - t o -  
su l fu r  r a t i o  x. 

U n d e r  cond i t ions  i n v o l v i n g  p r e d o m i n a n t l y  ionic  
conduc t ion  in CuBr  and  PbCI~ + 1% KC1, t he  v i r -  
t ua l  cel l  r e ac t i ons  in  cel ls  ( IVa)  and  ( I V b )  on p a s s -  
ing two  f a r a d a y s  a r e  

2Cu + ( 2 / x ) S  ( i n C u x S )  = ( 2 / x ) C u ~ S  [2] 

and  
PbS = Pb + S (in Cu~S) [3] 

Thus, the over-all reaction for cell (IV) is 

P b S  + 2Cu + [ ( 2 - - x ) / x ]  S ( in  Cu~S) 

= P b  + ( 2 / x )  Cu~S [4] 

and  the  f ree  e n e r g y  change  AF of r e a c t i o n  [4]  is 

AF = --2EF [5]  

w h e r e  E is the  emf  of cel l  ( IV) ,  and  F is t he  F a r a -  
d a y  cons tan t .  

L e t t i n g  

Fcu~s = xFc, ,  + F-~s [6]  

one  ob ta ins  for  t h e  f r ee  e n e r g y  change  of r eac t i on  
[4]  for  a g iven  v a l u e  of x 

•  = F~b ~ + 2Fr + ( 2 / x )  F s ( x )  

- -  [ ( 2 - - x ) / x ]  F s ( x )  - -2Fcu  ~ - - F , b s  ~ [7]  

and  for  the  s t a n d a r d  f ree  e n e r g y  change  AF ~ of r e -  
ac t ion  [4]  as t h e  l i m i t i n g  case for  x = 2, 

•  ~ = F,b ~ + 2Fc~(x - 2) + F s ( x  ~ 2) 
- -  2Fcu ~ - -  Fpbs ~ [8]  
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Upon  sub t r ac t i ng  cor responding  sides of Eqs. [7] 
and  [8], it  follows tha t  

~ F - - ~ F  ~ ~ 2 [ F t , ( x )  --  Fc~(x = 2) ]  

4- [Fs (x )  - - F s ( x  = 2) ]  [9] 

The G i b b s - D u h e m  equa t ion  reads  

x d [Fo , (x )  --  Fc . (x  = 2 ) ]  

+ d [ F s ( x )  - - F s ( x  = 2 ) ]  = 0 [10] 

Subs t i t u t i on  of Eq. [10] in  Eq. [9] yields  

F t . ( x )  - - F c o ( x  = 2) 

~o . . . .  A F - - A F  ~ = ( 2 - - x )  d [ F t , ( x )  - - F c , ( x  = 2 ) ]  [11] 

Under the conditions of the following experi- 
ments, the copper deficit ~* in cuprous sulfide may 
be represented by (7) 

8* = 2 - - x = 2 x e  ~ sinh 
{ --  [ F t . ( x )  --  Fc . (x  = 2)]/RT} [12] 

where  x .  ~ denotes  the  rat io of e lec t ron  holes to 
su l fu r  a toms in  cuprous  sulfide of ideal  composi t ion.  

Upon  subs t i t u t i on  of Eq. [12] in  Eq. [11], it  fol-  
lows tha t  

AF--~F~ ~---2xe~ {[1 

-F s inh 2 F t . ( x )  - -  Fc. (x  = 2) ] ' / = - - 1  
RT J J 

= --  2xe ~ RT {[1 + (S*/2xe~ 1/=- 1} [13] 
whence  

AF ~ = AF + $* RT if ~* > >  2xe ~ [14] 

PbS  also exhib i t s  dev ia t ions  f rom the ideal  s toi-  
ch iometr ic  ratio.  A n  es t ima te  us ing  the  most  recen t  
da ta  of Bloem and  Krhge r  (8) indica tes  tha t  u n d e r  
the condi t ions  of the p resen t  expe r imen t s  the  con-  
t r i b u t i o n  to the free ene rgy  of reac t ion  [4] due to 
the nons to i ch iome t ry  of PbS  is negl igible .  

E x p e r i m e n t a l  

P r e d o m i n a n t l y  ionic conduc t ion  in  CuBr  at m o d -  
e ra te ly  oxidiz ing condi t ions  has been  ascer ta ined  
wi th  the  help of po la r i za t ion  m e a s u r e m e n t s  (6) .  A 
s imi la r  t echn ique  has been  used in  order  to inves t i -  
gate PbCI~ and  PbBr,,, pu re  and  doped wi th  a lka l i  
halide.  

I t  is k n o w n  tha t  PbBr~ and  PbC1, are p r e d o m i -  
n a n t l y  an ion  conductors  (9) p r e s u m a b l y  v ia  an ion  
vacancies  (10) w h e n  the conduc t iv i ty  is m e a s u r e d  
u n d e r  r educ ing  condi t ions .  This  is also t r u e  for  
samples  doped wi th  a lka l i  ha l ide  (11) w h e r e b y  the 
concen t r a t i on  of an ion  vacancies  and  thus  the ionic 
conduc t iv i ty  is increased.  

The tota l  conduc t iv i ty  was d e t e r m i n e d  wi th  the  
aid of a conven t iona l  a -c  method.  In  addi t ion,  the  
m a g n i t u d e  of e lect ronic  conduc t iv i ty  has been  es- 
t ima ted  by d e t e r m i n i n g  c u r r e n t - p o t e n t i a l  curves  for 
cells of type  

Pb  i PbCl,,, ] g raph i te  (V) 

On app ly ing  a vol tage  below the  decomposi t ion  
po ten t i a l  of PbCl~ wi th  the posi t ive  pole on the 
r i g h t - h a n d  side, bo th  chlor ine  ions and  e lec t rons  
mig ra t e  in i t i a l ly  t oward  the g raph i t e  electrode.  

Since chlor ine  ions are no t  d ischarged  at  the  g r a p h -  
ite electrode, the  c h l o r i n e - t o - l e a d  ra t io  at this elec- 
t rode  is s l ight ly  increased.  F ina l ly ,  u n d e r  s t eady-  
s tate  condit ions,  m i g r a t i o n  of C1- ions due to the 
e lectr ical  field is ba l anced  by  diffusion due  to the  
concen t r a t i on  gradient ,  a nd  the c u r r e n t  is ca r r ied  
exc lus ive ly  by  e lect rons  m o v i n g  e i ther  as excess 
e lec t rons  or v ia  e lec t ron  holes. 

One ba tch  of PbBr~ was p repa red  by  synthes is  
f rom the  e lements  and  a second ba tch  was p r epa red  
by pass ing the decomposi t ion  products  of NH,Br in  
a s t r eam of a rgon  over  m o l t e n  commerc ia l  PbBr~. 
Both p repa ra t ions  gave essen t ia l ly  the same results .  
PbC1, was p r e p a r e d  by  pass ing  the decomposi t ion  
products  of NH~C1 in  a s t r e a m  of a rgon  over  mo l t en  
commerc ia l  PbCI.,. 

The tota l  e lectr ical  conduc t iv i ty  of u n d o p e d  PbCI~ 
at 300~ was found  to be 1.2 X 19 -~ll - l c m  -1 which  
is of the  same order  of m a g n i t u d e  as tha t  repor ted  
by  Sei th  (12).  The tota l  conduc t iv i ty  at  300~ of 
PbCI~ + 1% KC1 was found  to be 1.2 X 10 ~ 12 -1 cm -1, 
and  tha t  of PbBr~ -}- 1% KBr ,  1.5 X 10-~11-1 cm-% 

Plots  of the  l oga r i t hm of the e lectronic  cu r r en t  
m e a s u r e d  wi th  cell (V) vs. the  appl ied  vo l tage  gave 
essen t ia l ly  s t ra igh t  l ines (see Fig. 1). This  behav io r  
is s imi la r  to tha t  r epor ted  for cuprous  hal ides  (6) ,  
bu t  is not  a m e n a b l e  to a theore t ica l  ana lys i s  because  
the e x p e r i m e n t a l  slopes in  Fig. 1 are  abou t  four  
t imes  sma l l e r  t h a n  suggested by  theory.  

Since the e lectronic  conduc t iv i ty  in  PbCI~ + 1% 
KC1 was found  to be lower  t h a n  tha t  in  PbBr~ + 1% 
KBr,  the fo rmer  e lec t ro ly te  was  chosen for the  fol-  
lowing  me a su r e me n t s .  For  a vol tage  of 0.2 v cor-  
r e spond ing  to the  condi t ions  of the  fo l lowing exper i -  
ments ,  the  rat io of the e lect ronic  c u r r e n t  to the  to ta l  
c u r r e n t  p r e v a i l i n g  b e t w e e n  revers ib le  electrodes is 
found  to be 10 -~ for PbCI~ + 1% KC1. Thus  p r e -  
d o m i n a n t l y  ionic conduc t ion  has  been  ensured .  

Cu~S and  CuBr  were  p r e p a r e d  by  synthes i s  f rom 
the e lements  as descr ibed e l sewhere  (6, 7) a nd  the  
PbS  was a commerc i a l  m a t e r i a l  wi th  a l is ted p u r i t y  
of 99.67%. The sulfides a nd  the CuBr  w e r e  pressed 
into cy l indr ica l  pellets,  6.35 m m  in d i a m e t e r  by  1-4 
m m  thick, in  a die u n d e r  abou t  4000 psi. The  copper  
pel le t  was 99.999% p u r e  and  the lead pel le t  was  of 
s i lve r - f r ee  lead 99.89% pure .  

In  order  to ob ta in  m e a n i n g f u l  resul ts ,  the va lue  of 
x in  Cu~S m u s t  be  cons tan t  t h r o u g h o u t  the  two 
Cu~S pellets  in  cell ( IV) .  To ensu re  this  condi t ion,  
the ha l f -ce l l  

+ l  �84 

o 
Z~ PbCl  2 + I % K C I  

0 PbSr  2 + I % K B r  o o 

- + 0  t : 5 0 0 ~  o o z~ 

~L 
o A A 

o 

-J 

-2. 
o', 0:2 o:3 o'~ o15 o~o o'~ o's 0'9 ,3 ,% ,2 

E { v o l t )  

Fig. 1. Electronic current I as a function of potential E for doped 
lead bromide of 0.242 cm thickness and 0.316 cm 2 area and for 
doped lead chloride of 0.326 cm thickness and 0.316 cm ~ area. 
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Fig. 2. Emf E of the cell 
Cu]CuB,iCu~.o~Sl(Cu~.~s, rbs)l(rbC~ + 1% KCI)lPb 

as  u f u n c t i o n  o f  t e m p e r a t u r e .  

cu I cuBr I Cu.S I (cu~s, PbS) [ graphite (VI) 
was assembled  and  p laced  ins ide  a P y r e x  vessel  as 
descr ibed  by  K i u k k o l a  and  W a g n e r  (2) .  A posi t ive  
po ten t i a l  of 0.2 v was  appl ied  to the  g raph i t e  elec-  
t rode and  the cell was t h e n  hea ted  to 300~ for  8 
hr  u n d e r  an  a tmosphere  of a rgon  to fix the copper -  
t o - s u l f u r  ratio.  The  po ten t i a l  of 0.2 v was  chosen in  
v iew of the  fo l lowing compromise .  The  h igher  the  
potent ia l ,  the  lower  is the ra te  of change  of the  p a r -  
t ia l  mo la r  free ene rgy  of copper  in  the  sample  w i th  
x and,  therefore ,  the  more  s table  is the  s tate  "Cu~S" 
agains t  p e r t u r b a t i o n s  (7) .  On the o ther  hand ,  the  
lower  the  potent ia l ,  the  lower  is the  f rac t ion  of elec-  
t ronic  conduc t ion  in  bo th  CuBr  and  PbCI~ + 1% 
KC1. 

At  the end  of the "cond i t ion ing  process" the  con-  
nec t ion  wi th  the  po t en t i ome te r  was  i n t e r rup t ed ,  
cell (VI)  was  cooled, and  cell ( IV) was  assembled.  
The  doped PbCI~ was  pressed in to  the  fo rm of a 
c ruc ib le  (2) ,  10 m m  in  d i ame te r  by  8 m m  high, in  
order  to con ta in  mo l t en  lead above 323~ 

Cell ( IV) was t h e n  hea ted  b e t w e e n  250 ~ and  
350~ u n d e r  an  a tmosphe re  of a rgon  and  the  emf  
was measured .  

Fig. 2 shows a plot  of a typ ica l  run .  The  resul t s  
of the m e a s u r e m e n t s  on cell (IV) in  the  t e m p e r a -  
tu re  r a n g e  of 250 ~ and  350~ m a y  be expressed by  
the  fo l lowing  equa t i on  

E ( v o l t )  = ( 6 . 5 •  • 10 - ~ + 0 . 3  • 10 -~ ( t - - 3 0 0 )  
[15] 

Discussion 
F r o m  Eq. [15], the  free ene rgy  change  AF of re -  

act ion [4] is found  to be equa l  to --300 ----- 46 cal  a t  
300~ 

The  copper  deficit i n  Cu.~S sub jec ted  to an  oxid iz-  
ing po ten t i a l  of 0.2 vol t  (7) is $ * =  0.02. Thus  i t  
follows f rom Eq. [14] t ha t  

AF ~ ---- --  277 • 46 cal [16] 

Moreover ,  in  v iew of the t e m p e r a t u r e  dependence  
of the  emf of cell ( IV) according  to Eq. [15], it  fol-  
lows tha t  A F ~  0 at  2 7 9 ~ 1 7 7  4~ Thus  the  th ree  
phase sys tem Cu-Cu2S-PbS  is s tab le  be low 2 7 9 ~ 1 7 7  
4~ whereas  the  t h r e e - p h a s e  sys t em P b - P b S - C u 2 S  
is s table  above  279 ~ • 4~ 

The  s t a n d a r d  free ene rgy  of fo rma t ion  of lead 
sulfide has been  deduced  r ecen t ly  f rom emf  meas -  
u r e m e n t s  (2) ,  

Pb  + S ~ PbS;  AF ~ (573~ ~ --  22,330 cal [17] 

U p o n  c ombi n i ng  Eqs. [16] and  [17], t he  s t a n d a r d  
free ene rgy  of f o r ma t i on  of cuprous  sulfide is ob-  
t a ined  as 

2Cu + S = Cu~S; •  ~ (573~ ---- - -  22,607 cal [18] 

On the o ther  hand,  one  m a y  ex t r apo la t e  da ta  for 
the  H~S/H~ rat io  over  Cu and  CusS d e t e r m i n e d  by  
Brooks (13) b e t w e e n  342 ~ and  1037~ a nd  by  Rich-  
a rdson  and  Ant i l t  (14) b e t w e e n  527 ~ a nd  1152~ 
which  y ie ld  

2Cu + H~S = CusS + H~; ~F ~ (573~ ~ --  12,620 cal 
[19] 

C o m b i n i n g  the  l a t t e r  va l ue  wi th  the  s t anda rd  
free ene rgy  of fo rma t ion  of H~S, 

H~ + S = H~S; AF ~ (573~ = --  10,039 cal  [20] 

ca lcu la ted  f rom s t a n d a r d  heats  of f o r ma t i on  a nd  en -  
t ropy  va lues  at  298~ (15) a nd  f rom e n t h a l p y  
and  e n t r opy  i n c r e m e n t s  b e t w e e n  298 ~ a n d  573~ 
(16),  one ob ta ins  

2Cu + S = CusS; AF ~ (573~ ~ --  22,659 cal [21] 

which  is in  prac t ica l  a g r e e m e n t  wi th  the  va lue  ob-  
t a ined  in  Eq. [18].  This  shows the cons is tency  of the  
var ious  va lues  involved .  
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ABSTRACT 

The measu remen t  of cell potent ia ls  p rovides  one method  for tes t ing the  
predic t ions  of the  Debye-Hi ickel  theore t ica l  equat ions for  ac t iv i ty  coefficients 
of electrolytes .  The emf of cells: Zn-Hg; Z n C L ( m ) ( S ) ( Y ) A g C l ( S ) ;  Ag  are  
inves t iga ted  to ver i fy  the  effect of va ry ing  dielectr ic  constant  in solutions of a 
2-1 electrolyte ,  ZnCL. (S) represen ts  percentages  by  weight  of MeOH, EtOH, 
and 1,4oDioxane wi th  wa te r  (Y) .  The s imple  Hi tchcock p rocedure  is used to 
obta in  s t andard  cell  potent ia ls  by graphica l  ext rapola t ion.  Confirmation of 
theore t ica l  predic t ions  is i l lus t ra ted  by  the da ta  obtained.  The va lue  for the  
s t andard  e lec t rode  potent ia l  of zinc in wa te r  is eva lua ted  by  di rec t  measure-  
men t  and confirmed by  cell emf da ta  wi th  mixed  solvents. 

M e a s u r e m e n t  of r e v e r s i b l e  ce l l  p o t e n t i a l s  p r o -  
v ides  one e x p e r i m e n t a l  p r o c e d u r e  to t es t  t he  p r e -  
d ic t ions  of the  D e b y e - H f i c k e l  equa t i ons  for  a c t i v i t y  
coefficients of s t r ong  e l ec t ro ly t e s .  T e m p e r a t u r e ,  con-  
cen t r a t ion ,  ionic  charges ,  and  d i e l ec t r i c  c o n s t a n t  
a r e  e x p e r i m e n t a l l y  c o n t r o l l a b l e  fac to rs  w h i c h  affect  
the  va lue s  of the  coefficients.  W h e r e a s  c o n s i d e r a b l e  
d a t a  a r e  a v a i l a b l e  for  1-1 e l e c t r o l y t e s  in  m i x e d  
so lven ts  ( 1 - 3 ) ,  t h a t  for  2-1 and  o t h e r  class e l ec -  
t r o l y t e s  is m u c h  m o r e  l imi ted .  Moreove r ,  t h e r e  is 
some d o u b t  conce rn ing  the  bes t  v a l u e  of t h e  s t a n d -  
a r d  e l ec t rode  p o t e n t i a l  for  Zn  in  wa t e r .  H a r n e d  and  
O w e n  (4) accep t  the  v a l u e  r e p o r t e d  b y  Rob inson  
and  S tokes  (5)  a t  0.7634 Int .  Volt .  A l t h o u g h  th is  is 
a t  l eas t  2 m v  h i g h e r  t h a n  the  a v e r a g e  of  t h r e e  p r e -  
v ious ly  r e c o r d e d  r e su l t s  a t  0.7612 Int .  Volt .  

The  p r e s e n t  p a p e r  is conce rned  w i t h  ev idence  
w h i c h  s u p p o r t s  the  l o w e r  v a l u e  for  t he  Zn s t a n d a r d  
e l e c t r o d e  po ten t i a l .  E M F  m e a s u r e m e n t s  of cel ls  
w i t h  m i x e d  so lven t s  d e m o n s t r a t e  t h a t  on ly  t he  s i m -  
p l e s t  e x t r a p o l a t i o n  p r o c e d u r e  is n e c e s s a r y  to o b t a i n  
s t a n d a r d  ce l l  po ten t i a l s .  F u r t h e r ,  i t  m a y  b e  s h o w n  
t h a t  t he se  a r e  l i n e a r  w i t h  t he  r e c i p r o c a l  of t he  d i -  
e l ec t r i c  cons t an t  of t he  so lven t  as g iven  b y  the  De-  
b y e - H t i c k e l  t h e o r e t i c a l  equa t ions .  A c t i v i t y  coeffi- 
c ients  c a l c u l a t e d  f rom o b s e r v e d  e m f  d a t a  a r e  in  
good a g r e e m e n t  w i t h  those  c a l c u l a t e d  f r o m  t h e  
D e b y e - H i i c k e l  equa t ions .  

The  s t a n d a r d  e l e c t r o d e  p o t e n t i a l  of Zn  a t  25~ 
has  been  d e t e r m i n e d  w i t h  cel ls  of t he  t y p e :  

Z n - H g ( 2 - p h a s e ) ;  Zn+*X- (m) ,  M X ( s ) ;  M 
Ag-AgC1  (6) ,  P b - P b S O 4  (7) ,  and  ca lome l  e l ec -  

t r odes  (8)  h a v e  been  used  as r e f e r e n c e  e lec t rodes .  
I f  t he  v a l u e  r e p o r t e d  b y  Rob inson  and  S tokes  is 
omi t t ed ,  t he  a v e r a g e  of t he  r e m a i n i n g  t h r e e  r e su l t s  
for  the  zinc s t a n d a r d  p o t e n t i a l  a t  25 ~ is 0.7612 Int .  
Volt .  None  of  the  t h r e e  r e su l t s  d e v i a t e d  f r o m  th is  
a v e r a g e  b y  m o r e  t h a n  •  inv.  

R o b i n s o n  and  S tokes  used  a n  e x t r a p o l a t i o n  p r o -  
c edu re  s u g g e s t e d  b y  Ba tes  (9)  w h i c h  r e q u i r e s  t h e  
use  of t h e  D e b y e - H i i c k e l  e x t e n d e d  e q u a t i o n  for  
a c t i v i t y  coefficient.  T h e y  u t i l i zed  two  s e p a r a t e  ion 
size p a r a m e t e r s  a t  3.8 and  5.0A for  ZnCI~ in o r d e r  to 

e x t e n d  the  l i n e a r i t y  of t h e i r  e x t r a p o l a t i o n  p lo t s  
t h r o u g h  a w ide  r a n g e  of sa l t  concen t ra t ions .  

The  s ame  cel l  t y p e  has  been  used  in  t he  p r e s e n t  
w o r k :  
Z n - H g ( 2 - p h a s e ) ;  ZnCl~(m) ,  ( S ) ,  (Y) ,  A g C l ( s ) ;  A g  
w h e r e  S is t he  p e r c e n t  by  w e i g h t  of o rga n i c  solvent ,  
Y, t h a t  of wa t e r ,  and  m is t he  m o l a l i t y  of ZnCI~ in 
the  m i x e d  solvents .  MeOH, EtOH,  and  1 ,4 -Dioxane  
w e r e  t he  o rgan ic  so lven ts  e m p l o y e d  in t he  m i x t u r e s  
so t h a t  a r a n g e  of d i e l ec t r i c  cons tan t s  f r o m  51.9 to 
78.4 was  ava i l ab l e ,  and  conc. to  0.1M ZnCI~. 

The  s imp le  H i t chcock  (10) p r o c e d u r e  was  e m -  
p l o y e d  to ob t a in  the  s t a n d a r d  cel l  po t en t i a l s .  P a r -  
t i c u l a r  e m p h a s i s  was  p u t  on m e a s u r e m e n t s  w i t h  t he  
m o r e  d i lu t e  so lu t ions  so t h a t  l i n e a r  p lo t s  cou ld  be  
d r a w n  t h r o u g h  a sufficient  n u m b e r  of  po in t s  to a s -  
su r e  p r o p e r  e x t r a p o l a t i o n  in  t h e  d i l u t e  r a n g e  b e l o w  
0.01M. 

Experimental Procedure 
A n  e l e c t ro ly t i c  cel l  was  c o n s t r u c t e d  b y  j o in ing  

t h r e e  1 x 4 in. P y r e x  t u b e s  w i t h  6 m m  t u b i n g  in  
such  m a n n e r  as to g i v e  a top "V" v iew.  T h e  m i d d l e  
t u b e  has  sea l ed  a t  the  b o t t o m  a r e s e r v o i r  of a p p r o x i -  
m a t e l y  1 cc. A P t  w i r e  s ea l ed  in  th is  r e s e r v o i r  
p r o v i d e s  c o m m u n i c a t i o n  to  t he  e x t e r n a l  m e a s u r i n g  
c i rcui t .  

T w o - p h a s e  Zn a m a l g a m s  w e r e  depos i t ed  e l e c t r o -  
l y t i c a l l y  in  th is  cel l  b y  us ing  p u r e  Zn s t i ck  anodes ,  
and  ZnSO,  solut ions .  A b o u t  1 h r  a t  1 a m p  was  u s u -  
a l l y  r e q u i r e d  to p r o d u c e  a f i rm Zn  a m a l g a m ,  w h e n  
1/2 cc pur i f i ed  Hg  is u sed  as t he  ca thode .  This  p r o -  
c edu re  m a k e s  i t  s i m p l e  to p r e p a r e  a m a l g a m s  p r i o r  
to each  i n d i v i d u a l  e x p e r i m e n t .  The  cel l  is w a s h e d  
r e a d i l y  w i t h  w a t e r  and  e x p e r i m e n t a l  so lu t ion  b e -  
fo re  an  emf  m e a s u r e m e n t  w i t h  a p a r t i c u l a r  so lu t ion  
m i x t u r e .  A zero p o t e n t i a l  d i f f e rence  b e t w e e n  t h e  
a m a l g a m  and  Zn  or  Hg  has  been  f o u n d  e x p e r i -  
m e n t a l l y  (11) .  T h e  r e f e r e n c e  A g-A gC1  e l ec t rodes  
w e r e  m o u n t e d  on n e o p r e n e  s toppe r s  so t h a t  t h e y  
could  be  i n s e r t e d  in sec t ions  of t he  cel l  not  ho ld ing  
the  a m a l g a m .  The  A g-A gC1  e l ec t rodes  w e r e  p r e -  
p a r e d  b y  a p r o c e d u r e  e s s e n t i a l l y  t h a t  r e c o m m e n d e d  
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by B r o w n  (12).  N u m b e r  24 Pt  wi re  is sealed in to  
4 m m  soft glass tub ing ,  and  Hg added in  the  t u b -  
ing  for contac t  w i t h  the  e x t e r n a l  circuit .  The  
wire  is s i lver  p la ted  at  low c u r r e n t  dens i ty  f rom 
a 1% so lu t ion  of twice rec rys ta l l i zed  KAg(CN)~.  
A cell l ike tha t  descr ibed is used for this purpose ,  
thus  s epa ra t ing  anode and  cathode c o m p a r t m e n t s  
to p r e v e n t  free cyan ide  ion c o n t a m i n a t i o n  in  the  
Ag. Af te r  t ho rough  washing,  the  Ag is anodized  
in  0.1N HC1. The electrodes were  t h e n  washed  in  
wa te r  and  NH,OH, and  reanodized,  t h e n  aga in  
washed in dilute NH~OH and water. A period 
of aging is required before these electrodes check 
against each other with a potential difference of 
less than +--0.05 my. 

A concentrated ZnCl~ solution was prepared by 
dissolving a Khabaum grade Zn of 99.966% Zn in 
redistilled constant boiling HCI solution. With ex- 
cess Zn present, the final solution had a pH value of 
near 6.0, but further acid was added to reduce the 
pH value to 4.4 to prevent hydrolysis in the very 
dilute solutions. 

Methyl and ethyl alcohols were purified in the 
usual manner, but no attempt was made to collect 
and store absolute alcohol. Instead, the alcohols 
were diluted with water, and the alcohol content 
obtained from density measurements. The 1,4-Di- 
oxane was obtained from Carbide and Chemicals 
Corp. The liquid was partially frozen, and the 
melted solid diluted to about 80% Dioxane, and dis- 
tilled from bright Cu turnings. A constant boiling 
mixture of known composition is obtained in this 
way (13), and the distillation could be carried out 
prior to preparing experimental solutions in order 
to minimize peroxide contamination. 

Each experimental solution was prepared by 
weighing the concentrated ZnCI2 solution on the 
analytical balance. Water was added by weight, 
and the amount of organic solvent to be added could 
then be calculated to give the desired percent by 
weight. 

Concen t r a t ed  ZnCl~ was  ana lyzed  af ter  p r e p a r a -  
t ion  by  p rec ip i t a t ion  and  we igh ing  of zinc a m m o -  
n i u m  phospha te  and  s i lver  chloride.  The  mo la l i t y  
ca lcu la ted  f rom dupl ica te  set of d e t e r m i n a t i o n s  u s u -  
a l ly  checked to be t t e r  t h a n  0.0007M wi th  a to ta l  
concen t r a t i on  of 1.4M or bet ter .  

A c o n v e n t i o n a l  po t en t i ome te r  c i rcui t  w i th  a t ype  
K L&N po ten t iomete r ,  a g a l v a n o m e t e r  w i th  a sen-  
s i t iv i ty  of 0.04 ~ a / m m  division,  and  a s t a n d a r d  Ep-  
p ley  cell w i th  certified B u r e a u  of S t a n d a r d s  cal i -  
b ra t ion ,  were  used to m e a s u r e  emfs at 25 ~ +--0.02~ 
Read ings  were  sens i t ive  to 0.01 inv.  A n e w  a m a l g a m  
was p r e p a r e d  for each run .  Af te r  the  cell was  filled 
w t ih  the  e x p e r i m e n t a l  solut ion,  a flow of pur i f ied 
h y d r o g e n  was  m a i n t a i n e d  over  the  a m a l g a m  d u r i n g  
al l  emf  measu remen t s .  A per iod  of 24 h r  was  r e -  
qu i red  w i th  d i lu te  solut ions  to ob t a in  s teady r e a d -  
ings, bu t  less t ime  wi th  more  concen t ra t ed  solut ions.  
C o n c e n t r a t i o n  of ZnCI~ less t h a n  0.004M gave e r ra t ic  
resul ts .  Two Ag-AgC1 electrodes in  the cell m a d e  it 
possible  to ob ta in  dup l i ca t e  resul ts .  Often,  bu t  no t  
at a l l  t imes,  two r u n s  or four  separa te  resul t s  were  
obta ined .  Since a per iod  of more  t h a n  4 years  was  
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necessary  to ob t a in  al l  the  da ta  recorded  here,  AgC1 
electrodes  were  p r epa red  per iodical ly ,  b u t  a lways  
checked aga ins t  o lder  electrodes ava i lab le .  

Calculation and Tabulation of Results 
Measured  emf va lues  of the  cells are recorded in  

Int .  Volts. 
For  2-1 e lect rolyte :  

RT 
E ~- E ~ --  ~ in  4m~V ~ (I)  

n F  

in  which  V-- is the  m e a n  ac t iv i ty  coefficient, E the  
m e a s u r e d  emf, E ~ the s t a n d a r d  cell potent ia l ,  and  
m the  mola l i ty .  

R e a r r a n g e m e n t  and  expans ion  gives: 

3 R ' T  3 R ' T  
E ~ E  ~ - - l o g 4 1 / ~  - - l o g m  

n F  n F  

3 R ' T  
- -  l o g  V----- ( I I )  

n F  

To i n t r oduc e  5-- +,  the  ac t iv i ty  coefficient g iven  by  
the Debye -Hi i cke l  equat ions ,  the  express ion:  

log V-- + ---- log f----- - -  log [1 - -  .001 v M x y  �9 m]  ( I I I )  

is requi red .  M x y  is the ave rage  mo lecu l a r  we igh t  of 
the mi xe d  solvent ,  and  v the  n u m b e r  of ions p ro -  
duced by  the  e lectrolyte ,  and,  

100 
M x y  = (IV) 

S Y 

M x  M y  

w he r e  R'----2.303R; R =  8.3142 Int .  Joules ;  F 
96,500 coulombs.  

For  ex t r apo la t i on  of m e a s u r e d  emf da ta  to i n -  
f ini te  d i lu t ion,  the  Hi tchcock me thod  (10) was  em-  
ployed.  The Debye-Hf icke l  l imi t ing  express ion  wi th  
an  added l inea r  team,  

- -  log ]_+ ---- 2 A ( u )  1/~- C'u  (V) 

is subs t i t u t ed  in  (II)  a f ter  first i n t r o d u c i n g  ( I I I )  in  
( I I ) .  Express ion  (V) is n o w  subs t i t u t ed  and  on re -  
a r r a n g e m e n t  and  expans ion  one obta ins :  

E ~ : E - -  0.08873 X 2 A ( u )  1/~ + 
0.08873 C'u  --  0.08873 log [1 - -  0.003 M x y  - m ]  -6 

0.08873 log m -6 0.01781 (VI)  

The  va l ue  of A is de r ived  f rom the  D e bye - Hi l cke l  
theore t ica l  express ion :  

1.824 X 10 ~ 
A ---- (VII)  

(DT)  8/~ 

Calcu la t ions  a re  fac i l i ta ted  by  l e t t ing  E ~ equa l  

E -6 0.08873 [log m - - l o g  ( 1 - - 0 . 0 0 3  M x y  - m ) ]  -6 

0 . 0 1 7 8 1 -  0.08873 X 2 A ( u )  "~ (VIII)  

and,  
E ~ ~ E ~ -- 0.08873 C'u (IX) 

The last expression provides the linear function by 

which extrapolation to u ~- 0 may he made. 

Calculation is further simplified by defining: 

E ~ : E -6 0.08873 [log m --  log(1  --  0.003 M x y .  m )  ] 

+ 0.01781. (X)  
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and  
E ~ ----- E ~  0.08873 • 2 A ( u )  1/~ ( X I )  

The  d a t a  a r e  t a b u l a t e d  in Tab les  I t h r o u g h  X I I I ?  
These  also g ive  the  d i e l ec t r i c  cons tan t ,  t he  D e b y e -  
Ht icke l  cons t an t  A, t h e  a v e r a g e  m o l e c u l a r  w e i g h t  of 
the  solvent ,  M x y ,  and  the  D e b y e - H i i c k e l  c o n s t a n t  B, 
def ined  by :  

5.O29 • 10 ~ 
B = ( X l I )  

( D T )  i/~ 

The d i e l ec t r i c  cons tan t s  we re  those  r e p o r t e d  b y  
A k e r l o f  (14) or  c a l c u l a t e d  for  e m p i r i c a l  e x p r e s -  
s ions  suggested by him. 

The observed activity listed is that obtained from 
the extrapolated standard cell potential and cell 
emf values with different m values; the calculated 
value is that calculated from the equation: 

2A (u)v~ 
- -  l o g  f +  ~ ( X l I I )  

1 + B a ( u )  l/~ 

Discussion of Results 
D a t a  in Tab les  I t h r o u g h  X I I I  show e x t r a p o l a t e d  

v a l u e s  fo r  E ~ w h i c h  a r e  t he  s t a n d a r d  ce l l  po t en t i a l s .  
To o b t a i n  these  va lues ,  t he  r e c o r d e d  E ~ d a t a  w e r e  
p l o t t ed  aga in s t  u. L a r g e  24 in. x 30 in. g r a p h  p a p e r  
m a d e  i t  poss ib le  to p lo t  i n d i v i d u a l  po in t s  w i t h  an  
u n c e r t a i n t y  of  +0.05 my.  The  l i n e a r  g r a p h i n g  f i t ted  
mos t  of  t he  po in t s  in  t he  d i l u t e  r a n g e  w i t h  a p r e c i -  
s ion of b e t t e r  t h a n  m0.1 mv.  T h e  e x t r a p o l a t e d  
s t a n d a r d  po t en t i a l s  w e r e  t h e r e f o r e  e x p e c t e d  to be  
r e a d  off the  p lo t s  w i t h  th is  prec is ion .  G r a p h i c a l  e x -  
t r a p o l a t i o n s  a r e  s u m m a r i z e d  in  Fig.  1-4. 

Fig.  1 shows  t h e  c a l c u l a t e d  E ~ v a l u e s  t a k e n  some  
t en  y e a r s  apa r t .  The  smoo th  s t r a i g h t  l ine  d r a w n  
t h r o u g h  these  two  sets  of po in t s  i nd i ca t e s  t he  e x -  
ce l l en t  r e p r o d u c i b i l i t y  a t t a i n e d  b y  t h e  e l e c t r o d e  
sys tems ,  and  the  s imp le  H i t chcock  e x t r a p o l a t i o n  in 
t he  d i l u t e  r ange .  

Fig.  5 dep ic t s  the  p lo t s  of t h e  s t a n d a r d  cel l  p o t e n -  
t i a l s  o b t a i n e d  w i t h  t he  t h r e e  d i f f e ren t  so lven t  sy s -  
tems,  aga in s t  1/D.  The  d a t a  for  Fig .  5 a r e  s u m -  
m a r i z e d  in T a b l e  XIV.  L i n e a r i t y  is r e t a i n e d  t h r o u g h  
the  l o w e s t  d i e l ec t r i c  c o n s t a n t  v a l u e  w i t h  a p rec i s ion  
of  b e t t e r  t h a n  --+0.1 my.  Moreover ,  each  s e p a r a t e  
p lo t  e x t r a p o l a t e s  t h r o u g h  the  s a m e  s ingle  va lue ,  
t h a t  for  t he  s t a n d a r d  cel l  p o t e n t i a l  w i t h  w a t e r  and  
i d e n t i c a l  w i t h  the  v a l u e  fo r  th is  p o t e n t i a l  o b t a i n e d  
b y  m e a s u r e m e n t .  This  e x p e r i m e n t a l  ev idence ,  t o -  
g e t h e r  w i t h  the  fac t  t h a t  c a l c u l a t e d  and  o b s e r v e d  
a c t i v i t y  coefficients in  a l l  so lven ts  show an  a v e r a g e  
d e v i a t i o n  of less t h a n  --0.01 uni t s ,  s u p p o r t s  t he  
v a l u e  of the  s t a n d a r d  p o t e n t i a l  for  Zn in w a t e r  a t  
0.7610 --+0.0002 Int .  Volt .  

H a r n e d  a n d  O w e n  (4)  r e p o r t  v a l u e s  for  t he  
s t a n d a r d  e l ec t rode  p o t e n t i a l  of t he  Ag-AgC1  e lec-  
t r o d e  in  w a t e r  a t  --0.2224 Int .  Volt ,  and  also g ive  
va lue s  fo r  th is  p o t e n t i a l  in mos t  of t he  so lven t  m i x -  
tu res  used  in  th is  w o r k ,  so t h a t  the  v a l u e  fo r  t he  
e l ec t rode  p o t e n t i a l  for  Zn in these  so lven t s  cou ld  be  
ca lcu la ted .  

1 These  t ab le s  h a v e  been  depos i t ed  as D o c u m e n t  5192 w i t h  t he  
A D I  A u x i l i a r y  P u b l i c a t i o n s  P ro jec t ,  P h o t o d u p l i c a t i o n  Serv ice ,  L i -  
b r a r y  of Congress ,  W a s h i n g t o n  5, D. C. A copy  m a y  be  secu red  b y  
c i t i n g  t he  D o c u m e n t  n u m b e r  a n d  by  r e m i t t i n g  $1.25 fo r  a p h o t o p r i n t  
o r - f o r  a 35- ram microf i lm.  A d v a n c e  p a y m e n t  is  r e q u i r e d .  M a k e  
check  p a y a b l e  to :  Ch ie f ,  P h o t o d u p l i e a t i o n  Se rv ice ,  L i b r a r y  o f  C o n -  
gress.  
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Fig. 1. E ~ values for the cell with water as the solvent, and 
extrapolation to zero ionic strength. 
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Fig. 2. E ~ values for the cell with MeOH-water solvents, and 
extrapolation to zero ionic strength.  
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Fig. 3. E ~ values for the cell with EtOH-wuter mixtures, and 
extrapolation to zero ionic strength. 
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Fig. 4..co, for the cell with 1,4-Dioxane-water mixture, and 
extrapolation to zero ionic strength. 
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Fig. 5. Standard cell potentiols for cells with MeOH, EtOH, 
],4-Dioxone, -woter mixtures plotted os o function of "I/D. 

A plot of 
2A(u)  1/~ 

v s  (u) 1/= 
log f----- (obs.) 

should give a slope of 1 -t- Ba. From the da ta  given 
here, it  can be shown tha t  such a plot  wi th  all  sol- 
vent  systems resul ts  in a va lue  for a of 4.8 •  
and hence justifies the choice of a single ion size 
chosen in these calculations.  

Conclusions and Summory 
The cells: 

Z n - H g ( 2 - p h a s e ) ;  ZnCL(m)  (S) (Y ) ,  AgCI( s ) ;  Ag 
have been invest igated,  wi th  (S) represent ing  mix -  
tures  of MeOH, EtOH, and 1,4-Dioxane at  different  
percentages  by weight  wi th  water ,  Y per  cent. The 
cell potent ia l  wi th  pure  wate r  gives a va lue  for E ~ 
(Zn/Zn+),  25~ equal  to +0.7610 Int. Volt. This is 
2.4 mv lower  than  the resul t  accepted by  Harned  
and Owens, but  appears  to be adequa te ly  suppor ted  
by the exper imen ta l  da ta  presented.  The act iv i ty  
coefficients f rom the observed da ta  are in good 
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agreement  wi th  those p red ic ted  by the  Debye-  
Hiickel  equations in solvent  media  of different  di -  
electric constant. The l inear  var ia t ion  of the s tand-  
a rd  cell potent ia l  wi th  1/D as given by  theory  is 
wel l  confirmed by  exper imen ta l  data,  a l though no 
simple re la t ionship  exists which gives a single 
l inear  funct ion wi th  different solvent  mix tures  of 
the  same dielectr ic  constant.  

Manuscript received July  30, 1956. This paper was 
prepared for delivery before the Washington Meeting, 
May 12-16, 1957. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the June 1958 
JOURNAL. 
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ABSTRACT 

Hydro ly t i c  decomposi t ion occurs dur ing  the fusion of a eutectic mix tu re  of 
l i th ium chlor ide-potass ium chlor ide  conta in ing t races  of mois ture  if the  fusion 
condit ions are  not controlled.  The resu l tan t  contaminat ion  by  h y d r o x y l  ion 
g rea t ly  lowers  the  u t i l i ty  of this mix tu re  as a fused salt  solvent.  The effective- 
ness of var ious  procedures  used for  p repa ra t ion  of the fused sal t  solvent  was 
fol lowed by  observat ion of the character is t ic  po larographic  res idual  cur ren t  
using a p l a t inum microelectrode.  A p repa ra t ive  method is descr ibed which 
involves d ry ing  the mix tu re  under  modera te  vacuum, fusion under  anhydrous  
hydrogen  chloride,  and remova l  of the  hydrogen  chloride f rom the melt .  

F o r  the  in i t i a l  w o r k  of a l o n g - t e r m  g e n e r a l  i n -  
v e s t i g a t i o n  in  fused  sa l t  e l e c t r o c h e m i s t r y ,  a eu tec t i c  
m i x t u r e  of LiC1-KC1 w a s  se l ec t ed  as t h e  fused  sa l t  
so lvent .  A d v a n t a g e o u s  c h a r a c t e r i s t i c s  of th is  sol-  
ven t  a r e  good t h e r m a l  s t ab i l i t y ,  w ide  span  of 
e l e c t ro ly t i c  decompos i t i on  po ten t i a l ,  absence  of 
s t r o n g l y  ac id ic  or  bas ic  p rope r t i e s ,  h igh  c o n d u c t i v i t y  
and  f luidi ty ,  and  c o m m e r c i a l  a v a i l a b i l i t y  of i ts  com-  
ponen t s  as t he  r e a g e n t  g r a d e  sal ts .  F u r t h e r ,  the  
m e l t i n g  po in t  is low enough  and  i ts  c h e m i c a l  r e -  
a c t i v i t y  is such  t h a t  P y r e x  glass  can  be u t i l i zed  as 
a m a t e r i a l  of  cons t ruc t ion .  The  p r o p e r t i e s  of t h e  
so lven t  t hus  pe rmi t ,  in theory ,  a s t u d y  of t he  e l ec -  
t r o c h e m i s t r y  of  a w ide  v a r i e t y  of so lu tes  w i t h  a 
m i n i m u m  of i n t e r f e r e n c e  f r o m  so lven t  effects a n d  
w i t h  on ly  m o d e r a t e  e x p e r i m e n t a l  d i f f icul ty  as h igh  
t e m p e r a t u r e  w o r k  goes. 

In  p rac t ice ,  t h e  p o t e n t i a l i t y  of these  d e s i r a b l e  so l -  
ven t  p r o p e r t i e s ,  p a r t i c u l a r l y  the  w ide  d e c o m p o s i -  
t ion  p o t e n t i a l  span,  is l i m i t e d  b y  the  p u r i t y  of t he  
fused  so lven t  w h i c h  can  be p r e p a r e d .  The  mos t  
t r o u b l e s o m e  aspec t  of p r e p a r i n g  a p u r e  LiC1-KC1 
eu tec t ic  fus ion  ar i ses  f r o m  the  h i g h l y  de l i quescen t  
p r o p e r t y  of the  LiC1. Unless  spec ia l  p r e c a u t i o n s  a r e  
t aken ,  h y d r o l y t i c  decompos i t i on  occurs  as the  t e m -  
p e r a t u r e  is r a i s e d  and  HC1 is los t  f r om the  sys tem.  
C o n c u r r e n t l y ,  the  m e l t  becomes  c o n t a m i n a t e d  w i t h  
a l k a l i n e  p roduc t s .  

Va r ious  m e t h o d s  h a v e  been  p r o p o s e d  and  used  to 
p r e v e n t  h y d r o l y t i c  decompos i t i on  d u r i n g  the  p r e -  
p a r a t i o n  of a n h y d r o u s  ch lor ides .  The  h e a t i n g  of 
h y d r a t e d  r a r e  e a r t h  ch lo r ides  w i t h  gross  a m o u n t s  of 
NH,C1 is one  c lass ic  me thod .  F o r  the  p r e p a r a t i o n  of 

fused  LiC1-KC1 m i x t u r e s  con ta in ing  p o t a s s i u m  
h e x a c h l o r o m o l y b d a t e ,  t he  m e t h o d  of h e a t i n g  the  
sa l t  m i x t u r e  to fus ion  in a s t r e a m  of d ry ,  i n e r t  gas 
fo l l owed  by  an e l ec t ro lys i s  of t he  m e l t  for  r e m o v a l  
of o x y g e n  as m o l y b d e n u m  ox ides  a t  t he  c a thode  and  
b y  v o l a t i l i z a t i o n  of m o l y b d e n u m  o x y c h l o r i d e s  has  
been  used  (1) .  A n o t h e r  p r o c e d u r e  invo lves  d r y i n g  
the  LiC1 and  the  KC1 s e p a r a t e l y  b y  f irst  s l o w l y  
h e a t i n g  the  sa l t s  to b e t w e e n  480 ~ and  500~ u n d e r  
h igh  v a c u u m  (10 -~ to less t h a n  104 m m  H g ) ,  t hen  
m i x i n g  the  d r i e d  sa l t s  t o g e t h e r  u n d e r  a c on t ro l l ed  
a t m o s p h e r e  in  a d r y  box,  and  f ina l ly  fus ing  the  d r y  
m i x t u r e  u n d e r  h igh  v a c u u m  (2, 3) .  The  m e t h o d  to 
be  d e s c r i b e d  h e r e  invo lves  d r y i n g  the  eu tec t ic  m i x -  
t u r e  u n d e r  m o d e r a t e  va c uum,  fus ing  the  m i x t u r e  
u n d e r  a n h y d r o u s  HC1 at  a t m o s p h e r i c  p re s su re ,  and  
t hen  r e m o v i n g  the  excess  HC1 f r o m  the  fused  sol-  
vent .  

Experimental Procedure 
The  a p p a r a t u s  used  in  th i s  w o r k  inc ludes  t h e  fo l -  

l owing :  
F u r n a c e :  C e n c o - C o o l e y  No. 13627, 115 V, 700 W, 

C e n t r a l  Scient i f ic  C o m p a n y ,  Chicago.  A s e p a r a t e  
h e a t i n g  c i rcu i t  e q u i v a l e n t  to 25% of the  o r i g i n a l  
f u r n a c e  h e a t i n g  c a p a c i t y  was  i n s t a l l e d  in t he  bo t -  
t om of t he  f u r n a c e  cav i ty .  O n l y  th is  a u x i l i a r y  
c i r cu i t  was  o p e r a t e d  b y  t h e  f u r n a c e  con t ro l l e r .  

Con t ro l l e r :  Whee lco  I n d i c a t i n g  C o n t r o l l e r  Mode l  
241-P,  B a r b e r - C o l e m a n  C o m p a n y ,  Rockford ,  I l -  
l inois .  

V a c u u m  P u m p :  Cenco " P re s sova c , "  C e n t r a l  Sc ien -  
tific C o m p a n y ,  Chicago.  

Chemica l s :  T a n k  gases  of t he  M a t h e s o n  C o m p a n y ,  
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Joliet,  Ill., were  used. The a rgon  was  passed over  
hot  Cu to r emove  t races  of oxygen.  Both  a rgon  
and  HC1 were  dr ied  over  Mg (C10,)~. Reagen t  grade  
LiC1 and  KC1 were  used to p r epa re  the  solvent .  

Electrodes:  A Pt  foil in  e q u i l i b r i u m  wi th  a d i lu te  
so lu t ion  of P t  ( I I )  in  the fused sal t  so lven t  was  
used as the  re fe rence  electrode.  This  sys tem has 
been  shown  to d e t e r m i n e  a stable,  nonpo la r i zab l e  
re fe rence  po ten t i a l  and  has been  descr ibed in 
var ious  modif icat ions (4 -6) .  The microelec t rodes  
used consis ted of 26 gauge P t  wi re  sealed into 
Corn ing  0120 glass w i th  abou t  1 m m  of the  wi re  
p ro jec t ing  ( to ta l  e lect rode a rea  of 1.4 m m  ~) or 18 
gauge t u n g s t e n  w i r e  sealed in to  P y r e x  glass wi th  
the wi re  g round  flush to the  glass ( to ta l  e lect rode 
area  of 0.8 mm~). 

Po la rograph :  The po la rog rams  repor ted  were  ob-  
served as au toma t i ca l l y  recorded curves  by  us ing  
an  "Elec t rochemograph ,"  Type  E, Leeds a nd  
Nor th rup ,  Ph i l ade lph ia .  

Fused  sal t  cell: The  cell used  is descr ibed  below. 
The  cell in  which  the so lvent  p r e p a r a t i o n  p ro -  

cedure  is comple ted  has been  found  v e r y  use fu l  in  
p e r f o r m i n g  bo th  chemical  and  e lec t rochemica l  ex-  
pe r iments .  As it  is a gene ra l  tool for fused sal t  re -  
search (6) ,  it is descr ibed  in  grea te r  de ta i l  t h a n  is 
necessary  m e r e l y  for  use  as the  so lvent  p r e p a r a t i o n  
vessel.  

Fig. 1 is an  i l l u s t r a t ion  of the  var ious  cell com-  
ponents .  The cell as shown  is only  pa r t i a l l y  as-  
sembled  and  all  of the  var ious  componen ts  shown  
are  not  necessar i ly  to be  in use at one t ime.  A n  ex-  
p l a n a t i o n  of the func t i on  of these componen t s  serves 
to indica te  which  c o m b i n a t i o n  is needed  for a p a r -  
t i cu la r  purpose .  Al l  of the  glass pa r t s  are P y r e x  
(Corn ing  774) except  as o therwise  noted.  

The side a r m  tube  A is the fused sal t  conta iner .  
It  is 33 cm long by  6 cm OD and  indicates  the  scale 
of the i l lus t ra t ion .  In  use, the t ube  conta ins  fused 

Fig. 1. Components of the fused salt cell 
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salt  to a dep th  of abou t  41/z cm and  p ro t rudes  f rom 
the  f u r na c e  above the  level  L - L  which  is 12 cm 
f rom the  bot tom,  bu t  in  more  recen t  work  has been  
increased  to 15 cm. The me l t  ins ide  t u b e  A can be 
d iv ided  into severa l  por t ions  by  the c o m p a r t m e n t s  
B wh ich  a re  closed a t  the  b o t t o m  by  m e d i u m  po-  
rosi ty  f r i t t ed  glass disks. These por t ions  of me l t  are 
t hen  in  e lec t rolyt ic  contact  w i th  one ano the r  bu t  
c r o s s - c on t a mi na t i on  of the c o m p a r t m e n t  conten ts  is 
p reven ted .  A n u m b e r  13 r u b b e r  s topper  C serves 
to close the t ube  A and  to suppor t  w i t h i n  the  t ube  A 
the i n e r t - g a s  de l ive ry  t u b e  D, the  t he rmocoup le  
shea th  E, a nd  va r ious  electrodes.  Those holes  in  
s topper  C which  are no t  in  use are closed b y  glass 
p lugs  F. 

The  large  holes i n  s topper  C p e r m i t  easy m a n i p u -  
la t ive  access to the  in t e r io r  of t ube  A. D u r i n g  the  
expe r imen t ,  for example ,  i n d i v i d u a l  c o m p a r t m e n t s  
can be r e move d  f rom the  system, us ing  hook H, or 
k n o w n  a m o u n t s  of a solute  can  b e  added  to a n y  one 
of the  c o m p a r t m e n t s  w i t h i n  the  tube ,  us ing  p la t i -  
n u m  spoon G. The e n t r y  of air  in to  the  sys tem is 
p r e v e n t e d  by  an  a rgon  a tmosphere  wh ich  b l anke t s  
the fused salt. 

The seven  holes in  the s topper  m u s t  have  pa ra l l e l  
axes and  m u s t  fit the i r  respec t ive  glass par t s  (10 
m m  and  16 m m  in this  case) v e r y  snug ly  b u t  w i t h -  
out  b ind ing .  I t  has  been  f ound  advan t ageous  to 
bore the  holes w i th  a dr i l l  press,  u s ing  a r egu l a r  
twis t  dri l l .  The  s topper  is first f rozen in  a d ry  ice- 
"Cel losolve" mix tu re .  

A p r inc ipa l  a dva n t a ge  of this  cell is t ha t  severa l  
d i f ferent  so lu t ion  composi t ions  can  be m a i n t a i n e d  
at one t ime  in  separa te  c o m p a r t m e n t s  in  the  tube.  
Thus,  a n e w  b a t h  of fused sal t  so lvent  need  not  be  
p r epa red  for each change  of e x p e r i m e n t a l  condi -  
t ion. The  precise course of an  e x p e r i m e n t  need  not  
be p rede t e rmined ,  since it  is a s imple  m a t t e r  to a l te r  
the composi t ion  of a c o m p a r t m e n t  at  a n y  t ime  w i t h -  
out  affecting the  compos i t ion  of the  rest  of the  com-  
pa r tmen t s .  This  is an  e x t r e m e l y  v a l u a b l e  a d v a n t a g e  
in  fused sal t  research.  

The  f r i t ted  ba r r i e r s  of the  c o m p a r t m e n t s  are ve ry  
effective for p r e v e n t i n g  diffusion of a so lu te  out  of 
its c o m p a r t m e n t .  Elect r ical ly ,  the  ba r r i e r s  are effi- 
c ient  in  tha t  the  res is tance  is bu t  20 to 50 ohms be -  
t w e e n  two Pt  wires  i m m e r s e d  in  the eutect ic  sol-  
ven t  of two dif ferent  compar tmen t s .  

P r e p a r a t i o n  of the  eutect ic  so lvent  is ca r r ied  out  
as follows. Reagen t  grade  LiC1 and  KCI  are  t a k e n  
in  the  p ropor t ion  0.59 mole  to 0.41 mole  and  mixed  
together .  The  m i x t u r e  is p laced  in  a su i t ab le  vessel  
and  exposed to a v a c u u m  (0.1 to 0.2 m m  Hg) for 6 
hr  to r emove  excessive moi s tu re  so tha t  the  m a t e r i a l  
wi l l  no t  cake d u r i n g  the nex t  step. Al l  t r ans fe r s  of 
the  m a t e r i a l  f rom this po in t  on m u s t  be made  as 
r ap id ly  as possible to avoid excessive p ickup  of 
a tmospher ic  mois ture .  The  v a c u u m - d r i e d  m i x t u r e  
is b a l l - m i l l e d  to a fine f ree- f lowing  powder  in  a 
clean, t igh t ly  closed jar ,  us ing  porce la in  ba l l s  which  
have  p rev ious ly  been  leached wi th  6N HC1, r insed  
wi th  pure  water ,  and  oven-d r i ed .  The g round  m i x -  
tu re  is s tored in  1-1b sc rew-cap  jars  u n t i l  needed.  
I t  has been  kep t  as long as 1 year  w i t hou t  caking,  
p rov ided  tha t  the  g round  m i x t u r e  is v a c u u m - d r i e d  
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at room t e m p e r a t u r e  for a few hours  i m m e d i a t e l y  
af ter  be ing  t r a n s f e r r e d  into the 1-1b conta iners .  

A large  desiccator  h a v i n g  an  app rop r i a t e ly  dr i l l ed  
Luci te  p la te  serves to sieve the  bal ls  f rom the  m i x -  
tu re  w i thou t  u n d u e  exposure  to a tmospher ic  mois -  
ture.  

The so lvent  p r e p a r a t i o n  for an  expe r imen t ,  w o r k -  
ing f rom the  v a c u u m - d r i e d ,  g r o u n d  mix tu re ,  is 
comple ted  in  t u b e  A, r e f e r r i ng  to Fig. 1. Tube  A is 
fitted wi th  a s topper  C ca r ry ing  a gas de l ive ry  t ube  
D and  a t he rmocoup le  sheath  E. Al l  u n u s e d  holes in  
the  s topper  are closed by  plugs  F. The spher ica l  
jo in t  of t ube  D is connec ted  to a stopcock at which  
e i ther  a rgon  or a n h y d r o u s  HC1 is ava i l ab le  at  a 
p ressure  of 4-5 cm Hg in  excess of a tmospher ic  
pressure .  The s idea rm of t ube  A is fitted w i th  its 
p ro tec t ive  d r y i n g  t u b e  I, which  is in  t u r n  connec ted  
to a v a c u u m  mani fo ld .  Wi th  the stopcock of the  gas 
de l ive ry  sys tem closed, the  sys tem is evacua ted  to 
check for the p resence  of leaks. The  sys tem is con-  
s idered free of leaks  if the p ressure  r e ad ing  is 0.2 
m m  Hg or lower.  Ai r  is t hen  admi t t ed  to a tmos -  
pher ic  p ressure  t h rough  the  d r y i n g  tube  I. 

The  charge  of g round  eutect ic  m i x t u r e  is t hen  
loaded into the  cell t h rough  one of the  la rge  holes. 
I t  should  be emphas ized  tha t  t ube  A does no t  con-  
t a in  the c o m p a r t m e n t s  B at this  po in t  and  tha t  the 
gas de l ive ry  t ube  D is w i t h i n  1 cm of the  bo t tom of 
tube  A. Af t e r  load ing  the  charge of eutec t ic  m i x -  
tu re  into tube  A, the sys tem is m a i n t a i n e d  evacu-  
ated at room t e m p e r a t u r e  for a per iod  of 3 days. 
The sys tem is nex t  g r a d u a l l y  b rough t  to a t e m p e r -  
a tu re  of 300~ d u r i n g  an  8 -h r  per iod by  appropr i a t e  
a d j u s t m e n t  of the fu rnace  controls,  v a c u u m  be ing  
m a i n t a i n e d  all the while.  

Fus ion  of the charge  is effected u n d e r  the  fo l low-  
ing condit ions.  A n h y d r o u s  HC1 is s lowly  admi t t ed  
to the  evacua ted  cell t h rough  gas de l ive ry  t u b e  D 
unt i l ,  w h e n  the p ressure  exceeds a tmospher ic ,  HC1 
can be d ischarged f rom the  cell t h rough  the  s ide-  
a rm  d r y i n g  tube  I into a disposal  sump.  A c o n v e n -  
ien t  disposal  sump  for the HC1 is the i n t e r i o r  of a 
filter flask which  is connec ted  to a r u n n i n g  w a t e r  
aspirator ,  the filter flask be ing  also ven t ed  to the  
a tmosphere .  A slow flow of HC1 is m a i n t a i n e d  
th rough  the  sal t  m i x t u r e  wh i l e  the  t e m p e r a t u r e  is 
ra ised to 500~ fus ion  occur r ing  at  352~ 

Af te r  fusion, the me l t  is s a tu ra t ed  wi th  HC1 
which  m u s t  be removed.  Most of the HC1 can be 
r emoved  by  evacua t i ng  the  sys tem for a few m i n -  
utes  wi th  the  wa te r  asp i ra tor  and  then  us ing  a rgon  
to b r i ng  the  sys tem back  to a tmospher ic  pressure .  
Evacua t i on  of the sys tem wi th  the  wa t e r  asp i ra to r  
and  the  refi l l ing w i th  a rgon  is r epea ted  once more.  

At  this  po in t  it  is conven i en t  to add the c o m p a r t -  
men t s  B to the system, if they  are  to be used in  an  
expe r imen t .  The i r  p rev ious  t r e a t m e n t  consists of 
h a v i n g  been  t ho rough ly  cleaned,  r insed,  and  vac-  
u u m - d r i e d  at 400~ They  are added  to the sys tem 
one by one, whi le  hot, t h rough  the  la rge  holes in  
s topper  C, us ing  the  hook H to m a k e  the t ransfer .  
The c o m p a r t m e n t s  fill by  g rav i ty  d u r i n g  the  f inal  
step of the me l t  p repa ra t ion .  

As a f inal  step, the sys tem is evacua ted  on the 
v a c u u m  man i fo ld  for 3 hr. The p u m p  is p ro tec ted  
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Fig. 2. PoJarograms for the eutectic solvent at 450~ A, solvent 
still saturated with HCI after fusion; B, after evacuation for 2 hr, 
most of HCI removed; C, after evacuation for 3 hr, HCI virtually 
absent; D, typical curve for solvent fused without precaution to pre- 
vent hydrolysis. 

f rom HC1 vapors  by a 24-in.  co lumn  filled wi th  an  
Ascar i te -Mg(C10, )~  mix tu re .  The sys tem is b rough t  
back  to a tmospher ic  p ressure  w i th  a rgon  at the  
comple t ion  of the  evacua t ion  per iod and  an  ine r t  
a tmosphere  is m a i n t a i n e d  over  the me l t  for  the  
ba l ance  of an  e x p e r i m e n t  b y  a con t inuous  slow flow 
of argon.  Argon  is de l ivered  by  t u b e  D to a level  
jus t  above the surface  of the  melt .  

Results and Discussion 
The po la rograph ic  method,  us ing  solid mic ro -  

cathodes,  was found  to be an  exce l len t  w a y  of de-  
tec t ing  the presence  of e lee t roac t ive  impur i t i e s  in  
the  so lvent  p repara t ions .  C u r v e  D of Fig. 2 is a 
typica l  po l a rog ram of those observed  for the  solvents  
which  were  p r epa red  by fus ion  w i t hou t  p r ecau t i on  
to p r e v e n t  hydro ly t i c  decompos i t ion  or wh ich  were  
p r epa red  by  fus ion  u n d e r  modera t e  va c uum.  Ev i -  
dence of soIvent  c o n t a m i n a t i o n  is shown  by  the  
r ap id ly  inc reas ing  c u r r e n t  at  --0.9 v. The cathode 
process g iv ing  rise to this  c u r r e n t  is accompanied  
by  the fo rma t ion  of v i s ib le  gas bubb le s  at the  m i -  
crocathode surface,  i nd i ca t ing  the  process no t  to be 
so lvent  decomposi t ion.  A n o t h e r  e x p e r i m e n t a l  fact 
suggesting e o n t a m i n a t i o n  is tha t  the  P y r e x  con-  
t a ine r  of a so lvent  so p r e p a r e d  is deep ly  etched 
w i t h i n  1 or 2 h r  exposure  to the  solvent .  

The p rocedure  of so lvent  p r e p a r a t i o n  g iven  he re  
is designed,  by  prov is ion  of an  excess of HC1, to 
shift  the  hydro ly t i c  e q u i l i b r i u m  

H~O -k CI- ~ OH- -6 HCI f (I) 

to the left. Under these conditions the moisture 
volatilizes from the system without the formation 
of hydroxyl ion. Alkaline contamination is undesir- 
able because its corrosive attack on the Pyrex cell 
leads to further contamination of the solvent and 
because the electrode reaction 

OH- -k e - ~  I/z H~ -k O: ( II)  

in te r fe res  wi th  a s tudy  of o ther  e lectrode processes 
which  occur b e t w e e n  a p p r o x i m a t e l y - - 1  and  --2.5 v 
vs. the P t - P t  ( I I )  r e fe rence  system. 

The effectiveness of the  p r e p a r a t i v e  p rocedure  
g iven  can be j udged  f rom c u r ve  C of Fig. 2, which  
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is a p o l a r o g r a m  t y p i c a l  of t he  eu tec t ic  so lven t  p r e -  
p a r e d  as specif ied.  F o r  c u r v e  C the  r e s i d u a l  c u r -  
r en t  p r e c e d i n g  the  t e r m i n a l  p rocess  of l i t h i u m  m e t a l  
depos i t i on  is less t h a n  3 tLa a t  a m i c r o c a t h o d e  of 0.8 
m m  '~ a rea .  The  i n h e r e n t l y  wide  d e c o m p o s i t i o n  p o -  
t e n t i a l  span  of t h e  LiC1-KC1 eu tec t i c  m i x t u r e  is 
t hus  access ib le  for  t h e  e l e c t r o c h e m i c a l  s t u d y  of such  
so lu tes  as CrCI~, FeC12, CuC1, ZnCI~, and  MgCI~. 
None  of t he se  so lu tes  can  be  s t u d i e d  a t  l ow  so lu te  
c o n c e n t r a t i o n s  in the  c o n t a m i n a t e d  so lven t  b e c a u s e  
r eac t i on  ( I I )  is c o m p e t i t i v e  w i t h  m o s t  of t h e  e l ec -  
t r o d e  r e a c t i o n s  of i n t e r e s t .  F u r t h e r m o r e ,  t h e  a l k a -  
l ine  e n v i r o n m e n t  of  a c o n t a m i n a t e d  so lven t  r e su l t s  
in  p r e c i p i t a t i o n  of some of t he  so lu tes  as i n s o l u b l e  
species.  The  f r e e d o m  f r o m  a l k a l i n i t y  of the  so lven t  
w h e n  p r e p a r e d  as d e s c r i b e d  is a t t e s t e d  b y  t h e  fac t  
t h a t  t he  a b o v e  so lu tes  r e m a i n  in so lu t ion  and  t h e  
fac t  t h a t  t he  P y r e x  g l a s s w a r e  is on ly  s l i gh t ly  e t ched  
a f t e r  d a y s  of con tac t  w i t h  t he  fused  sa l t  so lvent .  

A l t h o u g h  r e a c t i o n  ( I )  is w r i t t e n  as an  e q u i l i b -  
r ium,  t h e  r e a c t i o n  is no t  sh i f t ed  r e a d i l y  to t he  l e f t  
once i t  has  p r o c e e d e d  e x t e n s i v e l y  to t h e  r igh t .  F u -  
s ion of t h e  eu tec t ic  m i x t u r e  w i t h o u t  p r e c a u t i o n  to 
p r e v e n t  h y d r o l y t i c  d e c o m p o s i t i o n  y i e ld s  a so lve n t  
t h e  cond i t ion  of w h i c h  canno t  be  m a d e  s a t i s f a c t o r y  
b y  t h e  p a s s a g e  of HC1. The  c o r r e c t i v e  t r e a t m e n t  
does no t  se rve  in  p l ace  of the  p r e v e n t i v e  t r e a t m e n t .  

Da t a  w h i c h  i l l u s t r a t e  the  s low r e l ea se  of m o i s t u r e  
by  the  g r o u n d  eu tec t i c  m i x t u r e  a r e  s h o w n  in T a b l e  
I. T h e s e  d a t a  w e r e  o b t a i n e d  b y  d e t e r m i n i n g  the  
vo l a t i l e  m a t e r i a l  co l lec ted  in a t r ap ,  cooled  w i t h  a 
d r y  i c e - " C e l l o s o l v e "  m i x t u r e ,  w h i c h  e scaped  a 195.4 
g s a m p l e  of t h e  g r o u n d  eu tec t ic  m i x t u r e  u n d e r  t h e  
cond i t ions  ind ica ted .  I t  was  conc luded  t h a t  a t  r oom 
t e m p e r a t u r e  and  0.1-0.2 m m  H g  p r e s s u r e  t he  m a j o r  
p o r t i o n  of t he  m o i s t u r e  is r e m o v e d  f r o m  t h e  g r o u n d  
eu tec t ic  m i x t u r e  in  3 days .  The  n u m e r i c a l  v a l u e s  
of G a r d n e r ,  Brown,  and  J anz  (2, 3) ,  r e p o r t e d  on an  
e x t e n d e d  s t u d y  of w e i g h t  changes  as a func t ion  of 
t i m e  and  t e m p e r a t u r e  of a l k a l i  ch lo r ides  m a i n t a i n e d  
at  10-' to 10 -~ m m  Hg, c a n n o t  be  c o m p a r e d  to the  
d a t a  of T a b l e  I because  of t he  d i f fe rences  in  t e m -  
p e r a t u r e  a n d  p r e s s u r e  condi t ions .  Bo th  sets  of d a t a  
y i e l d  the  s a m e  g e n e r a l  conclus ion,  n a m e l y ,  t h a t  
m o i s t u r e  is t e n a c i o u s l y  he ld  b y  LiC1, even  a t  low 
p res su res .  

A s u m m a r y  of obse rva t ions ,  b a s e d  on the  r e su l t s  
of a l t e r i n g  the  e x p e r i m e n t a l  cond i t ions  g iven  a b o v e  
for  the  p r e p a r a t i o n  of t h e  fu sed  sa l t  so lvent ,  i n -  
d ica tes  t he  cond i t ions  p r e s c r i b e d  to  be  o p t i m a l  for  
t h e  p r o d u c t i o n  of a h igh  q u a l i t y  so lven t  w i t h  a 

Table I. Moisture collected from 195.4 g of eutectic mixture 

M o i s t u r e  C u m u l a t i v e  
Evacua t i on*  T e m p e r a t u r e  co l lec ted  m o i s t u r e  

per iod ,  h r  cond i t i on  in  t rap ,  g co l lec t ion ,  g 

0-24 Room temp 0.65 0.65 
24-60 Room temp 1.00 1.65 
60-74 Room temp  0.10 1.75 
74-84 Room temp 0.00___0.05 1.75 
84-94 Slowly  incr. 0.15 1.90 

to 245~ 

* P r e s s u r e  m a i n t a i n e d  a t  0.1-0.2 m m  Hg. 
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m i n i m u m  of p r e p a r a t i v e  effor t  for  the  a m o u n t s  of 
so lven t  r e q u i r e d  in  e l e c t r o c h e m i c a l  s tudies .  

The  q u a l i t y  of the  so lven t  p r e p a r a t i o n ,  as  m e a s -  
u r e d  b y  the  p o l a r o g r a p h i c  cu rve ,  is l o w e r e d  i f  t he  
t i m e  of the  " r o o m  t e m p e r a t u r e "  e v a c u a t i o n  of t he  
g r o u n d  eu tec t i c  m i x t u r e  is less  t h a n  2 days .  D u r i n g  
th is  p e r i o d  the  p r e p a r a t i v e  o p e r a t i o n  r e q u i r e s  no 
o p e r a t o r  a t t e n t i o n  a n d  l i t t l e  in  t h e  m a n n e r  of e q u i p -  
ment .  S h o r t e n i n g  the  p e r i o d  is t h e r e f o r e  no t  p a r -  
t i c u l a r l y  to be  des i red .  S h o r t e n i n g  the  p e r i o d  d u r i n g  
wh ich  the  m i x t u r e  is hea t ed ,  u n d e r  v a c u u m ,  f r o m  
r o o m  t e m p e r a t u r e  to  300~ is d e l e t e r i o u s  to t h e  sol-  
ven t  qua l i t y .  S u b s t i t u t i o n  of the  v a c u u m  cond i -  
t ion  d u r i n g  th is  s tep  b y  1 a rm of HC1 p r e s s u r e  is 
also de le t e r ious .  E x p e r i e n c e  shows  t h a t  t he  fus ion  
s tep  m u s t  be  p e r f o r m e d  u n d e r  HC1 in  o r d e r  to p r e -  
v e n t  excess ive  h y d r o l y s i s  be c a use  t he  v a c u u m  con-  
d i t ions  p r e s c r i b e d  a r e  insuff ic ient  for  c o m p l e t e  r e -  
m o v a l  of t he  m o i s t u r e  p r i o r  to fusion.  F u s i o n  of t he  
m i x t u r e  at  low p r e s s u r e  of HC1 is w i t h o u t  b e n e -  
f icial  effect on the  so lven t  qua l i t y .  The  t i m e  r e -  
q u i r e d  for  r e m o v a l  of  t he  HC1 f r o m  t h e  m e l t  is not  
a p p r e c i a b l y  s h o r t e n e d  b y  i n t e r r u p t i n g  t h e  e v a c u a -  
t ion  w i t h  f r e q u e n t  f lushes of t he  s y s t e m  w i t h  argon.  

S e v e r a l  a t t e m p t s  us ing  o t h e r  m e a n s  to r e m o v e  
m o i s t u r e  and  h y d r o x y l  ion  f r o m  t h e  m e l t  p r o v e d  to 
be  unsuccess fu l .  The  c h e m i c a l  r e a c t i o n  of e i t he r  
SOCI~ or  SiCI~, i n t r o d u c e d  as t h e  v a p o r  c a r r i e d  b y  a 
s t r e a m  of d r y  N, c o n s t i t u t e d  the  mos t  n e a r l y  suc -  
cessful  e l i m i n a t i o n  of m o i s t u r e  a n d  h y d r o x y l  ion. 
T h e  h y d r o l y t i c  r eac t i ons  w e r e  s low and  i n c o m p l e t e  
u n d e r  t he  cond i t ions  of  t he  e x p e r i m e n t s .  Use of 
ac id ic  m e t a l  ch lo r ides  in  t h e  s a m e  c a p a c i t y  was  
r u l e d  out  be c a use  of the  ca t ion  c o n t a m i n a t i o n  
t h e r e b y  i n t r o d u c e d  into  t h e  solvent .  P r o l o n g e d  e lec-  
t ro lys i s  of the  m e l t  b e t w e e n  g r a p h i t e  e l ec t rodes  
f a i l ed  to p r o d u c e  a p u r e  so lvent ,  as j u d g e d  b y  the  
p o l a r o g r a p h i c  c r i t e r ion ,  p r o b a b l y  be c a use  th is  
m e t h o d  does no t  e l i m i n a t e  o x i d e  c o n t a m i n a t i o n .  No 
no t i c e a b l e  i m p r o v e m e n t  in t he  r e s i d u a l  c u r r e n t  
c h a r a c t e r i s t i c  was  p r o d u c e d  b y  the  s c a ve ng ing  e f -  
fect  of c a t h o d i c a l l y  d e p o s i t e d  Li.  Mel t s  p r e p a r e d  in 
con tac t  w i t h  V y c o r  and  A l u n d u m  c on t a ine r s  h a d  
the  s a m e  r e s i d u a l  c u r r e n t  c h a r a c t e r i s t i c  as those  
p r e p a r e d  in P y r e x ,  i n d i c a t i n g  the  c o n t a i n e r  m a t e -  
r i a l  to be  of l i t t l e  a p p a r e n t  s ignif icance.  
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Technica Note 

Crystal Structures of Transition Metal Silicides 
Carol H. Dauben 

Radiation Laboratory and Department of Chemistry and Chemical Engineering, 

University o~ California, Berkeley, California 

R e c e n t l y  t h e r e  has  been  a g r e a t  i n t e r e s t  in t he  
c o m p o u n d s  of s i l icon w i t h  the  t r a n s i t i o n  me ta l s .  
M a n y  n e w  c o m p o u n d s  h a v e  been  p r e p a r e d  a n d  
t h e i r  p r o p e r t i e s  s tud ied .  I n  some  cases,  w h e r e  t he  
i d e a l  compos i t i on  was  u n k n o w n ,  t h e  phases  w e r e  
g iven  i n c o r r e c t  names ,  and  t h e r e  has  been  some 
confus ion  as to w h i c h  phases  w e r e  m e a n t .  

In  the  fo l lowing  t ab l e s  an  a t t e m p t  has  b e e n  m a d e  
to l i s t  t h e  p h a s e s  w h i c h  h a v e  been  r e p o r t e d  in  each  
sys tem,  t h e i r  i dea l  s t r u c t u r e  type ,  l a t t i c e  cons tan ts ,  
p a r a m e t e r s  of one  of t he  type ,  a n d  a d e q u a t e  r e f e r -  
ences.  Compos i t i ons  g iven  a r e  t h e  i d e a l  c o m p o s i -  
t ions,  b u t  in  m a n y  cases  a c t u a l  compos i t ions  can  
d e v i a t e  w ide ly .  F o r  some  c o m p o u n d s  t h e r e  a r e  w i d e  
h o m o g e n e i t y  r a n g e s  w i t h  v a r y i n g  l a t t i c e  cons tan ts .  
In  th is  t a b l e  no a t t e m p t  has  been  m a d e  to g ive  t he  
r a n g e  of l a t t i c e  p a r a m e t e r s ,  for  o f t en  th is  is no t  ac -  
c u r a t e l y  known .  Ins tead ,  l a t t i c e  cons tan t s  a r e  g iven  
for  a t y p i c a l  compos i t ion .  F o r  t h e  case  w h e r e  c o m -  
pounds  h a d  b e e n  r e p o r t e d  w i t h  t he  i nco r r ec t  i dea l  
compos i t ion ,  a no te  has  been  a d d e d  in s q u a r e  b r a c k -  
ets, s t a t i ng  t h e  t r u e  i dea l  compos i t ion .  A l l  e a r l y  
d a t a  w h i c h  h a d  been  g iven  in k X  un i t s  h a v e  been  
c o n v e r t e d  to A n g s t r o m s .  T h e  space  g roup  n o t a t i o n  
and  pos i t ions  of t he  a toms  a re  l i s t ed  as g i v e n  in  t he  
I n t e r n a t i o n a l  Tab l e s  (1) .  

E a r l y  w o r k  in  th is  f ield and  p r o p e r t i e s  of t he se  
c o m p o u n d s  h a v e  been  c i ted  b y  S c h w a r z k o p f  and  

Kie f fe r  (2) ,  and  m o r e  r ecen t  w o r k  b y  N o w o t n y  a n d  
P a r t h 6  (3) .  
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Table I. Structure types of transition metal silicides 
Nominal  

c o m e ,  too,, T i  Z r  V Nb Va Cr  Mo W 

MSL Orth.-TiSi_(4)* Orth.-ZrSi.(7,g) Hex.-CrSi~(14) Hex.-CrSi. 14 Hex.-CrSi~(14) Hex.-CrSi~(14,2g) Tetr.*CaC. 295 Tetr.-CaC..(29) 

MSi Structure Orth.-FeB (7) Cubic-FeSi (2g) 
u n k n o w n  (5) 

M.:Si:, Structure unknown (9) ; 
not found by ref. (7) ; 
may be part of ZrSi 
phase region (105 

M~Si . . . . . . .  U~,Si~ ( 11 ) Eb~S  . . . . . . . . .  d i ~  ~r~Si~ reported ~ ~)~ ~o~Si~ . . . . . . .  d i ~  ~ ,S i . .  reporte ~ 
called Zr,Si~ by ref.(21) is Nb~S~, ref, (21) and 427) ref. (21) is in  ref .  (21) 
ref. (9). Cr,Si~ type. Cr~SL. o~Si~,. W.~L. 

cal4ed Zr,SL by reported in ref, reported in ref reported in ref. reported in reL 
ref, 49) 415) i~ ternary (12) is ternary (24) is ternary 430) is ternary 

eonlpound requiring compound requiring compound requiring compound requiring 
or B(I$). or B(lg).  , B, or N (16)  (12,16). 

M~Si, Tetr.-Cr .Si,, (17,18) Tetr.-Cr~Si;,(17,1g) Tetr.~Cr~Sh ( lg5 Tet r.-Cr~S~, ( 17,22,2g ) Tetr.-Cr~Si~ ( 17,22. Tetr.-Cr,Si~ ( 17,22, 
2g,31) 28,31) 

M.Si Tetr.-Cr~B~ (22) Tetr.~Cr .B~ (225 

earlier work does (23) is Cr~B, type. ref. (26,27) is 
o1 exist (19). ~Nb,Si reported in ndoubtedly C r  

(225 is Mn~Si~ typ 

M ~ i  Cubic-"~ W" (20) Cubic - "8 W"(26) Cubic - "ff W" (32) 

M,Si-M,Si Probably more than Hex.~Ta,.~ Si idea l  
2 phases near this NhSn type 424). 
compos i t i on  (12} Structure unknown; TaSL,~ s truc ture  
O n e  form is iso- isostructural wxth unknown (25). 
structural with TaSi.~(13). Not Different from 
TaSi,,~(12). found by ref. (9 )  Ta, ,Si. 

* A n o t h e r  s t r u c t u r e  h a s  b e e n  r e p o r t e d  f o r  T i S i 2 - - - o r t h o r h o m b i c  Z r S i , z  f o r m  { 3 4 ) .  
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Table [I. Structural data for transition metal silkides (in Angstroms) 

August 1957 

TiSi ,  - -  o r t h o r h o m b i c  (4) - -  D.:~ - -  F d d d  
a = 8.252 
b = 4.782 
c = 8.540 

ZrSi~ t y p e  - -  o r t h o r h o m b i c  - -  D:, ~, - -  C m c m  
ZrSi~ a = 3.721 (8)  

b = 14.68 
c = 3.683 

TiSi~ a = 3.62 (34)  
b = 13.76 
c = 3,60 

CrSi., t y p e - - h e x a g o n a l  - -  D.: ~ P 6~22 
CrS i :  a = 4 . 4 3 1  ( 2 6 )  

c = 6.364 
VSi :  a = 4.571 (14) 

c = 6.371 
NbSi~ a = 4 . 7 9 4  (14) 

c = 6.589 
TaSi~ a = 4.782 (14)  

c = 6.565 

CaC~ t y p e  - -  t e t r a g o n a l  - -  
MoSi~ a = 3.206 (29) 

c = 7.877 
WSi~ a = 3.218 

c = 7.896 

F e B  t y p e  - -  o r t h o r h o m b i c  - -  D:~  ~ P n m a  
ZiSi  a = 6.98~ (7)  

b ~ 3.78~ 
c = 5.30~ 

F e S i  t y p e  -- c u b i c  -- T '  - -  P 2~3 
C r S i  a = 4 . 6 2 9  (26)  

Z = 8  

Z = 4  

Z = 3  

D , h  ~ I 4 / m m m  Z = 2 

Z = 4  

Z ~ 4  

U~Si. t y p e  - -  t e t r a g o n a l  - -  D:~ ~ P 4 / m b m  Z : 2 
Zr~S~ a : 7.081 (33) 

c : 3.701 

MmSi~ t y p e - -  h e x a g o n a l  - -  D:~ ~ P 6 , / m c m  Z = 2 
Ti~Si, a : 7.465 (6)  

c = 5.162 

Zr:,Si~ a = 7.958 (33)  
c = 5.564 

Cr~Si:, t y p e  - -  t e t r a g o n a l  - -  D,~  ~ I 4 / m c m  Z = 4 

V~Siz a = 9.42. (18)  
c = 4.75~ 

Nb~Si~ a = 10.01, (18)  
c = 5.0% 

Ta~S~ a = 9~8~ (18)  
c = 5.0~ 

Cr~Si~ a ~ 9.170 (28)  
c = 4.636 

Mo~Si~a = 9.642 (28) 9.617 (31)  9.66 (21)  
c = 4.905 4.899 4.99 

W~Si~ a : 9.605 (28)  9.645 (31)  9.56 (21)  
c = 4.964 4.969 4.94 

C~B~ t y p e  - -  t e t r a g o n a l  - -  D]~ ~ I 4 / m c m  Z : 4 
Nb~Si8 a ---- 6.570 (22) 

c : 11.86~ 

Ta~Si~ a ---- 6.51~ (22)  
c : 11.8% 

CuAI~, t y p e  - -  t e t r a g o n a l  - -  D : :  - -  I 4 / m c m  Z : 4 
Zr~Si a : 6.599 (11) 

c : 5.298 

T a rS i  a ~ 6.157 (24)  
c : 5.03. 

" f l -W" t y p e  - -  (W~O) c ub i c  - - 0 ,  ~, - -  P m 3 n  Z : 2 
V3Si a - - :  4.721 (20)  

Cr~Si a : 4.564 (26)  
Mo~Si a = 4.890 (32) 

Ta,.~Si - -  h e x a g o n a l ,  i d e a l  Ni~Sn t y p e .  Ta~(Tao.~Si~.~) (24)  

D ~ a = 6.10~ f o r  Ni~Sn t y p e  - ,h - -  P 6 J m m c  Z ~ 2 
c = 4.91~ 

8Ti  in  ( a )  
16Si in (c)  

4Zr in (c) 
4Si, in (c) 
4Si,,in (c) 

3 C r  in ( d )  
6Si in ( j )  

2M in ( a )  
4Si in  ( e )  

4Zr in (c) 
4Siin (c) 

4M in (a) 
4Siin (a) 

2 Z r i n  ( a )  
4 Z r i n  ( h )  
4 S i i n  ( g )  

4M, in (d) 
4M,, in (g) 
4Si in (g) 

4M, in (b) 
16Mu in (k) 

4Si in (a) 
8Si in (h) 

4M in (c) 
16M in (1) 
4Si in (a) 
8Si  in  ( h )  

8M in  (h )  
4Si  in  ( a )  

6M in  (c )  
2Si  in  ( a )  

2Sn in (c) 
6Ni in (h) 

x = 1/3 

y = 0 . 1 0 9  (7) 
y = 0 . 4 4 9  
y = 0 . 7 5 0  

x - -  1/6 

z-~0.333 

x - -  0.17, 
x = 0.03~ 

x v c ~ O . 1 3 9  
x s , = 0 . 8 4 5  

x = O . 1 7  (11) 
x = 0.37 

x ~ , . ~ 0 . 2 3  
Xs,-----0.60 

Xc~-----0.075 
y c , ~ 0 , 2 2 4  

x ~ , - ~ 0 . 1 6 5  

x~b----O.166 

x = O . 3 L  

x~.- - - - - i /6  

x ~ . = 0 . 8 2 6  

Z = 0.125~ 
Z ~ 0.61~ 

z.~ ~ 0.15 
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Chemical and Electrochemical Properties of FeSn  
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ABSTRACT 

Microhardness  numbers  of iron, tin, and  FeSn~ layers  fo rmed  when  i ron is 
exposed to mol ten  t in  at 465~ show tha t  the  FeSn~ l aye r  is by  far  the  ha rdes t  
phase.  I t  is also the  most noble  phase  in acidified NaC1 or d i lu te  ci t r ic  acid, 
both  deaera ted ,  as shown by micropoten t ia l  measurements  of the  phases in situ 
or by  measurements  of bu lk  electrodes.  Corrosion ra tes  of FeSn~ in the  same 
lnedia  a re  too low to be easi ly  measurable .  Hydrogen  overvol tage  values  for  
FeSn2 at  low cur ren t  densi t ies  are  in te rmedia te  be tween  values  for  i ron and 
tin. These proper t ies  are  re la ted  to the  p red ic ted  corrosion behavior  of t in  plate .  

A l t h o u g h  m u c h  a t t e n t i o n  has  been  p a i d  to t he  
cor ros ion  b e h a v i o r  of c o m m e r c i a l  t i np l a t e ,  v e r y  
l i t t l e  w o r k  has  been  c o n c e n t r a t e d  on cor ros ion  p r o p -  
e r t i e s  of t h e  a l loy  l a y e r  ex i s t i ng  b e t w e e n  the  s tee l  
base  and  the  t in  sur face .  This  a l loy  l a y e r  is r e -  
p o r t e d  to be  composed  e s s e n t i a l l y  of FeSn~ (1, 3) .  
The  p r e s e n t  i n v e s t i g a t i o n  was  u n d e r t a k e n  to s t u d y  
some of the  p r o p e r t i e s  of th is  p h a s e  and  i ts  poss ib le  
ro le  in t h e  co r ros ion  of t i n - p l a t e d  steel .  

Some  of the  k n o w n  p r o p e r t i e s  of FeSn~ inc lude  
i ts  d e n s i t y  (7.743 g / c m  ~) (1 ) ;  a r e c t a n g u l a r  ac i cu l a r  
h a b i t  of the  i n d i v i d u a l  g ra ins  in t h e  a l loy  l a y e r  (1)  ; 
e x t r e m e  b r i t t l e n e s s  in c o m p a r i s o n  to Sn or  F e  (2 ) ;  
and  p o r o s i t y  of t h e  c o m p o u n d  in the  a l l oy  l a y e r  (2 ) .  
S e v e r a l  i n v e s t i g a t o r s  (2, 3) have  r e p o r t e d  the  r e l a -  
t i ve  i ne r tne s s  of FeSn~ to a t t a c k  b y  n o r m a l  e t ch ing  
r eagen t s ,  d i l u t e  a q u a  regia ,  and  d i l u t e  n i t r i c  ac id  
c o m p a r e d  to t he  cor ros ion  b e h a v i o r  of bo th  Sn a n d  
Fe.  H o w e v e r ,  e x p e r i m e n t s  of K o h m a n  and  S a n b o r n  
(4)  l ed  to t he  conc lus ion  t h a t  p r e s e n c e  of t he  a l loy  
l a y e r  was  not  he lpfu l ,  and  v e r y  p o s s i b l y  d e t r i m e n t a l  
to the  co r ros ion  of t in  p la te .  A n  e x p l a n a t i o n  was  no t  
p roposed .  

In  th i s  i n v e s t i g a t i o n  m e a s u r e m e n t s  of h y d r o g e n  
ove rvo l t age ,  co r ros ion  po ten t i a l ,  and  co r ros ion  r a t e s  
in two  aqueous  m e d i a  a r e  r e p o r t e d .  The  i n t e r -  
p r e t a t i o n  of these  d a t a  b e a r  d i r e c t l y  on the  e x p e c t e d  
cor ros ion  b e h a v i o r  of t he  a l l oy  l aye r .  

Experimental Procedure 
Preparation o~ F e S n ~ . - - A t t e m p t s  to p r e p a r e  FeSn~ 

by  m i x i n g  the  p u r e  c o m p o n e n t s  in  t h e i r  co r r ec t  
s t o i ch iome t r i c  p r o p o r t i o n s  and  m e l t i n g  in a He  a t -  
m o s p h e r e  w e r e  unsuccess fu l .  F a i l u r e  r e s u l t e d  f r o m  
t h e  fac t  t h a t  w h e n  a m e l t  con t a in ing  80.95% Sn  a n d  
19.05 % F e  is sol id i f ied  t h e r e  a r e  s e v e r a l  s o l i d - l i q u i d  
t r a n s f o r m a t i o n s  w h i c h  t a k e  p l a c e  b e f o r e  496~ ( the  
t e m p e r a t u r e  b e l o w  w h i c h  FeSn~ is f o r m e d )  is 
r e a c h e d  (5 ) .  These  r eac t i ons  r e s u l t  in t h e  f o r m a t i o n  
of v a r i o u s  sol id  phases  of t he  F e - S n  b i n a r y  sys tem.  
P r o l o n g e d  a n n e a l i n g  at  470 ~ • 1 7 6  for  21 d a y s  d id  
no t  h o m o g e n i z e  t h e  s t r u c t u r e  to  s ingle  p h a s e  FeSta_; 
t h e r e f o r e  a n o t h e r  a p p r o a c h  h a d  to be  used.  

A c c o r d i n g  to Jones  a n d  H o a r e  (6) ,  w h e n  a c h e m -  
i c a l l y  c l ean  s u r f a c e  of F e  is i m m e r s e d  for  a t i m e  in 

l i qu id  Sn b e l o w  496~ it  is f o u n d  to be  coa t ed  w i t h  
Sn  and  a l a y e r  of  FeSn2 b e t w e e n  t h e  Sn  coa t ing  and  
the  Fe  sur face .  I t  w o u l d  a p p e a r  f r o m  the  p h a s e  d i a -  
g r a m  t h a t  F e S n  (68.0% Sn)  and  a p r i m a r y  sol id  
so lu t ion  of Sn  in  F e  w o u l d  also b e  p re sen t .  H o w e v e r ,  
the  r a t e  of f o r m a t i o n  of F e S n  a n d  the  d i f fus ion  r a t e s  
of Sn  in to  F e  b e l o w  496~ a p p e a r  to be so s low com- 
p a r e d  to the  r a t e  of f o r m a t i o n  of FeSn~ t h a t  the  
l a t t e r  p h a s e  a lone  has  been  found.  

By  t a k i n g  a d v a n t a g e  of th is  s i tua t ion ,  s a m p l e s  of 
FeSn~ for  m e t a l l o g r a p h i c  e x a m i n a t i o n ,  m i c r o h a r d -  
hess m e a s u r e m e n t s  and  m i c r o p o t e n t i a l  m e a s u r e -  
m e n t s  w e r e  p r e p a r e d  b y  i m m e r s i n g  c y l i n d e r s  of 
h igh  p u r i t y  Fe  ( ~ 9 9 . 9 5 %  F e )  1/4 in. in  d i a m e t e r  b y  
1/2 in. long in a b a t h  of  l i qu id  Sn ( > 9 9 . 9 %  Sn)  con-  
t r o l l e d  to 465 ~ • 1 7 6  for  pe r i ods  of 50-100 hr.  The  
h igh  p u r i t y  F e  and  h igh  p u r i t y  Sn used  here ,  a n d  in 
a l l  o t h e r  phases  of th i s  work ,  w e r e  o b t a i n e d  f r o m  
t h e  V a c u u m  Meta l s  C o r p o r a t i o n  and  the  V u l c a n  De-  
t i n n i n g  C o m p a n y ,  r e spe c t i ve ly .  

The  F e  c y l i n d e r s  w e r e  p r e p a r e d  b y  a b r a d i n g  the  
su r faces  t h r o u g h  4-0 m e t a l l o g r a p h i c  po l i sh ing  pape r ,  
d e g r e a s i n g  in  bo i l ing  benzene ,  p i c k l i n g  in  concen -  
t r a t e d  HC1 to r e m o v e  the  cold  w o r k e d  a n d  c o n t a m i -  
n a t e d  sur face ,  w a s h i n g  in d i s t i l l ed  w a t e r ,  a n d  d r y -  
ing in  bo i l ing  ace tone .  The  c y l i n d e r s  w e r e  d r o p p e d  
into  t he  Sn b a t h  i m m e d i a t e l y  a f t e r  d r y i n g  in  ace -  
tone,  and  a s t r e a m  of He, w h i c h  w a s  pu r i f i ed  b y  
pa s s ing  the  gas  ove r  Cu ch ips  a t  500~ a n d  t h r o u g h  
a l i qu id  N~ d r y i n g  t r ap ,  was  m a i n t a i n e d  c o n t i n u -  
ous ly  ove r  t h e  su r f a c e  of t he  l i qu id  Sn. A f t e r  t he  
c y l i n d e r s  w e r e  r e m o v e d  f r o m  the  Sn  ba th ,  t h e y  
w e r e  m o u n t e d  in  B a k e l i t e  p e r p e n d i c u l a r  to t h e i r  
long  axis  and  p o l i s h e d  m e t a l l o g r a p h i c a l l y .  A l a y e r  
of FeSn~ 0.001 in .  to 0.005 in. t h i c k  was  o b s e r v e d  
b e t w e e n  the  F e  a n d  Sn phases .  

F o r  co r ros ion  po t en t i a l ,  h y d r o g e n  o v e r v o l t a g e ,  
and  co r ros ion  r a t e  m e a s u r e m e n t s ,  FeSn~ w a s  p r e -  
p a r e d  in  a s i m i l a r  m a n n e r  us ing  a d i f f e r e n t l y  s h a p e d  
spec imen .  S m a l l  r e c t a n g u l a r  p l a t e s  3/s in. x % in. x 
1/s in. w e r e  a b r a d e d  and  d e g r e a s e d  as be fore .  S p e -  
c imens  w e r e  t h e n  p l a c e d  in  a V y c o r  t r a n s f e r  t u b e  
and  h e a t e d  to r e d  h e a t  in  a s t r e a m  of h y d r o g e n ,  
w h i c h  was  pur i f i ed  b y  pas s ing  t h e  gas  ove r  Cu chips  
at  500~ a n d  t h r o u g h  a l i qu id  N~ d r y i n g  t r ap ,  in  
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o r d e r  to r e d u c e  a n y  su r f ace  oxides .  Spec imens  w e r e  
t hen  d r o p p e d  w i t h  t he  a id  of a m a g n e t  in to  a l i qu id  
Sn b a t h  m a i n t a i n e d  c o n t i n u o u s l y  a t  488 ~ ----5~ 
w i t h o u t  r e m o v i n g  t h e m  f r o m  the  h y d r o g e n  a t m o s -  
p h e r e  and  a l l o w e d  to r e m a i n  for  7-9 days .  The  edges  
of  the  p l a t e s  w e r e  t hen  g r o u n d  a w a y  e x p o s i n g  the  
F e  base ,  which ,  a long  w i t h  the  Sn sur face ,  was  d i s -  
so lved  in a 50 v o l u m e  % so lu t ion  of c o n c e n t r a t e d  
HNO~. Two s m a l l  p l a t e s  of FeSn~ r e m a i n e d ,  and  
e l ec t rodes  and  cor ros ion  r a t e  s a m p l e s  w e r e  p r e p a r e d  
f rom these.  

FeSn~ p r e p a r e d  b y  t h e  l a t t e r  m e t h o d  was  a n a l y z e d  
c h e m i c a l l y  and  f o u n d  to con ta in  19.9% F e  and  
79.1% Sn c o m p a r e d  to t he  t h e o r e t i c a l  v a l u e s  of 
19.05% F e  a n d  80.95% Sn. A D e b y e - S c h e r r e r  x - r a y  
p o w d e r  d i f f rac t ion  p a t t e r n  r e v e a l e d  t h a t  t he  m a j o r  
phase  p r e s e n t  was  FeSn~. H o w e v e r  some  f a in t  l ines  
of Sn  and  of some un iden t i f i ed  l a t t i ces  w e r e  also 
p re sen t .  The  c a l c u l a t e d  d v a l u e s  for  FeSr~  com-  
p a r e d  f a v o r a b l y  w i t h  the  d a t a  of  N ia l  (7 ) .  Con-  
s ide r ing  the  r e su l t s  of these  two  t y p e s  of  ana lyses ,  
i t  was  fe l t  t ha t  t h e  FeSn~ s a m p l e s  c o n t a i n e d  m o r e  
t h a n  95% FeSn~ w i t h  t he  r e m a i n d e r  be ing  Sn and  
FeSn .  

Microhardness measurements.--The m i c r o h a r d -  
ness  v a l u e s  of Fe,  Sn, and  FeSn~ in t he  c y l i n d r i c a l  
s amp le s  w e r e  m e a s u r e d  w i t h  a T u k o n  h a r d n e s s  t e s t -  
ing i n s t r u m e n t  us ing  a K n o o p  d i a m o n d  inden to r .  
E t ch ing  of the  su r f ace  was  no t  necessa ry ,  s ince  t h e  
t h r e e  phases  w e r e  qu i t e  d is t inc t .  A t y p i c a l  p h o t o -  
m i c r o g r a p h  is shown  in Fig.  1. 

Micropotential measurements.--Micropotential 
m e a s u r e m e n t s  of Fe,  Sn, and  FeSn~ in d e a e r a t e d  4% 
NaC1 and  HC1 so lu t ion  of pH 2.0 w e r e  m a d e  us ing  
e s s e n t i a l l y  the  s a m e  m e t h o d  as d e v e l o p e d  b y  P i n g e l  
(8) .  This  p r o c e d u r e  consis ts  of w a s h i n g  the  m e t a l l o -  
g r a p h i c a l l y  po l i shed  s a m p l e  w i t h  d i s t i l l ed  w a t e r  
and  t h e n  ace tone ,  and  coa t ing  the  e n t i r e  su r f ace  
w i t h  a t r a n s p a r e n t  p l a s t i c  composed  of 10 p a r t s  b y  
w e i g h t  of e t h y l  ce l lu lose ,  20 p a r t s  p e t r o l e u m  e ther ,  
60 p a r t s  to luene ,  a n d  20 p a r t s  e t h y l  a lcohol .  T h e  
coa t ing  d r i e s  r e a d i l y  in a b o u t  10 ra in  and  can  be  r e -  
m o v e d  ea s i l y  w i t h  benzene .  E l ec t r i c a l  con tac t  w i t h  
the  m o u n t e d  s p e c i m e n  was  o b t a i n e d  b y  d r i l l i n g  
t h r o u g h  the  s ide of the  B a k e l i t e  m o u n t i n g  u n t i l  con-  
t ac t  was  m a d e  w i t h  the  m e t a l  sample .  A 4 m m  
P y r e x  t u b e  was  i n s e r t e d  into t h e  d r i l l  ho le  and  
sea led  in  p l a c e  of a 50% b e e s w a x - 5 0 %  res in  wax .  
W h e n  cool, t h e  w a x  was  also cove red  w i t h  a p l a s t i c  

Fig. 1. Photomicrograph of FeSn2 layer. 200X before reduc- 
tion for publication. 

coat ing .  A d r o p  of Hg  and  a Cu w i r e  w e r e  i n s e r t e d  
in to  t he  P y r e x  tube ,  the  H g  m a k i n g  con tac t  w i t h  t h e  
s a m p l e  and  the  w i r e  w i t h  t he  Hg. I n d e n t a t i o n s  
t h r o u g h  the  p la s t i c  coa t ing  to t he  s p e c i m e n  su r f ace  
w e r e  m a d e  in  t he  d e s i r e d  loca t ion  w i t h  t h e  T u k o n  
h a r d n e s s  t e s t i ng  i n s t r u m e n t  us ing  a V icke r s  d i a -  
m o n d  inden to r .  I n d e n t o r  loads  of e i t he r  25 or  50 g 
w e r e  used,  d e p e n d i n g  on t h e  t h i cknes s  of t h e  p la s t i c  
coa t ing .  

C o m m e r c i a l  p r e - p u r i f i e d  N~ f u r t h e r  pu r i f i ed  b y  
pas s ing  ove r  Cu chips  a t  500~ was  b u b b l e d  t h r o u g h  
the  so lu t ion  for  a t  l eas t  4 h r  be fo re  m e a s u r e m e n t s  
w e r e  made ,  in  o r d e r  to d e a e r a t e  the  so lu t ion .  The  
p H  was  m e a s u r e d  us ing  a g lass  e lec t rode .  

The  tes t  so lu t ion  was  c o n t a i n e d  in a 250 m l  P y r e x  
bo t t l e  f i t ted  w i t h  a r u b b e r  s t o p p e r  w h i c h  h a d  o p e n -  
ings  for  the  e lec t rode ,  a sa l t  b r i d g e  con t a in ing  the  
s ame  NaC1 solut ion ,  t he  gas  b u b b l e r ,  a n d  a gas  
ex i t  tube .  The  sa l t  b r i d g e  was  in con tac t  w i t h  a 
s t a n d a r d  Ag-AgC1,  0.1N KC1 e lec t rode .  F o r  emf  
m e a s u r e m e n t s  a p o r t a b l e  p o t e n t i o m e t e r  was  used  
in  c o m b i n a t i o n  w i t h  an  e l ec t ron ic  p H  m e t e r  e m -  
p l o y e d  as a h igh  i n p u t  r e s i s t ance  g a l v a n o m e t e r .  

A f t e r  d e a e r a t i o n  was  comple te ,  t he  e l e c t r o d e  was  
i n s e r t e d  in to  t he  so lu t ion  a n d  m e a s u r e m e n t s  w e r e  
t a k e n  e v e r y  3-5 ra in  u n t i l  such  t i m e  as t he  p l a s t i c  
coa t ing  a b s o r b e d  w a t e r  a n d  t h e  p o t e n t i a l s  w e r e  no 
l onge r  r e p r e s e n t a t i v e  of t he  p h a s e  b e i n g  i n v e s t i -  
ga ted .  This  c r i t i ca l  t ime  w a s  u s u a l l y  45-60 min.  

A l l  measuremer~ts  w e r e  m a d e  in  an  a i r  t h e r m o s t a t  
m a i n t a i n e d  a t  25 ~ - - I ~  

Hydrogen overvoltage measurements.--Corrosion 
p o t e n t i a l  and  h y d r o g e n  o v e r v o l t a g e  c h a r a c t e r i s t i c s  
for  FeSn~ and  p u r e  Sn w e r e  m e a s u r e d  in  d e a e r a t e d  
4% NaC1 ~- HC1 at  p H  2.0 and  d e a r a t e d  0.1M c i t r ic  
ac id  solut ions .  

Tin  e l ec t rodes  % in. in  d i a m e t e r  b y  3/~ in. long 
w e r e  p r e p a r e d  f r o m  the  s a m e  h igh  p u r i t y  Sn t h a t  
was  used  for  t he  p r e p a r a t i o n  of FeSta.. T h e  e l e c t r o d e  
des ign  is s h o w n  ir~ Fig .  2. E l ec t r i c a l  con tac t  w i t h  t he  
s a m p l e  was  a c h i e v e d  b y  soft  so lde r ing  a 1/16 in. 
d r i l l  r od  to a 1/16 in. s t e m  m a c h i n e d  on the  Sn s a m -  
ple.  The  d r i l l  r o d  was  i so l a t ed  f rom the  so lu t ion  b y  
an  8 mra  P y r e x  t u b e  f i t ted  t i g h t l y  in  con tac t  w i t h  
t he  Teflon gaske t ,  a n d  w h i c h  was  he ld  f i rmly  in  p l a c e  
b y  a m a c h i n e  sc rew w i t h  n u t  and  w a s h e r  s i lve r  
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Fig. 2. Tin and FeSne electrodes for corrosion potential and 
hydrogen overvoltage measurements. 
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s o l d e r e d  to t h e  o t h e r  end  of t h e  d r i l l  rod.  O n l y  Sn, 
Teflon, and  glass  m a d e  con tac t  w i t h  the  solu t ion .  

FeSn2 e l ec t rodes  w e r e  m a d e  f r o m  p l a t e s  of  FeSn~ 
d e s c r i b e d  ea r l i e r .  A fine Cu w i r e  was  soft  s o l d e r e d  
to one end of the  p l a t e  a n d  f i t ted  in to  .an 8 r a m  P y -  
r e x  t ube  w i t h  a c a p i l l a r y  t ip.  The  w i r e  was  s ea l ed  
in p l ace  w i t h  50% b e e s w a x - - 5 0 %  re s in  wax .  The  
c a p i l l a r y  t ip,  soft  so lde r  connect ion ,  and  one s ide  of 
the  s p e c i m e n  w e r e  coa ted  w i t h  v i n y l  s top-of f  l a c -  
quer .  This  coa t ing  s e r v e d  not  on ly  to i so la te  t he  
so lde r  and  Cu w i r e  f rom t h e  so lu t ion  b u t  also to 
p r o t ec t  the  sample ,  w h i c h  was  e x t r e m e l y  b r i t t l e  and  
f rag i le .  

The  3 - c o m p a r t m e n t  cel l  s h o w n  in Fig .  3 was  used  
for  a l l  m e a s u r e m e n t s .  The  cen t e r  c a t h o d e  c o m p a r t -  
m e n t  h a d  a v o l u m e  of 2200 m l  and  was  s e p a r a t e d  
f rom the  200 m l  anode  c o m p a r t m e n t s  b y  fine s in -  
t e r e d  glass  disks .  S ince  d e a e r a t i o n  was  a c c o m p l i s h e d  
b y  pur i f i ed  H2, a p l a t i n i zed  P t  e l ec t rode  was  i n s e r t e d  
in to  the  c e n t e r  c o m p a r t m e n t  to be  u sed  as a r e f e r -  
ence e l ec t rode  and  for  m e a s u r i n g  pH. 

The  H~ used  for  d e a e r a t i o n  was  pur i f i ed  b y  p a s s -  
ing  the  gas  o v e r  Cu chips  at  500~ a r u t h e n i u m  
c a t a l y s t  a t  300~ and  a p a l l a d i u m  c a t a l y s t  a t  r o o m  
t e m p e r a t u r e .  The  NaC1 so lu t ion  was  the  s a m e  as 
was  used  fo r  m e a s u r i n g  m i c r o p o t e n t i a l s  e x c e p t  fo r  
H~ s a t u r a t i o n  i n s t ead  of N~ sa tu ra t ion .  The  c i t r ic  ac id  
so lu t ion  was  p r e p a r e d  f r o m  d i s t i l l ed  w a t e r  and  r e -  
a g e n t - g r a d e  c i t r i c  acid.  

I m m e d i a t e l y  p r i o r  to p l ac ing  the  s p e c i m e n  elec-  
t r odes  in  t he  solu t ion ,  t he  Sn  e l e c t r o d e  was  a b r a d e d  
t h r o u g h  4-0 po l i sh ing  pape r ,  d e g r e a s e d  in bo i l ing  
benzene ,  p i c k l e d  in  c o n c e n t r a t e d  HC1, and  w a s h e d  
w i t h  d i s t i l l ed  w a t e r .  T h e  FeSn2 e l ec t rode  was  d e -  
g r ea sed  w i t h  bo i l ing  benzene ,  p i c k l e d  in concen -  
t r a t e d  HC1, and  w a s h e d  w i t h  d i s t i l l ed  w a t e r .  

In  m a k i n g  a run ,  t he  so lu t ion  was  first  d e a e r a t e d  
for  a m i n i m u m  of 4 hr ,  t h e n  a smoo th  P t  e l e c t r o d e  
was  i n s e r t e d  in p lace  of the  h y d r o g e n  e l ec t rode  and  
t h e  so lu t ion  was  c a t h o d i c a l l y  p r e - e l e c t r o l y z e d  a t  a 
c u r r e n t  d e n s i t y  of 1 m a / c m  2 for  3 h r  w h i l e  d e a e r a -  
t ion  con t inued .  Then  the  s p e c i m e n  e lec t rode ,  a sa l t  
b r i d g e  con t a in ing  the  s ame  so lu t ion  as in t he  cell,  
and  t h e  p l a t i n i z e d - P t  e l ec t rode  w e r e  i n s e r t e d  in to  
t he  solu t ion .  The  t ip  of t he  sa l t  b r i d g e  was  b r o u g h t  
n e a r  to t h e  e l ec t rode  sur face .  U p o n  i n s e r t i o n  of t he  
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e lec t rodes ,  the  p o t e n t i a l  of the  s a m p l e  was  m e a s u r e d  
vs. the  h y d r o g e n  e l e c t r o d e  un t i l  a s t e a d y  s t a t e  was  
r e a c h e d  and  m a i n t a i n e d  for  a t  l e a s t  12 hr .  

H y d r o g e n  o v e r v o l t a g e  was  t h e n  m e a s u r e d  a t  c u r -  
r en t  dens i t i e s  of 0.1-1000 m i c r o a m p / c m  ~ b y  s t a r t i n g  
at  t he  h ighes t  c u r r e n t  d e n s i t y  and  r e d u c i n g  the  c u r -  
r en t  in  s teps  of 1 - m i n  i n t e r v a l s  to t he  m i n i m u m  c u r -  
r en t  d e n s i t y  a n d  t h e n  r e t r a c i n g  t h e  c u r v e  to the  
m a x i m u m  again .  C u r r e n t  was  no t  shu t  off a t  a n y  
t ime  d u r i n g  the  run .  P o t e n t i a l s  in  th i s  case  w e r e  
m e a s u r e d  a ga in s t  a s a t u r a t e d  ca lome l  e l e c t r o d e  v i a  
t h e  sa l t  b r i d g e  us ing  t h e  s ame  p o t e n t i o m e t e r  c i rcu i t  
d e s c r i b e d  ea r l i e r .  D u r i n g  these  runs  tt~ was  passed  
ove r  t he  top  of t h e  so lu t ion  v i a  t he  b y - p a s s  t u b e  
shown  in Fig.  3, and  hence  the  so lu t ion  was  not  
s t i r r e d  d u r i n g  m e a s u r e m e n t s .  A s l igh t  pos i t i ve  
p r e s s u r e  of H~ was  m a i n t a i n e d  in t he  ce l l  a t  a l l  
t imes .  

Corrosion rate measurements . - -Measurement  of 
t he  cor ros ion  r a t e  of  FeSn2 was  a t t e m p t e d  in  de-  
a e r a t e d  4% NaC1 ~-HC1, p H  2.0, and  in  d e a e r a t e d  
0.1M c i t r i c  ac id  so lu t ions  w i t h o u t  s t i r r ing .  The  e lec -  
t r o l y t e  was  p l a c e d  in a 1500 m l  s p h e r i c a l  f lask and  
was  d e a e r a t e d  b y  b u b b l i n g  pur i f i ed  H2 t h r o u g h  i t  for  
a t  l eas t  4 h r  b e f o r e  i n s e r t i o n  of t he  spec imens .  
A f t e r w a r d  H~ was  p a s s e d  ove r  t he  so lu t ion  su r f ace  
i n s t e a d  of b u b b l i n g  t h r o u g h  it. 

The  t h in  p l a t e s  of  FeSn~, d e g r e a s e d  w i t h  benzene  
and  p i c k l e d  in c o n c e n t r a t e d  HC1 as be fore ,  w e r e  
p l a c e d  i m m e d i a t e l y  in  s m a l l  g lass  ho lde r s  and  i m -  
m e r s e d  in t he  so lu t ion  for  p e r i o d s  of a b o u t  five days .  
Be c a use  of t h e  b r i t t l e ,  g r a n u l a r  s t r u c t u r e  of FeSn~, 
w e i g h t  loss m e t h o d s  for  m e a s u r i n g  co r ros ion  r a t e s  
cou ld  not  be used.  T h e r e  was  a l w a y s  some  m e c h a n -  
ical  b r e a k a g e  in h a n d l i n g  t h e  spec imens .  The re fo re ,  
s ince  t he  cor ros ion  p r o d u c t s  of F e  and  Sn  a r e  bo th  
so lub le  in t he  so lu t ions  used,  and  bo th  m e t a l s  p r o b -  
a b l y  go into  so lu t ion  in t he  s ame  p r o p o r t i o n  as in 
the  m e t a l l i c  phase ,  t he  so lu t ions  w e r e  a n a l y z e d  
q u a n t i t a t i v e l y  for  F e  a lone  b y  t h e  o r t h o p h e n a n t h r o -  
l ine  c o l o r i m e t r i c  m e t h o d  (9 ) .  The  a m o u n t  of co r -  
r o d e d  m e t a l  vs. t i m e  was  d e t e r m i n e d  b y  a n a l y z i n g  
10 m l  s a m p l e s  of so lu t ion  t w i c e  da i ly .  

Experimental Results 

Microhardness measuremen t s . - -The  m a x i m u m ,  
m i n i m u m ,  and  a v e r a g e  K n o o p  h a r d n e s s  n u m b e r s  
for  Fe,  Sn, a n d  FeSn~ r e s u l t i n g  f rom m e a s u r e m e n t s  
m a d e  on fou r  d i f f e ren t  s a m p l e s  a r e  g iven  in  T a b l e  I. 

A t y p i c a l  K n o o p  h a r d n e s s  n u m b e r  vs.  d i s t ance  
p lo t  for  a t i n - p l a t e  s a m p l e  is s h o w n  in Fig .  4. 

These  r e su l t s  ind ica te ,  as expec ted ,  t h a t  FeSn~ in 
t h e  a l loy  l a y e r  is c o n s i d e r a b l y  h a r d e r  t h a n  e i the r  
Fe  or  Sn, thus  s u p p o r t i n g  t h e  con ten t ion  t h a t  FeSn~ 
is a ha rd ,  b r i t t l e  p h a s e  t h a t  t e n d s  to b r e a k  and  
c r a c k  d u r i n g  f a b r i c a t i o n  of t in  p la te .  H o w e v e r ,  it  

Table I. Hardness of Fe, Sn, and FeSn2 phases found on Fe 
exposed to molten Sn 

Number  of Knoop hardness  n u m b e r  (100 g load) 
Phase readings Min imum M a x i m u m  Average  

Fe  14 76 127 96 
Sn 5 7.7 10.5 9.4 
FeSn2 15 104 274 202 
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should be r e m e m b e r e d  tha t  the  co ld - ro l l ed  steel 
sheet  used for m a k i n g  commerc ia l  t i n  p la te  is con-  
s iderab ly  h a r d e r  t h a n  the  soft h igh  p u r i t y  Fe used in  
these expe r imen t s  and  tha t  consequen t ly  the  m a g -  
n i t ude  of the  difference b e t w e e n  the ha rdness  n u m -  
bers of steel sheet  and  FeSnr is less. 

The decreas ing  ha rdness  of the  Fe base as dis-  
t ance  f rom the  a l loy l ayer  increases  seems to i nd i -  
cate tha t  some Sn  ac tua l ly  diffuses into the  Fe l a t -  
tice, thus  inc reas ing  the  ha rdness  by  al loying.  This 
fea tu re  which  is no t iceab le  in  Fig. 4 was  charac te r -  
istic of all  spec imens  inves t iga ted .  Decreased h a r d -  
ness of the  compound  at  the phase  bounda r i e s  p r ob -  
ab ly  resul t s  f rom d imin i shed  suppor t  at the  edges, 
and  is no t  real .  

Potential measuremen t s . - -The  micro-cor ros ion  
po ten t ia l s  in situ of Fe, Sn, and  FeSn~ and  the  cor-  
r e spond ing  corros ion po ten t ia l s  for separa te  Sn  and  
FeSn.~ electrodes are g iven  in  Tab le  II. The corrosion 
poten t ia l s  for pu re  Fe, which  were  m e a s u r e d  by  
S t e rn  (10) in  the  same two media ,  are  also listed. 

The mic ro -co r ros ion  po ten t i a l  and  o r d i n a r y  cor-  
rosion po ten t i a l  da ta  for Sn  and  Fe  were  r ep ro -  
duc ib le  to +--3 m v  wh i l e  the  da ta  for FeSn~ w e r e  r e -  
p roduc ib le  to +-8 my.  

The re la t ive  po ten t ia l s  of Fe and  Sn  agree w i th  
p rev ious ly  repor ted  da ta  (1) i nd i ca t i ng  Sn  to be 
more  act ive  t h a n  Fe in  acid, o x y g e n - f r e e  e n v i r o n -  
ments .  The data  also ind ica te  tha t  FeSn~ is the  most  
nob l e  of the  th ree  phases  in  these  two media .  

The i m p o r t a n c e  of these  po ten t i a l  r e la t ionsh ips  is 
discussed later .  

Cathodic poLarization.--If h y d r o g e n  is no t  re -  
moved  by  reac t ion  wi th  a depolar izer ,  h y d r o g e n  

Table II. Potentials of Fe, Sn, and FeSn~ in situ on surface of Fe 
previously exposed to molten Sn, and comparative potentials of 

separate electrodes. All vs. standard H2 electrode 

P h a s e  

M i c r o - c o r r o s i o n  C o r r o s i o n  p o t e n t i a l s  o f  
p o t e n t i a l  in  s i tu  b u l k  e l e c t r o d e s  
4 %  N a C 1  + H C 1 ,  4 %  N a C 1  + H C 1 ,  

p H  2.0  p H  2 .0  0 . 1 M  c i t r i c  a c i d  
v v v 

Fe 0.328 0.319 (Stern)  0.294 (Stern)  
Sn 0.354* 0.351 0.361 
FeSn~ 0.255" 0.287 0.271 

* NE-saturated solutions, others HE-saturated. 

Table III. Hydrogen overvoltage of Fe, Sn, and FeSn2 in deaerated 
4% NaCI + HCI, pH 2, and in deaerated 0.1M citric acid 

(average of 2 or 3 determinations) 

4% NaCl + HCl, 0.1 M 
p H  2.0 c i t r i c  a c i d  

P h a s e s  a (v) b (v) /o ( a m p / c m e )  a (v) b (v) /o ( amp/cmE)  

F e  ( S t e r n )  0 . 9 0  0 . 1 0 0  1 .1  x 10  -~ 0 , 5 9 0  0 , 0 8 4  9 .3  x 10  - s  
S n  1 .10  0 . 1 4  1 .4  x 10  4 0 . 9 4  0 . 1 1  2 .8  x 10  -9 
F e S n ~  0 , 7 6  0 . 1 0  2 .5  x 10  - s  0 . 9 6  0 . 1 4  1 ,4  x 10-~ 

overvol tage  ~ can be expressed  by  the Tafe l  equa -  
t ion  (11) : 

= a + b l o g i ,  or  
- - - - - - b l o g i o + b l o g i  

where :  a,b = constants ,  io----exchange c u r r e n t  d e n -  
sity (12),  and  i = appl ied  c u r r e n t  densi ty .  Us ing  this  
no ta t ion ,  the averaged  da ta  for Fe  [ f rom S t e rn  
(10) ], Sn, and  FeSn~ are g iven  in  Tab le  III. 

Typica l  overvo l t age  curves  for Sn  and  FeSn= are 
g iven  in  Fig. 5 to 8. Values  of the slope b for Sn  
were  r ep roduc ib l e  to -----0.015 v. The  increase  in  
slope of these  curves  n e a r  0.1 m a / c m  ~ is p r o b a b l y  
due to the approach  of appl ied  c u r r e n t  to the  l i m i t -  
ing diffusion c u r r e n t  for h y d r o g e n  ion discharge.  
This l imi t ing  c u r r e n t  dens i ty  was d e t e r m i n e d  by  
S t e r n  (13) to be b e t w e e n  1-5 m a / c m  ~ for solut ions  
of pH 2. 

In  general ,  m e a s u r e m e n t s  for Sn  w e r e  the  same 
w h e t h e r  c u r r e n t  va lues  were  increased  or decreased.  
For  FeSn~, however ,  the  va lues  on r e t u r n  to p ro -  
gress ive ly  h igher  c u r r e n t  densi t ies  were  h igher  t h a n  
the  va lues  ob ta ined  in  the  in i t i a l  m e a s u r e m e n t s  
s t a r t ing  wi th  h igh c u r r e n t  densi ty .  This effect m a y  
be caused by  organic  impur i t i e s  i n t roduced  by  the  
wax  sea lan t  a nd  the  stop-off  l acquer  used to coat 
one side of the FeSn~ electrode.  These  impur i t i e s  
were  not  p resen t  i n  the case of Fe or Sn. 

Corrosion rate measurements . - -No  m e a s u r a b l e  
a m o u n t  of Fe  was  found  in  e i ther  the  NaC1 or the  
citric acid so lu t ion  af ter  FeSn~ spec imens  had  been  
exposed to these  e n v i r o n m e n t s  for 5 days. This  
wou ld  ind ica te  tha t  the corrosion ra te  of FeSnr is 
less t h a n  3 m d d  in  these e n v i r o n m e n t s  based  on a 
m i n i m u m  a m o u n t  of i r on  of 0.02 ~ g / m l  de tec tab le  by  
the  e l ec t ropho tomete r  a nd  a to ta l  spec imen  a rea  of 
0.05 dmL 
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Fig. 5. Hydrogen overvoltage of Sn in deaerated 4% NaCI, 
pH 2.0. 



VoL 104, No. 9 C H E M I C A L  P R O P E R T I E S  O F  F e S n 2  541 

070 I I I illll I [ I i IIIIL 1 I I I i[ll[ i I I I IIl~/~ 

r'l 
o .... i,/] 

j z  
~ o~o- ~ ~. o . . . . .  o.,o . . . .  - t  

~ . . . . . + . ~ , 4 -  I o �9 2 2 9  X IO *!) AMPS/r 2 I 

OzC - -  

I I I l l l l l l  I I l i 1 1 1 ] 1  I I i 1 1 1 1 1 1  I I I 
0 I = /  I 0  lOG I00  tO00 

APPLIED CURRENT DENSITY (~,AMPS/cm ;~) 

Fig. 6. Hydrogen overvoltage of Sn in deaerated 0.1M 
citric acid, pH 2.1, 

A n e g a t i v e  q u a l i t a t i v e  d e t e r m i n a t i o n  for  Sn  b y  
t h e  d i th io l  m e t h o d  (9)  showed  t h a t  S n  also d id  no t  
go into  so lu t ion  to an  e x t e n t  d e t e c t a b l e  b y  th is  
me thod .  

C a l c u l a t i o n  of t he  cor ros ion  r a t e  of FeSn~ f r o m  
the  h y d r o g e n  o v e r v o l t a g e  and  co r ros ion  p o t e n t i a l  
d a t a  b y  the  m e t h o d  of S t e r n  (10) g ives  v a l u e s  of 
5.2 m d d  and  6.6 m d d  for  FeSn~ in t he  NaC1 a n d  c i t r ic  
ac id  solu t ions ,  r e spec t i ve ly ,  p r o v i d e d  FeSn2 is a s -  
s u m e d  to c o r r o d e  b y  the  fo l l owing  r eac t ion :  

F e S n ~  F e  ++ + 2Sn ++ + 6e 

This  d i s c r e p a n c y  b e t w e e n  c a l c u l a t e d  a n d  o b s e r v e d  
v a l u e s  is p r o b a b l y  e x p l a i n e d  b y  the  fac t  t h a t  t he  
c a thode  su r f ace  of FeSn~ is less t h a n  100% of t he  
su r f ace  as is a s s u m e d  in t he  ca lcu la t ion .  ~ H o w  one 
can  m e a s u r e  i n d e p e n d e n t l y  t h e  a c t u a l  c a thod e  s u r -  
face  is no t  c l e a r  a t  p re sen t .  

S ince  FeSn~ is nob le  w i t h  r e spec t  to bo th  F e  and  
Sn in the  two  m e d i a  used  here ,  an  a t t e m p t  was  m a d e  
t o  m e a s u r e  t h e  anodic  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  
of these  two  meta l s .  H o w e v e r ,  t he  d a t a  w e r e  no t  r e -  
p r o d u c i b l e  and  hence  d id  not  p e r m i t  a n y  def in i te  
conclus ions .  

Discussion 

C e r t a i n  q u a l i t a t i v e  conclus ions  a r e  p o s s i b l e  f r o m  
the  p o t e n t i a l  r hea su remen t s .  S ince  FeSn~ is nob le  

l H y d r o g e n - o v e r v o l t a g e  m e a s u r e m e n t s  a r e  c o n d u c t e d  t y p i c a l l y  a t  
c a t h o d e  c u r r e n t  d e n s i t i e s  f a r  a b o v e  l o c a l - a c t i o n  c u r r e n t  d e n s i t i e s ,  
a n d  h e n c e  a t  v a l u e s  tha t .  p o l a r i z e  a l l  t h e  e l e c t r o d e  s u r f a c e .  O n  t h e  
s u r f a c e  of  a c o r r o d i n g  m e t a l ,  h o w e v e r ,  o n l y  p a r t  is  c a t h o d e ,  t h e  r e -  
m a i n d e r  b e i n g  a n o d e .  F o r  F e  i n  d e a e r a t e d  so lu t i ons ,  p r a c t i c a l l y  a l l  
t h e  s u r f a c e  is  c a t h o d e  so t h a t  c a l c u l a t e d  a n d  m e a s u r e d  c o r r o s i o n  
r a t e s  as c a r r i e d  ou t  b y  S t e r n  a r e  in  good  a g r e e m e n t .  W e r e  t h e  a n o d e  
a r e a  l a r g e r ,  t h e  c a t h o d e  a r e a  of t h e  c o r r o d i n g  s u r f a c e  w o u l d  p o l a r i z e  
m o r e  t h a n  is a s s u m e d  f o r  100% c a t h o d i c  a r e a ;  h e n c e  f o r  t h i s  s i t u -  
a t i o n  t h e  m e a s u r e d  c o r r o s i o n  r a t e  is  less  t h a n  t h e  c a l c u l a t e d  v a l u e .  
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w i t h  r e spe c t  to bo th  F e  a n d  Sn  ( T a b l e  I I ) ,  i t  w i l l  
act  as t he  ca thod ic  m e m b e r  w h e n  coup led  w i t h  
e i t he r  of these  t w o  meta l s .  There fo re ,  i t  becomes  
an  u n d e s i r a b l e  s u b s t r a t e  be c a use  i t  no t  on ly  does 
no t  offer ca thod ic  p r o t e c t i o n  to Fe  as does  Sn, b u t  
i t  a lso t ies  up  Sn w h i c h  is t h e r e a f t e r  no t  a v a i l a b l e  
to p r o t e c t  t he  Fe .  

The  h y d r o g e n  o v e r v o l t a g e  of FeSn~ in 0.1M c i t r ic  
ac id  at  10 ~ a m p / c m  ~, for  e x a m p l e ,  is 0.26 v c o m -  
p a r e d  w i t h  0.39 v for  Sn  and  0.17 v fo r  Fe.  Hence  
t h e  c o m p o u n d  w h e n  coup led  to Sn  accounts  for  
c o n s u m p t i o n  of Sn  at  a l o w e r  r a t e  t h a n  w h e n  a n  
e q u a l  a r e a  of F e  is coup led  to it. W h e n  t h e  S n  is a l l  
consumed ,  the  c o m p o u n d  s t i l l  e x e r t s  no a c c e l e r a t i n g  
effect on the  h y d r o g e n  evo lu t i on  reac t ion ,  b e c a u s e  
i ts  o v e r v o l t a g e  is h i g h e r  t h a n  t h a t  of Fe .  The re fo re ,  
t he  c o m p o u n d  does not  s eem to be  e l e c t r o c h e m i c a ] l y  
d e l e t e r i o u s  to t in  p l a t e  b e h a v i o r  for  t he  d e s c r i b e d  
cond i t ions  of cor ros ion .  The  s i t ua t i on  m a y  differ ,  of 
course ,  w h e n  ca thod ic  d e p o l a r i z e r s  a r e  p r e sen t ,  as 
is u s u a l l y  t r u e  w i t h  v a r i o u s  foodstuffs .  B e h a v i o r  of  
t he  c o m p o u n d  u n d e r  d e p o l a r i z i n g  cond i t ions  r e -  
qu i res  f u r t h e r  s tudy .  

A c k n o w l e d g m e n t  

S u p p o r t  of th is  r e s e a r c h  b y  the  W e i r t o n  S tee l  
C o m p a n y  is g r a t e f u l l y  a c k n o w l e d g e d .  

Manuscr ip t  rece ived  Dec. 17, 1956. This p a p e r  was 
p r e p a r e d  for de l ive ry  before  the  Cleve land  Meeting,  
Sept.  30 to Oct. 4, 1956. 

A n y  discussion of this  p a p e r  wi l l  appear  in a Dis- 
cussion Sect ion to be publ i shed  in the  June  1958 
J O U R N A L .  
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Nucleation of Crystalline Ta20o During Field Crystallization 
D. A. Vermilyea 

Research Laboratory, Genera~ Electric Company, Schenectady, New York 

ABSTRACT 

Nucleation dur ing field crystall ization of amorphous TarO5 films occurs at 
heterogeneities on the metal  surface. The time between the application of the 
field and the appearance of the first crystals corresponds to growth to critical 
size of a crystal on one of the nucleat ion sites. The logari thm of the incubat ion 
period increases l inear ly  with decreasing electric field at constant temperature.  
Possible mechanisms for the nucleat ion of crystals under  these conditions 
are discussed. 

Crys ta l l i za t ion  of amorphous  anodic  TarO5 films 
m a y  be accompl ished at t e m p e r a t u r e s  in  the  v i c in i ty  
of room t e m p e r a t u r e  p rov ided  tha t  a s t rong electr ic  
field is p r e sen t  in  the  fi lm (1) .  This  process resul t s  
in  r ough ly  c i rcu la r  c rys ta l l ine  areas cons is t ing  of 
w e d g e - s h a p e d  po lyc rys t a l l i ne  segments ,  each a rea  
be ing  s u r r o u n d e d  by  coiled cy l inders  of the  rep laced  
amorphous  film. Recent  observa t ions  of c rys ta l l ine  
regions of s imi la r  appea rance  have  been  made  on 
a l u m i n u m  oxide anodic  films (2) ,  on  h a f n i u m  oxide 
anodic  films (3),  on corrosion films on copper  (4) ,  
and  on c h r o m i u m  oxide (5) fo rmed  in  oxygen.  In  
addi t ion,  it  has b e e n  observed  here  tha t  an  anodic  
TarO5 film crystal l izes  in  a s imi la r  m a n n e r  if hea ted  
to 590~ for abou t  20 min .  

Accord ing  to the  m e c h a n i s m  proposed ear l ie r  (1) 
the c rys ta l l ine  areas grow rad ia l ly  by  p u s h i n g  aside 
the  amorphous  f i lm p re sen t  in i t i a l ly .  The  factors  
in f luenc ing  the r ad i a l  g rowth  ra te  have  a l r e a dy  
been  discussed, and  i t  is fel t  t ha t  such g rowth  is 
qua l i t a t i ve ly  fa i r ly  wel l  unders tood.  I t  is the  p u r -  
pose of this paper  to discuss some e x p e r i m e n t s  
which  have  been  pe r fo rmed  in  order  to d e t e r m i n e  
the  cause of the  long i n c u b a t i o n  per iod  before  the  
first c rys ta l l ine  areas are observed.  

Nucleation Sites 

The fact tha t  the  t ime  at  which  the  first c rys ta ls  
are observed  depends  on the  sur face  p r e p a r a t i o n  
(1) makes  it  appea r  l ike ly  tha t  he te rogene i t ies  on 
the  surface  are n u c l e a t i o n  sites. F u r t h e r  exper i -  
men t s  of two types  have  conf i rmed this  idea. 

In  one, an  anodic  fi lm was he ld  at one vol tage  
un t i l  c rys ta l l i za t ion  was  abou t  50% complete,  and  
the  vol tage  was  t h e n  ra ised r ap id ly  to a s o m e w h a t  
h igher  vol tage  to a l low f u r t h e r  c rys ta l l iza t ion .  It  
was found  tha t  if the r a t e  of g rowth  of the  a m o r -  
phous oxide film d u r i n g  the vo l tage  increase  was  
sufficiently rap id  (g rea te r  t h a n  40 A / sec )  mos t  of 
the  crys ta ls  fo rmed  at  the  lower  vo l t age  wou l d  no t  
con t inue  to grow at  the  h igher  vol tage.  The i n -  
c idence of c rys ta l l i za t ion  on the  r e m a i n i n g  a rea  was 

observed  as a f unc t i on  of t i m e  at  the  h igher  voltage,  
and  a compar i son  was  m a d e  b e t w e e n  the n u m b e r  of 
n e w  nuc le i  on this  area  a n d  on a f resh  spec imen  
wi th  no crysta ls  p re sen t  in i t i a l ly .  It  was  found  tha t  
far  fewer  crys ta ls  fo rmed  on the  spec imen  which  
had  first been  pa r t i a l l y  crys ta l l ized  at  the  lower  
voltage.  For  example ,  a spec imen  was he ld  at  99~ 
100 v 1 un t i l  50% of the  a rea  was  crys ta l l ine .  The 
vol tage  was t hen  ra ised r ap id ly  to 140 v and  held  
for 550 sec, a f ter  which  abou t  45 ne w  crysta ls  were  
observed in  the  tota l  a rea  u n d e r  the microscope at 
a magni f ica t ion  of 100 d iameters .  Most of these  n e w  
crys ta ls  occurred ad jacen t  to crysta ls  a l r eady  p res -  
ent,  a nd  only  a few, pe rhaps  5 or 10; fo rmed  at  sites 
c lear ly  r emoved  f rom the  or ig ina l  crystals .  A speci-  
m e n  held  550 sec at  140 v w i t hou t  p rev ious  low 
vol tage  c rys ta l l i za t ion  had  800 crys ta ls  in  the a rea  
v is ib le  at  100 X, or abou t  400 c rys ta l s  in  an  area  
equa l  to the  n o n c r y s t a l l i n e  a rea  of the  o ther  speci-  
men.  The tota l  n u m b e r  of crys ta ls  fo rmed  at bo th  
100 v and  140 v on the first spec imen  was  abou t  750 
in  the tota l  a rea  v is ib le  at  100 X. 

It  appears  tha t  the re  were  a ce r t a in  n u m b e r  of 
c rys ta l l i za t ion  sites w i th  a r a n g e  of potencies  ava i l -  
able  on  the  sur face  of each specimen.  For  the  first 
spec imen  the  most  act ive  of these sites were  used up  
at 100 v and  mos t  of the  r e su l t i ng  crys ta ls  made  i n -  
act ive  for f u r t he r  c rys ta l l i za t ion  by  the  r ap id  vo l t -  
age increase  to 140 v. Nuc lea t ion  at  140 v on the  
r e m a i n i n g  a rea  was  thus  g rea t ly  r e t a rded  compared  
to nuc l ea t ion  on  the  second spec imen  which  st i l l  
con ta ined  all  the  most  act ive  sites. 

The second type  of e x p e r i m e n t  consisted of photo-  
g r aph ing  a selected a rea  before  a ny  oxide fi lm was  
fo rmed  on the  spec imen  and  aga in  a f te r  pa r t i a l  
c rys ta l l i za t ion  to see w h e t h e r  v i s ib le  defects exis ted 
on the  or ig ina l  surface  at  sites w he r e  crys ta ls  l a t e r  
occurred.  Fig. 1 and  2 show such " b e f o r e - a n d -  
a f te r"  p ic tures  of an  a rea  of a spec imen  for  wh ich  
the  c rys ta l l i za t ion  t r e a t m e n t  was  100 v, 99~ 600 

1 T h e  e l e c t r o l y t e  u s e d  in  a l l  t e s t s  d e s c r i b e d  in  t h i s  p a p e r  w a s  2 %  
HN03. 
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Fig. 1. Photomicrograph of Ta surface as chemical ly pol- 
ished. IOOX before reduction for publication. 

sec. A tota l  of 31 c rys ta l s  were  counted  exc lud ing  
those which  occurred  at  the  scratch in t roduced  as a 
re fe rence  mark .  Spots were  observed  on the  or ig ina l  
me ta l  surface  at  al l  bu t  th ree  of the sites at  which  
these crys ta ls  appeared.  A few of these  sites are 
ind ica ted  on both  pho tomicrographs .  

These e x p e r i m e n t s  ind ica te  tha t  sur face  he t e ro -  
genei t ies  act as nuc l ea t i on  sites for field c rys ta l l i za -  
t ion. Since there  was no t e n d e n c y  for nuc l ea t i on  to 
occur at g ra in  bounda r i e s  it  is p robab l e  tha t  the  
nuc l ea t ion  sites a re  inc lus ions  of h igh i m p u r i t y  con-  
tent .  Crys ta l l i za t ion  of anodic  films fo rmed  on 
evapora ted  Ta  provides  ev idence  t ha t  impur i t i e s  are  
impor t an t .  T a n t a l u m  films abou t  2000A th ick  were  
evapora ted  on one side of Ta str ips of the  type  used 
for the o ther  exper iments .  Crys ta l l i za t ion  of the 
r e su l t ing  spec imens  showed tha t  nuc l ea t i on  was far  
s lower  on the evapora ted  side. At  99~ 100 v crys- 
tals  we re  observed  on the  n o n e v a p o r a t e d  side af ter  
300 sec, whi le  none  was  observed  on the  evapora ted  
side u n t i l  1000 sec. Af te r  6500 sec the  side w i t h o u t  
evapora ted  Ta was  90% crys ta l l ine ,  whi le  on ly  1 or 
2% of the  evapora ted  side was  crys ta l l ine .  Fig. 3 
shows a pho tomic rog raph  on an area  pa r t  of which  
was shie lded d u r i n g  evapora t ion .  Very  few crys ta l s  
appear  in  the  evapora ted  region,  whi le  the shie lded 
region  is a lmost  comple te ly  c rys ta l l ine .  On ly  p a r t  of 
this change  in  c rys ta l l i za t ion  ra te  can  be  a t t r i b u t e d  
to decreased nuc l ea t i on  rate,  s ince the  g rowth  ra te  

Fig. 2. Photomicrograph of same area shown in Fig. 1 af ter  
anodic ox idat ion for 600 sec at  100 v 99~ IOOX before 
reduction for publ icat ion. 

Fig. 3. Comparison of crystal l izat ion on evaporated Ta 
(white area) and on rolled chemical ly polished Ta sheet (lower 
left). 

of the crystalline areas was also less on the evap- 

orated side. 

Effect of Voltage and Temperature  on 
Incubation Time 

Ear l i e r  da ta  had  ind ica ted  tha t  there  was a th ick-  
ness d e p e n d e n t  cr i t ical  electr ic  field for a g iven  vol-  
tage and  t e m p e r a t u r e  above which  c rys ta l l i za t ion  
did no t  occur (1) .  These  da ta  were  ob ta ined  in  
e x p e r i m e n t s  in  which  a cons tan t  vol tage  was appl ied  
to a spec imen  he ld  at  99~ in  2% HNO~ u n t i l  c rys ta l -  
l iza t ion occurred.  I t  was  found  tha t  c rys ta l l i za t ion  
did no t  occur un t i l  the  th ickness  had  g r ow n  suffi- 
c i en t ly  so tha t  the field reached  a ce r t a in  value.  A n  
e x p e r i m e n t  to test  the  cr i t ical  field hypothes is  
wou ld  be to fo rm a film at  a low t e m p e r a t u r e  (where  
c rys ta l l i za t ion  is e x t r e m e l y  slow) to such a th ick-  
ness tha t  the cr i t ical  field wou ld  be reached  i m m e -  
d ia te ly  at  the s tar t  of the test  at the h igher  t e m p e r a -  
tu re  a nd  des i red voltage.  W h e n  such e x p e r i m e n t s  
were  per formed,  it  was found  tha t  the re  was  an  
even  longer  de lay  t ime  before  the  s ta r t  of n e w  crys-  
tals  t h a n  there  had  been  previous ly .  D u r i n g  this  
i n c u b a t i o n  per iod  the  field fell  to va lues  far  be low 
the  field a t  which  crysta ls  were  observed  in  ear l ie r  
tests. In  o ther  words,  there  was  no cr i t ical  field for 

nuc lea t ion .  
F r o m  a series of such tests at  d i f ferent  voltages,  

however ,  it  was  found  tha t  the  q u a n t i t y  of elec- 
t r i c i ty  passed t h r ough  the  cell f rom the  s ta r t  of the  
e x p e r i m e n t  to the  t ime  at which  the first c rys ta ls  
were  observed  was  a p p r o x i m a t e l y  cons tant .  Tab le  
I shows the  n u m b e r  of coulombs passed t h rough  
the cell f rom the  s ta r t  to the  i n c u b a t i o n  t ime  s for 
var ious  vol tages  a nd  t empera tu re s ,  a long wi th  the  
observed  n u c l e a t i o n  t imes.  I t  m a y  be seen t ha t  the 
n u m b e r  of coulombs  is rough ly  cons tan t  for al l  vo l -  
tages at  99~ a nd  tha t  there  is an  ind ica t ion  of an 
inc rease  in  the  n u m b e r  of coulombs as the t e m p e r a -  
t u r e  is lowered.  The  a p p a r e n t  cr i t ical  field was  the  
resu l t  of the  fact tha t  the  passage of a g iven  q u a n -  
t i ty  of e lec t r ic i ty  resul t s  in  a grea te r  pe rcen tage  
change  in  th ickness  for a t h i n n e r  in i t i a l  film. There  
was  thus  a g rea te r  decrease  in  the field at  which  

2 T h e  a u t h o r  de f ines  incubation t i m e  t'o be  t h a t  t ime a t  w h i c h  t h e  
f i r s t  c r y s t a l s  a r e  o b s e r v e d .  
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Table I. 

September  1957 

N u c l e a t i o n  To ta l  coulom?os 
E x p e r i m e n t a l  c o n d i t i o n s  t ime ,  sec Dassed t h r o u g h  eeU -- 

99~ 50 v 5500 0.40 ..o 
99~ 70 v 600 0.39 
99~ 100 v 250 0.41 z 
99~ 140 v 130 0.44 
99~ 170 v 45 0 .39  

v 
81~ I00 v 750 0.44 g 
47~ 100 v 3500 0.55 

J 

crysta ls  were  first obse rved  for spec imens  he ld  at  
low voltages.  

Experiments at Constant Field 
I n t e r p r e t a t i o n  of the  e x p e r i m e n t s  descr ibed  above  

is compl ica ted  by  the  fact tha t  the  amorphous  oxide 
film grows con t inuous ly  whi le  the e x p e r i m e n t  is 
be ing  per formed ,  so tha t  the electr ic  field in  the  ox-  
ide is no t  constant .  To e l im ina t e  this  difficulty a 
series of e x p e r i m e n t s  we re  pe r fo rmed  in  wh ich  
spec imens  were  held  at  cons tan t  field and  cons t an t  
t e m p e r a t u r e  un t i l  c rys ta l l i za t ion  occurred.  Al l  of the  
e x p e r i m e n t s  were  conduc ted  us ing  2% HNO, as 
electrolyte ,  the  t e m p e r a t u r e  v a r y i n g  f rom 50 ~ to 
100 ~ C and  at 80-140 v. Each spec imen  was  fo rmed  at 
the  test  t e m p e r a t u r e  to a th ickness  sufficient to give 
the  des i red electric field s t r eng th  at a c o n v e n i e n t  
vol tage.  This  vo l tage  was  t hen  appl ied  and  the  
spec imen  was  e x a m i n e d  f rom t ime  to t ime  to de-  
t e r m i n e  w h e n  c rys ta l l i za t ion  had  jus t  s tar ted.  I t  
was found  tha t  c rys ta l l i za t ion  occur red  in  the  same 
t ime  at  the  same field regard less  of f i lm th ickness  or 
appl ied  voltage.  

Fig. 4 shows the  resu l t s  of these  tests. I t  is c lear  
t ha t  bo th  lower  t e m p e r a t u r e  and  lower  electr ic  
field r e t a rd  crys ta l l iza t ion .  At  any  one  t e m p e r a t u r e  
the loga r i thm of the  i n c u b a t i o n  t ime  increases  ap-  
p r o x i m a t e l y  l i nea r ly  w i t h  decreas ing  appl ied  field. 
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Fig. 4, Time required for the forrnQtion of the f irst visible 
crystals vs. Qpplied electric field. 
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Fig. 5. Arrhenius plots of the doto of Fig. 4 
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There  is a cons iderab le  a m o u n t  of scat ter  among  
the  data,  which  is due to the  difficulty of f inding the  
v e r y  first c rys ta ls  to form.  

F r o m  these da ta  the  t imes  at  which  c rys ta l l i za t ion  
s ta r ted  at va r ious  field s t reng ths  were  obta ined ,  and  
the  loga r i thm of this i n c u b a t i o n  t ime  was  p lo t ted  
aga ins t  1/T to ob ta in  the  ac t iva t ion  e n e r g y  (Fig. 5). 
The  resul t s  of least  square  ana lys i s  of the  da ta  are  
shown in  Ta b l e  II. 

I t  m a y  be seen tha t  the re  is a sma l l  decrease  in  
ac t iva t ion  ene rgy  wi th  i nc reas ing  electr ic  field, and  
tha t  the  p r e - e x p o n e n t i a l  factor  is a p p r o x i m a t e l y  
constant .  The  unc e r t a i n t i e s  in  va lues  g iven  in  Tab le  
II a re  r a the r  large.  The  least  square  ana lys i s  shows 
tha t  50% of the  m e a s u r e m e n t s  of ac t iva t ion  ene rgy  
wou ld  lie w i t h i n  a n  i n t e r v a l  of abou t  2000 ca l /mo le  
on e i ther  s ide of the  v a l u e  given.  Thus,  the  change  
of ac t iva t ion  ene rgy  wi th  field is no t  g rea te r  t h a n  
the  e x p e r i m e n t a l  error .  The  50% confidence i n t e r v a l  
on the  p r e - e x p o n e n t i a l  factor  is abou t  two orders  
of magn i tude ,  so tha t  the  smal l  va r i a t ions  repor ted  
are w i t hou t  significance. 

Discussion 

F r o m  the  resu l t s  of an  e lec t ron  microscope s tudy  
r epor t ed  ear l ie r  (1) ,  i t  appears  t h a t  a c rys ta l l ine  
a rea  begins  r a p i d  r ad i a l  g rowth  af ter  a crack has 
b e e n  p roduced  in  the  amorphous  oxide f i lm. Fig. 6 
shows an  e lec t ron  m i c r o g r a p h  of an  a rea  of a speci-  
m e n  on wh ich  c rys ta l l i za t ion  had  ju s t  s tar ted .  The  
c i rcu la r  reg ion  in  wh ich  a jagged  crack in  the  a m o r -  
phous  oxide film is v i s ib le  is a p p a r e n t l y  the  first 
s tage of crys ta l l iza t ion,  no  sma l l e r  or less wel l  de-  
ve loped regions  h a v i n g  been  observed.  The  cracks 
in  the  amorphous  film a re  s imi la r  i n  a p p e a r a n c e  to 
those which  can be  p roduced  b y  forc ing  a b l u n t  ob-  
ject  (such as the  end  of a p e n - h o l d e r )  t h r ough  a 
sheet  of paper .  I t  is r e a sonab l e  to a s sume  tha t  the  

Table I!. 

]~lectric A c t i v a t i o n  P r e - e x p o n e n t i a ]  
f ie ld  v / A  energy ,  k e a l / m o l e  f ac to r  (see)-1 

0.050 20.6 1.6.10 -1~ 
0.045 21.6 1.4-10 -1~ 
0.040 21.8 4.5.10 -~~ 
0.035 23.1 2.5.10 -1~ 
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Fig. 6. Initial stage of recrystallization. 30,O00X before 
reduction for publication. 

cracks are p roduced  by  a crys ta l  of TarO5 g rowing  
on one of the  n u c l e a t i o n  sites at  the  m e t a l - o x i d e  
in ter face .  

Two possible  m e c h a n i s m s  are  cons idered  here  for 
the  in i t i a l  g rowth  of a c rys ta l  at  a n u c l e a t i o n  site, 
one in  wh ich  c rys ta l l i za t ion  of the  a l r eady  ex is t ing  
amorphous  film occurs and  the  o ther  in  which  corn- 
p le te ly  n e w  c rys t a l l i ne  m a t e r i a l  fo rms  u n d e r n e a t h  
the amorphous  film. G r o w t h  of n e w  c rys ta l l ine  m a -  
te r ia l  u n d e r n e a t h  the  amorphous  film impl ies  access 
of wa t e r  to the m e t a l  u n d e r  the  film, p r e s u m a b l y  
t h rough  pores in  the  amorphous  oxide. The  vol tage  
drop in  a pore  of l eng th  2000A and  of any  d i ame te r  
filled w i th  e lec t ro ly te  h a v i n g  a specific res i s tance  
of 100 o h m - c m  in  which  the c u r r e n t  dens i ty  is 1 
a m p / c m  ~ is 2 x 10~x  100 = 2.10 -~ v. Hence,  n e a r l y  
all  of the  cell  vo l tage  (of the  order  of 100 v)  w ou l d  
appear  across the c rys ta l  g rowing  at the  base of the  
pore. C o n s e q u e n t l y  a pore wou ld  be  filled up  a l -  
most  i m m e d i a t e l y  by  e x t r e m e l y  r ap id  g rowth  of the  
c rys ta l l ine  or amorphous  phase,  and  could have  
on ly  a t r a n s i e n t  exis tence.  This  m e c h a n i s m  thus  
impl ies  tha t  there  is a con t inuous  fo rma t io n  a nd  
des t ruc t ion  of pores in  a p a r t i c u l a r  reg ion  or else 
tha t  the  pores are kep t  open by  some process such 
as a v igorous  gas evo lu t ion  (which  is no t  obse rved) .  
I t  is difficult  to see w h y  there  should  be an  i n c u -  
ba t ion  per iod  which  depends  on field and  t e m p e r a -  
t u r e  in  the  observed  m a n n e r  if pore  f o r m a t i o n  is 
r ea l ly  the  m e c h a n i s m  respons ib le  for the  i n i t i a l  
c rys ta l  growth .  

Crys ta l  g rowth  by  t r a n s f o r m a t i o n  of the ex is t ing  
amorphous  phase  at a n u c l e a t i o n  site seems far  
more  l ikely.  Stresses p roduced  by  a sl ight  dens i ty  
difference in  the  two ma te r i a l s  could e v e n t u a l l y  
lead to a crack in  the  amorphous  film. Once a crack 
was  p roduced  the so lu t ion  would  have  access to the  
g rowing  crys ta l  which  wou ld  t h e n  th icken  r a p i d l y  
and  cause fu r t he r  c rack ing  of the  type  observed.  
It  is a s sumed  tha t  the  i n c u b a t i o n  t ime  for the f o r m a -  
t ion  of r ap id ly  g rowing  c rys ta l l ine  areas  is the  t ime  
r equ i r ed  for a c rys ta l  g rowing  on a n u c l e a t i o n  site 
to reach  the  cr i t ical  size necessa ry  to cause a crack 
in  the  amorphous  film. This  i n c u b a t i o n  t ime  is no t  
a n u c l e a t i o n  t ime  in  the  o r d i n a r y  sense of the  te rm,  
s ince it  is a ssumed  tha t  a s table  c rys ta l  exists  on the  
n u c l e a t i o n  site at the  s ta r t  of the expe r imen t .  The  
nuc l ea t i on  t ime  is the t ime  r e q u i r e d  for this  s tab le  
c rys ta l  to reach  the  cr i t ical  size necessa ry  to p ro -  
duce a crack. P r e s u m a b l y  there  wou ld  be a differer,t  

cr i t ical  size for each nuc l ea t i on  site de pe nd ing  on 
its size a nd  conf igurat ion,  bu t  in  these  e xpe r imen t s  
the  cr i t ical  size is the  same for all  spec imens  since 
the  first c rys ta ls  observed  wou ld  form on the  most  
act ive  type  of site. 

The ra te  of g rowth  of the  crys ta l  is d e t e r m i n e d  
by  the  ra t e  a t  which  ions in  the amorphous  film can 
cross a po ten t i a l  b a r r i e r  a nd  assume la t t ice  posi-  
t ions  in  the crystal .  The re  exist  s t rong  electr ic  fields 
in  the  two phases  which  can  act to assist the  ions in  
s u r m o u n t i n g  the  po t en t i a l  b a r r i e r  to the i r  mot ion.  
The electr ic  field at  the  posi t ion of the  r a t e - d e t e r -  
m i n i n g  step n e a r  a g rowing  c rys ta l  m a y  no t  be  equa l  
to the  e x t e r n a l l y  appl ied  field because  of differences 
in  dielectr ic  cons t an t  for the  c rys ta l l ine  and  amor -  
phous  phases or because  of space charges  which  
m a y  resu l t  f rom u n e q u a l  ionic mobi l i t ies  in  the  two 
phases.  For  s impl ic i ty  it  is a ssumed  tha t  the  field at 
the r a t e - d e t e r m i n i n g  b a r r i e r  is p ropor t iona l  to the  
appl ied  field. 

The ra te  of g rowth  of a c rys ta l  can now  be cal-  
cu la ted  in  t e rms  of ce r ta in  p a r a m e t e r s  su i tab le  for 
compar i son  wi th  expe r imen t .  The ra te  of mot ion  of 
ions across a po t en t i a l  b a r r i e r  in  the  presence  of an  
electr ic  field of such s t r eng th  tha t  j umps  are over -  
w h e l m i n g l y  in  the  d i rec t ion  of the  field is 

R = A exp --  RT (I)  

w he r e  A is a constant ,  Q the  ac t iva t ion  ene rgy  at 
zero field, q the  charge on the  ion, X the  d i s tance  
f rom the  e q u i l i b r i u m  posi t ion  to the  top of the  po t en -  
t ia l  ba r r i e r ,  a nd  E the  electr ic  field c omponen t  in  
the  d i rec t ion  of mot ion.  To take  account  of the  fact 
tha t  field at  the  b a r r i e r  m a y  not  be  equa l  to the  
appl ied  field i t  is necessa ry  to use a p ropo r t i ona l i t y  
cons tan t  defined by  

E = S �9 E,  (II)  

w he r e  E~ is the  componen t  of the  appl ied  field in  the  
j u m p  direct ion.  The  ra te  of c rys ta l  g rowth  is now 

A A 
= A exp -- ( Q-qXf  Ea~ ( I I I )  

at " RT ] 

or s ince Al is cons t an t  and  equa l  to the  cr i t ical  size, 

Q-qXf  E, 
-- log At = log A'  - -  (IV) 

RT 

Accord ing  to Eq. (IV) a plot  of ac t iva t ion  ene rgy  
vs. electr ic  field should  g ive  a s t ra igh t  l ine  of slope 
qX]. Fig. 7 shows such a plot,  which  has a slope of 7.2 
in  un i t s  of e lec t ronic  charges  t imes  a n g s t r o m  uni ts .  
In  v iew of the  la rge  u n c e r t a i n t y  in  the  va lues  of 
ac t iva t ion  ene rgy  the  va lue  ob ta ined  for qX] could be 
in  e r ror  by  as m u c h  as a factor  of two. A more  ac-  
cu ra t e  va l ue  m a y  be ob ta ined  f rom the slopes of the  
curves  show n  in  Fig. 2, u s ing  Eq. ( IV) .  The va lues  
so ob ta ined  are  8.8, 7.8, 7.8, a nd  8.2 at  t e m p e r a t u r e s  
of 100 ~ 80 ~ 60 ~ and  50~ respect ively .  T a k i n g  
qXf to be 8.2 the  zero field ac t iva t ion  energy,  Q, is 
abou t  30 kca l /mo le .  

The r e  are at  leas t  two ways  in  which  the  g rowth  
of a c rys ta l  nuc leus  could occur. In  the  first place 
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oxygen  and  Ta ions could be t r ans fe r r ed  f rom the  
amorphous  fi lm to the  crys ta l  across the in terface .  
Such a m e c h a n i s m  wou ld  r equ i r e  tha t  the  Ta ions 
move  aga ins t  the field, which  is v e r y  u n l i k e l y  at 
these fields and  t empera tu res .  A second poss ib i l i ty  is 
tha t  oxygen  ions f rom the  amorphous  film are added  
to the  c rys ta l  at the in te r face  and  tha t  Ta  diffuses 
out  f rom the  me ta l  to the g rowing  surface  of the 
crystal .  The  Ta ions f rom the amorphous  film wou ld  
t hen  be free to mig ra t e  t h rough  the  film to the  
e lec t ro ly te  in te r face  and  form more  oxide. Such  a 
m e c h a n i s m  wou ld  no t  have  to proceed ve ry  long 
before  a crack fo rmed  since such g rowth  of the  
film at  an  isolated po in t  would  m a k e  it  difficult to 
m a i n t a i n  contact  at  the  o x i d e - m e t a l  in te r face  w i t h -  
out  severe  d is tor t ion  of the  oxide. 

A s s u m i n g  this m e c h a n i s m  to operate,  the  r a t e  of 
crys ta l  g rowth  migh t  be  cont ro l led  by  Ta ion m i g r a -  
t ion in  the  g rowing  crys ta l  or in  the  amor phous  
oxide, or by  oxygen  ion m i g r a t i o n  across the  c rys t a l -  
amorphous  in terface .  The zero field ac t iva t ion  ene rgy  
for ionic mot ion  in  the amorphous  film at these fields 
is about  50 kca l /mole ,  which  is cons ide rab ly  h igher  
t h a n  the  e x p e r i m e n t a l  va lue  for nuc lea t ion .  If  f ---- 1, 
q = 2 (for oxygen  ion m i g r a t i o n )  2X ~ 8.2A, which  
seems to be cons ide rab ly  too large.  However ,  the  

va lues  of Q a nd  q ( a s sumi ng  f = 1) are  r easonab le  
for ionic conduc t ion  in  c rys t a l l i ne  Ta2Os. G u l b r a n s e n  
and  A n d r e w  (6) r epor ted  an  ac t iva t ion  ene rgy  of 
27.4 k c a l / m o l e  for ox ida t ion  of Ta at t e m p e r a t u r e s  
w he r e  c rys ta l l ine  oxide is formed.  If q = 5, ~---- 1.6 
so tha t  the d i s tance  b e t w e e n  e q u i l i b r i u m  posi t ions 
would  be 3.2A, a ve ry  r ea sonab le  value.  A p l a n n e d  
s tudy  of the k ine t ics  of fo rma t ion  of c rys ta l l ine  
t a n t a l u m  oxide f i lms should m a k e  it  possible  to te l l  
w he t he r  ionic m i g r a t i o n  in  the crys ta l  is r ea l ly  the 
r a t e - d e t e r m i n i n g  step in  crys ta l  n u c l e a t i o n  u n d e r  
these condit ions.  

Conclusions 
1. F ie ld  c rys ta l l i za t ion  occurs on ly  at ce r t a in  p re -  

fe r red  nuc l ea t i on  sites at the  m e t a l - o x i d e  in terface .  
These sites m a y  be inc lus ions  of h igh  i m p u r i t y  
con ten t  in  the metal .  

2. The  i n c u b a t i o n  per iod  for the appea rance  of 
c rys ta l l ine  areas cor responds  to the t ime  r equ i r ed  
for a crys ta l  g rowing  u n d e r n e a t h  the  amorphous  
oxide f i lm to reach a cr i t ical  size. 

3. The  l oga r i t hm of the  i n c u b a t i o n  per iod  i n -  
creases l i n e a r l y  w i th  decreas ing  electr ic  field at 
cons tan t  t empe ra tu r e .  

4. A n  i n c u b a t i o n  per iod  cons is ten t  w i th  expe r i -  
m e n t  wou ld  r e su l t  f rom cont ro l  of the  g rowth  of 
the crys ta l  by  field assis ted ionic motion.  The re  is a 
poss ibi l i ty  tha t  the  r a t e - d e t e r m i n i n g  step is Ta  ion 
m i g r a t i o n  in  the  crystal .  

Manuscript  received November  21, 1956. This paper 
was prepared for del ivery before the Buffalo Meeting, 
Oct. 6-10, 1957. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 
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Surface Protection and Selective Masking during Diffusion in Silicon 
C. J. Frosch and L. Derick 

Bell Telephone Laboratories, Inc., Murray Hill, New Jersey 

ABSTRACT 

An  apparatus is described for t]he vapor-solid diffusion of donors and 
acceptors into silicon at atmospheric: pressure. I t  consists essentially of a 
fused silica tube extending through one or more controlled tempera ture  zones. 
A gas such as ni t rogen carries the vapors from the heated impur i ty  e lement  
or one of its compounds past the heated silicon. 

At temperatures  above about 1000~ gases such as he l ium or n i t rogen are 
shown to cause serious pi t t ing or erosion of the silicon surfaces. A thin vitreous 
silicon dioxide envelope enclosing the silicon dur ing  the high tempera ture  
heat ing operation is shown to provide complete protection of the under ly ing  
surface against  damage. Methods of obta ining surface passivation are described. 

In  addit ion to surface protection, a silicon dioxide surface layer  also is 
shown to provide a selective mask '.against the diffusion into silicon of some 
donors and acceptors at elevated temperatures.  Data are presented showing 
the masking effectiveness of the silicon dioxide layer  against the diffusion of 
several  donors and acceptors into silicon. 

The application of the masking tec]hnique to produce precise surface pat terns  
of both n-  and p-type is described. An example of its feasibil i ty in device 
considerations is i l lustrated by the construction of a transistor  by double diffu- 
sion. This transistor  is unique  in that  both the emit ter  and base contacts are 
made at the surface in adjacent  areas. 

F ina l ly  a new predeposition technique is described for control l ing the im- 
pur i ty  levels in diffused layers over wide ranges. Data are presented to 
i l lustrate this technique. 

The vapo r - so l id  diffusion t echn ique  has become 
of cons iderab le  in te res t  r ecen t ly  for the  introduc-- 
t ion  of selected conduc t iv i ty  type  d e t e r m i n i n g  i m -  
pur i t i es  in to  semiconductors .  The app l ica t ion  of 
this t e chn ique  in  the design of Si semiconduc to r  
devices is i l l u s t r a t ed  by  the solar  b a t t e r y  (1), power  
rectifiers (2) ,  and  h igh  f r e q u e n c y  t rans i s to rs  (3) .  
The feas ib i l i ty  of p roduc ing  such s t ruc tu res  by  
vapo r - so l id  diffusion resu l t ed  l a rge ly  f rom the in-- 
ves t iga t ions  of F u l l e r  and  his co -worke r s  (4, 5). 
The i r  inves t iga t ions  p rov ided  the necessa ry  i n fo r -  
m a t i o n  on the  h igh t e m p e r a t u r e  diffusion p a r a -  
me te r s  r e q u i r e d  for con t ro l l ing  the i m p u r i t y  con-  
cen t ra t ions  and  depths  of the  diffused layers .  

This  pape r  describes:  (a)  a n e w  appa ra tu s  for 
vapor - so l id  diffusion at a tmospher ic  pressure ,  (b)  
some e x p e r i m e n t s  i l l u s t r a t i ng  surface pro tec t ion  of 
Si at  h igh t e m p e r a t u r e s  by  oxidat ion,  and  (c) some 
e x p e r i m e n t s  i l l u s t r a t i ng  select ive m a s k i n g  by  SiO2 
surface  layers  aga ins t  the  diffusion of some i m p u r i -  
ties in to  Si at  h igh t empera tu re s .  Methods  for de-  
t e r m i n i n g  the  e lectr ical  character is t ics ,  surface con-  
cent ra t ions ,  and  diffusion depths  are essen t ia l ly  the  
same as those descr ibed  e l sewhere  (5) and  are on ly  
ident i f ied in  this  paper .  

Apparatus and Procedure 
The appa ra tu s  for vapo r - so l id  diffusion at atmos.- 

pher ic  p ressure  is shown  schemat ica l ly  in  Fig. 1. It  
consists essen t ia l ly  of a fused silica tube  e x t e n d i n g  
t h rough  two con t ro l led  t e m p e r a t u r e  zones. The  first 

t e m p e r a t u r e  zone serves to r egu la te  the  vo la t i l i ty  
of an  i m p u r i t y  placed there in .  The  second t e m p e r a -  
t u r e  zone is the  loca t ion  of the  Si samples.  A r i s ing  
t e m p e r a t u r e  g rad ien t  b e t w e e n  the two zones avoids 
the redepos i t ion  of the i m p u r i t y  vapor  before  r each-  
ing the Si samples.  The t e m p e r a t u r e s  are r egu la t ed  
to --+2~ by means of Pt-Pt 10% Rh thermocouples 
and automatic controllers. 

The vapor from an impurity heated in the first 
temperature zone is carried past the Si heated in 
the second zone by carrier gases such as H2, N~, O~, 
and CO~ or mixtures thereof with or without the 
addition of water vapor. Flowmeters attached to 
one end of the furnace tube regulate the flow of the 
carrier gases. In this investigation flow rates of 
1500 cc/min of the carrier gas were employed in 
furnace tubes of 2.5 cm ID. A temperature-controlled 

water bubbler is inserted between the flow- 

meters and the furnace tube when water vapor is 
being added to the carrier gas. Carrier gases were 
not saturated with water vapor under these flow 
conditions, but particular experimental conditions 
were found to be reproducible. The exit or open end 

of the furnace tube is inserted into a hood. This 
effectively removes the carrier gases which now 
probably contain residual amounts of 3rd and 5th 
column elements or their compounds. These in many 
cases are harmful poisons. 

The Si samples are held vertically in a slotted 
fused silica plate as shown in Fig. i. This assures a 
uniform contact of the carrier gas with both Si sur- 
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faces.  A s m a l l  s i l ica  t u b e  fused  to t h e  s a m p l e  h o l d e r  
is u sed  to i n s e r t  and  r e m o v e  the  Si  f r o m  the  fu rnace .  
A P t - P t  10% Rh  t h e r m o c o u p l e  i n s e r t e d  in  t he  p u s h e r  
t u b e  is e m p l o y e d  to m e a s u r e  t he  w o r k  t e m p e r a t u r e  
t h r o u g h o u t  t h e  run .  

Befo re  t he  Si  s a m p l e s  a r e  i n s e r t e d  for  d i f fus ion  or  
ox ida t ion ,  t he  flow of c a r r i e r  gas  is s t a r t e d  and  a l -  
l o w e d  to c o n t i n u e  for  s e v e r a l  m i n u t e s  to e s t ab l i sh  
a s t e a d y - s t a t e  condi t ion .  The  s a m p l e s  t hen  a r e  i n -  
t r o d u c e d  at  a r e p r o d u c i b l e  r a t e  in to  t he  d e s i r e d  t e m -  
p e r a t u r e  zone. A t  t he  end  of t he  h e a t i n g  o p e r a t i o n  
the  s a m p l e s  g e n e r a l l y  a r e  w i t h d r a w n  at  the  i n s e r -  
t ion ra te .  In  these  e x p e r i m e n t s  t he  s a m p l e s  w e r e  i n -  
s e r t e d  a n d  w i t h d r a w n  in a b o u t  1 rain.  

Samples 
The  Si  s a m p l e s  w e r e  cut  f r o m  a p p r o x i m a t e l y  5 

ohm cm n - t y p e  ( a r sen i c  d o p e d )  or  p - t y p e  ( b o r o n  
doped )  s ing le  c r y s t a l  ingots  g r o w n  in the  [111] 
d i rec t ion .  The  ingots  w e r e  s a w e d  p e r p e n d i c u l a r  to 
the  g r o w t h  d i r ec t ion  in to  s l ices a p p r o x i m a t e l y  10 -1 cm 
thick.  These  w e r e  m a c h i n e  l a p p e d  on bo th  su r faces  
w i t h  No. 1800 e m e r y  p o w d e r  to a t h i cknes s  of a b o u t  
7 x 10 -2 cm. A f t e r  cu t t i ng  in to  squa re s  of 0.75 x 0.75 
cm, the  s a m p l e s  w e r e  e t ched  for  4-5 ra in  in  a m i x -  
t u r e  of 5 p a r t s  of c o n c e n t r a t e d  HNO8 to 1 p a r t  of con-  
c e n t r a t e d  }IF to p r o d u c e  a m i r r o r  finish. This  
r e s u l t e d  in  f inal  s a m p l e  t h i cknesses  of a b o u t  5 x 10 -2 
cm. R e p r o d u c i b l e  su r f aces  of e x c e l l e n t  a p p e a r a n c e  
w e r e  o b t a i n e d  b y  m a i n t a i n i n g  the  e t c h a n t  t e m p e r a -  
t u r e  a t  a b o u t  20~ and  e m p l o y i n g  m e c h a n i c a l  a g i t a -  
t ion  d u r i n g  e tch ing .  

Surface Protection 
W h e n  Si  is h e a t e d  in  t h e  p r e v i o u s l y  d e s c r i b e d  d i f -  

fus ion  a p p a r a t u s  a b o v e  abou t  1000~ for  r e l a t i v e l y  
shor t  t imes  in  c o m m e r c i a l  g r a d e s  of n o n o x i d i z i n g  
gases  such  as H2 or  He, se r ious  e ros ion  or  p i t t i n g  of 
t h e  su r face  occurs.  A s ign i f ican t  loss in  w e i g h t  also 
t a k e s  p lace .  On the  o t h e r  hand ,  Si  su r faces  a r e  es -  
s e n t i a l l y  u n c h a n g e d  a f t e r  long  h e a t i n g  pe r i od s  w e l l  
a b o v e  1000~ in ox id i z ing  gases  such  as O2 a n d  CO~ 
or  n o n o x i d i z i n g  gases  con t a in ing  suf f ic ient  conc e n -  
t r a t i o n s  of  o x y g e n  or  w a t e r  vapor .  

The  su r f ace  a p p e a r a n c e  of Si  s a m p l e s  a f t e r  h e a t -  
ing  in H~, He, N2, or  O~ gases  is i l l u s t r a t e d  in  Fig .  2. 
The  su r f aces  w e r e  w a s h e d  in c o n c e n t r a t e d  H F  a f t e r  

Fig. 2. Surface appearance of Si af ter  heat ing for 1 hr at 
1350~ in d i f ferent  carrier gases. 

t he  h e a t i n g  o p e r a t i o n  to r e m o v e  a n y  su r f ace  l a y e r s  
such  as SiO~ w h i c h  fo rms  in  t h e  p u r e  o x y g e n  a t m o s -  
phere .  Note  t he  d a m a g e  on the  Si  su r faces  a f t e r  h e a t -  
ing  in H~ and  He. On the  o t h e r  h a n d  a f t e r  h e a t i n g  in  
o x y g e n  the  e x c e l l e n t  su r f a c e  a p p e a r a n c e  is e s sen -  
t i a l l y  t he  s a m e  as t h a t  of  t he  o r i g i n a l  e t ched  s u r -  
face. T h e  c r y s t a l l i n e  su r f ace  a p p e a r a n c e  a f t e r  h e a t -  
ing  in  N2 m a y  be  due  to t h e  f o r m a t i o n  of a SisN,. 

The  effect of v a r y i n g  t h e  w a t e r  v a p o r  con ten t  in  
a h y d r o g e n  c a r r i e r  gas d u r i n g  h e a t i n g  on the  s u r -  
face  a p p e a r a n c e  is i l l u s t r a t e d  in  Fig .  3. The  t e m p e r -  
a t u r e s  u n d e r  t he  p h o t o g r a p h s  r e p r e s e n t  t he  t e m -  
p e r a t u r e s  of t h e  w a t e r  b u b b l e r .  Note  t he  d e c r e a s e  in  
t he  size of t h e  su r f ace  p i t s  as  t he  w a t e r  v a p o r  con-  
t en t  of t he  c a r r i e r  gas  is i nc reased .  A c t u a l l y  in th is  
ser ies  of h e a t i n g  e x p e r i m e n t s  a t  1350~ w a t e r  
b u b b l e r  t e m p e r a t u r e s  b e t w e e n  30~176  r e s u l t e d  
in e x c e l l e n t  surfaces .  H o w e v e r ,  a f u r t h e r  i nc rea se  
in  the  w a t e r  c on t e n t  of t he  c a r r i e r  gas  r e s u l t e d  in  a 
l a r g e  n u m b e r  of  v e r y  s m a l l  su r f ace  pi ts .  T h e  r e a p -  
p e a r a n c e  of su r f ace  p i t s  m i g h t  be  e x p l a i n e d  by  the  
f a i l u r e  to f o r m  a c o m p l e t e l y  cohe ren t  o x i d e  l a y e r  in  
the  p r e s e n c e  of h igh  w a t e r  v a p o r  con ten t s  a t  th is  
t e m p e r a t u r e .  S i l i con  d iox ide  is k n o w n  to be  q u i t e  
so lub le  in w a t e r  a t  h igh  t e m p e r a t u r e s .  

O t h e r  e x a m p l e s  of su r f a c e  p r o t e c t i o n  b y  o x i d a -  
t ion  m i g h t  be  g iven .  F o r  e x a m p l e ,  Si  can  be  h e a t e d  

Fig. 3. Surface appearance of Si af ter  heating for 1 hr at 
1350~ in hydrogen containing di f ferent concentrations of 
water vapor. 
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in  CO~ or  in  v a r i o u s  m i x t u r e s  of N~ a n d  O~ i n c l u d i n g  
a i r  w i t h o u t  a p p a r e n t  su r f ace  d a m a g e .  The  l a t t e r  
sugges t s  m a n y  process  s impl i f i ca t ions  for  p r o d u c i n g  
d i f fused  j u n c t i o n  l ayers .  H o w e v e r ,  t he  ox id i z ing  p o -  
t e n t i a l  of t h e  c a r r i e r  gas m u s t  be  suff icient  so t h a t  
t he  t h e r m o d y n a m i c  e q u i l i b r i u m  f avo r s  the  f o r m a -  
t ion  of SiO~ a t  each  p rocess ing  condi t ion .  On the  
o t h e r  h a n d  o p t i m u m  su r f ace  a p p e a r a n c e  does  no t  
n e c e s s a r i l y  r e s u l t  f r o m  m a x i m u m  ox id i z ing  cond i -  
t ions.  G e n e r a l l y  i t  is p r e f e r a b l e  to e s t ab l i sh  o p t i m u m  
cond i t ions  e x p e r i m e n t a l l y  for  each  p rocess ing  con-  
d i t ion.  

S u r f a c e  p r o t e c t i o n  of  S i  in  ox id i z ing  a t m o s p h e r e s  
is due  to t h e  f o r m a t i o n  of a con t inuous  p r o t e c t i v e  
e n v e l o p e  of n o n v o l a t i l e  SiO~. This  p r e v e n t s  no t  on ly  
t he  e v a p o r a t i o n  of t he  u n d e r l y i n g  Si  b u t  a lso  i ts  
c o m p l e t e  ox ida t i on .  The  o x i d e  l a y e r  is eas i ly  r e -  
m o v e d  b y  w a s h i n g  in  HF.  I n  th is  w o r k  the  SiO~ l a y -  
ers  g e n e r a l l y  v a r i e d  in  t h i cknes s  b e t w e e n  abou t  
1500 to 30002k d e p e n d i n g  on the  t e m p e r a t u r e ,  t i m e  
a n d  c a r r i e r  gas  compos i t ion .  The  l a y e r s  e x h i b i t  
b r i l l i a n t  i n t e r f e r e n c e  colors.  The  cons t an t  t h i c k n e s s  
of t he  o x i d e  l a y e r  on a p a r t i c u l a r  Si  su r f ace  is i n d i -  
ca t ed  b y  the  u n i f o r m i t y  of these  i n t e r f e r e n c e  color,~. 

Selective Masking 
In  a d d i t i o n  to su r f ace  p ro tec t ion ,  a SiO~ su r f a c e  

l a y e r  p r o v i d e s  a se lec t ive  m a s k  at  h igh  t e m p e r a t u r e s  
a g a i n s t  t he  d i f fus ion  of some donors  a n d  accep to r s  
in to  Si. O n l y  a f ew  t y p i c a l  e x a m p l e s  of s e l ec t ive  
m a s k i n g  w i l l  be  g iven.  

M a s k i n g  is s t u d i e d  mos t  e f fec t ive ly  b y  p r e o x i d i z -  
ing  e t ched  Si  s l ices a n d  r e m o v i n g  the  ox ide  l a y e r  
f r o m  one su r f ace  w i t h  HF.  This  p r o v i d e s  an  ox id i zed  
a n d  u n o x i d i z e d  su r f ace  on  t h e  s a m e  s a m p l e  for  e l ec -  
t r i ca l ,  d i f fus ion  dep th ,  a n d  o the r  m e a s u r e m e n t s .  In  
t he  e x a m p l e s  r e p o r t e d  he re  the  p r e o x i d a t i o n  was  
done  b y  h e a t i n g  a t  1200~ for  1 h r  in  N~ b u b b l e d  
t h r o u g h  w a t e r  a t  30~ This  g ives  an  ox ide  l a y e r  
a b o u t  25002k th ick .  

Fig .  4 i l l u s t r a t e s  t he  m a s k i n g  of As  b y  a SiO~ 
l a y e r  a t  t h r e e  d i f fus ion  t e m p e r a t u r e s .  The  first  f igure  
is a c ro s s - s ec t i ona l  v i e w  of a p - t y p e  Si  s l ice wit:h 
an  ox ide  l a y e r  on one  sur face .  The  n e x t  f igure  shows  
t h a t  a r sen i c  t r i o x i d e  is h e a t e d  at  235~ a n d  the  
c a r r i e r  gas  is N~ b u b b l e d  t h r o u g h  w a t e r  a t  30~ for  
each  p roces s ing  condi t ion .  In  t he  n e x t  c o l u m n  
the  d i f fus ion  t imes  a n d  t e m p e r a t u r e s  a r e  g iven  for  
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4. Masking by an oxide layer against the diffusion of 
different diffusion temperatures. 

each  of t h e  f o u r  p roces s ing  condi t ions .  T h e  fif th 
c o l u m n  shows  a c r o s s - s e c t i o n a l  v i ew  of t he  p r o -  
cessed  s a m p l e s  a f t e r  a w a s h  in  H F  w h i c h  r e m o v e s  
o n l y  t he  ox ide  enve lope .  The  c r o s s - h a t c h i n g  i l l u s -  
t r a t e s  t he  r e l a t i v e  t h i cknes s  of t he  n - t y p e  c o n v e r -  
s ion l aye r .  The  a v e r a g e  shee t  r e s i s t ance  v a l u e s  (ps) 
and  the  d i f fus ion  d e p t h s  (a )  w e r e  m e a s u r e d  b y  the  
fou r  p o i n t  p r o b e  a n d  the  5 d e g r e e  ang le  l a p p i n g -  
s t a i n i n g  t echn ique ,  r e spe c t i ve ly .  These  m e a s u r i n g  
t e c h n i q u e s  a r e  d e s c r i b e d  in  some  d e t a i l  e l s e w h e r e  
(5) .  F r o m  t h e  m a n d  (a)  v a l u e s  t he  su r f a c e  c o ncen -  
t r a t i o n s  (C0) of t he  i m p u r i t i e s  g iven  in  t h e  l a s t  
c o l u m n  w e r e  c a l c u l a t e d  b y  a s s u m i n g  an  e r r o r  f u n c -  
t ion  d i s t r i b u t i o n  of t h e  i m p u r i t i e s  t h r o u g h  t h e  d i f -  
fused  l aye r s .  

No te  t he  a bse nc e  of a c onve r s ion  l a y e r  on the  
o x i d i z e d  s u r f a c e  a f t e r  the  l l 0 0 ~  d i f fus ion  s h o w n  in 
Fig .  4. This  i nd i ca t e s  t ha t  t he  su r f ace  c o n c e n t r a t i o n  
of t h e  As  on th is  su r f ace  is less t h a n  3 x 10 ~ cm ~, t he  
b a c k g r o u n d  p - t y p e  dop ing  in  t h e  o r i g i n a l  c rys ta l .  
A t  t h e  two  h i g h e r  d i f fus ion  t e m p e r a t u r e s  a c o n v e r -  
s ion l a y e r  is f o r m e d  on the  ox id i zed  sur face .  H o w -  
ever ,  t he  C~ v a l u e s  r e m a i n  r e l a t i v e l y  c o n s t a n t  a n d  
w e l l  b e l o w  those  for  t he  u n o x i d i z e d  sur faces .  The  
effect  of t he  SiO~ s u r f a c e  l a y e r  a n d  t h e  d i f fus ion  
t e m p e r a t u r e  on su r f a c e  c o n c e n t r a t i o n  a n d  h e n c e  
d i f fus ion  d e p t h  is c l e a r l y  e v i d e n t  f r o m  the  da ta .  

Fig .  5 i l l u s t r a t e s  t he  effect of c a r r i e r  gas  t y p e  on 
t h e  d i f fus ion of boron.  The  r e p r e s e n t a t i o n s  h a v e  the  
s a m e  s igni f icance  as those  d e s c r i b e d  p r e v i o u s l y .  Be -  
cause  of i ts  v e r y  low vo la t i l i t y ,  t he  b o r o n  t r i o x i d e  
source  is h e a t e d  a t  the  s ame  t e m p e r a t u r e  as t h e  Si. 
Note  t he  absence  of a c onve r s ion  l a y e r  on the  ox i -  
d ized  su r f ace  a n d  the  h i g h l y  d o p e d  c o n v e r s i o n  l a y e r  
on t h e  u n o x i d i z e d  su r f ace  a f t e r  h e a t i n g  in  oxygen .  A n  
a p p r e c i a b l e  m a s k i n g  effect b y  the  o x i d e  l a y e r  also is 
e v i d e n t  a f t e r  h e a t i n g  in  t he  n i t r o g e n - w a t e r  c a r r i e r  
gas. On the  o t h e r  h a n d  no m a s k i n g  b y  t h e  p r e -  
ox id i zed  su r f ace  is e v i d e n t  a f t e r  h e a t i n g  in  t he  
h y d r o g e n - w a t e r  c a r r i e r  gas. T h e  dop ing  l eve l  also 
is a p p r e c i a b l y  h i g h e r  for  t he  w e t  h y d r o g e n  t h a n  
for  t h e  u n o x i d i z e d  su r f aces  in  t he  o t h e r  two  c a r r i e r  
gases.  The  r e a s o n  for  th is  effect  of c a r r i e r  gas t y p e  
a n d  compos i t i on  on the  m a s k i n g  b y  SiO~ su r f ace  
l a y e r s  is no t  k n o w n .  H o w e v e r ,  i t  does  sugges t  some 
d i f fe rence  in  t h e  m o l e c u l a r  spec ie  of t h e  d i f fusan t  
v a p o r  in  t he  v a r i o u s  c a r r i e r  gases  w h i c h  a l t e r s  i ts  
r e a c t i v i t y  wi th ,  d i f fus ion  t h rough ,  or  s o l u b i l i t y  in a 
SiO2 l aye r .  A c o m p l e t e  s t u d y  of t he  effect of c a r r i e r  
gas  c o m p o s i t i o n  on the  m a s k i n g  of a SiO~ su r f ace  
l a y e r  a g a i n s t  t h e  d i f fus ion  of donors  a n d  accep to r s  
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Fig. 5. Effect of carrier gas type on the masking by an oxide 
layer against the diffusion of B. 
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i n t o  Si  a t  h i g h  t e m p e r a t u r e s  s h o u l d  b e  v e r y  u s e f u l  
i n  t h e  d e s i g n  of  s e m i c o n d u c t o r  d e v i c e s .  A f e w  e x -  

p e r i m e n t a l  r e s u l t s  f o r  w e t  h y d r o g e n  a n d  n i t r o g e n  as 
w e l l  as o x y g e n  a r e  s u m m a r i z e d  in  T a b l e  I. 

Predepos i t ion  o f  I m p u r i t i e s  
W h e n  a SiO~ l a y e r  m a s k s  a g a i n s t  t h e  d i f f u s i o n  

of  a n  i m p u r i t y ,  t h e  s i m u l t a n e o u s  o x i d a t i o n  a n d  
a d d i t i o n  of  s u c h  a n  i m p u r i t y  m a y  c a u s e  a p a r t i a l  

m a s k i n g  e f f ec t  on  t h e  u n o x i d i z e d  s u r f a c e .  F ig .  6 i l l u s -  
t r a t e s  a t e c h n i q u e  f o r  a v o i d i n g  o x i d a t i o n  e f f ec t s  
d u r i n g  t h e  a d d i t i o n  of  t h e  i m p u r i t y .  I t  c o n s i s t s  e s -  
s e n t i a l l y  of  p r e d e p o s i t i n g  t h e  i m p u r i t y  in  n o n o x i -  
d i z i n g  g a s e s  s u c h  as  N~, He,  o r  H~ a t  l o w  t e m p e r a -  
t u r e s  a n d  f o r  v e r y  s h o r t  t i m e s .  U n d e r  t h e s e  p r o -  

c e s s i n g  c o n d i t i o n s  s u r f a c e  e r o s i o n  is n o t  a p p r e c i a b l e .  
T h e  d i f f u s i o n  of  t h e  i m p u r i t y  i n t o  t h e  Si t h e n  m a y  
b e  c a r r i e d  o u t  a t  h i g h e r  t e m p e r a t u r e s  a n d  f o r  l o n g e r  
t i m e s  in  o x i d i z i n g  c a r r i e r  gases .  
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Fig. 7. Simultaneous production of single and double dif- 
fused layers of control led structure by selective masking. 

In  F ig .  6 As_~O~ w a s  p r e d e p o s i t e d  f o r  30 m i n  in  d r y  
n i t r o g e n  a t  800 ~ 900 ~ 1000 ~ a n d  l l 0 0 ~  r e s p e c -  
t i v e l y .  T h e  s a m p l e s  t h e n  w e r e  d i f f u s e d  f o r  30 m i n  

a t  1300~ in  N~ b u b b l e d  t h r o u g h  w a t e r  a t  30~  
T h e  s a m p l e s  u s u a l l y  w e r e  w a s h e d  in  H F  a f t e r  t h e  
p r e d e p o s i t i o n  to  r e m o v e  a n y  s o l u b l e  d e p o s i t s  of  t h e  
d i f f u s a n t  on  t h e  u n o x i d i z e d  s u r f a c e  a n d  t h e  p r e -  

o x i d i z e d  l a y e r  w h i c h  n o w  m a y  c o n t a i n  s o m e  of  t h e  
d i f f u s a n t .  T h i s  w a s h i n g  p r o c e d u r e  w a s  f o u n d  to  g i v e  
m o r e  r e p r o d u c i b l e  r e s u l t s .  

A s  s h o w n  b y  t h e  d a t a  i n  F ig .  6 t h e  SiO~ l a y e r  m a s k s  
a g a i n s t  t h e  d i f f u s i o n  of  A s  in  t h e  c a s e  of  a l l  f o u r  
p r e d e p o s i t i o n  t e m p e r a t u r e s .  T h e  d e g r e e  of  m a s k i n g ,  
w h i c h  is  d e f i n e d  as  t h e  r a t i o  of  t h e  s u r f a c e  c o n c e n -  
t r a t i o n  of  t h e  u n o x i d i z e d  s u r f a c e  to  t h a t  o f  t h e  o x i -  

d i z e d  s u r f a c e ,  i n c r e a s e s  w i t h  p r e d e p o s i t i o n  t e m -  
p e r a t u r e  o v e r  t h e  r a n g e  s t u d i e d .  T h e  d a t a  f o r  t h e  

u n o x i d i z e d  s u r f a c e s  a l so  i l l u s t r a t e  t h e  u s e f u l n e s s  
of  t h e  p r e d e p o s i t i o n  t e c h n i q u e  fo r  c o n t r o l l i n g  t h e  
s u r f a c e  c o n c e n t r a t i o n  o v e r  w i d e  l i m i t s .  T h e  a p p l i c a -  

Table I. Masking by oxide surface layers against the diffusion of some donors and acceptors* 

Diffusant Diffusion a 
Surface type ps (ohms/c~) (cm • 104) Co/cm~ 

Temp,  Time, Temp.  
Type ~ min  ~ O U O U O U O 

N~-H~O-30~ C a r r i e r  gas 
As~O~ 235 180 1100 P N - -  340 - -  0.7 - -  5 • 10 ~ 
As~O~ 235 60 1200 N N 3650 130 0.4 1.5 3 X 10 ~7 7 • 101~ 
As~O3 235 30 1300 N N 680 160 2.1 3.6 3 X 10 ~7 1 X 10 ~ 
B~O~ 1250 30 1250 N P - -  76 - -  5.1 - -  7 X 10" 
B.~O~ 1300 30 1300 P P 550 7.7 2.3 13.8 3 X 10 ~ 3 X 101~ 
P (Red)  220 180 1100 N N 2560 195 0.5 2.4 4X 10 ~ 1X 10 ~ 
P (Red)  220 30 1300 N N 885 170 3.6 7.4 8 X 10 ~ 4X 10 ~ 
Sb~O~ 900 30 1300 N N 1370 140 1.0 4.9 3 X 10 ~ 6X 10 ~ 

H~-H:O-30~ C a r r i e r  gas 
As~O~ 235 60 1200 P - N  N - -  330 - -  1.3 - -  1 X 10 '~ 
As.~O~ 235 30 1300 N N 680 86 2.1 3.7 3X10 ~7 2X10 ~ 
B~O~ 1300 30 1300 P P 1.1 1.1 14.0 14.0 2X10 ~~ 2X 10 '~ 
P (Red)  220 30 1300 N N 745 150 3.6 5.6 1X 10 ~ 4X 10 ~ 
Ga20~ 900 40 1200 P P 1890 1835 5.8 5.8 6X 10 ~ 6 X 101~ 
Ga~O~ 900 30 1300 P P 675 675 9.1 9.1 1 X 10 ~ 1 X 101~ 
Sb~O, 900 30 1300 P N - -  160 - -  5.6 - -  4 X 10 ~ 

D r y  O~ c a r r i e r  gas 
As208 235 30 1300 N N 545 235 2.0 3.1 3X 1017 5 X 101~ 
B~O~ 1300 30 1300 N P - -  6.8 - -  13.9 - -  3 X 1019 
P~O.~ 220 180 1100 N N 1390 25 0.9 3.8 3 X 10 ~ 7X 10 TM 

P_~O~ 220 30 1300 N N 0.45 0.44 19.1 20.1 3X10 ~~ 3X10 ~ 

* Original samples about  5 ohm cm, preoxidized 1 h r  a t  1200~ in N2-H20-30~ U-oxide layer  r emoved  f rom this surface wi th  HF be-  
fore diffusions. O-oxide layer  on this surface before diffusions. 
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t ion of this t e chn ique  for p roduc ing  bo th  np and  pn  
double  d i f fused layers  f rom the  same donor  and  
acceptor  i m p u r i t y  wi l l  be descr ibed later .  

Multiple Layer Structures 
A more interesting example of selective masking 

by a SiO~ layer is illustrated in Fig. 7. After the 
preoxidation of an n-type Si sample in wet nitrogen 
at 1200~ the oxide layer is removed from one sur- 
face to give alternate oxidized and unoxidized bands. 
This is done by applying alternate bands of wax, 
washing in concentrated HF, and then removing 
the wax with a solvent. An As-diffusion followed by 
a Ga diffusion and an HF wash results in the struc- 
ture illustrated by the top and cross-section views 
shown in the bottom left of Fig. 7. Note the alter- 
nate p-  and  n - t y p e  surfaces  as wel l  as the a l t e r na t e  
s ingle  and  double  diffused layers.  These cor respond  
to the  a l t e rna t e  oxidized and  unox id ized  bands ,  r e s -  
pect ively,  on the top face before  the diffusion opera -  
t ions. The bo t tom surface,  which  is comple te ly  cov- 
ered w i th  an  oxide layer  before  the  diffusion t r e a t -  
ments ,  is en t i r e ly  p - t y p e  w i th  a s ingle  diffused layer.  
A s imi la r  s t ruc tu re  resul t s  if Sb~O, hea ted  at 900~ 
is subs t i t u t ed  for the  arsenic  t r ioxide.  

I t  is no t  necessa ry  to r e m o v e  the oxide l ayer  
af ter  the  As diffusion since Ga is not  masked  by  the  
SiO2 layer  u n d e r  these process ing condi t ions  (see 
Table  I ) .  A c t u a l l y  the  oxide layers  cover ing  the  n -  
and  p - t y p e  surfaces before  the final HF wash  are 
d i s t inc t ly  di f ferent  in  color. The color difference pro-  
bab ly  is due  to a th ickness  difference b e t w e e n  the  
two oxide layers.  This  is ind ica ted  since the  same 
colors are observed  w h e n  the  iden t i ca l  hea t ing  se- 
quence  is employed  w i thou t  the add i t ion  of the  As 
and  Ga. The  color difference of the oxide layers  
cover ing  the  n -  and  p - t y p e  Si surface  areas is usefu l  
in  device  f ab r i ca t ion  as an  aid in  loca t ing  these  r e -  
gions af ter  diffusion. 

A t rans i s to r  (6) has been  m a d e  by  these tech-  
n iques  which  had  an  a lpha  of 0.91 at a collector vo l -  
tage of 10 v and  an  emi t t e r  c u r r e n t  of 1 ma. The 
u n i q u e  fea tu re  of this t r ans i s to r  s t r uc tu r e  was the  
ab i l i ty  to m a k e  a di rect  contact  on the same su r -  
face to bo th  the  diffused base layer  and  the diffused 
emi t t e r  layer .  In  p rev ious ly  descr ibed double  d i f -  
fused t rans i s to rs  (3) ,  the  base  contac t  was m a d e  by  
a l loy ing  A1 t h rough  the emi t t e r  layer .  The direct  
contact  to the base l ayer  descr ibed  in  this  paper  also 
should a l low a h igher  surface  concen t r a t i on  in  the  
emi t t e r  t h a n  is pe rmiss ib le  in  the A1 al loy base con-  
tact  s t ruc ture .  

The structure obtained in Fig. 7 can best be ex- 
plained by referring to Fig. 8. This illustrates the 
appreciably lower surface concentration of As in 
the oxidized surface as compared to the unoxidized 
surface. Since the Ga is not masked by the SiC)~ 
]ayer under these processing conditions, its surface 
concentration is equivalent for both surfaces. Thus 
the As overdopes the Ga on the unoxidized surface, 
while the reverse is true on the oxidized surface. In 
other words a np diffused structure is produced in 
the unoxidized surface and a single p diffused layer 
is produced in the preoxidized surface. The surface 
concentration of the diffused As layer in the oxidized 
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Fig. 8. Plot to illustrate the formation of single and double 
diffused layers by selective masking. 

surface was not determined in this experiment and 
is drawn merely for illustration. 

Fig. 9 shows a photograph of an actual diffused 
structure which was produced by the selective mask- 
ing technique just described. The diffused layers on 
one surface were exposed by lapping at a 5 degree 
angle (5) perpendicular to alternate p- and n-type 
surface bands similar to those illustrated in Fig. 7. 
The p region was darkened by the HF-HNO~ staining 
technique (5). Note the single p diffused layer in 
the center region with double np diffused layers on 
either side. While not evident from the photograph, 
the dark surface or p region indexes very closely 
with the original preoxidized surface. 

Controlled structures with either n -  or p-type 
single diffused layers and either np- or pn-type 
double diffused layers have been produced by the 
selective masking procedure when the proper diffus- 
ants and processing conditions are employed. More- 
over, both structural types have been produced with 
B and P by employing the predeposition technique. 
This combination of impurities also can be employed 
for producing low resistance surface layers for col- 
lector contacts in transistor construction. The es- 
sential processing steps for producing either an np- 

Fig. 9. Photograph of single and double diffused layers 
produced by selective masking. 
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Fig. 10. Production of a p+pnn § transistor structure by 
predisposition and selective masking. 

or  p n - t y p e  t r a n s i s t o r  s t r u c t u r e  of th is  t y p e  w i t h  B 
a n d  P a r e  s h o w n  in Fig .  10 and  11. 

In  t he  np s t r u c t u r e  i l l u s t r a t e d  in  Fig .  10, t he  p r e -  
depos i t i on  of t he  B~O~ a t  875~ in d r y  N2 g ives  a 
su r f ace  c o n c e n t r a t i o n  (Co) on the  u n o x i d i z e d  su r f ace  
w h i c h  is w e l l  b e l o w  t h a t  e v e n t u a l l y  r e a c h e d  b y  the  
P. The  p roces s ing  cond i t ions  a r e  chosen  to g ive  t h e  
de s i r ed  f inal  d i f fus ion d e p t h  of the  p - l a y e r  in to  the  
o r i g i n a l l y  u n o x i d i z e d  surface .  Because  of the  m a s k -  
ing  effect  of the  o x i d e  l a y e r  d u r i n g  the  p r e d e p o s i -  
t ion of the  bo ron  t r i ox ide ,  the  Co of the  ox id i zed  
su r f ace  is r e d u c e d  to w e l l  b e l o w  t h a t  of t he  u n o x i -  
d ized  sur face .  A c t u a l l y  no B conve r s ion  l a y e r  is 
f o r m e d  in t he  ox id i zed  su r face  u n d e r  these  p r o c e s s -  
ing  condi t ions .  Thus  t h e  s t r u c t u r e  i l l u s t r a t e d  b y  the  
l as t  cross  sec t ion  in Fig .  10 r e su l t s  a f t e r  the  f inal  
p h o s p h o r u s  diffusion.  

The  pn s t r u c t u r e  i l l u s t r a t e d  in  Fig.  11 is p r o d u c e d  
in  a s i m i l a r  m a n n e r  excep t  t h a t  t he  P is m a s k e d  
and  i ts  su r f ace  c o n c e n t r a t i o n  is r e d u c e d  b y  p r e d e p o -  
s i t ion  b e l o w  t h a t  e v e n t u a l l y  r e a c h e d  b y  the  B. In  
th is  case  a c o n v e r s i o n  l a y e r  is f o r m e d  in the  ox id i zed  
su r f ace  b y  the  P. H o w e v e r ,  t h e  p a r t i a l  m a s k i n g  b y  
the  o x i d e  l a y e r  is suf f ic ient  to r e d u c e  the  d i f fus ion  
d e p t h  b e l o w  t h a t  f ina l ly  a t t a i n e d  b y  the  B l aye r .  
Because  of th is  on ly  a p§ l a y e r  is f o r m e d  on the  o r i g -  
i na l  ox id i zed  su r f ace  as s h o w n  in Fig .  11. A t  t hese  
low d o p i n g  levels ,  r e d  P as a source  of P v a p o r  g ives  
m o r e  r e p r o d u c i b l e  r e su l t s  t h a n  P~O~. Red  P also 
g e n e r a l l y  r e su l t s  in l o w e r  su r f ace  c o n c e n t r a t i o n s  
t h a n  the  p h o s p h o r u s  ox ide  for  o t h e r w i s e  s i m i l a r  
p roces s ing  condi t ions .  

In  a d d i t i o n  to t he  s t r u c t u r a l  poss ib i l i t i e s  of m a s k -  
ing,  i t  a lso can  be  a p p l i e d  in  c o n j u n c t i o n  w i t h  t he  

Ps 
OHMS/O CMaX 10 j C0/r ~ 

r 
REO e 220 ~ n a~ g.B ~xlo '~ 

s~oz Ps a 
LAYER OHMS/O CM x~ 4 Co/CM3 

i ~2~ ~o~ ~ 5 xlon 

erOTAL mFFUStON ~PTH 

Fig. 1 1. Production of p+npp + transistor structure by pre- 
deposition and selective masking. 

S e p t e m b e r  1957 

p r e d e p o s i t i o n  t e c h n i q u e  to p r o v i d e  a w i d e  r a n g e  of 
c on t ro l l e d  i m p u r i t y  l eve l s  in  d i f fused  l ayers .  F o r  
e x a m p l e ,  b y  m o d i f y i n g  the  p roces s ing  cond i t ions  
i l l u s t r a t e d  in  Fig.  10 and  11, t he  dop ing  leve ls  of t h e  
base  a n d  e m i t t e r  l a y e r s  can  be  v a r i e d  ove r  w i d e  
l imi ts .  

I t  is e v i d e n t  f r o m  the  f ew  e x a m p l e s  of se lec t ive  
m a s k i n g  d e s c r i b e d  t ha t  a l a r g e  v a r i e t y  of s t r u c t u r e s  
can  be  p r o d u c e d  b y  the  p r o p e r  choice of p rocess ing  
condi t ions .  I t  is h o p e d  t h a t  t he  e x a m p l e s  g iven  i l l u s -  
t r a t e  the  e s sen t i a l  p r o c e d u r e s  for  p r o d u c i n g  such  
s t ruc tu re s .  

Summary 
The  use of ox id i z ing  a t m o s p h e r e s  has  been  shown  

to p r o v i d e  su r f a c e  p r o t e c t i o n  of Si su r f aces  d u r i n g  
h igh  t e m p e r a t u r e  h e a t i n g  ope ra t ions .  T h e  p r o t e c -  
t ion  r e su l t s  f r o m  the  enc lo su re  of the  Si  in  a SiO~ 
enve lope .  The  l a t t e r  also p r o v i d e s  a m e a n s  for  
m a s k i n g  a g a i n s t  the  d i f fus ion  of some i m p u r i t i e s  
in to  Si  a t  h igh  t e m p e r a t u r e s .  The  m a s k i n g  e f fec t ive-  
ness  of the  ox ide  l a y e r  is d e t e r m i n e d  b y  s e v e r a l  p r o -  
cess p a r a m e t e r s  such  as t ime ,  t e m p e r a t u r e ,  c a r r i e r  
gas  compos i t ion ,  i m p u r i t y  type ,  i m p u r i t y  compound ,  
and  p r e o x i d i z i n g  condi t ions .  Thus  far ,  p roces s ing  
p a r a m e t e r s  h a v e  been  e s t a b l i s h e d  for  m a s k i n g  B, As,  
Sb, a n d  P. P r e c i s e  su r f ace  s t r u c t u r e s  of bo th  n -  and  
p - t y p e  as w e l l  as the  s i m u l t a n e o u s  p r o d u c t i o n  of 
s ingle  and  m u l t i d i f f u s e d  j u n c t i o n  l a y e r s  a r e  poss ib le  
b y  th is  m a s k i n g  t echn ique .  F i n a l l y ,  a w i d e  r a n g e  
of c o n t r o l l e d  i m p u r i t y  l eve l s  in  d i f fused  l a y e r s  can  
be  o b t a i n e d  b y  m e a n s  of a n e w  p r e d e p o s i t i o n  t e c h -  
n ique .  
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Density and Viscosity of Titanium Tetrabromide 
John M. BIocher, Jr., Robert F. Rolsten, 1 and I. E. Campbell 
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ABSTRACT 

Measurements  were made of the density and viscosity of l iquid TiBr,. 
Measurements of the vapor density at the boil ing point  indicate that  TiBr, is 
monomolecular.  

Because  of widespread  in te res t  in  Ti as a s t rong,  
l igh t -we igh t ,  co r ro s ion - r e s i s t an t  cons t ruc t ion  m a t e -  
rial ,  m a n y  and  fo rmidab l e  research  efforts are be ing  
d i rec ted  t o w a r d  the  d e v e l o p m e n t  of low-cos t  p roc-  
esses for p roduc t i on  of the  me t a l  f rom its r e l a t i ve ly  
a b u n d a n t  ores. However ,  s ince  the  l i t e r a tu r e  on  the  
compounds  of Ti is incomple te ,  progress  wou ld  be 
enhanced  by  d e t e r m i n a t i o n  of r e l i ab l e  va lues  for 
some of the  phys ica l  and  t h e r m o d y n a m i c  proper t ies  
of Ti hal ides.  These compounds  r ep re sen t  po ten t i a l  
i n t e rmed ia t e s  in  the  ex t r ac t ive  m e t a l l u r g y  of Ti. 

The  p re sen t  w o r k  is p a r t  of an  effort d i rec ted  to-  
w a r d  es tab l i sh ing  the  phys ica l  and  t h e r m o d y n a m i c  
proper t ies  of t i t a n i u m  bromides .  The  vapor  p ressure  
and  t h e r m a l  proper t ies  of TiBr,  are  the  subjec t  of 
ano the r  pape r  to be  pub l i shed  soon. 

Preparation of TiBr4 
TiBr4 was p r epa red  by  direct  synthes is  f rom 

"iodide"  Ti ~ and  dis t i l led  Br. 3 In  a typ ica l  p r e p a r a -  
t ion, 1 lb Br  was  placed in  a 500 m l  P y r e x  flask p ro -  
v ided  wi th  a wa te r - coo led  ref lux condenser  a nd  a 
9 m m  sealed side a r m  for la te r  use  in  t r a n s f e r r i n g  
the  product .  Af te r  the  Br  had  b e e n  hea ted  w i t h  a 
m a n t l e  to 58~ degreased  H F - w a s h e d  and  dr ied  
t u r n i n g s  of Ti we re  added  t h rough  the  condenser  
u n d e r  a b l a n k e t  of a rgon  which  had  been  pur i f ied by  
pass ing t h rough  Ti chips at  1000~ The  t u r n i n g s  
ign i ted  spon taneous ly  on contact  w i th  the  l iqu id  Br. 
A 3 in. d i a m e t e r  r i ng  of Vycor  e x t e n d i n g  above  the  
Br  sur face  acted as a fence to p r e v e n t  b u r n i n g  pieces 
of Ti f rom con tac t ing  and  c rack ing  the  P y r e x  reac -  
t ion  flask. The  b u r n i n g  Ti had  no a p p a r e n t  effect on 
the  Vycor. 

The ra te  of add i t ion  of Ti  chips was  gove rned  by  
the  ra te  at  which  the  hea t  of reac t ion  could be dis-  
sipated.  Af te r  a p p r o x i m a t e l y  3/4 of the  s to ichiometr ic  
q u a n t i t y  of Ti had  been  added,  some of the  t u r n -  
ings set t led to the  bo t tom wi thou t  react ing.  The  
ra te  of reac t ion  t ape red  off u n t i l  i t  was  f inal ly  neces-  
sa ry  to supp ly  heat  to boi l  the  l iquid.  I n v a r i a b l y  
some f ree  Br  r ema ined .  

One  of two techniques ,  a tmospher ic  and  v a c u u m  
dis t i l la t ion,  was  used to pu r i fy  the  c rude  bromide .  

1 P r e s e n t  add re s s :  E. I. d u  P o n t  de  N e m o u r s  & C o m p a n y ,  Wi l -  
m i n g t o n ,  Del.  

2 P r e p a r e d  a t  B a t t e l l e  b y  t he  t h e r m a l  d e c o m p o s i t i o n  of t i t a n i u m  
t e t r a i o d i d e  (1). 

3 M a l l i n c k r o d t  C h e m i c a l  Works ,  St.  Lou is ,  Mo. 

Table I. Analysis of TiBr4 

% Ti  % B r  

S a m p l e  F o u n d  F o r m u l a  F o u n d  F o r m u l a  

A 13.1 13.03 - -  86.97 
B 13.2 13.03 86.8 86.97 
C - -  13.03 87.0 86.97 

S p e c t r o g r a p h i c  A n a l y s i s  
of t he  H y d r o l y s i s  P r o d u c t  of  S a m p l e  C 

% 

Ti Major 
Si <0.002 Sn <0.0005 
Fe <O.001 Ni <0.0003 
Al <0.001 Mo <0.0005 
Mn 0.003 V <0.002 
Mg <0.001 Cd <0.001 
W <0.010 Zn <0.0015 
Ba <0.001 Zr <0.001 
As <0.0025 Co <0.0002 
B 0.0008 Ca <0.0005 
Sb <0.0005 Cr <0.001 
Pb <0.0005 

Table  I gives ana lyses  of the  TiBr~ pur i f ied by  
d is t i l l a t ion  in  a 30 p la te  c o l u m n  at  a tmospher ic  
pressure .  Ti was  d e t e r m i n e d  as TiO2 a nd  Br  by  the  
s t a n d a r d  Volha rd  method.  

A l t h o u g h  the  ana lyses  g iven  in  Table  I dev ia te  
f rom the  f o r m u l a  va lues  to a g rea te r  e x t e n t  t h a n  
would  be desired,  it  is t hough t  tha t  this  reflects 
l imi t a t ions  in  the  ana ly t i ca l  t echnique ,  r a t h e r  t h a n  
va r i ab l e  pur i ty .  

F u r t h e r  ev idence  of the p u r i t y  of the  TiBr4 used 
in  this w o r k  is the  r ep roduc ib i l i t y  of v a p o r - p r e s s u r e  
da ta  t a k e n  wi th  i n t e r m e d i a t e  r e s u b l i m a t i o n  of 
samples  in  place. F r e e z i n g - p o i n t  m e a s u r e m e n t s  i n -  
dicate  tha t  the  l iqu id - so lub le ,  so l id - inso lub le  im-  
p u r i t y  con ten t  is someth ing  less t h a n  0.00008 mole  
f ract ion,  which  is neg l ig ib le  for the  p resen t  purposes.  

To avoid con tamina t ion ,  t r ans f e r  of the  TiBr ,  was  
accompl i shed  t h r o u g h  the  use of P y r e x  b r e a k  seals 
e i ther  u n d e r  v a c u u m  or an  a tmosphere  of pur i f ied 
argon.  

Vapor Density 
The vapor  dens i ty  of TiBr4 was  m e a s u r e d  by  the  

D uma s  t e c hn i que  (2) su i t ab ly  modified to avoid con-  
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Table II. Vapor Density of TiBr~ Table III. Density of Liquid TiBr~ 

E x p e r i -  B a t h  P r e s s u r e ,  Vol  of  W t  of T e m p ,  d, g / c c ,  d, g / c c ,  d, 
m e r i t  t e m p ,  ~ a r m  f lask,  m l  T iBr4 ,  g ~Iol  w t  S a m p l e  t,  ~ obs.  ealc. , ,  c a l e . -obs .  

1 243.7 0.9783 250.5 2.1837 377.9 
2 246.9 0.9794 246.8 2.0698 365.5 
3 245.9 0.9793 253.7 2.1548 369.5 
4 237.1 0.9746 250.7 2.0970 359.4 
5 242.5 0.9776 253.4 2.1336 364.5 

Avg. 367.3 • 6.2 

tact  of the  TiBr~ w i t h  air. Resul t s  a re  s u m m a r i z e d  in 
Tab le  II. 

C o m p a r i s o n  of the  a v e r a g e  resul t ,  367.3 • 6.2, 
w i t h  the  f o r m u l a  weigh t ,  367.56, shows tha t  TiBr ,  
vapo r  is m o n o m e r i c  and und issoc ia ted  at the  bo i l ing  
point .  

Liquid Density 
The  dens i ty  of l iqu id  TiBr~ was  d e t e r m i n e d  w i t h  

a M o h r - W e s t p h a l  ba l ance  (3) .  The  d i s p l a c e m e n t  
m e t h o d  was  chosen ove r  d i rec t  p y c n o m e t r i c  m e a s -  
u r e m e n t ,  s ince the  t e c h n i q u e  of m a k i n g  m e a s u r e -  
men t s  on the  vola t i le ,  r e a c t i v e  TiBr ,  at e l e v a t e d  
t e m p e r a t u r e s  was  g r ea t l y  s impl i f ied .  H o w e v e r ,  some 
sacrif ice in accu racy  resu l ted .  

The  TiBr ,  was  con ta ined  in a cel l  con t inuous ly  
p u r g e d  w i t h  d ry  He  t h r o u g h  the  t u b e  w h i c h  en -  
closed the  p l u m m e t  suspension.  The  p u r g e  effect -  
i ve ly  p r e v e n t e d  c o n t a m i n a t i o n  of the  s ample  r e -  
su l t ing  f r o m  the  diffusion of a i r  d o w n  the  t u b e ?  The  
r e a d i n g  of the  ba l ance  was  i n d e p e n d e n t  of t he  
p u r g e - g a s  flow ra t e  ove r  a w i d e  range,  i nd i ca t i ng  
tha t  the  d rag  on the  suspens ion  w i r e  was  insignif i -  
cant.  It  was  necessary ,  h o w e v e r ,  to cor rec t  for  the  
effect of su r face  t ens ion  on the  suspens ion  wire .  

The  v o l u m e  of the  p l u m m e t  was  d e t e r m i n e d  by  
d i s p l a c e m e n t  in d is t i l led  wate r ,  C.P. CCI,, and C.P. 
C6H~ at m e a s u r e d  t e m p e r a t u r e s  n e a r  r o o m  t e m p e r a -  
ture .  Dens i ty  da ta  for  these  l iquids  w e r e  t a k e n  f r o m  
the I n t e r n a t i o n a l  Cr i t i ca l  Tables  and checked  w i t h  a 
pycnome te r .  A f t e r  all  cor rec t ions  w e r e  made ,  the  
v o l u m e  of the  p l u m m e t  as d e t e r m i n e d  in the i nd iv i -  
dua l  liquids differed from the average by • 
placing that much uncertainty on subsequent meas- 
urements of the density of TiBr~. 

Results given in Table III were obtained with two 
preparations of TiBr~, as indicated. Temperature 
measurements were made with a calibrated 
Chromel-Alumel thermocouple and a semiprecision 
po ten t i ome te r .  The  t e m p e r a t u r e  of the  oil ba th  con-  
t a in ing  the  cell  was  con t ro l l ed  to •  ~ 

It  w i l l  be  no ted  tha t  the da ta  m a y  be exp re s sed  
by the  equa t i on  

d = 2.953 -- 0.00225 (t -- 40) (I) 

to within • This deviation would encompass 
temperature errors of up to -+0.5~ because of the 
low temperature coefficient. However, since the 
values are dependent on the uncertain calibration 

mentioned above, the over-all uncertainty is +--0.3 %. 

4 A f t e r  s t a n d i n g  in  t h e  a p p a r a t u s  f o r  t h r e e  days ,  one  s a m p l e  b e -  
c a m e  v i s i b l y  c o n t a m i n a t e d  w i t h  h y d r o l y s i s  p r o d u c t s ,  r e s u l t i n g  in  a n  
a p p a r e n t  d e c r e a s e  in  d e n s i t y  of 0 .2%.  

A 42.4 2.947 2.948 +0.001 
A 48.8 2.933 2.933 0.000 
A 55.2 2.919 2.919 0.000 
A 64.1 2.899 2.899 0.000 
A 71.4 2.882 2.882 0.000 
A 80.0 2.863 2.863 0.000 
A 86.5 2.849 2.848 --0.001 
A 91.9 2.837 2.836 --0.001 
B 80.1 2.864 2.863 --0.001 
B 87.6 2.846 2.846 0.000 
B 98.1 2.822 2.822 0.000 
B 105.6 2.805 2.805 0.000 
B 113.2 2.788 2.788 0.O00 
B 118.6 2.776 2.776 0.O00 
B 122.2 2.769 2.768 --0.001 

" C a l c u l a t e d  f r o m  t h e  e q u a t i o n ,  d = 2.953 --  0.00225 (t --  4 0 ) .  

Liquid Viscosity 
The  v iscos i ty  of l iqu id  TiBr~, p r e p a r e d  and  p u r i -  

fied as desc r ibed  ear l ier ,  was  m e a s u r e d  by  means  of 
an Os twa ld  v i s c o m e t e r  (4) in to  w h i c h  the  sample  
was  sea led  u n d e r  its own  v a p o r  pressure .  The  v i s -  
cometer ,  con ta ined  in an oil ba th  w i t h  •  ~ t e m -  
p e r a t u r e  control ,  was  ca l i b r a t ed  w i t h  e thy l  a lcohol  
and  CC14. Viscos i ty  and  dens i ty  va lues  for  the  r e f e r -  
ence  l iquids  w e r e  t aken  f r o m  the  I n t e r n a t i o n a l  Cr i -  
t ical  Tables.  T h e  dens i ty  of TiBr~ was  t a k e n  f r o m  
the  p reced ing  work .  The  s t a n d a r d  d e v i a t i o n  in the  
va lues  ob ta ined  for  the  v i s c o m e t e r  cons tan t  was  
•  

A s ingle  s ample  of TiBr~ was  used  to ob ta in  t he  
da ta  g iven  in Tab le  IV and  Fig. 1 w h i c h  m a y  be e x -  
pressed  to •  in v by the  equa t i on  

Logl0v = 102,310/T ~ - -  177.12/T --  0.1947 

(T in ~  ( I I )  

The  •  sca t t e r  in  the  da t a  w o u l d  encompass  
t e m p e r a t u r e  e r ro rs  in the  m i d d l e  of the  r ange  of as 
m u c h  as • 1 7 6  w h i c h  is ou ts ide  the  e s t ima ted  

Table IV. Viscosity of Liquid TiBn ~ 

Ternp, ~ ~ obs., eentlpoise 

a D a t a  l i s t ed  

42.2 1.880 
51.9 1.702 
62.1 1.551 
79.4 1.341 
87.9 1.254 
95.0 1.198 
99.3 1.170 

118.0 1.052 
127.1 1.001 
112.4 1.086 
102.9 1.138 

92.5 1.217 
82.0 1.313 
74.0 1.392 
65.0 1.502 
54.1 1.657 
52.8 1.672 
43.4 1.836 
59.6 1.567 
68.2 1.457 
68.6 1.457 
99.7 1.161 

i n  t h e  o r d e r  t a k e n .  
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Fig. 1. Viscosity of liquid TiBr4 

er ror  (--+0.2~ of the  t e m p e r a t u r e  measu reme n t s .  
The 0.3% u n c e r t a i n t y  in  the  dens i ty  m e a s u r e m e n t s  
is of the  same order  as the  above scatter.  Therefore ,  

the limiting factor in the validity of the viscosity 
results is the 1.2% uncertainty in the calibration of 
the viscometer. 
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Electrolytic Preparation of Titanium from Fused Salts 
I. Preliminary Electrolytic Studies with Diaphragmed Cells 

Marshal| B. AIpert, Frank J. Schultz, and Williom F. Sullivan 
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ABSTRACT 

Reduced t i t an ium chlorides dissolved in  fused alkali  and alkal ine earth 
chlorides may be electrolyzed in diaphragmed cells under  an iner t  gas atmos- 
phere to yield ductile t i t an ium as adherent,  crystall ine deposits. The reduced 
t i t an ium chlorides are prepared in situ by adding TiCL through a hollow 
cathode at a controlled feed to current  ratio. 

In t e re s t  has been  cen te red  in  recen t  years  on the  
d e v e l o p m e n t  of an  e lect rolyt ic  Ti me t a l  process in  
order  to avoid  the  difficult and  ba tchwise  opera t ions  
of p re sen t  commerc ia l  processes based on the  reac-  
t ion  of TIC14 wi th  an  act ive  r educ ing  metal ,  such 
as Mg or Na. 

The electrolysis  of reduced  t i t a n i u m  chlorides in  
fused sal t  ba ths  has r ecen t l y  b e e n  descr ibed  by  
others  (1 -7) .  In  addi t ion ,  a n u m b e r  of pa ten t s  (8- 
13) have  been  issued. Rev iew art icles  (5, 14) on the  
e lec t rodepos i t ion  of Ti me t a l  have  been  publ i shed .  

In  this pape r  e x p e r i m e n t s  on the  fused sal t  elec- 
t ro ly t ic  reduction of TIC14 to the lower chlorides, 
TiCl~ and TiCl~, and further reduction to Ti metal 
are described. This information has served as a basis 
for further development in three directions, a step- 
wise reduction of TiCL to Ti metal, a one step re- 
duction of TIC1, to meta l ,  and  an  e lec t roref in ing  
process. 

At  the  incep t ion  of this  p r o g r a m  v e r y  l i t t le  i n fo r -  
m a t i o n  was ava i l ab le  on such proper t ies  of the  r e -  
duced t i t a n i u m  chlorides as the i r  so lub i l i ty  in  fused 
sal t  systems,  the i r  s tabi l i ty ,  and  the i r  pos i t ion  in  
the  e lec t rochemica l  series. It  appeared  r easonab le  
f rom the  k n o w n  ab i l i ty  of Mg to reduce  TiCI~ direct-  
ly  to me t a l  tha t  e i ther  Mg or any  cat ions which  

r equ i r ed  h igher  deposi t ion po ten t ia l s  wou!d  be com- 
pa t ib le  w i th  Ti deposit ion,  bu t  other  c o m m o n  cat ions 
could be expected  to deposi t  w i th  or p r io r  to Ti. 
Data  here  on deposi t ion  of Ti and  recen t  free ene rgy  
da ta  (15) suppor t  these  l imi ta t ions .  Since Ti is 
h igh ly  reac t ive  wi th  o x y g e n - c o n t a i n i n g  compounds ,  
the  mel t s  were  also l imi t ed  to an ions  no t  con t a in ing  
oxygen ;  the  chlor ides  were  mos t  conven ien t .  The  
ease of ox ida t ion  of the  r educed  t i t a n i u m  chlorides 
r equ i r ed  tha t  the mel ts  con t a in ing  t h e m  be m a i n -  
t a ined  u n d e r  an  ine r t  a tmosphere .  In  addi t ion,  con-  
tact  of the r educed  t i t a n i u m  chlorides w i th  an  oxi-  
d iz ing  anode,  specifically an  anode  p r oduc i ng  Cl~, 
had  to be avoided if a subs t an t i a l  po r t ion  of the 
dissolved Ti were  not  to be  reoxidized a nd  u l t i m a t e l y  
lost f rom the  sys tem as TiCL. This  r equ i r ed  the  
use of a porous  d i aphragm.  A gas b a r r i e r  was  de-  
s i rab le  to p r e v e n t  CI~ produced  at  the  anode  f rom 
contac t ing  the  r educed  t i t a n i u m  chlor ide mel ts  and  
also a n y  me ta l  cell parts .  

Experimental 
E q u i p m e n t . - - A  n u m b e r  of l a b o r a t o r y  cells were  

des igned r a n g i n g  in  size f rom 0.4 to 10 1 me l t  ca-  
paci ty.  A typ ica l  cell of a p p r o x i m a t e l y  10 1 capaci ty  
is shown  i n  Fig. 1. The cell i tself  was  of fused silica 
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Fig. 1. Schematic drawing of electrolytic cell for Ti deposi- 
tion. 

con ta ined  w i t h i n  an  Incone l  ou te r  shel l  and  ex t e r -  
na l l y  hea ted  in  a G loba r  furnace .  The use of a w a t e r  
cooled f lange and  cell top p e r m i t t e d  the  cell to be 
t i gh t ly  sealed. The d i a p h r a g m  was a porous  a l u m i n a  
cy l inder  (Nor ton  Co., A l u n d u m ,  grades RA98 or 
RAl139)  res t ing  on an  a l u m i n a  pedes ta l  and  loosely 
fitted w i th  an  i n t e r n a l  fused silica sleeve tha t  served 
as a gas ba r r i e r .  Cathodes  were  of Ni and  the  anodes  
were  graphi te .  The cell was ca re fu l ly  p ressure  
checked af ter  a s sembly  and  also at i n t e rva l s  
t h r o u g h o u t  a r u n  to i n su re  tha t  it  was  leakt ight .  
Argon  for the  cell a tmosphe re  was h igh  p u r i t y  com-  
merc ia l  m a t e r i a l  f u r t h e r  ge t te red  by  passage over  
Ti me t a l  chips at 800~ A cell such as tha t  i l lus -  
t r a t ed  had  a cont inuous ,  usefu l  l ife i n  excess of 
th ree  months .  

Preparation o~ reduced titanium chloride contain- 
ing melts.--For i n i t i a l  e lec t rodepos i t ion  e x p e r i m e n t s  
a TiC13-LiC1 m i x t u r e  was p r e p a r e d  by  reac t ing  
s to ichiometr ic  amoun t s  of TiCL w i t h  m o l t e n  Li dis-  
persed in  m i n e r a l  oil. The r e su l t ing  p roduc t  was  
washed  free of m i n e r a l  oil w i th  CC14, and  dried.  
A l though  the  m a t e r i a l  did not  reac t  too r ap id ly  wi th  
air, the  e lec t rodeposi ted  me ta l  was bad ly  c o n t a m i -  
na t ed  w i th  oxides. The e l e c t r o w i n n i n g  of Ti me t a l  
t h rough  the use of such a reduced  t i t a n i u m  chlor ide 
p r e p a r a t i o n  migh t  be cons idered  as on ly  t h r ee -  
quar t e r s  electrolyt ic ,  because  of the r educ t ion  of 
TIC1, to TiCI~ by  chemica l  means .  

For  these  reasons  cons ide ra t ion  was g iven  to the 
p r e p a r a t i o n  of reduced  t i t a n i u m  chlorides d i rec t ly  
in  the catholyte .  A su i t ab le  p rocedure  was found  to 
be the  i n t r o d u c t i o n  of TiCI~ u n d e r n e a t h  the surface  
of the me l t  in  j ux t apos i t i on  to a ca thode  which  was 
pass ing  c u r r e n t  at the  ra te  of f rom one to abou t  two 
fa radays  per  mole  of TIC1,. U n d e r  these  condi t ions  
p rac t i ca l ly  al l  the  TiCL was solubi l ized as TIC13 or 
TiC]~, respec t ive ly .  I t  was  c o n v e n i e n t  to use  a hol- 
low t u b u l a r  cathode th rough  which  the  TiCL was 
i n t roduced  as vapor  or d i rec t ly  as l iqu id  which  v a -  
porized as it  approached  the  me l t  level .  A s t r eam 
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of i ne r t  ca r r ie r  gas was  used w i th  low TiCI~ flow 
ra tes  to keep sal t  m e l t  f rom be ing  d r a w n  up  the  
t u b u l a r  cathode a nd  freezing.  

I t  appears  tha t  the  TIC1, is solubi l ized chemical ly .  
D u r i n g  most  of the  i n t r o d u c t i o n  stage the  reac t ion  is 

T iCl , (gas )  + TiCl~(solut ion in  me l t )  
2TiCl~ ( so lu t ion  in  me l t )  

w i th  the  cathode reac t ion  be ing  l a rge ly  the  r educ t ion  
of t r i v a l e n t  Ti to d iva l en t  Ti. S u p p o r t i n g  this  v i ew-  
po in t  is ev idence  showing  TiC~ to be  so luble  in  Ti ~+- 
con t a in ing  melts .  The  m e a s u r e d  ca thode  potent ia ls ,  
gene ra l l y  1.8-2.0 v vs. a CI~ electrode,  are  cons is ten t  
w i th  the  proposed ca thode  react ion.  

I t  has also been  possible  to p repa re  r educed  t i t a n i -  
u m  chlorides in  the  ca tho ly te  by  reac t ing  TIC14 wi th  
a bed of Ti meta l ,  e i ther  scrap  or me ta l  d ropped  
f rom a cathode. In  cells for the  e lec t roref in ing of 
Ti m e t a l  the ho l low cathode device has been  com- 
b ined  wi th  the  use  of a scrap Ti anode,  so tha t  a po r -  
t ion  of the reduced  t i t a n i u m  chlor ides  of the  ba th  
der ives  f rom the  TIC1, i n t roduced  t h r ough  the  hol -  
low cathode and  the  r e m a i n d e r  f rom the scrap Ti 
anode  (16).  

E x p e r i m e n t a l  P rocedure  

For  severa l  of the  sal t  sys tems s tud ied  the  salt  
ba th  was  ob ta ined  s imply  by  fus ing  the r eagen t  
grade, p red r i ed  componen t s  in  the  cell u n d e r  an  
a rgon  a tmosphere .  In  some cases, p a r t i c u l a r l y  LiC1- 
or MgCl~-conta in ing  systems,  the  fused salts were  
f ound  to con ta in  cons iderab le  quan t i t i e s  of mois tu re ;  
i t  was  necessa ry  to get ter  the  me l t  by  reac t ing  w i th  
Ti me t a l  chips a nd  t h e n  f i l ter ing u n d e r  a rgon  
t h r ough  a porous  a l u m i n a  fil ter d i rec t ly  in to  the  cell. 
I n  the  case of r ead i ly  hyd ro lyzab l e  salts, p a r t i c u l a r l y  
CaCI~- and  MgCl~-conta in ing  melts ,  NH4C1 was 
added  d u r i n g  fus ion  to p r e v e n t  hydro lys i s  a nd  oxide 
format ion .  

I n  a typ ica l  run ,  a f ter  the  salt  was  fused, TiCL 
was added t h r o u g h  the  ho l low cathode at a ra te  of 
one  mole  for  two faradays ,  the  r a t e  be ing  m a i n t a i n e d  
by  a f lowmeter  a nd  b u r e t  system.  The cathode cu r -  
r e n t  dens i ty  was  a p p r o x i m a t e l y  0.2 a m p / c m  ~, or 50 
amp in  the cell of Fig. 1. Af te r  the Ti concen t r a t i on  
had  been  b r o u g h t  to the des i red  level,  a s low r educ -  
t ion  per iod  at  abou t  0.1 a m p / c m  ~, to ta l  c u r r e n t  25 
amp,  could be in te rposed  to improve  the  degree  of 
r educ t ion  of the  mel t .  This  was no t  gene ra l l y  r e -  
qu i red  for the  cell i l lus t ra ted .  The deposi t ion  cath- 
ode was  placed in  the  closed w i t h d r a w a l  chamber ,  
f lushed wi th  a rgon  for 15 m i n  and  then  lowered  in to  
the  cell. A 100 a m p - h r  deposi t  was t a k e n  at 1.0 
a m p / c m  ~, or a to ta l  c u r r e n t  of 50 amp.  Successive 
deposi ts  we re  t a k e n  un t i l  the  Ti concen t r a t i on  of the 
me l t  was  be low abou t  0.1M as m a r k e d  by  a fa i r ly  
sharp  increase  in  ce]l emf. The  TiCI~ cha rg ing  cycle 
was t hen  resumed.  Deposits  adhered  to the  cathode 
qui te  wel l  as long as the mel t s  were  free of wa t e r  
and  o ther  con taminan t s .  A typ ica l  deposi t  is shown 
in  Fig. 2. The  metal ,  a f ter  be ing  leached wi th  1% 
HC1 to dissolve the  occluded salts, was  eas i ly  r e -  
moved  f rom the  cathode, washed  f u r t h e r  wi th  water ,  
and  dr ied at l l 0 ~  The Cl~ p roduced  at the  anode  
was m e a s u r e d  and  v e n t e d  to the  air. O v e r - a l l  ca th-  
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Fig. 2. Electrolytic deposit of Ti 

ode  and  a n o d e  c u r r e n t  efficiencies w e r e  g e n e r a l l y  in 
the  r a n g e  of 80-90%.  

S a m p l e s  of the  m e l t  w e r e  o b t a i n e d  e i t he r  b y  
d r a w i n g  t h e  l i qu id  up  t h in  glass  t ubes  w h e r e  f r eez -  
ing  o c c u r r e d  r a p i d l y  or  b y  i n t r o d u c i n g  a s m a l l  s i l ica  
s a m p l i n g  t u b e  f a s t e n e d  to a ca thode .  Mel t s  w e r e  
a n a l y z e d  for  t o t a l  Ti  ( e x p r e s s e d  on a m o l a l  basis ,  
t h a t  is mo le s  of T i / k g  of  d i l uen t  s a l t )  b y  a v o l u -  
m e t r i c  f e r r i c  a m m o n i u m  su l f a t e  t i t r a t i o n  a n d  for  
d e g r e e  of r e d u c t i o n  e i t h e r  b y  t i t r a t i n g  the  ac id  l i b -  
e r a t e d  on o x i d a t i o n  a n d  h y d r o l y s i s  of  t h e  s a m p l e  or  
b y  m e a s u r i n g  the  v o l u m e  of h y d r o g e n  l i b e r a t e d  on 
d i s so lv ing  the  d i v a l e n t  T i - c o n t a i n i n g  s a m p l e s  in  d i -  
l u t e  acid.  The  d e g r e e  of  r e d u c t i o n  was  e x p r e s s e d  b y  
an  N va lue ,  r e p r e s e n t i n g  t h e  a p p a r e n t  va l ence  of t h e  
T i  in  t h e  me l t ,  viz. ,  t h e  s u b s c r i p t  in  t h e  e m p i r i c a l  
f o r m u l a  TiCI~ for  t h e  t i t a n i u m  ch lo r ides  p re sen t .  
Thus  N w o u l d  be  2 if  t he  Ti  w e r e  e n t i r e l y  d iva l en t ,  
3 if  t he  Ti  w e r e  e n t i r e l y  t r i va ]en t .  

Fig. 3. Photomicrograph of Ti metal 
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Parameters is  Metal Deposition 
Degree of melt reduction.--Experimentally i t  was  

f o u n d  t h a t  one of t he  mos t  i m p o r t a n t  f ac to r s  a f fec t -  
ing  the  n a t u r e  a n d  q u a l i t y  of t he  depos i t s  w a s  t he  
d e g r e e  of  r e d u c t i o n  of t h e  mel t .  G e n e r a l l y ,  as  t he  N 
v a l u e  d e c r e a s e d  t o w a r d  the  e q u i l i b r i u m  v a l u e  set  b y  
the  r e a c t i o n  

Ti + 2TiCI~ ~ 3TiCI~ 

t h e  c r y s t a l  s ize  a n d  p u r i t y  of t h e  m e t a l  s h o w e d  a 
m a r k e d  increase .  The  e q u i l i b r i u m  N v a l u e  was  
f o u n d  to be  2.0 for  LiC1-KC1 m e l t s  a t  400~176 
and  2.15 for  NaC1 o r  SrCI~-NaC1 me l t s  a t  700~176 
for  c o n c e n t r a t i o n s  of  t he  o r d e r  of 1M. If  se r ious  a i r  
l e a k a g e  o c c u r r e d  d u r i n g  TiCI~ i n t roduc t i on ,  t he  N 
v a l u e  was  a b o v e  2.5. Depos i t s  o b t a i n e d  f r o m  these  
m e l t s  w e r e  f ine ly  c rys t a l l ine ,  mos t  of t he  m e t a l  b e -  
ing  less t h a n  100 m e s h  and  i n c l u d i n g  as m u c h  as 
90% b y  w e i g h t  of  fused  sal t .  I n  th is  case  t he  m e l t  
was  f u r t h e r  r e d u c e d  b y  pas s ing  c u r r e n t  a t  0.1-0.2 
a m p / c m  ~. U n d e r  t hese  c i r c u m s t a n c e s  t he  d o m i n a n t  
r e a c t i o n  was  t h e  r e d u c t i o n  of t r i v a l e n t  to d i v a l e n t  
Ti. H i g h e r  c u r r e n t  dens i t i e s  p o l a r i z e d  the  t r i v a l e n t  
to d i v a l e n t  Ti  r e a c t i o n  and  r e s u l t e d  in  t he  f o r m a t i o n  
of m e t a l  depos i t s .  W h e n  the  N v a l u e  was  r e d u c e d  
to a p p r o x i m a t e l y  2.3, t h e  m e t a l  o b t a i n e d  was  coa r s e -  
ly  c r y s t a l l i n e  and  m o s t l y  g r e a t e r  t h a n  100 m e s h  in 
size. Occ luded  sa l t s  r a n g e d  f r o m  10 to 50% b a s e d  
on t o t a l  depos i t  we igh t .  A p h o t o m i c r o g r a p h  of t he  
p r o d u c t  is s h o w n  in  Fig .  3. This  p r o d u c t  cou ld  be  
h a n d l e d  r e a d i l y  a f t e r  l e a c h i n g  e i t h e r  b y  p r e s s i n g  
and  ho t  s i n t e r i ng  or  b y  fus ion  in a w a t e r - c o o l e d  
coppe r  a r c  fu rnace .  

W h i l e  t he  r e a s o n  for  th is  i nc rea se  in  c r y s t a l  size 
is no t  ce r t a in ,  i t  is s u g g e s t e d  tha t ,  as m e l t  r e d u c t i o n  
is i m p r o v e d ,  t h e  m e l t  becomes  less  c o n t a m i n a t e d  
w i t h  so lub le  i m p u r i t i e s  t h a t  cou ld  i n t e r f e r e  w i t h  
c r y s t a l  g rowth .  F o r  e x a m p l e ,  a m e l t  r e d u c e d  to t he  
e q u i l i b r i u m  cond i t i on  cou ld  no t  conta in ,  in  p r i n c i -  
ple,  a n y  so lub le  i m p u r i t i e s  c a p a b l e  of r e a c t i n g  w i t h  
Ti  m e t a l  i t se l f  to  f o r m  an  i n so lub l e  phase .  R e m o v a l  
of t h e s e  i m p u r i t i e s  p e r m i t s  t h e  g r o w t h  of  l a r g e r  
c r y s t a l s  and  r e su l t s  in  i m p r o v e d  p u r i t y  for  t h e  c r y s -  
t a l  g rown .  

Melt composition.--Deposition of a d h e r e n t ,  coa r s e -  
ly  c r y s t a l l i n e  m e t a l  has  been  a c c o m p l i s h e d  success -  
f u l l y  in  v a r i o u s  m e l t s  con t a in ing  a l l  t he  a l k a l i  and  
a l k a l i n e  e a r t h  ca t ions  i n c l u d i n g  Mg. C e r t a i n  m e l t s  
a r e  less d e s i r a b l e  because  of hyg roscop i c i t y ,  exces -  
s ive  t e n d e n c y  t o w a r d  h y d r o l y s i s  or  ox ida t ion ,  or  
h i g h e r  m e l t i n g  po in t .  The  SrCL-NaC1 eu tec t i c  sy s -  
tem,  con ta in ing  73% SrCI~, m p  565~ (17) ,  was  
f o u n d  to be  p a r t i c u l a r l y  su i t ab le .  T y p i c a l  o p e r a t i n g  
t e m p e r a t u r e s  w e r e  in  t he  r a n g e  650~176 I t  a p -  
p e a r s  t h a t  t he  p r e s e n c e  of S r  ion  a l lows  some  i m -  
p r o v e m e n t  in  m e t a l  c r y s t a l  size. Thus,  a p r o d u c t  
con t a in ing  less t h a n  1% m i n u s  100 m e s h  was  r e a d i l y  
p r e p a r e d .  C o a r s e l y  c r y s t a l l i n e  depos i t s  w e r e  also 
p r e p a r e d  in  b r o m i d e  and  iod ide  b a t h s  con ta in ing  
the  c o r r e s p o n d i n g  r e d u c e d  t i t a n i u m  ha l ides ,  b u t  
t he se  b a t h s  of fered  no a d v a n t a g e  ove r  t h e  c h l o r i d e  
ba ths .  

Cell sealing.--One of t he  mos t  i m p o r t a n t  f ac to rs  in 
e l e c t r o l y t i c  cel l  o p e r a t i o n  was  f o u n d  to be  the  d e -  
g r ee  to w h i c h  s ea l i ng  of t he  e q u i p m e n t  h a d  been  
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accomplished.  Oxygen  and  n i t r ogen  c o n t a m i n a t i o n  
of the cell a tmosphere  i n t e r f e r ed  wi th  ex t ended  
opera t ion  by  f o r m i n g  a s ludge l aye r  which  u l t i m a t e -  
]y shor t - c i r cu i t ed  the  cell, by  oxidiz ing the so luble  
Ti in  the  me l t  m a k i n g  it difficult to ob ta in  wel l  re -  
duced melts,  by  ser ious ly  decreas ing  yields,  and  
f inal ly  by  d i rec t ly  caus ing  some reduc t ion  in  deposi t  
pur i ty .  In  wel l  sealed cells, me ta l  w i th  a ha rdness  
less t han  110 B h n  was  ob ta ined  consis tent ly .  

Temperature . - -The effect of t e m p e r a t u r e  on the 
p roduc t  was less impor t an t .  T e m p e r a t u r e s  of 400 ~  
500~ wi th  the LiC1-KC1 ba th  resu l t ed  in  f iner c rys -  
tals w i th  the  crys ta l  faces somewha t  rounded .  I n -  
creased t e m p e r a t u r e  resu l ted  in  l a rger  c rys ta l  size. 
The  change  in  phase  of Ti at 885~ as observed  in  a 
NaC1 bath,  was reflected in  a change  in  the  shape 
of the i n d i v i d u a l  crystals ,  bu t  the gene ra l l y  d e n -  
dr i t ic  n a t u r e  of the  deposits  was  re ta ined .  Deposits  
were  ob ta ined  at t e m p e r a t u r e s  in  excess of 1000~ 
bu t  no advan t age  was ga ined  by  opera t ion  at this  
t e m p e r a t u r e  and  cell life was shor tened.  

Melt agitation.--Stirring d u r i n g  me ta l  deposi t ion 
by use of a ro t a t ing  cathode or by  b u b b l i n g  a rgon  
th rough  the  me l t  was found  to r educe  m a r k e d l y  the 
crys ta l  size of the  me t a l  be ing  deposited.  In  add i -  
t ion, ag i ta t ion  could d i s tu rb  a n y  oxygen  con t a in ing  
s ludge res t ing  on the  cell bo t tom and  f u r t h e r  con-  
t a m i n a t e  the  deposit .  

Soluble t i tanium concentration.--Electrolysis was 
usua l ly  pe r fo rmed  at Ti  concen t ra t ions  b e t w e e n  0.1 
an 1M, a l though  deposi ts  were  also ob ta ined  beyond  
this  range .  Below 0.2 M at about  1 a m p / c m  ~ for the 
SrCI~-NaCI melt at 700~ and below 0.1M for the 
NaC1 melt at 850~ metal deposits became spongy 
adjacent to the cathode, apparently representing the 
effects of polarization. Aside from this, the effects 
of Ti concentration were very minor in the range 
covered. From a practical point of view it is pref- 
erable to operate at lower concentration to minimize 
losses of soluble Ti by salt dragout and diffusion 
through the diaphragm. For example, it was found 
difficult to bring the catholyte concentration above 
4M because of increasing losses through the dia- 
phragm. 

Cell electromotive forces.--Difficulty was exper i -  
enced in  m e a s u r i n g  accura te ly  the emf ' s  of d ia -  
p h r a g m e d  cells because  of the t e n d e n c y  of r educed  
Ti mel ts  to lay  d o w n  conduc t ive  layers  of reduced  
Ti compounds  (18) or sludge, t h e r e b y  i n t r o d u c i n g  
a spur ious  b ipo la r  emf  at the  d i a p h r a g m  tha t  became  
more  p r o n o u n c e d  as a cell  became  older. At  low 
opera t ing  cur rents ,  reduced  t i t a n i u m  chlor ides  
which  diffused t h rough  t he  d i a p h r a g m  depolar ized  
the  C1, electrode.  This  was  p a r t l y  overcome by  p ro -  
v id ing  a separa te  ch lor ine  m e a s u r i n g  electrode fab-  
r ica ted f rom a porous ca rbon  plug.  The po ten t i a l  for 
the cathodic r educ t ion  of t r i v a l e n t  to d i v a l e n t  Ti 
was p a r t i c u l a r l y  difficult to m e a s u r e  because  the  
reac t ion  was  a p p a r e n t l y  polar ized up to the po t en -  
t ia l  for the deposi t ion of Ti at r e l a t i ve ly  low c u r r e n t  
densit ies.  Also the  meta l s  used for the  m e a s u r i n g  
electrode became t i t an ized  (19).  There fore  the i r  
i ne r tness  is open to quest ion.  A va lue  of 1.85 v is 
r ep re sen t a t i ve  of the  reac t ion  

TiCI~-* TiCl2 + 1/z CL(gas)  

w h e n  both  reduced  salts are  at  a concen t r a t i on  of 
0.5M in a SrCI,-NaC1 b a t h  at  700~ The cell emf  
for the r educ t ion  to me t a l  and  CI, of a 1M reduced  
t i t a n i u m  chlor ide bath,  close to the  e q u i l i b r i u m  
va l ue  (N va lue  of 2.15) is 2.05 v. As the  to ta l  Ti 
concen t r a t i on  approached  zero, the va lue  of the  cell 
emf  rose sha rp ly  to 3.3 v which  is the expected  va lue  
for the deposi t ion  of a lka l i  me t a l  and  ch lor ine  (15).  

Cathode current densi ty . - -The n a t u r e  of the  de-  
posit  has no t  p roved  to be a m a r k e d  func t i on  of 
cathode c u r r e n t  dens i ty  u n d e r  n o r m a l  deposi t ion 
condit ions.  At  v e r y  low c u r r e n t  densi t ies  most  of the  
c u r r e n t  is used to reduce  t r i v a l e n t  to d iva l en t  Ti, 
unless  the ba th  is s u b s t a n t i a l l y  in  e q u i l i b r i u m  wi th  
Ti metal .  U n d e r  n o r m a l  ope ra t ing  condit ions,  t he re -  
fore, l i t t le  or no me ta l  is deposi ted at  the  cathode. 
In  general ,  for ba ths  of mode ra t e  Ti concent ra t ions ,  
c rys ta l  size increased  s l igh t ly  w i th  inc reas ing  cu r -  
r e n t  dens i ty ;  1 a m p / c m  ~ was  u s u a l l y  n e a r  op t imum.  

Anode current density.--Difficulties wi th  exces-  
s ive anode c u r r e n t  densi t ies  u sua l l y  have  been  due  
to secondary  effects, such as p lugg ing  anode  gas 
out le ts  wi th  sal t  spray.  In  cells h a v i n g  a ve ry  low 
Ti concen t ra t ion  a s u d d e n  rise in  res i s tance  b e t w e e n  
anode and  melt ,  u sua l ly  charac te r ized  as an  anode 
effect, was observed  wi th  the  BaCI~-NaC1 eutect ic  
ba th  at  anode  c u r r e n t  densi t ies  above  1 a m p / c m  ~ 
and  other  ba ths  at  somewha t  h igher  c u r r e n t  dens i -  
ties. However ,  once cha rg ing  of the  ba th  has been  
star ted,  the evo lu t ion  of a smal l  a m o u n t  of TIC1, 
f rom the  anode seems to avoid the  effect at  p rac t ica l  
anode current densities. 

Ionic migration effects.--Since cons iderab le  q u a n -  
t i t ies of charge were  be ing  car r ied  t h r ough  these 
cells, ionic mob i l i t y  effects could be expected.  Wi th  
the poros i ty  and  pore size of a l u m i n a  employed  for 
d i aph ragms  in  this  work  the  effect was s u b s t a n t i a l l y  
unde tec tab le ,  a l though  m e a s u r e m e n t s  of the  ca tho-  
ly te  and  ano ly te  me l t  dep th  have  ind ica ted  tha t  the  
l a t t e r  stood a l i t t le  lower  d u r i n g  cell opera t ion .  Wi th  
finer poros i ty  d iaphragms ,  for e x a m p l e  Nor ton  A l u n -  
d u m  grade  RA360, the  effect was  more  m a r k e d  and,  
in  e x t r e m e  cases, the  ano ly te  me l t  level  lowered  to 
such an  ex ten t  t ha t  contact  w i th  the  anode  was 
broken .  These f indings ind ica te  tha t  a v e r y  large  
f rac t ion  of the c u r r e n t  is ca r r ied  by  the  cations.  Ex-  
pe r i me n t s  in  which  the cathode was s u r r o u n d e d  by  
a second d i a p h r a g m  ind ica ted  tha t  most  of the  cu r -  
r en t  was car r ied  no t  by  the  Ti bu t  by  the  other  ca- 
t ions of the bath, at least for melts of Ti concentra- 
tion less than IM. 

Summary 
A process has been  deve loped  for the  e lect rolyt ic  

convers ion  of TIC1, to me t a l  and  ch lor ine  which  
involves  the r educ t ion  of TIC1, to a reduced  t i t a n i u m  
chlor ide  in  so lu t ion  in  an  a lka l i  or a lka l ine  ea r th  
chlor ide m i x t u r e  for which  the  ove r - a l l  reac t ion  
is fo rma l ly  

4 -N fa radays  4-N 
TiCL ) TiCI~ + - - C L  

2 

The r e su l t ing  reduced  t i t a n i u m  chlorides were  t hen  
reduced  f u r t h e r  to Ti me ta l  
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N fa radays  N 
TiCl~ > Ti + ~ -  Cl~ 

By con t ro l l ing  the mel t s  for the deposi t ion  of me t a l  
so tha t  most  of the  dissolved Ti was in  the  d iva l en t  
condi t ion  and  by  p ro tec t ing  the  reduced  t i t a n i u m  
ch lo r i de - con t a in ing  mel t s  w i th  an  ine r t  a tmosphere  
it  was possible  to ob t a in  Ti me t a l  as a coarsely  crys-  
t a l l ine  dendr i t i c  mate r ia l ,  suff icient ly a d h e r e n t  to 
the ca thode  to p e r m i t  its r e m o v a l  f rom the  cell. The  
deposits a f ter  be ing  leached wi th  d i lu te  HC1 were  
readily fabricated into ductile Ti metal pieces either 
by arc melting or powder metallurgical means. 
Since the melt after the completion of a cycle of 
electrolysis was substantially the same as the initial 
melt, the process has the elements necessary for con- 
tinuous or semi-continuous operation on a larger 
scale. 

Data have been obtained against a chlorine elec- 
trode for the emf's corresponding to the two major 
cathode reactions being, carried out in the cell, viz., 
the reduction of trivalent to divalent Ti and the re- 
duction of an equilibrium mixture of divalent and 
trivalent Ti to Ti metal. 

Information has also been presented on the other 
parameters of the electrolysis such as the influence 
of temperature, current density, and melt composi- 
tion. 
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Electrochemical Polarization 
II. Ferrous-Ferric Electrode Kinetics on Stainless Steel 

Milton Stern 

Metals Research Laboratories, Electro Metallurgical Company, 
Division of Union Carbide Corporation, Niagara Falls, New York 

ABSTRACT 

The oxidation-reduction kinetics of the ferrous-ferric sulfate system have 
been measured on a stainless steel surface. The data completely support 
theoretical equations which describe the potential-current relationships for such 
a system. The analysis applies to reversible electrodes and to corroding elec- 
trodes where the potential is determined by two intersecting activation over- 
voltage functions. Also, the analysis permits calculation of a number of electro- 
chemical constants with a minimum number of experimental observations. 
Thepossibility of determining anode-to-cathode area ratios for corroding 
metals is discussed. 

One of the most important trends in recent studies 
of electrochemical kinetics consists of the develop- 
ment of equations which describe the potential cur- 
rent relationships of an electrode (I). Bockris (2) 
has described these relationships in great detail, 
primarily for electrodes which exhibit the reversible 
potential. Stern and Geary (3) have extended these 
concepts to include electrodes at which more than 

one oxidation-reduction system is operative. An 
understanding of the nature and shape of polariza- 
tion curves is important in practical studies of corro- 
sion phenomena, electrodeposition, and battery per- 

formance. 
The equations illustrated by Bockris are derived 

entirely from kinetic theory. Although different in- 
vestigations support various phases of the theory, no 
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one s tudy  has been  conducted  which  a t t empt s  to 
ve r i fy  d i rec t ly  the  en t i r e  concept.  The equa t ions  
should  p e r m i t  ca lcu la t ion  of the  Tafe l  cons tan ts  for 
anodic  po la r iza t ion  f r o m  cathodic m e a s u r e m e n t s  
alone. Also, low c u r r e n t  m e a s u r e m e n t s  are r e l a t ed  
to the  anodic  and  cathodic Tafel  constants .  

This  discussion considers  e x p e r i m e n t a l  obse rva -  
t ions of the  electrode k ine t ics  of the  f e r rous - f e r r i c  
o x i d a t i o n - r e d u c t i o n  sys tems in  the  l ight  of this  
theory.  

Apparatus and Procedures 
The cell used  for po la r iza t ion  m e a s u r e m e n t s  was  

s imi la r  to tha t  descr ibed  e l sewhere  (4) except  tha t  
a Lugg in  cap i l l a ry  p robe  was not  necessa ry  because  
of the  e x t r e m e l y  low cu r ren t s  en ta i l ed  in  the  me a s -  
u r emen t s .  P l a t in i zed  P t  was  used as a re fe rence  
e lect rode and  as aux i l i a ry  electrodes d u r i n g  anodic  
and  cathodic measu remen t s .  L inde  prepur i f ied  n i -  
t rogen  gas was b u b b l e d  t h rough  the  cell at al l  t imes.  

Solu t ions  were  p r epa red  f rom r e a g e n t - g r a d e  
chemicals  and  dis t i l led  water .  The  m a t e r i a l  s tud ied  
was  commerc i a l  Type  304 s tainless  steel , a n n e a l e d  
at  1050~ for  1 hr  and  w a t e r - q u e n c h e d .  The  steel  
con ta ined  18.36% Cr, 9.06% Ni, 0.94% Mn, a nd  
0.05% C. The surface  was degreased  in  bo i l ing  ace-  
tone  and  benzene,  i m m e r s e d  in  concen t ra t ed  HC1 
un t i l  h y d r o g e n  evo lu t ion  was observed,  t ho rough ly  
r insed  in  dis t i l led water ,  washed  in  concen t ra t ed  
HNO,, r in sed  again,  and  i m m e r s e d  d i rec t ly  in to  the  
cell. 

Po t en t i a l  m e a s u r e m e n t s  were  m a d e  us ing  a L&N 
pH m e t e r  as a h i g h - i m p e d a n c e  g a l v a n o m e t e r  in  
series w i t h  a precis ion Rub icon  po ten t iomete r .  This  
sys tem pe rmi t s  po ten t i a l  m e a s u r e m e n t  to --+0.2 inv.  
The sens i t iv i ty  was increased  w h e r e  necessary  by  
feed ing  the  ou tpu t  s ignal  f rom the  pH m e t e r  in to  a 
0- to 1-mv recorder  which  was  t h e n  used as the  n u l l  
de tec t ing  device. Appl ied  c u r r e n t  va lues  be low 10 -~ 
amp were  m e a s u r e d  w i th  an  e lec t romete r  and  a p r e -  
cision 10 -megohm resis tance.  Values  b e t w e e n  10 -~ 
amp and  10 ~ amp were  m e a s u r e d  by  d e t e r m i n i n g  
the  IR drop across 0.1 and  0.01 m e g o h m  s t a n d a r d  
resis tances.  Higher  c u r r e n t  va lues  were  d e t e r m i n e d  
d i rec t ly  w i th  a precis ion Wes ton  m i c r o a m m e t e r .  

Results 
One of the  more  serious p rob l ems  in  ac t iva t ion  

po la r i za t ion  m e a s u r e m e n t s  arises f rom in t e r f e r ence  
due  to res i s tance  and  concen t r a t i on  polar iza t ion.  
This u s u a l l y  occurs because  the  exchange  cur ren t ,  
io, for mos t  p rac t ica l  r evers ib le  electrodes is so h igh  
tha t  cons iderab le  c u r r e n t  m u s t  be appl ied  in  order  
to polar ize  the  surface.  Thus,  the  use of a P t  surface  
to s t udy  f e r r i c - f e r rous  o x i d a t i o n - r e d u c t i o n  k ine t ics  
creates  difficult e x p e r i m e n t a l  p roblems.  A n  ideal  
surface for use in  compar ing  e x p e r i m e n t a l  obse rva -  
t ions of e lec t rochemica l  po la r iza t ion  w i t h  t heo ry  re -  
quires  a m a t e r i a l  wh ich  does no t  corrode ~ and  wh ich  
exhib i t s  a low exchange  cur ren t .  S ta in less  s teel  i n  a 
so lu t ion  of ferr ic  and  fer rous  su l fa te  is a su i t ab le  
sys tem for such a s tudy.  

1 A c t u a l l y  t h e  s u r f a c e  m a y  r e a c t  w i t h  t h e  e n v i r o n m e n t  s l i g h t l y ,  
as l o n g  as  t h e  c o r r o s i o n  c u r r e n t  is s e v e r a l  o r d e r s  of  m a g n i t u d e  
l o w e r  t h a n  t h e  e x c h a n g e  c u r r e n t .  U n d e r  t h e s e  c o n d i t i o n s ,  t h e  
e l e c t r o d e  w i l l  s t i l l  e x h i b i t  t h e  e q u i l i b r i u m  p o t e n t i a l  a n d  w i l l  b e h a v e  
i d e a l l y .  

- 2 0  !:: 
~-8o 

- 1 0 0  

Z - 1 2 0  

- 1 4 C  
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I 0  IOO I 0 0 0  I0~000  

T I M E  ( M I N U T E S )  

Fig. 1. Potential as a function of time for Type 304 stain- 
less steel immersed in ferric-ferrous sulfate. 

The so lu t ion  was  p r e p a r e d  by  add ing  100 g of 
(Fe)~(SO,) , .9H~O and  0.7 g of FeSO~-7H~O to 1 l i t e r  
of water .  The  e q u i l i b r i u m  fe r r i c - f e r rous  po ten t i a l  
of a so lu t ion  p r e p a r e d  in  this  m a n n e r  and  m e a s u r e d  
wi th  a p la t in ized  P t  e lec t rode  is a p p r o x i m a t e l y  0.770 
v on the  s t a n d a r d  h y d r o g e n  scale. The  e q u i l i b r i u m  
po ten t i a l  of such a so lu t ion  is no t  exac t ly  r ep roduc i -  
ble  f rom ba tch  to ba tch  because  the  fe r rous  salt  
con ta ins  v a r y i n g  a m o u n t s  of ferr ic  con t amina t ion .  

Potential-Time Behavior 
W h e n  an  electrode is p r e p a r e d  as descr ibed  above, 

the  in i t i a l  po ten t i a l  is ac t ive  to P t  in  the  same solu-  
t ion  bu t  s lowly  approaches  the  f e r rous - f e r r i c  po t en -  
t ia l  on Pt. A s t eady - s t a t e  va lue  of 1 m v  more  act ive  
t h a n  the revers ib le  f e r r i c - f e r rous  po ten t i a l  is 
achieved af ter  abou t  100 hr. Fig. 1 i l lus t ra tes  this  
in i t i a l  t ime  dependence .  

Polarization 
Theory . - -For  an  e lect rode at equ i l i b r i um,  the  ra te  

of ox ida t ion  of fe r rous  ions is equa l  to the  r a t e  of 
r educ t ion  of ferr ic  ions. This  reac t ion  ra te  is equ iv -  
a len t  to the  exchange  cur ren t .  

Thus :  

tF~++ = ~F . . . .  = io ( I )  
<-. 

w he r e  iFe++ = c u r r e n t  dens i ty  e q u i v a l e n t  to the  r a t e  
-_> 

of ox ida t ion  of fe r rous  ions;  iFe+++ = c u r r e n t  d e n -  
s i ty  e q u i v a l e n t  to the  ra te  of r educ t ion  of fe r r ic  ions;  
and  i0 = exchange  c u r r e n t  densi ty .  

0 1 3 o ~ 0 . 1  1 ' ' ~  . . . .  I , I ' ' r , , , i  , , i . . . . .  f 

- I 0 0  "'~ /o 
/ =\o~ ~o o 

I 
"=.= 

L~I "r]= - ~ : L O G  I~* IFe *+ 
r - 2 0 0 ~  Io =% 

I 

- 3 0 0  = x  _ 

A C T I V E  |  

-550L~ J , , , , , I , 1 0 . 1  I i i i i i i i ]  _ i i i i , , i , 1  

. 0 1  1.0 z I 0  
C U R R E N T  D E N S I T Y  ( F c A M P / C M )  

Fig. 2. Cathodic activation overvoltage for reduction of 
ferric ions on Type 304 stainless steel 
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The  ra te  of ox ida t ion  or r educ t ion  as a f u n c t i o n  of 
po ten t i a l  is descr ibed by  Eqs. ( I I )  and  ( I I I ) .  

4,-- 

= fl~ log i~o++/io (II)  

= - - t i c  log i ..... /io (III) 

where  fl, is the  Tafe l  slope for the ox ida t ion  reac t ion  
and  fl~ is the Tafe l  slope for the  r educ t ion  react ion.  
Nei ther  of these re la t ions  is observed  e x p e r i m e n t a l -  
ly at po ten t i a l s  close to the  e q u i l i b r i u m  po ten t i a l  
because  the reverse  reac t ion  is significant.  Tha t  is, 
d u r i n g  low c u r r e n t  cathodic polar iza t ion,  the  ra te  of 
ox ida t ion  of fer rous  ions is of the same order  of 
m a g n i t u d e  as the  ra te  of r educ t ion  of ferr ic  ions. 
The equa t ions  tha t  descr ibe e x p e r i m e n t a l  obse rva -  
t ions for anodic  and  cathodic po la r iza t ion  are 

,q = f l ,  l o g  ~'~• (IV) 
.--> <--- 

= - - r i o  log ~ (V) 

<-.. - -> 

where  i~ and  i~ are the  appl ied  anodic  and  cathodic 
cu r r en t  densi t ies ,  respect ively .  

Cathodic polarization.--Fig. 2 is a plot  of over -  
vol tage  as a func t ion  of appl ied  cathodic c u r r e n t  
densi ty .  Dev ia t ion  f rom Tafe l  behav io r  occurs at  
low va lues  of appl ied  c u r r e n t  as expected  f rom 
Eq. (V) .  At  cu r r en t  densi t ies  g rea te r  t h a n  20 
F a / c m  ~, an  IR drop er ror  was  in t roduced .  These  da ta  
are not  inc luded.  I t  is i m p o r t a n t  to note  the  s imi-  
l a r i ty  b e t w e e n  the shape of this  e x p e r i m e n t a l  curve  
and  shape  der ived  f rom theory  (3) .  The exper i -  
m e n t a l  va lues  for /9~ and  io are 0.123 v and  0.045 
~ a / c m i  

Anodic polarization.---Anodic pola r iza t ion  for the 
same sys tem is shown  in  Fig. 3. In  this  case, dev ia -  
t ion  f rom Tafe l  behav io r  occurs bo th  at low cu r r en t s  
and  at  h igh cur rents .  The e x p e r i m e n t a l  da ta  up to 
3 ~ a / c m  ~ fol low the  re l a t ion  descr ibed  by  Eq. ( IV) .  
The va lues  of fl~ and  i0 are 0.102 v and  0.045 ~ a / c m l  
The  dev ia t ion  f rom Tafe l  behav io r  at  c u r r e n t s  
g rea te r  t h a n  3 /~a/cm ~ is due to the fact tha t  a po-  
t en t i a l  reg ion  is reached  whe re  an  add i t iona l  ox ida-  
t ion  reac t ion  occurs at a r a t e  of the  same order  of 
m a g n i t u d e  as the  ra te  of ox ida t ion  of fe r rous  ions?  
For  the  sys tem descr ibed  here,  the most  logical  
choice of this  add i t iona l  ox ida t ion  reac t ion  is ox ida-  
t ion  of wa t e r  to p roduce  oxygen,  since dev ia t ion  oc- 
curs  i n  the  po t en t i a l  r ange  more  nob le  t h a n  the  es t i -  
ma ted  revers ib le  po ten t i a l  for the  reac t ion  2H~O 
O~ + 4 H  + + 4e in  the  e x p e r i m e n t a l  e n v i r o n m e n t .  As 
i l l u s t r a t ed  p rev ious ly  (3) ,  if two ac t iva t ion  con-  
t ro l led  reac t ions  occur at  comparab l e  rates,  the  
po la r iza t ion  curve  ob ta ined  is the  sum of the i n d i v i d -  
ual  Tafel  slopes. In  this  region,  the  ra te  of ox ida t ion  
of fe r rous  ions plus  the ra te  of ox ida t ion  of w a t e r  
are e q u i v a l e n t  to the  tota l  appl ied  anodic  c u r r e n t  
at any  g iven  overvo l tage  va lue .  

~,, - -  ~ . . . .  ~ (VI) 

where i~ is the current density equivalent to the rate 

of oxidation of water. Thus i~ may be calculated as 
This same behavior was observed on a variety of passive sur- 

faces and will be illustrated later. 

~ 2 5 0  L Iw Ix IFe .. . . .~o,.. . .~//  

> / 13,.=.~: - o ~  - ~ /  
-q 2oar ~ = " ' ~  4 ~~ - 

; ,~ l  o- ~176 

0 IO01- o~ ~ Io 
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Fig. 3. Anodic '  activation overvoltage for oxidation of 
ferrous ions and water on Type 304 stainless steel. 

.o " ' - . . .  

i o 

=I . . . . . . . . .  " - . . ,  
�9 05  .0~ ~ 3  .02 lOl 0 OI . ~  03 ~ " .05 

&NODIC ~ C A T H O D I C  

C U R R E N T  D E N S I T Y  ( / A  A M P / C M  Z )  

Fig. 4. Linear dependence of overvoltage on applied anodic 
and cathodic current density for oxidation and reduction of 
ferrous and ferric ions on Type 304 stainless steel. 

a func t ion  of 7- These da ta  are shown  in  Fig. 3. 
Since the revers ib le  po ten t i a l  for this  r eac t ion  is 
u n k n o w n ,  a va lue  for the exchange  c u r r e n t  canno t  
be  calculated,  fl~ is 0.042 v. 

Analysis aS Low Current Data 
Linear relation between overvoltage and applied 

curren t .~For  overvo l tage  va lues  close to the  re -  
vers ib le  potent ia l ,  i t  can be shown  ~ tha t  

ai./  o ai.] 
A l inea r  plot  of low c u r r e n t  anodic  and  cathodic 

da ta  is shown  in  Fig. 4. The e x p e r i m e n t a l  va lue  of 

d r )  - is 0.52 v / ~ a / c m i  The  va lue  ca lcula ted  

f rom Eq. (VII)  is 0.54 v / ~ a / c m l  This  a g r e e m e n t  
and  the discussion which  follows on s to ichiometr ic  
n u m b e r  es tab l i sh  the  va l id i ty  of Eq. (VI I ) .  

Eq. (VII)  proves  qu i te  v a l u a b l e  because  it can be 
u s e d  to ca lcula te  one of the  fl va lues  if concen t r a -  
t ion  polar iza t ion,  or an  i n t e r f e r i ng  reac t ion  l imi ts  
an  e x p e r i m e n t a l  d e t e r m i n a t i o n  at h igh  cur ren ts .  
Thus,  a cathodic po la r iza t ion  m e a s u r e m e n t ,  which  

yields  , i~, and  Be, m a y  be used to ca lcula te  

di~ 

the  slope of the  anodic  curve.  

8 S e e  A p p e n d i x .  
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Fig. 5. Comparison of colculated ond measured activation 
overvoltoge for o• and reduction of ferrous and ferric 
ions on Type 304 stoinless steel. 

The stoichiometric number.- -The s to ichiometr ic  
n u m b e r ,  v, is equa l  to the n u m b e r  of t imes  the  ra te-  
d e t e r m i n i n g  reac t ion  occurs w h e n  the  ove r - a l l  reac-  
t ion  occurs once. It  m a y  be ca lcu la ted  f rom the  
equa t i on  (2) : 

n F i o ( d ~ )  (VIII) 
v = R T  ~ 7-*0 

C o m b i n i n g  this  w i th  Eq. (VII)  y ie lds  

nF fla tic 
( i x )  

- 2.3 RT(~+Bc) 
Thus,  v m a y  be d e t e r m i n e d  exc lus ive ly  f rom high 
cu r r en t  po la r iza t ion  m e a s u r e m e n t s  or f rom a k n o w l -  
edge of io and  low c u r r e n t  data.  The  s to ichiometr ic  
n u m b e r  ca lcula ted  f rom Eq. ( v I n )  is 0.92. Eq. ( IX)  
yields  a va lue  of 0.95. The equa t ions  thus  y ie ld  con-  
s is tent  resul ts .  

Direct calculation of reverse reaction rates.--In 
addi t ion  to us ing  Eq. (VII)  to ca lcula te  the  fi va lue  
of the r eve r se  react ion,  Eqs. (IV) and  (V) pe rmi t  
the  di rect  ca lcu la t ion  of the reverse  reac t ion  c u r r e n t  
as a func t ion  of potent ia l .  Thus,  one m a y  calcula te  

the  r a t e  of r educ t ion  of ferr ic  ions, iF .... , as a func- 
t ion  of ~ d u r i n g  anodic  po la r i za t ion  or the  ra te  of 

ox ida t ion  of fe r rous  ions, iF~++, d u r i n g  cathodic po la r -  
ization.  This  yields  the  ex t r apo la t ion  of the  cathodic 
ac t iva t ion  po la r i za t ion  curve  on the  noble  side of 
the e q u i l i b r i u m  po ten t i a l  and  the  ex t r apo la t ion  of 
the  anodic  ac t iva t ion  po la r iza t ion  curve  on the  act ive  
side of the  e q u i l i b r i u m  potent ia l .  

Fig. 5 shows an  e x p a n d e d  v i ew  close to the re -  
ve r s ib le  po ten t i a l  of the e x p e r i m e n t a l  curves  p re -  

<__ 

sented  in  Fig. 2 a nd  3. The  ca lcu la ted  va lues  of iF..§ 

and  i~ ... .  fal l  ve ry  close to the  ex t r apo la t i on  of the  
h igh c u r r e n t  ac t iva t ion  po la r i za t ion  curves .  Thus,  
for a ny  electrode whose po t en t i a l  is d e t e r m i n e d  by  
the  in te r sec t ion  of two ac t iva t ion  po la r i za t ion  
curves,  the local anodic  po la r i za t ion  cu rve  can be 
ca lcula ted  f rom precise m e a s u r e m e n t s  of cathodic 
polar iza t ion.  The  converse  is also t rue .  

If th ree  electrode react ions  are occur r ing  at com-  
pa rab le  rates,  the  Tafel  cons tan t s  of two of the  r e -  
act ions  m u s t  be k n o w n  in  order  to ca lcula te  the  
third.  A n  e x a m p l e  of this  s i tua t ion  wi l l  be  i l lus -  
t r a t ed  in  a f u t u r e  discussion.  

Effect of Nitrate Additions 
M e a s u r e m e n t s  of the  type  i l l u s t r a t ed  here  for 

Type  304 s ta inless  steel  in  ferr ic  and  fer rous  su l fa te  
solut ions  have  b e e n  conduc ted  on a va r i e t y  of pas -  
s ive surfaces in  ferr ic  chlor ide  in  connec t ion  w i th  
s tudies  of the  p i t t i ng  mechan i sm.  Sod ium n i t r a t e  
was added to severa l  of the  sys tems s tud ied  to in -  
h ib i t  the  p i t t i ng  process and  al low an  e v a l u a t i o n  of 
the  effect of a l loy type  on  ferr ic  ion r educ t ion  k in -  
etics. In  order  to d e t e r m i n e  w h e t h e r  n i t r a t e  affects 
the r educ t ion  k ine t ics  of ferr ic  ions as wel l  as the 
ox ida t ion  (p i t t ing)  of the  metal ,  n i t r a t e  was  added 
to the f e r r i c - f e r rous  su l fa te  solut ion,  w h e r e  p i t t ing  
does not  occur, a nd  the  overvo l tage  behav io r  oi 
Type  304 s tainless  steel measured .  The  e x p e r i m e n t  
is a dupl ica te  of t ha t  descr ibed  above w i t h  the  ex-  
cept ion tha t  the  so lu t ion  also con ta ined  0.4N 
NaNO~. It was  found  tha t  n i t r a t e  addi t ions  to solu-  
t ions  of f e r r i c - f e r rous  su l fa te  or chlor ide do not  
affect the  e q u i l i b r i u m  po ten t i a l  as m e a s u r e d  w i th  a 
p la t in ized  P t  electrode.  The da ta  ob t a ined  were  
s imi la r  to those i l l u s t r a t ed  in  Fig. 1-5 a nd  are p r e -  
sented  in  t a b u l a r  fo rm for conse rva t ion  of space. 

Tab le  I compares  the  var ious  e lec t rochemica l  con-  
s tants  ob ta ined  wi th  and  w i t hou t  n i t ra te .  The da ta  
show tha t  n i t r a t e  ions do not  affect the ac t iva t ion  
overvo l t age  va lues  to a n y  great  ex tent .  The  ex-  
change  c u r r e n t  and  fl~ a re  decreased whi le  tic is u n -  
affected. P a r t  of the  decrease  in  i0 m a y  be  a t t r i b u t e d  
to the  fact tha t  the  r eve r s ib l e  f e r r i c - f e r rous  po t en -  
t ia l  for the  two e xpe r i me n t s  differs by  abou t  10 mv.  
I t  wi l l  be shown  la te r  tha t  the  exchange  c u r r e n t  de-  
creases w i th  a shift  in  the  e q u i l i b r i u m  po ten t i a l  in  
the nob le  d i rec t ion  caused by  a decrease  in  fer rous  
ion  concen t ra t ion .  

Discussion 
The a g r e e me n t  b e t w e e n  e x p e r i m e n t a l  observa t ions  

and  theore t ica l  equa t ions  has been  a m p l y  d e m o n -  
s t rated.  App l i ca t ion  of the  equa t ions  to a l imi t ed  

Table I. Electrochemical constants for activation overvoltage of ferric and ferrous ions in sulfate solutions on Type 304 stainless steel 

Fe+++_ Fe++ (D d~; / ( I I I)  
N i t r a t e  p o t e n t i a l  ~ corr.  (II) ~ ~A ~ i0 -- -- 
co n t en t  (v) (v) (v) (v) (v) (t~a/cmf) d ix ~--~0 v (Iv) v(v) 

None 0.7695 0.001 0.123 0.102 0.042 0.045 0.52 0.92 0.95 
0.4N 0.7805 0.001 0.123 0.089 0.045 0.026 0.84 0.86 0.87 

(I) S t a n d a r d  Hs scale;  (II) P o t e n t i a l  304 vs. P t  in  same  so lu t i on ;  ( I n )  V//~a/cme; (IV) C a l c u l a t e d  f r o m  Eq. (VI I I ) ;  (V) C a l c u l a t e d  
f rom Eq. ( IX) .  
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a m o u n t  of e x p e r i m e n t a l  w o r k  p r o v i d e s  a m e a n s  for  
c a l c u l a t i n g  m a n y  of t he  e l e c t r o c h e m i c a l  cons tan ts .  
Thus,  t he  a m o u n t  of  e x p e r i m e n t a l  w o r k  r e q u i r e d  
for  a c o m p l e t e  ana lys i s  is g r e a t l y  s impl i f ied .  The  
equa t ions  also s u p p l y  a m e t h o d  for  t he  d e t e r m i n a -  
t ion  of e l e c t r o c h e m i c a l  cons tan t s  w h e n  e x p e r i m e n t a l  
diff icul t ies  such  as c o n c e n t r a t i o n  p o l a r i z a t i o n  a r e  
e n c o u n t e r e d .  

More  i m p o r t a n t  f r o m  a p r a c t i c a l  v i e w p o i n t  is t he  
fac t  t h a t  t he  ana lys i s  also app l ies  to a co r rod ing  
e l e c t r o d e w h o s e  p o t e n t i a l  is d e t e r m i n e d  b y  two  in -  
t e r s ec t i ng  a c t i v a t i o n  o v e r v o l t a g e  func t ions .  The  low 
c u r r e n t  ana lys i s  shou ld  be  p a r t i c u l a r l y  h e l p f u l  he r e  
b e c a u s e  m e a s u r e m e n t s  a r e  c o n d u c t e d  w i t h  c u r r e n t s  
of the  s ame  m a g n i t u d e  as t h e  cor ros ion  cu r ren t .  
This  m i n i m i z e s  t he  p o s s i b i l i t y  of su r f ace  changes  
caused  b y  h igh  v a l u e s  of a p p l i e d  cu r r en t s .  

A n o t h e r  of t h e  m o r e  i n t e r e s t i n g  aspec t s  of th is  
ana lys i s  f r o m  the  co r ros ion  s t a n d p o i n t  a r i ses  f r o m  
c ons ide r a t i on  of  a r e a  effects.  C u r r e n t  d e n s i t y  d a t a  
p r e s e n t e d  a b o v e  w e r e  c a l c u l a t e d  on t h e  bas i s  of  t h e  
m e a s u r e d  g e o m e t r i c  a rea .  The  s ame  e x c h a n g e  cur -  
r en t  d e n s i t y  was  f o u n d  for  anod ic  and  ca thod ic  
po la r i za t ion .  This  is bes t  e x p l a i n e d  b y  cons ide r ing  
the  su r f ace  s i tes  for  o x i d a t i o n  of f e r rous  ions  as  
e q u i v a l e n t  to the  si tes  for  r e d u c t i o n  of f e r r i c  ions. 
Thus,  a t  a n y  one ins tan t ,  ha l f  of t h e  a v a i l a b l e  s i tes  
f u n c t i o n  as a n o d e  w h i l e  t h e  o t h e r  ha l f  s e r v e  as 
ca thode .  This  concep t  is s u p p o r t e d  b y  o b s e r v a t i o n  
t h a t  low c u r r e n t  m e a s u r e m e n t s ,  w h e r e  a r e a  changes  
shou ld  be  min imized ,  con fo rm w i t h  h igh  c u r r e n t  
m e a s u r e m e n t s  w h e n  t h e  d a t a  a r e  u sed  in  equa t ions  
such as ( V I I ) ,  ( V I I I ) ,  and  ( I X ) .  

This  s i t ua t i on  need  no t  a p p l y  for  c o r r o d i n g  sys -  
t ems  w h e r e  d i f fe ren t  r a t ios  of a n o d e - t o - c a t h o d e  a r e a  
m a y  be  encoun t e r ed .  W h e n  the  ana lys i s  cons ide r e d  
h e r e  for  a r e v e r s i b l e  e l e c t r o d e  is a p p l i e d  to a co r -  
r od ing  sys tem,  t h e  e x c h a n g e  c u r r e n t  in  t he  e q u a -  
t ions  becomes  the  co r ros ion  cur ren t .  Thus,  i t  m a y  
be  poss ib l e  to ca l cu l a t e  a r e a  r a t io s  b y  c o m p a r i n g  
cor ros ion  c u r r e n t s  d e t e r m i n e d  b o t h  f r o m  anodic  a n d  
ca thod ic  h igh  c u r r e n t  m e a s u r e m e n t s .  Also,  c o m -  
p a r i s o n  of l ow  c u r r e n t  d a t a  w i t h  h igh  c u r r e n t  d a t a  
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m a y  ind i ca t e  a r e a  changes  d u r i n g  po l a r i za t i on .  Such  
a t r e a t m e n t ,  if  p r o v e d  e x p e r i m e n t a l l y ,  m a y  p r o v i d e  
the  f irst  u se fu l  dev ice  for  d e t e r m i n i n g  a n o d e -  
c a thode  a r e a  r a t io s  so i m p o r t a n t  in  co r ros ion  s tudies .  

A P P E N D I X  
Derivation of Eq. (VII) 

Consider  an e lec t rochemical  sys tem the poten t ia l  of 
which  is de t e rmined  by two in tersec t ing  act ivat ion 
polar iza t ion  curves whose slopes are  ~A and p~. If cur-  
rent  f rom an ex te rna l  source is appl ied  to such a sys- 
tem, then  the fol lowing we l l -known re la t ion applies.  

i s =  10 ~ c _ 1 0  ~ (X) 

~c may  be For  smal l  values  of overvol tage,  where  10 

+_" 
approx ima ted  by 1 - - ~  (2.3) and 10 ~c m a y  be ap- 

~c 

p rox ima ted  by  1 +-~-~ (2.3), Eq. (X) reduces  to 
~A 

( i~: io 1 - -  2.3 ~ - - 1 - -  2.3 -~-~flA/ (XI)  

Rear rang ing  produces  

ix 2.3 io ~l( ~ c + ~  ] : f l - - ~  / (XII )  

Different ia t ion of overvol tage  in respect  to appl ied  
cur ren t  resul ts  in Eq. (VII) .  For  a corroding system, 
the  exchange cur ren t  in Eq. (X) would  be rep laced  
by  the corrosion current .  

Manuscr ip t  rece ived  Sept.  4, 1956. This p a p e r  was 
p r e p a r e d  for de l ive ry  before  the  Washington  Meeting, 
May 12-16, 1957. 

Any  discussion o f  this  paper  wi l l  appear  in a Dis- 
cussion Section to be  publ i shed  in the  June  1958 
JOURNAL. 
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Mechanisms of Hydrogen Producing Reactions on Palladium 
IV. Electrochemical Kinetics of the e-Palladium-Hydrogen System in Acid Solutions 
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ABSTRACT 

An exper imental  invest igat ion of the electrochemical kinetics of the a- 
pal ladium-hydrogen system was made by means of a pal ladium bi-electrode. 
The pH effect on the anodic and cathodic polarization behavior was determined 
and related to bi-electrode mechanisms. Thickness of the bi-electrode had no 
significant effect. It  was found that  catalytic activity for the hydrogen-  
producing reactions on a-Pd was definitely less than that on ~-Pd. The f rac t ion  
of the total current  carried by proton flow in the bi-electrode was determined.  

Studies  of the m e c h a n i s m s  of h y d r o g e n - p r o d u c i n g  
reac t ions  on Pd  repor ted  in  ear l ie r  papers  f rom this  
l abo ra to ry  (1-3)  were  all  concerned  wi th  the  fl- 
p a l l a d i u m - h y d r o g e n  system. The p re sen t  paper  is 
concerned  wi th  the anodic  and  cathodic behav io r  of 
an  a - P d - H  system.  Le t  i t  be  defined tha t  f l -Pd is the  
phase in  which  the Pd d - b a n d s  are  comple te ly  filled 
wi th  e lec t rons  f rom H atoms ( H / P d - - 0 . 6 ) .  The 
a lpha  phase  is the  one in  which  the re  are posi t ive  
holes in  the  d -bands .  

Upon cathodic polar iza t ion ,  a Pd electrode absorbs  
H and  tends  t oward  the  B-phase.  In  order  to m a i n -  
t a in  a r ep roduc ib le  a -phase  electrode,  it is necessa ry  
to p r e v e n t  the a c c u m u l a t i o n  of H in  the  in t e r io r  of 
the metal .  This  can be r ead i ly  done e x p e r i m e n t a l l y  by  
means  of a P d  b i -e lec t rode .  A d i a g r a m m a t i c  sketch 
of the e lect rode a r r a n g e m e n t  for such an  expe r i -  
m e n t  is shown in Fig. 1. The e lect rolyt ic  cell us ing  a 
b i -e lec t rode  is in  fact a series a r r a n g e m e n t  of two 
cells, for which  one side of the  Pd  d i a p h r a g m  serves 
as the cathode in  the first cell and  the  other  side 
serves as the anode in  the  second cell. Since b y  such 
an a r r a n g e m e n t  the re  is an  ~ e q u i v a l e n t  a m o u n t  of 
r educ t ion  reac t ion  on the cathode side as there  is 
ox ida t ion  reac t ion  on the anode  side of the b i - e l ec -  

Pt 
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Fig. 1. Sketch o 
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trode, and  since H u n d e r  these  condi t ions  is t r a n s -  
por ted  r ap id ly  t h r ough  the  Pd  as pro tons  (4) ,  there  
wil l  be no t e n d e n c y  for the  H to a c c u m u l a t e  in  the 
in te r io r  of the Pd. Hence  by  such an  e x p e r i m e n t a l  
device the Pd  can be m a i n t a i n e d  at the m a x i m u m  
a - pha se  H c onc e n t r a t i on  ( a tom rat io  H / P d  = 0.03) 
(5) and  its anodic  and  cathodic po la r iza t ion  b e h a v -  
ior can be d e t e r m i n e d  readi ly .  

A n  in t e re s t ing  aspect  of the  Pd  b i -e l ec t r0de  is the  
fact tha t  it  is a me t a l  m e m b r a n e  which  is s i m u l t a n e -  
ously  a good e lec t ron  a nd  p ro ton  conductor .  Be-  
cause of this, the  b i - e l ec t rode  behaves  as two self-  
depolar iz ing  electrodes.  

Experimental 
The e x p e r i m e n t a l  t e chn ique  was essen t ia l ly  the  

same as tha t  r epor ted  in  p rev ious  papers  (1 -3) .  The 
e lect rolyt ic  cell was  the same  as tha t  used in  r e fe r -  
ences (2, 3) except  tha t  the  e lectr ical  connec t ions  
were  those shown  in  Fig. 1. The  same solu t ion  was 
added to both  c o m p a r t m e n t s  and  the  solut ion in  both  
sides was s t i r red  wi th  H. M e a s u r e m e n t s  were  m a d e  
wi th  2N H~SO, (pH ---- 0) ; 0.3N H~SO4 + 0.TN Na,SO, 
(pH = 0.9); 0.1N H2SO, + 1N Na~SO, (pH = 1.7). 
The pH va lues  were  d e t e r m i n e d  at  the  conclus ion  of 
a run .  Thicknesses  of the Pd  foil used as b i - e l ec -  
t rodes were  0.001, 0.002, 0.003, and  0.004 in. 

The  solut ion res i s tance  b e t w e e n  the  re fe rence  
electrodes in bo th  c o m p a r t m e n t s  and  each side of 
the Pd  b i -e l ec t rode  was d e t e r m i n e d  by  i n t e r r u p t e r  
m e a s u r e m e n t s  before  each run .  

The t e m p e r a t u r e  was m a i n t a i n e d  at 31 ~ _ 2~ 
The  exposed a rea  of the  Pd  was  0.14 cm ~. Al l  of the  
b i -e lec t rode  foils were  m a d e  of annea led ,  ho le - f r ee  
metals .  

Al l  e lectrode po ten t i a l  m e a s u r e m e n t s  were  made  
wi th  respect  to a Pt /H~ elect rode in  the  same solu-  
tion, These po ten t i a l s  are t e r m e d  overvol tages ,  V. 
This def ini t ion of overvo l t age  resu l t ed  in  an  open -  
circuit ,  s teady-s ta te ,  r evers ib le  po ten t i a l  of the  
a - P d - H  elect rode of 0.0495-+ 0.0005 v. ~ The  fact 

1 A n  e x p l a n a t i o n  of  the  t h e r m o d y n a m i c s  of th i s  e l e c t r o d e  s y s t e m  
is p r e s e n t e d  i n  a p a p e r  e n t i t l e d  " E l e c t r o c h e m i c a l  b e h a v i o r  of  t h e  
p a l l a d i u m - h y d r o g e n  sys tem.  I. P o t e n t i a l - d e t e r m i n i n g  m e c h a n i s m s "  
by  S. S c h u l d i n e r ,  G. W. Cas te l lan ,  a n d  J.  P. Hoare ,  s u b m i t t e d  to  t h e  
" J o u r n a l  of C h e m i c a l  P h y s i c s . "  
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Fig. 2. Effect of pH on the hydrogen overvoltage of O Pd 
bi-electrode. 

tha t  this Pd  had  the  m a x i m u m  a - p h a s e  H c o n c e n t r a -  
t ion was conf i rmed by  res i s tance  and  coulometr ic  
m e a s u r e m e n t s  and  also by  ana ly t i ca l ly  d e t e r m i n i n g  
the H con t en t  of the  Pd  (5) .  

Before the  b e g i n n i n g  of a r u n  it was  necessa ry  to 
anodize  (10 m a  for about  45 m i n )  bo th  sides of the  
b i - e l ec t rode  and  then  af ter  open ing  the  c i rcui t  to let  
each side of the b i - e l ec t rode  reach  its r eve r s ib l e  
po ten t i a l  (0 .0495v)  in  the  H - s a t u r a t e d  solut ion.  
This  m a y  r equ i r e  2-3 hr. I t  was  observed  tha t  i n i t i -  
a l ly  the successive appl ica t ions  of c u r r e n t  cause 
s ignif icant  changes  in  the t rue  area  of the  P d - e l e c -  
t rode surfaces.  Wi th  repea ted  app l ica t ion  of c u r r e n t  
in  both  an  i nc r ea s ing  and  a decreas ing  s tepwise  
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Fig. 3. Hydrogen overvoltages of Pb hi-electrodes of differ- 
ent thicknesses. Open circle, 0.00] in.; open triangle, 0.002 
in.; inverted triangle, 0.003 in., open square, 0.004 in. 
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Fig. 4. Plot showing lack of thickness effect on ~1 of Pd 
hi-electrodes. 

fashion  the a rea  became  effect ively cons t an t  a nd  re -  
p roduc ib l e  t i m e - i n d e p e n d e n t  m e a s u r e m e n t s  were  
possible  (+--2 m y ) .  S t e a d y - s t a t e  po ten t ia l s  we re  
reached  w i t h i n  seconds a f te r  the  c u r r e n t  dens i ty  
was  changed.  The  e x p e r i m e n t a l  resul ts  for the  ca th -  
odic m e a s u r e m e n t s  g iven  in  this  pape r  are  the  ave r -  
age va lues  for each po in t  of th ree  separa te  r u n s  in  
which  the c u r r e n t  was increased  a nd  dec reased  
th ree  t imes  over  the  en t i r e  c u r r e n t  r a nge  for each 
run .  Those for the anodic  po la r iza t ion  r ep re sen t  on ly  
the  va lues  for i nc reas ing  cur ren t ,  because  of the  ex -  
t r e m e l y  long t ime r equ i r ed  for the anodic  po ten t ia l s  
to come to s teady s ta te  for decreas ing  cur ren t s .  D u r -  
ing a r u n  it m u s t  be no ted  tha t  coming  d o w n  the  cu r -  
r en t  scale to open c i rcui t  condi t ions  it was  necessa ry  
tha t  the  r eve r s ib l e  po ten t ia l s  on  bo th  sides of the  
b i - e l ec t rode  be reached  before  ob t a i n i ng  m e a s u r e -  
m e n t s  aga in  at i nc reas ing  cur ren ts .  

Results 
The  overvo l tage  vs. log c u r r e n t  dens i ty  r e l a t i o n -  

ships for both  the  anodic  po la r i za t ion  (~o)and the 
cathodic po la r i za t ion  (~/o) on the  Pd  b i -e l ec t rode  are 
shown  in  Fig. 2 a nd  3. Fig. 2 shows the  pH effect 
and  Fig. 3 shows the  effects of b i - e l ec t rode  thickness.  
A c t u a l l y  the  th ickness  effect can be cons idered  as 
negl ig ib le .  This  is shown  in  Fig. 4 where  a low cu r -  
r en t  dens i ty  compar i son  is made.  I t  is be l i eved  tha t  
the separa t ion  of the curves  at h igher  c u r r e n t  d e n -  
sities as shown  in  Fig.  3 is due  to the  differences in  
t rue  areas  of the electrodes.  This  a rea  effect of the  
electrodes would  be most  a p p a r e n t  in  the  ~ vs. log i 
regions  of h igher  slope. 

Fig. 5 shows the effect of pH on the  l i nea r  por t ion  
of ~ and  7o vs. c u r r e n t  dens i ty  curves.  The  fact  tha t  
these curves  are s t ra igh t  l ines  al l  pass ing  th rough  
the  0.0495 vol tage  axis at zero c u r r e n t  shows tha t  
the a - P d - h y d r o g e n  electrode is a r evers ib le  elec-  
t rode w i th  a va lue  of 0.0495 • 0.0005 v vs. Pt /H~ in  
the  same solut ion.  

The  reciprocals  of the  slopes of the ~ vs. i cu rves  
in  Fig. 5 are  n u m e r i c a l l y  equa l  to the r a t e  cons tan t s  
for the  ove r - a l l  h y d r o g e n  p roduc ing  reac t ions  at low 
c u r r e n t  densi t ies  (1, 6).  A plot  of these ra te  con-  
s tants  aga ins t  pH yields  the  equa t ion  g i v e n  below 
for a -Pd .  A compar i son  of the ra te  cons tan ts  (di/d~l) 
in  acid so lu t ions  (pH = 0 to ~ 3) fo r /9 -Pd ,  Pt,  and  
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Fig. 5. The pH effect on the linear portion of ~1 vs. i 
curves. 

~-Pd,  where  in  all  cases the  a p p a r e n t  c u r r e n t  d e n -  
si ty was  used in  the  calcula t ion,  is: 

f l -Pd:  - - (d i /dv )  = 4.07 --  1.96 pH 
Pt :  - - (d i /d~)  = 0.356 --  0.104 pH 

a - P d :  - - (d i /d~)  = 0.134 --  0.061 pH 

These resul t s  show tha t  the  ca ta ly t ic  ac t iv i ty  of a - P d  
is def ini te ly  lower  t h a n  the  ca ta ly t ic  ac t iv i ty  for the  
h y d r o g e n  p roduc ing  reac t ions  of fl-Pd. S ince  the 
roughness  factor  of Pd  compared  to P t  is signifi-  
can t ly  greater ,  a compar i son  of ra te  cons tan t s  of 
these e lect rode sys tems us ing  the a p p a r e n t  c u r r e n t  
dens i ty  in  the  ca lcu la t ion  is on ly  qua l i ta t ive .  

Resul ts  s imi la r  to Fig. 2, 3, and  5 were  ob t a ined  
for all  four  th icknesses  of b i -e lec t rodes  in the three  
solut ions  of d i f ferent  pH. 

Discussion 
Fig. 2 and  3 show three  d is t inc t  ~o vs. log i regions.  

The first is a n o n - T a f e l  region;  the  second reg ion  
shows a Tafel  slope of e i ther  0.03 or 0.04 d e p e n d i n g  
on the  pH of the  solut ion;  and  the  th i rd  reg ion  shows 
a Tafel  slope of 0.12. F r o m  an  ana lys i s  of the  k ine t ics  
of e lect rode processes (1, 7) the  0.03 slope r e p r e -  
sents  an  atomic c o m b i n a t i o n  cont ro l led  m e c h a n i s m ,  
whereas  0.04 r ep resen t s  a m e c h a n i s m  which  is con-  
t ro l led  by the  e lec t rochemica l  desorp t ion  step. 

The first of th ree  d iagrams,  Fig. 6a, r ep resen t s  the  
pos tu la ted  p r i m a r y  m e c h a n i s m s  for the  first r eg ion  
( n o n - T a f e l ) .  On the  cathode side, the  r educ t ion  is 
h y d r o n i u m  ions to h y d r o g e n  a toms at the  e lect rode 
surface.  The  h y d r o g e n  a toms move  to the in t e r io r  
whe re  they  lose the i r  e lect rons  to the  d - b a n d s  of 
p a l l a d i u m  atoms. The pro tons  m i g r a t e  to the anode  
side whe re  they r ega in  the i r  e lec t rons  and  move  
to the anode  surface  as h y d r o g e n  atoms. At  the  a n -  
ode sur face  the  a toms lose the i r  e lec t rons  and  are  
r emoved  f rom the  surface  as h y d r o n i u m  ions. The 
ma jo r  o v e r - a l l  r eac t ion  in  this  reg ion  is the  t r ans f e r  
of h y d r o g e n  ions f rom one cell to the  other.  

Fig. 6b indica tes  the  p r inc ipa l  e lect rode m e c h a n -  
isms pos tu la ted  for the  Tafel  reg ion  for b slopes of 
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Fig. 6a. Principle electrode mechanisms of the Pb bi- 
electrode: a, in non-Tafel region; b, in region where Zafel 
slope is either 0.03 or 0.04; c, in region where Tafel slope 
is 0.12. 
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0.03 or 0.04. Here  the same ove r - a l l  m e c h a n i s m  of 
p ro ton  t r ans f e r  f rom one cell to the o ther  sti l l  oc- 
curs;  however ,  on ly  a f rac t ion  of the c u r r e n t  is used 
in  this  mechan i sm.  On the  anode  side, most  of the 
oxidiz ing c u r r e n t  goes in to  the p roduc t i on  of oxygen  
and  an  equa l  por t ion  of the  r educ ing  c u r r e n t  on the  
cathode side goes into a molecu la r  h y d r o g e n - p r o d u c -  
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Fig. 7. Comparison of the anodic polarization of the anodic 
side of a Pd bi-electrode and of a simple Pd anode in solu- 
tions of various pH values. Open symbols refer to the simple 
anode and filled-in symbols refer to the bi-electrode. 

ing reac t ion  cont ro l led  e i ther  by  the slow a tomic  
c o m b i n a t i o n  step (b = 0.03) or by  the  slow e lec t ro-  
chemica l  desorp t ion  step (b = 0.04), d e p e n d i n g  on 
pH. 

Fig. 6c shows the  pos tu la ted  m e c h a n i s m s  for the  
Tafel  r a n g e  wi th  a b slope of 0.12. U n d e r  these cu r -  
r e n t  condi t ions  on ly  a smal l  por t ion  of the  c u r r e n t  
is used in  t r a n s f e r r i n g  pro tons  across the  b i - e l ec -  
t rade.  Most of the c u r r e n t  goes into the p roduc t ion  of 
oxygen  on the  anode side and  the p roduc t ion  of h y -  
drogen  on the  cathode side. Because  of the rap id  
fo rma t ion  of oxygen  on the  anode  side, the concen-  
t r a t i on  of a tomic oxygen  is h igh enough  so tha t  a 
s ignif icant  a m o u n t  of oxygen  could be dissolved in  
the  Pd  in  the  ionic fo rm (8,9).  The  oxygen  ions m i -  
gra te  to the  cathode side, whe re  they  fo rm a tomic  
oxygen  and  s u b s e q u e n t l y  exist  as an  oxygen  or oxide 
par t ic le  on the surface.  This  oxygen  can be r e m o v e d  
by  reac t ion  wi th  h y d r o g e n  on the  surface,  bu t  
Ubbe lhode  and  Eger ton  (10) have  shown  tha t  the  
r emova l  of oxygen  f rom the  surface  of Pd  is a slow 
process. The  oxygen  on the  surface  effect ively poi -  
sons the ca ta ly t ic  ac t iv i ty  of the surface  for the  h y -  
d r o g e n - p r o d u c i n g  react ion.  The  e x p e r i m e n t a l  da ta  
in  Fig. 2 and  3 ind ica te  tha t  at h igh  c u r r e n t  densi t ies  
the po ison ing  of the  sur face  w i th  oxygen  slows the  
h y d r o n i u m  discharge  step more  t h a n  the h y d r o g e n  
c o m b i n a t i o n  step. This resul t s  in  a change  to a Tafe l  
slope of 0.12. 

Fig. 7 compares  the  anodic  po la r i za t ion  on a P d  
b i -e l ec t rode  in  va r ious  pH solut ions  w i th  the  anodic  
po la r i za t ion  of a s imple  Pd  anode  wi th  the  same 
surface.  The  curves  for the  b i -e lec t rodes  were  de-  
t e r m i n e d  in  the m a n n e r  descr ibed in  the  exper i -  
m e n t a l  sect ion of this  paper .  The  curves  for the  
s impl  e anodes  were  d e t e r m i n e d  by  cover ing  the  
cathode sides of the  same b i -e lec t rodes  w i t h  po ly -  
e thy l ene  and  thus  i so la t ing  tha t  side of the  e lect rode 
f rom the so lu t ion  in  tha t  c o m p a r t m e n t .  The Pd  was  
t hen  connec ted  to the c u r r e n t  source as an  anode  
and  its overvol tage ,  ~7, was  de t e rmined .  By co mpa r -  
ing the t w o  sets of curves  for a g iven  pH (s imple  
anode  vs. anode side of b i - e l ec t rode )  at  a defini te  
va lue  of v, the  difference in  the two c u r r e n t  va lues  
ob ta ined  is defined as j. This  j r ep resen t s  the  a m o u n t  
of p ro ton  c u r r e n t  dens i ty  which  is necessa ry  to r e -  
duce  the  overvo l t age  of a s imple  anode  to the  same  
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Fig. 8. Proton flow through Pd bi-electrode as a function of 
current density. Open circle, pH = 1.7; open triangle, pH = 
0.9; inverted triangle, pH = 0. 

va lue  as tha t  found  on the  anodic  side of the  b i -  
electrode.  This assumes  tha t  the  same re l a t ionsh ip  
b e t w e e n  ~7 a nd  i exists for bo th  e lect rode systems. 
This  a s s u m p t i o n  is p r o b a b l y  no t  qu i te  correct ;  how-  
ever,  s ince the ra te  of change  of overvo l t age  wi th  
c u r r e n t  is smal l  for the  m a j o r  por t ion  of the c u r r e n t  
dens i ty  r a nge  g iven  in  Fig. 7, a n y  d iscrepancies  due  
to va r i a t i on  in  the  ~ vs. log i r e l a t ionsh ip  would  be 
negl ig ible .  A plot  of the  r e l a t ionsh ip  b e t w e e n  j and  i 
is g iven  in  Fig. 8. This  r epresen t s  the  p ro ton  flow 
t h r ough  the Pd  b i -e l ec t rode  as a f unc t i on  of c u r r e n t  
densi ty ,  i. As can be seen, the re  is a l i nea r  r e l a t i on -  
ship b e t w e e n  j a nd  i which  is i n d e p e n d e n t  of pH and, 
as shown  by Fig. 4, of thickness .  The  equa t ion  for 
this r e l a t ionsh ip  is: 

j =  0 .7 i  

The cons tan t  0.7 is i n d e p e n d e n t  of so lu t ion  pH 
and  c u r r e n t  dens i ty  as is shown  in  Fig.  8. I t  is i n t e r -  
es t ing to no te  that ,  of the c u r r e n t  car r ied  by  the  Pd  
me t a l  conduc tor  b e t w e e n  the  cathode a nd  the  anode  
surfaces of the  b i -e lec t rode ,  70% is p ro ton  c u r r e n t  
a nd  30% is e lec t ron  cur ren t .  In  t e rms  of the  Pd  b i -  
e lect rode as shown  in  Fig. 6, this  m e a n s  tha t  at the  
low c u r r e n t  dens i ty  r a nge  70% of the  appl ied  cu r -  
r e n t  goes in to  the  t r a n s f e r  of h y d r o g e n  ions f rom 
the  first cell  to the  second a nd  30% goes in to  the  
p roduc t ion  of the products  of the  r e duc t i on  reac t ion  
on the  cathode side and  the  ox ida t ion  reac t ion  on the  
anode  side. The  reason  could be tha t  on the  cathode 
side of the  b i - e l ec t rode  the  t r ans f e r  of adsorbed 
h y d r o g e n  a toms on the Pd  surface  t h r ough  the  sk in  
of the  me ta l  to pro tons  in  the  in t e r io r  of the  me ta l  
is s low enough  so tha t  some surface  desorp t ion  of 
a tomic  h y d r o g e n  takes  place. S imi l a r  condi t ions  
exist  on the  anodic  side of the  b i -e lec t rode .  This  
pos tu la te  is suppor t ed  b y  the  absence  of a th ickness  
effect of the b i -e lec t rode .  

In  ano the r  series of exper imen t s ,  one side of the  
Pd  m e m b r a n e  was  m a d e  an  anode  w i t hou t  b lock ing  
off the  other  side w i t h  po lye thy l ene  so tha t  this  side 
of the me t a l  was  in  contac t  w i t h  a h y d r o g e n - s t i r r e d  
H~SO, solut ion.  In  these  e xpe r i me n t s  the  P d  was  a 
s imple  anode  as in  the e x p e r i m e n t  above,  w i th  the  
except ion  tha t  in  this  case the  back  side of the Pd  
anode  was  in  contac t  w i t h  the  h y d r o g e n - s a t u r a t e d  
solut ion.  The  anodic  overvo l t age  curves  ob ta ined  for 
this sys tem at  low c u r r e n t  dens i t ies  we re  in  al l  
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cases not  s igni f icant ly  di f ferent  f rom the  overvo l tage  
curves  ob ta ined  for the anodic  side of the b i - e l ec -  
t rode for solut ions of the  same pH. Devia t ions  oc- 
cu r red  at the h igher  c u r r e n t  densi t ies .  These resul t s  
ind ica te  tha t  at low c u r r e n t  densi t ies  h y d r o g e n  ion 
t r ans f e r  took place wi th  equa l  ease f rom the  first cell 
to the second cell w h e t h e r  the  Pd  was  used as a b i -  
e lect rode or as a s imple  anode. 
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Kinetics of Metal Deposition 
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ABSTRACT 

The discharge characteristics of the deposition of lead, thal l ium, silver, 
bismuth, copper, tin, and an t imony  ions onto the solid metals, using constant 
current  vol tammetry,  are reported and discussed. 

At least two parameters  are needed to describe deposition onto solid sur- 
faces that  are not required when  working with mercury  electrodes. These are 
(a) a roughening factor, f, which may be defined as the ratio to the geometrical 
area of the surface area effective for the t ransport  of discharging molecules, 
and (b) a react ivi ty factor, 8, which is the ratio to the geometrical area of 
the area reactive to the discharge process. 

A direct comparison of kinetic data for solid metal  deposition obtained by 
different methods is not valid unless these measurements  are made while the 
metals are being cont inuously deposited at comparable current  densities and 
from identical solutions. 

In  the  past  decade, n e w  methods  for s t u d y i n g  
e lect rode kinet ics ,  in  p a r t i c u l a r  the  use of s u p e r -  
imposed a l t e r n a t i n g  vol tage  and  electrolysis  at  con-  
s t an t  cu r ren t ,  have  been  used wi th  a m e r c u r y  elec-  
trode. However ,  w i th  a few except ions,  these  n e w  
t echn iques  for k ine t ic  s t udy  have  no t  been  employed  
wi th  e lectrodeposi ts  of solid metals ,  worke r s  h a v i n g  
n a t u r a l l y  p r e f e r r ed  to use  a m e r c u r y  surface  w h e r e  
the  geomet r ica l  sur face  a rea  of the  m e t a l  can  be 
assumed  to be iden t ica l  w i th  the a rea  g o v e r n i n g  the  
t r an spo r t  of molecules  and  the i r  s u b s e q u e n t  dis-  
charge.  Wi th  any  a t t e m p t  to s tudy  the  d ischarge  at  
a solid me t a l  sur face  fo rmidab l e  e x p e r i m e n t a l  diffi- 
cul t ies  arise. A discussion of the  s ignif icance of ex-  
p e r i m e n t a l  da ta  in  this  field and  a s u m m a r y  of the  
p a r a m e t e r s  tha t  can be ob ta ined  by  m o d e r n  me thods  
are  g iven  here  since most  of the  pub l i shed  fo rmu la s  
re la te  e i ther  to o x i d a t i o n - r e d u c t i o n  processes, in  
which  both  species are in  solut ion,  or to the deposi-  
t ions of meta l s  into m e r c u r y  to fo rm amalgams .  

General Kinetic Equations 

It  is c o m m o n  prac t ice  to wr i t e  the  equa t ions  for 
the  r a t e  of deposi t ion  processes in  t e rms  of an  ex-  

change  c u r r e n t  a nd  Tafe l  slope a l though,  as elec-  
t rode k ine t ics  are  a p a r t i c u l a r  case of he te rogeneous  
chemical  processes, assisted, or o therwise ,  b y  an  ap -  
pl ied potent ia l ,  i t  wou ld  appea r  more  logical  to ex -  
press  reac t ions  in  t e rms  of a he te rogeneous  k ine t ic  
cons tan t  of d imens ions  LT -1 a nd  a p a r a m e t e r  a, the  
t r ans f e r  coefficient, showing  w h a t  f rac t ion  of the  
appl ied  po ten t i a l  assists the  d ischarge  process. It  
is gene ra l  to wr i t e  a basic equa t i on  in  the  form:  

[ . . . .  , ]  
i = i f - - i b = n a V A ~  k : C ~ e ~  --k~e (I)  

In  this equat ion ,  i is the  cathodic  c u r r e n t  in  amperes  
and  Co is the concen t r a t i on  of the  d i scharg ing  spe-  
cies at the  e lec t rode  sur face  at  an  appl ied  po ten t i a l  
of E, which  is here  t a k e n  as the  e lect rode po ten t i a l  
on the  h y d r o g e n  scale u s ing  the L e w i s - R a n d a l l  s ign  
convent ion .  A l pha  is the f rac t ion  of the  po ten t i a l  
drop at the e lect rode surface,  a s sumed  to v a r y  l i n e ,  
a r ly  w i th  d is tance  over  the  m e t a l - s o l u t i o n  in ter face ,  
which  assists the  d i scharg ing  species to s u r m o u n t  
a n y  ene rgy  b a r r i e r  b e t w e e n  its in i t i a l  a nd  d ischarged  

X P r e s e n t  a d d r e s s :  Pac i f i c  O c e a n o g r a p h i c  G r o u p ,  F i s h e r i e s  l~e- 
s e a r c h  B o a r d  of  C a n a d a ,  N a n a i m o ,  B.  C., C a n a d a .  
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states. A,. is the a rea  of electrodes which  is reac t ive  
to the  d ischarge  process, F is the Fa raday ,  and  n the 
n u m b e r  of e lec t rons  invo lved  in  the r a t e - d e t e r m i n -  
ing step. This step is no t  necessar i ly  the  same as the  
comple te  d ischarge  reac t ion  w h e n  m u l t i v a l e n t  
changes  take  place bu t  wi l l  p r o b a b l y  be so for the  
more  s imple  ionic d ischarge  react ions.  This  type  of 
d ischarge k ine t ics  gives rise to w h a t  Vet ter  (1) 
descr ibes  as a "pene t r a t i on"  overvo l tage  and  is the  
on ly  k ine t i c  step cons idered  in  this  discussion. 

The  cons tan t  k r in  Eq. (I)  has the  d imens ions  LT -~ 
of a first order  he te rogeneous  reac t ion  constant ,  bu t  
k~, u n l i k e  the b a c k - r e a c t i o n  cons t an t  for a redox  
react ion,  has the d imens ions  L-:T-L Both cons tan t s  
con ta in  a vol tage  term,  as E in  Eq. (I) is me a s -  
u red  f rom an  a r b i t r a r y  po ten t i a l  level.  I t  m a y  be 
a rgued  tha t  a reac t ion  cons tant ,  k~ should r ea l ly  
be used, this  cons t an t  app ly ing  w h e n  the  po t en t i a l  
b e t w e e n  the me t a l  surface  and  d i scharg ing  species, 
cen te red  some few A n g s t r o m  un i t s  f rom the m e t a l -  
so lu t ion  in terface ,  is t r u l y  zero. A p p r o x i m a t i o n s  to 
this  po ten t i a l  could be  used, such as the e lec t ro-  
cap i l l a ry  zero or the po ten t i a l  at which  the  • po-  
t en t i a l  is zero (2) or, fo l lowing  Mat tsson (3) ,  a po-  
t en t i a l  where  the difference b e t w e e n  the  ga lvan i  
po ten t i a l  and  a po ten t i a l  t aken  f rom inf in i ty  in  the  
so lu t ion  phase  to the  outs ide  of the  Helmhol tz  l aye r  
is zero. However ,  the va lue  of such a po t en t i a l  is 
u n k n o w n ,  and  p r o b a b l y  u n k n o w a b l e ,  and  the  con-  
s tants  kf and  k~, as defined by  Eq. ( I ) ,  a re  at p r e sen t  
the on ly  p rac t i cab le  pa ramete r s .  

Values  of kr for d ischarge  of a me t a l  ion in to  an  
al loy ( the  most  c o m m o n  ins t ance  is i n  f o r m i n g  an  
a m a l g a m )  canno t  be  compared  d i rec t ly  w i th  the  k v 

values  found  w h e n  the  same ion discharges  in to  the  
la t t ice  of a pu re  meta l ,  as the  zero in te r face  p o t e n -  
t ial  wi l l  p r o b a b l y  be m a r k e d l y  d i f ferent  in  the  two 
cases. I t  is un l ike ly ,  however ,  tha t  differences in  
kf of m u c h  more  t h a n  abou t  one or two orders  of 
m a g n i t u d e  resu l t  f rom this cause. 

On def in ing a f rac t ion:  

f l  = A ~ / A  

where  A is the  geomet r ica l  area  of the  electrode,  
Eq. (I)  becomes 

[ . . . . . .  ] 
E - -  ( 1 - -  oD - - E  

I = I f - - I b =  n F f i  k r C ~ e ~  - - k b e  ~ (II)  

whe re  I is the  a p p a r e n t  c u r r e n t  dens i ty  on the  solid 
metal ,  which  can be d i rec t ly  measured ,  and  con-  
cen t ra t ions  are  expressed as moles /cc .  

If E~ is the  revers ib le  (zero c u r r e n t )  po ten t i a l  of 
the electrode in  a so lu t ion  con t a in ing  a b u l k  a nd  
surface  concen t r a t i on  of C moles /cc ;  as Ir = I~ w h e n  
E equals  E~: 

R T  ~G R T  
E, -- In - -  In C 

n F  kr n F  

C o m p a r i n g  this  wi th  the  Nerns t  equa t ion :  

R T  
E, = E ~ - - - - l n  ( ac t iv i ty  of d i scharg ing  spe-  

n F  

cies) shows tha t  the  s t a n d a r d  po ten t i a l  E ~ is g iven  
by:  

R T  k~ 
E ~ -- In y 

n F  k r  
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where  y is a factor, r e la ted  to the m e a n  ac t iv i ty  
coefficient of the  d i scharg ing  species, which  has the  
d imens ions  L *. 
Hence:  

~__~_~ E~ 
kb = ~kt e R~ 

Y 

and  Eq. ( I I )  can be w r i t t e n :  

[ . . . . . . .  , ] 
- - ( E - z ~  I -(i--~)-~-r(z--E~ 

I = n F f l  k ~ Co e "r - -  - -  e 
Y 

( I I I )  

or as: 
C ~  -~nF ,,F ] 

I ( ~ ) = I o ( ~ ) L - - e ~ r  --e  ,r  
C 

w he r e  C is the  b u l k  c onc e n t r a t i on  of the  d ischarge  
species. These  equa t ions  can  be used to d e t e r m i n e  
Io and  ~ f rom e x p e r i m e n t a l  da ta  by  t a k i n g  the  ex-  
t r eme  cases w he r e  e i ther  y is so smal l  tha t  an  ex-  
pans ion  of the exponent ia l s ,  i gno r ing  h igher  terms,  
is va l id  or y is sufficiently la rge  for the  back  reac-  
t ion  to be negl ig ible .  In  al l  cases, however ,  a de te r -  
m i n a t i o n  of the Io(~) va lue  for a deposi t ion  reac t ion  
onto a solid m e t a l  [Eqs. (V) and  ( V I ) ]  does no t  

(VII I )  

where :  
anF nF 

_ _ E  o _ ( 1 - - ~ ) - - E  ~ 

k ~ = k r  e ~ = k b y  e R~ (IV) 

The  cons t an t  k ~ is r e l a t ed  to the  cons t an t  ks~ used 
by  De lahay  (4) .  The  use of such a cons t an t  has the  
a d v a n t a g e  t ha t  i t  is more  charac ter i s t ic  of a reac t ion  
t h a n  is k r or kb because  it  no longer  depends  in  m a g -  
n i t u d e  on the va lue  of E which  is m e a s u r e d  on an  
a r b i t r a r y  po ten t i a l  scale. However ,  E ~ is no t  k n o w n  
for m a n y  me t a l  deposi t ions  react ions,  u n l i k e  the 
co r respond ing  va lue  for a redox  reac t ion  which  is 
c ompa r a t i ve l y  easy to eva lua te .  

The  a p p a r e n t  exchange  c u r r e n t  dens i ty ,  lots), is 
equa l  to It(s) or Ib(~> at the revers ib le  po ten t i a l  Er(s>, 
hence  f rom Eq. ( I I )  : 

anZ,' 
Er(~)  

I.(~> = n F f l  kr C e R~ (V) 

F r o m  Eqsl ( IV) a nd  (V) and  the  Nerns t  equat ion,  
it fol lows tha t  one can also wr i t e :  

Io(~> = n F f i  k ~ y-" C ~-" (VI)  
Wi th  a redox system, or where  a me ta l  is deposi ted 
into mercu ry ,  p rov ided  tha t  the act ivi t ies  of oxi-  
dized and  reduced  forms are about  equal ,  the  equ iv -  
a len t  equa t ions  to (V) and  (VI)  are:  

anF 
- -  E r ( l )  

I~ = n F  k~ C e ~ (Va)  
and:  

Ioo) = n F  k~  C (Via )  

The pa ren theses  (s) and  (1) in  the above equa t ions  
are used to denote  a reac t ion  t ak ing  place at  a solid 
me t a l  surface or at  a m e r c u r y  or a m a l g a m  surface.  
Eq. ( I I )  is of ten w r i t t e n  in  t e rms  of Io(~) a nd  the  
overvo l tage  v = (E~--  E) as: 

..... [ - ]  
I(~> = I.(~) e ~ 1 - -  e ~ (VII)  
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enab le  a veloci ty  cons tan t  to be ob ta ined  as is the  
case w i th  Eqs. (Va) and  (V ia ) .  The t e rm  (fl k ~ y-~) 
is de t e rmined ,  y-~ can  be e l i m i n a t e d  if E, a nd  E ~ 
are k n o w n  or (fl kr) f ound  f rom Eq. (V) if E~ alone 
is k n o w n .  

The cons tan ts  fl and  k ~ or k r canno t  be  de te r -  
m i n e d  sepa ra t e ly  by  a n y  k n o w n  m e t h o d  and  the 
best  a p p r o x i m a t i o n  at p resen t  is to assume tha t  the 
cons tan ts  k ~ or kf for a g iven  d ischarge  reac t ion  a re  
the same w h e n  the  me ta l  is deposi ted into m e r c u r y  
as w h e n  it  is deposi ted out  on a solid me t a l  surface.  
This a s sumpt ion  may,  as m e n t i o n e d  earl ier ,  be sub -  
ject  to e r ror  and  the  on ly  obvious a l t e r n a t i v e  is to 
work  w i th  s ingle  crys ta l  faces in  h igh ly  pur i f ied  
solut ions  and  assume tha t  fl is n e a r  to un i ty .  

If the r a t e  cons tan ts  and  ~ va lues  for l iqu id  and  
solid surfaces are assumed  to be a p p r o x i m a t e l y  
equal,  fl can be eva lua t ed  by  t a k i n g  the  ra t io  of the 
a p p a r e n t  exchange  c u r r e n t  densi t ies  Io(,) and  Io(,~ at 
the same C values.  F r o m  Eqs. (V) and  (Va) : 

a ~  
Io(s) - -  (E~(s)-- ErO)) 

- -  ~ f l e  ~ (IX) 
Io(1) 

or f rom (VI) and  (Via )  
anF 

Io<s) - -  (E~(s)--E~ (1)) 
-- fl C-~ y-= = fl e ~r (X)  

Io( l )  

these equa t ions  be ing  prac t ica l ly  equ iva len t ,  as 
wi th  equa l  ac t iv t i t ies  of oxidized and  reduced  forms,  

In  all  e x p e r i m e n t a l  t echn iques  used at p r e sen t  
for the  d e t e r m i n a t i o n  of kr and  ~ va lues  some con-  
cen t r a t i on  po la r i za t ion  is encoun t e r ed  and  m u s t  be 
e l i m i n a t e d  by a su i t ab le  m a t h e m a t i c a l  t r e a t m e n t ,  
gene ra l l y  i n v o l v i n g  a so lu t ion  of F ick ' s  equat ion .  
W h e n  w o r k i n g  wi th  m e r c u r y  the  a s sumpt ion  is 
m a d e  tha t  surface  a rea  effective for the t r a n s p o r t  
process, A,, is iden t i ca l  wi th  the  geomet r ica l  area  A. 
This m a y  wel l  no t  be  the case wi th  a solid m e t a l  and  
a diffusion roughness  factor, ], can be defined f rom:  

f ---- A t / A  
This  factor  is no t  the  same as fl or as a t r ue  su r -  

face factor  m e a s u r e d  by  gas adsorpt ion,  capaci ty  
measu remen t s ,  or s imi la r  techniques .  The  factor  f 
depends  on the re l a t ive  size of sur face  i r regu la r i t i e s  
and  on the  th ickness  of the t r an spo r t  l ayer  at  the 
surface,  which  m a y  or may  not  fol low the  surface 
contours.  ;f m a y  be r e l a t ed  to fl bu t  this  is not  neces-  
sar i ly  so and  no genera l i za t ions  can be made.  

Techniques  Employed  

S teady - s ta t e  curren t -vo l tage  m e a s u r e m e n t s . -  
S t e a d y - s t a t e  po la r iza t ion  curves  have  been  used ex-  
t ens ive ly  to s tudy  e lec t rodepos i t ion  on solid elec-  
trodes, b u t  compa ra t i ve ly  l i t t le  work  has b e e n  re -  
por ted  whe re  t r a n s p o r t  po la r iza t ion  has been  com- 
p le te ly  e l i m i n a t e d  or accura te ly  a l lowed for in  cal-  
cu la t ions  of k ine t ic  da ta  (5-7) .  The  t echn iques  a nd  
app rox ima t ions  are too n u m e r o u s  to summar i z e  bu t  
gene ra l l y  Io and  a va lues  are r epor ted  based  on the 
solut ion of equa t ions  such as (VII )  or (VI I I ) .  The 
p resen t  au thors  (8) have  descr ibed  a po la rographic  
t echn ique  where  t r anspo r t  by  convect ive  diffusion 
is a l lowed for and  wh ich  e n a b l e s  a and  (fl kr) to be 
d e t e r m i n e d  for m o d e r a t e l y  slow discharge  react ions.  

None of these methods  is sa t i s fac tory  for s t u d y i n g  
r ea l l y  fast  d ischarge  processes. 

Impedance  m e a s u r e m e n t s  w i t h  a periodically  
changing p o t e n t i a L - - W o r k  wi th  solid electrodes in  
aqueous  solut ions  has b e e n  repor ted  by  Hi l l son  (9) 
in  the  case of Cu. The difficulties e n c o u n t e r e d  w h e n  
us ing  this me thod  arise f rom the  fact  t ha t  the  be -  
hav ior  is no t  tha t  to be  expected  f rom a u n i f o r m  
reac t ive  surface.  Con t inuous  deposi t ion  does no t  
t ake  place to r e n e w  the m e t a l  surface  d u r i n g  meas -  
u remen t s .  Rather ,  ions are  l e a v i ng  a nd  e n t e r i n g  the 
me t a l  surface  in  equa l  n u m b e r s ,  a process which  does 
not  i n su re  m a i n t e n a n c e  of a con t inuous ly  act ive 
surface  and  r e m o v e  impur i t i e s  f rom so lu t ion  in  the  
v i c in i ty  of the  meta l .  F i xe d  discharge  cen te rs  fo rm 
which  are p r one  to po ison ing ;  fi t ends  to be  less 
t h a n  the  v a l u e  f ound  by  methods  i n v o l v i n g  con-  
t inuous  p la t ing ,  fl is c r i t i ca l ly  d e p e n d e n t  on sur face  
p r e pa r a t i on  and  is l ike ly  to change  d u r i n g  the  
course of a s ingle  expe r imen t .  Other  e x p e r i m e n t a l  
compl ica t ions  cen te r  r o u n d  the  v a r i a t i o n  of double  
layer  capaci ty  w i th  f r e q u e n c y  e n c o u n t e r e d  w i th  
solid surfaces (10, 11). The re  is doub t  w h e t h e r  the  
t echn ique  shows m u c h  p romise  w i th  solid electrodes 
despi te  its i m p o r t a n c e  in  s t u d y i n g  d ischarge  p roc-  
esses at m e r c u r y  surfaces (12-17) .  

Idea l ly  the  m e t h o d  should  give va lues  for  a, f and  
( i l k  ~ y-~ if the  diffusion coefficient D of the  dis-  
cha rg ing  species is k n o w n  or ( f lkf )  if E, is also 
measured .  The  va lues  for f a nd  fl wi l l  be qu i t e  d i f -  
f e ren t  t h a n  those opera t ive  d u r i n g  a con t inuous  p l a t -  
ing process and  wi l l  have  l i t t le  f u n d a m e n t a l  signifi-  
cance. If R~ a nd  Ra a re  the  reac t ive  a nd  diffusive 
res i s tance  of an  electrode,  ca lcu la ted  f rom the com-  
plex impedance  by  m a k i n g  cor rec t ion  for the double  
l ayer  capaci ty ;  

n~ F~ C A k O y-o C-~ fi -~ ~f (2Dw)li ~ 

1 
where Ra---- w Ca' C~ being the diffusive capacity, 

RT 
whence  R~ ~- can be ca lcu la ted  as R and  

n F Io(~ A 
Ca are  m e a s u r a b l e  quant i t ies .  

The cor respond ing  equa t ions  for the  same dis-  
charge reac t ion  on a m e r c u r y  surface,  w he re  the  
me ta l  dissolves and  has equa l  ac t iv i ty  in  bo th  
phases, are:  

R T  
whence  aga in  R~---- a nd  L~,~ can  be  ca l -  

n F Io(~) A 
culated.  
The  factor  f depends  on the f r e q u e n c y  w/2~r used 
and  wi l l  be  g rea te r  t h a n  un i ty ,  if the sur face  is u n i -  
fo rmly  react ive ,  un less  the  surface  i r r egu la r i t i e s  
have  a rad ius  less t h a n  abou t  10 -~ cm. The  surface is 
p robab ly  far  f rom u n i f o r m  in  act ivi ty ,  however ,  and  
Vet te r  (18) has cons idered  the  case w he r e  reac t ive  
centers  are p re sen t  on an u n e v e n  surface.  

Studies  at  constant  c u r r e n t . - - T h e  use  of cons tan t  
c u r r e n t  v o l t a m m e t r y  has b e e n  r e v i ve d  r ecen t ly  and  
appl ied  to k ine t i c  s tudies  (19-24) .  For  a r ap id  dis-  
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charge process the equa t ion  for a " revers ib le"  de-  
posi t ion process at a solid e lect rode is: 

E = E ~ --__RT in  y --  in  ( ~ : : ' - - t  1/ ' )  (XI)  
n F  n F  

where  E is the vol tage  at t ime  t seconds and  r is the 
" t r ans i t i on  t ime",  the  t ime  t aken  f rom first a p p l y i n g  
a c u r r e n t  of a p p a r e n t  dens i ty  I~) u n t i l  the vo l tage  
a b r u p t l y  tends  to inf ini ty .  As ~: '  is r e la ted  to the  
c u r r e n t  densi ty ,  be ing  i nve r se ly  propor t ional ,  a plot  
of E aga ins t  log (r ~ : ' -  t ~:') wil l  give a separa te  l ine  
f o r  each va lue  of L.), bu t  all  l ines  wi l l  have  the  ideal  
Nerns t  slope of 0 .0591/n a t  25~ 

F o r  a slow discharge  process the equa t ion :  

E =  i n  - - -  I n  ( z  " / ' - t  1/') 
a n F  n F C f f i k :  n Y  

(XI I )  
appl ies  at  vol tages  in  excess of abou t  O.1/n v f rom 
the  revers ib le  potent ia l .  As ( L , ) ~ : )  is a cons tant ,  
at least  over  a l imi t ed  r ange  of I , )  values,  a plot  of E 
aga ins t  log (7 ~ : ' -  t ~/') should  give on ly  one s t ra igh t  
l ine  i r respec t ive  of the  va lue  of I<.) and  the  slope 
wi l l  be a measu re  of a. f can be d e t e r m i n e d  i nde -  
p e n d e n t l y  f rom the  equa t ion :  

2 I(s) r ~/' 
: = (XI I I )  

~:~ n F D ~:~ C 

if D is k n o w n .  F r o m  Eqs. (XlI) and  (XlII) (B k:) 
can be eva lua ted .  Io.) fol lows [Eq. ( V ) ]  if E~ is 
m e a s u r e d  before  app ly ing  the cu r ren t .  Ger i scher  
(25) has used an  ex t r apo la t i on  t echn ique  to 
give the  E va lue  at zero t f rom which  Io,> and  a can 
be found.  A di f ferent  b u t  e legan t  m e t h o d  of ex -  
t r ac t ing  da ta  f rom m e a s u r e m e n t s  by  this t e chn ique  
is descr ibed b y  Giers t  (26).  

T r a n s i t i o n  t imes  of the  order  of 10-100 sec are 
ob ta ined  us ing  I , )  va lues  of the order  of 10 -~ a m p /  
cm ~. The  use of short  c u r r e n t  burs t s  and  the  oscil- 
lographic  m e a s u r e m e n t s  of po ten t i a l  over  shor t  t ime  
in t e rva l s  ( gene ra l l y  v e r y  m u c h  less t h a n  r) has been  
descr ibed  (27-29) and  idea l ly  v e r y  la rge  k: values  
could be m e a s u r e d  by  such a method,  bu t  accura te  
compensa t ion  is necessa ry  for capac i t ive  effects at  
the  e lect rode surface  and  this  is l ike ly  to give 
t roub le  w i t h  solid electrodes.  

Presen t  Inves t iga t ion  
The use of con t inuous ly  appl ied  cons tan t  c u r r e n t  

( in  cont ras t  to square  w a v e  c u r r e n t  impulses )  has 
rece ived l i t t le  a t t en t i on  wi th  e lec t rodeposi t ion  on 
solid electrodes.  No k ine t i c  p a r a m e t e r s  r e su l t ed  
f rom the w o r k  of T u r n e r  and  W i n k l e r  (30) or f rom 
the few e x p e r i m e n t s  m a d e  by  Rei l ley  and  c o - w o r k -  
ers (31) in  the i r  e v a l u a t i o n  of the  cons tan t  c u r r e n t  
t e chn ique  as an  ana ly t i ca l  tool. F i a n d a  and  Nagel  
(23) s tud ied  the deposi t ion  of Ag and  found  it re -  
vers ible ,  bu t  a cor rec t ion  for roughness  (24) was  
needed  and  there  was  somet imes  ev idence  of the  
presence  of a h igh ly  act ive surface  to the  in i t i a l  
me ta l  u n t i l  deposi t ion  of a f resh surface  took place. 
In  the p re sen t  work  the deposi t ion  of a la rge  n u m -  
ber  of compara t i ve ly  " u n c o m p l e x e d "  ions, m a i n l y  
perchlora tes ,  was studied,  the  factor  f found  and  re -  
duct ions  classified as i r r eve r s ib l e  or revers ib le .  In  
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~r  

Fig. 1. Diagram of cell 

the  la t te r  case, the  reac t ions  were  too rap id  for 
k ine t i c  ana lys i s  by  cons tan t  c u r r e n t  v o l t a m m e t r y  at 
I , )  va lues  a r o u n d  5.10 ~ a m p / c m  ~ (or abou t  ha l f  an  
amp / fV) .  Values  for ~ a nd  (fl kf) for Bi a n d  Cu de-  
posi t ions  have  been  d e t e r m i n e d  and  the resul t s  com-  
pa red  w i th  resul t s  ob ta ined  by  other  techniques .  

Experimental Procedure 
The c i rcui t  used was  p rac t i ca l ly  iden t i ca l  wi th  

tha t  descr ibed  by  De lahay  and  Mat t ax  (21).  The 
cell used, however ,  was des igned  specifically for this  
i nves t iga t ion  and  is shown in  Fig. 1. A pol ished P t  
disk, A, acted as ca thode (a f te r  p l a t i ng  w i th  the  
me t a l  concerned)  and  was fixed in  a po lye thy l ene  
ho lder  a nd  c e m e n t e d  into place w i t h  a m i x t u r e  of 
P ic ien  and  paraff in w a x  which  i n su l a t e d  the  back  of 
the disk and  the  w i r e  lead, 3, a nd  p r e v e n t e d  any  
creep back  of electrolyte .  The  cathode, w i t h  about  
~/~ cm of edge shielding,  was  held  s y m m e t r i c a l l y  
severa l  cm above a P t  disk anode,  B, of the  same 
area  (2.24 cm2), be ing  separa ted  f rom it by  a coarse 
glass s inter .  The  cell was  filled w i th  e lec t ro ly te  and  
deoxygena t ed  by  pass ing  e lect rolyt ic  h y d r o g e n  
t h r ough  tube  1 and  out of t u b e  2 whi le  the  whole  
e q u i p m e n t  was  i m m e r s e d  in  a w a t e r  ba th  t h e r m o -  
s ta t ica l ly  cont ro l led  at 25 ~ _0 .1~  The  cap i l l a ry  
p robe  for m e a s u r i n g  the w o r k i n g  po ten t i a l  was  less 
t h a n  0.5 m m  d i a m e t e r  at the  t ip and  pro jec ted  less 
t h a n  1 m m  f rom the  back  of the  cathode. A l t h o u g h  
this  is no t  pe rhaps  the  ideal  a r r a n g e m e n t  (4) it 
seemed abou t  the  most  p rac t ica l  and  was though t  to 
give a r e p r e s e n t a t i v e  po t en t i a l  for the  ca thode  su r -  
face to w i t h i n  1 or 2 my.  The  probe  was  filled w i th  
the w o r k i n g  e lec t ro ly te  and  connec ted  v ia  a sa tu -  
r a ted  a m m o n i u m  n i t r a t e  sal t  br idge,  4, to the  calo- 
me l  ha l f -ce l l ,  5. A cons t an t  cur ren t ,  v a r y i n g  be -  
t w e e n  abou t  0.1 and  0.4 m a  in  magn i tude ,  could be 
passed b e t w e e n  A a nd  B a nd  the  po ten t i a l  b e t w e e n  
A and  C m e a s u r e d  aga ins t  t ime  wi th  a L&N Speedo-  
mox  record ing  po t e n t i ome t e r  of abou t  2 seconds r e -  
sponse t ime. T r a n s i t i o n  t imes,  b e t w e e n  abou t  10 
and  200 sec, were  recorded a nd  the  cons tancy  of the  
p roduc t  (I(s)1/~) a nd  (I(s)C -1) checked for a t h r ee -  
to fourfo ld  v a r i a t i o n  of I(s) and  C before  vo l tage-  
t ime  curves  were  taken .  These p roduc t s  we re  a lways  
cons tan t  to w i t h i n  1-2%.  The  P t  ca thode was  corn- 
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Fig. 2. Reversible reduction, 4.10-SM T1 § in 1M NaCI04 

ple te ly  covered by  the me ta l  u n d e r  s tudy,  af ter  
which  v o l t a g e - t i m e  curves  were  h igh ly  r ep roduc ib le  
f rom e x p e r i m e n t  to expe r imen t .  

Solu t ions  were  p r epa red  f rom ana ly t i ca l  qua l i t y  
reagents  and  the base e lect rolytes  pur i f ied by  shak-  
ing w i th  n e u t r a l  ac t iva ted  a lumina .  Diffusion coeffi- 
c ients  and  s t a t i ona ry  e lec t rode  po la rog rams  were  
d e t e r m i n e d  as descr ibed  p rev ious ly  (8) .  The  me t a l  
salts had  the same an ion  as the base electrolyte .  

Results 

The deposi t ions  s tud ied  were  e i ther  r eve r s ib l e  or 
m a r k e d l y  i r revers ib le .  A n  example  of the  fo rmer  is 
shown in  Fig. 2 for  4.10~M T1 in  1M NaC10~. The 
slope is exac t ly  theore t ica l  and  the  sepa ra t ion  of 
l ines is m a r k e d  even  w h e n  the  c u r r e n t  dens i ty  
changes  by  on ly  abou t  10%. The  i r r eve r s ib l e  de-  
pos i t ion  of 4.10-~M Cu in  1M NaC10, is shown  in  Fig. 
3 whe re  a s t ra igh t  l ine  is found  wi th  po ten t ia l s  more  
cathodic t h a n  abou t  0.04 v. In  this  and  o ther  Jr- 

- 0 . 0 2  - 0 . 0 6  -O . lO  

Potential (VS. sat. caL) 

Fig. 3. Irreversible reduction, 4.10-SM Cu s+ in 1M NaCIO 4 

revers ib le  reduc t ions  all poin ts  fell  on the  same line, 
even  wi th  c u r r e n t  dens i ty  changes  of 50-100%. 

The q u a n t i t a t i v e  resu l t s  of this  i nves t i ga t i on  are 
shown  in  Tab le  I. Al l  v o l t a g e - t i m e  curves  were  ob-  
t a ined  us ing  4.10-~M solut ions  in  the  base  e lec t ro-  
lytes  shown,  w i th  a p p a r e n t  c u r r e n t  densi t ies  of 
abou t  2-5.10 -~ a m p / c m  ~, i.e., abou t  the  lowest  d e n -  
sities used in  commerc ia l  e lec t ropla t ing ,  f va lues  
were  ca lcula ted  f rom Eq. (XI I I ) ,  u s ing  po la ro -  
graphic  D values,  and  (fl k,) va lues  were  ob ta ined  
f rom the plot  of Eq. (XII )  a n d  thence  Io(s) us ing  Eq. 
(V).  The va lues  for (fi k ~ are  es t imates  based on 
va lues  for E ~ in  L a t i m e r  (32).  Da ta  by  cons tan t  
cur ren t ,  deno ted  C.C., are  compared  w i th  the da ta  
ob ta ined  by  solid e lect rode p o l a r o g r a p h y  (8) ,  de-  
no ted  S.E.P., us ing  the  same solu t ion  for bo th  ex-  
pe r iments .  

In  add i t ion  to the  e x p e r i m e n t s  show n  in  Tab le  I, 
o thers  were  m a d e  which  m a y  be r epor t ed  briefly. 
S t a n n o u s  Sn  in  a concen t r a t i on  which  was  u n d e t e r -  

Table I. Quantitative results 

M e t a l  Io(s) • 10 4 
ion Base  e lee troiy te  M e t h o d  D x  10 s f S l o p e  Er (x ~ k D  (~ kO) • 10  ~ a m p / e r a  2 

T1 1M NaC10~ C.C. 1.88 1.04 0.059 -~0.47 Reversible 
S.E.P. 1.0 0.060 Jr0.47 Reversible 

Ag 0.5M KNO, C.C. 1.50 1.06 0.058 --0.63 Reversible 
S.E.P. 1.0 0.060 --0.63 Reversible 

Pb 1M NaC104 C.C. 0.92 1.00 0.031 -I-0.19 Reversible 
S.E.P. 1.0 0.0305 -F0.19 Reversible 

Bi 1M Tartar ic  C.C. 0.41 0.98 0.0208 --0.18 Reversible 
acid S.E.P. 1.0 - --0.18 Two or more reducing species 

Reversible reduct ion for major  component.  
Cu 1M NaC10, C.C. 0.68 1.00 0.092 --0.27 0.32 0.14 4.1 1.7 

S.E.P. 1.0 0.080 --0.255 0.37 0.68 5.6 4.5 
Bi 1M HC10~ C.C. 0.60 1.12 0.0354 --0.24 0.56 960 0.17 2.9 

S.E.P. 1.0 0.056 --0.245 0.35 10 3.25 7.4 
Bi 1.0M KCI C.C. 0.87 1.17 0.0333 --0.12 0.59 0.9 2.3 3.6 

0.1M tIC1 S.E.P. 1.0 0.0345 --0.125 0.57 1.3 4.6 5.2 
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m i n e d  bu t  n e a r  to 4.10-~M gave r eve r s ib l e  behavior ,  
the slope be ing  0.0302 compared  w i th  the  theore t ica l  
0.0296. The  plots ob ta ined  w i t h  Sb in  a lka l i  a nd  
acid were  poor, i nd i ca t ing  consecut ive  reduc t ions  
f rom a solut ion con t a in ing  more  t h a n  one species of 
ion. This  effect was least  m a r k e d  in  acid where  the  
m e a n  slope was n e a r  to tha t  expected  f rom a r e -  
vers ib le  3 v a l e n t  reduc t ion .  

Sa t i s fac tory  plots were  no t  ob t a inab l e  f rom da ta  
for Cd in  su l fa te  so lu t ion  or for Ni a n d  Z n  solut ions  
in  e i ther  acid or alkali .  E i ther  no t r ans i t i on  t ime  
was ob ta ined  or it  was  too poor ly  defined to be of 
q u a n t i t a t i v e  value .  

Discussion 
The cons tan t  c u r r e n t  method ,  us ing  c u r r e n t  d e n -  

sities g iv ing  t r ans i t i on  t imes  b e t w e e n  abou t  10 and  
200 sec, can be used for k ine t ic  m e a s u r e m e n t s  w i th  
solid electrodes,  bu t  m a n y  d ischarge  processes of the  
softer meta l s  are too r ap id  for m e a s u r e m e n t  a nd  are  
recorded as " revers ib le" .  The  r eve r s ib l e  or i r r eve r s -  
ible  behav io r  depends  on fl as wel l  as the  va lue  of k ~ 
The  discharge  of Cu f rom perch lo ra te  and  Bi f rom 
chloride,  wh ich  is r eve r s ib l e  po la rograph ica l ly  on Hg, 
p r e s u m a b l y  appears  i r r eve r s ib l e  he re  at a solid elec- 
t rode because  fl is m u c h  less t h a n  un i ty .  Compar i son  
of the  Io~s~ va lue  ob ta ined  in  this w o r k  for Cu wi th  
the  Io,~ va lue  ca lcu la ted  f rom the  da ta  of Randles  
and  S o m m e r t o n  (17) suggests tha t  fl is on ly  a few 
per  cent. A s imi la r  ca lcu la t ion  for Bi in  pe rch lo ra t e  
gives fl as n e a r l y  100% for this  sof ter  meta l ,  i nd i ca t -  
ing tha t  the d ischarge  process i tself  is slow, as 
would  be expected  f rom an  ion such as (Bi 0)% 

Values  for ] are  n e v e r  m u c h  grea te r  t h a n  un i ty ,  in  
a g r e e m e n t  wi th  the microscopic appea rance  of the  
p la ted  metals .  

Data  ob ta ined  by  Hi l lson (9) on solid Cu elec-  
trodes, us ing  the a-c  b r idge  method,  have  b e e n  re -  
ca lcu la ted  bu t  show no a g r e e m e n t  w i th  the  p re sen t  
work.  Hi l l son ' s  va lue  for ] is ve ry  small ,  abou t  2%, 
ind i ca t ing  tha t  la rge  areas  of the  e lec t rode  a re  i n -  
active, and  ye t  the  a p p a r e n t  exchange  c u r r e n t  d e n -  
si ty is n e a r l y  one h u n d r e d  t imes  as grea t  as f o und  in  
the p resen t  work  and  his va lue  for ~ is n e a r l y  twice 
as great.  It  appears  to be of l i t t le  va lue  to compare  
da ta  ob ta ined  by  di f ferent  methods  un less  the  n a -  
t u r e  of these  me thods  is such tha t  the  sur face  con-  
d i t ion  of the me t a l  is r ep roduc ib le  and  this  can be 
ensu red  only  by  h a v i n g  con t inuous  deposi t ion  of 
f resh me ta l  at comparab le  c u r r e n t  densi t ies  f rom 
ident ica l  solut ions  in  bo th  procedures .  In  v iew of 
this, a va lue  of 0.43 for ~ and  5.10-' a m p / c m  ~ for I~s> 
ob ta ined  by  Shre i r  and  Smi th  (7) w i th  an  acid 
copper  su l fa te  so lu t ion  and  c u r r e n t  densi t ies  50-100 
t imes  g rea te r  t h a n  used here,  m a y  be cons idered  to 
be in  genera l  ag reement .  The  a g r e e m e n t  b e t w e e n  a 
and  k ~ values ,  ob ta ined  by  cons tan t  c u r r e n t  and  by  
solid e lect rode po l a rog raphy  on the same solut ions,  
is ve ry  good in  the  case of Cu f rom pe rch lo ra te  a nd  
Bi f rom chloride.  The  a g r e e m e n t  is no t  sa t i s fac tory  
w i t h  the Bi r educ t ion  f rom perch lo ra te  and  the  r ea -  
son is no t  at  once obvious  as repea t  e x p e r i m e n t s  b y  
both  methods  gave resu l t s  agree ing  to w i t h i n  a few 
per  cent. The  po la rograph ic  resu l t  m a y  be  mi s l ead -  
ing, however ,  as low va lues  for a can be ob ta ined  by  

this  me thod  if two or more  reduc ib le  forms of the 
me ta l  are  p re sen t  in  solut ion.  The  solid electrode 
po la rograms  of Sb in  t a r t ra te ,  Bi in  t a r t r a t e  and  
o ther  solut ions  did no t  give smooth  curves ,  bu t  
wha t  appeared  to be curves  a r i s ing  f rom the  r eve r s -  
ible  r educ t ion  of the  metal ,  p r e sen t  in  one s tate  of 
combina t ion ,  fo l lowed by  the  i r r eve r s ib l e  r e duc t i on  of 
a m i n o r  a m o u n t  of the  me t a l  combined  in  a less easi ly  
r educ ib le  form. Such behavior ,  by  the  n a t u r e  of the 
me thod  used, can  give m i s l e a d i n g  i n f o r m a t i o n  by  
the  po la rograph ic  method,  b u t  w i th  the  cons t an t  cu r -  
r en t  p rocedure  m a y  not  give resul t s  t ha t  differ 
g rea t ly  f rom those to be expected  f rom the  p re -  
d o m i n a n t  species alone.  

The  unsa t i s f ac to ry  behav io r  of Ni a nd  Z n  solu-  
tions, even  in  a lka l ine  media ,  can be a t t r i b u t e d  to 
w a t e r  r educ t ion  (33) and  the  r educ t ion  of h y d r o g e n  
ions, or water ,  p r e v e n t e d  r epe t i t i on  of the  pub l i shed  
work  on c a d m i u m  sulfate.  Using iden t ica l  condi -  
t ions  to those descr ibed  by  Lorenz  (27) it  was  no t  
possible  to record a t r ans i t i on  t ime  because  of the  
f o r ma t i on  of hydrogen .  
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Hydroelectric Power Resources of British Columbia and the Yukon 
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British Columbia Electric Company, Ltd., Vancouver, British Columbia, Canada 

The  h y d r o  r e sou rces  of B r i t i sh  C o l u m b i a  a n d  the  
Y u k o n  a r e  d iscussed.  To acqu i r e  p e r s p e c t i v e  at  the  
outset ,  a c o m p a r i s o n  is m a d e  b e t w e e n  these  r e -  
sources  a n d  the  h y d r o  r e sou rces  of t he  o t h e r  p r o -  
v inces  of Canada .  T a b l e  I, c o l u m n  2, shows  the  p r e s -  
en t  d e v e l o p e d  h o r s e p o w e r  in  Canada ,  w i t h  Quebec  
in t he  lead ,  w i t h  n e a r l y  8 m i l l i o n  hp,  f o l l o w e d  b y  
Onta r io ,  5.3 m i l l i on  hp,  a n d  Br i t i sh  C o l u m b i a  in  
t h i r d  p l ace  w i t h  2.2 m i l l i o n  hp.  T a b l e  I, c o l u m n  1, 
shows  the  u n d e v e l o p e d  h y d r o  p o t e n t i a l  r e m a i n i n g  in 
the  v a r i o u s  p rov inces ,  a g a i n  w i t h  Quebec  in  the  lead,  
w i t h  some 201/2 m i l l i o n  hp,  and  B r i t i s h  C o l u m b i a  
in  second  p l ace  w i t h  11 m i l l i o n  hp.  

These  f igures  a r e  t a k e n  f r o m  a p u b l i c a t i o n  of the  
D e p a r t m e n t  of N o r t h e r n  Affa i r s  and  N a t i o n a l  R e -  
sources ,  M a r c h  1956, a n d  r e p r e s e n t  t he  bes t  i n f o r m a -  
t ion  a v a i l a b l e  to t he  D e p a r t m e n t  a t  t he  t i m e  t h e y  
w e r e  compi led .  

To i l l u s t r a t e  h o w  the  p i c t u r e  changes  as m o r e  is 
l e a r n e d  of the  resources ,  in  p l ace  of the  a p p r o x i -  
m a t e l y  11 m i l l i o n  hp  f igure  for  Br i t i sh  Co lumbia ,  
use  the  e s t i m a t e  m a d e  b y  the  W a t e r  R igh t s  B r a n c h  
of t he  P r o v i n c i a l  G o v e r n m e n t  in  N o v e m b e r  1955 
( T a b l e  I, c o l u m n  1, f igure  in  p a r e n t h e s e s ) .  On the  
bas is  of t he  p r o v i n c i a l  f igure,  the  u n d e v e l o p e d  h y d r o  
p o t e n t i a l  in  B r i t i sh  C o l u m b i a  is v e r y  c lose  to t h a t  of 
Quebec ,  s t a n d i n g  at  some 23 m i l l i o n  hp.  I t  is no t  

Table I. Available water power and developed water power in 
Canada at the end of 1955 

Avai lable  24-hr 
power  at  80% 

efficiency, o rd inary  
6 months  flow Insta l led  

hp hp 

Quebec 20,445,000 7,975,657 
Ontar io  7,261,000 5,367,866 
Bri t i sh  Columbia  10,998,000 2,271,460 

(22,913,000) * 
Mani toba 5,562,000 796,900 
Newfoundland  2,754,000 329,150 
Albe r t a  1,258,0G0 284,010 
Nova Scotia  156,000 177,018 
New Brunswick  334,000 164,130 
Saska tchewan  1,120,000 109,835 
Yukon and N. W . T .  814,000 33,240 
Pr ince  E d w a r d  Is land 3,000 1,882 

Canada  50,705,000 17,511,148 

Source:  Dept.  of Nor the rn  Affa i rs  and  Nat ional  Resources,  M a r c h  
1956. 

* W a t e r  Rights  Branch,  P rov ince  of Br i t i sh  Columbia,  N o v e m b e r  
1955. 

sugges t ed  t ha t  B r i t i sh  C o l u m b i a  has  m o r e  u n d e -  
v e l o p e d  h y d r o  p o t e n t i a l  t h a n  Quebec ,  s ince  u n -  
d o u b t e d l y  e x t e n s i o n  of s u r v e y s  in Quebec  i t se l f  w i l l  
p r o v e  up  s t i l l  f u r t h e r  po ten t i a l .  

S t i l l  d e a l i ng  in  g e n e r a l  t e rms ,  s o m e t h i n g  of t he  
c h a r a c t e r i s t i c  f e a t u r e s  of h y d r o  p o w e r  in  B r i t i sh  
C o l u m b i a  and  h o w  i t  m a y  be  d e v e l o p e d  a re  d i s -  
cussed  br ief ly .  This  wi l l  s e rve  as a b a c k g r o u n d  for  
r e v i e w i n g  the  r e sou rces  and  w i l l  i l l u s t r a t e  w h y  
t h e r e  is such  a w i d e  d i s c r e p a n c y  b e t w e e n  the  e s t i -  
m a t e s  of the  p o t e n t i a l  p o w e r  in  the  p r o v i n c e  as 
g iven  b y  the  F e d e r a l  D e p a r t m e n t  of N o r t h e r n  
Affa i r s  and  N a t i o n a l  Resources  a n d  as g iven  b y  
the  P r o v i n c i a l  G o v e r n m e n t  of B r i t i sh  Co lumbia .  

G e o g r a p h i c a l l y ,  B r i t i sh  C o l u m b i a  is a se r ies  of 
m o u n t a i n  r a n g e s  r u n n i n g  n o r t h  and  south ,  w i t h  
r a t h e r  n a r r o w  v a l l e y s  and  l i t t l e  l a n d  for  cu l t iva t ion ,  
a r a b l e  l a n d  t o t a l l i n g  no t  m o r e  t h a n  6% of t h e  a r e a  
of the  p rov ince ;  t he  two  e xc e p t i ons  a r e  t he  Peace  
R i v e r  area ,  w h i c h  is an  e x t e n s i o n  of t he  n o r t h e r n  
p r a i r i e s  and  is t he  s i te  of oil  a n d  n a t u r a l  gas d i s -  
cover ies ,  and  the  F r a s e r  R i v e r  de l ta ,  w h i c h  is t he  
i n d u s t r i a l  and  p o p u l a t i o n  c e n t e r  of t he  p rov ince .  
" A  sea  of m o u n t a i n s "  is a p h r a s e  w h i c h  has  been  
used  to desc r ibe  the  t o p o g r a p h y  of B r i t i sh  C o l u m b i a .  
G e n e r a l l y  speak ing ,  t he  m o i s t u r e  b e a r i n g  W e s t e r l y  
w i n d s  s w e e p i n g  in  f r o m  the  Pacif ic  depos i t  t h e i r  
w a t e r s  on the  s lopes  a n d  v a l l e y s  of t he  m o u n t a i n  
r anges  as snow or  s easona l  r a in ;  th i s  g ives  r i se  to a 
g r e a t  p r o b l e m  in u t i l i z ing  the  w a t e r  s ince  t he  r i ve r s  
and  s t r e a m s  a re  s u b j e c t  to s h a r p  f looding in  the  
sp r ing  a n d  dec l ine  to c o m p a r a t i v e l y  m e a g e r  f lows in 
the  w i n t e r  months .  

On  l a r g e  r i v e r s  in  B r i t i s h  Co lumbia ,  t he  r a t i o  of 
h igh  to low flows is of the  o r d e r  of 40 to 1 a n d  as 
m u c h  as 2000 to i on s m a l l e r  s t r eams .  B y  c o m p a r i -  
son, the  St. L a w r e n c e  R i v e r  a t  L a c h i n e  R a p i d s  has  a 
r a t i o  of h igh  to l ow w a t e r  of on ly  2.2 to 1. T a b l e  I I  
g ives  f u r t h e r  d e t a i l  on this .  

In  o r d e r  to de ve lop  p o w e r  e c o n o m i c a l l y  in  B r i t i sh  
Co lumbia ,  some ar t i f ic ia l  m e a n s  is r e q u i r e d  to r e -  
duce  flood flows a n d  to i n c r e a s e  t he  low w i n t e r  flows. 
The  u s u a l  m e a n s  is the  c ons t ruc t i on  of d a m s  to 
ca tch  the  sp r ing  flows a n d  s to re  the  w a t e r  u n t i l  r e -  
q u i r e d  the  fo l l owing  w in t e r .  

The  neces s i t y  for  such  s to rage  obv ious ly  g ives  r i se  
to  r a t h e r  h igh  costs  in  h y d r o  p o w e r  e n g i n e e r i n g  d e -  
v e l o p m e n t ,  b u t  as m e n t i o n e d  be low,  has  d i r e c t e d  
e n g i n e e r i n g  t h i n k i n g  a long  l ines  w h i c h  w i l l  be 
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Table II. Ratio of maximum to minimum flow 

R i v e r  L o c a t i o n  R a t i o  m a x  r a i n  f low 

British Columbia Rivers 
Bridge near  Br idge River  158/1 
Cheakamus  Gar iba ld i  146/1 
Li l looet t  near  Pember ton  141/1 
Nass Aiyansh  135/1 
Kootenay  W a r d n e r  112/1 
Campbel l  near  Campbel l  River  108/1 
Columbia  Revels toke  95/1 
Kootenay  Glade 42/1 
Columbia  B i rchbank  35/1 
F ra se r  Hope 33/1 
Thompson Spence 's  Bridge 33/1 
Chi l l iwack near  Veddar  Crossing 31/1 
Frase r  Quesnel  28/1 
Tahtsa  near  Ootsa Lake  27/1 
Ootsa Ootsa Lake  26/1 
S tua r t  near  Fo r t  St. J ames  19/1 
Nechako nea r  For t  F rase r  13/1 

Eastern Rivers 
St. lYIaurice Bergeron 's  12.2/1 
Ot tawa near  Temiskaming  9.3/1 
Nipigon be low Vugin Fal l s  8.5/1 
Winnipeg  above Boundary  Fal ls  6.2/1 
St. Lawrence  Lachine  Rapids 2.2/1 

S o u r c e :  D o m i n i o n  W a t e r  & P o w e r  B u r e a u ,  1945. 

h i g h l y  p ro f i t ab !e  in  the  f u t u r e  in  i m p r o v i n g  the  
h y d r o  p o t e n t i a l  of the  p rov ince .  

The  e s t i m a t e  of h y d r o  p o t e n t i a l  so f a r  u sed  b y  the  
D e p a r t m e n t  of N o r t h e r n  Affa i r s  and  N a t i o n a l  Re -  
sources  is d e r i v e d  f r o m  s tud ies  m a d e  ove r  a n u m -  
b e r  of yea r s ,  t a k i n g  in to  account  t he  v o l u m e  of 
w a t e r  f lowing at  va r i ous  t imes  in  t he  y e a r  a n d  as-  
s u m i n g  t h a t  h y d r o  p l a n t s  w o u l d  be  i n s t a l l e d  in  t he  
va r i ous  r i v e r  channe l s  w h e r e  cond i t ions  a p p e a r  
f a v o r a b l e .  The  e s t i m a t e s  d id  no t  i nc lude  the  v e r y  
l a r g e  d e v e l o p m e n t s  wh ich  cou ld  be  r e a l i z e d  b y  
d ive r s ion  of s e v e r a l  r i v e r s  in to  e n t i r e l y  d i f fe ren t  
w a t e r s h e d s .  

As  w e l l  as be ing  a l a n d  of moun ta in s ,  B r i t i sh  
C o l u m b i a  is a l a n d  of s h a r p  v a l l e y s  gouged  b y  the  

Fig. 1 

pas sage  of g lac ie r s  in ages  pas t .  Recen t  t e chn iques  
for  w a t e r  p o w e r  d e v e l o p m e n t  h a v e  c e n t e r e d  on 
m a k i n g  use of t he  d i f fe r ing  e l eva t ions  of v a l l e y s  
on e i t he r  s ide  of a m o u n t a i n  r a n g e  to p r o v i d e  h e a d  
for  p o w e r  gene ra t i on .  T h e  va r i ous  c o m b i n a t i o n s  of 
s t o r age  w a t e r ,  f r ee  s t r e a m  flow, a n d  d i v e r s i o n  f r o m  
one w a t e r s h e d  to  a n o t h e r  a r e  w e l l  i l l u s t r a t e d  b y  
Fig.  1 w h i c h  is an  a r t i s t ' s  ske t ch  of t he  B r i d g e  R i v e r  
p o w e r  p l a n t  s y s t e m  of t he  B.C. E lec t r i c  C o m p a n y  
Ltd .  A t  the  top  of t he  d i a g r a m  is s h o w n  the  L a  Jo ie  
r e s e r v o i r  w h i c h  i m p o u n d s  570,000 a c r e - f e e t  of 
wa t e r .  The  d a m  con ta ins  33/4 m i l l i o n  fff of m a t e r i a l  
a n d  is 282 f t  h igh ,  p r o v i d i n g  h e a d  for  a 30,000 h p  
t u r b i n e  to be  i n s t a l l e d  in  1957. A t  p r e s e n t  a d a m  
d i v e r t s  the  w a t e r  r e l e a s e d  f r o m  the  L a  Jo i e  r e s e r v o i r  
in to  a t u n n e l  pas s ing  t h r o u g h  Miss ion  M o u n t a i n  to 
fa l l  1100 f t  to t h e  g e n e r a t i n g  s t a t ion  on Se ton  L a k e ;  
e v e n t u a l l y  a n e w  d a m  wi l l  i m p o u n d  w a t e r  to f o r m  
L a k e  C a r p e n t e r .  The  p r e s e n t  c a p a c i t y  of th is  s t a t i on  
is 248,000 h p  a n d  is be ing  i n c r e a s e d  to an  u l t i m a t e  
600,000 hp  capac i ty .  F i n a l l y ,  a t  the  ou t l e t  of Se ton  
Creek ,  a 58,500 hp  un i t  uses  the  w a t e r  a second  t ime  
as i t  is r e l e a s e d  f rom the  Se ton  L a k e  g e n e r a t i n g  
p l a n t  a n d  is e s s e n t i a l l y  a r u n - o f - t h e - r i v e r  t y p e  of 
p lan t .  

This  t e c h n i q u e  of d i v e r t i n g  w a t e r  f r o m  one w a t e r -  
shed  to  a n o t h e r  w i l l  p e r m i t  some  s p e c t a c u l a r  d e v e l -  
o p m e n t s  in  v a r i o u s  p a r t s  of the  p rov ince ,  i n c l u d i n g  
the  Y u k o n - T a k u ,  e s t i m a t e d  a t  4.7 m i l l i o n  h p  a n d  the  
S t i k i n e - L i a r d ,  e s t i m a t e d  a t  6-10 m i l l i o n  hp,  bo th  of 
these  a p p a r e n t l y  no t  t a k e n  in to  accoun t  in  the  e s t i -  
m a t e s  of t he  D e p a r t m e n t  of N o r t h e r n  Affa i r s  and  
N a t i o n a l  Resources .  

The  p r e s e n t  h y d r o  d e v e l o p m e n t  in  B r i t i sh  C o l u m -  
b i a  to ta l s  some  23~ m i l l i o n  hp,  c o n c e n t r a t e d  m a i n l y  
in  t he  sou th  a n d  a long  t h e  coast.  

The  u n d e v e l o p e d  p o t e n t i a l  of the  v a r i o u s  a r eas  in 
B r i t i sh  C o l u m b i a  is w i d e l y  d i spe r sed .  In  gene ra l ,  t he  
p r o v i n c e  is a m p l y  e n d o w e d  w i t h  s i tes  for  f u t u r e  h y -  
dro  d e v e l o p m e n t ,  w i t h  on ly  two  e x c e p t i o n s - - V a n -  
couver  I s l a n d  is r a p i d l y  r e a c h i n g  i ts  fu l l  d e v e l o p m e n t  
and  the  L o w e r  F r a s e r  coas ta l  a r e a  i n c l u d e s  t he  p o -  
t e n t i a l  of the  L o w e r  F r a s e r  w h i c h  is a m a j o r  s a l m o n  
m i g r a t o r y  route .  The  d e v e l o p m e n t  of t h e  L o w e r  
F r a s e r  p r e s e n t s  p r o b l e m s  w h i c h  h a v e  no t  y e t  been  
r e s o l v e d  a l t h o u g h  p r o g r e s s  is b e i n g  m a d e .  I f  t he  
F r a s e r  R i v e r  is exc luded ,  one m u s t  cons ide r  th i s  
L o w e r  F r a s e r  coas ta l  a r e a  as r a p i d l y  a p p r o a c h i n g  i ts  
fu l l  h y d r o  d e v e l o p m e n t .  

T h e r e  a r e  fou r  a d d i t i o n a l  a r ea s  e s p e c i a l l y  w o r t h  
commen t .  The  first  is t he  K i t i m a t - K e m a n o  p r o j e c t  
of t he  A l u m i n u m  C o m p a n y  of Canada .  B y  d a m m i n g  
the  N e c h a k o  R i v e r  n e a r  t h e  h e a d  of t he  G r a n d  C a n -  
yon,  a s to rage  r e s e r v o i r  is c r e a t e d  i m p o u n d i n g  the  
run -o f f  of t he  E u t s u k - T e t a c h u c k - E u c h u  a n d  T a h t s a -  
W h i t e s a i l - O o t s a - N e t a l k u z  d r a i n a g e  sys tem,  p e r m i t -  
t ing  the  flow to be  r e v e r s e d  t h r o u g h  a p o w e r  t u n n e l  
p i e r c ing  the  Coas t  Range .  The  a r e a  of th i s  w a t e r -  
shed  is some 5500 s q u a r e  mi les .  

W i t h  the  w a t e r  a v a i l a b l e  a n d  flows a p p r o a c h i n g  
7000 ftS/sec, an  e s t i m a t e d  1,718,000 h p  can  be g e n -  
e ra t ed ,  the  i n s t a l l e d  c a p a c i t y  be ing  2,214,000 hp  in  
16 un i t s  in t he  c o m p l e t e  d e v e l o p m e n t .  

The  K e n n e y  D a m  across  t he  G r a n d  C a n y o n  of t he  
N e c h a k o  R i v e r  is the  l a r g e s t  m a n - m a d e  s t r u c t u r e  in  



Vol. 104, No. 9 H Y D R O E L E C T R I C  P O W E R  R E S O U R C E S  O F  B. C. 577 

Canada ,  some 4 mi l l ion  ft ~ of rockfill  cons t i tu t ing  the 
dam and  suppor t ing  on the  u p s t r e a m  slope an  i m -  
perv ious  sect ion of ro l led  ea r th  enclosed b e t w e e n  
su i t ab le  filter layers .  The crest  w i d t h  of the da m 
is 40 ft, crest  l eng th  abou t  1500 ft, and  ove r - a l l  
he igh t  above bedrock  abou t  320 ft. 

The  powerhouse  is u n d e r g r o u n d .  W h e n  f inal ly  
comple ted  it wi l l  have  ins ta l l ed  16 ver t i ca l  r u n n e r s ,  
4 nozzle impu l se  tu rb ines ,  each ra ted  140-150 t hou -  
sand  hp. Space r e q u i r e m e n t s  necess i ta te  a c h a m b e r  
over  1000 ft long, 80 ft wide,  and  135 ft high. 

The  second area  especial ly  wor th  no t ing  is tha t  in  
the far  n o r t h  of the p rov ince  on the  Y u k o n  b o u n d -  
ary,  in  which  is located the  complex  of lakes  a nd  
r ivers  k n o w n  as the  Y u k o n - T a k u  power  scheme. 
This  pro jec t  has been  s u r v e y e d  by  the Nor thwes t  
Power  Indus t r i e s  project ,  sponsored by  Frob i shers  
Ltd., a subs id ia ry  of Ven tu re s  Ltd. Ind ica t ions  were  
tha t  an  ea r ly  s ta r t  wou ld  be made  on phase 1 of 
the  project ;  t hen  ea r ly  in  1956, the pro jec t  was  de-  
fe r red  to the f u t u r e  in  favor  of an  ear l ie r  s tar t  on a 
500,000 hp projec t  on the  Nass River .  The first phase  
wou ld  invo lve  a t u n n e l  four  mi les  above W h i t e -  
horse, on the Y u k o n  River ;  in  con junc t i on  w i th  this  
a one mi le  t u n n e l  wou ld  d r a in  the  rese rvo i r  in to  
Sil iko Lake  whi le  a 10 mi le  t u n n e l  f rom this lake  
would  d ra in  the wa t e r  aga in  in to  a powerhouse  on 
N a k o n a k e  River .  This  d e v e l o p m e n t  wou ld  produce  
some 660,000 kw. The  u l t i m a t e  d e v e l o p m e n t  wou ld  
ha rness  the  wa t e r  power  of the Y u k o n  River ' s  i n -  
t r ica te  sys tem of i n l a n d  w a t e r w a y s  and  could be 
made  to gene ra t e  some 31/4 mi l l i on  k w  of e lec t r ic i ty  
or be t t e r  t h a n  41/2 mi l l i on  hp. The scheme is con-  
t emp la t ed  in  c o n j u n c t i o n  wi th  ex tens ive  exp lo i t a -  
t ion  of n o r t h e r n  Br i t i sh  Co lumbia ' s  m i n e r a l  r e -  
sources and  the  e s t ab l i shmen t  of a la rge  sme l t ing  
indus t ry ,  jus t  as the K i t i m a t  pro jec t  for A1 p roduc -  
t ion  is based  on the  hydroe lec t r i c  e n e r g y  of the 
Nechako River.  

The  th i rd  a rea  is the  Lower  F ra se r  Coastal.  In  the  
w e s t e r n  pa r t  of sou the rn  Br i t i sh  Columbia ,  i n  t h a t  
a rea  which  is k n o w n  as the  Lower  Main land ,  the  
hydro  po ten t ia l s  of a n u m b e r  of coastal  s t reams  
to ta l l ing  abou t  11/2 mi l ton  hp have  b e e n  l a rge ly  de-  
veloped or wi l l  be deve loped  w i t h i n  the  n e x t  five 
years,  p r inc ipa l ly  by  the  B. C. Electr ic  C o m p a n y  
Ltd. Outs ide  of the  F ra se r  River,  the re  r e m a i n s  no 
wa t e r  power  of a first order  i n  this  a rea  to be  ex -  
ploited. The  F ra se r  R iver  could y ie ld  71/2 mi l l i on  
hp. On the Lower  F ra se r  R iver  some 3 mi l l i on  hp 
could be developed,  in  add i t ion  to the  11/4 to 11/2 
mi l l ion  which  could be deve loped  at one site alone,  
k n o w n  as the  Moran  Dam site. This  Moran  D a m 
wou ld  be a d rama t i c  deve lopment ,  r i s ing  720 ft 
above the p re sen t  wa t e r  level  and  fo rming  a lake  
165 miles  long;  it  wou ld  be a t r e m e n d o u s  asset to the  
area  ly ing  w i t h i n  150 miles  of the  b u l k  of the  i n -  
dus t r ies  and  popu la t ion  of the  province.  The  F ra se r  
R iver  is, however ,  the  p r i nc ipa l  m i g r a t o r y  sa lmon  
route  in  the  p rov ince  and  the a n n u a l  s a lmon  catch 
o r ig ina t ing  in  the F ra se r  R iver  and  its t r i bu t a r i e s  
is va lued  at severa l  mi l l i on  dollars.  D e v e l o p m e n t  
of the  Moran  site migh t  r equ i r e  provis ion  for 
pass ing  up  to 3/~ mi l l i on  adu l t  s a lmon  ups t ream,  
in  a 24 hr  period, as wel l  as faci l i t ies for the  safe 

passage of m i g r a t i n g  f inger l ings  downs t r eam.  In  
add i t ion  to the Mor a n  site there  are four  sites 
on the  Lower  F ra se r  w he r e  low level  dams of 
a p p r o x i m a t e l y  100 ft could be bu i l t  a nd  there  are a 
f u r t h e r  six sites on the  Nor th  T h o m p s o n  River  which  
flows in to  the  F ra se r  w he r e  low level  dams could be 
bui l t .  Again ,  a fish p r ob l e m is i nvo lved  r e q u i r i n g  
assessment  of the possible d e t r i m e n t a l  effect of a 
series of dams p laced  in  the pa th  of m i g r a t i n g  sa l -  
mon  and  r e q u i r i n g  solut ion to the  p rob lems  which  
m a y  be involved ,  a l though  ind ica t ions  are a s ingle  
low level  dam mi gh t  wel l  be feasible.  

The  B. C. Electr ic  es t imates  on the basis  of p resen t  
load g rowth  tha t  the F ra se r  R iver  or the Columbia ,  
or both, at least  in  part ,  wi l l  have  to be developed 
w i t h i n  the nex t  20 years  to serve the  g rowing  power  
needs  of the  area  in  which  it  provides  service and  
which  today  comprises  65% of the  popu la t ion  of the 
province.  B. C. Electr ic  is hopefu l  tha t  t e c h n i q u e s  
can be developed which  wi l l  a l low Br i t i sh  Co lumbia  
to have  the benefi t  of both  fish a nd  power  and  which  
wil l  p e r m i t  hydro  de ve l opme n t  on the F ra se r  River  
whi le  at the  same t ime  g iv ing  the  needed  pro tec t ion  
to the fisheries. 

In  l ine  wi th  its convict ions ,  on J a n u a r y  4, 1956, 
the p a r e n t  c ompa ny  of B. C. Electric,  the  B. C. 
Power  Corpora t ion ,  fo rmed  a n e w  subs id iary ,  Wes t -  
e rn  D e v e l o p m e n t  a nd  P ow e r  Ltd., w i th  two p r i nc i -  
pal  func t ions :  (a) to develop hydro  electric power  
on the F ra se r  River  to the ex t en t  tha t  the m a i n t e n -  
ance of sa lmon  s p a w n i n g  wi l l  a l low a nd  on the 
Co lumbia  River  w he r e  there  is no fish p rob lem,  and  
(b)  to s tudy  i n d u s t r i a l  oppor tun i t i e s  in  the areas 
which  can be se rved  wi th  this power  and  to b r i ng  in 
ne w  indus t r i e s  to use it. 

Also in  l ine  w i th  its convict ions ,  the di rectors  of 
B. C. P ow e r  Corpora t ion  dona ted  $50,000 to the 
U n i v e r s i t y  of Br i t i sh  Co lumbia  to m a k e  an  i mpa r t i a l  
s tudy  of the p r ob l e m of fish and  power  on the F ra se r  
River.  

The fou r th  area  is the Co lumbia  River .  The 
Co lumbia  River  is one of the  grea t  d ra inage  bas ins  
of this  con t inen t ,  occupying  pa r t  of Br i t i sh  Co lumbia  
in  Canada ,  as wel l  as sections of Wash ing ton ,  Idaho, 
Montana ,  and  Oregon in  the U n i t e d  States.  The 
r ive r  d ra ins  a to ta l  of 259,000 square  mi les  of which  
40,000 square  mi les  are  in  Br i t i sh  Columbia .  How-  
ever,  the  w a t e r  o r ig ina t ing  in  Br i t i sh  Co lumbia  ac- 
counts  for 44% of the  average  flow of the r ive r  and  
1/2 of the  2600 ft drop t h r o u g h o u t  its 1200 mi le  
l eng th  occurs in  Br i t i sh  Columbia .  In  the  Un i t ed  
States  1000 ft of head  has been  developed to produce  
some 8 mi l l ion  kw. I t  is a p p a r e n t  that ,  a l though  no 
power  has yet  been  developed in  Br i t i sh  Columbia ,  
a ve ry  large  po ten t i a l  does exist.  

The r ive r  rises in  Br i t i sh  C o l u m b i a  in  Co lumbia  
Lake,  t h e n  flows n o r t h w e s t e r l y  to the j u n c t i o n  of the 
Rocky M o u n t a i n  T r e n c h  a nd  Se lk i rk  Valley,  at 
which  junc t ion ,  cal led the Big Bend,  the r ive r  t u r n s  
a b r u p t l y  and  flows a lmost  due south. The Mica 
Creek D a m site is in  the  v ic in i ty  of the  Big Bend.  
This is the p r inc ipa l  power  site on the  C o l u m b i a  and  
is on ly  350 mi les  f rom Vancouver ,  a d is tance  which  
is w i t h i n  economic t r ansmis s ion  of V a nc ouve r  at 
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high vol tages  in  the order  of the 345,000 v p ressure  
which  B. C. Electr ic  has a l r eady  p ioneered  in  con-  
nec t ion  wi th  its Br idge  River  and  Wah leach  g e n e r a t -  
ing  s ta t ions.  

In  add i t ion  to the  11/2 mi l ton  hp f rom Mica Dam, a 
f u r t h e r  1 1/3 mi l l i on  hp  could be deve loped  at  sites 
at L i t t l e  Dalles and  Pr ies t  Rapids  and  a f u r t h e r  1/2 
mi l l i on  hp on the Lower  Co lumbia  River ,  w i th  sites 
at the  out le t  of A r r o w  Lakes  or at  the  M u r p h y  Creek  
site f u r t h e r  downs t r eam.  

Deve lopmen t  of the  Co lumbia  River  sites in  C a n -  
ada h inges  on a fa i r  s e t t l emen t  wi th  the  Un i t ed  
States.  I t  is e s t ima ted  tha t  the  10 mi l l i on  ac re - fee t  
of wa t e r  which  wou ld  be s tored by  the Mica Darn 
a lone wou ld  improve  the capab i l i ty  of the  ex is t ing  
A m e r i c a n  p l an t s  on the  Co lumbia  River  by  some 1.1 
mi l l ion  kw. I t  is qui te  possible, however ,  tha t  this 
wa t e r  could be used  prof i tab ly  in  Canada  by  d ive r -  
s ion to the  F ra se r  and  Nor th  T h o m p s o n  Rivers,  and  
e n g i n e e r i n g  studies  on the  feas ib i l i ty  and  economics 
of such d ivers ion  are  now n e a r i n g  comple t ion  by  the 
D e p a r t m e n t  of N o r t h e r n  Affairs and  Na t iona l  Re-  
sources. 
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In  conclusion,  m e n t i o n  should  be m a d e  of the  
p re sen t  use of C a n a d i a n  hydro  resources  a nd  the  
prospects  for the i r  use in  the fu ture .  A p ro jec t ion  to 
1975 m a d e  by  the  P r o v i n c i a l  G o v e r n m e n t  indica tes  
a u t i l i za t ion  of 1 2 ~  mi l l i on  hp, abou t  ha l f  the  po-  
t en t i a l  of the province.  This  forecast  is c e r t a in ly  a 
conse rva t ive  one and  an t ic ipa tes  a ra te  of g rowth  
about  one -ha l f  of tha t  expe r i enced  in  r ecen t  years.  
A u t i l i za t ion  in  the  order  of 16-18 mi l l i on  hp by  
1975 m a y  be as l ike ly  a f igure as 121/z mi l l i on  hp. 
Nea r ly  one -ha l f  of the p re sen t  t u r b i n e  capaci ty  of 
the p rov ince  is dedicated  to the  m i n i n g  i n d u s t r y  and  
it seems reasonab le  to expect  tha t  in  f u t u r e  hydro  
electr ic  d e v e l o p m e n t  somewha t  the  same p ropor t ion  
wi l l  prevai l .  The  vast  n o r t h e r n  power  resources  of 
the p rov ince  a n d  of the  Y u k o n  are poor ly  located for 
gene ra l  commerce  and  m a n u f a c t u r i n g  b u t  are  
idea l ly  located w i th  respect  to m i n e r a l  proper t ies .  

Manuscript  received Oct. 2, 1956. This paper  w a s  
prepared for delivery before the Ontario-Quebec Sec- 
t ion of the Society, May 11, 1956. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 

Trends of Electric Power Demands and the Development of Power 
Resources in Midwest Canada and in Ontario 

Walter S. Preston 

The Hydro-Electric Power Commission of Ontario, Toronto, Ontario, Canada 

This paper  gives a gene ra l  r ev iew of the  g rowth  
in  power  r e q u i r e m e n t s  in  m idwes t  C a n a d a  a nd  in  
Onta r io  and  the d e v e l o p m e n t  of power  resources  to 
meet  such r equ i r emen t s .  P a r t i c u l a r  r e fe rence  is 
made  to the  a rea  served by  The Hydro -E lec t r i c  
Power  Commiss ion  of Ontar io .  It  is hoped tha t  this  
paper  m a y  give a b roade r  concept  of the  g rowth  
of the  p o w e r - p r o d u c i n g  i n d u s t r y  and  of the  steps 
be ing  t a k e n  to assure  adequa te  supplies  of electr ic  
power  as a f o u n d a t i o n  for the basic economy of these 
areas.  

Planning Power Supply Facilities 
The growth  and  d e v e l o p m e n t  of electric power  has 

been  of f asc ina t ing  propor t ions ,  fa r  g rea te r  t h a n  was  
con templa t ed  in  the ea r ly  days w h e n  sa lesmen  were  
employed  to go f rom door to door to conv ince  people  
tha t  electric l ights  were  super ior  to gas l ights  and  
tha t  electr ic  motors  were  more  effective t h a n  s team 
engines.  The m a i n  concern  of the  power  suppl ie r  
in  recen t  years  has been  to keep abreas t  of the  
r ap id ly  inc reas ing  need  for power  by  i n d u s t r i a l  and  
commerc ia l  e s t ab l i shment s  and  by  homes and  farms.  

I t  is gene ra l l y  recognized tha t  a supp l ie r  should 
have  a r ea sonab le  reserve  of power  in  order  to p ro -  
vide adequa te  cus tomer  service. Reserve  power  pro-  
vides for con t ingenc ies  such as the  r emova l  of equ ip -  
m e n t  f rom service for m a i n t e n a n c e  purposes,  c a r r y -  
ing of load in  emergenc ies  caused by  f a i l u re  of 
equ ipmen t ,  etc., and  mee t i ng  of loads g rea te r  t h a n  
those expected.  I t  is necessary,  therefore ,  tha t  fore-  
casts of service r e q u i r e m e n t s  be r ev iewed  c on t i n -  
ual ly .  

The  ex tens ion  of a ny  o rgan iza t ion  or en te rp r i se  is 
a lways  based on some es t ima te  of f u t u r e  r e q u i r e -  
ments .  The r e q u i r e m e n t s  of e lectr ical  u t i l i t ies  are  
a lmost  con t inuous ly  chang ing  a nd  over  a per iod  of 
years  large sums of m o n e y  are  expended  in  the con-  
s t ruc t ion  of power  plants ,  t r ansmis s ion  lines,  t r a n s -  
fo rmer  stat ions,  a nd  o ther  facilit ies.  I t  is essent ia l  to 
k n o w  tha t  such add i t ions  are  r equ i r ed  a n d  to k n o w  
w h e n  they  are needed  so tha t  power  is ava i l ab le  on 
d e m a n d  and  too ear ly  use  of capi ta l  is avoided.  W h e n  
these two i tems have  been  decided, it  becomes  neces-  
sary  to d e t e r m i n e  w he r e  such addi t ions  should  be 
made,  the i r  extent ,  and  character .  

P l a n n i n g  is no t  done  on  a n a t i o n a l  scale b u t  r a t h e r  
by  electr ical  u t i l i t ies  and  by  areas. It  is obvious  tha t  
power  d e m a n d s  govern  the  act ivi t ies  of these  u t i l i -  
ties. The  d e m a n d  levels  in  the  severa l  categories of 
load, as wel l  as the  ra tes  of growth,  v a r y  wide ly  by  
areas and  per iods of t ime.  Therefore ,  an  accura te  
know l e dge  of past  a nd  ex is t ing  load d e m a n d s  a n d  
the i r  charac ter is t ics  is requi red .  The  u t i l i t y  m u s t  
have  not  on ly  a good appra i sa l  of its ow n  service 
area, bu t  a good know l e dge  of provinc ia l ,  na t iona l ,  
and  wor ld  economic condi t ions  in  order  to m a k e  a 
dependab l e  forecast  of f u t u r e  growth.  

Some of the  i m p o r t a n t  factors tha t  m u s t  be t a k e n  
in to  account  w h e n  p l a n n i n g  the  d e v e l o p m e n t  of 
power  supp ly  facilit ies,  are  considered.  

Firs t ,  the electr ic  supp ly  bus iness  is a l o n g - r a n g e  
one. There  is no d e v e l o p m e n t  on the  h o r i z o n - - n o t  
even  atomic e n e r g y - - t h a t  is r e l ega t ing  electr ic  se r -  
vice into obsolescene. The  facil i t ies used are i n h e r -  
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en t ly  l o n g - l i v e d  and  should be p l anned ,  ins ta l led ,  
and  opera ted  to pe r fo rm  the i r  func t ions  at m i n i m u m  
ove r - a l l  costs for per iods of the i r  use fu l  lives. 

Next,  the  seasonal  m a x i m a  of power  r e q u i r e m e n t s  
u sua l ly  d e t e r m i n e  the a m o u n t  of peak  capaci ty  
(k i lowat t s )  requ i red ,  b u t  it  is also necessa ry  to p ro -  
v ide  for the  requis i te  ene rgy  ( k i l o w a t t - h o u r s )  ca-  
pacity.  Power  systems based p r i m a r i l y  on h y d r o -  
electr ic  gene ra t ion  r equ i r e  a carefu l  cons idera t ion  
of the seasonal  va r i a t ions  in  the q u a n t i t y  of w a t e r  
avai lable .  Likewise,  wi th  p r e d o m i n a n t l y  fue l - e l ec -  
t r ic  systems,  carefu l  cons idera t ion  is g iven  to the  
ava i l ab i l i t y  of types of fuel.  

Next  is the c u s t o m e r - - t h e  most  i m p o r t a n t  e l e me n t  
in  the electr ic  supp ly  pic ture ,  since the  on ly  reason  
for h a v i n g  electr ic  sys tems is to supp ly  customers.  
The only  reason  why  the bus iness  has g rown  to p r e -  
sent  p ropor t ions  is t ha t  u t i l i t ies  can conver t  e n e r g y  
f rom its r aw  s ta te - -coaI ,  gas, oil, and  fa l l ing  w a t e r - -  
into e lec t r ic i ty  and  de l iver  it  in  more  c o n v e n i e n t  
form, and  sell it, w i th  few exceptions,  at  lower  prices 
t h a n  could be a t t a ined  by  the  i n d i v i d u a l  cus tomers  
if they  were  to u n d e r t a k e  p r o v i d i n g  the  service 
themselves .  

P l a n n i n g ,  therefore ,  u sua l l y  begins  w i th  cus tom-  
ers. I n d i v i d u a l l y  they  have  d i s t r i b u t i n g  sys tems on 
the i r  p roper t ies  and  electr ic  opera ted  equ ipmen t ,  
the  sum tota l  of which  m e a s u r e d  in  k i lowat t s  of a b -  
sorb ing  capaci ty  is g rea te r  t h a n  the  p roduc t ive  capa-  
city of the  se rv ing  ut i l i ty .  The customer ,  too, is a 
l o n g - r a n g e  p l a n n e r  and  is e i ther  ins ta l l ing ,  p r ov i d -  
ing  ior,  or chang ing  over  to the most  m o d e r n  and  
useful  devices for his business ,  convenience ,  or p l ea -  
sure. To foresee wha t  the  f u t u r e  m a y  hold in  the  
grea ter  use of e lec t r ic i ty  by  all  classes of cus tomer  
is the  c rux  in  forecas t ing  the  d e m a n d s  for power  a nd  
the  phys ica l  p l an t  r e q u i r e d  b e t w e e n  the  cus tomer  
and  r aw  ene rgy  sources. 

To j u m p  f rom the cus tomer  and  his r e q u i r e m e n t s  
to r aw  ene rgy  sources m a y  seem a l i t t le  out  of order,  
b u t  a f inished p roduc t  canno t  be  p roduced  w i t hou t  
r aw  mater ia l .  Alber ta ,  Saska t chewan ,  Mani toba ,  a nd  
Ontar io  have  in  c o m b i n a t i o n  large  quan t i t i e s  of r a w  
ene rgy  resources  in  the  fo rm of coal, oil, gas, water ,  
and  the  n e w c o m e r  to the  f i e l d - - u r a n i u m .  U n f o r t u -  
na te ly ,  these resources  are  no t  in  the  backya r ds  of 
every  m a j o r  center  of popula t ion .  T r a n s p o r t a t i o n  of 
l a rge  blocks of ene rgy  is necessa ry  by  some means ,  in  
e i ther  the  r a w  state  or by  electr ic  t r ansmiss ion .  

Be tween  the cus tomers  and  r aw  ene rgy  sources 
comes the  power  sys tem wi th  its d i s t r i bu t ion  a nd  
t r ansmis s ion  lines, substa t ions ,  and  power  p lants .  
Co -o rd ina t ed  p l a n n i n g  f rom one end  to the  other,  
no t  the p l a n n i n g  of each c o m p o n e n t  separa te ly ,  is 
necessary  if o p t i m u m  ove r - a l l  i nves tmen t s ,  fixed 
charges,  ope ra t ing  expenses,  and  service adequacy  
are to be secured.  The  task  is to search for i n -  
c r e m e n t a l  l o n g - r a n g e  economies  all  a long the  l ine.  

Trends of Power Demands and Development 
of Power Resources 

In  J u n e  1955 the  D o m i n i o n  B u r e a u  of Stat is t ics  
re leased the  first repor t  in  a n e w  a n n u a l  series of 
s tat is t ics  r e l a t i ng  to the  electr ic  power  i n d u s t r y  in  
Canada.  I t  con ta ined  c u r r e n t  and  pro jec ted  da ta  of 
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capab i l i ty  and  load for the years  1950-1958 inc lu -  
sive. The second repor t  in  this series, which  is now 
in  the process of p repa ra t ion ,  wi l l  be  ex t ended  to 
inc lude  the yea r  1959. The  resul t s  con ta ined  in  these 
repor ts  are  compi led  f rom r e t u r n s  f i led by  82 p ro -  
ducers  of e lectr ic i ty ,  i n c l u d i n g  al l  of the  m a j o r  p r i -  
va t e ly  and  pub l i c ly  opera ted  e lect r ical  ut i l i t ies ,  and  
p r i va t e  indus t r i e s  p roduc ing  subs t a n t i a l  quan t i t i e s  
of electr ic  power,  pa r t  of which  is u sua l l y  for sale 
to the  publ ic .  The surveys  are organized  a nd  car r ied  
out  in  coopera t ion  wi th  the  C a n a d i a n  Elec t r ica l  As-  
sociation,  commit tees  of which  are  set up  to assist in  
the p l a nn i ng ,  deve lopmen t ,  and  conduc t  of these 
and  f u t u r e  surveys .  

The resul ts  of the  second s u r v e y  are  no t  ava i l ab le  
at this t ime. They  w ou l d  be most  i n t e r e s t i ng  because  

Table I. Gross capability and total demand as of March 1955 

T h o u s a n d s  of k w  

1950 1954 1958 

Alberta 
1. Net generat ing capabil i ty 

(a) Hydro 
(b) Thermal  

2. F i rm purchases from outside 
the province 

3. Gross capabil i ty (1+2)  
4. Total demand 
5. Difference or indicated 

reserve (3-4) 
6. Indicated reserve expressed 

as a percentage of 
total demand 

Saskatchewan 
1. Net generat ing capabil i ty 

(a) Hydro 
(b) Thermal  

2. F i rm purchases from outside 
the province 

3. Gross capabil i ty (1+2)  
4. Total demand 
5. Difference or indicated 

reserve (3-4) 
6. Indicated reserve expressed 

as a percentage of 
total demand 

Manitoba 
1. Net generat ing capabil i ty 

(a) Hydro 
(b) Thermal  

2. F i rm purchases from outside 
the province 

3. Gross capabil i ty (1+2)  
4. Total demand 
5. Difference or indicated 

reserve (3-4) 
6. Indicated reserve expressed 

as a percentage of 
total demand 

Ontario 
1. Net generat ing capabil i ty 

(a) Hydro 
(b) Thermal  

2. F i rm purchases from outside 
the province 

3. Gross capabil i ty (1+2)  
4. Total demand 
5. Difference or indicated 

reserve (3-4) 
6. Indicated reserve expressed 

as a percentage of 
total demand 

83 202 220 
108 193 393 

- -  4 - -  

191 399 613 
179 310 512 

12 89 101 

6.7 28.7 19.7 

421 526 561 
11 51 136 

68 80 83 
500 657 780 
432 551 679 

68 106 101 

15.7 19.2 14.9 

2349 3463 4062 
127 524 735 

720 707 666 
3217 4719 5504 
3287 4246 5278 

--70 473 226 

--2.1 11.1 4.3 

20.0 21.3 37.4 

35 57 138 

210 324 507 
175 267 369 

85 85 85 
125 239 422 
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t he  m a j o r i t y  of  p r o d u c e r s  in A l b e r t a ,  S a s k a t c h e w a n ,  
Man i toba ,  a n d  On ta r i o  h a v e  r a i s ed  t h e i r  s ights  con-  
s i d e r a b l y  d u r i n g  the  p a s t  y e a r  in  f o r e c a s t i n g  f u t u r e  
p o w e r  r e q u i r e m e n t s .  The  r e su l t s  s h o w n  in T a b l e  I 
do, h o w e v e r ,  i n d i c a t e  t he  m a n n e r  in  w h i c h  r e sou rces  
a r e  d e v e l o p e d  to m e e t  l oad  r e q u i r e m e n t s .  

Hydro Resources 
In  t he  M a r c h  1956 r e l ea se  on W a t e r  P o w e r  R e -  

sources  of C a n a d a  b y  the  W a t e r  Resources  B r a n c h  of 
t he  D e p a r t m e n t  of N o r t h e r n  Affa i r s  and  N a t i o n a l  
Resources ,  i t  was  f o u n d  t h a t :  

In  A l b e r t a ,  t he  l a r g e r  h y d r o e l e c t r i c  d e v e l o p m e n t s ,  
f r o m  w h i c h  a l a r g e  p a r t  of the  s o u t h e r n  p o r t i o n  of 
t he  p r o v i n c e  is se rved ,  a r e  l oca t ed  on the  Bow R i v e r  
a n d  i ts  t r i b u t a r i e s .  T h e  g r e a t e r  p a r t  of w a t e r  r e -  
sources  is l oca t ed  in  t he  n o r t h e r n  ha l f  of t h e  p r o -  
vince,  r a t h e r  r e m o t e  f r o m  p r e s e n t  cen t e r s  of p o p u -  
la t ion .  

In  S a s k a t c h e w a n ,  w a t e r  p o w e r  d e v e l o p m e n t s  a r e  
conf ined p r i n c i p a l l y  to m i n i n g  uses  in  the  n o r t h e r n  
a r e a s  in  w h i c h  w a t e r  p o w e r  r e sou rce s  a r e  a b u n d a n t .  
The  t r a n s m i s s i o n  n e t w o r k  s e r v i n g  m o r e  s e t t l ed  a r e a s  
is s u p p l i e d  e x c l u s i v e l y  b y  f u e l - e l e c t r i c  p lan t s .  L a r g e  
r e s e r v e s  of coal,  oil, a n d  n a t u r a l  gas  a r e  l oca t e d  in  
bo th  S a s k a t c h e w a n  a n d  A l b e r t a ;  t he se  fuels  p r o v i d e  
the  m o r e  economic  sources  of p o w e r  in  m a n y  p a r t s  
of bo th  p rov inces ,  p a r t i c u l a r l y  in  s o u t h e r n  S a s -  
k a t c h e w a n .  

Of t he  P r a i r i e  P rov inces ,  M a n i t o b a  has  t he  l a r g e s t  
w a t e r  p o w e r  resources ,  t h e r e  b e i n g  g r e a t  p o t e n t i a l  
p o w e r  on the  S a s k a t c h e w a n ,  Nelson,  a n d  Church i l l  
Rivers .  The  l a r g e r  p r e s e n t  d e v e l o p m e n t s  a r e  loca ted  
on the  W i n n i p e g  R i v e r  a n d  se rve  W i n n i p e g ,  a d j a c e n t  
m u n i c i p a l i t i e s ,  a n d  the  t r a n s m i s s i o n  n e t w o r k  of  t he  
M a n i t o b a  P o w e r  Commiss ion .  

O n t a r i o  has  l a r g e  w a t e r  p o w e r  resources ,  b e i n g  
e x c e e d e d  in th is  r e spec t  on ly  b y  Quebec  and  Br i t i sh  
Co lumbia .  I t  has  d e v e l o p e d  abou t  57% of i ts  p o t e n -  
t i a l  w a t e r  p o w e r  and  r a n k s  second  in p o w e r  g e n e r a -  
t ion  a m o n g  the  p rov inces .  

W i t h  t he  c o m p l e t i o n  of the  St. L a w r e n c e  P o w e r  
p r o j e c t  in  t he  I n t e r n a t i o n a l  Rap ids  Sec t ion  of t he  
St. L a w r e n c e  River ,  t h e  l a s t  m a j o r  h y d r o e l e c t r i c  s i te  
in  the  s o u t h e r n  ha l f  of the  p r o v i n c e  of On ta r i o  wi l l  
h a v e  been  deve loped .  

In  Onta r io ,  a b o u t  90% of t he  t o t a l  p r i m a r y  e n e r g y  
s u p p l i e d  b y  c e n t r a l  e l ec t r i c  s t a t ions  for  c o n s u m p t i o n  
in  t h e  p r o v i n c e  is p r o v i d e d  b y  The  H y d r o - E l e c t r i c  
P o w e r  Commiss ion  of Onta r io .  

Hydro-Electric Power  Commission o$ Ontario 

The  Commiss ion ,  n o w  g e n e r a l l y  k n o w n  as O n t a r i o  
H y d r o ,  was  c r e a t e d  b y  the  On ta r i o  L e g i s l a t u r e  fo l -  
l owing  r e c o m m e n d a t i o n s  b y  a d v i s o r y  commiss ions  
a p p o i n t e d  in  r e s p o n s e  to pub l i c  d e m a n d  t h a t  t he  
w a t e r  p o w e r  r e sou rces  of the  P r o v i n c e  shou ld  be  
c o n s e r v e d  and  d e v e l o p e d  fo r  the  benef i t  of  a l l  the  
peop l e  of Onta r io .  In  M a y  1956 it  c o m p l e t e d  i ts  
f i f t ie th  yea r .  

The  u n d e r t a k i n g  i n i t i a l l y  p r o p o s e d  to p u r c h a s e  a 
b lock  of p o w e r  f rom the  On ta r i o  P o w e r  C o m p a n y ,  a 
p r i v a t e  c o r p o r a t i o n  w h i c h  h a d  p r o m o t e d  and  d e -  
v e l o p e d  the  l a r g e s t  s ingle  p l a n t  on the  C a n a d i a n  side 
o f  t he  N i a g a r a  R i v e r  a t  N i a g a r a  F a l l s  d u r i n g  the  
p e r i o d  1902-05, a n d  to t r a n s m i t  th is  b lock  of p o w e r  
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to t he  m u n i c i p a l i t i e s  w h i c h  h a d  s igned  con t r ac t s  to 
t a k e  p o w e r  a t  cost. 

In  1909 t h e  t a s k  of c o n s t r u c t i n g  a t r a n s m i s s i o n  
s y s t e m  was  b e g u n  a n d  b y  the  end  of 1910 p o w e r  was  
be ing  s u p p l i e d  to s e v e r a l  mun ic ipa l i t i e s .  A t  abou t  
t he  s ame  t ime,  a sho r t  t r a n s m i s s i o n  l ine  a n d  a sub -  
s t a t i on  was  b u i l t  to s e rve  a c o m m u n i t y  a t  t h e  h e a d  
of L a k e  Supe r io r ,  w i t h  p o w e r  p u r c h a s e d  f r o m  a p r o -  
d u c e r  in  the  v i c in i ty .  Today ,  t h a t  p a r t  of t h e  P r o -  
v ince  sou th  of t he  e a s t - w e s t  l ine  d r a w n  t h r o u g h  
N o r t h  B a y  fo rms  one i n t e g r a t e d  p o w e r  n e t w o r k  
ca l l ed  the  S o u t h e r n  O n ta r i o  Sys t e m,  w h i l e  t he  sys -  
t e m  wes t  of a n o r t h - s o u t h  l ine  t h r o u g h  S a u l t  Ste.  
M a r i e  is ca l l ed  t h e  N o r t h w e s t e r n  Div i s ion  a n d  se rves  
n o r t h w e s t e r n  Onta r io .  

D u r i n g  the  1930's, O n t a r i o  H y d r o  u n d e r t o o k  to 
o p e r a t e  in t r u s t  for  t he  O n ta r i o  G o v e r n m e n t  a g roup  
of i so la ted  sys t ems  s e r v i n g  m a i n l y  t he  m i n i n g  and  
p u l p  and  p a p e r  i ndus t r i e s  in  n o r t h e r n  Onta r io .  One 
of these  sys t ems  was  i n t e g r a t e d  in  the  N o r t h w e s t e r n  
Div i s ion  w h i l e  those  r e m a i n i n g  w e r e  i n t e g r a t e d  to 
fo rm the  N o r t h e a s t e r n  Div i s ion  w h i c h  s ince  1950 is 
i n t e r c o n n e c t e d  w i t h  the  S o u t h e r n  O n ta r i o  Sys t em.  

T h e r e  is no e l e c t r i c a l  connec t ion  a t  p r e s e n t  b e -  
t w e e n  the  Commis s ion ' s  p r o p e r t i e s  in  n o r t h w e s t e r n  
a n d  n o r t h e a s t e r n  Onta r io .  

The  t r e m e n d o u s  i n c r e a s e  in  p o w e r  r e q u i r e m e n t s ,  
t o g e t h e r  w i t h  t he  f a i r l y  r e c e n t  d e v e l o p m e n t s  in  t he  
f ield of l a r g e - s c a l e  p o w e r  g e n e r a t i o n  a n d  h igh  vo l -  
t age  t r a n s m i s s i o n  has  a d v a n c e d  c o n s i d e r a b l y  t he  p o -  
t e n t i a l  v a l u e  of l a r g e  c a p a c i t y  r e g i o n a l  n e t w o r k s .  

Table II. Future primary power requirements, all systems combined, 
1956-1980 inclusive 

The Hydro-Electric Power Commission of Ontario 

Kilowatts 

D e c e m b e r  (A) H i g h e r  e s t i m a t e  (B) L o w e r  e s t i m a t e  

1956 
1957 
1958 
1959 
1960 

B y  C o m m i s s i o n ' s  
A d v i s o r y  C o m m i t t e e  

A p p l i c a t i o n  of  1950- on  L o a d  a n d  C a p a c i t y  
1955 e q u i v a l e n t  r a t e  (equivalent  rate of 

of g r o w t h  (8.21% g r o w t h - - 5 . 5 O %  
p e r  a n n u m )  p e r  a n n u m )  

4,492,000 4,407,000 
4,861,000 4,692,000 
5,260,000 4,954,000 
5,691,000 5,166,000 
6,159,000 5,425,000 

A p p l i c a t i o n  to  a b o v e  e s t i m a t e s  of  1922-55 e q u i v a l e n t  
l o n g - t e r m  r a t e  of  g r o w t h  (6.56%) p e r  a n n u m )  

1961 6,563,000 5,781,000 
1962 6,993,000 6,160,000 
1963 7,452,000 6,564,000 
1964 7,941,000 6,995,000 
1965 8,462,000 7,454,000 
1966 9,017,000 7,943,000 
1967 9,608,000 8,464,000 
1968 10,239,000 9,019,000 
1969 10,910,000 9,611,000 

1970 11,626,000 10,241,000 
1971 12,389,000 10,913,000 
1972 13,201,000 11,629,000 
1973 14,067,000 12,392,000 
1974 14,990,000 13,204,000 
1975 15,974,000 14,071,000 
1976 17,021,000 14,994,000 
1977 18,138,000 15,977,000 
1978 19,328,000 17,025,000 
1979 20,596,000 18,142,000 

1980 21,947,000 19,332,000 
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Ontario Hydro's long-range studies envisage the in- 
terconnection of power resources in northwestern 
section of the province with those of the northeast- 
ern section when the power and economic demands 
require this final link. This interconnection will tie 
Ontario Hydro's generating plants into one inte- 
grated unit, extending from Quebec on the east to 
Manitoba on the west, a distance Of about I000 
miles. At present the Provinces of Ontario and 
Quebec and the States of New York and Michigan 
are interconnected, so it is possible that in the future 
a vast network of electric power facilities could ex- 
tend from within the Province of Manitoba in the 
west into Quebec in the east and from James Bay 
southward into New York and Michigan. 

Customers in the two pioneer systems required in 
total about 4000 kw in 1910. In 1955 the more than 
i-I~ million ultimate customers served required 
more than 4.2 million kw. The requirements were 
met from 65 hydroelectric and two major fuel-elec- 
tric generating stations, supplemented by power 
purchased from other producers. 

But what of the future? The Royal Commission, 
under the chairmanship of Mr. Walter Gordon, 
which is looking into Canada's economic prospects, 
has focussed public attention on the future. The 
many submissions to the Commission from pro- 
vincial, industrial, and various other bodies have 
all suggested striking industrial and social develop- 
ments across the country. Briefs presented by the 
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Onta r io  G o v e r n m e n t  and  by  Onta r io  t Iydr0 ' s  Cha i r -  
man ,  Dr. R. L. Hea rn ,  have  suggested that ,  if ce r t a in  
condi t ions  p reva i l  w i t h i n  the  province ,  Onta r io  
Hydro  m a y  be faced w i th  loads of the order  of 20 
mi l l i on  kw by  1980 as compared  w i th  jus t  over  4.2 
mi l l ion  in  1955. 

The  two s tudies  which  t a k e  us to the  y e a r  1980 
were  pu re ly  s ta t is t ical  a nd  the  figures in  Tab le  II are  
all  der ived  f rom a p ro jec t ion  of past  t rends .  Over  
the per iod  f rom 1922 to 1955 the  ra te  of g rowth  for 
the th ree  ope ra t ing  sys tems combined  has been  equ i -  
v a l e n t  to 6.56% per  a n n u m  a n d  this  r a t e  has been  
appl ied  to two a l t e r na t i ve  es t imates  of load in  1960 
to give the two pro jec t ions  m a r k e d  (A)  and  (B) .  

The  two es t imates  for 1960 are 5.4 mi l l i on  or 6.2 
mi l l i on  kw. The  lower  figure has been  es t ima ted  by  
the Commiss ion ' s  Adv i so ry  C ommi t t e e  on Load  a n d  
Capaci ty ,  a commi t t ee  charged  wi th  the  r e spons ib i l -  
i ty  of p r e p a r i n g  f i v e - y e a r  forecasts  of loads, whi le  
the  h igh figure is the  load which  wi l l  have  to be me t  
if r e q u i r e m e n t s  increase  as r a p i d l y  as in  the  per iod 
1950-1955, a ra te  e q u i v a l e n t  to 8.2% per  a n n u m .  By 
app ly ing  the l o n g - t e r m  ra te  of g rowth  of 6.56% per  
a n n u m  to these 1960 figures, the  fo l lowing k i lowat t  
es t imates  for the  years  ahead  are reached:  1965, 7.5 
or 8.5 mi l l ion ;  1970, 10.2 or 11.6 mi l l ion ;  1975, 14.1 or 
16.0 mi l l ion ;  and  1980, 19.3 or 21.9 mi l l i on  kw. 

The  resources  r e q u i r e d  to mee t  bo th  es t imates  of 
load have,  of course, been  considered,  b u t  this  dis-  
cussion is l imi ted  to the resources  for the h igher  est i -  

Table Ill. Dependable peak capacity, all systems combined, 1956-1980 inclusive 
The Hydro-Electric Power Commission of Ontario 

Capacity required to meet  higher estimate of future  p r imary  power requi rements  
(designated A) and provide a margin  of reserve of about 7% 

Kilowatts 

December 
Commission's Power Total 

generating stations purchased resources 
HydroelectriC Fuel-electric 

Conventional NucIear 

1956 3,258,000 637,000 - -  
1957 3,683,000 637,000 - -  
1958 4,209,000 826,000 18,000 
1959 4,481,000 1,026,000 18,000 

1960 4,622,000 1,426,000 18,000 
1961 4,717,000 1,726,000 18,000 
1962 4,848,000 2,026,000 18,000 
1963 5,040,000 2,326,000 18,000 
1964 5,052,000 3,039,000 18,000 
1965 5,110,000 3,039,000 418,000 
1966 5,217,000 3,039,000 931,000 
1967 5,250,000 3,339,000 i, 131,000 
1968 5,270,000 3,339,000 1,844,000 
1969 5,290,000 3,639,000 2,244,000 

1970 5,333,000 4,239,000 2,644,000 
1971 5,353,000 4,952,000 2,844,000 
1972 5,412,000 5,252,000 3,444,000 
1973 5,442,000 5,852,000 3,757,000 
1974 5,485,000 6,452,000 3,957,000 
1975 5,485,000 7,052,000 4,470,000 
1976 5,485,000 7,765,000 5,070,000 
1977 5,485,000 8,365,000 5,783,000 
1978 5,485,000 8,965,000 6,183,000 
1979 5,485,000 9,565,000 7,096,000 

1980 5,485,000 10,578,000 7,496,000 
NOTE: 

operation. 

645,000 
645,000 
623,000 
608,000 

608 000 
601 000 
601 000 
601 000 
601 000 
601 000 
601 000 
601 000 
601 000 
601 000 

269,000 
187,000 
187,000 
187,000 
187,000 
187,000 

0 
0 
0 
0 

4,540,000 
4,965,000 
5,676,000 
6,133,000 

6,674,000 
7,062,000 
7,493,000 
7,985,000 
8,710,000 
9,168,000 
9,788,000 

10,321,000 
11,054,000 
11,774,000 

12,485,000 
13,336,000 
14,295;000 
15,238,000 
16,081,000 
17,194,000 
18,320,000 
19,633,000 
20,633,000 
22,146,000 

23,559,000 
Nuclear resources are based on the assumption that by 1965 nuclear fuel-electric stations will be economical for base load 
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m a t e s  so as to avo id  confusion.  In  1955 p o w e r  r e -  
sources  a v a i l a b l e  to t h e  Commiss ion  h a d  a d e p e n d -  
ab l e  p e a k  c a p a c i t y  of m o r e  t h a n  4.5 mi l l i on  kw.  
T a b l e  I I I  shows t ha t  t he  c a p a c i t y  r e q u i r e d  to m e e t  
r e q u i r e m e n t s  and  p r o v i d e  a m a r g i n  of r e s e r v e  of 
a b o u t  7% is abou t  6.7 m i l l i on  k w  in 1960; 9.2 m i l -  
l ion  in 1965; 12.5 mi l l i on  in  1970; 17.2 m i l l i o n  in  
1975; a n d  23.6 mi l l i on  k w  in 1980. 

T a b l e  I I I  also i nd i ca t e s  t h a t  b e t w e e n  1956 a n d  
1974 t h e r e  r e m a i n  some 2.2 m i l l i o n  k w  in h y d r o  
s i tes  w h i c h  can  be  d e v e l o p e d  economica l ly .  Of th is  
amoun t ,  m o r e  t h a n  1.2 mi l l i on  k w  has  been  a u t h o r -  
ized  for  cons t ruc t i on  a n d  wi l l  be  in se rv ice  b e f o r e  
1960. Of t he  n e a r l y  f o r t y  economic  s i tes  r e m a i n i n g ,  
on ly  s ix  exceed  50,000 k w  each.  This  i nd i ca t e s  t he  
m a i n  l i m i t a t i o n  of h y d r o  p o w e r  in  O n t a r i o - - t h e r e  
i sn ' t  too m u c h  left .  

One  of t he  m o r e  i n t e r e s t i n g  aspec t s  of t he  s t u d y  of 
r e q u i r e d  c a p a c i t y  is t he  fac t  t ha t  w i t h i n  a c o m p a r a -  
t i v e l y  shor t  p e r i o d  of t i m e  On ta r i o  H y d r o  w i l l  s t a r t  
to change  ove r  f r o m  a p r e d o m i n a n t l y  h y d r o e l e c t r i c  

u t i l i t y  to one in  w h i c h  f u e l - e l e c t r i c  p o w e r  p l a y s  an  
i m p o r t a n t  pa r t .  The  r a p i d  d e v e l o p m e n t s  t h a t  a r e  
t a k i n g  p lace  in  n u c l e a r  s tud ies  sugges t  t h a t  a f t e r  
1965 a l a rge  p a r t  of the  r e q u i r e d  c a p a c i t y  wi l l  be  
p r o v i d e d  b y  n u c l e a r  resources .  N u c l e a r  e n e r g y  w i l l  
be  used  to p r o d u c e  s t e a m  w h i c h  in  t u r n  w i l l  g e n e r a t e  
e l ec t r i c i t y  in a c o n v e n t i o n a l  s t e a m - e l e c t r i c  s ta t ion .  
A l t h o u g h  the  20,000 k w  d e m o n s t r a t i o n  p l a n t  n o w  
be ing  c o n s t r u c t e d  n e a r  t he  Des J o a c h i m s  s t a t i on  on 
the  O t t a w a  R i v e r  m a y  no t  be  c o m p e t i t i v e  w i t h  con-  
v e n t i o n a l  fue l  s ta t ions ,  i t  is e x p e c t e d  t h a t  i ts  o p e r -  
a t ion  w i l l  p r o v i d e  v a l u a b l e  d a t a  for  the  des ign ,  con-  
s t ruc t ion ,  and  o p e r a t i o n  of l a r g e r  in s t a l l a t ions .  In  
e s t i m a t i n g  r e sou rces  a f t e r  1965, i t  has  been  a s s u m e d  
tha t  n u c l e a r  s ta t ions  wi l l  be  economica l  for  ba se  load  
ope ra t ion .  

Manuscr ip t  rece ived  October  2, 1956. This pape r  was 
p repa red  for de l ive ry  before  the  Ontar io-Quebec Sec- 
t ion of the  Society, May 11, 1956. 

Any  discussion of this pape r  wi l l  appear  in a Dis- 
cussion Section to be publ i shed  in the  June  1958 
JOURNAL. 

Power from Other Energy Sources 
C. E. Baltzer 

Fuels and Power Section, Fuels Division, Mines Branch, Department o~ Mines 

and Technical Surveys, Ottawa, Ontario, Canada 

B r i e f  c o m m e n t  on t h e r m a l l y  p r o d u c e d  p o w e r  ob -  
t a i n e d  f rom the  b u r n i n g  of n a t u r a l  m i n e r a l  fuels ,  
coal,  oil,  a n d  gas, is g iven.  C u r r e n t l y ,  t h e  e n e r g y  of 
these  fue ls  is t he  on ly  a c c e p t e d  a l t e r n a t i v e  to  h y d r o  
e n e r g y  for  p r o d u c i n g  c o m m e r c i a l  e l e c t r i c i t y  in  
q u a n t i t y ,  and ,  b y  a n d  la rge ,  t h e  b u l k  of e l ec t r i c  
p o w e r  p r o d u c e d  in  t he  wor ld ,  w i t h  a f ew  n a t i ons  
excep ted ,  is p r o d u c e d  b y  the  c o m b u s t i o n  of t he se  
fue l s  in  s t e a m  p l a n t s  of m o r e  or  less c o n v e n t i o n a l  
des ign.  

Power from Nuclear Energy 
I t  is n o w  r ecogn i zed  t h a t  n u c l e a r  e n e r g y  r e l e a s e d  

t h r o u g h  the  fission p rocess  is an  i m p e n d i n g  source  of 
h i g h - l e v e l  c o n t r o l l e d  hea t .  As  such  i t  becomes  a 
f o u r t h  fue l  which ,  if  p r o v e n  economic  to p roduce ,  
safe  to hand le ,  and  r e l i a b l e  in ope ra t i on ,  no t  on ly  
has  s t r a t eg i c  a d v a n t a g e s ,  b u t  is a m u c h  l a r g e r  r e -  
source  on a w o r l d  bas is  t h a n  the  c o m b i n e d  r e s e r v e s  
of our  c o n v e n t i o n a l  fuels .  

A d m i t t e d l y ,  if  h e a t  is gene ra t ed ,  p o w e r  can  be  
p r o d u c e d  in  the  s a m e  w a y  as f r o m  c o n v e n t i o n a l  
fuels ,  b u t  m a n y  obs tac l e s  h a v e  y e t  to be  o v e r c o m e  
b e f o r e  c o m p e t i t i v e  a tomic  p o w e r  is a r ea l i t y .  I ts  
c o m m e r c i a l  d e v e l o p m e n t ,  o the r  t h a n  in  the  p r o t o -  
t y p e  and  p r o v i n g  s tages ,  is no t  l i k e l y  in  C a n a d a  for  
a d e c a d e  or  more .  

The  e l e m e n t a r y  concep t  b e i n g  d e v e l o p e d  concedes  
t h a t  t he  on ly  p a r t  of t he  e l e c t r i c a l  p rocess  a f fec ted  is 
t he  m e a n s  for  p r o d u c i n g  s t eam;  c o n v e n t i o n a l  bo i l e r  
s t e a m  is r e p l a c e d  b y  s t e a m  p r o d u c e d  b y  an  a tomic  
reac tor .  The  t u r b i n e  a n d  g e n e r a t o r ,  w i t h  a n c i l l a r i e s  
on bo th  t he  p r i m e  m o v e r  and  e l ec t r i c a l  sides,  r e -  

m a i n  r e l a t i v e l y  the  same.  H o w e v e r ,  i n i t i a l l y ,  t h e r e  
a r e  two  f u n d a m e n t a l  d i f fe rences  w o r t h y  of note .  
F i r s t ,  t he  a tomic  r e a c t o r  costs  m o r e  t h a n  the  bo i l e r  
i t  r ep laces .  Second ,  a tomic  s t e a m  wi l l  be  of r e l a -  
t i v e l y  low p r e s s u r e  and  t e m p e r a t u r e  in  c o m p a r i s o n  
w i t h  t he  bes t  s t e a m  cycles  s e rv ing  c o n v e n t i o n a l  
s t e a m - e l e c t r i c  p lan t s .  Consequen t ly ,  t h e  eff iciency 
of t he  conve r s ion  w i l l  be  l o w e r  a n d  the  c o r r e s p o n d -  
ing  hea t  r a t e  h ighe r .  B a d l y  n e e d e d  m e t a l l u r g i c a l  
i m p r o v e m e n t  in  c o m p o n e n t s  to w i t h s t a n d  h i g h e r  
heat ,  p re s su re ,  a n d  r o t a t i v e  forces  w o u l d  benef i t  
bo th  t he  a tomic  a n d  c o n v e n t i o n a l  s t e a m  cycles .  In  
fact ,  t he  e v e n t u a l  c o m p e t i t i v e  success  of t he  a tomic  
p o w e r  cycles  m a y  w e l l  d e p e n d  on such  i m p r o v e -  
m e n t s  be ing  m a d e .  

I t  w o u l d  a p p e a r  t h a t  t h e  m a i n  benef i t  to acc rue  
f r o m  the  fission p rocess  r e s t s  on the  p o s s i b i l i t y  of 
o b t a i n i n g  e x t r e m e l y  low fue l  cost, v a r i o u s l y  es-  
t i m a t e d  a t  f r o m  less t h a n  one  to s e v e r a l  m i l l s / k w h r  
of p o w e r  p roduced .  E v e n  t h o u g h  i t  be  g r a n t e d  t ha t  
t he  fue l  cost  is e x t r e m e l y  low,  t he  m a r g i n  of cost  
b e t w e e n  i t  and  c o n v e n t i o n a l  fue l  m u s t  be  w ide  
e n o u g h  to w a r r a n t  a n y  i n c r e a s e d  c a p i t a l  e x p e n d i -  
ture .  L o w  fue l  cost, be  i t  one  m i l l  or  two,  is offset in  
pa r t ,  if  not  in  whole ,  if  g r e a t e r  f ixed cha rges  a r e  
ne c e s s i t a t e d  b y  the  c ompl i c a t i ons  a n d  d a n g e r s  of 
the  fission process .  

V i e w e d  f r o m  the  economic  s t a n d p o i n t ,  a tomic  
p o w e r  can  b e  r e g a r d e d  a t  p r e s e n t  on ly  as a poss ib le  
s u p p l e m e n t  to p o w e r  r e sou rces  in  v e r y  h igh -cos t ,  
e n e r g y - d e f i c i e n t  a reas .  Also,  C a n a d a  could  no t  
s e e m i n g l y  d e r i v e  a n y  p a r t i c u l a r  a d v a n t a g e  ove r  
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o t h e r  coun t r i e s  since,  p r e s u m a b l y ,  t h e  cost  of p o w e r  
f rom n u c l e a r  fission w i l l  b e  a p p r o x i m a t e l y  t he  s a m e  
r e g a r d l e s s  of p l a n t  locat ion .  

On the  economic  side,  t h e  fo l l owing  p ress  s t a t e -  
m e n t s  a t t r i b u t e d  to p o w e r  a u t h o r i t i e s  a r e  of i n t e r -  
est :  

( A )  Mr.  J. A. F u l l e r ,  P r e s i d e n t ,  S h a w i n i g a n  W a t e r  
and  P o w e r  C o m p a n y ,  Financial Post, M a r c h  21/55:  
"I  t h i n k  i t  can  be  sa id  t h a t  a tomic  p o w e r  w i l l  s u p -  
p l e m e n t  b u t  not  s u p p l a n t  our  c o n v e n t i o n a l  p o w e r  
sources,  a t  l eas t  so long  as our  s u p p l y  of foss i l  fue ls  
(coal ,  oil, a n d  gas)  ho lds  o u t . . .  

" I t  w i l l  n e v e r  d i s p l a c e  p r e s e n t l y  d e v e l o p e d  h y d r o  
p o w e r  no r  in  fac t  f u t u r e  h y d r o  p o w e r  w h i c h  can  be  
sold  n e a r  t he  s i te  of d e v e l o p m e n t  or  t r a n s m i t t e d  
ove r  f e a s i b l e  d i s t ances . "  

(B)  S i r  J o h n  Cockcrof t ,  Di rec to r ,  A t o m i c  E n e r g y  
R e s e a r c h  E s t a b l i s h m e n t ,  H a r w e l l ,  E n g l a n d ,  Ottawa 
Citizen, C. P., A p r i l  2 /56:  "S i r  J o h n  says  he  sees 
l i t t l e  l i k e l i h o o d  of a n y  w i d e s p r e a d  use  of  a tomic  
p o w e r  in  coun t r i e s  l i ke  C a n a d a  w h e r e  a b u n d a n t  
h y d r o - e l e c t r i c  r e sou rces  exis t .  ' H y d r o - e l e c t r i c  r e -  
sources  can  p r o v i d e  p o w e r  m u c h  m o r e  c h e a p l y  t h a n  
n u c l e a r  e n e r g y ' . . . "  

Thermal  Electric Power Out look  
In  Canada ,  w h e n  p o w e r  comes  to mind ,  one  qu i t e  

n a t u r a l l y  t h i n k s  of h y d r o e l e c t r i c  p o w e r  d e r i v e d  f r o m  
the  fo rce  of f a l l i ng  w a t e r .  This  is so because ,  w i t h  
t he  s ingle  e x c e p t i o n  of N o r w a y ,  the  C a n a d i a n  p e r  
c ap i t a  p r o d u c t i o n  of e l e c t r i c i t y  f r o m  w a t e r  p o w e r  
l eads  the  wor ld .  H y d r o  g e n e r a t i o n  f u r n i s h e s  a b o u t  
95% of t h e  e l e c t r i c i t y  p r o d u c e d  in Canada .  I t  a lso 
accounts  for  as m u c h  as 10% of C a n a d a ' s  p r e s e n t  
e n e r g y  c o n s u m p t i o n  for  a l l  purposes ,  a f igure  t h a t  is 
a p p r o a c h e d  b y  f ew  na t ions .  O n l y  t h r e e  count r ies ,  
U n i t e d  Sta tes ,  Russia ,  a n d  U n i t e d  K i n g d o m ,  each  
w i t h  f r o m  3 to 14 t imes  C a n a d a ' s  popu la t i on ,  p r o -  
duce  m o r e  e l ec t r i c  p o w e r  on a v o l u m e  basis ,  and  
this  m o s t l y  f r o m  coa l - f i r ed  s t e a m  p lan t s .  

In  consequence ,  t he  a v e r a g e  C a n a d i a n  has  become  
v e r y  " h y d r o - m i n d e d , "  a n d  has  c e r t a i n  f ixed ideas ,  
if no t  r e a l  p r e j u d i c e s  in  f a v o r  of t h e  r e l a t i v e  i m -  
p o r t a n c e  of h y d r o  vs. t h e r m a l  e l ec t r i c  power .  He  is 
f i rmly  conv inced  t h a t  h y d r o  p o w e r  is cheap  and  a l l  
t h e r m a l  p o w e r  m u s t  be  dear .  In  his  op in ion  s t e a m -  
e lec t r i c  p o w e r  is o u t m o d e d ,  a n d  p o s i t i v e l y  a n t i -  
q u a t e d  if  i t  m u s t  be  p r o d u c e d  f r o m  coal.  Th is  a v e r -  
age  C a n a d i a n  does no t  f u l l y  r ea l i ze  t h a t  his  e l ec -  
t r i c a l  r e q u i r e m e n t s  a r e  r i s ing  f a s t e r  t h a n  the  a b i l i t y  
of h y d r o  to p r o v i d e  p o w e r  on economic  g rounds .  
N e i t h e r  does  he  r e a l i z e  t h a t  t he  t o t a l  k n o w n  h y d r o  
p o t e n t i a l  a v a i l a b l e  for  his  use  is v e r y  smal l ,  less  
t h a n  1/10 of 1% in r e l a t i o n  to C a n a d a ' s  p o t e n t i a l l y  
a v a i l a b l e  r e s e r v e s  in  coal,  oil, a n d  n a t u r a l  gas. Nor  
does he  f u l l y  a p p r e c i a t e  the  i n s a t i a b l e  w o r l d  d e -  
m a n d  for  t he  p r o d u c t s  of the  va s t  C a n a d i a n  s tores  
of fo res t  a n d  m i n e r a l  wea l t h ,  a d e m a n d  c r e a t e d  b y  
two  w o r l d  war s ,  a n d  t h e  t h r e a t  of a t h i rd ,  a d e m a n d  
w h i c h  can  be  sa t is f ied on ly  b y  g igan t i c  e x p e n d i t u r e s  
of e n e r g y  fas t  o u t p a c i n g  a n y  pas t  r a t e  of use.  This  
g ives  r i s e  to specu la t ion ,  in  no s m a l l  degree ,  in  r e -  
g a r d  to t h e  r e l a t i v e  i m p o r t a n c e  of h y d r a u l i c  e n e r g y  
a n d  t h e r m a I  e n e r g y  in a f u t u r e  economy.  W h i l e  b o t h  
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Table I. Canada's available energy reserves from conventional 
sources. Estimated Dec. 31, 1955, in millions of net tons of 

equivalent coal (24 million Btu/ton) 

Source  T y p e  A m o u n t  % of To ta l  

Coal ~ 98,816 98.3 
Na tu ra l  gas ~ Expendab le  875 0.9 
Crude  oil* 726 0.7 
W a t e r  power  Renewable  58 0.1 

Total  100,475 100.0 

* E x c l u s i v e  of  p o t e n t i a l  i n  t a r  s ands  a n d  oi l  shales .  

a re  i m p o r t a n t ,  t h e  l a t t e r  for  obv ious  r ea sons  b e -  
comes  i n c r e a s i n g l y  so as load  r e q u i r e m e n t s  deve lop .  

Canada's  Energy Reserves 
C a n a d a ' s  i n c r e a s i n g  popu la t i on ,  i ts  des i r e  for  

e v e r - h i g h e r  l i v ing  s t a n d a r d s ,  t h e  changes  in  ou t look  
a n d  t e c h n o l o g y  t h a t  h a v e  t a k e n  p l a c e  d u r i n g  a n d  
s ince  W o r l d  W a r  II  a r e  m a i n l y  r e s p o n s i b l e  for  t he  
p r e s e n t  g r e a t  conce rn  w i t h  e n e r g y  rese rves .  S ince  
1950, t ha t  c onc e rn  has  been  e x p r e s s e d  w i d e l y  in  
p r in t .  T h e r e  h a v e  been  s e v e r a l  b o o k - l e n g t h  su rveys ,  
l i t e r a l l y  h u n d r e d s  of t e chn i ca l  pape r s ,  a n d  an  u n t o l d  
n u m b e r  of p o p u l a r  a r t i c l e s  a n d  p u b l i s h e d  d i scourses  
on  e v e r y  p h a s e  of e n e r g y  assessment .  T a k e n  w i t h  
t h e  p o p u l a r  a n d  voc i f e rous  o u t c r y  for  a tomic  power ,  
and  the  benef i t s  i t  in  p a r t i c u l a r  is e x p e c t e d  to b r ing ,  
one m u s t  a l m o s t  conc lude  t h a t  t he  wor ld ,  a n d  e v e r y  
c o u n t r y  in  it, is sho r t l y  to b e  f aced  w i t h  a n  e n e r g y  
crisis .  Can  th is  p o s s i b l y  b e  t r u e  for  C a n a d a ?  

F i r s t  look a t  an  e s t i m a t e  of C a n a d a ' s  r e se rves ,  as  
g iven  in  T a b l e  I. 

I t  shou ld  b e  n o t e d  t h a t  in  th is  a n d  s u b s e q u e n t  
t ab le s  the  e s t i m a t e s  for  coa l  a n d  oil  a r e  c a l c u l a t e d  
f r o m  s o m e w h a t  d i f f e ren t  bases .  Oi l  r e s e r v e s  a r e  
c o m p u t e d  f r o m  r e c o v e r y  e s t i m a t e s  of a h igh  d e g r e e  
of r e l i a b i l i t y .  Coal  rese rves ,  a l t h o u g h  sub j e c t  to a 
r e c o v e r y  fac tor ,  s t i l l  r e m a i n  m o s t l y  r e s e r v e s  c o m -  
p u t e d  f r o m  geo log ica l  ev idence  r a t h e r  t h a n  f r o m  
m i n i n g  ev idence .  

R e c o v e r a b l e  r e s e r v e s  Of c o n v e n t i o n a l  e n e r g y  at  
t he  e n d  of 1955 w e r e  e s t i m a t e d  to b e  of a b o u t  t h e  
fo l l owing  o rde r :  99 b i l l i on  tons  of m i n e a b l e  coal;  3 
b i l l i on  b a r r e l s  of r e c o v e r a b l e  c r u d e  oi l ;  21 t r i l l i o n  
f f  of n a t u r a l  gas;  and  66 m i l l i o n  hp  of h y d r a u l i c  
power ,  t r u l y  a r e m a r k a b l e  c o n g l o m e r a t i o n  of f ig-  
ures .  

To assess these  f igures on a c o m p a r a b l e  bas is ,  a 
c o m m o n  un i t  t h a t  is r e a d i l y  u n d e r s t o o d  m u s t  be  
adop ted .  I f  s t a t e d  in  o r d i n a r y  un i t s  of h p - h r ,  k w h r ,  
or  Btu ' s ,  the  f igures  b e c o m e  so e n o r m o u s  as to be  a l -  
mos t  b e y o n d  u n d e r s t a n d i n g .  The re fo re ,  t he  a u t h o r  
p r e s e n t s  t h e  r e s e r v e s  in  t e r m s  of one  m i l l i o n  tons  
of e q u i v a l e n t  coa l  w i t h  a h e a t  con ten t  of 12,000 
B t u / l b ;  first,  b e c a u s e  i t  is ea s i e r  to v i sua l i ze  w h a t  a 
ton  of coal  looks  l i ke  t h a n  a s ingle  Btu,  k w h r ,  or  h p -  
hr ;  second,  be c a use  this  l a r g e  u n i t  a ids  c o m p a r i s o n  
and  s impl i f ies  t a b u l a t i o n .  

As  an  i n d i c a t i o n  of t he  size of th i s  un i t ,  one  m i l -  
l ion  tons  of such  coal,  used  at  t he  a v e r a g e  1954 
o p e r a t i n g  eff iciency of A m e r i c a n  s t e a m - e l e c t r i c  g e n -  
e r a t i n g  p lan t s ,  w o u l d  p r o d u c e  two  b i l l i on  k w h r  of 
e l ec t r i c i ty .  As  f ew  as 35 of t h e s e  un i t s  w o u l d  p r o -  
duce  C a n a d a ' s  t o t a l  1954 e l e c t r i c a l  ou tpu t .  
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Table II. Geographic distribution of Canada's energy reserves. 
Estimated as of Dec. 31, 1955, in millions of net tons of 

equivalent coal (24 million Btu/ton) 
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Table IV. 1954 Total energy made available for use in Canada. In 
millions of net tons of equivalent coal (24 million Btu/ton) 

P e r c e n t a g e  f r o m  
% 

R e g i o n  A m o u n t  o f  T o t a l  C o a l  - O i l  - G a s  - H y d r o  

Alber ta  49,201 49.0 97.3 1.3 1.4 * 
Saskatchewan 24,246 24.1 99.5 0.3 0.2 * 
Bri t ish Columbia 18,988 18.9 99.2 * 0.8 * 
Y u k o n & N . W . T .  4,521 4.5 99.8 0.2 - -  * 
Nova Scotia 3,115 3.1 100.0 * 
Ontario 159 0.2 94.5 0.3 * 5.2 
Manitoba 117 0.1 86.5 8.1 * 5.5 
New Brunswick 102 0.1 99.6 * * 0.4 
Quebec 23 * 100.0 
Newfoundland  3 * - -  100.0 
Pr ince Edward  Island * * - -  100.0 

Canada 100,475 100.0 98.3 0.9 0.7 0.1 

* N e g l i g i b l e  a m o u n t  o f  t o t a l .  

H e r e  it  w i l l  be  no ted  that ,  of the  e n e r g y  sources  
shown,  coal  is by  fa r  the  mos t  abundan t .  W h i l e  
w a t e r  p o w e r  is shown to be  on ly  a sma l l  f r ac t i on  
of the  total ,  its i m p o r t a n c e  in Canada ' s  e c o n o m y  is 
m u c h  g r e a t e r  t han  this  compar i son  suggests ,  b e -  
cause of its ava i l ab i l i t y  and its r e n e w a b l e  c h a r -  
ac te r i s t ic  in the  o t h e r w i s e  e n e r g y - d e f i c i e n t  a r ea  of 
the  "St.  L a w r e n c e  L o w l a n d s . "  This  r e l a t i v e l y  smal l  
a r ea  suppor t s  as m u c h  as 60% of Canada ' s  to ta l  
popu la t i on  and  the  b u l k  of the  s econda ry  indus t r ies ,  
and  requ i res ,  w i t h  m i n o r  except ion ,  i m p o r t  of a l l  
its fue l  e n e r g y  e i the r  f r o m  d i s tan t  points  in C a n a d a  
or  the  U n i t e d  States .  On the  o the r  hand,  p r o v e n  oil  
and gas r e se rves  in Canada ,  a l t h o u g h  not  l a rge  in 
compar i son  w i t h  coal, a r e  inc reas ing  at a p h e n o m -  
enal  ra te .  One  a u t h o r i t y  has r e c e n t l y  e s t i m a t e d  t h a t  
in 1980 p r o v e n  oil  r e se rves  wi l l  be about  5 t imes  
g r e a t e r  t h a n  they  a re  today.  

Tab le  II  shows the  geog raph ic  d i s t r i bu t ion  of 
reserves .  H e r e  it  w i l l  be no ted  t h a t  ove r  96% 
of these  r e se rves  a re  loca ted  wes t  of  t h e  M a n i t o b a -  
S a s k a t c h e w a n  border ,  and  of t h e  r e m a i n i n g  4% at 
leas t  3 are  in N o v a  Scotia.  T h e  t a b l e  shows also 
tha t  coal  is p r e p o n d e r a n t l y  the  g rea t e s t  r e s e r v e  in 

Table Ill. 1954 Production of energy in Canada. In millions of net 
tons of equivalent coal (24 million Btu/ton) 

P e r c e n t a g e  f r o m  
% 

: R e g i o n  A m o u n t  o f  T o t a l  C o a l  - O i l  - G a s  - H y d r o  

Alber ta  30.7 58.4 15.8 69.2 14.6 0.4 
Nova Scotia 5.9 11.2 98.7 - -  - -  1.3 
Quebec 4.9 9.3 - -  - -  - -  100.0 
Saskatchewan 3.7 7.0 58.0 35.9 3.9 2.2 
Ontario 3.4 6.5 - -  3.0 12.4 84.6 
Bri t ish Columbia 2.0 3.8 63.4 - -  - -  36.6 
Manitoba 1.0 1.9 - -  54.9 - -  45.1 
New Brunswick 0.9 1.7 88.2 0.3 0.9 10.6 
Yukon & N. W.T.  0.1 0.2 13 .7  85.2 1.1 * 
Newfoundland * * - -  - -  - -  100.0 
Pr ince Edward  Island * * - -  - -  - -  100.0 

Canada 52.6t 100.0 28.4 44.2 9.6 17.8 

% 
S o u r c e  A m o u n t  o f  T o t a l  

Crude oil 50 50.5 
Coal .34 34.3 
Water  power  10 10.1 
Natura l  gas 5 5.1 

Total  99* 100.0 

* A p p r o x i m a t e l y  1000  y e a r s  s u p p l y  a t  1 9 5 4  r a t e  o f  u s e .  

8 of t he  11 specif ied regions,  w i t h  h y d r a u l i c  p o w e r  
the  on ly  e n e r g y  source  in t he  r e m a i n i n g  three .  

Tab le  I I I  shows the  1954 p roduc t i on  f r o m  C a n -  
ada's reserves. Here it is seen that as much as 71% 
of the 1954 production of primary energy was pro- 
duced in Western Canada, with the province of Al- 
berta contributing over 58% of the total. Nova 
Scotia was second with about 11% of the total. In 
on ly  4 of  the  11 specif ied reg ions  did coal  lead.  Oil  
led in 3 and h y d r a u l i c  p o w e r  in the  r e m a i n i n g  4. I t  
should  be no ted  that ,  at  t he  r a t e  of p roduc t i on  
shown,  Canada ' s  p re sen t  r e se rves  are  sufficient for  
a m i n i m u m  of 1900 years .  

Tab l e  IV gives  an a p p r o x i m a t i o n  of the  e n e r g y  
consumed  in 1954. 

R e m e m b e r i n g ,  as shown in Tab le  III, t ha t  C a n -  
ada 's  p roduc t i on  is 52.6 uni t s  of e n e r g y  and its con-  
sumpt ion ,  as shown  in T a b l e  IV, is a p p r o x i m a t e l y  
99 units ,  i t  is a p p a r e n t  t ha t  C a n a d a  is d e p e n d e n t  on 
i m p o r t  for  about  o n e - h a l f  of its e n e r g y  r e q u i r e -  
ments ,  mos t ly  in the  f o r m  of coal  and oil. I t  is also 
a p p a r e n t  tha t  oil leads coal  by  a cons ide rab le  m a r -  
gin, a r e v e r s a l  of pos i t ion  w h i c h  has  d e v e l o p e d  v e r y  
r e c e n t l y  owing  in no smal l  m e a s u r e  to the  p h e n o m -  
ena l  advance  in p roduc t i on  f r o m  ind igenous  oil  r e -  
serves.  It  is f u r t h e r  a p p a r e n t  t ha t  p re sen t  Canad i an  
e n e r g y  r e se rves  are  sufficient to suppor t  the  c u r r e n t  
r a t e  of use for  a m i n i m u m  of 1000 years  and, in the  
case of a fou r fo ld  increase ,  as has  b e e n  fo recas t  by  
some, for  some th ing  in excess  of 250 years .  Con-  
sequen t ly ,  t h e r e  is no d a n g e r  of an  e n e r g y  shor t age  
f r o m  c o n v e n t i o n a l  s o u r c e s  for  a long t ime.  S o m e  of 
the  e n e r g y  r e s e r v e  m a y  be  bad ly  placed,  bu t  at  the  
least ,  it is ava i l ab l e  for  u se  if, as, and  w h e n  r e -  
qu i red .  Moreover ,  t h e r e  is e v e r y  a s su rance  tha t  
m o r e  energy ,  p a r t i c u l a r l y  in the  f o r m  of oil and  gas, 
w i l l  be  found  to s u p p l e m e n t  p r e s e n t  reserves ,  and e x -  
t end  the i r  l ife e v e n  b e y o n d  the  t imes  he re  forecast .  

D e v e l o p m e n t  of  T h e r m a l - E l e c t r i c  Power 

Fig.  1 and 2 and  Tab le  V g ive  a v i e w  of t he  h is -  
t o ry  and  of the  p rogress  a t t a i n e d  in us ing  h e a t - a c -  
t i va t ed  m o t i v e  force  in t he  p r o d u c t i o n  of e lec t r ic i ty .  

Fig.  1 i l lus t r a t e s  success ive  t i m e  stages in the  
m e t h o d  of c o n v e r t i n g  fue l  e n e r g y  to power ,  and  the  
co r re spond ing  p rac t i ca l  efficiencies ob ta ined  f r o m  
var ious  types  of  p r i m e  move r .  A t  present ,  the  s t eam 
t u r b i n e  ou t r anks  al l  o ther  hea t  engines  in size and 
p e r f o r m a n c e  for  p o w e r i n g  cen t r a l  g e n e r a t i n g  plants .  
In  the  U n i t e d  States ,  s ta t ion  hea t  ra tes  of w e l l  u n d e r  
10,000 B t u / n e t  k w h r  h a v e  been  reached ,  w i t h  
efficiencies of 37-38%.  N e w  uni t s  u n d e r  cons t ruc -  

* N e g l i g i b l e  a m o u n t  o f  t o t a l .  
A p p r o x i m a t e l y  190 0  y e a r s  s u p p l y  a t  t h i s  r a t e  a n d  w i t h  p r e s e n t  

r e s e r v e s .  
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Fig. 1. Development of fuel energized prime movers and 
corresponding plant efficiencies, ] 700-1950. From "Revolu- 
tion in Fuel Technology," by M. W. Thring, Journal of the 
Institute of Fuel, Vol. XXVII, No. 163, Aug. 1954. 

t ion,  e m p l o y i n g  a d v a n c e d  s t e a m  cycles  w i t h  s u p e r -  
c r i t i ca l  p r e s s u r e s  as h igh  as 5000 psi ,  t e m p e r a t u r e s  
to 1200~ and  d o u b l e - s t a g e  r ehea t ,  a r e  e x p e c t e d  to 
r a i s e  eff iciency for  condens ing  p l a n t s  b y  as m u c h  as 
3 - 4 % .  T u r b o - g e n e r a t o r  size has  r e a c h e d  250,000-kw 
capac i ty ;  325,000-kw c a p a c i t y  m a c h i n e s  a r e  be ing  
bu i l t ,  a n d  400,000- to 500 ,000-kw sets  a r e  r e g a r d e d  
as poss ib le .  

Fig.  2 i l l u s t r a t e s  t he  p r o g r e s s i v e  i m p r o v e m e n t  in 
t he  eff icient  use  of fuel .  One  p o u n d  of coal,  or  i ts  
e q u i v a l e n t  in oi l  or  n a t u r a l  gas,  n o w  deve lops  as 
m u c h  e l e c t r i c i t y  as d id  3 lb  in  1920, a n d  as d i d  10 lb  
w h e n  t h e  C e n t r a l  E lec t r i c  S t a t i o n  I n d u s t r y  c a m e  
in to  b e i n g  in  t h e  l as t  q u a r t e r  of t he  19th C e n t u r y .  

T a b l e  V shows the  p r e s e n t  a v e r a g e  cond i t ions  a p -  
p l y i n g  to s t e a m - e l e c t r i c  g e n e r a t i n g  p l a n t s  o p e r a t i n g  
in  Canada ,  a n d  c o m p a r a b l e  cond i t ions  for  t he  U n i t e d  
S t a t e s  a n d  the  U n i t e d  K i n g d o m .  These  d a t a  s p e a k  
for  t h e m s e l v e s  and  r e q u i r e  l i t t l e  c o m m e n t .  H o w -  
ever ,  i t  shou ld  be  n o t e d  t h a t  t he  a v e r a g e s  g iven  in  
r e s pec t  to p e r f o r m a n c e  a n d  e c o n o m y  a r e  f a r  b e l o w  
t h e  be s t  a t t a i n a b l e  f r o m  t h e  mos t  a d v a n c e d  p l an t s .  
C a n a d a  suffers  in t he  compar i son ,  l a r g e l y  b e c a u s e  
of t h e  a m o u n t  of c a p a c i t y  he ld  in  r e se rve ,  t he  p r e -  
p o n d e r a n c e  of s m a l l  g e n e r a t i n g  uni ts ,  and  o v e r - a l l  
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Fig. 2. 1920- I  955 improvement in the eff ic ient use of coal, 
or its equivalent  in oil or natural  gas, in American Steam- 
Electric Ut i l i ty  Plants. Adapted from 34th Annual  Report 
1954, U. S. Federal Power Commission. 

Table V. 1954 Comparative data for steam-electric generating 
plant. Operated by The Central Electric Station Industry 

B.E.A.* 
Uni ted  Uni ted  

Canada  States K i n g d o m  

Product ion,  10 ~ k w h r  3,144 360,973 61,658 
% (of the rmal  genera t ion  93 99 100 

(of to ta l  genera t ion  5 77 99 
Capaci ty,  108 k w  1,551 74,773 - -  

% (of t he rma l  capaci ty  92 97 - -  
(of to ta l  capaci ty  12 75 - -  

Weigh ted  Average  
Hea t  in coal  used, B t u / l b  10,660 12,180 10,792 
Heat  rate,  B t u / n e t  kwhr  15,555 12,180 14,580 
Coal rate,  l b / n e t  k w h r  1.459 1.000 1.352 
The rma l  efficiency, % 21.9 28.0 23.4 
Pr ice  of coa l /ne t  ton, $ 7.08 6.25 7.88 
Cost of fue l /mi l l ion  Btu,r 33.2 25.7 36.6 
Fue l  cos t /ne t  kwhr ,  r 0.443 0.300 0.494 

* Br i t i sh  Electr ic i ty  Author i ty ,  S ix th  Annua l  Report ,  y e a r  ending  
March  31, 1954. 

# Canad ian  ave rages  a re  based  on 24 of the  la rges t  s team-elec t r ic  
stations.  In  1954, these  24 opera t ions  accounted for  over  90% of 
the capaci ty  and product ion  f r o m  the 168 t he rma l  DlantS controlled 
by the  indus t ry .  

o p e r a t i o n  a t  v e r y  low load  fac tor ,  a l l  of w h i c h  m i l i -  
t a t e  a g a i n s t  t he  mos t  efficient  p e r f o r m a n c e .  

T a b l e  VI  g ives  a p r o j e c t i o n  of t he  a m o u n t s  a n d  
t y p e s  of e l e c t r i c a l  g e n e r a t i n g  c a p a c i t y  t h a t  w i l l  be  
n e e d e d  b e t w e e n  1951 a n d  1981. I t  has  b e e n  sa id  t h a t  
"peop le  w o u l d  r a t h e r  be  m i s i n f o r m e d  a b o u t  t h e  
f u t u r e  t h a n  c o r r e c t l y  i n f o r m e d  a b o u t  t he  pas t . "  I f  
th is  be  t rue ,  a fo recas t  of t he  p o w e r  t r e n d  w o u l d  
seem to be  in  o r d e r  a t  th is  poin t .  This  p ro jec t ion ,  
t he  c o u n t e r p a r t  of s e v e r a l  a l l  s h o w i n g  s i m i l a r i t y  in 
r e g a r d  to o v e r - a l l  amoun t s ,  has  been  s e l ec t ed  b e -  
cause  of i ts  bo ld  a t t e m p t  to d e l i n e a t e  t h e  t y p e  as  
we l l  as t h e  a m o u n t  of o p e r a t i n g  c a p a c i t y  at  f ive-  
y e a r  i n t e rva l s ,  a q u a r t e r  of a c e n t u r y  in to  the  f u -  
tu re .  He re  i t  is i n d i c a t e d  t h a t  h y d r o e l e c t r i c  p o w e r  
wi l l  r e m a i n  C a n a d a ' s  p r i n c i p a l  sou rce  of e l e c t r i c a l  
e n e r g y  for  a t  l eas t  t he  n e x t  25 yea r s .  A t  t h a t  t ime,  
i t  w i l l  p o s s i b l y  r e p r e s e n t  as m u c h  as 2 /3  of t h e  to ta l .  
In  t he  m e a n t i m e ,  t h e r m a l  c a p a c i t y  w i l l  h a v e  b e c o m e  
i n c r e a s i n g l y  i m p o r t a n t  a n d  w i l l  h a v e  r i s e n  f r o m  a 
qu i t e  m i n o r  pos i t i on  in  1951 to a b o u t  30% of the  
t o t a l  b y  1981. 

T a b l e  VII ,  in  a n o t h e r  way ,  a t t e m p t s  to show the  
p a s t  a n d  f u t u r e  g r o w t h  t r e n d  of t h e r m a l  vs. h y d r o -  
g e n e r a t i n g  capac i ty .  In  t he  1 0 - y r  p e r i o d  p r i o r  to 
the  end  of t h e  wa r ,  t h e r m a l  p o w e r  h a d  a g r o w t h  r a t e  
and  t o t a l  c a p a c i t y  less t h a n  h y d r o  power .  In  t h e  

Table VI. Projected electrical capacity in Canada 1951-1981". In 
millions of kilowatts 

T h e r m a l  

Coal, oil, Nuclear  
Year  Total  Hydro  Total  gas  fuel  

1951 11.1 10.0 1.1 1.1 ni l  
1956 16.0 14.0 2.0 2.0 ni l  
1961 22.5 20.0 2.5 2.4-2.3 0.1-0.2 
1966 28.0 24.5 3.9 3.7-2.9 0.2-1.0 
1971 34.0 27.4 6.6 6.0-4.9 0.6-1.7 
1976 41.0 30.2 10.8 8.8-7.5 2.0-3.3 
1981 48.0 33.0 15.0 11.0-8.0 4.0-7.0 

* Source- -Unclass i f ied  A.E.C.L. P a p e r  No. 210 presen ted  at  Gene-  
va, Switzer land,  Aug.  1955 by Messrs.  Davis  and  Lewis .  
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Table VII. Growth trend of thermal vs. hydro electric capacity. 
Expressed in annual (compound) percentage and by ratio 

I n t e r v a l  P e r i o d  T h e r m a l  

R a t i o  
t h e r m a l  

H y d r o  to  h y d r o  

10 years  1935-45 2% 3% 1:15 
10 yea r s  1945-55 14% 6% 1:7 
Pro jec ted  30 years* 1951-81 9% 4% 1:2 

* C a l c u l a t e d  f r o m  da ta  t a k e n  f r o m  unc las s i f i ed  A.E.C.L.  p a p e r  
No. 210 p r e s e n t e d  a t  G e n e v a ,  S w i t z e r l a n d ,  A u g .  1955 by  Messrs .  
D a v i s  a n d  Lewis .  

1 0 - y r  p e r i o d  a f t e r  t he  war ,  the  g r o w t h  r a t e  of  t h e r -  
m a l  p o w e r  was  m o r e  t h a n  doub le  t ha t  of hyd ro ,  a n d  
q u a n t i t a t i v e l y  h a d  h a l v e d  the  f o r m e r  c a p a c i t y  r a t i o  
of 1 : i 5 .  P r o j e c t i o n  in  t he  3 0 - y r  p e r i o d  1951-1981 
ind ica t e s  t h a t  t he  a c c e l e r a t e d  g r o w t h  r a t e  for  t h e r -  
m a l  c a p a c i t y  wi l l  con t inue  a t  a b o u t  t he  s a m e  d i f f e r -  
en t ia l ,  and  tha t ,  q u a n t i t a t i v e l y ,  t he  r a t i o  b e t w e e n  
t h e r m a l  a n d  h y d r o  c a p a c i t y  w i l l  n a r r o w  to a r a t i o  
of as l i t t l e  as 1:2. 

Conclusion 
F r o m  p r e s e n t  i nd i ca t ions  i t  is e v i d e n t  t h a t  mos t  

p r o g r e s s  in  the  use  of t h e r m a l l y  g e n e r a t e d  p o w e r  is 
d e v e l o p i n g  in  t h r e e  m a i n  reg ions ,  viz.,  t he  M a r l -  
t imes ,  s o u t h e r n  Onta r io ,  and  the  P r a i r i e  P rov inces .  
In  these  r eg ions  i t  is a n t i c i p a t e d  t h a t  t he  p o w e r  d e -  
m a n d s  w i t h i n  t he  n e x t  25 y e a r s  w i l l  f a r  su rpas s  t he  

s u p p l y  of e c o n o m i c a l l y  a v a i l a b l e  h y d r a u l i c  ene rgy .  
The re fo re ,  f r om n o w  on, i t  can  be  r e a s o n a b l y  e x -  
p e c t e d  t ha t  t h e r m a l  p o w e r  wi l l  be  ca l l ed  on to p l a y  
an  i n c r e a s i n g l y  i m p o r t a n t  ro le  in t he  C a n a d i a n  
p o w e r  p ic tu re .  

Because  of t he  loca t ion  of ex i s t i ng  fue l  suppl ies ,  
d e v e l o p m e n t  wi l l  p r o b a b l y  fo l low some f a i r l y  def in-  
ab l e  p a t t e r n .  In  W e s t e r n  Canada ,  w h e r e  coal,  oil, 
and  gas  r e s e r v e s  a r e  mos t  a b u n d a n t ,  t hese  fue ls  w i l l  
l i k e l y  con t inue  to g ive  t h e  cheapes t  and  mos t  d e -  
p e n d a b l e  t h e r m a l  power .  In  f u e l - d e f i c i e n t  C e n t r a l  
Canada ,  i m p o r t e d  A m e r i c a n  coal  w o u l d  s eem to be  
in t he  bes t  pos i t i on  to p r o v i d e  the  cheapes t  t h e r m a l  
p o w e r  un t i l  n u c l e a r  fue l  be c ome s  a c h e a p e r  source.  
In  E a s t e r n  Canada ,  w h e r e  h ighe s t  fue l  costs  a p p l y  
a t  p re sen t ,  i n d i g e n o u s  coal  a n d  i m p o r t e d  oi l  h a v e  
become  i n c r e a s i n g l y  compe t i t i ve ,  and  e i t h e r  one or  
the  o ther ,  d e p e n d i n g  on c i r cums tances ,  w i l l  p r o d u c e  
the  cheapes t  t h e r m a l  p o w e r  u n t i l  n u c l e a r  fue l  ga ins  
the  h o p e d - f o r  a d v a n t a g e  a t  some  t i m e  as y e t  u n -  
k n o w n .  M e a n w h i l e ,  C a n a d a  is i n d e e d  f o r t u n a t e  in 
be ing  e n d o w e d  w i t h  such  a b u n d a n t  fue l  r e sou rces  
w i t h  w h i c h  to m e e t  t he  i n d i c a t e d  g r o w i n g  d e m a n d  
for  t h e r m a l l y  g e n e r a t e d  e l ec t r i c  power .  

Manuscr ip t  rece ived  Oct. 2, 1956. This pape r  was 
p repa red  for de l ive ry  before  the  Ontar io-Quebec Sec- 
t ion of the Society,  May 11, 1956. 

A n y  discussion of this p a p e r  wi l l  appea r  in a Dis- 
cussion Sect ion to be publ i shed  in the June  1958 
J O U R N A L .  

Manuscripts and Abstracts for Spring 1958 Meeting 
Papers  a re  now being solici ted for  the  Spr ing  1958 Meet ing of the Society,  to be he ld  at the S ta t l e r  Hotel  

in New York  City, Apr i l  27, 28, 29, 30, and May 1, 1958. Technical  Sessions p robab ly  wil l  be scheduled on Electr ic  
Insulat ion,  Electronics,  E lec t ro thermics  and Meta l lurgy,  Indust r ia l  Electrolyt ics ,  and Theore t ica l  Elect rochemis t ry .  

To be considered for  this meet ing,  t r ip l ica te  copies of abs t rac ts  (not to exceed 75 words in length) must  be 
rece ived  at  Society  Headquar te rs ,  1860 Broadway,  New York  23, N. Y., not later than January 2, 1958. Please 
indicate on abstract ]or which Division's symposium the paper is to be scheduled. Complete  manuscr ip ts  should 
be sent  to the  Managing Edi tor  of the JOURNAL at 1860 Broadway,  New York  23, N. Y. 

* * * 

The Fa l l  1958 Meet ing  wil l  be held  in Ottawa,  Canada,  Sep tember  28, 29, 30, October  1, and 2, 1958, at the 
Chateau Laur ie r .  
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Report of the Chlor-Alkali Committee of the Industrial Electrolytic 
Division for the Year 1956 

Jeff C. Cole 
Diamond Alka l i  Company,  Cleveland, Ohio 

and 

R. B. MacMullin 
R. B. MacMull in Associates, Niagara Falls, N e w  York  

For  over  a decade each succeeding yea r  has 
m a r k e d  a n e w  p roduc t ion  record  for C1 and  caust ic  
soda. The  yea r  1956 was no except ion  w i th  C1 h i t -  
t ing  an  a l l - t i m e  high of 3.78 mi l l i on  tons, an  i n -  
crease of 11% over  1955. Caust ic  soda p roduc t ion  
l ikewise  es tab l i shed  a record in  1956 r e a c h i n g  4.21 
mi l l ion  tons,  an  8% increase  over  1955. L i m e - s o d a  
caustic r ep r e sen t ed  abou t  11% of the  total ,  w i t h  the  
r e m a i n d e r  be ing  e lect rolyt ic  caustic.  

The  ch lo r - a lka l i  i n d u s t r y  has g rown  so large  tha t  
its power  r e q u i r e m e n t  in  1956 is e s t ima ted  to have  
been  over  12 b i l l ion  kwhr .  This  is abou t  2% of the  
tota l  e lect r ical  ene rgy  ou tpu t  of the  na t ion .  

Caust ic  potash  is be ing  looked u p o n  wi th  g rea te r  
in te res t  by  the  ch lo r - a lka l i  p roducers .  The  p r o -  
duc t ion  in  1956 was  92,000 tons on an  88-92% 
KOH basis. D u r i n g  the  yea r  D i a m o n d  Alka l i  s t a r t ed  
p roduc ing  caustic potash  at Muscle  Shoals,  as did 
P e n n s a l t  Chemica l s  at Ca lve r t  City.  

Sod ium chlora te  p roduc t ion  in  1956 was 55,000 
tons, up  11.8% over  1955. 

The C1 g rowth  ra te  ave raged  abou t  12% a n n u a l l y  
for m a n y  years.  A l t h o u g h  the re  are ind ica t ions  of 
a lower  g rowth  ra te  in  the p roduc t i on  figures for the  
last  5 or 6 years ,  the  forecasters  p red ic t  an  i m p r e s -  
s ive 10% increase  in  1957. This  n e w  d e m a n d  wi l l  
be adequa t e ly  me t  w i th  n e w  p lan t s  and  expa ns i on  
p rograms  n o w  u n d e r  cons t ruc t ion .  

Caust ic  soda has expe r i enced  a s teady  g rowth  ra te  
of abou t  7% a n n u a l l y  over  m a n y  years,  an d  this  
ra te  is expected  to c o n t i n u e  for at  least  5-10 years.  
In  1955 Dow s ta r ted  p roduc ing  soda ash f rom elec-  
t ro ly t ic  caust ic  at its Freepor t ,  Texas,  p lant .  Other  
p roducers  are k n o w n  to be p r e p a r i n g  themse lves  for 
this  m e a n s  of so lv ing  the i r  excess caust ic  p rob lem.  

Markets and End-Use Patterns 
There  were  no o u t s t a n d i n g  changes  in  the  m a r -  

kets  and  e n d - u s e  pa t t e rn s  for C1 and  caustic d u r i n g  
1956. Ch lo r ine  r e q u i r e m e n t s  for TiCI~ increased  be -  
cause the  g rowing  Ti m e t a l  i n d u s t r y  doubled  p ro -  
duc t ion  in  1956. The pu lp  and  pape r  i n d u s t r y  r e -  
qu i red  m o r e  of bo th  C1 and  caustic.  Other  C l - c o n -  

s u m i n g  indus t r i e s  showing  g rowth  d u r i n g  1956 were  
plastics,  ch lo r ina t ed  solvents ,  ag r i cu l t u r a l  chemicals ,  
and  texti les.  Chlor ine  also con t inues  to be a g row-  
ing workhorse  in  its role as an  i n t e r m e d i a t e  in  the  
p roduc t ion  of chemicals .  

Process changes  do occur i n  which  a C l - c o n s u m -  
ing process m a y  be modified or subs t i t u t ed  for, and  
thus eliminate the need for CI. For example, CJ-I~O 
is now made by direct oxidation in preference to 
the Cl-consuming chlorohydrin process, and some 
phenol is made by the cumene process instead of 
the long-practiced chlorobenzene route. No process 
changes of this type, however, occurred during 1956. 

Caustic soda is enjoying its growth in (a) metal 
ore digestion, (b) development of cold caustic pulp- 
ing in the paper industry, (c) petroleum, (d) tex- 
tiles, and (e) chemical manufacture. The Al indus- 
try is expanding and the increased alumina produc- 
tion requires more alkali. A trend in this industry 
is the increasing use of electrolytic caustic instead 
of soda ash to supply alkali requirements. 

The year 1956 found an increasing number of 
small chlor-alkali plants being built in foreign 
countries. Our caustic exports may decrease as these 
foreign plants are put into operation to supply local 
demands. Consequently, a decrease in caustic ex- 
ports will make it more difficult for some companies 
to dispose of excess caustic. 

Table I. 1 

C1 Caus t i c  s o d a  

587 

% % 

Pulp and paper 15.0 Chemicals 26.9 
Chlorinated solvents 13 .0  Rayon and film 17.8 
Automotive fluids 11.0 Pulp and paper  6.6 
Plastics and resins 11.0 Exports 5.9 
Insecticides, herbicides 7.5 Pe t ro leum refining 5.5 
Refrigerants,  Lye and cleansers 4.1 

propellants  5.0 Textiles 3.5 
Water  and sewage 3.5 Soap 2.1 
Others 34.0 Others 27.6 

100.0 100.0 
1 Source ,  Chemical Week ,  May 26, 1956. 
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Table I shows the app rox ima te  end-use  pa t te rns  
for C1 and caustic soda. 1 

Announcements of New Plants and Expansions-- 
Current to May 1957 

Kaiser  A luminum & Chemical  Corp. 's 36,000- 
t o n / y r  C1--4O,0O0-ton/yr caustic p lan t  now under  
construct ion at  Gramercy ,  La., wi l l  go into p roduc-  
tion this year .  This marks  the first en t ry  of an U. S. 
a luminum company into the ch lo r -a lka l i  field. The 
caustic wil l  be used in the company ' s  ad jo in ing  
a lumina  plant .  Diaphragm cells of the Hooker  S3B 
type  wil l  be instal led.  

Dow Chemical  is another  ch lo r -a lka l i  p roducer  
favor ing Louis iana  wi th  a new facil i ty.  The com- 
pany  is bui ld ing  a p lant  at P laquemine  to produce 
CI and caustic and a n u m b e r  of organic  chemicals.  

Wyandot te  Chemical  Corp. also selected Louis iana 
for a C1 and caustic p lant  to be bui l t  at  Geismar.  
Contracts  for design and construct ion of the d ia -  
phragm cell p lant  have a l r eady  been awarded.  This 
new 300- ton /day  chlorine and 350- ton /day  caustic 
p lan t  increases Wyandot te ' s  capaci ty  by  over  50% 
and represents  their  first move away  from Michigan 
and into the South. 

Jefferson Chemical  Co., a large  consumer of C1, is 
in the p lanning  stages of a new d iaphragm cell p lan t  
to be located in Por t  Neches, Texas. 

The Solvay Process Division of Allied Chemical & 
Dye Co. has built a new Hg cell plant at Brunswick, 
Ga. Before the plant was completed, the company 
announced plans to double the initially planned 
capacity. The additional capacity is expected to be 
in operation by this fall, making a total daily out- 
put of about 200 tons of C] and 250 tons of caustic. 

Weyerhaeuse r  Timber  Co.'s new C1 p lan t  at Long-  
view, Wash., s ta r ted  opera t ion  December  1, 1956. 
In i t ia l  capaci ty  is 80 tons /day ,  wi th  provis ion for 
doubl ing in the near  future.  This is the  larges t  
capt ive C1 p lan t  in the paper  industry .  It employs  
the new De Nora 14TGL cell. 

Expansions  of exis t ing ch lo r -a lka l i  p lants  are also 
ve ry  much in the news. Columbia  Southern  is ex-  
panding  at Lake  Charles,  La. F ron t i e r  Chemical  
Division of Union Chemical  & Mater ia ls  Corp. an-  
nounced expansion plans at both Denver  City, 
Texas, and Wichita,  Kan., to make  a total  p roduc-  
tion of about  225 t o n s / d a y  of C1. At  Calver t  City, 
Ky., Pennsa l t  Chemicals Corp. announced an ex-  
pansion scheduled to go into opera t ion  dur ing  1957 
to increase C1 product ion from 50 to 150 tons /day .  

Ol in-Mathieson 's  subs id ia ry  is expanding  its Mc- 
Intosh, A]a., p lant  to 250 t o n s / d a y  of C1; complet ion 
was scheduled for the ea r ly  par t  of this  year.  

At  Deer Park,  Texas, Diamond Alka l i  is bui ld ing  
a Hg cell p lant  to opera te  in combinat ion with  an 
exist ing d i aph ragm cell plant .  The added facil i t ies 
are scheduled to be in opera t ion  dur ing  the first hal f  
of 1958. The addi t ion wil l  increase dai ly  product ion 

at Deer Pa rk  by  app rox ima te ly  40%, or 200 tons of 
C1 and 220 tons of caustic. 

Westvaco Chemical  Division of Food Machinery  
& Chemical  Co. is in the middle  of a complete  over-  
haul  of their  460-ton C1 p lan t  at  South Charleston,  
W. Va. The first circuit  of Hooker  S3B cells went  on 
the l ine in March 1957. 

Du Pont  recen t ly  announced a mul t imi l l ion  dol lar  
expansion at its Memphis,  Tenn., p lan t  to produce 
C1 and Na metal.  The expansion wil l  represent  an 
increase of be t te r  than 50% in Du Pont ' s  Na ca~ 
pacity.  

Dow Chemical  Co. of Canada,  Ltd., announced an 
increase in facil i t ies at Sarnia .  Ea r ly  in 1956 it was 
announced tha t  Shawin igan  Chemicals,  Ltd., would 
bui ld  a new chlor ine-caus t ic  p lan t  at  Shawinigan  
Falls.  In Br i t i sh  Columbia,  Hooker  Chemicals  of 
Vancouver,  Ltd., has a la rge  chlor ine-caust ic  p lant  
under  construction, scheduled for complet ion in 
June  1957. This is the first p lan t  of this type  in 
Western  Canada,  and employs  the S3B cell now 
ra ted  at  30,000 amp instead of 25,000 amp. 

The Oldbury  Division of the  Hooker  E lec t rochem-  
ical Co. is expanding  an exis t ing NaC10~ p lan t  at  
Columbus, Miss., to br ing  total  capaci ty  to 22,000 
tons /yr .  

The Amer ican  Potash & Chemical  Corp. is coming 
East, having  announced a new NaC10~ p lan t  to be 
constructed on a 586-acre site on the Tombigbee  
River about  8 miles south of Aberdeen,  Miss. The 
plant ,  scheduled for complet ion in mid-1958, wi l l  
have an ini t ia l  capaci ty  of 15,000 ton /y r .  

Technical and Outstanding Commercial Developments 
A pioneering step to convert  a-c  to d-c  power  for  

a ch lo r -a lka l i  p lant  is being taken by Diamond Al -  
kal i  in thei r  mul t imi l l ion  dol lar  expansion p rogram 
at Deer Park,  Texas. The company plans to instal l  
the wor ld ' s  larges t  Ge rectif ier  system instead of the 
no rma l ly  used Hg arc or mechanical  rectifiers. 

A new De Nora deve lopment  is a high capaci ty  Hg 
cell design on which the company  has been work ing  
for several  years.  The cell, r e fe r red  to as the SGL 
type, has a r a t ed  capaci ty  of 120,000 amp, but  is r e -  
por ted  to be capable  of opera t ing  at a st i l l  h igher  
amperage.  The first ma jo r  appl ica t ion  of this  cell 
in this country  wi l l  be Diamond Alka l i ' s  ins ta l la t ion  
of 52 cells at Deer Park ,  Texas. 

A pa ten t  has been gran ted  to the  Hooker  Elec-  
t rochemical  Co. for the  recovery  of di lute  C1 gas. 
The process is based on the p re fe ren t ia l  absorpt ion  
of C1 into wa te r  at  high pressure.  The company 
offers to make  the process avai lab le  to the  indus t ry  
on a l icense basis. 

Manuscript received May 22, 1957. This paper was 
prepared for delivery at the Washington Meeting, May 
12 to 16, 1957. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June 1958 
JOURNAL. 
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ABSTRACT 

Expe r imen ta l  ha l f -ce l l  d ischarge da ta  a re  given for a number  of Groups  
Ib-Vb oxides in s t rongly  a lka l ine  NaOH solution, along wi th  comparisons 
be tween  these da ta  and thei r  theore t ica l  potent ials .  The effect of cathode 
solubi l i ty  on the hal f -ce l l  d ischarge poten t ia l  of a few spar ing ly  soluble s i lver  
salts is also discussed. 

M a n y  of t h e  d e s i r a b l e  f e a t u r e s  of a b a t t e r y  c a t h -  
ode  m a t e r i a l ,  such as a h igh  r e v e r s i b l e  e l ec t rode  
p o t e n t i a l  and  cou lombic  capac i ty ,  s t ab i l i t y ,  and  
c o m p a t a b i l i t y  w i t h  o t h e r  cel l  componen t s ,  a r e  found  
a m o n g  the  m e t a l l i c  oxides .  In  p rac t i ce ,  ca thodes  
o p e r a t e  a t  po t en t i a l s  l o w e r  t h a n  t h e i r  r e v e r s i b l e  
va lues ,  due  to p o l a r i z a t i o n  effects e n c o u n t e r e d  u n -  
d e r  load  condi t ions ,  wh i l e  t h e i r  e l ec t rode  efficiencies 
also v a r y  w i t h  c u r r e n t  d ra in .  Thus,  e v a l u a t i o n  of 
these  m a t e r i a l s  is bes t  m a d e  u n d e r  cond i t ions  of d i s -  
charge .  In  th is  p a p e r  e x p e r i m e n t a l  h a l f - c e l l  d i s -  
cha rge  d a t a  for  a n u m b e r  of G r o u p  I b - V b  ox ides  in 
an  a l k a l i n e  N a O H  e l e c t r o l y t e  a r e  g iven,  a long  w i t h  
c o m p a r i s o n s  b e t w e e n  these  d a t a  and  t h e r m o d y n a m -  
i ca l l y  c a l c u l a t e d  v a l u e s  of t he  r e v e r s i b l e  e l ec t rode  
po ten t i a l s .  

Experimental 
D i s c h a r g e  d a t a  on the  v a r i o u s  ox ides  w e r e  o b t a i n e d  

us ing  a t e c h n i q u e  d e s c r i b e d  b y  the  a u t h o r s  (1 ) .  This  
t e c h n i q u e  i nvo lves  d i s c h a r g i n g  a t  c o n s t a n t  c u r r e n t  
in a l a r g e  v o l u m e  of e l e c t r o l y t e  a 0 .5-g  s a m p l e  of 
the  ca thode  m a t e r i a l  m i x e d  w i t h  10% S h a w i n i g a n  
a c e t y l e n e  b lack .  The  change  in  t he  o p e r a t i n g  c a t h -  
ode p o t e n t i a l  w i t h  t i m e  is m e a s u r e d  w i t h  a L&N 
T y p e  K p o t e n t i o m e t e r  us ing  a s a t u r a t e d  ca lome l  
r e f e r e n c e  e lec t rode .  The  d i s c h a r g e  d a t a  w e r e  cor-  
r e c t e d  for  t h e  IR drop  a s soc ia t ed  w i t h  t he  a p p a r a t u s  
a n d  e l e c t r o l y t e  b y  m e a n s  of an  o s c i l l o g r a p h i c  t e c h -  
n i q u e  (2) .  

The  ha l f - ce l l  p o t e n t i a l s  a r e  a l l  r e f e r r e d  to t he  
n o r m a l  h y d r o g e n  scale,  and  r e p r e s e n t  t he  a v e r a g e  
of two  or  t h r e e  runs ,  t he  r e p r o d u c i b i l i t y  be ing  
•  v w h e n  m e a s u r e d  w i t h  a s a t u r a t e d  ca lo-  
m e l  e l e c t r o d e  (S .C.E. ) .  T h e  v a r i a t i o n  of t he  S.C.E. 
p o t e n t i a l  w i t h  t e m p e r a t u r e  ove r  t he  course  of t he  
m e a s u r e m e n t s  was  less  t h a n  0.01 v, u s u a l l y  l o w e r  
t h a n  0.005 v, and  no c o r r e c t i o n  was  m a d e  for  th is  
fac tor ,  i.e., a l l  m e a s u r e d  r e su l t s  w e r e  c a l c u l a t e d  
us ing  a v a l u e  of 0.246 v for  t he  S.C.E. po ten t i a l .  

In  th i s  s t u d y  a z inc  a n o d e  was  e m p l o y e d  w i t h  an  
a l k a l i n e  e l e c t r o l y t e  of 30% N a O H  so lu t ion  b y  
w e i g h t  w h i c h  was  s a t u r a t e d  w i t h  ZnO,  the  so lu t ion  
be ing  10.7M p r i o r  to the  a d d i t i o n  of ZnO.  The  a d d i -  
t ion  of ZnO dec reases  t h e  m o l a l i t y  of t h e  so lu t ion  
in a c c o r d a n c e  w i t h  t he  fo l lowing  e q u a t i o n  

ZnO ~ - 2 N a O H  ---- Na._,ZnO, ~ H~O ( I )  

the  p u r p o s e  of t h e  ZnO be ing  to r e d u c e  the  c o r r o -  
s ion of t he  Zn a n o d e  in t he  s t r o n g l y  a l k a l i n e  e l ec -  
t r o ly t e .  D u r i n g  the  course  of t he  d i scha rge ,  h y -  
d r o x i d e  ions  a r e  fo rmed ,  bu t  as t he  so lu t ion  is 
s t r o n g l y  a l k a l i n e  in i t i a l ly ,  t he  change  in  h y d r o x i d e  
ion  a c t i v i t y  of the  so lu t i on  is neg l ig ib le .  

P o t e n t i a l  m e a s u r e m e n t s  of t he  HgO e l ec t rode  in 
th is  e l e c t r o l y t e  vs. a S.C.E. g ive  a v a l u e  of W0.043 v 
for  t he  HgO h a l f - c e l l  r e f e r r e d  to the  n o r m a l  h y -  
d r o g e n  scale.  The  d e v i a t i o n  f r o m  the  s t a n d a r d  p o -  
t e n t i a l  of t he  HgO e l ec t rode  (E ~  E ~ §  v )  
is due  to t h e  g r e a t e r  h y d r o x i d e  ion a c t i v i t y  of t he  
e l ec t ro ly t e ,  as we l l  as  to t h e  ex i s t ence  of a l i qu id  
j u n c t i o n  p o t e n t i a l  a t  the  a l k a l i n e - s a t u r a t e d  KC1 
in te r face .  As  these  fac to rs  a r e  cons t an t  for  a l l  m e a s -  
u r e m e n t s  of t h e  h a l f - c e l l  po ten t i a l s ,  one can  add  
-~0.055 v to t he  e x p e r i m e n t a l l y  d e t e r m i n e d  d i s -  
cha rge  po t e n t i a l s  of t he  v a r i o u s  ox ides  in  o r d e r  to 
c o m p a r e  these  v a l u e s  w i t h  t h e i r  s t a n d a r d  e l ec t rode  
po ten t i a l s .  

Group Ib Oxides 
P r e s e n t e d  in  T a b l e  I a r e  t he  s t a n d a r d  po t en t i a l s  

of the  g roup  Ib -Vb  ox ides  in bas ic  solu t ion ,  t he  p o -  
t en t i a l s  be ing  c o m p u t e d  f rom the  f r ee  e n e r g y  d a t a  
g iven  b y  L a t i m e r  (3 ) .  

These  p o t e n t i a l s  a r e  r e f e r r e d  to t he  n o r m a l  h y -  
d r o g e n  e lec t rode ,  b u t  in a l k a l i n e  so lu t ions  th i s  cou-  
p le  has  t h e  f o r m  

H~ ~- 2OH- ~ 2H~O -t- 2e- E ~ ~ 0.828 ( I I )  

so t he  E ~ v a l u e s  of t he  ha l f  r eac t ions  in  a l k a l i n e  so-  
lu t ion  wi l l  be  d e s i g n a t e d  as E~ to i nd i ca t e  t h a t  th is  
bas ic  p o t e n t i a l  of the  h y d r o g e n  coup le  m u s t  be  used  
to o b t a i n  t h e  c o m p l e t e d  r e a c t i o n  p o t e n t i a l  aga in s t  
h y d r o g e n .  

E a r l y  s t ud i e s  of  t he  anod ic  o x i d a t i o n  of A g  in 
a l k a l i n e  so lu t ion  b y  L u t h e r  a n d  P o k o r n y  (4)  and  
Z i m m e r m a n  (5) show A g  to be  ox id i zed  q u a n t i t a -  
t i v e l y  f irst  to Ag,O and  t h e n  to AgO;  w h e n  the  AgO 
was  m a d e  ca thodic ,  t he  r e v e r s e  r eac t ions  took  place .  
This  t y p e  of s t e p w i s e  r e d u c t i o n  w o u l d  be  e x p e c t e d  
f r o m  the  s t a n d a r d  p o t e n t i a l s  p r e s e n t e d  in T a b l e  I. 

T y p i c a l  d i s c h a r g e  cu rves  of c o m m e r c i a l  Z n - A g O  
cel ls  (6)  i n d i c a t e  a t w o - s t e p  r e d u c t i o n  on ly  a t  low 
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Table I. Standard potentials of the group Ib-Vb oxides 
in basic solution 

G r o u p  E~ 

Ib AgO-Ag +0.458 
AgO-Ag~O +0.570 
Ag~O-Ag +0.345 
CuO-Cu --0.258 

CuO-Cu~O --0.159 
Cu~O-Cu --0.357 

IIb HgO-Hg +0.098 

IIIb TI (OH) ~-Tl --0.148 
T1 (OH) ~-TIOH --0.050 

TIOH-T1 --0.343 
TLO-TI --0.304 

In (OH) ~-In --i.00 

H2GaO~--Ga --1.22 

IVb PbO,-Pb --0.166 
PbO~-PbO +0.247 
PbO-Pb --0.580 

HPbO,--Pb --0.540 

Sn (OH) 6=-HSnO2 - --0.93 
SnO-Sn --0.93 

HSnO,--Sn --0.91 

HGeO~--Ge --I.0 

Vb Bi~O~-Bi --0.457 

SbOz-Sb --0.658 

AsO~--As --0.675 

c u r r e n t  d ra ins ;  a t  t h e  h i g h e r  c u r r e n t  d r a i n s  AgO 
d i s c h a r g e  t a k e s  p l ace  in one s tep  at  a p o t e n t i a l  cor -  
r e s p o n d i n g  to Ag~O. The  l a t t e r  f ind ing  is in a g r e e -  
m e n t  w i t h  t he  d a t a  s h o w n  in Fig.  1, w h e r e  i t  is 
seen  t ha t  bo th  AgO ~ a n d  Ag~O 1 a r e  d i s c h a r g e d  in  
one step,  in  30% N a O H  e lec t ro ly t e ,  a t  a r a t e  of 0.005 
a m p / g ,  a t  a p o t e n t i a l  of +0 .25  v on t h e  n o r m a l  h y -  
d r o g e n  scale,  a v a l u e  0.04 v l o w e r  t h a n  t h e  t h e r m o -  
d y n a m i c a l l y  c a l cu l a t ed  v a l u e  of t he  r e v e r s i b l e  p o -  
t e n t i a l  of the  Ag~O e lec t rode .  T h e  o b s e r v e d  c a p a c -  
i t ies  of the  AgO and  Ag20 ca thodes  to a --0.40 v cut  
off a r e  21.5 and  13.5 a r n p - m i n / g ,  r e spec t i ve ly ,  w h i c h  
c o r r e s p o n d  to efficiencies of 83 and  97%, i n d i c a t i v e  
of a 2 and  1 e l ec t ron  change  p e r  g r a m  a t o m  of s i lver ,  
for  the  r e s p e c t i v e  oxides .  

A c c o r d i n g  to the  t h e r m o d y n a m i c  da ta ,  e l ec t ro -  
c h e m i c a l  r e d u c t i o n  of CuO in bas ic  so lu t ion  also 
shou ld  t a k e  p l a c e  in  two  steps.  

2CuO + H~O + 2e- = Cu20 + 2OH- ( I I I )  

Cu20 + I-I~O + 2e- = 2Cu + 2OH- ( IV)  

E v i d e n c e  to s u p p o r t  th is  v i e w  is found  in t h e  w o r k  
of J o h n s o n  (7)  who  s t u d i e d  t h e  c h a r g e  and  dis-  
cha rge  cha rac t e r i s t i c s  of CuO p l a t e s  in a l k a l i n e  so-  
lu t ion.  Johnson  no ted  a t w o - s t e p  r e d u c t i o n  of t he  
CuO p l a t e s  in  4.2N K O H  solut ion,  t h e  first  step,  
w h i c h  was  t h o u g h t  to be t he  r e d u c t i o n  of CuO to 
Cu~O, cons i s ted  of a p p r o x i m a t e l y  20% of t he  t o t a l  
d i s c h a r g e  t ime,  w h i l e  the  r e m a i n i n g  80% was  a t -  
t r i b u t e d  to t he  r e d u c t i o n  of Cu~O. 

On  the  o t h e r  hand ,  d i s cha rge  cu rves  of p r e s e n t  
d a y  a l k a l i n e  CuO cells  show no b r e a k s  t ha t  w o u l d  

1 C h e m i c a l l y  p r e p a r e d  b y  M e r c k  & C o m p a n y ,  Inc . ,  R a h w a y ,  N e w  
J e r s e y .  
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Fig. 1. Cathode potent ial  of various group Ib oxides dis- 
charged in 3 0 %  NaOH - - 7 0 %  H20, sat'd with ZnO, elec- 
trolyte at a rate of 0 .005 amp/g .  

i nd i ca t e  a c h a n g e  in  the  r e a c t i o n  m e c h a n i s m s .  S c h u -  
m a c h e r  and  Heise  (8)  a t t r i b u t e  th is  to the  fac t  t h a t  
CuO can  r eac t  w i t h  Cu in  a c c o r d a n c e  w i t h  t he  fo l -  
l owing  equa t ion :  

CuO + Cu-~ Cu20 (V) 

and after the initial stages of discharge, Eq. (IV) is 
assumed to be the principal cathodic reaction. 

The discharge data presented in Fig. 1 show CuO " 
to be reduced in one step at a potential of --0.48, 
while the discharge potential of Cu.~O 2 is --0.53 v. 
The fact that CuO operates at a higher potential 
level than Cu~O indicates the reaction is not simply 
one of reduction of Cu~O, but rather represents a 
more complex reduction. 

Allmand and Ellingham (9) suggest that initially 
CuO is reduced to Cu_~O, but polarization lowers the 
potential to a point at which Cu,O is reduced to Cu, 
this latter reaction being the chief process, although 
the further reduction of CuO to Cu,O occurs simul- 
taneously. This being the case, one would expect 
the discharge potential of CuO to be close to that 
of CuoO, but slightly higher; in addition, CuO should 
give about twice the ampere minute per gram 
capacity of Cu~O on comparable tests. This is in 
agreement with the data presented here. 

Group l ib and I I Ib  Oxides 
M e r c u r i c  oxide ,  w h i c h  has  f o u n d  use  as a r e f e r -  

ence e l ec t rode  in  s t r o n g l y  a l k a l i n e  so lu t ions  and  for  
t he  m e a s u r e m e n t  of h y d r o x y l  ion  c o n c e n t r a t i o n  
(10) ,  cons t i tu te s  the  c a thode  of the  a l k a l i n e  HgO 
d r y  cel l  (11, 12).  

Be c a use  of t he  i n s t a b i l i t y  of Hg~O in aqueous  so-  
lu t ions ,  HgO is r e d u c e d  d i r e c t l y  to H g  (3) .  This  t y p e  
of m e c h a n i s m  is e v i d e n t  f r o m  the  flat  v o l t a g e  d i s -  
c h a r g e  cu rves  of c o m m e r c i a l  H g O / K O H / Z n  d r y  
cells,  as we l l  as f r o m  t h e  h a l f - c e l l  d i s c h a r g e  d a t a  
p r e s e n t e d  in Fig .  2. U n d e r  t he  l a t t e r  cond i t ions  of 
d i scha rge ,  the  HgO c a t h o d e  o p e r a t e d  at  80% effi- 
c i ency  ( a s s u m i n g  --0.40 v end  p o i n t ) ,  and  at  a p o -  
t e n t i a l  of +0 .03  v w h i c h  a p p r o x i m a t e s  t he  r e v e r s i -  

F i s h e r  Sc ien t i f i c  C o m p a n y  ce r t i f i ed  g r a d e s .  
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Fig. 2. Cathode potential of various group lib and l l lb 
oxides discharged in 30% NaOH - -70% H20, sat'd with 
ZnO, electrolyte at a rate of 0.005 amp/g, 

ble  e l e c t r o d e  p o t e n t i a l  v a l u e  g iven  in  T a b l e  I, a f t e r  
a c o r r e c t i o n  of 0.055 v is m a d e  fo r  t h e  i nc r ea sed  
h y d r o x i d e  ion a c t i v i t y  of the  e l e c t r o l y t e  a n d  the  
l i qu id  j u n c t i o n  po ten t i a l .  

Also  s h o w n  in T a b l e  I and  Fig.  2 a r e  s t a n d a r d  
p o t e n t i a l s  and  d i s c h a r g e  c u r v e s  for  a few of t he  
G r o u p  I I Ib  oxides .  The  r e d u c t i o n  of  TI~O~ in a l k a -  
l ine  so lu t ion  t a k e s  p l ace  in two  we l l - de f i ned  s teps  as 
e x p e c t e d  f r o m  the  c h e m i c a l  p r o p e r t i e s  of th is  c o m -  
p o u n d  a n d  its l ower  ox ide ,  w h i l e  Ga20~ a n d  In~O~ 
a p p e a r  to h a v e  d i s c h a r g e  p o t e n t i a l s  of --1.10 v or  
lower .  H o w e v e r  t h e  - -1 .10 v a l u e  is the  p o t e n t i a l  
c h a r a c t e r i s t i c  of  t he  d i s c h a r g e  of h y d r o g e n  on the  
c a r b o n  e l ec t rode  in th is  a l k a l i n e  solu t ion .  This  v a l u e  
was  o b t a i n e d  b y  p l a c i n g  a 0.5-g s a m p l e  of S h a w i n i -  
gan  a c e t y l e n e  b l a c k  in t h e  ca thode  c h a m b e r  in  t he  
absence  of a n y  o t h e r  c a thode  m a t e r i a l  and  d i s -  
c h a r g i n g  the  e x p e r i m e n t a l  cel l  in  t he  u s u a l  m a n n e r  
a t  a 0.0025 a m p  ra te ,  the  m e a s u r e d  ca thod e  p o -  
t e n t i a l  of --1.10 v be ing  due  to t he  d i s c h a r g e  of 
h y d r o g e n  on the  c a r b o n  b lack .  

The  d i s c h a r g e  d a t a  for  TLO~ show an  eff iciency of  
67% for  t he  f irst  s t ep  of r educ t ion ,  and  94% for  the  
c o m p l e t e  r e d u c t i o n  to t he  me ta l ,  a s s u m i n g  end  
po in t s  o f - - 0 . 4 5  a n d  --0.90 v, r e spec t i ve ly .  

Tha l l i c  oxide ,  b e c a u s e  of i ts  r e l a t i v e l y  h igh  o x i d a -  
t ion  po t en t i a l ,  has  b e e n  cons ide r ed  as a c a t h o d e  
m a t e r i a l  for  a s t o r age  cell ,  and  in  a p r i m a r y  fue l  
cell ,  b u t  n e i t h e r  of t h e s e  a p p l i c a t i o n s  has  m e t  w i t h  
a n y  a p p r e c i a b l e  success  (13) .  

Group IYb Oxides 

I t  fo l lows  f r o m  t h e  o x i d a t i o n - r e d u c t i o n  p o t e n -  
t i a l s  for  P b  t ha t  th is  m e t a l  is a f a i r  r e d u c i n g  a g e n t  
in  ac id  so lu t ions  and  a s t r ong  r e d u c i n g  a g e n t  in  
a l k a l i n e  solu t ions ,  and  t h a t  t he  d i o x i d e  is an  e x -  
t r e m e l y  p o w e r f u l  ox id i z ing  agen t  in ac id  solu t ions ,  
b u t  m u c h  w e a k e r  in a l k a l i n e  solu t ions .  

A P b  a n o d e  in  an  a l k a l i  h y d r o x i d e  so lu t ion  d i s -  
solves  a t  f i rs t  in t he  p l u m b o u s  s ta te ,  to f o r m  p l u m -  
bi te ,  but ,  w h e n  the  so lu t ion  in t he  v i c i n i t y  of t h e  
a n o d e  becomes  s a tu r a t ed ,  the  d iox ide  is depos i t ed .  I t  
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has  also been  f o u n d  t ha t  t h e  o x i d a t i o n  of p l u m b i t e  
a t  a P t  anode  y i e ld s  l e ad  d i o x i d e  (14) .  

G r u b e  (15) ,  who  used  bo th  t hese  m e t h o d s  to p r e -  
p a r e  a l k a l i  p l u m b a t e s ,  m a d e  s y s t e m a t i c  m e a s u r e -  
m e n t s  of the  o x i d a t i o n  p o t e n t i a l s  of t he  processes .  
He  found,  a t  a t e m p e r a t u r e  of  18~ in 8.4N KOH,  
t h a t  the  p o t e n t i a l  on the  n o r m a l  h y d r o g e n  scale  of 
P b  a g a i n s t  K~PbO~ was  --0.613 v, w h i l e  t h a t  of t he  
p l u m b i t e - p l u m b a t e  coup le  was  -/-0.208. This  l a t t e r  
p o t e n t i a l  a p p e a r s  to c o r r e s p o n d  to an  E% of a b o u t  
§  v (16) ,  i.e., for  a h y d r o x i d e  ion  a c t i v i t y  of 
un i ty .  

A c c o r d i n g  to G la s s tone  (17) ,  t he  r e v e r s i b l e  p o -  
t e n t i a l  of the  PbO-PbO~ coup le  canno t  be  m e a s u r e d  
d i r e c t l y  in a l k a l i n e  so lu t ion  because  of the  f o r m a -  
t ion of the  i n t e r m e d i a t e  oxide ,  Pb~O, a n d  p r o b a b l y  
also Pb~O~. H e  e s t i m a t e s  an  E% v a l u e  of 4-0.27 v on 
the  bas is  of  his  e x p e r i m e n t a l  resu l t s ,  w h i c h  is a p -  
p r o x i m a t e l y  the  s a m e  as t he  E~ v a l u e  o b t a i n e d  f rom 
G r u b e ' s  m e a s u r e m e n t s .  R e v e r s i b l e  p o t e n t i a l  m e a s -  
u r e m e n t s  of t h e  P b - P b O  c o u p l e  in a l k a l i n e  so lu t ion  
h a v e  been  m a d e  b y  S m i t h  and  Woods  (18) who  r e -  
p o r t  a v a l u e  of E% = --0.5785 v for  th is  sys t em.  

In  T a b l e  I and  Fig.  3 a r e  p r e s e n t e d  t h e  s t a n d a r d  
p o t e n t i a l s  a n d  d i s c h a r g e  cu rves  for  bo th  t h e  m o n -  
ox ide  and  d i o x i d e  of Pb,  a long  w i t h  those  of t he  
o t h e r  g roup  IVb oxides .  I t  is seen  t h a t  PbO~ is r e -  
duced  in  two  s t eps  in  a c c o r d a n c e  w i t h  t he o ry ,  and  at  
po t e n t i a l s  c lose  to t h e  t h e r m o d y n a m i c a l l y  c a l c u l a t e d  
v a l u e s  of the  r e v e r s i b l e  e l e c t r o d e  po ten t i a l s .  The  
d i s c h a r g e  p o t e n t i a l  of P b O  c o r r e s p o n d s  a lmos t  
e x a c t l y  to t he  second  s tep  of t he  PbO~ d i scha rge ,  
l e a v ing  no d o u b t  as  to t h e  n a t u r e  of t h e  d i scha rge .  

The  ca thod ic  d i s c h a r g e  cu rves  of SnO, SnO~, and  
GeO~ in a l k a l i n e  so lu t ion  a r e  also p r e s e n t e d  in  Fig .  
3, and  i t  is seen  t h a t  t he  SnO~ and  GeO~ ca thodes  
o p e r a t e  a t  too low a p o t e n t i a l  to be m e a s u r e d  u n d e r  
t he  e x p e r i m e n t a l  condi t ions .  T h e  SnO ca thode ,  
h o w e v e r ,  o p e r a t e s  a t  a p o t e n t i a l  c lose to i ts  r e v e r s i -  
b le  v a l u e  a f t e r  co r r ec t ions  a r e  m a d e  fo r  t h e  h y -  
d r o x i d e  ion  a c t i v i t y  and  l i qu id  j u n c t i o n  po t en t i a l ,  
and  is r e d u c e d  w i t h  a 63% efficiency. This  low 
c a thode  efficiency is p r o b a b l y  due  to t he  h igh  so lu -  
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Fig. 3. Cathode potential of various group IVb oxides dis- 
charged in 30% NoaH - -70% H~O, sat'd with ZnO, electro- 
lyte at a rate of 0.00S amp/g.  
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Effect of Cathode Solubility on Discharge Potential 

In  the p resen t  s tudy,  on ly  the  oxides of the  group 
I - V b  e lements  have  been  cons idered  as cathode 
mater ia l s .  However ,  compounds  con t a in ing  anions,  
such as the hal ides  and  sulfides, can  also func t i on  as 
ca thode  mater ia l s .  The oxides, because  of the i r  h igh 
theore t ica l  capaci ty,  s tabi l i ty ,  and  ava i l ab i l i t y  are 
p r e f e r r ed  as cathodes,  and  are used ex t ens ive ly  in  
bo th  d ry  and  s torage cells. However ,  the re  are some 
appl ica t ions  in  which  compounds  con t a in ing  other  
an ions  are used;  for e xa mp l e  in  s t a n d a r d  cells 
Hg2SO, and  Hg~Cl~ are  used, whi le  in  r e s e r v e - t y p e  
bat ter ies ,  AgC1 finds use as a cathode mate r i a l .  

The r educ t ion  of Hg~CI~ is typ ica l  of these  m a t e -  
r ia ls  and  is r ep re sen t ed  by  the  fo l lowing  equa t ion  

5 IO 15 20 25 30 ~5 40  

CAPACITY (AMPERE MINUTES) 

Fig. 4. Cathode potential of various group Vb oxides dis- 
charged in 30% NaOH - - 7 0 %  H20, sat'd with ZnO, elec- 
trolyte at a rate of 0.005 amp/g.  

bi l i ty  of the SnO wi th  s u b s e q u e n t  local  d ischarge  
at  the  anode.  

Group Vb Oxides 

Presen ted  in  Fig. 4 are d ischarge  curves  of the 
+ 3  oxides of As, Sb, and  Bi, the  more  meta l l i c  of 
the group Vb e lements ,  w h e n  d ischarged  in  a 30% 
NaOH so lu t ion  s a tu ra t ed  w i th  ZnO, at a c u r r e n t  
d r a in  of 0.005 amp/g .  I t  is seen f rom these curves  
and  the s t a n d a r d  po ten t ia l s  l is ted in  Table  I tha t  the  
oxidiz ing power  of the + 3  oxides increases  wi th  
inc reas ing  a tomic we igh t  of the meta l .  

Both the B%O~ and  Sb~O~ cathodes  d isp lay  flat 
vol tage  d ischarge  curves,  co r respond ing  to a 3-e lec-  
t ron  r educ t ion  step. This is in  a g r e e m e n t  w i th  the 
work  of G r u b e  and  Schwe iga rd t  (19) who found  
tha t  bo th  Bi and  Sb dissolve anodica l ly  in a lka l ine  
so lu t ion  in  the fo rm of t e r v a l e n t  ions, wi th  the  
fo rma t ion  of a lka l i  b i smu th i t e s  and  an t imoni t e s .  
The Bi~O~ electrode opera tes  at a va lue  close to the 
t h e r m o d y n a m i c a l l y  ca lcula ted  va lue  of its r eve r s i -  
ble  potent ia l ,  whi le  the  Sb~O~ cathode is seen to 
show a 0.07-v dev ia t ion  f rom its r eve r s ib l e  e lect rode 
potent ia l .  The  r educ t ion  efficiencies of these m a t e -  
r ia ls  are a p p r o x i m a t e l y  100%, g iv ing  the  best  effi- 
ciencies of all  the  cathodes s tudied.  

A l though  the  revers ib le  e lectrode po ten t i a l  of 
As20~ is close to tha t  of Sb~O~, this  e lectrode polar izes 
s lowly  to a po ten t i a l  of --1.04 v af ter  10 a m p - m i n  of 
d ischarge  at the  0.005 a m p / g  rate,  and  r ema i ns  at  
tha t  po ten t i a l  for the r e m a i n d e r  of its discharge.  

Hg~CL + 2e- ~ 2Hg -t- 2C1- (VI)  

Electrodes  in  which  react ions  such as the  above  oc- 
cur  a nd  which  invo lve  a meta l ,  M, a spa r i ng l y  so lu -  
b le  sal t  of the metal ,  MX, a nd  a so lu t ion  of a solu- 
ble  sal t  con ta in ing  X, are t e r m e d  "electrodes of the 
second k ind" .  The po ten t i a l  of such spa r ing ly  solu-  
ble  salts depends  on the r eve r s ib l e  e lec t rode  po ten -  
t ial  of the me t a l  as wel l  as its own  so lub i l i ty  p rod -  
uct  (20) .  

L a t i m e r  (21) has l is ted E ~ va lues  a nd  so lubi l i ty  
products  for a n u m b e r  of Ag compounds ;  the  da ta  
for a few of these ma te r i a l s  are  p resen ted  in  Tab le  
II  a long wi th  the i r  coulombic  capacit ies.  I t  is evi -  
den t  tha t  the capaci ty  of the  Ag salts increases  wi th  
inc reas ing  a n i on  va l e nc y  and  decreas ing  an ion  
weight .  I t  is also seen tha t  the  oxidiz ing po ten t i a l  of 
the Ag sal t  increases  w i th  inc reas ing  so lub i l i ty  of 
the salt. 

I n  Fig. 5 d ischarge  da ta  are  p resen ted  for these  Ag 
salts,  d i scharged  at  a ra te  of 0.030 a m p / g  in  the  
30% NaOH solut ion.  I t  is seen tha t  the AgI  a nd  AgeS 
cathodes opera te  at  va lues  close to t he i r  r evers ib le  
e lect rode potent ia ls ,  as does the  Ag20 electrode 
w h e n  its r evers ib le  po ten t i a l  is corrected for the  
ac t iv i ty  of the hyd r ox i de  ion. The  cathodes a re  r e -  
duced wi th  an  efficiency of 85-95% u n d e r  these  
condi t ions  of discharge.  The  revers ib le  e lectrode 
po ten t i a l  and  so lub i l i ty  da ta  for  Ag~Se w e r e  no t  
avai lable ,  bu t  f rom the  d ischarge  curves  one would  
predic t  a lower  so lubi l i ty  for this  compound  t h a n  for 
AgeS. 

The use of this  me thod  in  m a k i n g  a pp r ox ima te  
m e a s u r e m e n t s  of sal t  solubi l i t ies  should  app ly  to 
a ny  couple  con ta in ing  a p rec ip i t a te  or a complex  
ion which  is on ly  a va r i a t i on  of the  s imple  couple 
i n v o l v i n g  the  free ions; t h e n  its po ten t i a l  m a y  be 

Table II. Half-cell reactions, capacity, and solubility products of various Ag Compounds 

Cathode Half-cel l  reac t ion  

Cathode 
Solubil i ty capaci ty  

Eo product  (amp-ra in /g )  

Ag + 
Ag..O 
AgI 
Ag2S 
Ag~Se 

Ag + ~- e- = Ag 
Ag~O ~- H~O ~-2e- = 2Ag ~- 2OH- 
Agl ~- e- = Ag Jr l- 
AgeS ~- 2e- = 2Ag ~ S= 
Ag~Se ~- 2e- = 2Ag -~ Se- 

~-0.7991 - -  - -  
~-0.344 2.0 X 10 -s 13.9 
--0.151 8.5 X 10 -~7 6.8 
--0.69 5.5 X 10 ~1 13.0 

- -  - -  1 0 . 9  
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Fig. 5. Cathode potential of various Ag salts discharged 
in 30% NaOH - -70% H20, sat'd with ZnO, electrolyte at a 
rate of 0.030 amp/g. 

r e g a r d e d  as a c o r r e c t e d  v a l u e  based  on the  s t a n d -  
a r d  p o t e n t i a l  of t he  s i m p l e  reac t ion .  

Summary 
1. The  r e d u c t i o n  of AgO and  CuO in concen -  

t r a t e d  N a O H  e l e c t r o l y t e  t a k e s  p l a c e  in  one s tep  ( in  
d i s a g r e e m e n t  w i t h  p r e d i c t i o n s  b a s e d  on a v a i l a b l e  
t h e r m o d y n a m i c  d a t a ) .  W h e n  cel ls  w i t h  these  c a t h -  
odes u n d e r g o  r educ t ion ,  t h e  AgO is r e d u c e d  to A g  
at  t he  s a m e  p o t e n t i a l  as t h a t  f o u n d  for  t h e  d i s c h a r g e  
of Ag~O to A g  u n d e r  s i m i l a r  condi t ions ,  w h i l e  t he  
r e d u c t i o n  of CuO to Cu t a k e s  p l a c e  a t  a p o t e n t i a l  
0.05 v h i g h e r  t h a n  the  c o r r e s p o n d i n g  r e d u c t i o n  of 
Cu~O to Cu. 

2. A m o n g  t h e  G r o u p  I Ib  and  I I Ib  oxides ,  H g O  
is r e d u c e d  d i r e c t l y  to Hg  in c o n c e n t r a t e d  N a O H  
e lec t ro ly t e ,  w h i l e  T120~ 'shows two  w e l l - d e f i n e d  r e -  
duc t ion  s teps  c o r r e s p o n d i n g  to the  -t-3 and  -t-1 
o x i d a t i o n  s t a tes  of T1. 

3. PbO,~ also shows  a t w o - s t e p  r e d u c t i o n  a t  po -  
t en t i a l s  c o r r e s p o n d i n g  to t h e  t h e o r e t i c a l  v a l u e s  of 
t he  PbO~-PbO,  a n d  P b O - P b  couples ,  w h i l e  SnO~ and  
GeO~ p o l a r i z e  u n d e r  l oad  to l ow p o t e n t i a l  leve ls .  

4. A m o n g  the  G r o u p  Vb  oxides ,  Bi20~ and  Sb~O~ 
d i s p l a y  flat  v o l t a g e  d i s c h a r g e  c u r v e s  c o r r e s p o n d i n g  
to a 3 - e l e c t r o n  r e d u c t i o n  step,  t he  f o r m e r  o p e r a t i n g  

close to i ts  r e v e r s i b l e  p o t e n t i a l  level ,  w h i l e  the  
l a t t e r  shows  a s m a l l  d e v i a t i o n  f r o m  i ts  t h e o r e t i c a l  
po ten t i a l .  

5. The  e l e c t r o d e  po t en t i a l ,  u n d e r  c u r r e n t  d ra in ,  
of a f e w  s p a r i n g l y  so lub le  A g  sa l t s  has  been  found  
to be d e p e n d e n t  on i ts  s o l u b i l i t y  p roduc t ,  t he  ox id i z -  
ing  p o w e r  of t he  A g  sa l t  i nc r e a s ing  w i t h  i nc rea s ing  
s o l u b i l i t y  of t he  sal t .  

Manuscr ip t  received Nov. 1, 1956. This paper  was 
p r e p a r e d  for  de l ive ry  before  the  Cleveland Meeting, 
Sept.  30-Oct. 4, 1956. 

A n y  discussion of this pape r  wi l l  appear  in a Dis- 
cussion Section to be publ i shed  in the  June  1958 
JOURNAL. 
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ABSTRACT 

Using methods and conventions described previously together with the 
available thermodynamic  and electrochemical data, equations have been formu- 
lated and represented as a potential-pH equi l ibr ium diagram of the an t imony-  
water  system for 25~ Other diagrams are presented for the domains of solu- 
bility, predominance of ions, and for corrosion. The reason for the observed 
resistance of an t imony coatings to hydrochloric and hydrofluoric acids is made 
clear. Applications are made to the an t imony electrodes. The free energies of 
formation of the ant imonate,  Sb (OH)6-, and the SbO~ + ion have been calculated 
and are given. 

The usefu lness  of p o t e n t i a l - p H  d iagrams  in  r e -  
search has been  shown  p rev ious ly  by  one  of the  
au thors  (1) ,  by  De lahay  and  Van  Rysse lbe rghe  (2) ,  
and  others  too n u m e r o u s  to men t ion .  If a reac t ion  is 
t h e r m o d y n a m i c a l l y  imposs ib le  u n d e r  g iven  condi -  
t ions, one can dismiss tha t  r eac t ion  f rom f u r t h e r  
considera t ion,  d i rec t ing  his a t t en t i on  ins t ead  to 
o ther  closely re la ted  react ions.  Consider  the  case 
of the  res i s tance  of Sb coat ings  on Fe to nonox id i z -  
ing acids such as HC1 or HF  (3) .  The  e lec t rode  po-  
t en t i a l  1 of an  isola ted Sb-coated  electrode in  such 
acids and  in  an  o x y g e n - f r e e  a tmosphere  wi l l  lie a 
l i t t le  above  the po ten t i a l  of the h y d r o g e n  electrode.  
This is to be  a s sumed  at  present ,  bu t  wi l l  be d e m o n -  
s t ra ted  later .  I t  wi l l  be shown  by  t h e r m o d y n a m i c a l  
da ta  and  methods  tha t  a per fec t  coat ing of Sb can -  
not  be a t t acked  u n d e r  the s t ipu la t ed  condi t ions.  
There fore  if a t tack  occurs, it m u s t  be due to an  oxi-  
d iz ing agent  such as air  which  e levates  the  p o t e n -  
t ia l  in to  a zone whe re  a t tack  occurs, or f rom p i n -  
holes in  the coat ing of Sb. 

A f u r t h e r  field of use for d i ag rams  such as are in  
this pape r  is tha t  of s imp l i fy ing  and  e x p l a i n i n g  the  
s tudy  of meta l s  and  the i r  compounds  in  aqueous  
solut ions (1) .  

The p rev ious ly  u n k n o w n  free energies  of for-  
m a t i o n  for an t imona te ,  S b ( O H ) j ,  and  SbO3 + ions 

1 T he  t e r m  " e l e c t r o d e  p o t e n t i a l "  is the  s ame  as t h a t  r e c o m m e n d e d  
at  the  m e e t i n g  of the  I n t e r n a t i o n a l  U n i o n  of  P u r e  a n d  A p p l i e d  
C h e m i s t r y  a t  S t o c k h o l m ,  1953, (4, 5) ;  a t  the  e q u i l i b r i u m  i t  is  e q u a l  
to the  e m f  of ha l f - ce l l s  w h e r e  e lec t rons  a p p e a r  as r eac t an t s  on  t he  
l e f t  s ide  of  t he  equa t ions .  W h e n  t he  a l g e b r a i c  s u m  of f ree  ene rg i e s  
i n  t he  r e a c t i o n  is pos i t ive ,  t he  s ign  of t h e  e l ec t rode  p o t e n t i a l  Eo is 
pos i t ive .  Thus ,  t he  m a n n e r  of  w r i t i n g  t he  e q u a t i o n s  a n d  t he  s igns  
fo r  e l ec t rode  p o t e n t i a l  a re  t h e  s ame  as in  r e f e r ence  (6). The  e lec-  
t r o d e  p o t e n t i a l  is  t h u s  p o s i t i v e  fo r  o x i d i z i n g  s y s t ems  (Ff, F-)  and  
n e g a t i v e  fo r  r e d u c i n g  s y s t ems  (Zn, Zn++). 

have  been  computed  and  are  used in  the  p r e p a r a t i o n  
of the p o t e n t i a l - p H  d iagram.  

The free energies  of f o r ma t i on  of compounds  and  
ions g iven  in  Table  I are  those r e c o m m e n d e d  by  
L a t i m e r  (7) unless  o therwise  men t ioned .  

There  a re  two k n o w n  po lymorphs  of a n t i m o n y  
t r ioxide.  The cubic form, Sb~O3(c), ex i s t ing  in  n a -  
tu re  as the m i n e r a l  s ena rmont i t e ,  a nd  the  or tho-  
rhombic  form, ex is t ing  as the  m i n e r a l  v a l e n t i n i t e  
(8) .  As Table  I shows, the  free ene rgy  of f o r ma t ion  
of the  cubic fo rm is the  more  nega t ive  of the  two at 
25~ so tha t  it  is the  i n h e r e n t l y  more  s table  of the 
two at this t e m p e r a t u r e .  For  this  reason,  it  is the  
fo rm which  L a t i m e r  (7) t abula tes ,  t a k i n g  --149,000 
cal as the va l ue  of f ree e n e r g y  of f o r ma t i on  f rom 
Tab le  21-2 of the  U. S. B u r e a u  of S t a n d a r d s '  Tables  

Table I. Free energies of formation used in calculating 
equilibrium equations 

S o l v e n t  and  AF$o So l id  AFro 
d i s s o l v e d  subs t ances  (cal) subs t ances  (cad 

H~O --56,690 Sb208 (cubic) --149,000 
H + 0 Sb203 (ortho)* --147,000 
OH- --37,595 Sb204 --165,900 
SbO + --42,000 Sb~O5 --200,500 
SbO~- --82,500 
HSbO~ (aq) --97,500 Gaseous AF$o 
Sb(OH)4-* --195,880 substances (cad 

SbO~ +* --65,500 SbH8 35,300 
Sb (OH) 8-* --293,000 

* AFfoSb(OH)4_ ~_~ AFSOSbO2_ + 2AF]OH2 O = --195,880 cal. The  f ree  
ene rg i e s  of the  o t h e r  m a r k e d  ions  are  d e r i v e d  b y  m e t h o d s  w h i c h  
a re  desc r ibed  la te r .  
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( 9 ) .  The  bas is  for  the  N a t i o n a l  B u r e a u  of S t a n d -  
a r d s '  v a l u e  was  the  w o r k  of Robe r t s  and  F e n w i c k  
(10) w h o  f o u n d  AFf~162 equa l  to --149,690-----200 
cal. Robe r t s  and  F e n w i c k  d e t e r m i n e d  the  p o t e n t i a l s  
of the  cel ls :  Pt,H~ solut ion ,  Sb~O,(c) Sb  a n d  Pt,H2 
solut ion,  Sb~O~(o) Sb,  b o t h  w i t h  a i r  exc luded .  F r o m  
these  m e a s u r e m e n t s  t h e y  c o m p u t e d  the  f ree  en -  
e r g y  for  Sb~O,(or tho)  --> Sb~O,(cubic)  as AF ~ = 
--1,800 cal. F r o m  the  f r ee  e n e r g y  of f o r m a t i o n  of 
Sb~O,(c) in  T a b l e  I, t he  f r ee  e n e r g y  of f o r m a t i o n  of 
Sb~O6(o) becomes  --14%000 cal  in  r o u n d  n u m b e r s .  

A r e v i e w  of t he  r e s e a r c h e s  c i ted  h e r e i n  shows  t h a t  
on ly  in  two  of t h e m  h a v e  s ing le  a l l o t rop i c  fo rms  of 
Sb~O~ b e e n  used  (8, 10).  The  r e su l t s  of t he se  two  
r e sea r ches  h a v e  been  used  to c o m p u t e  AFf~ = 
--96,510 ca l  f r o m  the  use  of  Sb~O~(c) and  --96,440 
ca l  f r o m  t h e  use  of Sb~O~(o). L a t i m e r ' s  v a l u e  (7)  of 
--97,500 cal  was  d e r i v e d  f r o m  Schu lze ' s  s o l u b i l i t y  
d a t a  at  15~ on m i x e d  c r y s t a l  fo rms  c o m b i n e d  w i t h  
AFf~ = --149,000 cal. 

The  v a l u e  of/,FS~ equa l s  --148,640 cal  was  d e -  
t e r m i n e d  b y  S c h u h m a n n  (11) .  His  m e t h o d  of p r e -  
c i p i t a t i ng  and  p u r i f y i n g  Sb~O~ was  f o l l o w e d  b y  
Robe r t s  and  F e n w i c k  (10) who  f o u n d  t h a t  i t  r e -  
su l t ed  in  a m i x t u r e  w h i c h  was  chief ly  in  t he  o r t h o -  
r h o m b i c  form.  T o u r k y  a n d  Mousa  (12) used  p r a c -  
t i c a l l y  t h e  s a m e  m e t h o d  of p r e p a r a t i o n .  B loom (8) 
cou ld  p r e c i p i t a t e  t he  o r t h o r h o m b i c  f o r m  w i t h  HC1, 
or  t he  cub ic  f o r m  w i t h  HC10,, b o t h  a t  p H  = 2.2. 
Thus  mos t  e x p e r i m e n t s  b e h i n d  f ree  e n e r g y  v a l u e s  
for  Sb use  a m i x t u r e  of Sb~O~ c r y s t a l s  pos s ib ly  h igh  
in  t he  o r t h o r h o m b i c  form.  F u r t h e r m o r e ,  t he  f ree  
e n e r g y  of f o r m a t i o n  of th is  Sb~O~(s) m i x t u r e  as 
found  b y  S c h u h m a n n  was  400 cal  l o w e r  t h a n  - -149 , -  
000 cal  w h i c h  is the  v a l u e  s e l e c t e d  for  the  (c)  f o r m  
b y  t h e  B u r e a u  of S t a n d a r d s  and  b y  L a t i m e r  (7)  
w h i c h  the  a u t h o r s  h a v e  p l a c e d  in  T a b l e  I for  use  
w h e n  Sb~O,(s) p a r t i c i p a t e s  in  a r eac t ion .  

F u r t h e r m o r e  the  s o l u b i l i t y  at  m e a s u r e d  pH va lues  
is of use  in  d e t e r m i n i n g  the  f o r m  of ion  or  m o l e c u l e  
in  w h i c h  t h e  so lu t e  exis ts .  The  mos t  u se fu l  r e l a t i o n  
to p r e s e n t  (1) is used  in  Fig.  1 for  SbfO,, n a m e l y ,  
the  log s o l u b i l i t y  p l o t t e d  aga in s t  t h e  pH.  Such  
cu rves  n o r m a l l y  consis t  of s t r a i g h t - l i n e  b ranches .  
The  s lope  of each  b r a n c h  is d i r e c t l y  r e l a t e d  to the  
f o r m u l a s  for  t he  p r i n c i p a l  r e a c t i o n  occu r r i ng  u p o n  
so lu t ion  in  t he  c o r r e s p o n d i n g  r a n g e  of pH.  In  the  p H  
r a n g e  f r o m  0 to 1 +  t a k e n  f r o m  S c h u h m a n n  (11) ,  
t he  s lope  is --1. This  c o r r e s p o n d s  to t h e  p r e s e n c e  of 
t he  SbO § ion, as p r e v i o u s l y  e s t a b l i s h e d  (8) .  Two  
c i rc les  a t  p H  a b o u t  2 r e p r e s e n t  B loom ' s  (8)  r e su l t s  
fo r  v a l e n t i n i t e  and  s e n a r m o n t i t e  a t  a p p r o x i m a t e l y  
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Fig. 1. Solubil ity of Qntimony trioxide (5, 8, 9) 

25~ T o u r k y  a n d  Mousa ' s  (12) d a t a  a t  35~ for  the  
r a n g e  of p H  f r o m  9 to 10.4 a r e  e s s e n t i a l l y  cons tan t  
and  n e a r l y  e q u a l  to B loom ' s  (8)  d a t a  for  s e n a r -  
mon t i t e .  T o u r k y  a n d  Mousa  found  some ev idence  for  
t he  Sb +++ ion  j u s t  b e l o w  p H  = 9.5. The  s lope  of log 
s o l u b i l i t y  w i t h  p H  is zero f r o m  b e l o w  p H  = 2 to 10.4 
i n d i c a t i n g  a non ion ic  solute .  This  so lu te  has  been  
r e g a r d e d  b y  L a t i m e r  (7)  as m e t a - a n t i m o n i o u s  acid,  
HSbO~, and  is so t r e a t e d  in  th is  pape r .  F i n a l l y  t he  
log s o l u b i l i t y  in  t he  p H  r a n g e  of 11 to a b o u t  13.7 
(12) fo rms  a b r a n c h  w i t h  a s lope of 1. L a t i m e r  has  
r e g a r d e d  the  c o r r e s p o n d i n g  ion  to be  SbO~-. His  
s e l ec t ed  v a l u e  for  the  f ree  e n e r g y  of f o r m a t i o n  a r e  
g i v e n  in  T a b l e  I, as is t h a t  for  the  S b ( O H ) j  ion. 
The  l a t t e r  f o r m  was  iden t i f i ed  b y  B r i n t z i n g e r  (13) 
in  2.5N K O H  t h r o u g h  d i a lys i s  e x p e r i m e n t s .  The  
a u t h o r s  p r e f e r  t he  l a t t e r  f o r m  of B r i n t z i n g e r  fo r  t he  
n e g a t i v e  ion. 

The  a n t i m o n a t e  ion  was  s h o w n  b y  B r i n t z i n g e r  
(13) to be  S b ( O H ) j  in 2.5N KOH.  I t  is n o w  poss ib le  
to c o m p u t e  the  p r e v i o u s l y  u n k n o w n  e n e r g y  of fo r -  
m a t i o n  for  th is  ion bo th  b y  the  u se  of o x i d a t i o n - r e -  
duc t ion  po t e n t i a l s  and  f r o m  m e a s u r e m e n t s  of t he  
so lub i l i t i e s  of Sb~O~. The  o x i d a t i o n - r e d u c t i o n  p o t e n -  
t i a l s  of  t h e  an ions  of  t r i v a l e n t  and  p e n t a v a l e n t  Sb  
w e r e  m e a s u r e d  in  1923 b y  G r u b e  and  S c h w e i g a r d t  
(14) in  3N-10N KOH.  T h e y  a s s u m e d  t h a t  t he  coup le  
was  SbO~--SbO3- c o r r e s p o n d i n g  to a two  h y d r o x y l ,  
two  e l ec t ron  reac t ion ,  b u t  cou ld  not  p r o v e  i t  so f a r  
as t he  h y d r o x y l  r e l a t i o n  was  conce rned  be c a use  d a t a  
was  t h e n  l a c k i n g  on the  a c t i v i t y  coefficients of t he  
e l e c t r o l y t e  in  t he  so lu t ions  of K O H  e m p l o y e d .  S ince  
t hen  these  coefficients h a v e  been  p u b l i s h e d  b y  A k e r -  
lof  and  B e n d e r  (15) .  H a i g h t  (16) s t u d i e d  the  ox i -  
d a t i o n - r e d u c t i o n  p o t e n t i a l s  b y  p o l a r o g r a p h i c  m e t h -  
ods. H e  m e a s u r e d  the  h a l f - w a v e  po ten t i a l ,  EI~, of 
t r i v a l e n t  Sb a n o d i c a l l y  p o l a r i z e d  in  1M-10M K O H  
a n d  f o u n d  t h a t  t h e  0.060 s lope  of EI~ to p H  c o r r e -  
s p o n d e d  to a r e v e r s i b l e  r e a c t i o n  of t h e  two  h y -  
d roxy l ,  two  e l ec t ron  f o r m  jus t  as G r u b e  and  
S c h w e i g a r d t  h a d  con jec tu red .  H a i g h t  p r o p o s e d  t e n -  
t a t i v e l y  t h a t  t he  r e a c t i o n  m i g h t  be  

2OH- + S b ( O H ) c  ~ S b ( O H ) j  -t- 2e- ( I )  

The  e v i d e n c e  of B r i n t z i n g e r  c i t ed  a l r e a d y  b y  the  
a u t h o r s  conf i rms this  e q u a t i o n  of Ha igh t .  

The  f o r m u l a  c o r r e s p o n d i n g  to the  e q u i l i b r i u m  of 
r e a c t i o n  ( I )  is 

EA = E~ - -  0.0591 log (aoH-) ~- 0.0295 log  [ S b ( O H ) J ]  
[Sb (OH),-] 

where EA is the equilibrium electrode potential of 
reaction (I) with reference to the standard hydro- 
gen electrode; E~ is the standard electrode potential 
(for pH = 14.0), coresponding to value 1 for the 
activity aoE- of the OH- ion and for the ratio 
[Sb  ( O H ) j ] / [ S b  ( O H ) C ]  of t h e  c o n c e n t r a t i o n s  of  t he  
S b ( O H ) , -  and  S b ( O H ) j .  I f  r e a c t i o n  ( I )  is w r i t t e n  
as fo l lows :  

S b ( O H ) (  + 2H § • 2e- = S b ( O H ) C  + 2H20 ( I I )  

i ts  e q u i l i b r i u m  e l ec t rode  p o t e n t i a l  m a y  be  w r i t t e n  as 
fo l lows :  

EB = E ~  0.0591 p H  
+ 0.0295 log [ S b ( O H ) j ] / [ S b ( O H ) j ]  
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Table II. Thermodynamic data on antimonite-antimonate potentials -2.4 

- 2 . 8  
N K O H  E log  (aOH-) Eo B Eo A '~ 

1 2 3 4 5 

9 --0.577 1.9097 --0.464 +0.364 
8 --0.567 1.6589 --0.469 0.359 
7.5 --0.561 1.5755 --0.469 0.359 
7 --0.555 1.4478 --0.469 0.359 
6 --0.540 1.2269 --0.467 0.361 
5 --0.516 1.0390 --0.455 0.373 
4 --0.484 0.8108 --0.436 0.393 
3 --0.428 0.4952 --0.399 0.429 

I I I I t I I I 

x 

] I I i I i I I I I I J 
1.2 
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Fig. 2. Solubility of antimony pentoxide (9) 

1.4 

where  E~ is the s t a n d a r d  electrode po ten t i a l  (for 
pH = 0.0) co r respond ing  to va lue  1 for the  ac t iv i ty  
a~+ of the  H + ion and  for the rat io [ S b ( O H ) j ] /  
[ S b ( O H ) j . ]  As is wel l  known ,  E ~ 1 7 6  
+ 0.828 volt.  T h e r m o d y n a m i c  da ta  on the an t i -  
m o n i t e - a n t i m o n a t e  po ten t ia l s  are g iven  in  Tab le  II. 
The n o r m a l i t y  of KOH used by  G r u b e  and  Schwei -  
gard t  (14) and  the  va lues  of the e lect rode potent ia l ,  
found  w h e n  the Sb v to SbIII ra t io  is un i ty ,  are  in  
co lumns  1 and  2. Co lumns  3, 4, and  5 give the  cal-  
cu la ted  va lues  for log ao,- (15) (which  is a s sumed  
to be equa l  to log a - )  E~ and  E%. 

The  va lues  of the  m e a n  ac t iv i ty  coefficient, ~, are  
f rom Aker lo f  and  Bender  (15) .  The am = ~ m _  +,  
whe re  m _  +,  the  m e a n  concen t r a t i on  of K + an d  OH- 
ions, is a s sumed  equa l  to m~o, in  the  solut ion.  A 
r ep re sen t a t i ve  va lue  for E~ is +0.363 volt,  the  a ve r -  
age of the  top six va lues  in  co lumn  5. This  leads to 
the fo l lowing fo rmu la  for the e q u i l i b r i u m  po ten t i a l  
of the react ion:  

[ S b ( O H ) j ]  
E = 0.363 - -  0.0591 pH + 0.0295 log 

[ S b ( O H ) j ]  

F r o m  E% = 0.363 volt, aF/~ = --56,690 cal, 
•176 = --195,880 cal, the ca lcula t ions  are 
AFf%b(om~- = - - 2 9 2 , 5 0 0  cal ----+2000 cal. 

The free ene rgy  of f o rma t ion  of S b ( O H ) j  m a y  be 
der ived  w i th  somewha t  grea te r  accuracy  f rom the  
so lub i l i ty  of Sb=O~ as m e a s u r e d  by  T o u r k y  and  
Mousa (12) in  HC1 of va r ious  concent ra t ions .  F r o m  
the i r  da ta  and  pub l i shed  da ta  on the  ac t iv i ty  coeffi- 
cients  of HC1, a g raph  has been  p r epa red  which  
shows log Sb ~ ( g r a m  atoms per  1000 g H=O) vs. pH 
(Fig. 2). The  two b ranches  of the  curve  mee t  at 
pH = --0.27, the isoelectr ic  point .  The  b r a n c h  above 
this po in t  is l inea r  and,  f rom Br in t z inge r ' s  resul ts  
a l r eady  noted,  the  ion mus t  be S b ( O H ) j  (13).  The 
equa t ion  for one b r a n c h  of the curve,  then,  is 

2 S b ( O H ) j  + 2H + ---- Sb~O5 + 7H~O (I I I )  2 
2 log [ S b ( O H ) j ]  = log K~ + 2pH 

It fol lows f rom fo rmu la  ( I I I )  and  the  da ta  of Fig. 
2 tha t  at p H =  0 log K o =  2 log [ S b ( O H ) j ]  or 
--8.31. A p p l y i n g  the  condi t ions  log K o = - - 8 . 3 1 ,  
• = - - 2 0 0 , 5 0 0  cal, and  AFf~ = - - 5 6 , 6 9 0  cal 
to the e q u i l i b r i u m  f o r m u l a  for log K in  t e rms  of the  
free energies  of format ion ,  AFJ~ 
cal. This  va lue  is w i t h i n  500 cal of the  va lue  der ived  
by  the  au thors  f rom G r u b e  and  Schweiga rd t ' s  da ta  

2 T h e  t h e o r e t i c a l  s lope  of f o r m u l a  ( I I I )  is + 1 p H  b u t  t h e  e x p e r i -  
m e n t a l  s lope  s h o w n  in  F i g .  2 is + 0.25 pH.  No  l i k e l y  e q u a t i o n  k n o w n  
to t h e  w r i t e r s  h a s  a s lope  of + 0 . 2 5  pH.  T h e  c a u s e  of t h i s  d i f f e r e n c e  
is n o t  k n o w n .  

(14).  This  va l ue  is used in  Table  I since it  is the  
more  accura te  of the  two computed .  

The p e n t a v a l e n t  Sb cation,  according to Tourky  
and  Mousa (12) was  p r o b a b l y  SbO +~ bu t  migh t  be  
m o n o v a l e n t  SbO~ + be low the  isoelectric point .  The 
au thor ' s  choice of SbO~ + is based  on the  theore t ica l  
slope of --1 for its fo rmat ions  in  solut ions  s a tu ra t ed  
wi th  Sb~O5 be low the isoelectric po in t  as ind ica ted  
by  Eq. [15] in  the t ab le  of equa t ions  and  formulas .  
A l though  the e x p e r i m e n t a l  slope shown  in  Fig. 2 
var ies  f rom --1.2 to --2, one can h a r d l y  expect  a 
cons tan t  slope in  such acid solut ions  and  the  lowest  
theore t ica l  slope is --1. On  the  o ther  hand ,  the  
theore t ica l  slope for the  f o r ma t i on  of SbO ++§ is on ly  
--0.33. Of the  two ions, therefore ,  SbO~ § is to be p re -  
fe r red  s ince its theore t ica l  slope is m u c h  n e a r e r  to 
the e x p e r i m e n t a l  one. 

For  the SbO~ + ion 

SbO~ + + 4H~O = S b ( O H ) j  + 2H + (IV) 
[Sb ( O H ) j ]  

log = log K~ + 2 pH 
(SbOJ) 

In Fig. 2 at the isoelectric point of pH = --0.27, the 
left-hand member of the formula equals zero and 
log K~ ---- --2 pH or 0.54. Substituting this value and 
the free energies of formation for water and for 
Sb (OH)6-,--56,690 and--293,000 cal, respectively, in 
the equilibrium formula for log K~ the authors cal- 

o + culate that AFf sbo~ equals --65,500 cal. 

Equi l ibr ium Equations 
The e q u i l i b r i u m  equa t ions  which  fol low have  

been  ca lcula ted  by  the  use  of the u sua l  t h e r m o d y -  
n a m i c  fo rmulas  which  are g iven  by  P o u r b a i x  (1) 
and  others (2) .  

For Water  

2H § + 2e- = H~ (a)  
E = --0.0591 pH --  0.0295 log P ~  

O~ + 4H + + 4e- = 2H~O (b)  
E = 1.229 --  0.0591 pH + 0.0148 log Po~ 

F o r  An t imony  and Its Compounds 

A. Homogeneous Reactions 
Without  Oxidation 

HSbO= + H + = SbO + + H=O [i] 

(HSbO~) 
log = --0.87 + pH 

(SbO +) 

S b ( O H ) , -  + H + = HSbO= + 2H=O [2] 
[Sb (OH) j ]  

log - -1 i .00  + pH 
(HSbO2) 
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S b ( O H ) j  + 2H  + = S b O / +  4H=O 
[ S b ( O H ) ~ - ]  

l og  0.54 + 2 p H  
(SbO~ +) 

[ 3 ]  

With Oxidation 

SbO~++  2 H  + + 2e- = S b O  § + H=O [ 4 ]  
(SbO=  +) 

E = 0.720 - -  0.0591 p H  + 0.0295 log  
( S b O  +) 

S b ( O H ) j  + 4 H  + + 2e- = S b O  + + 5H~O [ 5 ]  

[ S b  (OH)6  ] 
E = 0.704 - -  0.1182 p H  + 0.0295 log  

( S b O  +) 

S b ( O H ) j  + 3 H  + + 2e-  = H S b 0 2  + 4H~O [ 6 ]  
[ S b  (OH)~  ] 

E ~ 0.678 - -  0.0886 p H  q- 0.0295 log  
(HSbO=)  

Sb  (OH)~  + 2H+ + 2e- = S b ( O H ) j  + 2H~O [7]  
[ S b ( O H ) j ]  

E ---- 0.353 - -  0.0591 p H  + 0.0295 log  
[ S b ( O H ) j ]  

B. Heterogeneous Reactions Involving Two Sides 
Wi th  Oxidation 

Sb=O~ + 6H + 4- 6e- = 2Sb  + 3H=O [8]  
( c u b i c )  E = 0.152 - -  0.0591 p H  
( o r t h o )  = 0.167 - -  0.0591 p H  

Sb~O, + 2H  + + 2e-  = Sb~O~ + H~O [9]  
( c u b i c )  E = 0.863 - -  0.0591 p H  
( o r t h o )  = 0.819 - -  0.0591 p H  

Sb~O, + 2 H  + + 2e-  = Sb=O, + H~O [ 1 0 ]  

E = 0 . 4 7 9 - -  0.0591 p H  

Sb,O0 + 4H + + 4e-  = Sb~O, + 2H=O [11]  
( c u b i c )  E = 0.671 - -  0.0591 p H  
( o r t h o )  = 0.649 - -  0.0591 p H  

C. Heterogeneous Reactions Involving One Solid 
Without  Oxidation 

Sb~O~ + 2H + = 2 S b O  + + H~O [12]  
( c u b i c )  l og  ( S b O  +) = - -3 .05 - -  p H  
( o r t h o )  = - -2 .32 - -  p H  

Sb~O6 + H=O = 2HSbO= [13]  
( c u b i c )  l og  (HSbO=)  = - - 3 . 9 2  
( o r t h o )  = - -3 .19 

2 S b ( O H ) c  + 2H  + = Sb~O~ + 5H~O [14]  
( c u b i c )  l o g  [ S b ( O H ) , - ]  = --14.91 + p H  
( o r t h o )  = - -14 .18  + p H  

Sb~O, + 2H + = 2 S b O 2  + H.~O [15]  
log  ( S b O 2 )  = - -4 .70 - -  p H  

2 S b ( O H ) j  + 2H + = Sb~O~ + 7H~O [16]  
l og  [ S b ( O H ) ( ]  = --4.16 + p H  

With  Oxidation 

Sb + 3H + + 3 e - =  S b H  . . . .  [17]  
E = - - 0 . 5 1 0 -  0.0591 p H  - -  0.0197 log  P ~ , .  

S b O  + + 2H + + 3 e - =  Sb  + H=O [18]  
E = 0.212 - -  0.0394 p H  + 0.0197 log  ( S b O  +) 

HSbO= + 3H + + 3 e - =  Sb  + 2H=O [19]  
E = 0.230 - -  0.0591 p H  + 0.0197 log  (HSbO~)  

S b ( O H ) j  + 4H  § + 3e- = Sb  + 4H~O [20]  
E = 0 . 4 4 6 -  0.0788 p H  + 0.0197 log  [ S b ( O H ) j ]  
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Fig. 4. Equilibria of antimony-water 

2 S b ( O H ) j  + 6H § 4- 4e-  = Sb203 4- 9H~O [21]  
( c u b i c )  E = 0 . 7 9 4 - - 0 . 0 8 8 6 p H + 0 . 0 2 9 5 1 o g [ S b ( O H ) ( ]  
( o r t h o )  = 0 . 7 2 2 - - 0 . 0 8 8 6  p H + 0 . 0 2 9 5  log  [ S b  ( O H )  j ]  

Sb20~ + 6H + 4- 4e-  = 2 S b O  + + 3H~O [22]  
E = 0.581 - -  0.0886 p H  - -  0.0295 log  ( S b O  +) 

Stabili ty aS An t imony ,  Its Oxides, and Its Solutions 

T h e  zones  of  p r e d o m i n a n c e  of  t h e  so lu t e s  a r e  
s h o w n  in  F ig .  3. T h e  l i ne s  s h o w  t h e  loc i  of  p o i n t s  
fo r  w h i c h  t h e  a c t i v i t i e s  (o r  t h e  c o n c e n t r a t i o n s  in  
i d e a l  s o l u t i o n s )  of  t w o  Sb  ions,  s i m u l t a n e o u s l y  
p r e s e n t  i n  t h e  so lu t ion ,  a r e  e q u a l  to  o n e  a n o t h e r .  

S b O 2  : L i m i t e d  b y  l i ne s  3 a n d  4. 
S b ( O H ) j  : L i m i t e d  b y  l ines  3, 5, 6, a n d  7. 
S b O  + : L i m i t e d  b y  l ines  4, 5, a n d  1. 
HSbO~ : L i m i t e d  b y  l ines  1, 6, a n d  2. 
S b ( O H ) j  : L i m i t e d  b y  l ines  2 a n d  7. 

F i g u r e  4 is a d i a g r a m  fo r  t h e  t h e r m o d y n a m i c  
e q u i l i b r i a  of  t h e  s y s t e m  S b - H , O  at  2 5 ~  as d e v e l -  
o p e d  f r o m  Eq .  ( I ) ,  ( I I ) ,  a n d  [2]  t h r o u g h  [22] .  W h e n  
o n e  i o n  t a k e s  p a r t  in  a r e a c t i o n ,  t h e  e q u i l i b r i u m  is 
s h o w n  f o r  v a l u e s  of  c o n c e n t r a t i o n  in  d i s s o l v e d  Sb  
e q u a l  to 1, 10 -3 , 10 -~, a n d  104 g at . /1.  F o r  t h e  r e -  
a c t i o n  [17]  of  r e d u c t i o n  of  so l id  Sb  to g a s e o u s  
SbH3, t h e  e q u i l i b r i u m  is s h o w n  fo r  p a r t i a l  p r e s s u r e s  
of  SbH~ e q u a l  to  1, 10 -~, 10 -~, a n d  104, t h e  m e t a l  o r  
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Fig .  5 .  C o r r o s i o n  a n d  p a s s i v i t y  o f  Sb 

oxide in  contact  w i th  the  so lu t ion  is cons idered  to be 
s table  (1, 2). 

Domains  of s tab i l i ty  of solid compounds  shown  in  
Fig. 4 are:  

Sb : Below l ine  8, and  w i t h i n  the fami l ies  
of l ines 18, 19, 20, and  17. 

Sb203 : Be tween  l ines  8 and  11, and  b e t w e e n  
the  famil ies  of l ines  12 and  21. 

Sb~O5 : Poss ib ly  in  a n a r r o w  zone above l ine  
11 and  b e t w e e n  the famil ies  of l ines  15 
and  16. 

Sb~O, : This  oxide is neve r  t h e r m o d y n a m i c a l l y  
s table  at  25~ in  the  presence  of water .  

Gaseous SbH,  is s tab le  be low the f ami ly  of l ine  
17. 

The  grea t  area  of s t ab i l i t y  of the  Sb(OH)~-  ion is 
respons ib le  for a s t rong  t e n d e n c y  of Sb20~ to dis-  
solve at po ten t ia l s  more  posi t ive  t h a n  those of l ine  
21. In  this, the Sb d i a g r a m  resembles  tha t  of Cr (1) .  

A n t i m o n y  te t rox ide  Sb~O, in  the  d ry  s tate  is wel l  
defined and  shows a d i s t inc t ive  x - r a y  dif f ract ion 
p a t t e r n  (17).  Konop ik  and  Z w i a u e r  (18) found  tha t  
w h e n  the d ry  oxide is dissolved in  water ,  however ,  
it  behaved  l ike a c o m p o u n d  of t r i v a l e n t  and  p e n t a -  
va l en t  oxides, g iv ing  rise to a m i x t u r e  of Sb m and  
Sb v in  solut ion.  This is in  accordance  w i th  the  
a b o v e - m e n t i o n e d  fact  tha t  Sb~O~ is t h e r m o d y n a m -  
ical ly  u n s t a b l e  in  the p resence  of aqueous  solut ions.  

F igu re  4 shows tha t  SbH, m a y  be  p repared ,  to-  
ge ther  w i th  hydrogen ,  by  a suff icient ly s t rong  re -  
duc t ive  act ion on Sb sal t  so lu t ions  or on meta l l i c  Sb 
in  the  p resence  of water ,  bu t  tha t  i t  is t h e r m o d y -  
n a m i c a l l y  u n s t a b l e  and  tends  to decompose into Sb 
and  H,. 

In  fact, SbH~ m a y  be p r epa red  by  electrolysis  of 
acid or a lka l ine  solut ions  wi th  a cathode of m e t a l -  
lic Sb (19) ;  yields  of SbH~ as h igh  as 15% by  vol -  
u m e  in  the  gas evolved  at the ca thode  have  been  
repor ted.  SbH, is u sua l l y  p r epa red  by  acid t r ea t -  
m e n t  of an  a l loy of Sb wi th  a reac t ive  me ta l  such as 
Zn  or Mg. 

SbI-I~ is u n s t a b l e  in  the presence  of aqueous  so lu -  
tions, and  tends  t h e n  to decompose wi th  fo rma t i on  

of Sb and of H~; but Salzberg and Andreatch (20) 
found that the velocity of this decomposition is 
negligible between the limits set by 0.1N acid and 
0.1N alkali, i.e., approximately between a pH of 1 
and 13.7. The decomposition is rapid in solutions 
which are strongly alkaline (20, 21) or strongly 
acid (21). 

Applications of the Diagrams 
A few appl ica t ions  are m a d e  here  of the  equ i l i b -  

r i u m  d iagrams  to the  s tudy  of e lec t rochemica l  sys-  
tems.  Because the  d i ag rams  r ep re sen t  e q u i l i b r i u m  
condi t ions  they  can  be used only  to set l imi t s  w i t h i n  
which  pract ical ,  n o n e q u i l i b r i u m  systems operate.  

Reduction of Corrosion by Antimony Coatings or by 
Its Compounds 

Figure  5, which  is de r ived  f rom the e q u i l i b r i u m  
d i a g r a m  (Fig. 4),  r ep resen t s  the  theore t ica l  condi -  
t ions of corros ion and  of i m m u n i t y  (noncor ros ion)  
of Sb, according to a s sumpt ions  which  have  been  
made  p rev ious ly  (1) .  Pas s iva t ion  is no t  cons idered  
in  Fig. 5 because  of the  grea t  so lub i l i ty  of the  an t i -  
m o n y  oxides. 

Accord ing  to B u r n s  a nd  Brad ley  (3) ,  nonporous  
coat ings of Sb on steel res is t  a t tack  by  HC1 and  HF  
bu t  are  a t tacked  by  HNO3. A s tudy  of the d i ag ram 
as s implif ied in  Fig. 5 wou ld  have  led to the  same 
genera l  conclusions.  F r o m  this  d i a g r a m  one wou ld  
expect  tha t  pH = 0 in  HC1 or HF, Sb wou ld  be pas-  
sive since the  po ten t i a l  of the  m e t a l - m e t a l  ion cou- 
ple wou ld  be abou t  0.1 vol t  more  posi t ive t h a n  the  
h y d r o g e n  po ten t i a l  at  the  same pH. U n d e r  such a 
condi t ion  h y d r o g e n  ions wi l l  not  be d isplaced f rom 
solu t ion  by  the  me t a l  ions. The  above acids are n o n -  
oxidizing.  On the  o ther  hand ,  w h e n  Bur ns  and  Brad -  
ley tes ted an  Sb -coa t i ng  aga ins t  s t rong HNO, which  
is a power fu l  ox id iz ing  agent ,  the  me t a l  was at tacked.  
This is because  the  HNO~ wou ld  cause the  po ten t i a l  
of the  me t a l  i n  it  to be h ighe r  t h a n  0.1 vol t  above  
l ine  (a) .  Such a po ten t i a l  wou ld  be in  the  uppe r  
corrosion zone of Fig. 5. 

P ion te l l i  and  F a g n a n i  (22) have  r ev i ewed  the 
theory  of p ick l ing  inh ib i to r s  a nd  have  e x p e r i m e n t e d  
w i th  Sb,O, in  3M to 10M HC1 to r e s t r a in  the  cor-  
rosion of mi ld  steel  u n d e r  t r e a tmen t .  I t  was  con-  
c luded tha t  meta l l i c  Sb displaces Fe in  the  s t ronger  
solut ions  and  this  ac t ion  is in  accordance  w i t h  p re -  
dict ions which  m a y  be m a d e  f rom the  t h e r m o d y -  
namic  emf  of the  process, a s t a t e me n t  which  is 
r ead i ly  verified. They  po in ted  out  tha t  because  the  
overvo l tage  of h y d r o g e n  is h igher  on Sb t h a n  on Fe, 
corrosion is lessened as the  deposi ted Sb film 
spreads.  As discussed in  the  p rev ious  pa rag raph ,  
Fig. 5 shows that ,  as the  sur face  is covered p ro -  
gressively,  wi th  Sb, the po ten t i a l  of the  isolated 
meta l l i c  surface  wi l l  approach  tha t  of Sb. Such a 
po ten t i a l  is more  posi t ive t h a n  the h y d r o g e n  po t en -  
tial. A t t ack  of the  me ta l  wi l l  lessen a nd  can cease 
for this  reason.  

F igure  5 also shows tha t  t he re  is a poss ib i l i ty  of 
cathodic corrosion of Sb u n d e r  ve ry  r educ ing  condi -  
tions, wi th  f o r ma t i on  of gaseous SbH~. Salzberg  and  
A n d r e a t c h  (20) have  fo rmed  gaseous SbH, in  this  
m a n n e r .  
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Ant imony  Electrodes 

The p r e v a l e n t  t heo ry  of the  Sb electrodes (10) is 
no t  en t i r e ly  accura te  since the Sb +++ ion, a s sumed  to 
take  pa r t  in  an  i n t e r m e d i a t e  e lectrode react ion,  is 
now shown by  the  au thors  to be u n p r o v e n  in  aqueous  
solutions.  In  the  fol lowing,  a m e c h a n i s m  is sug-  
gested which  is cons is tent  wi th  the facts abou t  the  
two genera l  types  of Sb electrode in  use: the  Sb-  
Sb~Oo electrode and  the  Sb rod electrode.  

The Sb-Sb~O~ electrode conta ins  a m i x t u r e  of 
powdered  Sb and  of Sb~O3 in  an  e lec t rode  vessel  
wi th  a side arm.  Elec t ro ly te  moves s lowly  t h r ough  
the  vessel  and  is s a tu r a t ed  wi th  respect  to Sb~O~ 
before  e n t e r i n g  the side a r m  at  the  t ip  of wh ich  the  
l iqu id  j u n c t i o n  occurs. The  cell is kep t  s a t u r a t e d  
w i th  n i t rogen .  U n d e r  such condit ions,  Rober ts  and  
F e n w i c k  (10) d e t e r m i n e d  AF~ and  aF~ 
and  S c h u h m a n n  (11) d e t e r m i n e d  aF~o+. 

At  present ,  the accepted theory  for the  Sb-Sb~O, 
e lect rode is tha t  of Rober ts  and  F e n w i c k  (10).  They  
proposed these i n t e r m e d i a t e  reac t ions  for the  Sb-  
Sb_oO, couple:  

2 Sb ~ 2 Sb +++ + 6e- (V) 

2Sb +++ + 6 OH- ~ Sb~O~ + 3H~O (VI)  

Conceivably ,  the  Sb ++§ ion could poss ib ly  be de-  
r ived  f rom o r t h o a n t i m o n i o u s  acid, Sb(OH)~,  solid 
salts of which  are known .  The above m e c h a n i s m  is 
cons idered  to be u n l i k e l y  since the  Sb +++ ion has no t  
been  found  to be p re sen t  in  a n y  pa r t  of the  pH range  
f rom 0 to 14. However ,  the  SbO + ion has been  shown  
to exist  in  solut ions  of low pH (11),  see Eq. [12], 
and  the S b ( O H ) j  ion has b e e n  shown  to exist  i n  
solut ions of h igh pH (Eq. [14 ] ) ;  for i n t e r m e d i a t e  
va lues  of the  pH, the dissolved Sb exists  as u n d i s -  
sociated HSbO~ molecules .  

Accord ing  to S c h u h m a n n  (11) and  Rober ts  and  
F e n w i c k  (10),  the va lue  of the  po ten t i a l  of Sb-  
Sb~O ..... ,~ electrodes is g iven  by  Eq. [8]. 

E ~ 0.152 --  0.0591 pH (at  25~ 

It m a y  be seen on Fig. 4 and  1 tha t  for pH ap-  
p r o x i m a t e l y  f rom 2 to 10, the Sb-Sb~O~ electrode 
can be r ep re sen t ed  by  the  Sb-Sb~O~ ou~,o couple, in  
the  presence  of a cons tan t  concen t r a t i on  in  dissolved 
Sb 10 .... mole  HSbOJ1,  or 10 mg Sb/1; for pH lower  
t h a n  1-2, or h igher  t h a n  10-11, the  e lect rode po t en -  
t ials  m a y  correspond to the  theore t ica l  va lue  g iven  
by  Eq. [8] on ly  if the  so lu t ion  has a h igher  con ten t  
in  dissolved Sb, respec t ive ly  as SbO + or as Sb ( O H ) j  
ions. 

The  Sb rod electrode m a y  be used u n d e r  con-  
t ro l led  condi t ions,  p r e f e r a b l y  w i th  mechan i ca l  agi -  
t a t ion  and  in  the  absence  of dissolved oxygen.  Po-  
t en t i a l  va lues  g iven  by  Kolthoff  and  Ha r tong  (23) 
for the t e m p e r a t u r e  of 14~ are shown  in  Fig. 6. 
The two fo l lowing equa t ions  are g iven  for these 
va lues :  

For  pH 1-5 

E = - - 0 . 0 4 1 5 - -  0.0485 pH (14~ shown  as l i ne  A 
For  pH 9-12 

E = - - 0 . 0 0 9 - - 0 . 0 5 3 6  pH (14~ s h o w n  as l ine  B 
G r u b e  and  Schwe iga rd t  (14) have  repor ted  tha t  
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Fig. 6. A n t i m o n y  electrodes. Line 8 - - p o w d e r e d  Sb-Sb=Osccub~c) 
electrode data  f rom reference (10). Dots and Lines A and 
B - - r e s u l t s  ob ta ined by Ko l t ho f f  end Her tong  (23) w i th  cast 
electrodes of $b-Sb20,. 

po ten t i a l  va lues  m a y  be app rec i ab ly  lower  for pH 
h igher  t h a n  12. 

I t  m a y  be seen on Fig. 6 that ,  if the  va lues  for 
25~ are  a p p r o x i m a t e l y  the  same as the  va lues  
g iven  by  Kolthoff  (23) for 14 ~ they  do not  corre-  
spond to a Sb-Sb~O8 e q u i l i b r i u m  shown as l ine  8; 
they  cor respond a p p r o x i m a t e l y  to a H~-H § equ i l ib -  
r i u m  u n d e r  0.01 to 1 a t m  h y d r o g e n  pressure .Thus ,  it  
seems tha t  the  Sb rod electrode behaves  app rox i -  
m a t e l y  as a h y d r o g e n  electrode,  this  h y d r o g e n  be ing  
fo rmed  at  the sur face  of the Sb as a resu l t  of a ve ry  
m i n u t e  corrosion of the  metal .  As the  e q u i l i b r i u m  
concen t r a t i on  of dissolved Sb at these po ten t ia l s  is 
e x t r e m e l y  low ( a p p r o x i m a t e l y  10-1~ the  a m o u n t  
of dissolved Sb is u sua l l y  no t  no t iceable ;  ca re  should  
be t a k e n  to avoid the  f o r m a t i o n  of Sb~O~, which  
could inc rease  the  potent ia l .  Some more  exper i -  
m e n t a l  inves t iga t ions  on this sub jec t  m i gh t  be we l -  
come. 
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The Relation between Pitting Corrosion and the Ferrous-Ferric 

Oxidation-Reduction Kinetics on Passive Surfaces 

Milton Stern 

Metals Research Laboratories,  Electro Metallurgical  Company,  

A Division o] Un~on Carbide Corporation, Niagara Falls, New Y o r k  

ABSTRACT 

Ferrous-ferr ic  electrode kinetics have been studied on a var ie ty  of passive 
alloys. Activat ion polarization parameters  are not markedly  different for all 
the surfaces studied except for t i t an ium where the exchange current  is an 
order of magni tude  smaller. The local anodic polarization curve for solution of 
metal  under  passive conditions was found to be extremely steep. This is 
suggested as typical  behavior for the passive condition. 

P i t t i ng  of a me t a l  m a y  be d iv ided  into two sep- 
a ra te  aspects, pi t  i n i t i a t ion  and  pi t  p ropaga t ion .  

S t re icher  (1) has developed an  accelera ted  pi t  
i n i t i a t i on  test  and  has descr ibed  severa l  of the  
factors  which  are  i m p o r t a n t  in  i n i t i a t i on  of p i t t i ng  
on s ta inless  steels. His discussion conta ins  an  ex-  
ce l len t  r ev i ew  of the  l i t e r a tu r e  in  the  field; this  
need  not  be r epea ted  here.  

Uhl ig  (2) and  L iebha f sky  (3) have  c o n t r i b u t e d  
s igni f icant ly  to an  u n d e r s t a n d i n g  of the basic  proc-  
esses wh ich  occur d u r i n g  pit  growth.  At  the  base  
of the  pit, which  is the anode  in  a pass ive -ac t ive  
cell, m e t a l  goes in to  solut ion.  A r educ t ion  reac t ion  
occurs on the  cathode regions  of the  surface  which  
cor respond to the u n a t t a c k e d  areas.  In  FeCI~ solu-  
t ion, the  p r i m a r y  cathodic reac t ion  is r educ t ion  of 
ferr ic  ions to form fer rous  ions. I t  has also been  
shown  tha t  the p i t t i ng  process is essen t ia l ly  u n d e r  
cathodic control .  The  anodic  areas do not  appea r  to 
polar ize  s ignif icant ly,  wh i l e  the  cathodic areas  po-  
lar ize  marked ly .  Thus,  the  p i t t i ng  ra t e  is a d i rect  
f unc t i on  of the  exposed cathode area.  

The  discussion p resen ted  here  is l imi t ed  to a con-  
s idera t ion  of the  e lec t rochemica l  factors en ta i l ed  in  
the pi t  p ropaga t ion  process. S ince  the  sys tem is 

p r i m a r i l y  u n d e r  cathodic control ,  the  overvo l tage  
behav io r  for ferr ic  ion r educ t ion  on the  cathode 
surface  should inf luence  the  ra t e  of pi t  growth.  

F e r r i c - f e r r o u s  ac t iva t ion  overvo l tage  behav io r  
was d e t e r m i n e d  on a series of al loys w i t h  di f ferent  
i n h e r e n t  p i t t i ng  res i s tance  to e v a l u a t e  the  i m p o r -  
t ance  of this  aspect  of the  corrosion process in  de-  
t e r m i n i n g  the  differences in  res i s tance  to p i t  p ropa -  
ga t ion  of the  va r ious  composi t ions.  

W h e n  a me t a l  pi ts  in  FeCI,, the  corros ion po ten t i a l  
is ac t ive  to the  e q u i l i b r i u m  po ten t i a l  of t he  f e r rous -  
ferr ic  o x i d a t i o n - r e d u c t i o n  po ten t i a l  of the  system. 
The cathodic overvo l tage  d u r i n g  corrosion m a y  
a m o u n t  to more  t h a n  1 v. I n  addi t ion,  the corrosion 
c u r r e n t  is of ten  e x t r e m e l y  high. S ince  cu r r en t s  
g rea te r  t h a n  the corrosion c u r r e n t  m u s t  be  appl ied  
in  order  to polar ize  a p i t t i ng  electrode (4) ,  exper i -  
m e n t a l  difficulties arise in  the  d e t e r m i n a t i o n  of 
ac t iva t ion  overvo l tage  due  to i n t e r f e r ence  f rom con-  
cen t r a t i on  po la r iza t ion  a nd  res i s tance  drop effects. 
I t  was  found  tha t  this  i n t e r f e r e n c e  could be e l im-  
ina ted  w i t h o u t  s igni f icant ly  chang ing  f e r r i c - f e r rous  
ac t iva t ion  pola r iza t ion  p a r a m e t e r s  by  i n h i b i t i n g  the  
p i t t i ng  process w i th  NaNO~ addi t ions  to FeCI~. Uhl ig  
(2) a nd  G i l m a n  (5) have  d e m o n s t r a t e d  the  effec- 
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t iveness  w i th  which  n i t r a t e  inh ib i t s  p i t t ing .  A d d i -  
t ion  of NaNO~ to a f e r rous - f e r r i c  so lu t ion  does no t  
affect the  e q u i l i b r i u m  fe r rous - f e r r i c  po ten t i a l  meas -  
u r e d  wi th  a P t  electrode.  Ni t r a t e  add i t ions  also p ro -  
duce a s t eady- s t a t e  po ten t i a l  for s ta inless  steel 
which  is v e r y  close to the  po t en t i a l  of P t  in  the  
same solut ion.  Tha t  n i t r a t e  does no t  s igni f icant ly  
affect ac t iva t ion  overvo l t age  p a r a m e t e r s  (6) was  
d e m o n s t r a t e d  w i t h  overvo l t age  m e a s u r e m e n t s  on 
s ta inless  steel  in  fer r ic  su l fa te  so lu t ions  ~ w i t h  a nd  
wi thou t  n i t r a t e  addi t ions .  S imi l a r  m e a s u r e m e n t s  on 
a Ti surface  in  FeCI~ where  p i t t i ng  does no t  occur 
even  in  the  presence  of chlor ide also showed no 
signif icant  effect of n i t r a t e  on f e r r i c - f e r rous  ac t iva -  
t ion  overvol tage  behavior .  

Thus,  ac t iva t ion  po la r i za t ion  m e a s u r e m e n t s  on a 
va r i e t y  of surfaces in  FeCI~ c o n t a i n i n g  n i t r a t e  as a 
p i t t i ng  inh ib i to r  m a y  be  cons idered  r e p r e s e n t a t i v e  
of tha t  ac t iva t ion  po la r i za t ion  behav io r  which  exists  
d u r i n g  p i t t ing  w i thou t  n i t ra te .  

Procedure 
The p rocedure  and  e q u i p m e n t  used  for po ten t i a l  

and  overvo l t age  m e a s u r e m e n t s  have  b e e n  descr ibed  
p rev ious ly  (6) .  The ana lys i s  of the  al loys used is 
p re sen ted  in  Table  I. The  Ti was  v a c u u m  a r c - m e l t e d  
and  con ta ined  0.05% C, 0.12% O, and  0.004% H. 
F e r r i c - f e r r o u s  chlor ide solut ions  were  p r epa red  by  
the  add i t ion  of 100 g of FeCI~ �9 6H~O and  0.9 g of 
FeCl~ �9 4H~O to 1000 g of d is t i l led  wa te rd  

Results 
T y p e  310 Stainless  S tee l  

Type  310 s ta inless  steel  was  p laced  in  a fe r r i c -  
fe r rous  chlor ide  so lu t ion  con t a in ing  a p p r o x i m a t e l y  
0.4N NaNO~. The  e q u i l i b r i u m  fe r r i c - f e r rous  po t en -  
t ia l  of the  so lu t ion  m e a s u r e d  w i t h  p l a t in i zed  P t  was  
0.858 v on the  s t a n d a r d  h y d r o g e n  scale. Af t e r  the  
sample  had  reached  a s t eady- s t a t e  po ten t i a l  of --13 
m v  vs. P t  in  the  same solut ion,  po la r iza t ion  me a s -  
u r e m e n t s  were  conducted.  Fig. 1 shows the  cathodic 
po la r iza t ion  da ta  obta ined .  The  curve  shows the  

1 P i t t i n g  of s t a i n l e s s  s tee l  does  no t  o c c u r  in  f e r r i c  s u l f a t e  so lu -  
t i o n s  w i t h o u t  n i t r a t e ,  w h e r e a s  p i t t i n g  in  c h l o r i d e  s o l u t i o n s  is  e x -  
t r e m e l y  r a p i d .  

.a T h e  e q u i l i b r i u m  p o t e n t i a l  of  a s o l u t i o n  p r e p a r e d  in  t h i s  m a n n e r  
a n d  m e a s u r e d  w i t h  a p l a t i n i z e d  P t  e l e c t r o d e  is  a p p r o x i m a t e l y  0.83 
v on  t h e  s t a n d a r d  h y d r o g e n  sca le .  T h e  p o t e n t i a l  is  n o t  e x a c t l y  r e -  
p r o d u c i b l e  f r o m  b a t c h  to b a t c h  b e c a u s e  t h e  f e r r o u s  sa l t  c o n t a i n s  
v a r y i n g  a m o u n t s  of  f e r r i c  c o n t a m i n a t i o n .  W h e n  a m o r e  a c t i v e  f e r r i c -  
f e r r o u s  p o t e n t i a l  w a s  r e q u i r e d ,  f e r r o u s  c h l o r i d e  w a s  a d d e d  to t h e  
a b o v e  s o l u t i o n  u n t i l  t h e  d e s i r e d  p o t e n t i a l  w a s  r e a c h e d .  T h e  a c t u a l  
f e r r o u s  ion  c o n c e n t r a t i o n  w a s  n o t  d e t e r m i n e d .  

Table I. Analysis of alloys 

% Cr % Ni  % M n  % IV[o % C % O t h e r s  

Type 304 
stainless 18.36 9.06 0.94 - -  0.05 bal. Fe 

Type 316 
stainless 17.25 13.02 1 . 6 6  2.54 0.04 ba]. Fe 

Type 310 
stainless 24.66 19.68 1.27 ~ 0.05 bal. Fe 

Hastelloy* 
aHoyF 21.73 46.35 1 . 7 0  6.89 0.08 19.50Fe 

Hastelloy* 
a l loyC 16.03 55.85 0.53 15.85 0.06 5.60Fe 

4.04 W 

* A t r a d e  m a r k  of t h e  t t a y n e s  S t e l l i t e  C o m p a n y ,  D i v i s i o n  of 
U n i o n  C a r b i d e  C o r p o r a t i o n .  
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Fig. 2. A n o d i c  p o l a r i z a t i o n  o f  a n i t r a t e - i n h i b i t e d  f e r r i c -  
fe r rous  ch lo r ide  so lu t ion  w i t h  an e q u i l i b r i u m  po ten t i a l  o f  
0 . 8 5 8  v on T y p e  3 1 0  sta in less steel .  

n o r m a l  expected  shape for ac t iva t ion  po la r iza t ion  
(4) and  represen t s  t he  r educ t ion  ra te  of ferr ic  ions 
on a Type  310 surface  as a f u n c t i o n  of overvol tage .  
The  exchange  c u r r e n t  is 0.021 ~ a / c m  ~, and  the  meas -  
u r ed  Tafe l  slope, tic, is 0.121 v. Fig. 2 i l lus t ra tes  the  
anodic  po la r i za t ion  behavior .  Two dis t inc t  Tafe l  
l ines are  obta ined .  As i l l u s t r a t ed  p rev ious ly  (6) ,  
d u r i n g  anodic  polar iza t ion,  a po t en t i a l  reg ion  is 
reached  w he r e  a no t he r  ox ida t ion  proceeds at a ra te  
comparab le  to the  ra te  of ox ida t ion  of fe r rous  ions. 
This reac t ion  is most  l ike ly  o x y g e n - e v o l u t i o n  pro-  
duced by  ox ida t ion  of water .  Thus,  at a n y  potent ia l ,  
the  e x p e r i m e n t a l  cu rve  r ep resen t s  the  sum of the  

<--. 
r a t e  of ox ida t ion  of fe r rous  ions, iF .... a nd  the  ra te  

of ox ida t ion  of water ,  ~w. The  low c u r r e n t  Tafel  
reg ion  provides  the  q u a n t i t a t i v e  express ion  for act i -  
va t ion  po la r iza t ion  for fe r rous  ion oxidat ion.  

rr- 
= fiA1og i . . . .  ~to (I)  

where  /~, = 0.141 and  io = 0.021 ~a/cmL Thus ,  in  
the reg ion  w h e r e  the  e x p e r i m e n t a l  cu rve  bends  f rom 

<- 
a slope of 0.141 to a lower  value ,  iv m a y  be ca lcu-  

<___ 
la ted  at  a n y  po ten t i a l  by  sub t r a c t i ng  iFet§ f rom the 

K- 
appl ied  anodic  cu r ren t ,  ix. At  a n y  po ten t i a l  in  this  
reg ion  

t ,  = t . - -  t . . . .  ( II)  

T h e  Tafe l  slope for oxygen  evolut ion ,  B-, is thus  
d e t e r m i n e d  as 0.038 v. The exchange  c u r r e n t  for 

Fig. 1. Cathodic polarization of a nitrate-inhibited ferric- 
ferrous chloride solution with an equil ibrium potential of 
0.858 v on Type 310 stainless steel. 

P J I I I I t l  i I I I ~ l l l /  I 1 I I I I I I 
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CURRENT DENSITY (p.AMP/CM z) 



602 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  October 1957 

this r eac t ion  canno t  be  ca lcula ted  since the  equ i -  
l i b r i u m  po ten t i a l  is not  known.  

I t  has been  shown p rev ious ly  (6) that ,  if the 
s t eady - s t a t e  po ten t i a l  of an  electrode is equa l  to the  
e q u i l i b r i u m  fe r rous - f e r r i c  potent ia l ,  t h e n  the  r e -  
verse  c u r r e n t  which  exists  d u r i n g  po la r iza t ion  m a y  

<__ 

be calculated.  Tha t  is, ix.e++ as a f unc t i on  of ove r -  
vol tage  on the  act ive side of the  revers ib le  po t e n t i a l  
m a y  be ca lcu la ted  f rom a m e a s u r e m e n t  of ove r -  
vol tage  as a func t ion  of appl ied  cathodic cu r ren t .  
Also, the c u r r e n t  e q u i v a l e n t  to the  r a t e  of r educ t ion  
of ferr ic  ions d u r i n g  anodic  po la r iza t ion  m a y  be 
calculated.  The  me thod  used is exp l a ined  brief ly in  
the  fo l lowing  discussion. W h e n  an  e lec t rode  at  equ i -  
l i b r i u m  is polar ized cathodical ly ,  the  tota l  ra te  of 
r educ t ion  of ferr ic  ions is equa l  to the  sum of the  

.__> 

appl ied  cur ren t ,  i., and  the  ra te  of ox ida t ion  of f e r -  
rous ions ( the reverse  c u r r e n t ) .  

---> --> 4--  

i . . . . .  = i~ + i . . . .  ( I I I )  

The Tafe l  equa t i on  descr ibes  iF ... .  as a f unc t i on  
of overvol tage.  

.__> 

= - - t i c  log i . . . . .  /io (IV) 

Thus,  wi th  a m e a s u r e m e n t  of fi~ and  io, Eqs. 

( I I I )  and  (IV) p e r m i t  ca lcu la t ion  of "i~+§ at  ove r -  
vol tage  va lues  more  act ive  t h a n  the e q u i l i b r i u m  po-  
tent ia l .  The me thod  is s imi la r  for anodic  po la r iza -  
t ion. 

The s t eady- s t a t e  po t en t i a l  of 310 s ta inless  steel  is 
more  act ive by  13 m v  t h a n  the  e q u i l i b r i u m  po ten t i a l  
of the f e r rous - f e r r i c  solut ion.  This is best  exp l a ined  
by  cons ide r ing  tha t  the  sample  is cor rod ing  so that ,  
at the corrosion potent ia l ,  the  ra te  of r educ t ion  of 
ferr ic  ions is equa l  to the sum of the  r a t e  of ox ida-  
t ion  of fe r rous  ions and  the ra t e  of solut ion (ox ida -  
t ion)  of meta l .  Thus,  

i . . . . .  = i . . . .  + ,~ ( v )  

I , , , , ,  120 tNOBLE . . . . . . . .  ' ANOD,C'~ I /d' 
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Fig. 3, Low cur ren t -dens i ty  po la r i za t ion  da ta  fo r  Type 3 ] 0 
stainless steel showing corrosion cur rent  as a func t ion  o f  
potent ia l .  

w he r e  i,, is tha t  c u r r e n t  which  is e q u i v a l e n t  to the 
ra te  of ox ida t ion  of metal .  If the  e lect rode is po la r -  
ized ca thodica l ly  wi th  an  e x t e r n a l  cur ren t ,  the  tota l  
r educ t ion  ra te  of ferr ic  ions is equa l  to tha t  which  is 
r educed  by  the appl ied  c u r r e n t  p lus  tha t  a m o u n t  of 
r educ t ion  which  is e q u i v a l e n t  to the ra te  of ox ida-  
t ion  of both  me t a l  and  fer rous  ions. Thus,  for ca th-  
odic polar iza t ion,  

z,,,= ~ . . . . .  -- z . . . .  -- ~ (VI)  

The  ana logous  equa t i on  for anodic  po la r i za t ion  is 

<__. __> <__ <__ 

i~ = i . . . . .  -- i . . . .  + i ,  (VII)  

Fig. 3 shows the low c u r r e n t  da ta  on Fig.  1 and  2 
ex t ended  to lower  c u r r e n t s  and  p lo t ted  on  an  ex -  

<__ 

p a n d e d  po ten t i a l  scale. The ca lcu la ted  va lues  of in 
as a f unc t i on  of overvo l tage  are  inc luded.  This is 
essen t ia l ly  a plot  of the  local anodic  po la r iza t ion  
curve  of the meta l .  I t  is i m p o r t a n t  to note  the  steep 

<__ 

slope of i~ p lo t ted  as a f u n c t i o n  of overvol tage.  

T y p e  316 S ta in less  S tee l  

M e a s u r e m e n t s  were  conduc ted  on Type  316 s t a in -  
less steel surfaces in  two i nh i b i t e d  solut ions  w i th  
d i f ferent  f e r rous - f e r r i c  potent ia ls .  The  s t eady- s t a t e  
po ten t i a l  of Type  316 in  a so lu t ion  w i th  an  ox ida-  
t i o n - r e d u c t i o n  po ten t i a l  of 0.757 v on the  s t a n d a r d  
h y d r o g e n  scale was  the same as P t  to w i t h i n  0.1 mv.  
This me a ns  tha t  the f e r rous - f e r r i c  sys tem is at equ i -  
l i b r i u m  on the  s ta inless  steel  sur face  and  tha t  corro-  

sion, ~ ,  is negl igible .  The  po la r iza t ion  curves  are 
s imi la r  to those a l r eady  i l l u s t r a t ed  for Type  310 and  
m a y  be r ep resen ted  in  t e rms  of the  Tafel  constants .  
The exchange  c u r r e n t  is 0.49 ~ a / c m  ~, fl~----0.185 v, 
and  fl~, = 0.095 v. A va lue  for fl~ could not  be  ob-  
t a ined  since the e q u i l i b r i u m  fe r r i c - fe r rous  po ten t i a l  
of this  so lut ion is r e l a t i ve ly  active, a nd  IR  drop 
errors  were  i n t roduced  d u r i n g  anodic  m e a s u r e m e n t s  
in  the  po ten t i a l  reg ion  w he r e  oxygen  is evolved.  

In  a solut ion w i th  a f e r rous - f e r r i c  po ten t i a l  of 
0.832, the s t eady- s t a t e  po ten t i a l  of Type  316 s t a in -  
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Fig. 4. Low cur ren t -dens i ty  po la r i za t ion  da ta  fo r  Type 316  
stainless steel, Ere+++_~,e++ = 0 . 8 3 2  v. 
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less steel is 1 m v  more  act ive t h a n  P t  in  the  same 
solut ion.  In  this  case, a s l ight  corrosion c u r r e n t  
mus t  exist  which,  t hough  smal l  in  compar i son  to to, 
is sufficient to polar ize  the  e lec t rode  by  1 my.  
Fig. 4 shows the po la r iza t ion  curves  on ly  in  the  low 

(__ 
c u r r e n t  region  to i l lus t ra te  how i,, var ies  w i th  po-  
tent ia l .  In  this  case, the  corrosion c u r r e n t  is of the  

(__ 
order  of 0.003 /~a/cm ~, and  i,~ p lo t ted  as a f unc t i on  
of ove rvo l t age  is no t  so steep as is found  for Type  
310 s tainless  steel. The Tafel  cons tan ts  ob t a ined  for 
this  sys tem are io = 0.049 /~a/cm ~, tic = 0.085 v, flA 
0.185 v, /9~ = 0.032 v. 

In  m a n y  discussions of the  shape of e lec t rochemi-  
cal po la r iza t ion  curves,  the  ques t ion  c o n t i n u a l l y  
arises as to w h e t h e r  po la r iza t ion  should  be a l i nea r  
or logar i thmic  (Tafel )  f unc t i on  of appl ied  cur ren t .  
For  example ,  S t r auman i s ,  Shih, and  Sch lech ten  (7, 8) 
have  observed  Tafe l  behav io r  for h y d r o g e n  over -  
vol tage  on Ti in  HC1, HBr, and  H,SO,, bu t  r epor t  a 
l inear  dependence  of overvol tage  on appl ied  c u r r e n t  
in  HF. In  addi t ion ,  these au thors  show tha t  the  l i n -  
ear  r e l a t ion  is m a i n t a i n e d  if the Ti corrodes, whi le  
the  Tafel  r e la t ion  holds if the Ti ceases to dissolve 
because  of f luoride addi t ions.  Resul ts  of this  type  
have  been  exp la ined  in  t e rms  of theory  (4) which  
shows tha t  an  electrode whose po ten t i a l  is de t e r -  
m i n e d  by  two in t e r sec t ing  Tafel  func t ions  ( w h e t h e r  
cor roding  or at e q u i l i b r i u m )  exhib i t s  a l i nea r  de-  
pendence  of overvo l tage  as a f unc t i on  of appl ied  
c u r r e n t  va lues  less t h a n  the exchange  c u r r e n t  or 
corrosion cur ren t .  For  an  electrode at  equ i l i b r ium,  
the  slope of the  l i nea r  po la r iza t ion  curve  is g iven  
by  Eq. (VI I I ) .  

d~ = /~.flo (VII I )  
di./~-~o 02.3) (to) (flA+flc) 

For  a cor roding  electrode,  the express ion  becomes 

(IX) ) di,  E-~o ( 2 . 3 )  ( i  . . . .  ) ( ~ A ~ - ~ C )  

where  E is the difference in  po ten t i a l  b e t w e e n  the  
corrosion potent ia l ,  E ..... and  the polar ized poten t ia l .  

Tafe l  behav io r  is no t  observed  u n t i l  appl ied  cu r -  
r e n t  va lues  become s igni f icant ly  la rger  t h a n  the  
exchange  c u r r e n t  or the  corrosion cur ren t .  The  
l inea r  r e l a t ion  repor ted  by  S t r a u m a n i s  and  co- 
worke r s  is cons is ten t  w i th  this  p i c tu re  since the i r  
appl ied  cu r ren t s  were  smal le r  t h a n  the  ve ry  large  
corrosion c u r r e n t  of Ti in  HF. Thus,  the  e x t e n t  of 
the  l i nea r  dependence  is d e t e r m i n e d  by  the m a g n i -  
tude  of the  exchange  c u r r e n t  or corros ion cur ren t ,  
and  the  slope of the  l i nea r  f unc t i on  is i nve r se ly  
p ropor t iona l  to io or i ..... 

This  behav io r  can  be i l l u s t r a t ed  q u a n t i t a t i v e l y  
wi th  the  low c u r r e n t  da ta  ob ta ined  for the  Type  
316 e lect rode descr ibed above  where  two m a r k e d l y  
d i f ferent  exchange  c u r r e n t s  were  observed  for  the  
two f e r r i c - f e r rous  solut ions  inves t iga ted .  Fig. 5 
shows the  low c u r r e n t  da ta  p lot ted  on a l i nea r  scale 
for Type  316 s ta inless  steel in  solut ions  w i th  fe r r i c -  
fe r rous  e q u i l i b r i u m  poten t ia l s  of 0.757 and  0.832 v. 
The  slopes ob ta ined  are inve r se ly  p ropor t iona l  to the  
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Fig. 5. Linear relationship between overvoltoge and op- 
plied current density for two different ferric-ferrous solutions 
on Type 3 ] 6  stainless steel. 

exchange  cur ren t ,  a nd  the  ca lcu la ted  va lue  of 
dv/di ,  us ing  Eq. (VII I )  checks the  e x p e r i m e n t a l  
d e t e r m i n a t i o n  w i t h i n  e x p e r i m e n t a l  error.  

Type 304 Stainless Steel 

The po la r iza t ion  curves  for Type  304 s tainless  
steel are  s imi la r  to those a l r eady  i l l u s t r a t ed  a nd  m a y  
be s u m m a r i z e d  in  t e rms  of the e x p e r i m e n t a l  elec- 
t rochemica l  constants .  In  an  i nh i b i t e d  f e r r i c - f e r rous  
chlor ide  so lu t ion  wi th  a r evers ib le  po ten t i a l  of 0.824 v 
vs. the  s t a n d a r d  h y d r o g e n  electrode, the  va lues  ob-  
t a ined  are:  v .... = --0.006 v, rio = 0.146 v, fi~ = 0.165 

v, io = 0.0634 ~a /cm' ,  and  ---- 0.48 v / /m/cmL 
~---> 0 

If sufficient fe r rous  chlor ide  is added to the  solut ion 
to b r i n g  the  e q u i l i b r i u m  fe r rous - f e r r i c  po ten t i a l  
d o w n  to a va l ue  of 0.744 v, t h e n  the m e a s u r e d  con- 
s t an t s  become:  ~ .... = - - 0 . 0 0 2  v, /3o = 0.139 v, fl~ ~- 

dv 
) = 0.188 0.161 v, io = 0.172 /~a/cm ~, and  di.  ~ o  

v//~a/cmL Insuff icient  da ta  were  ob ta ined  in  the  low 
<.._ 

c u r r e n t  reg ion  to ca lcula te  i,, as a f u n c t i o n  of po-  
tent ia l .  At  the  corrosion potent ia l ,  however ,  the  
corrosion c u r r e n t  was  ca lcu la ted  as 0.013 /~a/cm 2 in  
the  fo rmer  case and  0.014 / m / c m = in  the  l a t t e r  
expe r imen t .  

Hastelloy F 

Haste l loy  F is an  a l loy w i t h  good pi t  and  corro-  
sion res i s tance  in  oxid iz ing  e n v i r o n m e n t s .  Anodic  
and  cathodic po la r iza t ion  m e a s u r e m e n t s  in  a fe r r ic -  
fe r rous  chlor ide so lu t ion  wi th  an  e q u i l i b r i u m  po ten -  
t ia l  of 0.830 v are i l l u s t r a t ed  in  Fig. 6. I t  is i n t e r e s t -  
ing  to note  in  this case t ha t  BA = tic = 0.148 v. The 
exchange  c u r r e n t  is 0.063 / m / c m ~ wh i l e  fl~ ---- 0.035 
v. Fig. 7 shows pa r t  of the  same da ta  p lo t ted  on an  
e x p a n d e d  po ten t i a l  scale a nd  ex t ended  to lower  va l -  
ues of appl ied  c u r r e n t  t h a n  tha t  shown in  Fig. 6. 
D u r i n g  these exper imen t s ,  the  s t eady - s t a t e  po t en -  
t ial  of the a l loy pr ior  to anodic  m e a s u r e m e n t s  was  
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Fig. 6. Anodic and cathodic polarization of nitrate-inhib- 
ited ferric-ferrous chloride with an equi l ibr ium potential of 
0.830 v on Hastelloy alloy F. 

9.5 m v  m o r e  ac t ive  t h a n  P t  in  t he  s ame  solut ion .  
H o w e v e r ,  p r i o r  to ca thod ic  po la r i za t ion ,  the  p o t e n t i a l  
had  c h a n g e d  to 8.0 mv.  This  change  is re f lec ted  in  

e -  

an a b r u p t  change  in i,, c a l c u l a t e d  f r o m  anod ic  d a t a  
as c o m p a r e d  to t h a t  c a l c u l a t e d  f r o m  ca thod ic  m e a s -  

u r e m e n t s .  The  va lue s  of ~ as a f u n c t i o n  of p o t e n t i a l  
a r e  p l o t t e d  on Fig.  7. T h e  d a t a  c a l c u l a t e d  f rom bo th  
anod ic  and  ca thod ic  p o l a r i z a t i o n  show a r e m a r k a b l y  

s teep  slope. Thus,  ~,, is e s s e n t i a l l y  i n d e p e n d e n t  of 
o v e r v o l t a g e .  W h e n  the  s t e a d y - s t a t e  p o t e n t i a l  is  --9.5 

<-- 

m y ,  i,~ is 0.020 /~a/cm ~, w h e r e a s  i~ is 0.016 /~a/cm ~ 
w h e n  the  cor ros ion  p o t e n t i a l  is - -8.0 my.  

F u r t h e r  ev idence  t h a t  ~,, is i n d e p e n d e n t  of p o t e n -  
t i a l  m a y  be  f o u n d  in a p p l i c a t i o n  of Eq. (VI I I )  to the  
l ow c u r r e n t  da ta .  Eq. ( V I I I )  is b a s e d  on  the  a s s u m p -  
t ion t h a t  the  s t e a d y - s t a t e  p o t e n t i a l  is d e t e r m i n e d  
b y  on ly  two  i n t e r e s t i n g  Ta fe l  func t ions .  If  t he  e l ec -  
t r o d e  is in  a r eg ion  w h e r e  t h r e e  p o t e n t i a l - c u r r e n t  
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Fig. 7. Low current-density polarization data for Hastelloy 
alloy F showing corrosion current as a function of potential. 
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Fig. 8. Linear relationship between overvoltage and applied 
current density for Hastelloy alloy F. 

func t ions  a r e  ope ra t ive ,  Eq. (VI I I )  be c ome s  m o r e  
c o m p l e x  and  canno t  be  e x p e c t e d  to a p p l y  in  i ts  p r e s -  
en t  form.  This  w o u l d  be  t h e  case for  an  e l e c t r o d e  
9 m v  r e m o v e d  f r o m  t h e  r e v e r s i b l e  f e r r i c - f e r r o u s  
po ten t i a l .  H o w e v e r ,  if one of t he  t h r e e  p o l a r i z a t i o n  
cu rves  w h i c h  d e t e r m i n e  the  p o t e n t i a l  of t he  e lec -  
t r o d e  shows  an  i n d e p e n d e n c e  of c u r r e n t  on po ten t i a l ,  
t hen  i t  can be  s h o w n  t h a t  Eq. (VI I I )  is s t i l l  a p -  
p l i cab le .  

Fig .  8 i l l u s t r a t e s  the  l ow c u r r e n t  d a t a  for  H a s t e l l o y  
F. Bo th  the  anod ic  and  ca thod ic  d a t a  a r e  l i n e a r  a n d  
y i e ld  the  s a m e  v a l u e  of d~/di~, 0.50 v / /~a / cm ~. The  
v a l u e  of d~/di~ c a l c u l a t e d  f rom Eq. (VI I I )  is 0.51 
v / /~a /cm ~. As  s t a t e d  above ,  th is  is f u r t h e r  ev idence  
t h a t  the  local  anod ic  p o l a r i z a t i o n  cu rve  for  H a s t e l l o y  
F is p r a c t i c a l l y  ve r t i ca l .  This  b e h a v i o r  u n d o u b t e d l y  
exp la ins ,  in pa r t ,  the  e x c e l l e n t  co r ros ion  r e s i s t ance  
of th is  a l loy.  

Hastelloy C 

H a s t e l l o y  a l l oy  C is a N i - M o - C r  a l l oy  w i t h  e x c e l -  
l en t  co r ros ion  r e s i s t ance  in  a w i d e  v a r i e t y  of o x i d i z -  
ing  and  r e d u c i n g  med ia .  I t  shows  no w e i g h t  loss or  
p i t t i n g  a f t e r  a t e n - y e a r  i m m e r s i o n  in sea  w a t e r ,  no r  
does  i t  p i t  in  t he  a n n e a l e d  cond i t i on  in  bo i l ing  10% 
FeCL (9) .  

The  b e h a v i o r  of th is  a l l oy  is s i m i l a r  to t h a t  a l r e a d y  
i l l u s t r a t e d  for  H a s t e l l o y  a l loy  F. Thus ,  t he  r e su l t s  
m a y  be  s u m m a r i z e d  in t e r m s  of t he  Ta fe l  cons tan ts .  
In  a f e r r i c - f e r r o u s  s y s t e m  w i t h  an  e q u i l i b r i u m  p o -  
t e n t i a l  of 0.758 v, the  a l l oy  exh ib i t s  a s t e a d y - s t a t e  
p o t e n t i a l  w h i c h  is 27 m v  m o r e  ac t ive  t h a n  P t  in  t h e  
s ame  solut ion.  The  e x c h a n g e  c u r r e n t  is 0.10 /~a/cm -~ 
w i t h  tic = 0.190 v and  flA = 0.167 v. As  was  the  case  

w i t h  H a s t e l l o y  a l loy  F, c a l c u l a t e d  va lue s  of ~,,~ for  
H a s t e l l o y  a l l oy  C w e r e  r e l a t i v e l y  i n d e p e n d e n t  of 
po ten t i a l ,  t he  a v e r a g e  v a l u e  in th is  so lu t ion  be ing  
0.07 /La/cm ~. 

Resu l t s  for  a f e r r i c - f e r r o u s  sy s t em w i t h  a r e v e r s i -  
b l e  p o t e n t i a l  of 0.825 v a r e  s h o w n  in  T a b l e  II .  The  
loca l  ac t ion  c u r r e n t  in  th is  case  was  0.3 /~a/cm ~. 

Titanium 

T i t a n i u m  m e t a l  shows no p i t t i ng  t e n d e n c y  in 
c h l o r i d e  solu t ions .  M e a s u r e m e n t s  w e r e  conduc t ed  
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Table II. Summary of electrochemical constants for various alloys 

Fe +++- Fe++* 
p o t e n t i a l ,  ~corr # tic fix ~ io$ 

A l l o y  v v v v v 

T y p e  304 
s t a in l e s s  0 .824 - -0 .006  0.146 0.165 0.039 0.063 

T y p e  304 
s t a i n l e s s  0.744 - -0 .002  0.139 0.161 - -  0.172 

T y p e  316 
s t a i n l e s s  0.832 - -0 .001  0.085 0.185 0.032 0.049 

T y p e  316 
s t a i n l e s s  0.757 0.000 0.095 0.185 - -  0.49 

T y p e  310 
s t a i n l e s s  0.858 - -0 .013  0.121 0.141 0.038 0.021 

H a s t e l l o y  
a l l o y  F 0.630 - -0 .009  0.148 0.148 0.035 0.063 

H a s t e l l o y  
a l l o y  C 0.825 - -0 .070  0.228 0.222 0.030 0.20 

H a s t e l l o y  
a l l o y  C 0.758 - -0 .027  0.190 0.167 0.039 0.10 

T i t a n i u m  0.830 - -0 .016  0.104 - -  - -  0 .0052 
T i t a n i u m  0.789 - -0 .003  0.102 0.358 - -  0.0110 
T i t a n i u m  0.736 0.000 0.091 0.352 - -  0 .024 

* S t a n d a r d  h y d r o g e n  sca le .  
t P o t e n t i a l  a l l o y  vs.  P t  i n  s a m e  so lu t i on .  
$ M i c r o a m p e r e / c m  e. 

on the same sample  in  th ree  d i f ferent  f e r r i c - f e r rous  
chlor ide solut ions  con t a in ing  NaNO~ wi th  equ i l i b -  
r i u m  poten t ia l s  of 0.830 v (so lu t ion  A) ,  0.789 v (so- 
lu t ion  B) ,  and  0.736 v (so lu t ion  C).  So lu t ions  B and  
C were  p r epa red  by  add i t ion  of fe r rous  chlor ide  to 
so lu t ion  A. S u b s e q u e n t  expe r imen t s  showed tha t  
the n i t r a t e  add i t ion  had  no s ignif icant  effect on the  
po la r iza t ion  character is t ics .  I t  was  inc luded  here  in  
order  to compare  the  resul t s  w i th  those ob ta ined  
wi th  al loys which  r equ i r e  n i t r a t e  to i nh ib i t  p i t t ing .  

Fig. 9 i l lus t ra tes  the  anodic  and  ca thodic  m e a s u r e -  
men t s  ob t a ined  in  the  th ree  e n v i r o n m e n t s .  The  re -  
sul ts  are  qu i te  d i f ferent  f rom those shown  p rev ious ly  
in  tha t  the  anodic  exchange  c u r r e n t  ( d e t e r m i n e d  by  
ex t r apo la t ion  f rom the  Tafe l  reg ion)  is g rea te r  t h a n  
the  cathodic exchange  c u r r e n t  in  solut ions  A a nd  B. 
The  e lec t rochemica l  cons tan ts  ob ta ined  for so lu t ion  
A are:  fi~ = 0.104 v, flA = 0.286 v, i~ = 0.0085 ~a /cm ~', 
and  io~ = 0.0052 ~ a / c m l  Also the  in te r sec t ion  of the  
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Fig. 9. Anodic and cathodic polarization of three different 
ferric-ferrous solutions on Ti. 

anodic  a nd  cathodic Tafe l  curves  occurs at  a po t en -  
t ia l  15 m v  more  act ive  t h a n  P t  in  the same solut ion,  
whi le  the  s t eady- s t a t e  po t en t i a l  was  16 m v  more  
act ive t h a n  Pt.  

These obse rva t ions  are  best  exp l a ined  by  cons id-  
e r ing  tha t  Ti is r eac t ing  in  this  e n v i r o n m e n t  and  
tha t  d u r i n g  anodic  po la r i za t ion  m e a s u r e m e n t s  the  
ra te  of ox ida t ion  of Ti m e t a l  is the  s ame  order  of 
m a g n i t u d e  as the  r a t e  of ox ida t ion  of fe r rous  ions. 
Thus,  the  observed  anodic  da ta  r ep resen t  the  s u m -  

4-- 4- 

m a t i o n  of iN a nd  iFo++ at a ny  potent ia l .  The  sum of 
two Tafe l  l ines  can  resu l t  in  da ta  which  are  Tafe l -  
l ike in  appearance .  Thus,  the va l ue  of fiA g iven  
above canno t  be  cons idered  as r e p r e s e n t a t i v e  of the 
ox ida t ion  of fe r rous  ions. The  exchange  c u r r e n t  for 
the  f e r r i c - f e r rous  system, however ,  can be cons id-  
ered  as equa l  to the  va l ue  d e t e r m i n e d  f rom the  
cathodic data,  s ince the  cathodic  Tafe l  slope wou ld  
no t  be in f luenced  s igni f icant ly  by  Ti solut ion.  I t  is 
i n t e r e s t i ng  to no te  t ha t  the  corrosion c u r r e n t  neces-  
sa ry  to polar ize  the  f e r r i c - f e r rous  sys tem to the  
s t eady- s t a t e  e lec t rode  po ten t i a l  of 16 m v  is on ly  
abou t  0.003 p a / c m t  This  corrosion ra te  is too low to 
m e a s u r e  by  di rect  we igh t - loss  t echn iques  since a 
1 cm ~ sample  w ou l d  lose on ly  abou t  1 mg  in  60 
years.  This  e x t r e m e l y  smal l  corrosion ra te  affects 
the  po ten t i a l  s igni f icant ly  because  the exchange  cur -  
r e n t  in  this  e n v i r o n m e n t  is v e r y  small .  

A s i tua t ion  s imi la r  to tha t  descr ibed above  exists  
for so lu t ion  B w he r e  the  e lec t rochemica l  cons tan t s  
were  f ound  to be:  fl~ ---- 0.102 v, BA = 0.358 v, io~ = 
0.0125 pa /cm ~, a nd  ioc ----- 0.0110 ~ a / c m  2. 

The  in te r sec t ion  of anodic  a nd  cathodic curves  in  
this  case occurs at  a po t en t i a l  4 m y  more  act ive  t h a n  
P t  in  the  same so lu t ion  whereas  the  s t eady- s t a t e  
po ten t i a l  was  3 m v  more  act ive  t h a n  Pt. In  this 

case, fl~ is p r o b a b l y  no t  m a r k e d l y  affected by  ~ .... 
The  po t en t i a l  of Ti  in  so lu t ion  C is the  same as P t  

to w i t h i n  0.1 my.  In  this  case, the anodic  and  cathodic 
exchange  cu r r en t s  were  equal .  The  e lec t rochemica l  
cons tan ts  d e t e r m i n e d  f rom the  po la r iza t ion  curves  
are  Ba=0.091 v, f i~=0.352 v, io~--0.024 ~ a / c m  2. Also, 
the  cathodic po la r iza t ion  curve  for r educ t ion  of fe r -  
r ic ions can  be  ca lcu la ted  f rom anodic data,  a nd  the  
anodic  po la r i za t ion  curve  for ox ida t ion  of fe r rous  
ions can be  ca lcu la ted  f rom cathodic m e a s u r e m e n t s  
in  the  m a n n e r  descr ibed p rev ious ly  (6) .  

I t  is i n t e r e s t i ng  to no te  tha t  no ind ica t ion  of oxy-  
gen  evo lu t ion  was  observed in  the  anodic  da ta  of 
Fig. 9 e v e n  though  po ten t ia l s  more  nob le  t h a n  1.2 v 
vs. the s t a n d a r d  h y d r o g e n  e lect rode were  reached.  
This  m u s t  m e a n  tha t  the Tafe l  p a r a m e t e r s  for oxy-  
gen evo lu t ion  are  such tha t  po la r iza t ion  is qu i te  p ro -  
nounced .  The exchange  c u r r e n t  m u s t  be  v e r y  small ,  
a nd  the  fi~ v a l u e  m a y  be h igher  t h a n  the  va lues  r e -  
por ted  for the  F e -  and  Ni -base  alloys inves t iga ted .  

Discussion 
One of the  factors  which  affects the ra te  of p r o p a -  

ga t ion  of p i t t i ng  of an  a l loy in  FeCL is the degree  
of cathode polar iza t ion.  This  m a y  be m e a s u r e d  by  
the  ac t iva t ion  overvo l tage  p a r a m e t e r s  for the  r educ -  
t ion  of ferr ic  ions. Po la r i za t ion  is more  p r o n o u n c e d  
if flu is g rea te r  or if io is smal ler .  The  exchange  cu r -  
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r e n t  is ac tua l ly  a func t ion  of the ferr ic  and  fe r rous  
ion ac t iv i ty  (10) and,  thus,  d i f ferent  al loys should  
be compared  in  so lu t ions  of s imi la r  composi t ion.  
Table  II gives a s u m m a r y  of e lec t rochemica l  da ta  
for all  the  alloys inves t iga ted .  

Exchange  cu r r en t s  at s imi la r  f e r r i c - f e r rous  po-  
ten t ia l s  for all  the ma te r i a l s  except  Ti are of s imi la r  
magn i tude .  The exchange  c u r r e n t  on a Ti sur face  
is cons i s ten t ly  an  order  of m a g n i t u d e  smal ler .  The 
cathodic Tafe l  slope, fl~., does not  v a r y  in  a n y  u n i -  
fo rm m a n n e r  w i th  r ega rd  to the genera l  p i t t i ng  r e -  
s is tance of the  alloys. However ,  the  larges t  va lues  
were  ob ta ined  wi th  Has te l loy  a l loy C. 

Thus,  on ly  smal l  differences in  p i t  p ropaga t ion  
ra tes  among  the var ious  ma te r i a l s  can be exp la ined  
in  t e rms  of differences in  local cathodic polar iza t ion .  
The  m a j o r  difference must ,  therefore ,  res ide in  v a r i -  
a t ions in  local anodic  po la r iza t ion  d u r i n g  p i t t ing  and  
differences in  pi t  in i t i a t ion .  

The ca lcu la ted  anodic  po la r i za t ion  cu rve  for so lu-  

t ion of me t a l  (po ten t i a l  vs. i~) should  no t  be  con-  
s idered tha t  which  exists  d u r i n g  pi t t ing .  Uhl ig  (2) 
has shown  tha t  a pi t  in  s ta inless  steel conta ins  m e -  
tal l ic  ions in  amoun t s  p ropor t iona l  to the o r ig ina l  
a l loy composi t ion  in  the i r  lower  v a l e n t  state. Thus,  
ac t ive  Fe goes into so lu t ion  as fe r rous  ions. How-  
ever,  w h e n  Fe is passive,  the e l emen t  a p p a r e n t l y  
goes into so lu t ion  d i rec t ly  as ferr ic  ions (11).  

O 'Connor  (12) has also shown  tha t  ch romate  is 
fo rmed  d u r i n g  anodic  pass iva t ion  of an  F e - C r  a l loy 
in  sod ium su l fa te  and  in  n i t r i c  acid. Ch roma te  was  
also detec ted  d u r i n g  the  corrosion of this  m a t e r i a l  in  
concen t r a t ed  n i t r ic  acid whe re  the a l loy is passive.  

Thus,  the  da ta  shown  for the  local anodic  po la r i -  
za t ion of the  al loys used he re  are best  cons idered  
as so lu t ion  of me t a l  to d i rec t ly  form ions in  a h igher  
s ta te  of oxidat ion.  Li t t le  is k n o w n  abou t  the  k ine t ics  
of such processes, and,  therefore ,  it is difficult to 
provide  a reason for the  ve ry  steep slope of the  
anodic  po la r iza t ion  curve.  However ,  this  m a y  wel l  
be a charac ter i s t ic  f ea tu re  of pass ive  surfaces.  For  
example ,  Vet te r  (13) has shown tha t  the  corrosion 
ra te  of Fe pass iva ted  in  n i t r ic  acid can be de te r -  
m i n e d  e lec t rochemica l ly  by  po la r iz ing  the surface  
anodica l ly  to the po ten t i a l  of P t  in  the  same solu-  

t ion. The c u r r e n t  r e q u i r e d  to polar ize  to the  P t  
po ten t i a l  is e q u i v a l e n t  to the corrosion rate.  This  
can be t rue  on ly  if the  local anodic  po la r iza t ion  
curve  for passive Fe is p rac t i ca l ly  ver t ical .  

S ince  n i t r a t e  does no t  affect f e r r i c - f e r rous  elec-  
t rode  kinet ics  s ignif icant ly,  it m u s t  be conc luded  
tha t  this  p i t t i ng  i nh ib i t o r  affects e i ther  the  local 
anodic  po la r iza t ion  behav io r  of the  me t a l  or the  pi t  
i n i t i a t ion  process. I t  is possible  tha t  n i t r a t e  com-  
petes  w i th  the  chlor ide ion for adsorp t ion  sur face  
sites, thus  e l i m i n a t i n g  the  t e n d e n c y  for local  b r e a k -  
down  of pass iv i ty  which  chloride n o r m a l l y  wou ld  
create.  
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addi t ions  upon  the  po la r i za t ion  behav io r  of Ti. 

Manuscript  received Nov. 29, 1956. This paper  was 
prepared for del ivery before the Washington Meeting, 
May 12-16, 1957. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 
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ABSTRACT 

An investigation has been made of the f i lamentary growths which are pro- 
duced under  certain conditions dur ing  copper plat ing at low current  density. 
The conditions under  which these growths occur have now been defined more 
clearly and the effect of various types of surface active agent in enhancing  or 
prevent ing  their  occurrence has been demonstrated.  Possible mechanisms for 
the formation of the filaments have been discussed. 

The fo rma t ion  of po lyc rys t a l l i ne  f i l amen ta ry  
growths  of Cu d u r i n g  Cu p la t ing  at  low c u r r e n t  d e n -  
si ty was first r epo r t ed  f rom this l abo ra to ry  by  Gol-  
lop (1). At  tha t  t ime  cons iderab le  da ta  had  a l r eady  
been  accumula t ed  abou t  the condi t ions  u n d e r  which  
such growths  wou ld  take  place. The  inves t iga t ion  
was  con t i nued  and  it is now possible to define these 
condi t ions  more  c lear ly  and  to pu t  f o rwa rd  a t e n t a -  
t ive  theory  to account  for this phenomenon .  

This i nves t iga t ion  arose t h rough  the  occurrence,  
d u r i n g  operat ion,  of f i l amen ta ry  growths  in  e lec-  
t ro ly t ic  cells, made  of Bakel i te ,  and  coated i n t e r n a l l y  
wi th  a w a t e r - p r o o f  va rn i sh ,  which  were  in  ex tens ive  
use. To e luc ida te  the possible effect of the  v a r n i s h  
coating,  a la rge  n u m b e r  of e x p e r i m e n t s  were  also 
ca r r i ed  out  in  glass cells. This  paper  repor ts  the r e -  
sults  of both  series of exper imen t s .  

Since the  o r ig ina l  pub l i c a t i on  f rom this  l abora tory ,  
and  af ter  the  f u r t h e r  work  had  been  completed,  
v a n  der  M e u l e n  and  L i n d s t r o m  (2) repor ted  the  r e -  
sults  of a s imi la r  i nves t iga t ion  of f i l amen ta ry  g rowth  
in  which  the  size of cell, composi t ion  of e lectrolyte ,  
and  c u r r e n t  dens i ty  used were  all  s imi la r  to those 
used in  the  p resen t  inves t iga t ion .  Some of the obser -  
va t ions  and  ce r t a in  detai ls  of p rocedure  differed, 
however ,  and,  in  pa r t i cu la r ,  the  w o r k  of v a n  der  
Meu len  and  L i n d s t r o m  also covered the  effect of ad-  
di t ion of chlor ide to the e lec t ro ly te  (a s tudy  not  cov-  
e red  at al l  by  the p re sen t  au thors ) .  To avoid con-  
fusion,  therefore ,  re fe rences  to and  compar i sons  w i th  
this work  have  been  m a d e  whe re  appropr ia te .  

Experimental 
Electrolys is  was car r ied  out  in  sealed cy l indr ica l  

cells h a v i n g  an  i n t e r n a l  d i ame te r  of 3.5 cm a nd  a 
vo lume  of abou t  30 ml.  The electrodes were  disks of 
pure  Cu, the  cathode h a v i n g  a d i ame te r  of abou t  2 
cm. Sepa ra t ion  b e t w e e n  the  e lect rode faces was  1.5 
cm. In  all  e x p e r i m e n t s  the  m a i n  cons t i tuen t s  of the  
e lec t ro ly te  were  CuSO,-5H:O,  105; H:SO~, 65.5; h y -  
d r o x y l a m i n e  sulfate ,  5.0 g/1. D u r i n g  electrolysis  the 
c u r r e n t  dens i ty  on the cathode was k e p t  cons tan t  
(gene ra l ly  at 1 m a / c m  ~) by  means  of a rheos ta t  in  
series wi th  the  cell and  6 v s torage ba t t e ry .  
T h r o u g h o u t  e lectrolysis  the cells were  kept  en t i r e ly  
u n d i s t u r b e d  wi th  e i ther  the anode or the cathode 
face downward .  Elect rolys is  was  a l lowed to proceed 

for at least  two weeks,  bu t  the first s ign of f i laments ,  
w h e n  they  were  genera ted ,  u sua l l y  appeared  w i t h i n  
one or two days. 

Two types  of p l a t i ng  cell were  employed.  The  first 
was  of Bakel i te ,  coated i n t e r n a l l y  wi th  a b i t u m i n o u s  
varn i sh .  The  second was of glass, w i th  po ly thene  
ends in  which  the  electrodes were  fixed. In  ce r ta in  
e x p e r i m e n t s  the glass sides of the  cells were  fitted 
w i th  flat w indows  for v i sua l  a nd  photographic  ob-  
servat ion .  No a t t e m p t  was made  to deaera te  the  
solut ions  before seal ing the cells. A smal l  a i r  b u b b l e  
(approx.  3 ml )  was p resen t  in  the  sealed cells. In  
this  respect,  the p rocedure  differed f rom tha t  of 
v a n  der  Meu len  a nd  L i n d s t r o m  who flushed the  elec-  
t ro ly te  wi th  N before  electrolysis .  

Some cells were  fit ted wi th  an  i n t e r n a l  re fe rence  
e lect rode of Cu t h r ough  the side of the cell in  a posi-  
t ion  a p p r o x i m a t e l y  m i d w a y  b e t w e e n  the anode  and  
cathode. Po t en t i a l  m e a s u r e m e n t s  b e t w e e n  anode and  
cathode and  b e t w e e n  anode or ca thode a nd  the re f -  
e rence  e lect rode were  made  wi th  a d-c  va lve  vo l t -  
meter .  

The  res is tance  of the  e lec t ro ly te  b e t w e e n  anode 
a nd  cathode was  less t h a n  5 ohms, g iv ing  rise to a 
po ten t i a l  drop of less t h a n  5 inv. Al l  po ten t i a l  va lues  
inc lude  the ohmic po ten t i a l  drop which,  however ,  
was  neg l ig ib le  compared  w i th  the cathode overvo l t -  
ages associated w i th  f i l ament  format ion .  

Obse rva t ions  f rom t r ia ls  in  v a r n i s h e d  cells sug-  
gested tha t  f i l amen ta ry  g rowths  were  associated 
wi th  some su r face -ac t ive  subs tance  a r i s ing  f rom the  
v a r n i s h  coating,  a nd  in  some exper imen t s ,  therefore ,  
commerc ia l  su r face -ac t ive  agents  (1 g / l )  were  
added to the e lec t ro ly te  to d e t e r m i n e  the i r  effect. 
The agents  used were :  

Anionic--Belloid: sod ium salt  of d i n a p h t h y l -  
m e t h a n e  d isul fonic  acid; Teepol :  sod ium sal t  of su l -  
fona ted  secondary  alcohol;  Effesay L: sod ium l a u r y l  
sulfate .  

Nonionic--Lubrol: e thy lene  oxide  condensed  wi th  
alcohols. 

Cationic--Fixanol C: cetyl  p y r i d i n i u m  bromide .  
I t  is unde r s tood  tha t  these are commerc ia l  p rod -  

ucts  and  the  chemica l  descr ip t ion  g iven  is on ly  a 
r ep re sen t a t i on  of the i r  gene ra l  character .  They  
p r o b a b l y  consist  of a complex  m i x t u r e  of reac ted  
or pa r t l y  reac ted  subs tances  and  are l ike ly  to be 
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Fig. 1. Typical filamentary growth on Cu cathode 

Fig. 3. Section through root of a typical f i lament 

Fig. 2. Cotton fiber partly Cu plated 

po lymer ized  in  v a r y i n g  degrees. Of the anionic  
agents ,  Effesay L was  found  most  effective an d  was 
the one used af ter  the first p r e l i m i n a r y  exper imen t s .  

Nature of the Filaments 

The f i laments  were  first observed  in  the v a r n i s h e d  
cells af ter  p la t ing  for abou t  two weeks.  Fig. 1 shows 
two cathodes,  selected f rom a large  n u m b e r  of s imi -  
l a r  ones, which  exh ib i t  typica l  f i l amen ta ry  growths .  
The p ropor t ion  of Cu deposi ted as f i laments  va r i ed  
cons ide rab ly  and, in  m a n y  cases such as these, it  was  
found  tha t  an  apprec iab le  f rac t ion  of the  tota l  depo-  
s i t ion on the cathode had  occurred  in  the form of 
these f i laments  which  were  f r e q u e n t l y  severa l  cen t i -  
mete r s  in  l eng th  and  of fa i r ly  u n i f o r m  th ickness  up 
to 0.3 mm,  depend ing  on the d u r a t i o n  of p la t ing .  A 
smal l  p ropor t ion  of the f i laments  were  found  to have  
a core of organic  mate r ia l ,  u sua l l y  a cot ton fiber. 
The fibers were  adven t i t ious  i m p u r i t y  which  ha d  be -  
come electroplated.  In  ce r ta in  cases the shea th  of Cu 
had  not  ex t ended  along the whole  l e n g t h  of the  fiber. 
For  example ,  Fig. 2 shows par t  of one such fiber, 
the two ends  of which  had  been  in  contact  wi th  the 
cathode;  p l a t ing  had  ex t ended  a long the  fiber f rom 
each end  except  for the short  l eng th  in  the center .  
It  was clear, f rom a compar i son  of the th ickness  of 
Cu on the fiber w i th  tha t  deposi ted on the cathode 
proper ,  tha t  in  m a n y  cases p la t ing  had  occurred  on 
the fiber f rom an ea r ly  stage in  the  electrolysis .  

A l though  the occur rence  of p l a t i ng  on an  a p p a r -  
en t ly  n o n c o n d u c t i n g  fiber was in  i tself  r emarkab le ,  
the n a t u r e  of the m a j o r i t y  of the f i laments  was 
even  more  so. Microscopic e x a m i n a t i o n  of sections 
t h rough  the  l a t t e r  fa i led to revea l  any  discrete core. 
Fig. 3 shows a section t h rough  the  root of a typ ica l  
f i lament  at the point  whe re  it  jo ins  t h e ' m a i n  ca th -  
ode. The  core consists of f i ne -g ra in  Cu s imi la r  to 

tha t  which  was  first deposi ted on the cathode. Subse -  
que n t  p l a t ing  consists  of m u c h  la rger  o r ien ted  c rys-  
tals, aga in  s imi la r  to those s u b s e q u e n t l y  deposi ted on 
the cathode. Af te r  e x a m i n a t i o n  of m a n y  such sec- 
t ions one is b o u n d  to pos tu la te  the ex is tence  of i n -  
v i s ib ly  fine conduc t ing  pa ths  lead ing  f rom the  ca th -  
ode at an  ea r ly  stage in the  p la t ing  process, n o t -  
w i t h s t a n d i n g  the fact  tha t  such growths  appeared  
even  af ter  f i l t ra t ion of the  e lec t ro ly te  t h r ough  s in -  
t e red  glass filters and  p r e w a s h i n g  of the cells w i th  
dis t i l led  water .  

Correlation of Filamentary Growths wi th  Cathode 
Potential 

W h e n  a n u m b e r  of v a r n i s h e d  p la t ing  ba ths  were  
r u n  s i m u l t a n e o u s l y  u n d e r  a p p a r e n t l y  iden t ica l  con-  
dit ions,  f i l amen ta ry  g rowths  did not  necessa r i ly  ap -  
pear  in  all  cells. Over  a per iod  of t ime, a l a rge  n u m -  
ber  of a p p a r e n t l y  iden t ica l  tests were  r u n  in  which  
m e a s u r e m e n t s  of in te re lec t rode  po ten t i a l  were  
made.  As mi gh t  be expected  it  was found  tha t  the  
occurrence  of the a b n o r m a l  growths  was associated 
wi th  ve ry  h igh  in te re lec t rode  potent ia ls .  Thus,  in  
155 such tests in  v a r n i s h e d  cells, 82 gave anode-  
cathode vol tages  b e t w e e n  100 and  250 mv,  even  af ter  
p l a t ing  had  proceeded for severa l  days. Of these 82 
cells, 59 p roduced  f i laments  and  the p l a t i ng  in  the 
r e m a i n d e r  was abnorma l ,  be ing  of n o d u l a r  form. Al l  
cells showing  an  in te re lec t rode  po ten t ia l  g rea te r  
t h a n  150 m y  produced  f i laments ,  whi le  none  which  
showed po ten t ia l s  less t h a n  100 m v  produced  them.  
I t  was  also observed  tha t  those cells which  had  stood 
for one or two weeks  wi th  the  e lec t ro ly te  i n  contact  
wi th  the v a r n i s h  before e lectrolysis  gave h igher  po-  
t en t i a l s  and  showed a g rea te r  t e n d e n c y  to f i l amen-  
t a ry  g rowth  t h a n  those in  which  electrolysis  had  
been  s tar ted  a lmost  i m m e d i a t e l y  af ter  filling. 

Tha t  the h igh poten t ia l s  and  growths  were  due to 
impur i t i e s  leached f rom the  v a r n i s h  was d e m o n -  
s t ra ted  by e x p e r i m e n t s  w i th  the glass cells. Wi th  
u n a d u l t e r a t e d  electrolyte ,  low cell po ten t ia l s  were  
i n v a r i a b l y  ob ta ined  (30-50 m v )  and  no f i l amen ta ry  
growths  were  formed.  E lec t ro ly te  which  had  been  
in  contact  w i th  the v a r n i s h  p roduced  h igh  poten t ia l s  
and,  f r equen t ly ,  f i l amen ta ry  growths.  In  the  l a t t e r  
e xpe r i me n t s  it was demons t ra ted ,  by  m e a s u r e m e n t s  
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Table I. Some typical electrode potentials 

T i m e  

C e l l  (b) 
Ce l l  (a) ( e l e c t r o l y t e  a d u l t e r a t e d  

( p l a i n  e l e c t r o l y t e )  w i t h  v a r n i s h )  
C a t h o d e  C a t h o d e  

C a t h o d e  --  a n o d e  C a t h o d e  --  a n o d e  

Ce l l  (c) 
( e l e c t r o l y t e  c o n t a i n i n g  

0 .1% " F i x a n o l  C" )  
C a t h o d e  

C a t h o d e  --  a n o d e  

Start  of electrolysis 20-30 40-50 160 240 
After  10 min  20-30 40-50 175 220 
After  2 weeks 20-30 40-50 150 170 

aga ins t  the th i rd  re fe rence  electrode,  tha t  the  p e r -  
s i s ten t ly  h igh poten t ia l s  o r ig ina ted  at the cathode,  
the anodic  po ten t i a l  a lways  r e m a i n i n g  low (20-30 
m v )  except  d u r i n g  the  ve ry  ea r ly  stages of the elec-  
trolysis.  

Experiments with Sur]ace Active Agents 
F r o m  the e x p e r i m e n t s  jus t  descr ibed it was  c lear  

tha t  the cause of the  a b n o r m a l  growths  was some 
i m p u r i t y  leached f rom the  v a r n i s h  by the act ion of 
the electrolyte .  This  i m p u r i t y  a p p a r e n t l y  became 
adsorbed  on the  cathode to produce  the h igh ove r -  
vol tages  observed.  E x p e r i m e n t s  were  therefore  car -  
r ied out  wi th  var ious  surface act ive agents  in  a t -  
t empts  e i ther  to produce  f i laments  in  the  absence  of 
v a r n i s h  ex t rac t  or to suppress  the i r  f o rma t ion  in  its 
presence.  

The fo l lowing  effects were  observed  us ing  com-  
merc ia l  p roducts  (see e x p e r i m e n t a l  sect ion)  as com-  
pa red  wi th  cont ro l  e x p e r i m e n t s  w i thou t  addi t ions :  
(a)  in  the presence  of va rn i sh ,  an ionic  agents  gave 
fair  or good p la t ing  wi th  no Cu f i laments ;  non ion ic  
and  cat ionic agents  led to g rea t ly  inc reased  crops of 
f i laments ;  (b)  in  the absence of va rn i sh ,  an ionic  a nd  
non ion ic  addi t ions  gave n o r m a l  p la t ing ,  bu t  cat ionic  
addi t ions  led to n u m e r o u s  growths .  

This was the  first occasion on which  the  effect of 
cat ionic  agents  in  p romot ing  these f i l amen ta ry  
growths  had  been  d e m o n s t r a t e d  u n a m b i g u o u s l y ,  a nd  
was  descr ibed  by  one of the  au thors  (A.E.R.) in  a 
repor t  f rom this l abo ra to ry  in  F e b r u a r y  1954, a nd  
which  was c o m m u n i c a t e d  to v a n  der  Meu len  and  
L inds t rom,  who have  r ecen t ly  r epor ted  s imi la r  e x -  
pe r imen t s  wi th  su r face -ac t ive  agents  (2).  The l a t t e r  
au thors  have  acknowledged  this  source of i n f o r m a -  
t ion in  an  u n p u b l i s h e d  repor t  f rom the i r  l abora tory .  

Table  I records  some typ ica l  e lect rode po ten t ia l s  
observed  in  the  presence  of a cat ionic  agen t  ( " F i x -  
anol  C")  as compared  w i th  those ob ta ined  wi th  u n -  
adu l t e r a t ed  e lec t ro ly te  and  wi th  e lec t ro ly te  a d u l -  
t e ra ted  by  the  varn i sh .  

There  was  a m a r k e d  s imi l a r i ty  b e t w e e n  the  p o t e n -  
t ials  ob ta ined  w h e n  the  cat ionic  agen t  was  added  to 
the e lec t ro ly te  in  glass cells, those f rom v a r n i s h -  
adu l t e r a t ed  e lec t ro ly te  in  glass cells, and  those f rom 
the va rn i shed  Bakel i te  cells. This  s t rong ly  suggested  
tha t  the  subs tance  respons ib le  for the  f i l am e n t a r y  
growths  in  v a r n i s h e d  cells was  cat ionic  in  character .  
E x p e r i m e n t s  w i th  anionic  agents,  on the  other  hand ,  
showed tha t  these were  able  to neu t r a l i z e  the effect 
of the cat ionic ones. The  increase  in  g rowths  in  the  
presence  toge ther  of v a r n i s h  and  non ion ic  sur face  
act ive  agen t  was  p r o b a b l y  due to more  effective 
we t t i ng  of the v a r n i s h  surface and  leaching  of the  
act ive impur i t y .  The  resul t s  in  co lumns  6 and  7 of 

300 420 
300 360 
290 350 

Table  I suggest  tha t  the cat ionic agen t  adsorbed  on 
the anode is capable  of p roduc ing  a h igh overvol tage  
here  also at  the  s tar t  of the e lectrolysis  but ,  as migh t  
be expected,  this  is l a rge ly  des t royed  af ter  e lec t ro ly-  
sis proceeded for a short  while.  

Because  the subs tances  respons ib le  for f i l amen ta ry  
g rowth  in  the v a r n i s h e d  cells were  shown  to be 
cat ionic  in  character ,  it wou ld  be expected tha t  the 
add i t ion  of an  anionic  agent  wou ld  neu t r a l i ze  the i r  
effect. To test  this possibi l i ty,  t r ia ls  were  car r ied  out  
wi th  the anionic  agent  Effesay L, in  concen t ra t ions  
0.02-0.5 g/ l ,  in  20 v a r n i s h e d  cells. No cell gave fila- 
me n t s  and  in  all  cases the final po ten t i a l  difference 
was  less t h a n  100 mv.  

Af te r  the p resen t  i nves t iga t ion  had  been  com-  
pleted,  v a n  der  M e u l e n  and  L i n d s t r o m  (2) repor ted  
tha t  the  add i t ion  of 0.03 g/1 of Dupon t  S a f r a n i n e  T 
"125%" to the e lec t ro ly te  p r e v e n t e d  f i l ament  for -  
m a t i o n  caused by  the  presence  of Polysoap G.t47. 
To d e t e r m i n e  the  effect of this  addi t ion  in  the  v a r -  
n i shed  cells, t r ia ls  were  car r ied  out  by  the  p resen t  
au thors  us ing  cells d r a w n  f rom the same group as 
the t w e n t y  r e fe r r ed  to in  the  prev ious  pa rag raph ,  
and  wh ich  were  k n o w n  to be p rone  to f i l ament  for -  
mat ion .  Eight  cells con t a in ing  Dupon t  S a f r a n i n e  T 
"125%" (at  the r e c o m m e n d e d  concen t r a t i on )  and  
four  cells con t a in ing  S a f r a n i n e  T f rom ano the r  
source all  p roduced  f i laments .  The  cell po ten t ia l s  in  
these tests were  all in  the r ange  140-150 m y  a nd  r e -  
m a i n e d  high t h r o u g h o u t  the 14-day  tr ial .  Therefore ,  
it  seems that ,  a l t hough  the S a f r a n i n e  T in  the  expe-  
r i m e n t s  of v a n  der  Meu len  and  L i n d s t r o m  was able  
to reduce  cathodic overvo l tage  a nd  p r e v e n t  f i l ament  
f o r ma t i on  ar i s ing  f rom the  presence  of Polysoap 
G.147, it  was u n a b l e  to p r e v e n t  the  fo rma t ion  of fi la- 
me n t s  caused by  the  agent  in  the  varn i sh ,  a n d  is not  
therefore  of gene ra l  app l ica t ion  for the i n h i b i t i o n  of 
f i l amen ta ry  growth.  

Direct Observation of Filamentary Growth 
Some e x p e r i m e n t s  were  car r ied  out  in  sealed glass 

cells w i th  p lane  windows  so tha t  successive stages 
in  the  d e v e l o p m e n t  of the f i laments  could be closely 
wa tched  a nd  photographed.  In  these e x p e r i m e n t s  
the  e nd  caps of these  cells were  va rn i shed ,  and  the 
e lec t ro ly te  was a l lowed to s t and  in  contact  w i th  the 
v a r n i s h  for a week  before  electrolysis .  Thus,  the ob-  
served behav io r  is as wou ld  have  been  expec ted  for 
v a r n i s h e d  cells. Successive stages in  the f i l amen ta ry  
g rowth  are shown in  Fig. 4 a, b, a nd  c. W i t h i n  a few 
hours  a f te r  the  s ta r t  of e lectrolysis  some v e r y  fine 
shor t  t endr i l s  of Cu were  observed  (Fig. 4a) .  W i t h  the 
passage of t ime  these th i ckened  and  l e n g t h e n e d  as 
shown  in  Fig. 4b a nd  c. In  a s imi la r  m a n n e r  the 
g rowth  of Cu a long text i le  fibers was  observed  in  
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Fig. 4a. Stages in the growth of Cu filaments: after electro- 
lysis for 7 hr. 

Fig. 5. Cotton wool plated by contact with cathode showing 
high overvoltage. 

Fig. 4b. Stages in the growth of Cu filaments: after elec- 
trolysis for 27 hr. 

Fig. 4c. Stages in the growth of Cu filaments: after electro- 
lysis for 6 days. 

cells containing contamina ted  e lec t ro ly te  (and show- 
ing a high cathodic overvol tage) .  For  example ,  wi th  
a small  bunch of un t rea ted  cotton wool in contact  
wi th  the cathode, Cu pla t ing was observed to ex tend  
along the fibers and u l t ima te ly  thicken to produce 
fi laments of the type  a l ready  found in small  numbers  
in the original  exper iments .  Some cotton wool which 
has become pa r t ly  Cu-p la t ed  by this process is 
shown in Fig. 5. 

Mechanism of Filamentary Growth 
From the resul ts  a l r eady  described,  it is evident  

that  two types of f i lament have been observed in the 
present  investigation.  Both are of s imi lar  ou tward  
appearance  but  they differ in the fact  tha t  one con- 
tains an observable  core of organic fibrous ma te r i a l  
on which the growth has taken  place, whi le  the other  

contains no such discrete core. It is possible, how- 
ever, that the difference is only one of degree and 
before considering mechanisms for the formation of 
the second type of filament it is worth considering 
the first in more detail. 

These two types of filaments should not be con- 
fused with the two types referred to by van der 
Meulen and Lindstrom (2), who have not reported 
the phenomenon of the plating of cotton fibers and 
other organic material, which plays a prominent 
part in the theory of filament formation discussed 
here. Van der  Meulen and Linds t rom observed the 
convoluted type  of f i lament associated wi th  high 
cathodic overvol tage which corresponds to the sec- 
ond type  descr ibed herein,  and they also observed 
an unusual  type  of g rowth  ar is ing in the presence of 
chloride in the electrolyte .  The ch lor ide-produced  
filaments, which are appa ren t ly  associated wi th  
lower  cathodic overvol tages  and have  an en t i re ly  
different  s t ructure,  were  not s tudied by the present  
authors,  whose exper iments  were  conducted th rough-  
out wi th  ch lor ide- f ree  e lec t ro ly te  (except  in the 
la te r  exper imen t  in which Safranine  T, which itself  
contained chloride, was used).  

The observed r equ i remen t  for the p la t ing of ce r -  
ta in organic ma te r i a l  is, s imply,  contact  wi th  a ca th-  
ode showing high and pers is tent  overvoltage.  In the 
absence of this high overvol tage,  p la t ing of such or-  
ganic ma te r i a l  never  occurs, a l though all  other  con- 
dit ions may  be the  same. I t  is suggested therefore  tha t  
the  cellulose fiber (for example )  has the p rope r ty  of 
des t roying local ly the overvol tage  at its point  of 
contact  wi th  the cathode so tha t  Cu is deposi ted 
r ap id ly  at  this point.  Assuming tha t  the newly  de-  
posi ted Cu i tself  r ap id ly  adsorbs surface active 
agent  (and thus effectively becomes a pa r t  of the 
main cathode) ,  the only point  at  which p la t ing  can 
occur read i ly  is at the newly  formed interface  be -  
tween the deposi ted Cu and the fiber. I t  is pos tu la ted  
therefore  tha t  deposit ion continues to take  place 
rap id ly  and p re fe ren t i a l ly  at this point  and that  an 
exceedingly  thin  coating of Cu thus grows rap id ly  
along the fiber f rom the cathode. In the ear ly  stages 
this coating might  wel l  be invisible and of compara -  
t ive ly  high resis tance per  uni t  length of fiber. F o r m -  
ing par t  of the cathode, however,  it  subsequent ly  
plates  in the normal  manner  but  more r ap id ly  at  
points close to the cathode than at more dis tant  
points owing to its ve ry  high resistance. Ul t ima te ly  
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the  p l a t i n g  becomes  t h i c k  e n o u g h  to be  v is ib le ,  f i rs t  
n e a r  to the  ca thode  a n d  t h e n  at  m o r e  d i s t an t  poin ts ,  
as has  a c t u a l l y  been  obse rved .  The  f o r m a t i o n  of C u -  
coa t ed  f ibers  seems  to be e x p l a i n e d  s a t i s f a c t o r i l y  on 
this  basis .  

A t  f irst  s ight ,  the  f o r m a t i o n  of f i l amen t s  of t he  
second  t y p e  b y  a s i m i l a r  p rocess  seems  l ike ly .  F o r  
e x a m p l e ,  t he  i n i t i a l  g r o w t h  of Cu, i.e., to t he  p o i n t  
w h e r e  t he  f i l amen t  f irst  becomes  v i s ib le ,  c e r t a i n l y  
t a k e s  p l ace  f r o m  the  m a i n  ca thode  o u t w a r d  (see 
Fig.  4) .  T h e r e  is also ev idence  of t he  p r e s e n c e  of a 
v e r y  fine conduc t i ng  p a t h  on w h i c h  the  i n i t i a l  (fine 
g r a i n )  depos i t i on  of Cu t a k e s  p l ace  (see Fig .  3) .  
H o w e v e r  i t  is v e r y  diff icult  to accoun t  for  t h e  
source  of th is  conduc t ing  p a t h  in  t e r m s  of a d i s -  
c re te  t h r e a d  of  m a t e r i a l  on w h i c h  t h e  depos i t i on  
cou ld  h a v e  t a k e n  place.  Such  t h r e a d s  w o u l d  h a v e  to 
be up  to an  inch  or  m o r e  long  and  w o u l d  s u r e l y  h a v e  
been  r e m o v e d  by  f i l t ra t ion .  The re fo re ,  if  t he  f i la -  
m e n t s  of t he  second  t y p e  h a v e  i n d e e d  been  f o r m e d  
in th is  way ,  the  fine t h r e a d s  m u s t  h a v e  been  b u i l t  
up  in the  so lu t ion  f r o m  s m a l l e r  un i t s  c a p a b l e  of 
pass ing  the  fi l ter ,  e.g., t he  mo lecu l e s  of su r f ace  a c -  
t ive  agent .  U n f o r t u n a t e l y ,  no d i r ec t  ev idence  of the  
f o r m a t i o n  of such  long  " p o l y m e r  cha ins"  in  t he  so lu -  
t ion  is ava i l ab le .  

A l t h o u g h  the  e x p e r i m e n t a l  ev idence  is a t  p r e s e n t  
insuff ic ient  to p r o v i d e  the  bas is  for  a c o m p l e t e  e x -  
p l a n a t i o n  of the  m e c h a n i s m  of t he  g r o w t h  of t he  Cu 
f i laments ,  i t  is w o r t h  m e n t i o n i n g  one or  two  inc i -  
d e n t a l  o b s e r v a t i o n s  w h i c h  w e r e  m a d e  d u r i n g  the  
course  of the  e x p e r i m e n t s ,  a n d  w h i c h  h a v e  l ed  to 
con j ec tu r e s  a b o u t  the  m e c h a n i s m  of t h e i r  f o rma t ion .  
In  p a r t i c u l a r  i t  was  o b s e r v e d  t ha t  soon a f t e r  t he  
s t a r t  of e l ec t ro ly s i s  in t he  p r e s e n c e  of the  a d d e d  
ca t ionic  s u r f a c e - a c t i v e  agent ,  a v i s ib l e  f i lm of t he  
c o a g u l a t e d  s u r f a c e - a c t i v e  agen t  was  o b s e r v e d  on the  
anode.  This  m a t e r i a l  s u b s e q u e n t l y  b r o k e  a w a y  f r o m  
the  anode  a n d  f r a g m e n t s  coming  in to  con tac t  w i t h  
the  ca thode  r a p i d l y  b e c a m e  Cu p la t ed .  I t  w o u l d  
seem, t he re fo re ,  t h a t  t he  s u r f a c e - a c t i v e  agent ,  w h i c h  
w h e n  a d s o r b e d  f r o m  so lu t ion  causes  a h igh  o v e r -  
v o l t a g e  on the  ca thode ,  is capab le ,  w h e n  coagu la t ed ,  
of b r e a k i n g  d o w n  this  o v e r v o l t a g e  loca l ly .  I f  a 
m e c h a n i s m  could  be  e n v i s a g e d  w h e r e b y  the  c o a g u -  
l a t e d  m a t e r i a l  f o r m e d  long  a n d  e x t r e m e l y  fine 
t h r eads ,  t hen  the  f o r m a t i o n  of Cu f i l aments  cou ld  be  
r e a d i l y  exp l a ined .  One  h y p o t h e s i s  w h i c h  has  been  
cons ide r ed  is t h a t  t he  o rgan ic  t h r e a d  is p r o d u c e d  
c o n t i n u o u s l y  at  the  t ip  of the  g r o w i n g  f i l amen t  ( in  
t he  v e r y  e a r l y  s tages  w h e n  the  Cu coa t ing  is i nv i s i -  
b l y  t h in )  b y  c o a g u l a t i o n  r e s u l t i n g  f r o m  t h e  r a p i d  
depos i t i on  of Cu o c c u r r i n g  a t  an  a d j a c e n t  p o i n t  on 
the  t ip.  H o w e v e r ,  no t h e o r e t i c a l  bas is  for  th is  m e c h -  
a n i s m  can  be  p roduced .  

A n o t h e r  u n u s u a l  a n d  pos s ib ly  s ign i f ican t  p h e n o m -  
enon  was  o b s e r v e d  in  so lu t ions  c on t a in ing  a d d e d  
ca t ion ic  s u r f a c e - a c t i v e  agent .  A f t e r  e l ec t ro ly s i s  h a d  
s t a r t e d  a n d  the  f i lm of c o a g u l a t e d  s u r f a c e - a c t i v e  
agen t  on the  anode  was  d i s rup t e d ,  fine p a r t i c l e s  w e r e  
o b s e r v e d  in  t he  l i q u i d ;  these  occas iona l ly  a p p e a r e d  
to fo rm in to  f a i r l y  w e l l  def ined  s t r e a m s  b e t w e e n  the  
a n o d e  and  the  ca thode .  I t  is p e r h a p s  t e m p t i n g  to 
connec t  these  s t r e a m s  of p a r t i c l e s  w i t h  t he  f i l amen t  
f o rma t ion ,  bu t  aga in  no r e a s o n a b l e  m e c h a n i s m  has  
been  f o r m u l a t e d .  

A l l  these  t e n t a t i v e  theo r i e s  fo r  f i l a m e n t a r y  g r o w t h  
di f fer  f u n d a m e n t a l l y  f r o m  the  t h e o r y  a d v a n c e d  b y  
v a n  de r  Meu len  and  L i n d s t r o m  (2) .  A l t h o u g h  these  
a u t h o r s  r ecogn ize  the  i m p o r t a n c e  of t he  a d s o r b e d  
l a y e r  on the  ca thode ,  t h e y  assume,  a p p a r e n t l y  w i t h -  
out  e x p e r i m e n t a l  ev idence ,  t h a t  the  b i r t h  of a f i la-  
m e n t  d e p e n d s  on the  co inc idence  of  a s u s p e n d e d  p a r -  
t ic le  m e e t i n g  a b r e a k  in  th is  l a y e r  and,  also,  the  
p r o p a g a t i o n  of the  f i l amen t  b y  the  con t inuous  d i s -  
p l a c e m e n t  of th is  p a r t i c l e  b y  the  depos i t i ng  Cu. The  
p r e s e n t  a u t h o r s  p r e f e r  the  m e c h a n i s m  in  w h i c h  the  
con tac t  of the  f o r e i g n  m a t t e r  i t se l f  causes  t he  loca l  
b r e a k d o w n  of t he  h igh  o v e r v o l t a g e  a n d  becomes  
C u - p l a t e d ,  a l t h o u g h  w h e t h e r  t h e  o rgan ic  core  of 
the  r e s u l t a n t  Cu f i l amen t  is " p r e - f o r m e d '  in  t he  
so lu t ion  or  is b u i l t  up  s i m u l t a n e o u s l y  w i t h  t he  p l a t -  
ing  process  has  no t  been  dec ided .  This  t h e o r y  is 
s t r o n g l y  s u p p o r t e d  by  the  e x p e r i m e n t a l  ev idence  
t h a t  ( a )  f o r e ign  m a t t e r  in t he  fo rm of f i l aments ,  e.g., 
co t ton  wool ,  does,  in  fact ,  become  p l a t e d  on con tac t  
w i t h  a ca thode  show ing  the  h igh  ove rvo l t a ge ,  a n d  
(b)  c o a g u l a t e d  s u r f a c e - a c t i v e  a g e n t  a lso  becomes  
p l a t e d  on con tac t  w i t h  such a ca thode .  

A l t h o u g h  the  s u g g e s t e d  m e c h a n i s m  of f o r m a t i o n  
of f i l aments  of the  first  t y p e  ( h a v i n g  a d i sc re te  
f ibrous  core )  is a r e a s o n a b l e  one, i t  has  no t  y e t  been  
poss ib le  to show h o w  th is  m e c h a n i s m  can  be  e x -  
t e n d e d  to e x p l a i n  in  de t a i l  t he  f o r m a t i o n  of the  sec-  
ond t y p e  of f i l amen t  h a v i n g  no d i sc re t e  o rgan ic  core,  
and  i t  m u s t  be  a d m i t t e d  t h a t  th is  s t i l l  r e m a i n s  
l a r g e l y  a m a t t e r  for  c o n j e c t u r e  and  f u r t h e r  e x p e r i -  
m e n t a l  work .  
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ABSTRACT 

This paper  descr ibes  the  character is t ics  of a new group of a lka l ine  ear th  
ha lophosphate  phosphors  ac t iva ted  by  cer ium and manganese ,  and  contrasts  
thei r  behavior  wi th  that  of ha lophosphates  containing other  p r i m a r y  act ivators.  
In thei r  p repa ra t ion  these ce r ium-ac t iva ted  mate r ia l s  show m a r k e d  differences 
f rom other  p rev ious ly  known halophosphates ,  but  the  luminescent  p roper t ies  
are  s imi lar  to those of the t in -ac t iva ted  system. The behavior  and possible 
uses of these phosphors  in f luorescent lamps  are  described.  

The  use in f luorescen t  l a m p s  of S b - a c t i v a t e d  a l k a -  
l ine  e a r t h  h a l o p h o s p h a t e  p h o s p h o r s  of an  a p a t i t e -  
l ike  s t r u c t u r e  was  first  p r o p o s e d  in 1942; a l m o s t  i m -  
m e d i a t e l y  i t  was  f o u n d  t h a t  the  p r i m a r y  a c t i v a t o r  Sb  
could  be r e p l a c e d  b y  o t h e r  e l emen t s ,  As,  Bi, Sn, or  
P b  (1) .  A b o u t  e igh t  y e a r s  l a t e r  a m e t h o d  of a c t i v a t -  
ing  the  m a t r i x  by  A g  was  d e v e l o p e d  (2) .  I t  has  n o w  
been  f o u n d  t ha t  these  m a t e r i a l s  can  be  a c t i v a t e d  b y  
Ce; Mn can be  i n c o r p o r a t e d  as a s e c o n d a r y  a c t i v a t o r  
to m o d i f y  the  f luorescen t  emiss ion  in  m u c h  the  s ame  
w a y  as w i t h  o the r  p r i m a r y  a c t i v a t o r s  (3) .  The  d i s -  
c o v e r y  of n e w  p r i m a r y  ac t i va to r s  of th is  s y s t e m  has  
r e s u l t e d  f r o m  a d v a n c e s  in  the  t echn iques  of p h o s -  
p h o r  r e sea rch ,  and  also f rom a c h a n g i n g  a p p r e c i -  
a t ion  of the  w ide  v a r i a t i o n s  in f o r m u l a t i o n  w h i c h  
can r e su l t  in the  f o r m a t i o n  of an a p a t i t e  s t ruc tu re .  

Preparation of Cerium-Activated Halophosphates 
Essen t i a l ly ,  these  m a t e r i a l s  a r e  p r e p a r e d  b y  the  

usua l  m e t h o d s  a d o p t e d  for  p h o s p h a t e  phosphor s .  F o r  
e x a m p l e ,  an  i n t i m a t e  m i x t u r e  of the  m a t r i x  f o r m i n g  
c o m p o n e n t s  and  su i t ab l e  c o m p o u n d s  of the  a c t i -  
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Fig. ]. XYZ: initial formulations (in molar percentages) of 
unfired mixtures which give products with the apatite crystal 
structure after firing. Points I and 2: theoretical apatite and 
wagnerite compositions, respectively. A, compositions for Ce- 
activated halophosphates; B, compositions for Sb-, As-, Sn-, 
Pb-, or Ag-activated halophosphates. 
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v a t o r s  is h e a t e d  to 1100~176 in a m i l d l y  r e d u c -  
ing  a t m o s p h e r e  such  as a m i x t u r e  of H~ a n d  N~. 

Formulat ion 

The  ra t io  of  t he  m a t r i x  f o r m i n g  c o m p o n e n t s  in  
the  in i t i a l  m i x t u r e  dif fers  w i d e l y  f r o m  t h a t  w h i c h  
w o u l d  be e x p e c t e d  to y i e l d  an  a p a t i t e  s t ruc tu re .  
H o w e v e r ,  x - r a y  ana lys i s  conf i rms  the  c r y s t a l  s t r u c -  
t u r e  of these  C e - a c t i v a t e d  p h o s p h o r s  to be  e s sen -  
t i a l l y  t ha t  of apa t i t e .  This  w ide  d i v e r g e n c e  in  i n i t i a l  
f o r m u l a t i o n  is shown  in Fig.  1. 

In  Fig .  1 t h e  r a n g e s  of f o r m u l a t i o n s  of s t a r t i n g  
c o m p o n e n t s  w h i c h  wi l l  y i e l d  the  a p a t i t e  s t r u c t u r e  
by  h e a t i n g  to t e m p e r a t u r e s  of t he  o r d e r  of 1100 ~  
1200~ a re  those  w i t h i n  the  con t inuous  l ine  XYZ.  
The  f o r m u l a t i o n s  a r e  e x p r e s s e d  in t e r m s  of m o l a r  
p e r c e n t a g e s  of CaO a d d e d  as CaCOs, P~O~ a d d e d  as 
d i a m m o n i u m  h y d r o g e n  phospha t e ,  and  CaF~ used  in 
the  i n i t i a l  m i x t u r e s .  These  w e r e  h e a t e d  in  s i l ica  c r u -  
cibles,  and  r eac t i ons  such  as the  fo l l owing  could  
account  for  the  f o r m a t i o n  of a p a t i t e - l i k e  p r o d u c t s  
f r o m  a n y  m i x t u r e s  i n i t i a l l y  f ree  f r o m  CaCO,, i.e., 
oxide .  

25CaF~ -t- 6P~O~ ~ 5Cas(PO4)~F + 9PF~ 
20CaF~ ~ 6P~O5 + 9SiO~ ~ 4Cas(PO~)~F + 9SiF~ 

I r r e s p e c t i v e  of t he  m e c h a n i s m  b y  w h i c h  a p a t i t e  
r e su l t s  f r om in i t i a l  m i x t u r e s  w i d e l y  d i f fe r ing  f r o m  
those  w h i c h  w o u l d  be  e x p e c t e d  to y i e l d  apa t i t e ,  i t  is 
found  t ha t  t he  m i x t u r e s  u sed  to p r e p a r e  b r i g h t  Ce-  or  
Ce -  and  M n - a c t i v a t e d  p h o s p h o r s  l ie  w i t h i n  a r e a  A, 
w h e r e a s  those  fo r  the  p r e p a r a t i o n  of A g - ,  Sb - ,  Sn - ,  
P b - ,  and  A s - a c t i v a t e d  h a l o p h o s p h a t e s  ( w i t h  or  
w i t h o u t  Mn)  l ie  w i t h i n  t he  a r e a  B. A r e a  B is a d j a -  
cen t  to po in t  1, w h i c h  is t he  t h e o r e t i c a l  f o r m u l a t i o n  
of a p a t i t e  C a ~ ( P O , ) ~ ;  p o i n t  2 is t h e o r e t i c a l  w a g -  
n e r i t e  Ca~(PO,)F.  

A n a l y s i s  of C e - a c t i v a t e d  f l u o r o p h o s p h a t e  p h o s -  
pho r s  shows tha t ,  de sp i t e  the  h igh  p r o p o r t i o n  of 
f luor ide  used  in  the  p r e p a r a t i o n ,  t h e y  a r e  r e a d i l y  
so lub le  in ac id  w i t h o u t  l e a v i n g  any  in so lub le  r e s i -  
due;  the  p r o p o r t i o n  of f luor ide  in the  p r o d u c t  is 
abou t  10% g r e a t e r  t h a n  in  a n o r m a l  f luoroapa t i t e .  

The  f o r m u l a t i o n s  def in ing  the  a r eas  A and  B a re  
e m p i r i c a l  m i x t u r e s  a r r i v e d  at  so le ly  for  the  p u r p o s e  
of p r o d u c i n g  the  o p t i m u m  b r i g h t n e s s  of f luorescence,  
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using the n o r m a l  type  of phosphor  p r e p a r a t i o n  in  
silica ware.  For  the purposes  of ca lcu la t ion  all  chlo-  
r ide in  the  in i t i a l  mix tu res ,  even  w h e n  p re sen t  as 
NH~C1, has been  ca lcu la ted  as its e q u i v a l e n t  in  t e rms  
of CaF~, all  Mn and  Sr compounds  have  been  ca lcu-  
la ted  as the i r  e q u i v a l e n t  of Ca compounds .  Also, 
in  prac t ica l ly  all  cases the fo rmu la t i ons  def ining 
areas A and  B ut i l ized  a p rec ip i t a ted  phospha te  such 
as CaHPO~ as the source of phosphorus ,  and  this  has 
been  ca lcu la ted  in  t e rms  of me t a l  oxide and  P~Os. In  
every  case the p r i m a r y  ac t iva tor  has been  ignored  in  
the calcula t ion.  The ou t s t and ing  fea tu re  shown  by  
these ca lcula t ions  is tha t  for ca lc ium or ca lc ium 
s t r o n t i u m  fluoro-  or f luorochloro-phospha tes  of an  
apat i te  s t ruc ture ,  the  in i t i a l  composi t ions  for the 
p r e p a r a t i o n  of phosphors  of the  b r igh tes t  l u m i n e s -  
cence are essen t ia l ly  the same i r respec t ive  of the  
p r i m a r y  act ivator ,  except  w h e n  this  is Ce. 

Position of Activator 

This  effect, w h e n  the  p r i m a r y  ac t iva tor  is Ce, is 
not  exp l a ined  by differences in  the concen t ra t ions  of 
the p r i m a r y  ac t iva tors  in  the  in i t i a l  m i x t u r e s  for the  
b r igh tes t  l uminescence  (Table  I ) ,  no r  is i t  ex-  
p l a ined  by differences in  the  vo la t i l i ty  of the ha l ides  
of the  p r i m a r y  act ivators .  

In  v iew of the r e l a t ive ly  low concen t ra t ions  of 
ac t iva tors  p resen t  in  a phosphor  and  the  m a n y  as-  
sumpt ions  which  have  to be made,  it  is fel t  t ha t  n o r -  
ma l  ana ly t i ca l  methods  give mean ing le s s  resul t s  for  
the va lency  of ac t iva tors  unless  the  sys tem is a p a r -  
t i cu la r ly  s imple  one. I t  is therefore  necessary  to de-  
duce the va l ency  of Ce f rom the  p r epa ra t i ve  condi -  
tions, which  in  this case ind ica te  tha t  the  Ce is t r i v a -  
lent .  The most  l ike ly  posi t ion for the Ce in  the  
apat i te  la t t ice  is at a lka l ine  ea r th  m e t a l  sites espe-  
c ial ly  as the ionic rad ius  of the cerous ion is i n t e r -  
med ia te  b e t w e e n  those of Ca and  Sr. This  pos i t ion  
for the t r i v a l e n t  Ce requ i res  charge  compensa t ion  
satisfied by  the incorpora t ion  of add i t iona l  f luoride 
ions in  the latt ice.  To achieve this  increase  in  fluo- 
r ide concen t r a t i on  in  the m a t r i x  a r e l a t i ve ly  la rge  
excess of fluoride is r equ i r ed  du r ing  the p repara t ion .  

Ev idence  in  suppor t  of this e x p l a n a t i o n  is p ro -  
v ided  by  F es t ima t ions  on ca lc ium s t r o n t i u m  fluoro-  
phospha te  (Ce, Mn)  phosphors.  For  a sample  w i t h  
a Ca to Sr ra t io  of 4:1 and  con ta in ing  k n o w n  
a m o u n t s  of Ce and  Mn, the ca lcu la ted  concen t r a t i on  
of F wou ld  be 3.43% if p resen t  in  on ly  n o r m a l  apa -  
t i te  propor t ions ,  and  3.95% if in  add i t ion  1 F 
a t o m / C e  a tom is r equ i r ed  for charge compensa t ion .  
The a m o u n t  of F ac tua l ly  f ound  was  3.76%. In  a 
s imi la r  f luoro -ch lo ro -phosphor  the tota l  ha logen  
was found  to be e q u i v a l e n t  to 3.70% F. These a n a l y -  
ses wou ld  indica te  tha t  only  about  60% of the Ce is 
c h a r g e - c o m p e n s a t e d  by  F if all  the Ce is p resen t  in  

Table I. Atoms of primary activator/atom of phosphorus used in 
initial mixtures for optimum fluorescence 

Sb 4 X 10 -~ 
As 6 X 10 -' 
Sn 6 X 10 -2 
Pb 8 X 10 -2 
Ag 6 X 10 -8 
Ce 6 • 10 .-2 

the t r i v a l e n t  form. I t  is i n t e r e s t i ng  tha t  in  a s tudy  of 
the Ce-  and  M n - a c t i v a t e d  ca lc ium or thophospha tes  
Froe l ich  a nd  Margol is  (4) f ound  tha t  sufficient 
charge  compensa t ion  of the  (cerous)  ce r ium ac t iva -  
tor was effected by  1 Na i on / 2  cerous ions. I t  m a y  
be no ted  tha t  in  the p resen t  ha lophospha te  ma te r i a l s  
the re  is some benefi t  f rom the incorpora t ion  d u r i n g  
the  p r e p a r a t i o n  of an  a lka l i  m e t a l  (Li or Na)  (3) 
which  m a y  c o m p l e m e n t  the  F as charge  c o m p e n -  
sator. 

In  cont ras t  to the behav io r  of these Ce -ac t i va t ed  
ha lophosphates ,  the  S b - a c t i v a t e d  ma te r i a l s  g e n e r -  
a l ly  con ta in  less t h a n  the ca lcu la ted  concen t r a t i on  of 
halogen.  For  example ,  a Cool Whi te  type  of ha lo-  
phospha te  was f ound  to con ta in  2.98% F and  0.61% 
C1, g iv ing  a to ta l  e q u i v a l e n t  of 3.30% of F compared  
wi th  a theore t ica l  va lue  of 3.75% for apat i te .  

Except  w i th  Ag, the  p r i m a r y  ac t iva tors  of the  
ha lophospha te  m a t r i x  are all  used in  s imi la r  p ropor -  
t ions (Tab le  I) .  Some of these  (Sn  ~+, Pb  ~§ are p res -  
en t  in  the m a t r i x  in  the d iva l en t  fo rm and  r equ i r e  
no excess of hal ide.  The others  (As, Sb)  can  occupy 
la t t ice  sites other  t h a n  those of the a lka l ine  ea r th  
meta ls ,  for example  the phosphorus  posit ions,  or 
they  m a y  be incorpora ted  so tha t  two a lka l ine  ea r th  
a toms are rep laced  by  two t r i v a l e n t  a n t i m o n y  atoms 
and  one oxygen  to m a i n t a i n  n e u t r a l i t y  (5).  The  po-  
s i t ion of Ag is more  difficult to exp la in  un less  pa i rs  
of ions replace  a s ingle  a lka l ine  ea r th  meta l ,  bu t  the  
role of Ag is obvious ly  different  f rom tha t  of any  of 
the  o ther  p r i m a r y  ac t iva tors  as its sma l l e r  concen-  
t r a t i on  shows. 

Luminescence of Cerium-Activated Halophosphates 

Like  o ther  ha lophospha te  systems,  these Ce-act i -  
va ted  ma te r i a l s  are s t rong ly  exci ted  by  shor t  w a v e -  
l eng th  u l t r av io le t ;  long w a v e - l e n g t h  u l t r av io l e t  on ly  
excites a feeble  l uminescence  associated w i th  the  
secondary  ac t iva tor  Mn. In  genera l  l u m i n e s c e n t  
character is t ics ,  these ma te r i a l s  r e semble  those wi th  
Sn  a nd  Pb  more  closely t h a n  those wi th  Sb. 

In  the absence  of Mn, the  Ce -ac t iva t ed  phosphors  
emi t  s t rong ly  in  the  u l t r av io l e t  w h e n  exci ted  by  
2537A radia t ion .  For  example ,  the  r e l a t ive  va lues  of 
the u l t r av io l e t  emiss ion  peaks,  in  ene rgy  per  u n i t  
wave  length ,  for ca lc ium s t r o n t i u m  ha lophospha te  
(Ce),  ca lc ium ha lophospha te  (Sn) ,  ca lc ium ha lo -  
phospha te  (Pb) ,  and  ca lc ium sil icate (Pb) ,  are  75, 
5, 2, and  20, respect ively ,  whereas  for b a r i u m  dis i l i -  
cate ( P b ) ,  a sy s t em not  capable  of t r a n s f o r m i n g  its 
u l t r av io l e t  ene rgy  in to  the  emiss ion  of a no t he r  ac-  
t ivator ,  the va lue  is 100. Inco rpo ra t i on  of Mn pro -  
duces a s t rong  emiss ion  in  the vis ib le  and  the  posi-  
sion of this b a n d  depends  on the  ra t io  of combined  
F to C1 in  the  ma t r ix .  Consequen t ly  a r a nge  of phos-  
phors  v a r y i n g  in  color of f luorescence f rom ye l low to 
o r a n g e - r e d  can  be ob ta ined  by  va r i a t ions  in  the con-  
cen t r a t i on  of Mn  a nd  ra t io  of F to C1. 

Rep lacemen t  of Ca by  Sr causes a s l ight  shift  of 
the emiss ion  to longer  wave  l eng ths  a nd  in  add i t ion  
products  con t a in ing  both  Ca and  Sr  are b r i gh t e r  
t h a n  the  co r respond ing  Ca mate r ia l .  A n  atomic ra t io  
of Ca to Sr of 4:1 is des i rab le  for m a x i m u m  i n t ens i t y  
of luminescence ,  a nd  except  where  o therwise  i nd i -  
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Fig. 2. Brightness vs. temperature curves of [1]  calcium 
strontium fluorochlorophosphate (Ce, Mn); [2]  calcium fluoro- 
chlorophosphate (Sn, Mn); [3]  calcium fluorochlorophosphate 
(Sb, Mn). 

cated this  ra t io  has been  used in  al l  the ma te r i a l s  
described.  

The  f luorescence exci ted  by  2537A is s lowly  re -  
duced in  i n t ens i t y  as the  t e m p e r a t u r e  of the phos-  
phor  is ra ised (Fig. 2). The decl ine in  i n t e n s i t y  is of 
abou t  the  same order  as tha t  shown  by  other  ha lo -  
phosphates  and,  as wi th  these o ther  mater ia l s ,  the 
color of the f luorescence is seen to become more  
green  as the  t e m p e r a t u r e  is raised. 

Use in lamps . - -These  mate r i a l s  can be used in  
c o n v e n t i o n a l  f luorescent  d ischarge  lamps  but ,  as 
usua l  w i th  phosphors  whose p r e p a r a t i o n  requ i res  a 
r educ ing  or pa r t i a l l y  r educ ing  a tmosphere ,  b a k i n g  
of coated tubes  needs  special  care in  order  to m i n i -  
mize ox ida t ion  of the  phosphor  which  wou ld  cause 
loss of br ightness .  

A l though  the in i t i a l  in t r ins ic  b r igh tness  of Ce-  
ac t iva ted  ha lophospha tes  is at least  as h igh as tha t  
of s imi la r  S b - a c t i v a t e d  mater ia l s ,  owing  to the  diffi- 
cul t ies  of l amp  process ing the b r igh tes t  48T12 40W 
lamps  p r epa red  by c o n v e n t i o n a l  suspens ion  coat ing 
a n d  b a k i n g  t echn iques  are  on ly  of the  order  of 55 
lpw in i t ia l ly ,  wi th  a m a i n t e n a n c e  of about  96% and  
93% at 100 and  500 hr, respect ively .  However ,  
b inder less  coat ing t echn iques  m a y  overcome the  loss 
in  b r igh tness  i n c u r r e d  by  b i n d e r - r e m o v i n g  proc-  
esses; since these  Ce -ac t iva t ed  ma te r i a l s  are  no t  so 
suscept ib le  to g r i n d i n g  as S b - a c t i v a t e d  ha lophos -  
phates  they  m a y  prove  v e r y  su i t ab le  for e lec t ro-  
stat ic coating.  

A\ 
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Fig. 3. Chromaticity plots of 48T12 40W lamps containing: 
(A-B) Ce- and Mn-activated halophosphates and (C-D) Sn- and 
Mn-activated halophosphates. 
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Fig. 4. Spectral energy distribution curves of calcium stron- 
tium fluorochlorophosphates activated by Ce and [1]  0, [2]  
0.006, [3]  0.012, [4]  0.024, and [5]  0.036 atoms of 
Mn/atom of P, excited by 2537-~ at room temperature. 
Phosphor composition: (Ca -k Sr -]- Mn):Ce:P = 4.8:0.16:3. 
Ca:Sr = 4:1. F:CI = 0.85:0.15. Fired at 1150~ for 1/2 hr in 
a closed crucible followed by �89 hr at 1150~ in N2 + H2. 

Color m e a s u r e m e n t s  on 48T12 40W lamps  show 
tha t  the color changes  ob ta ined  by  va r i a t ions  in  
composi t ion  fol low a n a r r o w  b a n d  about  the l ine  AB 
(Fig. 3) which  cuts  the b lack  body locus at 2360~ 
A s imi la r  series of l amps  p r epa red  us ing  the  S n -  and  
M n - a c t i v a t e d  ma te r i a l s  gives colors fo l lowing  a n a r -  
row b a n d  abou t  the  l ine  CD which  cuts  the  b lack  
body locus at 2580~ 

Cerium emiss ion. - -The f luorescent  emiss ion  due 
to ac t iva t ion  by  Ce alone is a fa i r ly  b road  b a n d  cen-  
te red  at about  3400A w h e n  the  phosphor  is exci ted  
by  2537A radia t ion .  Ac t iva t i on  of the ha lophospha te  
m a t r i x  by  Sn  or Pb  produces  s imi la r  emiss ion  bands  
in  the  u l t r av io le t  cen te red  at  about  3900 and  4400A, 
respect ively .  

Manganese emission.--Incorporation of M n  as a 
secondary  ac t iva tor  produces  emiss ion  in  the  vis ib le  
of an i n t e ns i t y  de pe nd i ng  on the  concen t r a t i on  of 
Mn. These changes  are shown  by  the curves  in  Fig. 
4. These mate r i a l s  differ on ly  in  concen t r a t i on  of 
Mn. As this  concen t r a t i on  increases,  the  Mn emiss ion 
increases  in  i n t e ns i t y  to a m a x i m u m  at abou t  0.036 
atoms M n / a t o m  of P;  the u l t r av io l e t  b a n d  due to Ce, 
of which  only  pa r t  is shown,  decreases. This  is ob-  
v ious ly  a case of sens i t ized  luminescence  s imi la r  to 
t ha t  of ca lc ium or thophospha te  (4) ,  or ca lc ium fluo- 
r ide (6), s imi l a r ly  act ivated.  

If these emiss ion  curves,  conver t ed  to a f r equency  
basis, are  ana lyzed  by the  usua l  methods  (7),  i t  is 
found  tha t  the Mn emiss ion  consists of at leas t  two 
bands,  a m a j o r  b a n d  in  the  ye l low and  a m i n o r  one 
in  the red, and  tha t  both  of these  increase  wi th  Mn 
concent ra t ion .  These resul t s  are t a b u l a t e d  in  Tab le  
II. 
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Table II. Emission bands of Ce-activated halophosphates 

M a t r i x  

P o s i t i o n  
M n  of  y e l l o w  

c o n t e n t  R e l a t i v e  i n t e n s i t y  b a n d  
a t o m s  M n /  of  m a x i m u m  of  m a x i m u m  

a t o m  P Y e l l o w  b a n d  R e d  b a n d  fl_ 

0 0 0 - -  
Fluoro- 0.006 33 3.5 5750 
phos- 0.012 51 5.5 5760 
phate 0.024 87 16 5815 

0.036 100 14.5 5840 

0 0 0 - -  
Fluoro- 0.006 33 3.5 5840 
chloro- 0.012 51 8 5870 
phos- 0.024 76 11 5915 
phate 0.036 84 13 5930 

In  all cases the m a i n  ye l low b a n d  is ve ry  close to 
a Gauss i an  d i s t r ibu t ion ,  bu t  the red  emiss ion  m a y  
consist  of more  t h a n  one band.  This  red  emiss ion  
ex tends  f rom 6000 to 7000A in  the  f luorophosphates  
and  even  fu r the r ,  to 7300A, in  f luorochlorophos-  
phates  of h igh  Mn content .  

As ind ica ted  earl ier ,  the i n t ens i t y  of the Mn emis -  
sion is at  a m a x i m u m  w h e n  the a tomic ra t io  of Ca 
to Sr in  the m a t r i x  is about  4:1, bu t  the  effect on the 
posi t ion of the emiss ion  b a n d  of pa r t i a l l y  rep lac ing  
Ca of the m a t r i x  by Sr is r e l a t ive ly  slight. For  ex-  
ample,  the  peak  of the Mn ye l low b a n d  is d isplaced 
to shor te r  wave  lengths  by  only  abou t  40A w h e n  the 
a lka l ine  ea r th  me ta l  is al l  Ca ins tead  of the  4:1 ra t io  
more  g e n e r a l l y  used. 

Conclusion 

In  a p rev ious  paper  (8) on m a g n e s i u m  fluorosi l i -  
cate it was  suggested  tha t  the  efficiency of emiss ion  
in  sensi t ized phosphors  was  increased  by  p r o x i m i t y  
of the sens i t izer  and  ac t iva tor  bands .  The o p t i m u m  
re la t ion  of these bands  appeared  to occur in S b - s e n -  

si t ized ha lophosphates ,  bu t  the p resen t  Ce-sens i t i zed  
ma te r i a l s  have  a l u m i n o u s  efficiency at least  as h igh 
as the Sb phosphors ,  in  spite of the  loca t ion  of the  
sens i t iz ing  b a n d  in  the u l t rav io le t .  The  or ig ina l  
hypothes i s  a s sumed  tha t  all  sens i t iz ing  bands  were  
exci ted  w i th  equa l  efficiency by 2537A radia t ion .  I t  
is c lear  tha t  this  is not  the case, for the Ce -ac t iva t ed  
ha lophosphates ,  in  the  absence  of Mn, show a n  ex -  
cep t iona l ly  h igh  u l t r av io l e t  emiss ion  compared  wi th  
o ther  sys tems h a v i n g  sens i t izer  emiss ion  bands  in  
this region.  This h igh efficiency wou ld  c lear ly  have  a 
f avorab le  effect on the a m o u n t  of emiss ion  in  the Mn 
b a n d  and  mi gh t  offset the ene rgy  loss due to the 
p roduc t ion  of one ac t iva to r  q u a n t u m  f rom one m u c h  
la rger  sensi t izer  q u a n t u m .  A c on t i nue d  s tudy  of the  
efficiency of exc i ta t ion  of these sens i t izer  bands  and  
the i r  convers ion  to v is ib le  emiss ion  bands  by sec- 
onda ry  ac t iva tors  is in  progress.  
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II. Fluorescence 
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ABSTRACT 

The luminescence of the compounds 2CdO.B~O~, 3CdO.2B~O~, and 
2CdO.3B~O~ has been investigated under  2537A radiat ion and cathode ray 
excitation for a wide range of manganese  concentrations. Under  2537A radia- 
tion, each compound emits in  the orange or orange-red with a peak intensi ty  
near  6200A at room temperature.  For each composition there is a broad maxi-  
mum in the relat ive intensi ty  between MnO concentrat ions of 0.1-1%. The 
3:2 compound appears to yield the brightest  phosphor, but  the 2:1 compound is 
only slightly less in tense  for equivalent  manganese  additions. The 2:3 com- 
pound yields only half  the relat ive brightness of the 3:2 compound for equiva- 
lent  manganese  concentrations. 

Under  cathode ray excitation, the 2:1 and 3:2 compounds fluoresce orange 
and the 2:3 compound fluoresces green for manganese  concentrat ions between 
0.01 and 2%. 

In  a recen t  paper  (1) the rmal ,  optical,  and  x - r a y  
da ta  were  p rov ided  for  four  compounds  in  the  sys-  
t em CdO-B~O~. Three  of the  compounds  (2CdO.B~O~, 
3CdO-2B~O3, 2CdO.3B~O~) are f luorescent  w h e n  ac-  
t iva ted  w i th  Mn and  it is the purpose  of this  paper  
to p rov ide  some q u a n t i t a t i v e  da ta  on the i r  emiss ion 
u n d e r  2537A and  cathode ray  exc i ta t ion  over  a wide  
r ange  of Mn  concent ra t ions .  

M a n y  re fe rences  to c a d m i u m  bora te  phosphors  
have  been  made  in  the  l i t e r a tu r e  bu t  the p re sen t  
da ta  d e m o n s t r a t e  tha t  the i r  composi t ions  have  been  
p r i m a r i l y  in  t e rms  of technica l  f o rmu la t i ons  and  did 
not  necessar i ly  denote  the cons t i tu t ion  of com- 
pounds .  A rev iew of some of the  more  recen t  papers  
wi l l  m a k e  man i f e s t  t he  s ignif icance of the  da ta  of 
this paper  in  c la r i fy ing  the s i tua t ion .  

Kroger  (2) has ind ica ted  g reen  ca thodo lumines -  
cence for  the  "mat r i ces"  3CdO.B~O3, CdO.B~O~, and  
CdO-2B~O~ and  o range  for the " m a t r i x "  2CdO. B.~O~. 

Botden  and  Kroge r  (3) s ta ted  t ha t  2CdO.B~O, is 
exci ted  by  k < 3200A and  cathode rays  and  then  
shows an  o range  luminescence ,  whereas  CdO.B~O~, 
2CdO-3B~O., and  3CdO.B~O~ show a g reen  ca thodo-  
l uminescence  only.  

Leve renz  (4) has p resen ted  emiss ion curves  for 
3CdO-2B~O,: 0.018 MnO and  2CdO.B~O~: 0.012 MnO, 
ind i ca t ing  a peak  at 6260A u n d e r  6-kv,  l~a  cm = C. R. 
CdO.2B~O,:0.006 peaked  at  5380 whi le  CdO-B~O, 
had both  the 5380A peak  and  ano the r  nea r  6200A. 
In  speak ing  abou t  l uminescence  as a f unc t i on  of 
t ime, Leverenz  states, " In  some c a d m i u m - b o r a t e : M n  
phosphors  h a v i n g  both  a green  and  an  orange  emis-  
s ion band ,  the  o range  b a n d  p r e d o m i n a t e s  d u r i n g  
phosphorescence" .  

F o n d a  (5) ,  w o r k i n g  wi th  M n  concen t ra t ions  of 
0.02-1.00% by  weight ,  2537A exci ta t ion,  and  tern-  

pe ra tu re s  of 80 ~ , 300 ~ , and  375~ showed  tha t  
above 0.50% Mn, the peak  of the  emiss ion  of 
2CdO-B~O~ at  80~  lies at 6300A and  is r educed  to 
6200A on sufficient increase  in  t e m p e r a t u r e .  Below 
0.1% Mn, the  peak  is a l te red  on ly  ins ign i f ican t ly  
by  change  in  t e m p e r a t u r e  and  persis ts  at the  s table  
va lue  of 6200A. 

Experimental Procedure 
The phosphors  were  p r e p a r e d  f rom the  f luores- 

cent  grade ma te r i a l s  CdCO~, boric  acid, and  MnCO~. 
The most  s ignif icant  i m p u r i t y  p resen t  m a y  have  
been  sulfate,  i n t roduced  t h r o u g h  the  CdCO, and  
r a n g i n g  in  a m o u n t  f rom 0.3-1% on the  basis  of 
CdCO~. The Mn concen t ra t ions  (MnO)  inves t iga ted  
for each c o m p o u n d  were  0.01, 0.02, 0.03, 0.04, 0.06, 
0.08, 0.10, 0.12, 0.15, 0.20, 0.25, 0.50, 1.00, a nd  2.00%. 

The 3CdO.2B~O~ a nd  2CdO.3B~O~ composi t ions  
were  fired in  fused silica crucibles  at 810 ~ --+10~ for 
2 hr. The 2CdO.B~O, phosphors  were  fired at  850 ~ 
----15~ for 2 hr. The  h igher  f ir ing t e m p e r a t u r e  for 
the 2:1 compound  was  necessa ry  in  order  to i n su re  
complete  convers ion  to this s to ichiometr ic  rat io,  
s ince it is k n o w n  f rom the  p rev ious  phase  equ i l i b -  
r i u m  studies  tha t  this c o m p o u n d  has a lower  l imi t  of 
s tab i l i ty  n e a r  780~ 

Three  add i t iona l  m i x t u r e s  were  m a d e  wi th  0.1% 
MnO at  CdO:B20,  ra t ios  of 1: 1, 1:2, a nd  1:3. 

Emiss ion  curves  for 2537A and  ca thode  r ay  ex-  
c i ta t ion  were  ob ta ined  on a G e n e r a l  Electr ic  r e -  
cording spec t rophotometer ,  s t anda rd i zed  w i th  a 
commerc ia l  s ample  of c a d m i u m  borate .  

Reproduc ib i l i ty  of resul t s  was  checked by  meas-  
u r e m e n t s  on the  same composi t ion  p r epa red  at 
i n t e rva l s  of two mon ths  or more,  by  f ir ing at severa l  
different  t e m p e r a t u r e s  o ther  t h a n  those l is ted above,  

616 
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Fig. 1. Typical emission curves for three cadmium borate 
compounds activated with 0 .25% Mn0  (2537A excitation); 
intensity relative in terms of a commercial cadmium borate 
phosphor. 

and  by  compar ing  resul t s  f rom s in te red  samples  w i th  
those wh ich  had  been  ob ta ined  on fused and  re -  
c rys ta l l ized  products .  

R e s u l t s  a n d  D i s c u s s i o n  

2537A Exci tat ion.--The form of the  emiss ion 
cu rve  which  is typ ica l  for all  t h ree  compounds  for 
2537A exc i ta t ion  is shown  in  Fig. 1. The peak  emis -  
s ion at room t e m p e r a t u r e  occurred  n e a r  6200A. It is 
i n t e re s t ing  to no te  that ,  a l t hough  the  emiss ion  spec- 
t ra  for the  3:2 and  2:3 compounds  a re  s imi la r  in  
form, the 2:3 p r e p a r a t i o n  looks m u c h  "p inke r "  
w h e n  m a d e  into lamps,  r e l a t ive  to the  3:2 com- 
pound,  due p r o b a b l y  to the  difference in  br ightness .  

The emiss ion curves  for the 1:1, 1:2, and  1:3 
m i x t u r e s  for 2537~ exc i ta t ion  are shown in  Fig. 2. It  
is n o t e w o r t h y  tha t  the curve  for 1:1 is i n t e r m e d i a t e  
be tween  tha t  for 3:2 and  2:3 as migh t  be expected  
on the  basis of a mechan i ca l  mix tu re .  The  peak  i n -  
t ens i ty  for the 1:2 m i x t u r e  is comparab l e  to tha t  
for the  2:3 compound,  whi le  the  re la t ive  i n t e ns i t y  
falls off m a r k e d l y  for the  1:3 mix tu re .  

The re la t ive  i n t ens i t y  vs. Mn concen t r a t i on  is 
shown  for the  th ree  compounds  in  Fig. 3, us ing  a log 
scale for the  MnO content .  The re  is a charac te r i s t i -  
cal ly  broad  m a x i m u m  b e t w e e n  0.1 and  1% MnO and 
a rap id  drop above 2% MnO. In  the  prev ious  paper  
on e q u i l i b r i u m  re la t ionships ,  it  was es t imated  tha t  
the  solid so lub i l i ty  of MnO in  the  2:1 and  3:2 com-  
pounds  was  r e l a t ive ly  low (poss ib ly  1 -3%)  whi le  
pe rhaps  5-8% could be incorpora ted  in  the  2:3 l a t -  
tice. In  v iew of these figures it  appears  tha t  the  
decrease in  re la t ive  i n t ens i t y  above 1% MnO m a y  
not  be re la ted  to the  l imi t  of solid so lub i l i ty  of MnO 
in these compounds .  

I I I I o 0  I i I i 
5600 5800 6000 6ZOO 64 6600 6800 7 0 0 0  7200 
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Fig. 2. Emission curves for Cd0:B208 mixtures 1:1, 1:2, and 
1:3 activated with 0 .1% Mn0  (2537A excitation); intensity 
relative in terms of a commercial cadmium borate phosphor. 

Cathode ray excitation.--Under cathode r ay  ex-  
ci tat ion,  for Mn  concen t ra t ions  r a n g i n g  f rom 0.01- 
2%, the  2:1 a nd  3:2 compounds  fluoresce o range  
(Fig. 4).  The 2:3 compound  ranges  f rom a v e r y  pale  
green  for low concen t ra t ions  of MnO such as 0.01- 
0.1% to a s t ronger ,  bu t  st i l l  not  v e r y  in t ense  g reen  
for MnO conten ts  b e t w e e n  0.1 and  2%. These re- 
sults  are in  to ta l  a g r e e m e n t  w i th  the  da ta  of 
Leverenz  (6) who shows orange  peaks  at  6260A for 
2:1 and  3:2, g reen  for 1:2, and  both  g reen  and  
orange  peaks  for 1:1, i nd ica t ing  tha t  the  l a t t e r  is 
ac tua l ly  a m i x t u r e  of the two compounds ,  3CdO 
�9 2B20~ a nd  2CdO.3B~O3. He also indica tes  a m u c h  
grea te r  r e l a t ive  i n t e ns i t y  (30 and  15) for the  2:1 
and  3:2 compounds  t h a n  for the mat r i ces  which 
y ie ld  the  g reen  b a n d  (5 for the  1:1 and  4 for the 
1:2 m i x t u r e ) .  

Activators other than M n . - - B r i e f  e xpe r imen t s  
wi th  0.1% addi t ions  of o ther  ac t iva tors  are s u m -  
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Fig. 3. Relative intensity vs. Mn concentration for the 2: 1, 
3:2, and 2:3 cadmium borate compounds (2537Z~_ excitation). 
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Fig. 4. Typical emission curves for three cadmium borate 
compounds (cathode roy excitation); [2:1 and 3:2 compounds 
activated with 0.15% MnO, 2:3 compound with 2.0% 
MnO]; intensity relative in terms of o commercial cadmium 
borate phosphor. 

m ar i zed  in Tab le  I. A c t i v a t o r s  w e r e  added  as C.P. 
compounds  and each  p r e p a r a t i o n  was  f ired to 800~ 
for  2 h r  in the  case of the  3:2 and 2:3 compounds  
and at 850~ for  2 h r  for  the 2:1 compound .  

Summary 
Data  are  p r e s e n t e d  on t h e  f luorescence  of the  

t h r ee  c a d m i u m  bora t e  phosphors  whose  compos i -  
t ion is t h a t  of specific compounds .  It  is n o w  ev iden t  
t ha t  p r ev ious  da t a  f r e q u e n t l y  h a v e  been  in t e rms  
of t echn ica l  fo rmula t ions .  It  is n o w  poss ible  to as-  
socia te  cha rac te r i s t i c  emiss ion  color  w i t h  a pa r t i c -  
u la r  compound ,  and to descr ibe  the  b e h a v i o r  of in-  

t e r rned ia te  m i x t u r e s  in t e r m s  of the  2:1, 3:2, and  
2:3 compounds .  

Al l  t h r ee  compounds  a re  exc i t ed  to o range  emis -  
sion by 2537A rad i a t i on  and  the  2:1 and  3:2 c o m -  
pounds  also emi t  in the  o range  reg ion  u n d e r  c a thode  
r ay  exc i ta t ion .  The  2:3 c o m p o u n d  is d is t inc t  f r o m  
the  o thers  in e m i t t i n g  in t he  g reen  reg ion  u n d e r  
ca thode  ray  exc i ta t ion .  F u t u r e  w o r k  on the  decay,  
t e m p e r a t u r e  dependence ,  n a t u r e  of the  emi t t i ng  
centers ,  or o the r  aspects  of the  l um inescence  of c o m -  
posi t ions in this  sys tem m a y  be gu ided  by these  
resu l t s  for t he  p u r e  compounds .  
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Table I. Fluorescence of cadmium borate compounds with various activators 

2CdO 'B20a 3CdO.2B~O3 2CdO'  3B203 
A c t i v a t o r  2537 3650 C.R. 2537 3650 C.R.  2537 3650 C.R. 

Sn Weak Weak Weak Dead Weak Weak Dead Dead Weak 
blue orange orange orange orange blue 

Sb Weak Weak Weak Dead Weak Weak Dead Dead Weak 
blue orange orange orange orange blue 

Ti Weak Weak Weak Dead Weak Weak Dead Dead Weak 
blue orange orange orange orange blue 

Hg Weak Weak Weak Dead Weak Weak Dead Weak Weak 
blue orange orange orange orange orange blue 

Sm Weak Weak Grey  - -  - -  - -  Dead Dead Weak 
blue blue blue 

Bi - -  - -  - -  Dead Weak Weak Dead Dead Weak 
blue orange blue 

Ag - -  - -  - -  Dead Weak Weak Dead Weak Brown (?) 
blue orange orange 

T1 - -  - -  - -  Dead Weak Weak Dead Weak Pale  
orange orange orange blue 

Pb - -  - -  - -  Pale  Pale Weak Dead Weak Pale 
blue blue orange blue blue 



Optical Measurement of Film Growth on Silicon and Germanium 

Surfaces in Room Air 
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ABSTRACT 

The thickness and growth kinetics of oxide films on polished silicon and 
ge rmanium exposed to room air after having been rinsed in hydrofluoric acid 
were  obtained by measur ing the el l ipt ici ty of reflected polarized light. Fi lm 
growth obeys the Elovich equation. Plots of thickness vs. the logar i thm of 
the t ime in air are l inear  af ter  about 15000 sec wi th  slopes of 6.SA/decade 
(St) and 8.1A/decade (Ge) .  Immedia te ly  a~ter the hydrofluoric acid rinses 
the films are 10-15A thick and increase in thickness by about l l -12A af ter  one 
day in air. A small  par t  of the films dissolves in certain organic liquids. 
Measurements  of el l ipt ici ty at two angles of incidence dur ing film g r o w t h  
gave an exper imenta l  check of the optical theory. 

The  ra tes  of g r o w t h  of f i l m s - - p r e s u m a b l y  ox ide  
f i l m s - - o n  pol i shed  Si and Ge in r o o m  air  fo l lowing  
a r inse  in H F  w e r e  ob ta ined  by m e a s u r i n g  the  e l -  
l ip t ic i ty  of po la r i zed  l igh t  ref lected f r o m  the  sur -  
faces. The  m e a s u r e m e n t s  w e r e  u n d e r t a k e n  because  
a s imp le  e x p e r i m e n t a l  sy s t em was  des i red  for  e v a l u -  
a t ing  the  app l i cab i l i t y  of this  opt ica l  t e c h n i q u e  for  
s tudy ing  Si and Ge  sur faces  and because  of in te res t  
in the  sys tem i tse l f  s ince the  sur faces  in  these  e x -  
p e r i m e n t s  are  s imi la r  to e tched  sur faces  in r o o m  air  
upon  w h i c h  the  m a j o r i t y  of phys ica l  m e a s u r e m e n t s  
h a v e  been  m a d e  and w h i c h  a re  the  most  c o m m o n  
dev ice  surfaces .  F i l m  th icknesses  and g r o w t h  ra tes  
h a v e  not  been  m e a s u r e d  p r e v i o u s l y  for  such sur-  
faces. 

W h e n  p lane  po la r i zed  l ight ,  w i t h  the  p l a n e  of 
osci l la t ion of the  e lec t r ic  field vec to r  inc l ined  at 45 ~ 
to the  p l ane  of incidence,  is ref lec ted  f r o m  a surface,  
the  s ta te  of po la r iza t ion ,  i.e., t he  e l l ip t ic i ty ,  of the  
ref lected b e a m  is cha r ac t e r i z ed  by the  phase  d i f fer -  
ence, A, and the  a m p l i t u d e  rat io,  t an  % b e t w e e n  the  
two  componen t s  of the  e lec t r ic  field v e c t o r  m e a s -  
u r e d  in and n o r m a l  to the  p l ane  of incidence.  The  
m a g n i t u d e s  of • and ~1, ( expressed  in degrees )  de -  
pend  on the  ang le  of incidence,  the  opt ica l  cons tan t s  
of the  ref lec t ing  substance,  and the  th ickness  and 
index  of  r e f r ac t i on  of the  sur face  film. F o r  films th in  
c o m p a r e d  to the  w a v e  l e n g t h  of the  inc iden t  l ight ,  
first o rde r  l inea r  r e l a t ionsh ips  b e t w e e n  f i lm t h i c k -  
ness and the  ref lect ion p a r a m e t e r s  obtain.  By  e x -  
pand ing  the  exac t  equa t i on  and r e t a i n i n g  on ly  first 
o rde r  t e r m s  in th ickness ,  the  fo l l owing  equat ions ,  
va l i d  for  films t h i n n e r  t h a n  about  50A, are  d e r i v e d  
(1) ~ 

a = a - - a L  (I)  

= ,I, + # L (II )  

1 Refe rence  ( la )  g ives  s i m p l e  d e r i v a t i o n  of exac t  equa t ion ,  ( lb )  
bes t  e x p a n s i o n  p rocedure .  A b o v e  Eqs. {I) and  (II) h a v e  s ame  f o r m  
as w e l l - k n o w n  D r u d e  e q u a t i o n s  ( l c ) .  H o w e v e r ,  c e r t a i n  t e r m s  mis s -  
ing  in  D r u d e ' s  e q u a t i o n s  are r e t a i n e d  here  w h i c h  s ign i f i can t l y  
affect  t he  m a g n i t u d e  of the  coeff icients  w h e n  e v a l u a t e d  fo r  Si  a n d  
Ge.  

720cosq~sin~$ (n~ ~ -  1) ( 1 / n ~ - - a )  
[cos ~ q ~ -  a + sin ~ ~b (a ~ - -  a '~) + a "s] 

a -- ( I I I )  
X ( [ c o s ~ b - - a  + sin~6 (a~- -a '~ ) ]  ~ + a "~) 

720 sin: �9 cos ~ sin: ~ (n~ ~ --  1) a '  
( (1/n~ ~ -  a) (1 --  2a sin s ~b) 

- -  [cos s r - -  a + sin s ~ (a ~ - -  a '~) ] ) 
,e = ( I V )  

X( [cos" ~b - -  a + s i n ~  ( a ~ - - a ' 2 ) ] :  + a "s) 

F i l m  th icknesses  are  ca l cu la t ed  f r o m  the  e x p e r i -  
m e n t a l  quan t i t i e s  • and ~ us ing  the  re la t ionsh ips  
(I)  and ( I I ) .  The  e v a l u a t i o n  of the  coefficients of 
these  equa t ions  r equ i r e s  va lues  for  the  op t ica l  con-  

s tants  of the  fi lm and s u b p h a s e . ~  and ~ a re  ca lcu-  
l a ted  f r o m  s t a n d a r d  f o r m u l a s  (2) and a and  fi f r o m  
Eqs. ( I I I )  and ( IV) .  Va lues  for  the  op t ica l  con-  
s tants  a re  g iven  in Tab l e  II  a long  w i t h  the  ca lcu-  
l a ted  coefficients fo r  two  angles  of incidence.  

Since  a > > f l  and • and �9 can be m e a s u r e d  w i t h  
about  the  same  prec i s ion  and accuracy ,  f i lm th i ck -  
nesses a re  ob ta ined  f r o m  m e a s u r e m e n t s  of • n and K 
w e r e  d e t e r m i n e d  e x p e r i m e n t a l l y  f r o m  m e a s u r e -  
men t s  of  a and �9 us ing  specia l  t echn iques ,  and the  
p r o b l e m s  a t t end ing  the  e v a l u a t i o n  of these  m e a s u r e -  
m e n t s - b e c a u s e  of the  u n a v o i d a b l e  p r e sence  of sur-  
face fi lms w h e n  h igh  v a c u u m  c lean ing  t echn iques  

Table I. Glossary of symbols 

r - - a n g l e  of incidence. 
n l - - i ndex  of refract ion of surface film. 
L - - f i l m  thickness expressed in Angst rom units. 
a --(1--K~)/n~(l+K2) s 
a'--2K/n ~ ( 1 + ~) 2 
n - - r e a l  part  of complex index of refract ion of reflect- 

ing substance 
K--absorp t ion  coefficient of reflecting substance. The 

complex index of refract ion is wr i t t en  n = n  (1--ix). 
- - v a l u e  of A for a film free surface. 
- - v a l u e  of ~ for a film free surface. 

?~ - - v a c u u m  wave  length  of light. In these exper iments  
}~= 5461A. 

619 
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Table II. Optical constants (~.~5461A.) and values for a, 8, ~,  and ~at  two angles of incidence 

n 
Si 4.13 • 1% 
Ge 5.01 • 2% 

Si 

r 61.26 ~ 70 ~ 
a deg /A  0.140 • 6% 0.325 • 5% 

deg /A 0.00010 0.0033 
A 179.43 ~ • 0.28 ~ 178.70 ~ -+ 0.64 ~ 

23.40 ~ 12.10 ~ 

a re  not  a p p l i e d - - m a k e  u n c e r t a i n  t he  e r ro rs  in  the  
va lues  obta ined.  The  unce r t a in t i e s  g i v e n  in Tab l e  II  
a re  for  the  most  pa r t  e s t ima ted  bu t  a re  b e l i e v e d  
to be real is t ic .  The  indices  of r e f r ac t i on  of the  fi lms 
w e r e  ob t a ined  f r o m  m e a s u r e m e n t s  of A as a f u n c -  
t ion of the  r e f r a c t i v e  i ndex  of t he  m i r r o r ' s  a m b i e n t  
m e d i u m  using a ser ies  of organic  l iquids.  The  va lues  
agree  w i t h  the  bu lk  va lues  for  q u a r t z  (1.55) and in -  
so luble  g e r m a n i u m  d iox ide  (1.99-2.10).  A l l  of the  
constants ,  n, K, and n, a re  f r o m  p r e l i m i n a r y  m e a -  
s u r e m e n t s  and are  qual i f ied  as t en t a t i ve .  M o r e  r e -  
fined e x p e r i m e n t s  are  u n d e r w a y  and a comple t e  
r epo r t  of the  p rob lems ,  t echniques ,  and resul t s  of the  
ref lect ion m e a s u r e m e n t  of t he  opt ica l  cons tan ts  of 
Si and Ge and the i r  su r face  films is fo r thcoming .  
For  p r e sen t  purposes  it is sufficient  to s ta te  tha t  the  
m a x i m u m  possible  e r ro r s  in the  cons tants  w i l l  not  
s igni f icant ly  affect the  va lues  for  a, g iven  in Tab le  II, 
so tha t  r e l a t i v e  th icknesses  and changes  in t h i c k -  

ness can be ca lcu la ted  accura te ly .  ~ is m o r e  sens i t ive  
to the  va lues  for  the  opt ical  cons tan ts  used  in its 
eva lua t ion .  Consequen t ly ,  ca l cu la t ed  to ta l  or  ab-  
solute  th icknesses  h a v e  r e l a t i v e l y  l a rge  u n c e r t a i n -  
ties. 

Technique 
The  i n s t r u m e n t  for  m e a s u r i n g  A and ~I,, t he  e l l ip -  

someter ,  is shown  in Fig. 1. It  consists of a spec t ro -  
m e t e r  f i t ted w i t h  two  nicol  p r i sms  and a mica  
q u a r t e r - w a v e  pla te ,  al l  m o u n t e d  in d iv ided  circles.  
The  p r o c e d u r e  is to a l ign  the  fast  axis  of the  m i c a  
p la te  at 45 ~ to the  p l ane  of inc idence  and to ad jus t  
the  az imuths  of t he  n icol  p r i sms  un t i l  the  ref lec ted  
b e a m  is ex t ingu i shed ,  h and ~!, a re  d i r ec t l y  m e a s u r e d  
by the  o r i en t a t i ons  of  the  nicols  at  ex t i nc t i on  (3) .  A 
p h o t o m u l t i p l i e r  m i c r o p h o t o m e t r i c  t e c h n i q u e  is used 
to ob ta in  ex t i nc t i on  set t ings,  and A and  ~ can be 
m e a s u r e d  w i t h  a p rec i s ion  of •  ~ and _0.02§ ~ 
respec t ive ly .  There fo re ,  f r o m  the  m a g n i t u d e  of a in 
Tab le  II, changes  in th ickness  can be m e a s u r e d  to 
•  ( for  Ge at r = 70~ 

The sur faces  w e r e  pol i shed  m e c h a n i c a l l y  us ing  as 
a final ab ra s ive  L inde  B in w a t e r  and w e r e  j u d g e d  
a d e q u a t e l y  flat w h e n  s t r a i g h t  pa r a l l e l  f r inges  w e r e  

S i  O R  G e  M I R R O R  

\ N~Ok-~NAk'CZ ER 
T E L E S C O P E  

D E T E C T O R  
M E R C U R Y  A R C  E Y E  O R  M I C R O P H O T O M E T E R  ) 

Fig. 1. Schematic representation of ellipsometer 

K 

0.01 • 50% 
0.387 • 6% 

nl 
1.55 • 5% 
1.9 • 10% 

Ge 

61.26 ~ 70 ~ 
0.154 • 6% 0.276 • 6% 
0.005 0.014 
166.28 ~ _ 0.81 ~ 154.73 ~ • 1.08 ~ 

29.58 o 21.54 ~ 

obse rved  w i t h  an opt ica l  flat. A f t e r  pol ishing,  the  
m i r r o r s  w e r e  boi led  in ace tone  and benzene ,  r insed  
in hot  tap w a t e r  and  de ion ized  d is t i l led  wate r ,  r e -  
f luxed ove r  e thy l  e ther ,  and r insed  for  s e v e r a l  m i n -  
utes  in HF.  The  m i r r o r  to be s tud ied  was  m o u n t e d  
and a l igned  at  the  s p e c t r o m e t e r  axis ;  A and �9 w e r e  
m e a s u r e d ;  wh i l e  st i l l  a l igned,  the  m i r r o r  was  i m -  
m e r s e d  for  1 min  in CP qua l i t y  concen t r a t ed  H F  
and i m m e d i a t e l y  r insed  in  t h r ee  sepa ra t e  por t ions  
of r e -d i s t i l l ed  ace tone  to r e m o v e  the  p e n d e n t  HF.  As 
soon as poss ible  (about  200 sec) a f t e r  th is  t r e a t -  
ment ,  a and ~I, w e r e  aga in  m e a s u r e d  and  fo l l owed  as 
a func t ion  of t ime  whi l e  the  m i r r o r  was  exposed  to 
r o o m  air. A typ ica l  e x p e r i m e n t  las ted  for  two  days. 

The  m e a s u r e m e n t s  w e r e  m a d e  in a closed r o o m  in 
w h i c h  the  r e l a t i v e  h u m i d i t y  and  t e m p e r a t u r e  w e r e  
m a i n t a i n e d  at  54% --+4% and 28~ •  ~ . The  Si 
m i r r o r  is 10 o h m - c m  n - t y p e ,  the  Ge 6 o h m - c m  
p - type .  The  pol i shed  faces  a re  of u n k n o w n  o r i en -  
ta t ion.  

Results 
The  resul t s  to be r e p o r t e d  inc lude  fi lm g r o w t h  

data,  e x p e r i m e n t a l  ver i f ica t ion  of  Eq. ( I ) ,  and da ta  
d e m o n s t r a t i n g  the  pa r t i a l  so lub i l i ty  of t he  sur face  
films in ce r t a in  o rgan ic  l iquids .  

Fig.  2 plots  A, m e a s u r e d  at  r = 61.26 ~ as a f u n c -  
t ion  of the l o g a r i t h m  of t i m e  fo l lowing  the  H F  rinse.  

~ILM THICKNESS 

l 

to 4 i 

I0~ ~ 

~, (Ge l  

i o 2 •  , , i ~ i , , , i i , i i i m I i i i I 

Fig. 2. Relative phase difference and calculated f i lm thick- 
hess as o function of the time in air after an HF rinse. r 
61.26 ~ 
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Fig. 3. Curve 1, fi lm growth curve showing effects of l-rain 
benzene and acetone rinses; curve 2, A vs. log t for t ~ 0 
instant of removal from organic liquid. Circle with dot 
benzene, square with dot ~ acetone. Ge, ~ = 70 ~ 
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Fig. 4. A measured simultaneousb/ at two angles of in- 
cidence during film growth. Fit of points to lines is degree to 
which experiment checks theory. 

The  zero  of t ime  is t he  i n s t a n t  of r e m o v a l  of t he  
m i r r o r  f r o m  the  I-IN. T h e  two  • axes  a r e  a d j u s t e d  
r e l a t i v e  to each  o t h e r  so t h a t  the  t h i cknes s  ax i s  a t  
t he  top  of the  f igure  is for  bo th  the  Si  and  Ge  da ta .  
Th ickness  is o b t a i n e d  f r o m  A us ing  Eq. ( I )  and  the  
va lues  of t h e  coefficients g iven  in T a b l e  II. R e p e a t -  
ing the  m e a s u r e m e n t s  s e v e r a l  t i m e s  on each  m i r r o r  
e s t a b l i s h e d  t h e i r  r e p r o d u c i b i l i t y ,  and  the  r e su l t s  of 
r e p r e s e n t a t i v e  e x p e r i m e n t s  a r e  p lo t t ed .  T h e  l i nea r  
p a r t s  of t he  cu rves  ( t>15000  see)  h a v e  s lopes  of 
6 . 8 A / d e c a d e  (S i )  and  8 . 1 A / d e c a d e  (Ge )  w h i c h  
va lue s  w e r e  r e p r o d u c i b l e  to a b o u t  -----2% f rom e x -  
p e r i m e n t  to e x p e r i m e n t .  

A r e p r o d u c i b l e  d e c r e a s e  in  t he  t h i cknes s  of t h e  r e -  
g r o w n  fi lms on bo th  Si  and  Ge a c c o m p a n i e s  r i n s ing  
in  ace tone ,  e ther ,  benzene ,  hexane ,  and  pen t ane .  The  
l a t t e r  t w o  subs t ances  cause  t he  s m a l l e s t  effect.  Fig .  3 
shows  a f i lm g r o w t h  c u r v e  for  Ge and  t h e  effect of 
r inses  in  ace tone  and  benzene .  The  changes  in  ~ fo l -  
l owing  the  r inses  a r e  also p lo t ted ,  t a k i n g  as the  zero 

FIL~ VH*CKnESS 

io, ~ 12, ,4, le, is, ~o, z~, ~4, 26 ze ~ i  

s, - \  

- ee  

io4 

..... ,?~. ,?,- ,e4, 

17B �9 i~ r ,  1~6- 
~ ( s H  

Fig. 5. Data of Fig. 2 plotted against t -b to; to(Si)= 1500 
sec, to(Ge) ~ 4500 sec. 

of t i m e  the  i n s t a n t  of r e m o v a l  f r o m  the  o rgan ic  l i q -  
uid.  The  d a t a  fo l lowing  the  be nz e ne  a n d  ace tone  
r inses  a r e  co l inea r  and  t h e  s lope  dec reases  w i t h  
t ime .  

The  m e a s u r e m e n t  of each  po in t  on  t h e  f i lm 
g r o w t h  c u r v e  a t  two  ang les  of i nc idence  y i e l d e d  the  
p lo ts  of ~ (~ = 61.26 ~ ) vs. A (~ = 70~ Fig.  4. Eq. 
( I )  p r ed i c t s  t h e  s lope  of t he se  curves ,  a ( 6 1 . 2 6 ~  
~ ( 7 0 ~  so t h a t  c o m p a r i s o n  of e x p e r i m e n t  and  
t h e o r y  se rves  to  check  t h e  v a l i d i t y  of Eq. ( I ) .  F o r  
Ge the  d a t a  a r e  f a i r l y  e x t e n s i v e  and  t h e  a g r e e m e n t  
of t h e o r y  a n d  e x p e r i m e n t  is good. The  s lope  of t he  
Ge c u r v e  is 0.571 and,  f r o m  T a b l e  II ,  t h e  c a l c u l a t e d  
v a l u e  is 0.558. The  bes t  s t r a i g h t  l ine  t h r o u g h  the  Si  
Doints has  a s lope  of 0.40 w h e r e a s  the  c a l c u l a t e d  
s lope  is 0.430. T h e r e  is no t  enough  d a t a  to m a k e  
th is  d i f fe rence  ce r ta in ,  and  t h e  l ine  for  Si  is d r a w n  
to a g r e e  w i t h  t heo ry .  The  fit is r e a s o n a b l y  good. A 
f u r t h e r  a g r e e m e n t  w i t h  t h e o r y  is o b t a i n e d  f r o m  the  
e o l i n e a r i t y  w i t h  t h e  e x p e r i m e n t a l  d a t a  of t h e  ca l -  

c u l a t e d  c lean  su r f ace  po in t s  ~ (61.26~ ~ (70~  
The  d i s p l a c e m e n t  of  th is  po in t  f r o m  the  e x p e r i -  
m e n t a l  c u r v e  for  Ge  is w i t h i n  i ts  l im i t s  of u n c e r -  
t a in ty .  

The  v a r i a t i o n  of ~I, is so s m a l l  t h a t  no u se fu l  i n -  
f o r m a t i o n  was  f o r t h c o m i n g  f r o m  i ts  m e a s u r e m e n t .  
H o w e v e r ,  t he  m a g n i t u d e s  of t h e  changes  o b s e r v e d  
a re  in  a g r e e m e n t  w i t h  t h a t  p r e d i c t e d  b y  Eq. ( I I ) .  

Discussion 
The  f i lm g r o w t h  d a t a  accord  r e a s o n a b l y  w e l l  w i t h  

t he  E lov ich  (4)  e q u a t i o n  

d L / d t  = A exp  ( - -BL}  (V)  

which ,  i n t e g r a t e d ,  has  t h e  f o r m  

L = a Jr b log ( t  -k to) (VI )  

Va lues  for  to a re  e s t i m a t e d  f r o m  Fig.  2 and  the  d a t a  
a r e  r e - p l o t t e d  in Fig .  5 as • vs. ( t  § to). The  e q u a -  
t ions  for  these  cu rves  a r e  
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Si: L ~ --9.74 + 6.86 log (t  + 1500) (VII)  

Ge: L ~ --17.2 + 9.05 log (t  + 4500) (VII I )  

F r o m  these re la t ionsh ips  are ob ta ined  the va lues  
12.1A and  15.8A for film th ickness  at zero t ime  for 
Si and  Ge, respect ively .  F r o m  the  u n c e r t a i n t i e s  
g iven  for the coefficients of Eq. (I)  in  Table  II, the  
u n c e r t a i n t y  in  ca lcula ted  absolute  th ickness  va lues  
is ----_2A for Si and  •  for Ge, and  the  u n c e r t a i n t y  
in  the r e l a t ive  va lues  is •  

The changes  in th ickness  a c c o m p a n y i n g  the or-  
ganic  l iqu id  r inses  m a y  resu l t  f rom the  r e m o v a l  of a 
s lowly  g rowing  "grease"  film. D e p e n d i n g  on the  r e -  
f rac t ive  index  of such a film, curve  2 of Fig. 3 gives 
a g rowth  ra te  of 1 -2A/decade  b e t w e e n  10 ~ and  l0  s 
sec wi th  a to ta l  th ickness  of 3 -4A af ter  24 hr  in  air. 
Other  exp lana t ions  of the  effect are possible, and  the  
grease film hypothes is  wi l l  no t  be f u r t h e r  discussed. 

These resul t s  can be compared  wi th  those of 
Green  and  Kafa las  (5) on the  ox ida t ion  of a tomic-  
a l ly  c lean  Si and  Ge. They  m e a s u r e d  oxygen  u p t a k e  
at r e l a t ive ly  low pressures  and  repor ted  l oga r i t h -  
mic ra tes  abou t  an  order  of m a g n i t u d e  smal le r  t h a n  
ob ta ined  here.  The difference in  ra tes  m a y  be due to 
a difference in mechan i sm.  In  the  p re sen t  case, the  

p h e n o m e n o n  observed  is p r o b a b l y  the  g rowth  of a 
nuc lea ted  oxide film acce lera ted  by  the r e l a t i ve ly  
h igh humid i ty ,  whereas  the da ta  of G r e e n  a nd  K a f -  
alas measu re  oxygen  chemisorpt ion .  The differences 
should  be resolved by  f u t u r e  e xpe r i me n t s  w i th  the 
e l l ipsometer  u n d e r  cont ro l led  surface  and  a m b i e n t  
condi t ions.  

Manuscript  received Apri l  26, 1957. This paper  was 
prepared for del ivery before the Washington Meeting, 
May 12-16, 1957. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 
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Electrical Conductivity of Molten Fluorides 
I. Apparatus and Method 

Ernest W. Yim and Morris Feinleib 

Chemical Research Department, Kaiser Aluminum & Chemical Corporation, Permanente, California 

ABSTRACT 

A method and apparatus have been developed for de termining  the electrical 
conductivi ty of cryolite-base melts and other fluorides. Hot-pressed boron 
ni tr ide was used to fabricate high-resistance cells with constants ranging  from 
17 to 39 cm -1. Such cells must  be used under  an inert  atmosphere, and correc- 
t ion must  be made for the conductance of the cell body proper. A furnace and 
apparatus for accomplishing these objectives are described. An a-c Wheatstone 
bridge is used for measurements .  In  spite of the fact that  Inconel  electrodes 
were employed, resistance values were found to be independent  of f requency 
above 1000 cycles. 

The m a n y  a t t empt s  to measu re  the  conduc t iv i ty  
of c ryo l i t e -base  mel t s  and  the i m p o r t a n c e  of these  
m e a s u r e m e n t s  have  been  s u m m a r i z e d  by  Edwards ,  
et al. (1). They  poin t  out the  wide  d i sc repancy  in  
the conduc tance  resul ts  coming  out  of var ious  l a b -  
oratories.  

The m a j o r  difficulty in  d e t e r m i n i n g  conduct iv i t i es  
of fused fluorides is to find a su i t ab le  conduc tance  
cell mater ia l .  I t  should not  be  a t t acked  by  the  
melts ,  should be an e lect r ical  i n su la to r  at t e m p e r a -  
tu res  of the  order  of 1000~ and  should  have  d i -  
mens iona l  s tab i l i ty  at  those t empera tu re s .  Un t i l  r e -  
cent ly ,  no such m a t e r i a l  was  avai lable .  Accord ingly ,  
mos t  inves t iga tors  s ides tepped the  p r o b l e m  by  us ing  
P t  cells (1).  Such cells have  a ve ry  low res is tance,  
and  electrode po la r iza t ion  becomes a ma jo r  p rob lem.  

Other  difficulties wi th  this  type  of cell are  the  lack 
of d imens iona l  s tab i l i ty  a t  h igh  t empera tu re s ,  a n d  
the  fact tha t  the  electrodes m a y  no longer  be  s t r ic t ly  
equ ipo ten t i a l  surfaces.  

C u t hbe r t son  a nd  W a d d i n g t o n  (2) a t t e mp t e d  to get 
away  f rom the l imi ta t ions  of the  P t  cell by  us ing  
a magnes i a  tube.  However ,  magnes i a  is a t t acked  by  
cryol i te  r a the r  rapid ly ,  and  therefore  r ep roduc ib i l i t y  
was l imited.  A s imi la r  a t t e m p t  wi th  a qua r t z  cell 
was no t  successful  (1) .  

Lately ,  e lectrolysis  of fused fluorides has been  
appl ied  to severa l  n e w  fields. Yet a recen t  exhaus -  
t ive  compi la t ion  of da ta  on a lka l i  ha l ide  sys tems (3) 
shows a conspicuous  lack of da ta  on f luorides due  to 
the  absence  of a su i t ab le  m e a s u r i n g  tool. Whi le  the 
p re sen t  work  is concerned  p r i m a r i l y  w i th  sys tems of 
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Fig. 1. Boron nitride conductivity cell with grophite jacket 

i n t e r e s t  to the  a l u m i n u m  i n d u s t r y ,  t he  m e t h o d  a n d  
a p p a r a t u s  d e s c r i b e d  a r e  a p p l i c a b l e  to  m e a s u r e m e n t s  
of e l ec t r i ca l  c o n d u c t a n c e  in  m a n y  fused  f luorides .  

Conductivity Cell and Electrodes 
A f t e r  e x a m i n i n g  a g r e a t  n u m b e r  of  s t a n d a r d  and  

spec ia l  m a t e r i a l s ,  i t  w a s  dec ided  t h a t  h o t - p r e s s e d  
BN was  the  mos t  p r o m i s i n g  r e f r a c t o r y  for  a con-  
d u c t a n c e  cell .  L a b o r a t o r y  tes ts  i n d i c a t e  t h a t  th i s  
m a t e r i a l  is no t  a t t a c k e d  b y  m o l t e n  c ryo l i t e ,  and  t h a t  
i t  is r e a d i l y  d r i l l e d  a n d  m a c h i n e d .  

The  p r o p e r t i e s  of h o t - p r e s s e d  BN h a v e  been  d e -  
s c r ibed  (4) .  I ts  e l e c t r i c a l  r e s i s t i v i t y  has  been  r e -  
p o r t e d  to b e  3.1 x 10 ~ o h m - c m  a t  1000~ This  
v a l u e  is suff ic ient ly  h i g h  so t h a t  t h e  c o n d u c t a n c e  of 
a BN ce l l  cou ld  be  n e g l e c t e d  in  c o m p a r i s o n  to t h a t  
of mos t  fu sed  salts .  H o w e v e r ,  even  h o t - p r e s s e d  BN 
bodies  h a v e  some p o r o s i t y  and,  the re fo re ,  b e c o m e  

? 

= i 

Fig. 2. Cell assembly in melt. A, top electrode; B, boron 
nitride cell; (2, Inconel carriage and bottom electrode; D, bot- 
tom electrode leads, and supports; E, cell positioning studs; F, 
thermocouple tube; G, graphite crucible; H, melt level. 

i m p r e g n a t e d  w i t h  m e l t s  g r a d u a l l y .  As  a resu l t ,  the  
c o n d u c t a n c e  of t he  cel l  b o d y  becomes  a p p r e c i a b l e  
and  needs  to be  t a k e n  in to  account .  This  was  
a c h i e v e d  b y  l o w e r i n g  the  cel l  a s s e m b l y  in to  t he  m e l t  
u n d e r  i n v e s t i g a t i o n  and  m e a s u r i n g  t h e  c o m b i n e d  
c o n d u c t a n c e  of t he  e l e c t r o l y t e  and  cel l  body ,  t hen  
l i f t i ng  the  cel l  ou t  of t h e  m e l t  and  d e t e r m i n i n g  the  
" e m p t y  cel l  conduc t ance" .  

In  t he  f inal  des ign ,  t h e  BN ce l l  was  s u r r o u n d e d  
by  a g r a p h i t e  j acke t .  This  j a c k e t  s e r v e d  a d u a l  
p u r p o s e :  (a )  i t  r e t a r d e d  the  r a t e  of m e l t  p e n e t r a -  
t ion  and,  t he re fo re ,  d e c r e a s e d  t h e  m a g n i t u d e  of the  
e m p t y  cel l  co r rec t ion ;  and  (b )  in  a g r a p h i t e - j a c k e t -  
ed cell ,  the  p a t h s  of  flow of c u r r e n t  t h r o u g h  i m -  
p r e g n a t e d  cel l  w a l l s  a r e  a l m o s t  the  s a m e  w h e t h e r  
the  cel l  is i m m e r s e d  in a m e l t  or  ou t  of t he  me l t ,  so 
t h a t  a r e p r e s e n t a t i v e  e m p t y  cel l  co r r ec t i on  can  be  
m e a s u r e d .  

B o r o n  n i t r i d e  is n o r m a l l y  h o t - p r e s s e d  ins ide  a 
g r a p h i t e  mold .  S o m e  of t h e  cel ls  w e r e  m a c h i n e d  
f rom 1 in. BN c y l i n d e r s  w h i c h  h a d  been  le f t  ins ide  
t h e i r  o r ig ina l  3 in. mold .  Boron  n i t r i d e  has  a r a d i a l  
coefficient  of e x p a n s i o n  ( p e r p e n d i c u l a r  to p r e s s i n g  
d i r e c t i o n ) ,  w h i c h  is m u c h  s m a l l e r  t h a n  t h a t  of 
g r a p h i t e  ( 4 ) ;  t he re fo re ,  in a co ld  cell ,  t he  g r a p h i t e  
is u n d e r  c o n s i d e r a b l e  t ens i l e  s t ress ,  and  the  a s s e m b l y  
m u s t  be  m a c h i n e d  ca re fu l ly .  

F o r  p r e s s i n g  11/2 in. BN cy l inde r s ,  a 5 in. g r a p h i t e  
m o l d  is needed .  W h e n  a t t e m p t i n g  to m a c h i n e  th is  
g r a p h i t e  d o w n  to 3 in., as r e q u i r e d  b y  f u r n a c e  size 
l imi t a t ions ,  i t  was  imposs ib l e  to avo id  c r a c k i n g  t h e  
g raph i t e .  As  an  a l t e r n a t i v e ,  a g r a p h i t e  s l eeve  was  
m a c h i n e d  s e p a r a t e l y  a n d  t h e n  s l i p p e d  o v e r  an  u n -  
j a c k e t e d  BN c y l i n d e r  to m a k e  a t i g h t - f i t t i n g  j acke t .  

A t y p i c a l  cel l  w i t h  m a t c h i n g  top  e l ec t rode  is 
s h o w n  in Fig.  1. The  r easons  for  i ts  p a r t i c u l a r  shape  
w i l l  b e c o m e  a p p a r e n t  d u r i n g  the  d i scuss ion  of the  
o p e r a t i n g  p roc e du re .  A l t e r n a t e  des igns  w e r e  also 
used  successfu l ly .  Fig .  2 shows  the  cel l  a n d  e lec-  
t r o d e  a s s e m b l y  i m m e r s e d  in me l t .  

T h e  top  e l e c t r o d e  was  m a d e  of Inconel .  The  cel l  
r e s t e d  on an  Inc one l  c a r r i a g e  w h i c h  also c o n s t i t u t e d  
the  b o t t o m  e l e c t r o d e  (Fig .  2) .  P l a t i n u m  e l ec t rodes  
w e r e  used  in i t i a l l y ,  b u t  i t  was  soon f o u n d  t h a t  BN 
reac t s  w i t h  P t  a t  abou t  1000~ th is  e m b r i t t l e s  t he  
P t  a n d  causes  e ros ion  of t he  BN;  also t h e  P t  s t i cks  
to t he  BN a f t e r  p r o l o n g e d  contact .  The  use  of I n -  
cone l  was  m a d e  pos s ib l e  b y  t h e  fac t  t ha t  a r e l a t i v e l y  
h i g h - c o n s t a n t  ce l l  was  a v a i l a b l e  a n d  t h a t  t h e  p o l a r i -  
za t ion  of Incone l  was  t h e r e f o r e  of a t o l e r a b l e  o r d e r  
of  m a g n i t u d e .  Incone l  h a d  the  a d v a n t a g e s  of  r e l a -  
t i v e l y  good s t r e n g t h  and  d i m e n s i o n a l  s t a b i l i t y  at  
t he  t e m p e r a t u r e s  of t he  e x p e r i m e n t s .  

Mos t  of t he  d i m e n s i o n s  g iven  in  Fig .  1 a r e  t yp ica l ,  
b u t  b y  no m e a n s  cr i t ica l .  The  e l e c t r o l y t e  p a t h  con-  
s i s ted  of a n o m i n a l  3 /16 in. D. hole ;  i t s  a c t u a l  bo re  
and  l e n g t h  w e r e  c a r e f u l l y  m e a s u r e d  for  each  cell.  
The  3/16 in. d i m e n s i o n  was  a c o m p r o m i s e ;  t he  
s m a l l e r  t he  bore ,  t he  h i g h e r  t h e  r e s i s t a nc e  of the  
e l e c t ro ly t i c  p a t h  and,  t he re fo re ,  t he  s m a l l e r  t he  
r e l a t i v e  effect  of e l e c t r o d e  po la r i za t ion .  On the  o t h e r  
hand ,  in  s m a l l e r  bores ,  gas b u b b l e s  t e n d  to b e c o m e  
t r a p p e d  w h e n  the  cel l  is l o w e r e d  into  a me l t ,  and  
the  effect  of cel l  c o n t a m i n a t i o n  b y  p r e v i o u s l y  used  
m e l t s  m a y  b e c o m e  ser ious .  I n  th is  connec t ion ,  t he  



624 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  October 1957 

Fig. 3. Furnace and cell assembly ready for a conductivity 
determination. 1, Furnace shell; 2, O-ring (Neoprene); 3, fur- 
nace cover; 4, top insulator; 5, carriage and bottom electrode; 
6, bottom electrode leads; 7, cell; 8, top electrode; 9, thermo- 
couple protection tube; 10, Condulets; 1 1, clamping block; 
12, lifting rig for furnace cover; 13, counterweight for fur- 
nace cover; 14, furnace cover guide rods; 15, fan. 

holes  t h r o u g h  the  b o t t o m  p a r t  of  t he  top  e l e c t r o d e  
a r e  d e s i g n e d  to f a c i l i t a t e  t h e  escape  of  gas  b u b b l e s  
f r o m  t h e  cel l  bo re  as i t  is be ing  i m m e r s e d ,  and  to 
h a s t e n  d r a i n a g e  as t he  c a r r i a g e  is b e i n g  l i f t ed  out  
of t h e  fused  sal t .  

P r e c a u t i o n s  a r e  n e e d e d  a g a i n s t  t he  t e n d e n c y  of 
m e l t s  to c reep  and  thus  p r o v i d e  an  e x t r a  p a t h  b e -  
t w e e n  top  e l ec t rode  a n d  g r a p h i t e  j acke t .  This  is 
m i n i m i z e d  b y  t a p e r i n g  bo th  t he  g r a p h i t e  and  the  
BN, a n d  b y  de s ign ing  the  cel l  so t h a t  t h e  m e l t  l eve l  
s t ays  3/4 in. b e l o w  the  top  of t h e  BN. 

Furnace 
Boron  n i t r i d e  is ox id i zed  a t  an  excess ive  r a t e  a t  

a b o u t  1000~ as is g r aph i t e .  The re fo re ,  i t  was  
n e c e s s a r y  to m a k e  the  c o n d u c t i v i t y  m e a s u r e m e n t s  
in  an  i n e r t  a t m o s p h e r e .  

A spec ia l  f u r n a c e  was  bu i l t  (Fig .  3) for  t a k i n g  
r e s i s t ance  r e a d i n g s  in  or  out  of mel t s .  I t  consis ts  
e s s e n t i a l l y  of a f langed  can,  1, a n d  a m a t c h i n g  cover ,  
3, bu i l t  suff ic ient ly  s t rong  to s t a n d  vacuum.  T h r o u g h  
the  bo t tom,  connec t ions  w e r e  m a d e  to a v a c u u m  
p u m p  and  to an  a r g o n  t ank .  T h e  f u r n a c e  e l e m e n t  
cons i s ted  of h e a v y  N i c h r o m e  V w i r e  ( # 1  or  # 2  
g a u g e ) :  t h e  ends  of t he  w i r e  w e r e  w e l d e d  to 1/2 in. 
I neone l  rods,  w h i c h  also came  ou t  t h r o u g h  the  b o t -  
tom.  To i n s u r e  a v a c u u m - t i g h t  fit w h e r e  t he  e l e m e n t  
is b r o u g h t  in, " C o n d u l e t s "  ( w a t e r p r o o f  e l e c t r i c a l  
condu i t  f i t t ings)  w e r e  u sed  in  connec t ion  w i t h  spe -  
c ia l ly  f a b r i c a t e d  Te f lon  c o m p r e s s i o n  g rommet s .  The  
con t ro l  t h e r m o c o u p l e  was  also b r o u g h t  in t h r o u g h  a 
C o n d u l e t  p r o v i d e d  w i t h  a r u b b e r  s topper .  S ince  the  
h e a t  g e n e r a t e d  in  t h e  f u r n a c e  is n o r m a l l y  sufficient  
to cause  p la s t i c  d e f o r m a t i o n  of  t he  sea l ing  g r o m m e t s  
a n d  s t o p p e r s  ( w i t h  r e s u l t i n g  loss of v a c u u m ) ,  t he se  
connec t ions  w e r e  w a t e r - c o o l e d  t h r o u g h  loops  of Cu 
t u b i n g  s o l d e r e d  to t he  ou t s ide  of t he  f i t t ings.  

The  cover ,  3, cons i s ted  of a c e n t r a l  r ecessed  p o r -  
t ion  a n d  a m a c h i n e d  f lange to m a t c h  t h a t  of t he  
fu rnace .  T h e r m a l  insu la t ion ,  4, f i l led the  c e n t r a l  
p o r t i o n  and  p r o j e c t e d  b e l o w  t h e  f lange;  i t  w a s  s u p -  

p o r t e d  b y  Incone l  s t r ips  b o l t e d  to the  u n d e r s i d e  of 
the  cover  and  w a s  t h e r e f o r e  r e a d i l y  r e p l a c e a b l e .  

The  c o n d u c t i v i t y  cel l  e l e c t r o d e  l eads  a n d  an  I n -  
conel  t h e r m o c o u p l e  p r o t e c t i o n  t u b e  w e r e  l ed  in  
t h r o u g h  the  f u r n a c e  cover ;  Condule t s ,  10, w i t h  r u b -  
b e r  g r o m m e t s  w e r e  used  to ach ieve  a v a c u u m - t i g h t  
sea l  and  to p e r m i t  v e r t i c a l  m o t i o n  of  t he  cel l  and  
e l e c t r o d e  a s sembly .  Aga in ,  t h e r e  w a s  t h e  p r o b l e m  
of k e e p i n g  h e a t  a w a y  f r o m  the  r u b b e r  g rommet s .  
The  use of Teflon g r o m m e t s  w i t h  m o v a b l e  rods  was  
no t  s a t i s f a c t o r y  f r o m  the  sea l ing  s t a n d p o i n t .  The  
diff icul t ies  w e r e  o v e r c o m e  b y  a c o m b i n a t i o n  of the  
fo l lowing  s teps :  ( a )  t h e  cover  w a s  d e s i g n e d  w i t h  
the  r eces sed  c e n t r a l  p o r t i o n  to r e m o v e  the  s ea l i ng  
f i t t ings  f rom the  ho t  zone of t he  f u r n a c e ;  (b)  t h e  
Incone l  rods  w e r e  k e p t  d o w n  to % in. in  o r d e r  to 
dec rea se  hea t  conduc t i on  a long  the  m e t a l ;  th is  is 
also t he  r e a s o n  for  r e d u c i n g  the  d i a m e t e r  of  t he  t op  
e lec t rode ,  as s h o w n  in Fig .  1; t he  3/s in. d i m e n s i o n  
was  a c o m p r o m i s e :  w i t h  a s m a l l e r  cross  sect ion,  t he  
e l e c t r i c a l  r e s i s t ance  of t he  Incone l  w o u l d  become  
a p p r e c i a b l e  in  c o m p a r i s o n  to t ha t  of t he  cell ,  a n d  
t h e  m e c h a n i c a l  s t a b i l i t y  of t he  a s s e m b l y  a t  h igh  
t e m p e r a t u r e s  w o u l d  no t  b e  s a t i s f ac to ry ;  and  (c) a 
fan,  15, cooled the  f u r n a c e  cover  d u r i n g  runs .  

Electrical Circuit 
F o r  m a n y  m e a s u r e m e n t s ,  a s e l f - c o n t a i n e d  con-  

d u c t i v i t y  b r i d g e  was  u sed  (Mode l  RC-16 ,  I n d u s t r i a l  
I n s t r u m e n t s  Inc . ) .  This  b r i d g e  is n o r m a l l y  a c c u r a t e  
to 1% of i ts  r ead ing ,  b u t  i ts  l o w e r  r e c o m m e n d e d  
l imi t  of m e a s u r e m e n t  is 0.2 ohm. i n  t he  case  of 
h i g h l y  c o n d u c t i v e  mel t s ,  ce l l  r e s i s t ances  w e r e  of t he  
o r d e r  of 3 to 6 ohms  and,  t he re fo re ,  th i s  a c c u r a c y  
was  no l onge r  adequa t e .  A c c o r d i n g l y ,  t he  c i rcu i t  
s h o w n  in Fig .  4 was  used  in  such cases. A n o t h e r  
r eason  for  us ing  the  l a t t e r  c i r cu i t  was  to d e t e r m i n e  
the  effects of a - c  f r e q u e n c y  on the  r ead ings .  By  
us ing  4 p r ec i s i on  r e s i s to r s  ( G e n e r a l  Radio ,  one  
1~, two  10n, and  one 10012), t he  scale  f ac to r  for  t he  
d e c a d e  box  could  be  v a r i e d  f r o m  0.01 to 100. In  th i s  
p a r t i c u l a r  c i rcui t ,  in  v i e w  of o t h e r  e x p e r i m e n t a l  
l imi t a t ions ,  t h e  osc i l loscope  nu l l  d e t e c t o r  w a s  suffi- 
c i en t l y  sens i t ive  (+--0.5%) so t h a t  i t  w a s  no t  neces -  
s a r y  to use  a v a r i a b l e  c a p a c i t o r  in  o r d e r  to i n c r e a s e  
t he  sha rpnes s  of  t he  nu l l  point .  I t  was  d e t e r m i n e d  
t h a t  r e s i s t ance  r e a d i n g s  d id  no t  v a r y  a p p r e c i a b l y  
b e t w e e n  1,000 a n d  20,000 cycles ;  acco rd ing ly ,  a 
2 ,000-cycle  o sc i l l a to r  se t t ing  was  n o r m a l l y  used.  

The  to t a l  l e ad  res i s t ance ,  i n c l u d i n g  the  Incone l  
rods,  was  less t h a n  0.04 ohm. A b l a n k e t  v a l u e  of  
0.04~ was  s u b t r a c t e d  f r o m  a l l  r e s i s t ance  r ead ings .  

A 

v 

R I AND N 2 ARE PLUG*IN RATIO ARM8 
U8UALLY R 1 : I0 OR I004"~- t R 2 : 1.4"1. 

Fig. 4. Electrical circuit for conductivity measurements 
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This  n e v e r  a m o u n t e d  to m o r e  t h a n  a 1% cor rec t ion ;  
i ts v a r i a t i o n  w i t h  t e m p e r a t u r e  is e n t i r e l y  neg l ig ib le .  

Ca re  h a d  to be  t a k e n  to e l i m i n a t e  a n y  u n i n t e n -  
t iona l  g r o u n d i n g  of the  c o n d u c t i v i t y  cell .  This  was  
e spec i a l l y  t r ue  w h e n  us ing  the  RC-16  b r idge ,  w h i c h  
a l r e a d y  has  an  i n t e r n a l  g r o u n d  connect ion .  A l o w -  
r e s i s t ance  p a t h  to t h e  g r o u n d e d  f u r n a c e  she l l  can  
ex is t  a t  h igh  t e m p e r a t u r e s  b y  w a y  of the  c r u c i b l e  
con t a in ing  the  m e l t  a n d  the  i n su l a t i on  w h i c h  b e -  
comes  i m p r e g n a t e d  w i t h  f luorides .  I t  becomes ,  
the re fo re ,  n e c e s s a r y  to change  the  i n su l a t i on  at  
t imes .  S i m i l a r l y ,  the  top  i n s u l a t o r  (4, Fig.  3) m a y  
p r o v i d e  an  e l ec t r i ca l  p a t h  b e t w e e n  top  and  b o t t o m  
e l e c t r o d e  l eads  w h e n  i t  becomes  i m p r e g n a t e d  w i t h  
sa l t  vapors .  F i n a l l y ,  the  a.c. going  t h r o u g h  the  f u r -  
nace  e l e m e n t  i n t e r f e r e s  w i t h  t he  b a l a n c i n g  of t he  
c o n d u c t i v i t y  b r i dge ;  t he re fo re ,  r e a d i n g s  w e r e  n o r -  
m a l l y  t a k e n  d u r i n g  t h e  of f -cyc le  of  t he  f u r n a c e  con-  
t ro l l e r .  

Experimental Procedure 
(a) Setting up a determination.--Fig.  2 a n d  3 

show the  w a y  the  cel l  a n d  e l ec t rodes  a r e  a s s e m b l e d  
p r i o r  to m a k i n g  a d e t e r m i n a t i o n .  I t  is e s sen t i a l  to  
p ress  t he  top  e l ec t rode  d o w n  f i rmly  aga in s t  t he  cell ,  
and  to lock  i t  to t he  c a r r i a g e  a n d  b o t t o m  e l ec t rode  
l eads  b y  m e a n s  of a B a k e l i t e  c l a m p i n g  b lock ,  11, 
p r o v i d e d  w i t h  t h u m b s c r e w s .  This  p r e v e n t s  a n y  m o -  
t ion  of t h e  top  e l ec t rode  r e l a t i v e  to t h e  cel l  w h e n  
the  a s s e m b l y  is r a i s ed  or  l o w e r e d  ins ide  the  fu rnace .  
The  Incone l  t h e r m o c o u p l e  p r o t e c t i o n  tube ,  9 ( w h i c h  
has  been  t e s t ed  for  t i gh tnes s  to v a c u u m )  is l o w e r e d  
aga ins t  t he  c a r r i a g e  and,  t he re fo re ,  t he  t h e r m o c o u p l e  
i nd i ca t e s  the  t e m p e r a t u r e  of t h e  b o t t o m  e l e c t r o d e  
at  a l l  t imes .  

A f t e r  m a k i n g  sure  t ha t  t h e  g r a p h i t e  c ruc ib l e  con-  
t a i n ing  the  b a t h  is p r o p e r l y  c e n t e r e d  u n d e r  t he  c a r -  
r iage ,  t he  f u r n a c e  cover  is l owered ,  a n d  the  c h a m b e r  
is p u m p e d  d o w n  to a p p r o x i m a t e l y  200~. The  f u r -  
nace  is t h e n  f lushed w i t h  a r g o n  a n d  h e a t e d  to 300~ 
w h i l e  a g a i n  p r imp ing  to 200~ or  less. A f t e r  re f i l l ing  
the  f u r n a c e  w i t h  a rgon ,  the  t e m p e r a t u r e  is r a i s e d  to 
600~ the  f u r n a c e  is p u m p e d  to 100 ram,  and  a rgon  
is aga in  a d m i t t e d  u n t i l  t h e  p r e s s u r e  r eaches  a b o u t  
600 ram.  F i n a l l y  t he  t e m p e r a t u r e  is r a i s ed  to t he  
d e s i r e d  level .  The  a r g o n  p r e s s u r e  ins ide  t h e  f u r -  
nace  is k e p t  s l i gh t ly  b e l o w  a t m o s p h e r i c  in  o r d e r  to 
m a k e  su re  t h a t  t he  cover  is p r o p e r l y  sea t ed  at  a l l  
t imes .  The  p r o p e r  p o s i t i o n i n g  of t h e  top  e l e c t r o d e  
is a g a i n  t e s t ed  b y  loosen ing  the  c l a m p i n g  b lock ,  11, 
p u s h i n g  the  top  e l e c t r o d e  down,  a n d  r e t i g h t e n i n g  
the  t h u m b s c r e w s .  

(b) Determination of cell resistance.--When t he  
b a t h  ins ide  the  f u r n a c e  is mol t en ,  t he  cel l  a s s e m b l y  
is s l owly  l o w e r e d  in to  t he  mel t .  A n  o h m m e t e r  is 
connec t ed  across  t he  e l e c t r o d e  l eads ;  a sha rp  j u m p  
of t he  o h m m e t e r  p o i n t e r  i nd i ca t e s  t h a t  t h e  top  e lec -  
t r o d e  has  b e c o m e  i m m e r s e d  into  the  mel t .  I t  is i m -  
p o r t a n t  no t  to l o w e r  t he  cel l  too fast ,  s ince  l i qu id  
m a y  r i se  f a s t e r  on t h e  ou t s ide  of the  cel l  t h a n  in t he  
s m a l l  c e n t r a l  ho le  and  a c t u a l l y  flow ove r  t he  top  
of the  BN. This  wi l l  c r e a t e  a p a r a l l e l  p a t h  t h r o u g h  
a f i lm of sa l t  w h i c h  d r a i n s  on ly  g r a d u a l l y  and  m a k e s  
i t  e x t r e m e l y  diff icult  to d e t e r m i n e  t h e  t r u e  cel l  
res i s tance .  
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A f t e r  the  cel l  has  been  l o w e r e d  the  first  t ime,  t he  
o h m m e t e r  is r e m o v e d ,  and  e i t he r  t h e  RC-16  c o n d u c -  
t i v i t y  b r i d g e  o r  t he  decade  b r i d g e  and  v a r i a b l e  f r e -  
q u e n c y  source  a r e  connec t ed  to the  e l e c t r o d e  leads.  
A r e a d i n g  of r e s i s t ance  a n d  t e m p e r a t u r e  is t aken .  
A n  a d j u s t a b l e  p o i n t e r  is l ined  up  w i t h  a r e f e r e n c e  
m a r k  on the  e l e c t r o d e  l e a d  rods  to  i n d i c a t e  h o w  f a r  
t he  c a r r i a g e  shou ld  be  l o w e r e d  d u r i n g  s u b s e q u e n t  
immers ions .  The  c a r r i a g e  is t h e n  ra i sed ,  a l l o w e d  
to d ra in ,  and  r e i m m e r s e d .  If  t he  second  r e s i s t ance  
r e a d i n g  a p p r o x i m a t e s  the  first  one  and  is s t eady ,  i t  
m e a n s  t ha t  the  a s s e m b l y  has  been  l o w e r e d  to the  
co r rec t  level .  I t  is n e c e s s a r y  to l o w e r  a n d  r a i s e  t he  
cel l  two  or  t h r e e  t imes  (a)  to m a k e  su re  t h a t  no 
gas  b u b b l e s  a r e  t r a p p e d  in  t he  bo re  of t he  cell ,  and  
(b)  to r inse  off a n y  r e s i d u e  of m e l t  f r om a p r e v i o u s  
run .  Such  r e s idues  r a r e l y  a m o u n t  to m o r e  t h a n  0.1 
g, and  u s u a l l y  less t h a n  tha t .  A f t e r  a b o u t  two  i m -  
mers ions ,  the  effect of such  r e s idues  is e n t i r e l y  
neg l ig ib le .  

A t  th is  point ,  i n i t i a l  ce l l  r e s i s t ance  r e a d i n g s  a r e  
t a k e n  for  the  r ecord .  U s u a l l y  t he  i m m e r s e d  cel l  
r e s i s t a nc e  shows  v e r y  l i t t l e  v a r i a t i o n  a t  a g iven  
t e m p e r a t u r e .  N o r m a l l y ,  a b o u t  3-5 success ive  r e a d -  
ings  at  a g iven  t e m p e r a t u r e  a r e  t a k e n  ove r  a p e r i o d  
of 5-10 min.  

The  cel l  is t hen  r a i s ed  and  t h e  e m p t y  cel l  r e -  
s i s t ance  is m e a s u r e d  e v e r y  m i n u t e  for  a b o u t  3-4 
min.  This  r e s i s t a nc e  d r i f t s  for  s e v e r a l  r easons :  
[1 ] A t  first, t he  l i qu id  f i lm on the  w a l l s  of t h e  cel l  
bo re  w i l l  be  d r a i n i n g .  [2]  A f t e r  a whi le ,  some  l iqu id  
i m p r e g n a t i n g  t h e  cel l  b o d y  ( a n d  which ,  t he re fo re ,  
p r o p e r l y  c o n t r i b u t e s  to the  e m p t y  cel l  r e s i s t ance  
v a l u e )  w i l l  a lso s t a r t  to d ra in .  [3]  The  cel l  is m o r e  
r e spons ive  to t e m p e r a t u r e  f luc tua t ions  w h e n  ou t  of 
t h e  b a t h  s ince  t he  t h e r m a l  mass  is sma l l e r .  

I t  is u s u a l l y  f o u n d  t ha t  the  r a t e  of i n c r e a s e  of 
e m p t y  cel l  r e s i s t a nc e  t a p e r s  off a f t e r  a b o u t  2 min .  
The re fo re ,  i t  is a s s u m e d  tha t  a t  t ha t  t ime  a n y  l iqu id  
r e m a i n i n g  in t h e  cel l  bo re  has  d r a i n e d ,  w h e r e a s  t he  
wa l l s  a r e  s t i l l  i m p r e g n a t e d ,  a n d  t ha t  t h e  2 - m i n  
v a l u e  of e m p t y  cel l  r e s i s t ance  is t he  mos t  r e p r e -  
s e n t a t i v e  va lue .  

I t  is i m p o r t a n t  to secure  a low and  r e p r o d u c i b l e  
con tac t  r e s i s t a nc e  b e t w e e n  top  e l e c t r o d e  a n d  cel l  
body .  This  is no p r o b l e m  w h e n  the  cel l  is i m m e r s e d ;  
the  m e l t  a u t o m a t i c a l l y  m a k e s  for  a l o w - r e s i s t a n c e  
contact .  In  o r d e r  to ach ieve  a s i m i l a r  cond i t ion  
w h e n  t h e  a s s e m b l y  is out  of t h e  mel t ,  t he  cel l  in  
Fig.  1 was  p r o v i d e d  w i t h  an  a n n u l a r  top  g roove  to 
t r a p  a s m a l l  a m o u n t  of mel t .  The  m a t c h i n g  top  
e l ec t rode  seats  in th is  g roove  w h e n  p r e s s e d  aga in s t  
the  cel l  body .  The  c l a m p i n g  b lock  he lps  to m a i n t a i n  
a good contact .  

The  con tac t  b e t w e e n  the  b o t t o m  of t he  cel l  and  
the  Inc one l  c a r r i a g e  is e s s e n t i a l l y  m a d e  t h r o u g h  the  
g r a p h i t e  j a c k e t  w h e n  the  cel l  is e m p t y ,  and  is i n -  
h e r e n t l y  low in res i s t ance .  H o w e v e r ,  t h e  a x i a l  co-  
efficient of t h e r m a l  e x p a n s i o n  of BN (i.e., p a r a l l e l  to 
t he  d i r ec t i on  of p r e s s i n g )  is h i g h e r  t h a n  t h a t  of 
g r a p h i t e  (4)  u n l i k e  the  r a d i a l  e x p a n s i o n  coefficient.  
The re fo re ,  t he  b o t t o m  of t he  BN c y l i n d e r  is 0.02 in. 
a b o v e  the  b o t t o m  of t h e  g r a p h i t e  (Fig .  1),  so tha t ,  
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on heat ing,  the  BN expans ion  does no t  cause the  
g raph i t e  jacke t  to l i f t  off the bo t tom electrode.  

If a cell i m p r e g n a t e d  w i th  one me l t  is used  in  a 
ba th  of a d i f ferent  composi t ion,  i t  takes  cons ide rab le  
t ime  for the o r ig ina l  me l t  w i t h i n  the  pores to be 
replaced  by  the n e w  mel t .  The effect on the compo-  
s i t ion of the  new  mel t  is negl ig ible ,  b u t  the  effect on 
the  e m p t y  cell res is tance  is considerable .  Thus,  the 
emp ty  cell res i s tance  var ies  d u r i n g  the  course  of a 
r u n  because  of me l t  r e p l a c e m e n t  as wel l  as t e m -  
p e r a t u r e  var ia t ions .  I t  is, therefore ,  necessa ry  to 
d e t e r m i n e  the  e m p t y  cell res is tance  af ter  each r ead -  
ing of to ta l  res is tance.  

( c ) M e a s u r e m e n t  of  ce~l c o n s t a n t . - - I n  most  cases, 
the cell cons tan t  ( l eng th / c ros s  sect ional  a rea)  was 
ca lcula ted  f rom the d imens ions  of the cen t r a l  bore  
which were  accura te ly  measured .  F r o m  t h e r m a l  ex-  
pans ion  da ta  (4) ,  the  cons tan t  increases  by  abou t  
0.5% b e t w e e n  room t e m p e r a t u r e  and  1000~ 

In  a few cases, cells were  also s t anda rd ized  in  
m o l t e n  KC1. Thei r  cons tan t s  were  d e t e r m i n e d  us ing  
pub l i shed  conduc t iv i ty  va lues  for KC1 (1, 5, 6). The  
va lues  thus  ob ta ined  checked wi th  the  va lues  ca lcu-  
la ted  f rom cell d imens ions  to be t t e r  t h a n  1%. 

Cell  cons tan ts  r a n g e d  f rom abou t  17 to 39 cm -I. 

Reproducibility and Errors 
In  the absence  of c rack ing  in  the  cell, u n i n t e n -  

t iona l  g round ing ,  or pa ra l l e l  paths,  the  r e p r o d u c i -  
b i l i ty  b e t w e e n  dup l i ca te  runs  was u sua l l y  2% or 
be t te r ;  in  m a n y  cases, it  was be t t e r  t h a n  1%. Typ i -  
cal s t a n d a r d  dev ia t ions  of the m e a n  r a n g e d  f rom 
0.3% to 1.4%. A good r u n  was a lways  charac te r ized  
by  steady,  r ep roduc ib le  r ead ings  w h e n  the  cell was  
i m m e r s e d  in  melt .  W h e n  the read ings  were  errat ic ,  
one could u sua l l y  ascr ibe  this to a damaged  cell 

body, or to s t ray  electr ical  paths ;  such r u n s  were  
discarded.  

Most of the  sources of e r ror  have  been  discussed. 
I t  is be l ieved tha t  the  m e a s u r e m e n t  of e m p t y  cell 
res is tance  con t r ibu tes  the  most  to errors.  F r o m  the  
fact  tha t  r ead ings  did no t  v a r y  wi th  f r e q u e n c y  be -  
t w e e n  1,000 a nd  20,000 cycles, po la r i za t ion  is no t  
cons idered  a m a j o r  factor.  Melt  composi t ion  changes  
were  found  to be smal l  in  all  sys tems inves t iga ted .  
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ABSTRACT 

The electrical conductivities of molten LiF, NaF, KF, Li~A1F6, Na3A1F6, and 
K~A1F6 have been determined.  The effect of alumina,  CaF~, and NaF: A1F, ratio 
on the conductivi ty of cryolite-base melts has been studied. Molar and equiv- 
alent  conductances have been calculated for several  melts, and their  significance 
is discussed. 

A prev ious  pape r  (1) descr ibed a n e w  t echn ique  
and  appa ra tu s  for d e t e r m i n i n g  e lect r ical  conduc t iv -  
ities of fused fluorides. The p resen t  work  deals wi th  
the  conduc tance  of pu re  a lka l i  f luorides and  cryol i tes  
as wel l  as c ryo l i t e -base  mel t s  of in te res t  in  the  elec-  
t ro ly t ic  p roduc t ion  of a l u m i n u m .  

A comprehensive investigation of the conductivity 
of sodium cryolite, with and without additives, was 
reported by Edwards, et al. (2, 3). For their deter- 
minations, these authors used a Pt dip cell, limita- 
tions of which have been discussed previously (i). 
Drossbach (4) reported values for the conductivity 
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of L iF ,  NaF ,  and  K F ,  w i t h o u t  i n d i c a t i n g  t h e  source  
of t h e  da ta .  No c o n d u c t i v i t y  va lue s  for  l i t h i u m  and  
p o t a s s i u m  c ryo l i t e s  h a v e  been  f o u n d  in the  l i t e r a -  
ture .  

Exper imenta l  
The  a p p a r a t u s  and  g e n e r a l  p r o c e d u r e  h a v e  been  

d e s c r i b e d  in  d e t a i l  (1) .  The  c o n d u c t a n c e  cel l  was  
m a d e  of h o t - p r e s s e d  BN; a l l  m e a s u r e m e n t s  w e r e  
c a r r i e d  ou t  in an  i n e r t  a t m o s p h e r e .  

The  u s u a l  p r a c t i c e  was  to m a k e  at  l eas t  two  runs  
for  each  m e l t  compos i t ion .  F u r t h e r m o r e ,  t he  t e m -  
p e r a t u r e  was  l o w e r e d  f r o m  m a x i m u m  to m i n i m u m  
and  t h e n  r a i s e d  aga in ;  d a t a  w e r e  t a k e n  on  b o t h  t he  
de scend ing  and  the  a scend ing  t e m p e r a t u r e  cycles.  
In  a t y p i c a l  run ,  d a t a  w e r e  u s u a l l y  t a k e n  ove r  a span  
of 3 hr .  

The  fo l lowing  r a w  m a t e r i a l s  w e r e  used:  
L iF ,  NaF,  K F ,  CaF~, KCI:  B a k e r ' s  r e a g e n t  g r ade ;  
A l u m i n a :  K a i s e r  r e d u c t i o n  g r ade ;  
Cryo l i t e :  n a t u r a l  h a n d - p i c k e d  c rys ta l s ,  o b t a i n e d  

f rom P e n n s y l v a n i a  Sa l t  Mfg.  C o m p a n y ,  w e r e  f u r t h e r  
so r t ed  in  t h e  l a b o r a t o r y ,  and  the  se l ec t ed  f r a c t i o n  
was  g r o u n d  for  use. This  m a t e r i a l  has  a m e l t i n g  
p o i n t  of 1005~ [cf. a m p  of 1009 ~ r e p o r t e d  b y  
Ph i l l ips ,  S ing le ton ,  a n d  H o l l i n g s h e a d  (5) for  the  
p u r e s t  a v a i l a b l e  n a t u r a l  c ryo l i t e ] .  A n a l y s i s  c o r r e -  
sponds  to t he  t h e o r e t i c a l  compos i t i on  of p u r e  c r y o -  
l i te  w i t h i n  the  l imi t s  of e x p e r i m e n t a l  e r ror .  

A1F~: A l c o a  X - 2 A  g r a d e  p o w d e r  con ta in ing  ap-  
p r o x i m a t e l y  97% A1F~, a b o u t  1.2% N a F  and  1.5% 
AI~O~. In  v i e w  of t he  r e l a t i v e l y  l a r g e  q u a n t i t y  of 
m e l t  r e q u i r e d  for  each  run ,  and  t h e  n u m b e r  of e x -  
p e r i m e n t s  p e r f o r m e d ,  i t  was  not  p r a c t i c a l  to use  
v a c u u m - s u b l i m e d  A1F~. The  e r r o r  i n t r o d u c e d  b y  the  
use  of A lcoa  X - 2 A  g r a d e  A1F~ was  neg l ig ib l e  e x c e p t  
in  the  case  of conduc t ance  d e t e r m i n a t i o n s  for  
Li~A1Fo and  K ~ I F o .  

Mel t s  w h o s e  m a i n  c o n s t i t u e n t  was  s o d i u m  c ryo l i t e  
w e r e  s y n t h e s i z e d  f r o m  th is  m a t e r i a l  and  a d d i t i v e s  
such as A1F~, NaF,  CaF~, or  AI,O~. Li~A1F~ and  K~A1F+ 
w e r e  p r e p a r e d  s t a r t i n g  f rom L i F  or  K F  and  A1F~. 
In  v i ew  of the  r e l a t i v e l y  l a r g e  p r o p o r t i o n s  of i m p u r e  
A1F+ r e q u i r e d  to p r e p a r e  t he  c ryo l i t e s  of Li  and  K, 
c o n d u c t a n c e  va lue s  r e p o r t e d  for  t he se  two  com-  
p o u n d s  a r e  less r e l i a b l e  t h a n  for  t he  r e s t  of t he  
f luor ide  mel t s .  

In  a l l  cases,  even  w i t h  p u r e  sal ts ,  me l t s  w e r e  
fused  be fo re  each  d e t e r m i n a t i o n .  A f u r n a c e  was  
p r e h e a t e d  to abou t  50~ a b o v e  the  m e l t i n g  p o i n t  of 
the  compos i t i on  u n d e r  i nves t i ga t i on .  T h e  m e l t  con-  
s t i t uen t s  w e r e  m i x e d  in  t he  d r y  s t a t e  and  p l a c e d  
in  a g r a p h i t e  c ruc ib le ,  w h i c h  was  t h e n  p l a c e d  in -  
s ide t h e  ho t  fu rnace .  As soon as m e l t i n g  occur red ,  
the  c ruc ib l e  con ten t s  w e r e  s t i r r e d  w i t h  a g r a p h i t e  
rod  to i n su re  h o m o g e n e i t y  and  t h e n  chi l led .  This  
p r o c e d u r e  was  des igned  to cu t  d o w n  the  t i m e  t h a t  
t he  m e l t s  w e r e  at  h igh  t e m p e r a t u r e s ;  c o n s e q u e n t l y  
compos i t i on  c h a n g e s  due  to  v o l a t i l i z a t i o n  or  h y -  
d ro lys i s  w e r e  k e p t  to a m i n i m u m .  

The  ch i l l ed  m e l t  was  p u l v e r i z e d ,  t h o r o u g h l y  
mixed ,  and  s ampled .  I t  was  t hen  p l a c e d  in  a n o t h e r  
g r a p h i t e  c ruc ib l e  w h i c h  s e r v e d  as t h e  c o n t a i n e r  for  
conduc t ance  d e t e r m i n a t i o n s .  A f t e r  one  or  m o r e  runs ,  
t h e  m e l t  was  a g a i n  p u l v e r i z e d  and  s a m p l e d .  
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Table I. Comparison of alkali fluoride conductivities 

C o n d u c t i v i t y  i n  o h m - l c m - 1  

L i F  N a F  K F  
a t  9 0 0 ~  a t  1 0 2 0 ~  a t  9 0 0 ~  

This work  8.43 5.15 3.80 
Drossbach (4) 19.8 3.32 4.32 
Edwards ,  et al. (3) - -  5.63 - -  

C r y o l i t e - b a s e  m e l t s  w e r e  a n a l y z e d  b y  con t ro l  
m e t h o d s  used  in  t he  a l u m i n u m  indus t ry .  The  NaF :  
A1F~ r a t i o  was  d e t e r m i n e d  b y  p y r o t i t r a t i o n  (6) ,  a n d  
the  " f r ee  a l u m i n a "  (7)  was  also d e t e r m i n e d .  In  a l l  
cases, l i t t l e  or  no m e l t  compos i t i on  change  was  found,  
in sp i t e  of the  fac t  t ha t  each  r u n  l a s t ed  s e v e r a l  hou r s  
( i t  is i m p o r t a n t  to r e m e m b e r  h e r e  t h a t  t he  e x p e r i -  
m e n t s  w e r e  c a r r i e d  ou t  in  a c losed  f u r n a c e  u n d e r  an  
ine r t  a t m o s p h e r e ) .  In  the  case  of Li+A1F+ and  K3A1F0, 
i t  was  a s s u m e d  t h a t  the  compos i t i on  d id  no t  change  
d u r i n g  runs .  

Conductivi ty  of alkali ]Tuorides.--The specific 
c onduc t a nc e s  of L iF ,  N a F ,  and  K F  a re  p l o t t e d  in  
Fig.  1. T a b l e  I shows  w ide  d i f fe rences  b e t w e e n  these  
va lue s  and  D r o s s b a c h ' s  (4) .  The  c o n d u c t i v i t y  of 
N a F  r e p o r t e d  b y  E d w a r d s ,  et al. (3) is a p p r e c i a b l y  
h i g h e r  t h a n  t h a t  d e t e r m i n e d  in  the  p r e s e n t  s tudy .  

Specific conductance of cryolites wi thout  addi- 
t i ves . - -The  c o n d u c t i v i t y  of p u r e  l i t h ium,  sod ium,  
and  p o t a s s i u m  c ryo l i t e s  is shown  in Fig .  2. Va lues  
for  a m i x t u r e  of 60% Li3A1F+ and  40% Na+A1F+ b y  
w e i g h t  have  also been  i n c l u d e d  in Fig.  2: th is  com-  
pos i t i on  is c lose  to the  eu tec t ic  r e p o r t e d  b y  Dross -  
bach  (8 ) .  

The  conduc t ance  of s o d i u m  c ryo l i t e  d e t e r m i n e d  in 
th is  l a b o r a t o r y  is in good a g r e e m e n t  w i t h  t h a t  re -  
p o r t e d  b y  E d w a r d s ,  et al. (2) .  

I t  is i n t e r e s t i n g  to no te  t he  h igh  c o n d u c t i v i t y  of 
l i t h i u m  c ryo l i t e .  The  d a t a  for  th is  c o m p o u n d  h a v e  
been  e x t r a p o l a t e d  to 1010~ a t  w h i c h  t e m p e r a t u r e  
t h e  c o n d u c t i v i t y  of Li jk lF~ is a lmos t  1.5 t imes  t h a t  
of Na~A1Fo. 

Effect o] alumina on the conductivi ty  of cryolite 
and cryolite-CaF, me l t s . - -The  conduc t iv i t i e s  of c r y -  
o l i t e - a l u m i n a  m e l t s  a r e  p l o t t e d  in Fig.  3, and  for  
c r y o l i t e - a l u m i n a - 8 %  CaF~ m e l t s  in  Fig.  4. 
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Fig. ]. Conductivity of alkali fluorides 
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These da ta  are rep lo t ted  in Fig. 5 to show the 
effect of a lumina  addit ions on the conduct iv i ty  of 
cryol i te  and c ryol i te -8% CaF~ melts.  The conduc-  
t iv i ty  of a typical  a luminum reduct ion  ba th  at  
980~ decreases by  13% when the a lumina  con- 
centrat ion increases f rom 2% to 8%. This ra te  of de-  
crease is somewhat  g rea te r  than the one repor ted  by 
Edwards,  et al. (3).  

Effect of NaF: A_IF, ratio on the conductivity el  
cryolite-base mel t s . - -The  conduct ivi ty  of NaF-A1F,  
melts  wi thout  addi t ives  was de te rmined  at  severa l  
NaF:A1F,  rat ios (Fig. 6). 

The NaF:A1F,  rat io  was also va r ied  in a typ ica l  
a luminum reduct ion ba th  containing R% CaF~ and 
4% Al~O,. Results have been p lo t ted  in Fig. 7. 

The da ta  of Fig. 6 and 7 have been r ea r r anged  in 
Fig. 8 to show the effect of NaF:A1F~ rat io on the 
conduct ivi ty  of c ryo l i t e -base  melts.  Compar ing the 
conduct ivi ty  of pure  cryol i te  and tha t  of a mel t  
whose NaF:A1F~ weight  rat io  is 1.22, the present  
s tudy indicates  that  the effect of A1F, in decreasing 
the conduct ivi ty  of cryol i te  is g rea te r  than  repor ted  
by  Edwards ,  et al. (3).  On the other  hand, the effect 
of NaF on conductivi ty,  a t  a NaF:A1F,  rat io  of 1.76, 
appears  to be smal ler  than  shown by Edwards,  et al. 
For  the t ime being, no good explana t ion  can be 
given for the shape of the  curves shown in Fig. 8. 

Molar and Equivalent Conductances 
A. Definitions and calculations.--For a b ina ry  

mix tu re  of A and B, the molar  conductance is 

O 92% Cryolite. 8 %  CoF 2 
_ _  /~ 90% ,2% AI203 

- -  - -  88% " ,4% " 
290 

T 
I 84% �9 " ,8% $28o by. ,  f---  -o 
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~ 1 4 :  .... 

<,, / ' r - " Y " T - T  I "  
2Jei~ 1 I t I , 

960 980 I000 1020 1040 
Temperotut'e ~ 

1060 

Fig. 4. Conductivity of cryolite-AIsO~-CaF~ melts. (The line 
for 4% AI.-O~ is taken from Fig. 7.) 
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Fig. 5. Effect of alumina on the conductivity of NasAIF6- 
CaFs-AI20~ melts. 

N~ • MW~ + N~ X MWB 
# ~  X K  

d 

where  N: and N~ are  mole  fractions,  M W  molecular  
weights, K the specific conductance, and d the  mel t  
density.  

In terms of weight  fract ions WA and WB 

1 
•  

MW------~ + X d 

Similar ly ,  for  equivalent  conductance, 

1 
A =  X K  

Ew----t- + --S~;7 x d  

where  EW,  and EW~ represent  equivalent  weights.  
For  more than  two components  

1 
A ~  X K  

W~ W~ Wc ] 
EW~ + E W ~  + E W ~  + . . . .  • d 

and a s imi lar  expression can be obtained for 
Densi ty da ta  were  obtained from publ ished va l -  

ues by Drossbach (4),  Edwards ,  et al. (2, 3) and 
Vajna (9),  as well  as f rom unpubl ished work  car- 
r ied out in this labora tory .  

B. Equivalent conductances el fluorides and cry- 
oli tes.--Yaffe and Van Ar t sda len  (10) have pro-  
posed to compare  melts  at "corresponding t empera -  
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tures" ,  i.e., at  equa l  f rac t ions  above  the i r  me l t i ng  
poin t :  

T ~  

T ~ ~  

whe re  T,, is the  me l t i ng  point .  The e q u i v a l e n t  con-  
duc tances  of the  fluorides and  cryol i tes  of Li, Na, 
and  K have  been  p lo t ted  in  Fig. 9. I t  shows that ,  at  
a g iven  t e m p e r a t u r e ,  the e q u i v a l e n t  conduc tance  of 
each cryol i te  is somewha t  lower  t h a n  tha t  of the  
f luoride o f  the  same  cation.  This  r e l a t ionsh ip  also 
holds t rue  at  "cor respond ing  t empe ra tu r e s " .  A pos-  
sible e x p l a n a t i o n  is t ha t  the  F- ion is more  mob i l e  

t h a n  a complex  f luoa lumina te  ion (e.g., A1Fo-:), a n d /  
or tha t  the  la t te r  exer ts  more  of ~ an  a t t r ac t ive  force 
on the  cat ions  t h a n  the  former .  

C o m p a r i n g  the a lka l i  fluorides, Tab le  II  shows 
tha t  NaF  has  a sma l l e r  e q u i v a l e n t  conduc tance  t h a n  
e i ther  Li:F or.," KF,  even  at "cor respond ing  t e m p e r a -  
tures" .  E q u i v a l e n t  conduc tances  of o ther  hal ides  
were  t a k e n  ~rom Yaffe and  Van  A r t s d a l e n  (10).  

ONo Additives I010 ~ [ 
e 8 %  CoF 2 + 4% AI203 1010~ I 

330  i F 

u310 I } j 

i g 

o 2 5 0  

I 
120 IgO 1.60 180 200 2.20 

NaF AIF 3 WI R0ho 

Fig. 8. Effect of NQF:AIF3 rat io on the conduct iv i ty  of  
cryolite-base melts. 

Both LiF  a nd  N a F  have  a cons ide rab ly  lower  
e q u i v a l e n t  conduc tance  t h a n  the  rest  of the  corre-  
sponding  hal ides,  even  though  one migh t  expect  the  
F- ion  to be more  mobi le  t h a n  the  o ther  ha l ide  ions. 
I t  m a y  be tha t  the  a t t r ac t ive  forces b e t w e e n  the  
smal l  F- ion and  o ther  smal l  ions such as Li § and  
even  Na § are the  d e t e r m i n i n g  factor  here.  In  the  
case of the  l a rge r  K § ion, the  in te r ion ic  forces m a y  
be less impor t an t ,  a nd  the  g rea te r  m o b i l i t y  of the  
F- ion m a y  now  become the  d o m i n a n t  factor:  this  
m a y  account  for the  fact t ha t  the  e q u i v a l e n t  con-  
duc t ance  of K F  is h igher  t h a n  t ha t  of the  other  
po ta s s ium halides.  

C. Effect of alumina on molar conductance aS 
cryo l i t e . - -The  mol a r  conduc tance  of c r y o l i t e - a l u -  
m i n a  mel t s  is shown  in  Fig. 10, as is the  theore t ica l  
effect of an  i ne r t  d i luent .  I t  is a p p a r e n t  tha t  a l u m i n a  
depresses the  mola r  conduc tance  of cryol i te  con-  
s ide rab ly  more  t h a n  an  ine r t  d i l ue n t  does. This 
effect is especia l ly  p r o n o u n c e d  at  low a l u m i n a  con-  
cen t ra t ions ;  above a ce r ta in  point ,  e.g. 8 mole  % 
AI~O~, f u r t h e r  addi t ions  of AI~O, do not  depress  the 
conduc tance  m u c h  more  t h a n  an  ine r t  d i l ue n t  would.  
Edwards ,  et al. (3) r epor ted  s imi la r  f indings.  

D. Effect o~ CaF2 on molar conductance of cryo- 
l i t e . - -The  effect of CaF,  on mo l a r  conduc tance  of 
cryol i te  can be ca lcu la ted  f rom Fig. 2 a nd  4, as 
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Fig. 9. Equivalent conductance of fluorides and cryolites 
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Table II.--Equivalent conductances of alkali halides 
at 0 z T ~ ~ = i.05 

LiF NaF KF 
128 113 124 

LiC1 NaCI KCI 
170 143 114 

LiHr NaBr KBr 
170 136 99 
LiI NaI KI 
163 132 94 

shown  in  Tab le  III. The va lues  for 19% ine r t  u n -  
ionized d i l uen t  are  ob ta ined  by  t a k i n g  81% of the  
mola r  conduc tance  of cryoli te .  

W i t h i n  the l imi ts  of e x p e r i m e n t a l  error,  it  appears  
tha t  CaF~ acts as an  ine r t  d i l uen t  w h e n  added  to 
n e u t r a l  cryol i te  (NaF:A1F~ mole  ra t io  = 3: 1). The 
s i tua t ion  is d i f ferent  in  "acid ba ths" ,  whe r e  the  
NaF:A1F8 rat io  is sma l l e r  t h a n  3: 1. 

Table  IV compares  the  conduc tances  of two melts ,  
both  h a v i n g  a NaF:A1F~ mole  ra t io  of 2.57, bu t  one 
of t h e m  con t a in ing  CaF~. 

The  conduc t iv i ty  of me l t  1 can be t a k e n  f rom Fig. 
8. The  conduc t iv i ty  of me l t  2 was d e t e r m i n e d  sep- 
a r a t e ly  b u t  was not  p lo t ted  in  this paper .  The  effect 
of 17.7 mole  % ine r t  d i l uen t  on me l t  1 wou ld  have  
been  to lower  the mo la r  conduc tance  to 206. Cal-  
cu la t ions  at  different  t empera tu res ,  or in  acid mel t s  
con t a in ing  both  CaF~ and  AI~O~, show a s imi la r  
t r end ;  at NaF:A1F,  mole  rat ios lower  t h a n  3, CaF~ 
decreases the mola r  conduc tance  to a lesser ex t en t  
t h a n  an  ine r t  d i l uen t  would.  

To exp la in  the behav io r  of CaF_o in  acid melts ,  the 
fo l lowing hypothes is  is offered. 

The ion iza t ion  of CaF~ is repressed  in  n e u t r a l  or 
a lka l ine  c ryo l i t e -base  melts ,  where  sufficient F- 
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Fig. 10. Molar conductance of cryolite-alumina melts 
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Table Ill. Effect of CaF2 on molar conductance of Na~,IF6 

M o l a r  c o n d u c t a n c e  

M o l e  % a d d i t i v e  to  c r y o l i t e  1010~ 1040~ 

0 284 296 
19% CaFz 232 242 
19%Iner t  d i luent  230 240 

Table IV. Effect of CaF2 on "Acid" NaF:AIF~ Melt  

M e l t  No.  1 2 

C o m p o s i t i o n  NasA1F6 + AIF3 Na~AIF6 + A1F3 + CaFe 
N a F : A 1 F z  m o l e  r a t i o  = 2.57 NaF :A1F8  m o l e  r a t i o  = 2.57 
M o l e  % CaF2 = 0 M o l e  % CaF~ = 17.7 

K o h i T l - l c m  -1 
a t  1010~  2.69 2.70 
a t  1010~ 250 218 

ions are  present .  In  ba ths  con ta in ing  excess A1F.~, 
the  ac t iv i ty  of f ree F- ions is low because  of the  
complex ing  pow e r  of A1F~ to fo rm f luoa lumina te  

ions (e.g., A1F~),  and  CaF2 m a y  ionize. This is 
e q u i v a l e n t  to say ing  tha t  OaF2 m a y  react  w i th  ex-  
cess A1F~ to fo rm a ca lc ium cryoli te,  wh ich  is p a r -  
t i a l ly  ionized. 
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ABSTRACT 

The d is t r ibut ion  of the  e lect r ica l  potent ia l  inside an e lec t ro ly t ic  solut ion 
has been ca lcula ted  for  typ ica l  cases of cathodic pro tec t ion  involv ing  an  im- 
pressed current .  In par t icu lar ,  i t  is shown u n d e r  which  condit ions the  differ- 
ences in the  local  single e lec t rode  poten t ia l  a re  sufficiently low so tha t  complete  
cathodic protec t ion  wi thout  significant hydrogen  evolut ion can be accom- 
p l i shed  by  using an automat ic  control  of the  impressed  current .  

Cor ros ion  of a m e t a l  in  an  e l e c t r o l y t e  m a y  be  
p r e v e n t e d  b y  ca thod ic  p ro tec t ion ,  i.e., b y  p r o v i d i n g  
a suff ic ient ly  n e g a t i v e  e l e c t r o d e  po t en t i a l .  This  m a y  
be  a c c o m p l i s h e d  b y  pas s ing  e l ec t r i ca l  c u r r e n t  f r o m  
an  a u x i l i a r y  anode  t h r o u g h  the  e l e c t r o l y t e  to t he  
m e t a l  to be  p r o t e c t e d  as ca thode .  The  m i n i m u m  
c u r r e n t  r e q u i r e d  for  c o m p l e t e  p r o t e c t i o n  is d e t e r -  
m i n e d  b y  the  cond i t ion  t h a t  t he  loca l  s ing le  e l ec t rode  
p o t e n t i a l  E~(X) of m e t a l  1 to be  p r o t e c t e d  m u s t  be  
m o r e  n e g a t i v e  ( less  n o b l e )  a t  a n y  p o i n t  X t h a n  i ts  
e q u i l i b r i u m  s ingle  e l e c t r o d e  p o t e n t i a l  E~(~q~ in t he  
g iven  e l e c t r o l y t e  (1) ,  

E~(X) < E~(oq~ [i] 

The local single electrode potential E~(X) is de- 
fined as the voltage of the cell 

standard 
hydrogen salt electrolyte metal 1 
electrode bridge 

where the opening of the capillary leading from the 
electrolyte to the salt bridge is located next to point 
X at the surface of metal I. 

If the anodic dissolution rate of metal i rises 
rather slowly with increasing potential, virtually 
complete cathodic protection may be accomplished 
at a potential above E~(~,~. Then Eq. [i] and like- 
wise Eq. [2] below may be replaced by less rigorous 
conditions where E1(~q> is replaced by El" defined as 
the highest single electrode potential at which the 
anodic dissolution rate is negligibly small in the 
environment under consideration. It has been 
shown previously (1) how the values of E,(.q~ and 
E~" can be estimated. 

The minimum current for complete cathodic pro- 
tection can be calculated readily if the geometry is 
such that the current density and the single elec- 
trode potential are the same at all points of the 
cathode, e.g., when the inner side of a tube as 
cathode is protected by means of an anode located 
in the axis of the tube. In this case, the current 
required for complete cathodic protection is equal 
to the product of area and the sum of the current 
densities at potential E,(oq> for all possible reduction 
processes of oxidizers present in the electrolyte. If 
hydrogen evolution is negligible at this potential 

and  o x y g e n  d i s so lved  in t h e  e l e c t r o l y t e  is the  on ly  
ox id ize r ,  the  m i n i m u m  c u r r e n t  is e q u i v a l e n t  to t h e  
d i f fus ion  r a t e  of o x y g e n  to t he  me ta l .  

I n  genera l ,  cond i t i ons  a r e  m o r e  invo lved .  In  p a r -  
t i cu la r ,  w h e n  a loca l  e l e c t r o d e  p o t e n t i a l  E~ ( X ) <  El(eq~ 
at  po in t s  r e m o t e  f r o m  t h e  a n o d e  is m a i n t a i n e d ,  t he  
loca l  p o t e n t i a l  a t  po in t s  c lose to t he  a n o d e  m a y  be  
c o n s i d e r a b l y  m o r e  n e g a t i v e  t h a n  Elceq~ a n d  a c c o r d -  
i n g l y  an  a p p r e c i a b l e  p o r t i o n  of t he  c u r r e n t  m a y  be  
used  for  ca thod ic  evo lu t i on  of h y d r o g e n .  S ince  h y -  
d r o g e n  evo lu t i on  m a y  cause  u n d e s i r a b l e  effects such 
as b l i s t e r i n g  of p a i n t  a n d  e m b r i t t l e m e n t  of s teel ,  
i t  is of i n t e r e s t  to k n o w  u n d e r  w h i c h  cond i t ions  
c o m p l e t e  ca thod ic  p r o t e c t i o n  can  be  a c c o m p l i s h e d  
w i t h o u t  s ign i f ican t  h y d r o g e n  evo lu t i on  w h e n  the  
loca l  e l e c t r o d e  p o t e n t i a l  a t  po in t s  mos t  r e m o t e  f rom 
the  a n o d e  is m a d e  equa l  to E~(e,). U n d e r  mos t  con-  
d i t ions  t he  r a t e  of  h y d r o g e n  evo lu t i on  r i ses  e x p o -  
n e n t i a l l y  w h e n  t h e  e l e c t r o d e  p o t e n t i a l  is m a d e  m o r e  
nega t ive .  F o r  p r a c t i c a l  p u r p o s e s  an  e l e c t r o d e  p o t e n -  
t i a l  E ~ fo r  the  onse t  of s ign i f ican t  h y d r o g e n  e v o l u -  
t ion  m a y  b e  i n t roduced .  F o r  ins tance ,  E ~ m a y  be  
def ined  as t h e  p o t e n t i a l  a t  w h i c h  t h e  c u r r e n t  d e n s i t y  
used  for  h y d r o g e n  evo lu t i on  is e q u a l  to  the  c u r r e n t  
d e n s i t y  Jox used  for  r e d u c t i o n  of oxygen ,  or  a cei~- 
t a in  f r a c t i o n  thereof .  T h e n  t h e  first  r e q u i r e m e n t  is 
t h a t  t he  e q u i l i b r i u m  p o t e n t i a l  El(eq) is m o r e  pos i t i ve  
( m o r e  nob l e )  t h a n  E% In  add i t ion ,  the  d i f fe rence  
EI(o,~ - - E  ~ m u s t  be  g r e a t e r  t h a n  the  m a x i m u m  v a r i -  
a t ion  of t he  loca l  s ingle  e l e c t r o d e  po t en t i a l ,  hE ...... 
u n d e r  cond i t ions  p r o v i d i n g  c o m p l e t e  ca thod ic  p r o -  
tec t ion.  Thus  the  cond i t i on  for  ins ign i f i can t  h y d r o -  
gen  evo lu t i on  becomes  

AEma~ < E~(..~ -- E ~ [2 ]  

The  fo l l owing  cases  a r e  a m e n a b l e  to a t h e o r e t i c a l  
t r e a t m e n t  and  m a y  be  cons ide red  as a bas is  for  a 
q u a l i t a t i v e  d i scuss ion  of m o r e  c o m p l e x  s i tua t ions .  

Wire Anodes in Front of the Metal to Be Protected 
Oxygen  reduction as the only cathodic p r o c e s s . -  

To p ro t e c t  t he  s u r f a c e  of an  inf in i te  p l a t e  of m e t a l  1, 
e q u i d i s t a n t  a u x i l i a r y  anodes  in  t he  f o r m  of w i r e s  
p a r a l l e l  to t h e  su r f a c e  of m e t a l  1 m a y  be  p r o v i d e d  
(see Fig.  1).  I t  is a s s u m e d  t h a t  the  ox id ize r ,  e.g., 
oxygen ,  is r e a d i l y  r e d u c e d  if  E~(X) <--_ E,(o~, i.e., t he  

631 
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t 
b 

c 

Metal I (Cathode} 

Fig. 1. Metal ] protected by equidistant auxiliary wire 
anodes. Hydrogen evolution is supposed to take place be- 
tween points C and E. 

c u r r e n t  dens i ty  Jo, for the  r educ t ion  of the oxidizer,  
is supposed to be d e t e r m i n e d  by  the  m a x i m u m  dif -  
fus ion  ra te  for zero concen t r a t i on  of the  oxidizer  at 
the  surface  of me t a l  1 and  to be i n d e p e n d e n t  of the 
local e lect rode po t en t i a l  E , ( X ) .  Moreover ,  a v i r -  
t ua l l y  u n i f o r m  effective th ickness  of the  diffusion 
b o u n d a r y  l ayer  is a s sumed  so tha t  the c u r r e n t  d e n -  
sity Jo. is the  same at  all  points  a long the sur face  of 
me t a l  1. The  surface  m a y  i nvo lve  microscopic  i n -  
homogenei t ies ,  e.g., inc lus ions  of a second phase, 
bu t  the  d imens ions  of inc lus ions  are supposed to be 
less t h a n  the th ickness  of the h y d r o d y n a m i c  b o u n d -  
a ry  layer .  In  this  case, the  local  s ingle  electrode 
po t en t i a l  is no t  affected by  the  he t e rogene i ty  of the 
surface  (2 -4) .  

The po ten t i a l  ~ in  the  e lec t ro ly te  has to sat isfy  
the Laplace  d i f ferent ia l  equa t ion  

O~/Ox ~ + a~r ~ = 0 [3] 

where  x and  y are  the coordinates  shown  in  Fig. 1. 

For  neg l ig ib le  h y d r o g e n  evolut ion ,  the b o u n d a r y  
condi t ions  are 

a~/Oy = 0 at y = oo [4] 

a~/ay = Jo~/~ at y = 0 [5] 

where  ~ is the e lect r ical  conduc t iv i ty  of the  e lec t ro-  
ly te  and  Eq. [5] is a consequence  of Ohm's  law. For  
equ id i s t an t  aux i l i a ry  anodes  as l ine  sources shown  
in  Fig. 1, the po ten t i a l  d i s t r i bu t ion  in  the e lec t ro ly te  
(y > 0) is f ound  to be 

r  y)  = cons tan t  4- Jo, y / ~  

-- J~ [insin ~r(z-id) 4- in sin ~r(z4-id)]_ [6] 
2~r~ c c 

whe re  c is the d i s tance  b e t w e e n  ad jacen t  anodes,  
d is the i r  d i s tance  f rom the me ta l  to be protected,  
z = x 4- iy, i = (--1)'/% and  R e [ . . ]  denotes  the  rea l  
pa r t  of the  complex  f u n c t i o n  in  brackets .  The  t e rm  
Jo,y/~ represen t s  a u n i f o r m  field which  gives the  
po t en t i a l  g rad ien t  at  the  surface  of me t a l  1 in  accord 
w i t h  Eq. [5]. The  fo l lowing  t e r m  rep resen t s  the  
field r e su l t i ng  f rom an  inf ini te  series of pos i t ive  l ine  
sources at  x = +--nc, y = d where  n --  0, 1, 2, etc., and  
the i r  images  at +_nc, y -  --d. The la t t e r  t e r m  does 
not  give a c o n t r i b u t i o n  to the  po ten t i a l  g r ad i en t  at 
y = 0. The  i n t e n s i t y  of these l ine  sources is chosen 
so t ha t  the  po ten t i a l  g rad ien t  at inf ini te  d is tance  y 
van i shes  in  accord w i th  Eq. [4].  

F r o m  Eq. [5] the  po ten t i a l  in  the  e lec t ro ly te  at 
the  sur face  of me t a l  1 is ob ta ined  as 

~ ( x , y = 0 ) = ~ ( x = 0 ,  y = 0 )  
[ s i n ~ ( ~ x / c ) ]  

J~ 1 4- [7] 
2~r~ s inh  ~ (~rd/c) 

Accord ing  to Eq. [7] the  po t e n t i a l  r in  the  e lec-  
t ro ly te  a long the  sur face  of me t a l  1 is a per iodic  
f u n c t i o n  of d i s tance  x. The  m a x i m u m  po ten t i a l  d i f -  
fe rence  occurs b e t w e e n  poin ts  opposi te  to a u x i l i a r y  
anodes  (e.g., x = 0, y = 0) a nd  poin ts  located hal f  

1 
w a y  b e t w e e n  the anodes  (e.g., x = -  c, y = 0). I n -  

2 

side me t a l  1 a v i r t u a l l y  cons tan t  po t en t i a l  is as-  
sumed.  Hence  the  local s ingle  electrode po ten t i a l  
E l ( X )  is equa l  to a cons t an t  va lue  m i n u s  the  local  
e lect r ical  po t en t i a l  in  the electrolyte .  The  m a x i -  
m u m  difference AEm,x of the  local s ingle  electrode 
po ten t i a l  b e t w e e n  di f ferent  poin ts  of me t a l  1 is, 
therefore,  f ound  to be 

1 
AE .... = E ( x  = - ~ c )  -- E ( x  = O) 

1 
r  = O,y = o) - ~ ( x = - ~ c , y  = o) 

: (Jo~c/~r~) In coth (~rd/c) [8] 

Upon  i n t r o d u c i n g  the d imens ion less  group 

fl = 7r -1 l n [ c o t h  (~rd/c) ] [9] 

the  m a x i m u m  difference of the  local s ingle  electrode 
poten t ia l s  m a y  be ca lcu la ted  as 

AEm,x = (Jo~C/~)fl [10] 

A graph  for ~1 as a f unc t i on  of the  d is tance  ra t io  
d /c  is shown  in  Fig. 2. 

If the  ra t io  d /c  is m u c h  less t h a n  un i ty ,  the  h y p e r -  
bolic co tangen t  in  Eq. [9] m a y  be rep laced  by  the 
rec iprocal  of its a r g u m e n t  as a close app rox ima t ion .  
Thus  

s (1/~r) i n  (c/~rd) if d < <  c [11] 

i.e., f, is of the  order  of u n i t y  if d / c  < <  1. 
If the  d i s tance  d of the a ux i l i a r y  anodes  f rom 

me t a l  1 is g rea te r  t h a n  hal f  the  d is tance  c b e t w e e n  
ne i ghbo r i ng  anodes,  the  fo l lowing a p p r o x i m a t i o n  
holds 

+o. 

-0.5 

- I . 0  

- L 5  

-2.0 - -  

-2.5 

-50  L 
-2.0 -I.8 

d/c 
0.02 0.04 O. I 0.2 0.4 1.0 

[--- 

i I 
-I.16 -I.4 -I .2 - I .0 : O L . 8 - 0 1 6 - 0 . 4  -0'2 _+0 

log d/c 

Fig. 2. Dimensionless group f l  vs. r a t i o  d / c  accord ing to 
Eq. [ 9 ] .  
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in  [ co th  (~d /c ) ]  = - - l n  [ t a n h  ( v d / c ) ]  
----~ - - l n  [1 - -  2 exp  (--2~rd/c) ] ~ 2 exp  (--27rd/c) [12] 

Upon  s u b s t i t u t i o n  of Eq. [12] in  Eq. [8] ,  i t  fo l lows  
tha t  

AEm,x~ (2Jo~c/~r~)exp(--2~d/c) if  d / c >  0.5 [13] 

Hence  AEm~ m a y  be  d e c r e a s e d  to v e r y  low va lues  
b y  i nc r ea s ing  t h e  a n o d e - c a t h o d e  d i s t ance  d. 

If  t he  v a l u e  of AE .... is less t h a n  the  d i f fe rence  
E~(~q)- E* in Eq. [2] ,  c o m p l e t e  ca thod ic  p r o t e c t i o n  
can be  a c c o m p l i s h e d  w i t h o u t  s ign i f ican t  h y d r o g e n  
evolu t ion .  Upon  c o m b i n i n g  Eqs. [2]  and  [10] ,  t h e  
cond i t ion  for  the  pos s ib i l i t y  of c o m p l e t e  ca thod ic  
p r o t e c t i o n  w i t h o u t  s ign i f ican t  h y d r o g e n  e v o l u t i o n  
becomes  

E~(o~, -- E* > (Jo~c/o-)f~ [14] 

W i t h  t he  a id  of Eq. [14] i t  is poss ib l e  to c a l c u l a t e  
t he  m i n i m u m  d i s t a n c e  d for  th is  condi t ion .  F o r  i n -  
s tance,  if  E~(o~)- E * :  0.2 vol t ,  Jo~ = 10 -~ a m p / c m  ~, 
c ~ 200 cm, and  the  c o r r o d i n g  so lu t ion  is sea  w a t e r  
h a v i n g  a specific e l e c t r i c a l  c o n d u c t i v i t y  ~ =  0.1 
ohm-~cm -~, i t  fo l lows  f rom Eq. [14J t h a t  ~_--__ 1, or  
d / c  >= 0.01 acco rd ing  to Fig .  2, a n d  d ~ 2 cm. If, 
h o w e v e r ,  t he  co r rod ing  so lu t ion  is f r e s h  w a t e r  h a v -  
ing  a l ow conduc t iv i t y ,  e.g., ~ ~ 10-" ohm-~cm -~, h y -  
d r o g e n  evo lu t i on  can  be  avo ided  on ly  if  1~ =< 0.001, 
or  d / c  ~ 1 acco rd ing  to Fig .  2 a n d  d ~ 200 cm. 

If  the  v a l u e  of A E ~  is b e l o w  the  l i m i t  s t a t e d  in  
Eq. [2] ,  ca thod ic  p r o t e c t i o n  w i t h o u t  s ign i f ican t  h y -  
d r o g e n  evo lu t i on  m a y  b e  a c c o m p l i s h e d  b y  m a k i n g  
the  c u r r e n t  e q u a l  to t he  p r o d u c t  of Jo~ and  t h e  a r e a  
of m e t a l  1, e.g., b y  us ing  an  a u t o m a t i c  con t ro l  of 
the  c u r r e n t  so t ha t  a t  po in t s  mos t  r e m o t e  f r o m  the  

1 
anodes ,  i.e., a t  x = -  c, y = 0, t he  loca l  s ing le  e l ec -  

2 
t r o d e  p o t e n t i a l  m e a s u r e d  w i t h  t he  he lp  of a p r o b e  
is equa l  to or  s l i g h t l y  l o w e r  t han  t h e  e q u i l i b r i u m  
p o t e n t i a l  E~(~). This  m a y  be  a c c o m p l i s h e d  w i t h  t he  
he lp  of a p o t e n t i o s t a t  as d e s c r i b e d  b y  H i c k l i n g  (5)  
and  o the r s  ( 6 -8 ) .  Use of a c i rcu i t  i n v o l v i n g  a m a g -  
ne t ic  ampl i f i e r  (9, 10) m a y  be  p a r t i c u l a r l y  a p p r o -  
p r i a t e .  I n  sp i te  of h i g h e r  costs, an  a u t o m a t i c  con-  
t ro l  of t he  c u r r e n t  m a y  be  economica l  b e c a u s e  suffi- 
c ien t  c u r r e n t  for  ca thod ic  p r o t e c t i o n  w i t h o u t  s igni f i -  
can t  h y d r o g e n  evo lu t i on  is p r o v i d e d  even  u n d e r  
v a r i a b l e  cond i t ions  w h i c h  resu l t ,  for  ins tance ,  f r om 
d i f fe ren t  r a t e s  of o x y g e n  d i f fus ion  t o w a r d  the  s u r -  
face  w h e n  a sh ip  t r a v e l s  a t  d i f fe ren t  speeds ,  or  is 
a t  rest .  

S imu l taneous  reduc t ion  of o x y g e n  and evolut ion 
of h y d r o g e n . - - I f  an a u t o m a t i c  c u r r e n t  con t ro l  is no t  
p rov ided ,  i t  is n e c e s s a r y  to a p p l y  a cons t an t  c u r r e n t  
w h i c h  is g r e a t e r  t h a n  the  p r o d u c t  of t he  m a x i m u m  
v a l u e  of Jo~ e x p e c t e d  u n d e r  p r a c t i c a l  cond i t ions  and  
the  a r e a  A of m e t a l  1. Use of excess  c u r r e n t  neces -  
s a r i l y  r e su l t s  in evo lu t i on  of h y d r o g e n .  H y d r o g e n  
evo lu t i on  w i l l  be  n e a r l y  u n i f o r m  a long  the  su r f ace  
of m e t a l  1 if  the  p o t e n t i a l  of  t he  so lu t ion  and  ac -  
c o r d i n g l y  t he  s ingle  e l e c t r o d e  p o t e n t i a l  E~(X) va r i e s  
on ly  s l igh t ly ,  e.g., if ~ E ~  ~ 0.02 vol t .  

On the  o t h e r  hand ,  if  AE .... ~ 0.1 vol t ,  h y d r o g e n  
evo lu t ion  w i l l  p r e d o m i n a t e  in t he  v i c i n i t y  of t he  
anodes ,  w h e r e a s  at  po in t s  m o r e  r e m o t e  f r o m  the  
anodes  h y d r o g e n  evo lu t i on  m a y  be  neg l ig ib le .  F o r  

r eg ions  w i t h  s igni f icant  h y d r o g e n  evo lu t i on  the  
s ing le  e l e c t r o d e  p o t e n t i a l  of m e t a l  1 is n e a r l y  e q u a l  
to E* i r r e s p e c t i v e  of the  loca l  c u r r e n t  d e n s i t y  s ince  
a v e r y  s teep  r i se  of t he  c u r r e n t  d e n s i t y - p o t e n t i a l  
c u r v e  b e l o w  E* is a s sumed .  A c c o r d i n g l y ,  for  the  
s ake  of m a t h e m a t i c a l  s impl i f ica t ion ,  t h e  p o t e n t i a l  
in  t he  e l e c t r o l y t e  a long  sec t ions  of m e t a l  1 w h e r e  
h y d r o g e n  is e v o l v e d  m a y  be  cons ide red  to be  con-  
s tan t ,  i.e., equa l  to 4,(x = 0, y = 0) as a f a i r  a p p r o x -  
ima t ion .  On the  o t h e r  hand ,  a t  po in t s  m o r e  r e m o t e  
f r o m  t h e  a u x i l i a r y  anodes,  t he  p o t e n t i a l  g r a d i e n t  in  
the  e l e c t r o l y t e  is d e t e r m i n e d  e s s e n t i a l l y  b y  the  c u r -  
r e n t  d e n s i t y  u sed  for  ca thod ic  r e d u c t i o n  of oxygen .  

1 
F o r  t h e  s t r i p  A B C D E F G  b e t w e e n  y - - - - - - - c  and  

2 
1 

y - - - - - - c  w i t h  s ign i f ican t  h y d r o g e n  e v o l u t i o n  b e -  
2 

1 1 
t w e e n  y = - - - - b  and  y = - - b  (see Fig.  1),  the  

2 2 
b o u n d a r y  cond i t ions  are,  t he re fo re ,  a s s u m e d  to be  

1 
~ = ~ ( x = 0 ,  y = 0 )  at  } x l < - ~ - b , y = 0  [15a]  

1 1 
O~/Oy = Jo~/~ a t - -  b_--< I x ] = < - - c  [15b]  

2 2 
w h i c h  r e p l a c e  Eq. [5] .  

A so lu t ion  for  cond i t ions  s t a t ed  in Eq. [15a]  and  
[15b]  bu t  w i t h o u t  a l ine  source  at  x = 0, y -~ d has  
a l r e a d y  been  o b t a i n e d  in  Eq. (36) of a p r e v i o u s  
p a p e r  (1) .  On this  so lu t ion ,  t he  so lu t ion  for  a l ine  
source  at  x ---- 0, y ---- d s a t i s fy ing  the  b o u n d a r y  con-  
d i t ions  ~ = 0 a long  the  l ine  CDE and  O~/Oy = 0 
a long  the  l ines  BC and  EF  in Fig .  1 is supe r imposed .  
In  t he  z"  p l a n e  of Fig.  6 of t h e  p r e v i o u s  p a p e r  the  
b o u n d a r y  cond i t ions  a r e  sa t is f ied b y  a l i ne  source  at  

x "  = 0, y "  = s inh  -1 (s inha/s inf l )  = v 

and  i ts  n e g a t i v e  i m a g e  at  

x "  -= O, y " = --sinh-l ( s inha/  sinfl ) = - -v  

w h e r e  
a ~ 7rd/c [16a]  

B = ~rb/2c [16b]  

v = s inh-~(s inha / s inhf l )  [17] 

The  c o r r e s p o n d i n g  so lu t ion  in  t h e  z p l a n e  is ob -  
r a i n e d  b y  us ing  t h e  p e r t i n e n t  r e l a t i o n  b e t w e e n  z 
and  z". Thus  the  c o m p l e t e  so lu t ion  is f o u n d  to be  

r  ---- r  = 0, y ---- 0) 

- - l n s i n [ s i n - l ( s i n ~ )  + i v ] } \  s inB / [18] 

w h e r e  
= ~rz/c [19] 

The  f ac to r  g in  Eq. [18] is p r o p o r t i o n a l  to t he  
S t rength  of the  l ine  source  at  x----0,  y = d. Upon  
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Fig. 3. Retio b/c vs. log g = log I/Iox according to Eq. [21] 

us ing  t h e  cond i t i on  t h a t  Or m u s t  be  con t inuous  
at  x = b, y = 0, i t  fo l lows  t h a t  

g ---- co th  v [20] 

S ince  g = 1 for  b = 0 acco rd ing  to Eqs. [17]  and  
[20],  i t  fo l lows  t h a t  g is e q u a l  to t he  r a t i o  of t he  
c u r r e n t  I for  cond i t ions  i n v o l v i n g  h y d r o g e n  e v o l u -  
t ion  to t he  c u r r e n t  Io, for  exc lus ive  r e d u c t i o n  of 
oxygen ,  

I/L~ = g = coth  {sinh -~ [ s inh  (r (~b /2c )  ] } 
[21] 

Eq. [21]  has  b e e n  used  in o r d e r  to d r a w  g r a p h s  
shown  in Fig.  3 f r o m  w h i c h  one m a y  r e a d  the  w i d t h  
b of t he  sec t ion  of m e t a l  1 at  w h i c h  h y d r o g e n  is 
e v o l v e d  if  the  c u r r e n t  r a t i o  I/Io~ and  the  d i s t a n c e  
ra t io  d/c a r e  g iven.  

I n s p e c t i o n  of Fig .  3 shows  t h a t  a h igh  i nc rea se  
of t he  c u r r e n t  is r e q u i r e d  in  o r d e r  to ob t a in  s ignif i -  
can t  h y d r o g e n  evo lu t i on  a long  the  e n t i r e  su r f ace  of 
m e t a l  1 if t he  d i s t a n c e  d of t he  a u x i l i a r y  anodes  is 
s m a l l  as c o m p a r e d  to t h e  d i s t ance  c b e t w e e n  n e i g h -  
boring anodes. On the other hand, a moderate in- 
crease of the current leads to hydrogen evolution 
along the entire surface of metal l if the distances 
c and d are of the same order of magnitude. 

For the section of metal 1 at which hydrogen is 
evolved, the single electrode potential E~(X) is as- 
sumed to be equal to E% The single electrode po- 
tential E~(X) at  a n y  po in t  is e q u a l  to a c o n s t a n t  
v a l u e  m i n u s  the  loca l  e l ec t r i ca l  p o t e n t i a l  in  t he  
e l ec t ro ly te .  Thus,  El(X) for  t he  sec t ion  of m e t a l  1 
a t  w h i c h  ca thod ic  r e d u c t i o n  of o x y g e n  p r e v a i l s  is 
o b t a i n e d  f r o m  Eq. [18] as 

E(X) = E . . . .  [~(x ,y  = O ) * - - ~ ( x  = 0, y ---- 0 ) ]  
= E* + (J~,c/=~) {u--g t anh- l [  ( t a n h  v)  ( t a n h  u)  ]} 

1 1 
i f - -b_ - -<  l x l  - < - - c  [22]  

2 2 
w h e r e  

u = cosh-~[sin (~x/c)/sin 0 r b / 2 c )  ] [23] 

and  v is def ined b y  Eq. [17] .  
U p o n  s u b s t i t u t i n g  Eq. [21] in Eq. [22] and  l e t t i ng  

1 
x = - -  c, t he  m a x i m u m  d i f fe rence  of t he  loca l  s ingle  

2 

e l ec t rode  p o t e n t i a l  is found  to be  

t~ 
o ~ 

-Z- 0.0 ~......__..___~ ~ =0.02 
d/c -o,s ~ - - ' - ~  

-I,5 ~ 
- 2 0  l / c  = 0.2 /c=O.I 

-2 .5  

�9 5.0 

0 0.2 0.4 0.6 0 8  I,Q 
log g=log I/Io• 

Fig. 4.  D imens ion less  g r o u p  f2 vs. log g = log I/1o~ acco rd -  
ing  to  Eq. [ 2 6 ] .  

1 AEmax ~ -  E ( X  = "-~ C) - -  E "~ 

- - J ~ 1 7 6  [24]  
~ro- I0~ I 

w h e r e  in  v i ew  of Eq. [21]  

-2-1 f sinhsi__~[coth-'~(I/I0,.) ] ) = = c )  = cosh-  

[25] 

Upon  i n t r o d u c t i o n  of t he  d ime ns ion l e s s  g roup  

f~ : - -  w - -  - -  t a n h  -1 t a n h  w [26] 
~r Iox \ I 

the  va lue s  of •  .... m a y  be  c a l c u l a t e d  as 

hE.= = (Jo.c/o-)• if I > Io. [27]  

Fig .  4 shows  curves  for  f~ as a f u n c t i o n  of t he  
a p p l i e d  c u r r e n t  a cco rd ing  to Eq. [26] .  Thus  one m a y  
ca l cu l a t e  •  .... w i t h  t he  he lp  of Eq. [27] .  Va lues  
of 52 a r e  e q u a l  to va lue s  of fl if  I = I0~, a n d  dec rease  
if I > Ion, i.e., AEm,x dec reases  w i t h  i nc r e a s ing  c u r -  
ren t .  Consequen t ly ,  t he  n e c e s s a r y  cond i t i on  for  c o m -  
p l e t e  ca thod ic  p r o t e c t i o n  in  Eq. [2]  m a y  no t  be  s a t -  
isfied for  I-~ Io, b u t  m a y  be  sat is f ied b y  i n c r e a s i n g  
the  cu r ren t .  I f  d/c<<l,  ~ is of t h e  o r d e r  of un i ty ,  
and  a d e c r e a s e  of f~ m a y  be  v e r y  d e s i r a b l e  in o r d e r  
to sa t i s fy  Eq. [2] ,  b u t  for  s m a l l  d/c r a t io s  f~ d e -  
c reases  on ly  s l owly  w i t h  i nc rea s ing  cu r r en t .  Unless  
t he  excess  c u r r e n t  is v e r y  h igh ,  h y d r o g e n  evo lu t i on  
is confined to t he  v i c i n i t y  of the  anodes  and,  t h e r e -  
fore,  the  p o t e n t i a l  d i s t r i b u t i o n  a long  the  ca thode  is 
c h a n g e d  on ly  s l igh t ly .  O n l y  w h e n  h y d r o g e n  is 
e vo lve d  a l o n g  mos t  of t h e  su r f a c e  of  m e t a l  1, do t h e  
v a l u e s  of f~ a n d  • d r o p  m a r k e d l y .  C a l c u l a t e d  
va lue s  of AEmax a n d  f, b e c o m e  zero acco rd ing  to Eqs. 
[24]  and  [26] if  b ----c, b u t  th is  r e su l t s  on ly  f rom the  
s i m p l i f y i n g  p r e s u p p o s i t i o n  t h a t  t h e  v a r i a t i o n  of t he  
s ingle  e l ec t rode  p o t e n t i a l  w i t h  c u r r e n t  d e n s i t y  used  
for  h y d r o g e n  evo lu t i on  is neg l ig ib le .  

On the  o t h e r  hand ,  i f  t he  a n o d e - c a t h o d e  d i s t a n c e  
d is of t he  s a m e  o r d e r  of m a g n i t u d e  as t he  d i s t a n c e  c 
b e t w e e n  n e i g h b o r i n g  anodes ,  a r e l a t i v e l y  s m a l l  i n -  
c rease  of t h e  c u r r e n t  suffices to o b t a i n  s igni f icant  
h y d r o g e n  evo lu t i on  a long  the  en t i r e  su r f ace  of 
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To find the  p o t e n t i a l  a t  the  su r f ace  of ca thodes  
a n d  anodes ,  ~ = ~ ( x -  $)/c is s u b s t i t u t e d  as t he  v a -  
r i a b l e  of i n t e g r a t i on .  Thus  

r  y = 0) ---- cons t an t  
1 

7r(x + - - a ) / c  
J o~c C ~ 2 

Re ,~ In sin ~ d~ [33] 
7r(x-- - - a ) / c  

2 

Hence  the  m a x i m u m  di f fe rence  of t he  s ing le  e l ec -  
t r o d e  p o t e n t i a l  a t  t he  su r f ace  of m e t a l  1 is 

m e t a l  1 a n d  a c o n s i d e r a b l e  dec rea se  of S~ as s h o w n  
in Fig.  3 and  4. S ince  the  v a l u e  of S ~ = ] ~ ( I = I o , )  
for  d ~ c is s m a l l  and,  t he re fo re ,  Eq. [2]  is easy  to 
sa t i s fy ,  a dec rea se  of f~ and  AEm~ d u e  to a c u r r e n t  
I > I0, is, in  genera l ,  no t  of p r a c t i c a l  i m p o r t a n c e .  

Anodes in the Plane of the Metal to Be Protected 
A pe r iod i c  a r r a y  of s t r ip s  of m e t a l  1 and  anodes  

l y i n g  in  t h e  s a m e  p l a n e  is s h o w n  in Fig.  5. C a l c u l a -  
t ions  a r e  conf ined to t he  s t r ip  A B C D E F .  I n s u l a t i n g  
sec t ions  b e t w e e n  ca thodes  and  anodes  a r e  a s s u m e d  
to be  n e g l i g i b l y  smal l .  T h e  w i d t h  of t he  anodes  is 
d e s i g n a t e d  b y  a and  t h e  d i s t ance  b e t w e e n  the  m i d -  
l ines  of sect ions  of m e t a l  1 b y  c. A t  the  ca thod ic  a r e a s  
of m e t a l  1, on ly  r e d u c t i o n  of o x y g e n  is supposed  to 
occur.  Thus ,  t h e  b o u n d a r y  cond i t ion  is ana logous  to 
t ha t  s t a t ed  in  Eq. [5]  

1 1 
O~/ay=J,~/~at--2 a <  [ x l  < - ~ - c , y - - - - 0  [28] 

A t  the  anodes  e i t he r  a cons t an t  e l ec t rode  p o t e n t i a l  
or  a cons t an t  c u r r e n t  d e n s i t y  m a y  be  assumed.  F o r  
a cons t an t  e l ec t rode  po t en t i a l ,  t he  so lu t ion  o b t a i n e d  
in Eqs. [38]  and  [39] of t he  p r e v i o u s  p a p e r  (1)  m a y  
be  used.  W i t h  the  p r e s e n t  no ta t ion ,  t he  m a x i m u m  
d i f fe rence  of t he  s ing le  e l e c t r o d e  p o t e n t i a l  of m e t a l  
1 is f o u n d  to be  

AEm,~ = (Jo~c/~)s [29] 
w h e r e  

~ = ~-~ cosh-~[1/sin(~a/2c) ] [30]  

On the  o the r  hand ,  t h e r e  m a y  be  cons ide red  a 
u n i f o r m  c u r r e n t  d e n s i t y  a long  t h e  anode ,  w h i c h  is 
( c - - a ) / a  t imes  g r e a t e r  t h a n  t h e  ca thod ic  c u r r e n t  
d e n s i t y  Jo, c o r r e s p o n d i n g  to t he  a r e a  r a t i o  of anodes  
a n d  ca thodes .  Thus  

1 
a$1ay - - ( c - - a ) J o J a c r a t O < l x l < - ~ a , v = O  [31] 

A so lu t ion  of the  L a p l a c e  e q u a t i o n  [3]  for  b o u n d -  
a r y  cond i t ions  [28] and  [31] m a y  b e  o b t a i n e d  b y  a 
s u p e r p o s i t i o n  of l i ne  sources  at  t he  su r f ace  of anodes  
and  l ine  s inks  at  the  su r f ace  of ca thodes .  

@ - - - -  cons t an t  
1 

- - a  

+ - -  y . - - - - R e  l n s i n  d~ 
7ra i c 

- - 2  a 
[32] 

where the variable of integration ~ is the distance 
of a line source from the origin. 

AEm~x 

w h e r e  

1 1 
= r  = - - ~ a ,  y = 0 ) - - r  = - ~ - c ,  y = 0) 

= (Jo~C/~)f4 [34] 

1 

c r y , m + ~ / ~ )  

f ~a /c  

- -  ,, 0 In s in  v d~? ] [35] 

The  i n t e g r a l s  in  Eq. [35] can  be  e v a l u a t e d  r e a d -  
i ly  b y  m e a n s  of  n u m e r i c a l  m e t h o d s .  

G r a p h s  of f~ a n d  f, vs. a/c a r e  s h o w n  in Fig.  6. 
T h e  d i f fe rence  b e t w e e n  the  cu rves  for  f~ a n d  ], is 
r e l a t i v e l y  smal l .  I t  is, t he r e fo re ,  i r r e l e v a n t  w h e t h e r  
a cons t an t  e l ec t rode  p o t e n t i a l  or  a cons t an t  c u r r e n t  
d e n s i t y  at  t he  anodes  is a s sumed .  

In  t h e  fo rego ing  ca l cu l a t i on  t h e  effect  of i n s u l a t -  
ing  s t r ip s  b e t w e e n  ca thodes  a n d  anodes  has  been  
neg lec ted .  The  effect is of m i n o r  i m p o r t a n c e  if  t h e  
w i d t h  of t he  anodes  is m u c h  less t h a n  t h a t  of t he  
ca thodes .  As  a l i m i t i n g  case, w i r e  anodes  in  t he  
p l a n e  of m e t a l  1 as s h o w n  in Fig.  7 a r e  cons idered .  
The  w i d t h  of i n s u l a t i n g  sec t ions  b e t w e e n  m e t a l  1 

1 
and  a w i r e  a n o d e  is d e n o t e d  b y  - - s .  Thus  the  

2 
b o u n d a r y  cond i t ions  for  t h e  s t r i p  A B C D E F  a re  

1 1 
a$/ay = Jo~/~ a t - - s  < I x I < c, y = 0 [36] 

2 Y 

1 
O ~ / O y - - - - O a t O < x < - ~ s , y = O  : [37]  

0 

-0.2 

-2.0 
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-0.6 
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. . . .  ~c_ . . . .  i 

,09 f l  "~ 

-2.0 -I.6 -I.2 -0.8 -0.4 
log o/c  

Fig. 6. Dimensionless groups f~, f4, and f5 vs. log a / c  and 
log s/c according to Eqs. [ 30 ] ,  [ 35 ] ,  and [ 41 ] ,  respectively. 
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miss ib le  m a x i m u m  va l ue  of c is of the  order  of 200 
cm. A low conduc t iv i ty  of the  e lect rolyte ,  however ,  
r equ i res  m u c h  smal le r  d is tances  b e t w e e n  n e i g h b o r -  
ing  anodes located in  the  p l a ne  of the  m e t a l  to be  
protected.  In  f resh w a t e r  w i th  an e lect r ical  con-  

Since all  c u r r e n t  l ines  o r ig ina t ing  f rom the  anode  
are supposed to en te r  me t a l  1 as cathode, the  po-  
t en t i a l  g rad ien t  at  inf in i te  d is tance  y m u s t  van ish ,  

0r = 0 at y---- ~ [38] 

The  la t te r  condi t ion  de t e rmines  the  s t r eng th  of 
the  l ine  source at x : 0, y : 0 whe re  the  wi re  anode  
is located. 

The Laplace  equa t ion  [3] and  the  b o u n d a r y  con-  
di t ions  [36] to [ 3 8 ]  are  satisfied b y  

- - S  
2 

~ =  (Jo, /~)  y--~r-~Re l n s i n [ ~ r ( z - - ~ ) / c ] d ~  
- - ~ s  

- - (c  -- s)Tr -~ Re In sin(~rz/c) + cons tan t  [39] 

Hence  the m a x i m u m  difference of the  local  s ingle  
electrode po ten t i a l  at  the  surface  of me ta l  1 is found  
to be 

1 1 
AE ..... : ~ ( x  = ~ - s ,  y = O) --~b(x = - ~ c ,  y = O) 

= (Jo,c/~)],  [40] 

5~ = -- [ ( c - s) /c] ~-~ in  sinOrs/2c) 
1 

- - l r  (1  + s / c )  
~ l c  + ~-=S; l n s i n y d y - - ~ r - 3 o  l n s i n y d y  [41] 

duc t iv i t y  of 104 ohm -~ cm -~, the  pe rmiss ib le  m a x i -  
m u m  va l ue  of c u n d e r  the a f o r e m e n t i o n e d  condi -  
t ions  would  be of the  order  of 0.2 cm. U n d e r  these 
condit ions,  anodes  located in  the  p lane  of the me t a l  
to be  pro tec ted  are  no t  he lp fu l  a nd  anodes  m u s t  be  
placed at  a sufficient d is tance  in  f ron t  of the  me t a l  
to be  protected.  

For  the conf igura t ions  shown  in  Fig. 5 a nd  7, the  
po ten t i a l  d i s t r i bu t ion  for condi t ions  i nvo l v i ng  hy -  
d rogen  evo lu t ion  has no t  been  calculated.  If on ly  
oxygen  is reduced,  va lues  of f~, S~, a nd  f~ for smal l  
va lues  of a /c  or s / c  are  of the  same order  of m a g n i -  
t ude  as the va lues  of f~ for  comparab le  va lues  of d/c.  
Thus  it  m a y  be conc luded  t h a t  condi t ions  i nvo lv ing  
hyd rogen  evo lu t ion  for conf igura t ions  shown  in  Fig. 
5 and  7 and  smal l  va lues  of a/c  or s /c  are s imi la r  to 
those for wi re  anodes in  f ron t  of the  m e t a l  to be  
protected.  By and  large, a s ignif icant  decrease in  
AEm,~ wi l l  r e qu i r e  a c u r r e n t  I m u c h  grea te r  t h a n  
Io~ wi th  s ignif icant  h y d r o g e n  evo lu t ion  a long most  
of the  surface of me t a l  1. 

Cathodic Protection of Bare Sections of a Painted 
Metal 

In  m a n y  cases, most  of the  me ta l  is pa i n t ed  and  
there  are on ly  smal l  ba re  sect ions for wh ich  cathodic 
p ro tec t ion  is needed.  In  w h a t  follows i t  is shown  
tha t  the po ten t i a l  d i s t r i bu t ion  in  the e lec t ro ly te  
a nd  the  va l ue  of AE .... a re  d e t e r m i n e d  m a i n l y  by  
equa t ions  de r ived  above  if the  c u r r e n t  dens i ty  in  
these equa t ions  is replaced  by  Jo~<~, i.e., t he  c u r r e n t  
dens i ty  for oxygen  r educ t ion  averaged  over  pa in t ed  
a nd  ba re  sections. 

Fig. 8 shows a periodic  a r r a y  of b a r e  a nd  pa in t ed  
sections of me t a l  1 w i th  wi re  anodes in  f ron t  of 
me t a l  1. The  d is tance  b e t w e e n  anodes  is denoted  by  
c, the  w i d t h  of b a r e  sect ions by  p, and  the  d is tance  

- - - , t  ( 1 - -  s / c )  
2 

A graph  for f~ as a func t ion  of s /c  is shown in  
Fig. 6. Since the  curves  for f3, f,, and  f~ l ie r e l a t i ve ly  
close together ,  it  fol lows tha t  the  va lue  of z~Em,~ is 
d e t e r m i n e d  m a i n l y  by  the  w id th  of the  sect ion 
where  me ta l  1 is no t  present ,  regard less  of the  
wid th  of the  anodes.  

Moreover,  curves  in  Fig. 6 show tha t  the factors 
f~, f~, and ~ are of the order of unity except for very 
small values of a/c or s/c. For anodes located in or 
close to the surface plane of the metal to be pro- 
tected, AE,,~ is, therefore, of the order of Jo~c/o-. 
Hence the distance c between neighboring anodes is 
the most important controllable factor in order to 
make AEm,~ sufficiently small as a necessary require- 
ment for the possibility of complete cathodic protec- 
tion without significant hydrogen evolution. In par- 
ticular, a low conductivity of the electrolyte re- 
quires small distances between neighboring anodes. 

If E~(o~--E~= 0.2 volt, Jo~ = i0 -' amp/cm ~, and 
the corroding solution is sea water with a specific 
electrical conductivity ~ = 0.I ohm-~cm-% the per- 

b e t w e e n  the mid l ines  of n e i g h b o r i n g  ba re  sections 
of m e t a l  1 by  q. Thus  the  b o u n d a r y  condi t ions  for 
the  s t r ip  ABCD in Fig. 8 are  

1 
~ / O y = Z o = / ~ r a t F q - - - ~ p < l x l < ~ q + l p  [42] 

1 1 
O r  I < ( , + l ) q - - ~ - p  [43] 

Or : 0 at  y = ~ [44] 
w he r e  ~ is 0, _+1, - - 2 , . . . ,  or +_m cor respond ing  to 
2m = c /q  bare  sections per  l eng th  c. 

The  po ten t i a l  d i s t r i bu t ion  m a y  be r ep resen ted  
by  a superpos i t ion  of l ine  sources and  l ine  sinks, 

Y Anode O 

r 2 

I I n s u l a t o r  Lnsulotor I 

6 " ~ - \  / / " - -  "~ 1 / ~  
Cathodes P Cathodes 

o 

Fig. 8. Periodic array of bore end pointed sections of metal  
] wi th wire anodes in front of metal 1. 
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= c o n s t a n t  
+ R e { - - ( m p  J o ~ / ~ )  In s in  [~ (z  - -  i d ) / c ]  

- - ( rap  J o ~ / ~ )  in  sin [ v ( z  + i d ) / c ]  
jo,  ~ = + m  

+ Z~(z) [45]  

w h e r e  t he  i n t e g r a l  I , ( z )  i n v o l v i n g  t h e  s e r i a l  n u m -  
be r  t~ is 

1 
teq + - - p  

f 2 ~ ( z - ~ q - $ )  l z ( z )  = 1 in  sin d~ [46]  
C ~ q  --  - - p  

2 

In  Eq. [45] the  first  two  t e r m s  r e s u l t  f r o m  l ine  
sources  l oca t ed  at  the  pos i t ions  of t he  anodes  a t  
x = •  y = d and  t h e i r  i m a g e s  a t  x ~ +---nc, y = ~ d .  
The  i n t e g r a l s  r e su l t  f r o m  l ine  s inks  l oca t ed  a t  b a r e  
sect ions  of m e t a l  1. The  v a l i d i t y  of Eq. [45]  m a y  
be  ver i f i ed  b y  s u b s t i t u t i n g  Eq. [45]  in Eqs.  [42]  
to [44].  

Hence  t h e  d i f fe rence  ~E in t he  s ing le  e l e c t r o d e  
1 

p o t e n t i a l  b e t w e e n  po in t s  a t  x = - - c  and  x = 0  is 
2 

f o u n d  to be  

1 
~ = ~ ( x  = 0 ,  y = 0 )  - 6 ( x  = - ~  c ,  ~ = 0 )  

= (2rap JoJ~ro-) in  co th  (~rd/c) 

-}- tz=--m I . ( z =  O ) - - I , ( z =  - - - -  c) [47] 
~o- 2 

S h i f t i n g  the  o r ig in  of t h e  c o o r d i n a t e  s y s t e m  a n d  
1 

s u b s t i t u t i n g  $" = $ - -  - - c  as the  v a r i a b l e  of i n t e g r a -  
2 

1 
t ion  in  the  i n t e g r a l s  for  z = -  c, i t  can  be  s h o w n  

2 

t h a t  t he  two  sums  of i n t e g r a l s  in  Eq. [47]  a r e  e q u a l  
and,  t he re fo re ,  cance l  each  o ther .  Upon  s u b s t i t u t i n g  

Jo~,.~ = Jo~(2mp/c )  = Jo~(P/q)  [48] 

as the  c u r r e n t  d e n s i t y  a v e r a g e d  ove r  b a r e  and  
p a i n t e d  sect ions,  i t  fo l lows  t h a t  

AE = (Jo~(~ c/~r(r) in  co th  (~rd/c) [49] 

This  is t he  s ame  r e s u l t  t h a t  has  been  f o u n d  a b o v e  
in Eq. [8]  for  a c o m p l e t e l y  b a r e  su r f ace  of m e t a l  1. 

In  add i t ion ,  i t  can  be  shown  w i t h  t h e  he lp  of Eq. 
[45]  t h a t  loca l  d i f fe rences  of t he  s ing le  e l e c t r o d e  
p o t e n t i a l  a long  an  i n d i v i d u a l  sec t ion  of me ta l ,  e.g., 

1 
b e t w e e n  x = - -  p, y = O ,  and  x = O ,  y = O  a r e  i n -  

2 
s igni f icant  in  c o m p a r i s o n  to t he  v a l u e  of AE c a l c u -  
l a t ed  in  Eq. [49] .  

S i m i l a r  ca l cu la t ions  can be  m a d e  for  the  config-  
u r a t i o n s  s h o w n  in Fig .  5 a n d  7. B y  and  la rge ,  the  
fo r ego ing  equa t i ons  fo r  •  .... r e m a i n  v a l i d  fo r  p a r t l y  
p a i n t e d  s t r u c t u r a l  c o m p o n e n t s  if Jo~(~ is s u b s t i t u t e d  
for  Jo~. 

Concluding Remarks 
I n  t he  p r e s e n t  p a p e r ,  v a r i a t i o n s  in  t he  loca l  s ingle  

e l e c t r o d e  p o t e n t i a l  of ca thodes  h a v e  been  c a l c u l a t e d  
(a)  for  anodes  p l a c e d  in f ron t  of t h e  ca thodes  as 
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shown  in Fig .  1 and  (b)  for  anodes  a n d  ca thodes  
l y i n g  in  t he  s a m e  p l a n e  as s h o w n  in  Fig .  5 a n d  7. 
In  bo th  cases, t h e  m a x i m u m  v a r i a t i o n  in  t he  loca l  
p o t e n t i a l  of the  ca thodes  is f o u n d  to be  

AE = Jo~(av~ ( c / ( r ) f  [50] 

w h e r e  t h e  d ime ns ion l e s s  f ac to r  ] d e p e n d s  on  l e n g t h  
r a t io s  c h a r a c t e r i s t i c  of t he  g e o m e t r i e s  s h o w n  in Fig .  
1, 5, a n d  7. 

I f  anodes  a r e  p l a c e d  in  f ron t  of t he  ca thodes ,  t h e  
v a l u e  of ] = ]1 shown  in Fig .  2 can  a l w a y s  be  
m a d e  suff ic ient ly  s m a l l  b y  p r o v i d i n g  an  a n o d e -  
c a thode  d i s t a n c e  d c o m p a r a b l e  to or  g r e a t e r  t h a n  
the  d i s t a n c e  c b e t w e e n  n e i g h b o r i n g  anodes .  U n d e r  
t hese  condi t ions ,  h y d r o g e n  e v o l u t i o n  m a y  b e  a v o i d e d  
eas i ly  b y  a u t o m a t i c  a d j u s t m e n t  of t h e  i m p r e s s e d  
c u r r e n t  so t h a t  a p r e d e t e r m i n e d  s ing le  e l ec t rode  
p o t e n t i a l  of t he  ca thodes  is m a i n t a i n e d .  

In  con t ras t ,  if  anodes  a n d  ca thodes  l ie  in t he  s ame  
p lane ,  t he  v a l u e  of t h e  f ac to r  ] = S~, ]5, or  f5 shown  
in Fig .  6 is in  g e n e r a l  of t he  o r d e r  of un i ty .  Conse -  
quen t ly ,  in  o r d e r  to keep  • w i t h i n  l imi t s  r e -  
q u i r e d  fo r  t h e  s u p p r e s s i o n  of h y d r o g e n  evo lu t ion ,  
i t  is n e c e s s a r y  to m a k e  t h e  w i d t h  c of  the  ca thod ic  
a r eas  suff ic ient ly  smal l .  A s m a l l  w i d t h  c is e spec i a l -  
ly  n e c e s s a r y  if  t he  c o n d u c t i v i t y  z of t he  e l e c t r o l y t e  
is low. Consequen t ly ,  if  anodes  and  ca thodes  l ie  in  
t he  s ame  p lane ,  ca thod ic  p r o t e c t i o n  is, in  genera l ,  
p r a c t i c a l  on ly  in  e l e c t r o l y t e s  w h i c h  h a v e  a h igh  e lec-  
t r i c a l  c o n d u c t i v i t y  as, e.g., sea  w a t e r ,  a n d  the  a v e r -  
age  c u r r e n t  d e n s i t y  for  r e d u c t i o n  of o x y g e n  is r e l a -  
t i v e l y  low o w i n g  to p a i n t i n g  mos t  of  t h e  m e t a l  w h i c h  
is to be  p ro t ec t ed .  

Manuscr ip t  rece ived  Dec. 3, 1956. 
A n y  discussion of this paper  wi l l  appea r  in a Dis- 

cussion Section to be publ i shed  in the  June  1958 
J O U R N A L .  
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A P P E N D I X  
E r r a t a  in Eqs. [29] and [36] of the  previous  pape r  

(1) have occurred.  The correct  form of Eq. [29] is 

z" = sin -1 [29] 

in ~ b / ( a + b )  ] 
/ 

In  Eq. [36] x is to be rep laced  by  z. 



Technical Note @ 
The Silver and Thallium Oxide Coulometer 
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The s t a n d a r d  i n s t r u m e n t  for m e a s u r i n g  q u a n t i t y  
of e lec t r ic i ty  is the s i lver  coulometer ,  bu t  the  iodine  
cou lomete r  is of equa l ly  h igh prec is ion  (1) .  The 
copper  coulometer  is sub jec t  to secondary  chemical  
reac t ions  at the electrode,  and  it  suffers f rom the  
d i sadvan tage  of a low e q u i v a l e n t  weight .  The  w a t e r  
cou lomete r  is sub jec t  to a nega t i ve  e r ror  wh ich  i n -  
creases r ap id ly  wi th  decreas ing  c u r r e n t  (2) .  

A s imple  and  precise cou lomete r  u s ing  Ag and  T1 
salts at pH 9.5 is descr ibed  here.  It  possesses the  
advan t age  of a d h e r e n t  Ag deposits  and  the use of 
conven t iona l  P t  gauze electrodes.  The  cell reac-  
t ion  is as follows: 

4Ag + + 2T1 + + 6OH- = TLO~ + 3H~O + 4Ag 

The va lue  of the  n o r m a l  po ten t i a l  for the  reac t ion  

2TI + + 6OH----- Tl~O~(s) + 3H.~O + 4e- 

is --0.23 ___0.02 vs. S.C.E. (3). Hence, at unit activity 
of thallous ion the oxidation potential at pH 9.5 is 
40.40 v. At the same pH and in the absence of over- 
voltage, which is usually high, the oxidation poten- 
tial of hydroxide to oxygen is 40.67 v. Thus thallous 
ion is an excellent depolarizer to prevent the forma- 
tion of oxygen at the anode. The potential for the 
reaction 

T1 = T1 + + e- 

is --0.33 v. A solution containing 0.1M AgNO3, 0.5M 
NH~OH, and 0.2M NH,NO~ will have a Ag ion con- 
centration of, say, 10-8M. At this concentration the 
plating of Ag on the cathode will occur at a poten- 
tial of about 0.3 v. If these solutions are stirred, 
there is no danger of plating Tl or H~. 

Apparatus . --Reagent  grade  AgNO~, TLSO,, 
NH4NO~, and  NH~OH were  used w i thou t  f u r t h e r  
purif icat ion.  Before the  s ta r t  of each of the  first few 
runs  the  solut ion was  scavenged  e lec t ro ly t ica l ly ;  
this  was la te r  a b a n d o n e d  as unnecessa ry .  The 
e lec t ro ly te  was p r e p a r e d  by  d issolv ing in  300 ml  
of wa te r  4 g TLSO~, 4 g AgNO~, 4 g NH~NO~, and  8 ml  
15M NH~OH. The P t  gauze cathode was  40 cm 2 and  
the anode  was 23 cm~; t hey  were  a t t ached  to the  
ho lder  concent r ica l ly .  A magne t i c  s t i r re r  was  used.  
Elec t r ica l  ene rgy  was ob ta ined  f rom six 2-v  s torage 
ba t te r ies  of 900 a m p - h r  capaci ty.  The s t a n d a r d  r e -  
sistors 1 wi th  conven t iona l  c u r r e n t  and  po ten t i a l  

1 C a l i b r a t e d  b y  t he  A p p l i e d  Physics  Divis ion of  t h e  N a t i o n a l  Re -  
search  Counc i l  of Canada .  

leads were  1 ohm and  10 ohms in  n o m i n a l  value.  A 
Rub icon  type  B po t e n t i ome t e r  was  used for all  meas -  
u r e m e n t s  except  one in  which  a L&N K2 was used. 
The l imi t  of accuracy  of ca l ib ra t ion  was  __-0.0001%. 
Two sa tu ra t ed  Weston cells were  used, one for p r e -  
l i m i n a r y  a d j u s t m e n t  of the  po t e n t i ome t e r  and  the  
o ther  for ac tua l  m e a s u r e m e n t s .  T ime  was m e a s u r e d  
by  me a ns  of the  W WV  t ime  signal .  

Procedure.--The c u r r e n t  t h rough  the e lectrolysis  
cell r a n  th rough  the  s t a n d a r d  resis tor  across which  
the po ten t i a l  drop was measured .  A DPDT swi tch  in  
series wi th  the  res is tor  had  across two of its t e r m i -  
nals  a d u m m y  electrolysis  cell w i th  the  same elec- 
t ro ly te  and  the  same  size electrodes as the w o r k i n g  
cell. C u r r e n t  was  a l lowed to flow un t i l  all  a d j u s t m e n t s  
had  been  made  and  t h e n  at  zero t ime  the  swi tch  was  
m a d e  to the w o r k i n g  coulometer .  The po t en t iome te r  
was read  eve ry  30 sec. The s ta r t  and  finish of the  
electrolysis  was t imed  by  the  t i m e  s ignal  f rom radio 
s ta t ion  WWV. At  the  conclus ion  of the  electrolysis  
the  electrodes were  r e move d  and  washed  wi th  d i -  
s t i l led water .  The cathode, whose deposi t  was  a 
be a u t i f u l  s i lve ry  white ,  was  dr ied at l l 0 ~  and  
weighed.  If the deposi t  is no t  s i lvery  white ,  the  ra te  
of s t i r r ing  or the a rea  of the cathode should  be in-  
creased. The TLO~ is je t  b lack  except  w h e n  v e r y  t h i n  
and  it m a y  be r emoved  wi th  H~SO~ or more  con-  
v e n i e n t l y  wi th  HC1. 

Resul ts . - -The IR drop t h r o u g h  the ca l ib ra t ed  r e -  
sistor enab led  one to ca lcula te  the  va l ue  of the  cu r -  
rent .  The p roduc t  of the average  c u r r e n t  and  the 
t ime  gave the  q u a n t i t y  of e lec t r ic i ty  passed. The  
va lue  of 107.88 was t a ke n  as the  a tomic weigh t  of 

Table I. Observed and calculated weights of Ag 

Cur ren t ,  G r a m s ,  C a l c u l a t e d  
a m p  A g  A g  A m g  

1.0 1.0154 1.0153 40.1 
0.37 0.7496 0.7494 40.2 
0.28 1.0436 1.0429 40.7 
0.25 0.9235 0.9239 --0.4 
0.22 1.1790 1.1794 --0.4 
0.20 0.2550 0.2552 --0.2 
0.19 0.3725 0.3725 0.0 
0.18 0.2827 0.2827 0.0 
0.16 0.2507 0.2505 4-0.2 
0.009 0.0958 O.0958 0.0 
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Ag and  96,492 absolu te  coulombs (4) was t a k e n  a s  
the  va lue  of the Fa raday .  Resul ts  are g iven  in  
Table  I. 

Acknowledgment 
This work  was  suppor ted  by  the  Defence Research  

Board  of Canada  G r a n t  No. 7510-19, Pro jec t  D-44-  
75-10-19. 

Manuscript  received Ju ly  27, 1956. This paper was 
prepared for del ivery before the Washington Meeting, 
May 12-16, 1957. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 

REFERENCES 
1. E. W. Washburn  and S. J. Bates, J. Am.  Chem. Soc ,  

34, 1341 (1912). 
2. J. A. Page and J. J. Lingane, Anal. Chim. Acta, 16, 

175 (1957). 
3. I. M. Kolthoff and J. Jordan,  J. Am.  Chem. Soc., 74, 

382 (1952). 
4. D. M. Craig and J. I. Hoffman, Natl. Bur. Standards 

Circ.,524, 13 (1953). 

New Address 
for 

The Electrochemical Society, Inc. 

1860 Broadway New York 23, N. Y. 

Telephones--Circle 5-6282, Circle 5-6283 

The Electrochemical Society has moved its offices to new quarters, located on the north- 

east corner of 61st Street and Broadway. All communications to the Society and the JOURNAL 

should be addressed to the new address, 1860 Broadway. 



Technical Feature Q 
The Past and Future of Silicon Carbide 

G. M. Butler 

Research and Development Division, The Carborundum Company, Niagara Falls, New York 

When,  in 1891, E. G. Acheson  f irst  f ound  t iny ,  
sh in ing  c rys t a l s  on the  e l ec t rode  in his  f u r n a c e  m a d e  
f r o m  a p l u m b e r ' s  bowl ,  he  d id  no t  k n o w  t h a t  t he  
n e w  c o m p o u n d  was  s i l icon c a r b i d e  or  t ha t  i t  was  to 
p r o v e  the  mos t  v e r s a t i l e  of a l l  ca rb ides .  W i t h i n  a 
few years ,  howeve r ,  he  h i m s e l f  found  t h a t  his n e w  
c rys t a l s  w e r e  not  on ly  v e r y  ha rd ,  bu t  also possessed  
u n i q u e  r e f r a c t o r y ,  e lec t r ica l ,  chemica l ,  and  m e t a l -  
l u rg i ca l  p r o p e r t i e s .  

W h i l e  c a l c ium c a r b i d e  and  t u n g s t e n  ca rb ide ,  t he  
two  o t h e r  r e a l l y  i m p o r t a n t  c a r b i d e s  of commerce ,  
have  c o n t r i b u t e d  g r e a t l y  to t he  w o r l d ' s  economy,  
each  of t h e m  can  do on ly  one job  we l l :  c a l c ium ca r -  
b ide  is the  bas is  of a c e t y l e n e  chemis t ry ,  a n d  t u n g -  
s ten  c a r b i d e  y i e ld s  ha rd ,  w e a r - r e s i s t a n t  tools,  dies,  
and  s i m i l a r  pa r t s .  

S i l i con  ca rb ide ,  on the  o t h e r  hand ,  can do m a n y  
t a sks  wel l .  I ts  a t t r i b u t e s  c h a l l e n g e  the  i m a g i n a t i o n :  

E x t r e m e  h a r d n e s s  a n d  r e s i s t ance  to w e a r  and  
ab ras ion .  

H igh  s t r e n g t h  and  v e r y  s low o x i d a t i o n  r a t e  a t  
e x t r e m e l y  h igh  t e m p e r a t u r e s .  

C h e m i c a l  i ne r tne s s  to a l l  ac ids  and  m a n y  o t h e r  
co r rodan t s .  

C h e m i c a l  r e a c t i v i t y  w i th  ch lo r ine  and  o t h e r  h a l o -  
gens, and  w i t h  s e v e r a l  m e t a l  oxides .  

E l ec t r i ca l  s e m i c o n d u c t i v e  and  r e c t i f y i n g  p r o p -  
er t ies .  

L o w  a b s o r p t i o n  or  " c a p t u r e "  of t h e r m a l  neu t rons .  
H igh  t h e r m a l  c o n d u c t i v i t y .  
H igh  t h e r m a l  emf  w h e n  p a i r e d  w i t h  g raph i t e .  
L o w  d e n s i t y  a n d  t h e r m a l  e x p a n s i b i l i t y .  
R a w  m a t e r i a l s  a b u n d a n t  a n d  cheap.  
S u r e l y  such  a m a t e r i a l  is u n i q u e l y  v a l u a b l e  to 

m a n k i n d !  E v e n  t o d a y  i ts  v a l u a b l e  c h a r a c t e r i s t i c s  
a r e  not  f u l l y  exp lo i t ed ,  a l t h o u g h  the  d e m a n d  for  
s i l icon c a r b i d e  t a x e s  e v e r y  m a n u f a c t u r e r .  

Those  who  w o r k  w i t h  SiC be l i eve  t h a t  i t s  f u t u r e  
ho lds  uses  as y e t  on ly  d i m l y  foreseen .  By ou t l i n ing  
the  e x t e n t  to w h i c h  i ts  ab i l i t i e s  a r e  now ut i l i zed ,  
and  b y  showing  w h e r e i n  g r e a t e r  k n o w l e d g e  of i t  
shou ld  l ead  to e n h a n c e m e n t  of these  good p r o p -  
e r t ies ,  the  a u t h o r  hopes  to e n c o u r a g e  w o r k e r s  in 
m a n y  fields to e x p l o r e  th is  u n u s u a l  " m a n - m a d e  
m i n e r a l . "  

Synthes is . - -Al though SiC has  been  m a n u f a c t u r e d  
for  65 yea r s ,  t h e  p rocess  of m a k i n g  i t  has  c h a n g e d  

little. Silica and carbon are still packed around a 
graphite resistor and heated to cause the reaction, 
SiO2 ~- 3C-~ SiC ~- 2CO. While some of the char- 
acteristics of the product, .such as crystal size, pu- 
rity, and resistivity, can be varied to a limited de- 
gree by furnacing practice and choice of raw mate- 
rials, the manufacturer cannot yet persuade his 
furnaces to yield crystals of controlled size, density, 
shape, and other properties. He can select from the 
crude "ingot" various areas differing in character, 
but this is at best a compromise. 

In the research laboratory many investigators 
have formed SiC crystals of higher purity than can 
be made easily commercially. They have used a 
variety of methods: heating mixtures of high purity 
SiO.~ and  C in c ruc ib le s  or  p a c k e d  a r o u n d  res i s to r s ;  
s u b s t i t u t i n g  Si for  the  SiO~ to avo id  the  need  for  
a d d i t i o n a l  C; use  of the  "ho t  w i r e "  p rocess  to r e -  
duce  vo l a t i l e  Si ha l i de s  in  h y d r o g e n ;  s u b l i m a t i o n  
and  r e c r y s t a l l i z a t i o n  of p r e v i o u s l y  f o r m e d  SiC; 
a d d i n g  C to a m o l t e n  h i g h - S i  a l loy ;  r e a c t i n g  m o l t e n  
or  v a p o r i z e d  Si  w i t h  C, etc. 

No one h a s  y e t  a n n o u n c e d  a m e t h o d  b y  w h i c h  
la rge ,  f lawless  s ing le  c r y s t a l s  of SiC can  be  s y n t h e -  
sized, c o m p a r a b l e  to those  g r o w n  f rom ox ides  b y  the  
f l a m e - f u s i n g  process .  This  shou ld  be  feas ib le ,  once 
a so lu t ion  is f o u n d  to t he  m e c h a n i c a l  p r o b l e m  of 
p r o v i d i n g  a con t inuous ,  u n i f o r m  flow of v a p o r s  con-  
t a i n ing  Si and  C, w i t h i n  w h i c h  the  c r y s t a l  can  g r o w  
as des i red .  

A l l  ev idence  ind ica t e s  t h a t  t he  c o m m e r c i a l  h e x a -  
gona l  c r y s t a l  p r o d u c t  i s  t he  r e su l t  of a v a p o r - p h a s e  
r e a c t i o n  in w h i c h  Si  un i t e s  w i t h  C. Some  u n c e r -  
t a i n t y  exis t s  as to t he  f o r m  in w h i c h  C is p r e s e n t  in  
the  vapor ,  s ince  t he  v a p o r  p r e s s u r e  of e l e m e n t a l  C 
a t  t h e  r e a c t i o n  t e m p e r a t u r e  r a n g e  of  1800~176 
(3270~176 seems to be  too low to p r o v i d e  the  
n e c e s s a r y  c o n c e n t r a t i o n  for  c r y s t a l  g rowth .  N e v e r -  
theless ,  SiC c r y s t a l s  w i l l  g r o w  w h e n e v e r  v a p o r s  
c a r r y i n g  Si  pass  ove r  C or  w h e n  a m i x t u r e  of C and  
SiO~ is suff ic ient ly  hot.  

A v a i l a b i l i t y  of l a rge ,  u l t r a p u r e  c rys t a l s  w o u l d  
f r ee  the  r e s e a r c h e r  f r o m  the  v e x i n g  l i m i t a t i o n s  i m -  
posed  b y  the  l a ck  of h igh  p u r i t y  e x c e p t  in t i n y  
c rys ta l s .  L a b o r a t o r y  qua n t i t i e s  of s i l icon  c a r b i d e  
a r e  a v a i l a b l e  w i t h  m o d e r a t e l y  h igh  p u r i t y ,  p r o b a b l y  
b e t t e r  t h a n  99.9% SiC b u t  on ly  in p a r t i c l e  sizes of 
a b o u t  80 mesh .  
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Of e q u a l  i n t e r e s t  w o u l d  be  a w a y  to g r o w  l a r g e  
c rys t a l s  of the  l o w - t e m p e r a t u r e  p r i m a r y  or  cubic  
fo rm of SiC. A p p a r e n t l y  a l l  SiC first  fo rms  as t i n y  
cubic  c rys ta l s ,  w h i c h  t r a n s f o r m  a t  h i g h e r  t e m p e r a -  
tu res  to the  h e x a g o n a l  or  r h o m b o h e d r a l  c r y s t a l  
forms.  The  l a r g e s t  cubic  c rys t a l s  s eem to be  less 
t h a n  0.02 in. across,  so t h e y  have  l i t t l e  use  a t  p r e s -  
ent .  

These  cubic  c rys t a l s  d i f fer  f rom the  u s u a l  h e x a -  
gona l  p r o d u c t  in e l e c t r i c a l  p r o p e r t i e s  and  p e r h a p s  
also in c h e m i c a l  r e ac t i v i t y .  Theo re t i c a l l y ,  l a r g e  cubic  
c rys t a l s  shou ld  m a k e  b e a u t i f u l  g e m  s tones;  D e M e n t  
(1)  has  p r e s e n t e d  a r g u m e n t s  for  th is  con ten t ion .  
Cubic  c rys t a l s  a p p e a r  to g r o w  f r o m  a l iquid ,  such 
as m o l t e n  Si  or  Si a l loy,  thus  of fer ing  p r o m i s e  of 
g r o w i n g  l a rge  ones b y  t echn iques  used  to g r o w  
o the r  c r y s t a l s  f r o m  m o l t e n  ba ths .  

S i l i con  c a r b i d e  can  be  f o r m e d  in  h i g h - S i  a l loys ,  
bo th  f e r rous  and  nonfe r rous ,  in  the  p r e s e n c e  of  C. 
F o r  m a n y  y e a r s  a f t e r  Moissan  (2)  first  c l a i m e d  to 
have  f o u n d  t i ny  c rys t a l s  of SiC in m e t e o r i c  i ron,  no 
o t h e r  occu r r ence  in n a t u r e  was  known .  La t e r ,  
B a u m a n n  (3)  s u m m a r i z e d  t h e  w o r k  of  i n v e s t i g a t o r s  
who  w e r e  ab le  to p r o d u c e  SiC c rys t a l s  in v a r i o u s  
A1-Si  a l loys ,  and  also s h o w e d  ev idence  for  i ts  f o r -  
m a t i o n  in  such  a l loys  at  t e m p e r a t u r e s  as .low as 
525~ ( 9 7 7 ~  F u l t o n  and  C h i p m a n  (4) r e c e n t l y  
showed  t h a t  h i g h - S i  i rons  can  con ta in  s m a l l  SiC 
c rys ta l s .  

Loose grain.--One m a j o r  d iv i s ion  of SiC uses  is 
as loose  gr i t s  or  "g ra in . "  Acheson  first  u sed  his  SiC 
c rys t a l s  in  loose fo rm for  the  l a p p i n g  and  po l i sh ing  
of d i amonds .  T o d a y  s u b s t a n t i a l  q u a n t i t i e s  of g r a d e d  
gr i t s  a r e  so ld  for  l app ing ,  po l i sh ing ,  sawing ,  and  
s i m i l a r  ope ra t i ons  us ing  gr i t s  e i t he r  loose  or  in  a 
veh ic l e  such  as t a l low,  grease ,  or  o t h e r  l u b r i c a n t  
and  ca r r i e r .  Rock  sawing ,  s tone  a n d  gem pol i sh ing ,  
g lass  g r ind ing ,  v a l v e  l app ing ,  and  o the r  f a m i l i a r  
ope ra t i ons  m a k e  use  of t he  ha rd ,  s h a r p  c rys ta l s .  
Cha l l enges  to these  uses  of loose g r a i n  a r e  coming  
f r o m  i m p r o v e d  b o n d e d  a b r a s i v e  m a t e r i a l s  and  f r o m  
n e w  m e c h a n i c a l  m e t h o d s  for  g r i n d i n g  and  po l i sh ing ;  
bu t  the  low cost  and  conven i ence  of loose g r a i n  
m e t h o d s  wi l l  en su re  t h e m  p o p u l a r i t y  for  a long  t i m e  
to come.  

Acheson  also soon l e a r n e d  t h a t  his  n e w  p r o d u c t  
had  i n t e r e s t i n g  c h e m i c a l  p rope r t i e s .  Before  t he  t u r n  
of t he  cen tu ry ,  he  e s t a b l i s h e d  t h a t  i t  w o u l d  r e a c t  
w i t h  m o l t e n  F e  w i t h  d e o x i d i z i n g  effect, and  t h a t  
n u m e r o u s  m e t a l  oxides ,  w h i c h  m i g h t  o t h e r w i s e  be  
lost  in slags,  could  be r e d u c e d  to m e t a l  b y  SiC a d d i -  
t ions.  F r o m  th is  k n o w l e d g e  g r e w  the  w i d e s p r e a d  
usage  of spec i a l l y  p roces sed  SiC g r a i n  and  b r i -  
que t t e s  in i ron  found r i e s  and  s tee l  p lan ts ,  a n d  in 
c e r t a i n  n o n f e r r o u s  s m e l t i n g  processes ,  as a m e t a l -  
l u r g i c a l  add i t i ve ,  a m o u n t i n g  to t h o u s a n d s  of tons  
a n n u a l l y .  

A n o t h e r  u n u s u a l  c h e m i c a l  p r o p e r t y ,  t ha t  of v i g -  
orous  r e a c t i o n  w i t h  ha logens  such  as ch lo r ine  a t  
e l e v a t e d  t e m p e r a t u r e s ,  was  u t i l i zed  in  W o r l d  W a r  
I to p r o d u c e  SIC14, w h i c h  was  r e l e a s e d  in to  the  a i r  
to p r o d u c e  s m o k e  screens .  N o w a d a y s  SiCL is an  in-  
d u s t r i a l  c h e m i c a l  of r a p i d l y  i nc r ea s ing  i m p o r t a n c e ,  
f r om w h i c h  fine s i l ica  for  r u b b e r  r e i n f o r c e m e n t ,  
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e t h y l  s i l i ca te  for  f o u n d r y  s a n d  b inde r ,  a n d  s i l icon 
i t se l f  for  t r a n s i s t o r  and  rec t i f ie r  use  a r e  made .  
S i m p l y  b y  " b u r n i n g "  SiC in C12, SIC1, can  be  m a n u -  
f a c t u r e d  eas i ly  and  cheap ly .  Recen t  d e v e l o p m e n t s  in 
e l e m e n t a l  Si t echno logy ,  l e a d i n g  to h u g e  p o t e n t i a l  
use  in so la r  b a t t e r i e s  and  rect i f iers ,  offer p r o m i s e  of 
g r e a t  e x p a n s i o n  in  th is  use  of SiC. 

A c h e s o n  k n e w  t h a t  SiC was  an e l e c t r i c a l  con-  
duc tor ,  bu t  he  cou ld  h a r d l y  h a v e  fo re seen  t h a t  
n e a r l y  e v e r y  m a j o r  h i g h - v o l t a g e  p o w e r  d i s t r i b u t i o n  
l ine  in  t he  w o r l d  w o u l d  be  p r o t e c t e d  a g a i n s t  l i g h t -  
n ing  d a m a g e  b y  a r r e s t e r s  m a d e  w i t h  loose SiC gra in ,  
or  w i t h  g r a i n  b o n d e d  w i t h  c lays .  SiC g ra in s  in  con-  
t ac t  w i t h  each  o t h e r  wi l l  conduc t  a lmos t  no c u r r e n t  
a t  low vo l tages ,  bu t  the  con tac t  r e s i s t a nc e  dec reases  
v e r y  r a p i d l y  w i t h  i nc r e a s ing  vo l tage .  W h e n  a v o l t -  
age  su rge  caused  b y  l i g h t n i n g  h i t s  an  a r r e s t e r ,  c u r -  
r e n t  j u m p s  across  s p a r k  gaps  in  ser ies  w i t h  t he  g r a i n  
c o l u m n  or  s t a c k  of b o n d e d  disks ,  t h e n  t h r o u g h  the  
gra in ,  and  h a r m l e s s l y  to g round .  W h e n  t h e  su rge  
decreases ,  the  g r a i n  co lumn  r e ga in s  i ts  h igh  r e -  
s i s tance  and  cuts  off the  c u r r e n t  flow to g round ,  an  
ac t ion  w h i c h  i t  can  p e r f o r m  m a n y  t i m e s  w i t h o u t  
d a m a g e .  

The  i m p o r t a n t  c o m m e r c i a l  uses  of loose  g r a i n  a r e  
s u m m a r i z e d  in T a b l e  I. T h e r e  are,  h o w e v e r ,  o t h e r  
p o t e n t i a l l y  i m p o r t a n t  uses.  O l d e r  r a d i o  fans  r e -  
m e m b e r  c r y s t a l  sets,  in  m a n y  of w h i c h  the  sens i t ive  
d e t e c t o r  was  SiC, c a r e f u l l y  se lec ted  and  m o u n t e d  
w i t h  t he  "Ca t ' s  W h i s k e r "  p e r m a n e n t l y  sea l ed  in  
con tac t  w i t h  an  ac t ive  spo t  on t h e  c r y s t a l  sur face .  
W i t h  the  pa s s ing  of c r y s t a l  sets,  th is  rec t i f i ca t ion  
a b i l i t y  of SiC has  b e e n  l i t t l e  u t i l i zed .  M a t e r i a l s  such  
as Si and  Ge h a v e  been  re f ined  u n t i l  t h e y  d e m o n -  
s t r a t e  d r a m a t i c a l l y  v a l u a b l e  r ec t i f i ca t ion  p rope r t i e s ,  
ope n ing  up  the  w h o l e  t r a n s i s t o r  d e v e l o p m e n t .  W h e n  
c o m p a r a b l e  p r o g r e s s  is m a d e  in  p u r i f y i n g  SiC and  
con t ro l l i ng  the  i n t r o d u c t i o n  of ce r t a in  t r a c e  i m -  
p u r i t i e s  in to  i ts  s t ruc tu re ,  a n e w  t r a n s i s t o r  m a t e r i a l ,  
s t ab l e  to h i g h e r  t e m p e r a t u r e s ,  m a y  resu l t .  The  i m -  
p o r t a n c e  of h igh  t e m p e r a t u r e  t r a n s i s t o r s  in  h igh-  
speed  a i r c r a f t  and  miss i les  cou ld  be  enormous .  

Such  c o n t r o l l e d - p u r i t y  SiC, in  the  f o r m  of fine 
p o w d e r ,  m a y  become  an  i m p o r t a n t  source  of i l l u m -  
ina t ion .  L i k e  c e r t a i n  o t h e r  compounds ,  i t  has  t h e  
p r o p e r t y  of e l e c t ro lumine sc e nc e ,  or  g l o w i n g  w h e n  
s u b j e c t e d  to a s m a l l  e l e c t r i c a l  cu r r en t .  Recen t  d e -  
v e l o p m e n t s  p r o m i s e  l a r g e  pane l s  of e l e c t r o l u m i n e s -  
cen t  m a t e r i a l  g l o w i n g  ove r  w h o l e  ce i l ings ;  p e r h a p s  
SiC will prove suitable for this use. 

Coated abrasives using S i C . - - " S a n d p a p e r "  was  
once a p r o p e r l y  d e s c r i p t i v e  n a m e  for  coa ted  a b r a -  

Table I. Important uses of loose SiC grain 

Abras ive :  

Meta l lurg ica l :  

Chemical :  

Electr ical :  

Lapping  and pol ishing 
Wire  sawing of stone 
Abras ive  blas t ing 
Non-sl ip  addi t ive  for  concrete 
For  deoxidat ion  of steels and reducing  
agent  in a l loy steel  and fe r roa l loy  
manufac tu re  
For  chlor inat ion  to produce  silicon 
te t rachlor ide ,  made  into silicones, 
silicon metal ,  e thyl  sil icate,  and  fine 
si l ica 
Lightn ing  a r res te r s  
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sives.  S a n d  or  c ru shed  f l int  was  s p r i n k l e d  on a p a p e r  
coa ted  w i t h  we t  g lue  and  t hen  d r ied .  N o w a d a y s ,  
coa ted  a b r a s i v e s  i nc lude  p r o d u c t s  whose  b a c k i n g s  
m a y  be pape r ,  of a w i d e  v a r i e t y  of types ,  b u t  also 
c lo ths  and  vu l can i zed  fiber,  and  the  a b r a s i v e  p a r -  
t ic les  m a y  be  flint, ga rne t ,  fused  a lumina ,  SiC, or  
even  d i amond .  

S i l icon  c a r b i d e  coa ted  a b r a s i v e s  f ind t h e i r  g r e a t e s t  
u se fu lness  in g r i n d i n g  v e r y  h a r d  or  v e r y  soft  m a t e -  
r ials .  One of the  i m p o r t a n t  uses is for  s and ing  h a r d  
u n d e r c o a t  p r i m e r  p a i n t  of a u t o m o b i l e  bodies ,  w h i c h  
is done  wet ,  b y  hand ,  w i t h  f lex ib le  p a p e r s  c o a t e d  
w i t h  f i n e - g r i t  SiC. On the  o the r  hand ,  t he  l e a t h e r  i n -  
d u s t r y  is a b ig  use r  of SiC coa ted  ab ras ives ,  espe-  
c i a l ly  in shoe m a n u f a c t u r i n g  and  r epa i r i ng .  Sof t  
me ta l s  l i ke  a l u m i n u m ,  brass ,  and  coppe r  a r e  bes t  
g r o u n d  w i t h  th is  m a t e r i a l ,  as is also cas t  i ron.  

G r i n d i n g  the  edges  of p l a t e  glass,  e spec i a l l y  for  
a u t o m o b i l e  use,  is done  v e r y  e f fec t ive ly  b y  be l t s  
coa ted  w i t h  SiC, w h i c h  a r e  also used  for  g r i n d i n g  
and  f in ish ing  m a r b l e  and  o the r  d e c o r a t i v e  s tone.  
P o w e r - d r i v e n  floor s ande r s  e q u i p p e d  w i t h  d r u m s  or  
d i sks  coa ted  w i th  SiC, a r e  f a m i l i a r  to d o - i t - y o u r s e l f  
fans,  who  h a v e  seen  h o w  the  coa r se  o p e n - c o a t  
p a p e r s  r ip  t h r o u g h  o ld  p a i n t  and  w a r p e d  wood  
floors. The  a d v e n t  of res ins  r e i n f o r c e d  w i t h  glass  
f ibers,  for  cars ,  boa t s  and  o t h e r  uses,  opens  a d d i -  
t i ona l  m a r k e t s  for  SiC be l t s  and  disks,  e spec i a l l y  in 
fine f in ishing ope ra t ions .  

Coa ted  a b r a s i v e  uses  in  g e n e r a l  a r e  e x p e c t e d  to 
g row m o d e r a t e l y  as nove l  m a t e r i a l s  a re  d e v e l o p e d  
w h i c h  need  the  sha rp ,  b r i t t l e  cu t t i ng  ac t ion  of SiC. 
The  i m p o r t a n t  p r e s e n t  uses a r e  l i s t ed  in  Tab le  II. 

Bonded SiC 

Abrasives: Acheson  soon i n c o r p o r a t e d  his  n e w l y  
d i s cove red  SiC into  g r i n d i n g  wheels .  He u sed  the  
t echn iques  and  b o n d i n g  agen t s  of  t he  e m e r y  w h e e l  
i ndus t ry .  This  p r a c t i c e  was  b a s e d  on n a t u r a l  c l ays  
and  o t h e r  m i n e r a l s  m i x e d  w i t h  t he  a b r a s i v e  gra in ,  
f o r m e d  in to  wheels ,  a n d  f i red to " m a t u r e "  t he  bond  
and  cause  i t  to we t  the  g r a in s  and  jo in  t h e m  to -  

Table II. Principal coated abrasive SiC applications 

Auto body undercoa t  sanding 
Glass edging 
Lea the r  gr inding and finishing 
Floor  sanding 
Stone gr inding  and pol ishing 
Gr ind ing  soft nonfer rous  meta ls  and 

alloys;  also cast i ron 
F in i sh-gr ind ing  g lass- re inforced resins 

Table Ill. Principal bonded SiC abrasive uses 

Wheels:  

St icks and stones: 

Nonsl ip  uses: 

Tungsten carb ide  rough-gr ind ing  
Gr ind ing  and cut t ing glass, gems, 

marble ,  ceramics,  stone 
Gr ind ing  cast i ron and ha rd  cast 

al loys 
Wood pulp gr inding;  leather ,  

r ubbe r  and plast ic  gr inding  
Aluminum,  copper,  brass, bronze 

gr inding  
Cast i ron cy l inder  honing 
Sharpen ing  stones 
S ta i r  t r eads  and floor inser ts  

ge ther .  E v e n  t o d a y  mos t  SiC a r t i c l e s  a r e  b o n d e d  w i t h  
such  ma te r i a l s .  The  a b r a s i v e  a p p l i c a t i o n s  l i s t ed  in 
T a b l e  I I I  a r e  m o s t l y  c a r r i e d  out  w i t h  v i t r i f i ed  
wheels .  O t h e r  b o n d i n g  m a t e r i a l s ,  such  as res ins  a n d  
r u b b e r s ,  a r e  d i sp l ac ing  some  of the  v i t r i f i ed  m a t e -  
r ia ls ,  e spec i a l l y  w h e r e  t o u g h n e s s  is des i red .  

The  p r o p e r t i e s  of SiC fit i t  bes t  for  g r i n d i n g  e i t he r  
v e r y  h a r d  and  b r i t t l e  m a t e r i a l s  such as c e m e n t e d  
ca rb ides ,  s tone,  glass,  ce ramics ,  cas t  i ron,  and  h a r d  
a l loys ,  or  a t  t he  o the r  e x t r e m e  of the  sca le  for  v e r y  
sof t  m a t e r i a l s  l ike  res ins ,  l ea the r ,  r u b b e r ,  and  soft  
n o n f e r r o u s  me ta l s .  T h e  c o n s u m p t i o n  of SiC in 
b o n d e d  f o r m  as a b r a s i v e s  is ap t  to i n c r e a s e  on ly  in  
p r o p o r t i o n  to t he  g e n e r a l  g r o w t h  of bus iness ,  w i t h -  
out  d r a m a t i c  poss ib i l i t i e s  for  r a p i d  upswings .  

Refractories . - -The h igh  t e m p e r a t u r e  r e s i s t ance  
and  good hea t  c o n d u c t i v i t y  of SiC w e r e  long  ago p u t  
to se rv ice  in t h e  f o r m  of v i t r i f i ed  " s u p e r - r e f r a c t o r y "  
wares .  T o d a y  the  poss ib i l i t i e s  for  g r o w t h  of th is  
ou t l e t  for  SiC a re  impres s ive .  T h e  s u p e r - r e f r a c t o r i e s  
a r e  f o r m u l a t e d  fo r  r e s i s t a nc e  to d e f o r m a t i o n ,  co r -  
rosion,  and  o t h e r  d e s t r u c t i v e  effects of s e r v i c e  a t  
e x t r e m e l y  h igh  t e m p e r a t u r e s .  

The  s t a n d a r d  p r o d u c t s  m a d e  b y  s e v e r a l  c o m p a n i e s  
a r e  bonded  w i t h  m i x t u r e s  of m i n e r a l s  and  c lays  
w h i c h  . fo rm s i l ica tes  d u r i n g  fir ing.  These  w a r e s  
h a v e  become  w i d e l y  a c c e p t e d  for  good s t r e n g t h ,  
o x i d a t i o n  res i s tance ,  hea t  conduct ion ,  and  a b i l i t y  
to w i t h s t a n d  w e a r  and  corros ion .  They  go into  k i l n  
f u r n i t u r e ,  r e to r t s ,  and  c onde nse r s  in  zinc ref ining,  
l in ings  for  b l a s t  f u r n a c e  dus t  cyclones ,  and  a hos t  
of o t h e r  spec ia l i zed  uses.  

The  so f ten ing  t e m p e r a t u r e  of the  s i l i ca te  b o n d  
imposes  a def in i te  l im i t  on the  t e m p e r a t u r e  w h i c h  
these  r e f r a c t o r i e s  can  endure .  N e w  and  m o r e  seve re  
d e m a n d s  have  p u s h e d  these  m a t e r i a l s  to t h e i r  l imi t .  
I t  was  e v ide n t  t ha t  the  p o t e n t i a l i t i e s  of SiC could  
be r ea l i zed  on ly  b y  d r a s t i c a l l y  i m p r o v e d  b o n d i n g  
t echn iques .  

Silicon nitride bonding. - -The f irst  m a j o r  " b r e a k -  
t h r o u g h "  came  w h e n  i t  was  p r o v e d  t h a t  a n e w  s i l icon 
c a r b i d e - s i l i c o n  n i t r i d e  m a t e r i a l  1 m a d e  an  o u t s t a n d -  
i n g l y  success fu l  nozzle  and  c o m b u s t i o n  c h a m b e r  
l i n e r  for  rocke ts .  I t  can  n o w  be  r e v e a l e d  t h a t  r o c k e t  
nozzle  p r o d u c t i o n  f r o m  th i s  m a t e r i a l  has  become  
"b ig  bus iness . "  

This  n e w  compos i t ion ,  in  w h i c h  s i l icon n i t r i d e  is 
f o r m e d  in situ, is i t se l f  a g r e a t  a d v a n c e  ove r  c o n v e n -  
t i ona l  SiC r e f r a c t o r i e s  b o n d e d  w i t h  s i l i ca tes  f o r m e d  
f r o m  clays.  W h e r e a s  t he  o lde r  m a t e r i a l s  w e a k e n  
se r ious ly  a t  t e m p e r a t u r e s  of 2500~176 (1480 ~ 
1590~ the  n e w  s i l icon n i t r i d e  bond  does  no t  m e l t  
up  to i ts d i s soc ia t ion  po in t  of 3450~ (1900~ a n d  
r e t a in s  use fu l  s t r e n g t h  to m u c h  h i g h e r  t e m p e r a -  
tures .  E v e n  m o r e  i m p o r t a n t ,  i t  w i l l  w i t h s t a n d  the  
s t resses  of r a p i d  h e a t i n g  and  cool ing,  w i t h  m u c h  less 
t e n d e n c y  to c r a c k  t h a n  c o n v e n t i o n a l  bonds .  

Once t h o r o u g h l y  p r o v e d  in  the  i n f e rno  of r ocke t  
motors ,  modi f ica t ions  of th is  nove l  s u p e r - r e f r a c t o r y  
b e g a n  to f ind i m p o r t a n t  ro les  in jobs  f o r m e r l y  done  
on ly  b y  m e t a l s  (5) .  J e t  eng ine  m a k e r s  used  to b e -  
m o a n  the  h igh  cost  of m a i n t a i n i n g  cast  a l loy  j igs  
used  for  b r a z i n g  t o g e t h e r  t he  ha lve s  of ho l low 

1 N i a f r a x |  s i l i con  carbide ,  a t r a d e  l~aark of T h e  C a r b o r u n d u m  
Coml~any. 
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blades  for the  compressor .  Af te r  a few t r ips  t h r ough  
the  b raz ing  furnaces ,  the  al loy j igs were  so w a r p e d  
tha t  they  had  to be recu t  to d imens ions ,  and  the  
b lades  came out  so d is tor ted  they  had  to be coined to 
res tore  t hem to accura te  shape. Now si l icon n i t r i d e -  
bonded  si l icon ca rb ide  ~ j igs m a k e  h u n d r e d s  of t r ips  
t h rough  the  fu rnaces  wi th  no dis tor t ion,  gene ra t i ng  
accura te  b lades  which  requ i re  no d i m e n s i o n a l  cor-  
rection.  

The new  n i t r i d e - b o n d e d  m a t e r i a l  has u n u s u a l  re -  
s is tance to corrosion by  m o l t e n  a l u m i n u m  and  fluxes 
used wi th  it. Now the  a l u m i n u m  i n d u s t r y  is c a r r y -  
ing on ex tens ive  tests which  m a y  resu l t  in  m a n y  
new  appl ica t ions  for  this  product .  

Other bonds.--SiC can  be bonded  wi th  e l e m e n t a l  
St. One such body 8 has been  used for years  as t e r m -  
inals  for SiC hea t ing  e lements  and  to a l imi t ed  ex -  
t en t  for igni te rs  and  hea t ing  e lements ,  us ing  its 
capaci ty  to genera te  hea t  by  res is tance  to electric 
c u r r e n t  (6) .  This  compos i t ion  is now u n d e r  inves t i -  
ga t ion  as a con ta ine r  for n u c l e a r  fuel,  to m a k e  
ceramic  fuel  e lements  for nuc l ea r  reactors  (7) .  

Ca rbon  also is used to bond  SiC, especial ly  for the  
f ami l i a r  g raph i t e - s i l i con  carb ide  crucibles  used for 
non fe r rous  me ta l  mel t ing .  

Table  IV summar i zes  these bonds  and  the i r  m a j o r  
fields of usefulness .  Efforts to use r e f r ac to ry  meta l s  
to bond  SiC have  not  yet  y ie lded  resul t s  of com-  
merc ia l  impor tance .  

Sel f -bonded silicon carbide . - -Al though s i l icon 
n i t r i d e - b o n d e d  SiC is a grea t  advance  over  co nve n -  
t iona l  refractor ies ,  it  s t i l l  is bonded  wi th  a m a t e r i a l  
wi th  less hea t  res i s tance  t h a n  itself, and  i t  c anno t  
be m a d e  i m p e r m e a b l e  to gases and  l iquids.  Sel f -  
bonded  SiC recrys ta l l i zed  in  such a way  tha t  the  
inters t ices  a re  filled comple te ly  w i th  more  SiC 
should  be a st i l l  more  v a l u a b l e  mate r ia l .  

~ R e f r a x |  s i l i con  carbide,  a t r a d e  m a r k  of  The  C a r b o r u n d u m  
Company .  

3 D u r h y |  s i l i con  carbide ,  a t r a d e  m a r k  of The  C a r b o r u n d u m  
C o m p a n y .  

Table IV. Refractory uses for SiC wares 

Silicate bond: 

Silicon ni tr ide bond: 

Silicon bond: 

Carbon bond: 

Ki ln  furn i ture  (tiles, posts, 
saggers) 

Muffles, hearths, skid rails in 
furnaces 

Retorts and condensers for zinc 
dist i l lat ion 

Heat recuperator  tubes and 
core-busters 

Wear and erosion-resistant parts 
such as hot cyclones and down- 
comers for blast furnaces; acid 
domes 

Boiler settings 
Rocket motor nozzles and com- 

bust ion chambers 
Brazing jigs 
Containers,  pump parts, protection 

tubes and allied parts for 
mol ten a luminum and zinc 

Acid bu rne r  tips and spray nozzles 
Heat ing elements 
Thermocouple protection tubes 
Nuclear fuel  elements 

(possibility) 
Graphite-si l icon carbide crucibles 
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Tinklepaugh (8, 9), at Alfred University, was able 
to produce such a body by hot pressing fine SiC 
grains at very high temperatures and pressures. The 
limitations of this technique prevent production of 
pieces of large or complicated nature, but his work 
directly inspired the development of a practical 
method to produce a wholly dense, self-bonded SiC 
body. 

This revolutionary new material, christened KT' 
(the initials of its inventor, Kenneth Taylor), con- 
sists of SiC with less than 5 % of any other material. 
It is wholly impervious to gases and liquids, has 
great strength at high temperatures, better thermal 
conductivity at high temperatures than any other 
known ceramic and most metallic heat-resisting 
alloys, and other properties such as great resistance 
to abrasion and corrosion. It was first described 
publicly before the Electrochemical Society in May 
1956, in San Francisco, and in an article recently 
published (i0). 

KT silicon carbide is the first commercial material 
utilizing to the fullest the valuable properties of 
SiC. One can confidently expect tremendously wide 
application of it, as its properties become better 
known and adequate capacity is installed for its 
production. 

Some of the uses now being explored are shown 
in Table V. 

Electrical uses of bonded silicon carbide . - -Non-  
meta l l i c  hea t ing  e l emen t s  of SiC are  wide ly  used in  
fu rnaces  ope ra t ing  above  the  usefu l  t e m p e r a t u r e  of 
meta l l i c  resistors.  They  are composed of gra ins  r e -  
c rys ta l l ized  toge ther  at  h igh  t e m p e r a t u r e s  into self-  
bonded,  porous  rods, which  are u s u a l l y  equ ipped  
wi th  t e r m i n a l  ends  of lower  e lect r ical  res i s tance  
m a d e  of s i l iconized SiC. Con t i nue d  i m p r o v e m e n t  in  
these e lements  is e x t e n d i n g  the i r  use fu l  l i fe  to t e m -  
pe ra tu re s  approach ing  3000~ (1650~ and  s t eady  
expans ion  of v o l u m e  is to be expected.  

Hea t ing  e l emen t s  are f o r m u l a t e d  to have  r e l a -  
t ive ly  smal l  change  in  e lectr ical  res i s tance  w i th  
t e m p e r a t u r e ;  at t e m p e r a t u r e s  reached  in  service 
they  resemble  meta l l i c  e l emen t s  in  d i sp lay ing  in-  
crease of res i s tance  as the  t e m p e r a t u r e  goes up. 

Changes  in  m a n u f a c t u r i n g  techniques ,  r a w  m a t e -  
rials,  or use of bond i ng  agents  can  give d ras t i ca l ly  
di f ferent  res i s tance  character is t ics .  At  low vol tages  
res is tance  can be v e r y  h igh bu t  can drop rap id ly  as 
vol tage  is increased.  A n  electr ical  "safe ty  va lve"  
such as this has m a n y  uses in  e lect ronic  design, p lus  
the  ve ry  i m p o r t a n t  use  in  l i g h t n i n g  arres ters .  

The u n u s u a l  e lectr ical  p roper t ies  of SiC der ive  in  
p a r t  f rom the p h e n o m e n a  associated w i th  surface  
contacts  b e t w e e n  semiconduc t ive  ma te r i a l s  and  in  

K T  s i l icon  carb ide ,  a t r a d e  m a r k  of  The  C a r b o r u n d u m  C o m p a n y .  

Table V. Potential uses for dense, impervious SiC ware 

Valves and piping for corrosive and erosive materials  
Pumps  and related parts for handl ing mol ten a lumina  
Sandblast  nozzles 
Rocket nozzles 
Fuel  elements and s t ruc tura l  members  in gas-cooled 

nuclear  reactors 
Thermocouple protection tubes 
Heat exchangers 
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Table VI. Predicted areas for increased SiC consumption 

Chemical: Rapid growth as raw mater ia l  for 
silicon tetrachloride production, 
ending up as silicon metal  and as 
fine silica. 

Piping, valves, and other parts for 
corrosion and heat resistance, out 
of dense, self-bonded silicon car- 
bide. 

Metallurgical:  Marked upswing as addit ion to ferro- 
silicon furnaces to increase pro- 
duction. 

Continued growth in br iquet te  use in 
iron foundry practice. 

Possible new source of silicon metal  
by thermal  dissociation. 

Electrical: Transistor and rectifier use at ele- 
vated temperatures,  if necessary 
pur i ty  can be achieved. 

Electroluminescent  powder for low- 
in tens i ty  area lighting. 

Increased use of non l inear  resistors. 
Nuclear Energy: Fuel  e lement  sheaths or fuel carriers 

for high tempera ture  gas-cooled 
reactors; also s t ructural  parts. 

pa r t  f rom the  basic proper t ies  of the m a t e r i a l  itself. 
Much can be done by  control  of p u r i t y  of the c rys-  
tals, w i th  res i s t iv i ty  va r i ab l e  over  severa l  orders of 
magn i tude .  

Trans i s to rs  have  been  made  e x p e r i m e n t a l l y  w i th  
selected SiC crystals,  bu t  the i r  pe r fo rmance  has no t  
been  good enough  to compete  wi th  Si or Ge. Here  
aga in  lack of ab i l i ty  to r egu la te  w h a t  is in  the c rys-  
ta l  m a y  be at fault .  Theore t ica l  cons idera t ions  sug-  
gest grea t  p romise  for this app l ica t ion  w h e n  c rys-  
ta l  g rowing  becomes be t t e r  control led.  

The  ab i l i ty  of ce r ta in  si l icon carb ide  crysta ls  to 
emit  l ight  w h e n  exci ted by  a weak  electr ic  c u r r e n t  

has been  long k n o w n  bu t  ne ve r  used  commerc ia l ly .  
Since no t  all  c rys ta ls  can  be so exci ted as to be 
e lec t ro luminescen t ,  more  m u s t  be l ea rned  abou t  the 
effects of impur i t i e s  and  s t ruc tu re  va r ia t ions  before  
such uses are perfected.  

The Future 

Those most  f ami l i a r  wi th  this  r e m a r k a b l e  com-  
pound  are confident  tha t  it  wi l l  grow in to  n e w  and  
even  more  v a l u a b l e  uses. Likewise,  one can con-  
f ident ly  pred ic t  con t inued  g rowth  in  its n o n a b r a s i v e  
uses. These are s u m m a r i z e d  in  Tab le  VI. 

Acheson,  i m a g i n a t i v e  scient is t  tha t  he was, could 
h a r d l y  foresee all  the possibi l i t ies  for the  compound  
he discovered.  Emphas i s  on h igh  t e m p e r a t u r e  tech-  
nology wil l  p resen t  f u r t h e r  n e w  and  i m p o r t a n t  uses 
for this  compound  which  wi l l  keep it at the  f ron t  of 
m o d e r n  m a n - m a d e  minera l s .  

Manuscript  received Apri l  5, 1957. This paper was 
prepared for del ivery before the Cleveland Meeting, 
Sept. 30-Oct. 4, 1956. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 
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ABSTRACT 

The shape of electrochemical polarization curves is discussed for ideal 
systems containing more than  two oxidat ion-reduction reactions. Situations 
are described where measured Tafel parameters  have no direct relationship 
to the parameters  of any  of the oxidat ion-reduction reactions. The analysis, 
while containing several  s implifying assumptions, shows the complexity of 
polarization measurements  and indicates the care which must  be taken  if such 
measurements  are to be in terpre ted  quanti tat ively.  

Po la r i za t ion  m e a s u r e m e n t s  have  been  used for 
m a n y  years  in  s tudies  of corrosion,  e lec t rodepos i -  
tion, and  ba t t e ry  pe r fo rmance .  In  spite of the  wide  
use of such m e a s u r e m e n t s ,  cons ide rab le  u n c e r t a i n t y  
in the i r  i n t e r p r e t a t i o n  st i l l  appears  to exist. 

S t e rn  and  Gea ry  (1) have  p r e sen t ed  a theore t ica l  
ana lys i s  of the  shape of po la r i za t ion  curves  for bo th  
revers ib le  electrodes and  cor roding  electrodes a nd  
have  descr ibed  some of the  reasons  for observed  
dev ia t ions  f rom Tafe l  behavior .  They  w a r n e d  
aga ins t  the  i n d i s c r i m i n a t e  i n t r o d u c t i o n  of b reaks  in  
po la r iza t ion  m e a s u r e m e n t s  and  l is ted severa l  of the  
pi t fa l ls  which  exist  in  the  i n t e r p r e t a t i o n  of such 
measu remen t s .  E x p e r i m e n t a l  ver i f icat ion of the 
equa t ions  wh ich  they  p re sen t ed  has been  ob ta ined  
(2) .  The methods  descr ibed h a v e  p roved  use fu l  in  
s tudies  of p i t  p ropaga t ion  in  s ta in less  steels (3) and  
anodic  po la r i za t ion  of i ron  (4) .  

This  discussion is an  ex tens ion  of the  ana lys i s  by  
S t e rn  and  Gea ry  which  descr ibes  more  complex  sys-  
tems i n c l u d i n g  those w h e r e  th ree  o x i d a t i o n - r e d u c -  
t ion  reac t ions  a re  operat ive .  Some examples  a re  
p resen ted  w h e r e  concen t r a t i on  po la r i za t ion  p lays  a 
role in  d e t e r m i n i n g  the  s t eady- s t a t e  e lect rode po-  
tent ia l .  

Basic Principle of the Method 
The  m e t h o d  wh ich  S t e r n  a n d  G e a r y  (1) descr ibe 

is based on the  p r inc ip le  tha t  the  s t e a d y - s t a t e  po-  
t en t i a l  of an  electrode is tha t  po t en t i a l  at which  the  
sum of the ra tes  of al l  the ox ida t ion  reac t ions  is 
equa l  to the  sum of the  ra tes  of al l  the  r educ t i on  r e -  
actions.  This  va lue  of po ten t i a l  m a y  be cal led the  
corrosion po ten t i a l  or the  mixed  po ten t i a l  a nd  oc- 
curs w h e n  

= , i ,  . . . . .  :~ i=, , i . . . .  ( I )  

where  i=, i,, a re  the  cu r r en t s  e q u i v a l e n t  to the 
ra tes  of ox ida t ion  of the  M, Y, and  Z o x i d a t i o n - r e -  

__> .__> .__> 

duc t ion  systems,  and  i~, i~, and  i: are  the  cu r r en t s  
e q u i v a l e n t  to the  ra tes  of r educ t ion  fo r  these  sys-  
tems.  W h e n  c u r r e n t  is appl ied  f rom an  e x t e r n a l  

source, the appl ied  cur ren t ,  ix, (cathodic  c u r r e n t )  
is equa l  to the  difference b e t w e e n  the  c u r r e n t  equ iv -  
a l en t  to the  to ta l  ra te  of all  the  r educ t ion  react ions  
and  the  c u r r e n t  e q u i v a l e n t  to the  to ta l  ra te  of all  the  
ox ida t ion  react ions.  

i r  .... i, ,  i . . . .  - - ~  , { . . . . .  ( I I )  

S ince  a s imi la r  express ion  exists  for anodie  po la r i -  
zat ion,  on ly  cathodic po la r i za t ion  is discussed here.  
If equa t ions  are  ava i l ab le  which  descr ibe  the  re la -  
t ionsh ips  b e t w e e n  po ten t i a l  a nd  the  i n d i v i d u a l  oxi -  
da t ion  and  r educ t ion  cur ren t s ,  t h e n  an  express ion  
can  be der ived  which  descr ibes  the va r i a t i on  of the  
po ten t i a l  of a sys tem as a func t i on  of appl ied  cu r -  
rent .  

System with Two Oxidotion-Reduction Reoctions 
Consider  a sys tem wi th  two possible o x i d a t i o n - r e -  

duc t ion  reac t ions  Z a nd  M, the  ra tes  of wh ich  are  
cont ro l led  by  ac t iva t ion  po la r i za t ion  so tha t  at the  
revers ib le  po t en t i a l  of the  Z reac t ion  the  equ i l i b -  
r i u m  Z + + e ~ Z exists, w h i l e  at the  revers ib le  po-  
t en t i a l  of the  M reac t ion  the  e q u i l i b r i u m  M + +  e 

M occurs. At  equ i l i b r ium,  the  ra te  of the  i nd i -  
v idua l  ox ida t ion  a nd  r educ t ion  reac t ions  is equa l  so 

--> ~ z  --> <-- 

t h a t  i~ ---- = io~ a n d  i~, = i~ = i ~  w h e r e  io, a n d  i ~  
are the  exchange  cu r r en t s  for the Z a nd  M react ion,  
respect ively .  The  c u r r e n t  e q u i v a l e n t  to the  to ta l  
ra te  of each of the  i n d i v i d u a l  ox ida t ion  or r educ t ion  
reac t ions  m a y  be expressed  in  the fo l lowing  fo rm 

-._) 

(5) ,  us ing  ix as an  example .  

..+ 

= --ft, log .--  ( I l l )  
~oz 

w he r e  fl= is a cons t an t  ( the Tafe l  slope) and  v is the  
overvo l t age  or the  difference b e t w e e n  the  po ten t i a l  
of an  electrode at which  z is be ing  r educed  a nd  the  
e q u i l i b r i u m  potent ia l .  S imi l a r  equa t ions  exist  for 

the  dependence  of i~, i~, a nd  i~ on potent ia l .  To aid 
in  v i sua l iz ing  the  shape of an  e x p e r i m e n t a l  po la r -  
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Fig. ] .  F lect rochemical  system wi th two ox ida t i on - reduc t i on  
react ions. I l lus t ra t ion o f  Cases I, II, and 111. 

i za t ion  cu rve  r e s u l t i n g  f rom such a m i x e d  e l e c t r o d e  
sys tem,  i t  is c o n v e n i e n t  to ass ign  va lue s  to t h e  Ta fe l  
cons t an t s  for  each  o x i d a t i o n - r e d u c t i o n  sy s t em in 
o r d e r  to show the  effect of changes  in t hese  p a r a -  
me te r s .  To exp re s s  po t en t i a l s  of the  va r i ou s  ox i -  
d a t i o n - r e d u c t i o n  sy s t ems  on the  s a m e  scale,  t he  
e q u i l i b r i u m  p o t e n t i a l  of t he  Z o x i d a t i o n - r e d u c t i o n  
sy s t em wi l l  be  used  as a r e f e rence ,  a n d  the  e q u i l i b -  
r i u m  p o t e n t i a l  of t he  M o x i d a t i o n - r e d u c t i o n  s y s t e m  
wi l l  be  g iven  a v a l u e  of 0.160 v m o r e  ac t ive  t h a n  the  
r e v e r s i b l e  p o t e n t i a l  of the  Z o x i d a t i o n - r e d u c t i o n  p o -  
t en t ia l .  

T h r e e  cases  wi l l  b e  cons ide red :  Case I w h e r e  i ~  
is s m a l l e r  t h a n  io ,  Case II  w h e r e  io~ equa l s  ion, and  
Case I I I  w h e r e  iota is g r e a t e r  t h a n  ion. The  fo l l owing  
p a r a m e t e r s  w i l l  be  he ld  cons t an t  a t  t h e i r  i n d i c a t e d  
va lues  (fl~ = 0.100 v, fl~----0.060 v, io~ = 1.0 Fa)  
and  ion, w i l l  be  a s s igned  va lue s  of 0.1 /~a for  Case  I, 
1.0 /~a for  Case II, a n d  10 Fa for  Case III .  Fig.  1 i l -  
l u s t r a t e s  t he  t h r e e  cases  desc r ibed ,  t h e  c i rc les  i n d i -  
ca t ing  t h e  m i x e d  or  co r ros ion  p o t e n t i a l  in  each  case. 

This  is the  p o t e n t i a l  a t  w h i c h  i~ + - ~  = ~ -~ ~ .  
Case I . ~ T h i s  s i t ua t i on  has  a l r e a d y  been  d e s c r i b e d  

q u a n t i t a t i v e l y  us ing  the  s a m e  p o l a r i z a t i o n  p a r a -  
m e t e r s  used  h e r e  (1 ) .  The  o v e r v o l t a g e  as a f u n c t i o n  

of a p p l i e d  ca thod ic  cu r r en t ,  i~, m a y  b e  e x p r e s s e d  b y  
the  fo l l owing  equa t ion .  

= --fl ,  l o g  ( IV)  

o |  . . . . .  ~:~,\ . . . . . . . . . .  I : ~  . . . . . . . . . . . . . .  , . . 
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Fig. 2. Overvo l tage  as a func t ion  o f  app l ied  cathodic  cur ren t  
fo r  Case I (Jam < lad showing region where onodic  curve can 
be ca lcu la ted f rom cathodic  data .  
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Fig. 3. Overvo l tage  as a func t ion  o f  app l ied  cathod ic  cur-  
rent fo r  Case II (io~ = ion). 

This  is d e r i v e d  b y  s u b s t i t u t i n g  Eq. ( I I )  in to  Eq. 
.-> 

( I I I ) .  A p lo t  of  v vs. i~ y i e ld s  a c u r v e  w h i c h  shows 

d e v i a t i o n  f rom Tafe l  b e h a v i o r  a t  low v a l u e s  of ~.  
-.p 

A t  h i g h e r  va lue s  of a p p l i e d  cu r ren t ,  i~ a p p r o a c h e s  
-_> 

i~ a n d  the  r e s u l t i n g  c u r v e  shows  Ta fe l  b e h a v i o r  w i t h  
a fl v a l u e  equa l  to flz and  an  e x t r a p o l a t e d  e x c h a n g e  
c u r r e n t  v a l u e  e q u a l  to io ,  

U n d e r  these  condi t ions ,  i t  is poss ib le  to o b t a i n  e x -  
p e r i m e n t a l  v a l u e s  for  the  T a f e l  cons tan t s  of t he  Z 
reac t ion .  I t  is i m p o r t a n t  to no t e  t ha t  a d e t e r m i n a -  

<-_ 

t ion  of fix and  io~ p e r m i t s  c a l cu l a t i on  of  in as a 
func t ion  of p o t e n t i a l  in  t he  r e g i o n  close to t h e  co r -  
ros ion  po ten t i a l .  1 This  is a m e a s u r e  of t he  loca l  
anod ic  p o l a r i z a t i o n  in  a c o r r o d i n g  sys tem.  Thus,  
ca thod ic  p o l a r i z a t i o n  m e a s u r e m e n t s  u n d e r  c o n d i -  
t ions  i n d i c a t e d  in  Case I p e r m i t  a d e t e r m i n a t i o n  of 
the  loca l  anodic  p o l a r i z a t i o n  c u r v e  of t h e  s y s t e m  in 
the  p o t e n t i a l  r eg ion  m o r e  ac t ive  t h a n  the  s t e a d y -  
s t a t e  po ten t i a l .  This  is i l l u s t r a t e d  in  Fig .  2 ~ w h i c h  
shows  the  e x p e c t e d  shape  of a ca thod ic  p o l a r i z a t i o n  
c u r v e  for  the  cond i t ions  def ined  in  Case I. T h e  r e -  
g ion  w h e r e  Eq. ( IV)  can  b e  used  to ca l cu l a t e  t he  
loca l  anod ic  p o l a r i z a t i o n  c u r v e  is also s h o w n  on 
Fig.  2. 

Case / / . - - W h e n  io~ is i n c r e a s e d  so t h a t  p o l a r i z e d  

p o t e n t i a l s  a r e  r e a c h e d  w h e r e  i~ is s ign i f ican t  in  
.._> 

c o m p a r i s o n  to i ,  the  r e s u l t i n g  m e a s u r e d  p o l a r i z a -  
t ion  c u r v e  wi l l  not  e x h i b i t  t r u e  Ta fe l  behav io r .  This  
s i t ua t i on  is i l l u s t r a t e d  in Fig .  3. No te  t h a t  t he  c u r v e  

of o v e r v o l t a g e  vs. a p p l i e d  c u r r e n t  fo l lows  7~ for  a 
s h o r t  p o t e n t i a l  i n t e r v a l  b u t  t hen  d e v i a t e s  f rom 
s t r a i g h t  l ine  b e h a v i o r .  E x p e r i m e n t a l  o b s e r v a t i o n s  
u n d e r  cond i t ions  of Case I I  w o u l d  y i e l d  d a t a  suffi- 

1 T h i s  c a l c u l a t i o n  is  p o s s i b l e  s i n c e  a n  e x p e r i m e n t a l  d e t e r m i n a t i o n  

of  V vs .  y i e l d s  v a l u e s  f o r  /3~ a n d  ioz. F r o m  t h e s e  c o n s t a n t s  i~ is  
k n o w n  as  a " func t ion  of  V. I f  t h e  c o r r o s i o n  p o t e n t i a l  is  su f f i c i en t l y  

r e m o v e d  f r o m  t h e  r e v e r s i b l e  p o t e n t i a l s ,  t h e  r a t e  of  m e t a l  p l a t i n g ,  ira, 

a n d  t h e  r a t e  of  o x i d a t i o n ,  ~z, a r e  n e g l i g i b l e .  T h u s  su f f i c i en t  i n f o r m a -  

t i o n  is  a v a i l a b l e  to  a p p l y  Eq.  (IV) to  c a l c u l a t e  ~ as  a f u n c t i o n  of  ~/. 

2 P o i n t s  s h o w n  on  t h i s  c u r v e  a n d  a l l  s u b s e q u e n t  f i g u r e s  a r e  n o t  
e x p e r i m e n t a l .  T h e y  a r e  c a l c u l a t e d  f r o m  t h e  d e r i v e d  e q u a t i o n s  a n d  
a r e  i n c l u d e d  to i l l u s t r a t e  t h e  n e e d  f o r  c o n s i d e r a b l e  d a t a  to  de f ine  
a c c u r a t e l y  the  s h a p e  of  a p o l a r i z a t i o n  c u r v e .  
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Fig. 4. Overvol tage as o funct ion of  appl ied cathodic cur- 
rent for  Case II I  (io,, > ion). 

c ien t ly  "Ta fe l - l i ke"  in  behav io r  to gene ra l ly  be 
cons idered  sat isfactory.  However ,  such da ta  w ou l d  
y ie ld  i naccu ra t e  va lues  for fl~ and  to, bo th  m e a s u r e d  
va lues  be ing  s l ight ly  low. 

C a s e  I I I . - - W h e n  io,~ is cons ide rab ly  la rger  t h a n  
ion, the  r e su l t i ng  curve  of overvo l t age  vs. appl ied  
c u r r e n t  shows some in t e r e s t i ng  character is t ics .  Fig. 
4 shows tha t  a "Tafe l - l i ke"  reg ion  is still  observed  
bu t  Tafe l  cons tan t s  d e t e r m i n e d  f rom such d a t a  are  
comple te ly  i naccu ra t e  and  have  no di rect  connec t ion  
wi th  the  Tafe l  cons tan ts  of e i ther  o x i d a t i o n - r e d u c -  
t ion  system. Thus,  cathodic po la r iza t ion  m e a s u r e -  
m e n t s  a lone  do no t  p e r m i t  d i rect  m e a s u r e m e n t  of 
fl~ and  io~ u n d e r  the  condi t ions  of Case III.  However ,  
th ree  methods  a re  ava i l ab le  which  y ie ld  va lues  for 
these  constants ,  b u t  the  t echn iques  are more  tedious  
and  inaccu ra t e  t h a n  the di rect  m e t h o d  of m e a s u r e -  
m e n t  i l l u s t r a t ed  in  Case I. 

One  m a y  m e a s u r e  by  chemica l  m e a n s  the  r a t e  
at which  Z § is r educed  at va r ious  po ten t ia l s  d u r i n g  
cathodic polar iza t ion.  For  example ,  if r educ t ion  of 
Z + r ep re sen t s  the  ra te  at  which  h y d r o g e n  ions are 
reduced  to fo rm h y d r o g e n  gas, t h e n  m e a s u r e m e n t  of 
the  r a t e  of h y d r o g e n  evo lu t ion  as a f u n c t i o n  of ove r -  
vol tage  d u r i n g  cathodic po la r iza t ion  wi l l  y ie ld  da ta  
f rom which  the Tafe l  cons tan t s  can  be  calculated.  The  
second me thod  is also indi rec t .  U n d e r  the  condi -  
t ions s t ipu la ted  for Case III,  anodic  po la r iza t ion  
m e a s u r e m e n t s  y ie ld  accura te  va lues  for fl~ a nd  i ..... 
These  da ta  can t hen  be used in  the  anodic  po l a r i za -  

.-> 

t ion ana log  to Eq. (IV) to ca lcula te  i~ as a f unc t i on  
of overvol tage  on the nob le  side of the  corros ion 
potent ia l .  This  is the reverse  of w h a t  was done  in  
Fig. 2 to ca lcu la te  the  local anodic  po la r i za t ion  
curve  f rom cathodic po la r i za t ion  data.  

The th i rd  me thod  is based on po la r iza t ion  me a s -  
u r e m e n t s  at po ten t ia l s  close to the  corrosion po-  
tent ia l .  I t  has been  shown  tha t  such data  show a 
l i nea r  d e p e n d e n c e  of overvol tage  on appl ied  cu r -  
r e n t  (1) .  The  equa t ion  which  re la tes  the  change  in  
po ten t i a l  wi th  appl ied  c u r r e n t  is 

de ) B,B~ 
di~ e-,o = (2.3) (i .... ) (tin + fl~) (V) 

where  e is the difference b e t w e e n  the  polar ized po- 
t en t i a l  and  the  corrosion potent ia l .  Note tha t  i .... is 

+QI 

g 

~-C ~ ~ CASE ~Z 

OJO] OJ 1.0 I0 K30 ~OOO 
CURRENT (MICROAMPERES) 

Fig. .5 .  Electrochemical system wi th  three ox idat ion-reduc-  
t ion reactions. I l lust rat ion of  Cases IV, V, and V I .  

e q u i v a l e n t  to ~-~ at  the cor ros ion  potent ia l .  The  slope 
of the  l i nea r  region,  de~dis,  is the  same for bo th  
cathodic and  anodic  polar iza t ion.  Thus,  an  anodic  
po la r iza t ion  m e a s u r e m e n t  yie lds  va lues  for d~/dix,  
#, , ,  and  i . . . . .  a nd  pe rmi t s  ca lcu la t ion  of fi~ us ing  Eq. 
(V).  The  second a nd  th i rd  methods  descr ibed  above  
have  been  used (4) to show tha t  the  anodic  po la r i -  
za t ion  curve  for Fe  in  HC1 is no t  r e m a r k a b l y  steep 
as was pos tu la ted  p rev ious ly  (6) f rom ind i rec t  ob-  

servat ions .  

System with Three Oxidation-Reduction Reactions 
The me thod  descr ibed above for d e t e r m i n i n g  po-  

t en t i a l  as a f unc t i on  of appl ied  c u r r e n t  can  be used 
also for a sys tem wi th  th ree  redox  react ions.  Three  
examples  wi l l  be  shown for a sys tem con t a in ing  
redox reac t ions  M, Z, a nd  Y where  the  Tafe l  p a r a -  
me te r s  of all  th ree  are he ld  cons t an t  a nd  a l imi t ing  
diffusion c u r r e n t  for r educ t ion  of Y is in t roduced .  
The  cons tan t s  ass igned for this  s i tua t ion  are  fin 
0.060 v, flz = 0.100 v, fi,---- 0.120 v, io~ -~ 0.1 ~a, io~ 
= 1.0 ~a, i , ,  = 0.1 ~a w i th  the r eve r s ib l e  po ten t i a l  of 
the  M redox  sys tem m o r e  act ive  by  0.160 v and  the  
revers ib le  po t en t i a l  of the Y redox sys tem more  
nob le  by  0.200 v t h a n  the  revers ib le  po ten t i a l  of the 
Z redox  system.  The  th ree  s i tua t ions  to be  cons id-  
ered  for this  sys tem differ by  i n t r o d u c i n g  a l imi t ing  
diffusion c u r r e n t  for r educ t ion  of Y wi th  va lues  of 
I~, equa l  to in f in i ty  (Case IV) ,  50/~a (Case V) ,  a n d  
5 ~a (Case VI ) .  

Cases IV, V, a n d  VI are  i l l u s t r a t ed  g raph ica l ly  in  
Fig. 5. The  circles ind ica te  the  corrosion po ten t i a l  
and  corrosion c u r r e n t  for each set of condi t ions.  

I t  is w or t h  emphas iz ing  he re  tha t  Eq. ( I I )  is used 
in  c on j unc t i on  w i th  the  Tafe l  cons tan t s  ass igned to 
each redox reac t ion  to d e t e r m i n e  the  r e l a t ionsh ip  
be t w e e n  overvo l tage  a nd  appl ied  cur ren t .  Thus,  

- ~  --> --> --> 4-- ~-- ~ -  

i~ = i~ -t- iy -t- i ,~ - -  i~ - -  i , - -  i,~ (VI)  

Since  the c u r r e n t  e q u i v a l e n t  to each of the  i n d i -  
v idua l  ox ida t ion  or r educ t ion  react ions  is k n o w n  as 
a func t ion  of po ten t i a l  f rom the  Tafe l  equa t ion  

--> 

[Eq. ( I I I ) ] ,  i~ m a y  be ca lcula ted  as a f unc t i on  of 
potent ia l .  

For  t h e  cases wh~re  a l i m i t i n g  diffusion c u r r e n t  

exists, the va l ue  of i ,  a t  a n y  overvo l tage  va lue  is de-  
t e r m i n e d  f rom the  re l a t ion  
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' .  X . . . .  ~ /  r , =  I I ~ >~1 ~ l l ,  I ' , = * , , 1 , [  . . . . . . .  

I ~ x x \ ~  C ~ S E ~  
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Fig. 6. Overvoltage as a function of applied cathodic cur- 
rent for Case IV. 

= 0.200 --  ,By log 7 + 0.059 log ~ (vi i)  
Zov IL~ 

Case I V . - - P o t e n t i a l  as a func t ion  of appl ied  cur -  
r e n t  for Case IV is shown  in  Fig. 6. Here  as in  Case 
III, a "Tafe l - l i ke"  r e l a t ion  is observed  b u t  fl ca lcu-  
la ted  f rom such a curve  is a compromise  b e t w e e n  
fl: and/3,~. The exchange  c u r r e n t  ob t a ined  f rom such 
da ta  would  be m a r k e d l y  di f ferent  f rom the  rea l  
va lue  of io,. 

Case V . - - W h e n  I ~  equals  50/,a,  the plot  of p o t e n -  
t ial  vs. appl ied  c u r r e n t  (Fig. 7) does no t  show a n y  
recognizable  diffusion wave.  In s t ead  two Ta fe l - l i ke  
regions  are  observed.  The first region,  f rom --0.08 
to --0.22 v, does no t  even  a p p r o x i m a t e  the  Tafe l  
p a r a m e t e r s  of any  of the  redox  systems.  The  second 
Ta fe l - l i ke  reg ion  does, however ,  closely pa ra l l e l  
the Tafe l  p a r a m e t e r s  of the  X redox system. 

Case V I . - - A n  i n t e r e s t i ng  s i tua t ion  arises w h e n  
I,.~ equals  5 ~a. U n d e r  these condi t ions,  the  mi xe d  
or corrosion po ten t i a l  does no t  a p p r o x i m a t e  the  
in t e r sec t ion  of any  of the  i n d i v i d u a l  Tafel  l ines.  
The  corrosion po ten t i a l  is d e t e r m i n e d  by  the  condi -  
t ion set by  Eq. (I)  or w h e n  

+ i~ + i ,  = + L + " ( V I I I )  

In  the po ten t i a l  reg ion  of in teres t ,  i~, ~, and  ~ are  

h -~ ~ 7 negl ig ib le  so t at i, + i~ = ~,, at the  mixed  potent ia l .  

, i " \  

&PPt.IEO C [ , l ~  ( M I C R O A ~ )  

Fig. 8. Overvoltage as a function of applied cathodic cur- 
rent for Case VI. 

In  the  examples  i l l u s t r a t ed  previous ly ,  i~ was  also 
neg l ig ib le  at the mi xe d  po ten t i a l  so tha t  this  po-  
t en t i a l  was a p p r o x i m a t e d  by  the  condi t ion  whe re  

i, = i,,. This  is the  po ten t i a l  at which  the  ove rvo l t -  
- - >  4 - -  

age curves  for i~ and  i~ cross. Case VI also shows 
two Ta fe l - l i ke  regions,  one of which  is false a nd  the  
o ther  of which  wi l l  y ie ld  va l id  p a r a m e t e r s  for the  
Z redox  system. 

I t  is i n t e r e s t i ng  to no te  tha t  no ind i ca t ion  of a 
l im i t i ng  diffusion c u r r e n t  is ob ta ined  in  Fig. 7 and  
8. A l im i t i ng  diffusion c u r r e n t  wi l l  be evident ,  how-  
ever, on a plot  of overvo l tage  vs. appl ied  c u r r e n t  if 
I,.~ is inc reased  f u r t h e r  or if the  revers ib le  po ten t i a l  
of the  Y redox sys tem is made  more  noble.  This  wi l l  
be i l l u s t r a t ed  by  chang ing  the  condi t ions  ind ica ted  
in  Cases IV, V, a nd  VI so tha t  the r eve r s ib l e  po t en -  
t ia l  of the  Y redox  sys tem is 0.45 v more  nob le  t h a n  
the Z redox system, and  cons ider ing  two cases 
where  I,~ equals  1000 /~a a nd  80 /~a. Cases VII  and  
VIII  are  i l lus t ra ted  in  Fig. 9, the circles i nd i ca t i ng  
the corrosion po ten t i a l  in  each case. 

Case V I I . - - F i g .  10 i l lus t ra tes  the po la r i za t ion  
cu rve  which  wou ld  be ob t a ined  for Case VII. No 
ac t iva t ion  overvol tage  p a r a m e t e r s  can be measured ,  
and  the  curve  r ep resen t s  the  typica l  c onc e n t r a t i on  
po la r iza t ion  cu rve  of ten  observed.  

Case V I I I . - - U n d e r  these condi t ions ,  the  corrosion 
ra te  is d e t e r m i n e d  by  the  l im i t i ng  diffusion cur ren t ,  

~ ".. \ 
f~ 

~ ILY N N  

AI~_IEO ~ ( M I C R O A ~ )  

Fig. 7. Overvoltage as a function of applied cathodic cur- 
rent for Case V. 

~ 0 ~  . . . . . . .  I . . . . . . .  r , , . . . . . .  r . . . .  , , " 1  . . . . .  ~ , T  

" 0 J  

" O ~  . . 

CURRENT ( M I C I ~ P E R E ~  

Fig. 9. Electrochemical system with three oxidation-reduc- 
tion reactions. Illustration of Cases VI I  and VI I I .  
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Fig. 10. Overvoltage as a function of applied cathodic cur- 
rent for Case VII .  

I~.  This was  not  the  s i tua t ion  in  Case VII  where  
the  corrosion po ten t i a l  occurs in  the  ac t iva t ion  po-  
l a r iza t ion  reg ion  of the  Y reduc t ion  system. Thus,  
phys ica l  changes  in  the  sys tem which  increase  the  
l imi t ing  diffusion cur ren t ,  such as s t i r r ing  effects, 
m a r k e d l y  affect the  corrosion po ten t i a l  and  corro-  
s ion ra te  in  Case VIII  bu t  have  no effect in  Case VII  
except  to move  the posi t ion of the diffusion wave  in  
Fig. 10 f u r t h e r  to the  r ight .  Fig. 11 shows the  po la r -  
izat ion curve  which  is ob ta ined  for Case VIII .  

Discussion 
Even  though  severa l  s impl i fy ing  a s sumpt ions  

have  been  made,  this  ana lys i s  shows the complex i ty  
of po la r iza t ion  m e a s u r e m e n t s  and  indica tes  the  care 
which  m u s t  be  t a k e n  if such m e a s u r e m e n t s  are to be 
i n t e rp r e t ed  quan t i t a t i ve ly .  The  chemis t ry  of the 
sys tem mus t  be unders tood ,  and  the  n u m b e r  and  
m a g n i t u d e  of the  ra tes  of ox ida t ion  or r educ t ion  oc- 
c u r r i n g  d u r i n g  po la r i za t ion  should be known .  

The  p r i m a r y  a s sumpt ion  in  this  t r e a t m e n t  con-  
siders tha t  the  Tafe l  p a r a m e t e r s  r e m a i n  cons tan t  
d u r i n g  polar iza t ion.  This is u n d o u b t e d l y  the  case 
in  some rea l  systems,  since this  is the  basis  on which  
all  e x p e r i m e n t a l  observa t ions  of Tafe l  cons tan ts  de-  
pend.  I t  is i m p o r t a n t  to r e m e m b e r ,  however ,  tha t  
m a n y  s i tua t ions  exist  whe re  such an  a s sumpt ion  is 
not  val id,  ce r ta in  pass iv i ty  p h e n o m e n a  be ing  t y p -  
ical. One  obvious  way  to s tudy  and  recognize sys-  
tems whe re  the  Tafe l  p a r a m e t e r s  change  is to rea l -  
ize first w h a t  the  behav io r  wou ld  be if the  p a r a -  

, , , , , , , , , , ,  
/ / 

/ z I ~ /  
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Fig. I 1. Overvoltage as a function of applied cathodic cur- 
rent for Case VII I .  
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mete rs  r e m a i n  cons tan t  and  then  observe  devia t ions  
f rom such behavior .  

The t r e a t m e n t  does no t  consider  severa l  o ther  
compl ica t ing  factors which  inf luence  the  shape  of 
po la r iza t ion  curves.  Such factors  i nc l ude  systems 
where  the e lect rode surface con ta ins  regions  wi th  
di f ferent  overvo l tage  p a r a m e t e r s  for the  same re -  
act ion;  where  anode -ca thode  area  rat ios  change  as 
a f unc t i on  of po ten t i a l ;  a nd  w he r e  corrosion p roduc t  
films, which  a re  fo rmed  d u r i n g  polar iza t ion ,  change  
the n a t u r e  of the  surface.  Changes  in  a node - c a thode  
area  ra t io  or film f o r ma t i on  appear  to give r ise to a 
t ime  effect d u r i n g  po la r iza t ion  which  also has not  
been  cons idered  here.  

Since it  has been  show n  tha t  ideal  sys tems can 
produce  po la r iza t ion  da ta  which  m a y  be difficult to 
in te rpre t ,  compl ica t ing  factors such as those de-  
scr ibed above would  resu l t  in  a sys tem which  is 
beyond  q u a n t i t a t i v e  descr ip t ion  w i th  the  p resen t  
knowledge  of e lec t rode  processes. However ,  con-  
cepts ob ta ined  f rom this  t r e a t m e n t  of ideal  sys tems 
prov ide  a gu ide  to an  u n d e r s t a n d i n g  of i m p o r t a n t  
pract ica l  systems.  This  can  be i l l u s t r a t ed  in  the  fol-  
lowing  m a n n e r .  I nd i v i dua l s  w o r k i n g  in  the  cathodic 
p ro tec t ion  field are cons t an t ly  concerned  wi th  m i n i -  
m u m  c u r r e n t  r e q u i r e m e n t s  for comple te  pro tec t ion;  
the  po ten t i a l  necessa ry  to achieve pro tec t ion ;  and  
the cor re la t ion  b e t w e e n  "b reaks"  in  po la r iza t ion  
curves  a nd  the  me t a l  e q u i l i b r i u m  potent ia l .  I t  has  
a l r eady  been  shown tha t  "b reaks"  in  po la r iza t ion  
curves  canno t  be  expected  to have  a d i rec t  connec-  
t ion  to the e q u i l i b r i u m  anode  potent ia l .  If the  anodic  
po la r iza t ion  of me t a l  is ac t iva t ion  control led,  the  
corrosion ra te  decreases l oga r i t hmica l ly  as the  po-  
t en t i a l  is m a d e  m o r e  active. Case VII I  descr ibed  
above is ana logous  to the  s i tua t ion  wh ich  exists  
w h e n  Fe corrodes in  sea w a t e r  u n d e r  condi t ions  of 
n a t u r a l  convect ion.  In  this  case, the corrosion ra te  
of Fe  is d e t e r m i n e d  by  the  l imi t ing  diffusion cu r -  

r en t  of oxygen.  I ron  so lu t ion  is r ep re sen t ed  by  ~-~, 

hyd rogen  evo lu t ion  by  i ,  and  oxygen  r educ t ion  by 
- - +  

i,. The  per  cent  change  in  corrosion r a t e  as a f unc -  
t ion  of po ten t i a l  and  appl ied  c u r r e n t  for Case VIII  is 
i l l u s t r a t ed  in  Fig. 12. Note the  rap id  decrease  in  
corrosion ra te  as the po ten t i a l  is m a d e  more  ca-  
thodic. The r a t e  of decrease  of corrosion ra te  is ac-  
t ua l l y  a f unc t i on  of fin. A la rger  va l ue  of fl,~ wou ld  
r equ i r e  tha t  the  me t a l  be  polar ized to a more  ca-  

APPLIED CURRENT (% INITIAL l c ~ r  ) 
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Fig. l~ .  Per cent  ch a n g e  in corrosion rate as a funct ion of  
potential and applied current for Case VII I .  
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thodic  po t en t i a l  to ach ieve  a corrosion ra te  of one 
t en th  its s t eady- s t a t e  value.  It  is also in t e re s t ing  to 
no te  tha t  the  decrease in  corrosion ra te  is d i rec t ly  
p ropor t iona l  to the appl ied  cathodic c u r r e n t  up  to 
appl ied  c u r r e n t  va lues  a p p r o x i m a t i n g  the in i t i a l  
corrosion cur ren t .  This  s i tua t ion  occurs on ly  for 
condi t ions  where  the  corrosion ra te  is d e t e r m i n e d  
by  a cathodic l im i t i ng  diffusion c u r r e n t  (Case VI I I ) .  
This  can be  shown by  cons ider ing  the  genera l  Eq. 
( I I )  for these condit ions.  

--~ ~ --> ~ <-- <__ <__ 

ix ~ iN Jr i~ -P i~--  i~-- i~-- i~ ( IX)  

In  the po ten t i a l  reg ion  of in teres t ,  i=, i~, i%, and  ~ can 

be cons idered  neg l ig ib le  a n d - ~  app rox ima te s  the 
-_> <__ 

cons tan t  I~.  Thus,  ix = K - - i , , ,  and,  therefore ,  the 
<__ 

corrosion rate,  i.,, approx ima tes  a l i nea r  f unc t i on  of 
.-> 

the appl ied  cathodic cu r ren t ,  ix. 
A l though  this ana lys i s  con ta ins  ca lcula ted  po la r i -  

za t ion curves,  an  effort was m a d e  to select condi -  

t ions which  pa ra l l e l  m a n y  f ound  in  pract ice  in  order  
to p rov ide  a c learer  u n d e r s t a n d i n g  of the  effect 
which  m a n y  va r i ab les  have  on e lect rode behavior .  
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ABSTRACT 

The complete theoretical t rea tment  is given for two kinds of cells, both of 
which are shown to yield a reasonably l inear  p r imary  current  density distr ibu- 
tion along the cathode, calculated under  the assumption of negligible polariza- 
tion. The actual value of these cur ren t  densities can be ascertained directly 
from the total  cur rent  fed into the cell. The first cell is very similar to that  
proposed by Hull, i.e., trapezoidal in  shape, the angle of the s lant ing side 
being 45 ~ . The electrodes can be placed either along the paral lel  sides of the 
cell or, as first suggested by Hull, along the other two sides, when  a s ingular i ty  
of the current  density appears on the s lant ing electrode. In  both cases the 
current  density may be arranged to be very near ly  l inear  over almost two 
thirds of the length of the cathode. 

The second cell is t r iangular  in shape; the cathode is placed along the base 
of a 45 ~ isosceles t r iangle whereas the anode occupies a par t  of one of the 
other sides. The current  densi ty distr ibution along the cathode has almost a 
t r i angular  shape with good l ineari ty.  

Both cells are easy to construct  and normalized graphs of the current  
densi ty allow for s t ra ightforward comparison with exper imental  results. 

A p la t ing  test  des igned  to detect  sources of 
t rouble ,  such as imprope r  chemica l  concen t ra t ions ,  
impur i t i es ,  c o n t a m i n a t i o n s  f rom the  a tmosphere ,  
etc., should  be des igned so as to exh ib i t  s i m u l t a n e -  
ously  the  resul t s  of p l a t i ng  over  a r ange  of c u r r e n t  
densit ies.  F u r t h e r m o r e  such a d isp lay  of the effects 
of v a r y i n g  and  d e t e r m i n a b l e  c u r r e n t  densi t ies  m a y  
be used to decide on o p t i m u m  condi t ions  for the  
opera t ion  of n e w l y  f o r m u l a t e d  ba ths  (1) .  

A w e l l - k n o w n  tes t ing  device is the  Hul l  cell (2) .  
I t  consists  of a smal l  t rapezoida l  cell, whose p l a n  
view is shown  in  Fig. l a  and  lb .  The  pa ra l l e l  sides 
are insula tors ,  the  side, AB, p e r p e n d i c u l a r  to these 

is the  anode,  and  the  fou r th  side, OC, inc l ined  to the  
pa ra l l e l  sides is the  cathode,  on which  the  deposi t ion  
is s tudied.  Because  of the  i nc l i na t i on  of the  cathode 
wi th  respect  to the anode,  the  c u r r e n t  dens i ty  on 
the fo rmer  var ies  u n i f o r m l y  a nd  ac tua l ly  reaches a 
ve ry  h igh va l ue  ( theore t i ca l ly  an  in f in i ty )  at the  
end  of the  ca thode  nea re s t  to the anode.  The  ac tua l  
Hul l  cell (2) has fixed d imens ions ,  ho ld ing  267 cc; 
the angle  AOC (Fig. l a  a nd  l b )  is abou t  38~ '. 

Recen t ly  G i l m o n t  and  W a l t o n  (3) proposed a n -  
o ther  cell cons is t ing  of two p l ane  wa i l s  i nc l ined  at  
45 ~ a nd  two others  shaped as hyperbo lae .  One  of the  
p l ane  sides is the cathode a nd  one of the  curved  ones 
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Fig. I .  Plan views of  the cells in the z-plane 

is the anode.  The c u r r e n t  dens i ty  a long the  ca thode  
is s ta ted  to v a r y  l i n e a r l y  w i th  the d is tance  a long it 
and  therefore  could be ca lcu la ted  exact ly.  The au -  
thors  show tha t  the  hyperbo l ic  shape  of the  anode  
is the  necessary  condi t ion  for a l i nea r  va r i a t i on  of 
the  c u r r e n t  densi ty .  

It  wou ld  seem tha t  the geomet ry  of an  ideal  cell 
should  have  these proper t ies :  (a) be easy to con-  
s t ruc t ;  (b)  be equa l ly  su i t ab le  for large and  for 
smal l  ba ths ;  (c) y ie ld  l i nea r  c u r r e n t  dens i ty  a long 
the cathode which  can be cor re la ted  w i th  the  tota l  
c u r r e n t  fed in to  the ba ths ;  (d) have  no " inf ini t ies"  
of c u r r e n t  which  wi l l  cause excessive polar izat ion.  
(This  last  r e q u i r e m e n t  is not  a lways  necessary  as 
occasional ly  it m a y  be r equ i r ed  to observe  the  
effects of ve ry  dense  cur ren ts ,  e.g., w h e n  inves t i ga t -  
ing the deposi t ion on sharp  corners . )  The Hul l  a nd  
the G i l m o n t  and  W a l t o n  cells each sat isfy some bu t  
not  all  of these r equ i r emen t s .  

Thus  it is proposed here  to inves t iga te  a type  of a 
versa t i le  cell which  it is hoped wou ld  sat isfy  the  
points  m e n t i o n e d  above. A s imple  t a n k  should  be 
bu i l t  of p l ane  walls,  typ ica l  shapes be ing  shown in  
Fig. 1 w h e r e  the electrodes are ind ica ted  by  th ick  
lines. A s s u m i n g  u n i f o r m  e lec t ro ly te  and  inf ini te  
ex tens ion  in  the  d i rec t ion  p e r p e n d i c u l a r  to the  p l ane  
of the paper ,  the t anks  shown can on ly  be  inves t i -  
gated ana ly t i c a l l y  if the  angles  b e t w e e n  i n d i v i d u a l  
wal ls  are mul t ip l e s  of ~r/6 or ~r/4. Fig. l a  and  l b  
show two possible e lectrode posi t ions for a t a n k  of a 
Hul l  type.  This  case is i nves t iga ted  fu l ly  be low for 
both  e lect rode conf igurat ions;  the  ra t io  of the  side 
lengths  OA and  BC is of course a rb i t r a ry ,  so tha t  the 
side of the  cell can be var ied  at  will .  Fig. lc  shows 
a di f ferent  conf igura t ion  whose  analysis ,  a l though  
theore t ica l ly  possible, p resen ts  grea t  compu ta t i ona l  
difficulties, e.g., c o m p u t a t i o n  of el l ipt ic func t ions  
wi th  complex  modul i ;  this case is no t  cons idered  
here. Fig. l d  shows a t r i a n g u l a r  t a n k  which  is con-  
s idered here  for an  isosceles case w h e n  angles  BOA 
and  ABO are bo th  45 ~ The second e lec t rode  EA F  
can  be e i ther  as shown,  wi th  sides EA and  A F  of 
a r b i t r a r y  l eng th  or it  can consist  of a s ingle  side, 
say AE. This  case is also cons idered  here,  in  pa r t i c -  
u l a r  w h e n  AE = 1/2AB. 

The th ree  cases la ,  b, and  d y ie ld  a lmos t  l i nea r  
por t ions  of the  c u r r e n t  dens i ty  d i s t r i bu t ion  curves.  
Cases l a  and  l d  have  no c u r r e n t  s ingu la r i t i e s  w h e n  
OA and  OB are respec t ive ly  cathodes. Case l b  yie lds  
a s i ngu l a r i t y  at C on the  cathode OC. 

The two cases are considered separately, that of 
the trapezium and the triangle, pointing out only the 
more important and essential mathematical steps. 

I. General Considerations 
Assume that the electrolytic conduction in one of 

the cells shown in Fig. 1 is essentially a two-dimen- 
sional one, i.e., that the cell extends infinitely at 
right angles to its plane cross section shown. In 
practice, to obtain good agreement with the theo- 
retical predictions, the height of the cell should be 
at least as big as its lateral dimensions and the in- 
vestigations should be limited to the medium por- 
tion of the plated electrode [see Ref. (2), Fig. 3]. 
Assuming further that the electrolyte is homo- 
geneous, obeys Ohm's Law, that the electrodes are 
at the same potential throughout this area, and that 
the polarization, if any, is the same over the elec- 
trode surface [see Ref. (3)], the current density on 
an electrode is given by: 

aV 

=" '~ an s [1] 

w h e r e  n denotes  d i rec t ion  n o r m a l  to the  e lect rode in  
ques t ion  and  the suffix s denotes  the co -o rd ina tes  of 
tha t  e lectrode in  the  t w o - d i m e n s i o n a l  r e p r e s e n t a -  
t ion  in  the complex  z = x + i y  p lane  (Fig. l a ) .  Then  
V = V ( x , y )  can be cons idered  as the i m a g i n a r y  pa r t  
of the complex  func t i on  

w : U + i V ~  f ( z )  = ] ( x  + i y )  [2] 
and  

anywhere in the complex z-plane (4). 

In order to find the function w for the particular 
cell in Fig. 1 the z-plane is transformed conformally 
until the inside of the cell assumes the shape of a 
rectangle with two electrodes forming the two op- 
posite sides of this rectangle (Fig. 2b) in the new w- 
plane. Then obviously w is the required function 
since the lines of current flow and the equipotentials 
now form the usual cartesian grid. The suitable 
transformation in this case, or several of them if 
necessary, is the well-known Schwarz-Christoffel 
transformation. 

2. The Trapezoidal Cell 
Mathematical Analysis 

Consider a trapezium OABC in the complex z- 
plane as shown in Fig. la, whose parallel sides are rl 
and r~, respectively; the angle AOC is 45~ then: 

~ du 

z = ~ /u(1  --  u ~) (1 -- k~u "~) [4] 

t r ans fo rms  the ins ide  of the  t r a pe z i um in  the z- 
p l ane  to the first q u a d r a n t  of the u - p l a n e  (Fig. 2a) ,  
the  co r re spond ing  poin ts  be ing  

O : z = 0 - > u = 0  
A :  z =  r ~ - - > u =  1 
B : z = r l + i ( r l - - r ~ )  - - > u =  1 / k  

C : z =  (1 q- i) ( r~--  r_~) - - > u =  oo and  i oc 

k < 1 is as yet  an  a r b i t r a r y  rea l  n u m b e r .  The  q u a d -  
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Fig. 2. (a) Trapeziums of Fig. l a and l b transformed to 
the u-plane; (b) the same in the w-plane. 

r a n t  in  the  u - p l a n e  can now be t r a n s f o r m e d  to the  
ins ide  of a r ec t ang le  in  the w - p l a n e  by:  

u = s n ( w , k )  [5] 

where  s n  is the Jacobi ' s  el l ipt ic  func t ion  of modu lus  
k. Then,  f rom [4] and  the  w e l l - k n o w n  proper t ies  
of s n :  

I ~ d w  

z ~ ~ / s n ( w , k )  [61 

The ver t ices  of the  t r a p e z i u m  are now t r a n s f o r m e d  
in the w - p l a n e  to: 

O : w = 0  
A : w = K  
B : w = K + i K "  

C : w = i K "  

where  K and  K" are  the comple te  el l ipt ic  in tegra l s  
of the first k ind  wi th  c o m p l i m e n t a r y  modu l i  k a nd  

k '  = ~/1 - -  k ,  respect ively .  The  rec tang le  in  the  w -  
p lane  is shown  in  Fig. 2b. F r o m  [3] and  [6],  the 
c u r r e n t  dens i ty  becomes:  

= ~ = ~ s n ( w , k )  = K  u [7] 

One requ i res  the c u r r e n t  dens i ty  in  the z -p lane ,  
i.e., the  p l ane  of the t rapez ium,  and  this  can be ob-  
t a ined  on ly  by express ing  u as a f unc t i on  of z, i.e., 
by  i n v e r t i n g  the i n t eg ra l  express ion  [4].  The  i n -  
tegra l  [4] can be eva lua t ed  by  us ing  a subs t i t u t i on  
g iven  by  Cayley  (5) .  Let:  

whe re  

and  

Then :  

1 
z - -  

~/2(1 + k) 

(x + x') 

k/u= h/l -- ;~' C + h/l -- ~Y ~' 

~, = (1 + ~ / k ) / ~ / 2 ( 1  + k) 

X" = ~,/1 - -  X ~ 

[8] 

[9] 

[10] 

[F (sin-~ r k) + F(sin-~ r X') ] [11] 

where  F is the  el l ipt ic i n t eg ra l  of the  first k i n d  of 
modu l i  k and  ~' r espec t ive ly  and  ~ is the  n e w  v a r i -  
able  which  de~nes  by  means  of [8] and  [11] u as a 
f unc t i on  of z c~ vice versa.  I t  is i n t e r e s t i ng  to s tudy  
the  con tour  in  the ~-p lane  cor respond ing  to the  con-  
tours  OABC in  the  z - p l a n e  (Fig. l a )  and  the  b o u n d -  
aries OABC of the first q u a d r a n t  i n  the  u - p l a n e  
(Fig. 2a) .  This  con tour  is shown  in  Fig. 3 [ s e e  also 
Ref. (6 ) ] .  The three  sides of the  t r a p e z i u m  and  the  
rea l  axis in  the  u - p l a n e  have  been  t r a n s f o r m e d  to a 

c<  L-"= ' -~-- I  ~ 

Fig. 3. Trapeziums in Fig. lo and lb transformed to the 
f-plane. 

cut  f rom the or ig in  to a po in t  H w h e r e  ~ = 1/)t. The 
b o u n d a r y  OC has become n o w  a pa r t  of a l e m n i s -  
cate. Let  a ny  po in t  on this l emni sca t e  be  deno ted  as 
a + ib in  the complex  ~-plane.  I t  is easy to show 
then  tha t :  

(a" + b')  2 = 2 ( a '  --  b ~) [12] 

In  order  to find the  c u r r e n t  dens i ty  a long  any  
b o u n d a r y  of the t r apez ium,  it  is now necessary  to 
eva lua t e  z as a f unc t i on  of g iven  ~ by  [11 ] a nd  t h e n  

by  m e a n s  of [8] ob t a in  the co r re spond ing  C f rom 
[7]. Before p roceed ing  wi th  the  cons t ruc t ion  of the  
c u r r e n t  dens i ty  curves,  it is necessa ry  to corre la te  
the p a r a m e t e r s  k and  k w i th  the  ac tua l  d imens ions  
of the cell. 

In  equa t ion  [111, let:  

F (s in  -1 ~, X) = v 
F ( s i n  -1 ~, X') = v '  [13] 

so tha t  [11 ] becomes:  

~/2(1 + k ) z  = v + v" [141 

Eq. [13] can be cons idered  as def in ing a t r a n s f o r -  
m a t i o n  f rom the  ~-plane to the  v -  and  v ' -p l anes ,  
respect ively.  It  can be shown  easi ly  tha t  cor re-  
spond ing  to l emnisca te  con tour  OABC in  the  ~- 
p lane ;  the  contours  in  the  v -  and  v ' - p l a n e s  are as 
shown in  Fig. 4a and  4b. Here  L a nd  L" are  the  com-  
p le te  el l ipt ic in tegra l s  of the  first k i n d  wi th  modu l i  

and  ;t', respect ively .  Cons ider  the ve r t ex  B. Then  
in  the z - p l a n e  (Fig. l a )  

z, = rl + i ( r l  - -  r~) 
and  in  the  v -  a nd  v ' - p l a n e s :  

v ,  = L + 2 iL"  

vtB ~ L ~ 

Hence,  f rom [141 

~/2(1 + k ) [ r l  + i ( r ~ - -  r~)] = L + L '  + 2iL'  
Compa r i ng  the rea l  and  the  i m a g i n a r y  pa r t s  and  
d iv id ing :  

r~ L + L" 

r~ L - -  L" [15] 

Thus,  g iven  the  ra t io  of the pa ra l l e l  sides of the 
t rapez ium,  one can  d e t e r m i n e  the ra t io  L ' / L ,  which  
in  t u r n  defines u n i q u e l y  the  modu l us  ~ by  means  of 
the  Jacobi ' s  Nome:  

r 

O L 

(u) 

-~,.ANE 
c 

L I 

o O A s 0 c 
(b) 

Fig. 4 .  A u x i l i a r y  v-  and  v ' -p lanes  



Vol. 104, No. 11 

q(X) = exp  L 

The  q - f u n c t i o n  is t a b u l a t e d  e x t e n s i v e l y  (7,8).  H a v -  
ing d e t e r m i n e d  ~, the  co r r e spond ing  v a l u e  of k can  
be e v a l u a t e d  f r o m  [9].  

This  comple tes  the  analys is  of a t r a p e z i u m  cell. 
N o w  consider ,  in turn ,  two  poss ible  e l ec t rode  con-  
f igura t ions  as dep ic ted  in Fig. l a  and lb .  

3. The Trapezoidal Cell 
First Electrode Position 

A s s u m e  tha t  t he  cell  is cons t ruc t ed  as in Fig.  l a  
w h i l e  OA is the  ca thode.  To e v a l u a t e  the  c u r r e n t  
dens i ty  a long  this  e l ec t rode  it  is obse rved  tha t  cor -  
r e spond ing  to the  v a r i a t i o n  of z a long  OA in Fig. l a :  

O_--_~z = r l  
the  q u a n t i t y  ~ var ies :  

0 ~ < = 1  (see Fig.  3) 
Thus  for  a g iven  ra t io  r J r ~  k is e v a l u a t e d  by  [15] 
and [16] and  hence  the  va lues  of z a re  c o r r e l a t e d  
w i t h  those  of ~ a long  OA in bo th  planes,  r e spec -  
t ive ly .  The  va lues  of ~ so ob t a ined  are  then  used  to 
c o m p u t e  co r r e spond ing  va lues  of u f r o m  [8].  Then ,  
f r o m  [7] c u r r e n t  dens i ty  va lues  a r e  obta ined .  In 
o rde r  to n o r m a l i z e  these  va lues  w i t h  r e spec t  to the  
to ta l  c u r r e n t  fed  in to  the  cell, i t  is obse rved  tha t  the  
to ta l  a r ea  u n d e r  a c u r r e n t  dens i ty  c u r v e  is: 

w h e r e  z~ = m a x  z ob ta ined  f r o m  [11]. In o rde r  to 
insu re  un i t  a rea  u n d e r  the  c u r r e n t  dens i ty  cu rve  
over  the  n o r m a l i z e d  r a n g e  of z (O<_--z_ -< 1), one  
mu l t i p l i e s  al l  the  o rd ina tes  by z~/K and  d iv ides  all  
the  abscissas by z ,  If  the  he igh t  of the  e l e c t r o l y t e  
in the  cel l  is h and  A amps  a re  fed  into the  cell,  

t hen  CA/hr~ : C gives  t he  ac tua l  c u r r e n t  dens i ty  on 
the  ca thode  in a m p / c m  ~. The  cu rves  of C are  p lo t t ed  
in Fig.  5 for  S = r~/r~ r a n g i n g  f r o m  1.1 to o0. I t  w i l l  
be obse rved  tha t  for  S = 2 (i.e., r~ = 2r~) t he  c u r r e n t  
dens i ty  is a lmos t  l inea r  o v e r  two  th i rds  of t he  ca th -  
ode length .  A use fu l  f e a t u r e  of such a cel l  is t h a t  the  
p r i m a r y  c u r r e n t  h e r e  does no t  r e a c h  exces s ive ly  
h igh  va lues  at i t  does in the  Hu l l  cell,  w h e r e  po l a r i -  
za t ion  e r ro rs  m a y  become  ser ious;  on the  o the r  h a n d  
this t a n k  is s imp le r  to cons t ruc t  t h a n  the  h y p e r -  
bol ica l  G i l m o n t  and  W a l t o n  cell. 

A s a m p l e  cel l  was  cons t ruc t ed  w i t h  S----2. The  
side OA was  a p p r o x i m a t e l y  8 in. long and  the  dep th  
of t he  e l ec t ro ly t e  was  a p p r o x i m a t e l y  1.5 in. T h e  Cu 

2-C1 

I,C 

LII '1 

I ./~7..~ ":?z_ 

0 0"I 0 ' 2  0"3 0 " 4  O'S 0 ' 6  0 "7  0 " 8  0"9 I ' 0  

NORMALIZED Z 

Fig. 5. Normal ized current  density curves for  a cell shown 
in Fig. lo. The numbers associated with the curves indicate 
the corresponding values of  S = n/r2. The points on the curve 
for S = 2 are experimental (see above). 
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was  depos i t ed  f r o m  an acid Cu e lec t ro ly te ,  pee led  
off and  its th ickness  at  abou t  0.5 in. f r o m  the  bo t tom 
of the  ba th  was  m e a s u r e d  at  e igh t  equ id i s t an t  po in t s?  
In Fig.  5 the  su i t ab ly  n o r m a l i z e d  m i c r o m e t e r  r e a d -  
ings a re  shown.  The  a g r e e m e n t  b e t w e e n  the  p r e -  
d ic ted  and the  p rac t i ca l  r esu l t s  seems to be  good. 

4. The Trapezoidal Cell 
Second Electrode Position 

N o w  cons ider  a cel l  w i t h  e lec t rodes  s i tua ted  as in 
Fig.  l b  w h i l e  OC is t he  cathode.  This  a r r a n g e m e n t  
is the  s a m e  as in the  Hu l l  cell  and  a c u r r e n t  dens i ty  
s i n g u l a r i t y  at  C is expec ted .  I t  w i l l  be  found  tha t  
this s i n g u l a r i t y  is i n t e g r a b l e  so as to y ie ld  a finite 
v a l u e  for  the  to ta l  cur ren t ,  as r equ i red .  

In  th is  case  the  e v a l u a t i o n  of z co r r e spond ing  to 
a g iven  ~ is m o r e  i n v o l v e d  s ince the  con tour  OC be -  
comes a l em n i sca t e  in the  ~-plane  so tha t  

= a + ib [17] 

is a com p lex  n u m b e r  whose  rea l  and  i m a g i n a r y  
par t s  a re  r e l a t ed  by [12]. 

Fo r  a c o m p l e x  angu l a r  a r g u m e n t ,  the  e l l ip t ic  
i n t eg ra l  of the  first k ind  can be expres sed  as [see 
Ref.  (8) p. 12, Eq. 115.01] 

r ( ~ w i ~ , , X )  : F ( B , X )  + i r ( A , k ' )  [18] 

w h e r e  both  B and A a re  r ea l  and  g iven  by:  

sin B %/1 - -  ~'~ sin ~ A 
cosh ,I, s in 0 = 

1 --  sin ~ A ( 1 - -  X ~ sin s B) 

cos B cos A sin A k/1 --  k s sin ~ B 
cos ~ s inh ~ = [19] 

1 - -  sin 2 A ( 1 --  X 2 sin 2 B) 

In  the  p r e sen t  case, f r o m  [11 ] 

sin - 1 ~ = ~ + i ~  
so that 

~ = a + i b  
: s in 9 cosh ,I, + i cos 0 s inh  ~t, [20] 

The  quan t i t i e s  A and B in [19] cannot  be  found  
d i r ec t ly  f r o m  this  e q u a t i o n  in t e rms  of a and b 
w h i c h  define the  l emni sca t e ;  h o w e v e r  us ing  the  Eq. 
[12] of the  l em n i sca t e  and  cons ide r ing  A and B 
co r r e spond ing  to the  m odu lus  X as w e l l  as A '  and  
B" co r r e spond ing  to X', bo th  of w h i c h  a re  to be  found  
for  the  s a m e  ~ in [11], one can find a s imple  r e l a -  
t ion  b e t w e e n  A and  B: 

sin 2 A 
sin~B = [21] 

1 + (2k~-- 1) sin~A 
Furthermore, on the lemniscate: 

A = B' 
B : A" [ 2 2 ]  

Thus  [11] can be  w r i t t e n :  

(1 + i)  
Z ~  

~/2(1  + k) I F ( B ,  ) 0 + F ( A ,  k ' ) ]  [23] 

w h i c h  is of r e q u i r e d  f o r m  since OC is inc l ined  at  
45 ~ in the  z -p lane .  C h a n g i n g  A f r o m  O to ~r, one  ob-  
ta ins  B f r o m  [21] and hence  z co r r e spond ing  to 

i T h e  a c i d  C u  b a t h  w a s  c h o s e n  ( C u S O , - 1 5 0  g / l ;  H 2 S O 4 - 2 5  g / l )  b e -  
c a u s e  t h e  p o l a r i z a t i o n  i n  s u c h  a b a t h  i s  l o w .  T h e  tota l  curren t  f e d  
into  t h e '  c e l l  d u r i n g  26  h r  w a s  2 a m p .  
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Fig. 6. Normal ized current density curves for a cell shown 
in Fig. lb.  The numbers associated with the curves indicate 
the corresponding values of S = r~/r.~. 

given  ~ on the  l emnisca te  as defined by  [19] and  
[20]. Hence  the c u r r e n t  dens i ty  curves  can be 
p lo t ted  as exp la ined  in  the prev ious  section. In  this  
case, however ,  the tota l  a rea  u n d e r  a curve  for g iven  
S is equa l  to K' ,  in  ana logy  to K in  the p rev ious  
section. 

The no rma l i zed  c u r r e n t  dens i ty  curves  a re  p lo t ted  
in  Fig. 6 for S = 1.5, 2, and  10. The curves  are  a l -  
most  co inc ident  and  show reasonab le  l i nea r i t y  over  
about  two th i rds  of the  cathode length .  

5. T r i a n g u l a r  Cel l  
M a t h e m a t i c a l  Analys is  

Consider  a r igh t  ang led  isosceles t r i ang l e  in  the  
complex  z - p l a n e  as shown  in  Fig. ld.  T h e n  the  i n -  
side of the t r i ang le  can be t r a n s f o r m e d  into the 
upper  ha l f  t - p l a n e  (Fig. 7a) b y  

fo ' d r  [24] 
z = zo -4- 2rV~ (r  ~ _ 1)~/~ 

The  co r re spond ing  poin ts  are 
O : z = O ~ t = l  
A : z =  ~/2 p ( l + i ) -~ t ~ O 

B : z = p - > t = - - i  

E :  z = zE-~  t = n  

F :  z ~  zF--> t = - - ~  

The hal f  t - p l a n e  can now be t r a n s f o r m e d  in to  the 
ins ide  of a r ec t ang le  in  the  w - p l a n e  by  

~ J  ( l  + m)  (1-t-  t) 
( 1 ~ - ~  ; t  ) = s n ( w , k )  [25] 

where  

• /  ( 1 - -  m)  ( 1 - -  n )  
(1 + m ) ( 1 - ~ n - )  = k [26] 

and  where  

k ind  wi th  modu l i  k a nd  k ' ,  respect ively .  F r o m  [3],  
[24], a nd  [25] the c u r r e n t  dens i ty  is g iven  by:  

J:, L + 
[27] 

Since the c u r r e n t  dens i ty  is r equ i r ed  in  the  z - p l a n e  
us ing  [24], t mus t  be expressed as a f u n c t i o n  of z. 
The in t eg ra l  can be eva lua t ed  by  us ing  the subs t i -  
t u t ion  g iven  in  Ref. (9) (case IV),  i.e., 

t = 
~2 _ _ _  [28 ]  

t ~ -  1 

T h e n  ~ is g iven  as a We ie r s t r a s s i an  el l ipt ic  func t ion  

of z. 
= ~z  [29] 

defined by  

--d-z-z~ZZ = 4 ( ~ z - - e l ) ( P z - - e ~ ) ( ~ z - - e 3 )  

where  
e l =  1, e ~ = 0 ,  a nd  e 3 = - - l .  

Since el, e2, and  e3 a re  real ,  [29] can be expressed as 
a Jacobi  el l ipt ic  func t ion  of rea l  modu lus  

~V// 2 [30] sn(x/2z ,  x) = ~ + 1  

Z o - -  ~ K 

The ver t ices  of the  r ec t ang le  (Fig. 7b) a re  
0 : w = i K "  

B : w = 3  
E : w = K + i K "  

F : w = K  
K and  K '  are comple te  el l ipt ic  in teg ra l s  of the first 

~ I 
IK ~ - I~.ANE 

~-PI.ANE I 

I~ "1 -f~ 0 h I K 

It F A E 0 B F 

Fig. 7. (a) The tr iangl in Fig. l d  transforr-;eo to the t- 
plane; (b) the same in the w-plane. 

where  
e:~ - -  es 1 

X ~ - -  -- [31] 
e l  - -  e~ 2 

Treating the other triangles given in Ref. (9) in 
a similar manner, the Jacobi elliptic functions ar- 
rived at have a complex moduli and, since Weier- 
strassian elliptic functions are not extensively tabu- 
lated, the problem becomes numerically intractable. 

The contour in the ~-plane which corresponds to 
the triangle in the z-plane is as shown in Fig. 8. The 
side OB of the t r i ang le  forms  a cut  in  the  ~-plane 
f rom ~ =  ~ to the  b r a n c h  poin t  at ~ =  1; the  side 
OA is the  nega t ive  i m a g i n a r y  axis  a nd  the side AB 
is the  pos i t ive  i m a g i n a r y  axis. In  order  to eva lua t e  
the c u r r e n t  dens i ty  a long a ny  b o u n d a r y  of the  t r i -  
angle,  z can n o w  be r e l a t ed  to t t h r ough  [28] and  
[30]. In  [27] m and  n st i l l  r e m a i n  u n k n o w n  and  
mus t  be re la ted  to the  posi t ions  of F a nd  E, respec-  
t ively.  It  can be shown tha t  a long OA 

c ~  (I z [,x) 
= --2i  [32] 

1 - c n "  (I z I,x) 
1 

where  X = _ ,  as g iven  in  [31]. 
~/2 

Since at the po in t  E in  the  t - p l a n e  t = n, t hen  
us ing  [28] 

, ) ~ r_ ~ 
0 

~ -  PLANE 

Fig. 8. The triangle in Fig. ] d transformed to the ~'-plone 
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Fig. 9. Normalized current density curves for o cell shown 
in Fig. l d  when the cathode is along EA only. The numbers 
associated with the curves indicQte the corresponding values 
of ~/2-a/p. The points on the curves for ~ / 2 a / p  = 0.25 and 
0.5 show the position of the points of inflection. 

w h e r e  a = OE 
S imi la r ly ,  

w h e r e  b = F B  

2c~  ~ ( a,k ) 
n -- [33] 

1 + cn ~ (a,X) 

2cn  2 (b,k) 
m = [34] 

1 + c n  ~ (b,k)  

6. Triangular Cell 
Special Electrode Position 

The  c u r r e n t  dens i ty  cu rves  shown  in Fig. 9 a re  for  
a 45 o t r i angu la r ,  isosceles cel l  d iscussed above  w h e n  
the  anode  is a long  OB in Fig. l d  and  the  ca thode  is 
a long E A  w h e r e  E can be p r ac t i c a l l y  a n y w h e r e  be -  
t w e e n  O and A. The  cu rves  a r e  n o r m a l i z e d  as b e -  
fo re  to un i t  area,  the  n o r m a l i z i n g  cons tan t  be ing  
aga in  K ' ( k ) ,  s imi l a r ly  as in sect ion 4, w h e r e  n o w  k 
is g i v e n  by [26],  [33],  and  [34]. A c u r r e n t  dens i ty  
s i ngu l a r i t y  is obse rved  at  E, bu t  this  s i ngu l a r i t y  is 
i n t e g r a b l e  g iv ing  a finite v a l u e  for  t he  to ta l  c u r -  
rent .  No s ingu la r i t y  occurs  on the  ca thode  OB and 
the  c u r r e n t  dens i ty  cu rves  t he r e  a re  r o u g h l y  t r i -  
a ngu l a r  in shape  w i t h  good l i n e a r i t y  b e t w e e n  the i r  
m a x i m u m  z = zm~x and  the  n o r m a l i z e d  z = 1. W h e n  
the  anode  occupies  the  w h o l e  of AO (i.e., a = 0 as 
def ined in [33] ) ,  this m a x i m u m  is at z = 0 and as 
E moves  a long  OA t o w a r d  A the  m a x i m u m  moves  
a long t h e  z - ax i s  un t i l  for  a poin t  ca thode  at A (i.e., 

a = p / x / 2 )  it occurs  at zm,~ = 0.5 and the  c u r r e n t  
dens i ty  c u r v e  is s y m m e t r i c a l  as expec ted .  Fo r  a less 
t han  some va lue ,  say a~, the  cu rves  h a v e  a po in t  of 
inf lect ion b e t w e e n  z .... and  z---- 1; such poin t  of in -  
f lect ion des t roys  the  l i n e a r i t y  s o m e w h a t  ( see  Fig.  9 
for a = 0.25). I t  is t h e r e f o r e  adv i sab le  in p rac t i ce  to 
cons t ruc t  a cell  w i t h  an a < a~ and  in  o rde r  to h a v e  
l a rge  r ange  of l i nea r i t y  at the  same  t ime,  the  best  
v a l u e  is 

a = a~ = 0.52120 p / x / 2  [35] 

Fo r  the  ease of cons t ruc t ion ,  i t  is sugges ted  to t ake :  

a = p / 2 ~  [36] 

w h e n  good l i nea r i t y  is observed .  Thus  in t he  last  
case t he  s lope b e t w e e n  z = 1 and z = 0.5 does not  
v a r y  by  m o r e  t h a n  8%. Moreover ,  the  a rea  u n d e r  

the  c u r r e n t  dens i ty  c u r v e  in Fig.  9 for  ~ / ' 2 a / p  = 1 
2 

--- x i 
I 

L - .  

i 

Fig. 10. Equipotentials (broken lines) and the current flow 
lines (full lines) of a cell shown in Fig. lo. 

is 0.3695 b e t w e e n  z = 0.5 and  z = 1, w h e r e a s  the  
a rea  of the  co r r e spond ing  r i g h t - a n g l e d  t r i angle ,  be -  
t w e e n  the  s a m e  l imi t s  ( the  s lope of the  h y p o t e n u s e  
of this t r i a n g l e  is equa l  to t ha t  of the  c u r v e  at  
z = 1), is 0.3693. 

Hence ,  if t he  to ta l  c u r r e n t  fed  into each  cel l  is A, 
t hen  0.3695 A is d i s t r i bu t ed  l i n e a r l y  ove r  t ha t  ha l f  
of the  ca thode  w h i c h  is  f u r t h e r  f r o m  the  anode,  

w h i l e  the  l eng th  of t he  l a t t e r  is 1/2X/2" of t he  to ta l  
ca thode  length .  

No e x p e r i m e n t s  w e r e  m a d e  on the  t r i a n g u l a r  cell,  
w h i c h  is desc r ibed  he re  as an  i n t e r e s t i n g  a l t e r n a t i v e  
to the  t r a p e z i u m  one. I t  seems h o w e v e r  t h a t  i t  is 
m o r e  c o n v e n i e n t  to use prac t ica l ly ,  s ince (because  
of the  t r i a n g u l a r  shape  of the  p r i m a r y  c u r r e n t  d is-  
t r i bu t ion ;  see Fig.  9) t he r e  a re  two  d e t e r m i n a b l e  
points  on the  ca thode  w h e r e  the  c u r r e n t  dens i ty  is 
the  same.  This  p r o p e r t y  could  be  p rof i t ab ly  used for  
the  e x p e r i m e n t a l  t e s t ing  of the  deposi t ion,  e.g., for  
dec id ing  the  l eve l  in the  b a t h  at  w h i c h  the  ac tua l  
depos i t ion  can be r e l a t ed  p r o p o r t i o n a l l y  to t he  
p r i m a r y  c u r r e n t  densi ty .  

7. Conclusion 
Fig.  10 and 11 show the  c u r r e n t  flow l ines  ( fu l l  

l ines)  and  t h e  equ ipo t en t i a l s  ( b r o k e n  l ines)  of the  
two  cells d iscussed in Sec t ions  3 and  6. In  bo th  cases 
the  e lec t rodes  are  m a r k e d  by  th ick  lines. R e v e r s i n g  
the  posi t ions of the  e lec t rodes  and the  insu la to rs  
one i n t e r changes  the  m e a n i n g  of t h e  equ ipo t en t i a l s  
and the  c u r r e n t  l ines,  so that ,  in pa r t i cu la r ,  Fig.  10 
shows the  condi t ions  in one  cel l  discussed in Sec t ion  
4 ( the  H u l l  t ype  cel l)  w h e n  the  insu la to r s  a re  
m a r k e d  by  th ick  segments ,  the  c u r r e n t  f low l ines by  
b r o k e n  lines, and  t h e  equ ipo ten t i a l s  by  fu l l  lines. 

7 

Fig. 1 1 .quipotentials (broken lines) and the current f low 
!in~s (full :[i~r~TeS) of a cell shown it, Fig. l d  when the cathode 
is along EA only. 
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The curves  were  ob t a ined  by  the r e l axa t i on  m e t h -  
ods, s ince ana ly t i c  compu ta t i on  is made  difficult 
by  the lack of appropr i a t e  m a t h e m a t i c a l  tables.  
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Transistor-Grade Silicon 
I. The Preparation of Ultrapure Silicon Tetraiodide 
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ABSTRACT 

A stepwise method of prepar ing  and pur i fy ing SiI, has been found involv-  
ing the direct combinat ion of the elements, recrystal l ization of the product, 
followed by subl imat ion and zone purification steps. The values of the 
segregation coefficients of several  impur i ty  elements have been determined,  
and it  is shown that  under  ideal conditions some of these elements can be 
removed to concentrat ions of less than  one par t  impur i ty  per  bil l ion parts  of 
SiI, in sixty passes for a 50 cm length charge. 

The  r e q u i r e m e n t s  for t r ans i s to r s  and  other  semi -  
conduc tor  devices tha t  opera te  at t e m p e r a t u r e s  
h igher  t h a n  those at which  Ge is effective have  
s t imu la t ed  cons ide rab le  resea rch  in  the  p r e p a r a t i o n  
of " t r a n s i s t o r - g r a d e  si l icon." This  t e r m  refers  to a 
Si m a t r i x  in  which  the  i m p u r i t y  levels  a re  at  con-  
cen t ra t ions  of one pa r t  in  one h u n d r e d  mi l l i on  a nd  
p r e f e r a b l y  as low as one pa r t  per  one  h u n d r e d  b i l -  
l ion  of St. Because  the  sources of this m a t e r i a l  i n  the  
Un i t ed  Sta tes  a r e  few, the Ai r  Force  has in i t i a t ed  a 
research  p r o g r a m  in  Si chemis t ry  in  order  to p ro -  
vide a l t e r n a t e  methods  of re f inement .  

Most Si in  this  c o u n t r y  is made  according  to the  
reac t ion  

2C -~ SiO~--> 2CO ~- Si 

in electric arc furnaces. A typical product I has the 
following spectrographic analysis shown in Table I 
( i ) .  Semiconductor devices made of Si with levels 
of impurities as shown in Table I would be of little 
practicality and transistor devices with acceptors, 
donors, and lifetime-killers at such high concentra- 
tions would not function. Two approaches are avail- 
able for removing these impurities, a metallurgical 

1 O b t a i n e d  f r o m  C o l e m a n  a n d  B e l l  C o m p a n y ,  N o r w o o d ,  Ohio .  

and  a physicochemical .  The  fo rmer  invo lves  the  zone 
ref in ing  t echn ique  o r ig ina ted  by  P f a n n  (2) .  By this 

Table I. Spectrographic analysis of reagent Si 

Conc.  i n  p a r t s  of  i m p u r i t y  
I m p u r i t y  e l e m e n t  p e r  m i l l i o n  p a r t s  of  Si  

A1 6900 
As 150 
B 60 
Ca 7100 
Co 7 
Cr 250 
Cu 300 
Fe 6700 
Ga <10 
In  3 
K <10 
Li 2.5 
Mg 120 
Mn 350 
Na 18 
Ni 80 
P 80 
Ta 140 
Ti 1300 
T1 5 
V 60 
Zr 250 
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me thod ,  some  e l emen t s ,  e.g., A1, m a y  be  r e m o v e d  
e f fec t ive ly  f rom St. H o w e v e r ,  B, w i t h  a s e g r e g a t i o n  
coefficient  of a b o u t  0.9 (3)  canno t  be  s e p a r a t e d  effi- 
c i en t l y  f r o m  the  m a t r i x .  In  add i t ion ,  because  of t he  
h igh  m e l t i n g  po in t  of Si  (1420~ c o n t a m i n a t i o n  
b y  l e a c h i n g  f rom the  c o n t a i n e r  m a t e r i a l  p r e s e n t s  
p r o b l e m s .  F o r  t h e s e  reasons ,  t he  p h y s i c o c h e m i c a l  
a p p r o a c h  w h i c h  i nvo lves  t h e  syn thes i s  of a con -  
v e n i e n t  c o m p o u n d  of St, i ts  pu r i f i ca t i on  to t he  d e -  
s i red  leve ls  of p u r i t y  t h a t  a re  r e q u i r e d  u l t i m a t e l y  
for  t r a n s i s t o r - g r a d e  s i l icon a n d  i ts  decompos i t i on  
into  e l e m e n t a l  St, has  been  chosen  b y  this  l a b o r a -  
tory .  I n  o r d e r  t h a t  th i s  a p p r o a c h  b e  effect ive,  t h e r e  
w e r e  c e r t a i n  p r e r e q u i s i t e s .  The  c o m p o u n d  h a d  to 
be  e i t he r  eas i ly  s y n t h e s i z e d  or  ava i l ab l e ,  i t  h a d  to 
be  c a p a b l e  of be ing  pur i f i ed  to t h e  e x t e n t  r e q u i r e d  
b y  t h e  f inal  Si  specif icat ion,  and  i t  h a d  to be  c a p a b l e  
of be ing  d e c o m p o s e d  r e l a t i v e l y  ea s i l y  in to  e l e -  
m e n t a l  Si  w h i c h  w o u l d  no t  be  c o n t a m i n a t e d  in  t h e  
d e c o m p o s i t i o n  process .  Of t he  v a r i e t y  of Si  c o m -  
p o u n d s  t h a t  sugges t ed  themse lves ,  i.e., t he  s i lanes ,  
s i loxanes ,  s i l ica tes ,  and  ha l ides ,  t h e  l a t t e r  s e e m e d  
to be  bes t  su i t ed  to fulf i l l  t he  a b o v e  r e q u i r e m e n t s .  
T h e y  a r e  s t ab l e  subs tances ,  r e l a t i v e l y  easy  to s y n -  
thes ize  a n d  hand le ,  a n d  a re  p o t e n t i a l l y  d e c o m p o s -  
ab le  or  r e d u c i b l e  to p o l y c r y s t a l l i n e  or  s i n g l e - c r y s t a l  
Si  a n d  t h e  h a l o g e n  or  h y d r o g e n  ha l ide .  Of t he  fou r  
u n m i x e d  t e t r a h a l i d e s ,  S iF ,  is t h e  mos t  s t ab l e  a n d  
decomposes  on ly  u n d e r  e x t r e m e s  of t e m p e r a t u r e  
and  p r e s s u r e .  F u r t h e r m o r e ,  i t  is a gas  u n d e r  n o r m a l  
cond i t ions  and,  as such, is diff icult  to  h a n d l e  a n d  
pu r i fy .  S iBr ,  a n d  SiCL a r e  bo th  l i qu ids  possess ing  
the  a d v a n t a g e s  of th is  s t a t e  w i t h  r e spec t  to pu r i f i c a -  
t ion,  b u t  b o t h  a r e  m o r e  diff icult  to d e c o m p o s e  t h a n  
the  t e t r a i o d i d e .  T h e r m o d y n a m i c  d a t a  i n d i c a t e  t h a t  
the  l a t t e r  decomposes  at  a b o u t  1500~ at  one a t m o s -  
p h e r e  a n d  can  be  r e d u c e d  w i t h  h y d r o g e n  a t  a b o u t  
600~ u n d e r  these  condi t ions .  A t  1000~ the  d i s -  
soc ia t ion  e q u i l i b r i u m  cons t an t  (Kp) was  c a l c u l a t e d  
to be  1.86 x 10 -~ f rom the  f r ee  e n e r g y  da ta .  A s s u m -  
ing  a p a r t i a l  p r e s s u r e  of 3 m m  of S iL  in t he  r e a c t i o n  
c h a m b e r ,  t h e n  the  l i m i t i n g  p a r t i a l  p r e s s u r e  of I~ is 
0.236 ram.  B y  l o w e r i n g  the  p a r t i a l  p r e s s u r e  of L 
b e l o w  this  va lue ,  decompos i t i on  of t he  SiI ,  occurs .  
S ince  i t  is a sol id  u n d e r  n o r m a l  cond i t ions  w i t h  a 
r e l a t i v e l y  low bo i l ing  po in t  (290~ i t  can  be  p u r i -  
fied no t  on ly  b y  the  u s u a l  t e chn iques  of  r e c r y s t a l -  
l i za t ion  and  d i s t i l l a t ion ,  b u t  i t  l ends  i t se l f  to zone 
pur i f i ca t ion .  S ince  SiI ,  offers a d i f f e ren t  m a t r i x  t h a n  
Si  to impur i t i e s ,  i t  need  not  be  e x p e c t e d  t h a t  t he  
s e g r e g a t i o n  coefficients of these  i m p u r i t i e s  b e  t he  
s ame  in b o t h  ma t r i ce s .  I f  t he  i m p u r i t i e s  t h a t  a r e  no t  
r e m o v e d  in t he  c u r r e n t  t e c h n i q u e  of zone  pu r i f i c a -  
t ion  of Si  can  be  r e m o v e d  in Sil~, t h e n  a c o m b i n a -  
t ion  of t he  two  zone  pur i f i ca t ions  cou ld  l e ad  to 
t r a n s i s t o r - g r a d e  St. I t  s e e m e d  for  mos t  i n t en t s  a n d  
p u r p o s e s  t h a t  SiI~ of fe red  the  g r e a t e s t  p o t e n t i a l i t y  
as an  i n t e r m e d i a t e  in  t he  syn thes i s  of t r a n s i s t o r -  
g r a d e  St. 

A l i t e r a t u r e  s u r v e y  i n d i c a t e d  t h a t  h igh  p u r i t y  Si  
has  b e e n  p r e p a r e d  b y  m e t h o d s  u t i l i z ing  t h e  t e t r a -  
ch lor ide ,  t he  t e t r a b r o m i d e ,  and  t h e  t e t r a i o d i d e  of 
St. The  t e t r a c h l o r i d e  is r e d u c e d  in  a q u a r t z  a p -  
p a r a t u s  a t  a b o u t  1000~ w i t h  Zn  v a p o r  as t h e  r e -  
d u c t a n t  (4) .  

S a n g s t e r  (5)  has  r e d u c e d  t h e  pu r i f i ed  t e t r a b r o -  
m i d e  w i t h  H~. L i t t o n  (6)  i n v e s t i g a t e d  t h e  t h e r m a l  
d e c o m p o s i t i o n  of f r a c t i o n a l l y  d i s t i l l ed  t e t r a i o d i d e .  
More  recent lY,  T h e u e r e r  (7)  r e d u c e d  SIC1, w i t h  H~. 

Experimental 
Preparation of silicon tetraiodide.--SiI, w a s  p r e -  

p a r e d  b y  t h e  d i r e c t  r e a c t i o n  of  I~ w i t h  Si  in  a h o r i -  
z o n t a l  r e a c t i o n  c h a m b e r  (8 ) .  The  iod ine  bo i le r ,  
h e a t e d  b y  a m a n t l e  to a b o u t  115~ was  a 500 m l  
r o u n d - b o t t o m e d  P y r e x  f lask sea l ed  a t  t he  t op  a n d  
e q u i p p e d  w i t h  a 28/15 b a l l  j o in t  a t  r i g h t  ang les  to  
t h e  neck .  A s ide  a r m  was  p r e s e n t  to p e r m i t  t he  e n -  
t r y  of t he  d r i e d  f lushing  gas, a rgon .  The  r e a g e n t  
was  B a k e r  a n d  A d a m s o n  r e s u b l i m e d  iodine .  T h e  
r e a c t i o n  c h a m b e r  was  a 3 0 - m m  i n n e r  d i a m e t e r  V y -  
cor  f u r n a c e  tube ,  70 cm long,  w i t h  28/15 socke t  
j o in t s  a t  each  end.  The  connec t ion  of P y r e x  to V y c o r  
p e r m i t t e d  ea sy  r e m o v a l  of one  jo in t  f r o m  the  o t h e r  
o w i n g  to t he  d i f f e rence  in  coefficients of  expans ion .  
The  f u r n a c e  t ube  was  h e a t e d  b y  two  e lec t r i c  m u l t i -  
p l e  un i t  f u r n a c e s  m a d e  b y  H e v i - D u t y  E lec t r i c  C o m -  
p a n y ,  M i l w a u k e e ,  Wiscons in ,  a n d  t h e  t e m p e r a t u r e  
m o n i t o r e d  by  us ing  a c h r o m e l - a l u m e l  t h e r m o c o u p l e  
a d j a c e n t  to t he  f u r n a c e  tube .  The  SiI ,  r e c e i v e r  was  a 
500-ml  r o u n d - b o t t o m e d  P y r e x  f lask s i m i l a r  to t he  
iod ine  bo i le r .  

In  a t y p i c a l  run ,  r e a g e n t  Si  was  g r o u n d  in to  p a r -  
t ic les  a n d  t h e n  co l lec ted  b e t w e e n  No. 4 a n d  No. 10 
s ieves  to p e r m i t  as c lose  p a c k i n g  of  t he  p a r t i c l e s  as 
was  p r a c t i c a b l e  in  t he  f u r n a c e  t u b e  w i t h o u t  c h a n -  
n e l i n g  or  b a c k  p r e s s u r e s  of L. The  c h a r g e d  I~ flask, 
r e a c t i o n  c h a m b e r ,  a n d  r e c e i v e r  w e r e  connec t ed  u s -  
ing  a m i n i m u m  of D o w  C o m i n g  S i l i cone  g r ea se  a t  
the  jo in t s  and  a m e r c u r y  p r e s s u r e  r e l e a se  v a l v e  was  
i n s e r t e d  in  p a r a l l e l  w i t h  t h e  sys tem.  The  a r g o n  w a s  
f lushed t h r o u g h  the  sy s t em a t  a flow r a t e  of a b o u t  
524 m l / m i n  a n d  the  t e m p e r a t u r e  of t he  Si  w a s  
r a i s e d  to 810~ A l l  e x p o s e d  c onne c t i ng  sec t ions  
b e t w e e n  boi le r ,  c h a m b e r ,  and  r e c e i v e r  w e r e  m a i n -  
t a i n e d  a t  s u i t a b l e  t e m p e r a t u r e s  b y  m e a n s  of  h e a t i n g  
tapes .  W h e n  t e m p e r a t u r e  e q u i l i b r i u m  was  a t t a ined ,  
the  I~ was  h e a t e d  to 115~ and  c a r r i e d  in to  con tac t  
w i t h  t h e  St. The  p r o d u c t  as i t  e n t e r e d  t h e  r e c e i v e r  
was  a w h i t e  m i s t  and,  a f t e r  condensa t ion ,  a p i n k i s h  
w h i t e  to r e d  solid.  T h e  co lo ra t i on  was  p r o b a b l y  due  
to u n r e a c t e d  Is or  some  Si~I, f r o m  the  r e a c t i o n :  

Si ~- SiL ~ Si~L 

Gravimetric analysis. Calculated for SiI,: St, 5.2%; 
I, 94.8%. Found: St, 5.6%; I, 91.0%. Emission spec- 
trographic analysis of the crude SiL gave the im- 
purities as listed in Table II. 

A comparison with Table I indicates that three 
elements have increased in concentration: Na, B, 
a n d  V. A n  a n a l y s i s  of P y r e x  glass  s h o w e d  t h a t  N a  
was  p r e s e n t  to the  e x t e n t  of abou t  8.5% a n d  B 
a b o u t  10.8%. I t  was  e v i d e n t  t h a t  l e a c h i n g  of these  
two  i m p u r i t i e s  f r o m  the  glass  took  p l a c e  u n d e r  t he  
cond i t ions  of t h e  S iL  synthes i s .  T h e r e  was  a lso  t he  
p o s s i b i l i t y  of l e a c h i n g  f r o m  t h e  Vycor .  F o r  th is  r e a -  
son, an  a l l - q u a r t z  a p p a r a t u s  wi l l  be  s u b s t i t u t e d  fo r  
P y r e x  in  the  syn thes i s  s tep.  The  d a i l y  p r o d u c t i o n  
r a t e  is a b o u t  450 g of S iL and  t h e  a p p a r a t u s  m a y  b e  
scaled up for larger yields if necessary. There is 
about,: ~( 95% c onve r s ion  to SiI~ b a s e d  on  I~. 
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Table II. Emission spectrographic analyses 

Cone.  of  i m p u r i t y  i n  p a r t s  of  
I m p u r i t y  i m p u r i t y  p e r  m i l l i o n  p a r t s  SiI4 
e l e m e n t  C r u d e  SiIa iRecrys ta l l i zed  SiI4 S u b l i m e d  S l i t  

Table Ill. Sensitivities oF impurities by emission 
spectrographic analysis 

S e n s i t i v i t y  in  p a r t s  of  i m p u r i t y  
I m p u r i t y  e l e m e n t s  p e r  m i l l i o n  p a r t s  SiO2 

Ag 1.0 0.1 N.D. 
A1 28.0 6.5 0.2 
As < 1 N.D. N.D. 
Au N.D. * N.D. N.D. 
B 16.0 N.D. N.D. 
Be N.D. N.D. N.D. 
Bi N.D. N.D. N.D. 
Ca N.D. N.D. N.D. 
Cd <1  N.D. N.D. 
Co N.D. N.D. N.D. 
Cr 1.5 N.D. N.D. 
Cu 12.0 0.3 2.7 
Fe 55.0 0.5 0.6 
Ga <0.1 N.D. N.D. 
Hg <1 N.D. N.D. 
In  <0.1 0.5 N.D. 
K N.D. N.D. N.D. 
Li N.D. N.D. N.D. 
Mg 1.6 0.4 0.1 
Mn 4.5 2.0 0.1 
Mo N.D. N.D. N.D. 
Na 2.0 N.D. N.D. 
Ni 1.0 N.D. N.D. 
P <5 N.D. N.D. 
Pb <0.5 N.D. N.D. 
Sb <1 N.D. N.D. 
Sn <0.5 N.D. N.D. 
Ti 21.0 16.5 1.3 
V 12 N.D. N.D. 
Zn N.D. N.D. N.D. 
Zr 1.2 5.0 N.D. 

�9 N a t  d e t e c t e d .  

Analysis of silicon tetraiodide.--Analyses of SiL 
were  car r ied  out  ~ af ter  hyd ro lyz ing  a sample  w i th  
conduc t iv i ty  wa te r  in  P t  crucibles  and  hea t ing  to 
500~ u n t i l  the  r eac t ion  was  complete.  C o m m e r -  
c ia l ly  ava i l ab le  m ixed  i n t e r n a l  s t anda rds  were  t hen  
added  to the  silica. T h i n - w a l l e d  g raph i t e  electrodes 
were  filled w i th  adequa t e  sil ica and  ign i ted  in  a 
He a tmosphere  for 10 sec at  5 amp.  A n o t h e r  sil ica 
sample  was  ign i ted  in  air  for 50 sec at  10 amp a nd  
b u r n e d  to complet ion.  Those e lements  whose l ines  
w e r e  m a s k e d  by  SiO, SiO~, and  CN bands  in  the  
a tmospher i c  r u n  were  read  f rom the  spec t rum ob-  
t a ined  in  the  He run .  T h e  sens i t iv i t ies  of some of 
the i m p u r i t y  e l ements  in  SiO2 are g iven  in  T a b l e  
III.  

Crystallization.--Of t he  va r ious  pur i f ica t ion  tech-  
n iques  tha t  are ava i l ab le  for solids, zone pur i f ica-  
t ion  has the  po ten t ia l i ty ,  if the  segrega t ion  coeffi- 
c ients  are  favorable ,  of y i e ld ing  a m a t r i x  in  wh ich  
the  des i red concen t ra t ions  of impur i t i e s  can be  a t -  
t a ined  prac t icably .  A l t h o u g h  successful  zone pur i f i -  
ca t ion is not  d e p e n d e n t  on a t t a i n i n g  low c o n c e n t r a -  
t ions  of i m p u r i t y  in i t i a l ly ,  the  u l t i m a t e  concen t r a -  
t ion  can  be m i n i m i z e d  if the  in i t i a l  concen t ra t ions  
a re  low. For  this  reason,  other  methods  of p r e l i m -  
i n a r y  pur i f ica t ion  have  b e e n  invoked.  The  first of 
these was  c rys ta l l i za t ion  of the  c rude  SiI, f rom 
toluene.  The  so lubi l i ty  of SiL in  t o l u e n e  was found  
to be 10.3% by  weigh t  a t  l l 0 ~  and  3.2% at  20~ 
i nd i ca t i ng  abou t  an  82 % recovery  of SiI,  in  a s ingle  
step crys ta l l iza t ion .  

2 To  be  p u b l i s h e d  b y  t h e  M e t a l  H y d r i d e s  Co. ,  Journal o$ Analy t i -  
cal Chemistry.  

Ag 0.25 
A1 0.65 
As 15 
B 0.50 
Be 0.25 
Ca 0.50 
Cd 1.0 
Cr 2.5 
Cu 0.25 
Fe 0.65 
Hg 5.0 
Mg 0.25 
Mn 0.75 
p 25 
Sb 3.O 
Ti 1.0 
Zn 10 
Zr 5 

In  practice,  the c rude  SiI,  was  t r a n s f e r r e d  in  the  
sealed rece iver  to a d ry  box, and  sufficient f r ac t i on -  
a l ly  dis t i l led to luene,  dr ied  over  Na, was  added to 
m a k e  a 10% solut ion.  The  so lu t ion  was  hea ted  to 
the bo i l ing  point ,  and  the  r e su l t i ng  so lu t ion  was  
cooled s lowly  to 0~ The l iquor  was decanted,  and  
the r e m a i n d e r  r emoved  u n d e r  v a c u u m  at  abou t  
70~ A spec t rographic  ana lys i s  of the  crys ta l l ized  
p roduc t  is g iven  in  Tab le  II. 

A compar i son  of the  c rys ta l l ized  a nd  c rude  p rod-  
uct  indica tes  tha t  the re  is a cons ide rab le  decrease  
in  the  ove r - a l l  i m p u r i t y  concen t ra t ions  of most  of 
the  e lements .  I t  can be pos tu la ted  tha t  the  i m p u r i t y  
e l emen t s  are in  a molecu la r  fo rm tha t  is t o luene -  
soluble,  and,  in  all  p robab i l i ty ,  this  fo rm is the  
iodide. I t  is possible  tha t  the  efficiency of the  crys-  
t a l l i za t ion  step is the resul t ,  in  par t ,  of smal l  
a m o u n t s  of sil ica i n t roduced  by  the  u n a v o i d a b l e  
hydro lys i s  of the SiI,  d u r i n g  hand l ing .  F u r t h e r m o r e ,  
since the ex t r ac t ion  is a r e l a t i ve ly  low t e m p e r a t u r e  
step, the re  is l i t t le  or no occasion for l each ing  as is 
ind ica ted  by the low concen t ra t ions  of such con-  
s t i tuen t s  of glass as B a nd  Fe. G r a v i m e t r i c  a n a -  
ly t ica l  methods  on the c rys ta l l i zed  SiI~ y ie lded  the  
fo l lowing  analys is :  St, 5 .4%; I, 91.9%. These  va lues  
are closer to theore t ica l  t h a n  the c rude  SiI,, a nd  i n -  
d ica te  tha t  some of the I~ or h ighe r  homologues  have  
been  r e move d  by  the  c rys ta l l i za t ion  step. The  ap -  
p e a r a n c e  of the  m o r e  l igh t ly  colored m a t e r i a l  sup-  
por ts  this  assumpt ion .  

Sublimation.--Fractional dis t i l l a t ion  of the  r e -  
c rys ta l l ized  SiI, was  n e x t  cons idered  as a possible  
pur i f ica t ion  technique .  I t  was  observed  tha t  sub l i -  
m a t i o n  occurred  w i th  use of a v a c u u m  f rac t iona l  
d i s t i l l a t ion  system. S u b l i m a t i o n  had also been  used 
as a t r ans fe r  p rocedure  (6) for SiL and  it  was  de-  
cided to ut i l ize  i t  as the second step in  the  pur i f ica-  
tion. The  s u b l i m a t i o n  appa ra tu s  consis ted of a 30- 
cm long P y r e x  cy l inder  10 cm in  d i a m e t e r  wi th  
10-ram g r o u n d  flanges on each end. A r o u n d  the  
cy l inde r  were  w r a p p e d  two hea t ing  tapes  i n d i v i d -  
ua l l y  cont ro l led  by  Powers ta t s .  A dome wi th  a 
4 - r am stopcock was  connec ted  to one  end  of the 
cy l inder ,  and,  on the  o ther  end,  a second dome 



VoL 104, No. 11 T R A N S I S T O R - G R A D E  S I L I C O N  659 

e q u i p p e d  w i t h  a 32 -cm long cold  finger.  The  l a t t e r  
dome  was  c h a r g e d  in  a d r y  b o x  w i t h  enough  c r y s -  
t a l l i z ed  SiL to fill it. T h e  a p p a r a t u s  was  a s s e m b l e d  
w i t h  t he  ends  he ld  t e m p o r a r i l y  in pos i t i on  b y  
c l amps ;  a p a r t i a l  v a c u u m  was  a p p l i e d  to c o m p l e t e  
t he  seals .  The  c h a r g e d  a s s e m b l y  was  t hen  r e m o v e d  
f rom the  d r y  box,  connec t ed  to a v a c u u m  sys tem,  
and  the  c h a r g e d  end  was  h e a t e d  b y  a m a n t l e  to 
abou t  100~ W h e n  the  s u b l i m a t e  a p p e a r e d  as l a r g e  
w h i t e  c r y s t a l s  on t h e  a r e a  a d j a c e n t  to t h e  h e a t e d  
charge ,  t h e  s u b l i m a t i o n  was  r e p e a t e d  b y  h e a t i n g  
the  first  tape ,  t h e n  the  second  u n t i l  u l t i m a t e l y  t h e  
c r y s t a l s  a p p e a r e d  on t h e  dome.  The  a p p a r a t u s  was  
d i s a s s e m b l e d  and  the  p r o d u c t  s c r a p e d  off w i t h  L u -  
c i te  rods.  A n  emiss ion  s p e c t r o g r a p h i c  ana lys i s  of t he  
s u b l i m e d  p r o d u c t  is g iven  in  T a b l e  II .  I t  is obv ious  
f rom c o m p a r i s o n  of the  r e su l t s  in T a b l e  II  t h a t  con-  
s i d e r a b l e  pu r i f i ca t i on  is ef fec ted  b y  s u b l i m a t i o n  of 
t he  c r y s t a l l i z e d  p roduc t ,  p a r t i c u l a r l y  in  t h e  cases  of 
A1, Mn, Ti, a n d  Mg. T h e  Cu c o n c e n t r a t i o n  is seen  to 
i n c r e a s e  f r o m  0.3 to 2.7 p p m  and  th i s  is due  to Cu 
i m p u r i t i e s  f o u n d  in the  P t  c ruc ib le s  used  in  t he  h y -  
d ro lys i s  of t h e  SiI ,  p r i o r  to s p e c t r o g r a p h i c  ana lys i s .  
The  source  of c o n t a m i n a t i o n  has  been  e l i m i n a t e d  b y  
s u b s t i t u t i n g  q u a r t z  for  Pt .  C o n c e n t r a t i o n s  of a l l  
t he  i m p u r i t i e s  d e t e c t e d  a r e  n o w  in or  b e l o w  the  p a r t  
p e r  m i l l i o n  r ange .  F u r t h e r  pu r i f i ca t i on  m a y  be  
ef fec ted b y  the  z o n e - m e l t i n g  p rocess  in  t he  case  of 
i m p u r i t i e s  w i t h  f a v o r a b l e  s e g r e g a t i o n  coefficients.  

Zone purification.---Determination of ef fec t ive  
s e g r e g a t i o n  coefficients,  K , , ,  u n d e r  a g iven  set  of 
e x p e r i m e n t a l  cond i t ions  was  u n d e r t a k e n .  I t  is e m -  
p h a s i z e d  t h a t  t h e  v a l u e s  r e p o r t e d  a r e  those  of  e f -  
f ec t ive  coefficients,  and  no t  e q u i l i b r i u m  va lues .  B e -  
cause  m o r e  sub t l e  v a r i a b l e s  such  as c r y s t a l  o r i e n t a -  
t ion,  convec t ion ,  e f fec t ive  b o u n d a r y  l aye r ,  s i l i ca  
fo rma t ion ,  a n d  supe rcoo l i ng  w e r e  no t  con t ro l l ed ,  
t h e r e  ex is t s  some  d i s c r e p a n c y  in t he  v a l u e s  r e -  
po r t ed .  

S i l icon  t e t r a i o d i d e  r e c r y s t a l l i z e d  f r o m  to lue ne  
was  e n c a p s u l a t e d  in  s ea l ed  P y r e x  ampou le s ,  d e n s i -  
fled, a n d  l e v e l e d  b y  r e p e a t e d  v e r t i c a l  r e v e r s e  p a s s -  
age of a s ingle  zone  (2 ) .  A s ingle  m o l t e n  zone 2 - c m  
long was  p a s s e d  t h r o u g h  t h e  20 -cm l e n g t h  of l e v e l e d  
charge .  T h e  z o n e - m e l t e d  cha rge  was  t h e n  seg -  
m e n t e d  in to  t e n  e q u a l  sect ions,  each  sec t ion  h y -  
d r o l y z e d  to s i l ica  in  c o n d u c t i v i t y  w a t e r ,  a n d  f ina l ly  
each  sec t ion  was  a n a l y z e d  s p e c t r o g r a p h i c a l l y  as d e -  
s c r i bed  above .  

Prof i les  c o n s t r u c t e d  f r o m  the  r e su l t s  of t h e s e  
a n a l y s e s  d e p i c t e d  concen t r a t i ons ,  C~, of i m p u r i t i e s  
r e t a i n e d  in  the  sol id  a f t e r  pa s sage  of one  m o l t e n  
zone. The  in i t i a l  concen t r a t ion ,  Co, w a s  t a k e n  as t h e  
a v e r a g e  c o n c e n t r a t i o n  of t he  t en  segments .  This  
a v e r a g e  v a l u e  is v a l i d  because  t he  cha rge  was  
l e v e l e d  to a s su re  an  i n v a r i a n c e  of i m p u r i t y  c onc e n -  
t r a t i o n s  a long  the  l o n g i t u d i n a l  axis .  By  def in i t ion  

C, = KC~ (I) 

w h e r e  C, is t he  c o n c e n t r a t i o n  of an  i m p u r i t y  in  t he  
l iqu id .  A t  t h e  p o i n t  of t he  f irst  f r eez ing  (i.e.,  a t  
X = 0, if  X is the  d i s t a n c e  a long  the  c h a r g e ) ,  C~ = 
Co. The re fo re ,  

K = C./C. a t  X = 0 ( I I )  

i 

/ ,  - T - 3  ~' } FJ - T - 3 ~  
O - T - 5 4  
X - T gl~Ol~ll IC~IU CURVE 

Foe. K=O.I 

TE = $ cM/w 

d . 2 0 ~  

Fig. 1. Concentration profiles of Mn impuri ty species in a 
Sih matrix. 

By p lot t ing the rat io C,/Co vs. X / l  ( l  is the zone 
length) i t  was possible to determine Ke ,  f rom the 
intersection of the prof i le w i th  the y-ax is .  Fig. I is 
a series of exper imental  profiles for the Mn species 
in t h e  s i l icon t e t r a i o d i d e  m a t r i x .  Also  d e p i c t e d  is 
t he  c a l c u l a t e d  c u r v e  for  a so lu te  h a v i n g  a K e q u a l  to  
0.1. 

These  prof i les  a r e  t y p i c a l  of those  spec ies  w h i c h  
d i s p l a y  s e g r e g a t i o n  in  a c c o rda nc e  w i t h  K e ,  of a p -  
p r o x i m a t e l y  0.1. T h e  p r e p o n d e r a n c e  of  i m p u r i t y  
so lu te  in  t he  end  of t he  c h a r g e  t o w a r d  w h i c h  t h e  
zones t r a v e l e d  is e v i d e n c e  t h a t  the  s e g r e g a t i o n  co-  
efficient  is less t h a n  un i ty .  T h e  s h a r p  d rops  in  con-  
c e n t r a t i o n  a t  t h e  m i n i m a  o b s e r v e d  in  t h e  n e x t  to 
las t  zone a r e  d u e  to t h e  g r o w t h  of t he  l a s t  zone a t  
t he  conc lus ion  of t he  pass .  I t  w a s  n e c e s s a r y  to s top  
t h e  t r a v e l  of  t he  zone b e f o r e  i t  p r o c e e d e d  in to  an  
u n l e v e l e d  p o r t i o n  of t h e  cha rge ;  a t  th is  t i m e  the  
f inal  zone g r e w  b a c k  in to  a l a r g e  p a r t  of t he  p r e -  
ced ing  zone,  a n d  t h e n  so l id i f ied  b y  n o r m a l  f r eez ing  
f r o m  b o t h  ends .  

A l t h o u g h  on ly  a s ing le  m o l t e n  zone  w a s  p a s s e d  
t h r o u g h  the  charge ,  the  c o n c e n t r a t i o n s  in  t h e  f irst  
ha l f  of the  c h a r g e  to b e  m e l t e d  w e r e  b e l o w  t h e  l i m -  
i ts  of s p e c t r o g r a p h i c  d e t e c t a b i l i t y  for  a b o u t  ha l f  of 
t he  i m p u r i t i e s  s tud ied .  T he re fo r e ,  i t  w a s  n e c e s s a r y  
to r e s o r t  to  a m e t h o d  of m a t h e m a t i c a l  e x t r a p o l a -  
t ion  in  o r d e r  to e x t e n d  the  prof i le  to t he  y - a x i s .  The  
e x p r e s s i o n  

C . = K ~ .  C o +  K.----~-- 

was  e m p l o y e d .  He re  C. is t he  so lu te  c o n c e n t r a t i o n  
f rozen  out  in  a n y  g iven  zone ( e x c e p t  t h e  l a s t ) ,  C,_, 
is the  so lu te  c o n c e n t r a t i o n  f rozen  ou t  in t h e  p r i o r  
zone, and  Co is t h e  i n i t i a l  i n v a r i a n t  concen t r a t i on .  
T h e  e q u a t i o n  is an  e x p r e s s i o n  of  a p p r o x i m a t i o n  a n d  
becomes  less  v a l i d  as the  l /d  r a t i o  (zone  l eng th :  
c h a r g e  l e n g t h )  increases .  V a l u e s  of K , ~  a r e  s u b -  
~ t i tu ted  u n t i l  C~-1 a t  X = 0 is e q u a l  to K , ~  Co. V a l i d -  
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i t y  of these  e x t r a p o l a t i o n s  is ba sed  on the  r e a s o n a b l e  
d e g r e e  of  a g r e e m e n t  b e t w e e n  c o m p u t e d  a n d  e x p e r i -  
m e n t a l  cu rves  for  i m p u r i t i e s  d e t e c t a b l e  in  a l l  seg-  
ments .  

Zones  h a v e  been  pas sed  d o w n w a r d  t h r o u g h  the  
cha rge  w i t h  s im i l a r  resu l t s ,  t h e r e b y  e l i m i n a t i n g  t h e  
pos s ib i l i t y  of a n y  s e p a r a t i o n  b y  f lotat ion.  The re fo re ,  
r e g a r d l e s s  of t he  a n o m a l i e s  in t h e  profi le ,  i t  m a y  b e  
a s s u m e d  t h a t  a K of a c e r t a i n  v a l u e  ex is t s  in o r d e r  
to r e l o c a t e  t h e  i m p u r i t i e s  as dep ic ted .  This  is so 
if one  a s sumes  t h a t  s e g r e g a t i o n  is caused  on ly  b y  
t h e  d i f fe rences  in  s o l u b i l i t y  in  t he  so l id  and  l i qu id  
phases .  

Tab le  IV s u m m a r i z e s  the  ef fec t ive  s e g r e g a t i o n  
coefficients of v a r i o u s  i m p u r i t y  spec ies  in a SiI ,  
m a t r i x .  I n a s m u c h  as  a l l  v a l u e s  r e p o r t e d  in  T a b l e  IV 
a r e  less  t h a n  un i ty ,  pu r i f i ca t ion  can  be  ef fec ted b y  
m o v i n g  each  of t he  so lu te  i m p u r i t i e s  to t h e  end  of 
t h e  c h a r g e  t o w a r d  w h i c h  the  m o l t e n  zones t r a ve l .  

A p p l y i n g  t h e  v a l u e  of  K~ff as d e t e r m i n e d  for  
bo ron  t r i i o d i d e  (i.e., 0.4) to t h e  f a m i l y  of equa t i ons  
g iven  b y  P f a n n  (2 ) ,  i t  can  be s h o w n  tha t  an  u l t i -  
m a t e  c o n c e n t r a t i o n  r a t i o  of  1 X 10 -= can  be  a t t a i n e d  
for  a c h a r g e  h a v i n g  a d/ l  r a t i o  of 20: 1. F u r t h e r -  
more ,  70% of th is  c h a r g e  wi l l  have  a c o n c e n t r a t i o n  
w h i c h  has  been  r e d u c e d  to one p a r t  in  a b i l l i on  or  
less  i f  t he  i n i t i a l  c o n c e n t r a t i o n  was  one  p a r t  in  a 
mi l l ion .  

The  n u m b e r  of passes  r e q u i r e d  to a t t a i n  th is  con-  
c e n t r a t i o n  is a p p r o x i m a t e d  b y  

K"= C.=o (IV) 

w h e r e  n is  t he  n u m b e r  of  passes .  A n  efficiency f ac to r  
(9)  of 53% m u s t  be  a p p l i e d  for  a K equa l  to 0.4. 
W i t h  u se  of th is  f ac to r  in  c o n j u n c t i o n  w i t h  Eq. ( I V ) ,  

Table IV. Effective segregation coefficients of various 
impurity species in a Sil~ matrix 

( C h a r g e  l e n g t h ,  d = 20 c m ;  z o n e  l e n g t h ,  1 = 2 c m ;  zone  t emper-  
ature = 135 ~ ~ 4 ~  r a t e  of  c r y s t a l l i z a t i o n  = 5 c m / h r )  

I m p u r i t y  spec ie s  Keff  

B* 0.16 • 0.072 
A1 0.70 +_ 0.35 
Na 0.10 (single run)  
Mg* 0.16 • 0.01 
Cu 0.64 _ 0.17 
Fe* 0.15 • 0.08 
Ti 0.91 _ 0.08 
Mn* 0.09 • 0.04 
Boron triiodide% 0.42 +__ 0.22 

* V a l u e s  o b t a i n e d  b y  e x t r a p o l a t i o n .  
t D o p e d  s a m p l e s .  

M a x i m u m  v a r i a b i l i t y  of  r e su l t s .  

60 passes  a r e  r e q u i r e d  to a t t a i n  th is  c o n c e n t r a t i o n  
profi le .  

The  c o n c e n t r a t i o n s  c o m p u t e d  a b o v e  i n d i c a t e  t ha t  
SiI ,  can be  pur i f i ed  to less t h a n  one  p a r t  of i m p u r i t y  
p e r  b i l l i on  p a r t s  of SiI ,  p r o v i d e d  e q u i l i b r i u m  con-  
d i t ions  p r e v a i l  to t he  e x t e n t  d e m o n s t r a t e d  in  these  
e x p e r i m e n t s .  F u r t h e r m o r e ,  i t  m u s t  be  a s s u m e d  t h a t  
i m p u r i t i e s  a r e  no t  l e a c he d  f r o m  c o n t a i n e r  wal l s .  
F i n a l l y ,  i t  shou ld  be  m e n t i o n e d  t ha t  t h e  p u r i t y  of a 
s a m p l e  can  be  i m p r o v e d  by :  (a )  d e c r e a s i n g  the  
v a l u e  of the  ef fec t ive  s e g r e g a t i o n  coefficient  ( for  
K < 1) b y  con t ro l l i ng  cond i t ions  in o r d e r  to  m o r e  
c lose ly  a p p r o x i m a t e  e q u i l i b r i u m ,  (b )  c o n t r o l l i n g  
the  l /d  r a t i o  in  o r d e r  to m a k e  the  u l t i m a t e  c o ncen -  
t r a t i o n  prof i le  m o r e  f a vo ra b l e ,  a n d  (c)  choos ing  a 
s m a l l e r  f r a c t i o n  of t h e  z o n e - r e f i n e d  charge .  

A m o r e  d e t a i l e d  t r e a t m e n t  of t he  zone  pur i f i ca t ion  
of SiI ,  is f o r t h c o m i n g  in t h e  second  p a p e r  of th is  
ser ies .  

A c k n o w l e d g m e n t s  
The  a u t h o r s  t h a n k  B. M a n n i n g  of T e c h n i c a l  O p e r -  

a t ions ,  Inc.,  A r l i n g t o n ,  Massachuse t t s ,  fo r  his  a d v i c e  
on the  des ign  of  the  zone  pu r i f i ca t ion  f u r n a c e ;  W. 
J a c k s o n  and  R. M o r r i s o n  of t he  E n g i n e e r i n g  D i v i -  
sion, A i r  F o r c e  C a m b r i d g e  R e s e a r c h  Cen te r ,  for  the  
modi f i ca t ions  a n d  c o n s t r u c t i o n  of th is  a p p a r a t u s .  
A c k n o w l e d g m e n t  is also e x p r e s s e d  to A. K a n t ,  W a -  
t e r t o w n  A r s e n a l ,  W a t e r t o w n ,  Mass. ,  for  his h e l p f u l  
sugges t ions .  

Manuscr ip t  rece ived  Ju ly  16, 1956. This pape r  was 
p repa red  for de l ive ry  before  the Washington  Meeting, 
May 12-16, 1957. 

A n y  discussion of this p a p e r  will appea r  in a Dis- 
cussion Section to be  pub l i shed  in the  June  1958 
J O U R N A L .  
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The Systems CaF ;LiF and CaF:LiF-MgF 
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ABSTRACT 

Tempera tu re -compos i t ion  re la t ionships  have  been  measu red  in the  CaF~- 
L iF  and the CaF~-LiF-MgF~ systems in the  areas  of l iquidus  t empera tu re s  
be low 1000~ A b ina ry  eutect ic  composit ion of 80.5 mole  % L iF  and 19.5 
mole  % CaF~ was observed  to mel t  at 769~ A t e r n a r y  eutectic composit ion 
of 59.0 mole  % LiF,  2.9 mole  % MgF~, and 13.1 mole  % CaF~ was observed 
to me l t  a t  672~ 

C u r r e n t  i n t e r e s t  in fused  sa l t s  as m e t a l l u r g i c a l  
p rocess  m e d i a  has  l ed  to  t h e  e x a m i n a t i o n  of r e l a -  
t i v e l y  low m e l t i n g  f luor ide  m i x t u r e s .  Of p r i m a r y  
i n t e r e s t  a r e  those  f luor ides  of m e t a l s  w h o s e  ox ides  
a n d  f luor ides  a r e  t h e r m o d y n a m i c a l l y  c o m p a t i b l e  
w i t h  m e t a l l i c  u r a n i u m .  Ruff  and  Busch  (1)  p u b l i s h e d  
p h a s e  d i a g r a m s  for  b o t h  sy s t ems  r e p o r t e d  he re .  
H o w e v e r ,  t h e i r  d i a g r a m  for  the  s y s t e m  CaF~-LiF  
is s o m e w h a t  i nco r r ec t  a n d  t h e i r  d i a g r a m  for  t he  
sy s t em CaF~-LiF-MgF~ was  c o n s t r u c t e d  f r o m  few 
k n o w n  po in t s  and  b a s e d  on t h e  e r r o n e o u s  a s s u m p -  
t ion  t h a t  t he  s y s t e m  MgF~-LiF  con ta ins  no so l id  
solut ions .  More  r e c e n t l y  B e r g m a n  and  D e r g u n o v  (2)  
and  Counts ,  Roy,  a n d  Osbo rn  (3)  r e p o r t e d  sol id  
so lu t ions  in  t he  s y s t e m  MgF~-LiF .  The  t h i r d  b i n a r y  
c ombina t i on ,  CaF~-MgF~, was  p u b l i s h e d  b y  B e c k  
(4) .  The  w o r k  r e p o r t e d  h e r e  has  de f ined  m o r e  ac -  
c u r a t e l y  the  sub j ec t  sys t ems  in t h e  a r eas  of such  
m i x t u r e s  m e l t i n g  a t  t e m p e r a t u r e s  b e l o w  1000~ 

Experimental 
M i x t u r e s  of r e a g e n t  g r a d e  CaF~ a n d  L i F  a n d  

B a k e r  a n d  A d a m s o n  "pur i f i ed"  MgF~ w e r e  p r e p a r e d  
b y  a c c u r a t e  w e i g h i n g  of componen t s ,  mix ing ,  a n d  
m e l t i n g  in  P t  vessels .  S p e c t r o g r a p h i c  ana lys i s  of 
t h e  M g F ,  s h o w e d  on ly  Ca as a m a j o r  c o n t a m i n a n t  of 
t he  o r d e r  of 0.1%. The  m i x t u r e s  of fused  sa l t s  w e r e  
s u b j e c t e d  to c o n t i n u a l  m e c h a n i c a l  a g i t a t i o n  w h i l e  
in  the  m o l t e n  s ta te ,  a n d  w e r e  so m i x e d  for  30 m i n  
be fo re  m e a s u r i n g  coo l ing  cu rves  f r o m  t h e  me l t .  F o r  
each  m i x t u r e  a r o u g h  cool ing  c u r v e  w a s  o b s e r v e d  to  
loca te  t he  t e m p e r a t u r e  po in t s  of i n t e re s t .  These  
t e m p e r a t u r e s  t h e n  w e r e  l oca t ed  a c c u r a t e l y  b y  cool -  
ing  f r o m  100~ a b o v e  each  point .  Th is  was  done  b y  
a d j u s t i n g  the  p o w e r  s u p p l y  of t he  e l ec t r i c  c ruc ib l e  
f u r n a c e  to t h a t  v o l t a g e  w h i c h  w o u l d  m a i n t a i n  t h e  
f u r n a c e  a t  an  e q u i l i b r i u m  t e m p e r a t u r e  100~ b e l o w  
the  p o i n t  of in te res t .  A t  l eas t  two  r e p r o d u c i b l e  cool -  
ing  cu rves  w e r e  c h a r t e d  a t  each  p o i n t  of i n t e re s t .  
T e m p e r a t u r e  m e a s u r e m e n t s  w i t h i n  t he  cool ing  m i x -  
t u r e s  w e r e  o b t a i n e d  b y  m e a n s  of a c h r o m e l - a l u m e l  
t h e r m o c o u p l e  s i t u a t e d  in  a t h in  s u b m e r g e d  P t  t h i m -  
ble.  A c a l i b r a t e d  a u t o m a t i c  r e c o r d i n g  p o t e n t i o m e t e r  
was  u sed  to c h a r t  t h e  t i m e - t e m p e r a t u r e  r e l a t i o n -  
ships.  The  c h a r t  is ea s i ly  r e a d a b l e  w i t h  an  a c c u r a c y  
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of 1~ Cool ing  c u r v e  b r e a k s  a n d  t h e r m a l  a r r e s t s  
a r e  g e n e r a l l y  s h a r p  and  r e p r o d u c i b l e .  I n  those  cases  
in w h i c h  a w e l l - d e f i n e d  b r e a k  or  a r r e s t  was  no t  
eas i ly  o b t a i n e d  a bes t  e s t i m a t e  of t he  t r u e  v a l u e  was  
chosen  f r o m  s m o o t h e d  c u r v e  p lo t s  of  t e m p e r a t u r e  
po in t s  vs. CaF_~ mo le  %, h o l d i n g  the  m o l e  r a t i o  of 
L i F : M g F ~  cons tan t .  I n t e r s e c t i o n s  w i t h  t h e  b o u n d -  
a r i e s  w e r e  d e t e r m i n e d  in  t he  s a m e  m a n n e r .  D u r i n g  
the  t i m e  of each  e x p e r i m e n t  no v a r i a t i o n  of f ixed  
t e m p e r a t u r e  po in t s  a n d  no sa l t  d i s co lo ra t i on  w a s  
o b s e r v e d  to be  caused  b y  sa l t  ox ida t i on ,  v o l a t i l i z a -  
t ion,  or  b y  s l igh t  f luor ide  a t t a c k  on Pt .  

Results 
System C a F ~ - L i F . - - T e m p e r a t u r e - c o m p o s i t i o n  r e -  

l a t i onsh ip s  w e r e  m e a s u r e d  in  t h e  CaF~-LiF  s y s t e m  
a t  compos i t ions  c o n t a i n i n g  g r e a t e r  t h a n  60 m o l e  % 
L iF .  A n  eu tec t i c  compos i t i on  of  80.5 m o l e  % L i F  
was  o b s e r v e d  m e l t i n g  a t  769~ No e v i d e n c e  of 
i n t e r m e d i a t e  c o m p o u n d s  or  of sol id  so lu t ions  was  
obse rved .  The  e x p e r i m e n t a l  d a t a  a r e  r e c o r d e d  in 
T a b l e  I and  a r e  p l o t t e d  in  Fig .  1. 

CoF z -L iF 
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Fig. ] .  PhQse equilibrium diQgrQm for the system CQF=-LiF 
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Table I. Liquidus and eutectic temperatures of mixtures of calcium 
fluoride and lithium fluoride 

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

T e m p  of T e m p  of T i m e  of 
CaF2 L i F  Mole  % f i rs t  sol id i f i -  e u t e c t i c  e u t c c t i c  

g g L i F  cat ion,  ~ ha l t ,  ~ ha l t ,  r a in  

0 20 100 847 - -  - -  
2.5411 13.3907 93.98 827 773 5.85 
4.6596 13.3907 89.63 810 773 9.75 
7.5376 13.3907 85.33 785 769 15.75 

10.0830 13.3907 80.00 774 769 20.4 
12.5098 13.3907 76.32 797 770 20.2 
17.4064 13.3907 69.84 865 769 19.5 
23.6571 13.3907 63.01 948 770 20.4 
10.0800 13.3900 77.99 777 770 19.4 

Sys tem C a F ~ - L i F - M g F ~ . - - T e m p e r a t u r e - c o m p o s i -  
t ion  r e l a t ionsh ips  of the  CaF : -L iF -MgF~  sys tem w e r e  
e x p l o r e d  in the  r eg ion  of l iqu idus  t e m p e r a t u r e s  b e -  
l o w  1000~ A t e r n a r y  eu tec t ic  compos i t ion  was  ob-  
s e r v e d  at  59.0 mole  % LiF,  27.9 mole  % MgF~, and  
13.1 m o l e  % CaF~. The  m e l t i n g  po in t  of the  t e r n a r y  
eu tec t i c  is 672~ T e r n a r y  solid solu t ions  are  f o r m e d  
excep t  in t h e  CaF~ p r i m a r y  phase  a rea  (cf. Fig.  2) .  
The  m e l t i n g  poin ts  of CaF:  and  MgF:  a re  f r o m  Ros-  
sini  ( 5 ) .The  m e l t i n g  po in t  of L iF  is f r o m  K e l l e y  (6) 
and  was  ver i f ied  by  m e a s u r e m e n t .  E x p e r i m e n t a l  
da t a  a r e  r eco rded  in  T a b l e  II. The  phase  d i a g r a m  
showing  l iqu idus  i so therms ,  b i n a r y  and  t e r n a r y  
eu tec t ic  points ,  and  the  b o u n d a r y  cu rves  is p lo t t ed  
in Fig.  2. The  solid i so the rms  a re  based on e x p e r i -  
m e n t a l  data,  t h e  do t ted  l ine  i so the rms  a re  e x t r a p o -  
lated.  Due  to the  n a t u r e  of the  w o r k  and  the  t i m e  
i n v o l v e d  no a t t e m p t s  w e r e  m a d e  to d e t e r m i n e  the  
e x t e n t  of b i n a r y  and t e r n a r y  solid solu t ions  in the  
sys tem or to loca te  t h r e e  phase  boundar ies .  E x -  
a m i n a t i o n  of  Counts ,  Roy, and Osborne ' s  M g F . - L i F  
d i a g r a m  coup led  w i t h  the  obse rva t i on  of the  f a i l u r e  
of some of the  t e r n a r y  compos i t ions  (cf. Tab le  I I )  
to r each  the  t e r n a r y  eu tec t i c  discloses the  e x p e c t e d  
c o m p l e x i t y  of the  p rogress  of e q u i l i b r i u m  c rys t a l -  
l i za t ion  in the  system. 

Manuscript  received May 18, 1956. 

MgF~ (1265~ 

~o 4o 

4o 60 

~o 

COFZ 20 40 60 E LiF 
{1411~) MOLE PER CENT (B47) 

Fig. 2. The system CoF2-LiF-MgF~. Primary phose fields and 
liquidus isotherms. (Solid solutions ore not shown.) 
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Table II. Temperature-composition data for system CaF~-MgF~-LiF 

F i x e d  p o i n t s  on coo l ing  c u r v e s  
Compos i t i on ,  m o l e  % L i q u i d u s ,  B o u n d a r y ,  
CaF2 MgF2 L i F  ~ ~ Eu tec t i c ,  ~ 

22.9 35.0 42.1 790 - -  675 
9.1 30.9 60.0 728 686* 672 

10.0 30.6 59.4 723 684 672 
11.7 30.0 58.3 714 685 672 
16.0 28.5 55.5 693* 685 672 
17.8 28.0 54.2 715 685 672 
20.0 27.2 52.8 740* 687 672 
22.0 26.5 51.5 765* 687 672 
24.5 25.7 49.8 796* 687 672 
28.8 24.2 47.0 847 690 672 

0 40 60 837 - -  724 (binary) 
7.0 37.2 55.8 812" 690 675 

10 36 54 801 684 672 
13 34.8 52.2 786 684 672 
18.1 3 2 . 8  49.1 758 742 672 
21.7 31.3 47.0 782* 755 - -  
26.0 29.6 44.4 825 755• 672 
28.5 28.6 42.9 849 755* 672 
31.8 27.3 40.9 889 757 Not measured  

0 50 50 940 - -  724 (binary)  
9.1 45.45 45.45 900 715 669 

13.8 43.1 43.1 879 719 672 
16.8 41.6 41.6 862 747 672 
18.9 40.55 40.55 851 764 672 
21.1 39.45 39.45 834 782 672 
23.0 38.5 38.5 824 800 672 
24.9 37.45 37.45 815 814 672 
29.9 35.05 35.05 862 814 670 
35.4 32.3 32.3 921 812 672 
0 15 85 796 - -  Not reached 
3 14.5 82.5 788 675 Not reached 
6.4 14.0 79.6 773 691 Not reached 
8.7 13.7 77.6 766 701 Not reached 

13.0 13.0 74.0 748 718 Not reached 
17.8 12.3 69.9 748 736 Not reached 
23.3 11.5 65.2 807* 735 Not reached 
28.5 10.7 60.8 860* 735* Not reached 
32.5 10.1 57.4 900 727 Not reached 
16.6 27.4 56.0 717 690 680 
16.0 27.8 56.2 710 689 680 
14.9 28.6 56.5 709 694 676 
13.90 29.25 56.85 717 693 679 
12.00 27.47 60.53 679 675 672 
13.03 27.I5 59.82 674 - -  670 
14.82 26.59 58.59 698 677 672 
17.64 25.71 56.65 726 676 671 
23.50 23.88 52.62 800 673 671 
13.5 27.5 59.0 678 673 672 
13.43 27.47 59.10 683 674 672 
13.7 27.7 58.6 678 ~ 673 
14.63 27.40 57.97 689 ~ 672 
16.48 26.81 56.71 710 ~ 672 

* n e s t  e s t imate ,  s e e  t ex t .  

Any discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the J u n e  1958 
J O U R N A L .  
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ABSTRACT 

The reduct ion  of sil icon te t ra iod ide  by  hydrogen  to form pure  sil icon and 
hydrogen  iodide has been invest igated.  The react ion is heterogeneous,  t ak ing  
place  on a hot surface. Dense sil icon layers  as wel l  as crysta ls  can be depos- 
ited. The react ion gives a chemical  y ie ld  as high as 96%, but  the  over-a l l  
bes t  condit ions found resul ted  in a ra te  of deposi t ion of 4.4 g S i /dm~/hr  at  a 
chemical  y ie ld  of 55 %. Data  on the  pu r i ty  of the  silicon obta ined are  presented.  

The react ion of si l icon and iodine to fo rm silicon te t ra iod ide  and the 
f rac t ional  dis t i l la t ion of this  compound are  discussed. A n  appara tus  is de- 
scr ibed which  permi t s  good control  over  the  composit ion of a mix tu re  con- 
sist ing of two gaseous reactants ,  one of which  is genera ted  f rom the l iquid 
s tate  by  vapor iza t ion  at  a un i fo rm ra te  of flow. 

A t  t he  i ncep t i on  of th is  w o r k  two  processes  for  
p r e p a r i n g  p u r e  Si  w e r e  p r o m i n e n t .  In  one, Si  c r y s -  
t a l s  a r e  d e p o s i t e d  in  a q u a r t z  tube ,  k e p t  a t  950~ 
b y  pas s ing  Zn and  SiCI~ v a p o r s  t h r o u g h  i t  a t  a t m o s -  
p h e r i c  p r e s s u r e  (1) .  This  p rocess  is c u r r e n t l y  used  
to fill a lmos t  t he  en t i r e  d e m a n d  for  Si  n e e d e d  for  
s e m i c o n d u c t o r  dev ices  in  th is  coun t ry .  The  second  
(2)  p e r m i t s  depos i t i on  of so l id  S i  l a y e r s  on  a ho t  
Ta  w i r e  (980~ b y  t h e r m a l l y  d e c o m p o s i n g  SiL 
v a p o r  a t  a g r e a t l y  r e d u c e d  p re s su re .  

The  a i m  of th is  w o r k  was  to f ind a m e a n s  of c o m -  
b in ing  t h e  a t t r a c t i v e  f e a t u r e s  of b o t h  of t h e s e  p r o c -  
esses, n a m e ] y  conven i en t  depos i t i on  of Si  in  a f u r -  
nace  t u b e  at  a t m o s p h e r i c  p r e s s u r e  a n d  h igh  v o l a -  
t i l i t y  of r e a c t a n t s  and  b y - p r o d u c t s  to i n s u r e  h ighe s t  
o b t a i n a b l e  pu r i t y .  F o r  th is  pu rpose ,  t he  h i t h e r t o  
u n r e p o r t e d  r e a c t i o n  2H~(g) -t- S i L ( g )  ----- S i ( s )  -1- 
4 H I ( g )  was  i nves t i ga t ed .  

Small-Scale Experiments 
In  a p r e l i m i n a r y  set  of e x p e r i m e n t s  H~, pu r i f i ed  

w i t h  r e s p e c t  to O~, was  pa s sed  ove r  l i qu id  SiI ,  ( m p  
abou t  120~ bp  a b o u t  300~ a n d  the  v a p o r  m i x -  
t u r e  t hen  pa s sed  t h r o u g h  g r a p h i t e  t u b e s  m a i n t a i n e d  
a t  t e m p e r a t u r e s  b e t w e e n  900 ~ and  1000~ S m a l l  
need le s  as w e l l  as m o r e  c o m p a c t  c r y s t a l s  w e r e  d e -  
posi ted ,  w h i c h  b y  m e a n s  of x - r a y  d i f f r ac t ion  w e r e  
u n a m b i g u o u s l y  iden t i f i ed  as e l e m e n t a l  Si. 1 In  t hese  
p r e l i m i n a r y  e x p e r i m e n t s  a r e l a t i v e l y  low Hr flow 
r a t e  was  used  r e s u l t i n g  in  a c o r r e s p o n d i n g l y  low d e -  
pos i t i on  ra t e ,  b u t  in  one  e x p e r i m e n t  t he  c h e m i c a l  
y i e l d  w a s  f o u n d  to b e  96%. This  a p p r o a c h e s  t h e  
t h e o r e t i c a l  y i e l d  b a s e d  on a c a l c u l a t e d  e q u i l i b r i u m  
cons tan t .  The  S iL  w a s  p r e p a r e d  b y  pas s ing  v a p o r s  
of r e a g e n t  g r a d e  I~ ove r  an  i n e x p e n s i v e  g r a d e  of 
Si a t  a b o u t  800~ 

1 T a m m a n n  (3) showed  t h a t  Si a n d  g r a p h i t e  d o  n o t  r e a c t  un t i l  
t e m p e r a t u r e s  severa l  h u n d r e d  degrees  above  the  t e m p e r a t u r e s  o f  
these  e x p e r i m e n t s  are  reached .  The  absence  of SiC f o r m a t i o n  a t  
these  t e m p e r a t u r e s  has  been  conf i rmed b y  m e a n s  of a chemica l  
test, b y  m e a n s  of x - r a y  di f f ract ion,  a n d  b y  m e a n s  of m e t a l l o g r a p h i c  
examina t ions .  

Apparatus 
A p p a r a t u s  was  bu i l t  to s t u d y  the  r e a c t i o n  f u r t h e r  

and,  i nc ide n t a l l y ,  i n c r e a s e  the  r a t e  of S i  depos i t ion .  
D u r i n g  ope ra t i on ,  H~ was  pa s sed  t h r o u g h  a c a t a l y t i c  
o x y g e n  r e m o v a l  uni t ,  t h r o u g h  a d r y i n g  t o w e r  con-  
t a i n i n g  s i l ica  gel, t h r o u g h  a f iowmete r ,  a n d  t h r o u g h  
a vesse l  c on t a in ing  l iqu id  SiL. The  r e l a t i v e  a m o u n t  
of S iL  e n t r a i n e d  in  t h e  H.~ s t r e a m  d e p e n d e d  on t h e  
v a p o r  p r e s s u r e  of t h e  l i qu id  and  thus  on t h e  t e m -  
p e r a t u r e  of th i s  vessel .  The  gas  m i x t u r e  was  pa s sed  
into  a g r a p h i t e  c y l i n d e r  l oc a t e d  ins ide  of a q u a r t z  
t ube  a n d  m a i n t a i n e d  a t  t he  r e a c t i o n  t e m p e r a t u r e  b y  
m e a n s  of h igh  f r e q u e n c y  i n d u c t i o n  hea t ing .  S i l i con  
d e p o s i t e d  in t h e  ho t t e s t  p a r t  of the  g r a p h i t e  tube ,  
w h i l e  u n r e a c t e d  S iL  and  t h e  b y - p r o d u c t  HI  cou ld  be  
co l l ec ted  in t r aps .  In  one e x p e r i m e n t  HI  was  f rozen  
out  and  iden t i f i ed  b y  i ts  bo i l ing  poin t .  

Results 
Temperature dependence of reaction.--To s t u d y  

the  d e p e n d e n c e  of the  r a t e  of depos i t i on  of Si  on 
the  r e a c t i o n  t e m p e r a t u r e  a set  of t h r e e  r u n s  was  
m a d e .  The  a p p a r a t u s  d e s c r i b e d  a b o v e  w a s  used  but ,  
in add i t ion ,  a p r e h e a t e r  was  i n s e r t e d  w h i c h  h e a t e d  
t h e  gas  m i x t u r e  p r i o r  to e n t r y  in to  t he  r e a c t i o n  zone. 
The  r e a c t i o n  t e m p e r a t u r e  was  m e a s u r e d  w i t h  a ca l i -  
b r a t e d  t h e r m o c o u p l e  l oc a t e d  a t  t he  c e n t e r  of t he  

:= 
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Fig. 1. Temperature dependence of rate of deposition of Si 
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Fig. 2. Sawed through layer of Si on graphite (X8) 

i n n e r  w a l l  of the  r e a c t i o n  t u b e  a n d  i n d i c a t e d  the  
p e a k  of  t he  p r e v a i l i n g  t e m p e r a t u r e  d i s t r i bu t i on .  E x -  
p e r i m e n t a l  cond i t ions  as w e l l  as t he  r e su l t s  a r e  s u m -  
m a r i z e d  in  Fig .  1. A f o u r t h  r u n  i n d i c a t e d  q u a l i t a -  
t i v e l y  a t  w h i c h  t e m p e r a t u r e  t he  r e a c t i o n  beg in s  to  
p roceed  at  an  a p p r e c i a b l e  ra te .  The  low t e m p e r a -  
t u r e  coefficient  of t he  depos i t i on  r a t e  in  t he  r e g i o n  
s t u d i e d  t o g e t h e r  w i t h  the  fac t  t h a t  S i  d e p o s i t e d  
a p p a r e n t l y  e x c l u s i v e l y  on t h e  ho t  w a l l  of t h e  r e -  
ac t ion  t ube  s e e m e d  to i n d i c a t e  the  r e a c t i o n  to be  
a h e t e r o g e n e o u s  or  s u r f a c e  reac t ion .  

Packed reaction zone exper iment . - -To  f u r t h e r  
b e a r  on this  poin t ,  t he  su r f ace  to v o l u m e  r a t i o  of  t h e  
r e a c t i o n  zone was  i n c r e a s e d  c o n s i d e r a b l y  b y  p a c k i n g  
a g r a p h i t e  t ube  w i t h  s m a l l  g r a p h i t e  cy l inde r s .  The  
e x p e r i m e n t a l  cond i t ions  w e r e  o t h e r w i s e  c o m p a r a b l e  
to those  of t he  a b o v e  runs .  By  th is  means ,  i t  p r o v e d  
poss ib l e  a l m o s t  to doub le  t he  depos i t i on  r a t e  ( in  
g r a m s  p e r  h o u r ) ,  t hus  showing  t h a t  t h e  s u r f a c e  is 
i n v o l v e d  to a c o n s i d e r a b l e  e x t e n t  in  th is  r eac t ion .  
P r e s u m a b l y ,  t h e  r e a c t a n t s  a r e  a d s o r b e d  at  t he  s u r -  
face,  r e a c t i o n  p roceeds  r e s u l t i n g  in  t he  f o r m a t i o n  of 
c r y s t a l l i n e  Si  and  HI,  t h e  l a t t e r  t h e n  b e i n g  d e s o r b e d  
f r o m  t h e  sur face .  

Deposition rate and chemical yield as functions 
of reactant gas composition and flow rate . - - In o r d e r  
to o b t a i n  a f u r t h e r  check  on t h e  r e a c t i o n  r a t e s  o b -  
t a i n e d  so f a r  a n d  to obse rve  w h e t h e r  these  r a t e s  can  
be m a i n t a i n e d  ove r  a l o n g e r  p e r i o d  of  t ime ,  a r u n  
l a s t i ng  ove r  7 h r  and  a t  e x p e r i m e n t a l  cond i t ions  
e q u i v a l e n t  to those  of Fig .  1 was  u n d e r t a k e n .  The  
r e s u l t a n t  depos i t i on  r a t e  t u r n e d  ou t  to be  2.8 g S i /  
d m V h r ,  in  good a g r e e m e n t  w i t h  t he  p r e v i o u s  s h o r t e r  
runs. 

Fig. 2 shows a cross section of the Si thus ob- 
tained on its graphite substrate. On several spots of 
this sample, formation of crystals set in (Fig. 3). 
Under certain experimental conditions, it proved 
possible to grow crystals almost exclusively. Needles 
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as w e l l  as m o r e  compac t  types o f  c rys ta ls  cou ld  be 
g r o w n .  Needles of  r e g u l a r  h e x a g o n a l  cross sect ion 
w e r e  found,  w h i l e  t he  c o m p a c t  c r y s t a l s  f r e q u e n t l y  
e x h i b i t e d  e q u i l a t e r a l  t r i a n g u l a r  faces,  a p p a r e n t l y  
(111) faces.  

I t  was  n o w  of i n t e r e s t  to  s t u d y  at  l eas t  q u a l i t a -  
t i v e l y  t he  d e p e n d e n c e  of t he  r a t e  of depos i t i on  and  
the  c h e m i c a l  y i e l d  on the  gas compos i t i on  a n d  ve loc -  
i ty .  The  a p p a r a t u s  used  w a s  t h a t  d e s c r i b e d  above ,  
the  p r e h e a t e r  h a v i n g  been  e l im ina t ed .  The  r e su l t s  
of  t he se  e x p e r i m e n t s  a r e  l i s t ed  in  Fig.  4. U n d e r n e a t h  

Fig. 3. Crystal growth on Si layer (x 1 0 ~ )  

Fig. 5. Series of Si layers on graphite, a. (top) polished (75X 
before reduction for publication); b. (bottom) detail of outer- 
most two layers; polished and etched (300X before reduction 
for publication), 
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Fig. 6. Metallographic section of Si on graphite deposited 
by "best" conditions, a. left) polished (75X before reduction 
for publication); b. (right) polished and etched (7SX before 
reduction for publication). 

the  iodide rese rvo i r  t e m p e r a t u r e s  the  co r re spond ing  
vapor  pressures  of SiL (4) are w r i t t e n  in  p a r e n -  
theses to serve as a qua l i t a t i ve  guide  to the  gas 
composi t ion.  Depos i t ion  ra tes  t h r o u g h o u t  this  w o r k  
were  d e t e r m i n e d  by  we igh ing  the reac t ion  t u b e  be -  
fore and  af ter  the  run .  The  we igh t  thus  ob t a ined  
checked we l l  w i t h  tha t  of the  Si af ter  r e m o v a l  of 
the  subs t ra te .  Chemica l  y ie lds  were  d e t e r m i n e d  by  
us ing  the  weigh t  of Si deposi ted and  the  we igh t  of 
the iodide vessel  before  and  af ter  each run .  

A cross sect ion of a successive series of Si l ayers  
deposi ted on g raph i t e  is seen in  Fig.  5a. T h e  ou t e r -  
most  dense  Si l ayer  is due to the  decompos i t ion  
condi t ions  on the lower  r igh t  in  Fig. 4. The  s t r uc t u r e  
of the  dense  layers  is seen in  Fig. 5b. 

To subs t an t i a t e  these  findings,  ano the r  r u n  was  
made  at an  iodide rese rvo i r  t e m p e r a t u r e  of 204~ 
and  a tI2 flow r a t e  of abou t  1500 STP m l / m i n ,  b u t  
las t ing  m o r e  t h a n  6 hr. The  deposi t ion  ra te  f ound  

Table I. Purity of starting Si (97%) and refined product (part Pyrex, 
part quartz apparatus) 

97% Si  s t a r t i n g  
m a t e r i a l  H2 r e d u c t i o n  p r o d u c t  

S p e c t r o g r a p h i c  S p e c t r o g r a p h i c  A c t i v a t i o n  
a n a l y s i s  a n a l y s i s  a n a l y s i s  

A1 10 ~ -- i0 ~ ppm 

B 10 -- 10 2 ppm 

Ba 10 -- 10 ~ ppm 

Ca 10 ~ -- i0" ppm 

Cr 102 - -  10 ~ ppm 
Cu 10 --  102 ppm 
Fe 10 ~ - -  10 ' ppm 
Mg 10 --  102 ppm 
Mn 102 - -  10' ppm 
Ni 10 --  10 ~ ppm 
Ti 102 --  10 ~ ppm 
As 
Na 
K 
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Table II. Purity of starting Si (99.9%) and refined product (part 

3 ppm 
a trace 

0.9 ppm 
0.03 ppm 
0.3 ppm 

10 --  10 ~ ppm 

< 1 ppm 

< 1 ppm 

Pyrex, part quartz apparatus) 

99.9% Si  s t a r t -  
i n g  m a t e r i a l  Hs  r e d u c t i o n  p r o d u c t  

S p e c t r o g r a p h i c  S p e c t r o g r a p h i c  A c t i v a t i o n  
a n a l y s i s  a n a l y s i s  a n a l y s i s  

A1 10 2 -- i0 ~ ppm 

B 10 -- 10 2 ppm 

Ba 

Ca I0 ~ -- I0 ~ ppm 

Cr i0 -- 10 ~ ppm 

Cu 1 -- 10 ppm 

Fe 10 -- 10 2 ppm 

Mg 1 -- 10 ppm 

IVin 10 -- 10 2 ppm 

Ni 

Ti I0 -- I0 ~ppm 

As 

Na 

K 

La 

< 1 ppm 

a trace 

was  4 .1g /dmVhr ,  in  fa i r  a g r e e m e n t  w i t h  the  cor-  
r e spond ing  shor t  run .  Due  to an  e x p e r i m e n t a l  diffi- 
cul ty ,  the  y ie ld  could no t  be confirmed.  Fig.  6 shows 
a me ta l l og raph ic  cross sect ion of the  deposit ,  aga in  
exh ib i t i ng  the  h igh ly  dense  s t ruc ture .  

Analytical results.--In the  p r e p a r a t i o n  of SiI,, 
which  was  used w i t hou t  f u r t h e r  pur i f ica t ion  for H2 
reduc t ion ,  two grades  of s t a r t ing  m a t e r i a l  Si were  
used:  a ve ry  inexpens iv~  grade  a na l yz i ng  to be 
abou t  97% Si a n d  a m o r e  expens ive  grade  ana lyzed  
to be abou t  99.9% S i r  Typica l  ana lyses  of these  
ma te r i a l s  a nd  the  ref ined Si ob ta ined  f rom t h e m  are  
g iven  in  Tab le  I a nd  II. The spec t rographic  ana lyses  
are  gene ra l  qua l i t a t i ve  ones. The  ac t iva t ion  ana lyses  
a re  descr ibed  in  more  de ta i l  e l sewhere  (5) .  I n  br ief ,  
Si samples  are  ac t iva ted  by  n e u t r o n  b o m b a r d m e n t .  
Some of the  i m p u r i t y  a toms fo rm radioisotopes 
e m i t t i n g  ~ - rad ia t ion ,  the  e n e r g y  of w h i c h  is meas -  
u r ed  a nd  the  i m p u r i t y  a toms are  t h e r e b y  identif ied.  
The  ~,-scint i l lat ion spec t romete r  pe r mi t s  m e a s u r e -  
m e n t  of these energies  on the  b o m b a r d e d  Si sample  
w i t hou t  c a r r y i n g  out  a n y  separat ions .  I t  is seen t ha t  
the  two ref in ing  steps, f o r m a t i o n  of the  iodide and  
r educ t ion  of this  c o m p o u n d  wi th  H2, r e su l t ed  in  con-  
s iderab le  puri f icat ion.  

Substrate study.--As a subs t r a t e  m a t e r i a l  for Si 
deposi t ion,  g raph i t e  has the  a d v a n t a g e  of be ing  ob-  
t a i n a b l e  in  a f o r m  of cons ide rab ly  h igher  p u r i t y  
than ,  for example ,  quar tz .  The  poros i ty  of graphi te ,  
however ,  causes the  Si deposi t  to lock in to  the  pores 
which  makes  sepa ra t ion  of the  two m a t e r i a l s  diffi- 
cult.  A s tudy  des igned  to find a subs t r a t e  on  which  
Si can  be deposited,  a nd  s u b s e q u e n t l y  r e moved  
readi ly ,  showed Ta  to be such a ma te r i a l2  The  reac -  
t ion  t u b e  can  be  l ined  by  a t h i n  foil  of this  m e t a l  
a nd  at  comple t ion  of a run ,  Si slides f ree ly  off the  
foil. The  foil m a y  r equ i r e  per iodic  r e p l a c e m e n t  be -  
cause of H2 e m b r i t t l e m e n t .  A sample  of Si deposi ted 
in  this  w a y  was  ana lyzed  by  the  sc in t i l l a t ion  spec- 
t r o m e t e r  t e c h n i q u e  a nd  f ound  to c on t a i n  3.8 p p m  
Ta. Af t e r  r e m o v i n g  2.8% of the  sample  weigh t  by  
e tching,  the Ta  con ten t  d ropped  be low the  l imi t  of 
de tec t ion  of the  method,  2.7 ppm Ta. This, b o r n e  

2 B o t h  t h e s e  m a t e r i a l s  a r e  o b t a i n e d  f r o m  t h e  E l e c t r o  M e t a l l u r g i c a l  
C o m p a n y ,  U n i o n  C a r b i d e  a n d  C a r b o n  C o r p o r a t i o n .  

�9 ~ L i t t o n  a n d  A n d e r s e n  (2) h a v e  u s e d  T a  as  a s u b s t r a t e  m e t a l  i n  
t h e i r  w o r k  w i t h  s o m e w h a t  d i f f e r e n t  c h e m i c a l  spec i e s  p r e s e n t .  
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Fig. 7. LarGe iodination appQratus (fused quartz) 

out  b y  o t h e r  s i m i l a r  e x p e r i m e n t s ,  shows  the  Ta  con-  
t a m i n a t i o n  to be  l oca t ed  m a i n l y  a t  t he  su r f ace  of 
the  Si  sample .  

Large-Scale Experiments 
I t  was  of i n t e r e s t  to e x p e r i m e n t  w i t h  l a r g e r  

e q u i p m e n t .  A l l  P y r e x  p a r t s  in  con tac t  w i t h  SiI ,  o r  
a t  e l e v a t e d  t e m p e r a t u r e s  w e r e  e l i m i n a t e d  a n d  r e -  
p l a c e d  b y  fused  qua r t z .  A f r a c t i o n a l  d i s t i l l a t i on  a p -  
p a r a t u s  was  b u i l t  to f u r t h e r  p u r i f y  t h e  S iL  be fo re  
i ts  use  in the  Ha- reduc t ion .  The  r e d u c t i o n  a p p a r a t u s  
was  bu i l t  a cco rd ing  to a n e w  des ign .  

Iodination 

The  a p p a r a t u s  to c a r r y  ou t  t he  r e a c t i o n  S i ( s )  + 
2I~(g) = SiI~(g)  is s h o w n  in Fig.  7. P r i o r  to o p e r a -  
t ion,  i t  is f lushed w i t h  d r y  a r g o n  gas. The  t e m p e r a -  
t u r e  of t h e  i o d i n e  b o i l e r  is t h e n  b r o u g h t  up  to t he  
bo i l ing  p o i n t  of I~ (183~ and  t h e  h a l o g e n  is d i s -  
t i l l ed  onto a bed  of r a w  m a t e r i a l  S i  m a i n t a i n e d  at  
750~176 ( f u r n a c e  t u b e  ID = 6.2 c m ) .  S iL is co l -  
l ec t ed  as l i qu id  a t  a r a t e  of 1.3 k g / h r .  The  r e a c t i o n  
y i e l d  is p r a c t i c a l l y  100%. F r e q u e n t l y  a f t e r  a b o u t  
7-9 kg  of S iL a r e  col lec ted ,  l a r g e r  channe l s  b e g i n  
to f o r m  in the  Si  b e d  t h r o u g h  w h i c h  u n r e a c t e d  L 
c o m m e n c e s  to flow. The  a p p a r a t u s  is t h e n  o p e n e d  
up  a n d  a n e w  cha rge  of Si  is p l a c e d  in to  it. A p a r -  
t ic le  size of 30-80 m e s h  is su i t ab le .  I t  has  b e e n  
f o u n d  des i r ab le ,  b u t  no t  a l w a y s  necessa ry ,  to  e tch  
the  Si  r a w  m a t e r i a l  w i t h  H F  ( a q ) ,  r inse ,  a n d  d r y  
( m e t h a n o l ,  e t h e r )  p r i o r  to i n s e r t i o n  in to  t h e  i o d i n a -  
t ion  a p p a r a t u s .  

A t  the  end  of a set  of i o d i n a t i o n  runs ,  a w o o l - l i k e  
r e s i d u e  r e m a i n s  in  t he  r e a c t i o n  tube .  Q u a l i t a t i v e  
s p e c t r o g r a p h i c  ana lys i s  s h o w e d  th i s  S i - r i c h  m a t e -  
r i a l  to h a v e  a t o t a l  d e t e c t a b l e  i m p u r i t y  con t e n t  
a b o u t  s ix  t imes  t h a t  of t he  99.9% Si  s t a r t i n g  m a t e -  
r ia l .  P a r t i c u l a r l y  n o t i c e a b l e  is the  e n r i c h m e n t  of  t he  
r e s i d u e  in  A1, B, Cr, Fe ,  a n d  Mg b u t  to a l esser  e x -  
t en t  also in  o t h e r  e l emen t s .  These  r e su l t s  a r e  f u r t h e r  
conf i rmed  b y  a s p e c t r o g r a p h i c  a n a l y s i s  of t he  o x i d e  
o b t a i n e d  b y  h y d r o l y s i s  of  t h e  SiL. Th is  m a t e r i a l  
s h o w e d  a r e d u c t i o n  of d e t e c t a b l e  i m p u r i t y  con ten t  
b y  a b o u t  a f ac to r  of 30 b e l o w  t h a t  in  t he  s t a r t i n g  Si. 

Fractional Distillation 

To p u r i f y  t he  SiI ,  f u r t h e r ,  an  a l l - q u a r t z  f r a c -  
t i o n a t i o n  a p p a r a t u s  w a s  bu i l t .  T h e  c o l u m n  (1.5 m 

Table III. Analytical results on fractional distillation of Sih 
(fused quartz apparatus) 

Disti l lation Fi r s t  M a i n  
residue f r a c t i o n  f r a c t i o n  

AI I0 -- 10 2 ppm i -- I0 pprn 1 -- I0 ppm 
Cu <I ppm 
Mg 1 -- 1O ppm I -- i0 ppm 1 -- i0 ppm 

B >5 ppm <0.I ppm <0.1 ppm 

As 15 p p m  11 p p m  1.6 p p m  
N a  1.4 p p m  1.3 p p m  0.16 p p m  
F e  10 p p m  < 1 0  p p m  < 1 0  p p m  

t Q u a l i t a t i v e  spectro-  
graphic ana ly s i s  on  
h y d r o l y z e d  Sl i t  
s amp le s .  
S p e c t r o g r a p h i c  
ana ly s i s  on  h y d r o -  
l yzed  SiI4 s a m p l e s  
( a r c e d  in i n e r t  
a t m o s p h e r e  to s u p -  
p res s  SiO b a n d s ) .  

A c t i v a t i o n  ana ly s i s  
on  SiI4 s ample s .  

long,  4 cm ID)  was  p a c k e d  w i t h  s m a l l  l e n g t h s  of 
q u a r t z  t u b i n g  ( a b o u t  5 x 5 m m )  a n d  k e p t  a d i a b a t i c  
b y  the  u s u a l  m e a n s  of a c o m p e n s a t i n g  h e a t  j acke t .  
The  s t i l l  head  was  of t h e  s w i n g i n g  f u n n e l  t y p e  and  
t h e  f r ac t i on  s p l i t t e r  also c o n t a i n e d  a p i v o t i n g  f u n -  
ne l  c o n t r o l l e d  b y  a m a g n e t .  The  a p p a r a t u s  w a s  op -  
e r a t e d  a t  a t h r o u g h p u t  of 0.7 k g / h r ,  a r e f l ux  r a t i o  
of 9:1, and  a t  a t m o s p h e r i c  p r e s su re .  (A  s a m p l e  of 
SiI ,  was  r e f luxed  for  10 h r  a t  a t m o s p h e r i c  p r e s s u r e  
w i t h o u t  a n y  d e c o m p o s i t i o n  occur r ing .  S u b s e q u e n t l y ,  
mos t  of the  s a m p l e  d i s t i l l ed  b e t w e e n  300~176 
The  size of the  f r ac t ions  in  t hese  runs  was  a p p r o x i -  
m a t e l y :  1st f r a c t i o n - ~  1.8 kg,  m a i n  f r a c t i o n  = 4.3 
kg,  r e s i d u e  in  s t i l l  po t  = 1.8 kg.  

A n  i n d i c a t i o n  of t he  e f fec t iveness  of the  f r a c t i o n a l  
d i s t i l l a t i on  a p p a r a t u s  in  s e p a r a t i n g  i m p u r i t i e s  f rom 
SiL  is o b t a i n e d  f r o m  T a b l e  III .  On the  bas i s  of 
q u a l i t a t i v e  s p e c t r o g r a p h i c  a n a l y s i s  of h y d r o l y z a t e s  
t he  i m p u r i t y  con ten t  of t h e  d i s t i l l ed  SiI4 ( m a i n  
f r a c t i o n )  was  r e d u c e d  b y  a f ac to r  of a b o u t  6 b e l o w  
t h a t  of  t h e  iod ide  co l lec ted  in t he  i o d i n a t i o n  p r o -  
cedure .  

Hydrogen Reduction 

In  b u i l d i n g  a l a r g e r  a l l - q u a r t z  H a - r e duc t i on  a p -  
p a r a t u s ,  i t  was  d e s i r e d  to o b t a i n  i m p r o v e d  con t ro l  
ove r  t he  compos i t i on  of t he  gas m i x t u r e  e n t e r i n g  
t h e  r e a c t i o n  c h a m b e r .  Fig .  8 shows  h o w  th i s  was  
accompl i shed .  D u r i n g  o p e r a t i o n  of th is  e q u i p m e n t ,  
Ha is pa s sed  t h r o u g h  a c a t a l y t i c  un i t  c o n v e r t i n g  
t r aces  of O2 to H~O, t h r o u g h  a s i l ica  ge l  d r y i n g  tower ,  
t h r o u g h  a m e c h a n i c a l  f i l ter ,  in to  a flow me te r ,  
t h r o u g h  a p r e h e a t e r  m a i n t a i n e d  at  abou t  720~ and  
in to  a Ven tu r i .  L i q u i d  S iL  is m a i n t a i n e d  in  a 
r e s e r v o i r  f r om w h i c h  a t  i n t e r v a l s  i t  is t r a n s f e r r e d  to 
a U - t u b e  b y  t h e  a p p l i c a t i o n  of a r g o n  p re s su re .  This  
U - t u b e  is of spec ia l  des ign.  In  one  a r m  of t h e  U, a 
c y l i n d r i c a l  q u a r t z  fe l t  w i c k  is p a r t l y  i m m e r s e d  in  
t he  l i qu id  SiI,.  A h e a t e r  s u r r o u n d s  the  p o r t i o n  of t he  
U - t u b e  c o n t a i n i n g  the  u n i m m e r s e d  p a r t  of  t h e  
wick .  By  c a p i l l a r y  ac t ion  SiI~ is d r a w n  up in to  t he  

i I" ,i,~,,/j ~ .... 

Fig. 8. Large H2-reduction apparatus 
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wick  and  is s m o o t h l y  v a p o r i z e d  off i t s  sur face .  T h e  
r a t e  of v a p o r i z a t i o n  is c o n t r o l l e d  b y  the  t e m p e r a -  
t u r e  of t he  hea te r .  In  th is  w a y  a l a r g e  r a n g e  of u n i -  
f o rm  flow ra t e s  can  be  o b t a i n e d  t h r o u g h  t h e  Si I ,  
flow m e t e r  and  into  the  Ven tu r i ,  w h e r e  t he  two  
gaseous  cons t i t uen t s  a r e  t h o r o u g h l y  m i x e d  a n d  
passed  in to  the  r e d u c t i o n  zone. The  t r a i n  is c o m -  
p l e t e d  b y  a t r a p  in  w h i c h  u n r e a c t e d  S iL  is co l -  
lected,  a second  t r a p  w h e r e  HI  can  be  f rozen  out,  
and  f ina l ly  a ven t  t u b e  t h r o u g h  w h i c h  excess  H~ 
l eaves  t he  sys tem.  

A t  t he  p r e s e n t  t i m e  a s t u d y  is u n d e r  w a y  w i t h  
th is  a p p a r a t u s  to d e t e r m i n e  the  d e p e n d e n c e  of d e -  
pos i t ion  r a t e  and  c h e m i c a l  y i e l d  u p o n  the  gas  c o m -  
pos i t i on  a n d  ve loc i ty .  I t  can  b e  s t a t ed  t h a t  d e -  
pos i t i on  r a t e s  c lose ly  a p p r o a c h i n g  those  o b t a i n e d  
w i t h  t he  s m a l l  a p p a r a t u s  a l r e a d y  h a v e  b e e n  o b -  
t a ined .  
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Electrolytic Reduction of 2-Amino-4-chloropyrimidine, 2-Amino-4- 
chloro-6-methylpyrimidine, and 2-Arninopyrimidine 
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Laboratory of Organic Electrochemistry, Department of Chemical Engineering, 
Tokyo Institute of Technology, Tokyo, Japan 

ABSTRACT 

2-Amino-4-chloropyr imidine  and its 6-methyl  der iva t ive  give two polaro-  
graphic  waves  in the  pH region of 7.4-8.9; 2 -aminopyr imid ine  and 2-amino-6- 
me thy lpy r imid ine  y ie ld  but  a single wave  in this region.  Macroscale  elec- 
t rolys is  at lead  or  me rcu ry  cathodes in ammoniaca l  med ium shows tha t  the 
first wave  of the  chlorocompounds  ar ises  f rom reduct ive  dehalogenat ion.  The 
second wave  of the  chlorocompounds  coincides wi th  the  single wave  of thei r  
pa r en t  compounds,  the  2-aminopyr imidines ,  and  is ascr ibed to reduct ion  of 
the pyr imid ine  nucleus in both  cases. The macroreduc t ion  of 2-aminopyr imi-  
dine takes  place  easi ly  at lead  or  me rc u ry  cathodes in ammoniaca l  med ium 
to y ie ld  2-aminodihydropyr i rn id ine .  The mechanism of reduct ion  is ten ta-  
t ive ly  identif ied as pu re  e lec t ro ly t ic  reduct ion.  

The reduct ion  of 2-amino-4-chloropyr imidine  to 2 -aminopyr imid ine  at  ca th-  
odes of lead  and mercu ry  in aqueous methanol ic  ammonium sulfa te  was found 
to be imprac t i ca l  on a p r epa ra t i ve  scale. On the  other  hand  at  spongy cadmium 
the  reduct ion  takes  place in 90% yield.  At  spongy zinc the  y ie ld  is poorer  
due to fu r the r  reduct ion  of the py r imid ine  nucleus.  However ,  for the  reduc-  
tion of 2-amino-4-chloro-6-methylpyr imidine  zinc is super ior  to cadmium as 
a cathode. 

2-Amino-4-chloropyrimidine and its 6-methyl 
derivative suspended in dilute aqueous ethanolic 
alkali are reduced at a lead cathode to 2-amino- 
pyrimidine and 2-amino-6-methylpyrimidine, re- 
spectively, in 60% y i e l d  t o g e t h e r  w i t h  f u r t h e r  r e -  
d u c e d  p r o d u c t  (1 ) .  F u r t h e r  i n v e s t i g a t i o n  r e s u l t e d  
in  a m e t h o d  for  n e a r l y  q u a n t i t a t i v e  p r o d u c t i o n  of 
2 - a m i n o  - 6 - m e t h y l p y r i m i d i n e  (2 ) .  2 - A m i n o -  4 -  
c h l o r o - 6 - m e t h y l p y r i m i d i n e  s u s p e n d e d  in an  a q u e -  
o u s - m e t h a n o l i c  so lu t ion  of a m m o n i a  a n d  a m m o n i u m  
su l f a t e  is r e d u c e d  at  a spongy  zinc ca thode  w i t h  

g r e a t e r  t h a n  90% y i e l d  a n d  a b o u t  80% c u r r e n t  
efficiency. H o w e v e r ,  w h e n  t h e  s ame  p r o c e d u r e  was  
a p p l i e d  to 2 - a m i n o - 4 - c h l o r o p y r i m i d i n e ,  2 - a m i n o -  
p y r i m i d i n e  could  no t  be  o b t a i n e d  in  g r e a t e r  t h a n  
60% y i e l d  due  to f u r t h e r  r e d u c t i o n  of t he  p y r i m i -  
d ine  nuc leus .  I f  c a d m i u m  is s u b s t i t u t e d  for  zinc, 
the  y i e l d  a p p r o a c h e s  90% w i t h  a c u r r e n t  eff iciency 
of 65% (3) .  

The  a n o m a l o u s  b e h a v i o r  of t he se  c o m p o u n d s  
p r o m p t e d  p o l a r o g r a p h i c  and  m a c r o e l e c t r o l y t i c  s t u d -  
ies w h i c h  w o u l d  t h r o w  some  l igh t  on t h e  m e c h a n i s m  
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Fig. 1. Polarograms for 2-amino-4-chloropyrimidine and 2- 
amino-4-chloro-6-methylpyrimidine at pH 7.4. Curve I, 2- 
amino-4-chloropyrimidine, E~/~: --1.35 v (1st wave) and 
--1.48 v (2ncl wove); curve II, 2-arnino-4-chloro-6-rnethylpy- 
rimidine, E/~S: --1.36 v (1st wave) and --1.56 v (2rid wave). 

of t he  r educ t ions .  The  p r e s e n t  p a p e r  r e p o r t s  t h e  
r e su l t s  of these  s tud ies  a n d  is also a s u m m a r y  of 
w o r k  on c h l o r o p y r i m i d i n e s  c a r r i e d  ou t  in  th is  l a b -  
o r a t o r y .  

No l i t e r a t u r e  was  f o u n d  on the  e l e c t r o l y t i c  r e -  
duc t i on  of these  compounds .  

P o l a r o g r a p h i c  s tud ies  w e r e  c a r r i e d  out  in  t h e  p H  
r a n g e  of 4.7-10.3. In  th is  p a p e r ,  o n l y  t h e  p o l a r o -  
g r a m s  at  p H  7.4 of each  c o m p o u n d  a re  shown  for  
p u r p o s e s  of compar i son .  T h e  p o l a r o g r a m s  at  p H  8.9 
a r e  inc luded ,  b e c a u s e  th i s  is the  a p p r o x i m a t e  p H  of 
t h e  m a c r o s c a l e  e l ec t ro lyses .  

Experimental 
A n  i m p r o v e d  H e y r o v s k y - S h i k a t a  po la rog raph ,  

Mode l  5 2 - T y p e  PS,  m a d e  b y  Y a n a g i m o t o  C o m p a n y ,  
Kyoto ,  J a p a n ,  was  used  w i t h  a g a l v a n o m e t e r  h a v i n g  
an  in t r i n s i c  s e n s i t i v i t y  of 3 . 2 9 x  10-O~a/mm. The  
s e n s i t i v i t y  used  at  a l l  t i m e s  was  3.29 x 10 -~. A cel l  of  
c o n v e n t i o n a l  des ign  h a v i n g  a s a t u r a t e d  c a l o m e l  
e l ec t rode  (S.C.E.)  as  r e f e r e n c e  e l e c t r o d e  was  used .  
The  d r o p p i n g  m e r c u r y  e l e c t r o d e  h a d  a d rop  t i m e  of 
3.5 sec at  45 cm m e r c u r y  he igh t ;  t he  c a p i l l a r y  con-  
s tan t ,  m ~/~ t ~/8, was  1.37 m g  ~/3 sec -1/~. A T O A  D E M P A S  
t y p e  H M - 3  p H  m e t e r  a n d  glass  e l e c t r o d e  was  u sed  
for  p H  m e a s u r e m e n t s .  S tock  so lu t ions  of t he  c o m -  
p o u n d s  w e r e  p r e p a r e d  b y  d i s so lv ing  1 m i l l i m o l e  in  
50 cc e thano l .  2 - A m i n o - 4 - c h l o r o p y r i m i d i n e  ( rap  
164~176 dec . l ) ,  2 - a m i n o - 4 - c h l o r o - 6 - m e t h y l p y -  
r i m i d i n e  ( m p  182~176  and  2 - a m i n o - 6 - m e t h y l -  
p y r i m i d i n e  ( m p  158~176 w e r e  p r e p a r e d  a n d  
pur i f i ed  a c c o r d i n g  to p r e v i o u s l y  p u b l i s h e d  p r o c e -  
d u r e s  (2 ,4) .  2 - A m i n o p y r i m i d i n e ,  o b t a i n e d  f r o m  
Calco C h e m i c a l  Divis ion ,  A m e r i c a n  C y a n a m i d  C o m -  
p a n y ,  B o u n d  Brook ,  N e w  Je r sey ,  was  r e c r y s t a l l i z e d  
f r o m  ho t  b e n z e n e  ( m p  127~176  The  buf fe r  
so lu t ions  u sed  w e r e :  

(a )  CHsCOOH-CH~COONa,  p H  4.7-5.6 
(b )  NasHPO,-KH~PO~, p H  6.8-7.4 
(c)  Na~O~-H~BO~, p H  8.0 
(d )  Na~B,O~-NaOH, p H  8.9-10.3 

Tes t  so lu t ions  w e r e  p r e p a r e d  f r o m  t h e  p r o p e r  vo l -  
u m e s  of s tock  a n d  buf fe r  so lu t ions  to p r o d u c e  a con-  

x A l l  m e l t i n g  D o i n t s  a r e  u n c o r r e c t e d .  
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Fig. 2. Polarograms for 2-arninopyrimidine and 2-amino- 
6-rnethylpyrirnidine at pH 7.4. Curve 1, 2-aminopyrirnidine, 
El/S:--1.45v; Curve II, 2-amino-6-rnethylpyrimidine, E~/~: 
--1.53 v. 

c e n t r a t i o n  of t h e  p y r i m i d i n e  of 6 x 10-*M/1 in  a l l  
cases.  The  so lu t ions  w e r e  d e o x y g e n a t e d  w i t h  h y -  
d r o g e n  fo r  15 m i n  b e f o r e  use.  

Polarographic Studies 

Polarographic behavior at pH 7 . 4 . - - P o l a r o g r a m s  
o b t a i n e d  f r o m  so lu t ions  of the  fou r  p y r i m i d i n e s  
bu f fe red  a t  p H  7.4 a r e  s h o w n  in  Fig .  1 a n d  2. T a b l e  
I l i s ts  t he  v a l u e s  of the  d i f fus ion  cu r r en t ,  ix, and  
the  d i f fus ion c u r r e n t  cons tan t ,  I, for  each  compound .  

The  h a l f - w a v e  p o t e n t i a l s  of t h e  f irst  w a v e s  a r e  
n e a r l y  iden t i ca l ,  b u t  the  second  w a v e  for  t he  6-  
m e t h y l  c o m p o u n d  occurs  a t  a p o t e n t i a l  a p p r o x i -  
m a t e l y  80 m v  m o r e  n e g a t i v e  t h a n  t ha t  of t he  p a r e n t  
2 - a m i n o - 4 - c h l o r o p y r i m i d i n e .  

2 - A m i n o p y r i m i d i n e  and  2 - a m i n o - 6 - m e t h y l p y -  
r i m i d i n e  each  g ive  a s ingle  w e l l - d e f i n e d  w a v e  at  
--1.45 and  --1.53 v vs. S.C.E., r e spe c t i ve ly .  A g a i n  
the  h a l f - w a v e  p o t e n t i a l  for  t he  6 - m e t h y l  d e r i v a t i v e  
is 80 m v  m o r e  n e g a t i v e  t h a n  t h a t  of i t s  p a r e n t  
compound .  

C o m p a r i s o n  of t he  p o l a r o g r a m s  of Fig .  1 a n d  2 
d e m o n s t r a t e s  t he  p r o b a b i l i t y  t ha t  the  second  w a v e s  
of t he  c h l o r i n a t e d  c o m p o u n d s  c o r r e s p o n d  to the  
s ing le  w a v e s  of t he  p a r e n t  compounds .  The  r e d u c -  
t ion  w a v e  of 2 - a m i n o p y r i m i d i n e  was  f o u n d  to be  
due  to t he  r e d u c t i o n  of p y r i m i d i n e  nuc l eus  b a s e d  
on the  r e su l t  of m a c r o e l e c t r o l y s i s  to be  d e s c r i b e d  
l a te r .  I f  t he  second  w a v e s  of  2 - a m i n o - 4 - c h l o r o -  
p y r i m i d i n e  ( a n d  i ts  6 - m e t h y l  d e r i v a t i v e )  a r e  r e -  
g a r d e d  as the  r e d u c t i o n  w a v e  of t h e  p y r i m i d i n e  
nucleus ,  t he  first  w a v e s  m a y  b e  due  to r e d u c t i v e  
d e h a l o g e n a t i o n .  

Table I. 

~d (Iza) I (i~/C m213 t116) 
W a v e  I W a v e  I I  W a v e  I W a v e  I I  

2-amino-4-chloro- 
py r imid ine  1.02 2.04 1.23 2.48 

2-amino-4-chloro-6- 
me thy lpy r imid ine  0.86 2.17 1.04 2.64 

2-aminopyr imid ine  - -  2.03 - -  2.47 
2-amino-6-methyl-  

py r imid ine  - -  1.48 - -  1.80 
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Fig. 3. Polarogroms for 2-omino-4-chloropyrimidine ond 2- 
amino-4-chloro-6-rnethylpyr imidine at  pH 8.9. Curve I, 2- 
arnino-4-chloropyrimidine, E1/2: - - 1 .40  v (1st wave) and 
- -1 .57  v (2nd wave); Curve II. 2-omino-4-chloro-6-methyl -  
pyr imidine, E~/S: - - 1 . 4 6  v (1st wave) ond - -1 .63  v (2nd wove). 

Fig. 5. Electrolytic cell 
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Fig. 4. Polarograms for 2-arninopyrimidine and 2-amino- 
6-methylpyrimidine at pH 8.9. Curve I, 2-aminopyrimidine, 
El/=: - - ] . 52  v; Curve ]1, 2-ornino-6-methylpyrimidine, E~/2: 
- - 1 . 62  v. 

Polarographic behavior at pH 8 . 9 . - - P o l a r o g r a m s  
of so lu t ions  of t h e  fou r  c o m p o u n d s  b u f f e r e d  a t  p H  
8.9 a r e  s h o w n  in Fig .  3 a n d  4. The  v a l u e s  of is a n d  
I a r e  also g i v e n  in  T a b l e  II .  

T h e s e  p o l a r o g r a m s  a r e  of s i m i l a r  s h a p e  to those  
a t  p H  7.4, b u t  the  w a v e  he igh t s  a r e  c o n s i d e r a b l y  
lower .  T h e  h a l f - w a v e  p o t e n t i a l s  also sh i f t  to m o r e  
n e g a t i v e  va lues .  

Polarographic behavior of hydrogenated pyrimi- 
dines.--Polarograms of bu f f e r ed  so lu t ions  of t h e  h y -  
d r o g e n a t e d  p y r i m i d i n e s  in  the  p H  r e g i o n  4.7-8.9 
s h o w e d  no w a v e  p r i o r  to t h e  f inal  c u r r e n t  r i se  of h y -  
d r o g e n  ion d i scha rge .  

Table II. 

i~ (Ira) I (i~/C m~13 ti16) 
W a v e  I W a v e  I I  W a v e  I W a v e  I I  

2-amino-4-chloro- 
py r imid ine  0.66 0.59 0.80 0.72 

2-amino-4-chloro-6- 
me thy lpy r imid ine  0.92 0.33 1.12 0.40 

2-aminopyr imid ine  - -  1.08 - -  1.32 
2-amino-6-methyl-  

py r imid ine  - -  1.19 - -  1.45 

Macroelectrolysis 
Apparatus.--The a p p a r a t u s  u sed  is s i m i l a r  to t h a t  

d e s c r i b e d  in  t he  p r e c e d i n g  p a p e r  (5 ) ,  b u t  is of 
s o m e w h a t  d i f f e ren t  des ign ;  de t a i l s  a r e  shown  in 
Fig .  5. 

The  c a t h o l y t e  ( suspens ions  e x c e p t  fo r  2 - a m i n o -  
p y r i m i d i n e )  w a s  t h o r o u g h l y  s t i r r e d  b y  a g lass  
s t i r r e r  r o t a t e d  a t  800 r p m .  A n o d e s  w e r e  chief ly  of 
p l a t i n u m  in  t he  s m a l l - s c a l e  e lec t ro lyses .  I n  the  
a n o l y t e  c o n t a i n i n g  bo th  su l f a t e  and  c h l o r i d e  ions, 
t he  p u r e  l e a d  d i o x i d e  e l e c t r o d e  p r e v i o u s l y  r e p o r t e d  
b y  one  of t h e  a u t h o r s  cou ld  b e  used2  

Results and Conclusions 
1. Preliminary investigation of 2-amino-4-chlo- 

ropyrimidine.--Macroreduction of 2 - a m i n o - 4 - c h l o -  
r o p y r i m i d i n e  s u s p e n d e d  in an  aqueous  m e t h a n o l i c  
so lu t ion  of a m m o n i u m  su l f a t e  2 was  c a r r i e d  out  a t  
l e ad  or  m e r c u r y  as c a thode  in  o r d e r  to conf i rm the  
p o s t u l a t e d  p o l a r o g r a p h i c  b e h a v i o r .  T h e  e l ec t ro ly s i s  
cond i t ions  w e r e :  

A n o d e :  P t ,  a n o l y t e :  50 cc 0.2N H~SO~, c a t h o l y t e :  
( a )  1.30 g, (b )  6.50 g 2 - a m i n o - 4 - c h l o r o p y r i m i d i n e ,  
6.6 g (NH,)~SO~, 45 cc m e t h a n o l ,  45 cc w a t e r ,  a f e w  
cc of a m m o n i a  a d d e d  to a d j u s t  t h e  p H  a t  7.6, ca thode  
a r e a :  Hg, 0.33 d m  ~, Pb ,  0.65 d m  ~, ca thod ic  c u r r e n t  
d e n s i t y :  1.5 a m p / d m  ~, t e m p :  (a )  12~176 (b )  
60~176 

I t  was  f o u n d  t h a t  even  a s m a l l  c u r r e n t  d e n s i t y  
of 0.32 a m p / d m  ~ s e e m e d  to exceed  t h e  l imi t ,  due  to 
t h e  e x t r e m e l y  low s o l u b i l i t y  of t h e  c o m p o u n d  in t he  
ca tho ly t e .  I n  case  ( a ) ,  t he re fo re ,  10-11 h r  w e r e  
n e e d e d  to c o m p l e t e  the  r educ t ion .  A t  t h e  h i g h e r  
t e m p e r a t u r e  th i s  r a t e  was  no t  i nc reased .  In  case  ( b ) ,  
a f t e r  r e d u c t i o n  for  4 hr ,  4.8-4.9 g of s t a r t i n g  m a t e -  
r i a l  w a s  r e c o v e r e d  u n c h a n g e d .  

Thi s  e l ec t rode  is a t h i c k  shee t  of  p u r e  l ead  d i o x i d e  o f  r e c t a n g u -  
l a r  s h a p e  desc r ibed  in  M e t h o d  I i n  Ref .  (6) a n d  n o w  b e i n g  m a n u -  
f a c t u r e d  a t  S a n w a  P u r e  C h e m i c a l  Co., D o d o h a s h i - c h o ,  O h t a - k u ,  
Tokyo ,  J a p a n .  

s The  r e d u c t i o n  of  2 - a m i n o - 4 - c h l o r o p y r i m i d i n e  c a n n o t  be  c a r r i e d  
ou t  i n  ac id ic  m e d i u m  due  to  i t s  i n s t a b i l i t y .  I n  a l k a l i n e  m e d i u m  a t  a 
l e a d  ca thode ,  some  d i f f i cu l ty  w a s  e x p e r i e n c e d  p e r f o r m i n g  t h e  r e -  
d u c t i o n  desc r ibed  a b o v e ;  a t  inefl~icient ca thodes  s u c h  a s  c o p p e r ,  
2 - a m i n o - 4 - a l k o x y p y r i m i d i n e  is  f o r m e d  i n  t h e  p r e s e n c e  of  a lcohols .  
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Afte r  r educ t ion  a la rge  a m o u n t  of chlor ide ion 
was detected in  the  catholyte ,  i nd i ca t ing  dech lo r ina -  
t ion by  reduct ion .  Then  the ca tho ly te  was t rea ted  
according  to the  p rocedure  descr ibed la te r  to isolate 
2 - a m i n o p y r i m i d i n e .  However ,  this  did no t  suc-  
ceed, sugges t ing  the f u r t h e r  r educ t ion  of 2 - a m i n o -  
py r imid ine .  In  this procedure ,  u p o n  evapora t ion  of 
the  e ther  extract ,  no  m a t e r i a l  was  recovered.  The 
res idue  was  aga in  ex t rac ted  w i th  e thanol .  The 
evapora t ion  of this  ex t rac t  left  a g lu t inous  sub -  
s tance which  wou ld  no t  crystal l ize.  

In  a separa te  run ,  1.30 g 2 - a m i n o - 4 - c h l o r o p y -  
r i m i d i n e  suspended  in  the  same ca tholy te  was  re -  
duced at a lead cathode at a c u r r e n t  dens i ty  of 3 
a m p / d m  ~ at 12~176 for 11 hr. Af te r  5 hr  of elec-  
t rolysis  an  add i t iona l  6.6 g a m m o n i u m  sul fa te  was 
added  to decrease the cell res is tance.  Af te r  the  r e -  
duc t ion  a s a tu r a t ed  so lu t ion  of a m m o n i u m  picra te  
was added to the  e lec t ro ly te  w i thou t  a n y  pr ior  
t r e a tmen t .  A p ic ra te  m e l t i n g  at 192~ ( r ec rys t a l -  
l ized f rom e thano l )  wh ich  differed f rom tha t  of 2- 
a m i n o p y r i m i d i n e  was obta ined.  This  was  la te r  
ident i f ied as the  de r iva t ive  of 2 - a m i n o d i h y d r o p y -  
r imid ine .  

F r o m  these  resul t s  it  was  conc luded  tha t  the  po-  
l a rograph ic  r educ t ion  of 2 - a m i n o - 4 - c h l o r o p y r i m i -  
d ine  on a macrosca le  was imprac t i ca l  due  to its 
slowness.  Moreover ,  the  r educ t ion  y ie lded  the 
f u r t h e r  reduced  2 - a m i n o - d i h y d r o p y r i m i d i n e  r a t h e r  
t h a n  the  des i red 2 - a m i n o p y r i m i d i n e .  There fore  d i f -  
f e ren t  so lu t ion  composi t ions  and  ca thode  ma te r i a l s  
were  inves t iga ted  in  an  a t t e m p t  to i m p r o v e  the y ie ld  
of 2 - a m i n o p y r i m i d i n e .  

W h e n  the  r educ t ions  of 2 - a m i n o - 4 - c h l o r o p y r i m i -  
d ine  and  also its 6 - m e t h y l  de r iva t i ve  in  ve ry  d i lu te  
aqueous  e thanol ic  sodium hyd rox ide  were  car r ied  
out  at a lead cathode,  2 - a m i n o p y r i m i d i n e  and  its 
6 - m e t h y l  ana log  were  ob ta ined  in  60% yield.  If 
m e t h a n o l  is subs t i t u t ed  for e thano l  the  co r respond-  
ing  4 - m e t h o x y  der iva t ives  were  ob ta ined  due  to 
a lka l ine  me thano lys i s  be ing  more  rap id  t h a n  the  
r educ t ive  deha logena t ion2  The  resul t s  are  shown 
in  Table  III.  

The r educ t ion  m a y  take  p lace  t h r o u g h  chemica l  
deha logena t ion  by  the lead cathode fol lowed by  re -  
e lec t rodepos i t ion  of lead f rom the  a lka l ine  ca tho-  
ly te?  This  obse rva t ion  led to the fo l lowing  i m p r o v e d  
me thod  for the  p r e p a r a t i o n  of 2 - a m i n o p y r i m i d i n e  
and  its 6 - m e t h y l  der iva t ive .  

2. Preparation of 2-aminopyrimidine and its 6- 
methyl derivative by the electrolytic reduction of 
2-amino-4-chloropyrimidine and 2-amino-4-chloro- 
6-methylpyrimidine.--A suspens ion  of 2 - a m i n o - 4 -  
c h l o r o p y r i m i d i n e  and  also 2 - a m i n o - 4 - c h l o r o - 6 -  
m e t h y l p y r i m i d i n e  in  an  aqueous  me thano l i c  so lu-  
t ion  of a m m o n i a  and  a m m o n i u m  sul fa te  was  re -  
duced at a h igher  t e m p e r a t u r e  us ing  a spongy cad-  
m i u m  or zinc ca thode  respec t ive ly  to give 2 - a m i n o -  
p y r i m i d i n e  and  its 6 - m e t h y l  de r iva t ive  in  n e a r l y  
q u a n t i t a t i v e  yields.  The  comple teness  of the  r educ -  

4 W h e n  an  inef f ic ien t  e lec t rode ,  such  as copper ,  wa s  used ,  t h e  
p r o d u c t  cons i s t ed  of 2 - a m i n o - 4 - e t h o x y p y r i m i d i n e  in  t h e  concen-  
t r a t e d  e t h a n o l i c  so lu t ion .  

S o d i u m  h y d r o x i d e  wa s  u s e f u l  to d i s so lve  l e ad  ch lo r ide  f o r m e d  
o n  t he  e lec t rode  su r face  by  c h e m i c a l  reac t ion .  A m m o n i a c a l  ca tho -  
l y t e  was  inef f ic ien t  fo r  t he  s a m e  purpose ,  because  i t  cou ld  no t  d i s -  
so lve  l e ad  ch lo r ide .  

Table III. 

Anode:  P l a t i n u m ;  anolyte: 0.5% s o d i u m  h y d r o x i d e  so lu t ion ;  
c a t h o l y t e :  (1) 6.45 g 2 - a m i n o - 4 - c h l o r o p y r i m i d i n e ,  75 cc 80% 
e thano l ,  0.4 g NaOH, (2) 7.18 g 2 - a m i n o - 4 - c h l o r o - 6 - m e t h y l p y r i m i -  
a ine ,  85 cc 80% e thano l ,  0.4 g NaOH;  ca thod ic  c u r r e n t  d e n s i t y :  
2.5-5.0 amp/d in2 ;  t e m p :  40-55~ a m o u n t  of c u r r e n t :  3.0~3.5 t i m e s  
t he  theore t i ca l .  

2 - a m i n o  (S-Me) p y r i m i d i n e *  O t h e r s  
R u n  No. g % % 

1 2.81 60 about 40 
2 3.75 60 40 

* m p  2 - a m i n o p y r i m i d i n e  118~ 2 - a m i n o - 6 - m e t h y l p y r i m i d i n e  156~ 
157 ~ 

t ion  could be es t ima ted  by  the  d i sappea rance  of the 
crysta ls  of the  ch lo ropyr imid ines  and  the a ppea r -  
ance  of those of the  co r re spond ing  2 - a m i n o p y r i m i -  
dines  as show n  by  microscopic  e x a m i n a t i o n  of the 
cooled catholyte .  These  crys ta ls  are  easi ly  differ-  
e n t i a t e d  by  the i r  charac ter i s t ic  form. 

Af t e r  reduc t ion ,  the  ca tho ly te  was  neu t r a l i zed  
w i th  acid a nd  the  in so lub le  m a t t e r  f i l tered off. The 
so lu t ion  was t h e n  evapora t ed  to d ryness  u n d e r  
reduced  pressure .  The res idue  was t r ea ted  wi th  
sod ium b i c a r bona t e  to r e g e n e r a t e  f ree 2 - a m i n o p y -  
r i m i d i n e  (or its 6 - m e t h y l  c ompound)  wh ich  was  t hen  
ex t rac ted  w i th  hot  be nz e ne  or ether .  The  ex t rac t  
was  evapora t ed  to d ryness  to give crys ta ls  of 2- 
a m i n o p y r i m i d i n e  (or its 6 - m e t h y l  c o m p o u n d ) .  

The  resul t s  of the  r e duc t i on  of 2 - a m i n o - 4 - c h l o -  
r o p y r i m i d i n e  at  a c a d m i u m  cathode are  shown  in  
Tab le  IV; the yie lds  are the  o p t i m u m  obta inab le .  

The resul t s  of the  r e duc t i on  of 2 - a m i n o - 4 - c h l o r o -  
6 - m e t h y l p y r i m i d i n e  at  zinc (2) a re  shown  in  Tab le  
V. 

I t  was observed  tha t  the r educ t ion  at  zinc and  at  
c a d m i u m  be ga n  to occur w h e n  the  t e m p e r a t u r e  was 
ra ised sufficiently even  though  c u r r e n t  was  no t  
passed. This obse rva t ion  suggested  tha t  the  reac t ion  
mi gh t  aga in  be a p u r e l y  chemica l  one of 2 - a m i n o -  

Table IV. Reduction of 2-amino-4-chloropyrimidine at Cadmium 

Anolyte:  40 cc 0.2N H~SO,; cathode: spongy cad- 
mium deposited on iron from a catholyte containing 
7.32 g Cd(OH)~; catholyte: 6.50 g 2-amino-4-chloro- 
pyrimidine,  6.6 g (NH4)~SO,, 3.3 cc 28% NH4OH, 100 
cc 1:1 methanol  water, pH 7.2-7.4; current:  1 amp; 
current  density: 2.0 amp/dm~; temperature :  72~176 
current  consumed: 3.38 amp-hr.;  yield: 4.30 g (91%) 
2-aminopyrimidine,  mp 124~176 

Table V. Reduction of 2-amino-4-cMoro-6-methylpyrimidine at zinc 

A n o l y t e :  50 cc 0.2/V H2SO4; c a t h o d e :  s p o n g y  zinc d e p o s i t e d  on  
zinc f r o m  c a t h o l y t e  c o n t a i n i n g  ZnSO~.TH20; s t a r t i n g  c a t h o l y t e :  
14.36 g 2 - a m i n o - 4 - c h l o r o - 6 - m e t h y l p y r i m i d i n e ,  2.5 g (NHa)2SO~, 90 
cc 1:1 m e t h a n o l  wa te r ,  a l i t t l e  NH4OH a d d e d  to a d j u s t  t he  p H  to  
7-9; c a t h o l y t e  of r u n s  2-4:  t he  c a t h o l y t e  of the  p r e v i o u s  r u n  a f t e r  
r e m o v a l  of t he  2 - a m i n o - 6 - m e t h y l p y r i m i d i n e  w h i c h  c rys t a l l i zed  ou t  
on  coo l i ng  to - -10~  a d d i t i o n  of  14.36 g of  s t a r t i n g  m a t e r i a l  a n d  re -  
a d j u s t m e n t  of  pH;  c u r r e n t  d e n s i t y :  2.5 amp /d in2 ;  t emp .  60~176 

C u r r e n t  C u r r e n t  
p a s s e d  Yie ld  eff iciency 

R u n  ( amp-hr )  (g) % % 

1 6.50 10.02 (8.63)* 91 75 
2 5.57 (9.62) 88 85 
3 5.83 (10.10) 93 85 
4 6.80 (10.21) 94 74 

�9 F i g u r e s  i n  p a r e n t h e s e s  a rc  y i e l d s  of p r o d u c t  o b t a i n e d  on  coo l ing  
t he  ca tho ly t e  to - -10~ 
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c h l o r o p y r i m i d i n e s  w i t h  t h e  ca thode  m e t a l  a n d  t h a t  
the  c u r r e n t  was  be ing  used  s i m p l y  to r e d u c e  the  
m e t a l  ion  thus  f o r m e d  b a c k  to me ta l .  H o w e v e r ,  l i t t l e  
n o t i c e a b l e  change  o c c u r r e d  at  t he  e l e c t r o d e  sur face .  

3. Electrolytic reduction of 2-aminopyrimidine 
at a lead cathode in ammoniacal med ium. - - In  an 
a t t e m p t  to d u p l i c a t e  t h e  r e d u c t i o n  c o r r e s p o n d i n g  to 
the  p o l a r o g r a p h i c  w a v e  and  to i d e n t i f y  t he  p r o d u c t  
r e s u l t i n g  f r o m  the  r e d u c t i o n  of t he  p y r i m i d i n e  nu= 
c leus  a r u n  was  m a d e  w i t h  2 = a m i n o p y r i m i d i n e  as 
s t a r t i n g  m a t e r i a l  a t  a l e a d  ca thode .  

A n o d e :  p l a t i n u m ;  a n o l y t e :  60 cc 2N H~SO~; catho= 
ly t e :  19.0 g of 2 - a m i n o p y r i m i d i n e ,  6.6 g (NH4)~SO~, 
200 cc w a t e r ,  p H  of 6.0-8.0 m a i n t a i n e d  b y  a d d i n g  
su l fu r i c  ac id  d u r i n g  t h e  e l ec t ro lys i s ;  a m p :  3; 
ca thod ic  c u r r e n t  d e n s i t y :  3.0 amp/dm~;  t e m p :  10 ~ 
12~ The  t h e o r e t i c a l  a m o u n t  of c u r r e n t  for  4H was  
passed .  

I t  was  f o u n d  t h a t  h y d r o g e n  b e g a n  to  be  e v o l v e d  
v i g o r o u s l y  at  the  c a t h o d e  a f t e r  an  a m o u n t  of e l ec -  
t r i c i t y  e q u i v a l e n t  to 2H ~ h a d  been  passed .  I t  w a s  also 
f o u n d  t h a t  the  r e d u c t i o n  p r o d u c t  was  s t ab le  on ly  a t  
low t e m p e r a t u r e s  in aqueous  m e d i u m  so t ha t  coo l -  
ing  in  an  i ce=ba th  was  n e c e s s a r y  to  o b t a i n  r e a s o n -  
ab l e  y ie lds .  

The  r e d u c t i o n  p r o d u c t  was  o b t a i n e d  as t he  p i c r a t e  
only ,  b y  a d d i n g  a s a t u r a t e d  so lu t ion  of a m m o n i u m  
p i c r a t e  to t he  ice=cooled c a t h o l y t e  a f t e r  r educ t ion .  
(The  y i e l d  was  54.1 g or  83% of t h e o r e t i c a l  for  t h e  
d i h y d r o  c o m p o u n d . )  The  p i c r a t e  m e l t e d  a t  192~ 
and  d e c o m p o s e d  on c r y s t a l l i z a t i o n  f r o m  ho t  w a t e r ;  
i t  can  b e  r e c r y s t a l l i z e d  f r o m  e t h a n o l  w i t h o u t  c h a n g e  
in  m e l t i n g  poin t ,  i n d i c a t i n g  a s ing le  compound .  

Ana l .  ca lcd  for  C~0H10OTN~: C, 36.8; H, 3.09; N, 25.8 
F o u n d :  C, 36.6; H, 3.08; N, 25.7 

In  o r d e r  to conve r t  th is  c o m p o u n d  to a s t ab le  p r o d -  
uc t  for  i den t i f i ca t ion  a c a t a l y t i c  h y d r o g e n a t i o n  of 
t he  c a t h o l y t e  was  c a r r i e d  out  b y  the  fo l l owing  pro= 
cedure .  

F i f t y  cc of the  c a t h o l y t e  was  r e d u c e d  b y  h y d r o g e n  
at  a t m o s p h e r i c  p r e s s u r e  in  the  p r e s e n c e  of 2 g P d -  
CaCO~ c a t a l y s t  (Pd :  1 .3%) at  15~ A f t e r  a b s o r b i n g  
abou t  1 mo le  of h y d r o g e n  b a s e d  on moles  of p i c r a t e  
o b t a i n e d  (749 cc a t  0~ and  760 r am)  10.9 g of a 
p i c r a t e  was  ob ta ined .  The  p i c r a t e  m e l t e d  at  179 ~ 
180~ a f t e r  r e c r y s t a l l i z a t i o n  f r o m  e thanol .  The  
m o n o h y d r o c h l o r i d e  and  c a r b o n a t e  d e r i v e d  f r o m  the  
p i c r a t e  m e l t e d  at  145~176 and  237~ (dec . ) ,  re= 
spec t ive ly .  

Ana l .  P i c r a t e :  
ca lcd  for  CloH~OTNo: C, 36.6; H, 3.69; N, 25.6 

F o u n d :  C, 36.5; H, 3.44; N, 25.4 
H y d r o c h l o r i d e :  

ca lcd  for  C4HloN,CI: C, 35.4; H, 7.43; C1, 26.2 
F o u n d :  C, 35.4; H, 7.17; C1, 26.0 

The  p i c r a t e  m a y  be  t h a t  of 2 = a m i n o - t e t r a h y d r o =  
p y r i m i d i n e  ~ b a s e d  on the  q u a n t i t y  of h y d r o g e n  a b -  

o The  v a l u e  of " n "  o b t a i n e d  b y  t he  ana ly s i s  of  p o l a r o g r a m  a t  p H  
7.4 was  a b o u t  1.3. 

7 Recen t ly ,  S m i t h  and  C h r i s t e n s e n  (8) o b t a i n e d  2=amino=dihydro-  
p y r i m i d i n e  (?) a n d  2 - a m i n o - t e t r a h y d r o p y r i m i d i n e  by  t h e  ca ta ly t i c  
h y d r o g e n a t i o n  of 2 - a m i n o p y r i m i d i n e  a n d  2=amino=4,6-dichloro-  
p y r i m i d i n e ,  r e spec t ive ly .  T h e y  r e p o r t e d  t h a t  t h e  d i h y d r o c h l o r i d e s  
m e l t e d  a t  231~ (2=amino-dihydro=)  a n d  208~ ( 2 - a m i n o t e t r a h y -  
dro=). The  r e fe rence  to the  p a t e n t  of  S u g i n o  i n  t h e i r  p a p e r  is  i n c o r -  
r e c t .  

so rbed  and  t h e  e l e m e n t a l  ana lys i s .  D e c o m p o s i t i o n  
b y  a l k a l i  (a  m i x t u r e  of 2.5 g of t he  h y d r o c h l o r i d e ,  
10 g N a O H  in 150 cc w a t e r  was  h e a t e d )  r e s u l t e d  in 
the  f o r m a t i o n  of 1 ,3=d iaminopropane  ( d i h y d r o c h l o -  
r ide ;  m p  243~ ca lcd  for  C~H~N~CI~; N, 19.05; 
found :  N, 18.80), a m m o n i a ,  a n d  c a r b o n  d iox ide .  The  
a bse nc e  of f o rmic  ac id  a m o n g  t h e s e  p r o d u c t s  e l i m i -  
n a t e d  the  p o s s i b i l i t y  t h a t  t he  c o m p o u n d  was  2= 
a m i n o h e x a h y d r o p y r i m i d i n e  or  c o n t a i n e d  a n y  of the  
l a t t e r  as c o n t a m i n a n t ?  T h e  decompos i t i ons  in a lka l i  
a r e  f o r m u l a t e d  as:  

and: 

CH~ 

N 

' CH, 

\ N /  
H 

/ CH~\ 

~ c~ 
H~NCH CH, 

\~/ 
H 

+2 H,O = H,N (CH,),NI-L + CO. + NH, 

4- 2H~O ~ NH,(CH,),NI-I, + HCOOH + NH, 

C a t a l y t i c  h y d r o g e n a t i o n  d id  no t  occur  a f t e r  t h e  
c a t h o l y t e  h a d  been  h e a t e d  to decompos i t i on .  

F r o m  these  resu l t s ,  t h e  p r o d u c t  of t he  e l e c t ro ly t i c  
r e d u c t i o n  of 2 = a m i n o p y r i m i d i n e  was  s h o w n  to b e  
an  u n s t a b l e  2 = a m i n o = d i h y d r o p y r i m i d i n e .  

The  r e d u c t i o n  of 2 = a m i n o p y r i m i d i n e  a t  a m e r c u r y  
ca thode  was  f o u n d  to p r o c e e d  in  t he  s ame  m a n n e r  
as t ha t  a t  a l e a d  ca thode  and  to the  s a m e  p roduc t .  
The  r e d u c t i o n  of 2=a mino=6=me thy lpy r imid ine ,  w i l l  
be  r e p o r t e d  l a t e r .  

Nature of the reduction process.--By c o m b i n i n g  
the r e su l t s  of t h e  p o l a r o g r a p h i c  Study and  the  
ma c roe l e c t ro ly s i s ,  t h e  n a t u r e  of each  r e d u c t i o n  
p rocess  is c ons ide r e d  to be  as fo l lows :  

1. I t  has  been  i n d i c a t e d  b y  p o l a r o g r a p h y  t h a t  
2 - a m i n o = 4 = c h l o r o p y r i m i d i n e  and  i ts  6=methy l  c o m -  
p o u n d  a r e  r e d u c e d  e l e c t r o l y t i c a l l y  no t  on ly  to t he  
d e c h l o r i n a t i o n  p r o d u c t ,  b u t  also to a h y d r o g e n a t i o n  
p r o d u c t  of the  p y r i m i d i n e  nucleus .  Resu l t s  of pre= 
l i m i n a r y  m a c r o e l e c t r o l y s i s  a t  a l e ad  or  m e r c u r y  
c a thode  in a m m o n i a c a l  so lu t ion  s u b s t a n t i a t e d  these  
obse rva t ions .  

2. T h e  r e d u c t i o n  of 2 - a m i n o = 4 = c h l o r o p y r i m i d i n e  
and  i ts  6=methy l  c o m p o u n d  a t  c a d m i u m  and  zinc, 
r e spec t i ve ly ,  in a m m o n i a c a l  so lu t ion  seems  to be  of 
a d i f fe ren t  n a t u r e  f r o m  the  p o l a r o g r a p h i c  r educ t ion .  
This  m a y  be  t h e  c h e m i c a l  r e a c t i o n  of t h e  s t a r t i n g  
m a t e r i a l  w i t h  the  ca thode  su r f a c e  in  t he  p re sence  of 
a m m o n i a  w h i c h  d i sso lves  t h e  r e s u l t i n g  m e t a l  ch lo -  
r ide ,  t he  c u r r e n t  be ing  used  m a i n l y  to r e d e p o s i t  
m e t a l  on the  ca thode .  In  th is  case, t he  r e d u c t i o n  
m a y  be c a r r i e d  out  a t  the  p o t e n t i a l  a t  w h i c h  the  de= 
pos i t ion  of m e t a l  occurs  if  t h e  c u r r e n t  d e n s i t y  is 
less t h a n  the  l i m i t i n g  one for  t he  r e d u c t i o n  of m e t a l  
ion to meta l .  H o w e v e r ,  if a c u r r e n t  g r e a t e r  t h a n  the  
l i m i t i n g  one is a p p l i e d  or  t h e  e l ec t ro lys i s  is con-  
t i n u e d  a f t e r  a l l  2=amino=4=ch lo ropyr imid ine  or  i ts  
6=methy l  c o m p o u n d  d i s a p p e a r s ,  a h y d r o g e n a t i o n  
p r o d u c t  of t he  p y r i m i d i n e  nuc leus  w i l l  be  fo rmed .  

S K i t a n i  and  Sodeoka  (7) c a r r i ed  ou t  t he  h y d r o g e n a t i o n  of  
2 = a m i n o - 4 , 6 - d i c h l o r o p y r i m i d i n e  w i t h  a P d  ca ta lys t .  T h e y  r e p o r t e d  
2 - a m i n o h e x a h y d r o p y r i m i d i n e  as t he  f ina l  p roduc t ,  t he  p i c ra t e  a n d  
c a r b o n a t e  of  vchich  m e l t  a t  179~ ~ a n d  237~ r e spec t i ve ly .  T h e y  
d id  no t  ca r ry  ou t  t he  d e c o m p o s i t i o n  of  t h i s  c o m p o u n d  b y  a lka l i .  
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The  r e a s o n  for  o b t a i n i n g  2 - a m i n o p y r i m i d i n e  and  
i ts  6 - m e t h y l  c o m p o u n d  q u a n t i t a t i v e l y  b y  a s u i t a b l e  
c o m b i n a t i o n  of c h l o r o p y r i m i d i n e  w i t h  t he  m e t a l  
a p p e a r s  to d e p e n d  e n t i r e l y  on the  n a t u r e  of the  
c h e m i c a l  reac t ion .  2 - A m i n o p y r i m i d i n e  a n d  2 - a m i n o -  
6 - m e t h y l p y r i m i d i n e  w e r e  no t  o b t a i n e d  q u a n t i t a -  
t i v e l y  a t  bo th  me ta l s .  Of t he  two  me ta l s ,  z inc  is 
m o r e  ac t i ve  t h a n  c a d m i u m .  The  p a r e n t  2 - a m i n o - 4 -  
c h l o r o p y r i m i d i n e  was  m o r e  r e a c t i v e  t h a n  i ts  6-  
m e t h y l  compound .  

3. T h e  r e d u c t i o n  of 2 - a m i n o p y r i m i d i n e  a t  l e ad  
c a thode  in a m m o n i a c a l  so lu t i on  seems  to be  e s sen -  
t i a l l y  a p u r e  e l e c t r o c h e m i c a l  r e d u c t i o n  c o r r e s p o n d -  
ing  to the  p o l a r o g r a p h i c  wave .  This  g ives  a h y d r o -  
g e n a t i o n  p r o d u c t  of p y r i m i d i n e  nuc leus ,  t he  u n -  
s t a b l e  2 - a m i n o d i h y d r o p y r i m i d i n e .  

Summary 
1. 2 - A m i n o - 4 - c h l o r o p y r i m i d i n e  or  i ts  6 - m e t h y l  

c o m p o u n d  is r e d u c e d  p o l a r o g r a p h i c a l l y  first  to 2-  
a m i n o p y r i m i d i n e  or  i ts  6 - m e t h y l  c o m p o u n d  and  
t hen  to t h e  h y d r o g e n a t e d  p y r i m i d i n e .  A t  ca thodes  
of l e ad  or  m e r c u r y  in  an  a m m o n i a c a l  c a t h o l y t e  m a c -  
roreduction p r o c e e d s  in  t w o  success ive  r a p i d  s t eps  
to a h y d r o g e n a t i o n  p r o d u c t  of t he  p y r i m i d i n e  n u -  
cleus.  H o w e v e r ,  i t  is of dub ious  p r a c t i c a l  p r e p a r a -  
t ive  v a l u e  due  to s lowness  n e c e s s i t a t e d  b y  low 
s o lub i l i t y  of the  s t a r t i n g  m a t e r i a l .  On the  o t h e r  
hand ,  t he  m a c r o r e d u c t i o n  of 2 - a m i n o p y r i m i d i n e  
i t se l f  on accoun t  of i ts  s o l u b i l i t y  p roceeds  v e r y  

eas i ly  even  at  low t e m p e r a t u r e  to t h e  u n s t a b l e  2-  
a m i n o d i h y d r o p y r i m i d i n e  in  a p u r e  s ta te .  This  is t he  
r e a c t i o n  c o r r e s p o n d i n g  to t he  p o l a r o g r a p h i c  wave .  

2. A t  ca thodes  of c a d m i u m  or  zinc a t  a h i g h e r  
t e m p e r a t u r e  a n o t h e r  r e a c t i o n  can  occur .  2 - A m i n o -  
4 - c h l o r o p y r i m i d i n e  or  i ts  6 - m e t h y l  c o m p o u n d  is r e -  
d u c e d  to the  c o r r e s p o n d i n g  2 - a m i n o p y r i m i d i n e .  A l -  
mos t  q u a n t i t a t i v e  y i e l d s  m a y  b e  o b t a i n e d  b y  the  
se lec t ion  of c a t h o d e  m e t a l  s u i t a b l e  to each  c o m -  
pound .  

Manuscr ip t  rece ived  Nov. 3, 1955. This p a p e r  was 
p r e p a r e d  for de l ive ry  before  the  P i t t sburgh  Meeting, 
Oct. 9-13, 1955. 

A n y  discussion of this pape r  wi l l  appear  in a Dis- 
cussion Section to be pub l i shed  in the  June  1958 
JOURNAL. 
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Preparation of Feed Materials for Electrolytic Production of 

Thorium Metal 
Charles E. Fisher and James L. Wyatt 

Horizons Incorporated, Cleveland, Ohio 

ABSTRACT 

A po ten t ia l ly  economical  me thod  for  product ion  of tho r ium meta l  is the  
e lectrolysis  of fused tho r ium te t rach lor ide  in sodium chloride.  P r epa ra t i on  of 
sui table  feed const i tuents  for the  e lec t ro ly te  is described.  Thor ium n i t r a t e  w a s  

conver ted  to thor ium te t rach lor ide  by  aqueous chemical  and t he rma l  decom- 
posi t ion techniques;  i n t e rmed ia t e  steps inc lude  the  format ion  of an ammonium 
complex  which  m a y  be dehydra ted .  

D u r i n g  t h e  pa s t  d e c a d e  m u c h  e m p h a s i s  has  been  
p l a c e d  on the  d e v e l o p m e n t  of p rocesses  for  t h e  p r o -  
duc t ion  of f i s s ionable  ma t e r i a l s ,  t h o r i u m  as w e l l  as  
u r a n i u m .  Because  of t he  g r e a t e r  a v a i l a b i l i t y  of Th, 
and  p r o b a b l e  l o w e r  cost, i t  seems  a l m o s t  a c e r t a i n t y  
t h a t  t h e  c iv i l i an  a tomic  e n e r g y  p r o g r a m  w i l l  u t i l i ze  
i ts  p o t e n t i a l i t i e s  to t he  fu l l e s t  e x t e n t  in t he  no t  too 
d i s t a n t  fu tu re .  

D u n w o r t h  (1)  has  o u t l i n e d  the  pos s ib l e  ro l e  of Th  
in n u c l e a r  e n e r g y  and  e m p h a s i z e d  i ts  p o t e n t i a l i t y .  
Car l son ,  et al. (2)  d i scussed  a l l  phase s  of Th p r o -  
duc t ion  f r o m  ore  p roces s ing  to f in ished m e t a l l u r g i c a l  
p roduc t s ,  f o l l owing  t e chn iques  d e v e l o p e d  at  Ames .  
This  is t h e  on ly  m e t h o d  for  p r o d u c i n g  Th t h a t  has  

been  o p e r a t e d  on a l a r g e  scale.  A b r i e f  d e s c r i p t i o n  
of t h e  m o r e  p r o m i s i n g  m e t h o d s  of p r e p a r i n g  Th is 
g iven  b y  H a m p e l  (3) .  

Dr iggs  and  L i l l i e n d a h l  (4)  p r o d u c e d  Th e l e c t r o -  
l y t i ca l ly ,  and  K a p l a n  (5)  desc r ibes  t he  p r e p a r a t i o n  
of Th b y  e l ec t ro ly s i s  of fu sed  sa l t  sys tems .  

This  p a p e r  desc r ibes  t he  p i lo t  and  d e v e l o p m e n t  
p r o g r a m s  w h i c h  w e r e  c a r r i e d  out  in  o r d e r  to p r o -  
duce  T h - b e a r i n g  cel l  f eed  m a t e r i a l s  s u i t a b l e  for  
c onve r s ion  to me ta l .  A c o m p a n i o n  p a p e r  (6)  d e -  
scr ibes  in  p a r t  t he  m e t a l  p r o d u c t i o n  phase .  

A n  e x h a u s t i v e  l a b o r a t o r y  e v a l u a t i o n  h e r e  (7)  of 
the  va r i ous  m e t h o d s  for  p r e p a r a t i o n  of Th led  to t he  
conclus ion  t h a t  e l ec t ro lys i s  of t he  fused  c h l o r i d e  is  
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by far  the  most feasible method for meta l  p roduc-  
tion. Accordingly,  this sys tem has been established,  
and has been opera ted  on a smal l  tonnage  basis to 
produce quant i t ies  of high qual i ty  metal.  

Feed mate r ia l s  processing is not too d iss imi lar  
from the  Ames procedures  (8).  Thor ium n i t r a t e  is 
reac ted  wi th  sodium carbonate  to produce  thor ium 
oxycarbonate ,  which is dissolved in HC1, the chlo- 
r ide  complexed with  NH~C1, dried, and separa ted  
by the rmal  decomposition.  The anhydrous  thor ium 
te t rach lor ide  is ut i l ized as cell feed for p repa ra t ion  
of Th metal .  

Deposits of me ta l  p roduced  by  electrolysis,  con- 
sisting of coarse, g ranu la r  meta l  in te rspersed  wi th  
salt, are removed from the cells per iodical ly ,  
crushed, and recovered by  aqueous techniques. The 
process lends i tself  well  to remote  operation,  is r e l a -  
t ive ly  economical  to operate,  and uti l izes inexpen-  
sive reagents  and s tandard  chemical  engineer ing 
equipment  for  al l  processing steps except  e lec t ro l -  
ysis. Recognized engineer ing organizat ions have es- 
t imated  that  product ion costs of a different  order  of 
magn i tude  may  be rea l ized as compared  wi th  r e -  
por ted  costs for the  Ames  process (7) .  

Feed Materials Preparation 
Any  meta l  product ion  operat ion deal ing wi th  fuel  

mate r ia l s  for atomic power  mus t  of necessi ty en-  
compass techniques which provide  for ut i l izat ion of 
mater ia l s  f rom which fission products  have been ex-  
t racted.  While  many  changes undoubted ly  wi l l  oc- 
cur dur ing  the coming years ,  at  the present  t ime a 
ni t r ic  acid solution step is contempla ted;  it  therefore  
is a r equ i rement  of the  process tha t  the feed ma te -  
rials p repara t ion  end be able to process ni t ra tes .  

The deve lopment  operat ions here in  repor ted  have 
been es tabl ished wi th  this r equ i rement  in mind, 
the s ta r t ing  raw ma te r i a l  being crys ta l l ine  fo rm of 
hydra t ed  thor ium ni t ra te .  The process is equal ly  
su i tab le  for carbonates,  oxalates,  oxides, and other  
compounds. 

Conversion Chemistry 
The electrolyt ic  process requires  anhydrous  chlo- 

r ide feed. Ear ly  exper iments  demons t ra ted  tha t  
aqueous Th solutions evapora ted  to dryness  decom- 
posed to produce first a thor idm oxychloride,  then a 
thor ium oxide, giving off hydrogen  chlor ide  gas. 
Even under  condit ions dur ing  which hydrogen  chlo-  
r ide a tmospheres  under  pressure  were  mainta ined ,  
dewater ing  of thor ium chloride wi thout  oxide fo r -  
mat ion proved  to be a ma jo r  problem.  

Thor ium te t rachlor ide  forms a complex wi th  
NH,C1 which can be dehydra t ed  under  a tmospher ic  
pressure  wi th  e i ther  an iner t  a tmosphere  or a p a r -  
t ia l  HC1 a tmosphere  to produce  an anhydrous  tho-  
r ium complex. The complex may  then be broken  
up by  heat ing to an e levated tempera ture ,  dr iv ing  
off NH,C1, and leaving anhydrous  thor ium chloride. 

Pilot Preparation of Feed Materials 
Process 

Figure  1 is a flow d iag ram of the p rocedure  which 
was es tabl ished for the aqueous p repara t ion  of an-  
hydrous  cell feed. The operat ion involves the fol-  

T h o t l ~  Nitrate  

wa%er 

. . . .  U_) ?U I llff/i//tl l ~elplt~t ion 

B l e n d ~  

D~ng Ft~nace Sublimation Furnace 

s t . o r ~  

1" 
'~Q I ~ t r o ) . y . l B  

Fig. 1. Flow diagram for preparat on of cell feed 

lowing steps: preparation of thorium nitrate and 
sodium carbonate solutions; precipitation of thorium 
oxyearbonate; dissolution of thorium oxycarbonate 
in HCI; complexing with NH~C1; dehydration; sub- 
limation; and fusion. 

Thorium nitrate was supplied by the Atomic En- 
ergy Commission in crystalline, hydrated form. It 
was dissolved in hot water and added directly into a 
solution of sodium carbonate, where the following 
reaction occurred: 

H~O 
Th(NO~), �9 xH~O + 2Na_~CO3 -* ThOCO3 + 4NaNO, 

+ CO~ + xH~O 

The thor ium oxycarbona te  prec ip i ta t ion  is quant i -  
tat ive.  

Subsequent  steps included set t l ing the precipi ta te ,  
decant ing the n i t r a t e  solution, repu lp ing  in fresh 
water ,  r epea t ing  the decant  step, and f inal ly fi l ter-  
ing on a ver t ica l  p r e s su re - type  Oliver  filter. F i l -  
t ra tes  were  found to be comple te ly  f ree  of r ad io -  
ac t iv i ty  and hence could be di rected to was te  dis-  
posal wi thout  any  unusual  safeguards.  

Then 37% HC1 was pumped  d i rec t ly  into the 
pressure  filter, where  it reac ted  wi th  the  thor ium 
oxycarbona te  to produce an aqueous tho r ium chlo- 
r ide solution. The enclosed pressure  filter was 
idea l ly  sui ted to the dissolut ion operat ion,  since it 
confined all  radioact ive  vapors.  

The thor ium chloride solution was pumped  into 
a mixer  vessel to which were  added 2 moles of solid 
NH,C1 per  mole of contained Th. A sl ight  excess 
over this amount  was genera l ly  desirable.  The 
aqueous chlorides were  boiled down to a sy rupy  
consistency, to a m a x i m u m  t empera tu r e  of approx i -  
ma te ly  126~ and cast into a chill  mold for sol idi-  
fication. The solidified cake was then crushed, mixed  
with NaC1, and fed into a d rye r  where  the t em-  
pe ra tu re  was ra ised to 260~ Dehydra t ion  of the 
solid complex was thus effected wi thout  going 
through a fused s tate  again. 

The d ry  chloride complex was placed into a deni -  
t ra t ing  vessel where  NH,C1 was subl imed off, at 
t empera tu res  ranging  f rom 600 ~ to 800~ In this 
manner  a comple te ly  fused product ,  precisely  the  
composition requi red  for electrolysis,  was obta ined  
from the over -a l l  processing. The fused product  w a s  
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h a n d l e d  in  a n u m b e r  of ways ,  i nc lud ing :  so l id i f ica-  
t ion  in  t he  c ruc ib le ,  f o l l o w e d  b y  m e c h a n i c a l  r e -  
m o v a l ;  t a p p i n g  in to  a co ld  w a l l  r e c e i v e r ;  r e m o v a l  in  
t he  m o l t e n  s t a t e  b y  s iphon  t echn iques .  

In  an  i n t e g r a t e d  p l an t ,  in  w h i c h  cel l  f eed  w o u l d  
b e  m a n u f a c t u r e d  a d j a c e n t  to the  e l e c t r o l y t i c  p l an t ,  
t he  mos t  log ica l  p r o c e d u r e  w o u l d  be  to  p u m p  or  t a p  
t he  m o l t e n  sa l t  d i r e c t l y  in to  t he  e l e c t r o l y t i c  cel ls  
w i t h o u t  going  t h r o u g h  i n t e r m e d i a t e  s t ages  of so l id i -  
f ication,  c rush ing ,  a n d  f e e d i n g  to t h e  cel ls  as a so l id  
cons t i tuen t .  

Equipment 
Spec i f ica t ions  on the  m e t a l  p r o d u c t  l i m i t e d  con-  

t a m i n a n t s  to p a r t s  p e r  m i l l i o n  or  less  a n d  co r ros ion  
of e q u i p m e n t  h a d  to be  he ld  to a m i n i m u m .  M a t e -  
r i a l s  of cons t ruc t i on  a n d  e q u i p m e n t  des igns  w e r e  
t h e r e f o r e  g o v e r n e d  to a l a r g e  e x t e n t  b y  the  p u r i t y  
c r i t e r i a .  W h e r e v e r  poss ib le ,  r u b b e r - l i n e d  e q u i p m e n t  
was  used.  This  i n c l u d e d  d i s so lv ing  t anks ,  f i l ter ,  a n d  
pumps .  

F o r  d i s so lv ing  t h o r i u m  n i t r a t e ,  s o d i u m  ca rbona t e ,  
and  p r e c i p i t a t i n g  t h o r i u m  o x y c a r b o n a t e ,  t w o  1200- 
ga l  r u b b e r - l i n e d  t a n k s  w e r e  used.  T h e s e  vesse l s  
w e r e  p r o v i d e d  w i t h  open ings  a t  t he  top  for  i n t r o -  
duc t i on  of sol ids  a n d  for  r e m o v a l  of gases  such  as 
CO2 d u r i n g  the  p r e c i p i t a t i o n .  T a n k s  w e r e  e q u i p p e d  
w i t h  r u b b e r - c o v e r e d  a g i t a t o r s  and  Mone l  i m m e r s i o n  
hea te r s .  Ou t l e t s  a t  t h e  b o t t o m  of each  t a n k  p r o v i d e d  
for  t r a n s f e r  e i t he r  of l i qu id  so lu t ion  or  of s l u r r y  
to r e s p e c t i v e  rece ive rs .  In  some  o p e r a t i o n s  r u b b e r  
d i a p h r a g m  p u m p s  w e r e  u sed  for  l i qu id  t r a n s f e r ;  in  
o the r s  an  a l l - p l a s t i c  p u m p  was  p r o v i d e d  fo r  th is  
service .  A l l  p i p i n g  was  p o l y v i n y l  ch lor ide .  

F i l t r a t i o n  of the  t h o r i u m  o x y c a r b o n a t e  so lu t ion  
was  c a r r i e d  out  in  a v e r t i c a l  O l ive r  f i l ter  con t a in ing  
seven  l eaves  of v a r y i n g  sizes. T h e  she l l  of t he  f i l ter  
was  r u b b e r  coated,  and  f i l ter  l e aves  w e r e  con-  
s t r u c t e d  of p o l y s t y r e n e .  The  f i l ter  c lo th  was  Vinyon .  
P r e s s u r e  was  a p p l i e d  b y  m e a n s  of c o m p r e s s e d  a i r  
w h i c h  was  p re f i l t e red .  

On c o m p l e t i o n  of a f i l t r a t ion  cyc le  HC1 w a s  
p u m p e d  in to  t h e  fi l ter,  a n d  l i q u o r  was  d r a w n  off 
in to  a r u b b e r - l i n e d  ho ld ing  vesse l  w h i c h  fed  a spe -  
c i a l ly  d e s i g n e d  e v a p o r a t o r .  Or ig ina l l y ,  g l a s s - l i n e d  
s tee l  po t s  w e r e  se l ec t ed  for  t he  e v a p o r a t i o n  cycle ;  
b u t  excess ive  b r e a k a g e  of t h e  l in ing ,  c o n t a m i n a t i o n  
of t he  p r o d u c t  b y  glass  pa r t i c l e s ,  a n d  p i c k u p  of 
bo ron  n e c e s s i t a t e d  e l i m i n a t i o n  of a n y  fo rm of g lass  
in con tac t  w i t h  the  bo i l i ng  l iquor .  

As  an  a l t e r n a t i v e ,  a s e m i c y l i n d r i c a l  vesse l  w a s  
c o n s t r u c t e d  f r o m  s ta in less  s tee l  a n d  l i ned  w i t h  a 
g r a p h i t e  l i n ing  a p p r o x i m a t e l y  3A in. th ick .  A th in  
l aye r ,  a p p r o x i m a t e l y  J/2 in. th ick ,  of d e n s e l y  p a c k e d  
l a m p b l a c k  was  p l a c e d  b e t w e e n  t h e  g r a p h i t e  po t  
l i ne r  and  the  s ta in less  s tee l  she l l  i tself .  The  e n t i r e  
un i t  was  s u p p o r t e d  in  a b r i c k  f u r n a c e  and  was  u n -  
der f i red  w i t h  gas  b u r n e r s .  The  e v a p o r a t o r  was  
e q u i p p e d  w i t h  an  a g i t a t o r  c o n s t r u c t e d  of g r a p h i t e  
and  an e x h a u s t  s y s t e m  for  d u c t i n g  a w a y  v a p o r s  
e m a n a t i n g  f r o m  the  e v a p o r a t i o n  process .  T h e  e v a -  
p o r a t o r  was  o p e r a t e d  on a b a t c h  basis ,  f r e sh  l i q u o r  
b e i n g  a d d e d  i n c r e m e n t a l l y  un t i l  t he  c o n c e n t r a t e d  
so lu t ion  n e a r l y  f i l led t h e  e v a p o r a t i n g  pot.  Th is  
m a t e r i a l  was  t h e n  cast  in to  a s t a in less  s tee l  ch i l l  
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Fig. 2. Denitration furnace used to decompose ammonium- 
thorium complex. 

mold,  w h e r e  i t  sol id i f ied  in to  pigs.  The  p igs  w e r e  
c ru she d  to --Y4 in., m i x e d  w i t h  NaC1, and  p l a c e d  
in  a g r a p h i t e  f u r n a c e  for  d e h y d r a t i o n .  

The  d e h y d r a t i n g  a p p a r a t u s  cons i s t ed  of a G l o - b a r  
r e s i s to r  h e a t e d  fu rnace ,  i n s u l a t e d  w i t h  f i r eb r i ck  
and  e q u i p p e d  w i t h  a g r a p h i t e  c r u c i b l e  concen -  
t r i c a l l y  pos i t ioned .  D i m e n s i o n s  of t h e  c ruc ib l e s  w e r e  
a p p r o x i m a t e l y  18 in. in  d i a m e t e r  and  26-30 in. h igh,  
w i t h  a c a p a c i t y  of b e t w e e n  200 a n d  300 lb of t o t a l  
feed  m a t e r i a l .  A p p r o x i m a t e l y  8 h r  w e r e  r e q u i r e d  to 
b r i n g  t h e  mass  to a t e m p e r a t u r e  of 260~ a n d  an  
a d d i t i o n a l  8 h r  to c o m p l e t e  t he  p roces s ing  of  each  
ba tch .  T h e  t e m p e r a t u r e  was  m a i n t a i n e d  at  260~ 
un t i l  a l l  t h e  w a t e r  h a d  been  d r i v e n  off, as i n d i c a t e d  
b y  a Car l  F i s c h e r  ana lys i s  for  mo i s tu re .  

The  g r a p h i t e  vesse l  c on t a in ing  t h e  d e h y d r a t e d  sa l t  
was  t hen  p l aced  in  a t o t a l l y  enc losed  s u b l i m a t i o n  
un i t  h e a t e d  b y  g r a p h i t e  r e s i s to r s  a n d  c a p a b l e  of 
m u c h  h i g h e r  t e m p e r a t u r e s .  The  g r a p h i t e  c ruc ib le s  
w e r e  i n t e r c h a n g e a b l e  b e t w e e n  the  two  t y p e s  of 
fu rnaces ,  a l l o w i n g  for  d i r ec t  t r a n s f e r  f r o m  one  to 
t he  o ther .  The  s u b l i m a t i o n  f u r n a c e  was  e q u i p p e d  
w i t h  a s i d e - a r m  condenser ,  a s p a r g i n g  s y s t e m  for  
m a i n t a i n i n g  HC1 a t m o s p h e r e s ,  a n d  a gas  o f f - t a k e  to 
a s c r u b b e r  sys tem.  The  f u r n a c e  she l l  was  con-  
s t r u c t e d  of n icke l ,  and  a l l  i n t e r n a l  c o m p o n e n t s  
o the r  t h a n  i n s u l a t i o n  w e r e  m a d e  of g r aph i t e .  Fig.  
2 is a cross  sec t ion  of a t y p i c a l  f u r n a c e  used  for  
sub l ima t i on .  

Operations 
O p e r a t i o n s  w e r e  sca led  on the  bas is  of a c c o m m o -  

d a t i n g  a p r e c i p i t a t e  b a t c h  c on t a in ing  165 kg  of Th. 
T h o r i u m  n i t r a t e  in  c r y s t a l l i n e  form,  t he  s t a r t i n g  r a w  
m a t e r i a l ,  g e n e r a l l y  a v e r a g e d  b e t w e e n  41 a n d  43% 
Th by  weigh t .  

C i ty  w a t e r  h e a t e d  to 80~ was  r u n  in to  t h e  o x y -  
c a r b o n a t e  p r e c i p i t a t i o n  t a n k  to a l eve l  of a p p r o x i -  
m a t e l y  44 in. ( e q u i v a l e n t  to 510 g a l ) .  The  t a n k  
a g i t a t o r  was  s t a r t e d  a n d  an  i m m e r s i o n  h e a t e r  u sed  
in  o r d e r  to m a i n t a i n  u n i f o r m  t e m p e r a t u r e .  W h i l e  
t h e r m a l  e q u i l i b r i u m  was  b e i n g  e s t a b l i s h e d  a t  8O~ 
179.5 kg  of l igh t  soda  ash  w e r e  w e i g h e d  up  a n d  157 
k g  d i s so lved  in  ho t  wa t e r .  A h o l d - o u t  of a p p r o x i -  
m a t e l y  221/2 k g  was  f o u n d  d e s i r a b l e  in  p rac t i ce ,  
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s ince  the  f ree  a c id i t y  of t h o r i u m  n i t r a t e  was  s o m e -  
w h a t  v a r i a b l e .  The  h o l d - o u t  m a t e r i a l  was  used  to 
c o m p l e t e  t h e  c h e m i c a l  p r e c i p i t a t i o n  r e a c t i o n  w h e n  
n e a r - e q u i l i b r i u m  was  a p p r o a c h e d .  

The  soda  ash  so lu t ion  was  f o r m u l a t e d  for  a p -  
p r o x i m a t e l y  7.5% caus t ic  b y  we igh t ,  a c o n c e n t r a t i o n  
w h i c h  p r o v e d  to be  one  of t h e  d e t e r m i n i n g  fac to r s  
for  a ch i ev ing  the  d e s i r e d  p h y s i c a l  p r o p e r t i e s  in  the  
p r e c i p i t a t e d  t h o r i u m  o x y c a r b o n a t e .  

S i m u l t a n e o u s l y  w i t h  p r e p a r a t i o n  of t h e  s o d i u m  
c a r b o n a t e  solu t ion ,  ho t  w a t e r  was  r u n  in to  the  
t h o r i u m  n i t r a t e  d i s so lve r  t a n k  to a l eve l  of 50 in. 
( e q u i v a l e n t  to  420 g a l ) ,  and  t h e  i m m e r s i o n  h e a t e r  
and  a g i t a t o r  t u r n e d  on. W h e n  t h e r m a l  e q u i l i b r i u m  
was  r eached ,  410 kg  of t h o r i u m  n i t r a t e  w e r e  a d d e d  
and  c o m p l e t e l y  d i sso lved .  This  r e p r e s e n t s  a so lu t ion  
of a p p r o x i m a t e l y  10 % Th b y  we igh t .  

On c o m p l e t i o n  of t h e  d i s so lv ing  s teps ,  t h e  t h o r i u m  
n i t r a t e  so lu t ion  w a s  p u m p e d  in to  t h e  s o d i u m  c a r -  
b o n a t e  t a n k  a t  an  i n i t i a l  r a t e  of a p p r o x i m a t e l y  20 
g a l / m i n .  Con t inuous  a g i t a t i o n  was  m a i n t a i n e d  d u r -  
ing  the  m i x i n g  step.  

No n o t i c e a b l e  r e a c t i o n  occurs  u n t i l  c h e m i c a l  e q u i -  
l i b r i u m  is a p p r o a c h e d .  A t  th is  po in t  a w h i t e  p r e c i p i -  
t a t e  beg ins  to form,  fo l l owed  s h o r t l y  t h e r e a f t e r  b y  
s e v e r e  foaming .  C a r e f u l  r e g u l a t i o n  of the  r a t e  of 
i n t r o d u c t i o n  of t h o r i u m  n i t r a t e  so lu t ion  w a s  r e -  
q u i r e d  a t  t h a t  po in t ;  i t  g e n e r a l l y  was  n e c e s s a r y  to 
s top t h e  t h o r i u m  n i t r a t e  a d d i t i o n  s e v e r a l  t i m e s  in 
o r d e r  to p e r m i t  t he  f o a m  to subs ide ,  a f ac to r  a t -  
t r i b u t a b l e  to l i m i t e d  t a n k  vo lume .  

Upon  r e a c h i n g  e q u i l i b r i u m ,  t he  f o a m i n g  s u b s i d e d  
e n t i r e l y ;  h o w e v e r ,  e q u i l i b r i u m  was  s e l d o m  r e a c h e d  
un t i l  some  or  a l l  of t he  a d d i t i o n a l  22.5 kg  of soda  
ash was  a d d e d  i n c r e m e n t a l l y .  C o m p l e t i o n  of t he  r e -  
ac t ion  was  d e t e r m i n e d  b y  p H  m e a s u r e m e n t ,  t h e  
f inal  p H  b e i n g  a d j u s t e d  to 7.6-8.0 w i t h  soda  ash.  

T h o r i u m  o x y c a r b o n a t e  w h e n  p r e c i p i t a t e d  cold  
t ends  to b e  s o m e w h a t  s l i m y  a n d  diff icult  to f i l ter .  
C a r e f u l  con t ro l  of concen t r a t i on ,  t e m p e r a t u r e  of 
p r e c i p i t a t i o n ,  and  pH,  h o w e v e r ,  r e su l t s  in  a p r o d u c t  
w h i c h  is g r a n u l a r  and  is r e l a t i v e l y  ea sy  to fi l ter .  

The  p r e c i p i t a t e d  s lu r ry ,  c o n t a i n i n g  a p p r o x i m a t e l y  
15% solids,  was  a g i t a t e d  for  5-10 min ,  a l l o w e d  to 
se t t l e  for  6 hr ,  a n d  t h e  s u p e r n a t a n t  l i quo r  decan ted .  
A d d i t i o n a l  q u a n t i t i e s  of  w a t e r  w e r e  added ,  t he  
s l u r r y  ag i t a t ed ,  a l l o w e d  to se t t l e  a n d  a g a i n  d e -  
can ted .  The  d e c a n t a t i o n - w a s h  cycle  was  r e p e a t e d  
twice ,  f o l l o w e d  b y  f u r t h e r  a d d i t i o n s  of w a t e r  in  
o r d e r  to p r o v i d e  a s u i t a b l e  s l u r r y  for  feed  to t h e  
p r e s s u r e  fi l ter .  

T h e  t h o r i u m  o x y c a r b o n a t e  s l u r r y  s e r v e d  as a r e -  
se rve  for  s e v e r a l  f i l t r a t ion  a n d  h y d r o c h l o r i n a t i o n  
ba tches .  The  f i l ter  was  l i m i t e d  in c a p a c i t y  to a p -  
p r o x i m a t e l y  36 kg  of c o n t a i n e d  Th p e r  ba tch ,  th is  
r e p r e s e n t i n g  a b u i l d u p  on t h e  l e aves  of a p p r o x i -  
m a t e l y  11/4 in. in th ickness .  Some  t h r e e  hour s  w e r e  
r e q u i r e d  fo r  each  f i l t r a t ion  cycle,  f o l l owed  b y  a 
w a s h i n g  cyc le  of f r o m  1 �89  to  3 hr ,  u s ing  w a t e r  
h e a t e d  to 120~ W a s h i n g  g e n e r a l l y  w a s  c o n t i n u e d  
u n t i l  the  w a s h  w a t e r  s h o w e d  n e g a t i v e  r e su l t s  w h e n  
t e s t ed  for  n i t r a t e  ion, a n d  specific g r a v i t y  m e a s u r e -  
m e n t s  i n d i c a t e d  1.0000 ----0.0001. T h e  c a k e  was  t h e n  
b l o w n  w i t h  f i l t e red  a i r ,  u s ing  p r e s s u r e s  of a p p r o x i -  
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m a t e l y  25 psi,  for  a p e r i o d  of  2 h r  in  o r d e r  to r e m o v e  
mos t  of the  c o n t a i n e d  mo i s tu r e .  

On c o m p l e t i o n  of t he  p a r t i a l  d e h y d r a t i n g  s tep,  
HC1 ( 3 7 % )  was  s p r a y e d  in to  the  top  of t he  f i l te r  
t h r o u g h  a p r e s s u r e  open ing ,  a v igo rous  r e a c t i o n  
o c c u r r i n g  b e t w e e n  the  ac id  a n d  the  t h o r i u m  o x y -  
ca rbona t e .  I n t r o d u c t i o n  of ac id  was  i n t e r m i t t e n t ,  b y -  
p r o d u c t  gases  b e i n g  v e n t e d  t h r o u g h  a p o r t  in  the  l id  
in to  a s c r u b b e r  sys tem.  A p p r o x i m a t e l y  1 h r  was  r e -  
q u i r e d  to c o m p l e t e  t he  d i s so lu t ion  s tep,  c o n v e r t i n g  
a l l  of t h e  Th v a l u e s  to ThCL in  aqueous  solut ion .  
S a m p l i n g  of t he  l i quo r  p r o v i d e d  a n a l y t i c a l  d a t a  
f r o m  w h i c h  t h e  q u a n t i t y  of excess  f r ee  HC1 w a s  
d e t e r m i n e d .  This  was  a d j u s t e d  to a m i n i m u m  of 5% 
HC1 b y  vo lume .  

T h e  h y d r o c h l o r i n a t e d  Th so lu t ion  was  t h e n  
p u m p e d  in to  a r u b b e r - l i n e d  s t o r a ge  t a n k ,  i t  s e rv ing  
as a r e s e r v o i r  for  i n t e r m i t t e n t  f eed  to t h e  g r a p h i t e -  
l ined  e v a p o r a t o r .  A m m o n i u m  c h l o r i d e  in  p r o p o r -  
t ions  of a p p r o x i m a t e l y  2.1 mo les  of NI-LC1 p e r  m o l e  
of  Th c o n t a i n e d  was  a d d e d  in  t h e  r u b b e r - l i n e d  h o l d -  
i ng  vesse l  p r i o r  to t r a n s f e r  of t h e  c o m p l e x e d  l i quo r  
in to  t h e  e v a p o r a t o r .  

E v a p o r a t i o n  of t h e  ch lo r ide  c o m p l e x  was  c a r r i e d  
out  s e mic on t i nuous ly ,  w i t h  a d d i t i o n s  of f u r t h e r  
so lu t ion  as t h e  v o l u m e  inc reased .  W h e n  the  e v a -  
p o r a t o r  was  n e a r l y  f i l led w i t h  c o n c e n t r a t e d  l iquor ,  
t he  cons i s t ency  be ing  s i m i l a r  to sy rup ,  t he  e n t i r e  
b a t c h  was  cas t  in to  s t a in l e s s  s tee l  m o l d s  a n d  a l l o w e d  
to so l id i fy  in  air .  T h e  cas t ing  o p e r a t i o n  took  p l ace  
g e n e r a l l y  b e t w e e n  135 ~ a n d  145~ th is  b e i n g  p a r -  
t i a l l y  d e p e n d e n t  on t h e  excess  a m o u n t  of HC1 in 
the  ba th ,  the  m o l e  f r a c t i o n  of NH,C1, a n d  ce r t a i n  
o the r  m i n o r  fac tors .  A g i t a t i o n  was  m a i n t a i n e d  
t h r o u g h o u t  t h e  e v a p o r a t i o n  cyc le  u n t i l  i n c r e a s e d  
v i scos i ty  d i s c o u r a g e d  t h e  use  of ag i t a to r s .  

Cas t  p igs  of t h e  NH4C1-Th c o m p l e x  w e r e  c r u s h e d  
and  p l a c e d  in  a s to rage  b i n  for  f eed  to t h e  n e x t  s t ep  
in  t h e  ope ra t ion .  The  cast  a n d  c r u s h e d  m a t e r i a l s  
c o n t a i n e d  3 -10% moi s tu re .  

To the  c r u s h e d  ch lo r ide  c o m p l e x  was  a d d e d  
e n o u g h  NaC1 to p r o d u c e  a p r o d u c t  ThCI~-NaC1 a n a -  
l yz ing  a p p r o x i m a t e l y  35% Th  b y  w e igh t .  A f t e r  
t h o r o u g h  b l end ing ,  t h e  m i x  w a s  p l a c e d  in  g r a p h i t e  
c ruc ib le s  w i t h  a c a p a c i t y  of  a p p r o x i m a t e l y  17 kg  of 
c o n t a i n e d  Th,  a n d  l o a d e d  in to  G l o - b a r  h e a t e d  f u r -  
naces  for  t he  d e h y d r a t i o n  step.  T h r e e  f u r n a c e s  of 
th is  t y p e  w e r e  r e q u i r e d  in  o r d e r  to p rocess  m a t e r i a l s  
a t  t h e  r a t e  s u p p l i e d  b y  the  e v a p o r a t i o n  cycle,  each  
d e h y d r a t i o n  s t age  r e q u i r i n g  a p p r o x i m a t e l y  8 h r  
a f t e r  r e a c h i n g  a t e m p e r a t u r e  of  260~ T h e  e n t i r e  
d e h y d r a t i o n  cyc le  r e q u i r e d  n e a r l y  24 hr ,  i n c l u d i n g  
t h e  h e a t - u p ,  ho ld ing ,  a n d  cool ing  s tages .  T h r o u g h -  
out  th is  o p e r a t i o n  a con t inuous  b l e e d  of HC1 gas  was  
m a i n t a i n e d  t h r o u g h  the  fu rnace ,  m o i s t u r e  a n d  e x -  
cess HC1 be ing  d u c t e d  to a s c r u b b e r  sys tem;  

T h e r m o c o u p l e s  c e n t e r e d  in  t he  c h a r g e  t w o - t h i r d s  
of t he  w a y  d o w n  f r o m  t h e  u p p e r m o s t  l a y e r  w e r e  
u t i l i z ed  in  t he  d e t e r m i n a t i o n  of t e m p e r a t u r e s  in t he  
charge .  A c t u a l  t e m p e r a t u r e s  a c h i e v e d  n e a r  the  
p e r i m e t e r  of t he  c ruc ib l e  w e r e  s o m e w h a t  h i g h e r  
t h a n  260 ~ th is  b e i n g  no t  too  c r i t i ca l  as  long  as the  
e n t i r e  mass  r e a c h e d  t h a t  t e m p e r a t u r e .  I t  w a s  f o u n d  
b y  e x p e r i m e n t  t h a t  t he  m o i s t u r e  c on t e n t  r e m a i n i n g  
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Table I. Typical analysis of thorium-sodium chloride cell feed 
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Fig. 3. System used to siphon molten salt from fusion vessel 

af ter  such t r e a t m e n t  was  a lways  less t h a n  1%, and  
gene ra l l y  less t h a n  0.5%, as d e t e r m i n e d  b y  the  
Car l  F ischer  method.  

On comple t ion  of d e h y d r a t i o n  the  charge  was  
t r an s f e r r ed  to a g raph i t e  r e s i s to r -hea t ed  furnace ,  
comple te ly  enclosed f rom the  a tmosphere .  The  u n i t  
was evacuated ,  f lushed wi th  argon,  and  hea ted  u n -  
der  i ne r t  a tmosphere  to a t e m p e r a t u r e  of 600 ~ 
860~ d u r i n g  a cycle t ime  of a p p r o x i m a t e l y  36 hr. 
Some 18 hr  we re  r e q u i r e d  to reach the  des i red  t e m -  
pe ra tu re ;  the  vessel  was  held  at t e m p e r a t u r e  for 
3 hr, and  the r e m a i n d e r  of the  t ime  was  consumed  
in  cooling. On comple t ion  of the  cycle the  g raph i t e  
c ruc ib le  was  removed,  the charge chipped out, j a w  
crushed,  and  stored as feed m a t e r i a l  for the  elec-  
t ro ly t ic  operat ion.  

A l t e r n a t i v e s  to the  s u b l i m a t i o n  process i nc luded  
the use of HC1 as an  a tmosphe re  in  p re fe rence  to 
argon.  Comparab l e  resul t s  were  obta ined ,  it  be ing  
a m a t t e r  of economics to d e t e r m i n e  which  sys tem 
to use. 

As a modif ica t ion to the  ch ipp ing  operat ion,  l a te r  
aspects of the p r o g r a m  incorpora ted  hea t ing  the  
NaC1-ThC1, m i x  to a t e m p e r a t u r e  somewha t  above  
the  fus ion  point ,  i. e., to 750~ in  order  to achieve 
thorough  homogen iza t i on  of the charge  and  p rov ide  
an  easier  me thod  of r e m o v a l  f rom the  crucible.  The  
design of the  e q u i p m e n t  p rec luded  t app ing  direct ly ,  
bu t  a sys tem was devised  w h e r e i n  s iphon ing  t ech-  
n iques  were  ut i l ized to t r ans fe r  the  m o l t e n  sal t  f rom 
the g raph i t e  c ruc ib le  to a wa te r - coo led  n icke l  sal t  
receiver .  F i g u r e  3 shows the  s iphon ing  system. 

In  opera t ion  a v a c u u m  surge  t a n k  was  p r e -  
evacua ted  to a level  of 100-500~ pressure .  A qu i ck -  
open ing  valve,  pos i t ioned  b e t w e e n  the  surge  vessel  
and  the  t app ing  receiver ,  was t h e n  opened,  caus-  
ing the dup lex  sys tem to equal ize  at a level  of 4-6 
psi  of n e g a t i v e  pressure .  This p re s su re  d i f ferent ia l  
i m m e d i a t e l y  effected a flow of m o l t e n  salt  t h r ough  
a connec t ing  tube  b e t w e e n  the  rece iver  and  the  
g raph i t e  vessel  c o n t a i n i n g  the  m o l t e n  salts. Once 
establ ished,  flow con t i nued  u n t i l  a l l  m o l t e n  salt  had  
been  t r ans fe r red .  In  a typ ica l  s a l t - t r a n s f e r  opera t ion  
of this type,  some 250-300 lb could be t r a n s f e r r e d  
in  less t h a n  5 m i n  t h r o u g h  a 1/2 in. d i ame te r  n icke l  
tube.  By this  t e chn ique  the en t i r e  sys tem could be 
m a i n t a i n e d  u n d e r  a pa r t i a l  v a c u u m  or i ne r t  a tmos -  
phere  u n t i l  the  e n t i r e  salt  mass  had  b e e n  solidified 
w i thou t  fear  of mo i s tu re  con t amina t i on .  The  Th  sal t  
cake r e su l t i ng  f rom the  s iphon opera t ion  was  t h e n  
chipped f rom the  rece iv ing  vessel,  crushed,  a nd  

C o n s t i t u e n t  A n a l y s i s ,  w t  % 

Thorium 33.2 
Sodium 18.2 
Chlorine 48.4 
Insolubles* 0.06 
Moisture 0.04 

Total 99.9 

* I n s o l u b l e s  d e t e r m i n e d  by  d i s s o l v i n g  s a l t  s a m p l e  i n  w a t e r ,  t r e a t -  
i n g  r e s i d u e  w i t h  HC1. I n s o l u b l e s  r e p r e s e n t  ThOe.  

stored for use as cell feed to the  e lect rolyt ic  opera -  
tions. 

Cell  feed ma te r i a l s  were  ana lyzed  pr ior  to ac-  
cep tance  for e lectrolysis  a nd  to p rov ide  a basis  for 
Th accountab i l i ty .  Tab le  I shows a typ ica l  ana lys i s  
of the  product .  

Operational El~ciencies 
The process as descr ibed was  opera ted  on a con-  

t i nuous  basis for severa l  m o n t h s  a nd  suppl ied  a 
smal l  t onnage  of cell feed for e lect rolyt ic  opera t ions  
which  were  car r ied  out  concur ren t ly .  Feed  m a t e r i a l  
p r e p a r a t i o n  was opera ted  on a 3-shif t ,  5 -day  week  
basis wi th  a crew of two m e n  per  shift,  opera t ions  
be ing  cont ro l led  and  superv i sed  by  a s ing le  crew 
leader.  

D u r i n g  fu l l - sca le  p roduc t ion  opera t ions  the  n o r -  
ma l  y ie ld  was 100 kg of con ta ined  me t a l  pe r  week.  
The ove r - a l l  me t a l  r ecovery  for the  l ife of the  c a m -  
pa ign  averaged  92.8% on the  basis  of to ta l  Th  
charged.  D u r i n g  the  last  th ree  mon ths  this  average  
was increased  to 95%, and  p r o b a b l y  could be i m -  
p roved  upon  wi th  ce r t a in  m i n o r  addi t ions  and  
modifications to equ ipmen t .  The  pe rcen tages  in -  
d icated are recovered  quant i t ies ,  a nd  do not  inc lude  
Th absorbed  in to  cruc ib le  l in ings  in  the  f u r n a c i n g  
equ ipmen t .  

Summary and Conclusions 
This paper  has p resen ted  a m e t h o d  for the  p ro -  

duc t ion  of Th cell feed which  has been  f ound  su i t -  
ab le  i n  q u a n t i t y  a nd  qua l i t y  for mode ra t e - s ca l e  
e x p e r i m e n t a l  e lec t rolyt ic  p roduc t ion  of Th  meta l .  
In  genera l ,  the  e q u i p m e n t  a nd  ma te r i a l s  of con-  
s t ruc t ion  descr ibed  have  p r o v e n  adequate .  

Severa l  h u n d r e d  pounds  of adequa te  qua l i t y  Th  
me t a l  for Atomic  E n e r g y  Commiss ion  appl ica t ions  
were  p roduced  f rom cell feed m a n u f a c t u r e d  by  the 
me thod  descr ibed  above.  I t  is the re fo re  conc luded  
tha t  the p rocedures  are  feasible  a nd  mi gh t  be  con-  
s idered for commerc ia l  p roduc t ion  opera t ions  should  
the need  arise. 
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ABSTRACT 

An ex tended  definit ion of the  s toichiometr ic  number  of a mechanism is 
given and its use is demons t ra t ed  wi th  a number  of proposed  hydrogen  
evolut ion react ion mechanisms.  

S t o i c h i o m e t r i c  n u m b e r s  w e r e  i n t r o d u c e d  in  e l ec -  
t r o c h e m i c a l  k ine t i c s  in  1939 b y  H o r i u t i  a n d  I k u s i m a  
(1) .  A g e n e r a l i z e d  t r e a t m e n t  w a s  r e c e n t l y  g i v e n  b y  
P a r s o n s  (2 ) .  

S t o i c h i o m e t r i c  n u m b e r s  p r o v i d e  an  a d d i t i o n a l  
c r i t e r i o n  for  d i f f e r e n t i a t i n g  b e t w e e n  poss ib le  r e a c -  
t ion  m e c h a n i s m s .  The  e x p e c t e d  s t o i ch iome t r i c  n u m -  
b e r  for  a m e c h a n i s m ,  c o m m o n l y  def ined  as  t h e  
n u m b e r  of t imes  the  p o s t u l a t e d  r a t e - d e t e r m i n i n g  
s tep  is r e p e a t e d  w h e n  t h e  o v e r - a l l  r e a c t i o n  occurs  
once,  m a y  b e  c o m p a r e d  w i t h  a n u m b e r  c o m p u t e d  
f rom m e a s u r e d  quan t i t i e s .  W h i l e  t he  use fu lnes s  of 
th is  p r o c e d u r e  is obvious ,  i ts  e m p l o y m e n t  is l i m i t e d  
b y  diff icul t ies  in m e a s u r i n g  o v e r p o t e n t i a l s  a t  c u r -  
r en t  dens i t i e s  c lose to t h e  e x c h a n g e  c u r r e n t .  H o w -  
ever ,  i t  is p r o b a b l e  tha t ,  w i t h  r e c e n t  t echn iques ,  
s t o i ch iome t r i c  n u m b e r s  can  be  d e t e r m i n e d  for  an  
i n c r e a s i n g l y  w i d e r  v a r i e t y  of sys tems .  

The Parsons Derivation 
In  t h e  t h e o r y  of e l e c t r o d e  p rocesses  g i v e n  b y  P a r -  

sons (2 ) ,  s t o i c h i o m e t r i c  n u m b e r s  a r e  f o r m a l l y  i n -  
t r o d u c e d  b y  a s s u m i n g  t h a t  t h e  c o m p l e t i o n  of  one  
o v e r - a l l  process ,  as r e p r e s e n t e d  b y  t h e  s to i ch io -  
m e t r i c  equa t ion ,  r e q u i r e s  t h e  f o r m a t i o n  and  d e c o m -  
pos i t i on  of  v a c t i v a t e d  complexes .  The  s t o i c h i o m e t r i c  
n u m b e r ,  v, is def ined  as some  in tege r ,  e q u a l  to or  
g r e a t e r  t h a n  un i ty ,  w i t h  w h i c h  t h e  r a t e - d e t e r m i n i n g  
e q u a t i o n  m u s t  be  m u l t i p l i e d  to y i e l d  the  s to ich io-  
m e t r i c  e q u a t i o n ?  E x p r e s s i o n s  for  ~ in  t e r m s  of  o b -  
s e r v a b l e  q u a n t i t i e s  a r e  t hen  d e r i v e d  b y  e m p l o y i n g  
t r a n s i t i o n  s t a t e  t h e o r y  to c a l c u l a t e  specific r e a c t i o n  
r a t e  cons tan ts .  A m o n g  o t h e r  p a r a m e t e r s ,  t he  G a l -  
v a n i  p o t e n t i a l  d i f ference ,  A~, b e t w e e n  m e t a l  and  
so lu t ion  is used.  Q u a n t i t i e s  p ( a n d  q) ,  def ined  as 
t he  e l e c t r i c a l  p a r t  of t he  w o r k  of  t r a n s f e r r i n g  t h e  
r e a c t a n t s  (o r  p r o d u c t s )  f r o m  t h e  o r i g i n a l  (or  f inal)  
s t a t e  to a s t a t e  i m m e d i a t e l y  p r e c e d i n g  t h e  e n e r g y  
b a r r i e r  for  t he  reac t ion ,  a r e  also i n t roduced .  

1 H o w e v e r ,  as  s h o w n  b e l o w ,  e v e n  w i t h  t h i s  de f in i t ion ,  1, can  b e  
less t h a n  u n i t y .  

Of the  two  e x p r e s s i o n s  for  v d e r i v e d  b y  P a r s o n s  
(2 ) ,  one is a p p l i c a b l e  to s t a t e s  s l i g h t l y  r e m o v e d  
f r o m  e q u i l i b r i u m  a n d  g ives  v in  t e r m s  of (O~/Oi)~o, 
w h e r e  ~ is t h e  o v e r p o t e n t i a l  a n d  i t h e  c u r r e n t  d e n -  

(01ni  
s i ty .  T h e  o t h e r  i n v o l v e s  q u a n t i t i e s  \ ~ /  e v a l -  

u a t e d  at  l a r g e  va lue s  of ~ for  bo th  t h e  anod ic  and  
ca thod ic  p a r t s  of t h e  ~ vs. i curve .  This  p a p e r  dea l s  
w i t h  t he  f o r m e r  case. 

A l t h o u g h  P a r s o n s '  t r e a t m e n t  is s a t i s f a c t o r y  on the  
whole ,  i t  is r e s t r i c t e d  to a c e r t a i n  e x t e n t  b y  the  
a s s u m p t i o n s  i n v o l v e d  in  his  d e r i v a t i o n .  The  use  of 
q u a n t i t i e s  ~r p, a n d  q, for  e x a m p l e ,  i m p l i e s  a s e p -  
a r a t i o n  of t he  t o t a l  w o r k  of t r a n s f e r  across  an  i n t e r -  
face  in to  e l e c t r i c a l  and  c h e m i c a l  pa r t s ,  ~ an  o p e r a t i o n  
w h i c h  is no t  g e n e r a l l y  f ea s ib l e  (3 ) .  A m o r e  se r ious  
l i m i t a t i o n  of P a r s o n s '  d e r i v a t i o n  l ies  in  his  def in i t ion  
of s t o i c h i o m e t r i c  n u m b e r s  (2 ) .  As  n o t e d  above ,  i t  
r es t s  e s s e n t i a l l y  on the  s t a t e m e n t :  le t  t h e  r a t e  d e t e r -  
m i n i n g  r e a c t i o n  occur  v t i m e s  w h e n  t h e  o v e r - a l l  
r e a c t i o n  occurs  once.  Th is  def in i t ion  a p p a r e n t l y  p r e -  
c ludes  t h e i r  use  in  cases  w h e r e  two  c o m p e t i n g  r e -  
ac t ion  m e c h a n i s m s ,  b o t h  y i e l d i n g  t h e  s a m e  o v e r - a l l  
r e a c t i o n  b u t  h a v i n g  d i f fe ren t  s t o i c h i o m e t r i c  n u m -  
bers ,  o p e r a t e  a t  c o m p a r a b l e  ra tes .  A n  e x a m p l e  of 
such  a case  is h y d r o g e n  evo lu t i on  on  a ca thode  
w h e r e  bo th  d i s c h a r g e  of  h y d r o g e n  ions  and  e lec -  
t r o c h e m i c a l  r e m o v a l  of a d s o r b e d  h y d r o g e n  a t o m s  
a r e  slow. 

A n  ob j ec t i on  of a d i f f e ren t  n a t u r e  m a y  b e  r a i s ed  
on t h e  fo l l owing  g rounds .  P a r s o n s '  t r e a t m e n t  is 
b a s e d  on a b s o l u t e  r e a c t i o n  r a t e  t h e o r y  a n d  r e fe r s  to 
t h e  g e n e r a l  case  of a n  e l e c t r o c h e m i c a l  reac t ion .  A c -  
co rd ing ly ,  t he  e q u i l i b r i u m  p o s t u l a t e  of a b s o l u t e  r e -  

s W h i l e  for  a n y  g i v e n  c o m p o s i t i o n  o f  t h e  r e a c t i o n  s y s t e m  "the  
f inal  exp re s s ions  i n v o l v e  changes  i n  t h e  G a l v a n i  p o t e n t i a l  di f f erence  
w h i c h  can  be  m e a s u r e d "  (2),  d i f f icu l t ies  s t i l l  a r i s e  f r o m  t h e  u s e  of 
G a l v a n i  po ten t i a l s .  F o r  e x a m p l e ,  to  c o m p a r e  r e su l t s  o b t a i n e d  w i t h  
a g i v e n  e l e c t r o d e  i n  so lu t ions  o f  d i f f erent  c o m p o s i t i o n ,  a c o n s t a n t  
A~b is specif ied.  I f  t he  so lu t i ons  a re  so  c o n c e n t r a t e d  tha t  s ing le  i o n  
a c t i v i t i e s  c a n n o t  b e  ca lcu la ted ,  the  spec i f icat ion  is  of  no  pract i ca l  
v a l u e  s i n c e  it  c a n n o t  b e  ca r r i ed  out .  S i m i l a r  d i f f icu l t i es  are  e n c o u n -  
t e r e d  in  s e p a r a t i n g  the  d e p e n d e n c e  of  p a n d  q o n  Ar a n d  so lu t ion  
compos i t i on .  
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ac t ion  r a t e  t h e o r y  is a s s u m e d  for  s t a t es  f a r  r e m o v e d  
f r o m  t h e r m o y d n a m i c  e q u i l i b r i u m .  A l t h o u g h  this  a s -  
s u m p t i o n  is p r o b a b l y  sa t i s f ied  for  r e a c t i o n s  s low 
enough  to b e  m e a s u r a b l e ,  p roo f  of i t s  v a l i d i t y  is 
l a c k i n g  ( 4 - 6 ) .  The  p o s t u l a t e  is r i g o r o u s l y  a p p l i c a b l e  
on ly  to r e v e r s i b l e  r eac t i ons  p r o c e e d i n g  a t  d y n a m i c  
e q u i l i b r i u m .  P a r s o n s '  p rocedu re ,  for  t he  cases  of 
i n t e r e s t  here ,  is c o m p l i c a t e d  thus  u n n e c e s s a r i l y :  e x -  
p res s ions  a r e  d e r i v e d  first  for  s ta tes  f a r  r e m o v e d  
f r o m  e q u i l i b r i u m ,  and  a re  t h e n  e x t r a p o l a t e d  to t he  
e q u i l i b r i u m  s t a t e  for  w h i c h  t h e  p o s t u l a t e  is exac t .  
The  a l t e r n a t i v e  p rocedu re ,  i.e., e x t r a p o l a t i o n  f r o m  
t h e  e q u i l i b r i u m  s ta te ,  is p r e f e r a b l e .  

I t  is s h o w n  b e l o w  t h a t  an  e x t e n d e d  def in i t ion  of 
the  s t o i ch iome t r i c  n u m b e r  of a m e c h a n i s m  can  be  
f o r m u l a t e d  f r o m  the  k ine t i c  b e h a v i o r  of s y s t e ms  
n e i g h b o r i n g  e q u i l i b r i u m  w i t h o u t  r e c o u r s e  to a n y  
p a r t i c u l a r  m o d e l  of r e a c t i o n  r a t e  t heo ry .  W h i l e  the  
e x t e n d e d  def in i t ion  co inc ides  w i t h  t h a t  of P a r s o n s  
for  s ingle  reac t ions ,  i t  can  also be  used  in t h e  case  
of two  or  m o r e  c o m p e t i n g  r e a c t i o n  m e c h a n i s m s .  

Reaction Rates Close to Equilibrium 
The  cond i t ions  sa t i s f ied  b y  r a t e  l aws  at  s t a t es  

c lose to e q u i l i b r i u m  h a v e  been  e x a m i n e d  b y  P r i g o -  
g ine  a n d  c o - w o r k e r s  (7,8) ,  a n d  b y  Manes ,  Hofer ,  
and  W e l l e r  (9) ,  a m o n g  o thers .  P r igog ine ,  Outer ,  
and  H e r b o  (8)  have  s h o w n  t h a t  for  suff ic ient ly  
s m a l l  va lues  of  the  affinity,  A,  t he  n e t  r e a c t i o n  ra t e ,  
v, is p r o p o r t i o n a l  to t he  aff ini ty:  

v ---- L ( A / T )  ( I )  
He re  

A = --~a~ m 
r 

w i t h  at t he  coefficients in  t he  c o r r e s p o n d i n g  s to i -  
c h iome t r i c  equa t ion ,  ~r t h e  c h e m i c a l  po ten t i a l s ,  a n d  
T the  t e m p e r a t u r e .  E q u a t i o n  ( I )  fo l lows  f r o m  the  
fac t  t h a t  v and  A v a n i s h  t o g e t h e r  a t  e q u i l i b r i u m .  
I t  a s sumes  t ha t  t h e r e  a r e  no d i s con t inu i t i e s  in  t he  
r eg ion  of e q u i l i b r i u m  and  t h a t  the  f o r w a r d  a n d  r e -  
v e r s e  r eac t ions  p roceed  at  f ini te  ra tes .  S u b j e c t  to 
these  condi t ions ,  Eq. ( I )  has  e x t r e m e  g e n e r a l i t y ,  b e -  
ing  i n d e p e n d e n t  of a l l  h y p o t h e s e s  as  to t he  r e a c t i o n  
m e c h a n i s m .  The  coefficient  of p r o p o r t i o n a l i t y ,  L, 
is h o w e v e r  a func t ion  of b o t h  t h e r m o d y n a m i c  a n d  
n o n t h e r m o d y n a m i c  va r i ab l e s ,  and  i ts  m a g n i t u d e  d e -  
p e n d s  on the  a c t u a l  m e c h a n i s m  of t he  reac t ion .  

A m o r e  d e t a i l e d  e x a m i n a t i o n  shows  t h a t  for  
s imp le  r eac t i ons  L is e q u a l  to v ~  w h e r e  v ~ is t he  
r a t e  at  e q u i l i b r i u m  ( in  e i t he r  d i r e c t i o n ) ,  a n d  R the  
gas cons tan t .  A d e m o n s t r a t i o n  is g iven  b y  P r i g o g i n e  
(7) .  Cons ide r  t he  r e a c t i o n  

A + B ; - > C  

wi th  a ne t  r a t e  in  t he  d i r ec t ion  i n d i c a t e d  

4-- 

. . . . .  ( co) 
V --~ V - -  V ~ k C ~ C B  - -  k c c  ~ k C A C B  1 - -  

C~C~ 
k 

__> <_. 

w h e r e  k / k  = K ( T ) ,  t he  e q u i l i b r i u m  cons tan t .  The  
c h e m i c a l  p o t e n t i a l s ,  a s s u m i n g  an  i d e a l  sys tem,  a r e  

~ = ~ J ( T )  § R T  In c~ 

a n d  the  aff ini ty  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  N o v e m b e r  1957 

K ( T )  
A = - - ~ a ,  ~ ,~  - -  R T  ~a ,  in  c~ ~ R T  in  

~ C A - l C B - l C c  

S u b s t i t u t i n g  in  the  e x p r e s s i o n  for  t h e  ne t  r a t e  
.-> 

v = v [1 - -  exp  ( - - A / R T )  ] ( I I )  
F o r  s m a l l  v a l u e s  of A, i.e., A / R T  < <  1, 

V e 

v = - ~  ( A / T )  ( I I I )  

._~ <-- ---> 

w h e r e  v ~ (v ~ = v ~ is the  v a l u e  of v at  e q u i l i b r i u m  
(A = 0). 

O n l y  r a r e l y ,  h o w e v e r ,  does  the  s t o i ch iome t r i c  
e q u a t i o n  co inc ide  w i t h  the  r a t e  l aws  for  t h e  r e a c -  
t ion.  G e ne ra l l y ,  t he  o v e r - a l l  r e a c t i o n  is t he  s u m  of 
a ser ies  of s imp le  r eac t i ons  w h i c h  f r e q u e n t l y  i nvo lve  
species  no t  a p p e a r i n g  in  t he  s t o i ch iome t r i c  equa t ion .  
To t r e a t  th is  case, an  ana lys i s  g iven  b y  Manes ,  
Hofer ,  and  W e l l e r  (9)  is used .  

Le t  
a A  -{- bB  + . . .  --> m M  -}- n N  -~ . . .  

be  the  s t o i ch iome t r i c  e q u a t i o n  for  the  o v e r - a l l  r e a c -  
t ion,  w r i t t e n ,  for  conven ience ,  w i t h  t he  s m a l l e s t  
poss ib le  i n t e g r a l  coefficients a, b , . . .  m,  n , . . . .  I f  v~ 
is t h e  r a t e  of t he  f o r w a r d  r e a c t i o n  a n d  v~ t h a t  of t he  
r eve r se ,  

v,----- V r [ ( A ) ,  ( B ) , . . .  (M) ,  ( N ) , . . .  ( X ) , . . . ]  
vr = V , [ ( A ) ,  ( B ) , . . .  ( M ) ,  ( N ) , . . .  ( X ) , . . . ]  

w h e r e  V r and  V~ are,  in  gene ra l ,  c o m p l e x  a l g e b r a i c  
func t ions  of t he  c o n c e n t r a t i o n s  of r e a c t a n t s  and  
p r o d u c t s  and  a r e  a s s u m e d  to be  t he  a c t u a l  r a t e  laws ,  
i n d e p e n d e n t  of t h e  a r b i t r a r y  coefficients of the  
s t o i ch iome t r i c  equa t ion .  Spec ies  not  a p p e a r i n g  in  
the  o v e r - a l l  r eac t ion ,  for  e x a m p l e ,  ca t a lys t s ,  a re  
d e n o t e d  b y  ( X ) .  T h e  d e p e n d e n c e  of Vr a n d  V, on 
(X)  m u s t  be  such  tha t ,  a t  e q u i l i b r i u m ,  (X)  does 
not  a p p e a r  in the  r a t i o  V t / V ~ .  

The  on ly  r e s t r i c t i o n s  i m p o s e d  b y  c lass ica l  t h e r -  
m o d y n a m i c s  on t h e  r a t e  l a w s  a r e  

v , _  l f o r A = 0 ; ~ > l f o r A ~ 0  ( IV)  
V r  V r  

To fulf i l l  cond i t ions  ( IV)  i t  is suff icient  to a s s u m e  

vr kr (A)  ~ ( B ) ~ . . .  w i t h  kr K ~ (v) 
v~-  k~ ( M ) ~  k~ = 

w h e r e  z is a n y  cons tan t ,  p o s i t i v e  n u m b e r ,  a n d  K the  
e q u i l i b r i u m  cons tan t .  A n  e x a m p l e  of  such func t ions  
Vr and  V, w h i c h  i nc ludes  t h e  case  of s i m u l t a n e o u s  
reac t ions ,  is g iven  b y  Manes ,  Hofer ,  a n d  W e l l e r  (9) .  

F r o m  (V)  

[ (M)  ~ ( N ) " - : -  ] A 
l n V '  = z  l n K - - l n  R T  v, ( - ~ ( s ) ~ . .  " j = z  

E x p a n d i n g  a r o u n d  A : 0 a n d  n e g l e c t i n g  h i g h e r  
o r d e r  t e r m s  [A < <  R T ]  

V "  
v = v , - - v ,  ~- z - ~  ( A / T )  (VI)  

w h e r e  v ~ = v / =  v,  ~ t he  r a t e  in  e i t he r  d i r ec t i on  at  
e q u i l i b r i u m .  E q u a t i o n  (VI)  is of t he  f o r m  ( I )  w i t h  
L = z v ~ / R .  
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Stoichiometric Numbers 
The c o n s t a n t  of p r o p o r t i o n a l i t y  a p p e a r i n g  in  Eq. 

( I )  can  be  decomposed ,  as  shown  b y  Eq. ( V I ) ,  in to  
the  r a t e  a t  e q u i l i b r i u m  a n d  a c o n s t a n t  z. T h e  o r ig in  
of th is  las t  f ac to r  can  be  d e m o n s t r a t e d  bes t  b y  an  
e x a m p l e .  

C o n s i d e r  the  r e a c t i o n  

2A + 2B --) C~ 

and  a s s u m e  for  t h e  m e c h a n i s m  

A + B-~ C ( s low)  ( i )  

C + C ~ C~ ( f a s t )  ( i t )  

P r o v i d e d  w e  a r e  suff ic ient ly  close to e q u i l i b r i u m ,  
the  ne t  r a t e  of ( i)  is 

Va e 

v ,  = -~ ( A J T )  

w h e r e  
A ~  = ~ + t ~ B - - # o  

Since  the  m e c h a n i s m  as sumes  s tep  ( i)  to be  r a t e  
d e t e r m i n i n g ,  v , / v ,  ~ = v / v %  S u b s t i t u t i n g  

V ~ 
v = -  ( A J T )  

R 

The  aff ini ty  of t he  o v e r - a l l  r e a c t i o n  is ~ 

A ---- 2A~ + A ~  

A c c o r d i n g  to t he  a s s u m e d  m e c h a n i s m ,  Al~--~ 0, 
and  AI ---- (~/2)A? S u b s t i t u t i n g  

1 v" 
v - -  ( A / T )  

2 R 

The  f ac to r  z g ives  t h e r e f o r e  t h e  r e l a t i o n  b e t w e e n  
the  aff ini ty  for  t he  o v e r - a l l  r e a c t i o n  a n d  t h e  aff ini ty  
for  t he  r a t e - d e t e r m i n i n g  s tep  or  s teps.  This  r e l a t i o n  
is d e t e r m i n e d  b y  the  m e c h a n i s m  of t he  reac t ion .  The  
v a l u e  of z for  any  a s s u m e d  m e c h a n i s m  m a y  be  ob -  
t a i n e d  b y  an  ana lys i s  s i m i l a r  to t he  above ,  or  b y  
c o m p a r i n g  Eq. (V) w i t h  the  exp re s s ion  for  t he  
ra t io ,  a t  e q u i l i b r i u m ,  of t h e  f o r w a r d  to  t he  r e v e r s e  
r e a c t i o n  r a t e s  as g iven  b y  the  m e c h a n i s m .  E x a m i n a -  
t ion  of t h e  u s u a l  k ine t i c  exp re s s ions  for  r e a c t i o n s  
w i t h  a s ing le  r a t e - d e t e r m i n i n g  s tep,  i n c l u d i n g  cases  
i n v o l v i n g  e q u i l i b r i a  b e t w e e n  r e a c t a n t s  a n d / o r  p r o d -  
uc ts  and  i n t e r m e d i a t e  species,  a n d  of m e c h a n i s m s  
w h e r e  a s t e a d y  s t a t e  is p o s t u l a t e d  (e. g., co l l i s ion  
t h e o r y ) ,  shows t ha t  z g ives  t he  n u m b e r  of t imes  the  
o v e r - a l l  r e a c t i o n  occurs  w h e n  t h e  r a t e - d e t e r m i n i n g  
s tep  occurs  once. In  these  cases  t h e r e f o r e  one m a y  
i d e n t i f y  z w i t h  the  r e c i p r o c a l  of t he  s t o i c h i o m e t r i c  
n u m b e r  as def ined  b y  P a r s o n s  (2) .  In  cases  of r e a c -  
t ions  p r o c e e d i n g  t h r o u g h  m o r e  t h a n  one  pa th ,  a 
v a l u e  of z can  a g a i n  be  c a l c u l a t e d  u s i n g  the  s a m e  
p rocedure .  This  case is e x a m i n e d  be low.  

Cond i t ions  ( IV)  a l l o w  z to t a k e  a n y  cons tan t ,  
pos i t ive  va lue .  I n  v i e w  of t he  above ,  z is u s u a l l y  

3 I n  gene ra l ,  A = ~(~pAp, w h e r e  A is t he  af f in i ty  fo r  t h e  o v e r - a l l  
p 

reac t ion ,  A~ t he  a f f in i t ies  of i n d i v i d u a l  s teps,  a nd  t h e  (~ c o n s t a n t s .  
P r i g o g i n e  (7) w r i t e s  A ---- ~Ao  a n d  s i m i l a r l y  o m i t s  the  f ac to r  z in  

t h e  e x p r e s s i o n  fo r  L. I t  is  pc lear ,  h o w e v e r ,  t h a t  in  t he  cases ex-  
a m i n e d  by  P r i g o g i n e  t h e  s t o i e h i o m e t r i c  a n d  r a t e  e q u a t i o n s  c o i n c i d e .  

2v i  e 
4 T o  b e  e x a c t ,  A l l  = - - A l .  S i n c e  t h e  m e c h a n i s m  p o s t u l a t e s  

v i i  e 
V i i e ~ V i  e, A l l  m a y  be n e g l e c t e d  i n  c o m p a r i s o n  t o  A i ~arid, t h e r e -  
f o r e ,  2A~ + A~I ~ 2Al  ~ A. 
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equa l  to t he  r a t io  of two  s m a l l  i n t e g e r s  and  is 
s m a l l e r  t h a n  one in  mos t  cases. T h e r e  a r e  h o w e v e r  
r eac t i ons  for  w h i c h  z is l a r g e r  t h a n  one [ the  co r -  
r e s p o n d i n g  v a l u e  of p, as def ined  b y  P a r s o n s  (2) ,  
be ing  less t h a n  one] .  Thus  for  cha in  m e c h a n i s m s  
(10) ,  the  s low s tep  is o f t en  fo l l owed  b y  a ser ies  of 
fas t  r e ac t i ons  i n v o l v i n g  a d d i t i o n a l  mo lecu l e s  of t h e  
r e a c t a n t s  so t ha t  t he  s t o i ch iome t r i c  e q u a t i o n  m a y  be  
r e p e a t e d  s e ve ra l  t imes  for  each  o c c u r r e n c e  of the  
s low step.  This  is also t r u e  for  the  m e c h a n i s m s  of 
c e r t a i n  p h o t o c h e m i c a l  r e ac t i ons  (10) .  

C o m p e t i n g  r e a c t i o n  m e c h a n i s m s . - - A  r e a c t i o n  p r o -  
ceed ing  t h r o u g h  on ly  two  c o m p e t i n g  r e a c t i o n  m e c h -  
an i sms  is cons ide red .  The  a r g u m e n t  can  be  e x -  
t e n d e d  eas i ly  to a n y  n u m b e r  of c o m p e t i n g  r e a c t i o n  
m e c h a n i s m s .  

Le t  the  r e a c t i o n  
A~ 3- B~--) 2C 

p r o c e e d  t h r o u g h  the  i n d e p e n d e n t  m e c h a n i s m s  

[1]  A ~ A  + A ( i )  

B ~ : ~ - B  + B ( i t )  

A + B -~ C ( s l o w )  ( i i i )  
and  
[2]  A~ + B~--> 2C ( s low)  

The  ne t  r a t e  of t he  r e a c t i o n  is v----v~ + v: a n d  
s i m i l a r l y  v ~ ~ v~ ~ + w. ~, w h e r e  t h e  s u b s c r i p t s  (1)  
and  (2)  r e f e r  to r e a c t i o n  m e c h a n i s m s  [1]  and  [2]  
r e s p e c t i v e l y .  I f  A ~ R T ,  

V~ ~ 1 V~ ~ 
v ~ =  ~ ( A , , , / T )  - -  2 R ( A / T )  

V ~  ~ 
v~-~  ~ ( A / T )  

T h e r e f o r e  
(1/2v~ ~ + v ; )  

v ~ ( A / T )  
R 

V ~ 
If  vl ~ > >  v2 ~, v ---- ( ~ )  -~- ( A / T )  a n d  z ---- 1/~, w h i l e  

V e 
for  v ~ ' > >  v l  ~, v - - - - - - ~ ( A / T )  a n d z = l .  I f  v~ ~  ~ 

t hen  v " =  2v~ e a n d  
3 v * 

v = - - - -  ( A / T )  
4 R 

f o r m  w h i c h  z ----- a/4. In  gene ra l ,  1/z --<_ z --<_ 1, t h e  v a l u e  
of z w i t h i n  th is  i n t e r v a l  b e i n g  d e t e r m i n e d  b y  the  
r e l a t i v e  r a t e s  of m e c h a n i s m s  [1]  and  [2] .  

Electrochemical Systems 
E l e c t r o c h e m i c a l  sy s t e ms  i n v o l v e  phase s  w h i c h  

m a y  b e  a t  d i f f e ren t  e l e c t r i c a l  po t en t i a l s .  W i t h  
c h a r g e d  species  t he  /z's u sed  a b o v e  d e p e n d  on the  
e l e c t r i c a l  s t a t e  of the  p h a s e  as w e l l  as on i ts  
c h e m i c a l  compos i t ion .  I t  is t h e r e f o r e  c o n v e n i e n t  in  

t hese  cases  to s p e a k  of e l e c t r o c h e m i c a l  po t en t i a l s ,  ~i, 

and  e l e c t r o c h e m i c a l  affinit ies,  A ---- --~a~ ~ (11) .  

W i t h  th is  c h a n g e  in  no ta t ion ,  Eq.  (VI )  r e a d s  

V e 

v = z ~  ( ~ / T )  
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To express this relation in terms more familiar in 
electrochemical kinetics, consider a half-cell reac- 
tion occurring at an electrode immersed in a solu- 
tion of constant composition. A current i is im- 
pressed on the electrode and the electrode potential 
is determined as a function of i. The affinity of the 
reaction taking place is 

where  ~,o are the  e lec t rochemica l  po ten t i a l s  at  equ i -  

l i b r i u m  (~a,  ~o ---- 0). If n is the difference b e t w e e n  
{ 

the po ten t ia l s  w i th  c u r r e n t  i f lowing and  at  equ i -  
l i b r i u m  

.4 = - ~ a ,  ( ~ ,  - -  ~ , o )  = nF~ 
r 

where  n is the  n u m b e r  of e lec t rons  i nvo lved  in  the  
ha l f - r eac t i on  and  F is F a r a d a y ' s  cons tan t2  Here  ,7 is 
equa l  to the  difference b e t w e e n  the  e l ec t rode - so lu -  
t ion  electr ic  po ten t i a l  difference w h e n  c u r r e n t  i is 
f lowing and  tha t  at  equ i l i b r i um,  i.e., V is the  over -  
po ten t i a l  [see Pa r sons  (2) ]. 

Not ing  tha t  
v / v  ~ : i/io 

where  i is the  ne t  c u r r e n t  and  io the  exchange  c u r -  
rent ,  Eq. (VI)  m a y  be w r i t t e n  in  the  fo rm 

nFio R T  

r 

o r  

1 nFio ( O n ~  
(VII)  

z R T  \ / ' ~  ~-~o 

which  is the  r e l a t ion  de r ived  by  Pa r sons  (2) w i th  
z : l / v ?  E q u a t i o n  (VII)  can be used  to ca lcu la te  
z for a n y  reac t ion  for wh ich  the  ove rpo ten t i a l  cu rve  
for  '1 "-> 0 and  io are  k n o w n .  The  exchange  c u r r e n t  
can be m e a s u r e d  w i th  sys tems which  a re  essen t ia l ly  
at e q u i l i b r i u m  (say, by  use of t r ace r s ) .  C o m m o n l y  
howeve r  io is found  by  ex t r apo la t i on  f rom the  r e -  
gion of la rge  va lues  of ~, whe re  the  reverse  reac t ion  
m a y  be neglected,  to ~? = 0. This  p rocedure  assumes  
tha t  the  r eac t ion  m e c h a n i s m  r e m a i n s  the  s ame  over  
the  r ange  of ~ va lues  considered.  

I t  should  be  no ted  t ha t  the  ac tua l  n u m e r i c a l  
va lues  of z, or  ~, a re  t r iv ia l  in  the  sense tha t  they  
depend  on the  a r b i t r a r y  f o r m u l a t i o n  of the  s toichio-  
met r i c  equat ion .  This  is reflected in  Eq. (VII)  which  
shows tha t  z depends  on n, the n u m b e r  of e lec t rons  
invo lved  in  the  h a l f - r e a c t i o n  as wr i t t en .  However ,  
r e l a t ive  va lues  of z for d i f fe rent  reac t ion  m e c h a n -  
isms, which  m a y  be  used as an  add i t iona l  c r i t e r ion  
for the  reac t ion  mechan i sm,  a re  i n d e p e n d e n t  of n. 

Application to Hydrogen Overpotential 
In  this  section expec ted  s to ichiometr ic  n u m b e r s  

for va r ious  possible  reac t ion  m e c h a n i s m s  for the  

5 I t  is a s s u m e d  t h a t  t h e  c h e m i c a l  r eac t i on  is the  onIy  cause of  
i r r e v e r s i b i l i t y  p r e s e n t  i n  t he  sys tem.  I n  o t h e r  words ,  the  c o n t r i b u -  
t i o n  of c o n c e n t r a t i o n  and  o h m i c  o v e r v o l t a g e s  to  t h e  m e a s u r e d  po-  
t e n t i a l  d i f fe rence  is a s s u m e d  to  be  neg l ig ib l e .  

S ince  t h e  r a t e  of  e n t r o p y  D r o d u c t i o n ,  n F ~ i ,  i s  p o s i t i v e ,  ~ a n d  i 
m u s t  h a v e  t he  s ame  sign.  O n  ca thod ic  p o l a r i z a t i o n  y is n e g a t i v e  a n d  
t h e r e f o r e  i m u s t  be  g i v e n  a n e g a t i v e  s ign .  

J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  N o v e m b e r  1957 

hydrogen evolution reaction, 2H § + 2e-~ H~, are de- 
rived by using the procedure given above. Slow 
combination, slow discharge, slow electrochemical, 
and the case where both the rates of discharge and 
of electrochemical removal of adsorbed hydrogen 
atoms are slow, are considered. The first three cases 
demonstrate the procedure used here, the results 
being identical with counting the number of times 
the rate determining step occurs when the over-all 
reaction occurs once. The last case is an example of 
a mechanism involving two simultaneous reaction 
paths of comparable rates. 

1. S low  c o m b i n a t i o n . - - T h e  m e c h a n i s m  pos tu -  
lates  (12) ,  

fas t  
H+ ~- e ~ H~d~ (i) 

s low 
H,d, + H,~ -~ H~(~ (ii) 

If A << RT 

b u t  

f rom which  

V r 
v = -~- ( A , , / T )  

A = 2A, -F A,, ~ A,, (viii) 

V e 

v = -= ( A J T )  (IX) 

and  f rom (VIII )  w i t h  

a nd  z = �89 
(b)  Slow discharge  fo l lowed by  fast  e l ec t rochem-  

ical:  In  this case (i)  is fo l lowed by  

fa~t 
H,ds ~- H + n u e ~ H~(g) (i i i)  

The  ra te  is aga in  g iven  by  (VII I ) .  Here,  however ,  

A,, ----- 0, A ~-- 1/2 A. There fore  

1 V ~ 
( A / T )  

2 R  

v = R ( A / T )  

C o m p a r i n g  to ( V I ) , z = l  (or  v = l ) .  
A l t e r n a t i v e l y ,  the  ra tes  of the  f o r w a r d  a nd  re -  

verse  reac t ions  are 
i o =  k r x  ~ 

i , =  k~ PHf ( 1 - -  X) ~ 

where  x is the  f r ac t ion  of the  sur face  covered  by  
adsorbed  h y d r o g e n  atoms. F r o m  (i) a nd  at  equ i -  
l i b r i u m  

X 
- -  -- (Const . )  all§ 
1 - - x  

Therefore  at e q u i l i b r i u m  

vt - - - - I =  
v,  k~ P H i ( l - - x )  ~ (Cons t . )k ,  / / L--P~H~ J 

and  by  compar ing  to (V) ,  z = 1. 
2. S l o w  discharge ( 1 3 ) . - - ( a )  Slow discharge  

fol lowed by fast  combina t i on :  The  m e c h a n i s m  pos- 
tu la tes  

s low 
H § + e-> H,d~ (i) 

fast  
H,ds -~ H , d s  ~ H~(g) ( i i )  

Sufficient ly close to e q u i l i b r i u m ,  
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and  for A,n  ~ 0, 

f rom which  z = 1. 

A ---- A, + A,, ,  

VO 
v : R ( A / T )  

3. S l o w  e l e c t r o c h e m i c a l . ~ T h e  m e c h a n i s m  pos-  
tu la tes  (14) 

f a s t  

H + -~- e ~ H,d~ (i) 

slow 
H a d .  § I - I  + § e -'-> H ~ ( g )  ( i i i )  

V e 
v = - ~  ( A , . / T )  

and  f rom ( IX)  w i t h  A, ~ 0, 
V ~ 

v = R ( A / T )  

so thatz----  1. 

4. S l o w  discharge and s low e l e c t r o c h e m i c a l . -  
There  are  two possible reac t ion  schemes here  

s l o w  

(a)  H + + e--> H~d, 

f a s t  

H~d~ + H,d~ ~ H d g )  

slow 
H~o. + H + + e ~ H~(g) 

slow 
(b) H + + e--> H~d~ 

s l o w  

H ~  + H + + e ~ H ~ ( g )  ( i i i )  

with  the ra te  of (it) negl ig ible .  This  m a y  be  the 
case if the re  is s t rong  localized adsorp t ion  of h y -  
d rogen  wi th  a neg l ig ib l e  r a t e  of sur face  migra t ion ,  
or, less l ikely,  apprec iab le  sur face  m i g r a t i o n  bu t  a 
h igh ene rgy  of ac t iva t ion  for sur face  c o m b i n a t i o n  
o~ two adsorbed  atoms. 

For  m e c h a n i s m  (a)  
2A, + A,, ~ A 

and 
A, ~- A,,, = A 

so that with A,, ~- 0 and v ~ ---- v, ~ § v~,,,, 

i v ~ 
v -- (A/T) 

2 R 

from which z ~-�89 Therefore, if (i) is slow and 
(it) much faster than (iii), the occurrence of re- 
action (iii) does not change the value of the stoi- 
chiometric number (compare mechanism 2a). 

For mechansism (b) 

VlS 
v,  = -~ ( A , / T )  

V'H, 

w i t h  
At + A,~ = A 
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The  s t eady- s t a t e  condi t ion,  d[H,d , ] /d t  = O, is v~ 
= vl, , .  If vh , l  > v~,, t h e n  the  ra t e  of the  o v e r - a l l  
r eac t ion  at  e q u i l i b r i u m  is v 6--  v~l. If, say, v~  = 
10v% t h e n  

V ~ 
v =-~  (A,/T) 

From the steady-state condition, v~,A, = v~ 
or A, = 10A,,,. Therefore, A, ---- (10/11)A and sub- 
stituting 

10 v ~ 
v = - - - -  ( A / T )  

11 R 

f rom which  z = 10/11. Thus,  for v~,,i > >  v~,, z ~  1 
(s low d ischarge  fo l lowed by  fast  e lec t rochemica l ) .  
S imi la r ly ,  if v~, ~ >  v",n, z ~  1 (s low e lec t rochemi-  
cal ) .  

If v~ = v ' ,~ ,  t h e n  A~ = A , , ,  or A ,  = A / 2 ,  and  
v ~ 1 v" 

v =-~ (AJT) = - ~ - ~  (A/T) 

so that z = i/2. In general, z approaches 1 as either 
(i) step becomes much faster than the other, and ~/2 

w h e n  v~j ~ v6~i~. 
(it) The statement (15) that an experimental value 

of 0.116 v for the Tafel slope at 25~ coupled with 
(iii) z = �89 (~ = 2) uniquely determines 2a above as the 

mechanism of the hydrogen evolution reaction is 
incorrect. Mechanisms 4a and 4b (provided v ~, (i) 
v~i~) yield the same values for these two quan- 
tities. 

Manuscript received Oct. 11, 1956. 
Any discussion of this paper wi]l appear in a Dis- 

cussion Section to be published in the June 1958 
JOURNAL. 

REFERENCES 
1. J. Horiuti and M. Ikusima, Proe. Imp. Acad. Tokyo, 

15, 39 (1939); J. Horiuti, J. Res. Inst. Catalysis, I, 
8, (1948). 

2. Roger Parsons, Trans. Faraday Soc., 47, 1332 (1951). 
3. E. A. Guggenheim, "Thermodynamics,"  Interscience 

Publishers,  Inc., New York (1950). 
4. E. A. Guggenheim and J. Weiss, Trans. Faraday 

Soc., 34, 57 (1938). 
5. B. J. Zwolinski  and H. Eyring, J. Am.  Chem. Soc., 

69, 2702 (1947). 
6. H. M. Hulbur t  and J. O. Hirschfelder, J. Chem. 

Phys. ,  17, 964 (1949). 
7. I. Prigogine, "Thermodynamics  of I rreversible  

Processes," C. C. Thomas Publishers,  Springfield, 
Ill. (1955). 

8. I. Prigogine, P. Outer, and C1. Herbo, J. Phys.  
Chem.,  52, 321 (1948). 

9. M. Manes, L. J. E. Hofer, and Sol Weller, J. Chem. 
Phys. ,  18, 1355 (1950). 

10. K. J. Laidler, "Chemical Kinetics," McGraw-Hill  
Book Co., New York (1950). 

11. P. Van  Rysselberghe, "Electrochemical Affinity," 
Hermann  and Co., Paris  (1955). 

12. J. Tafel, Z. phys ik .  Chem.,  34, 187 (1900). 
13. See, for example, ReL (2) above. 
14. A. Frumkin ,  Acta  Physicochim.,  7, 475 (1937). 
15. J. O'M. Bockris, "Modern Aspects of Electrochem- 

istry," Academic Press Inc., New York (1954). 

The ra te  is 



The Composition of Copper Complexes in Cuprocyanide Solutions 
H. P. Rothbaum 1 

Department of Physical Chemistry, University of Liverpool, Liverpool, England 

ABSTRACT 

The stat ic potent ia l  of copper  in a range  of cuprocyanide  solutions was 
measured  at  20 ~ and at  80~ The values  agreed  wel l  wi th  those ca lcula ted  on 

the assumpt ion tha t  Cu (CN),~, Cu (Cn) 8 =, and Cu (CN) 2- ions are  present ,  and  
the association constants  of these complexes  were  calculated.  Addi t ion  of 
a lka l i  does not affect any  of the quant i t ies  measured  mater ia l ly .  The u l t r a -  
violet  absorpt ion  spec t ra  of the  solutions qua l i t a t ive ly  confirmed the  presence 

of C u ( C N ) ,  ~ ions. 

T h e r e  a p p e a r s  to h a v e  been  some  d o u b t  in the  
l i t e r a t u r e  as to t he  f o r m  in w h i c h  Cu ex i s t s  in  
c u p r o c y a n i d e  solut ions .  

Of e a r l y  w o r k e r s ,  K u n s c h e r t  (1)  c o n c l u d e d  on 
the bas is  of  p o t e n t i o m e t r i c  e x p e r i m e n t s  t ha t  Cu was  

p r e s e n t  as t h e  Cu (CN)4 = ion  in  so lu t ions  con t a in ing  
excess  cyan ide .  G r o s s m a n  and  Von d e r  F o r s t  (2)  
s u p p o r t e d  th is  conc lus ion  f r o m  f r e e z i n g  po in t  da ta ,  
bu t  HSing (3)  c l a i m e d  t h a t  Cu(CN)~= was  the  h i g h -  
est  c o m p l e x  poss ib le .  G l a s s t o n e  (4)  g r a v e l y  c r i t i -  
c ized H5ing ' s  work ,  b u t  f rom the  v a r i a t i o n  of the  
s ta t ic  p o t e n t i a l  w i t h  t he  Cu to c y a n i d e  r a t i o  he  also 
conc luded  t ha t  Cu(CN)2-  and  Cu(CN)~= w e r e  t he  
p r i n c i p a l  ions  p resen t .  B r i t t o n  and  D o d d  (5)  p a r t l y  
r e p e a t e d  G l a s s t o n e ' s  w o r k  and  a r r i v e d  at  t he  s a m e  
conclus ion.  B u t  B r i n t z i n g e r  and  Osswa ld  (6)  s h o w e d  
by  d i a ly s i s  t h a t  Cu ions  in  excess  c y a n i d e  so lu t ions  
had  a m o l e c u l a r  w e i g h t  of 166 w h i c h  c o r r e s p o n d s  

c lose ly  to a f o r m u l a  of  Cu(CN),=-. T h o m p s o n  (7)  
in a r e v i e w  sugges t s  t h a t  in  mos t  coppe r  c y a n i d e  
p l a t i n g  solut ions ,  Cu is p r e s e n t  p r i n c i p a l l y  as 
Cu(CN)~  ~ w i t h  m i n o r  a m o u n t s  of  Cu(CN)2-  a n d  

C u ( C N ) j ,  b u t  s t resses  t h a t  some a u t h o r s  h a v e  used  
t i t r a t i o n  m e t h o d s  for  e s t i m a t i n g  f ree  c y a n i d e  in  
so lu t ions  and  t h a t  t he se  do no t  f u r n i s h  ev idence  for  
a n y  c o m p l e x e s  p re sen t ,  as t he  e q u i l i b r i u m  is d i s -  
t u r b e d  d u r i n g  t i t r a t i on .  Ye t  G a b r i e l s o n  (8)  in  an  
e x t e n s i v e  s t u d y  so le ly  b y  a t i t r a t i o n  m e t h o d  fo r  
f ree  c y a n i d e  conc luded  t h a t  u n d e r  a l l  cond i t ions  
C u ( C N ) #  is t he  m a i n  ion, w i t h  on ly  a l i t t l e  

C u ( C N )  j p r e s e n t  a t  h igh  c y a n i d e  to Cu ra t ios .  C a l -  
m a r  and  Cos ta  (9)  r e c e n t l y  c l a imed ,  on the  bas i s  of 
c o n d u c t o m e t r i c  e x p e r i m e n t s ,  t h a t  K C u ( C N ) 2  and  
KfCu(CN)3  a re  t h e  on ly  two  c o m p o u n d s  p r e s e n t  in  
p o t a s s i u m  c u p r o c y a n i d e  solut ions .  

S ince  the  w o r k  for  th is  p a p e r  w a s  comple t ed ,  
P e n n e m a n  a n d  Jones  (10) ,  b y  us ing  i n f r a r e d  a b -  
a b s o r p t i o n  spec t roscopy ,  h a v e  p r o v e d  conc lu s ive ly  

t ha t  Cu(CN), : -  is t he  p r i n c i p a l  ion p r e s e n t  a t  h igh  
c y a n i d e  to Cu ra t io s  and  have ,  for  t he  first  t ime ,  

Presen t  address :  Domin ion  Labora tory ,  D e p a r t m e n t  of Scientific 
and  Indus t r i a l  Research,  Wellington,  N e w  Zealand. 

e v a l u a t e d  the  d i s soc ia t ion  cons tan t s  for  a l l  c u p r o -  
c y a n i d e  complexes .  

In  th is  p a p e r  t he  p r o b l e m  has  been  r e - e x a m i n e d  
b y  m e a s u r e m e n t  of the  s t a t i c  p o t e n t i a l  of Cu in 
s t r o n g e r  c y a n i d e  so lu t ions  t h a n  h a v e  so f a r  been  used  
and  b y  u.v. s p e c t r o p h o t o m e t r y .  I t  was  poss ib l e  to 
ca l cu l a t e  the  s t a t i c  p o t e n t i a l s ;  t h e y  a r e  in  v e r y  
good a g r e e m e n t  w i t h  e x p e r i m e n t a l  va lue s  for  a 
w i d e  r a n g e  of condi t ions .  T h e  assoc ia t ion  cons t an t s  
for  t h e  c u p r o c y a n i d e  c o m p l e x e s  h a v e  also b e e n  d e -  
duced ;  t h e y  a r e  in  good a g r e e m e n t  w i t h  t h e  v a l u e s  
of P e n n e m a n  and  Jones  (10) d e r i v e d  b y  an  e n -  
t i r e l y  d i f fe ren t  me thod .  

I t  is conc luded  t h a t  s u b s t a n t i a l l y  a l l  t he  Cu is in 

t he  f o r m  of Cu(CN)j- -  as long  as suff icient  c y a n i d e  
is p resen t ,  and  on ly  at  h i g h e r  Cu to c y a n i d e  r a t io s  
a r e  l o w e r  c o m p l e x e s  fo rmed .  Thus  in  mos t  p l a t i n g  
ba ths ,  w h e r e  th is  r a t i o  is a b o u t  0.32, Cu(CN)~= is 
the  p r i n c i p a l  ion  p r e s e n t  a n d  at  h i g h e r  r a t io s  
Cu(CN)~-  beg ins  to be  fo rmed .  

Experimental 
C u p r o c y a n i d e  so lu t ions  w e r e  m a d e  f r o m  A. R. 

K C N  (loss  in  w e i g h t  a f t e r  m e l t i n g  0.5%, v o l u -  
m e t r i c  c y a n i d e  ana lys i s  c o r r e s p o n d s  to 99.5% K C N )  
and  CuCN m a d e  f r o m  A . R .  chemica l s  b y  t h e  
m e t h o d  of B a r b e r  (11) ( loss  in w e i g h t  a f t e r  m e l t i n g  
0.6%, e l e c t r o l y t i c  Cu ana lys i s  c o r r e s p o n d s  to 99.3% 
C u C N ) .  

The  a b s o r p t i o n  s p e c t r a  of  a n u m b e r  of c u p r o c y -  
a n i d e  so lu t ions  w e r e  o b t a i n e d  on a U n i c a m  s p e c t r o -  
p h o t o m e t e r  u s ing  KCN so lu t ions  of c o r r e s p o n d i n g  
c o n c e n t r a t i o n s  as b l anks .  A1Y so lu t ions  w e r e  4M in 
t o t a l  cyan ide ,  e x c e p t  t h e  one  h ighe s t  in  Cu w h i c h  
is s a t u r a t e d  a b o v e  1M. Resu l t s  a r e  s h o w n  in Fig.  1 
as  d e n s i t y  for  a 1 cm cel l  ( m u l t i p l i e d  b y  4 in t he  
one  case  m e n t i o n e d ) ,  as m o l e c u l a r  e x t i n c t i o n  co-  
efficients w o u l d  i n v o l v e  e x a c t  k n o w l e d g e  of t he  
c o m p l e x e s  p resen t .  

The  p o t e n t i a l  of a f r e s h l y  c l eaned  Cu w i r e  in a 
l a rge  n u m b e r  of c u p r o c y a n i d e  so lu t ions  a g a i n s t  a 
c a lome l  e l ec t rode  was  m e a s u r e d  on a V e r n i e r  p o -  
t e n t i o m e t e r .  As  n o t e d  b y  mos t  p r e v i o u s  a u t h o r s  
(1, 3, 4, 5, 12, 13) po ten t i a l s ,  e spe c i a l l y  in  low Cu 
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Fig. 1. Ultraviolet absorption spectra of cuprocyanide solu- 
tions at Cu:CN ratios indicated. Density is expressed for a 4M 
cyanide solution in a ] cm cell. 

A l l  a u t h o r s  a g r e e  t ha t  kl  is v e r y  l a r g e  a n d  t h e r e -  
fo re  [Cu  § m a y  be  n e g l e c t e d  in  c o m p a r i s o n  w i t h  
o t h e r  spec ies  p r e sen t .  

E x a c t  t r e a t m e n t  of t he se  e q u i l i b r i a  g ives  e q u a -  
t ions  t h a t  a r e  too c o m p l i c a t e d  to be  eas i ly  solved,  
but on assuming that 1 < <  k. < <  ks < <  k~ (as- 
sumptions later verified) great simplifications re- 
sult. These assumptions imply that the total Cu is 
always present in the most complex form com- 
patible with the amount of cyanide present. 

Let Cu be the total copper concentration and CN 
the total cyanide concentration in moles/liter. 
Thus 

Cu = [Cu(CN)2- ]  + [ C u ( C N ) 8 : ]  + [ C u ( C N ) Z ]  
a n d  

CN = [CN-]  + 2 [Cu(CN)=- ]  + 3 [ C u ( C N : ]  

+ 4 [ C u ( C N ) j - ]  

On t h e  bas is  of t he  a b o v e  a s s u m p t i o n s  i t  can  t hen  
be  s h o w n  t h a t  

[C u+] = k22 ( 3 C u - - C N ) "  ( i f  CN CN 
k~ (CN-- 2Cu) 2 ~ -  > Cu > 3 ) 

k :  ( 4 C u - -  CN)  ~ ( i f  CN CN 
= k~k~ (CN -- 3Cu) ~ ~ > Cu > -~--) 

Cu (if CN 
= k~k~k. (CN - -  4Cu)  4 T > Cu)  

If  the  s t a t i c  p o t e n t i a l  of Cu in c u p r o c y a n i d e  
so lu t ions  is d e p e n d e n t  on ly  on [Cu+], i t  shou ld  be  
poss ib le  to c a l c u l a t e  i t  in  a n y  so lu t ion  if  t o t a l  Cu 
and  c y a n i d e  a r e  e s t i m a t e d  a n d  k~, k,, and  k, a re  
k n o w n .  

A l t e r n a t i v e l y ,  if one  p o t e n t i a l  in  each  of the  t h r e e  
r eg ions  has  been  d e t e r m i n e d  e x p e r i m e n t a l l y ,  the  
t h r e e  e q u i l i b r i u m  cons tan t s  can  be  c a l c u l a t e d  and  
f rom t h e s e  t he  p o t e n t i a l s  a t  a l l  o t h e r  Cu: CN ra t io s  
and  d i lu t i ons  deduced .  This  has  been  done  and  t h e  
r e su l t s  c o m p a r e d  w i t h  t he  fu l l  r a n g e  of e x p e r i -  
m e n t a l  va lues .  

Results 

A ser ies  of so lu t ions  h a v i n g  t o t a l  c y a n i d e  con ten t s  
(i.e., CuCN + K C N )  of 4M, 2M, 1M, a n d  0.5M w e r e  

solu t ions ,  f l uc tua t ed  s o m e w h a t  e r r a t i c a l l y  i n i t i a l l y ,  
b u t  s e t t l ed  to  m o r e  s t e a d y  v a l u e s  a f t e r  some m i n -  
utes.  F o r  each  so lu t ion  a n u m b e r  of r e a d i n g s  w e r e  
t aken ,  cove r ing  a b o u t  3 hr ,  and  i t  is e s t i m a t e d  t h a t  
the  r e su l t s  quo t ed  a r e  a c c u r a t e  a t  l eas t  to __-0.02 v. 
Room t e m p e r a t u r e  in  a l l  cases  was  b e t w e e n  18 ~ a n d  
20~ No t h e r m 0 s t a t i n g  was  e m p l o y e d  as t he  ac -  
c u r a c y  of t h e  r e su l t s  o b t a i n e d  d id  no t  w a r r a n t  i t  
and  the  t e m p e r a t u r e  coefficient  of t he  p o t e n t i a l s  
was  smal l .  

A ser ies  of r e a d i n g s  a t  a t e m p e r a t u r e  of 79~176  
was  o b t a i n e d  in a bo i l i ng  b e n z e n e  (bp  80.1~ 
t h e r m o s t a t .  

T h e o r e t i c a l  

The  a b s o r p t i o n  s p e c t r a  (Fig .  1) w i t h  a s h a r p  
b r e a k  in c h a r a c t e r  a t  a C u : C N  ra t io  of 0.25 sugges t  
v e r y  s t r o n g l y  t h a t  in  low Cu so lu t ions  t h e  ion  

Cu(CN)4= is p resen t .  On the  bas i s  of th is  a s s u m p t i o n  
one has  the  fo l lowing  e q u i l i b r i a :  

kl  

Cu + + 2 C N - ~  Cu(CN)~-  
ks 

Cu(CN)2-  + C N - ~  C u ( C N ) , :  
k8 

Cu(CN).: + C N - ~  Cu(CN)j: 

Table I. Experimental and calculated static potentials of Cu in cuprocyanide solutions at 20~ on the hydrogen scale 

Exper imen ta l  C a l c u l a t e d  
Ratio 4M 4M 
Cu: CN Cyanide 2M IM 0.5M Cyanide 2M 1M 0.5M 

0.00 --1.37 --1.31 --1.26 - - 1 . 1 7  . . . .  
0 . 0 2 5  . . . . .  1.37 --1.32 --1.27 --1.21 
0.05 --1.33 --1.26 --1.22 --1.13 --1.34 --1.29 --1.24 --1.18 
0.10 --1.31 --1.25 --1.16 --1.12 --1.29 --1.24 --1.19 --1.13 
0.15 --1.24 --1.20 --1.14 --1.09 --1.24 --1.19 --1.14 --1.08 
0.20 --1.18 --1.14 --1.08 --1.02 --1.17 --1.12 --1.07 --1.01 
0.225 --1.09 --1.03 --0.99 --0.93 --1.09 --1.04 --0.99 --0.93 
0 . 2 4  . . . . .  1.00 --0.95 --0.90 --0.84 
0.25 --0.83 --0.86 --0.86 - - 0 . 8 5  . . . .  
0 . 2 6  . . . . .  0.83 --0.85 --0.86 --0.88 
0.275 --0.69 --0.72 --0.75 --0.76 --0.72 --0.74 --0.75 --0.77 
0.30 --0.61 --0.64 --0.65 --0.67 --0.61 --0.63 --0.64 --0.66 
0.325 --0.55 --0.56 --0.56 --0.54 --0.46 --0.48 --0.49 --0.51 
0.35 sat. sat. --0.41 --0.39 --0.39 --0.41 --0.42 --0.44 
0.375 sat. --0.35 --0.30 --0.32 --0.33 --0.35 
0.40 sat. --0.24 --0.26 --0.27 --0.29 
0.425 - -0 .21 - -0 .23  - -0 .24  - -0 .26  
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p~-epared. The po t en t i a l  was ca lcu la ted  f rom the  
f o r m u l a  

2.30nRT 
E ---- ~o -~ log [Cu +] 

F 

by using as reference points the following three ex- 
perimental values on the hydrogen scale: 

Cu:CN 0.15 cyanide 41V[ --1.24 v 
Cu:CN 0.30 cyanide 4M--0.61 v 
Cu:CN 0.375 cyanide 0.5M --0.35 v 

Experimental and calculated values at 20~ are 
shown in Table I. Saturation of the solutions has 
been ignored in the calculations, and these values, 
therefore, extend to higher concentrations than the 
experimental ones. 

Bassett and Corbet (14) made a phase rule study 
of the system KCN:CuCN:H20 at 25~ Their val- 
ues for the composition of saturated solutions are 
similar to the ones obtained here. Using the three 
reference points quoted, the formula derived above, 
and the most recent value of 0.48 v at 21~ for the 
standard cuprous potential (15) one has: 
- - 1 . 24=0 . 48+0 .058  

[ 0.6 ] 
log (4 --  2.4) 4 - -  log k ~ -  log k2 --  log k, 

--0.61 = 0.48 + 0.058 

log (4 - -  3.6) 3 + 3 log k , - -  log k l - -  log k~ 

--0.35 = 0.48 + 0.058 
[ (0"5625--0"5)8 ] 

log (0.5 --  0.375) ~ + 2 log k~ --  log k~ 

A l lowing  for the m a x i m u m  u n c e r t a i n t y  of -----0.02 v 
in  the po ten t i a l  readings ,  at  20~ 

l o g k l =  21.7__ 1.0 5 X 10 ~ < k , < 5  X 10 ~ 
l o g k ~ =  4 . 6 _ 0 . 3 0  2 X 10 ' < k ~ < 8  X 10 ' 
l o g k s =  2.3_+0.15 ks----- ( 2 •  X 10 ~ 

If the  older, st i l l  g ene ra l l y  accepted va lue  of 0.52 
v for the s t a n d a r d  cuprous  po ten t i a l  (16) is used, 
on ly  k~ is affected and  it  becomes 3 x 102' to 3 X 10 ~. 

K u n s c h e r t  (1) quotes  a va lue  for K = 2 X 10 -~ 
(corrected for a cuprous  po ten t i a l  of 0.48 v this  

gives 7 >< 10P). His K corresponds  to kl >< k2 X k8 
in  this work  which  comes to 4 • 10 ~. L a t i m e r  (16) 
quotes  on ly  kl x 101~, de r ived  f rom ear ly  w o r k  (13) 
which  ignores  the ex is tence  of complexes  h igher  
t h a n  Cu(CN)2-.  

Recen t ly  (12),  kl has been  r e d e t e r m i n e d  in  HCN 
w he r e  it was es tab l i shed  tha t  no complexes  h igher  
t han  Cu ( C N ) j  exis t  in  apprec iab le  quant i t ies .  H o w -  
ever,  the square  of the  no t  accura te ly  k n o w n  dis-  
sociat ion cons tan t  of HCN enters  the  calcula t ion.  A 
va lue  for k~ of the  order  5 • 10 = was  ob ta ined  at 
25~ 

ks and  k~ h a v e  been  d e t e r m i n e d  on ly  v e r y  r e -  
cen t ly  for the  first t ime  by  i n f r a r e d  absorp t ion  
spectroscopy (10).  The fo l lowing  values,  r eca lcu-  
la ted  as associat ion cons tants ,  were  ob ta ined :  

29~ 25~ 
k2 (4.1 ---- 0.6) X 10' approx.  7 X 104 
k~ (1 .4 - -  0.1) X 102 approx.  1.8 X 10 ~ 

The en t i re  work  at  room t e m p e r a t u r e  was  r e -  
pea ted  in  solut ions  c o n t a i n i n g  0.7M KOH;  s u b s t a n -  
Ual]y s imi la r  resul t s  we re  obta ined.  The abso rp t ion  
spectra  were  p rac t i ca l ly  iden t i ca l  w i th  those in  Fig. 
1 (KOH on ly  absorbs  apprec i ab ly  be low 260 m~) 
and  the  va lues  of the  associat ion cons tan t s  were  
close to those w i t hou t  alkali .  

The e xpe r i me n t s  (w i thou t  a lka l i )  w e r e  pe r f o rmed  
at  80~ and  the  po ten t ia l s  ca lcu la ted  as before  by  
us ing  as re fe rence  poin ts  

C u : C N  0.15 cyan ide  4M--1 .23  v 
C u : C N  0.30 cyan ide  4M--0 .76  v 
Cu: CN 0.375 cyan ide  0.5M --0.37 v 

E x p e r i m e n t a l  a nd  ca lcu la ted  va lues  a re  shown  in  
Tab le  II. 

No e x p e r i m e n t a l  va lue  for ~ro at  80~ is ava i l -  
able, bu t  T o u r k y  a nd  K h a i r y  (17) have  ca lcu la ted  
tha t  the  t e m p e r a t u r e  coefficient of the  s t a n d a r d  
cuprous  po ten t i a l  is --0.8 m v / ~  f rom 20 .~ to 47~ 
E x t r a p o l a t i n g  this t e m p e r a t u r e  coefficient gives a 
va lue  for =o at  80~ of 0.44 v. The  accuracy  of this  
va lue  affects on ly  the  accuracy  of k ,  

Using the th ree  re fe rence  poin ts  quoted,  

Table II. Experimental and calculated static potentials of Cu in cuprocyanide solutions at 80~ on the hydrogen scale 

E x p e r i m e n t a l  Calculated 
Rat io  4M 4M 
Cu: CN Cyanide 2M IM 0.SM Cyanide 2M IM 0.SM 

0.00 --1.38 --1.33 --1.23 --1.21 . . . .  
0 . 0 2 5  . . . . .  1.39 --1.33 --1.26 --1.20 
0.05 --1.37 --1.28 --1.22 --1.17 --1.35 --1.29 --1.22 --1.16 
0.10 --1.30 --1.25 --1.17 --1.13 --1.29 --1.23 --1.16 --1.10 
0.15 --1.23 --1.17 --1.10 --1.07 --1.23 --1.17 --1.10 --1.04 
0.20 --1.16 - - i . I I  --1.06 --1.00 --1.14 --1.08 --1.01 --0.95 
0.225 --1.12 --1.08 --1.01 --0.99 --1.05 --0.99 --0.92 --0.86 
0 . 2 4  . . . . .  0.94 --0.88 --0.81 --0.75 
0.25 --0.98 --1.00 --0.99 --0.95 . . . .  
0 . 2 6  . . . . .  1.03 --1.05 --1.07 --1.09 
0.275 --0.86 --0.89 --0.92 --0.91 --0.90 --0.92 --0.94 --0.96 
0.30 --0.76 --0.80 --0.81 --0.83 --0.76 --0.78 --0.80 --0.82 
0.325 --0.63 --0.65 --0.67 --0.64 --0.59 --0.61 --0.63 --0.65 
0.35 --0.50 --0.47 --0.43 --0.42 --0.43 --0.45 --0.47 --0.49 
0.375 --0.44 --0.40 --0.38 --0.37 --0.31 --0.33 --0.35 --0.37 
0.40 --0.4i --0.37 --0.34 --0.33 --0.26 --0.28 --0.30 --0.32 
0.425 sat. sat. sat. sat. --0.21 --0.23 --0.25 --0.27 
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Fig. 2. Static potential of cuprocyanide solutions at 20~ 
on the hydrogen scale. �9 Total cyanide 4M, C) total cyanide 
O.5M. The broken lines show the corresponding calculated 
values. 

--1.23 = 0.44 § 0.070 [ - - 1 . 0 - - l o g  k l - - l o g  k s - - l o g  k,]  
--0.76 ---- 0.44 -~ 0.070 [ 0 . 8 - t - 3 l o g  k s - - l o g  k l - - l o g  k~] 
--0.37 = 0.44 -~ 0.070 [--1.8  ~- 2 log  k~- -  log kl]  

A l l o w i n g  for  the  m a x i m u m  u n c e r t a i n t y  of -----0.02 v 
in  the  p o t e n t i a l  r e a d i n g s  a t  80~ 

l o g k ~ -  17.7 +---1.0 5 • 10 " ~ < k ~ < 5  X l f f '  
l o g k ~ :  3.9 •  4 • 1 0 8 < k ~ < 1 . 5  • 10 ' 
l o g k , :  1 . 2 3 •  k , = 1 7 •  

No v a l u e s  for  t he se  cons t an t s  a t  an  e l e v a t e d  t e m -  
p e r a t u r e  w e r e  f o u n d  in t he  l i t e r a t u r e .  

The  w o r k  a t  80~ was  r e p e a t e d  w i t h  so lu t ions  of 
to ta l  c y a n i d e  con t en t  of 3.1M, con t a in ing  0.7M KOH,  
because  so lu t ions  a b o u t  2.1M KCN,  1.0M CuCN,  
0.7M K O H  at  a b o u t  80~ a re  c o m m o n l y  e m p l o y e d  
for  h igh  speed  a n d  p e r i o d i c  r e v e r s e  copper  c y a n i d e  
e l e c t r o p l a t i n g .  

The  p o t e n t i a l s  o b t a i n e d  and  t h e  cons t an t s  c a l c u -  
l a t ed  w e r e  close to t hose  o b s e r v e d  w i t h o u t  a lka l i .  

Discussion 
In  gene ra l ,  a g r e e m e n t  b e t w e e n  the  e x p e r i m e n t a l  

and  c a l c u l a t e d  va lue s  for  t h e  s t a t i c  p o t e n t i a l  in 
c y a n i d e  so lu t ions  is s a t i s f ac to ry .  This  is s h o w n  in  
Fig.  2 at  20~ for  so lu t ions  of t o t a l  c y a n i d e  4M a n d  
0.SM. S o m e  d e v i a t i o n  n a t u r a l l y  occurs  a t  t he  t r a n s i -  
t ion  s t ages  b e t w e e n  t h e  t h r e e  reg ions ,  w h e r e  t h e  
c a l c u l a t e d  va lue s  b e c o m e  infini te .  

The  ca l cu la t ions  p r e d i c t  tha t ,  if  C N / 4  ~ Cu, a 
d i l u t i on  to  a ha l f  shou ld  i nc rea se  t he  c u p r o u s  ion  
c o n c e n t r a t i o n  e igh t  t imes ,  whi le ,  if  Cu ~ CN/4 ,  a 
d i l u t i on  to a ha l f  shou ld  h a l v e  t h e  cup rous  ion  con-  
cen t r a t i on .  The  e x p e r i m e n t a l  p o t e n t i a l  v a l u e s  in  
Tab le  I and  I I  conf i rm th is  p r e d i c t i o n  b y  t h e  s u d d e n  
r e v e r s a l  a n d  c h a n g e  in  m a g n i t u d e  of the  effect  of 
d i l u t i o n  on the  p o t e n t i a l  a t  a C u : C N  ra t io  of 0.25. 

Table III. Experimental static potentials of Cu in cuprocyanide 
solutions at 80~ 

R a t i o  4M 
C u : C N  C y a n i d e  2M 1M 0.5M 0 .25M 0 .125M 0.06M 

--0.50 --0.47 --0.43 --0.42 --0.41 --0.42 --0.44 
--0.44 --0.40 --0.38 --0.37 --0.37 --0.38 --0.39 
--0.41 --0.37 --0.34 --0.33 --0.33 --0.35 --0.36 

0.35 
0.375 
0.40 

~lhe ca l cu l a t i on  of the  a s soc ia t ion  cons t an t s  also 
ver i f ies  the  i n i t i a l  a s s u m p t i o n s  t h a t  1 ~ k8 ~ k ~  
< <  kl. A g r e e m e n t  w i t h  o t h e r  p u b l i s h e d  v a l u e s  is 
s a t i s f ac to ry .  A t  80~ ks has  d r o p p e d  to 17 and,  a l -  
t h o u g h  s t i l l  c o m p a r a t i v e l y  l a rge ,  some s m a l l  d e v i a -  
t ions  f rom the  c a l c u l a t e d  va lue s  m i g h t  be  expec ted .  

The  mos t  se r ious  d e v i a t i o n s  f r o m  t h e  ca l cu la t ions  
occur  at  80~ at  a C u : C N  ra t io  of 0.35 a n d  above ,  
where dilution changes the potential in the opposite 
direction to that calculated. However, at lower con- 
centrations it is again in the calculated direction as 
shown in Table III. 

Because of this effect the reference point for the 
ratio Cu: CN 0.375 was chosen at a low total cyanide 
concentration. At this ratio at 20~ a low total cy- 
anide concentration reference point was also em- 
ployed, on account of the solubility limits shown in 
Table I. 

The absorption spectra at room temperature (Fig. 
I) confirm the assumption that k3 is large, by the 
abrupt transition at a Cu:CN ratio of 0.25. k, could 
not actually be calculated, because even in very 
dilute solutions no absorption maximum could be 
obtained, as the spectra may be due to electron 
transfer. 

The absorption spectra do not differentiate be- 
tween the Cu(CN)8= and Cu(CN)~- ions, but good 
independent evidence that k3 ~ k~ is provided by 
titrating cuprocyanide solutions at room tempera- 
ture with AgNO8 using KI as indicator. Silver iodide 
is precipitated when sufficient argentocyanide has 
been formed to leave the Cu:CN ratio 0.33. While 
this titration cannot be used to study cuprocyanide 
equilibria in general, it suggests that at the end 
point Cu(CN),: is the principal ion, and not just a 

m i x t u r e  of Cu(CN)~-  a n d  C u ( C N ) ~  is p r e sen t .  A 
modi f i ca t ion  of th i s  t i t r a t i o n  is u sed  to  e s t i m a t e  
" f r ee  c y a n i d e "  in  c o m m e r c i a l  p l a t i n g  ba ths .  

G l a s s t o n e  (4)  a rgues  t h a t  Cu(CN)~-  a n d  Cu(CN) ,=  
a re  t he  o n l y  ions  in  c u p r o c y a n i d e  solut ion .  W o r k i n g  
in  so lu t ions  f r o m  0.1 to 0.5M c y a n i d e  he  ge ts  a c l ea r  
in f lex ion  on his  p o t e n t i a l  c u r v e  at  a Cu: CN r a t i o  of 
0.32 on w h i c h  h e  bases  his  conclus ion.  B r i t t o n  a n d  
Dodd  (5)  in  s i m i l a r  w o r k  o b t a i n  an  in f lex ion  at  a r a t i o  
of 0.28. H o w e v e r ,  t a k i n g  a l l  t h r e e  c o m p l e x e s  in to  
account ,  Fig .  2 shows  a v e r y  c l ea r  in f l ex ion  a t  a 
r a t io  of  0.25 a t  h igh  c onc e n t r a t i ons ,  b u t  a t  l o w e r  
c o n c e n t r a t i o n s  ( m o r e  e spec i a l l y  at  h igh  t e m p e r a -  
t u r e s )  th is  a lmos t  d i s a p p e a r s  a n d  a p r o n o u n c e d  in -  
f lexion at  0.33 becomes  a p p a r e n t .  
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Hydrogen Overpotential on Electrodeposited Ni in NaOH Solutions 
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ABSTRACT 

Hydrogen overpotential,  ~, is measured for electrodeposited Ni in  0.01- 
1.0N NaOH solutions. The effect of tempera ture  on i1 is studied and the heat 
of activation, AHo*, at the reversible potent ial  is calculated. The pH effect 
(0~/apH) ~ is calculated at 25~ and is equal to 26 my per  uni t  increase of pH. 
The electron number ,  k, calculated from the overpotential  results at very low 
current  densities, is very near  to unity.  The Tafel line slope, b, increases with 
temperature.  Results are compared with those obtained for Ni in the form 
of a wire. 

Hydrogen overpotential on electrodeposited met- 
als has not been studied extensively. A few studies 
are, however, recorded in the literature (i, 2). The 
uncertainty concerning the magnitude of the true 
surface area of an electrodeposited electrode, to- 
gether with the possibility of contaminating the elec- 
trode surface during electrodeposition, hinder the 
progress in this field. Recent work on electrodepos- 
ited Ni in HC1 solutions (3) has indicated that the 
parameters of cathodic hydrogen evolution on elec- 
~rodeposited Ni are different from those observed for 
a Ni wire. Consequently the mechanism of hydrogen 
evolution is different for the two types of electrodes. 
Bockris and co-workers (4, 5) have formulated sev- 
eral criteria for distinguishing between the possible 
rate-determining mechanisms. The aim of the pres- 
ent work is to study the hydrogen overpotential on 
electrodeposited Ni in NaOH solutions, particularly 
at the very low current density range, with the hope 
of evaluating the number of electrons, k, necessary 
to complete one act of the rate-determining mech- 
anism (5). 

Experimental 
The e x p e r i m e n t a l  t e c h n i q u e  was  essen t ia l ly  the  

same as tha t  of Bockris,  et al. (4, 6). The e lec t ro-  
ly t ic  cell was  cons t ruc ted  of a r sen i c - f r ee  glass. Al l  
g r o u n d  glass jo in t s  and  taps were  of the  so lu t ion-  
sealed type. This  he lped  to h inde r  the  diffusion of 
a tmospher ic  oxygen  ins ide  the cell. A p la t in ized  
P t  electrode,  in  the same solu t ion  and  at  the  same  
t e m p e r a t u r e  as the test  cathode, was  used as a r e f -  
e rence  electrode.  Elec t r ica l  contac t  b e t w e e n  the  
cathode and  the  re fe rence  e lec t rode  was  m a d e  

through a Luggin capillary. To avoid complications 
due to resistance overpotential, the test cathode was 
adjusted to touch the tip of the Luggin capillary. 

Electrodeposition of Ni was carried out from the 
following bath: 30 g NiSO4, I0 g (NH,)~SO,, 150 cc 
conductance water, and i00 cc concentrated NH~OH. 
"AnalaR" grade reagents were used. Electrodeposi- 
tion was carried out for 2 hr at a current density of 
1 ma/cm ~, on a Ni substrate sealed to glass. The ap- 
parent surface area of the electrode was 0.8 cm 2. 
The electrode was thoroughly washed with con- 
ductance water before use. 

Pure NaOH solutions were prepared under an 
atmosphere of pure hydrogen. Conductance water 
(K= 2.0 • I0 -~ ohm -~ cm -I) was used for the solu- 
tion preparation. The solution was then extensively 
purified by pre-electrolysis (7) at 1 • I0 -~ amp/cm ~ 
for 20 hr. A Ni electrode, prepared in the same man- 
ner as the test electrode, was used for pre-electrol- 
ysis. Pure hydrogen was passed into the cell during 
pre-electrolysis. Hydrogen was purified from O~ by 
Cu heated to 450~ from COs by soda lime and from 
CO by a mixture of MnO~ and CuO, technically 
known as "Hopcalite" (8). 

The direct method of measurements was used and 
the current density was calculated using the ap- 
parent surface area. The potential was measured 
with a valve potentiometer and the current with a 
sensitive micromilliammeter. At low currents the 
current was checked by measuring the potential 
drop across a standard resistance. The temperature 
was kept constant, to m0.5~ with the help of an 
air thermostat. 
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Fig. 1. Hydrogen overpotent ial  on electrodeposited Ni in 
0.1N NaOH. 

Before each run ,  all  glass par t s  of the  a p p a r a t u s  
we re  c leaned  wi th  a m i x t u r e  of " A n a l a R "  HNO~ 
and  Iq_~SO,. This  was  fo l lowed b y  w a s h i n g  wi th  
e q u i l i b r i u m  wa te r  and  t h e n  w i t h  conduc tance  water .  
Care  was  also t a k e n  to free the  p r ev ious ly  c leaned  
cell f rom oxygen.  This  was  done  by  fil l ing the  cell 
comple te ly  w i th  conduc tance  w a t e r  (dis t i l led u n d e r  
h y d r o g e n ) ,  and  then  rep lac ing  this  wa t e r  b y  p u r e  
h y d r o g e n  before  the  NaOH solu t ion  was  in t roduced .  
Wi th  the  above  precaut ions ,  the  ove rpo ten t i a l  r e -  
sul ts  ob t a ined  w i t h  di f ferent  test  e lectrodes agreed  
w i t h i n  •  m v  at  i n t e r m e d i a t e  and  high c u r r e n t  
densit ies,  and  +3  m v  at low c u r r e n t  densi t ies .  For  
each test  electrode,  the  ove rpo ten t i a l  resul t s  we re  in  
a g r e e m e n t  w i t h i n  less t h a n  •  inv.  For  each con-  
cen t r a t i on  and  t e m p e r a t u r e  s tudied,  at leas t  six 
Tafe l  l ines  (a n e w  electrode and  a n e w  so lu t ion  for 
each Tafe l  l ine)  were  m e a s u r e d  and  the m e a n  l ine  
was computed .  

Results 
The Tafe l  l ine  slope, b, the  t r ans f e r  coefficient, 

a, and  the  exchange  cur ren t ,  io, for the  m e a n  Tafe l  
l ines on e lect rodeposi ted  Ni in  0.01, 0.05, 0.10, 0.50, 
and  1.0N aq N a O H  solut ions  are g iven  in  Ta b l e  I. 
Fig. 1 shows four  m e a n  Tafel  l ines  on e lec t rode-  
posi ted Ni in  0.1N NaOH solu t ion  at  25 ~ 35 ~ 45 ~ 
and  55~ The  t r ans f e r  coefficient is ca lcu la ted  ac-  
cording  to b = 2.303 R T / a F .  

The e lec t ron  n u m b e r ,  X, defined as the  n u m b e r  of 
e lect rons  necessa ry  to comple te  one act of the  r a t e -  
d e t e r m i n i n g  step (5) ,  is ca lcu la ted  us ing:  

Table I* 

Conc. Temp, 
N ~ b, mv a to, a m p / c m  e (O~/Oic) ~-->o$ X 

0.01 25 122 0.48 1.6 X 10 -~ 1.50 X 10 * 1.1 
0.05 25 122 0.48 2.0 X 10 ~ 1.25 X 10 ~ 1.0 

35 125 0.49 3.2 X 10 -~ 7.50 X 10 ~ 1.1 
45 128 0.49 5.0 X 10 ~ 5.00 X 10 s 1.1 
55 130 0.50 7.9 X 10 -~ 2.70 X 10 ~ 1.3 

0.10 25 122 0.48 2.5 X 10 -6 1.06 X 10 ~ 1.0 
35 130 0.47 4.0 X 10 -~ 7.50 X 108 0.9 
45 135 0.47 6.6 • 10 -6 4.40 X 10 ~ 0.9 
55 137 0.47 1.0 • 10 -~ 2.65 X 10 ~ 1.1 

0.50 25 122 0.48 3.3 • 10 -~ 8.12 X 10 ~ 1.0 
35 130 0.47 5.0 • 10 -~ 5.25 X 10 ~ 1.0 
45 135 0.47 8.3 • 10 -" 3.50 X 10 ~ 1.1 
55 138 0.47 1.3 • 10 -~ 2.65 • 108 0.8 

1.00 25 125 0.47 4.5 • 10 -~ 6.00 X 108 1.0 

* V a l u e s  o f  ~ a r e  g i v a n  to  t h e  n e a r e s t  s e c o n d  
k to  t h e  n e a r e s t  f i r s t  d e c i m a l  f i g u r e .  

$ R e p r o d u c i b l e  w i t h i n  -4-3%. 

d e c i m a l  f i g u r e ,  a n d  

/ 
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Fig. 2. Relation between overpotentiol and current density 
at very low cathodic polarization for electrodeposited Ni in 
0.1 N NaOH. 

RT 
X = - - - -  ( O i d ~ )  ~ .-> 0 ( l )  

ioF 
and,  

exp ( X ~ , F / R T )  = 0.05 ( I t )  

m is the  ove rpo ten t i a l  at wh ich  the Tafe l  l ine  de-  
par t s  f rom l i n e a r i t y  owing  to the apprec iab le  r a t e  
of ion iza t ion  of adsorbed  a tomic  hydrogen .  Eq. I I  
gives a p p r o x i m a t e  va lues  for X. The va lues  of the  
e lec t ron  n u m b e r  ca lcu la ted  according to Eq. (I)  a re  
i nc luded  in  Ta b l e  (I) .  Values  of X ca lcu la ted  ac-  
cord ing  to Eq. II  are  in  subs t an t i a l  a g r e e m e n t  w i th  
the va lues  ob ta ined  f rom Eq. ( I ) .  The  r e l a t ion  be -  
t w e e n  ~? and  the c u r r e n t  dens i ty  for smal l  cathodic 
po la r i za t ion  (be low 20 mv)  is shown  in  Fig.  2 for 
the  m e a n  Tafe l  l ines in  0.1N NaOH. 

The effect of pH on h y d r o g e n  ove rpo ten t i a l  is 
s tud ied  at 25~ The ove rpo ten t i a l  at  t h ree  di f ferent  
c u r r e n t  densi t ies  (10 -~, 1O -~, a nd  10 4 a m p / c m  ~) is 
p lo t ted  aga ins t  the pH;  the  resu l t  is show n  in  Fig. 3. 
F r o m  Fig. 3 it  is c lear  tha t  the  va lue  of (Ov /apH)  ~ at 
the  th ree  d i f ferent  c u r r e n t  densi t ies  is 26 • 1 m y /  
u n i t  inc rease  of pH. 

The  re la t ion  b e t w e e n  log io and  the rec iproca l  of 
t e m p e r a t u r e  is shown  in  Fig. 4 for 0.05, 0.10, and  
0.50N aq. NaOH solutions.  The  hea t  of ac t iva t ion ,  
AHo ~, at  the  r eve r s ib l e  po t en t i a l  is ca lcu la ted  f rom 
the  slope of log io - -  1 / T  r e l a t ion  according  to (6,9) : 

io : B exp ( - - A H o ~ / R T )  ( I I I )  

w h e r e  B is the  E y r i n g  e n t r opy  factor  (5, 6, 10). A 
m e a n  v a l u e  of 8.8 • 0.1 k c a l / m o l e  is ca lcu la ted  for 
J H o  ~ f rom the resul ts  in  0.05, 0.10, and  0.50N NaOH 
according to Eq. ( I I I ) .  Us ing  this  m e a n  va lue  of 

0.35 
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0.10 

0.05 _ _  
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12 19 

Fig. 3. Effect of pH on overpotent ial  for electrodeposited 
Ni in NaOH solutions at  25~ 



688 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  November  1957 

-toe I o 
S.? 

5.6 

~,~ 

S~3 

6.~ 

4.9 

~ 8  

o 

l o.o5 z~ 

z~ o. ION 

50 ~r 

:o i~ 3'.~ - - J 3  3', x,~ 

Fig. 4. Relation between the logarithm of the exchange 
current and the reciprocal of temperature for electrodeposited 
Ni in NaOH solutions. 

AHo* in  Eq. ( I I I ) ,  log B is calculated,  at  25~ for 
the  var ious  NaOH solut ions  s tudied.  The r e l a t ion  
b e t w e e n  log B and  log a~o ,  is l i nea r  w i th  a slope of 
a p p r o x i m a t e l y  0.23. This  r e l a t ion  is shown  in  Fig.  5. 

The  hea t  of ac t ivat ion,  AHo*, m a y  also be  ca lcu-  
la ted f rom the ra t e  of change  of ~ w i th  t e m p e r a t u r e  
at  a cons tan t  c u r r e n t  dens i ty  according  to (5 ) :  

(O~?/OT), = (AHo* + a~?F)/aFT (IV) 

The  resul ts  ob ta ined  by  this m e t h o d  are less r e -  
p roduc ib le  t h a n  those ob ta ined  f rom the slope of log 
io - -1 /T  r e l a t ion  (3) .  AHo* is ca lcu la ted  us ing  the  
m e a n  va lues  of a, ~?, and  T in  the  r igh t  h a n d  side 
of Eq. ( IV) ;  the  resul t s  are  g iven  in  Tab le  ( I I ) .  

Discussion 
The resu l t s  for e lec t rodeposi ted  Ni are  no t  con-  

cordan t  w i th  the  resul t s  on Ni in  the  fo rm of a w i r e  
(6, 11, 12). Thus ,  the  ove rpo ten t i a l  at  a cons t an t  
c u r r e n t  dens i ty  is n u m e r i c a l l y  lower  for e lec t rode-  
posi ted Ni t h a n  tha t  for Ni wi re  in  the  same  solu-  
t ion  and  at  the same  t empera tu r e .  The  exchange  
cu r ren t s  for e lec t rodeposi ted  Ni are h ighe r  t h a n  the  
co r re spond ing  va lues  for Ni wire.  Thus,  the va lue  
of io for e lec t rodeposi ted  Ni in  0.1N NaOH at 25~ 
is 2.5 X 10 ~ a m p / c m  ~ (cf. Tab le  I ) ,  whereas  for Ni 
wi re  io in  the  same solu t ion  lies b e t w e e n  4 X 10 -~ 
a m p / c m  ~ at  20~ and  7.9 X 10 -~ a m p / c m  ~ at  40~ 
[cf. Ref. (6 ) ] .  The  difference b e t w e e n  the  io va lues  
for e lec t rodeposi ted  and  b u l k  Ni (wi re )  m a y  be 
pa r t l y  a t t r i b u t e d  to a la rge  t rue  sur face  a rea  for the  
fo rmer  as compared  to the lat ter .  The  a p p a r e n t  cu r -  
r e n t  dens i ty  corresponds  to a lower  t rue  c u r r e n t  
dens i ty  in  the  case of e lec t rodeposi ted  Ni an d  con-  

lo t  
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Fig. 5. Relation between the Iogorithm of the Eyring entropy 
factor and log a~o~. 

Table II 

T e m p  M e a n  
Conc.  r a n g e ,  (O~/aT) ~ M e a n  ~ m v ,  a t  AHo*, M e a n  

N ~ m y / d e g r e e  a 1 0 - 4 a m p / c m e  k e a l  AHo* 

0.05 25-35 1.8 0.485 197 8.3 
35-45 2.1 0.490 178 9.4 9.2 
45-55 2.2 0.495 156 9.9 

0.10 25-35 1.6 0.475 191 7.4 
35-45 2.3 0.470 172 9.7 9.2 
45-55 2.5 0.470 148 10.4 

0.50 25-35 1.5 0.475 176 6.9 
35-45 2.1 0.470 158 8.8 8.3 
45-55 2.2 0.470 136 9.2 

s e que n t l y  v is n u m e r i c a l l y  sma l l e r  t h a n  in  the  case 
of b u l k  Ni. The io va lues  for e lec t rodeposi ted  Ni are 
the re fore  g rea te r  t h a n  those of b u l k  Ni. F u r t h e r -  
more,  it  has been  observed  (6) tha t  the Tafe l  l ine  
slope b for Ni wi re  does no t  v a r y  w i th  t empe ra tu r e ,  
whereas  for e lec t rodeposi ted  Ni it  is c lear  f rom 
Tab le  (I)  tha t  b increases  w i th  t e m p e r a t u r e .  This 
also accounts  for the difference be t w e e n  the  io va l -  
ues ob ta ined  in  the  p re sen t  i nves t iga t ion  a nd  those 
of Bockris  and  Po t t e r  (6) .  S ince  b = 2.303 RT/aF, 

m a y  there fore  be t aken  as i n d e p e n d e n t  of t e m -  
p e r a t u r e  wi th  a va lue  ly ing  b e t w e e n  0.47 and  0.50. 
The fact  tha t  b increases  w i th  t e m p e r a t u r e  is in  
accordance  w i th  the resul t s  of others  (13, 14). It  
is also to be  no ted  tha t  no effect of t ime  on the  over -  
po ten t i a l  on e lec t rodepos i ted  Ni is observed  in  the  
p resen t  inves t iga t ion .  In  o ther  words,  v reaches a 
cons tan t  v a l u e  in  less t h a n  a m i nu t e .  On the  other  
hand ,  an  apprec iab le  t ime  effect is observed  for 
b u l k  Ni (11, 15). This  is in  a g r e e m e n t  w i th  the r e -  
sul ts  of Bockris  and  Pa r sons  (1) who observe  tha t  
the  a t t a i n m e n t  of the  s t eady - s t a t e  va lue  of ~ is 
qu icker  for e lec t rodeposi ted  meta l s  p r o b a b l y  be -  
cause of the  co-depos i t ion  of h y d r o g e n  d u r i n g  elec- 
t rodeposi t ion.  

The  ac t iva t ion  ove rpo ten t i a l  associated w i th  the  
cathodic evo lu t ion  of h y d r o g e n  m a y  be  a t t r i b u t e d  to 
a r a t e - d e t e r m i n i n g  slow discharge  process, e lec-  
t rochemica l  desorpt ion,  or ca ta ly t ic  c omb ina t i on  
(5) .  Other  r a t e - d e t e r m i n i n g  m e c h a n i s m s  of less 
i m p o r t a n c e  are ci ted in  the  l i t e r a tu r e  (4) .  A r a t e -  
d e t e r m i n i n g  slow discharge  is charac te r ized  b y  a 
Tafe l  l ine  slope of 0.120 v at 30~ a nd  by  ~---- 1. 
For  a r a t e - d e t e r m i n i n g  e lec t rochemica l  desorpt ion,  
the Tafe l  l ine  exhib i t s  two slopes (21) of 0.040 v 
a nd  0.120 v at  30~ in  the  l i nea r  logar i thmic  sec- 
tion, a nd  X is 2. A r a t e - d e t e r m i n i n g  ca ta ly t ic  com- 
b i n a t i o n  is d i s t ingu i shed  b y  a Tafe l  l ine  slope of 
0.030 v at  30~ i n  the  r a n g e  of c u r r e n t  densi t ies  
used in  the  p resen t  inves t iga t ion .  For  this  m e c h a n -  
i sm >, is also 2. F r o m  this  a nd  the da ta  g iven  in  
Tab le  I i t  is ev iden t  tha t  the  ra te  of h y d r o g e n  evo-  
lu t ion  on e lect rodeposi ted Ni in  NaOH solut ions  is 
cont ro l led  by  a slow discharge  mechan i sm.  This  is 
suppor ted  by  the  fact  tha t  the  va lues  of the  t r ans fe r  
coefficient, a, are  v e r y  n e a r  to 0.5 (cf. Ta b l e  I ) ,  the  
va lue  usua l ly  observed  for a s low discharge  mech -  
a n i sm  (16, 17). Owing  to the  d i m i n i s h i n g l y  smal l  
concen t r a t i on  of H~O + ions in  a lka l ine  solut ions,  it 
is possible  tha t  the  d ischarge  takes  place f rom wa te r  
molecules  and  not  f rom H~O + ions (18).  This  is sup-  
por ted  b y  the posi t ive  va lues  of (O~/OpH), ob ta ined  
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in  the  p r e s e n t  i n v e s t i g a t i o n  (cf. Fig .  3) .  The  r a t e -  
d e t e r m i n i n g  s tep  in  t h e  o v e r - a l l  r e a c t i o n  for  h y d r o -  
gen evo lu t i on  on e l e c t r o d e p o s i t e d  Ni  in  N a O H  so lu -  
t ions  is, t he re fo re ,  r e p r e s e n t e d  b y :  

H~O -b e ~ OH" + M H  (V) 

where M represents the electrode surface. This is 
followed either by a fast catalytic combination: 

M H  + M H - ~  Ha (VI )  

or  b y  a fas t  e l e c t r o c h e m i c a l  d e s o r p t i o n :  

H~O + MH + e -+ Ha -5 OH' (Vll) 

There is, however, no evidence to favor either the 
catalytic combination or the electrochemical de- 
sorption. 

Values theoretically deduced (6) for (a~/0pH)~ 
in the case of the discharge from water molecules 
lie between 60 mv and 120 mv per unit increase of 
pH at 30~ for conditions near and far from the 
electrocapillary maximum, respectively. The ex- 
perimentally observed value of (a~/apH), for elec- 
trodeposited Ni is 26 my, thus indicating that the 
experimental pH effect is much smaller than the 
theoretical values. Similar observations have been 
made for Ag in NaOH solutions (20). For Ni wire 
the pH effect, observed by Bockris and Potter (6), 
lies between 10 and 25 mv per unit increase of pH 
whereas the work of Lukovstev and Lewina (12) 
indicates a pH effect of 40 mv per unit pH. The ex- 
perimental p H  effect  c anno t  be  a c c o u n t e d  for  b y  
Bockr i s  a n d  W a t s o n ' s  m e c h a n i s m  (19) ,  in  w h i c h  the  
h y d r o g e n  o r i g ina t e s  f r o m  N a  a t o m s  and  w a t e r  
molecu les ,  s ince  th is  m e c h a n i s m  does  no t  a p p l y  to 
Ni  (6 ) .  F o r  t he  d i s c h a r g e  f r o m  w a t e r  molecu les ,  
Bockr i s  a n d  P o t t e r  (6)  h a v e  t a k e n  in to  c o n s i d e r a -  
t ion  the  effect  of the  o r i e n t a t i o n  of w a t e r  mo lecu l e s  
in  t h e  d o u b l e  l aye r .  The  m a i n  p o s t u l a t e  of th i s  
t r e a t m e n t  is t h a t  t he  a c t i v i t y  of w a t e r  in  t he  d o u b l e  
l a y e r  inc reases  f a s t e r  t h a n  t h a t  in t he  b u l k  of 
so lu t ion  o w i n g  to t he  effect of t he  h igh  field s t r e n g t h  
n e a r  t h e  e lec t rode .  E v e n  w i t h  th is  t r e a t m e n t  t h e  
t h e o r e t i c a l  va lue s  of (O~/OpH), for  the  d i s c h a r g e  
f r o m  w a t e r  mo lecu le s  a r e  s t i l l  d i f f e ren t  f r o m  t h e  
e x p e r i m e n t a l  va lues .  B e a r i n g  in  m i n d  t h a t  t he  d i s -  
c h a r g e  for  H~O molecu l e s  is r a t e  d e t e r m i n i n g  for  
h y d r o g e n  e v o l u t i o n  on e l e c t r o d e p o s i t e d  Ni  in  N a O H  
so lu t ions  one  m a y  p r o c e e d  to e x p l a i n  t he  e x p e r i -  
m e n t a l  p H  effect of 26 m y / u n i t  i nc rea se  of p H  at  
30~ 

The expression for the cathodic current density, 

taking a = 0.5, is given by (5): 

i = to. e x p .  (--~?F/2RT) (VI I I )  

I t  is c l ea r  f r o m  Eq. ( V I I I )  and  Fig.  3 t h a t :  

2.303 RT (O~?/OpH)~=2 . -~ ) (O logio~ 
\ 0 - ~ H /  =0 .026•  v 

( IX)  
a n d  f r o m  ( I X )  t a k i n g  OpH = 0 log a~,o~ one gets  a t  
25~ 

io = K (a~oo.) o.~ (X)  

w h e r e  K is a c o n s t a n t  a t  c o n s t a n t  t e m p e r a t u r e .  
E q u a t i o n  (X)  is b a s e d  on t h e  e x p e r i m e n t a l  p H  
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effect o b s e r v e d  in  t h e  p r e s e n t  i nves t iga t ion .  The  d e -  
p e n d e n c e  of io on aNao~ m a y  b e  a t t r i b u t e d  to e t he  d e -  
p e n d e n c e  of t he  a c t i v i t y  of w a t e r ,  in  t he  i n i t i a l  
s t a t e  of t he  reac t ion ,  on aNaom Thus,  t h e  e x p r e s s i o n  
for  io m a y  be  g iven  b y  ( 5 ) :  

kT 
io=)tF X --~- (aHao) .exp.  ( ASo* / R  ) exp . (--AHo* / R T  ) 

(xi) 
w h e r e  X is t h e  t r a n s m i s s i o n  coefficient,  aH~o is t he  
a c t i v i t y  of t he  r e a c t a n t  ( w a t e r )  in  t he  i n i t i a l  s ta te ,  
• is t h e  s t a n d a r d  e n t r o p y  of a c t i v a t i o n  a t  t he  
r e v e r s i b l e  po t e n t i a l ,  a n d  ( kT /h )  has  i ts  u s u a l  s ig -  
n i f i cance  as g i v e n  b y  t h e  t h e o r y  of a b s o l u t e  r e a c t i o n  
r a t e s  (10) .  F r o m  ( I I I )  a n d  ( X I )  i t  fo l lows  t h a t :  

kT 
B ~- kF X (a~o)  �9 e x p .  (•  ( X I I )  

h 

I t  has  been  o b s e r v e d  e x p e r i m e n t a l l y  t h a t  AHo*, for  
h y d r o g e n  e v o l u t i o n  on e l e c t r o d e p o s i t e d  Ni  in  N a O H  
solut ions ,  is i n d e p e n d e n t  of aN,oH. If  t h e  a s s u m p t i o n  
is m a d e  t h a t  ASo* is also i n d e p e n d e n t  of an,oH i t  fo l -  
lows  f r o m  (X)  a n d  ( X I )  t h a t  : 

a-ao cc (a~,o.)  ~ ( X I I I )  

a n d  the  e x p e r i m e n t a l  p H  effect  o b s e r v e d  in  t h e  
p r e s e n t  i n v e s t i g a t i o n  may ,  thus,  be  due  to t he  
d e p e n d e n c e  of t he  a c t i v i t y  of w a t e r  in  t h e  i n i t i a l  
s t a t e  on a ~ o .  as g iven  b y  ( X I I I ) .  The  l i n e a r i t y  b e -  
t w e e n  log B a n d  log  a~,oH (Fig .  5) fo l lows,  t h e r e -  
fore,  f r o m  Eqs. ( X I I )  a n d  ( X I I I ) .  C o m b i n i n g  ( X I I )  
a n d  ( X I I I )  one  ge ts :  

B = K '  ( a ~ o H ) ~  (ASo*/R) ( X I V )  

ASo* m a y  be  c a l c u l a t e d  acco rd ing  to ( X I V )  f r o m  
the  v a l u e  of B c o r r e s p o n d i n g  to a~,o~ = 1 (Fig .  5}. 
If  t he  p r o p o r t i o n a l i t y  c o n s t a n t  in ( X I I I )  is a s s u m e d  
to be  e q u a l  to un i ty ,  K '  becomes :  

kT 
K '  = ~F X ~ (XV)  

h 

w h e r e  X is u s u a l l y  t a k e n  as u n i t y  (10) ,  and  the  
v a l u e  of ASo* ( s t a n d a r d  s t a t e  a~,o~ ~ 1) c a l c u l a t e d  
acco rd ing  to ( X I V )  and  ( X V )  i s - - 7 7  c a l / d e g r e e /  
mole .  

V a r i a t i o n  of i .  w i t h  aN,oH [Eq.  ( X ) ]  m a y  also be  
a t t r i b u t e d  to t h e  c h a n g e  of t h e  f r ee  e n e r g y  of  a c t i v a -  
t ion  w i t h  a~o~. A t  p r e s e n t  t h e r e  is, h o w e v e r ,  no ev i -  
dence  to f a v o r  one  of t he  a b o v e  two  poss ib i l i t i e s  
and  the  so lu t ion  to th is  p r o b l e m  wi l l  be  d e a l t  w i t h  
in  a l a t e r  pub l i ca t i on .  
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Technical Note 

The Value of the Electromotive Force of a Voltaic 
A Magnitude Without Sign 

J. B. Ramsey 

Department of Chemistry, University of California, Los Angeles, California 

Cell; 

There exists considerable  doubt  among chemists  
and other  physical  scientists r egard ing  the need of 
giving a sign to the va lue  of the  e lec t romot ive  force 
of a vol taic  cell. 

I t  is the purpose  of this paper  to present  just if i -  
cation for a nonalgebra ic  definit ion of the va lue  of 
the emf of a vol taic  cell, tha t  is, for giving the  emf 
of a cell a numer ica l  va lue  (a  magn i tude  wi thout  
sign) i r respect ive  of the  or ienta t ion  of its two elec-  
t rodes in its symbolic formulat ion.  

The sign convention qui te  genera l ly  used in as-  
signing an a lgebraic  va lue  to the  emf of a voltaic 
cell is the one or ig ina l ly  adopted by  Lewis (1).  Ac-  
cording to this sign convention the va lue  to be given 
to the e lec t romot ive  force of a cell as formulated 
"shal l  r epresen t  the tendency of the  negat ive  cur -  
ren t  to pass spontaneously  through the cell f rom 
r ight  to left ." This convention has been reaff irmed 
in the recommendat ions  made by the Commission 
on Phys ico-Chemica l  Symbols  and Terminology 
and the Commission on Elec t rochemis t ry  (2),  both  
of the  In te rna t iona l  Union of P u r e  and Appl ied  
Chemistry,  at  thei r  meet ing  in Stockholm in 1953. 
Recent ly  deBethune (3) has given a c lar i fy ing dis-  
cussion of the  recommendat ions  of these Commis-  
sions. 

Proposed nonalgebraic definition of the emf  of a 
voltaic ce l l . - -We  propose to define the va lue  of the 
emf of a vol taic  cell as the  absolute  value  of the 
difference be tween  the electrode potent ia ls  of the 
two electrodes of the cell, which is, therefore,  inde-  
pendent  of the way  in which the cell may  be fo rmu-  
lated. This definition is expressed by  the fol lowing 
relat ion,  

emfcen = }VI - -V2J  = ] & - - g ~ ]  

where  V1 represents  the Gibbs -S tockho lm (e lec t ro-  
s tat ic)  electrode potent ia l  of the  i th e lectrode and 
&, the electron chemical  potent ia l  of the i th  elec-  
t rode as defined by  Ramsey  (4).  

Consequence of this definit ion.--Consider the oc- 
cur rence  of an i so thermal  change in state requi r ing  
the passage of n fa radays  of e lec t r ic i ty  (posi t ive or 
negat ive)  in the  d i rec t ion  requi red  by  the change in 
state considered. The numer ica l  va lue  (magni tude)  
of the m a x i m u m  ( i so thermal )  e lectr ical  work  pro-  
ducible  e i ther  in the surroundings  or in the  system 

(the voltaic cell) dur ing this i so thermal  change in 
s ta te  is nEcenff. The sign given to nEce,~ff is depend-  
ent  on the  the rmodynamic  definit ion of "work."  Most 
Amer i can  phys ica l  chemists  define "work"  in such a 
way  tha t  it  is given a posi t ive  va lue  if produced in 
the  sur roundings  and a negat ive  value  if produced 
in the system ( Q - - - - •  

Now if the  i so thermal  change in s ta te  being con- 
s idered occurs spontaneously,  then work  wi l l  be 
produced in the  sur roundings  dur ing  this change 
and nEce,,[: wil l  have  a posi t ive value.  If, on the 
o ther  hand, e lectr ical  work  must  be done on the 
system ( the  vol taic  cell) in order  to br ing  about  the  
change considered, nEcenF must  be given a negat ive  
value.  

The change in free energy,  AF, accompanying the 
change in s ta te  considered,  is then given by  the re -  
lation. 

~F = -- (nEce,,F) 

in which the  sign to be given nE~e,,F is de te rmined  
as descr ibed in the  preceding  pa ragraph ,  viz., a 
posi t ive sign if e lect r ica l  work  is produced in the  
surroundings  (change wil l  occur spontaneously)  
and a negat ive  sign if e lect r ica l  work  must  be done 
on the  system to br ing  about  the change considered 
( the  change would occur spontaneously  in the re -  
verse  direct ion to tha t  being considered) .  

The definition of the e lec t romot ive  force of a 
voltaic cell, conceived as a magni tude  wi thout  sign, 
in terms of the  potent ia ls  of its two electrodes de-  
pends on the definit ion of an electrode potent ia l  
which is used. If the Gibbs -S tockho lm elect rode 
potential ,  V1, is adopted  [see Ref. (3 ) ] ,  (where  the 
t e rm "poten t ia l"  is used in the  electrostat ic  sense) 
then the emf of a cell is defined as the  tendency of 
posi t ive cur ren t  to flow through the outer  circui t  
f rom the electrode having  the grea te r  va lue  of V to 
the one wi th  the smal ler  va lue  of V. It  may  be 
noted the  potent ial ,  V, appl ies  s t r ic t ly  to the piece 
of "ex te rna l  c i rcui t"  meta l  connected wi th  each of 
the electrodes respect ively .  If, however,  the  "elec-  
t ron chemical  potent ia l ,"  6, of an electrode [see 
Ref. (4 ) ]  is adopted  (where  the t e rm "potent ia l"  
is used in its t he rmodynamic  sense) then the emf of 
a cell  is defined as the  tendency  of electrons to flow 
through the ex te rna l  circuit  f rom the  electrode hay -  
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ing  the  g r e a t e r  ~ - v a l u e  to t he  one  h a v i n g  the  
s m a l l e r  ~ - v a l u e .  I t  shou ld  be  n o t e d  t ha t  n o t h i n g  is 
sa id  in these  def in i t ions  of t he  emf  r e g a r d i n g  t h e  
o r i e n t a t i o n  of t h e  two  e l ec t rodes  of t he  cel l  as it 
m a y  be arbi trari ly  ~ormulated.  

The  jus t i f i ca t ion  for  c o n s i d e r i n g  the  v a l u e  of t he  
e m f  of  a cel l  to h a v e  a m a g n i t u d e  w i t h o u t  s ign  m a y  
be  s u m m a r i z e d  as fo l lows :  w h e n  a s ign  c o n v e n t i o n  
has  been  a d o p t e d  fo r  t he  m a x i m u m  ( i s o t h e r m a l )  
e l e c t r i c a l  w o r k ,  W ... . .  ~., t r a n s f e r r e d  d u r i n g  the  i so -  
t h e r m a l  c h a n g e  in  s t a t e  cons ide red ,  n a m e l y  ( ac -  
co rd ing  to m a n y  t h e r m o d y n a m i c i s t s )  t h a t  it, W ... . .  l ,  
h a v e  a pos i t i ve  s ign  if  w o r k  is p r o d u c e d  in  the  s u r -  
r o u n d i n g s  a n d  a n e g a t i v e  s ign  i f  p r o d u c e d  in  t he  
s y s t e m  ( t h e  vo l t a i c  cel l  in  th is  case ) ,  t he  a d o p t i o n  
of  an  a d d i t i o n a l  s ign  c o n v e n t i o n  for  the  e l e c t r o -  

m o t i v e  force  of a vo l t a i c  cell ,  as  f o r m u l a t e d ,  is r e -  
d u n d a n t  and  s e rves  no use fu l  pu rpose .  

Manuscr ip t  rece ived  J u l y  9, 1957. 

A n y  discussion of this  p a p e r  wi l l  appear  in a Dis- 
cussion Section to be pub l i shed  in the  June  1958 
JOURNAL. 
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Anodization of Lead and Lead Alloys in Sulfuric Acid 
Jeanne Burbank 

U. S. Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

The anodic lead dioxide coatings formed on lead and selected alloys in  
sulfuric acid were examined by electron and x-ray diffraction and by electron 
and light microscopy; the self-discharge of the dioxide films on the metals  was 
followed by t ime-potential  curves; the relat ion be tween anodic attack, self- 
discharge characteristics, and the microstructures of the metals are reported. 

Anodical ly formed dioxide coatings on lead and the alloys comprise a mix- 
ture  of two polymorphic forms of PbO~ at the metal-coating interface, and 
common te t ragonal  lead dioxide at the solution-coating interface. Discharge 
of these dioxide coatings indicates that  ~PbO~ discharges more rapidly than 
aPbO~. The potent ial  of a discharging surface is determined by these relat ive 
rates as well  as by the physical s t ructure  of the dioxide layers. This in t u r n  
is determined to some extent  by the microstructure of the metal. 

The metals were shown to be preferent ia l ly  attacked at grain boundaries  
and in in terdendr i t ic  areas depending on the na ture  of the segregated mater ia l  
and s t ructural  discontinuities. A discussion of some of the crystal chemistry 
of the lead compounds, potential-pH diagram, and the lead acid cell is included. 

Corros ion of the pos i t ive  gr id  in  the  lead acid cell 
is a l i m i t i n g  factor  in  use fu l  cell  life, and  e x a m i n a -  
t ion  of such processes inc ludes  a s tudy  of the  anodic  
coat ings  fo rmed  on gr id  meta l s  u n d e r  cell e n v i r o n -  Alloy additions 
ments .  This  paper  is a c o n t i n u a t i o n  of s tudies  r e -  wt ~o 

Ca Sb Sn 
ported earlier (1, 2) concerning the anodic coatings 
fo rmed  on Pb  and  its al loys in  H~SO~, and  the i r  0.05 - -  
e lec t rochemica l  and  phys ica l  charac te r iza t ion .  The  
e x p e r i m e n t a l  w o r k  compr ised  (a)  d e t e r m i n a t i o n  of 
the se l f -d i scharge  charac ter i s t ics  of the coatings,  0.09 - -  - -  
(b)  d e t e r m i n a t i o n  of the  r e l a t ion  b e t w e e n  anodic  
a t tack  of the  me ta l s  and  the i r  mic ros t ruc tu res ,  ( c )  0.15 - -  - -  
ident i f ica t ion of the  anodic  products  b y  e lec t ron  a nd  
x - r a y  diffraction,  and  ( d )  the microscopic  e x a m i n a -  - -  12 - -  
t ion  of the  anodic  coat ings  fo rmed  on Pb  a nd  its 

- -  0 . 5  - -  
alloys. Where  possible  such s tudies  have  b e e n  re -  
la ted  to the  corrosion ra tes  of the  al loys r epor t ed  by  
L a n d e r  (3) .  To e l i m i n a t e  the  poss ib i l i ty  tha t  p r e p -  
a ra t ion  for e lec t ron  dif f ract ion e x a m i n a t i o n  caused - -  2 4�89 
changes  in  the  n a t u r e  of the  anodic  products ,  sev-  
era l  e x p e r i m e n t s  are r epor ted  on  e lec t rochemica l  4�89 
p r epa ra t i ons  of the  oxides deposi ted  on Pt,  a nd  on 
b u l k  oxides. 0.05 - -  4V2 

Two crys ta l  fo rms  of PbO~ have  b e e n  repor ted ,  
the  c o m m o n  t e t r a g o n a l  va r ie ty ,  and  an  o r tho rhombic  0.09 - -  4V2 

form (4-6) .  For  purposes  of this  r epor t  the  a lpha  0.15 - -  41& 
form of PbO~ is accepted as a second po lymorph ic  
fo rm of the  d ioxide;  however ,  despi te  the  c rys t a l -  
lographic  s tudies  devoted  to this  mate r ia l ,  on ly  v e r y  0.01 
incomple te  i n f o r m a t i o n  on its s to ich iomet ry  has b e e n  1 
pub l i shed  (5) .  6 

Experimental 9 ~  

Time-potentia~ studies.---Alloys h a v i n g  the  n o m -  
ina l  composi t ions  shown  in  Tab le  I were  p r e p a r e d  
by  m e l t i n g  we ighed  quan t i t i e s  of the  p u r e  meta l s  in  
P y r e x  tubes,  and  cas t ing  in  A1 molds.  Spec imens  of 
each of the  alloys, p r e p a r e d  in  the  same m a n n e r  as 
p rev ious ly  used for p u r e  Pb  (1) ,  were  anodized  

Table I. Relation of microstructure to corrosion topography 
and rate in Pb alloys 

Relat ion of  corrosion 
topography  to microstructure  

Corrosion 
rate p e n e -  

trat ion (3) 
c m / y e a r  

In te rgranu la r  penet ra t ion  
wi th  undercu t t ing  subgrain!  
crystallographic pi t t ing 
In te rg ranu la r  penet ra t ion  
and secondary in terden-  
dritic at tack 
Severe in te rgranu la r  and 
in terdendr i t ic  penet ra t ion  
Severe in te rgranu la r  a n d  

in terdendr i t ic  penet ra t ion  
In te rg ranu la r  penet ra t ion  
and secondary inter-  
dendri t ic  at tack 

In te rgranu!ar  penetra t ion 
and secondary inter-  
dendri t ic  attack 
In te rg ranu la r  attack, V 
notch type 
In te rg ranu la r  penetrat ion,  
V notch type 
In te rg ranu la r  penetrat ion,  
V notch type 
Pr imar i ly  in te rgranuIar  
attack wi th  secondary 
in terdendr i t ic  penet ra t ion  

The relat ion of microstruc- 
ture  a n d  corrosion in the 
Pb-Sb alloys has been re- 
ported (2). 

4.6 • 10 -~ 

2.3 >< 1 0  -3 

above  the P b O J P b S O ,  po ten t i a l  to develop  a coat-  
ing  of PbO~, a nd  then  a l lowed td  se l f -discharge.  The  
e lec t ro ly te  was 1.210 sp gr H~SO,. The  po la r i za t ion  
and  open  c i rcui t  se l f -d i scharge  w e r e  fo l lowed wi th  
a Hg, Hg~SO, re fe rence  e lect rode in  the  same ceil 
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and in prec ise ly  the same fashion used in the p re -  
vious work.  

A f reshly  pol ished meta l  specimen was used in 
most instances, but  severa l  specimens were  reused 
af ter  s t r ipping the anodic products  in NH,Ac (sa tu-  
ra ted  ammonium aceta te  solut ion) and rinsing. 

Microstructure and Corrosion.--Portions of each 
of the al loy castings used by  Lander  (3) for cor-  
rosion r a t e  de te rmina t ions  in the 40-week cycling 
test  were  examined  at the end of the test  to show 
the re la t ion of corrosion to thei r  microst ructures .  
The corrosion products  we re  s t r ipped by  soaking in 
NH,Ac fol lowed by  r ins ing and drying.  Faxf i lm ~ 
replicas were  made  of the corroded surfaces. A por -  
t ion of each specimen was milled,  polished, and 
etched in acetic acid, hydrogen  peroxide  solution to 
develop the micros t ructure .  Photomicrographs  were  
made of the  replicas and meta l lograph ic  specimens. 

Corrosion products and special preparations.~ 
The anodic corrosion products  formed on alloys used 
in this s tudy  were  examined  by  reflection electron 
diffraction. Specimens were  p repa red  by  polishing, 
etching, r insing in NH,Ac, and  dis t i l led  water .  They 
were  anodized in H~SO, above the P b O J P b S O ,  poten-  
t ial  for va ry ing  lengths of t ime up to 8 hr. Speci -  
mens were  b lot ted  d ry  with  tissue, and e lect ron 
diffraction pa t te rns  taken.  

Rolled Pb sheet annealed  at  100~ for  six weeks  
was cleaned by  etching, r ins ing in NH,Ac and dis-  
t i l led water .  The sheet was then anodized above the  
P b O J P b S O ,  potent ia l  in H~SO, for var ious  per iods  
of t ime up to 30 days. The surface was b lo t ted  dry.  
S imi l a r ly  p repa red  specimens were  a l lowed to self-  
d ischarge to near  the P b / P b S O ,  potent ial ,  and the 
surfaces b lot ted  dry.  These charged and discharged 
surfaces were  examined  by reflection electron and 
x - r a y  diffraction. Anodic  products  were  freed from 
such surfaces by  soaking in NH,Ac and gent ly  low-  
er ing the specimen through a wa te r  surface. The 
floating residues were  p icked up on f i lm-coated 
specimen screens for e lectron microscope and dif -  
f ract ion examinat ions.  A s imi lar  d ischarged speci-  
men was mounted  in cast ing plast ic  (7),  sectioned, 
polished, and photomicrographs  made  under  po la r -  
ized light. 

S imi l a r ly  p repa red  specimens of pure  Pb sheet 
were  anodized at constant  potent ia ls  below the 
P b O J P b S O ,  potential ,  at this potent ial ,  and at  gas-  
sing. The e lect rode products  were  examined  by  
electron and x - r a y  diffraction. 

Chemical  repl icas  of 1% and 91/2 % S b - P b  alloys 
were  p repa red  and pho tographed  (8).  

Lead dioxide was deposi ted on P t  foil electrodes 
f rom d iva len t  lead solutions, under  conditions de-  
scribed by Zaslavskii ,  et al. (6),  to give deposits of 
known crys ta l  form. The s t ructures  were  verified 
by  x - r a y  diffraction. Such electrodes were  r insed in 
dis t i l led  wa te r  and used in these subsequent  studies:  
(a) soaked i n  1.250 sp gr H~SO, for three  days; (b)  
anodized in 1.250 sp gr H~SO, above the PbOJPbSO~ 
potent ia l  up to one week  against  a P t  cathode;  (c) 
discharged ca thodical ly  against  a P t  cathode in 1.250 
sp gr H~SO, fol lowed by  anodizat ion above the PbO..,/ 

The  Faxf i ]m Co., 1220 W. S i x t h  St. ,  C l e v e l a n d  13, Ohio.  

PbSO, potent ia l  to re form the dioxide;  (d) anodized 
in 3N NaOH solution using a P t  cathode for as long 
as three  days. 

The anodic products  from this series of tests were  
examined  by x - r a y  and electron diffraction and 
electron microscopy. The microscope specimens were  
p repa red  by soaking in NH,Ac, floating on water ,  
and mount ing on f i lm-covered specimen screens. 

Chemical ly  p repa red  te t ragonal  PbO, (9) and 
reagent  g rade  PbO~ were  pressed onto lead sheets 
and soaked or anodized above the P b O J P b S O ,  
potent ia l  in 1.250 sp gr H~SO, for va ry ing  periods 
up to one week. The mater ia l s  were  then examined  
by x - r a y  and electron diffraction. Af te r  t rea t ing  
with  NH4Ac and floating on water ,  the mater ia l s  
were  mounted  on screens for electron diffraction 
and microscope examinat ion.  

Electron diffraction pa t te rns  and micrographs  
were  obtained wi th  an RCA EMU 2, and the x - r a y  
pa t te rns  were  made  with  Phi l l ips  or Genera l  Elec-  
tr ic direct  recording  spectrogoniometers .  F ree  use 
was made of the opt ical  microscope to examine  sur -  
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Fig. 1. Self-discharge of PbOs coatings on Pb alloys in 
H=SO, vs. Hg=SO,/Hg electrode. The curves are numbered 
and were obtained with the fol lowing alloys (composition 
indicated is nominal weight per cent): curve 1, 4 � 8 9  Sn 2 Sb; 
4 � 8 9  Sn; 0.15 Ca; 0.01 Sb; 12 Sb (first run); curve 2, 0.05 Ca; 
9 � 8 9  Sb; curve 3, 0.09 Ca, 0.05 Ca; 1 Sb; curve 4, 0.15 Ca 
4 � 8 9  Sn; 0.15 Ca; 12 Sb (second run); curve 5, 6 Sb; curve 6, 
12 Sb (third run); curve 7, 0.09 Ca 4 � 8 9  Sn; 0.05 Ca 41/2 Sn. 

- 0 . 2  

- 0 . 4  

- 0 . 6  

> 
- 0 . 8  

1 0  

PbO 

b . . . . . . . . . . . .  ~ @ i sb__9_o \ \ (  . - -  _ ~ //sb 

i 
i \ 

(~) PbSO. 
Pb 

TIME 

Fig. 2. Prolonged self-discharge of PbO: coatings on Pb 
alloys in H2SO~ vs. Hg2SO4/Hg electrode. The curves for the 
several alloys ore numbered according to the fol lowing order: 
curve 1, 4 � 8 9  Sn; 0.09 Ca 4�89 Sn; curve 2, 0.09 Ca; 0.09 
Ca 4 � 8 9  Sn; 0.15 Ca 4 � 8 9  Sn; curve 3, 4 � 8 9  Sn 2 Sb; curve 
4, 0.05 Ca; curve 5, 0.15 Ca; 6 Sb; curve 6, 0.09 Ca 4 � 8 9  
Sn; 0.01 Sb; curve 7, 12 Sb; 0.15 Ca; 0.05 Ca 4 � 8 9  Sn; 
1 Sb; 9 �89 Sb. 
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faces dur ing  the e lect rochemical  t r ea tments  and 
a f te r  removal  from the electrolyte.  

Results and Discussion 
Time potential s tud ies . - -The  se l f -d ischarge  of th in  

coatings of anodica l ly  formed PbO= on the Pb al loys 
used in this s tudy are  shown in the schematic  t ime-  
potent ia l  curves  of Fig. 1 and 2. The genera l  shape 
of the curves is considered, and this is not a com- 
par ison of the t ime intervals .  I t  is seen that  the  
slope of the  discharge curves f rom the P b O J P b S O ,  
potent ia l  a r res t  var ies  over  wide l imits  and may  
exhibi t  wel l -def ined  arrests .  These in te rmedia te  
arres ts  are rea l  in tha t  cathodic or anodic pulses of 
cur ren t  do not des t roy them; however,  they  are not 
thought  to correspond to t he rmodynamic  equi l ib r ium 
potentials ,  but  r a the r  to mixed  potent ia ls  caused by  
physical  changes of the anodic coatings. These 
phys ica l  changes are  induced at  least  in pa r t  by  the 
na ture  of the meta l  itself. Random meta l lographic  
cuts of a cast al loy may  be expected to give r ise  to 
var ia t ion  in discharge character is t ics  because the 
re la t ive  amount  of segregated ma te r i a l  exposed on 
a given small  surface  a rea  wil l  vary.  For  example ,  
three  types  of discharge curve were  observed for a 
specimen of 12% P b - S b  alloy. These were  developed 
by  reus ing the same specimen, s t r ipping  the cor-  
rosion product ,  r insing,  and anodizing, omit t ing the 
resurfac ing  or meta l lographic  polishing be tween  
runs. Type curves numbered  1, 4, and  6 were  ob- 
ta ined  f rom a single specimen. The f reshly  p r e -  
pa red  and pol ished specimen (curve  1) was found 
to discharge af ter  ba re ly  paus ing  at  the  P b O J P b S O ,  
potent ia l  by  fal l ing r ap id ly  to an ar res t  near  tha t  
of the Sb electrode.  Reuse of the same area  af ter  
cleaning and r insing resul ted  in curve 4, and curve 6 
was obta ined  on the th i rd  run. The change in the 
discharge curves is a t t r ibu ted  to the re la t ive  amounts  
of segregated  Sb present  in the  meta l  surface. A n t i -  
mony is p re fe ren t ia l ly  leached f rom the me ta l  du r -  
ing anodizat ion;  thus reuse of a specimen causes a 
progress ive  deplet ion but  not e l iminat ion  of Sb f rom 
the surface, and produces  a progress ive ly  less steep 
discharge curve. I t  is doubtful  whe the r  the  Sb may  
be comple te ly  leached f rom the  surface of al loys 
containing 1% or more, as the in te rdendr i t i c  canals 
of segregated  Sb are  continuous. 

When c lea r -cu t  ar res ts  appear  near  the  P b O J  
PbSO~ potent ial ,  i t  is be l ieved tha t  a fixed but  
l imi ted  pore  area  is induced in the anodic film by 
solution of the  segregated  meta l  phase.  The po ten-  
t ia l  of the  surface  wil l  then be de te rmined  by  
s imultaneous e lect rochemical  processes, the r e su l t -  
ant  being a m u t u a l l y  polar ized potential .  This mixed  
potent ia l  of the  surface gives rise to t h e r m o d y n a m i -  
cal ly  unexpec ted  anodic products  (1, 10) owing to 
deple t ion  of hydrogen  ion in the  pore  areas  and 
poIar izat ion of the surface by  PbO,. When Pb is 
anodized to develop a coating of PbO= and al lowed 
to s tand on open circuit,  it exhibi ts  the  revers ib le  
P b O J P b S O ,  potent ial .  Scra tching to expose bare  
meta l  causes a lower ing of potent ial ,  but  a r ap id  
res tora t ion  occt/rs on t e rmina t ion  of the d i s tu rb -  
ance. The scratch marks  r ema in  br ight  and clean. 
Such a phenomenon is considered to be heal ing of 
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the anodic film by sulfat ion of the  exposed metal .  
In those cases where  the anodic films discharge with  
a steep slope, it  is be l ieved tha t  a l a rge  pore  area  
r ap id ly  develops on the surface once the film be-  
comes porous at all, and tha t  the pores do not be-  
come sealed. When the discharge curve shows a 
lower slope it is thought  tha t  the  pores develop con- 
t inuously  at a slow rate.  In those instances where  
wel l -def ined in t e rmed ia te  ar res ts  occur, the film 
becomes porous, but  the pores  r ema in  open and con- 
s tant  in a rea  dur ing  the t ime of the  arrest .  A soluble 
al loy component  acts as a pore  genera to r  and tends 
to keep the pores open. A s imi lar  effect would be 
expected when the specific volume of the  anodic 
products  of the  al loying meta l  differs m a r k e d l y  f rom 
those of Pb. The posi t ive  p la te  discharge react ions 
take  place s imul taneous ly  wi th  the  phys ica l  des t ruc-  
t ion of the coating. The u l t imate  mate r i a l s  present  
on a "discharged"  surface depend on the re la t ive  
rates  of the processes. Thus i t  is possible to observe 
res idual  undischarged  PbO2 on the surface af ter  
complete  apparen t  d ischarge (1).  The tendency  of 
the  meta l  to develop and main ta in  po ros i t y  in the  
anodic film influences the  appa ren t  efficiency of the 
discharge process at  the revers ib le  PbO2/PbSO, 
potential .  

Prolonged se l f -d ischarge  of the  anodized surfaces 
of the  severa l  al loys shows the series of curves in 
Fig. 2. In some cases the d ischarge  t e rmina ted  at  
--0.38 v re la t ive  to the  Hg, Hg~SO, electrode,  and 
others fell  to the Pb/PbSO~ poten t ia l  only to r ise 
again toward  more  posi t ive values as sulfat ion was 
completed.  These curves are  s imi lar  to those re -  
por ted  for stat ic pass ivat ion  (11-13),  and if suffi- 
cient t ime had  elapsed, they  would  p robab ly  al l  
have leveled off near  the v a l u e - - 0 . 4  v. In  these 
cases the poros i ty  of the  sul fa te  film is considered 
to be the control l ing factor  in the  t ime requ i red  for 
total  pass ivat ion as suggested by  the severa l  inves-  
t igators.  Here  again t he rmodynamica l ly  unexpec ted  
mate r ia l s  occur because of acid deplet ion at  the  
meta l  in ter face  (1, 11). 

Microstructure and corrosion.--The anodic corro-  
sion of Pb alloys is re la ted  to the i r  micros t ruc tures  
and usua l ly  proceeds by  gra in  bounda ry  at tack,  or 
a combinat ion of gra in  bounda ry  and in te rdendr i t i c  
pene t ra t ion  (2).  The al loys used in this s tudy 
showed three  types  of corrosion topography.  E x a m -  
ples of each of the  categories are  shown in Fig. 3, 4, 
and 5; resul ts  are summar ized  in Table  I. 

The re la t ion  of corrosion and micros t ruc tu re  in 
the P b - S b  alloys has been descr ibed ear l ie r  (2).  The 
cause of the  p re fe ren t i a l  a t tack  at  the  gra in  bound-  
aries in the lower  alloys is a t t r ibu ted  to discon- 
t inui t ies  in the segregated Sb at  low concentrations.  
The h igher  alloys, however,  have  a grea te r  degree  
of cont inui ty  be tween  the ma te r i a l  segregated  at  
gra in  boundar ies  and in the in te rdendr i t i c  ne twork  
as shown in Fig. 6. These microphotographs  show 
chemical  repl icas  (8) of two gra in  bounda ry  areas  
of 1% and 91/2% P b - S b  alloys. The spheroidal  seg-  
regat ion in the low al loys is less continuous than  
the eutectic segregat ion of the  h igher  where in  the 
gra in  bounda ry  area  is not m a r k e d l y  different  from 
the in terdendr i t ic .  
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Fig. 3a. (left) 0.05 Co-Pb binary alloy as-cast structure; 
Fig. 3b. (right) Replica of the corroded surface of 0.05 Ca-Pb 
binary alloy after removal of the corrosion products showing 
penetration at the grain boundaries, and areas where whole 
grains were undercut. 

Fig. 5a (left) 2 Sb 4Y2 Sn-Pb ternary alloy as-cast struc- 
ture showing pseudobinary structure; Fig. 5b. (right) Replica 
of the corroded surface showing preferential attack of the 
segregated eutectic material. 

Fig. 4a. (left) 0.15 Ca-Pb binary alloy as-cast structure; 
Fig. 4b. (right) Replica of the corroded surface of 0.05 Ca-Pb 
binary allay showing interdendritic and intergranular penetra- 
tion. 

The binary Pb-Ca alloys showed a behavior simi- 
lar to that of the Pb-Sb  system. The alloy contain- 
ing 0.05% Ca corroded preferentially at the grain 
boundaries, and the sub-grain attack took the form 
of small crystallographic etch pits as seen in Fig. 3. 
In addition there are numerous areas where entire 
grains have been completely undercut.  A metal-  
lographic specimen of the alloy is also shown in the 
photograph. In alloys of 0.09% Ca, the attack re-  
sulted in p r imary  grain boundary  penetration and 
secondary interdendritic attack. Fig. 4 shows the 
microstructure of 0.15% Ca alloy, typical of as-cast 
binary structures; and the corroded surface that 
shows deep penetration in both grain boundary  and 
interdendritic areas. 

The binary  Pb-Sn  alloy showed preferential  at- 
tack of the V-notch type at the grain boundaries 
similar to that seen on pure  Pb (2). 

The ternary  Sn, Ca, Pb alloys resembled the Pb-  
Sb series in their corrosion topography. Those with 
0.05 and 0.09% Ca showed intergranular  V-notch 
attack, and that with 0.15% Ca showed primari ly 
intergranular  with secondary interdendritic attack. 

The microstructure of the ternary  alloy with 2% 
Sb and 41/2 % Sn showed a mixture  of large and 
small grains of different compositions (Fig. 5). The 

Fig. 6a. Chemical replica of 1% Sb-Pb alloy showing 
spheroidal Sb particles and discontinuity at the grain bound- 
ary region. The light areas are primary Pb dendrites, and 
the dark areas are segregated Sb. 

smaller grains lie at the boundary  areas of the 
larger, and it is apparent  that  this alloy is a pseudo- 
binary structure, indicating that the liquidus attains 
the ternary eutectic composition during freezing 
(14). The anodic attack is pr imari ly in the areas 
of the segregated ternary  eutectic material  as shown 
in the photograph of the corroded surface. 

It  is possible to correlate the corrosion rates with 
the physical pat tern of the anodic attack. Lander ' s  
(3) corrosion rate determinations on these same 
alloys showed that the Sn binary and te rnary  alloys 
had lower rates than the alloys without Sn addi- 
tions. The higher rates were associated with simul- 
taneous attack at the grain boundaries and sub- 
grain structures, and with deep intergranular  attack, 
whereas the lower rates were associated with mod- 
erate grain boundary penetration and only second- 
ary attack in the body of the grain. 

Corrosion products.--The identification and char- 
acterization of the anodic corrosion products on Pb 
and the alloys was accomplished by electron and 
x - ray  diffraction examination. Identification by dif- 
fraction techniques of the several anodic oxides on 
Pb has been effected by holding the specimens at 
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Fig. 6b. Chemical replica of 9 � 8 9  Sb-Pb alloy showing 
typical as-cast structure with eutectic segregation continuous 
at the grain boundaries and interdendritic areas. Light areas 
ore primary Pb dendrites and dark material is segregated Sb. 

se lec ted  po ten t ia l s  for  sufficient t i m e  to p roduce  
coat ings  h e a v y  e n o u g h  to g ive  s t rong  c lear  p a t t e r n s  
in the  l ow the t a  region.  

E a r l i e r  w o r k  (1) ind ica ted  the  p r e sence  of  an  
un iden t i f i ed  species on Pb  anodes  in H~SO,. This  
m a t e r i a l  has  been  ident i f ied  as ~PbO~ in t he  p re sen t  
s tudy.  Fig.  7 is an e l ec t ron  m i c r o g r a p h  of ~PbO~ 
a f t e r  i so la t ion  f r o m  the  o the r  anodic  p roduc t s  and  
the  base  meta l .  T h e  par t i c les  exh ib i t  no h o l o h e d r a l  
forms,  and are  a p p r o x i m a t e l y  0.1~ in  d iamete r .  This  
is the  same  size r a n g e  r e p o r t e d  by  F e i t k n e c h t  and  
G a u m a n n  (15) ,  and o b s e r v e d  in this  s tudy  for  e lec -  
t ro ly t i c  t e t r a g o n a l  PbO~. 

A l p h a  PbO~ is c o m m o n l y  p r e p a r e d  by  anodic  
ox ida t ion  of p lumbi tes ,  by  e x t r a c t i o n  of p lumba te s ,  
and it is the  f o r m  of PbO~ occur r ing  on Pb  in a l k a -  
l ine  solut ions  at e l e v a t e d  potent ia ls .  The  a p p e a r -  

Fig. 7. Electron micrograph of aPb02 particles after isola- 
tion from the anodic surface. 

ance  of ~ and B PbO~ as anodic  cor ros ion  p roduc t s  
on Pb  in acid solut ions  ind ica tes  t ha t  the  ox ida t ion  
p roceeds  by  f o r m a t i o n  of t e t r a v a l e n t  Pb  in two  ionic 
c o n f i g u r a t i o n s - - t h e  so -ca l l ed  p l u m b i c  and p lumba te .  

A l p h a  PbO~ has been  o b s e r v e d  in b a t t e r y  r e sea rch  
in at leas t  four  i n d e p e n d e n t  i nves t iga t ions  by  
K a m e y a m a  and  F u k u m o t o  (4) ,  Bode  and  Voss (16),  
Rue t sch i  and  C a h a n  (17),  and at this L a b o r a t o r y .  

A n o d i z a t i o n  of Pb  in acid at  po ten t i a l s  i m m e d i -  
a t e ly  be low  the  r e v e r s i b l e  f l P b O J P b S O ~  po ten t i a l  
p roduces  a deposi t  of PbO~ (1, 10) t ha t  m a y  exh ib i t  
a p r e f e r r e d  o r i en t a t i on  w i t h  (110) pa r a l l e l  to t he  
subs t ra te .  This  causes t he  d = 2.81 l ine  to be the  
s t ronges t  in t he  pa t t e rn .  The  p a t t e r n  for  PbSO,  is 
p r e sen t  at  ce r t a in  po ten t i a l s  bu t  does not  occur  if 
the  po t en t i a l  of anod iza t ion  is suff ic ient ly n e a r  t ha t  

Table II. Some typical diffraction patterns of anodic corrosion products on Pb 

~PbO~* flPbO2 P b O  ~ a + ~ PbO2 ~PbO2 ~PbO~ ~PbO2 

H2SO4 H2SO4 
H~SO~** e l e c t r o n  H2SO~ H2SO~ H2SO~ e l e c t r o n  K O H  
x - r a y t  d i f f r a c t i o n  x - r a y  x - r a y  x - r a y  d i f f r a c t i o n  ~ x - r a y  

d I$ d I d I d I d I d I d I 

3.50 vvs 3.50 s 3.12 s 3.83 w 3.82 mB 3.80 w 3.82 mB 
2.79 s 2.80 vvs 2.81 vvs 3.50 w 3.12 vvvs  3.11 vvvs  3.12 vvs 
2.46 vs 2.46 m 2.51 vw  3.14 vvs 2.97 w 2.74 m 2.97 w 
1.85 m 1.86 s 1.87 m 2.79 s 2.73 mB 2.60 m 2.74 mB 
1.75 m 1.69 s 1.68 mB 2.74 m 2.61 mB 2.23 v v w B  2.61 mB 
1.68 m 1.56 mB 1.406 w 2.60 m 2.23 w 2.00 wB 2.21 w 
1.556 w 1.48 mB 1.218 m 1.85 sBB 1.89 w 1.81 vsB 2.01 w 
1.519 w 1.28 m 1.077 m 1.687 w 1.84 mB 1.64 m 1.84 mB 
1.486 m 1.22 m 1.550 w 1.81 mB 1.53 s 1.81 mB 
1.387 w 1.15 mB 1.520 m 1.80 mB 1.42 w 1.64 m 
1.273 m 1.123 mB 1.510 m 1.64 w 1.22 wB 1.55 w 
1.238 w 0.996 m 1.257 w 1.54 mB 1.205 wB 1.53 mB 
1.214 w 1.27 wB 1.155 wB 
1.152 w 1.23 wB 1.087 wB 

1.19 wB 1.038 mB 
1.15 wB 

* I d e n t i f i c a t i o n  on t h e  bas i s  os p a t t e r n  s h o w n .  
** E l e c t r o l y t e  in  w h i c h  a n o d i z a t i o n  w a s  c a r r i e d  out .  H2SO4 s i g n i f i e s  1.250 sp g r  H2SO~. K O H  s ign i f i e s  3N K O H .  

t D i f f r a c t i o n  t e c h n i q u e  used .  
$ E s t i m a t e d  i n t e n s i t i e s :  v : v e r y ;  s : s t r o n g ;  m : m e d i u m ;  w = w e a k ;  B = b r o a d  p e a k ;  B B  = v e r y  b r o a d .  
~ R e s i d u e  f r o m  e x t r a c t e d  f i lm by  t r a n s m i s s i o n  e l e c t r o n  d i f f r a c t i o n ;  a l l  o t h e r  p a t t e r n s  s h o w n  w e r e  o b t a i n e d  b y  r e f l ec t i on .  
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of PbO..,/PbSO,. Upon subsequent  anodizat ion of the 
same specimen immedia t e ly  above the revers ib le  
potential ,  the pa t t e rn  of flPbO~ appears,  and the 
strong pa t t e rn  for PbO, persists.  Only the pa t t e rn  
for BPbO~ is observed by reflection electron diffrac-  
tion f rom such a surface whi le  tha t  of PbO, is the 
s t ronger  in the x - r a y  pat tern .  If anodizat ion is con- 
t inued at the e levated potential ,  the diffraction pa t -  
tern  for PbOt diminishes gradual ly ;  the pa t t e rn  for 
flPbO., increases in in tens i ty  s imultaneously.  The 
length  of anodic t ime requi red  to observe these 
effects depends on the amounts  of the severa l  m a t e -  
r ials present  on the surface, and if an ini t ia l  l ayer  
of PbSO, is heavy  enough, i t s  pa t t e rn  and subse-  
quent ly  that  of flPbO.~ wil l  be the only ones observed 
by electron or x - r a y  diffraction. Superficial  coat-  
ings of PbSO, and flPbO~ may  be removed  by  wiping  
the surface vigorously  wi th  d ry  lens tissue. I t  must  
be emphasized that  the detect ion of PbO, and aPbO~ 
depends on the presence of l imi ted  amounts  of 
PbSO, or flPbO~. This is one reason why  work  at 
this Labora to ry  has employed constant  potent ia l  
anodization, as the deve lopment  of the e lectrode 
product  is l imi ted  to a single ma te r i a l  character is t ic  
of the selected potent ial .  Anodizat ion of cleaned 
lead surfaces at potent ia ls  above the PbOJPbSO~ 
potent ia l  (gassing O~) produces a deposit  of aPbO~ 
having a s t rong clear  x - r a y  pa t t e rn  in the low the ta  
region. 

Table  II  shows some typica l  diffraction pa t te rns  
observed for anodic coatings on Pb. S t anda rd  com- 
par ison pa t te rns  are avai lab le  in the l i te ra ture ,  a l -  
though definit ive readings  are  best  made  by com- 
parison of s tandards  recorded on the same equip-  
ment.  

As on pure  Pb, the al loys of this s tudy developed 
PbO~ coatings in H2SO, tha t  were  shown by electron 
diffraction to be laminates  of BPbO~ at the solution 
interface,  and a composi te  of a and ~PbO~ at the 
meta l  surface. The grea tes t  a t ten t ion  was devoted 
to the  anodic products  on pure  Pb owing to the fact 
that  the a l loying agents  used in the  s tudy have 
diffraction pa t te rns  tha t  in t roduce  cer ta in  difficul- 
ties. For  example,  Sb gives an x - r a y  pa t t e rn  re -  
sembling tha t  of a mix tu re  of lead oxides, and 
ra the r  s trong pa t te rns  are  obtained for Sb in the  Pb 
alloys. In addi t ion it is l ike ly  tha t  the oxides of cer-  
ta in a l loying agents  form mixed crystals  wi th  the 
lead oxides, and have s imilar  s tructures.  The pos- 
sibil i t ies of mixed  oxide format ions  must  rest  wi th  
fu ture  invest igat ion.  

The PbO~ deposits formed on the al loys l is ted in 
Table  I were  var iab le  in appearance.  Al l  were  da rk  
brown to b lack  in color, but  the i r  t ex tures  ranged  
from smooth, hard,  bri t t le ,  glossy adheren t  coatings 
to flaky, porous, fr iable,  lusterless,  loose deposits.  In 
general ,  the alloys exhib i t ing  low corrosion ra tes  
(Table  I) produced smoother  deposits. These u l t i -  
ma te ly  f rac tu re  and pa r t  f rom the meta l  in la rge  
br i t t le  concave flakes suggesting tha t  when a t tached  
to the meta l  the oxide is under  compression. At  the 
base of the f rac tu re  fissures shiny base meta l  was 
visible, and on occasion the oxide flakes pul led  
meta l  away  from the surface. The loose scaly de-  

posits came away  from the meta l  as powder ;  how-  
ever  the porosi ty  of the deposit  appeared  grea te r  
in areas  corresponding to the segregated  phase  of 
the meta l  s t ructure.  

The ear l ier  repor t  (1) descr ibed an unident if ied 
anodic product  on pure  Pb having  a body-cen te red  
te t ragona l  la t t ice wi th  the pa rame te r s  ao 3.54, Co 
5.86 kX units. The or ienta t ion  de te rmina t ion  and 
pa ramete r s  were  calcula ted from reflection cross 
gra t ing electron diffraction pa t te rns  of anodized 
surfaces. These pa t te rns  m a y  be of no rma l  twinned  
crystals,  or of d is tor ted  lat t ices caused by  compres-  
sion while in contact  wi th  the metal .  As ment ioned  
above there is evidence tha t  the  anodic deposit  is 
under  compression while  a t tached to the me ta l  sur -  
face. The co va lue  of 5.86 observed by  electron 
diffraction is in reasonable  agreement  wi th  bo re -  
por ted  for aPbO~ of 5.93 f rom x - r a y  studies. The 
pa rame te r  ao ~ 3.54 would then correspond to tha t  
of 3.668 of the [101] of aPbO~. This oxide appears  to 
be deformed into this t e t r agona l  la t t ice  when a t -  
tached to the metal ,  and to assume its normal  p a r a m -  
eters af ter  separa t ion  f rom the influence of the Pb 
surface by f rac ture  or by  growing to sufficient 
depth. The stresses exer ted  by  such a deformed 
la t t ice  growing ep i t ax ia l ly  on the Pb may  be the 
p r i m a r y  cause of growth of pure  Pb grids in cell 
u s e .  

Special preparations.--Special prepara t ions  were  
unde r t aken  to de te rmine  the na tu re  and origin of 
~PbO~ in the anodic corrosion product .  I t  was sug- 
gested by  Bode and Voss (16) tha t  solid phase oxi-  
dat ion of PbOt formed aPbO~. S imi la r ly  it was pos- 
sible tha t  aPbO~ had formed dur ing some of the 
t rea tments  appl ied  to the  corrosion products  in this 
study. Alpha  and beta  PbO~ could be expected to be 
different  in thei r  e lect rochemical  behavior :  would 
aPbO~ discharge to PbSO~? If so, would this sulfate  
anodize to ~PbO~? What  significance could then be 
a t tached to the  fami l ia r  f lPbOJPbSO4 electrode? 
These questions among others p rompted  a few spe-  
cial p repara t ions  and p r e l i m i n a r y  studies. 

X - r a y  diffraction examinat ions  showed tha t  coat-  
ings of aPbO~ on Pt  d ischarged in H~SO4 to form 
PbSO4. When reanodized in H~SO~ flPbO~ was the 
solid product.  Therefore,  format ion  of aPbO~ may  
be considered an i r revers ib le  e lect rode process 
when it occurs in the  posi t ive p la te  of the lead acid 
cell, and it is necessary to di f ferent ia te  be tween  
studies of revers ib le  systems such as repor ted  by  
Beck, Lind, and Wynne - Jones  (18) and of i r r e -  
vers ib le  systems such as gr id  corrosion. 

Chemical ly  pure  flPbO~ was t rea ted  wi th  solutions 
of H~SO, and NH,Ac in contact  wi th  meta l l ic  Pb  and 
PbSO4. The ex t rac ted  residues showed only flPbO~ 
by electron diffraction. Therefore  ~PbO~ is not  
formed by  chemical  react ion nor dur ing  subsequent  
t r ea tments  of the corrosion products  used in this 
study. The isolat ion of aPbO~ from the other  anodic 
products  e l iminated  the  poss ibi l i ty  tha t  x - r a y  pa t -  
terns  obtained by  reflection f rom the anodic ma te -  
r ia l  in situ arise f rom or iented PbSO, and PbOt. 

Lead sheet anodized above the P b O J P b S O ,  po-  
tent ia l  in H~SO, was a l lowed to se l f -d ischarge  to 
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Fig. 8. Plastic mounted section of discharged PbO= coat- 
ing on Pb showing PbSO~ and heavy layer of ePb02. Magnif ica- 
tion lO00x before reduction for publication. 

near the Pb/PbSO~ potential. The specimen ap- 
peared gray and totally discharged; x - ray  diffrac- 
tion examination of the surface showed only PbSO4. 
Extraction with NH,Ac removed the heavy sulfate 
coating leaving considerable residue of dark brown 
material. This residue was shown by electron dif- 
fraction to be ~PbO~ of very  high purity. The two 
materials, PbSO~ and ~PbO~, are visible in the mi- 
crograph of the cross section of the discharged sheet 
shown in Fig. 8. 

The fact that  discharged films are composed 
chiefly of these two materials indicates that the two 
forms of PbO~ discharge at different rates. On the 
specimen, Fig. 8, the discharge has taken place at 
discontinuities in the ~PbO~ layer and across the 
surface, precisely where the flPbO~ appears, indicat- 
ing that fiPbO~ discharges more readily than ~PbO._,. 

It is clear that the efficiency of the discharge of 
PbO~ coatings on Pb and its alloys in H2SO, is gov- 
erned by the physical nature of the films (porosity, 
stress, alloying metals) ; the morphology of the crya- 
talline phases present; and the rates and mechan-  
isms of discharge of the two forms of PbO~. 

Crystal Chemistry and Thermodynamics 
The formation of the anodic corrosion products of 

Pb in H~SO, is considered to take place by three 
crystallization mechanisms summarized succinctly 
by Feitknecht (19): (a) by way  of the free solu- 
tion; (b) by boundary  nucleation and growth; and 
(c) by solid phase transformation. These three 
mechanisms may be applied equally well to the 
cycling processes of the active material, and inter- 
preted in terms of the crystal chemistry of the lead 
oxides, and the thermodynamic  equilibria of the 
system summarized by Delahay, Pourbaix, and Van 
Rysselberghe (20) in the potent ial-pH phase dia- 
gram. For convenience part  of the diagram has been 
reprinted in Fig. 9, with the solid phases indicated. 
The reactions and numerat ion are retained from the 
original presentation. 

Lead sulfate is in equilibrium under conditions 
defined by lines 51 and 52 with BPbO,. During ano- 
dization of sulfate crystals they were observed by 
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Fig. 9. Portion of the potential-pH diagram of Pb in H~SO4 
with solid phases indicated. The reactions indicated by the 
original numerotions ore: 

1. HPbO2- + 3 H  + = Pb +§ -F 2H20 
2. PbOs = -~ 6H § -= Pb +~ -k 3H20 
3. Pb +~ -F 2e- = Pb ++ 
4. PbOZ + 6H + + 2e- ~- Pb +§ + 3H=O 

51. PbO= + HSO-4 -F 3 H" + 2e- = PbSO, + 2H=O 
52. PbO.~ + SO, = + 4H + + 2e- = PbSO, + 2H20 

The equilibrium between the two forms of PbO~ remains to be 
verified by experiment in the region of line 4. Potentials are 
shown vs. standard hydrogen electrode. 

optical microscope to become colored dark brown. 
A single crystal  of sulfate may be part  clear sulfate, 
part  opaque brown, and the conversion appears to 
take place as a solid phase transformation. The 
complete conversion to flPbO~ of the sulfate crystal 
occurs because the t ransformation liberates I-I~SO,, 
and the interior of the crystal does not suffer a de- 
pletion of acid. The transformation is best described 
as a boundary nucleation and growth phenomenon, 
rather  than a solid phase oxidation. The direction 
of growth is toward the Pb-r ich  interior of the 
crystal, and the holohedry of the sulfate crystal is 
sometimes maintained by the mass of small BPbO~ 
crystals. 

Microscopic observation of the discharge of a 
coating of flPbO~ on Pb indicates that the sulfate 
forms by way of the free volume of solution as den- 
dritic crystals grow out into the solution. However, 
they are anchored in the dioxide coating and prob- 
ably originate from nuclei in the boundary  layer 
and grow outward into the sulfate-rich solution. If 
such crystals are knocked off the surface, it may 
be seen that the hole in the PbO~ coating is an in- 
taglio of the base of the sulfate crystal. These den- 
dritic sulfate crystals are smoothly reconverted to 
BPbO~ upon anodization. 

Prolonged discharge results in a heavy layer of 
congealed rhomboidal sulfate crystals in which the 
dendritic crystals are embedded. These larger crys- 
tals are reconverted to BPbO~ with difficulty because 
they frequently lose contact with the anodic surface 
owing to gas formation in the interstices where 
BPbO~ first forms in such coatings (15). 

The diagram of Fig. 9 shows that  in solutions of 
pH 9.4 and higher, flPbO~ would not be expected to 
form reversibly at any potential, whereas below 
this pH, flPbO~ can be expected as the dominant 
phase in certain potential ranges. The area where 
aPbO~ would be expected approaches the PbSO~ do- 
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m a i n  at  p H  9.4 and  h ighe r ;  t he re fo re ,  aPbO~ a n d  
PbSO~ m a y  c o m p r i s e  a r e v e r s i b l e  s y s t e m  a t  th is  
a r e a  un less  c o m p o u n d s  no t  s h o w n  on t h e  d i a g r a m  
i n t e r v e n e .  

In  an  a r e a  n e a r  l ines  4 a n d  2 an  eu tec t i c  of bo th  
phases  of PbO~ could  occur,  a n d  m a y  be e x p e c t e d  
to t r a n s f o r m  r e v e r s i b l y  b y  p r o p e r  choice of e n v i -  
r o n m e n t .  ~ Bu t  th is  c h a n g e  is no t  r a p i d  as coa t ings  
of aPbO~ and  fiPbO~ on P t  do no t  t r a n s f o r m  u p o n  
a n o d i z a t i o n  in H2SO~ a n d  NaOH,  r e spec t i ve ly ,  for  
as long as t h r e e  days  as shown  b y  x - r a y  d i f f r ac t ion  
e x a m i n a t i o n .  

I t  is n o w  e v i d e n t  w h y  the  anod ic  co r ros ion  p r o d -  
ucts  f o r m e d  on P b  a b o v e  the  P b O J P b S O ~  p o t e n t i a l  
and  t h e  ac t ive  m a t e r i a l  p a s t e  of a c h a r g e d  cel l  (16) 
e x h i b i t  t he  s ame  l a m e l l a r  f o r m a t i o n :  t he  so lu t ion  
i n t e r f a c e  shows o n l y  t e t r a g o n a l  PbO~, t h e  s t ab le  
p h a s e  in  ac id  of  b a t t e r y  s t r e n g t h  at  pos i t i ve  p l a t e  
po t en t i a l s .  A t  t he  anod ic  su r f ace  w a t e r  a n d / o r  h y -  
d r o x y l  ions  a r e  b e i n g  d i scha rged .  A t  the  m e t a l  s u r -  
face  and  i n n e r  l a y e r s  of the  ac t ive  m a t e r i a l ,  t h e  p o -  
t e n t i a l  a n d  p H  m a y  l ie  w i t h i n  t he  d o m a i n  of ~PbO_~, 
or  a t  l eas t  in  t he  a r e a  w h e r e  m i x t u r e s  of the  two  
phases  a r e  fo rmed .  A t  cons t an t  h igh  po t en t i a l ,  once  
the  flPbO~ coa t ing  forms,  i t  m a y  i n c r e a s e  in  t h i c k -  
ness  on ly  b y  depos i t i on  of P b  ion  in  so lu t ion  or  b y  
conve r s ion  of t he  u n d e r l y i n g  m a t e r i a l .  T h e  h e a v y  
l a y e r  of ~PbO~ (Fig .  8) i nd i ca t e s  t h a t  co r ros ion  of 
the  u n d e r l y i n g  m e t a l  a t  e l e v a t e d  p o t e n t i a l s  t a k e s  
p l ace  to a c o n s i d e r a b l e  e x t e n t  b y  m i g r a t i o n  of  t h e  
o x y g e n  species  in to  t he  surface .  The  o c c u r r e n c e  of 
t he  ~PbO~ g r o w i n g  e p i t a x i a l l y  on t h e  P b  a n d  in  a 
d e f o r m e d  l a t t i ce  sugges t s  t ha t  the  o x i d a t i o n  t a k e s  
p l ace  b e n e a t h  the  fiPbO~ su r f ace  coa t ing  as a sol id  
p h a s e  o x i d a t i o n  of t he  b a s e  me ta l ,  a n d  an  ox ide  
l a y e r  p r o g r e s s i v e l y  r i c h e r  in  m e t a l  t o w a r d  the  cen -  
t e r  of t he  s p e c i m e n  w o u l d  be  expec ted .  The  r a t e  
of f o r m a t i o n  of t he  ~PbO~ as a co r ros ion  p r o d u c t  
m u s t  b e  con t ro l l ed  b y  the  r a t e  of p e n e t r a t i o n  of t h e  
o x y g e n  species  t h r o u g h  t h e  flPbO~ l aye r .  

The  p o i n t  of zero  c h a r g e  on a flPbO~ e l ec t rode  is 
a p p r o x i m a t e l y  0.1 v p o s i t i v e  to t h e  P b O J P b S O ,  e l ec -  
t r o d e  in  b a t t e r y  e l e c t r o l y t e  (21) .  A n o d i z a t i o n  of P b  
coa ted  w i t h  flPbO~ a t  such  a p o t e n t i a l  p r o d u c e s  a 
pos i t i ve  s u r f a c e  charge .  A t  t he  pos i t i ve  i n t e r f a c e  o w -  
ing  to c h a r g e  o r i en ta t ion ,  h y d r o g e n  ion  w o u l d  no t  be  
t h e  d o m i n a n t  species,  n o r  w o u l d  i t  b e  a b l e  to p e n e -  
t r a t e  t he  coat ing ,  and  a n  i n c r e a s e  in  p H  w o u l d  be  e x -  
pec t ed  a t  t he  m e t a l - c o a t i n g  in t e r face .  T h e r e f o r e  t he  
t h e r m o d y n a m i c a l l y  s t a b l e  p h a s e  a t  e l e v a t e d  p H  a n d  
p o t e n t i a l  is f o r m e d  b y  g r id  co r ros ion  b e n e a t h  t he  
o r i g i n a l  flPbO~ coat ing .  I f  t he  m e t a l  ion  m i g r a t e d  
ou t  to f o r m  PbO~ at  t h e  so lu t ion  in t e r face ,  flPbO~ 
w o u l d  become  b u r i e d  in  t he  ~PbO~, a n d  such is no t  
t he  case, as a super f i c ia l  coa t ing  of flPbO~ was  a l -  
w a y s  o b s e r v e d  b y  e l ec t ron  d i f f rac t ion .  I t  was  sug -  
ges t ed  b y  K a b a n o v ,  K i se l eva ,  and  L e i k i s  (21) t h a t  
o x y g e n  does  p e n e t r a t e  t he  flPbO~ la t t ice ,  a n d  cause  
r e c r y s t a l l i z a t i o n  a n d  a change  in  c r y s t a l  s t r u c t u r e  
of flPbO~. The  r a t e  of p e n e t r a t i o n  of t h e  o x y g e n  
species  t h r o u g h  t h e  l a t t i c e  w o u l d  con t ro l  the  r a t e  of 
co r ros ion  of t he  u n d e r l y i n g  Pb,  a n d  w o u l d  be  d e -  
p e n d e n t  on the  ef fec t ive  o x y g e n  c o n c e n t r a t i o n  a t  

The precise l oca t i on  of  t he  eu tec t i c  l i ne  s e p a r a t i n g  t h e  t w o  so l id  
phases  of  PbO~ m u s t  be  d e t e r m i n e d  b y  f u t u r e  i n v e s t i g a t i o n .  

t he  sur face .  Thus  a h igh  cor ros ion  r a t e  of g r id  
m e t a l  w o u l d  be e x p e c t e d  u n d e r  o v e r c h a r g e  c o n d i -  
t ions,  as is we l l  k n o w n  to be  t h e  case  in  a c t u a l  
p rac t i ce .  

On cyc l ing  a m i x t u r e  of the  two  fo rms  of PbO~, 
bo th  d i s c h a r g e  to PbSO, ,  b u t  o w i n g  to the  d i f fe rence  
in r a t e s  some aPbO.~ r e m a i n s  in  t he  d i s c h a r g e d  m i x -  
ture .  Upon  r e c o n v e r t i n g  the  PbSO~ to fiPbO~ H~SO~ 
is l i b e r a t e d  in con tac t  w i t h  the  aPbO~ a n d  i t  t ends  to 
c onve r t  to PbSO4 a n d  flPbO~. Thus,  u p o n  cycl ing,  
aPbO~ wi l l  g r a d u a l l y  b e  consumed ,  a n d  Bode  and  
Voss (16) r e p o r t e d  t h a t  t he  a m o u n t  of aPbO~ in t he  
i n t e r i o r  of t he  ac t ive  m a t e r i a l  of a cel l  does  i n d e e d  
d i m i n i s h  w i t h  cycl ing.  H o w e v e r ,  aPbO~ con t inues  to 
be  g e n e r a t e d  b y  t h e  co r ros ion  m e c h a n i s m  u n t i l  
c o m p l e t e  e x h a u s t i o n  of t h e  f r ee  me ta l .  

I t  was  o b s e r v e d  in  th is  s t u d y  t h a t  i n i t i a l l y  a con-  
ve r s ion  to flPbO~ t a k e s  p l ace  a t  the  su r f a c e  of PbO,  
c r y s t a l s  on anod iz ing  in  acid." F o r m a t i o n  of PbO~ 
f r o m  such c r y s t a l s  a t  e l e v a t e d  p o t e n t i a l s  m u s t  
t h e r e f o r e  occur  b e n e a t h  a super f i c ia l  flPbO~ coa t ing  
w h i c h  p r e v e n t s  r e a d y  access  of acid.  T h e r e f o r e  
p a s t e  m a t e r i a l s  t h a t  c on t a in  l o w e r  ox ides  a n d  su l -  
fa te  def ic ient  m i x t u r e s  m a y  be  e x p e c t e d  to g ive  r i se  
to aPbO~ and  v e r y  s low d e v e l o p m e n t  of fu l l  c a p a c -  
i ty .  A n y  t r e a t m e n t  of a cel l  t h a t  w o u l d  sh i f t  t he  
cond i t ions  of t h e  p o s i t i v e  p l a t e  a w a y  f r o m  those  
p e r t a i n i n g  n e a r  l ines  51 a n d  52 in Fig.  9 t o w a r d  
l ines  2 and  4 w o u l d  be  e x p e c t e d  to f o r m  some  aPbO~ 
bo th  b y  g r id  co r ros ion  a n d  f r o m  ac t i ve  m a t e r i a l  
componen t s .  

Benef ic ia l  effects of g r a d i e n t s  in  ac id  c o n c e n t r a -  
t ion  ex i s t i ng  in  t h e  cross  sec t ion  of the  p l a t e  m a y  
be  i n f e r r e d  f r o m  t h e  d i a g r a m .  The  h igh  pos i t i ve  
p o l a r i z a t i o n  of t he  p l a t e  is f ixed  b y  the  flPbO~ s u r -  
face. A r e a s  def ic ient  in ac id  w o u l d  b e  h e l d  a b o v e  
t h e i r  d i s c h a r g e  po ten t i a l s .  A t  the  b e g i n n i n g  of d i s -  
c h a r g e  the  p rocess  w o u l d  be  conf ined to t he  h igh  
ac id  su r f ace  of t he  p la te .  As  th is  a r e a  b e c a m e  d e -  
f ic ient  in  ac id  the  d i s c h a r g e  w o u l d  e x t e n d  in to  t he  
d e e p e r  l ayers ,  and  u l t i m a t e l y  a l l  t he  flPbO~ could  
be  c o n v e r t e d  to P b S O ,  p r o v i d e d  sufficient  ac id  w e r e  
p resen t .  If  such a m e c h a n i s m  d id  no t  app ly ,  l i t t l e  
c a p a c i t y  w o u l d  be  o b t a i n a b l e  as t he  m a t e r i a l  i m -  
m e d i a t e l y  a d j a c e n t  to t h e  g r id  w o u l d  d i s c h a r g e  
s i m u l t a n e o u s l y  w i t h  the  o u t e r  su r f ace  a n d  u n d e r c u t  
ac t ive  m a t e r i a l .  

Manuscr ip t  rece ived  May 3, 1957. 

A n y  discussion of this paper  wi l l  appear  in a Dis- 
cussion Section to be  pub l i shed  in the  June  1958 
J O U R N A L .  
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Disintegration of Lead Cathodes, II 
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ABSTRACT 

In cont inuat ion of previous  work,  the  d is in tegra t ion  of lead cathodes at  
h igh cur ren t  densi t ies  at  25~ was studied. The solutions were  acid, basic, and 
neu t ra l  combinat ions  of sulfuric  and  phosphor ic  acids and ammonium and 
a lka l i  sulfates,  chlorides,  and  phosphates.  The resul ts  suppor t  the  hydr ide  
mechanism and contradic t  the  a lka l i  a l loy hypothesis .  The da ta  are  in ter -  
p re t ed  to indicate  tha t  wa te r  molecules  are  r educed  at  cur ren t  densi t ies  be low 
those needed  for vis ible  d is in tegra t ion  and tha t  the  surface is s a tu ra t ed  wi th  
adsorbed  hydrogen  atoms at  the  s ta r t  of dis integrat ion.  

B r e d i g  a n d  H a b e r  (1)  r e p o r t e d  d i s i n t e g r a t i o n  of 
ca thodes  of Pb ,  As,  Sb,  Sn,  a n d  o t h e r  m e t a l s  a n d  
a s c r i b e d  i t  to t he  f o r m a t i o n  of an  a l k a l i  a l l oy  w h i c h  
r e a c t e d  w i t h  t he  so lu t ion  a n d  d i s i n t e g r a t e d .  T h e y  
w e r e  at  a loss to e x p l a i n  d i s i n t e g r a t i o n  in  ac id  
solut ions .  S a l z b e r g  (2)  s t ud i ed  the  d i s i n t e g r a t i o n  of 
P b  ca thodes  at  h igh  c u r r e n t  dens i t i e s  in a lka l i ne ,  
neu t r a l ,  a n d  s l i gh t ly  ac id ic  solu t ions ,  and  s u g g e s t e d  
t h a t  t h e  p h e n o m e n o n  was  d u e  to t he  f o r m a t i o n  of 
an  u n s t a b l e  v o l a t i l e  h y d r i d e  of P b  w i t h  t h e  e m -  
p i r i c a l  f o r m u l a  PbH~. This  h y p o t h e s i s  was  con f i rmed  
q u a l i t a t i v e l y  b y  P o u r b a i x  and  V a n  M u y l d e r  (3)  
who  r e p o r t e d  t h a t  t he  s t a n d a r d  f ree  e n e r g y  of f o r -  
m a t i o n  of t h e  c o m p o u n d  was  -~69.5 --+ 4.5 k c a l / m o l e ,  
w h i c h  w o u l d  e x p l a i n  i t s  i n s t a b i l i t y  a n d  t h e  h igh  
ca thod ic  v o l t a g e  n e e d e d  for  i ts  f o rma t ion .  

H o w e v e r ,  A n g e r s t e i n  (4)  s t a t e d  t h a t  he  was  no t  
ab l e  to o b t a i n  d i s i n t e g r a t i o n  in  m o l a r  a n d  t e n t h  
m o l a r  ac ids  in t he  absence  of a l k a l i  m e t a l  ca t ions  
a t  c u r r e n t  dens i t i e s  of 10-100 m a / c m  ' a n d  t h a t  he  
was  no t  ab l e  to r e p r o d u c e  the  r e su l t s  in  d i l u t e  ac ids  
r e p o r t e d  p r e v i o u s l y  (1, 2) .  He  t h e r e f o r e  r e i t e r a t e d  
the  a l k a l i - a l l o y  h y p o t h e s i s  in  p r e f e r e n c e  to a h y -  
d r i d e  m e c h a n i s m .  

The  p u r p o s e s  of t h e  p r e s e n t  w o r k  w e r e  to check  
t h e  r e su l t s  A n g e r s t e i n  s t a t e d  t h a t  h e  cou ld  no t  d u -  
p l i c a t e  a n d  to  o b t a i n  d a t a  us ing  so lu t ions  t h a t  d id  
no t  con t a in  a l k a l i  ca t ions .  

Apparatus, Method, and Materials 
A n  a p p a r a t u s  d e s c r i b e d  p r e v i o u s l y  (5)  was  s i m -  

p l i f ied  to f a c i l i t a t e  r e m o v a l  of t h e  c a t h o d e  b e t w e e n  
runs .  The  ca thodes  w e r e  r e p l a c e a b l e  l e a d  washe r s ,  
u s u a l l y  7-8 m m  in d i a m e t e r  and  a b o u t  1 m m  th ick ,  

Present  address:  Princeton Univers i ty ,  Princeton,  N. J. 

he ld  b e t w e e n  p o l y e t h y l e n e  w a s h e r s  on  an  i r on  shaf t  
w i t h  a tef lon s leeve.  A l l  w o r k  was  done  a t  25~ 

Ca thodes  w e r e  p r e p a r e d  as in  p r e v i o u s  w o r k  (2 ) .  
The  m a t e r i a l s  w e r e  C.P. g r a d e  e x c e p t  for  CsC1 a n d  
RbC1. A l l  so lu t ions  w e r e  p r e - e l e c t r o l y z e d  b e f o r e  use  
a n d  f r e q u e n t l y  b e t w e e n  runs .  W h e n e v e r  r e su l t s  
w e r e  l ow or  e r r a t i c  e i t h e r  t h e  so lu t ion  or  t he  c a t h -  
ode or  bo th  w e r e  c l e a ne d  or  r ep l aced .  Checks  w e r e  
r u n  us ing  s a m p l e s  f r o m  d i f f e ren t  lo ts  of m a t e r i a l  
and  s o m e t i m e s  us ing  so lu t ions  p r e p a r e d  b y  d i f fe ren t  
m e t h o d s  f r o m  d i f f e ren t  s t a r t i n g  m a t e r i a l s .  

In  sp i t e  of these  p r e c a u t i ons ,  r e p r o d u c i b i l i t y  was  
poor .  C o n s e q u e n t l y  d a t a  w e r e  c o n s i d e r e d  r e l i a b l e  
on ly  w h e n  o b t a i n e d  us ing  d i f f e ren t  w a s h e r s  in  s ev -  
e r a l  s a m p l e s  of each  so lu t ion  a n d  r e p r o d u c e d  in  
success ive  runs .  W h e n e v e r  c l e a n i n g  or  r e p l a c i n g  the  
c a thode  or  so lu t ion  i n c r e a s e d  t h e  ra te ,  t he  l o w e r  
r e s u l t  was  d i s c a r d e d  w h e n  p r e p a r i n g  t h e  g r aph .  

Results 
T h e  d i s so lu t ion  r a t e s  w e r e  i n d e p e n d e n t  of t i m e  

and  t h e  g r a p h s  of  r a t e  vs. c u r r e n t  d e n s i t y  w e r e  
s t r a i g h t  l ines  i n t e r c e p t i n g  t h e  c u r r e n t  d e n s i t y  axis .  
The  i n t e r c e p t ,  to, v a r i e d  w i t h  the  so lu t ion .  The  
s lopes  w e r e  of  t he  co r r ec t  t h e o r e t i c a l  v a l u e  if, s t a r t -  
i ng  a t  to, one  e q u i v a l e n t  of d i v a l e n t  P b  l e f t  t h e  e l ec -  
t r o d e  w i t h  each  F a r a d a y  of cu r ren t .  D i s i n t e g r a t i o n  
was  o b s e r v e d  in  neu t r a l ,  acid,  a n d  a l k a l i n e  so lu t ions  
in t he  p r e s e n c e  of a l k a l i  ca t ions ,  a m m o n i u m  ions, 
a n d  h y d r o n i u m  ions, e i t he r  s e p a r a t e l y  or  in  com-  
b ina t ion .  No d i f fe rences  w e r e  n o t e d  b e t w e e n  r e su l t s  
in  ch lor ide ,  su l fa te ,  a n d  p h o s p h a t e  so lu t ion ,  a t  t he  
s a m e  ionic  s t r eng ths .  I m p u r i t i e s  caused  l o w e r  and  
m o r e  e r r a t i c  resu l t s .  
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Table I. 

H~SO4 Molar i ty  Cur ren t  densi ty Dissolut ion ra te  

0.001 94 ma /cm ~ 0.1 mg/cm~-min 
0.01 535 0.2 
0.1 630 0.1 

Acid inh ib i t s  the  react ion.  Tab le  I shows a lack 
of apprec iab le  d i s in t eg ra t ion  in  acid solut ions  con-  
t a i n ing  no salt. Fig. 1 shows tha t  in  the  p resence  
of sal t  there  is d i s in teg ra t ion  bu t  tha t  it  falls off 
wi th  i nc reas ing  acidi ty.  Note tha t  u n t i l  the acid 
concen t r a t i on  is abou t  0.05M, the  slopes of the  
curves  are unchanged ,  a l though  the/o 's  are  increased.  

Fig. 2 shows the  same type  of i n h i b i t i o n  in  a m -  
m o n i u m  sul fa te  solut ion.  Here, however ,  there  is 
an  anomaly .  In  the  concen t r a t ed  sal t  so lu t ion  a 
smal l  i n c r e m e n t  of acid increases  the  rate ,  a l t hough  
a large inc remen t ,  as usual ,  decreases the  rate.  A 
compar i son  of Fig. 1 and  Fig. 2 show tha t  the  ra tes  
in  a m m o n i u m  sal t  so lu t ion  are m u c h  lower  t h a n  in  
sodium sul fa te  solut ion.  

Salt ef]ect.--Fig. 3 shows that ,  in  the  absence  of 
acid, in  d i lu te  solut ion the  d i s in t eg ra t i on  ra te  is the  
same in  all  of the  a lka l i  sal t  solut ions,  bu t  in  con-  
cen t r a t ed  solut ions  differences do show up. In  mola r  
salt  so lu t ion  the ra tes  were  h igher  in  sodium su l fa te  
t h a n  in  po tass ium sulfate.  In  all  cases the  ra tes  in  
a m m o n i u m  sal t  solut ions  were  less t h a n  in  a lka l i  
sal t  solut ions.  Obviously ,  there  is some i n h i b i t i o n  
due to a m m o n i u m  ions. 

In  the presence  of acid the ( u n g r a p h e d )  resul t s  
were  somewha t  unce r t a in .  The curves  for each sepa-  
ra te  a lka l i  salt  so lu t ion  were  w i t h i n  the expe r i -  
m e n t a l  e r ror  of each o ther  and  conce ivab ly  all  the 
poin ts  could fal l  on the  same curve.  However ,  the re  
did seem to be a t r end  ind ica t ing  tha t  the  ra tes  in  
Li so lu t ion  were  the  highest ,  the  ra tes  in  Na, K, a nd  
Rb solut ions  were  all abou t  the same, and  those in  
Cs solut ion were  s igni f icant ly  lower.  The  ra tes  in  
a m m o n i u m  sal t  so lu t ion were  the  lowest  of all. 

Conclusions and Discussion 
The resul t s  are i n  qua l i t a t i ve  and  q u a n t i t a t i v e  

a g r e e m e n t  w i th  those p rev ious ly  pub l i shed  (2) .  
A n g e r s t e i n  fai led to ob ta in  d i s in t eg ra t ion  in  acid 
solut ions  because  his c u r r e n t  densi t ies  we re  too low. 

Fig. 2. Acid and NH~ + effects. Open circle, 0.01M 
(NH4),~SO~ 4- 0.001M H2SO4; open triangle, 0.01M 
(NH4)2SO~ 4- 0.01 H2SOr closed square, 0 .0 iM (NH~)2SO4 4- 
0.1M H2SO4; closed circle, 0.1M (NH4)2SOr 4- 0 HsSO4; open 
square, 0.1M (NH~)2SOr 4- 0.01M HsSO4; closed triangle, 
0.1M (NH~)=SO~ 4- 0.1M H~SO~. 

In  0.1-1M H~SO, w i t hou t  added  salt  his m a x i m u m  
c u r r e n t  dens i ty  was 100 m a / c m  ~, whereas  Fig. 1 
shows tha t  even  in  0.1M sod ium su l fa te  it  is neces-  
sary  to go to at leas t  200 m a / c m  ~ to get d i s in t eg ra -  
t ion. In  the absence  of sal t  m u c h  h ighe r  c u r r e n t  
densi t ies  are needed.  

The  a lka l i - a l l oy  hypothes i s  canno t  be  correct  be -  
cause:  (a) as p rev ious ly  repor ted  (2) the  add i t ion  
of a lka l i  cations, in  the  absence  of acid, decreased 
the d i s in teg ra t ion  ra te  ins tead  of i nc r ea s ing  i t ;  (b) 
d i s in teg ra t ion  was observed  w h e n  the re  was  no 
a lka l i  ca t ion p r e se n t  (Tab le  I, Fig. 2, 3) ;  (c) this  
m e c h a n i s m  wou ld  r e qu i r e  a posi t ive  t e m p e r a t u r e  
coefficient, whereas  the  t e m p e r a t u r e  coefficient ac tu -  
a l ly  is nega t ive  (2) ;  and  (d)  w h e n  a lka l i  al loys do 
form, as at  m e r c u r y  cathodes,  they  are  no t  vo la t i l e  
and,  a l though  they  reac t  w i th  water ,  this  r eac t ion  
does not  p roduce  d i s i n t eg ra t i on  of the  sur face  w i th  
f o r ma t i on  of colloidal  mercu ry .  

Other  t h a n  the work  of P a n e t h  (6) ,  the re  is sti l l  
no direct  proof of the f o r m a t i o n  of vo la t i l e  lead 
hydr ide ,  due to the  in s t ab i l i t y  of t he  hyd r ide  at 
room t empera tu re .  However ,  the  ind i rec t  ev idence  
seems to be r a t h e r  conclusive.  Work  is now  in  p rog-  

-1o 
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Fig. 1. Acid effect, 0.1M No,SO4. Open circle, 0 H2SO~; 
open square, 0.01M H2SO~; open triangler 0.02M HsSO~; 
closed circle, 0.05M HsS04; closed square, 0.08M H2SO~; 
closed triangle, 0.1M H_~SO~. 
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Fig. 3. Salt effect. Open circle, 0.1M Na~SO4; open triangle, 
0.1M RuCI; open square, 0.1M CsCI; closed circle, 0.1M 
K2SO~; cross, 0.1M (NH~)2SO~; closed triangle, M NasSO4; 
closed square, M KCI. 
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tess  a t  l o w e r  t e m p e r a t u r e s  in  an  a t t e m p t  to o b t a i n  
l e ad  h y d r i d e  in the  gases  l e a v i n g  the  cell .  

The  su r f ace  h y d r o n i u m  ion  c o n c e n t r a t i o n  m u s t  be  
s l igh t  a t  a n d  b e l o w  the  c r i t i ca l  c u r r e n t  dens i ty ,  i0. 
T h e  h igh  f r ee  e n e r g y  of f o r m a t i o n  of P b  w o u l d  r e -  
q u i r e  a h igh  po t en t i a l .  The  r e d u c t i o n  of h y d r o n i u m  
ion o b v i o u s l y  t a k e s  p l a c e  a t  a m u c h  l o w e r  p o t e n t i a l  
t h a n  t h a t  of t h e  w a t e r  molecu le ,  a n d  so o n l y  w h e n  
the  s u r f a c e  h y d r o n i u m  ion  c o n c e n t r a t i o n  is too low 
to s u p p o r t  t h e  c u r r e n t  w o u l d  w a t e r  mo lecu l e s  be  
r educed .  I f  t he  p o t e n t i a l  n e e d e d  for  h y d r i d e  f o r m a -  
t ion is g r e a t e r  t h a n  t ha t  n e e d e d  fo r  h y d r o n i u m  ion 
reduc t ion ,  t h e r e  w o u l d  b e  no h y d r i d e  f o r m e d  u n t i l  
t he  su r f ace  h y d r o n i u m  ion  c o n c e n t r a t i o n  was  d e -  
p l e t e d  a n d  w a t e r  mo lecu l e s  w e r e  r educed ,  w i t h  an  
a t t e n d a n t  r i se  in  po t en t i a l .  The re fo re ,  a d d i t i o n  of 
ac id  w o u l d  i nc rea se  t he  c u r r e n t  d e n s i t y  r e q u i r e d  to 
s t a r t  w a t e r  r e d u c t i o n  and  h y d r i d e  fo rma t ion .  A d d i -  
t ion  of a l k a l i  ca t ions  w h i c h  w o u l d  d i sp l ace  t h e  
h y d r o n i u m  ion f r o m  the  su r f ace  w o u l d  t h e r e f o r e  
dec rea se  io. 

S ince  the  e x p e r i m e n t a l  d a t a  seem to s u p p o r t  t he se  
ideas,  i t  fo l lows  tha t ,  a t  and  a b o v e  /o, w a t e r  m o l e -  
cules  a r e  be ing  r educed .  H o w e v e r ,  t he  s i t u a t i o n  
be low io is s t i l l  no t  unde r s tood .  S c h u l d i n e r ' s  r e su l t s  
(7)  i n d i c a t e  t ha t  w a t e r  r e d u c t i o n  m a y  c o m m e n c e  
at  p o t e n t i a l s  of a b o u t  0.1-0.2 v, w h i c h  is c e r t a i n l y  
b e l o w  t h a t  n e e d e d  for  t he  f o r m a t i o n  of l e ad  h y d r i d e .  
Also,  even  in  a l k a l i n e  so lu t ions  w i t h  p r a c t i c a l l y  no 
h y d r o n i u m  ion (2)  t h e r e  is a l a r g e  io, showin g  t h a t  
even  a f t e r  t h e  s t a r t  of w a t e r  r e d u c t i o n  t h e r e  m u s t  
be  an  a p p r e c i a b l e  i n c r e a s e  of c u r r e n t  to b u i l d  up  
the  p o t e n t i a l  to t he  r e q u i r e d  va lue .  So, a l t h o u g h  
the  po in t  a t  w h i c h  w a t e r  r e d u c t i o n  c o m m e n c e s  is 
no t  y e t  k n o w n ,  i t  s eems  safe  to  s ay  tha t ,  even  in  
ac id  solu t ions ,  w a t e r  d i s c h a r g e  c o m m e n c e s  b e l o w  
the  onse t  of c a thode  d i s i n t eg ra t i on .  

T h e  su r f ace  is l a r g e l y  cove red  w i t h  h y d r o g e n  
a toms,  even  below/~.  S ince  PbH~ con ta ins  two  h y d r o -  
gen  a toms,  t h e  m e c h a n i s m  of i ts  f o r m a t i o n  m u s t  
i n v o l v e  the  p r o d u c t i o n  of two  h i g h  e n e r g y  a t o m s  
n e a r  enough  to each  o t h e r  to p r o d u c e  a h y d r i d e  
m o l e c u l e  be fo re  t h e  a c t i v a t i o n  e n e r g y  is d i s s i p a t e d  
to the  e l ec t rode  or  t he  solu t ion ,  i.e., t h e y  m u s t  be  
on the  s a m e  or  a d j a c e n t  si tes.  This  is t r ue  w h e t h e r  
t h e  r a t e - d e t e r m i n i n g  s t ep  is a c h e m i c a l  c o m b i n a -  
t ion  of a d s o r b e d  h y d r o g e n  a t o m s  or  an  e l e c t r o -  
c h e m i c a l  r e d u c t i o n  of a w a t e r  m o l e c u l e  a d j a c e n t  to 
a n  a d s o r b e d  a tom.  So, a t  io, t h e r e  m u s t  b e  b o t h  a 
h igh  p o t e n t i a l  a n d  a h igh  d e g r e e  of su r f ace  c o v e r -  
age.  Be low i~ e i t he r  t h e  p o t e n t i a l  f ac to r  or  t he  s u r -  
face  c o v e r a g e  is insuff icient .  

I f  t he  su r f ace  is cove red  b u t  t he  p o t e n t i a l  is too 
low, /0  w i l l  co inc ide  w i t h  the  a t t a i n m e n t  of a c r i t i ca l  
p o t e n t i a l  a n d  the  d i s i n t e g r a t i o n  w i l l  t h e r e f o r e  b e  an  
e x p o n e n t i a l  f u n c t i o n  of po ten t i a l .  S ince  t h e  o v e r - a l l  
c u r r e n t  d e n s i t y  is also an  e x p o n e n t i a l  f u n c t i o n  of p o -  
t en t ia l ,  t h e  d i s i n t e g r a t i o n  r a t e  and  t h e  o v e r - a l l  c u r -  
r e n t  d e n s i t y  w o u l d  be  l i n e a r  w i t h  each  o ther .  T h e r e  
shou ld  be  a s h a r p  i n t e r c e p t  of t h e  d i s i n t e g r a t i o n  
r a t e - c u r r e n t  d e n s i t y  curve .  This  is a c t u a l l y  obse rved .  

If ,  on  t h e  o t h e r  h a n d ,  t h e  p o t e n t i a l  is  a l r e a d y  

sufficient,  t he  r a t e  of d i s i n t e g r a t i o n  a t  i0 w o u l d  d e -  
p e n d  on ly  on the  c o n c e n t r a t i o n  of a d s o r b e d  h y d r o -  
gen  a toms.  S ince  b e l o w  io a l l  h y d r o g e n  l eaves  t h e  
su r f ace  as H~, t he  c o n c e n t r a t i o n  of h y d r o g e n  w o u l d  
be p r o p o r t i o n a l  to t he  s q u a r e  roo t  of t h e  c u r r e n t  
dens i ty .  This  m e a n s  t h a t  if t he  r a t e - c o n t r o l l i n g  s tep  
is t he  e l e c t r o c h e m i c a l  p r o d u c t i o n  of a h y d r o g e n  
a t o m  a d j a c e n t  to ano the r ,  t he  d i s i n t e g r a t i o n  r a t e  
w o u l d  be  p r o p o r t i o n a l  to t he  c o n c e n t r a t i o n  of h y -  
d r o g e n  a t o m s  a n d  w o u l d  be  l i n e a r  w i t h  t he  s q u a r e  
roo t  of c u r r e n t  dens i ty .  This  is no t  t h e  case  on P b  
a l t h o u g h  i t  is o b s e r v e d  on Sn (8 ) .  I f  t he  r a t e - c o n -  
t r o l l i n g  s tep  in h y d r i d e  p r o d u c t i o n  is t he  chemica l  
c o m b i n a t i o n  of a d s o r b e d  a toms,  t h e n  u n d e r  these  
i r r e v e r s i b l e  cond i t ions  (a t  a b o u t  1 v o v e r v o l t a g e )  
t he  su r f a c e  w o u l d  h a v e  to be  s a t u r a t e d  w i t h  h y d r o -  
gen  a toms,  a nyhow .  

The  effect of a m m o n i u m  ion is p r o b a b l y  to i nh ib i t  
t h e  d i s i n t e g r a t i o n  b y  b e i n g  i t se l f  r e d u c e d  a t  p o t e n -  
t i a l s  b e l o w  those  n e e d e d  for  h y d r i d e  f o r m a t i o n .  This  
op in ion  is b a s e d  on the  fo l l owing :  

The  r a t e s  in  a m m o n i u m  sa l t  so lu t ion  a r e  l o w e r  
t h a n  in c o r r e s p o n d i n g  so lu t ions  of the  a l k a l i  m e t a l  
ca t ions  (Fig .  2, 3) .  A d d i t i o n  of a m m o n i u m  ions  to 
so lu t ions  of s o d i u m  sa l t s  dec reases  the  r a t e  m a r k -  
edly ,  i n d i c a t i n g  t ha t  t h e r e  is a specific inh ib i t ion .  
A d d i t i o n  of s m a l l  i n c r e m e n t s  of ac id  to c o n c e n t r a t e d  
a m m o n i u m  sa l t  so lu t ions  i n c r e a s e d  the  r a t e  s l igh t ly ,  
p r o b a b l y  b y  d e c r e a s i n g  the  a m o u n t  of a m m o n i u m  
ion m i g r a t i n g  to t he  su r f ace  ( h y d r o n i u m  ion has  a 
h i g h e r  t r a n s f e r e n c e  n u m b e r  t h a n  a m m o n i u m  ion) .  
F i n a l l y ,  a l e a d  c a thode  in  a m m o n i u m  sa l t  so lu t ions  
u n d e r g o e s  a c h a n g e  i n  a p p e a r a n c e  f r o m  a sh iny  
b r i g h t n e s s  to a dul l ,  a lmos t  v e l v e t - l i k e  b lackness .  
Th is  b l a c k  coa t ing  is a n o n a d h e r e n t  de pos i t  of l e a d  
c h a r a c t e r i s t i c  of t he  d e c o m p o s i t i o n  of a s u r f a c e  c o m -  
p o u n d  ana logous  to the  m e r c u r y  a m m o n i a  com-  
p o u n d  f o r m i n g  a t  a m e r c u r y  ca thode .  F u r t h e r  w o r k  
is now in p r o g r e s s  on th is  sub j e c t  
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ABSTRACT 

The polarization capacities of Pt, Ni, Cr, Fe, Ta, A1, Cu, and Pb in 1M 
Na~SO, were evaluated from charging and decay curves obtained by imposing 
a 2 cps signal on a cell conta ining one of these metals and a large nonpolariza-  
ble electrode. These values are compared to surface areas for the metals 
determined by Kr  adsorption at 78~ in a very  small  volume adsorption 
apparatus. For  some of the metals the electrochemical method is suitable for 
rout ine surface measurements .  The use of the paral lel  procedures provided 
some addit ional  insight into electrical double layer phenomena at solid 
electrodes. 

The  need  for a c o n v e n i e n t  me thod  for m e a s u r i n g  
ac tua l  sur face  areas of solids of ten arises. For  smal l  
areas,  as w i th  metals ,  the  gas adsorp t ion  m e t h o d  is 
difficult and  of ten no t  feasible.  The  use  of cha rg ing  
curves  for e lectrode a rea  m e a s u r e m e n t s  was  de-  
scr ibed by  B o w d e n  and  Ridea l  (1) a n d  a somewha t  
more  sa t i s fac tory  p rocedu re  was g iven  by W a g n e r  
(2) more  recent ly .  These  methods  depend  on the  
propos i t ion  tha t  the  e lectr ical  double  l ayer  (edl)  
capaci ty  at any  e lec t rode  at which  the  h y d r o g e n  
r educ t ion  po ten t i a l  is be ing  approached  is abou t  20 
~ F / c m  2. However ,  the  q u a n t i t y  in  ques t ion  is ac tu -  
a l ly  the d i f ferent ia l  capaci ty  C, which  is a f u n c t i o n  
of the po t en t i a l  of the  electrode (3) .  C is be l i eved  
to be r e l a t i ve ly  in sens i t i ve  to po ten t i a l  i n  the  reg ion  
cons ide rab ly  cathodic to the  zero po in t  of charge  
(zpc) bu t  short  of the  h y d r o g e n  discharge  po t en t i a l  
( revers ib le  h y d r o g e n  po ten t i a l  plus  h y d r o g e n  over -  
po ten t i a l  u n d e r  the e x p e r i m e n t a l  condi t ions  e m -  
p loyed) ,  a r ange  compr i s ing  p r o b a b l y  no more  t h a n  
200-300 m v  at best. Thus,  to use  a cons t an t  C the  
m e a s u r e m e n t  m u s t  be res t r i c t ed  to the  r a n g e  i n d i -  
cated. The re  is no comparab le  insens i t ive  reg ion  on 
the  anodic  side of the  zpc. In  fact, such curves  of 
C vs. E as are ava i l ab le  for solid electrodes suggest  
tha t  the in sens i t i ve  reg ion  on the  cathodic side is 
smal l  or lacking,  in  cont ras t  to the  case for mercu ry .  

Pegues  (4) ,  fo l lowing  W a g n e r ' s  method ,  m e a s u r e d  
the  areas  of a n u m b e r  of m e t a l  electrodes.  These  
depended  on assessing the  capaci ty  of a m e r c u r y  
surface  of k n o w n  area  and  compar ing  to the  capac i ty  
of a solid electrode of k n o w n  pro jec ted  area. The  
va lues  ob t a ined  were  sa t i s fac tor i ly  r ep roduc ib le  bu t  
suffered f rom lack of su i t ab le  ca l ib ra t ion  because  
l eakage  of so lu t ion  b e t w e e n  the  m e r c u r y  pool a nd  
its glass con ta ine r  m a d e  the  " k n o w n "  m e r c u r y  s u r -  
face area  unce r t a in .  

For  these reasons  it  was  decided to ob t a in  cha rg -  
ing  curves  of each m e t a l  at  w h a t e v e r  po t en t i a l  it 
exh ib i t ed  in  the  so lu t ion  used, and  to use gas ad-  
sorpt ion  areas  of the  meta l s  for compar i son  p u r -  

l Presen t  address :  Nat ional  B u r e a u  of S tandards ,  Wash ing ton  25, 
D . C .  

poses. In  other  words,  the electrode was  no t  po la r -  
ized by  appl ied  c u r r e n t  except  to the  e x t e n t  caused 
by  the  i n p u t  signal ,  a nd  the  to ta l  capaci ty  could be 
compared  to the  to ta l  a rea  d e t e r m i n e d  by  an  accepted 
s t a n d a r d  procedure .  Thus,  if the  ra t io  of capaci ty  
to area  is cons t an t  for a v a r i e t y  of sample  sizes of 
the same me t a l  u n d e r  the  same condi t ions ,  the  
me thod  provides  r ep roduc ib l e  in fo rma t ion .  T h e n  it 
becomes necessa ry  on ly  to decide on a va lue  for C 
in  order  to ca lcu la te  surface  areas  f rom capaci t ies  
thereaf te r .  For  this  purpose  the  d i f fe rent ia l  capaci ty  
curves  for m e r c u r y  [us ing  l a rge ly  the  da ta  of 
G r a h a m e  (3 ) ]  were  used as guides. 

The  i m p o r t a n t  a s sumpt ions  r e q u i r e d  are:  (a) the  
edl capaci ty  can be m e a s u r e d  by  charg ing  curves;  
(b) the a rea  seen by  so lu t ion  species and  by  adsorb -  
ing  gas does no t  differ by  m o r e  t h a n  the  errors  
i n h e r e n t  in  e i ther  m e t h o d - - a n d  differ b y  a cons tan t  
a m o u n t  u n d e r  all  condi t ions ;  a nd  (c) the  va lues  of 
C for m e r c u r y  are  no t  m a r k e d l y  di f ferent  f rom those 
for o ther  meta l s  u n d e r  the  same  condi t ions.  The  
last  impl ies  a lack of specific i n t e r ac t i on  b e t w e e n  
the me t a l  and  so lu t ion  species. 

Experimental 
The charg ing  curve  me thod  was  used he re  be -  

cause it  is capab le  of m e a s u r i n g  l a rger  capaci t ies  
t h a n  is the  i n h e r e n t l y  more  accura te  br idge  method.  
A t  cons t an t  cu r ren t ,  I, the capaci ty ,  C, is g iven  b y  

C -~ I (d t /dV)  (I)  

w h e r e  (dt /dV) is the rec iproca l  of the slope of the 
cha rg ing  curve.  This  assumes  tha t  I r e m a i n s  con-  
s t an t  as the  electrode in te r faces  become charged,  
and  tha t  the  slope to be m e a s u r e d  is u n e q u i v o c a l l y  
recognizable .  If e i ther  or bo th  of these a s sumpt ions  
do no t  hold, t he  m e t h o d  is of l i t t le  use in  so fa r  as 
C is concerned.  Never the less  so long as condi t ions  
are  reproduced  it  can be a useful ,  empi r i ca l  area  
m e a s u r i n g  procedure .  

The  c i rcui t  shown in  Fig. 1 con ta ined  a D u m o n t  
mode l  304-H oscilloscope and  a H e w l e t t - P a c k a r d  
mode l  202-A func t i on  genera tor .  A large  a rea  p l a t i -  
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Fig. 1. Circuit diagram: A-~leod to test electrode; B-- lead 
to platinized platinum electrode; C--auxi l iary electrode for 
polarizing purposes; R--standard resistor; 1, 2, 3---oscillo- 
scope connections. 

A 

........... ,e 
Fig. 3. Small surface area gas adsorption apparatus. E-R, 

vacuum stopcock; W, tungsten leads; A, high pressure 
Mckeod gauge; B, low pressure McLeod gauge; C1--C,, cali- 
brated bulbs; u, v, x, y, z, calibration marks. 

Fig. 2. Polarization cell: A, B, C as in Fig. I; O---gas inlet; 
G--gas outlet. 

nized  p l a t i n u m  e lec t rode ,  B, s e r v e d  as a n o n p o l a r -  
i zab le  m a t e  for  t h e  e l e c t r o d e  u n d e r  s t u d y  and  an  
a u x i l i a r y  lead,  C, was  a v a i l a b l e  for  p o l a r i z i n g  p u r -  
poses.  The  c u r r e n t  was  d e t e r m i n e d  w i t h  t he  a id  of 
t he  s t a n d a r d  r e s i s to r  R. 

The  cel l  is shown  d i a g r a m a t i c a l l y  in  Fig .  2. The  
so lu t ion  could  be  b o i l e d  in  p l ace  b y  m e a n s  of a 
n i c h r o m e  w i r e  h e a t e r  in  t he  asbes tos  cas ing  a r o u n d  
the  cell .  B u r e a u  of Mines  g r a d e  A h e l i u m  ( t h e i r  
a s say  s h o w e d  99.997% p u r i t y  w i t h  less  t h a n  10-6% 
of e i t he r  o x y g e n  or  w a t e r  v a p o r )  was  b u b b l e d  
t h r o u g h  the  cel l  d u r i n g  t h e  bo i l i ng  p e r i o d  a n d  d u r -  
ing  a 2 0 - h r  p r e - e l e c t r o l y s i s  t r e a t m e n t .  

In  a l l  e x p e r i m e n t s  t he  so lu t ion  was  1M Na~SO~. 
This  was  p r e p a r e d  f r o m  a n a l y t i c a l  r e a g e n t  g r a d e  
m a t e r i a l  a n d  d o u b l y  d i s t i l l ed  w a t e r  (specif ic  con-  
d u c t a n c e  less t h a n  1.5x10 ~ m h o / c m ) .  Organ i c  m a t e -  
r i a l  was  r e m o v e d  f r o m  the  w a t e r  b y  c a r r y i n g  ou t  
t he  second  d i s t i l l a t i o n  f r o m  a l k a l i n e  p e r m a n g a n a t e .  

The  tes t  e l e c t r o d e  was  i n t r o d u c e d  t h r o u g h  A, Fig .  
2, and  c u r r e n t  f r o m  t h e  g e n e r a t o r  w a s  a d j u s t e d  to  
g ive  a t o t a l  v o l t a g e  i n c r e m e n t  on the  tes t  e l e c t r o d e  

of no t  m o r e  t h a n  20 mv.  T h e  f u n c t i o n  used  was  a 
2 cps 2 s q u a r e  w a v e  a n d  the  c u r r e n t  t h r o u g h  the  cel l  
was  a d j u s t e d  b y  m e a n s  of t h e  a u x i l i a r y  p o l a r i z i n g  
c i rcu i t  so t h a t  the  s q u a r e  w a v e  c u r r e n t  w e n t  e q u a l l y  
on e i t he r  s ide  of zero.  A p i c t u r e  was  t a k e n  of t h e  
p o l a r i z a t i o n  and  d e c a y  t r a c e  on the  osc i l loscope  a f t e r  
a l l o w i n g  for  e q u i l i b r a t i o n  b e t w e e n  e l e c t r o d e  a n d  
solut ion .  The  c u r r e n t  was  o b t a i n e d  f r o m  a p i c t u r e  
of t he  t r a c e  of t he  p o t e n t i a l  d rop  across  t he  s t a n d a r d  
res is tor .  The  c a p a c i t y  was  t hen  c a l c u l a t e d  f r o m  an  
ana lys i s  of t h e  p h o t o g r a p h s ,  u s ing  Eq. ( I ) .  I t  w a s  
i n d e p e n d e n t  of osc i l loscope  ca l i b r a t i on .  The  t e m -  
p e r a t u r e  of t h e  cel l  was  m a i n t a i n e d  a t  30~176 

The  s m a l l  su r f ace  a r eas  w e r e  m e a s u r e d  b y  a d -  
s o r p t i o n  of K r  a t  78~  (5) .  The  low v a p o r  p r e s s u r e  
of K r  a t  th is  t e m p e r a t u r e  m i n i m i z e s  d e a d  space  co r -  
rec t ions .  In  a d d i t i o n  t h e  a d s o r p t i o n  a p p a r a t u s  (Fig .  
3) was  m a d e  of 2 m m  t u b i n g  t h r o u g h o u t  to r e d u c e  
t h e  t o t a l  v o l u m e  a n d  the  t o t a l  g lass  a rea .  The  f r ee  
v o l u m e  was  a b o u t  14 cc a n d  the  d e a d  space  a b o u t  
0.8 cc, v a r y i n g  s l i g h t l y  each  t i m e  the  a d s o r p t i o n  
c h a m b e r  was  sea l ed  onto t he  sys tem.  A mod i f i ed  
McLeod  g a u g e  (6)  of v e r y  s m a l l  i n t e r n a l  v o l u m e  
was  used.  Because  of the  s m a l l  a r e a s  i nvo lved ,  i t  
was  n e c e s s a r y  to co r rec t  for  a d s o r p t i o n  on the  w a l l s  
of t he  sys tem.  I t  was  a s s u m e d  t h a t  t h e  r o u g h n e s s  
f ac to r  ( r a t i o  of B.E.T. su r f ace  a r e a  to p r o j e c t e d  geo-  
m e t r i c  a r e a )  of the  glass  d id  no t  c h a n g e  w i t h  use  
of t he  s y s t e m  s ince  the  w a l l s  w e r e  s u b j e c t e d  to 
t r e a t m e n t  no m o r e  d r a s t i c  t h a n  a d s o r p t i o n  a n d  d e -  
so rp t ion  of k r y p t o n  ( a n d  p e r h a p s  a l i t t l e  w a t e r  
v a p o r  w h e n  the  s y s t e m  was  o p e n e d ) .  More  c o m -  
p l e t e  de t a i l s  of t he  k r y p t o n  a d s o r p t i o n  un i t  a r e  
g iven  b y  Jonc ich  (7) .  

P l a t i n i z e d  Pt ,  Ni, and  Cr e l ec t rodes  w e r e  p r e -  
p a r e d  b y  e l e c t r o d e p o s i t i o n  on Pt ,  Ni, a n d  Cu, r e -  
spec t ive ly ,  b y  s t a n d a r d  p l a t i n g  p r o c e d u r e s  for  each.  
The  depos i t s  r a n g e d  in  t h i cknes s  f r o m  a t e n t h  up  to 
s e v e r a l  m i l l i m e t e r s .  Cu ( f r o m  M a l i n  & C o m p a n y )  
Fe,  Ta,  P b  ( f r o m  A. D. M a c K a y  C o m p a n y ) ,  a n d  A1 
( f r o m  A l c o a )  w e r e  used  in  t h e  f o r m  of wi re .  T h e  
e l e c t r o d e p o s i t e d  e l ec t rodes  w e r e  w a s h e d  t h o r o u g h l y  
w i t h  1M Na~SO, b e f o r e  b e i n g  p l a c e d  in  t he  cell .  T h e  

C h o s e n  so as to p e r m i t  p o l a r i z i n g  l a rge  area  e lec t rodes .  
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wire  e lectrodes  were  degreased  wi th  benzene.  In  
add i t ion  Cu was  washed  wi th  7M H~SO, and  1M 
Na,SO,, whi le  Fe, Pb,  and  A1 were  c leaned  ca thod i -  
cal ly in  7M H~SO, and  washed  wi th  1M Na~SO,. 

Discussion of Results 
F r u m k i n  (8) suggested  a usefu l  r e l a t ionsh ip  be= 

tween  the  zpc of a me t a l  and  its work  func t ion .  A t  
the zpc the  po ten t i a l  drop across the  solut ion side 
of the in te r face  is zero in  the absence  of adsorbed  
species on the  e lec t rode  surface.  If a cell is made  
up of two such "nu l l "  electrodes,  the  po ten t i a l  dif-  
fe rence  b e t w e e n  them should be also the j u n c t i o n  
po ten t i a l  di f ference b e t w e e n  the  metals .  This  is the 
contac t  po ten t i a l  di f ference b e t w e e n  the  metals ,  
which,  in  tu rn ,  equals  the  difference in  work  f u n c -  
tions. Cor robora t ion  of this deduc t ion  is suppl ied  
by  the  fact  tha t  for Ag (9) ,  Pb, Te, Cd (10) ,  a n d  
P t  (11) differences in  po ten t i a l  b e t w e e n  the i r  zpc 
and  tha t  of m e r c u r y  ( the  e lec t rocap i l l a ry  m a x i m u m  
in this case) are  a p p r o x i m a t e l y  equa l  to the  differ-  
ences in  work  func t ion .  

By o b t a i n i n g  the  zpc of each m e t a l  us ing  the i n -  
d i rect  me thod  jus t  descr ibed  and  k n o w i n g  the p o t e n -  
t ial  of each e lec t rode  whi le  it  is be ing  polar ized  it 
becomes possible to m a k e  compar i sons  w i th  m e r -  
cu ry  a t  e q u i v a l e n t  d i sp lacemen t s  f rom the  zpc. Also, 
it  is possible to suggest  whe the r  cat ions  or an ions  
p r e d o m i n a t e  in  the  i n n e r  Helmhol tz  layer .  

I t  should  be r e m e m b e r e d  tha t  accura te  p red ic t ion  
is not  possible  because  (a) a t r u l y  n u l l  e lect rode is 
u n l i k e l y  on the basis  of specific m e t a l - s o l u t i o n  species 
i n t e r ac t i on  and  (b) the  work  func t i on  va lues  in  the 
l i t e r a tu r e  for most  meta l s  show cons iderab le  v a r i a -  
tion. A recen t  discussion of the re la t ionsh ip  is p e r -  
t i n e n t  (12).  Tab le  I l ists the  work  func t ions  a nd  

the a pp r ox i ma t e  zpc po ten t ia l s  r e l a t ive  to the  sa tu -  
r a ted  calomel  e lect rode (SCE) for all  of the  meta l s  
used in  this work,  us ing  F r u m k i n ' s  r e l a t ion  b e t w e e n  
work  func t ion  and  zpc a nd  based on the  exper i -  
m e n t a l  zpc of m e r c u r y  for  Na~SO~ solut ions  (3) .  

In  the fo l lowing resu l t s  the  gas adsorp t ion  su r -  
face area  of the  ac tua l  e lec t rode  was  d e t e r m i n e d  
w h e r e v e r  possible.  O the rwise  m e a s u r e m e n t s  were  
m a d e  on r e l a t i ve ly  long leng ths  of wi re  and  the  
surface  area of the e lect rode i tself  was ca lcu la ted  
f rom the  rat io of lengths.  Po ten t i a l s  were  de te r -  
m i n e d  re la t ive  to SCE a nd  w e r e  also ra t iona l i zed  
and  are g iven also re l a t ive  to the zpc of the  metal .  

Platinum.--Fig. 4a is a p i c tu re  of a t race  p roduced  
on impos ing  the  2 cps squa re  wave  on a cell con-  
t a i n i ng  a P t  test  e lect rode a nd  a nonpo la r i zab l e  
electrode.  The capaci ty  was  m e a s u r e d  on 6 separa te  
samples  and  was found  to be 20.1--+0.7 ~ F / c m  ~ 
(Tab le  I I ) .  

Rober t son  (11) ob ta ined  19• 1 ~ F / c m  ~ for smooth  
P t  in  1N HC1 at  the zpc. Other  va lues  r epor ted  (13, 
14) are  25 and  30 ~ F / c m  "~. Since the electrodes in  
this work  were  at 0.2 v re la t ive  to SCE, or abou t  
--0.2 v re la t ive  to the  zpc, cat ions  popu la t ed  the  
Helmhol tz  layer .  Rober t son ' s  comparab le  va l ue  was 

Table I. Calculated zero point of charge 

Estimated zpc 
Metal  W o r k  func t i on*  (ev.) (v on SCE scale) 

Mercury 4.5 --0.45 
P la t inum 5.3 +0.4 
Nickel 4.6 --0.4 
Chromium 4.0 --1.0 
Iron 4.4 --0.6 
Tan ta lum 4.2 --0.8 
A l u m i n u m  4.2 --0.8 
Copper 4.6 --0.4 
Lead 4.0 --1.0 

* C. J.  S m i t h e l l s ,  "Me ta l s  Re fe r ence  B o o k , "  Vol. 2, p. 668, 
s c i ence  P u b l i s h e r  Inc. ,  N e w  York  (1955). 

I n t e r -  

Table II. Platinum electrodes* 

S ur f ace  area  by  K r  Capac i t y  in  ~F Capac i t y  in  
E lec t rode  adso rp t ion ,  crne by  p o l a r i z a t i o n  /aF/cme 

1 56.7 1210 21.4 
2 271 5900 21.8 
3 615 10600 17.3 
4 407 8750 21.5 
5 80.3 1460 18.2 
6 23.9 494 20.7 

Average 20.1• 

* The  su r face  a rea  of each  e lec t rode  wa s  m e a s u r e d .  

Fig. 4. Polarization traces: A-~Pt;  B- -N i ;  C--Cr ;  D--Fe; 
E~Ta;  F--Cu; G--Pb. Horizontal traces, current input; 
angular traces, cell output or charging curves. 



Vol. 104, No. 12 P O L A R I Z A T I O N  C A P A C I T Y  

22 # F / c m  ~. Inc iden ta l ly ,  his m e a s u r e d  zpc for P t  in  
0.01N HC1 was 0.35 v re l a t ive  to SCE in  sa t is factory  
a g r e e m e n t  w i th  the  es t ima ted  va lue  here.  Because  
of some doub t  conce rn ing  the  surface  areas  of the  
electrodes lead ing  to the highest  two va lues  ci ted 
above,  it m a y  be conc luded  tha t  the re  is r ea sonab le  
a g r e e m e n t  and  tha t  the  most  l ike ly  va lue  is closer 
to 20 t h a n  25 ~ F / c m  -~. 

There  is no r egu l a r  va r i a t i on  in  po la r iza t ion  
capaci ty  per  u n i t  a rea  w i th  tota l  a rea  of the  elec-  
t rodes used. Thus  it  is possible to use  this  me thod  
as a means  of d e t e r m i n i n g  the  sur face  a rea  of P t  
or P t  black.  The  " roughness  factors"  of the  elec- 
t rodes used here  va r i ed  f rom 3,900 to 20,000. 

N i c k e l . - - A  typ ica l  po la r i za t ion  curve  is g iven  in  
Fig. 4b. The  average  va lue  of the po la r i za t ion  
capaci ty  of 7 Ni electrodes was  28.8--+0.5 ~ F / c m  -~ 
(Tab le  I I I ) .  

The po ten t i a l  of the  Ni e lectrodes  was  --0.4 v 
r e l a t ive  to SCE, or jus t  abou t  at  zpc. This  compares  
sa t i s fac tor i ly  w i th  va lues  of 28 ~ F / c m  ~ in  0.01N 
HC1, 37 ~ F / c m  -~ in  0.1N HC1, 41 g F / c m  "~ in  1N HC1, 
22 ~ F / c m  -~ in  0.006N NaOH, and  27 ~ F / c m  ~ in  0.12N 
NaOH (15).  Rakov,  Borisova,  and  Ersh le r  (16) r e -  
por ted  22-27 ~ F / c m  2 in  1N NaOH. 

The  po ten t ia l s  of the  Ni electrodes lie n e a r  the 
zpc (see Tab le  I) and  app ly ing  G r a h a m e ' s  differ-  
en t i a l  capaci ty  curve  (3) to Ni, the  p red ic ted  capaci ty  
of the  Ni e lectrode is abou t  27 ~ F / c m  ~. This  va l ue  
and  the  e x p e r i m e n t a l  va lue  agree sat isfactor i ly .  

The re  is no t r e n d  in  po la r i za t ion  capaci ty  w i th  
tota l  a rea  of the  electrodes.  This  indica tes  tha t  the 
po la r i za t ion  capaci ty  m a y  be used to es t imate  the  
surface  area  of a Ni electrode.  The  roughness  factor  
of the  p la ted  Ni electrodes va r i ed  f rom 80 to 175. 

C h r o m i u m . - - A  p ic tu re  of a po la r iza t ion  cu r ve  for 
a Cr e lect rode is g iven  in  Fig. 4c. The  average  va l ue  

Table III. Nickel electrodes* 

S u r f a c e  a r e a  by  K r  C a p a c i t y  in  ~tF C a p a c i t y  in  
E l e c t r o d e  a d s o r p t i o n ,  cm~ by p o l a r i z a t i o n  ~F /cm2  

1 119 3350 28.0 
2 134 3670 27.4 
3 183 5400 29.4 
4 118 2985 26.4 
5 63 1930 30.5 
6 100 3035 30.4 
7 139 4075 29.3 

Average 28.8___0.5 

* T h e  s u r f a c e  a r e a  of e a c h  e l e c t r o d e  w a s  m e a s u r e d .  

Table IV. Chromium electrodes* 

S u r f a c e  a r e a  by  K r  C a p a c i t y  i n / ~ F  C a p a c i t y  i n  
E l e c t r o d e  a d s o r p t i o n ,  c m  -~ by  p o l a r i z a t i o n  ~ F / c m  ~ 

1 128 1390 10.9 
2 36 412 Ii .I  
3 56 640 11.5 
4 116 1450 8.8 
5 275 2150 7.8 
6 225 1750 7.8 

Average 9.7___0.6 
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of the  po la r i za t ion  capaci ty  of 6 Cr e lectrodes  was  
9.7-----0.6 ~ F / c m  ~ (Tab le  IV) .  

The  po t en t i a l  of the Cr electrodes was  --0.1 v 
r e l a t ive  to SCE or 0.9 v r e l a t ive  to zpc. The  exper i -  
m e n t a l  va lue  of 9.7 ~ F / c m  ~ m a y  be compared  to the  
va l ue  of 10 /~F/cm "~ found  by  Powers  (17) for Cr 
electrodes.  However ,  the capaci ty  expected  f rom a 
cons idera t ion  of the  work  func t i on  a nd  the  differ-  
en t i a l  capaci ty  curve  of G r a h a m e  (3) is 39 ~ F / c m  "~ 

Most Cr p la te  has an  e labora te  crack n e t w o r k  and  
is therefore  qu i te  porous.  The  oute r  surface  pro jec-  
t ions  p r o b a b l y  shield the  in t e r io r  of the  cracks and  
pores f rom a ny  e lec t rochemica l  react ion.  Therefore ,  
on ly  a smal l  f rac t ion  of the to ta l  surface  as seen by  
gas adsorp t ion  m a y  be expected  to pa r t i c ipa te  in  a 
b u i l d u p  of the edl. Thus,  this  me thod  is no t  use fu l  
in  s t u d y i n g  the edl at a Cr sur face  un less  the  t rue  
area  is k n o w n ;  it gives too low a capacity.  I t  wou ld  
be usefu l  as an  a rea  m e a s u r i n g  me thod  on ly  if the 
r e l a t ion  b e t w e e n  the  th ickness  a nd  poros i ty  of p la te  
were  cons tan t  for all  samples.  A n  a l t e r na t e  e x p l a n a -  
t ion  of the  e x p e r i m e n t a l  resul t s  could be based on 
the  pos tu la t ion  of an  oxide film on the  electrodes.  

I ron . - -A  typ ica l  po la r i za t ion  curve  is shown  in  
Fig. 4d. The  average  po la r i za t ion  capaci ty  of the  
edl at  7 Fe electrodes was  35.9----_0.8 ~ F / c m  ~ (Tab le  
V).  The  po ten t i a l  of these electrodes was  abou t  
--0.8 v r e l a t ive  to SCE or --0.2 v r e l a t i ve  to zpc. 

The po la r i za t ion  capaci ty  p red ic ted  f rom a con-  
s idera t ion  of the  work  f u n c t i o n  and  G r a h a m e ' s  d i f -  
f e ren t i a l  capaci ty  curves  of Hg (3) is abou t  22 
~ F / c m  ~. The po la r iza t ion  capaci ty  of a Hg surface  
at  which  there  is adsorp t ion  of an ions  is abou t  40 
~ F / c m  2 (3) .  It  has been  shown  tha t  su l fa te  ions 
adsorb  i r r eve r s ib ly  on Fe  (18).  I t  has also been  
shown tha t  specific adsorp t ion  of iodide ions on Hg 
shifts  the zpc as m u c h  as --0.4 v (3, 19). Thus,  it  
is possible tha t  su l fa te  ions adsorbed  specifically on 
the Fe  electrodes at  the po ten t i a l  a nd  caused the  
po la r iza t ion  capaci ty  to be  h igher  t h a n  wou ld  be 
pred ic ted  in  the absence  of specific adsorpt ion.  

The  po la r iza t ion  capaci ty  at  Fe e lectrodes  showed 
no defini te  t r e n d  wi th  to ta l  surface  area. Thus,  it 
m a y  be used to d e t e r m i n e  the  ex t en t  of an  Fe  su r -  
face. The roughness  factor  of the Fe  electrodes was  
9.3, p r o b a b l y  somewha t  high.  

Tan ta lum. - -A  typ ica l  po la r iza t ion  curve  for a 
Ta electrode is shown  in  Fig. 4e. The  average  po-  
l a r iza t ion  capaci ty  of the edl at  9 Ta electrodes was  
4.61 _+ 0.1 ~ F / c m  ~ (Tab le  VI) .  The  po ten t i a l  of the  

Table V. Iron electrodes* 

S u r f a c e  a r e a  by  K r  C a p a c i t y  i n / t F  C a p a c i t y  i n  
E l e c t r o d e  a d s o r p t i o n ,  c m  ~ by  p o l a r i z a t i o n  /~F/cm ~ 

1 23.1 785 34.0 
2 20.2 795 39.4 
3 17.9 575 37.9 
4 16.7 525 3L4 
5 14.6 510 35.0 
6 10.7 392 37.6 
7 10.2 369 36.2 

Average 35.9 ___ 0.8 

* T h e  s u r f a c e  a r e a  w a s  m e a s u r e d  on 6 m e t e r s  of  w i r e .  T h e  s u r f a c e  
* T h e  s u r f a c e  a r e a  of e a c h  e l e c t r o d e  w a s  m e a s u r e d ,  a r e a  of e a c h  e l e c t r o d e  is  a p r o p o r t i o n a t e  p a r t  of  t h e  t o t a l  a r e a .  
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Table VI. Tantalum electrodes* 

S u r f a c e  a r e a  by  K r  C a p a c i t y  in  ~eF C a p a c i t y  i n  
E l e c t r o d e  a d s o r p t i o n ,  cm 2 b y  p o l a r i z a t i o n  /~F/cm~ 

Table VII. Copper electrodes* 

S u r f a c e  a r e a  by  K r  C a p a c i t y  in/x~F C a p a c i t y  i n  
E l e c t r o d e  a d s o r p t i o n ,  cm~ b y  p o l a r i z a t i o n  ~ .F /cm ~ 

1 3.58 15.4 4.23 
2 4.08 20.5 5.26 
3 4.52 21.2 4.76 
4 5.30 27.5 5.40 
5 6.25 27.7 4.47 
6 7.64 33.0 4.36 
7 8.86 37.7 4.23 
8 9.95 43.1 4.38 
9 10.1 45.7 4.18 

Average 4.59 ~ 0.11 

* T h e  s u r f a c e  a r e a  w a s  m e a s u r e d  on 6 m e t e r s  of  w i r e .  T h e  s u r f a c e  
a r e a  of e a c h  e l e c t r o d e  is  a p r o p o r t i o n a t e  p a r t  of  t h e  t o t a l  a r e a .  

Ta electrodes was  --0.2 v re la t ive  to SCE, or 0.6 v 
re la t ive  to zpc. The  po la r i za t ion  capaci ty  expected  
f rom a cons idera t ion  of the  work  func t i on  and  the  
d i f fe rent ia l  capaci ty  curves  of Hg (3) is abou t  40 
~ F / c m  ~. 

The  low va lue  of the po la r iza t ion  capaci ty  is 
t hough t  to be due  to the  oxide film on the  sur face  of 
the  electrodes.  A s imi la r  low va lue  of 7 ~ F / c m  -~ for 
an  oxide film on the surface  of an  e lec t rode  was 
found  by  Ersh le r  et al. (16).  The  p resence  of the 
oxide film on the  sur face  lowers  the  charge  dens i ty  
on the  sur face  of the  electrode.  This  produces  an  i n -  
crease in  the th ickness  of the  edl, and,  as a resul t ,  
decreases the  capacity.  The  lower  capac i ty  m a y  also 
be t hough t  of as be ing  caused by  an  increase  in  
d is tance  b e t w e e n  pla tes  of the  condense r  fo rmed  by  
the  electrode and  the  solut ion.  

I t  should  be no ted  tha t  the  resul ts ,  whi le  low, are  
consis tent ,  and  m a y  be used to d e t e r m i n e  the  ex-  
t en t  of the  surface  of ox ide-coa ted  Ta  electrodes.  
The roughness  factor  of the Ta electrodes was 3.3. 

A l u m i n u m . - - P r o b l e m s  wt ih  A1 were  mani fo ld .  
The  por t ion  of the  cha rg ing  cu rve  f rom which  to 
t ake  the  slope was  u sua l l y  in  doubt .  Also there  ap-  
peared  to be a f r equency  dependence  which  res is ted 
clarif ication.  A b o u t  all  t ha t  can be said at  this t ime  
is tha t  "capaci ty"  was  no t  a f u n c t i o n  of the  to ta l  
(gas) sur face  a rea  ava i lab le .  Therefore ,  the me thod  
is appl icab le  to A1 p rov ided  a firm va lue  can be ob-  
t a ined  for C. Work  on this  sys tem is con t inu ing .  

Copper . - -A  typ ica l  po la r i za t ion  cu rve  for Cu 
electrodes is g iven  in  Fig. 4f. The  ave rage  po la r iza -  
t ion  capaci ty  of 10 Cu electrodes was  32.9-----0.8 
~ F / c m  ~ (Tab le  VII ) .  This  m a y  be  compared  to 32 
~ F / c m  2 found  by  Bockr is  and  P e n t l a n d  (20) a nd  to 
23 ~ F / c m  2 ob ta ined  by  Wiebe  and  W i n k l e r  (21) on 
cathodic charg ing .  The  po t en t i a l  of the Cu electrodes 
was  --0.2 v r e l a t ive  to SCE, or 0.2 v r e l a t ive  to zpc. 
The  capac i ty  expec ted  f r o m  a cons ide ra t ion  of the  
work  f u n c t i o n  and  the  d i f fe rent ia l  capac i ty  curves  of 
Hg (3) is abou t  30 ~ F / c m  ~. This  is i n  fa i r  a g r e e m e n t  
w i th  the  e x p e r i m e n t a l  value ,  bu t  he re  aga in  the re  
was  some ques t ion  abou t  choice of the  appl icab le  
slope. 

The po la r iza t ion  capaci ty  of the Cu electrodes is 
f a i r ly  cons t an t  over  the  r ange  of sur face  areas s tud -  
ied. The  roughness  factor  of the Cu electrodes was  
1.5. 

1 4.54 125 28.5 
2 5.0 155 31.0 
3 5.12 159 31.1 
4 5.6 195 34.8 
5 6.59 243 36.9 
6 6.8 246 36.2 
7 7.57 265 35.0 
8 8.3 240 28.9 
9 9.1 315 34.6 

10 10.7 344 32.2 
Average 32.9 ~ 0.8 

* T h e  s u r f a c e  a r e a  w a s  m e a s u r e d  on  6 m e t e r s  of  w i r e .  T h e  s u r f a c e  
a r e a  of e a c h  e l e c t r o d e  is  a p r o p o r t i o n a t e  p a r t  of  t h e  t o t a l  a r e a .  

Table VIII. Lead electrodes* 

S u r f a c e  a r e a  by  K r  C a p a c i t y  i n / i F  C a p a c i t y  i n  
E l e c t r o d e  a d s o r p t i o n ,  cm 2 by  p o l a r i z a t i o n  /LF/cm2 

1 14.1 690 47.7 
2 12.3 650 52.7 
3 9.81 527 62.1 
4 8.3 460 55.4 
5 6.54 326 50.0 
6 4.65 221 47.5 

Average 52.6-+ 1.7 

* T h e  s u r f a c e  a r e a  w a s  m e a s u r e d  on  6 m e t e r s  of  w i r e .  T h e  s u r f a c e  
a r e a  of  e a c h  e l e c t r o d e  is a p r o p o r t i o n a t e  p a r t  of  t h e  t o t a l  a r e a .  

L e a d . - - A  typica l  po la r iza t ion  cu rve  for a Pb  elec-  
t rode  is shown in  Fig. 4g. The average  po la r i za t ion  
capaci ty  at 6 Pb  electrodes was  52.6--+ 1.7 ~ F / c m  ~ 
(Tab le  VI I I ) .  The  po ten t i a l  of the  Pb  electrodes was  
--0.6 v re la t ive  to SCE, or 0.4 v r e l a t ive  to zpc. 

The  expected po la r iza t ion  capaci ty  for P b  elec- 
t rodes at  this po t en t i a l  f rom a cons idera t ion  of the 
work  func t ion  a nd  the  d i f ferent ia l  capaci ty  curves  
of Hg (3) is abou t  45 ~ F / c m  2, bu t  the  e s t ima ted  
capaci ty  is no t  ve ry  accura te  as the  capac i ty  curve  
of Hg rises r ap id ly  at  this  potent ia l .  K a b a n o v  and  
Jofa (22) found  a po la r i za t ion  capaci ty  of 30 ~ F /  
em ~ at  a po ten t i a l  of --0.70 v r e l a t ive  to SCE and  
the po la r iza t ion  capaci ty  rose r ap id ly  to abou t  40 
~F/cm" as the po ten t i a l  was  changed  to --0.68 v 
r e l a t i ve  to SCE. The  high va lue  of the  po la r i za t ion  
capaci ty  suggests tha t  su l fa te  ions are  adsorbed  on 
the  surface.  Sub jec t  to the  ind ica ted  l imi t a t ions  the 
roughness  factor  of the Pb  electrodes was  5.6. 

Conclusions 
The po la r iza t ion  capaci ty  appears  to be  a sat is-  

fac tory  m e a s u r e  of the  ex t en t  of the sur face  of an  
e lect rode (a)  if t he  va lue  of the  po la r i za t ion  ca-  
pac i ty  is ac tua l ly  k n o w n ,  or (b)  if a s t anda rd i zed  
p rocedure  is worked  out  for each case. The  meas -  
u r e m e n t  of the  po la r iza t ion  capaci ty  is fast, r e l a -  
t ive ly  accurate ,  a nd  is m a d e  easi ly  and  qu ick ly  in  
cont ras t  to the more  tedious  m e a s u r e m e n t  of su r -  
face a rea  by  gas adsorp t ion  techniques .  The me thod  
appears  to be appl icab le  to Pt,  Ni, Fe, Ta;  less so to 
Cr, Cu, and  Pb  for d i f ferent  reasons;  a nd  inapp l i ca -  
b le  to A1 so far. 
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The re l a t ionsh ip  of the work  func t i on  to the pos i -  
t ion  of the  zpc first no ted  by  F r u m k i n  (8) and  the 
e lec t rocapi l la ry  behav io r  of Hg m a y  be used in  the 
absence  of specific i n t e rac t ion  or reac t ion  to pred ic t  
wi th  fair  accuracy  the  po la r iza t ion  capaci ty  of 
me ta l  electrodes.  The a p p a r e n t  f a i lu re  of these  r e l a -  
t ionships  in  the case of A1, Ta, Cr, Fe, and  Pb  are 
be l ieved  to be due to specific adsorp t ion  of ions on 
the electrode,  the presence  of oxide layers ,  or the  
passage of fa radaic  cur ren t .  In  compar ing  the  ca- 
pac i ty  of me t a l  e lectrodes  the  po ten t i a l  r e l a t ive  to 
the zpc is a ve ry  i m p o r t a n t  factor.  Compar i sons  
made  at  n o n e q u i v a l e n t  po ten t ia l s  are mean ing less .  
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Reaction of Hydrogen with Preoxidized Zircaloy-2 at 300 ~ to 400~ 

Earl A. Gulbransen and Kenneth F. Andrew 

Research Laboratories, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The permeabi l i ty  of preformed oxide films to hydrogen at 300~176 was 
studied. Two types of reactions were observed. If the oxide film was per- 
meable, a general  reaction :occurred with the formation of zirconium hydride 
phases on the surface. If t he  oxide film was relat ively impermeable,  reaction 
occurred at the edges of the: sample  where  defects probably exist in the oxide. 
The reaction starts at localized areas and spreads through the metal  with 
hydride and oxide film spalling from the metal  continually.  

Z i r c o n i u m  reacts  wi th  h y d r o g e n  at t e m p e r a t u r e s  
up to 550~ to fo rm s table  hydr ides  of the  me t a l  
w h e n  the  h y d r o g e n  concen t r a t i on  exceeds the  t e r -  
m i n a l  so lub i l i ty  (1,2). The fo rma t ion  of a h yd r i de  
phase  on the  surface  and  in  the  m e t a l  causes m a j o r  
changes  in  the phys ica l  and  chemica l  proper t ies  of 
the  me t a l  or al loy (3) .  

Hydr ide  phases  can  fo rm read i ly  at  400~ since 
the  t e r m i n a l  so lubi l i ty  is on ly  1.86 at. % or 200 ppm 
by weigh t  of hydrogen .  One of the  effective ba r r i e r s  
to reac t ion  of Zr  at 300~176 wi th  h y d r o g e n  is a 
surface oxide fi lm (4) .  

Wi th  the d e v e l o p m e n t  of Z r - S n  al loys for use  in  
nuc l ea r  power  reactors ,  it  is of in te res t  to s tudy  the  
p e r m e a b i l i t y  of severa l  types  of oxide films to hy-  
d rogen  at t e m p e r a t u r e s  of 300~176 and  the ef- 
fects of the h y d r o g e n  reac t ion  on the  alloy. 

The  m e c h a n i s m  of the  reac t ion  of h y d r o g e n  w i t h  
pu re  Zr  was cons idered  ear l ie r  (4) .  The  p e r m e a b i l i t y  
of severa l  types  a nd  th icknesses  of oxide films to h y -  
d rogen  was d e t e r m i n e d  at 150~ The  resu l t s  
showed tha t  the  oxide film fo rmed  at  room t e m p e r -  
a t u r e  on a b r a de d  and  c leaned  me t a l  samples  offered 
more  res i s tance  to h y d r o g e n  p e r m e a t i o n  t h a n  th icker  
oxide films fo rmed  at  250~ and  higher .  O x y g e n  
and  n i t r o g e n  dissolved in  the  me t a l  phase  had  no 
effect on the  ra te  of p e r m e a t i o n  w h e n  compared  to 
an  ox ide- f ree  surface.  Chemica l ly  pol ished su r -  
faces of Zr  were  i m p e r m e a b l e  to h y d r o g e n  at  150~ 

Experimental 
Apparatus . - -The  v a c u u m  mic roba l ance  a ppa ra tu s  

was  used (5) for p r e p a r i n g  the  oxide films and  for 
d e t e r m i n i n g  the  reac t ion  w i th  hydrogen .  Detai ls  o f  



710 

Table I. Chemical and spectrographic analyses of Zircaloy-Z 
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Zr Major Hf 0.0055 
Sn 1.45" Si 
F e  0.135" N 0.0038 
Ni 0.055" H 0.0020 
Cr 0300* O 0.1400 
A1 0.0045 

* Chemica l .  

the appara tus  and method  have  been descr ibed (5).  
Pure  hydrogen  was p repa red  by diffusing a pu r i -  

fied grade of hydrogen  through a hot Pd  tube. 
Samples.--Thick str ips of Zi rca loy-2  were  ob-  

ta ined f rom the West inghouse Atomic  Power  Div i -  
sion and rol led  to s tr ips  5 and 10 mil  thick. Table  I 
shows the spect rographic  and chemical  analyses  of 
the alloy. 

Samples  were  ab raded  and cleaned (6).  Some 
of the samples were  given a chemical  pol ishing 
t r ea tmen t  in a special  acid ba th  having  the compo-  
sition: 45% HNO~, 10% HF, and 45% H~O. 

Steam reacted samples.--These were  reac ted  wi th  
s team at 399~ for three  days to weight  gains of 
118 to 155 ~g/cm ~. Al though most  of the oxygen 
forms an ex te rna l  oxide  film, some oxygen may  
dissolve in the metal .  

Results and Discussion 

Comparison o] Initial Pretreating Procedures 
Abraded  and chemica l ly  pol ished samples  of Z i r -  

caloy-2 were  reac ted  at  400~ wi th  pure  hydrogen  
at 5.0 cm Hg pressure,  Since the vacuum was be t te r  
than 10 -~ mm Hg, the  samples  showed no evidence 
for a p i ck -up  of oxygen on heat ing to the react ion 
tempera ture .  

Fig. 1 shows the t ime course of the hydr id ing  
react ion for both  samples.  Here  weight  gain in mi- 

800 -- ~ A Zr Ha.z7 

600-- / 
/ 

/ 
4 0 0 -  / 

/ 
200 - /  Time (rain.) 

I / z 4 6 

t - 200 B 

- 4 0 0 L - -  

F ig .  1. Comparison of initial oxide film on hydriding 
Zircaloy-2 , 400~ 5.0 cm Hg of Hs. Curve A, abraded, 
room temperature oxide film; curve B, chemically polished 
oxide film. 

crograms per  cm ~ was p lo t ted  against  the t ime in 
minutes.  Curve A shows the t ime course for  the 
ab raded  sample  containing the room t empera tu r e  
oxide film. A rap id  sorpt ion of hydrogen  occurs wi th  
the composit ion ZrI-I~.~ (43 at. % hydrogen)  being 
formed in 2 min of reaction. Al though  the hydrogen  
was evacuated at  the  end of 2 min, the  react ion con- 
t inued dur ing  evacuat ion unt i l  the hydrogen  pres -  
sure was reduced to a va lue  corresponding to the  
decomposit ion pressure  character is t ic  of the  hy-  
dr ide  phase (about  10 "~ m m  Hg) (2).  

On cooling to room tempera tu re ,  the  sample  was 
found to be br i t t l e  and cracked read i ly  into a num-  
ber  of pieces. Since the t e rmina l  solubi l i ty  was only 
1.86 at. % at  400~ most of the hydrogen  was in 
the hydr ide  phase  ZrHI.~ and was concentra ted in 
the surface layer .  A rap id  react ion occurred at  
400~ al though the room t empera tu r e  oxide  film 
l imi ted  the react ion with  hydrogen  at  150~ 

Curve B of Fig. 1 shows the resul ts  for the chem- 
ical ly  polished sample. Al though the chemical  pol -  
ishing solution removes  meta l  f rom the sample,  a 
passive type  of oxide or corrosion film remains  on 
the alloy. Curve B shows tha t  the passive film pro-  
tects the  meta l  for 2 min of react ion t ime af ter  
which react ion occurs. However ,  as fast as hydr ide  
is formed,  it  spalls  f rom the meta l  giving a weight  
loss instead of a weight  gain. The ra te  of spal l ing 
increases s teadi ly  wi th  t ime as more  surface is ex-  
posed for reaction. An examina t ion  of the  specimen 
af ter  cooling shows tha t  the  sample  edges were  the 
only regions a t tacked  by  hydrogen.  

I t  is concluded tha t  chemical  pol ishing the al loy 
forms a film which was nea r ly  impermeab le  to hy -  
drogen over the ma jo r  por t ion of the surface. How-  
ever, react ion occurred at the  sample  edges. Since 
the a t tack  is h igh ly  localized, spal l ing of hyd r ide  
occurred wi th  a loss of weight.  Curves A and B of 
Fig. 1 were  reproducible .  

Permeability oy Preformed Oxide Films 

to Hydrogen 
Zircaloy-2 samples  were  reac ted  with  pu re  oxy-  

gen at  400~ to form oxide film thicknesses of 10, 
24.5, and  73 ~g /cm ~. These weight  gains corres-  
ponded to 615, 1510, and 4480A of oxide using the 
conversion factor  of 61.5 (6) to re la te  Angs t roms to 
weight  gain in micrograms per  cm'. 

I ~ 4 

/ 

o t O ~ I0 20 
o Io I �9 I 

Timelmin.) 

Fig. 2. Effect of thin oxide film (10 /~g/crn 2) on hydriding 
Zircaloy-2, 400~ 5.0 cm Hg of H~. 

Zirca loy-2  F o i l  

E l e m e n t  W t  % E l e m e n t  W t  % 
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Fig. 3. Effect of thin oxide f i lm (24.5 /~g/cm 2) on 
Zircaloy-2, 400~ 5 cm Hg of Hs. 
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Fig. 4. Effect of thin oxide f i lm (73 /~g/cm:) on hydriding 
ZircQIoy-2, 400~ 5.0 cm Hg of H2. 

These samples  were  reac ted  w i th  h y d r o g e n  at  
400~ and  5.0 cm Hg pressure.  Fig. 2, 3, a nd  4 
show the t ime  courses for the  ox ida t ion  and  h y d r o -  
gen reac t ion  curves  for th ree  exper imen t s .  H y d r o -  
gen was added af ter  r e m o v i n g  the oxygen  and  evac-  
ua t i ng  to a p ressure  of 1 x 10 -~ m m  Hg. 

The weigh t  c h a n g e - t i m e  curves  for the  h y d r o g e n  
reac t ion  were  s imi la r  to Curve  B of Fig. 1. Af te r  
an i nduc t ion  period,  reac t ion  occurred  w i th  i m m e -  
dia te  spa l l ing  of hydr ide .  This  behav io r  was c ha r -  
acter is t ic  of a h igh ly  localized a t tack.  On  cooling, 
all of the  samples  showed a h igh ly  localized a t tack  
at the edges. 

Tab l e  II summar i ze s  the  resul ts  on this series of 
exper imen t s .  It  is conc luded  tha t  the  oxide films 
were  n e a r l y  i m p e r m e a b l e  to h y d r o g e n  except  at  the 
edges where  localized a t tack  occurs w i th  spa l l ing  
of the  hyd r ide  toge ther  wi th  the oxide film. 

Studies on Steam Formed Oxide Films 

Six samples  of Z i rca loy-2  were  reac ted  w i th  
s team at  399~ for t h ree  days  to fo rm oxide fi lms 
of th icknesses  b e t w e e n  119-155 ~ g / c m t  These t h i ck -  
nesses were  33-44% of the 350 ~g / cm ~ film th i ck -  
ness found  by  Thomas  (7) for t r ans i t i on  in  the  cor-  
rosion rate.  The presence  of h y d r i d e  in  the  s team-  
reac ted  films before  h y d r i d i n g  was  not  tested.  

Samples  were  reac ted  in  the as - rece ived  condi -  
t ion  w i th  h y d r o g e n  at pressures  of 1, 2.4, and  5.0 
cm Hg and  at t e m p e r a t u r e s  of 300~176 Ta b l e  
III  shows a s u m m a r y  of the :oxide thicknesses ,  the  
h y d r o g e n  reac t ion  condit ions,  and  resul ts .  

At  300~ no reac t ion  occur red  in  20 hr  for a h y -  
drogen  pressure  of 2.4 cm Hg, whi le  at 350~ re -  
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Table II. Summary of results of hydrogen reaction of alloy and 
alloy with oxide film formed in oxygen atmospheres, hydrogen, 

400~ 5.0 cm Hg pressure 

O x i d e  t h i c k n e s s  
g / c m  2 A (p = 1] " Color  of  o x i d e  R e s u l t s  

Room temp None Adsorbed hydrogen, 
oxide no spalling. 

Fine  cracks on 
s u r f a c e .  

Reaction at edges 
with spalling. 
Reaction at edges 
with spalling. 
Reaction at edges 
with spalling. 
Reaction at edges 
with spalling. 

Chem. 
polished 
I0 

24.5 

73 

~ o n e  

615 Blue-green 

1510 Pink-green  

4480 Gray 

* # = s u r f a c e  r o u g h n e s s  r a t i o .  

Table Ill. Summary of results on hydrogen reaction of 
corrosion films on Zircaloy-2 

Prepared (Lustman) H~O--3 days at 400~ 

H y d r o g e n  
c o n d i t i o n s  

Wt  P r e s -  
A r e a  g a i n ,  T h i c k n e s s  T e m p ,  s u r e  
crn~ g # g / c m  2 A~ ( p = l )  ~ ~ c m  R e s u l t s  

17.42 0.0027 155 9~510 300 2.4 No  r e a c t i o n  in  20  
h r .  

17.42 0.0027 155 9,510 400 5.0 E d g e  r e a c t i o n  in  6 
r a in ,  s p a l l i n g .  

17.96 0.0023 128 7,850 400 1.0 N o  f a i l u r e  in  3 h r .  
17.96 0.0023 128 7,850 400 5.0 E d g e  r e a c t i o n  in  2 

h r ,  spo i l i ng .  
18 45 0.0022 119 7,300 400 1.0 E d g e  r e a c t i o n  in  3 

r a i n ,  sDal l ing .  
17.35 0.0023 133 8,150 350 5.0 E d g e  r e a c t i o n  in  12 

r a in ,  sDal l ing .  
18.45 0.0025 135 8,310 350 1.0 E d g e  r e a c t i o n  a f t e r  

62 h r ,  spo i l i ng .  

* p ~ s u r f a c e  r o u g h n e s s  r a t io .  

act ion occur red  af ter  62 hr  for 1 cm Hg h y d r o g e n  
p ressure  a nd  af ter  12 ra in  for 5.0 cm Hg h y d r o g e n  
pressure .  The  400~ e x p e r i m e n t s  showed reac t ion  
in  th ree  of the  four  expe r imen t s .  The fou r th  e xpe r i -  
m e n t  wou ld  p r o b a b l y  show reac t ion  if t he  r eac t ion  
t ime  had  been  extended.  

Fig.  5 shows a pho tog raph  of the  350~ cm 
Hg pressure  expe r imen t .  The  course of the  edge 
type  of spa l l ing  is seen clear ly.  Al l  of the  samples  
which  reac ted  w i th  h y d r o g e n  in  this  group of ex -  
pe r i me n t s  reac ted  at  the  edges as shown  in  Fig. 5. 

To prove  t ha t  the  al loys h a v i n g  a s t e a m - f o r m e d  
oxide  film react  w i th  h y d r o g e n  at the  edges, x - r a y  
dif f ract ion s tudies  we re  m a d e  of the spal led  m a t e -  
r i a l  and  the r e m a i n i n g  m e t a l  phase.  The s t eam-  
corroded Z i rca loy-2  sample  reac ted  w i th  h y d r o g e n  
at 400~ and  5.0 cm Hg of H~ was s tud ied  (see Fig. 

5). 
The  spal led  reac t ion  p roduc t  gave an  x - r a y  dif-  

f rac t ion  p a t t e r n  charac ter i s t ic  of the  d e l t a - h y d r i d e  
phase  h a v i n g  the  composi t ion  ZrHI.,-1.8 (1) w i th  no 
evidence  of a me t a l  phase.  The x - r a y  dif f ract ion 
p a t t e r n  of the  r e m a i n i n g  me t a l  gave a p a t t e r n  cha r -  
acter is t ic  of Zr  w i th  no hyd r i de  reflections.  A l t h o u g h  
oxide reflections m a y  be expected,  the  a m o u n t  was  
too smal l  to detect  by  x - r a y  dif f ract ion methods .  
I t  is conc luded  f rom these  obse rva t ions  t ha t  spa l -  
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of 400~ If the  oxide film was p e r m e a b l e  to h y d r o -  
gen, a gene ra l  r eac t ion  occurred  wi th  the  hydr ide  
ZrH,.~. fo rming  on the  surface.  This  type  of reac t ion  
was observed on ab raded  samples  w h e n  the equ i l i b -  
r i u m  room t e m p e r a t u r e  film was p resen t  on the 
metal .  If the oxide, on the  o ther  hand,  was  i m p e r -  
meable ,  reac t ion  occurred  at  the  edges w he re  de-  
fects exist  due  to cracks in  the  me t a l  or stresses set 
up in  the me ta l  d u r i n g  rol l ing,  cu t t ing ,  etc. The re- 
act ion s tar ts  at  localized areas  and  spreads  th rough  
the me ta l  wi th  the  hyd r i de  c o n t i n u a l l y  spa l l ing  f rom 
the  metal .  

Fig. 5. Effect of hydrogen on steam-corroded Zircaloy-2; 
steam, 750~ 3 days; hydrogen, 350~ 1.0 cm Hg of H2. 
Magnification, 2X before reduction for publication. 

l ing  of the me ta l  phase  is due to the fo rma t ion  of 
the hydr ide  phase  at the  sample  edges and  tha t  no 
apprec iab le  a t tack  occurs t h rough  the  oxide film 
on the flat surface.  

Severa l  add i t iona l  facts can be d r a w n  f rom Tab le  
III:  (A) h y d r o g e n  reac t ion  increases  wi th  p ressure  
and  t e m p e r a t u r e ;  (B) s ince the  reac t ion  occurs at  
the edges the  resul ts  suggest  a va r i a t i on  in  r eac t iv -  
i ty  due to defects in  the  me ta l  at  the edges such as 
cracks, s t rains ,  etc. 

Conclusions 
Two types  of reac t ion  were  observed  w h e n  Z i r -  

ca loy-2 was exposed to h y d r o g e n  at  t e m p e r a t u r e s  

Manuscript  received April  15, 1957. This paper was 
prepared for del ivery before the Buffalo Meeting, Oct. 
6-10, 1957. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the June  1958 
JOURNAL. 
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Effect of Current Drains on Cadmium Standard Cells 

George D. Vincent 

Standard Cell Department, The Eppley Laboratory, Inc., Newport, Rhode Island 

ABSTRACT 

Various sizes of unsa tura ted  cadmium standard cells were subjected to 
current  drains of from 0,5 to 12 ~a (0 .2--20 ~a/cm~). Voltages across the ter- 
minals  of these cells were observed for several years. The relat ionship be- 
tween change in voltage and t ime is not a l inear  one; an approximat ion of 
the decrease per un i t  area of electrode is 11 ~v/coulomb cm-% 

Al though  the use of s t a n d a r d  cells has rece ived  
cons iderab le  a t t en t i on  (1-3) ,  the d e t e r m i n a t i o n  of 
condi t ions  to m a i n t a i n  the h ighes t  accuracy  a nd  
cons tancy  has been  the  in ten t ,  w i th  few excep-  
t ions (4),  of p rev ious ly  pub l i shed  work.  The s ta te -  
m e n t  appears  on s t a n d a r d  cell cert if icates tha t  the  
m a x i m u m  permiss ib le  c u r r e n t  t h r o u g h  a cell is 
100 /~a, bu t  since it m a y  be assumed tha t  such cu r -  
r en t  wil l  flow for v e r y  shor t  periods,  a few seconds 
at most, and  also tha t  i t  wi l l  p r o b a b l y  flow as of ten  
in  the  cha rg ing  as in  the d i scharg ing  direct ion,  the  
tota l  effect of the c u r r e n t  on the cell is negl ig ible .  

However ,  ce r ta in  i n s t r u m e n t s  now avai lab le ,  in  
add i t ion  to a v e r y  r ecen t ly  descr ibed p o t e n t i o m e -  
ter  (5) ,  use s t a n d a r d  cells u n d e r  condi t ions  of cu r -  
r en t  dra in .  The purpose  of this  pape r  is to m a k e  
k n o w n  the resu l t s  of tests on s t a n d a r d  cells made  
at i n t e rva l s  d u r i n g  the pas t  n i n e  years,  which  wi l l  
be usefu l  in  e s t ima t ing  the e r ro r  l ike ly  to ar ise f rom 
the use of a s t a n d a r d  cell u n d e r  condi t ions  which  
d r a w  a smal l  c u r r e n t  f rom it. 

Apparatus and Procedure 
The m a i n  body of observa t ions  were  m e a s u r e -  

me n t s  of vol tages  b e t w e e n  t e r m i n a l s  of s t a n d a r d  
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S T D .  C E L L  

2 3 

Fig. 1. Test circuit. R = 0.08--2 megohms 

cells which  were  de l ive r ing  f rom 0.5 to 12 ~a. As 
ind ica ted  in  Fig. 1, each cell was connec ted  to a 
load resis tor  R of appropr i a t e  va lue  (0.08-2 m e g -  
ohms)  in  series wi th  a precis ion 100-ohm resistor,  
which  was compared  to w i t h i n  0.01% aga ins t  N.B.S. 
certified l abo ra to ry  s t anda rds  at the  b e g i n n i n g  a nd  
the  end  of the  test. The  vol tage  across points  1 and  
3 is the closed circui t  vol tage  of the  cell, whi le  the  
m e a s u r e m e n t  of the  vo l tage  across 2 and  3 provides  
a means  of d e t e r m i n i n g  the  current .  

Voltages were  m e a s u r e d  w i th  a F e u s s n e r - t y p e  
po ten t iome te r  (6) ,  us ing  as a s t a n d a r d  a s a tu ra t ed  
cell f rom the w o r k i n g  s t anda rds  group of the  Epp ley  
Labora tory .  This cell was m a i n t a i n e d  in  an  oil 
t he rmos t a t  and  was  cons t an t  and  accura te  to w i t h i n  
2 p p m  as d e t e r m i n e d  by  f r e q u e n t  compar i son  w i t h  
the s t anda rds  b a n k  which  is m a i n t a i n e d  at  this  Lab-  
oratory,  and  checked at s i x - m o n t h  in t e rva l s  at  the  
Na t iona l  B u r e a u  of S tandards .  The  sum of al l  i n -  
s t r u m e n t a l  er rors  was w i t h i n  0.01%. Al l  test  me a s -  
u r e m e n t s  were  m a d e  at room t e m p e r a t u r e ,  
25 ~ __ 3~ 

Three  sizes of commerc ia l ly  ava i l ab le  types  of 
u n s a t u r a t e d  cells were  used, w i th  c ross -sec t iona l  
areas of 5.5 cm ~, 1.43 cm ~, and  0.50 cm ~. Al l  we re  
t aken  f rom the  r egu la r  p roduc t ion  of this  L a b o r a -  
tory. They  al l  had  12V2 % c a d m i u m  a m a l g a m  as the  
nega t ive  electrode,  pur i f ied m e r c u r y  as the  posi t ive  
electrode,  e lect rolyt ic  me rcu rous  sul fa te  as the  de-  
polarizer ,  and  u n s a t u r a t e d  c a d m i u m  sulfa te  so lu-  
tion, s l ight ly  acidified w i th  su l fur ic  acid, as the  
electrolyte.  They  were  h e r m e t i c a l l y  sealed in  H -  
shaped glass vessels, bo th  l imbs  be ing  the same size, 
and  had  p lugs  and  septa (7) to hold the e lect rode 
ma te r i a l s  in  place. These p lugs  and  septa, cons is t ing  
of e i ther  cork or po lys ty rene  (8) washers  covered 
wi th  l inen ,  r educed  the  electrode area  by  the  r educ -  
t ion  of phys ica l  surface  due to the  a rea  occupied by  
the ma te r i a l s  compr i s ing  them,  and  in  effect by  the  
res t r i c t ion  which  they  imposed on free c i r cu la t ion  
of the  componen t s  of the  electrolyte .  

Results 

Four  groups of cells were  used in  the  p r inc ipa l  
test. I n  each of th ree  groups  were  3 cells f rom which  
no c u r r e n t  was  d rawn ,  and  2 each f rom which  cu r -  
ren ts  of abou t  1/2, 1, 2, 5, and  10 ~a were  t a k e n  con-  
t i nuous ly  for 52 months ,  or un t i l  the  vo l tage  became  
errat ic ,  if t ha t  condi t ion  was  reached  in  less t h a n  52 
months .  One  of the  groups  was composed of cells of 
0.50 cm ~ e lec t rode  area, wh ich  had  septa of l i ne n  held  
in place by  po ly s ty r ene  washers .  The other  two 
groups where  composed of cells of 1.43 cm ~ electrode 

area, w i th  l i ne n  septa  he ld  in  place by  t r ea ted  cork 
washers .  The  fou r th  group, wh ich  also had  l i n e n  sep-  
ta  a nd  cork washers ,  consis ted of 15 cells of 5.5 
cm ~ area.  I n  this  group were  3 cells w i t h  no c u r -  
r en t  d ra in ;  2 w i th  1 #a; 1 w i t h  2 ~a; 1 each w i th  3.7, 
4.2, and  4.7 /~a, which  are  ave raged  toge ther  and  re- 
por ted  as 4.2 ~a; 1 each w i th  6.1 and  7.0 which  are  
repor ted  toge ther  as 6.5 #a; 1 each w i t h  8.0, 8.7, and  
8.9, r epor ted  toge ther  as 8.5 #a, and  1 w i th  12 pa 
c u r r e n t  dra in .  The  quo t i en t  of the  cu r ren t ,  as de te r -  
m i n e d  by  the  drop across the  100-ohm resis tor  (Fig. 
1), d iv ided  by  the  e lec t rode  a rea  is r epor ted  as the  
c u r r e n t  dens i ty  of the  d ischarge  cur ren ts .  F r o m  the  
c u r r e n t  dens i ty  and  the e lapsed t ime  of d ischarge  
the q u a n t i t y  of e lec t r ic i ty  w i t h d r a w n  per  u n i t  a rea  
in  c o u l o m b s / c m  ~ is de te rmined .  

T h r o u g h o u t  the  d ischarge  period, the  closed c i r -  
cuit  vol tages  of the  cells were  d e t e r m i n e d  f rom 
t ime  to t ime.  Fig. 2, 3, a nd  4 show the  decrease  
in  closed circui t  vo l tage  aga ins t  e lapsed t ime.  

The  zero po in t  of these curves  is the  closed c i r -  
cui t  vo l tage  at  the b e g i n n i n g  of the  test, a nd  differs 
f rom the  open c i rcui t  emf  of the  cell by  the  IR drop 
due to the  i n t e r n a l  res is tance.  This  is discussed f u r -  
the r  below. The genera l  f o rm of the  d ischarge  curves  
is s imi la r  to o ther  b a t t e r y  curves,  w i th  a r e l a t i ve ly  
rap id  decrease  in  vol tage  at  first, which  becomes 
p rogress ive ly  s lower  u n t i l  a "knee"  is reached,  be -  
y o n d  which  the  decrease  aga in  becomes more  rapid .  
I t  appears  t ha t  this  knee  is r eached  w h e n  the  cell  
has decreased abou t  5 mv.  The change  in  vol tage  
b e y o n d  this  po in t  be ing  sufficiently r ap id  and  u n -  
p red ic t ab le  to m a k e  the  cell of l i t t le  va l ue  as a 
s tandard ,  a decrease  of 5 m v  in  the  closed c i rcui t  
vol tage  m a y  be t a k e n  as the  end  po in t  of the  use fu l  
l ife of a s t a n d a r d  cell u n d e r  discharge.  

The da ta  on which  Fig. 2, 3, and  4 were  based 
t h e n  were  ca lcu la ted  to the  basis  of q u a n t i t y  of  
elect r ic i ty  w i t h d r a w n  in  c o u l o m b s / c m  ~, wh ich  pe r -  
mi t s  the  va r ious  ra tes  of decrease in  vo l tage  in  the  
th ree  sizes of cells tes ted to be correla ted.  The re -  
sul ts  of this  r educ t ion  of the  da ta  are l is ted in  Table  
I and  the average  decrease  in  vol tage  as shown  in  

O m ~ - 8  ' 
i2 
_z 

o 

I I I i f 
IO 2 0  3 0  4 0  SO 

TiME IN MONTHS 

Fig. 2. Decreczse in closed circuit voltage of cells with 0.5 
cm" electrode oreo vs. time. 1, Controls, no current; 2, 0.5/~a; 
3, 1 , ~ a ; 4 , 2 , u , a ; 5 , 5  ,~a; 6, l O ~ a .  
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0 I0 2 0  3 0  4 0  50 
TIME IN MONTHS 

Fig. 3. Decrease in closed circuit vol tage of cells with 1.43 
cm 2 electrode area vs. t ime. 1, Control, no current; 2, 0.5 /~a; 
3, 1 ~a; 4, 2~a; 5, 5~a; 6, 10~a .  

o 7 6 

3 IlO 20 30 4.0 5 0  

TIME IN MONTHS 

Fig. 4. Decrease in closed circuit vol tage of cells wi th 5.5 
cm ~ electrode area. ] ,  Controls, no current; 2, ] /~o; 3, 2 /~o; 
4, 4 .2~a ;  5 , 6 . 5 ~ a ;  6, 8.5~a; 7, 12/~a. 
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Fig. 5. Decrease in closed circuit  vol tage vs. total  quant i ty  
of electr ic i ty wi thdrawn per uni t  area of electrode. 

the  las t  co lumn  is p lo t ted  in  Fig. 5 aga ins t  the  to ta l  
q u a n t i t y  of e lec t r ic i ty  per  u n i t  area.  

F r o m  the da ta  i n  Tab le  I, the  ave rage  ra te  of 
decrease  in  vo l tage  over  i n t e r va l s  of d ischarge  can  
be calcula ted,  as l is ted in  Tab le  II. 

As conf i rmat ion  of the  above  resul ts ,  ano the r  sep-  
a ra te  test, s imi la r  to the above,  was r u n  w i th  two 
groups,  each consis t ing  of th ree  cells of 1.43 cm ~ 
e lect rode area. One  group was  d i scharged  at  a ra te  
of 1 ~a a nd  the  o ther  at  a r a t e  of 5 #a. The  decrease  
in  vo l tage  aga ins t  t ime  is d i sp layed  in  Fig.  6. 

The  dashed l ines  in  Fig. 6 r ep re sen t  a r a t e  of de-  
crease of 11 ~ v / c o u l o m b  cm -~ for the  respec t ive  
groups.  

Table l 

N o .  o f  c e l l s :  2 4 1 4 3 2 2 4 3 2 1 4 2 4 2 2 
A r e a  c m ~ :  5 .5  1.4 5 .5  1.4 5 .5  0 .5  5 .5  1 .4  5 .5  0 .5  5 .5  1 .4  0 .5  1 .4  0 ,5  0 .5  
#a/cm2: 0.18 0.29 0.36 0.69 0.76 0.99 1.19 1.34 1.56 2.01 2.17 3.46 3.86 6.91 I0.i 19.2 Average 

Coul./cm 2 Closed circuit decrease, ~v 

3 95 85 110 90 I00 110 115 90 75 130 170 90 120 100 200 112 
6 102 155 125 180 120 130 185 190 160 140 190 265 180 360 250 400 196 
9 171 185 210 235 150 180 210 235 190 150 250 340 270 460 360 620 264 

12 260 275 275 285 165 225 230 275 210 165 290 420 320 490 450 660 312 
18 350 365 390 355 280 320 250 370 275 200 330 420 380 530 540 690 378 
24 515 555 530 450 360 385 345 435 320 260 375 435 425 650 670 800 469 
30 680 650 605 430 435 460 495 400 290 420 490 540 730 800 1000 562 
40 980 810 780 575 620 615 615 570 400 505 595 680 845 1015 1280 726 
50 1020 1040 740 820 745 735 720 587 645 670 800 930 1250 1500 872 
60 1265 870 1030 840 855 850 750 845 750 900 1030 1480 1780 1019 
70 1540 1015 1140 985 985 960 890 965 830 1120 1115 1710 1900 1166 
80 1835 1150 1220 1150 1140 1035 980 1065 935 1240 1165 1910 2140 1305 

100 1410 1640 1415 1510 1315 1125 1260 1160 1420 1280 2060 2600 1516 
120 1860 1675 1900 1595 1430 1410 1400 1600 1440 2220 2780 1755 
140 2410 1935 2230 1830 1645 1590 1625 1800 1650 2340 2950 2000 
160 2130 2550 2070 1870 1800 1855 2000 1860 2440 3100 2168 
180 2910 2330 2090 2065 2085 2190 2080 2500 3260 2390 
200 2460 2310 2330 2320 2410 2300 2575 3710 2552 
250 2715 2980 2900 2915 2820 2870 3840 3006 
300 3195 3340 3335 3220 4010 3420 
350 3950 3830 3845 3560 4625 3962 
400 4570 4210 4365 3920 5220 4457 
450 4950 4780 4875 4730 4834 
500 5355 5800 5578 
550 6150 6150 
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Table II. Rate of decrease in closed circuit voltage 

I n t e r v a l  i n  R a t e  of decrease 
coulombs/cra2 in/~v/coulomb c r a - ~  

0-50 17.4 
50-100 12.9 

100-200 10.4 
200-300 8.7 
300-400 10.4 
400-500 11.2 

IR Drop 
Fig.  6 was  d r a w n  to i l l u s t r a t e  also t he  IR drop  

due  to t h e  i n t e r n a l  r e s i s t ance  of t h e  cel l .  This  has  
been  d i scussed  b y  H a r t s h o r n  and  M a n n i n g  (4) .  T h e y  
e xp re s s  the  v o l t a g e  of a ce l l  w h i c h  has  been  de l iv -  
e r ing  c u r r e n t  as 

V = Eo -- 1Ro --  AV ( I )  

w h e r e  "IRo is the  i n i t i a l  d r o p "  a n d  "AV is t he  s low 
change  of v o l t a g e  a s soc i a t ed  w i t h  c h e m i c a l  changes" .  

Some  of t he  dec rea se  in  v o l t a g e  of an  u n s a t u r a t e d  
cel l  on c losed  c i rcu i t  is no d o u b t  due  to f o r m a t i o n  
of CdSO,  and  the  consequen t  i n c r e a s e  in t h e  con-  
c e n t r a t i o n  of t he  e l e c t r o l y t e  (9) .  H o w e v e r ,  i t  is u n -  
l i k e l y  t h a t  a n y  ga in  in  a c c u r a c y  w o u l d  r e su l t  f r o m  
t h e  use  of a s a t u r a t e d  cell ,  b ecause  such  a cel l  w o u l d  
i m m e d i a t e l y  depos i t  sol id  CDSO,-8 /3  H~O as a r e -  
su l t  of t he  d i s c h a r g e  cu r ren t ,  w h i c h  depos i t  w o u l d  
i nc rea se  t he  i n t e r n a l  r e s i s t ance  in  an  e r r a t i c  m a n -  
ner ,  s i m i l a r l y  i nc rea s ing  the  IR drop .  

E fJect o f  In terrup ted  Currents  

To d e t e r m i n e  w h e t h e r  t h e  s u m m e d  up  effects  of  
d i s con t inuous  c u r r e n t  d r a i n s  m i g h t  be  p r e d i c t e d  
f r o m  t h e  con t inuous  c u r r e n t  d r a i n  da ta ,  3 cel ls  of 
1.43 cm ~ a r e a  w e r e  d i s c h a r g e d  a t  30.3 ~a, one  con-  
t i nuous ly ,  one for  16 h r  c o n t i n u o u s l y  out  of e v e r y  
24, and  the  t h i r d  for  8 h r  c o n t i n u o u s l y  ou t  of  24. 
A t  the  end  of 31 days ,  t he  c losed  c i r cu i t  v o l t a g e  of 
the  cel l  on con t inuous  d i s c h a r g e  h a d  d e c r e a s e d  740 
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Fig. 6. Decrease in closed circuit voltage of cells with 1.43 
cm = electrode area vs. time, showing IR drop immediately 
upon closing circuit, l ,  Avg. 3 cells a t  I /~a; 2, rate of ] l 
/~v/coulomb cm = for l#a  and 1.43 cm~; 3, avg. 3 cells at 5/La; 
4, rate of 1 ] /~v/coulomb cm -= for 5/~a and 1.43 cm ~. 
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Fig. 7. Extracted from continuous strip chart  recording, 
showing rate of  return to closed circuit vol tage af ter  interrup- 
t ion of current. Open tr iangle, closed circuit vol tage at be- 
ginning of discharge; open circle, circuit  opened; open square, 
circuit reclosed. 

~v, or  13.1 ~ v / c o u l o m b  cm-2; t he  cel l  on d i s c h a r g e  
16 h r / d a y  h a d  d e c r e a s e d  600/~v, or  15 .9 /~v /cou lomb 
cm -~, a n d  the  ce l l  on d i s c h a r g e  8 h r / d a y ,  230 ~v or  
12 .2 /~v /cou lomb c m  -~. 

The  s ame  ques t ion  was  f u r t h e r  i n v e s t i g a t e d  in 
a n o t h e r  test ,  in  w h i c h  a cel l  was  d i s c h a r g e d  b y  w i t h -  
d r a w i n g  a b o u t  180 c o u l o m b / c m  ~, and  t h e  d rop  in  
v o l t a g e  c o n t i n u o u s l y  r eco rded .  The  ce l l  u n d e r  l oad  
was  opposed  b y  a s a t u r a t e d  s t a n d a r d  cell ,  and  the  
d i f f e rence  in  v o l t a g e  c o n t i n u o u s l y  b a l a n c e d  a n d  r e -  
co rded  b y  a 16 m y  fu l l  scale  L&N S p e e d o m a x  r e -  
corder .  A t  t he  b e g i n n i n g  of t he  d i s c h a r g e  per iod ,  t h e  
open  c i r cu i t  v o l t a g e  was  a b o u t  1.1 m v  h i g h e r  t h a n  
the  s t a n d a r d .  A t  t he  end  of t he  d i s c h a r g e  per iod ,  
w h e n  t h e  c losed  c i r cu i t  v o l t a g e  h a d  d e c r e a s e d  a b o u t  
2 my,  t he  load  was  r e m o v e d  f r o m  t h e  cel l  u n d e r  t e s t  
for  a p e r i o d  of 1 hr .  The  l oad  was  t h e n  r e c o n n e c t e d  
for  41/2 hr ,  w h e n  i t  was  a g a i n  r e m o v e d ,  th i s  t i m e  
for  17 hr .  W h e n  the  load  was  r e m o v e d ,  t h e  v o l t a g e  
of t h e  ce l l  ro se  w i t h i n  15 m i n  to a v a l u e  w i t h i n  
0.05% of the  open  c i r cu i t  v a l u e  to w h i c h  i t  e v e n t u -  
a l l y  r ecove red .  Bo th  t imes ,  u p o n  r e c o n n e c t i n g  t h e  
load,  t he  c losed c i r cu i t  v o l t a g e  d r o p p e d  i m m e d i a t e l y  
to t he  v a l u e  i t  h a d  w h e n  the  l oad  was  d i sconnec ted .  
F ig .  7 is d r a w n  f r o m  t h e  c h a r t  c u r v e  ob ta ined .  
This  was  r e p e a t e d  w i t h  two  o t h e r  cells ,  w i t h  t h e  
s a m e  resu l t s .  

I t  appea r s ,  t he re fo re ,  f r o m  t h e  ev idence  in  t h e  
two  p r e c e d i n g  p a r a g r a p h s ,  t h a t  no l a r g e  e r r o r  is 
i n t r o d u c e d  b y  cons ide r ing  t h e  effects of an  i n t e r -  
r u p t e d  c u r r e n t  a p p r o x i m a t e l y  t he  s a m e  as t h a t  of 
an  equa l  q u a n t i t y  of e l e c t r i c i t y  w i t h d r a w n  in a con- 
t i n u o u s  cu r r en t .  

Variat ions of Indiv idual  Cells 

W i t h  the  p o r t a b l e  t y p e s  of  u n s a t u r a t e d  cel ls  such 
as those  in  th i s  w o r k ,  t h e r e  is p r o b a b l y  c o n s i d e r a -  
b l e  v a r i a t i o n  in  t he  ef fec t ive  e l e c t r o d e  a rea ,  d u e  to 
t h e  effect  of t h e  septa .  A l t h o u g h  t e s t  ce l ls  m a d e  
w i t h o u t  s e p t a  w o u l d  l e ad  to  b e t t e r  a g r e e m e n t  in  
c o m p a r i n g  the  r e su l t s  on i n d i v i d u a l  cells ,  t he  v a r i -  
a t ions  e n c o u n t e r e d  in  a v a i l a b l e  t y p e s  of cel ls  m u s t  
be  c ons ide r e d  in  p r e d i c t i n g  the  p e r f o r m a n c e  of i n -  
s t r ume n t s ,  and  a r e  t h e r e f o r e  of i n t e re s t .  

The  d i s t r i b u t i o n  of d e v i a t i o n s  f r o m  t h e  a v e r a g e  
r a t e  of c losed  c i r cu i t  v o l t a g e  d e c r e a s e  i nd i ca t e s  t h a t  
t h e r e  is g r e a t e r  p r o b a b i l i t y  of  e n c o u n t e r i n g  w i d e  d e -  
v i a t i ons  for  a n y  i n d i v i d u a l  cel l  on t h e  s ide  of  h i g h e r -  
t h a n - a v e r a g e  ra t e .  T a b l e  I I I  l i s t s  t h e  r a t e  of d e -  
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Table III. Decrease rates of 22 individual cells 

R a t e  o f  d e c r e a s e  
E l e c t r o d e  a r e a  C u r r e n t  a t  2 0 0  c o u l o m b / c m  2 

c m  2 /~a ~ v / c o u l o m b  c m  -2 

5.5 8.0 12.7 
5.5 8.9 12.6 
5.5 8.9 13.4 
5.5 12.0 10.4 

1.43 4.8 9.3 
1.43 5.0 13.8 
1.43 5.0 12.4 
1.43 5.0 14.6 
1.43 5.0 14.2 
1.43 5.1 11.0 
1.43 9.5 11.7 
1.43 9.6 9.9 
1.43 9.9 11.2 
1.43 10.6 12.8 

0.5 0.9 10.4 
0.5 1.0 13.1 
0.5 1.9 11.3 
0.5 1.9 12.2 
0.5 5.0 14.8 
0.5 5.1 10.6 
0.5 9.4 16.2 
0.5 9.8 18.0 

crease in  ~ v / c o u l o m b  cm -~ of 22 cells at 200 cou-  
l o m b s / c m  ~, which  is abou t  the m i d p o i n t  of the  use-  
ful  life of a d i scharg ing  s t a n d a r d  cell. 

Of the  48 cells measured ,  the  greates t  r a t e  of 
decrease observed  af ter  the  in i t i a l  r ap id  drop was  
28.9 ~ v / c o u l o m b  cm -~ in  a cel l  of 1.43 cm ~ e lec t rode  
area  d i scharg ing  at  0.622 ~ a / c m  ~, and  the  smal les t  
was 9.7 # v / c o u l o m b  cm -~ in  a cell of the  s ame  size 
d i scharg ing  at  3.34 ~ a / c m  ~. 

I n t e r n a l  Res i s tance  of Cel ls  

The i n t e r n a l  res is tances  of the cells used in  this  
test  were  m e a s u r e d  wi th  a 60 cycle  A. C. Br idge  
(L&N type  4960 Po r t ab l e  Elec t ro ly t ic  Res is tance  I n -  
d ica tor ) .  The cells of 5.5 cm ~ area  average  abou t  75 
ohms at  25~ those of 1.43 cm ~ area, abou t  350 
ohms, and  those of 0.5 cm ~ area, abou t  750 ohms. 
No s ignif icant  change  in  a-c  res i s tance  was  observed  
t h r o u g h o u t  the  test. A word  of cau t ion  m a y  be i n -  
ser ted  here.  S ince  the  emf  of a cell which  has  b e e n  
d i scharg ing  wi l l  drop qui te  r ap id ly  b y  an  a m o u n t  
equa l  to IRo -~ AV (Eq. I ) ,  it is no t  possible  to me a s -  
u re  the  i n t e r n a l  res i s tance  of such a cell b y  s imple  

m e a s u r e m e n t  of the  vo l tage  drop across its t e r m i n a l s  
u n d e r  fixed load. A la te r  pape r  wi l l  deal  w i t h  this  
m a t t e r  more  complete ly .  

Contro l  Cells  

The severa l  cells u n d e r  no c u r r e n t  d r a i n  car -  
r ied a long as controls  w i t h  each tes t  g roup  exh i -  
b i ted  n o  a b n o r m a l  behavior .  They  decreased  in  emf  
at a ra te  which  va r i ed  for d i f ferent  cells f rom 30 to 
60 ~ v / y r ,  wi th  an  average  of about  45 ~ v / y r  (10).  

Summary 
I t  is possible to use a s t a n d a r d  cell u n d e r  condi -  

t ions which  r e qu i r e  the  w i t h d r a w a l  of sma l l  c u r -  
rents ,  wi th  the  p r o b a b i l i t y  t ha t  i t  wi l l  decrease  in  
closed circui t  vol tage  by  abou t  11 ~ v / c o u l o m b  cm -~. 
The  m a g n i t u d e  a nd  d u r a t i o n  of the  c u r r e n t  should  
be l imi ted  by  the  er ror  wh ich  can  be to le ra ted  in  
the comple te  system. Af te r  abou t  450 c o u l o m b s / c m  ~ 
have  been  w i t h d r a w n ,  the  closed circui t  vol tage  of 
the  cell wi l l  have  decreased abou t  5 m v  at  which  
poin t  the cell becomes so u n r e l i a b l e  t ha t  f u r t h e r  use 
as a s t a n d a r d  cell is no t  advisable .  
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Electroluminescence of Zinc Sulfoselenide Phosphors with Copper 
Activator and Halide Coactivators 

I. J. Hegyi, S. Larach, and R. E. Shrader 

RCA Laboratories, Radio Corporation o~ America, Princeton, New Jersey 

ABSTRACT 

The choice of hal ide coactivators in the synthesis of electroluminescent  
powder phosphors of the Z n ( S : S e ) : C u  system markedly  affects the spectral 
dis t r ibut ion and efficiency of the phosphors. Iodide coactivated ZnS: Cu can be 
prepared as a b lue-emit t ing phosphor exhibi t ing no shift in spectral emission 
with field excitation from 20 to 50,000 cps. Several-fold increase in radiant  
output  over the chloride coactivated ZnS :Cu  phosphor is obtained by using 
iodide coactivator. 

ZnSe: Cu phosphors, iodide coactivated, also show no shift in spectral dis- 
t r ibut ion  with frequency. However, the emission from Z n ( S : S e ) : C u  mate-  
rials, prepared wi th  any of the halide coactivators, shifts to lower peak wave 
length with increasing f requency of excitation. A red-emit t ing electrolumines- 
cent phosphor can be synthesized from the (Zn: Cd) : Se: Cu system by the use 
of bromide or iodide as a coactivator. 

The role of the halide is extended from that  of a randomly  distr ibuted donor 
to one of association with the activator, and consequences of such activator- 
coactivator association are discussed. 

A l t h o u g h  some references  to the  e l ec t ro lumines -  
cence of a few p a r t i c u l a r  Z n ( S : S e ) : C u  phosphors  
have  appeared  in  the  l i t e r a tu r e  (1 -4) ,  no  sys temat ic  
i nves t iga t ion  of such ma te r i a l s  has b e e n  publ i shed .  
Such an  inves t iga t ion  has been  car r ied  out, and  the  
fo l lowing represen t s  some of the  resul ts .  

Experimenta| 
The zinc su l fose lenide  phosphors  were  p r e p a r e d  

by  the add i t ion  of Cu (0.1% by  weigh t )  ac t iva tor  
(as the  ha l ide  dissolved in  NH,OH) to the  des i red  
propor t ions  of ZnS and  ZnSe.  Crys ta l l i za t ions  were  
car r ied  out  in  a nonf iowing  pur i f ied n i t r o g e n  a tmos -  
phere  at  1075~ wi th  a la rge  a m o u n t  of a m m o n i u m  
hal ide  (10% by  we igh t ) .  The  a m o u n t  of a m m o n i u m  
hal ide  used was d e t e r m i n e d  empi r i ca l ly  for the  
m a x i m u m  l ight  output .  As the  hal ides  sub l ime  at 
t e m p e r a t u r e s  u n d e r  551~ only  a smal l  p ropor t ion  
is r e t a i n e d  and  incorpora ted  in to  the  phosphor .  De-  
v ia t ion  of la t t ice  cons tan t s  (as d e t e r m i n e d  by  x - r a y  
ana lys i s )  f rom va lues  to be expected  f rom app l ica -  
t ion  of Vegard ' s  l aw ind ica te  tha t  there  is no signifi-  
can t  loss of ZnSe.  

The  spect ra l  emiss ion  and  l ight  i n t ens i t y  we re  
e x a m i n e d  in  a c a p a c i t o r - t y p e  e l ec t ro luminescen t  
(EL) cell w i th  castor oil dielectric,  us ing  s inusoida l  
exc i ta t ion  up  to 50 kc. Samples  for these  m e a s u r e -  
men t s  were  g r o u n d  in  a m o r t a r  and  m i x e d  in  con-  
s t an t  p ropor t ion  w i th  castor  oil. No other  t r e a t m e n t ,  
such as washing ,  was  g iven  to the samples.  

A few of the  samples  were  ana lyzed  for to ta l  Cu 
and  Cu r e m a i n i n g  af ter  wash ing  in  KCN solut ion.  I t  
is a ssumed  tha t  Cu r e m a i n i n g  af ter  the cyan ide  
wash  is in  solid so lu t ion  in  the  Z n S .  ZnSe  host c rys -  
tal, and  the  Cu dissolved in  the  cyan ide  is excess Cu 
fo rming  a second phase  of Cu.~S. This  a s sumpt ion  is 

based on e x p e r i m e n t a l  obse rva t ion  tha t  for a g iven  
composi t ion  subsequen t  cyan ide  wash ings  fa i led  to 
change  the  m e a s u r e d  Cu concen t ra t ion .  

Chemica l  ana lys i s  for Cu of ZnS  a nd  0.6ZnS: 
0.4ZnSe samples  coac t iva ted  w i th  the  hal ides  
showed tha t  no Cu is lost  d u r i n g  synthesis .  How-  
ever,  the  p ropor t ion  o f  Cu ( in  solid so lu t ion)  r e -  
m a i n i n g  af ter  K CN  wash  was  d e p e n d e n t  on the  
ha l ide  used. Tab le  I lists the  pe rcen t age  of Cu in  
solid so lu t ion  ( r e m a i n i n g  af ter  cyan ide  wash)  in  
the  host crysta ls  of ZnS  and  0 .6ZnS:0 .4ZnSe  or igi -  
n a l l y  c o n t a i n i n g  0.1% Cu. 

The  above ana lys i s  shows tha t  the  a m o u n t  of Cu 
incorpora ted  in  the  la t t ice  is a f unc t i on  of bo th  the 
host c rys ta l  and  the  ha l ide  coact ivator .  In  genera l ,  
the  so lubi l i ty  of copper in  the ZnS  la t t ice  decreases 
w i th  increase  in  the  size of the  hal ide.  

Chemica l  ana lys i s  for iodide con ten t  before  and  
af ter  cyan ide  wash  was  also m a d e  on Z n S : C u ( 0 . 1 )  
coact iva ted  w i th  iodide. The  ana lys i s  for I and  Cu 
for bo th  u n w a s h e d  and  cyan ide  washed  samples  are  
shown  in  Tab le  II. 

The  above da ta  show tha t  there  are  equa l  
a m o u n t s  of Cu and  I by  weigh t  in  solid so lu t ion  in  

Table I 

ZnS 0.6 ZnS:0 .4  ZnSe  
% % 

C1 88 62 
Br 53 62 
I 25 34 

Table II 

U n w a s h e d  W a s h e d  i n  C y a n i d e  
% % 

Cu 0'.098 0.024 
I 0.036 0.024 
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ZnS. The atomic weight  rat io  of I / C u  is about  2, 
consequent ly  for each I there  a re  2 Cu atoms in 
solid solution. 

X - r a y  diffract ion examina t ion  of zinc sulfosele-  
n ide  series synthesized at  1075~ showed tha t  f rom 
ZnS to 0.6Zn:0.4ZnSe both cubic and hexagonal  
phases are  present .  With  more  than  0.4ZnSe only 
the  cubic phase is present .  The uni t  cell of the 
cubic phase  expands  l inear ly  wi th  increase  in ZnSe;  
however,  the  hexagonal  la t t ice showed no observ-  
able expansion with  increase in ZnSe content.  This 
indicates tha t  in the two-phase  region up  to 0.6ZnS: 
0.4ZnSe, one phase  is a solid solution of ZnSe in 
ZnS, and the other  phase, hexagona l  ZnS. The 
amount  of the hexagonal  phase present  is appa r -  
en t ly  not enough to give a significant deviat ion 
f rom Vegard ' s  law for the cubic phase.  

Results 
The effect of f requency on the chloride coaeti-  

voted ZnS :Cu  is wel l  known (6, 7) in tha t  the b lue -  
to -green  rat io  increases wi th  increas ing frequency.  
However,  ZnS:Cu,  coact ivated with  iodide, has es- 
sent ia l ly  a single emission band with  exci ta t ion 
frequencies of 20 cps to 50,000 cps. The Cu content  
can be var ied  from 0.02% to 0.2% Cu, (3 x 10-' to 
3 x 10 -3 Cu /mole  ZnS) ,  wi th  but  small  changes in 
spectra l  emission for all  compositions. 

In Fig. la ,  normal ized  spectra l  d is t r ibut ion  curves 
of emission for ZnS :Cu  are shown for the  different  
hal ides as coactivators.  The spect ra l  d is t r ibut ion  
curve of ZnS: Cu : I  shows a na r row band wi th  peak  
wave  length in the blue. The chlor ide and bromide  
coact ivated spectra l  d i s t r ibu t ion  curves show much 

ZnS:Cu(O.I) r cl Br PEAKS 
~L_ ~ NORMALIZED 

i , i , 1 , , , i i i i i 1 I i , L , 
4000 4500 5000 5500 6000 

WAVELENGTH, 

l ZnS: Cu(OJ) I 

! (  Z o ..... 
FREQUENCY(CPS) 

Fig. 1a. (Top) Spectral distribution curves of the electro- 
luminescence of chloride, bromide, and iodide coactivoted 
ZnS:Cu. Fig. ]b (Bottom) Relative radiance of chloride, 
bromide, and iodide coactivated ZnS:Cu El phosphors. 
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Fig. 2. Spectral distribution curves of the electrolumi- 
nescence of Zn(S:Se):Cu with varying S:Se ratios, coactivoted 
with chloride, bromide, or iodide. The S:Se ratios refer to 
compositions before firing. 

broader  bands  whose apparen t  peak  is at a longer  
wave length  than  the iodide curve. I t  is quite ap-  
pa ren t  that  the spect ra l  emission of ZnS: Cu(C1,Br) 
consists of at least  two emission bands  of different  
re la t ive  intensity.  The re la t ive  in tens i ty  of blue  and 
green present  in bromide  coact ivated mate r ia l s  ap-  
pears  to be more  sensi t ive to amount  of act ivator ,  
coactivator,  and processing than  in chloride phos-  
phors. The emissions of the  bromide  coact ivated 
phosphors do not  necessar i ly  a lways  peak  at  a 
longer wave  length  than the chlor ide coact ivated 
samples,  as shown in Fig. la .  Phosphors  have  been 
p repared  with  almost  ident ica l  spectra l  d is t r ibut ion  
for chlor ide and b romide  coactivators.  Curves are  
also shown, Fig. lb ,  re la t ing  the in tegra ted  output  
(as observed wi th  RCA 5217 Photomul t ip l ie r ,  S10 
surface) ,  and f requency of field excitat ion,  at  280 
v rms. 1 These curves show the super ior i ty  of iodide 
and bromide  over  chlor ide coact ivated e lec t ro lumi-  
nescent  phosphors,  for in tegra ted  output.  

In  Fig. 2 spect ra l  d is t r ibut ion  curves are  given for 
mater ia l s  wi th  va ry ing  amounts  of S and Se. Curves 
for iodide coact ivated mate r i a l s  peak  at  shor ter  
wave  length  than  corresponding b romide  or chlo- 
r ide  coact ivated phosphors.  For  iod ide-conta in ing  
phosphors,  the spect ra l  shift  wi th  increasing Se con- 
tent  is monotonic and compara t ive ly  un i form with  
change in composition. Wi th  chloride,  however ,  the  
first 10% Se produces  a l a rge  color shift, which is 
not renewed unt i l  20-25% Se is incorporated.  The 
bromide  coact ivated phosphors  wi th  low Se content  
are centered at shor ter  wave  length  than  corre-  
sponding chlor ide coact ivated mater ia ls ,  whi le  at  
increasing Se concentra t ion the curves of chlor ide 
and bromide  mater ia l s  become more  similar.  

1 C e l l  t h i c k n e s s  w a s  0 .002 in .  
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Fig. 30. (Left) Peak wave length EL emission (at excitation 
frequency of 360 cps, and 20 kc) of Zn(S:Se):Cu:CI with vary- 
ing S:Se ratios, Fig. 3b. (Right) Peak wave length EL emission 
(at excitation frequency of 360 cps, and 20 kc) of Zn(S:Se); 
Cu:i with varying S:Se ratios. 

In Fig. 3, peak  wave  length  of spect ra l  emission 
is p lo t ted  as a function of Z n S : Z n S e  composit ion 
for copper ac t iva ted  iodide and chlor ide  coact ivated 
phosphors at  two frequencies,  360 CPS and 20,000 
cps. With increase in f requency  the iodide coacti-  
va ted  curve shows no change in peak  wave  length  
at the ex t remi t ies  (ZnS or ZnSe) ,  bu t  at  i n t e rmed i -  
a te  composit ions [ Z n ( S : S e ) ] ,  the  peak  shifts to 
shorter  wave  lengths.  The chlor ide  coact ivated 
mater ia l s  show a shift  to shorter  wave  length wi th  
increasing f requency for ZnS. This shift  decreases 
in the Z n ( S : S e )  region, and appears  to d i sappear  
for ZnSe. 

In Fig. 4, curves are  shown of spect ra l  emission 
for the  ma te r i a l  0 .6ZnS:0 .4ZnSe:Cu(0 .1) ,  iodide, 
bromide,  and chloride coactivated,  under  EL exc i ta -  
t ion at 20 kc, 2 kc, and 0.2 kc. The spect ra l  shift  
f rom 20 kc to 2 kc is larges t  for the chloride co- 
ac t iva ted  mater ia l ,  and smal les t  for the  iodide. At  
frequencies of 2-0.2 kc the  shift  is la rges t  for the 
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Fig. 4. Spectral distribution curves of the electrolumi- 
nescence of 0.6ZnS:O.4ZnSe:Cu(O.]) coactivoted with chlor- 
ide, bromide, end iodide for the excitation frequencies of 20, 
2, and 0.2 kc; also of the photoluminescence under excitation 
by 3650 A u.v. radiation. 

iodide and smallest  for the chloride.  The b romide  
coact ivated samples  show a more  l inear  spectral  
shift  over the 20-0.2 kc f requency range.  Rela t ive  
peak  intensi ty  da ta  are  also shown. For  comparison 
purposes,  the dot ted curves show the spectra l  dis-  
t r ibu t ion  under  exci ta t ion by  3650A u.v. radiat ion.  

Fig. 5 shows the re la t ive  photo luminescent  effi- 
ciencies of the  three  mate r ia l s  for Fig. 4 as a func-  
t ion of the exci t ing wave  length. 

The phosphor  wi th  the  longest  dominant  wave  
length  (ZnSe :Cu)  is stil l  subjec t ive ly  red-orange .  
Using the same synthesis  procedure  but  replacing 
some of the ZnSe with  CdSe, and using e i ther  b ro-  
mide  or iodide  as coactivator,  a r e d - e m i t t i n g  phos-  
phor  can be obtained.  

In Fig. 6, the peak  wave length of EL from iodide 
coact ivated ( Zn : Cd)  Se :Cu  is p lo t ted  as a function 
of ZnSe /CdSe  ratio.  I t  is seen tha t  a l inear  increase 
of peak  wave  length  is obta ined wi th  increased 
amounts  of CdSe. 

Discussion 
There  are three  fea tures  of this  s tudy tha t  should 

be emphasized.  These are:  (a)  the effects of the 
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n a t u r e  of the  h a l i d e  coac t iva to r ;  (b )  the  effect of 
o p e r a t i n g  f r e q u e n c y  on the  emiss ion ;  and  (c)  t h e  
effects of  compos i t i on  ( S : S e  r a t i o )  on the  emiss ion  
u n d e r  EL exc i t a t ion .  These  aspec t s  a r e  i n t e r d e -  
p e n d e n t ,  bu t  also a r e  c o m p l i c a t e d  b y  the  p e c u l i a r  
n a t u r e  of E L  exc i t a t ion .  

I t  is we l l  k n o w n  tha t  ZnS  p h o s p h o r s  w i t h  c e r -  
t a in  a c t i v a t o r s  a r e  p r e p a r e d  in  the  p re sence  of h a l -  
ide. I t  was  o r i g i n a l l y  b e l i e v e d  t h a t  t he  func t ion  of 
the  h a l i d e  was  t ha t  of a "f lux",  i . e ,  a low m e l t i n g  
phase  to a id  in  r e c r y s t a l l i z a t i o n  a n d  p a r t i c l e  g rowth .  
This  v i e w  was  modi f ied  w h e n  S m i t h  (7)  p r o p o s e d  
t h a t  the  h a l i d e  a c t u a l l y  was  i n c o r p o r a t e d  in to  the  
la t t ice .  The  func t ion  of t h e  h a l i d e  as a c h a r g e -  
c o m p e n s a t i n g  agen t  has  been  set  fo r th  by  K r o g e r  
and  his  co l l abo ra to r s .  The  ro le  of h a l i d e  as a donor  
has  r e c e n t l y  been  p r o p o s e d  (8 -10 ) .  The  c a t h o d o -  
l u m i n e s c e n c e  of ZnS:  Cu w i t h  ch lor ide ,  b r o m i d e ,  or  
iod ide  coac t iva to r ,  is p r e d o m i n a n t l y  in  t he  b l u e  
r eg ion  of t he  spec t rum,  w i t h  on ly  t r aces  of a g r e e n  
b a n d  for  the  m a t e r i a l s  p r e p a r e d  w i t h  ch lo r ide  and  
b romide .  These  s a m e  m a t e r i a l s ,  w h e n  exc i t e d  b y  
photons ,  show wide  v a r i a t i o n s  in  t h e i r  emiss ion  
colors  ( b l u e / g r e e n ) ,  p a r t i c u l a r l y  as func t ions  of 
e x c i t a t i o n  w a v e  l e n g t h  and  dens i ty ,  a n d  o p e r a t i n g  
t e m p e r a t u r e .  Thus,  in  a l l  t h r e e  m a t e r i a l s ,  emis s ion  
cen te r s  g iv ing  r i se  e i t he r  to b lue  or  to g reen  e m i s -  
s ions a r e  p resen t ,  r e g a r d l e s s  of t h e  n a t u r e  of t h e  co-  
a c t i v a t o r  ha l ide .  I f  m o r e  t h a n  one  emis s ion  c e n t e r  
exis ts ,  the  o b s e r v e d  emiss ion  of a c r y s t a l l i t e  is d e -  
t e r m i n e d  b y  the  c o m p e t i t i v e  p rocess  w h i c h  ex is t s  
b e t w e e n  centers .  In  tu rn ,  t h e  c o m p e t i t i v e  s i t ua t i on  
is d e t e r m i n e d  b y  the  c o n c e n t r a t i o n  d i s t r i bu t i on ,  
t e m p e r a t u r e ,  e x c i t a t i o n  na tu r e ,  etc. The  S c h o n -  
K l a s e n s  hypo the s i s  desc r ibes  the  s i m p l e s t  t y p e  of 
c o m p e t i t i v e  p rocess  w h e r e b y  a ho le  c a p t u r e d  a t  one  
r e c o m b i n a t i o n  l eve l  is t r a n s f e r r e d  to a n o t h e r  l eve l  
of the  t y p e  w h i c h  accoun t s  for  t h e  m a j o r i t y  of the  
r a d i a t i v e  r e c o m b i n a t i o n s .  This  e x p l a i n s  q u a l i t a -  
t i v e l y  the  g r e e n l t o - b l u e  shi f t  of ZnS  p h o s p h o r s  
w i th  l ow Cu conten t ,  w i t h  i n c r e a s i n g  u.v. i r r a d i a -  
t ion  dens i ty ,  in w h i c h  the  p r e s e n c e  of two  emiss ion  
b a n d s  is eas i ly  d e m o n s t r a t e d .  Neve r the l e s s ,  for  
p h o t o - e x c i t a t i o n  and  e l ec t ro luminescence ,  Z n ( S :  
Se)  :Cu  p h o s p h o r s  p r e p a r e d  w i t h  d i f fe ren t  h a l i d e  
c oac t i va to r s  exh ib i t  m a r k e d l y  d i f f e ren t  p r o p e r t i e s .  

The  ro le  of the  h a l i d e  m e r e l y  as a r a n d o m l y  d i s -  
t r i b u t e d  donor  mus t ,  t he re fo re ,  be  modi f i ed  or  e x -  
t ended .  One modi f i ca t ion  is to a b a n d o n  the  r e q u i r e -  
m e n t  t h a t  the  c o a c t i v a t o r  is r a n d o m l y  d i s t r i b u t e d  
in the  c rys ta l ,  and  to a s s u m e  as soc ia t ion  exis t s  b e -  
t w e e n  a c t i v a t o r  and  coac t iva to r .  I f  a c t i v a t o r - c o a c -  
t i v a t o r  a s soc ia t ion  ex is t s  in  v a r y i n g  degrees ,  the  
d i f fus ion  d i f fe rences  of the  v a r i o u s  coup led  com-  
p l exes  cou ld  m a k e  for  d i s t r i b u t i o n  i nhomogene i t i e s .  
F u r t h e r ,  t he  n a t u r e  of t he  a c t i v a t o r  d e t e r m i n e s  t he  
d e n s i t y  of each  t y p e  of assoc ia t ion  and  i ts  d i s t r i b u -  
t ion t h r o u g h o u t  a c r y s t a l l i t e  vo lume .  

The  p h e n o m e n o n  of co lor  shi f t  w i t h  f r e q u e n c y  r e -  
p o r t e d  in this  p a p e r  canno t  be e x p l a i n e d  b y  a s i m -  
p l e  a p p l i c a t i o n  of t he  S c h o n - K l a s e n s  hypo thes i s .  A 
m a t e r i a l  e x c i t e d  at  f ixed  v o l t a g e  and  two  d i f f e ren t  
f r equenc i e s  m a y  show a m a r k e d  co lor  shif t .  The  
s a m e  m a t e r i a l  o p e r a t e d  a t  an  i n t e r m e d i a t e  f r e -  

q u e n c y  and  at  two  vo l t ages  w h i c h  p r o d u c e  t h e  s a m e  
b r i g h t n e s s  l eve l s  as p r e v i o u s l y  o b t a i n e d  b y  the  two  
d i f fe ren t  f r equenc i e s  shows  n e g l i g i b l e  co lor  shif t .  
S ince  t h e  s a m e  change  in  o v e r - a l l  o u t p u t  r e su l t s  
in  bo th  cases b u t  w i t h  color  sh i f t  in  one case  a n d  no t  
in  the  o ther ,  i t  m u s t  be  a s s u m e d  t h a t  t he  two  cases  
i nvo lve  a d i f f e ren t  d i s t r i b u t i o n  of a b s o r b e d  (or,  a t  
leas t ,  e m i t t e d )  e n e r g y  t h r o u g h o u t  t h e  b u l k  of  the  
c rys t a l l i t e .  I f  one r e c o n s i d e r s  t he  h y p o t h e s i s  of ac t i -  
v a t o r ~ c o a c t i v a t o r  a s soc ia t ion  a n d  the  p r o b a b l e  effect 
on cen t e r  d i s t r i bu t i on ,  i t  can  be  seen  q u a l i t a t i v e l y  
how the  h a l i d e  effects on color  sh i f t  m a y  be  e x p l a i n e d .  
This  is e spec i a l l y  so if one m a k e s  t he  r e a s o n a b l e  as-  
s u m p t i o n  tha t  the  c o m p l e x e s  i n v o l v i n g  the  l a r g e  
iod ine  ions h a v e  low v o l u m e  s o l u b i l i t y  and,  hence,  
a r e  to be f o u n d  in  g r e a t e r  c o n c e n t r a t i o n  n e a r  t he  
sur face .  I od ine  c o a c t i v a t e d  Z n ( S : S e )  in  Fig .  4 w a s  
s h o w n  to be mos t  f r e q u e n c y - s e n s i t i v e .  

W h a t  is s t i l l  u n k n o w n  is t h e  e x a c t  n a t u r e  of the  
c o m p l e t e  emiss ion  center ,  e i t h e r  b l u e  or  g reen ,  and  
the  c loseness  of coup l ing  b e t w e e n  t h e  Cu a t o m  or  
ion a n d  the  h a l i d e  a t o m  (or  i o n ) .  M e a s u r e m e n t s  
c i ted  show t h a t  t he  i n c o r p o r a t e d  Cu c on t e n t  is def i -  
n i t e l y  r e l a t e d  to t he  p a r t i c u l a r  h a l i d e  and  t h a t  the  
C u - h a l i d e  r a t i o  is also affected.  This  f u r t h e r  con-  
f i rms the  p r e m i s e  t ha t  no t  on ly  do the  d i f f e ren t  
ha l ides  have  d i f fe ren t  so lub i l i t i e s  b u t  t h a t  t h e r e  
a r e  d i f fe ren t  so lub i l i t i e s  ( c o n c e n t r a t i o n s )  of the  Cu-  
h a l i d e  complexes .  

The  concep t  of a C u - h a l i d e  c o m p l e x  is s t r e n g t h -  
ened  b y  the  d e t e r m i n a t i o n  (11 ) t h a t  t he  b lue  e m i s -  
s ion b a n d  of Z n S : C u ( 0 . 1 ) : I  is no t  t he  u s u a l  "hos t -  
c r y s t a l "  b lue  b a n d  of Z n S : I ,  b u t  is as a s soc ia t ed  
w i t h  Cu as is t h e  u s u a l  g r e e n  band .  

The  p r e d o m i n a n c e  of t he  b l u e  b a n d  in Z n S : C u  
(0.1) : I r e g a r d l e s s  of t y p e  of  exc i t a t ion ,  and  in  sp i t e  
of t he  r e d u c e d  a m o u n t  of i n c o r p o r a t e d  Cu, sugges t s  
t ha t  the  C u - I  c o m p l e x  is c lose ly  coupled ,  a n d  is t h e  
on ly  such c lose ly  coup led  c o m p l e x  of s igni f icant  
s o l u b i l i t y  in t he  Z n S  la t t ice .  

W h e n  the  Se  p r o p o r t i o n  is 40% or  l a rge r ,  t h e  
shape  of t he  s p e c t r a l  d i s t r i b u t i o n  o b t a i n e d  for  a n y  
one  m a t e r i a l  and  m o d e  of  e x c i t a t i o n  s e e m i n g l y  
shows  t ha t  on ly  one emiss ion  b a n d  is s ignif icant .  
W i t h  th is  s i tua t ion ,  an  e x p l a n a t i o n  of co lor  sh i f t  
w i t h  f r e q u e n c y  is even  m o r e  diff icult  to ach ieve  
t h a n  for  t h e  cases  w h e r e  i n t e r p l a y  b e t w e e n  t w o  
emiss ion  b a n d s  could  be  p o s t u l a t e d .  I t  is seen  in  Fig.  
4 t h a t  u.v. e x c i t a t i o n  causes  e s s e n t i a l l y  i d e n t i c a l  
emiss ions  f rom 0.6ZnS: 0 . 4 Z n S e : C u : X  r e g a r d l e s s  of 
the  n a t u r e  of X. T h a t  t h e r e  is s t i l l  a m a r k e d  effect 
of h a l i d e  p r e s e n t  is s h o w n  in  Fig .  5 in  w h i c h  I is 
f o u n d  to r e d u c e  t h e  " i m p u r i t y  e x c i t a t i o n  b a n d "  
d r a s t i c a l l y .  W h e t h e r  th is  effect  is bes t  e x p l a i n e d  b y  
the  a b s o r p t i o n  p r o p e r t i e s  of the  c o m p l e x  or  b y  some  
f e a t u r e  of i ts  d i s t r i b u t i o n  b e t w e e n  su r f a c e  and  vo l -  
u m e  is no t  n o w  k n o w n .  I t  is s ign i f ican t  tha t ,  a l t h o u g h  
the  r e l a t i v e  p h o t o - e x c i t a t i o n  eff iciency of C t - c o a c -  
t i v a t i o n  to I - c o a c t i v a t i o n  is 3 to 1, the  E L  e x c i t a t i o n  
a t  20 kc  is 1 to 2. The  " s l i d ing  s i dewi se"  t y p e  of 
co lor  shi f t  sugges t s  t h a t  in  t h e  d i s o r d e r  p r e s e n t  in  a 
m i x e d  l a t t i ce  t h e r e  is an  e f fec t ive  c o n t i n u u m  of 
l eve l s  s e p a r a t e d  spacewi se  b y  t h e i r  d i s t a n c e  f rom 
the  E L  su r f a c e  b a r r i e r .  Tes ts  of th is  h y p o t h e s i s  u s -  
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ing  x - r ays ,  C-R  exci ta t ion,  annea l ing ,  digest ion,  
etc., are  p l anned .  

The  f i r s t -order  effects of S - t o - S e  ra t io  in  the com-  
posi t ion  are, of course, expected  s ince the b a n d  gap 
of the  Zn:  Se series shows a smooth  mono ton ic  v a r -  
ia t ion  f rom ZnS  to ZnSe.  W h a t  is of more  in te res t  
is the  w a y  in  wh ich  add i t ion  of Se to the ZnS:  Cu: 
(x)  la t t ice  d i s turbs  the  b l u e - g r e e n  compet i t ive  
balance.  

Manuscript  received Ju ly  23, 1956. This paper  was 
prepared for delivery before the San Francisco Meet- 
ing, Apri l  29-May 3, 1956. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in  the June  1958 
JOURNAL. 
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Heat Treatment of Silicon Using Zone Heating Techniques 
H. C: Theuerer, J. M. Whelan, H. E. Bridgers, and E. Buehler 

Bell Telephone Laboratories, Inc., Murray Hit~, New Jersey 

ABSTRACT 

New insight into the mechanism for the changes in silicon wi th  solid-state 
heat t rea tment  has been obtained with the aid of the floating zone apparatus 
normal ly  used to refine silicon. With this system, a l iquid or solid hot zone 
may be caused to t raverse the rod while  the rest of the apparatus is kept 
relat ively cool. 

Through the use of this technique, it has been established that  contaminants  
left on the silicon surface even after careful etching and washing procedures 
are a controll ing factor in the ob.~erved heat t reat ing effects. The impuri t ies  
involved have high diffusivities, as is the case for copper and iron in silicon. 
That  these impuri t ies  lower lifetime on heat t rea tment  has been demonstrated 
by rubb ing  the silicon rod with copper or iron wires prior to zone heat 
t reatment .  

The  hea t  t r e a t m e n t  of Si at  t e m p e r a t u r e s  be -  
tween  400 ~ and  1200~ u sua l l y  causes changes  in  
car r ie r  l i fet ime,  res i s t iv i ty  (1) ,  and  in  some cases 
conduc t iv i ty  type.  Such  changes  are  not ,  however ,  a 
necessary  consequence  of hea t ing  h igh  p u r i t y  St. 
For  example ,  Si has been  p r epa red  by  the  f loating 
zone me thod  (2) which  can  be hea t  t r ea ted  w i t h o u t  
changes  in  proper t ies  if c o n t a m i n a t i o n  is avoided.  
Res idua l  impur i t i e s  left  on the  surface  af ter  e tch-  
ing  and  c lean ing  procedures  and  the  fu rnace  .en- 
v i r o n m e n t  d u r i n g  hea t  t r e a t m e n t  are c o n t a m i n a t i o n  
sources capable  of caus ing  serious l i fe t ime a nd  re -  
s i s t iv i ty  changes.  The impur i t i e s  respons ib le  for these 
changes  m u s t  have  a h igh di f fus ivi ty  in  St, as is the  
case for Cu, Fe, and  A u  (3) ,  s ince the  t ime  r e q u i r e d  
to ob ta in  the  effects is short.  

In  hea t  t r e a t i ng  s tudies  fu rnace  c o n t a m i n a t i o n  
can be avoided by  us ing  the f loating zone app a r a t u s  
in  which  the  h igh p u r i t y  Si is in i t i a l ly  prepared .  
However, if the Si is handled prior to heat treat- 
ment, serious contamination is encountered; this is 
not eliminated by the usual etching and cleaning 
procedures. With the zone heating technique, life- 
time changes may be used effectively to evaluate 
new etching procedures. Details of the method and 
results obtained in a number of experiments are 
given herein. 

Apparatus 
The a p p a r a t u s  used in  the  f loating zone t echn ique  

consists of a qua r t z  t ube  22 in. long and  3/4 in. OD 
which  is fi t ted to me t a l  end  heads. The  end  heads 
con ta in  s ta inless  steel chucks used to c lamp quar tz  
holders  wi th  which  the  Si u n d e r  test  is suspended  
ax ia l ly  in  the  appara tus .  A s ingle  t u r n  i nduc t i on  coil 
su r r ounds  the  quar tz  t u b e  and  is connec ted  to a 5 MC 
gene ra to r  for d i rect  i nduc t i on  hea t ing  of the St. 
P rov i s ion  is m a d e  to cool the  en t i re  qua r t z  enve lope  
d u r i n g  the he a t i ng  of the  Si by  m e a n s  of a wa t e r  
cur ta in .  The en t i r e  a ppa r a t u s  is m o u n t e d  f rom a 
carr iage,  a l lowing  the  quar tz  t u b e  to be moved  
t h r ough  the i nduc t i on  coil at  a cont ro l led  rate,  u s u -  
a l ly  0.05 i n . / m i n  in  these  exper imen t s .  By this  
means ,  the hot  zone m a y  be caused to t r ave r se  the  
en t i r e  rod. D u r i n g  zone t r e a t m e n t ,  the  appa ra tu s  is 
f lushed c o n t i n u a l l y  w i th  pu re  d ry  h y d r o g e n  en te r -  
ing and  l eav ing  t h r ough  por ts  p rov ided  in  the  me ta l  
heads. 

Surface Contamination Studies with Liquid Zones 
Extens ive  re f in ing  w i t h  the  a ppa r a t u s  descr ibed  

above resul t s  in  p - t y p e  Si w i t h  res is t iv i t ies  above 
10,000 o h m - c m  a nd  car r ie r  l i fe t imes  above a mi l l i -  
second. This  es tabl ishes  t ha t  this  fu rnace  is no t  a 
serious source of c o n t a m i n a t i o n  and  should,  t h e r e -  
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fore, be su i t ab le  for hea t  t r ea t ing  studies.  In  an  i n i -  
t ia l  i nves t i ga t i on  to d e t e r m i n e  the  effect of r e s idua l  
sur face  impur i t i e s  on res i s t iv i ty  and  l i fe t ime,  a Si 
rod was g iven  four  l iqu id  zone t r ea tmen t s .  A p - t y p e  
rod w i th  res is t iv i t ies  r a n g i n g  b e t w e e n  25-60 o h m -  
cm and  h a v i n g  ca r r i e r  l i fe t imes  b e t w e e n  200-250 
~sec was  obta ined.  The  l i f e t ime  m e a s u r e m e n t s  were  
m a d e  by  the  pho toconduc t iv i ty  decay method .  The  
rod was  t hen  etched wi th  the  s t a n d a r d  HF-HNO~ 
mix tu re ,  1 washed  w i t h  deionized water ,  and  dried.  
One  add i t iona l  zone pass t h rough  the  rod degraded  
the  l i f e t ime  to va lues  of 30-40 ~sec w i thou t  a s ig-  
n i f icant  change  in  res is t iv i ty .  A second e x p e r i m e n t  
c lear ly  es tab l i shed  tha t  the  fu rnace  e n v i r o n m e n t  
was no t  the source of the  c o n t a m i n a n t s  respons ib le  
for this  l i fe t ime degrada t ion .  A rod was  g iven  10 
zone passes and  was  t hen  r emoved  f rom the  a p p a r a -  
tus  w i thou t  h a n d l i n g  of the surface.  The fu r na c e  
tube ,  however ,  was  c leaned  in  HF-HNO~ and  r insed,  
as was  done in  the in i t i a l  expe r imen t .  The Si was  
t h e n  r e m o u n t e d  in  the appa ra tu s  and  o n e - h a l f  of 
the  rod g iven  an  add i t iona l  zone pass. No s ignif icant  
l i fe t ime differences were  observed.  The  cont ro l  sec- 
t ion  w i t h  10 zone passes had  l i fe t imes  b e t w e e n  600- 
300 ~sec; the  section w i th  one add i t iona l  pass had  
l i fe t imes  b e t w e e n  480-330 ~sec. 

In  add i t i on  to l i fe t ime changes ,  e tch ing  a Si rod in  
HF-HNO3 pr ior  to a l iqu id  zone pass also resu l t s  in  
donor  con tamina t ion ,  observed  as a change  in  res is-  
t i v i ty  or conduc t iv i ty  type  if the  s t a r t i ng  m a t e r i a l  
is sufficiently pure .  For  example ,  a f ter  ex tens ive  
zone ref ining,  a p - t y p e  Si rod sect ion had  a res i s t iv -  
i ty  of 3300 ohm-cm.  A n  add i t iona l  zone pass was  
pu t  t h rough  the  rod af ter  sandblas t ing ,  e tch ing  in  
HF-HNO~, and  wash ing  in deionized water .  The  Si 
ob ta ined  was  p - type ,  and  the  res i s t iv i ty  in  the  p r e -  
v ious ly  m e a s u r e d  sect ion was  now 6000 ohm-cm.  
Since the  acceptor  i m p u r i t y  in  this  Si was B, w i t h  
a d i s t r i bu t i on  coefficient of 0.8, the  increase  in  r e -  
s i s t iv i ty  could no t  have  been  due  to re f in ing  by  the  
s ingle  zone pass b u t  m u s t  have  b e e n  due to donor  
con tamina t ion .  This was fu r t he r  s u b s t a n t i a t e d  by  
r epea t ing  the above sur face  t r e a t m e n t  pr ior  to a 
second zone pass. The rod  sect ion was  now n - t y p e  
w i th  a res i s t iv i ty  of 1000 ohm-cm.  F r o m  the res i s t iv -  
i ty  data,  the  donor  c o n t a m i n a t i o n  was  es t imated  to 
be abou t  3 x l0 TM a t . / cm~/ t r ea tmen t .  A s s u m i n g  tha t  
all  of the  c o n t a m i n a n t s  w e r e  on the Si surface  i n -  
i t ia l ly ,  the  concen t r a t i on  ca lcu la ted  f rom the  above 

1 This  m i x t u r e  con t a in s  1 p a r t  I-IF 48%, 3 pa r t s  HNOs 71%. 

va lue  is ~ 4 x 10 ~ a t o m s / c m  ~, which  is e q u i v a l e n t  
to 0.001 of a monolayer .  

Surface Contamination Effects in Solid Zone Studies 
I t  is a p p a r e n t  f rom the  l iqu id  zone e x p e r i m e n t s  

tha t  c o n t a m i n a n t s  f rom the  sur face  m a y  d e g r a d e  
l i fe t ime seriously.  S imi l a r  resul t s  have  been  ob-  
t a ined  in  hea t  t r ea t ing  s tudies  w i th  solid Si. I n  such 
exper iments ,  a hot  zone a t  1100~176 is in i t i a t ed  
at the  end  of the  rod and  is caused to t r ave r se  the  
rod by  m o v i n g  the  sys t em t h r o u g h  the  i n d u c t i o n  
coil at a cont ro l led  rate.  In  this  w a y  a zone a pp rox -  
i ma t e l y  Y4 in. long is m a i n t a i n e d  at  1200~ a nd  the  
m a t e r i a l  on e i ther  side of the  zone for a d i s tance  of 
a p p r o x i m a t e l y  1 in. is v i s ib ly  red. Us ing  a zone ve l -  
ocity of 0.05 i n . / m i n  the  m a t e r i a l  is at  1200~ for 
a p p r o x i m a t e l y  5 m i n  d u r i n g  each pass a nd  cools to 
650~ in  a p p r o x i m a t e l y  20 min .  

I n  in i t i a l  exper imen t s ,  u s i ng  this  method ,  the  fo l -  
l owing  ques t ions  were  answered :  (a)  can Si be hea t  
t r ea ted  at  1200~ us ing  the  f loating zone a ppa ra tu s  
w i t hou t  de te r io ra t ion  of l i fe t ime?  (b)  is w a t e r  cool- 
ing  of the  qua r t z  f u r na c e  t u b e  essent ia l  to p r e s e r v a -  
t ion  of h igh l i f e t ime  d u r i n g  hea t  t r e a t m e n t ?  (c) is 
e tch ing  and  w a sh i ng  the  rod pr ior  to hea t  t r ea t -  
m e n t  de le te r ious  to l i fe t ime?  

In  these e xpe r i me n t s  h igh  l i fe t ime Si crysta ls  
were  p r epa red  by  pass ing  10 zones t h r o u g h  each rod. 
The  first 4 cm of the rods were  t hen  g iven  th ree  zone 
t r e a t m e n t s  at  1200~ l eav ing  a 10 cm sect ion at  the  
end  of these rods for cont ro l  purposes.  The  exper i -  
m e n t a l  condi t ions  a nd  the  resu l t s  ob ta ined  are  s u m -  
mar ized  in  Tab le  I. F r o m  the  da ta  of Tab le  I, i t  is 
ev iden t  tha t  Si can  be hea ted  in  the  r a nge  b e t w e e n  
400~176 w i t h o u t  ser ious de t e r io r a t i on  of l i fe-  
t ime,  p rov ided  the  qua r t z  enve lope  is kep t  cool w i th  
an  e x t e r n a l  w a t e r  c u r t a i n  d u r i n g  the  hea t  t r e a t m e n t .  
If  the  fu rnace  t u b e  is a l lowed to hea t  by  r e m o v i n g  
the  w a t e r  cur ta in ,  the  l i f e t ime  of the  Si drops d ras -  
t i ca l ly  w h e n  hea t  t r ea ted  i n  the  r a nge  b e t w e e n  ap -  
p r o x i m a t e l y  400 ~ and  1200~ E tch ing  and  w ash ing  
the  Si pr ior  to hea t  t r e a t m e n t  resu l t s  in  ser ious 
changes  in  l i fe t ime.  The ev idence  is clear  t ha t  con-  
t a m i n a n t s  which  impa i r  l i f e t ime  on hea t  t r e a t m e n t  
m a y  be in t roduced  f rom a hot  qua r t z  tube,  even  wi th  
the  spec imen  f ree ly  suspended.  Such  c o n t a m i n a n t s  
m a y  also be i n t roduced  as r e s idua l  impur i t i e s  lef t  
on the  surface af ter  e tch ing  a nd  washing .  

In  a second group of exper imen t s ,  a t t emp t s  were  
made  to es tab l i sh  w h a t  steps in  the  e tch ing  and  

Table I. Variations in heat-treating procedures and their effect on the lifetime of Si 

Li fe t ime /~sec  
D i s t ance  a l o n g  rod  f r o m  lead  end  in  cm 

P r o c e d u r e  2 4 6 8 10 12 14 

Rod grown and not removed from furnace, given three 300 150 
zone passes at 1200~ quartz tube water  cooled 
Rod grown and not  removed from furnace, given three <3 <3 
zone passes at 1200~ quartz tube not water  cooled 
Rod grown and exposed to air 15 min, rod remounted,  90 135 
three zone passes at 1200~ quartz tube water  cooled 
Rod etched in HF-HNO3, washed three zone passes at 5 3 
l l00~ quartz tube water  cooled ~ - - - - ~ - - ~  

Section heated 
to 1200~ 

500 600 840 700 500 

<3 4 580 650 650 

320 550 520 570 480 

I0 3 7 150 180 

Section heated Section heated 
above 400 ~ C <400 ~ C 
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Fig. ] .  Effect of surface preparation prior to heat treatment 
on the lifetime of 5i. 
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Fig.  2 .  E f f e c t  o f  s u r f a c e  d e p o s i t s  o f  Fe a n d  C u  o n  t h e  l i f e -  

t i m e  o f  Si a f t e r  h e a t  t r e a t m e n t .  

w a s h i n g  t e c h n i q u e  w e r e  r e s p o n s i b l e  for  l i f e t i m e  
d e t e r i o r a t i o n .  In  t hese  e x p e r i m e n t s ,  two  h igh  l i f e -  
t i m e  c r y s t a l s  w e r e  p r e p a r e d  b y  pas s ing  5 l i qu id  
zones t h r o u g h  each  rod.  The  rods  w e r e  r e m o v e d  
f rom t h e  a p p a r a t u s  a n d  g iven  the  su r f ace  t r e a t -  
m e n t s  i n d i c a t e d  in Fig.  1. As  t r e a t m e n t ,  t h e  rods  
w e r e  g i v e n  a s ingle  zone pass  a t  l l 0 0 ~  us ing  a 
zone v e l o c i t y  of 0.05 i n . / m i n .  F r o m  the  l i f e t i m e  
d a t a  of  Fig.  l a ,  i t  is obv ious  t h a t  w a s h i n g  w i t h  H F  
fo l l owed  b y  a de ion ized  w a t e r  r inse  r educes  t he  
l i f e t ime  d r a s t i c a l l y .  A l t h o u g h  no t  as severe ,  some 
l i f e t i m e  d e t e r i o r a t i o n  a f t e r  h e a t  t r e a t m e n t  is i n d i -  
ca t ed  in  t he  rod  sec t ions  w a s h e d  w i t h  de ion ized  
w a t e r  or  on ly  e x p o s e d  to air .  No te  also t h a t  t he  
l i f e t i m e  in t he  u p p e r  r eg ion  os t he  r o d  sec t ion  
t r e a t e d  w i t h  de ion ized  w a t e r  h a d  a l i f e t i m e  of 7.5 
~sec, w h e r e a s  l o w e r  in  th is  sec t ion  the  l i f e t i m e  was  
60 ~sec. This  is an  i n d i c a t i o n  t h a t  i m p u r i t i e s  i n -  
t r o d u c e d  b y  the  H F  r inse  dif fuse  in to  t he  de ion ized  
w a t e r - t r e a t e d  r e g i o n  d u r i n g  the  zone h e a t i n g  p roc -  
ess. T h a t  th i s  occurs  is  s h o w n  m o r e  c l e a r l y  b y  t h e  
resu l t s ,  g i v e n  in Fig .  lb ,  for  t he  second  rod.  In  th is  
case, t he  hot  zone was  pa s sed  f r o m  the  sec t ion  
t r e a t e d  w i t h  H F  t h r o u g h  the  sec t ion  t r e a t e d  on ly  
w i t h  w a t e r  and  p a r t  w a y  t h r o u g h  the  sec t ion  w h i c h  
was  e x p o s e d  on ly  to a i r .  The  l i f e t i m e  was  d r a s t i -  
c a l l y  r e d u c e d  t h r o u g h  the  e n t i r e  a r e a  w h i c h  h a d  
b e e n  h e a t  t r e a t e d  i r r e s p e c t i v e  of  t h e  p r i o r  su r f a c e  
t r e a t m e n t ;  on ly  in  t h e  u n h e a t e d  r e g i o n  was  the  l i f e -  
t i m e  p r e s e r v e d .  This  e s t ab l i shes  t h a t  t h e  i m p u r i -  
t ies  r e s p o n s i b l e  for  l i f e t i m e  d e t e r i o r a t i o n  h a v e  a 
h igh  d i f fus iv i ty  in Si. 

C o p p e r  and  iron,  for  e x a m p l e ,  a r e  k n o w n  to d i f -  
fuse  r a p i d l y  t h r o u g h  Si  and  d e s t r o y  the  I i fe t ime.  
This  was  con f i rmed  b y  p r e p a r i n g  two  h igh  l i f e t i m e  

rods  us ing  the  f loa t ing  zone me thod .  W i t h o u t  o t h e r  
t r e a t m e n t ,  t he  rods  w e r e  r u b b e d  w i t h  Cu in  one  
case  and  w i t h  F e  in  t h e  o t h e r  a t  t h e  loca t ions  i n d i -  
c a t e d  in  Fig .  2. The  l o w e r  5 c m  of t h e  r u b b e d  rods  
w e r e  t hen  h e a t - t r e a t e d  at  1200~ b y  pa s s ing  t h r e e  
zones  a t  the  r a t e  of 0.06 i n . / m i n  t h r o u g h  these  r e -  

, glans.  As  can  b e  seen  f r o m  t h e  da ta ,  t h e  l i f e t i m e  was  
se r ious ly  i m p a i r e d  b y  b o t h  Cu and  Fe,  t he  d a m a g e  
in each  case  e x t e n d i n g  w e l l  b e y o n d  t h e  1200 ~ ho t  
zone. The  l i f e t i m e  d e t e r i o r a t i o n  was  mos t  s eve re  
w i t h  Cu, and  s u r p r i s i n g l y  i t  was  ef fec t ive  in  t h e  
u p p e r  C u - t r e a t e d  r e g i o n  of t h e  rod  w h i c h  could  no t  
h a v e  been  h e a t e d  a t  t e m p e r a t u r e s  m u c h  a b o v e  
400~ 

Us ing  the  bas ic  m e t h o d  d i scussed  above ,  a n u m -  
b e r  of e t ch ing  and  c l ean ing  m e t h o d s  for  t h e  r e -  
m o v a l  of su r f a c e  c o n t a m i n a n t s  h a v e  been  i n v e s t i -  
ga ted .  E t c h ing  Si  w i t h  Br~ a t  e l e v a t e d  t e m p e r a t u r e s  
or  w i t h  N a O H  solu t ions  is no m o r e  ef fec t ive  t h a n  
the  s t a n d a r d  H F-H N O 8 t r e a t m e n t .  I m m e r s i o n  in  ho t  
HNO,, H~SO~, H~O~, and  N a C N  a f t e r  e t ch ing  has  no t  
l ed  to i m p r o v e d  l i f e t i m e  a f t e r  h e a t  t r e a t m e n t .  

Manuscr ip t  rece ived  May 23, 1957. This pape r  was 
p r e p a r e d  for  de l ivery  before  the  Washington  Meeting, 
May 12-16, 1957. 

A n y  discussion of this pape r  wi l l  appear  in a Dis- 
cussion Sect ion to be publ i shed  in the  June  1958 
JOURNAL. 
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Electrolytic Extraction of Thorium from Fused Salts 
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ABSTRACT 

High pur i ty  thor ium metal  powder has been produced by fused salt elec- 
trolysis of thor ium chloride by a process readi ly adaptable to continuous pro- 
duction techniques. An electrolytic cell design based on a frozen-salt  crucible 
design concept has been evolved. Heat ing of the salt bath was accomplished 
by graphite resistance heaters immersed in  the bath. Metal quality, current  
efficiency, and other operat ing characteristics of the in terna l ly  heated elec- 
trolytic cell compare favorably wi th  those experienced in smaller  scale, ex- 
te rna l ly  heated cells. 

N u m e r o u s  processes for the p r e p a r a t i o n  of tho-  
r i u m  me ta l  h a v e  been  inves t iga ted ,  i nc lud ing  t h e r -  
m a l  r educ t ion  of hal ides  wi th  Ca (1) ,  t h e r m a l  r e -  
duc t ion  of the  oxide w i th  Ca (2) or a me t a l  hydr ide ,  
and  by  fused salt  e lectrolysis  (3) .  The l a t t e r  ap -  
proach  was cons idered  p romis ing  and  as such has 
me r i t ed  i n t e n s i v e  inves t iga t ion .  

Sma l l - s ca l e  inves t iga t ions  of a chlor ide fused salt  
system, car r ied  out  by  Raynes ,  et al. (4) ,  have  led 
to the successful  deve lopmen t  of an  e lect rolyt ic  
process which  read i ly  lends  i tself  to con t inuous  
operat ion.  The process can be s u m m a r i z e d  as e n -  
compass ing  the  e lectrolysis  of fused a n h y d r o u s  ThCL 
in  NaC1 u n d e r  an  ine r t  a tmosphere .  The Th is de-  
posi ted as dendr i t i c  c rys ta l l ine  me t a l  in  a m a t r i x  of 
salts f rom which  it can be separa ted  read i ly  by  
aqueous  methods.  

A n h y d r o u s  ThCL is suppl ied  to the e lect rolyt ic  
cell in  the  form of a ThC4-NaC1 m i x t u r e  and  d i -  
lu ted  wi th  NaC1 to ob ta in  an  e lec t ro ly te  con t a in ing  
a p p r o x i m a t e l y  15% Th by  weight .  

A compan ion  paper  (5) describes one me thod  for 
p roduc ing  a su i t ab le  electrolyte .  

Electrolytic Equipment 
Ear ly  in  the deve lopmen t  p rogram,  fused salt  

e lectrolysis  was  car r ied  out  in  e x t e r n a l l y  hea ted  
cells which  have  been  descr ibed p rev ious ly  (4) .  
The  basic des ign p roved  sa t i s fac tory  for sma l l - sca le  
opera t ions  and  served as p ro to type  for l a rger  ca-  
pac i ty  uni ts .  

Electrolytic Cell Scale-Up 
The l im i t a t i on  of cons t ruc t ion  ma te r i a l s  for the  

fused sal t  con ta ine r  imposed  a severe  p rob l em in  a t -  
t empts  to scale up  operat ions,  p r i nc ipa l l y  because  of 
the poros i ty  of commerc ia l  grade  g raph i t e  and  car -  
bon  crucibles.  Crucibles  up to 24 in. in  d i ame te r  
were  eva lua ted ,  l eakage  i n v a r i a b l y  developing.  The 
resul ts  of these  opera t ions  c lear ly  po in ted  to the 
necess i ty  of deve lop ing  an  en t i r e ly  di f ferent  concept  
of cell design. 

P r io r  research  in  a re la ted  field at this  l abo ra to ry  
had  inves t iga ted  a concept  of cell cons t ruc t ion  
which  ut i l ized an  i n t e r n a l  g raph i t e  heater .  Whi le  
the work  did not  inc lude  Th, the  pr inc ip les  ap-  

1 P r e s e n t  a d d r e s s :  B o o z ,  A l l e n  a n d  H a m i l t o n ,  380 M a d i s o n  A v e . ,  
N e w  Y o r k ,  N.  Y.  

peared  to be appl icab le  to a n y  fused sal t  system. 
Accordingly ,  a p r o g r a m  was in i t i a t ed  to app ly  these 
approaches  to the  p roduc t ion  of Th. This  p r o g r a m  
was p r i m a r i l y  an  e n g i n e e r i n g  d e v e l o p m e n t  effort, 
and  no pa r t i cu l a r  efforts were  m a d e  to p roduce  high 
qua l i t y  Th metal .  For  example ,  cells were  opened 
f r e q u e n t l y  to a l low obse rva t ion  of var ious  cell com- 
ponen t s  d u r i n g  opera t ions ;  of necessi ty,  therefore ,  
the cell a tmosphere  at t imes  was  ba d l y  con t ami -  
na t e d  wi th  air. 

Briefly, the cell consisted of a r e c t a n g u l a r  Ni shell  
s u r r o u n d e d  by  mi ld  steel air  jackets  for cont ro l led  
cooling. The cruc ib le  was cen t ra l ly  located w i t h i n  
the shell  and  cons t ruc ted  of g raph i t e  slabs. Ca rbon  
b lack  was t a m p e d  to a dens i ty  of a p p r o x i m a t e l y  40 
l b / f t  ~ in  the 1-in.  wide  a n n u l a r  space b e t w e e n  the 
g raph i te  c ruc ib le  a nd  the shell  to serve as an  i n -  
su l a t ing  med ium.  A 11/2 in. l aye r  of ca rbon  b lack  
was also t a m p e d  into the shel l  bot tom. This  gave a 
c ruc ib le  wi th  ins ide  d imens ions  of 8 I/2 in. x 9 I/2 in. x 
17 in. deep. The g raph i t e  s labs f o r mi ng  the  crucible  
needed  only  to fit r e a sonab ly  close toge ther  since 
they  were  not  r e q u i r e d  to form a leakproof ,  i m p e r -  
vious vessel. To comple te  the  assembly,  a 2- in .  th ick 
piece of porous  g raph i te  was  pos i t ioned  across the 
top of the crucible  to reduce  rad ia ted  hea t  losses out  
the cell top. Fig. 1 is a schemat ic  v iew of the  
f rozen sal t  c ruc ib le  cell. 

E 

S5-I/8" 

1 

Operating Head 

"x 

-- 1-1/2" 
CROSS SECTION MK IV 

-- 2" porous Graphite 
Slab 

-- 1-1/2" layer of 
powdered Graphite 

~--- Lampblack 

-- Sectioned Crucible 

Cooling Jacket~ 

Fig. I. Typical cross section of rectangular cell, showing 
major construction features. 
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F o r  hea t ing ,  two  3/4 in. d i a m e t e r  g r a p h i t e  rods  
we re  p r e s s - f i t t e d  in to  t he  b o t t o m  of t he  c ruc ib l e  as 
shown  in Fig.  2 a n d  s e r v e d  as e l e c t r i c a l  r e s i s to r s  in  
an  a - c  p o w e r  c i rcui t .  

In  ope ra t i on ,  i t  was  f o u n d  t h a t  t h e  m o l t e n  sa l t  
t ends  to l e a k  t h r o u g h  pores  or  d i s con t inu i t i e s  in  t he  
c ruc ib l e  w a l l s  and  p e n e t r a t e s  the  c a r b o n  b l a c k  
s l igh t ly .  Coo l an t  flow t h r o u g h  t h e  a i r  j a c k e t s  was  
a d j u s t e d  so t h a t  a p o r t i o n  of t he  l i qu id  sa l t  was  
f rozen  sol id  in t h e  c a r b o n  b l a c k  in su l a t i on ;  in  th is  
m a n n e r ,  t he  con ten t s  of t he  c ruc ib l e  r e m a i n e d  
m o l t e n  a n d  the  en t i r e  c ruc ib l e  f u n c t i o n e d  as one 
e l e c t r o d e  ( anode )  in t he  e lec t ro lys i s .  

E l e v e n  runs  w e r e  m a d e  in  th is  un i t  w i t h o u t  a n y  
m a j o r  changes  excep t  for  m o d i f y i n g  t h e  g r a p h i t e  
h e a t i n g  e lements .  S e v e r a l  des igns  w e r e  t r i ed ,  t he  
one e x h i b i t i n g  the  mos t  d e s i r a b l e  c h a r a c t e r i s t i c s  
( h i g h e s t  r e s i s t a n c e ) ,  cons i s t ing  of a s imp le  g r a p h i t e  
"U"  f a b r i c a t e d  f r o m  3/4 in. d i a m e t e r  g r a p h i t e  rods.  
I t  was  i n s u l a t e d  f r o m  t h e  c ruc ib l e  b o t t o m  w i t h  1/2 
in. t h i c k  p o r c e l a i n  s labs .  Fig .  3 shows  the  g r a p h -  
i te  "U"  h e a t i n g  e l e m e n t  a s sembled .  T y p i c a l  c i r cu i t  
i m p e d a n c e  u n d e r  o p e r a t i n g  cond i t ions  at  750~ was  
0.02 ohm. T o t a l  a - c  h e a t  i n p u t  r e q u i r e m e n t s  r a n g e d  
f rom 3 to 5 k w  in o r d e r  to m a i n t a i n  p r o p e r  b a t h  
t e m p e r a t u r e s .  

Celt Operation 
Since  the  e l e c t ro ly t i c  depos i t i on  of Th  was  c a r r i e d  

out  in  an  a l l - c h l o r i d e  sys tem,  i t  was  poss ib l e  to 
p l a c e  a t h e r m o c o u p l e  d i r e c t l y  in to  t h e  b a t h  p r o -  
t e c t ed  on ly  b y  a q u a r t z  tube .  

P r i o r  to cel l  s t a r t - u p ,  the  e l e c t ro ly t i c  cel l  w a s  
h o t - e v a c u a t e d  u n t i l  ou tgas s ing  ceased,  t hen  f lushed 
w i t h  a rgon .  The  sa l t  c h a r g e  was  m e l t e d  u n d e r  an  
a rgon  a t m o s p h e r e  in  a p p r o x i m a t e l y  7 hr .  F i f t y  
p o u n d s  of NaC1 w e r e  m e l t e d  first,  f o l l owed  b y  cel l  
f eed  a d d i t i o n s  cons i s t ing  of NaC1-ThCL.  The  t o t a l  

li ill/2 .... eR 
3/h" Graphite # 

Rods 

10-1/2" 
Approx. 

Fig. 2. View of rectangular cell, showing method of install- 
ing heating element rods. 

i-1/2" Dia. 
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12-1/2" 
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2" Dia. x 1-7/8" ~ [ 
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1/2" F~celainSlabs~ ] 

Fig. 3. Revised design of 
electrolytic cell. 
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~-1/2" 

heating element for rectangular 

cha rge  was  75 lb, i n i t i a l l y  con t a in ing  a p p r o x i m a t e l y  
15% Th  b y  we igh t .  The  b a t h  t e m p e r a t u r e  was  con-  
t r o l l e d  a t  790~176 

A ca thode  cons i s t ing  of a s tee l  t ip  1 in. in  d i -  
a m e t e r  a n d  5 in. long,  a t t a c h e d  to a 1/2-in. Ni  sha f t  
p r o t e c t e d  b y  g r a p h i t e  t ub ing ,  was  i m m e r s e d  to a 
d e p t h  of 6 in. in  t he  fused  sa l t  b a t h  w i t h  a s m a l l  
d - c  v o l t a g e  i m p r e s s e d  on it. W h e n  t h e  ca thode  
r e a c h e d  b a t h  t e m p e r a t u r e  ( in  3-5 m i n ) ,  t he  v o l t a g e  
was  i n c r e a s e d  to o p e r a t i n g  l eve l  (4-5  v)  a n d  c u r -  
r e n t  flow m a i n t a i n e d  t h e r e a f t e r  a t  a c a t h o d e  c u r r e n t  
d e n s i t y  of 250 to 350 a m p / d i n  ~, b a s e d  on in i t i a l  
c a thode  area .  

W h e n  a p r e d e t e r m i n e d  n u m b e r  of a m p e r e  hour s  
h a d  b e e n  pas sed  t h r o u g h  the  e l ec t ro ly t e ,  t he  d - c  
v o l t a g e  was  lowered ,  a n d  t h e  ca thode  was  r a i s e d  to 
a pos i t i on  a b o v e  the  ba th .  I t  was  m a i n t a i n e d  in  th i s  
pos i t i on  in a r g o n  u n t i l  t h e  t e m p e r a t u r e  of t he  e n -  
t i r e  un i t  was  b e l o w  100~ a f t e r  w h i c h  t h e  depos i t  
was  r e m o v e d .  This  p r o c e d u r e  was  n e c e s s a r y  s ince 
no p rov i s ions  for  a r e m o v a l  c h a m b e r  h a d  been  
made .  W i t h  a r e m o v a l  c h a m b e r ,  t he  b a t h  could  be  
m a i n t a i n e d  m o l t e n ;  t h e o r e t i c a l l y ,  ThCL-NaC1 a d d i -  
t ions  cou ld  b e  m a d e  inde f in i t e ly  w i t h o u t  a n y  d e t -  
r i m e n t a l  effects on the  e l e c t r o l y t e ;  thus ,  a d d i t i o n a l  
depos i t s  could  be  p r o d u c e d  w i t h  a m i n i m a l  a m o u n t  
of d o w n  t ime .  

The  Th was  d e p o s i t e d  as d e n d r i t i c  c r y s t a l l i n e  
m e t a l  in  a m a t r i x  of sa l t s  f r o m  w h i c h  i t  cou ld  be  
r e a d i l y  s e p a r a t e d  b y  w a t e r  l each ing .  F ig .  4 shows  
a t y p i c a l  ca thode  and  ca thode  depos i t  a f t e r  r e m o v a l  
f r o m  t h e  cell .  Fig .  5 shows  the  depos i t  b r o k e n  
open  to  r e v e a l  t he  c h a r a c t e r i s t i c  i n t e r n a l  a p p e a r -  
ance  of Th m e t a l  depos i t s .  

Experimental Results 
C a t h o d e  depos i t s  p r o d u c e d  in  t h e  e l ec t ro lys i s  of 

a n h y d r o u s  ThCL in fused  NaC1 g e n e r a l l y  a v e r a g e d  
45-60% Th  m e t a l  b y  we igh t .  C u r r e n t  eff iciencies 
a v e r a g e d  in  excess  of 75%. T h e  Th m e t a l  p r o d u c e d  
in th i s  c a m p a i g n  r a n g e d  f r o m  R o c k w e l l  B-30  to 
R o c k w e l l  B-58.5 in  ha rdness .  H a r d n e s s  was  d e t e r -  
m i n e d  on m e t a l  b u t t o n s  p r o d u c e d  b y  m e l t i n g  c o m -  
p a c t e d  m e t a l  p o w d e r  in a w a t e r - c o o l e d  copper  
h e a r t h  a rc  fu rnace .  

Fig. 4. Typical deposit of thorium metal produced in rec- 
tangular laboratory electrolytic cell. 
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v ide  for  occas iona l  r e p l a c e m e n t  of the  h e a t e r  c o m -  
ponents .  

P r o d u c t i o n  of r e l a t i v e l y  good q u a l i t y  Th m e t a l  
w i t h  h igh  y i e l d  a n d  a c c e p t a b l e  c u r r e n t  eff iciency 
was  d e m o n s t r a t e d  on a s m a l l  scale,  a l l  r e su l t s  com-  
p a r i n g  f a v o r a b l y  w i t h  p r e v i o u s  w o r k  w h i c h  has  
been  c a r r i e d  out  in  m o n o l i t h i c  cells.  

Resu l t s  on the  s m a l l - s c a l e  p r o g r a m  c l e a r l y  d e m -  
o n s t r a t e d  f e a s i b i l i t y  and  w a r r a n t e d  s c a l e - u p  for  
p i lo t  e v a l u a t i o n  of e q u i p m e n t  and  p rocesses  on a 
s e m i c o n t i n u o u s  basis .  

Fig. 5. Internal structure of thorium cathode deposit 

T h e  Th p o w d e r  p r o d u c e d  b y  fused  sa l t  e l e c t r o l -  
ys is  h a d  a p a r t i c l e  size d i s t r i b u t i o n  w h i c h  m a d e  the  
m e t a l  r e a d i l y  a m e n a b l e  to p o w d e r  m e t a l l u r g y  t e c h -  
n iques .  G e n e r a l l y ,  less t h a n  10% of the  p o w d e r  was  
~-20 mesh ,  a n d  70% was  + 7 0  mesh .  

T a b l e  I p r e s e n t s  a s u m m a r y  of d a t a  p e r t i n e n t  to 
the  o p e r a t i o n  of t he  e l e c t ro ly t i c  cell .  

Discussion and Conclusions 
A p r o g r a m  to e v a l u a t e  fused  sa l t  e l e c t r o l y t i c  

t e chn iques  for  p r o d u c i n g  Th m e t a l  has  been  c a r r i e d  
ou t  in  an  a t t e m p t  to dev i s e  a c o m m e r c i a l l y  f ea s ib l e  
cel l  des ign  concept .  I t  has  been  d e m o n s t r a t e d  t h a t  
s a t i s f a c t o r y  cel l  l in ings  for  Th p r o d u c t i o n  m a y  be  
c o n s t r u c t e d  of g r a p h i t e  s labs  w i t h o u t  r e g a r d  for  
p o r o s i t y  a n d  close to le rances ,  t h e r e b y  e l i m i n a t i n g  
p r o b l e m s  a t t e n d a n t  w i t h  size l i m i t a t i o n s  on m o n o -  
l i th ic  c ruc ib les .  The  u s e  of l a m p b l a c k  as an  i n -  
su la to r ,  t he  e s t a b l i s h m e n t  of a " f rozen  sa l t  c r u c i b l e "  
t he re in ,  a n d  a p p l i c a t i o n  of i n t e r n a l  r e s i s t i ve  h e a t -  
i ng  h a v e  been  i n c o r p o r a t e d  e x p e r i m e n t a l l y  in  a d e -  
v i ce  for  t h e  p r e p a r a t i o n  of Th  m e t a l .  

O b s e r v a t i o n s  of cel l  c o m p o n e n t s  s h o w e d  no m e a s -  
u r a b l e  d e t e r i o r a t i o n ,  a t t r i t i on ,  or  c h e m i c a l  a t t a c k  
d u r i n g  t h e  o p e r a t i o n a l  per iod ,  and,  b a s e d  on the  
e x t e n t  of e x p o s u r e  t i m e  a n d  e x t r a p o l a t i o n ,  i t  a p -  
p e a r s  p r o b a b l e  t ha t  cel l  l in ings  w i l l  l a s t  a t  l eas t  one  
yea r .  H e a t i n g  e l e m e n t  l i fe  p r o b a b l y  w i l l  be  shor te r ,  
p e r h a p s  3-6 months .  Designs ,  t he re fo re ,  shou ld  p r o -  
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Table I. Summary of Mark-15 electrolytic runs 

W e i g h t  W e i g h t  
w a t e r  ac id  We igh t*  % 

T o t a l  % B a t h  D.C. w a s h e d  t rea t ,  recov.  % H a r d -  T h  
R u n  c h a r g e  T h  t e m p  c u r r e n t  D.C. A m p  m e t a l  m e t a l  f ines in  C u r r e n t  hess  m e t a l  
No. w t  lb  in  b a t h  ~ a m p  v h r  g g ove r f l ow  eff. t  t~B in  dep.  

1 80 16 800 270-335 4.4 3000 2211 2133 320 39.0 53 32.0 
2 84 17 775-815 260-320 4.4 2350 3455 2814 73 69.5 50 - -  
3 88 15 800 280-300 4.9-4.2 2300 3191 2977 216 68.5 30-35 - -  
5 80 13 800 240-300 5.5-5.3 1480 2561 2534 176 85.5 35 57.5 
6 75 13 810 260-280 5.6-5.3 1220 1893 1860 120 76.5 56 56.0 
7 77 14 800 230-260 5.6-5.1 1655 2759 2708 140 81.0 49 54.5 
8 80 10.6 785-800 170-290 5.5 1500 2773 2697 155 90.5 58 58.5 

10 75 11.3 790-800 220-310 5.2-5.4 1200 2375 2298 69 94.0 43.5 55.0 
11 70 12 790-800 220-275 5.8-5.5 1200 2130 1996 190 89.5 58.5 60.0 

C u r r e n t  eff iciency has  b e e n  ca l cu l a t ed  on t he  bas is  of t o t a l  w e i g h t  of m e t a l  r ecovered .  
* " F i n e s "  re fe r s  to p o w d e r  m e t a l  less t h a n  325 m e s h  in  size t h a t  b e c o m e s  s u s p e n d e d  d u r i n g  w a s h i n g  a n d  a c i d - t r e a t i n g  ope ra t i ons ;  i t  is  

co l l ec ted  s e p a r a t e l y  by  s e t t l i n g  or f i l t r a t ion .  
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ABSTRACT 

A new technology uti l izing electrochemical phenomena  has been developed, 
f rom which it is possible to design detection and control devices requi r ing  
extremely low power consumption, in the order of 100-1000 times smaller than 
that  of transistors. As an example, an electrochemical detector for acoustic 
energy operates on 10 gw in the quiescent state, del ivering 300-500 t,w when 
ful ly  excited. Development  work to date has been l imited to low frequencies 
(0-200 cps). Reversible redox systems and working d-c electrodes are used in 
conjunct ion wi th  such electrochemical phenomena  as concentrat ion polariza- 
tion, electrokinetic effects, and the electrocapillary curve of mercury.  

Use of Concentration Polarization for Flow Detection 
The use of P t  w i r e  mic ro -e lec t rodes  and  the  d i f -  

fus ion  c u r r e n t  for  the ana lys i s  of e lec t ro ly t i ca l ly  
r educ ib le  or ox id izab le  subs tances  is wel l  k n o w n  
(1).  A grea t  deal  of i n f o r m a t i o n  on the effects of 
s t i r r ing  (as, for example ,  w i th  ro t a t ing  P t  elec-  
t rodes)  has also been  pub l i shed  in  the chemica l  
l i t e r a t u r e  (2) .  Tha t  these  p h e n o m e n a  can be used  
for de tec t ing  and  m e a s u r i n g  fluid flows wi l l  be  i m -  
med ia t e ly  a p p a r e n t  to the  reader .  Tha t  the  type  of 
f unc t i on  ob ta inab le  f rom an  e lec t rochemica l  u n i t  
ope ra t ing  on this  p r inc ip l e  m a y  be m a d e  to v a r y  
over  a cons iderab le  r ange  by  chang ing  the  e lect rode 
design is no t  qui te  so obvious.  

A typ ica l  flow detec tor  is shown  in  Fig. 1. Elec-  
t rodes m a y  be of any  me ta l  wh ich  is i ne r t  to the  
e lect rolyt ic  sys tem used. In  this  pa r t i cu l a r  example  
P t  e lectrodes a re  used in  an  e lect rolyt ic  sys tem of 
Is and  KI  in  water .  The cathodic r educ t ion  of Is is 
made  the con t ro l l ing  reac t ion  by  us ing  a low con-  
cen t r a t i on  of iodine (10-~N) and  a h igh  KI  ( sup -  
por t ing  e lec t ro ly te)  concen t r a t i on  (0.5N).  Other  
e lec t ro ly te  sys tems m a y  be used, as, for example ,  
f e r r i cyan ide - f e r rocyan ide ,  b r o m i n e - b r o m i d e ,  cer ic-  
cerous, f e r r i c - fe r rous ,  etc. I t  is on ly  necessa ry  tha t  
they  be revers ib le  redox  systems. 

I z - KI ELECTROLYTE ~ 

 GAUZE ANODES 

\ORIFICE CATHODE 

< 
INERT PLASTIC 
HOUSING AND 
DIAPHRAGMS 

Fig. 1. Acoustic detector 

C u r r e n t - v o l t a g e  curves  for a cell of this  type  are 
shown in  Fig. 2 for d i f ferent  va lues  of low f r e quency  
acoustic ene rgy  inc iden t  on the  d iaphragms .  A plot  
of the  e q u i l i b r i u m  c u r r e n t  as a f unc t i on  of the  i n -  
c ident  p ressure  is g iven  in  Fig.  3. The  re l a t ionsh ip  
b e t w e e n  c u r r e n t  a nd  p re s su re  is expressed by  equa -  
t ions  of the  type:  

I ~ k P  ~ 
o r  

I ~ k log P 

w i th  the  va lues  of n a nd  k d e p e n d e n t  on the geom-  
e t ry  of the  cathode. 

F r o m  an  e lec t rochemica l  s t andpo in t ,  the  p roper  
opera t ion  of these  un i t s  r equ i r e s  the  fo l lowing:  (a)  
as n e a r l y  r eve r s ib l e  e lect rode reac t ions  as possible,  
so tha t  no ene rgy  is consumed  in  ove rcoming  ac t i -  
va t i on  pola r iza t ion ;  (b)  equa l  and  opposi te  r eac -  
t ions  occur r ing  at  the  anode  a nd  cathode;  i.e., a 
redox  system, so tha t  no ne t  changes  in  concen t r a -  
t ion  t ake  place as c u r r e n t  flows t h r o u g h  the  cell; i t  
is also necessa ry  to ad jus t  the  bias  vo l tage  to a 
va lue  low enough  tha t  consecut ive  e lect rode reac -  
t ions  do not  occur;  (c) absence  of r e duc i b l e  or oxi -  

~20C 

O0 0.2 s .4 0.6 0.8 1.0 1.2 
BIAS VOLTAGE 

Fig. 2. C u r r e n t - v o l t a g e  curves  f o r  v a r y i n g  s inuso ido l  f l ows  
in acous t i c  de tec to r .  
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Fig. 3. Current-flow curves for acoustic detectors with dif- 
ferent orifice designs. 

w h e r e  F = t h e  F a r a d a y ,  N : n o r m a l i t y  of t h e  r e -  
duc ib l e  s u b s t a n c e  on the  a n o d e  side,  dv /d t  = flow 
r a t e  in cm~/sec. 

F r o m  this  equa t ion ,  a s s u m i n g  an  I~ n o r m a l i t y  of 
10 -1, i t  can  be  seen  t ha t  f low ra t e s  as low as 10 ~ cm3/ 
sec y i e l d  c u r r e n t s  in  the  n e i g h b o r h o o d  of 100 ~a, or  
some  ten  t imes  the  b a c k g r o u n d  cu r ren t .  E x p e r i -  
m e n t s  h a v e  s h o w n  tha t ,  b y  su i t ab l e  des ign  of t he  
d e t e c t i n g  ca thode ,  l i n e a r  c u r r e n t  ou tpu t s  a r e  o b -  
t a i n a b l e  ove r  a r a n g e  of f ou r  o r d e r s  of m a g n i t u d e  in 
the  f low ra tes .  

Note  t ha t  t h e  un i t  s h o w n  in Fig .  4 is also a r e c t i -  
fier, in t ha t  f luid f low f r o m  r i g h t  to l e f t  w i l l  no t  p r o -  
duce  a cu r ren t ,  s ince  no I~ is c a r r i e d  ove r  t h e  d e -  
t ec to r  gauze.  A f u l l - w a v e  d e t e c t o r  m a y  be  con-  
s t r u c t e d  eas i ly  b y  us ing  t w o  a n o d e  c o m p a r t m e n t s  
and  two  d e t e c t o r  gauzes.  

d i zab l e  i m p u r i t i e s .  A r e d u c i b l e  i m p u r i t y  no t  on ly  
y i e lds  a m o m e n t a r i l y  h i g h e r  cu r r en t ,  b u t  bu i l d s  up  
a p e r m a n e n t  h i g h e r  c o n c e n t r a t i o n  of t he  p r i m a r y  
r e d u c i b l e  r e a c t a n t  ( in  th is  e x a m p l e ,  i od ine )  b y  the  
i n c r e a s e d  anod ic  ox ida t ion .  

Separated Detector for D-C Measurements 

The  cel l  d e s c r i b e d  a b o v e  was  d e s i g n e d  p r i m a r i l y  
for  de t ec t i on  a n d  m e t e r i n g  of acous t ic  e n e r g y  ( a - c  
p r e s s u r e s ) .  A m o r e  s a t i s f a c t o r y  des ign  for  d - c  f lows 
a n d  p r e s s u r e s  is shown  in Fig.  4. In  th is  cel l  an  a d -  
d i t i ona l  ca thode  is p l a c e d  in  t he  r i g h t - h a n d  c o m -  
p a r t m e n t  so t h a t  t he  b ias  vo l t age  t r a n s f e r s  t he  L 
f r o m  th is  s ide  to the  a n o d e  side, r e s u l t i n g  in  a f inal  
c o n c e n t r a t i o n  of v i r t u a l l y  zero  in t he  c a t h o d e  side.  
This  t r a n s f e r  of I~ is e n t i r e l y  ana logous  to t h a t  e n -  
c o u n t e r e d  in t he  s i m p l e  I~ c o u l o m e t e r  as  d e s c r i b e d  
b y  W a s h b u r n  a n d  Ba tes  (2) .  In  a l l  such cells,  the  
e l ec t rodes  used  p r i m a r i l y  for  s e p a r a t i o n  of the  I, 
a r e  ca l l ed  t h e  " m a i n "  ca thode  and  the  " m a i n "  
anode.  

The  w o r k i n g  c a t h o d e  consis ts  of a s m a l l  p iece  of 
c lose ly  w o v e n  P t  gauze  s i t u a t e d  in  an  orif ice b e -  
t w e e n  t h e  two  c o m p a r t m e n t s .  A s m a l l  b a c k g r o u n d  
c u r r e n t  (of t h e  o r d e r  of 10 ~a) flows c o n t i n u a l l y  in  
t he  d e t e c t i n g  ca thode  c i r cu i t  due  to d i f fus ion of I 
f r o m  the  c o n c e n t r a t e d  side. F l u i d  f low f rom le f t  to 
r i g h t  ( c o n c e n t r a t e d  to d i l u t e )  p r o d u c e s  an  e l e c t r i c a l  
s igna l  d i r e c t l y  p r o p o r t i o n a l  to t he  m a g n i t u d e  of t h e  
flow. F o r  a d e t e c t o r  o p e r a t i n g  l i nea r ly ,  i. e., r e d u c -  
ing  a l l  t he  I in  t he  f luid f lowing t h r o u g h  t h e  gauze,  
t he  c u r r e n t  o u t p u t  is g iven  b y  the  equa t i on :  

I =  10 ~ F N  dv /d t  

CONCENTRATED " ' ~ % L  

ELECTRODE ~ L--- 

~ D I L U T E  IODINE 

~SEPARATOR 
ELECTRODE 

Fig. 4. Separated detector 

Conversion of Electrical Current to Fluid Flow 
In order to perform various mathematical opera- 

tions on the output currents of the devices described 
above, it is necessary to have a unit which carries 
out the reverse operation of converting these very 
low power electrical signals into fluid flows. In this 
manner, electrical and fluid flow signals may be fed 
from unit to unit in much the same manner that 
currents and voltages are fed through electronic 
networks. In addition to simple amplification, sev- 
eral mathematical operations may be carried out 
upon the original incident signal or signals in this 
manner; for example, products, ratios, derivatives, 
etc., may be obtained. 

The simplest and most reliable method of carry- 
ing out this reverse effect is by the use of electro- 
osmosis, a phenomenon described in most standard 
textbooks on electrochemistry (4). An electro-os- 
motic cell (Fig. 5) consists of a fritted glass disk 
dividing a cell into two compartments, with elec- 
trodes on each face of the disk. The operating char- 
acteristics of such a cell can be made to vary over 
extremely wide ranges by control of such variables 
as disk porosity, thickness, and diameter, and choice 
of working liquid. The important point, however, 
is that the fluid flow produced by an applied voltage 
is linear with the value of voltage. If the flow is 
restrained, as, for example, by means of the plastic 
diaphragms of Fig. 5, then the electro-osmotic pres- 
sure developed is linear with the voltage. In Fig. 6 
the equilibrium pressures for a typical "fine" poros- 
ity disk (about 4.0 ~ pore diameter) is shown 
plotted as a function of applied voltage, using dis- 
tilled water as the working fluid. Unrestrained fluid 

ION 

FRITTED 

Fig. 5. Electro-osmotic cell 
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A n o t h e r  m e t h o d  of ob t a i n i ng  the  conver s ion  of 
e lectr ical  ene rgy  in to  flow ene rgy  is t h r o u g h  the  use 
of the  e lec t rocap i l l a ry  curve  of Hg (5) .  This  has 
no t  been  s tud ied  as t ho rough ly  as has the  e lec t ro-  
osmotic cell, b u t  its w o r k a b i l i t y  has been  d e m o n -  
s t rated.  The mos t  i n t e r e s t i ng  aspect of the e lec t ro-  
cap i l l a ry  c u r v e  is the  fact  tha t  the  sur face  t ens ion  
( and  thus  the fluid d i sp lacemen t )  var ies  as the 
square  of the  vol tage  appl ied  to the  in terface .  
F u r t h e r m o r e ,  because  of the  e x t r e m e l y  low cu r -  
r en t s  r e q u i r e d  to charge the  Hg double  layer ,  and  
the  r e l a t i ve ly  la rge  d i sp lacements  o b t a i n a b l e  by  the  
changes  in  surface  tens ion,  the  power  ga in  t h r o u g h  
such a sys tem can  be h igher  even  t h a n  the examples  

cited above.  

INPUV + S~NAL 

b 

A-FRITTED DISC SALT BRIDGE 
B-MAIN (SEPARATING) CATHODE 
C-MAIN ANODE 
D - PICK-UP CATHODE 
E - GENERATING ELECTRODE 
F, F'-DETECTING CATHODES 

Fig. 7. Electrode arrangements for using anodically de- 
posited iodine. 

flow for a 30 m m  diameter ,  20 m m  thick  disk of this  
type  is in  the  ne ighborhood  of 10 -8 cmS/sec at  1.0 v 
appl ied  to the  electrodes.  I t  wi l l  be  r e m e m b e r e d  
tha t  a flow ra te  of 10 -~ cmVsec t h r o u g h  a separa ted  
detector  wi l l  y ie ld  some 100 #a output ,  so tha t  the  
va lues  of flow ra te  p roduced  by  the  e lec t ro-osmot ic  
cell  eas i ly  cover the  w o r k i n g  r a n g e  of the  o ther  
e lec t rochemica l  uni ts .  

A n  idea of the  power  gains  o b t a i n a b l e  w i t h  these 
e lec t rochemica l  un i t s  m a y  be i l l u s t r a t ed  by  c o m b i n -  
ing  the  e lec t ro-osmot ic  cell w i th  a l i nea r ly  ope ra t -  
ing  separa ted  detector .  The  c u r r e n t  d r a w n  b y  the 
e lec t ro-osmot ic  cell at 1.0 v appl ied  can be  held  to 
abou t  30 ~a if the  w o r k i n g  fluid has a conduc t iv i ty  
of some 104 ohm -~ cm -1, g iv ing  a power  i n p u t  of 30 
~w. The l i nea r  detector  coupled to the  cell can  be 
des igned  to g ive  an  o u t p u t  of 10 m a  d ropped  across 
a load res is tor  of 100 ohms, or a power  ou tpu t  of 10 
mw. This  r ep resen t s  a power  gain  of some 330 fold; 
this  could be  increased  easi ly  by  an  add i t iona l  o rder  
of magn i tude .  

One of the  essent ia l  r e q u i r e m e n t s  of a p r o p e r l y  op-  
e r a t i ng  e lec t ro-osmot ic  cell is t ha t  the w o r k i n g  elec-  
t rodes polar ize as l i t t le  as possible. For  a -c  s ignals  
this  is no p a r t i c u l a r  p rob lem,  bu t  for  con t inuous  a nd  
u n i d i r e c t i o n a l  d -c  signals,  su i tab le  electrodes are 
no t  so easi ly  found.  To date, the  mos t  sa t i s fac tory  
electrodes have  been  the  s imple  m e t a l / m e t a l - i o n  
type,  p a r t i c u l a r l y  A g / A g  + made  b y  fir ing com-  
pressed tab le t s  of Ag~O. 

Use of Anodically Deposited Iodine 
The  last  aspect  of these e lec t rochemica l  devices 

to be  descr ibed in  this  paper  is the use of a r educ ib le  
subs tance  (L) fo rmed  in  place by  the  passage of 
anodic  c u r r e n t  t h rough  the  e lec t ro ly te  solut ion.  For  
example ,  Fig. 7a shows a smal l  cell separa ted  into 
two c o m p a r t m e n t s  by  a f r i t t ed  disk sal t  br idge,  A. 
If  the  cell is filled w i th  an  iod ine - iod ide  so lu t ion  
a nd  electrodes B and  C connec ted  as shown,  the I 
wi l l  be  t r a n s f e r r e d  to the  anode  side as descr ibed 
previous ly .  Elec t rodes  D and  E are two closely 
spaced (<0.010 in.)  P t  plates,  i n su l a t ed  so t ha t  
the i r  i n n e r  faces on ly  are  exposed to the  solut ion.  
Now if the  b a t t e r y  and  me t e r  connec t ions  a re  made  
as shown,  a v e r y  smal l  (<1  ~a) b a c k g r o u n d  c u r r e n t  
wi l l  flow in  the me t e r  circuit .  However ,  if an  i n p u t  
s ignal  is appl ied  to electrodes E and  C such tha t  
iodine  is gene ra t ed  at E a nd  consumed  at  C, the  
iod ine  thus  fo rmed  at E wi l l  diffuse across to D and  
be reduced,  caus ing  the  me t e r  c u r r e n t  to increase.  
Note t h a t  the  increased  c u r r e n t  is fed d i rec t ly  back  
to e lec t rode  E, so tha t  iodine,  once fo rmed  b e t w e e n  
the  electrodes,  c anno t  escape. By m e a n s  of su i t ab le  
re lays  and  switches (no t  show n) ,  it can be shun t ed  
back  to e lec t rode  C, so tha t  the  space can be r e -  
t u r n e d  to its i n i t i a l  i od ine - f r ee  condi t ion.  The  cu r -  
r e n t  f lowing in  the me t e r  c i rcui t  is p ropor t iona l  to 
the  t ime  i n t eg ra l  of the i n p u t  signal .  

If e lectrodes D and  E are m a d e  the opposi te  faces 
of a corr idor  t h r o u g h  wh ich  the  e lec t ro ly te  so lu t ion  
can flow, the  p roduc t  of a gene ra t i ng  c u r r e n t  and  a 
fluid flow m a y  be obta ined.  A typ ica l  a r r a n g e m e n t  
is show n  schemat ica l ly  in  Fig.  7b, and  a c u t a w a y  of 
the corr idor  in  Fig. 7c. In  Fig. 7b, e lectrode E is 
aga in  the  g e n e r a t i n g  electrode,  D the  p ickup  elec-  
trode, and  C the m a i n  anode,  wh i l e  the  two elec- 
t rodes  F and  F 1 are  the  de tec t ing  electrodes.  The  
sepa ra t ing  ca thode  B and  f r i t t ed  disk A are  not  
shown,  bu t  m u s t  be  p resen t  to m a i n t a i n  the  sep-  
a ra ted  iodine  condi t ion  (d i lu t e  t h r o u g h o u t  the  cor-  
r idor  region,  concen t r a t ed  a r o u n d  C) .  S ince  there  
is no iodine in i t i a l ly  ins ide  the corridor,  no c u r r en t  
is ob ta ined  at  the  end  electrodes,  regard less  of flow. 
If, however ,  an  e x t e r n a l  c u r r e n t  is appl ied  across 
electrodes E and C, iodine will be formed inside the 
corridor, which will then either diffuse across to D, 
or may be forced to either of the detecting elec- 
trodes F and Fi The current in the meter circuits 
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is p r o p o r t i o n a l  to the  p r o d u c t  of  t he  g e n e r a t i n g  c u r -  
r e n t  and  the  f luid flow. 

By  use of the  p r i nc ip l e s  jus t  desc r ibed ,  o p e r a t i o n s  
o t h e r  t h a n  s i m p l e  i n t e g r a t i o n  and  m u l t i p l i c a t i o n  
can  be c a r r i e d  out.  

Summary 
The m e t h o d  in w h i c h  s e v e r a l  c o m m o n  e l e c t r o -  

c h e m i c a l  p h e n o m e n a  h a v e  been  c o m b i n e d  to y i e l d  a 
n e w  t e c h n o l o g y  for  v e r y  low p o w e r  de t ec t ion  a n d  
con t ro l  dev ices  has  been  desc r ibed .  T h e  o p e r a t i o n  
of a few of t he  m a n y  poss ib le  un i t s  has  been  d e -  
s c r ibed  also as w e l l  as some of t h e  c h a r a c t e r i s t i c s  
c i ted  to show the  o p e r a t i n g  ranges ,  l ow  p o w e r  r e -  
q u i r e m e n t s ,  and  p o w e r  ga ins  o b t a i n a b l e .  S o m e  of 
t he  e l e c t r o c h e m i c a l  r e q u i r e m e n t s  of p r o p e r l y  op -  
e r a t i n g  cel ls  h a v e  also been  m e n t i o n e d .  F u r t h e r  d e -  
t a i l s  on the  o p e r a t i o n  of the  un i t s  a n d  of t he  r e -  
s ea r ch  w h i c h  has  been  done  to b r i n g  t h e m  to t h e  

p r e s e n t  s t a t e  of d e v e l o p m e n t  w i l l  be  r e v e a l e d  in  
s u b s e q u e n t  pape r s .  

Manuscr ip t  rece ived  J u n e  26, 1957. This pape r  was 
p r e p a r e d  for de l ive ry  before  the  Cleveland Meeting,  
Sept.  30-Oct. 4, 1956. 

A n y  discussion of this p a p e r  wi l l  appear  in a Dis- 
cussion Sect ioa  to be publ i shed  in the  June  195~ 
JOURNAL. 
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Impedance and Polarization Measurements in 
Chloride-Potassium Chloride 

Fused Lithium 

H. A. Laitinen and H. C. Gaur 1 

Department of Chemistry and Chemical Engineering, University of Illinois, Urbana, Illinois 

ABSTRACT 

Impedance  measurements  wi th  a p l a t inum microelec t rode  in fused eutectic 
mix tu re  of potass ium chlor ide  (41 mole  %) and l i th ium chlor ide  (59 mole  %) 
are  described.  The res idual  res is tance and capaci tance showed f requency  dis- 
persion;  p robab le  causes are discussed. 

Most of the me ta l  ions showed a t endency  for "predeposi t ion."  The fa rada ic  
admi t tance  in the  reduct ion  of Pb  ~§ Co ++, Ni ~§ Zn §247 and Cd ~§ ions had  a phase  
angle of the  combinat ion g rea te r  than  45 ~ which  has been ascr ibed to the  
adsorpt ion of me ta l  ions on the e lect rode surface. Af te r  appl ica t ion  of an 
empir ica l  correct ion for this effect, t h e  fa rada ic  admi t tance  became norma l  and 
was used to calculate  the ra te  constants  for  the above processes. 

The cur ren t -po ten t ia l  curves  showing the  polar iza t ion  behav ior  in the  
vic ini ty  of equi l ibr ium potent ia l  are  described.  By a curve fi t t ing method  the 
values  of ~, the t ransfe r  coefficient for the  cathodic process, and io, the  ex-  
change current ,  a re  computed.  These values  of io are, however ,  much lower  
than  those ca lcula ted  by  using the ra te  constants  obta ined f rom impedance  
measurements .  

In  a p r e v i o u s  c o m m u n i c a t i o n  (1)  i m p e d a n c e  
m e a s u r e m e n t s  for  sol id  m i c r o e l e c t r o d e s  in a fu sed  
eu tec t ic  m i x t u r e  of LiC1 (59 mo le  % )  and  KC1 (41 
m o l e  % )  at  450~ w e r e  r epo r t ed .  I t  was  f o u n d  t h a t  
the  r e s i d u a l  c a p a c i t y  ( a p p a r e n t  d o u b l e  l a y e r  ca -  
p a c i t y )  of P t  s h o w e d  a l a r g e  f r e q u e n c y  d i spers ion .  
In  t he  p r e s e n c e  of N i ( I I )  and  C o ( I I ) ,  a p r o n o u n c e d  
inc rea se  of c a p a c i t a n c e  was  f o u n d  for  a P t  m i c r o -  
e l ec t rode  even  at  p o t e n t i a l s  c o n s i d e r a b l y  anod ic  to 
the  r e v e r s i b l e  e q u i l i b r i u m  p o t e n t i a l s  of Ni  or  Co in 
the  solu t ions .  This  effect  was  a t t r i b u t e d  to " p r e -  
depos i t ion . "  

The  p r e s e n t  i n v e s t i g a t i o n  was  u n d e r t a k e n  w i t h  
s e v e r a l  ob j ec t ives :  (a )  to d e t e r m i n e  w h e t h e r  t he  
f r e q u e n c y  d i spe r s i on  of r e s i d u a l  c a p a c i t y  w o u l d  b e  
d e c r e a s e d  b y  i m p r o v e d  t echn iques  of m e l t  d e h y -  

1 On leave of absence ~rom Chemist ry  Depar tment ,  Univers i ty  of 
Delhi, Delhi, India. 

d r a t i o n  (2 ) ;  (b )  to a s c e r t a i n  w h e t h e r  t he  d i s p e r -  
s ion is sens i t ive  to r o u g h n e s s  of t he  e l ec t rode ;  (c)  
to f ind w h e t h e r  p r e d e p o s i t i o n  occurs  q u i t e  g e n e r a l l y  
w i t h  m e t a l s  of h igh  a n d  low m e l t i n g  po in t s ;  (d )  to 
a t t e m p t  a q u a n t i t a t i v e  e s t i m a t e  of r a t e  cons t an t s  of 
e l ec t rode  r eac t i ons  f r o m  i m p e d a n c e  da t a ;  a n d  (e)  
to c o m p a r e  such  va lue s  w i t h  those  o b t a i n e d  f r o m  
p o l a r i z a t i o n  da ta .  

Experimental 
The  diff icul t ies  e n c o u n t e r e d  in the  p r e p a r a t i o n  of 

a s u i t a b l y  d r y  mel t ,  a n d  the  p r o c e d u r e  n o w  f o l l o w e d  
in t hese  l a b o r a t o r i e s  h a v e  b e e n  d e s c r i b e d  e l s e w h e r e  
( 2 - 4 ) .  Be fo re  c a r r y i n g  out  an  e x p e r i m e n t ,  t h e  p u -  
r i t y  of the  m e l t  was  t e s t ed  b y  m e a s u r i n g  the  p o l a r o -  
g r a ph i c  r e s i d u a l  c u r r e n t  a n d  t h e  d o u b l e  l a y e r  ca -  
p a c i t y  of the  P t  e l e c t r o d e  in  t h e  mel t .  W i t h  t he  
m i c r o e l e c t r o d e s  as e m p l o y e d  ( v i d e  i n f r a ) ,  t he  r e s i d -  
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A B 

II Cd~ II c 
.c 

Rr C r Rr Cr 
Fig. 1. The equivalent circuit (A) employed by Randles (5) 

and the modified circuit (B) used by Laitinen and Randles 
(1 8) to account for the adsorption of reactants at the electrode 
surface. 

ua l  c u r r e n t  up to a po ten t i a l  o f - - 1 . 8  v vs. Pt .  Ref. 
did no t  exceed 2-3 ~a, and  the double  l ayer  capaci ty  
at a f r e q u e n c y  of 1000 cps of the  a-c  s ignal  and  at  a 
po ten t i a l  of abou t  --0.5 v vs. Pt .  Ref. was  of the  
order  of 2.5-3 #F m m  -~. 

The microe lec t rodes  used in  this  i nves t iga t ion  
were  p r epa red  by  seal ing No. 26 B and  S gauge  P t  
wi re  in to  Corn ing  0120 glass and  flush g r i n d i n g  the  
t ip  w i t h  fine c a r b o r u n d u m .  This  e lec t rode  ha d  a 
rough  surface  (e lect rode A) ,  wh ich  could be buffed 
w i th  finest grade e m e r y  paper  to a sh iny  smooth  
sur face  (e lect rode B) .  Unless  o therwise  stated,  the  
electrode B has been  used in  this inves t iga t ion .  The 
pro jec ted  a rea  of the  e lec t rode  was  the  cross-sec-  
t iona l  a rea  of the  P t  wire ,  viz., 0.129 m m  ~. 

The re fe rence  e lec t rode  was  a P t  foil ca. 8 x 6  
m m  ~ in  contact  w i th  P t ( I I )  so lu t ion  in  the  me l t  
which  has been  shown  (3, 4) to be  r ep roduc ib l e  and  
nonpola r i zab le .  The  concen t r a t i on  of P t ( I I )  was  
0.1M. 

For  i m p e d a n c e  m e a s u r e m e n t  the  c o n v e n t i o n a l  a-c  
br idge  as used by  L a i t i n e n  and  Os t e ryoung  (1) was  
employed.  However ,  in  v i ew  of the  m e a s u r e m e n t  
w i th  lower  f requencies ,  a h igh  i n d u c t a n c e  choke 
(3000 henr ies )  was  i n t roduced  in  the  d-c  c i rcui t  to 
avoid the  g r o u n d i n g  of a.c. t h rough  this  path.  

By a po ten t iome t r i c  a r r a n g e m e n t  and  emp l oy i ng  
a P t  w o r k i n g  foil, t he  microe lec t rode  was  polar ized,  
its po ten t i a l  w i th  respect  to P t  r e fe rence  be ing  me a s -  

o 

"6 

:o 

- O . S  - I . O  - h 5  - - 2 . 0  v. 

po tcn tLa[  vs. Pt. rct~ 

Fig. 2. Variation of residue[ R=, with frequency of the 
a-c signal and at various potentials of the microelectrode. 
PME with smooth surface used. 

1 O O ~  

I 0 ISO~ \  

o 

U~ 4 I 0 0 0 ~  

-O.5 -hO - I . 5  - 2 .0  
vOLTS 

micro~lr162 potent io l  vs. Pt.ref, 
Fig. 3. Residual C=, value et different frequencies of the 

applied signal and at various PME potentials for electrode 
with smooth and rough surfaces. 

ured  wi th  a L&N s tuden t s '  po ten t iomete r .  At  a 
g iven  microe lec t rode  po t en t i a l  the  o v e r - a l l  i m p e d -  
ance  of the  sys tem was m e a s u r e d  at  f requenc ies  
r a n g i n g  f rom 100 to 3,000 cps of the a-c  s ignal  ap-  
pl ied to the br idge ;  the  c u r r e n t  pass ing  t h r ough  the 
cell was also measured .  M e a s u r e m e n t s  were  re -  
pea ted  at va r ious  potent ia ls ,  anodic  as wel l  as 
cathodic to the e q u i l i b r i u m  po ten t i a l ;  the  la t te r  
be ing  the open c i rcui t  po t en t i a l  of the me t a l  coated 
electrode.  

Results and Discussion 
Residual C~, and R~, 

The br idge  measu res  the gross i m p e d a n c e  of the  
sys tem as a series c omb i na t i on  of a res i s tance  (Rx,) 
a nd  a capaci ty  (C~s). If an  e lec t rochemica l  r eac t ion  
is occur r ing  at the  electrode,  the  i mpe da nc e  wi l l  be  
composed of the  double  l ayer  capaci ty  at the P t -  
me l t  in te r face  (Cd,), the  so lu t ion  res i s tance  (Ro) 
a nd  the  reac t ion  i m p e d a n c e  (R,, Cr). Cons ide r ing  
the  n e t w o r k  of Fig. 1A employed  by  Rand les  (5) ,  
i n  the  (pu re )  melt ,  i.e., w h e n  no charge  crosses the 
double  layer ,  the  res idua l  C~, and  Rx, should  cor-  
r espond  to C~, a nd  Re, respect ively ,  and  the  va lues  
of bo th  should be i n d e p e n d e n t  of the  f r e q u e n c y  of 
the  a-c  s ignal  appl ied  to the  br idge.  However ,  bo th  
have  been  repor ted  (1) and  found  in  this  s tudy  to 
be f r e q u e n c y  dependen t .  S imi l a r  f r e q u e n c y  d isper -  
s ion in  r e s idua l  i m p e d a n c e  has been  observed  wi th  
solid microe lec t rodes  in  aqueous  sys tems also (6- 
11) and  have  been  ascr ibed  to roughness  of the  
e lect rode sur face  or due  to the  p resence  of i m p u -  
r i t ies  in  the  solut ion.  I t  is difficult to ascribe,  at  
present ,  the  cause ( s )  of this d ispers ion  in  the  pres -  
en t  case bu t  the  va r ious  possibi l i t ies  are discussed. 

The  gross i mpe da nc e  for e lectrodes  A and  B was  
me a su r e d ;  on ly  the  obse rva t ions  for e lectrode B are 
shown  in  Fig. 2 and  3, s ince no subs t a n t i a l  differ-  
ence in  R,, or C~ was observed  b e t w e e n  electrodes 
A a nd  B in  spite of the  fact  tha t  e lec t rode  A ap-  
pea red  " rough"  u n d e r  the  microscope a nd  there fore  
appea red  to have  a l a rger  t r ue  area  t h a n  e lec t rode  
B which  appea red  "shiny" .  L ikewise  the  d ispers ion  
expressed  as a ra t io  of the  va l ue  of R~ or C~ at  a 
g iven  f r e q u e n c y  to its va l ue  at 1000 cps is on ly  
s l igh t ly  h igher  for the  rough  electrode t h a n  for the  
smooth  electrode.  This  suggests  tha t  the smooth su r -  
face is no t  of sma l l e r  t r u e  area  t h a n  the  rough  one. 
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/VVVV  
Fig. 4. Rough (left); smooth, right, (Same length of cutt ing 

edge in both figures.) 
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Fig. 5. The Rx~ values in the reduction of 0 . 02604M Co *+ 
in KCI-LiCI at  450~  at various a-c frequencies and micro- 
electrode potentials. 
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Fig. 6. The Cx~ values in the reduction of 0 . 02604M Co ++ 
in the mel t  at  450~ at various microelectrode potentials 
and at  frequencies ranging from 100 to 3000 cps of the a-c 
signal. 

This  is c l ea r  f r o m  t h e  fo l l owing  cons ide ra t ion .  2 If  
a saw too th  is m a d e  f iner  (Fig .  4) t h e  a c t u a l  l e n g t h  
of the  c u t t i n g  edge  is no t  t h e r e b y  dec reased .  The  
s ame  i d e a  app l i e s  on a t h r e e  d i m e n s i o n a l  sur face .  
On ly  if  t he  d e p t h  of the  g roove  becomes  c o m p a r a b l e  
to or  s m a l l e r  t h a n  the  t h i ckness  of t he  doub le  l a y e r  
does  t h e  smoo th  s u r f a c e  look  s m a l l e r  to an  i m p e d -  
ance  m e a s u r i n g  device .  No v e r y  p r o n o u n c e d  t r e n d s  

The  a u t h o r s  are  g r a t e f u l  to Dr. D a v i d  C, G r a h a m e  w h o  k i n d l y  
s u g g e s t e d  t h i s  idea .  

of d i spe r s ion  w i t h  p o t e n t i a l  ove r  the  r a n g e  --0.5 to 
--1.0 (vs.  Pt .  r e f e r e n c e )  w e r e  no ted .  In  con t ras t ,  
O s t e r y o u n g  a n d  L a i t i n e n  (1)  r e p o r t e d  t h a t  t he  r e -  
s i dua l  c a p a c i t y  a t  low f r e q u e n c i e s  i n c r e a s e d  r a p i d l y  
f r o m  --0.8 to --1.0 v, w h i l e  a t  f r equenc i e s  of 1000 or  
2000 cps i t  r e m a i n e d  s e n s i b l y  cons t an t  in th is  r ange .  
This  d i f fe rence  in  b e h a v i o r  can  no d o u b t  be  a t -  
t r i b u t e d  to the  fac t  t h a t  w a t e r  was  m o r e  c o m p l e t e l y  
r e m o v e d  b y  the  t e c h n i q u e  used  in  the  p r e s e n t  s tudy .  

R e c e n t  w o r k  of Hi l l son  (6)  a n d  G r a h a m e  (9) 
w i t h  a sol id  m i c r o e l e c t r o d e  in  aqueous  m e d i u m  has  
shown  t h a t  t he  i m p e d a n c e  b e h a v i o r  of such  e lec-  
t rodes  is e x t r e m e l y  sens i t ive  to t r aces  of su r f ace  
ac t ive  impur i t i e s .  A l t h o u g h  the  mos t  i m p o r t a n t  
c a t e g o r y  of su r f a c e  c o n t a m i n a n t ,  n a m e l y  t r ace s  of 
o rga n i c  m a t t e r ,  is p r e s u m a b l y  a b s e n t  u n d e r  our  
condi t ions ,  one canno t  ru l e  out  t he  pos s ib l e  a d s o r p -  
t ion  of impur i t i e s .  Indeed ,  t he  d e t a i l e d  b e h a v i o r  of 
i m p e d a n c e  in  t he  p r e s e n c e  of an  e l e c t r o d e  r e a c t i o n  
is d i scussed  b e l o w  in t e r m s  of  an  a d s o r b e d  l a y e r  of 
m e t a l  a toms  or  ions. T races  of w a t e r ,  or  m o r e  l i k e l y  
h y d r o x y l  ions r e s u l t i n g  f r o m  the  h y d r o l y t i c  d e c o m -  
pos i t i on  of t he  me l t ,  m a y  b e  su r f ace  ac t ive ,  as m a y  
t r aces  of v a r i o u s  i m p u r i t i e s  p r e s e n t  in r e a g e n t  g r a d e  
sa l t s  u sed  for  t h e  so lvent .  

S e v e r a l  i n v e s t i g a t o r s  (12, 13) h a v e  o b s e r v e d  f r e -  
q u e n c y  d i spe r s i on  w i t h  m e t a l  e l ec t rodes  coa ted  w i t h  
ox ide  films. The  f o r m a t i o n  of an  o x i d e  l a y e r  on a 
s u r f a c e  d u r i n g  a b r a s i o n  of  t h e  su r face  in  air ,  as 
e m p l o y e d  at  p re sen t ,  has  b e e n  o b s e r v e d  for  some 
m e t a l s  (14) ,  and  i t  is not  u n l i k e l y  t h a t  such  a f i lm 
is p r e s e n t  on t h e  e l e c t r o d e  sur face ,  a n d  causes  t he  
o b s e r v e d  d i spers ion ,  w h i c h  has  been  i n t e r p r e t e d  
(12) in t e r m s  of an  e q u i v a l e n t  c i rcu i t  composed  of 
a c o n d e n s e r  w i t h  a r e l a t i v e l y  low p a r a l l e l  " l e a k a g e  
r e s i s t a n c e "  in ser ies  w i t h  t he  o r d i n a r y  e l e c t ro ly t i c  
r e s i s t ance  a n d  t h e  f r e q u e n c y  i n d e p e n d e n t  d o u b l e  
l a y e r  capac i ty .  Such  a m o d e l  w o u l d  a c c o u n t  sa t i s -  
f a c t o r i l y  for  t he  h i g h e r  R~s v a l u e s  at  low f r equenc i e s  
in  t h e  p r e s e n t  case  also b u t  w o u l d  l e ad  to C~, va lue s  
l o w e r  t h a n  the  d o u b l e  l a y e r  c a p a c i t y  a t  h igh  f r e -  
quenc ies  and  i n c r e a s i n g  to t h a t  v a l u e  at  l ow  f r e -  
quencies .  The  t r ue  doub le  l a y e r  c a p a c i t y  is p r o b a b l y  
a c t u a l l y  a p p r o a c h e d  a t  h igh  f requenc ies .  This  con-  
cep t  t h e r e f o r e  is i n a d e q u a t e  to account  for  t he  h igh  
C~ v a l u e s  e x p e r i m e n t a l l y  obse rved .  

A f a r a d a i c  a d m i t t a n c e  (15, 16) p r o p e r l y  accoun t s  
for  h igh  C~, v a l u e s  b u t  such  a p rocess  shou ld  be  
h i g h l y  d e p e n d e n t  on the  a p p l i e d  po ten t i a l .  

R e c e n t l y  Bockr i s ,  et al. (17) sugges t ed  t ha t  a 
d i e l ec t r i c  loss cou ld  be  a s soc ia t ed  w i t h  a f i rm ly  a t -  
t a c h e d  l a y e r  of solvent ,  w h i c h  has  a r e l a x a t i o n  t ime  
c o m p a r a b l e  w i t h  the  a p p l i e d  f r equency .  In  a m o l t e n  
sa l t  one m a y  be  d e a l i n g  w i t h  a l a y e r  of a d s o r b e d  
h y d r o x y l  ions w h i c h  o p e r a t e  in  a s im i l a r  way .  This  
d i spers ion ,  h o w e v e r ,  is r e m a r k a b l y  i n sens i t i ve  to 
r e f i n e m e n t s  in  t he  pu r i f i ca t ion  scheme,  a n d  m a y  be  
c h a r a c t e r i s t i c  of even  a p u r e  m o l t e n  sa l t  sys tem.  

Ove r  t he  p o t e n t i a l  r a n g e  of --0.5 to --1.5 v (vs.  
Pt .  r e f e r e n c e )  t h e  v a l u e  of r e s i d u a l  C~, e x t r a p o l a t e d  
to inf in i te  f r equency ,  w h i c h  w o u l d  a p p r o x i m a t e  
c lose ly  to t h e  d o u b l e  l a y e r  c a p a c i t y ,  v a r i e d  b e t w e e n  
0.05 and  0.10 ~F, a n d  c o n s i d e r i n g  as an  a p p r o x i -  
m a t i o n  the  a r ea  of t he  e l e c t r o d e  as e q u a l  to i ts  p r o -  
j e c t ed  a rea ,  t he  C~ w o u l d  c o r r e s p o n d  to 38-77 ~F 
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Fig. 7. Pb ++ in KCI-LiCI at 450~ the variation of Rx, at 
different frequencies and microelectrode potentials. The 
equil ibrium potential for 0 .0432M solution is --1.11 v vs. 
0.1M Pt /Pt ( l l )  reference. 

cm% I t  w o u l d  a p p e a r  t h a t  r e s i d u a l  C ,  m a y  b e  r e -  
g a r d e d  as cons i s t ing  of a r e l a t i v e l y  s m a l l  f r e q u e n c y  
i n d e p e n d e n t  C~, a n d  a l a r g e  f r e q u e n c y  d e p e n d e n t  
v a l u e  a r i s i ng  ou t  of t he  c a u s e ( s )  d i scussed  above .  

Impedance Measurements 
I m p e d a n c e  m e a s u r e m e n t s  in the  r e d u c t i o n  of s ev -  

e ra l  m e t a l  ions as Co ++, Zn  +§ P b  ++, Bi  § Ni  §247 Cd ++ 
w e r e  c a r r i e d  out.  In  t he  t y p i c a l  p lo t s  in Fig .  7-10, 
t he  gross  C~, and  R~, va lue s  a r e  p l o t t e d  a g a i n s t  the  
e l ec t rode  po ten t i a l .  S ince  t h e  m a x i m u m  change  in  
i m p e d a n c e  ar i ses  p r i m a r i l y  f r o m  the  e l e c t r o d e  p r o -  
cess i nvo lv ing  t h e  r e d u c t i o n  of m e t a l  ion, t h e  c h a n g e  
in r e a c t i o n  i m p e d a n c e  is re f lec ted  in t hese  plots .  T h e  

x 
(J 

-0.4 -0.6 -o:s -,:o -,h vo,~ 
p o t e n t i a l  v s .  P t . r e f .  

Fig. 8. Pb ++ in KCI-LICI at 450~ the variat ion of C~, at 
different frequencies and microelectrode potentials. Only 
curves for 100 and 3000 cps are shown; for intermediate fre- 
quencies the curves lay between these two. The equil ibrium 
potential is --1.11 v vs. 0.1M Pt/Pt( l l )  reference. 
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Fig. 9. The broken lines are uncorrected plots for Rr and 
I / w C r  against 1 /~ /w .  The solid line was obtained after cor- 
recting for the admittance due to adsorbed reactants; open 
circle for R, and open triangle for 1 /wC, for the corrected 
plots. The concentration of Co and Pb solutions were 2.604 
x 10 -~ and 4.32 x 10 "~ moles cm "~, respectively. 

p lo t s  a r e  e s s e n t i a l l y  s i m i l a r :  t he  C~, passes  t h r o u g h  
a m a x i m u m  v a l u e  (p se udo  c a p a c i t y )  a n d  R~, t h r o u g h  
a m i n i m u m  a t  t he  e q u i l i b r i u m  p o t e n t i a l ;  t h e r e  is 
a t e n d e n c y  for  p r e d e p o s i t i o n  in  mos t  of t he  cases.  
F o r  e x a m p l e ,  in  t h e  r e d u c t i o n  of C o ( I I )  ion, t h e r e  
is a n  i n c r e a s i n g  t e n d e n c y  in  Ca, f r o m  a b o u t  --0.75 v 
vs. 0.1M Pt .  Ref.  w h i c h  g r a d u a l l y  deve lops  in to  a 
m a x i m u m  at  t h e  e q u i l i b r i u m  p o t e n t i a l  (--1.05 v vs. 
Pt .  Ref . ) .  S ince  the  p seudo  c a p a c i t y  cou ld  on ly  
a r i s e  f rom the  r e d u c t i o n  of Co ++ a t  the  e lec t rode ,  
t he  g r a d u a l l y  i n c r e a s i n g  m a x i m u m  ind ica t e s  t he  
depos i t i on  a n d  d i s c h a r g e  of Co ++ o c c u r r i n g  a t  p o t e n -  
t i a l s  a t  l eas t  0.25 v anod ic  to t he  e q u i l i b r i u m  p o t e n -  
t ia l .  Such  u n d e r v o l t a g e s  w e r e  o b s e r v e d  in  a l l  t he  
cases  s t u d i e d  and  v a r i e d  f r o m  0.035 v for  P b  ++ to 
0.45 v for Zn +§ 

It may be pointed out that predeposition in dilute 
aqueous media has been observed by Rogers, et al. 
(19,24), Haissinsky (25), and others (26,27); it 
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Fig. I0. The broken lines are uncorrected plots of Rr and 
l/wC~ against 1/~/w for the reduction of Zn § in KCI-LICI at 
390~ the solid lines represent the plots after a correction for 
admittance due to adsorbed ions was introduced. The Zn con- 
centration was 7.] 6 x ] 0 -5 moles cm -8. 
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appears  to be more  c o m m o n  in  fused sal t  m e d i a  
however  and  is shown even  in  r e l a t i ve ly  concen-  
t r a ted  solut ions.  

Calculation o] Rate Constants 

F r o m  the  observed  R~, and  C~, va lues  in  presence  
of me t a l  ion at  the e q u i l i b r i u m  po ten t i a l  and  the  
va lues  of C~ and  Ro, the  reac t ion  i m p e d a n c e  can be 
ca lcu la ted  by  severa l  series ~ pa ra l l e l  and  pa ra l l e l  
to series t r a n s f o r m a t i o n s  as employed  by  L a i t i n e n  
and  Randles  (18).  To al low for the  d ispers ion  in  
r e s idua l  C~,, for the  purpose  of ca lcu la t ions  of r e -  
act ion impedance ,  at  a g iven  f requency ,  the  C~, as 
m e a s u r e d  in  the  me l t  was  employed  ins t ead  of a ny  
v a l u e  ob ta ined  by  ex t r apo la t i on  to inf in i te  f r equency ;  
the r e s idua l  R~, va lues  are  i n  gene ra l  m u c h  h ighe r  
and  these could no t  be  used;  the so lu t ion  res i s tance  
was ob ta ined  by  ex t r apo l a t i ng  the  observed  R~ 
values  to inf in i te  f requency .  

For  the deposi t ion  of a me t a l  ion on  an  ine r t  e lec-  
t rode  the reac t ion  impedance ,  in  t e rms  of the  elec-  
t r ica l  analogy,  a res i s t ive  (R~) and  capac i ta t ive  
(C,) componen t  in  series is g iven  by:  

8 0  
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Fig. 11. The broken lines ore the uncorrected reaction im- 
pedance plots for the reduction of CdCI~ in KCI-LiCI at 450~ 
The solid lines represent the plots obtained after correcting for 
the admittance due to the adsorbed ions. The Cd concentration 
was 5.95 x 10 "~ moles cm ~. 

so tha t  

V 2 1 

R ~ -  n~F'~AC 

C~ n'F'~AC ( I I )  

1 RT 1 
- - - -  ~ �9 _ _  

A R~ wC~ n~F~AC k ( I I I )  

where  w ~ 27rS, f be ing  the  n u m b e r  of cycles per  
second of a-c  s ignal  fed to the  br idge;  n is the n u m -  
ber  of e lec t rons  i nvo lved  in  the  r a t e - d e t e r m i n i n g  
step; A is the  area  of the  electrode in  cm~; C is the  
concen t r a t i on  of the r educ ib le  ion in  moles  cm~; k 
is the  ra te  cons tan t  for the  electrode process i n  cm 
sec-1; R, T, and  F have  the i r  u sua l  significance. 

It  is seen tha t  a plot  of Rr and  1/wC,  aga ins t  

1 /~ /w  should give two s t ra igh t  and  pa ra l l e l  l ines ;  
the res i s tance  plot  ly ing  over  the  r eac tance  plot  and  
the l a t t e r  pass ing  th rough  the or ig in ;  the i r  sepa-  
r a t ion  g iven  by  Eq. ( I I I )  be ing  dependen t ,  inter 
alia, on the  ra te  of the  e lec t rochemica l  react ion.  The  
phase  ang le  of the  combina t i on  ~ g iven  by  t a n  ~ = 
1/wC~Rr would  be less t h a n  ~r/4, this  va lue  be ing  
approached  for an  i m m e a s u r a b l y  fast  react ion.  

In  the  p r e sen t  s tudy  r was  a lways  g rea te r  t h a n  
~r/4 so tha t  the impedance  plots were  reve r sed  a nd  
f u r t h e r m o r e  the  reac tance  plot  missed  the  origin.  A 
s imi la r  s i tua t ion  was e n c o u n t e r e d  by  L a i t i n e n  a nd  
Randles  (18) in  the s tudy  of fa rada ic  a d m i t t a n c e  to 
a. c. of a d ropp ing  m e r c u r y  electrode in  a so lu t ion  
con t a in ing  tris ( e t h y l e n e d i a m i n e )  cobal tous  a nd  
-cobal t ic  ions. The effect was ascr ibed to the ad-  
sorpt ion  of the  r e a c t a n t  ions at  the  electrode. These  
au thors  cons idered  the  a d m i t t a n c e  due  to the  ad -  
sorbed r eac t an t s  to be  pu re  capac i tance  or a series 
combina t ion  of capac i tance  and  res i s t ance  and  as 
add i t iona l  to tha t  a r i s ing  f rom the  e lec t rochemica l  
react ion.  Af te r  m a k i n g  an  empi r i ca l  cor rec t ion  for 
this  effect, the  faradaic  a d m i t t a n c e  was  used for ca l -  
cu la t ing  the  ra t e  cons tan t  for the  electrode process. 

Correct ions  of s imi la r  n a t u r e  were  also appl ied  
in  the  p resen t  case, su i t ab le  va lues  be ing  f ound  by  
severa l  trials.  The e q u i v a l e n t  c i rcui t  for  the  process 
is g iven  in  Fig. 1 (b ) .  

In  the  r educ t ion  of Pb  ++, Ni ++, and  Co ++ ions the  
uncor rec ted  plots were  ve ry  close to each o ther  and  
on ly  a capac i ta t ive  cor rec t ion  of 1.1, 0.3, a nd  1.3 ~F, 
respect ively ,  was  needed  for the  r eac tance  plot  to 
pass t h rough  the  or ig in ;  this  correct ion also shi f ted  
the  res i s tance  plot  a nd  the  two over lapped ,  as 
wou ld  be the case for an  i m m e a s u r a b l y  fast  reac-  
t ion. For  the r educ t ion  of Cd ++ a nd  Zn  +§ the  correc-  
t ion  needed  was a series c o m b i n a t i o n  of a res i s tance  
and  capaci tance,  and  f u r t h e r m o r e  the  corrected 
plots were  separa ted  f rom each o ther  (Fig. 11, 12, 
and  13). 

The ra te  cons tan t s  for the r e duc t i on  of these ions 
were  ca lcula ted  by  use of Eq. ( I I I )  a nd  were  
found  to be 0.686 a nd  1.27 cm sec -1, co r re spond ing  
to exchange  cu r ren t s  of 172 a nd  31.8 a mp  at  the  h y -  
pothe t ica l  concen t r a t i on  of 1 mole  cm -8. T a k i n g  the 
va lue  a ~ 0.5 the  exchange  cu r r en t s  at a concen-  
t r a t i on  of 0.1M are  ca lcu la ted  to be 1.72 amp and  
0.32 amp,  respect ively ,  for our  e lectrode area. 

The signif icance of the  cor rec t ion  m a y  be clarified 
by  the fo l lowing considera t ions .  A f r e q u e n c y - i n d e -  
p e n d e n t  admi t t ance ,  such as tha t  appl ied  as an  em-  
p i r ica l  correct ion,  was shown  by  L a i t i n e n  a nd  R a n -  
dles (18) to cor respond  to a surface  e lec t ron  ex-  
change  reac t ion  occur r ing  w i t hou t  a diffusion step 
which  in t roduces  f r e q u e n c y  dependence .  A n  i n -  
f ini te ly rap id  e lec t ron  exchange  wou ld  give rise to 
a p u r e l y  capaci ta t ive  correct ion,  whereas  one  of fi- 
n i t e  r a t e  would  add a res i s t ive  component .  

Cons ide r ing  the  he te rogeneous  n a t u r e  of the  elec- 
t rode  surface,  it  appears  r ea sonab le  to pos tu la te  the  
adsorp t ion  of he a vy  me t a l  ions on ce r ta in  act ive 
sites at  po ten t ia l s  anodic  to the  e q u i l i b r i u m  po ten -  
t ia ls  and  the convers ion  of such adsorbed  ions by  
e lec t ron  exchange  to adsorbed  (predepos i ted)  me t a l  
atoms. As the e q u i l i b r i u m  po ten t i a l  is approached  
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Fig. 13. The c.v. curve for  Co ++ in KCI-LiCI ot 450~  The 
concentrat ion of  Co was 2 .604  x 10 -~ moles cm ~ and the 
equi l ibr ium potent ia l  - - 1 . 0 5  v vs. 0 . 1 M  P t /P t ( l l )  reference. 
The potent ia ls are referred to the equi l ibr ium potent ia l .  

f rom the  anodic  direct ion,  a g rea te r  f rac t ion  of the  
to ta l  a rea  of P t  is cal led in to  play,  so tha t  a g rea te r  
a m o u n t  of e lec t ron  exchange  b e t w e e n  adsorbed  ions 
and  atoms,  and  there fore  a g rea te r  pseudocapaci ty ,  
is observed.  A t  cathodic potent ia ls ,  t he  n o r m a l  de-  
crease due to concen t r a t i on  po la r iza t ion  occurs. 

Polarization Studies 
These  s tudies  descr ibe  the  c u r r e n t - p o t e n t i a l  be -  

hav ior  on cathodic and  anodic  po la r i za t ion  of P t  
microe lec t rode  w i t h  respect  to its e q u i l i b r i u m  po-  
t en t i a l  for severa l  me t a l  ions. The  resul ts  a re  s u m -  
mar ized  in  Fig. 12 to 16. In  a g r e e m e n t  wi th  the  po-  

l a rographic  prac t ice  the  cathodic cu r r en t s  are r e -  
garded  as pos i t ive  and  the  cathodic po ten t ia l s  are 
p lo t ted  on the  abscissa axis  f rom left  to r ight .  

The  c u r r e n t - p o t e n t i a l  cu rve  for Pb  §247 is the  n e a r -  
est idea l  case: a we l l -de f ined  r educ t ion  w a v e  wi th  
a diffusion c u r r e n t  p l a t e a u  is ob ta ined  at appre -  
c iable  cathodic overpoten t ia l s ;  on r eve r s ing  the  po-  
l a r i za t ion  the  c u r r e n t  re t races  the  path ,  passes 
t h r ough  zero va lue  at e q u i l i b r i u m  potent ia l ,  and,  at  
anodic  potent ia l ,  an  anodic  c u r r e n t  is d r a w n  due  to 
the  d isso lu t ion  of me ta l  f rom the electrode.  Us ing  
the  va l ue  of 22.6 t~a for ix, a plot  of --E,,o vs. log 
( i ~ - - i )  for the  smal l  vo l tage  span  had  a slope of 
0.077 v as compared  to 0.0717 v for a r eve r s ib l e  two 
e lec t ron  reduct ion .  I n  the  Ni curve  the  l imi t ing  
cathodic c u r r e n t  was not  wel l  defined a nd  the  va lue  
va r i ed  somewha t  wi th  t ime;  this  has been  the  ex-  
pe r ience  in  a m a j o r i t y  of the  cases w h e r e  the  me ta l  
deposi ts  onto the  e lect rode in  the solid state. In  
both  these  cases, the  e lect rode processes are ve ry  
fast, a conclus ion  which  is in  accord w i th  the  one 
a r r ived  at by  the  i m p e d a n c e  technique .  The  anodic  
por t ion  of the  Co ++ curve  (Fig. 13) has  an  u n u s u a l  
shape.  Ins t ead  of a sharp  increase  in  anodic  c u r r e n t  
w i th  increase  of anodic  overvol tage ,  as w ou l d  be  ex -  
pected of a process i nvo l v i ng  on ly  the  d issolu t ion  of 
the  metal ,  the re  is a g radua l  inc rease  at  first which  
at apprec iab le  anodic  overpo ten t i a l s  increases  r a p -  
idly.  This  p a r t  of the  c u r ve  is r ep roduc ib l e  a l though  
the  ac tua l  c u r r e n t  va r i ed  somewha t  in  d i f ferent  ex-  
pe r imen t s .  This  a noma l ous  shape could be  ex-  
p l a ined  due to the  f o r ma t i on  of a film of an  inso lub le  
m a t e r i a l  wh ich  in t roduces  a s low step in  the  dis-  
so lu t ion  of the  me t a l  in to  the  solut ion.  A t  appre -  
c iable  anodic  overpo ten t i a l s  the  film is pa r t i a l l y  or 
comple te ly  dissolved and  t h e n  the  n o r m a l  shape of 
the  cu rve  follows. The  pass iv i ty  of the  f resh ly  
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Fig. 15. The c.v. curve fo r  the Bi +§ ion in KCI-LiCI a t  
4 5 0 ~  The potent ia ls  are re fer red to the equ i l i b r ium poten-  
t ia l .  The broken l ine is ca lcu la ted fo r  io = 3 .5  x 10 "~ 
a m p  a n d  a~ ~ 0.30.  The log p lo t  has a slope o f  0 . 0 2 3 9  v. 
The detai ls  are in the text .  

fo rmed  me ta l  on the  e lect rode surface  could also be  
respons ib le  for such an  observat ion .  

The Zn, Bi, and  Cd po la r iza t ion  curves  have  def-  
in i te  inf lect ions in  the  e q u i l i b r i u m  po ten t i a l  reg ion  
ind ica t ing  tha t  the  e lec t rochemica l  r eac t ion  p ro -  
ceeds w i th  a m e a s u r a b l e  speed. For  the  deposi t ion  
of a me t a l  ion on an  ine r t  e lec t rode  and  for a p roc-  
ess i nvo lv ing  a s ingle  r a t e - d e t e r m i n i n g  step, the  
c u r r e n t  po ten t i a l  r e la t ionsh ips  are g iven  by:  

- - a n F ~ .  e x p f  (1 -- nF~ \ 
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Fig. 16. The po la r i za t ion  curve (solid l ine) fo r  Cd §247 in 
KCI-LiCI a t  4 5 0 ~  The Cd concent ra t ion  was 5 .95  x 10 -~ 
moles cm -3, and the open c i rcu i t  po tent ia l  fo r  the meta l  
coated e lec t rode  (equ i l ib r ium potent ia l )  was - - 1 . 2 7 8  v vs. 
0 . 1 M  P t /P t ( l l ) .  The potent ia ls  are re fer red to the equ i l i b r ium 
potent ia l .  The dot ted l ine is ca lcu la ted fo r  io ~ 12 x 10 "~ 
ornp and ~ ~ 0 .30.  The slope o f  log plot  is 0 . 0 8 6 4  v. 

io = n F A k C  1-= (V) 
a nd  

k [ ~--~nF~ exp{(l -- --~-}] (Vl) i =  io e x p ~ f  --  a) nJF~ 

w h e r e  i is the  c u r r e n t  i n  amperes  for an  overvo l t age  
n; io is the  exchange  cur ren t ,  a nd  a is the  t r ans f e r  
coefficient for the  cathodic process;  n is the  n u m b e r  
of e lect rons  in  the  r a t e - d e t e r m i n i n g  step;  A is the  
a rea  of the  e lec t ron  in  cm"; C is the  concen t r a t i on  of 
the  m e t a l  ion in  moles  cm -~ and  F, R, T have  the i r  
u sua l  significance. 

E q u a t i o n  (VI)  invo lves  two e x p e r i m e n t a l l y  con-  
t ro l l ab le  va r i ab le s  i and  v a n d  hence  di rect  de t e r -  
m i n a t i o n  of the  two u n k n o w n  va r i ab le s  io a nd  a by  
this  is no t  possible  since, over  the  n a r r o w  po ten t i a l  
range,  the  c u r r e n t  due  to r eve r se  process canno t  be 
neglected.  By severa l  t r ia l s  va lues  of io a n d  a were  
so chosen tha t  for a g iven  cu rve  the  va lues  of i for  
d i f ferent  va lues  of v ca lcu la ted  f rom (VI)  cor re -  
sponded  as n e a r l y  as possible  to the obse rved  va lues  
of i. I n  Fig. 14 the  dots are  e x p e r i m e n t a l  points  
for the zinc cu rve  whi le  the c u r ve  is theore t ica l  for  

= 0 . 5 3  and  i o = 4 / ~ a .  
For  the  c a d m i u m  and  b i s m u t h  curves  (Fig. 15, 

16) the dot ted  l ines  are for a = 0.30, a nd  i~ is equa l  
to 12 a nd  3 #a, respect ively .  

A n  a t t e m p t  was  m a d e  to compare  the  exchange  
c u r r e n t  f rom the  po la r i za t ion  cu rve  w i th  those com- 
pu ted  by  use  of Eq. (V) a nd  employ ing  the  ra te  
cons tan t s  f rom the  i m p e d a n c e  m e a s u r e m e n t s .  T a k -  
ing as an  e x a m p l e  the  r educ t ion  of Cd §247 and  Zn  § 
ions for a concen t r a t i on  of 10 .4 mole  cm -~, a nd  a = 
0.5, the  exchange  c u r r e n t  w ou l d  be 1.72 a nd  0.318 
amp, respect ively ,  for our  e lect rode area. These  are 
of the order  of 10 t l a rger  t h a n  those compu ted  f rom 
the  po la r i za t ion  curves.  I n  ca lcu la t ing  the  va lues  
f rom impedance  da ta  it  was  necessa ry  to app ly  an  
empi r i ca l  correc t ion  for adsorp t ion  a nd  a cons ider -  
able  u n c e r t a i n t y  is thus  i n t r o d u c e d  in  the va lue  of 
ra te  cons tan t  by  the  necess i ty  of this  correct ion.  
However ,  no a d j u s t m e n t  of empi r i ca l  p a r a m e t e r s  
could possibly  change  the  va lues  more  t h a n  a power  
of t e n  because  the  i mpe da nc e  plots  wou ld  t hen  have  
imposs ib le  shapes. 

A l t e r n a t i v e l y  a tenfo ld  inc rease  in  the  exchange  
c u r r e n t  wou ld  comple te ly  r emove  the  inf lect ion 
f rom the  region  of or ig in  of the  po la r i za t ion  curves.  
Therefore ,  the  two sets of va lues  m u s t  be  r ega rded  
as incompat ib le .  

The weight  of ev idence  appears  to favor  the  i m -  
pedance  me thod  because  of the  a p p e a r a n c e  of u n -  
exp la ined  inflect ions in  severa l  of the po la r i za t ion  
curves.  The m a t t e r  wil l  no t  be  comple te ly  sett led,  
however ,  u n t i l  i n d e p e n d e n t  methods  of k ine t i c  
s tudies  are car r ied  out. 
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The Influence of Surface Pretreatment on the Atmospheric 

Oxidation of 2S (U. S. Alloy 1100) Aluminum 
Philip M. Aziz and Hugh P. Godard 

Aluminium Laboratories Limited, Kingston, Ontario, Canada 

I n  the course of an  e x p e r i m e n t a l  s tudy  of the  
room t e m p e r a t u r e  a tmospher ic  ox ida t ion  of a l u m i -  
n u m  and  its a l loys the  inf luence  of a va r i e t y  of su r -  
face p r e t r e a t m e n t s  on the  ox ida t ion  ra te  was i nves -  
t igated.  This  work  was  car r ied  out  on 5 x 20 x 0.025 
cm samples  of A lcan  2S (U. S. 1100) a l u m i n u m  in  
the  H-18 temper .  The  ox ida t ion  process was fol-  
lowed by  d e t e r m i n i n g  the  change  in  weight  of the  
sample  wi th  a Met t l e r  cons tan t  load microba lance .  
Al l  we igh ings  were  corrected for a tmospher ic  b u o y -  
ancy  t ak ing  in to  account  the  inf luence of ba rome t r i c  
pressure ,  t empe ra tu r e ,  and  r e l a t ive  humid i ty .  The  
samples  were  g iven  the desired p r e t r ea tmen t ,  t h e n  
i m m e d i a t e l y  weighed  and  t r a n s f e r r e d  to a desiccator  
con t a in ing  a sa tu ra t ed  sod ium ca rbona te  so lu t ion  
which  m a i n t a i n e d  a r e l a t ive  h u m i d i t y  of 87% w i t h i n  
the  desiccator  at  a m b i e n t  room t empera tu r e .  We igh -  
ings were  con t inued  over  a per iod of t ime  p rov id ing  
a we igh t  g a i n - t i m e  curve.  The e x p e r i m e n t a l  resu l t s  
p re sen ted  in  Fig. 1 are  r ep re sen t a t i ve  of the  la rge  
n u m b e r  of such curves  obta ined.  Since the weigh t  
gains  observed  on dupl ica te  samples  were  r ep ro -  
duc ib le  to •  gg, the  observed  differences are no t  
due  to e x p e r i m e n t a l  error .  

The chemica l ly  pol ished samples  ( phospho r i c - n i -  
t r ic  acid type  ba th )  were  s u b s e q u e n t l y  washed,  
d ipped in to  acetone,  and  air  d r ied  pr ior  to weighing .  
The  surfaces which  had  been  scratch b ru shed  u n d e r  
ke rosene  were  washed  wi th  acetone and  air  d r ied  
before  weighing ,  whi le  the  surfaces which  had been  
ab raded  wi th  emery  were  washed  wi th  fresh ke ro-  
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Fig. 1. Atmospheric oxidation of Alcan 2S alloy (US1100- 
H18) relative humidity of 87% as a function of surface 
treatment. 

sene be t w e e n  changes  of pape r  and  f inal ly  washed  
wi th  acetone. The in i t i a l  we igh ing  was  comple ted  
w i t h i n  10 rain of the  cessat ion of the  sur face  t r e a t -  
ment .  Scra tch  b r u s h i n g  was  car r ied  out  by  h a n d  
us ing  a steel  wi re  brush.  

The difference in  we igh t  gains  b e t w e e n  the  chemi -  
cal ly  pol ished and  d ry  scratch b r u she d  surfaces can 
p robab ly  be accounted  for by  the  difference in  t r u e  
sur face  areas of the  samples.  The fo rmer  sur face  has 
a roughness  factor  of abou t  1-2 whereas  the l a t t e r  is 
abou t  3-4. This can account  for the observed  differ- 
ence w i th in  the l imi ts  of r ep roduc ib i l i t y  f rom sam-  
ple  to sample  for the  same p r e t r e a t m e n t .  

The reason  for  the  inf luence  of the ke rosene  l u b r i -  
can t  on the scratch b r u she d  surface  is no t  clear. I t  
is possible  tha t  the  presence  of ke rosene  m a y  inf lu-  
ence the degree of surface  roughness  ob ta ined  or i t  
m a y  react  wi th  the surface  p roduc ing  an  in i t i a l  film 
inf luenc ing  the  subsequen t  react ion.  

The large difference in  we igh t  gains as shown  by  
the  lower  and  uppe r  th ree  curves  is more  difficult 
to expla in .  It  is ha rd  to conceive of sur face  r o u g h -  
ness h a v i n g  a ny  m a j o r  effect since i t  is v e r y  difficult 
to p ic tu re  la rge  differences in  surface  roughness  
be t w e e n  ab raded  and  scra tch b r u she d  surfaces  and  
in  add i t ion  it is difficult to conceive of roughness  fac-  
tors g rea te r  t h a n  3-4 on m e t a l  surfaces.  Also both  
methods  of surface  t r ea tmen t ,  ab ras ion  and  scratch 
brush ing ,  should effect ively r e m o v e  the  in i t i a l  oxide 
film and  leave  a ba re  me ta l  surface.  

Microscopic e x a m i n a t i o n  of the  ab raded  surfaces 
a f te r  gen t le  me ta l log raph ic  pol i sh ing  has shown  t h a t  
they  con ta in  a grea t  deal  of embedded  e me ry  and  
tha t  the  degree of ox ida t ion  tha t  t hey  unde r go  i n -  
creases wi th  the  q u a n t i t y  of e me r y  in  the  surface.  
This t hen  seems to be the  cause of the  enhanced  oxi-  
da t ion  of the e me r y  a b r a de d  surfaces over  the  
scra tch b rushed  and  chemica l ly  pol ished surfaces.  

V e r n o n  (1) has p resen ted  da ta  on the a tmospher ic  
ox ida t ion  of commerc ia l ly  p u r e  a l u m i n u m  w i t h  a 
d ry  scratch b rushed  surface  and  his m e a s u r e d  
weigh t  gains are in  good a g r e e m e n t  w i th  those 
ob ta ined  d u r i n g  the course of this work.  In  v iew of 
the  difference in  r e l a t ive  h u m i d i t y  b e t w e e n  the two 
sets of exper iments ,  grea t  s ignif icance should no t  be 
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a t t a c h e d  to t he  close a g r e e m e n t ,  b u t  i t  is n e v e r t h e -  
less g r a t i f y ing .  

These  r e su l t s  p o i n t  up  t h e  i m p o r t a n c e  of s u r f a c e  
t r e a t m e n t  in  t h e  s t u d y  of t h e  o x i d a t i o n  of m e t a l s  
e spec i a l l y  in  t he  case  of  soft  m e t a l s  w h e r e  a b r a s i v e  
p a r t i c l e s  can  b e c o m e  e m b e d d e d  in t h e  sur face .  
C h e m i c a l  e t ch ing  m e t h o d s  a r e  suspec t  b e c a u s e  of 
the  eve r  p r e s e n t  d a n g e r  of p r e f e r e n t i a l  e tch ing ,  as 
is c h e m i c a l  po l i sh ing  since, e spec i a l l y  in  t h e  case  
of a l loys ,  i t  cou ld  l e ad  to an  e n r i c h m e n t  of  t he  a l -  
l oy ing  e l e m e n t s  in  t h e  sur face .  Thus  i t  is fe l t  t h a t  for  

w o r k  w h e r e  t he  use  of e v a p o r a t e d  f i lms is no t  pos -  
s ib le  and  a l loys  a r e  to  be  s tud ied ,  a m e c h a n i c a l  
m e t h o d  of r e m o v i n g  the  su r f a c e  f i lm such as d r y  
s c r a t c h  b rush ing ,  as first  i n t r o d u c e d  b y  Vernon ,  i s  
t he  mos t  s a t i s f ac to ry .  

Manuscr ip t  rece ived  Nov. 26, 1956. 

Any  discussion of this pape r  wi l l  appear  in a Dis- 
cussion Section to be publ i shed  in the  June  1958 
JOURNAL. 
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Electroluminescence and Field Effects in Phosphors 
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Today  the  word  e l ec t ro luminescence  is used 
a lmost  u n i v e r s a l l y  to ind ica te  the  gene ra t ion  of 
l ight  in  a solid m a t e r i a l  w h e n  it  is exci ted  solely by  
electr ic  fields or cur ren ts ,  the l ight  thus  gene ra t ed  
be ing  i n  excess, in  some spect ra l  region,  of the  ther-  
ma l  r ad i a t i on  of the  mate r ia l .  If o ther  means  of ex-  
ci tat ion,  such a u l t rav io le t ,  x - rays ,  or ca thode rays,  
for example ,  act s i m u l t a n e o u s l y  wi th  the electr ic  
field or cu r ren t ,  t hen  some ma te r i a l s  d isplay more  
compl ica ted  p h e n o m e n a  which  here  for the m o m e n t  
are classified s imply  as "field effects". Today  a wide  
va r i e t y  of these p h e n o m e n a  are k n o w n  and  it is the  
m a i n  purpose  here  to d i f fe rent ia te  these  var ious  ef-  
fects, to exp l a in  t h e m  qua l i t a t ive ly ,  and  to discuss 
someth ing  of the i r  his tory.  

I t  should  be po in ted  out  tha t  the  def ini t ion sug-  
gested above  for e l ec t ro luminescence  is no t  one t ha t  
has a lways  been  used cons i s ten t ly  in  the pas t  by  
var ious  workers  i n  the field of luminescence .  Thus,  
Leverenz  wr i t es  (1) tha t  "e lec t ro luminescence  is 
ob ta ined  d u r i n g  electric d ischarges  in  gases", whi le  
on page 148 of the  same book he indica tes  tha t  elec-  
t r o luminescence  is the  same as ca thodoluminescence ,  
i. e., the  l ight  gene ra t ed  w h e n  a solid is b o m b a r d e d  
wi th  e lec t rons  or ca thode  rays. 1 These def ini t ions  
would  m a k e  both  neon  signs and  te lev is ion  p ic tu re  
tubes  examples  of e lec t ro luminescence .  It  was  be-  
cause of such prev ious  wide  use of the  word  e lec t ro-  
l uminescence  tha t  Des t r i au  in  his ea r ly  pub l i ca t ions  
(2) used the word  "e lec t ropho to luminescence"  to 
ind ica te  w h a t  is now m e a n t  by  the  shor te r  word.  
"E lec t ro luminescence"  was first used in  the  m o d e r n  
sense by Payne ,  Mager,  and  J e rome  in  1950 (3) .  
Mode rn  t e rmino logy  completes  the  confus ion  b y  
us ing  the  word  e lec t ropho to luminescence  to descr ibe  
a case in  which  the  m a t e r i a l  is sub jec ted  s i m u l t a -  
neous ly  to the  act ion of an  electr ic  field and  to 
photoexci ta t ion .  Wi th  t ime, this d i s t inc t ion  and  the  
res t r ic t ion  of e l ec t ro luminescence  to the  case of a 
solid exci ted on ly  electr ical ly,  w i thou t  ex t e rna l  i r -  
r ad ia t ion  (e i ther  e lec t romagne t i c  or co rpuscu la r ) ,  
seems to have  become crys ta l l ized  and  is today  the  
common  usage3 

1 I t  is a lso of  in teres t  that  on  page  392 of  t h e  s ame  book  L e v e r e n z  
e x p r e s s e s  d o u b t s  as  to t he  e x i s t e n c e  o f  t rue  e l e c t r o l u m i n e s c e n c e  as 
def ined  here!  

e The re  are, h o w e v e r ,  s t i l l  u n f o r t u n a t e  e x c e p t i o n s  to t h i s  t e r m i -  
no logy .  Thus ,  f o r  example ,  i n  a p a p e r  (4) p u b l i s h e d  in  March ,  1957, 
the  w o r d  " e l e c t r o f i u o r e s c e n c e "  is u s e d  to  d e s c r i b e  t h e  l i g h t  e m i s s i o n  
of  d y n o d e s  in  a p h o t o m u l t i p l i e r  u n d e r  e l ec tron  impac t .  

Although here electroluminescence is considered 
as restricted to purely solid systems, it is of interest 
that a similar effect in liquid systems has been 
known for a much longer time. The fact that elec- 
trodes immersed in electrolytes through which an 
electric current was passed often showed lumines- 
cence was known to Braun in 1898 (5) and may be 
of even more ancient vintage; the emission probably 
originates in an oxide layer on the electrode. This 
phenomenon is today called "galvanoluminescence", 
a name apparently first used by Sullivan and Duf- 

ford (6) in 19312 
It should also be noted that modern usage is to 

confine the words "light" and "luminescence" to 
radiation in the visible region of the spectrum; this 
usage has been approved by the American Standards 
Association, the Illuminating Engineering Society, 
and the Optical Society of America. It is thus neces- 
sary to have a different word to describe the process 
which differs from electroluminescence only in that 
the emitted radiation lies outside the visible region. 
Since materials emitting in the ultraviolet and infra- 
red regions are now known, one of the Task Groups 
of the AIEE-IRE Subcommittee on Dielectric 
Devices has tentatively suggested the name "electro- 
radiescence" for this phenomenon. In this connec- 
tion there comes to mind the old "Reboul effect". 4 
In 1920 Reboul (9) found that, if a high electric 
field is applied to certain semiconductors by means 
of perforated electrodes, the air in the vicinity of 
the anode becomes ionized by some kind of radiation 
emitted by the solid. From latter experiments it 
seems that this radiation is composed of electrons, 
soft x - rays ,  and  u l t r a v i o l e t  r ad ia t ion  and  is thus,  at 
least  in part ,  e lect roradiescence.  

Recombination Electroluminescence 
The first obse rva t ion  of w h a t  would  today  be 

cal led e lec t ro luminescence  was made  in  Russia  in  
1923 by  Lossew (10).  It  seems u n u s u a l  tha t  the  
Russ ians  have  not  emphas ized  this  p r io r i ty  in  the i r  
usua l  s tyle;  as a m a t t e r  of fact, s ince this  ea r ly  work  
there  has a p p a r e n t l y  been  ve ry  l i t t le  ac t iv i ty  on 

S i n  a n  ea r l i e r  p a p e r  n u f f o r d  (7) s ta tes ,  " T h e  n a m e  e lec t ro -  
l u m i n e s c e n c e  n a t u r a l l y  sugges t s  i t se l f  fo r  a l u m i n e s c e n c e  p r o d u c e d  
in  th i s  way ;  bu t  u n f o r t u n a t e l y  t h i s  t e rm,  a l o n g  w i t h  a n o d o l u m i -  
nescence  and  c a t h o d o l u m i n e s c e n c e ,  has  b e e n  a p p r o p r i a t e d  fo r  th e  
d e s c r i p t i o n  of the  effects  o b s e r v e d  i n  t he  d i s c h a r g e  t h r o u g h  gases . "  

The  on ly  r e fe rence  to the  R e b o u l  effect  k n o w n  to  t h e  w r i t e r  
i n  t he  m o d e r n  l i t e r a t u r e  is  t h e  b o o k  b y  Z w i k k e r  (8). T h e r e  s e e m s  
to h a v e  been  no w o r k  on t h i s  effect  fo r  t he  las t  t w e n t y  years .  
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Fig. 1. Energy diagrams for  a p-n barr ier in the absence of 
an applied f ield (A) and for  current f low in the forward direc- 
t ion with consequent injection of minori ty charge carriers (8). 
In addit ion to direct radiat ive recombination of  holes and elec- 
trons as shown, recombination may also occur via luminescence 
act ivator centers or in a radiationless manner. 

electroluminescence in Russia. Lossew found that 
when point contacts were applied to certain SiC 
crystals (used for radio detection at that time) and 
current passed through the crystal, light was often 
emitted. 

In recent times this emission in SiC has been 
studied by Lehovec, Accardo, and Jamgochian (II), 
who also gave the currently accepted explanation, 
which was not possible before the advent of modern 
solid-state physics and semiconductor theory. In 
Fig. IA is shown the energy level diagram for a p-n 
junction in the absence of an applied voltage. By 
definition, in the n-type region the density of nega- 
tively charged carriers (electrons in the "empty" 
conduction band) exceeds that of positively charged 
carriers (positive holes in the "filled" valence 
band); here electrons are the majority carriers and 
holes the minority carriers. In the p-type region 
the situation is reversed. In each region there is 
continual thermal production and subsequent re- 
combination of electron-hole pairs. The system is 
thus in a state of dynamic equilibrium. Some of the 
recombinations occur with the emission of radiation; 
the emission generated in this way simply contri- 
butes to the normal thermal radiation characteristic 
of the material at the ambient temperature and is 
quite small. 

If a voltage is applied to such a junction in the 
so-called forward direction or direction of easy flow 
(Fig. IB), then electrons are injected into the p-type 
region and positive-holes into the n-type region; 
this then corresponds to minority carrier injection. 
The increased minority carrier concentration pro- 
duced in this way obviously leads to an increased 
rate of recombination; if part of these recombina- 
tions are radiative, then one has electrolumin- 
escence. In principle this is the type of electrolumin- 
escence discovered by Lossew. In the case of SiC, 
where the emitted radiation is in the yellow region 
of the spectrum although the energy gap between 
conduction and valence bands corresponds to an 

e n e r g y  in  the  b lue  region,  t he  r e c o m b i n a t i o n  does  
no t  occur  d i r e c t l y  b a n d - t o - b a n d  b u t  i n d i r e c t l y  
t h r o u g h  i n t e r m e d i a t e  i m p u r i t y  or  a c t i v a t o r  leve ls .  
A s i m i l a r  k i n d  of emiss ion  has  been  o b s e r v e d  in  
CdS,  Ge, St, d i a m o n d ,  and  some  of t he  s o - c a l l e d  
I I I - V  compounds ,  p a r t i c u l a r l y  i n d i u m  a n t i m o n i d e ;  
in  t he  case  of S i  a n d  Ge  the  emiss ion  is in  t he  i n f r a -  
r e d  r eg ion  of t h e  s p e c t r u m  and  co r responds ,  a t  l eas t  
in  pa r t ,  to b a n d - t o - b a n d  t r ans i t i ons .  In  th i s  d iscus-  
s ion the  p i c t u r e  of a p-n  j u n c t i o n  has  been  used .  
F r o m  t r a n s i s t o r  e x p e r i e n c e  i t  is k n o w n  t h a t  po in t  
con tac t s  can  also p r o d u c e  m i n o r i t y  c a r r i e r  i n j ec t ion  
in m u c h  the  s ame  w a y  as  a r e a  junc t ions .  

I t  is of v a l u e  h e r e  to e m p h a s i z e  t he  c h a r a c t e r i s t i c s  
of th is  k i n d  of e l e c t r o l u m i n e s c e n c e  w h i c h  d i s t i n -  
gu i sh  i t  f r o m  a n o t h e r  t y p e  to be  d i scussed  l a te r .  
These  are :  

1. T h e r e  is no h igh  e lec t r i c  f ield r e q u i r e d  to e x -  
c i te  the  emiss ion;  t he  f ield in t he  j u n c t i o n  is a c t u a l l y  
l o w e r  w h e n  t h e  v o l t a g e  is a p p l i e d  t h a n  in  i ts  
absence .  

2. The  f u n d a m e n t a l  con t ro l l i ng  q u a n t i t y  is t he  
i n j e c t e d  c u r r e n t ,  no t  the  v o l t a g e  p r o d u c i n g  th i s  
cu r r en t .  

3. The  c h a r g e  c a r r i e r s  of i m p o r t a n c e  a r e  m i -  
n o r i t y  ca r r i e r s .  

4. Once  these  c a r r i e r s  a r e  in jec ted ,  t h e y  a r e  ab l e  
i m m e d i a t e l y  to r e c o m b i n e  w i t h  c a r r i e r s  of t h e  op -  
pos i te  s ign  to p r o d u c e  r a d i a t i o n  w i t h o u t  t h e  neces -  
s i ty  of ga in ing  f u r t h e r  e n e r g y  f r o m  the  field. B e -  
cause  of these  c h a r a c t e r i s t i c s  th i s  t y p e  of l u m i n -  
escence has  b e e n  or  m i g h t  be  ca l l ed  " r e c o m b i n a t i o n  
e l e c t r o l u m i n e s c e n c e " ,  " m i n o r i t y  c a r r i e r  i n j ec t ion  
e l e c t ro lumine sc e nc e " ,  o r  " c u r r e n t - c o n t r o l l e d  e l ec -  
t r o l u m i n e s c e n c e " .  I t  has  also been  ca l l ed  "d-c  
e l e c t r o l u m i n e s c e n c e " ,  b u t  s ince  i t  can  a lso  be  e x -  
c i ted  b y  a.c., a t  l eas t  on a l t e r n a t e  h a l f - c y c l e s ,  th is  
does  no t  s e e m  to be  a good desc r ip t ion .  

Not  a l l  e l e c t r o n - h o l e  r e c o m b i n a t i o n s  fo l lowing  
m i n o r i t y  c a r r i e r  i n j ec t ion  a r e  of t he  r a d i a t i n g  v a r i -  
e ty.  As  a m a t t e r  of fac t  a t  t he  p r e s e n t  t ime ,  w i t h  
p e r h a p s  the  e x c e p t i o n  of  the  i n f r a r e d - e m i t t i n g  i n -  
d i u m  a n t i m o n i d e ,  th is  is mos t  o f ten  no t  t he  case. As  
a resu l t ,  the  efficiency of m a t e r i a l s  e m i t t i n g  in the  
v i s ib l e  due  to r e c o m b i n a t i o n  e l e c t r o l u m i n e s c e n c e  is 
c o m p a r a t i v e l y  low.  

The Destriau Effect 
In  1936 D e s t r i a u  (12) o b s e r v e d  a d i f fe ren t  k i n d  

of e l e c t ro lumine sc e nc e .  H e r e  t he  e x p e r i m e n t a l  a r -  
r a n g e m e n t  cons i s ted  of a zinc sulf ide p h o s p h o r  p o w -  
de r  s u s p e n d e d  in a d i e l ec t r i c  a n d  s u b j e c t e d  to an  in -  
t ense  a l t e r n a t i n g  e lec t r i c  f ield (of t he  o r d e r  of 10 ~ 
v / c m ) .  The  p u r p o s e  of t h e  d i e l ec t r i c  is to e x c lude  
air ,  b r e a k d o w n  of w h i c h  u n d e r  t he  i n t ense  f ields w i l l  
p r o d u c e  u. v. r a d i a t i o n  w h i c h  can  i n d i r e c t l y  exc i t e  
the  p h o s p h o r  to p h o t o l u m i n e s c e n c e .  F o r  a t i m e  t h e r e  
was  some d o u b t  t h a t  such  i n d i r e c t  e x c i t a t i o n  cou ld  
be  c o m p l e t e l y  a vo ide d  and  hence  d o u b t  as to t he  
e x i s t e n c e  of  t r u e  e l e c t r o l u m i n e s c e n c e  in  t h e  sol id  
s ta te .  Today ,  h o w e v e r ,  t h e r e  can  be  no ques t ion  as 
to ex i s t ence  of th is  effect. W i t h i n  t h e  p a s t  t en  y e a r s  
t he  D e s t r i a u  effect  has  been  i n v e s t i g a t e d  e x t e n s i v e -  
ly.  L i m i t a t i o n  of space  does  not  p e r m i t  a d i scuss ion  
of t he  w i d e  v a r i e t y  of e x p e r i m e n t a l  obse rva t i ons ;  



742 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  December 1957 

t he se  have ,  h o w e v e r ,  been  r e v i e w e d  e l s e w h e r e  (13-  
15). T o d a y  t h e  b r i g h t n e s s e s  and  efficiencies o b t a i n e d  
w i t h  t h e  D e s t r i a u  effect  f a r  exceed  those  of r e -  
c o m b i n a t i o n  e l ec t ro luminescence .  

Cons ide r  the  pos s ib l e  p h y s i c a l  effects of such  i n -  
t ense  f ields on a p h o s p h o r  m a t e r i a l .  The  e n e r g y -  
l eve l  d i a g r a m  of such  a m a t e r i a l  consis ts  in  gene ra l ,  
in a d d i t i o n  to the  v a l e n c e  and  conduc t i on  bands ,  of 
i so la ted ,  n o r m a l l y  f i l led l eve l s  l y i n g  a b o v e  the  
v a l e n c e  b a n d  ( the  a c t i v a t o r  o r  l u m i n e s c e n c e  cen -  
t e r s )  and  i so la ted ,  n o r m a l l y  e m p t y  leve ls  l y i n g  b e -  
low the  conduc t ion  b a n d  ( e l ec t ron  t r a p p i n g  cen -  
t e r s ) .  U n d e r  cond i t ions  of e x c i t a t i o n  some of t h e  
n o r m a l l y  f i l led l u m i n e s c e n c e  cen te r s  are,  of course ,  
e m p t i e d  and  some of t he  n o r m a l l y  e m p t y  t r a p s  
filled. The  v a r i o u s  poss ib i l i t i e s  a re :  ~ 

1. The  f ield m a y  induce  the  t r a n s f e r  of an  e l ec -  
t r o n  f r o m  t h e  v a l e n c e  b a n d  to the  conduc t ion  b a n d  
b y  q u a n t u m - m e c h a n i c a l  t unne l ing ,  t hus  s i m u l t a -  
n e o u s l y  p r o d u c i n g  a f r ee  e l ec t ron  and  a f ree  hole.  
Such  a Z e n e r  effect (17) does  i n d e e d  occur  in  some  
m a te r i a l s ,  b u t  i t  is mos t  u n l i k e l y  in  n o r m a l  p h o s -  
phors  at  the  field s t r e n g t h s  u t i l i z ed  in e l e c t r o l u m i -  
nescence  b e c a u s e  of t he  w ide  e n e r g y  gap  ( f o r b i d d e n  
zone)  in  these  m a t e r i a l s .  

2. T h e  field m a y  induce  the  t r a n s f e r  of an  e l ec -  
t r on  f rom a f i l led l u m i n e s c e n c e  cen t e r  to the  c o n d u c -  
t ion  b a n d  by  q u a n t u m - m e c h a n i c a l  t unne l ing .  This  
p rocess  has  b e e n  s t u d i e d  t h e o r e t i c a l l y  b y  F r a n z  
(18) ,  b u t  a g a i n  i t  is u n l i k e l y  a t  n o r m a l  f ield 
s t r e n g t h s  in  e l ec t ro luminescence .  

3. The  f ield m a y  cause  t he  t r a n s f e r  of an  e l ec -  
t r o n  f r o m  t h e  v a l e n c e  b a n d  to an  e m p t y  l u m i -  
nescence  cen te r .  S ince  the  e n e r g y  d i f fe rence  in  th is  
case  is c o m p a r a t i v e l y  s m a l l  (a  f ew  t en th s  of an  
e l e c t r o n  vo l t )  th is  is m u c h  m o r e  l i k e l y  t h a n  t h e  e f -  
fects  d i scussed  above .  S ince  such t r a n s f e r  can  in 
a d d i t i o n  be  p r o d u c e d  t h e r m a l l y ,  t h e  t r a n s i t i o n  m a y  
also occur  u n d e r  t he  c o m b i n e d  ac t ion  of f ield and  
t e m p e r a t u r e ;  t he  f ield in  th is  case  se rves  to l o w e r  
t h e  t h e r m a l  a c t i v a t i o n  e n e r g y  for  t he  t r ans i t i on .  
S ince  th is  p rocess  fills e m p t y  l u m i n e s c e n c e  centers ,  
i t  is o b v i o u s l y  a d e - e x c i t i n g  r a t h e r  t h a n  an  e x c i t i n g  
effect. E v i d e n c e  t h a t  f ield f i l l ing of  e m p t y  cen te r s  
occurs  wi l l  be  d i scussed  l a t e r .  

4. The  f ield m a y  cause  t he  r e l e a se  of an  e l e c t r o n  
f r o m  a f i l led t r ap .  H e r e  again ,  as in  the  p r e v i o u s  
case, the  effect m a y  be  d u e  to field ac t ion  a lone  ( t u n -  
ne l i ng )  or  to l o w e r i n g  of  t he  t r a p  b a r r i e r  b y  the  
f ie ld and  s u b s e q u e n t  t h e r m a l  r e l e a s e ?  T h e  r e l e a se  
of  t r a p p e d  e l ec t rons  b y  an  e lec t r i c  f ield has  been  
d i r e c t l y  o b s e r v e d  b y  BSer  and  K f i m m e l  (22) in  t h e i r  
e x p e r i m e n t s  on " e l e c t r i c a l  g low cu rves" .  H e r e  t h e  
p h o s p h o r  is exc i t ed  a t  low t e m p e r a t u r e s  a n d  t hen  
t h e  e l ec t r i c  f ield is c o n t i n u a l l y  i nc rea sed ;  the  r e s u l t -  
an t  r e l e a s e  of  c a r r i e r s  can  be  o b s e r v e d  b y  c o n d u c -  
t ion  effects i n . a  m a n n e r  ana logous  to the  u s u a l  
t h e r m o l u m i n e s c e n c e  e x p e r i m e n t  w h e r e  the  t e m p -  

s Some  of these  poss ib i l i t i e s  we re  r e v i e w e d  i n  t he  k e y n o t e  speech  
of F. E. W i l l i a m s  a t  t he  S y m p o s i u m  on L u m i n e s c e n c e  h e l d  b y  t h i s  
Soc ie ty  in  C i n c i n n a t i  two  yea r s  ago  a nd  in  a s u b s e q u e n t  p a p e r  bY 
P i p e r  and  W i l l i a m s  (16). 

6 F r e n k e l  (19) has  used  t h i s  concep t  "in a d i s cus s ion  of  d i e l ec t r i c  
b r e a k d o w n .  The  h y d r o g e n i c  m o d e l  fo r  e l ec t ron  t r aps  has,  of  course ,  
been  used  e x t e n s i v e l y  {20). Lanczos  (21) l~as d i scussed  t he  effect  of  
e lec t r ic  f ie lds  on t he  h y d r o g e n  a t o m  b u t  th i s  q u a n t i t a t i v e  t r e a t m e n t  
does no t  seem t o  h a v e  been  e x t e n d e d  to the  so l id - s t a t e  case. 

e r a t u r e  is c o n t i n u a l l y  i n c r e a s e d  and  the  emiss ion  
obse rved .  

5. Once  e l ec t rons  a r e  i n t r o d u c e d  in to  t he  c onduc -  
t ion  band  ( b y  a n y  conce ivab l e  m e t h o d )  t h e y  can  be  
a c c e l e r a t e d  b y  the  e l ec t r i c  field. Such  a c c e l e r a t e d  
e l ec t rons  m a y  exc i t e  or  ion ize  l u m i n e s c e n c e  cen te r s  
as  we l l  as cause  e m p t y i n g  of f i l led t r a p s  o r  i on i za -  
t ion  of t h e  l a t t i c e  m a t e r i a l  i tself .  A v a l a n c h e  f o r m a -  
t ion  and  c a r r i e r  m u l t i p l i c a t i o n  m a y  occur.  Such  an  
a c c e l e r a t i o n - c o l l i s i o n  p rocess  is w e l l - k n o w n  f r o m  
the  field of d i e l ec t r i c  b r e a k d o w n  of solids.  

6. U n d e r  the  ac t ion  of  t he  field, f ree  c a r r i e r s  of 
b o t h  s igns  a r e  s w e p t  t o w a r d  t h e  su r f ace  of t h e  p h o s -  
p h o r  pa r t i c l e s .  R e c o m b i n a t i o n  r a t e s  and  the  concen -  
t r a t i o n  of t r a p s  a r e  n o r m a l l y  qu i t e  d i f f e ren t  ( h igh -  
e r )  a t  su r f aces  t h a n  in  t h e  bu lk ,  a n d  th is  a c t i on  
t h e r e f o r e  se rves  as a m e a n s  of  d e - e x c i t a t i o n .  

I t  r e m a i n s  to be  d i scussed  w h i c h  of  these  m e c h -  
an i sms  a re  i m p o r t a n t  in t h e  D e s t r i a u  effect  and,  in  
l a t t e r  sect ions,  in  t h e  o t h e r  field effects r e l a t e d  to 
e l ec t ro luminescence .  

D e s t r i a u  in  his  e a r l y  p a p e r s  (2)  m a d e  the  sug -  
ges t ion  t h a t  t he  o b s e r v e d  d e p e n d e n c e  of e l e c t r o l u m i -  
nescen t  b r i g h t n e s s  on a p p l i e d  f ield s t r e n g t h  could  
be  e x p l a i n e d  e i t he r  on the  bas i s  of a f ield emiss ion  
process  or  an  a c c e l e r a t i o n  col l i s ion  process .  Because  
of  the  e x t r e m e l y  h igh  f ields n e c e s s a r y  for  f ield e m i s -  
sion, i t  is n o w  c o m m o n l y  a g r e e d  t ha t  t he  a c c e l e r a -  
t i on -co l l i s i on  m o d e l  is t h e  co r r ec t  one. G a r l i c k  (23) 
was  a p p a r e n t l y  t he  f irst  to  r ea l i ze  the  i m p o r t a n c e  of 
field e m p t y i n g  of  t r a p s  in  e l e c t ro lumine sc e nce .  In  
1949 h e  wro te ,  " T h e r e  a r e  a l w a y s  a f ew  e l ec t rons  
in  t r a p s  in  u n e x c i t e d  p h o s p h o r s  w h i c h  can  be  f r e e d  
b y  the  f ield and  a c c e l e r a t e d  to p r o d u c e  e xc i t a t i on  
of l u m i n e s c e n c e  cen te r s . "  The  de t a i l s  of t h e  t h e -  
o re t i ca l  t r e a t m e n t  of t h i s  k i n d  of  e l e c t r o l u m i -  
nescence  h a v e  b e e n  p r e s e n t e d  b y  Cur ie  (24) ,  P i p e r  
and  W i l l i a m s  (25, 26) ,  Z a l m  (14) ,  a n d  A l f r e y  and  
T a y l o r  (27) ,  a m o n g  o thers .  The  essen t i a l  s teps  in 
the  process  a r e  s h o w n  in Fig .  2. 

One  essen t i a l  f e a t u r e  of  t h e  c u r r e n t  e x p l a n a t i o n  
of the  m e c h a n i s m  of t he  D e s t r i a u  effect  is t he  e x i s t -  
ence w i t h i n  t h e  p h o s p h o r  p a r t i c l e s  of  l oca l i zed  r e -  
g ions  w i t h i n  w h i c h  t h e  f ie ld s t r e n g t h  is m u c h  h i g h e r  
t h a n  the  a v e r a g e  or  a p p l i e d  f ield s t r eng th .  In  these  
spec ia l  r eg ions  t he  f ield s t r e n g t h s  m a y  be  as h igh  
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Fig, 2. Schematic representation of the acceleration-colli- 
sion mechanism of electroluminescence. Electrons from traps 
in the localized high field region ore liberated by the action 
of the high electric field and/or temperature [1 ] ,  are then 
accelerated by the field [2]  to acquire energies above the 
bottom of the conduction band, and collide with activator 
centers whereby they lose their energy [3]  and the activator 
center is ionized [4 ]  or excited. Emission usually occurs later 
in the cycle when the applied potential is reversing. 
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as  106 or  107 v / c m .  If  such  fields e x t e n d e d  t h r o u g h -  
ou t  the  b u l k  of t he  pa r t i c l e ,  d i e l ec t r i c  b r e a k d o w n  
w o u l d  p r o b a b l y  occur  as a r e s u l t  of a v a l a n c h e  fo r -  
ma t ion .  I t  is g e n e r a l l y  b e l i e v e d  t h a t  in  mos t  n o r m a l  
e l e c t r o l u m i n e s c e n t  phosphor s ,  w h i c h  a r e  a l m o s t  un i -  
v e r s a l l y  of  t h e  ZnS  Class, t he se  reg ions  of e n h a n c e d  
f ield a r i s e  f r o m  t h e  p r e s e n c e  of a second  c h e m i c a l  
phase ,  u s u a l l y  copper  sulf ide or  ZnO. The  e x a c t  lo-  
ca t ion  of these  i m p o r t a n t  r eg ions  in s ide  or  on the  
pa r t i c l e s  and  the  de ta i l s  of the  m e c h a n i s m  of t h e i r  
o p e r a t i o n  is st i l l ,  h o w e v e r ,  open  to d i scuss ion  (13, 
28-30) .  Des t r i au ' s  e a r l y  p h o s p h o r s  con t a ined  l a r g e  
a m o u n t s  of ZnO. Zalm,  Diemer ,  and  K l a s e n s  (29) 
showed  tha t  sma l l  a m o u n t s  of coppe r  sulf ide depos -  
i t ed  on the  su r face  of ZnS  m a d e  i t  e l e c t r o l u m i n e s -  
cent.  L e h m a n n  (30) has  f o u n d  t h a t  a w i d e  v a r i e t y  
of n o r m a l l y  n o n e l e c t r o l u m i n e s c e n t  p h o s p h o r s  b e -  
come e l e c t r o l u m i n e s c e n t  if t h e y  a r e  s i m p l y  m e -  
c h a n i c a l l y  m i x e d  w i t h  m e t a l  or  s e m i c o n d u c t o r  p o w -  
ders .  The  c r e a t i o n  of these  loca l ized  r eg ions  of h igh  
field is t he  k e y  to t he  p r o d u c t i o n  of t h e  r e l a t i v e l y  
sma l l  n u m b e r  of k n o w n  efficient  e l e c t r o l u m i n e s c e n t  
p h o s p h o r s  c o m p a r e d  to t he  c o m p a r a t i v e l y  l a r g e  
n u m b e r  of a v a i l a b l e  p h o t o l u m i n e s c e n t  sys tems .  

In  t he  p re sence  of t h e  a p p l i e d  f ield and  the  r e -  
s u l t a n t  exc i t a t ion ,  t he  e l e c t r o l u m i n e s c e n t  p a r t i c l e s  
b e c o m e  po la r i zed .  The  inf luence  of th is  p o l a r i z a t i o n  
on the  de t a i l s  of t he  l i gh t  emiss ion  has  been  i n v e s -  
t i g a t e d  b y  v a r i o u s  w o r k e r s  (14, 31-33) .  One  i m p o r -  
t an t  r e s u l t  is t h a t  t he  e l e c t r o l u m i n e s c e n t  emiss ion  is 
" d e l a y e d  emiss ion" ;  t he  cha rges  exc i t ed  d u r i n g  one 
h a l f - c y c l e  of t he  a p p l i e d  v o l t a g e  can  r e c o m b i n e  and  
e m i t  on ly  d u r i n g  the  s u b s e q u e n t  h a l f - c y c l e  (a t  l eas t  
for  ZnS:  Cu p h o s p h o r s ) .  This  has  b e e n  s h o w n  s t r i k -  
i n g l y  b y  Z a l m  (14) .  D u r i n g  the  cha rge  s e p a r a t i o n  
t r a p p i n g  occurs  and  is r e s p o n s i b l e  fo r  m a n y  of t h e  
e x p e r i m e n t a l l y  o b s e r v e d  aspec ts  of e l e c t r o l u m i n -  
escence (14, 27, 34-36) ,  i nc lud ing  t h e  d e p e n d e n c e  of 
a v e r a g e  b r i g h t n e s s  on f r e q u e n c y  and  t e m p e r a t u r e ,  
t h e  n a t u r e  of t h e  v a r i a t i o n  of o u t p u t  d u r i n g  one 
cycle  of t h e  a p p l i e d  v o l t a g e  ( " b r i g h t n e s s  w a v e s " ) ,  
and  the  g r o w t h  in  o u t p u t  a f t e r  a p p l i c a t i o n  of t h e  
field and  b e f o r e  e q u i l i b r i u m  is r e a c h e d  ( " b u i l d u p " ) .  
The  e m p t y i n g  of e l e c t r o n  t r a p s  b y  the  c o m b i n e d  
ac t ion  of f ield and  t e m p e r a t u r e  and  the  col l i s ion  e x -  
c i t a t i on  of l u m i n e s c e n t  cen te r s  b y  a c c e l e r a t e d  elec-  
t rons  (p rocesses  4 and  5 in t h e  l i s t  g iven  p r e v i o u s l y )  
a r e  t he  p r e d o m i n a n t  m e c h a n i s m s  in  t he  D e s t r i a u  
effect; t h e  s t a t e m e n t  of G a r l i c k  quo ted  e a r l i e r  s t i l l  
con ta ins  t he  essence  of t h e  p rocess  as i t  is u n d e r -  
s tood t oday .  The  ro le  of t r a p s  has  been  r e c e n t l y  r e -  
v i e w e d  b y  H a a k e  (37) .  

L e t  us n o w  s u m m a r i z e  t he  c h a r a c t e r i s t i c s  of t h e  
D e s t r i a u  effect w h i c h  d i s t i n g u i s h  i t  f r o m  r e c o m b i -  
n a t i o n  e l e c t r o l u m i n e s c e n c e  as d i scussed  ea r l i e r .  
These  are :  

1. The  p h e n o m e n o n  is a f i e l d - d o m i n a t e d  one, 
a l t h o u g h  t h e r m a l  effects also p l a y  a role .  

2. The  cha rge  c a r r i e r s  of i m p o r t a n c e  a r e  m a j o r -  
i ty  ca r r i e r s .  

3. A f t e r  these  c a r r i e r s  a re  i n t r o d u c e d  t h e y  m u s t  
be  a c c e l e r a t e d  b y  t h e  f ield in  o r d e r  to  o b t a i n  suf -  
f ic ien  t e n e r g y  to exc i t e  l u m i n e s c e n c e  cen te r s  b y  co l -  
l is ion.  

Because  of these  c h a r a c t e r i s t i c s  th i s  t y p e  of 
l u m i n e s c e n c e  has  b e e n  or  m i g h t  be  ca l l ed  " a c c e l e r a -  
t i on -co l l i s i on  e l e c t r o l u m i n e s c e n c e " ,  " m a j o r i t y - c a r -  
r i e r  i n j ec t ion  e l e c t r o l u m i n e s c e n c e " ,  or  " f i e ld - con -  
t r o l l e d  e l e c t ro lumine sc e nc e " .  I t  has  s o m e t i m e s  been  
ca l l ed  "a. c. e l e c t r o l u m i n e s c e n c e "  b u t  s ince  in  t he  
case of s ingle  c rys t a l s  o r  t h in  p h o s p h o r  f i l m s  i t  can  
be  e x c i t e d  b y  s ta t ic  fields, th is  does  no t  s eem to be  
a good desc r ip t ion .  The  p r e s e n t  w r i t e r  (13) is r e -  
spons ib l e  for  t he  t e r m  " in t r i n s i c  e l e c t r o l u m i n e s -  
cence" .  This  was  an  a t t e m p t  to spec i fy  t he  fac t  t h a t  
the  p rocess  is confined to  the  p h o s p h o r  p a r t i c l e s  a n d  
does no t  d e p e n d  on e x t e r n a l  c a r r i e r  i n j e c t i o n  b y  
m e a n s  of e lec t rodes .  In  v iew,  h o w e v e r ,  of t he  p r e s e n t  
k n o w l e d g e  of t h e  c o m p l e x i t y  of e l e c t r o l u m i n e s c e n t  
p h o s p h o r s  and  the  fac t  t h a t  t he  s e g r e g a t e d  second  
phase  e s s e n t i a l l y  c o r r e s p o n d s  to i n t e r n a l  e lec t rodes ,  
th is  t e r m i n o l o g y  shou ld  p r o b a b l y  be  a b a n d o n e d .  

I f  i n s t e a d  of a p h o s p h o r  p o w d e r  s e p a r a t e d  f r o m  
e l ec t rodes  b y  an  insu la to r ,  a p o w d e r  (38, 38a) ,  a 
t h in  con t inuous  f i lm (39) ,  or  a s ing le  c r y s t a l  (40-  
42) in  con tac t  w i t h  e l e c t rode s  is e m p l o y e d ,  t h e n  
s o m e t i m e s  t h e r e  a r e  o b s e r v e d  a d d i t i o n a l  e x p e r i -  
m e n t a l  de t a i l s  w h i c h  a r e  d u e  to c a r r i e r  i n j ec t ion  
f r o m  t h e  e lec t rodes .  As  long  as t he  ca r r i e r s ,  h o w -  
ever ,  c o r r e s p o n d  to m a j o r i t y  ca r r i e r s ,  a c c e l e r a t i o n  
w i l l  be  n e c e s s a r y  to ach ieve  e x c i t a t i o n  and  t h e  p r o c -  
ess is s i m i l a r  in p r inc ip l e ,  a l t h o u g h  d i f f e ren t  in  d e -  
tail ,  to t h a t  o b s e r v e d  in  p o w d e r s  e m b e d d e d  in  a n  
insu la to r .  A l t h o u g h  i t  has  b e e n  h o p e d  t h a t  e x p e r i -  
m e n t s  on s ingle  c rys t a l s  w o u l d  c l a r i f y  some of t h e  
r e su l t s  o b t a i n e d  w i t h  p o w d e r s ,  th is  does  no t  s eem to 
be  t h e  case  in  r e a l i t y  b e c a u s e  of t h e  v a r i o u s  d i f -  
f icu l t ies  o r  a m b i g u i t i e s  invo lved .  

In  the  p r e v i o u s  sec t ion  the  r e c o m b i n a t i o n  e l e c t r o -  
l u m i n e s c e n c e  r e s u l t i n g  w h e n  a p - n  j u n c t i o n  is 
b i a s e d  in  t h e  f o r w a r d  d i r ec t i on  w a s  d iscussed .  In  
t h e  case  of St, for  e x a m p l e ,  th is  r a d i a t i o n  l ies  in  
t he  i n f r a r e d  r eg ion  of t he  s p e c t r u m .  If, h o w e v e r ,  
such  a j u n c t i o n  is b i a s e d  in  t h e  r e v e r s e  or  b lock ing  
d i r e c t i o n  so t h a t  h igh  e lec t r i c  f ields a r e  p r o d u c e d  
in  t he  junc t ion ,  t h e n  a v i s ib l e  emiss ion  m a y  be  o b -  
s e r v e d  (43) .  A n  a p p a r e n t l y  s im i l a r  emiss ion  was  
i n d e e d  o b s e r v e d  b y  Lossew  (10) in  his  ea r l i e s t  e x -  
p e r i m e n t s  on SiC and  ca l l ed  b y  h i m  L u m i n e s c e n c e  
I in  d i s t i nc t i on  to the  o t h e r  t y p e  w h i c h  he  ca l l ed  
L u m i n e s c e n c e  II.  S ince  th is  emiss ion  occurs  w h e n  
h igh  fields a r e  d e v e l o p e d  a n d  w h e n  the  p o l a r i t y  is 
such  as to c a u s e  i n j ec t i on  of m a j o r i t y  ca r r i e r s ,  i t  
is b e l i e v e d  t ha t  h e r e  also one  has  a p rocess  i n v o l v i n g  
an  a c c e l e r a t i o n - c o l l i s i o n  m e c h a n i s m .  C h y n o w e t h  
a n d  M c K a y  (44) h a v e  also r e p o r t e d  an  emiss ion  in  
r e v e r s e - b i a s e d  v e r y  n a r r o w  Si  p-n  j u n c t i o n s  w h i c h  
is b e l i e v e d  to r e s u l t  f r o m  i n t e r n a l  f ie ld emiss ion  
( Z e n e r  emiss ion )  r a t h e r  t h a n  f r o m  a n  a v a l a n c h e  
m e c h a n i s m .  

In  conc lud ing  th is  sec t ion  on the  e x c i t a t i o n  of  
p h o s p h o r s  b y  e lec t r i c  f ields a lone,  i t  is p e r h a p s  of 
i n t e r e s t  to m e n t i o n  t h a t  D i e m e r  (45) has  o b s e r v e d  
w h a t  seems to b e  a t h i r d  k i n d  of e l e c t r o l u m i n e s -  
cence in CdS c rys ta l s .  His  o b s e r v a t i o n  p a r a l l e l e d  in  
m a n y  r e spec t s  t h e  c h a r a c t e r i s t i c s  of a gas  d i s cha rge ;  
i t  was  a lso  a p p a r e n t  t h a t  t h e  loca l  t e m p e r a t u r e  of  
the  s p e c i m e n  i n c r e a s e d  r e m a r k a b l y  a n d  p l a y e d  a 
ro le  i n  t he  process .  I t  has  been  s u g g e s t e d  t h a t  th i s  
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t y p e  of exc i t a t i on  be ca l l ed  " b r e a k d o w n  e l e c t r o l u -  
minescence" .  I t  shou ld  p e r h a p s  also be  m e n t i o n e d  
t h a t  S m i t h  (46) has  o b s e r v e d  r e c o m b i n a t i o n  e lec -  
t r o l u m i n e s c e n c e  in  CdS c rys ta l s .  

Electric Field Effects in Excited Phosphors 
N o w  t u r n  f rom a c o n s i d e r a t i o n  of t he  effects p r o -  

d u c e d  b y  a p p l y i n g  an  e lec t r i c  f ield to a p h o s p h o r  to 
t he  m o r e  c o m p l i c a t e d  s i t ua t i on  w h e r e  t h e  f ield is 
a p p l i e d  s i m u l t a n e o u s l y  w i t h  or  s u b s e q u e n t  to e x -  
c i t a t i on  b y  some o t h e r  m e a n s /  

The Gudden-Pohl E~ect (Transient Stimulation of 
Luminescence) 

The  ea r l i e s t  d i s c o v e r y  of an  e l e c t r o p h o t o l u m i n e s -  
cen t  8 effect was  t h a t  of G u d d e n  and  Poh l  (47) in  
1920, even  be fo re  t he  d i s c o v e r y  of  e l e c t r o l u m i n e s -  
cence i tse l f .  He re  t he  p h o s p h o r  is f i rs t  exc i t ed  ( b y  
u. v. r ad i a t i on ,  for  e x a m p l e )  and  t h e n  an  e l ec t r i c  
field (of  t he  o r d e r  of l0  s v / c m )  is a p p l i e d  d u r i n g  
the  a f t e r g l o w  or  p h o s p h o r e s c e n c e  of  t he  phospho r ,  
or  even  a f t e r  the  emiss ion  has  d e c a y e d  b e l o w  the  
l imi t  of de tec t ion .  A b u r s t  of emiss ion  is o b s e r v e d  
w i t h  some  ma te r i a l s ,  even  those  w h i c h  do no t  e x -  
h ib i t  e l ec t ro luminescence .  D u r i n g  n o r m a l  p h o s p h o r -  
escence  the  e l ec t rons  r e c o m b i n i n g  w i t h  e m p t y  l u m i -  
nescence  cen te r s  a r e  p r o v i d e d  b y  t h e r m a l  e m p t y i n g  
of  e l e c t r o n  t r aps .  In  t h e  G u d d e n - P o h l  effect  t h e  
obv ious  effect  of t he  f ield is to  f a c i l i t a t e  th is  t r a p  
e m p t y i n g  process .  C u r i e  (24) has  also s u g g e s t e d  
t h a t  t he  field m i g h t  a c c e l e r a t e  e l ec t rons  r e l e a s e d  
f rom t raps ,  e i t he r  b y  the  f ield a lone  ( t u n n e l i n g )  o r  
b y  the  j o in t  ac t ion  of f ield and  t e m p e r a t u r e ,  so t h a t  
t h e y  acqu i r e  sufficient  e n e r g y  to cause  e m p t y i n g  of 
a d d i t i o n a l  f i l led t r a p s  b y  i m p a c t ;  t he  a m o u n t  of 
e n e r g y  r e q u i r e d  in th is  case  is no t  v e r y  grea t .  A l -  
t h o u g h  th is  effect m a y  i n d e e d  occur ,  i t  is v e r y  diffi- 
cu l t  to d i s t i n g u i s h  e x p e r i m e n t a l l y  f rom a d i r ec t  
ac t ion  of the  field on the  t raps .  

W h e n  a s ta t ic  f ield is a p p l i e d  to a p h o s p h o r  p o w -  
der ,  p o l a r i z a t i o n  cha rges  deve lop  in t he  m a t e r i a l  
and  the  effect ive  i n t e r n a l  f ield e v e n t u a l l y  becomes  
qu i t e  smal l .  U n d e r  some  cases  th is  p o l a r i z a t i o n  m a y  
pe r s i s t  for  v e r y  long t i m e s  a f t e r  t he  f ield has  b e e n  
r e m o v e d ;  th is  sub j ec t  has  been  s t u d i e d  e x t e n s i v e l y  
b y  K a l l m a n n  and  R o s e n b e r g  (48) .  Because  of t he se  
p o l a r i z a t i o n  effects the  ef fec t ive  f ield in  t he  G u d d e n -  
P o h l  effect r a p i d l y  becomes  zero if  a s ta t ic  f ield is 
app l i ed ;  th is  may ,  of course ,  be  a v o i d e d  b y  r e m o v i n g  
and  a p p l y i n g  the  f ie ld p e r i o d i c a l l y  or  b y  us ing  an 
a l t e r n a t i n g  field. C o r r e s p o n d i n g l y ,  if  a s ta t ic  f ield 
is a p p l i e d  to t h e  p h o s p h o r  d u r i n g  e x c i t a t i o n  and  
t hen  r e m o v e d  d u r i n g  the  a f t e rg low,  i. e., t h e  r e v e r s e  
of the  p r o c e d u r e  for  o b s e r v i n g  t h e  n o r m a l  G u d d e n -  
Poh l  effect, a r e su l t  s i m i l a r  to t he  n o r m a l  effect  is 
o b t a i n e d  (49) .  In  th is  case, r e m o v a l  of t he  e x t e r n a l  
f ield a c t u a l l y  causes  t he  effect ive  i n t e r n a l  f ield to 
increase ,  so t h a t  in r e a l i t y  t h e r e  is no d i f fe rence  b e -  
t w e e n  the  two  m e t h o d s  of i n d u c i n g  the  effect. 

7 T h e  e x p e r i m e n t a l  d e t a i l s  h a v e  b e e n  r e v i e w e d  in  a n u m b e r  of  
p l a c e s  (2, 13, 15) .  

s F.  E. W i l l i a m s  in  h i s  k e y n o t e  s p e e c h  f o r  t h e  L u m i n e s c e n c e  S y m -  
p o s i u m  of th i s  S o c i e t y  i n  1955 s u g g e s t e d  t h a t  t h e  t e r m i n o l o g Y  in  
t h e s e  f ie ld  e f fec ts  g i v e s  t h e  c o n t r o l l i n g  a g e n c y  as  t h e  f i r s t  p r e f i x  a n d  
t h e  s o u r c e  of P o w e r  as t h e  s econd  p r e f i x ,  a l t h o u g h  t h e  t w o  a r e  diff i -  
c u l t  to u n s c r a m b l e  in  s o m e  cases .  T h e  t e r m i n o l o g y  i n  th i s  f i e ld  h a s  
no t  a l w a y s  b e e n  c o n s i s t e n t ,  h o w e v e r .  

The D~ch~ne E~ect 
(Field Quenching of Luminescence) 

M a n y  of the  e a r l y  e x p e r i m e n t s  on e l e c t r o p h o t o -  
l umine sc e nc e  were ,  u n f o r t u n a t e l y ,  no t  c a r r i e d  ou t  
u n d e r  v e r y  s i m p l e  cond i t ions  a n d  a re  o f t en  v e r y  d i f -  
f i cu l t  to i n t e r p r e t .  F o r  e x a m p l e ,  in  1934 Cous t a l  (50) 
s u b j e c t e d  a p r e v i o u s l y  e xc i t e d  p h o s p h o r  l a y e r  to  an  
e l e c t r i c a l  g low d i s c h a r g e  in air .  D e p e n d i n g  u p o n  
c i r c u m s t a n c e s  he  o b t a i n e d  e i t h e r  quench ing  ( p r e -  
s u m a b l y  due  to the  field of t he  d i s c h a r g e )  or  e n -  
h a n c e m e n t  ( p r e s u m a b l y  due  to u. v. r a d i a t i o n  g e n -  
e r a t e d  in  t he  d i s c h a r g e )  of t he  phospho re scence .  

In  1935 D~ch~ne (51) p e r f o r m e d  an  e l e c t r o p h o t o -  
l u m i n e s c e n t  e x p e r i m e n t  u n d e r  s l i g h t l y  b e t t e r  cond i -  
t ions.  He  we t  a sulf ide p h o s p h o r  p o w d e r  w i t h  w a t e r  
and  p l a c e d  i t  b e t w e e n  e l ec t rodes  to w h i c h  was  a p -  
p l i ed  a h igh  d i r e c t  vo l tage .  U n d e r  these  cond i t ions  
the  ionic c o n d u c t i v i t y  of the  w a t e r  was  suff icient  to 
m a i n t a i n  a c u r r e n t  of t he  o r d e r  of m i c r o a m p e r e s  
p e r  s q u a r e  c e n t i m e t e r ,  suff icient  to c o u n t e r a c t  the  
po l a r i z a t i on  of  the  p h o s p h o r  pa r t i c l e s  and  m a i n t a i n  
a field across  them.  A c t u a l l y  the  field in D~ch~ne 's  
e x p e r i m e n t s  was  s t r o n g e s t  n e a r  the  e l ec t rodes  and  
the  effects he o b s e r v e d  w e r e  also g r e a t e s t  there .  ( I t  
m a y  be  m e n t i o n e d  t ha t  th is  a r r a n g e m e n t  was  also 
used  b y  D~ch~ne to s t u d y  the  R e b o u l  effect .)  B y  t h e  
use  of a s l i g h t l y  c o n d u c t i n g  m e d i u m  for  t h e  p h o s -  
p h o r  D~ch~ne was  ab le  to o b s e r v e  f ie ld effects  on 
p h o s p h o r s  w i t h  s u s t a i n e d  fields and  not  s i m p l y  d u r -  
ing  the  shor t  i n t e r v a l  be fo re  p o l a r i z a t i o n  b u i l t  up.  

D~ch~ne m a d e  his  o b s e r v a t i o n s  bo th  d u r i n g  the  
p h o s p h o r e s c e n c e  and  w i t h  s i m u l t a n e o u s  u. v. e x c i t a -  
t ion.  A t  t he  m o m e n t  of  f ield a p p l i c a t i o n  he  o b s e r v e d  
a m o m e n t a r y  i nc rea se  in e m i s s i o n - - t h e  G u d d e n -  
P o h l  effect. This,  howeve r ,  was  fo l lowed,  b y  a sus -  
t a i n e d  q u e n c h i n g  of the  emiss ion.  This  q u e n c h e d  
emiss ion  in t he  a f t e r g l o w  m i g h t  be  on ly  24% of t he  
n o r m a l  va lue ;  for  s i m u l t a n e o u s  e x c i t a t i o n  a n d  field 
act ion,  h o w e v e r ,  t he  q u e n c h i n g  o b s e r v e d  was  f a i r l y  
s m a l l  ( o n l y  to 82% of  n o r m a l ) .  Upon  r e m o v a l  of t he  
a p p l i e d  v o l t a g e  a second  G u d d e n - P o h l  s t i m u l a t i o n  
was  obse rved .  Fig .  3 shows  the  g e n e r a l  r e su l t s  ob -  
t a i n e d  b y  D~ch~ne for  the  case  of  con t inuous  e x c i t a -  
t ion.  In  1943 D e s t r i a u  (52) r e p o r t e d  on f ield q u e n c h -  
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Fig. 3. Schematic representation of  f ield quenching and en- 
hancement effects on the brightness of  an excited phosphor. 
Upon appl icat ion of the f ield the brightness B may be either, 
depending on the mater ial  and on the experimental  conditions, 
depressed to a new value B' or raised to a new value B". A t  
the times the f ield is applied or removed there are also usually 
t ransient effects as shown; the short flashes of  l ight observed 
at these times ore due to the Gudden-Pohl e f fect  and may 
not always be observed. 
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ing  e x p e r i m e n t s  on p h o s p h o r s  us ing  p o w d e r s  
i m b e d d e d  in an  i n s u l a t o r  a n d  a l t e r n a t i n g  fields, 9 i. e., 
the  a r r a n g e m e n t  used  b y  h i m  in e l e c t r o l u m i n e s -  
cence. This  m e t h o d  of  a v o i d i n g  p o l a r i z a t i o n  effects 
has  obv ious  a d v a n t a g e s  ove r  t h a t  u sed  b y  D~ch~ne 
in  t ha t  h i g h e r  and  u n i f o r m  fields m a y  be  ob ta ined .  
In  th is  w a y  t h e  l u m i n e s c e n c e  m a y  be  q u e n c h e d  a l -  
mos t  to zero.  

Two poss ib le  causes  for  the  q u e n c h i n g  effect sug -  
ges t  t h e m s e l v e s :  ( a )  t he  field m a y  cause  f i l l ing of 
e m p t y  l u m i n e s c e n t  c e n t e r s  f r o m  the  va l ence  band ,  
or  (b)  the  e l ec t rons  a r e  fo rced  b y  t h e  f ield to  t h e  
su r f ace  of t he  c rys t a l s  w h e r e  n o n r a d i a t i n g  t r a n s i -  
t ions a r e  f a v o r e d  or  t h e y  b e c o m e  d e e p l y  t r a p p e d .  
The  f ac t  t h a t  quench ing  occurs  m o r e  r e a d i l y  in 
Z n S : A g  t h a n  in  Z n S : C u ,  as o b s e r v e d  b y  S t e i n -  
be rge r ,  Low,  and  A l e x a n d e r  (53, 54) ,  g ives  some 
ev idence  for  t he  f o r m e r  effect, b u t  bo th  m a y  occur .  
I t  m a y  be n o t e d  t h a t  D~ch~ne h i m s e l f  s u g g e s t e d  the  
second  e x p l a n a t i o n  ( a l t h o u g h  n a t u r a l l y  not  in  m o d -  
e rn  p a r l a n c e ) .  H e  r e p o r t e d  t h a t  t h e r m o l u m i n e s c e n c e  
e x p e r i m e n t s  on p h o s p h o r s  a f t e r  quench ing  i n d i c a t e d  
a m o r e  i n t ense  emiss ion  pe r s i s t i ng  a t  h i g h e r  t e m p -  
e r a t u r e s  ( i n d i c a t i n g  the  p re sence  of e l ec t rons  in  
d e e p e r  t r a p s )  bu t  also a s m a l l e r  t o t a l  emiss ion  ( f e w -  
er  to ta l  n u m b e r  of f i l led t r aps ,  i n d i c a t i n g  t h a t  some 
n o n r a d i a t i n g  t r a n s i t i o n s  h a d  o c c u r r e d ) .  The  k ine t i c s  
of t he  quench ing  effect  h a v e  been  d i scussed  b y  
Matoss i  (55) .  

Field Ef]ects on Infrared St imulat ion or 

Quenching of Emission 

In  t he  p r e c e d i n g  sec t ions  i t  is a p p a r e n t  t ha t  an  
e lec t r i c  f ield a p p l i e d  to a p r e v i o u s l y  e x c i t e d  phos-  
pho r  m a y  e m p t y  f i l led t r aps ,  l e a d i n g  to  s t i m u l a t e d  
emiss ion ,  or  fill  e m p t y  l u m i n e s c e n c e  centers ,  l e a d i n g  
to emiss ion  quench ing .  E x a c t l y  s i m i l a r  effects m a y  
b e  i n d u c e d  b y  i n f r a r e d  r a d i a t i o n  a n d  h a v e  been  
k n o w n  s ince  the  t i m e  of L e n a r d  a n d  even  ea r l i e r .  
In  1937, one y e a r  a f t e r  his  d i s c o v e r y  of a c c e l e r a t i o n -  
co l l i s ion  e l ec t ro luminescence ,  D e s t r i a u  (56) d i s -  
c ove red  t h a t  in  some cases  i n f r a r e d  q u e n c h i n g  could  
be  e n h a n c e d  b y  the  s i m u l t a n e o u s  a p p l i c a t i o n  of an  
e lec t r i c  field. C o r r e s p o n d i n g l y ,  in 1954, Low,  S t e i n -  
be rge r ,  a n d  B r a u n  (57) d i s cove red  t h a t  t h e  r e sponse  
of some i n f r a r e d  s t i m u l a b l e  p h o s p h o r s  cou ld  be  en -  
h a n c e d  b y  e lec t r i c  fields.  In  these  cases  t h e  ac t ion  
of field a n d  i n f r a r e d  r a d i a t i o n  is combined .  

Photoelectroluminescence and 
Cathodoelectroluminescence 

(Field Enhancement  oS Luminescence)  

In  1954 D e s t r i a u  a n d  his  son r e p o r t e d  on a c o m -  
p l e t e l y  n e w  effect (58-60) .  I f  c e r t a i n  p h o s p h o r  p o w -  
ders ,  p r i m a r i l y  Z n S : M n ,  C1 a n d  Z n C d S : M n ,  C1, a r e  
e xc i t ed  b y  x - r a y s  and  t hen  an  a l t e r n a t i n g  e lec t r i c  
f ield is app l i ed ,  i t  is f o u n d  t h a t  the  l u m i n e s c e n c e  
i n t e n s i t y  is i n c r e a s e d  (see  Fig.  3) .  This  has  been  
ca l l ed  f ield e n h a n c e m e n t  of l u m i n e s c e n c e  or  t h e  
e l e c t r o e n h a n c e m e n t  effect;  a cco rd ing  to W i l l i a m s '  

9 D ~ c h ~ n e  a l so  m e n t i o n s  t h e  u s e  of a l t e r n a t i n g  f ie lds  a n d  t h e  e l e c -  
t r o l u m i n e s c e n c e  e x p e r i m e n t s  of  D e s t r i a u .  I n  a n  e a r l i e r  p a p e r  (13) 
i t  w a s  s t a t e d  i n c o r r e c t l y  t h a t  n ~ c h ~ n e  w o r k e d  o n l y  i n  t h e  a f t e r g l o w  
r eg ion .  T h e  c o r r e c t  p i c t u r e  of  t h e  s i t u a t i o n  w a s  f i r s t  g i v e n  by  
M a t o s s i  (15) .  
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n o m e n c l a t u r e  i t  is p h o t o e l e c t r o l u m i n e s c e n c e .  The  
m a t e r i a l s  show ing  th is  effect a r e  on ly  w e a k l y  e l ec -  
t r o l u m i n e s c e n t  and  the  e n h a n c e m e n t  effect can  be  
o b s e r v e d  at  f ield s t r e n g t h s  b e l o w  those  a t  w h i c h  any  
d e t e c t a b l e  e l e c t r o l u m i n e s c e n t  o u t p u t  is ob t a ined .  

D e s t r i a u  found  t h a t  the  s ame  p h o s p h o r s  w h i c h  
showed  field e n h a n c e m e n t  of t he  x - r a y  e x c i t e d  l u -  
m ine sc e nc e  showed,  on the  c o n t r a r y ,  f ield q u e n c h i n g  
if  e xc i t e d  b y  u. v. r a d i a t i on .  R e c e n t l y  G o b r e c h t  and  
G u m l i c h  (61) h a v e  shown,  howeve r ,  t h a t  a l t h o u g h  
quench ing  is o b s e r v e d  a t  l ow  field f r equenc i e s  and  
low u. v. i n t ens i ty ,  a t  h igh  f r equenc i e s  and  h igh  e x -  
c i t ing  in t ens i t i e s  e n h a n c e m e n t  is o b s e r v e d  w i t h  t he  
same  ma te r i a l s .  1~ Thus  i t  a p p e a r s  t h a t  t he  enhance -  
m e n t  effect and  the  quench ing  effect can  occur  s i -  
m u l t a n e o u s l y ;  d e p e n d i n g  on c i r cums tances ,  one or  
t he  o t h e r  m a y  p r e d o m i n a t e .  Cusano  (62, 63) has  
also found  t h a t  t r a n s p a r e n t  f i lms of Z n S : M n ,  C1 
show e n h a n c e m e n t  for  e i t he r  k i n d  of exc i t a t i on ;  in  
th is  case  t he  effect m a y  also be  o b t a i n e d  w i t h  d i r ec t  
r a t h e r  t h a n  a l t e r n a t i n g  v o l t a g e  s ince  e l ec t rodes  m a y  
be  a p p l i e d  d i r e c t l y  to the  film. In  p h o t o e l e c t r o l u m i -  
nescence  the  e n e r g y  e m i t t e d  m a y  exceed  the  con-  
t r o l l i n g  r a d i a n t  e n e r g y  so t h a t  r a d i a t i o n  ampl i f i ca -  
t ion  is ach ieved .  

L o w  (64) in 1955 sugges t ed  t h a t  f ield e n h a n c e -  
m e n t  shou ld  also ex is t  for  l u m i n e s c e n c e  e x c i t e d  b y  
n u c l e a r  p a r t i c l e s  and  sugges t ed  the  effect as a r a d i a -  
t ion  de tec to r .  The  effect  was  a c t u a l l y  f irst  obse rved ,  
for  t he  case  of  a l p h a - p a r t i c l e  exc i t a t ion ,  in  1956 b y  
M a t t l e r  (65) us ing  the  s ame  p h o s p h o r s  used  b y  
D e s t r i a u  for  x - r a y  exc i t a t ion .  ~ Jaffe  (67) r e p o r t e d  
t h a t  the  s a m e  p h o s p h o r s  also show e n h a n c e m e n t  
w h e n  b o m b a r d e d  w i t h  e lec t rons .  TM The  d i f fe rences  
in the  d e t a i l e d  p e r f o r m a n c e  of t he  s a m e  m a t e r i a l s  
u n d e r  t he  t h r e e  t y p e s  of  e x c i t a t i o n  a r e  p r e s u m a b l y  
due  to the  d i f fe rences  in p e n e t r a t i o n  d e p t h  and  d e n -  
s i ty  of ion iza t ion  in  t he  t h r e e  cases.  Woods  and  
W r i g h t  (69) also r e p o r t e d  in  1955 t h a t  t he  c a t h o -  
d o l u m i n e s c e n c e  of MgO could  be  e n h a n c e d  b y  s ta t ic  
e l ec t r i c  fields. A c c o r d i n g  to W i l l i a m s '  n o m e n c l a t u r e ,  
t he se  l as t  two  effects a r e  bo th  e x a m p l e s  of c a t h o -  
doe l e c t ro lumine sc e nc e ,  a l t h o u g h  in his  a b s t r a c t  Jaffe  
ca l l ed  the  effect  e l e c t r o c a t h o d o l u m i n e s c e n c e .  

W i l l i a m s  (76) in 1955 p r e s e n t e d  an  e x p l a n a t i o n  of  
a l l  t he se  field e n h a n c e m e n t  effects w h i c h  t o d a y  seem 
to be  g e n e r a l l y  accep ted .  His  p i c t u r e  is t h a t  e n -  
h a n c e m e n t  of l u m i n e s c e n c e  is r e a l l y  e x t e r n a l l y  con- 
t r o l l e d  e l e c t r o l u m i n e s c e n c e  as d i s t i n g u i s h e d  f rom 
n o r m a l  e l e c t r o l u m i n e s c e n c e  w h i c h  is s e l f - su s t a ined .  
Thus  in  the  u s u a l  t y p e  of a c c e l e r a t i o n - c o l l i s i o n  e lec -  

m I t  h a s  r e c e n t l y  b e e n  b r o u g h t  to t h e  w r i t e r ' s  a t t e n t i o n  by  C. H .  
H a a k e  t h a t  S c h m i d t  (49) in  h i s  1923 p a p e r  ( p a g e  174) m e n t i o n s  t h e  
e x i s t a n c e  of a n  e n h a n c e m e n t  effect .  S c h m i d t  says ,  " I t  is a r e -  
m a r k a b l e  f a c t  t h a t  p h o s p h o r s  e x c i t e d  w h i l e  i n  a n  e l e c t r i c  f i e ld  
s o m e t i m e s  l u r n i n e s c e  n o t i c e a b l y  b r i g h t e r  t h a n  d u r i n g  n o r m a l  e x c i t a -  
t ion .  T h i s  c a n  b e  e a s i l y  d e m o n s t r a t e d  i f  one  m a k e s  t w o  ce l l s  of  t h e  
s a m e  p h o s p h o r  a n d  a p p l l e s  to  o n e  a h i g h  v o l t a g e  w h i l e  b o t h  a r e  
i r r a d i a t e d  w i t h  t h e  365 rn~ H g  l i n e  a n d  t h e  b r i g h t n e s s  o b s e r v e d . "  
T h e r e  is no  f u r t h e r  i n f o r m a t i o n  g i v e n  in  t h e  p a p e r .  I t  m a y  b e  t h a t  
w i t h  t h e  f i e ld  a p p l i e d ,  u .v .  r a d i a t i o n  g e n e r a t e d  in  t h e  p o w d e r  p r o -  
v i d e d  t h e  a d d i t i o n a l  e x c i t a t i o n .  I n  a n y  case ,  i t  w a s  22 y e a r s  b e f o r e  
a n y o n e  d u p l i c a t e d  t h i s  o b s e r v a t i o n  d e s p i t e  t h e  f a c t  t h a t  m a n y  p e o p l e  
s t u d i e d  f ie ld  e f fec ts  i n  p h o s p h o r s  in  t h e  i n t e r i m .  

~1 E a r l i e r ,  i n  1944, D c s t r i a u  (66) l o o k e d  f o r  f i e ld  e n h a n c e m e n t  of  
t h e  s c i n t i l l a t i o n s  p r o d u c e d  b y  a l p h a  p a r t i c l e s ,  b u t  w a s  u n a b l e  to  
f ind t h e  ef fec t  i n  t h e  m a t e r i a l s  t h e n  a v a i l a b l e .  

l e N o t e  a d d e d  M a y  24, 1957: S i n c e  t h e  a b o v e  w a s  w r i t t e n  i t  h a s  
b e e n  b r o u g h t  to  t h e  w r i t e r ' s  a t t e n t i o n  t h a t  i n  a r e c e n t  p u b l i c a t i o n  
C u s a n o  (68) m e n t i o n s  t h a t  h e  h a s  o b t a i n e d  f ie ld  e n h a n c e m e n t  of  t h e  
l u m i n e s c e n c e  of  t h i n  p h o s p h o r  f i lms  of Z n S : M n ,  C1 u n d e r  c a t h o d e -  
r a y  e x c i t a t i o n ;  no  d e t a i l s  of  t h e s e  e x p e r i m e n t s  h a v e  b e e n  p u b l i s h e d ,  
h o w e v e r .  
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t r o l u m i n e s c e n c e  t h e r e  a re  t h r e e  s teps  in  t he  e x c i t a -  
t ion  p rocess  (see Fig.  2) : 

1. P r o d u c t i o n  of the  in i t i a l  f ree  e lec t rons  b y  
ac t ion  of the  field. 

2. A c c e l e r a t i o n  of these  e l ec t rons  b y  the  field. 

3. I m p a c t  exc i t a t i on  of lun~inescence cen te rs .  

In  p h o t o e l e c t r o l u m i n e s c e n c e  or  c a t h o d o e l e c t r o l u -  
minescence  the  i n i t i a l  e l ec t rons  a r e  supp l i ed ,  e i t h e r  
d i r e c t l y  or  i nd i r ec t l y ,  b y  the  e x t e r n a l  r a d i a t i o n  so 
t h a t  s t ep  [1]  a b o v e  is modif ied,  bu t  t h e r e a f t e r  t he  
process  is e s s e n t i a l l y  unchanged .  In  t he  op in ion  of 
the  wr i t e r ,  th is  t h e o r y  does no t  e x p l a i n  to c o m p l e t e  
sa t i s f ac t ion  w h y  sulf ides  con ta in ing  Cu as an  a c t i v a -  
tor  ( w h i c h  a r e  v e r y  good m a t e r i a l s  for  p u r e  e l e c t r o -  
l u m i n e s c e n c e )  do no t  show p h o t o e l e c t r o l u m i n e s -  
cence,  bu t  on ly  the  q u e n c h i n g  effect.  Mos t  p h o s p h o r s  
w h i c h  show p h o t o e l e c t r o l u m i n e s c e n c e  a r e  a c t i v a t e d  
b y  Mn, a l t h o u g h  Cusano  (71) has  r e c e n t l y  r e p o r t e d  
the  effect  w i t h  As and  P as ac t iva to r s .  In  add i t ion ,  
i t  shou ld  be  no ted  t h a t  w i t h  a l t e r n a t i n g  fields,  t he  
effect of f r equency ,  f ield s t reng th ,  and  t e m p e r a t u r e  
is qu i t e  d i f f e r en t  in e l e c t r o l u m i n e s c e n c e  a n d  in 
p h o t o e l e c t r o l u m i n e s c e n c e .  (See  no te  on page  748.) 

Thermoelectroluminescence and 

Electrothermoluminescence 

In  a n o r m a l  t h e r m o l u m i n e s c e n c e  e x p e r i m e n t ,  the  
p h o s p h o r  is exc i t ed  at  l ow  t e m p e r a t u r e s  so t h a t  
e l ec t ron  t r a p s  a r e  fi l led. The  e x c i t a t i o n  is t h e n  r e -  
m o v e d  and  the  t e m p e r a t u r e  a l l o w e d  to inc rease ;  
t h e r m a l  d e t r a p p i n g  r e su l t s  in  emiss ion  of r ad i a t i on .  
R e f e r e n c e  has  a l r e a d y  been  m a d e  to t h e  e x p e r i m e n t s  
of  BSer  and  K i i m m e l  (22) ,  w h o  m a i n t a i n e d  the  
p h o s p h o r  a t  the  l ow t e m p e r a t u r e  fo l l owing  e x c i t a -  
t ion  and  a p p l i e d  a field of i n c r e a s i n g  m a g n i t u d e .  
T r a p  e m p t y i n g  b y  the  f ield w a s  d e t e c t e d  b y  changes  
in e l ec t r i ca l  conduc t i v i t y .  ~ I t  w o u l d  a p p e a r  t h a t  
r a d i a t i o n  r e s u l t i n g  f r o m  the  f r eed  cha rges  shou ld  
also b e  de tec t ab le ,  b u t  th is  a p p a r e n t l y  has  no t  y e t  
been  obse rved .  

N e u m a r k  (73) has  s t u d i e d  the  effects of a p p l y i n g  
an  e lec t r i c  f ield to p h o s p h o r  s ingle  c rys t a l s  d u r i n g  
a t h e r m o l u m i n e s c e n c e  e x p e r i m e n t .  She  found,  in 
t he  case  of c r y s t a l s  w h i c h  s h o w e d  e l e c t r o l u m i n e s -  
cence, t ha t  e l ec t rons  r e l e a s e d  t h e r m a l l y  f r o m  t r a p s  
can  be  a c c e l e r a t e d  to g ive  emiss ion  g r e a t e r  t h a n  the  
sum of  the  n o r m a l  t h e r m o l u m i n e s c e n c e  a n d  t h e  
e l e c t r o l u m i n e s c e n c e  a t  t h a t  t e m p e r a t u r e .  The  effect  
is t hus  qu i t e  s i m i l a r  to t ha t  of p h o t o e l e c t r o l u m i n e s -  
cence d i scussed  above ;  i t  is t e m p e r a t u r e k c o n t r o l ] e d  
e l e c t r o l u m i n e s c e n c e  or  t h e r m o e l e c t r o l u m i n e s c e n c e .  
S t r a n g e l y ,  h o w e v e r ,  N e u m a r k  f o u n d  no ev idence  for  
a p p r e c i a b l e  field r e l e a se  of  t r a p p e d  e l ec t rons  in  
these  c rys ta l s .  This  is in c o n t r a d i c t i o n  to the  r e su l t s  
of Johnson ,  P ipe r ,  and  W i l l i a m s  (34) who  also used  
s ingle  c rys t a l s  in t h e i r  e x p e r i m e n t s  on the  effect  of 
t e m p e r a t u r e  on e l e c t r o l u m i n e s c e n t  b r i g h t n e s s ;  t h e s e  
worke r s ,  howeve r ,  d id  no t  s t u d y  t h e r m o l u m i n e s -  
cence w i t h  a p p l i e d  f ields .  

~3 J e n s e n  and  C a s h m a n  (72) h a v e  also o b s e r v e d  w h a t  t h e y  ca l l ed  
" e l e c t r i c a l  g l o w  c u r v e s " ;  they ,  h o w e v e r ,  used  i n c r e a s i n g  t e m p e r a -  
t u r e  r a t h e r  t h a n  i n c r e a s i n g  f ield s t r e n g t h  a nd  m e a s u r e d  t he  conduc -  
t i v i t y .  S ince  t he re  are  two  q u a n t i t i e s  w h i c h  m a y  be v a r i e d  ( the  
t e m p e r a t u r e  and  the  field s t r e n g t h )  a nd  two  w h i c h  m a y  be ob-  
s e r v e d  ( l uminescence  a nd  c o n d u c t i v i t y ) ,  t h e r e  are  o b v i o u s l y  f o u r  
poss ib le  e x p e r i m e n t a l  a r r a n g e m e n t s .  

P r i o r  to N e u m a r k ' s  work ,  Gobrech t ,  Hahn ,  and  
G u m l i c h  (74) ,  and  l a t e r  H a h n  (75) ,  o b s e r v e d  ef -  
fects  on the  t e m p e r a t u r e  d e p e n d e n c e  of t h e  b r i g h t -  
ness  of e l e c t r o l u m i n e s c e n t  p o w d e r s  w h i c h  t h e y  in -  
t e r p r e t e d  in a m a n n e r  s i m i l a r  to t h a t  g iven  a b o v e  
for  N e u m a r k ' s  e x p e r i m e n t s .  On cool ing the  s a m p l e s  
t h e y  o b t a i n e d  a smoo th  curve ,  b u t  on h e a t i n g  t h e y  
o b t a i n e d  a ser ies  of m a x i m a  and  m i n i m a ;  th is  effect 
t h e y  ca l l ed  " e l e c t r o t h e r m o l u m i n e s c e n c e " .  Mos t  good 
e l e c t r o l u m i n e s c e n t  p o w d e r s  do no t  d i s p l a y  this  b e -  
hav io r ,  h o w e v e r ,  and  even  in those  t h a t  do, H a h n  
r e po r t s  t ha t  t he  n a t u r e  of the  e m b e d d i n g  m e d i u m  
has  a p r o f o u n d  inf luence  so t h a t  the  effect  m a y  no t  
be  c h a r a c t e r i s t i c  of the  p h o s p h o r  i tself .  

Other Field E~fects in Phosphors 

The use of photoelectroluminescence or the elec- 
troenhancement effect as a radiation amplifier has 
been described above. Halsted (76) recently de- 
scribed an amplification effect utilizing electrophoto- 
luminescence. He makes use of the fact that in ZnS, 
for example, 2537A radiation is very strongly ab- 
sorbed compared to 3650/k radiation. Thus, for 
2537/~ excitation the excited luminescent centers 
are very nonuniformly distributed in the material 
and are concentrated near the side of the material 
on which the radiation impinged. If an alternating 
field is applied, carriers periodically will be swept 
out of and into the excitation region so that the lU- 
minescence o u t p u t  w i l l  b e  m o d u l a t e d  at  t h e  f ie ld 
f r e q u e n c y . "  M o d u l a t i o n  l eve l s  of 50% m a y  be  
a c h i e v e d  in th is  w a y  w i t h  qu i t e  low fields (100 
v / c m ) .  U n d e r  p r o p e r  condi t ions ,  t he  e n e r g y  con ten t  
of t h e  m o d u l a t e d  c o m p o n e n t  of o u t p u t  m a y  exceed  
the  e l ec t r i ca l  i n p u t  so t h a t  in  th is  sense  a mp l i f i c a -  
t ion  is ob ta ined .  This  effect d i f fers  f r o m  t h e  p h o t o -  
e l e c t r o l u m i n e s c e n t  ampl i f ie r ,  h o w e v e r ,  in t h a t  the  
i n p u t  and  o u t p u t  a r e  not  bo th  r ad i a t i on .  

D e s t r i a u  (77) r e c e n t l y  d e s c r i b e d  a n e w  s to rage  
or  m e m o r y  effect  in  con junc t i on  w i t h  t he  f ield en- 
h a n c e m e n t  of x - r a y  e x c i t e d  luminescence .  The  
m a t e r i a l  is f i rs t  s u b j e c t e d  s i m u l t a n e o u s l y  to  x - r a y  
e x c i t a t i o n  and  to a field and  t hen  the  x - r a y s  a r e  
t u r n e d  off be fo re  the  f ield;  th is  cons t i tu te s  t he  sens i -  
t i za t ion .  If  n o w  a f t e r  an  i n t e r v a l  of t i m e  d u r i n g  
w h i c h  the  p h o s p h o r  is s t o r ed  in  t he  d a r k  ( e x p e r i -  
m e n t s  have  been  p e r f o r m e d  up  to 17 h r )  x - r a y s  a r e  
a g a i n  app l i ed ,  w i t h o u t  t he  field,  t h e  emis s ion  w i l l  
r i se  to an  e n h a n c e d  v a l u e  and  t h e n  d e c a y  to  an  
e q u i l i b r i u m .  The  effect of  t he  sens i t i za t ion  b y  t h e  
f ield has  thus  been  s to r ed  in the  m a t e r i a l .  I f  the  i n -  
t e n s i t y  of x - r a y s  s t r i k i n g  the  p h o s p h o r  d u r i n g  the  
sens i t i za t ion  p e r i o d  va r i e s  ove r  i ts  a rea ,  as is t h e  
case  if  an  ob j ec t  is p l a c e d  b e f o r e  t he  p h o s p h o r ,  t hen  
an  i m a g e  of th is  ob j ec t  w i l l  be  o b t a i n e d  a t  t h e  second  
i r r a d i a t i o n  even  t h o u g h  the  ob j ec t  has  b e e n  r e m o v e d  
and  the  second i r r a d i a t i o n  done  w i t h  u n i f o r m  e x -  
c i t a t ion ;  the  p h o s p h o r  has  s t o r ed  a l a t e n t  i m a g e  of 
the  ob jec t  wh ich  is r e v e a l e d  b y  the  s u b s e q u e n t  i r -  
r a d i a t i on .  U n d e r  s u i t a b l e  c ond i t i ons  t h e  c o n t r a s t  in  
the  i m a g e  m a y  be e n h a n c e d  in th is  way .  

The  e x p l a n a t i o n  of th is  s t o r a g e  effect of D e s t r i a u  
seems  to be t he  fo l lowing .  D u r i n g  the  sens i t i za t ion  

1~ I n  t he  u sua l  e l e c t r o p h o t o l u m i n e s c e n c e  e x p e r i m e n t  w i t h  more  or  
less u n i f o r m  e x c i t a t i o n  ( p e n e t r a t i n g  r a d i a t i o n )  the  o u t p u t  is also 
m o d u l a t e d ,  b u t  a t  a f r e q u e n c y  tw ice  t h a t  of  t he  a p p l i e d  f ie ld  (15). 
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p e r i o d  the  deg ree  of exc i t a t i on  is g r e a t e r  t h a n  t h a t  
c o r r e s p o n d i n g  to t he  x - r a y  exc i t a t i on  a lone  s ince  
t he  m a t e r i a l  shows  e l e c t r o e n h a n c e m e n t .  D u r i n g  
sens i t i za t ion ,  t he  f ield d r a w s  off some of t h e  e l ec -  
t rons  to the  su r f aces  of t he  p a r t i c l e s  w h e r e  t h e y  a r e  
he ld  in deep  t r aps .  ~ In  t h e  d a r k  these  s t o r ed  cha rges  
wi l l  be  r e t a i n e d  for  long per iods .  W h e n  t h e  x - r a y  
b e a m  is r e app l i ed ,  w i t h o u t  field, e l ec t rons  a r e  e x -  
c i ted  f rom these  deep  t r a p s  as w e l l  as f rom l u m i n e s -  
cence cen te r s  and  t h e  o u t p u t  r i ses  to a t r a n s i e n t  
v a l u e  h i g h e r  t h a n  t h e  e q u i l i b r i u m  va lue .  As  the  
t r a p s  a r e  empt i ed ,  t h e  emiss ion  decays  to  i ts  n o r -  
m a l  va lue .  As  t h e  x - r a y  i n t e n s i t y  a t  t he  second  i r -  
r a d i a t i o n  m a y  be  m a d e  g r e a t e r  t h a n  t h a t  u sed  for  
sens i t i za t ion ,  the  i m a g e  m a y  be  d i s p l a y e d  a t  h igh  
o u t p u t  leve ls ;  th is  m a y  be  of v a l u e  if  i t  is n o t  d e -  
s i r ed  to expose  the  ob jec t  i t se l f  to  i n t ense  x - i r r a d i a -  
t ion.  

A l b u r g e r  (79) has  also d i scussed  m a t e r i a l s  w h i c h  
he  cal ls  "e lec t rof lo rs" .  These  a r e  l iqu ids  w h i c h  show 
no l u m i n e s c e n c e  u n d e r  u. v. e x c i t a t i o n  in t h e  a b -  
sence  of a v o l t a g e  b u t  w h i c h  b e c o m e  l u m i n e s c e n t  
w h e n  a v o l t a g e  is app l i ed .  No i n f o r m a t i o n  has  b e e n  
p u b l i s h e d  on the  compos i t i on  of t he se  subs tances ,  
b u t  B. R o s e n b e r g  has  sugges t ed  to  t he  w r i t e r  t h a t  
t h e y  i n v o l v e  o rgan ic  m a t e r i a l s  w h o s e  l u m i n e s c e n c e  
is sens i t ive  to p H  va lue .  This  m a t e r i a l  is d i s so lved  
in a so lven t  con t a in ing  an  ion ized  sa l t  and  the  loca l  
p H  is con t ro l l ed  b y  p o l a r i z a t i o n  p r o d u c e d  b y  t h e  
a p p l i e d  vo l tage .  S ince  t h e y  a r e  l iquid ,  t h e y  b e a r  
no connec t ion  w i t h  n o r m a l  i n o r g a n i c  phosphors ,  b u t  
t h e i r  ex i s t ence  is a t  l eas t  of g e n e r a l  i n t e re s t .  

Conclusion 
As has  been  s h o w n  b y  the  p r e c e d i n g  discuss ion,  

t he  v a r i e t y  and  the  r ami f i ca t ions  of the  effects of 
e l ec t r i c  f ields on p h o s p h o r s  and  the  n u m b e r  of p o s -  
s ib le  e x p e r i m e n t a l  a r r a n g e m e n t s  a r e  e x c e e d i n g l y  
grea t .  I t  seems,  h o w e v e r ,  t h a t  t h e  o b s e r v a t i o n s  m a y  
u s u a l l y  be  e x p l a i n e d  b y  a c o m b i n a t i o n  of a f ew  
f a i r l y  s i m p l e  bas ic  p h y s i c a l  processes .  These  a re :  

1. F i e I d  e m p t y i n g  of t r a p s  ( G u d d e n - P o h l ) .  

2. F i e l d  q u e n c h i n g  of p h o t o l u m i n e s c e n c e  (D~- 
c h i n e ) .  This  m a y  occur  e i t he r  b y  f ield i n d u c e d  f i l l -  
ing  of e m p t y  l u m i n e s c e n c e  cen te r s  f r o m  the  v a l e n c e  
b a n d  or  b y  the  ac t ion  of the  field in s w e e p i n g  e lec -  
t rons  a w a y  f rom t h e  e x c i t a t i o n  r eg ion  to r eg ions  
w h e r e  t r a p p i n g  a n d / o r  n o n r a d i a t i n g  r e c o m b i n a t i o n  
a r e  f avo red .  

3. A c c e l e r a t i o n - c o l l i s i o n  e l e c t r o l u m i n s c e n c e  (Des -  
t r i a u ) .  M a j o r i t y  c a r r i e r s  m a y  be  a c c e l e r a t e d  b y  
suff ic ient ly  h igh  fields to  exc i t e  l u m i n e s c e n c e  cen te r s  
b y  col l is ion.  The  in i t i a l  e l ec t rons  m a y  be  s u p p l i e d  b y  
the  f ield i t se l f  ( s e l f - s u s t a i n e d  e l e c t r o l u m i n e s c e n c e )  
or  b y  e x t e r n a l  ac t ion  ( p h o t o e l e c t r o l u m i n e s c e n c e ,  
e tc . ) .  

4. R e c o m b i n a t i o n  e l e c t r o l u m i n e s c e n c e  ( L o s s e w ) .  
M i n o r i t y  c a r r i e r s  i n j e c t e d  f r o m  con tac t s  or  ove r  
p-n b a r r i e r s  m a y  i m m e d i a t e l y  r e combine ,  o f t en  w i t h  
the  emiss ion  of  r ad i a t i on .  

N e u m a r k  (73) has  p r e s e n t e d  e x p e r i m e n t a l  e v i d e n c e  fo r  t he  f i l l -  
i n g  of t r aps  by  e lec t r ic  f ields a n d  has  s h o w n  t h a t  t h e  effect  is 
g r ea t e r  w i t h  a l t e r n a t i n g  t h a n  w i t h  s ta t ic  fields.  K a l l m a n n  a n d  M a r k  
(78) h a v e  d i scussed  the  d e - e x c i t i n g  effects of e lec t r ic  f ie lds  on  t he  

p h o t o c o n d u c t i v i t y  of phosD~lors. 

F r o m  these  bas ic  p rocesses  t h e r e  have  come a w i d e  
v a r i e t y  of  e x p e r i m e n t a l  effects.  In  t he  f u t u r e  m a n y  
o the r s  wi l l  u n d o u b t e d l y  b e  d i scovered .  
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NOTE Added  in Proof:  In  a recent  ar t icle  (80) 
Cur ie  has conc luded  tha t  the f i e l d - e n h a n c e m e n t  
effect observed  by  Cusano  does no t  have  the  same 
m e c h a n i s m  as tha t  observed  by  Destr iau.  He comes 
to this conc lus ion  because  of the  qu i te  d i f ferent  ef-  
fects of field s t r eng th  and  t e m p e r a t u r e  in  the  two 
cases. In  Des t r i au ' s  expe r imen t s  the  ou tpu t  i n -  
creases on ly  s lowly as the  field s t r eng th  is increased  
and  approaches  a l im i t i ng  va lue ;  in  Cusano ' s  ex-  
pe r imen t s ,  on the  o ther  hand,  the  ou tpu t  increases  

more  or less e x p o n e n t i a l l y  wi th  appl ied  vol tage  
above a th resho ld  voltage.  Mat t l e r  (81) has also 
shown tha t  the e n h a n c e m e n t  ra t io  (wi th  x - r a y  ex-  
c i ta t ion)  increases  as the t e m p e r a t u r e  is increased  

despi te  the  fact tha t  the e l ec t ro luminescence  of the  
same ma te r i a l  (at  h igher  field s t r eng ths )  decreases 

wi th  inc reas ing  t empe ra tu r e .  Cur ie  concludes  tha t  

exc i ta t ion  by  accelera ted  e lec t rons  does no t  occur in  

the e n h a n c e m e n t  e x p e r i m e n t s  of Destr iau.  
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Oxidation of Copper to Cu20 and CuO 

D. W. Bridges, J. P. Baur, G. S. Bout, and W. M. Fassel|, Jr. 

(pp. 475-478, Vol. 103) 

$. Paidassi l :  We are  s t udy ing  the  ox ida t ion  of 
OFHC copper  in  air  u n d e r  a tmospher ic  p ressure  be -  
t w e e n  300 ~ and  1050~ and  though t  tha t  it  m i gh t  
be i n t e r e s t i ng  to s u m m a r i z e  our  resul t s  so tha t  they  
could be compared  wi th  those ob ta ined  by  the  au -  
thors.  

Our  p r e p a r a t i o n  of the  spec imens  consis ted of 
g r i n d i n g  on me ta l log raph ic  pol i sh ing  papers  to a 
f ineness of 4/0, wash ing  wi th  toluene,  and  f inal ly  
a n n e a l i n g  in  v a c u u m  (10-' m m  Hg) at 900~ for 4 
hr. The spec imens  were  oxidized in  a ver t ical ,  open 
furnace ,  whe re  the a tmosphe re  was  r e n e w e d  a n d  
f inal ly quenched  in  air. The m i n i m u m  d u r a t i o n  of 
the  ox ida t ion  va r i ed  b e t w e e n  i a n d  60 rain,  the  
m a x i m u m  b e t w e e n  4 and  200 hr,  depend ing  on the  
t empera tu re .  In  each sample  Am, the  increase  of 
we igh t  per  cm ~ of the  in i t i a l  surface,  and  e, e,, e=, the  
total  th ickness  of the  scale, and  the  th ickness  of the  
CuO and  Cu~O layers ,  respect ively ,  were  de t e r -  
mined .  We res t r ic t  ourse lves  be low to a s u m m a r y  
of the  resul t s  ob ta ined  b e t w e e n  600 ~ and  1000~ 

At  all the  t e m p e r a t u r e s  one obta ins ,  w i th  a good 
approx imat ion ,  the  fo l lowing re la t ions :  

Am = k,, X/t-(I) ; e = k X/t-(II)  ; e= = k2 ~ / t - ( I I I )  

where  t is the  t ime,  and  k,., k, ks are constants .  
The  f o r m u l a t i o n  of the  law of g rowth  of the  

th ickness  of the CuO layers  is more  complicated.  
In  the  600~176 r ange  and  du ra t i ons  of ox ida t ion  
up to 48 hr,  it is of the  fo l lowing  type:  

< = k l  x / F +  k ' ,  (IV) 

where  k, and  k'l  are  two posi t ive  constants .  Be t w e e n  
850~176 the  g rowth  ra te  at first fol lows a l aw 
of type  ( IV) ,  bu t  s u b s e q u e n t l y  its g rowth  is r e -  
t a rded  and  the  th ickness  e, f inal ly  reaches  a l im i t i ng  
va lue  for a t ime  of oxidat ion,  wh ich  var ies  b e t w e e n  
16 and  2 hr  d e p e n d i n g  on the t empe ra tu r e .  (We be -  
l ieve tha t  the  above pa r t i cu la r i t i e s  of the  law of 
g rowth  of the CuO layer  at t e m p e r a t u r e s  exceeding  
850~ m a y  be exp l a ined  by  dissociat ion of the CuO 
in  the  course of oxidat ion . )  

I t  follows tha t  the re la t ive  th ickness  el/~ of the  
CuO layer  in  r e l a t ion  to the  tota l  th ickness  of the 

1 Dept .  of M e t a l l u r g y ,  School  of C h e m i c a l  E n g i n e e r i n g ,  U n i v e r s i t y  
of Concepc i6n ,  Concepc i6n ,  Chi le .  

The  p a r t i a l  r e su l t s  r e p o r t e d  in  t h i s  d i s cus s ion  a re  r e l a t i v e  to  t he  
resea rch  c o r r e s p o n d i n g  to  C o n t r a c t  No. 43 b e t w e e n  t he  d i scussor  and  
the  " C o n s e j o  de  I n v e s t i g a c i 6 n  C ien t i f i ca"  of t he  " U n i v e r s i d a d  de 
Co ncepc i6n , "  Chi le .  

scale, s t r ic t ly  speaking,  is no t  cons t an t  at a n y  t e m -  
pe ra tu re .  Never theless ,  because  of the  smal lness  of 
k'l of Eq. (IV) at  a ny  t e m p e r a t u r e  t h r o u g h o u t  the  
650~176 range,  eljo wi th  the  except ion  of the  
shor tes t  t imes  of oxidat ion,  does no t  v a r y  more  t h a n  
20%, the  l im i t i ng  va l ue  be i ng  reached  af ter  f rom 16 
to 32 hr, d e p e n d i n g  on the  t empe ra tu r e .  For  t e m p e r -  
a tures  h igher  t h a n  800~ the  d i m i n u t i o n  of the r e l a -  
t ive va lue  of this ra t io  is of the  same order  of m a g -  
n i tude ,  a l t hough  the  abso lu te  va r i a t i ons  r e m a i n  
very  smal l  due  to the  low va lues  of el/~ ( f rom 0 .3  to 
3%)  w i t h i n  the 800~176 range.  Fig. 1 shows the 
re la t ive  va r i a t i ons  of the  th ickness  of the  CuO layer  
wi th  the  d u r a t i o n  of ox ida t ion  at t e m p e r a t u r e s  of 
600 ~ 800 ~ and  1000~ respect ively ,  a nd  Fig. 2 the  
variation with temperature of the limit of the e,j~ 
ratio corresponding to "steady" rate of oxidation. 

If we compare the above results with those of 
the authors it may be concluded that, on the whole, 
agreement is satisfactory. The observed differences 
may be due partly to the different surface prepara- 
tion of the specimens. On the other hand, we believe 
that the considerable dispersion of results recorded 
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by the au thors  m a y  be due  p r i nc ipa l l y  to the  
me thod  used for the d e t e r m i n a t i o n  in  the  scales of 
the  CuO/Cu~O ratio,  which  was f u n d a m e n t a l l y  a 
bu lk  x - r a y  ana ly t i ca l  p rocedure  and  for this r eason  
did no t  t ake  in to  account  the localized i r r egu la r i t i e s  
of the th ickness  of the  scale. In  any  case, we would  
l ike to k n o w  if the au thors  checked the precis ion of 
the  x - r a y  me thod  proper  t h rough  ana lyses  of s y n -  
thet ic  mix tures .  For  the  d e t e r m i n a t i o n  of the layers  
in  the  scale we  p re fe r red  a ref ined t echn ique  of the  
mic rograph ic  method,  as used by  us in  the  so lu t ion  
of a s imi la r  p rob l em p r e v i o u s l y /  

D. W. Bridges, J. P. Baur, G. S. Baur, and W. lYl. 
Fassell, Jr . :  We wish  to t h a n k  Prof.  Pa idass i  for his 
commen t s  and  in te res t  in  our  work.  In  the  last  p a r a -  
g raph  of his discussion, Professor  Paidass i  com-  
men t s  on the adv i sab i l i ty  of the  use of q u a n t i t a t i v e  
x - r a y  dif f ract ion t echn iques  to d e t e r m i n e  the  
amoun t s  of CuO and  Cu.~O present ,  and  whe the r  or 
not  such a me thod  was checked t h rough  ana lys i s  of 
syn the t ic  mix tures .  The  me thod  as ou t l i ned  in  the  
paper  consis ted of m i x i n g  k n o w n  weights  of CuO 
(Baker  & A d a m s o n  r eagen t  grade)  and  Cu~O (made  
by  oxida t ion  of OFHC copper  at 1000~ and  20 m m -  
Hg oxygen  pressure )  wi th  a k n o w n  weigh t  of h igh 
grade  CaO. This  t echn ique ,  k n o w n  as the  "add i -  
t ion  of an  i n t e r n a l  s t anda rd"  has long been  accepted 
as a most  sa t i s fac tory  me thod  of q u a n t i t a t i v e  a n a l -  
ysis. Its r e la t ive  mer i t s  as compared  to the photo-  
mic rograph ic  me thod  descr ibed  by  Professor  Pa idass i  
and  other  methods  ~'4 is at p resen t  speculat ive .  How-  
ever,  the au thors  bel ieve  tha t  the "localized i r r e gu -  
lar i t ies  of the th ickness  of the scale" wou ld  affect 
the pho tomicrograph ic  me thod  as m u c h  if no t  more  
t h a n  the x - r a y  method.  

I t  is i n t e r e s t i ng  to no te  the o v e r - a l l  a g r e e m e n t  
be tween  the resul t s  of Professor  Paidass i  and  those 
of the  authors .  These resul t s  w i th  those of other  i n -  
ves t iga tors  are s u m m a r i z e d  in  Tab le  I. 

The  au thors '  resul t s  can best  be  s u m m a r i z e d  by  
r e p h r a s i n g  a por t ion  of the abst ract .  Q u a n t i t a t i v e  
x - r a y  dif f ract ion ana lys i s  of the  scale disclosed ap-  
p r o x i m a t e l y  4% CuO at h igh and  low pressures  for 

t e m p e r a t u r e s  above 800~ Below 750~ h igh  pres -  
sure  coat ings con ta ined  10% CuO whi le  suba tmos -  
pher ic  coat ings c on t i nue d  to assay abou t  4% CuO. 
The effect of the r e l a t ive  a m o u n t s  of the oxides p re -  
sent  on the parabol ic  ra te  cons tan t  is shown in  Fig. 1 
[of the paper ] .  A v e r a g e  va lues  of the  parabol ic  ra te  
cons tan ts  at t e m p e r a t u r e s  a nd  oxygen  pressures  at  
which  the  re la t ive  a m o u n t  of CuO is 4% can be con-  
nec ted  wi th  a "fa i r"  s t ra igh t  l ine,  whi le  dev ia t ions  
occur for those poin ts  at t e m p e r a t u r e s  and  oxygen  
pressures  where  the a m o u n t  of CuO p resen t  is 
greater .  This ev idence  is be l ieved  to f u r t h e r  the  
pos tu la te  tha t  diffusion of cuprous  ions t h r ough  the  
Cu~O layer  is the r a t e - d e t e r m i n i n g  step. 

Cathode Ray Tube Screen Charging and Conditions 

Leading to Positive Ion Deterioration 

A. B. Laponsky, M. J. Ozeroff, W. A. Thornton, 
and J. R. Young (pp. 498-507, Vol. 103) 

A. B. MeFarlane~: The au thors  give resul t s  show-  
ing tha t  the s t ick ing  po t en t i a l  of the  l u m i n e s c e n t  
screen used in  te lev is ion  tubes  exceeds 25 kv. Ea r ly  
screens for this  purpose  were  k n o w n  to s t ick at  v a r -  
ious po ten t ia l s  up to 15 kv  ..... bu t  u sua l l y  wel l  be low 
this value.  Therefore ,  these la tes t  resul t s  show a 
very  grea t  i m p r o v e m e n t .  They  a p p a r e n t l y  a t t r i b u t e  
this i m p r o v e m e n t  to the  " roughness"  of the  surface,  
but  ea r ly  screens also had  rough  surfaces.  I t  is, 
therefore,  difficult to exp la in  the  i m p r o v e m e n t  
mere ly  in  te rms  of " roughness"  and  I should  l ike 
the au thors '  commen t s  on this  point .  

I wou ld  add tha t  the  British Journal of Applied 
Physics has pub l i shed  a paper  en t i t l ed  "The  Move-  
m e n t  of the  Second Crossover  Po ten t i a l  of I n s u l a -  
tors. ' ' '  In  it  I give resul t s  showing  tha t  by  su i t ab le  
t r e a t m e n f  ~ of l u m i n e s c e n t  screen  the  second cross-  
over  po ten t i a l  ( abou t  7 kv  for zero field) m a y  be 
m a d e  ve ry  field dependent ,  so m u c h  so tha t  neg l ig i -  
ble signs of s t ick ing  a re  a p p a r e n t  up to 20 kv  and  
possibly  beyond.  I have  no t  ye t  es tab l i shed  the exact  
e x p l a n a t i o n  of this  p h e n o m e n o n ,  and  the re fo re  I am 
p a r t i c u l a r l y  in t e re s t ed  in  the  au thors '  comments .  

Table I. Per cent CuO in the oxide layer formed at various 
temperatures and 1 atm air 

Invest igat ion 
Valensi ' 
Tylecote 4 
Paidassi 
Bridges, et al. 
Average 

of 2-hr 
oxidation 
period ex- 
per iments  

Temp, ~ 
600 650 700 750 800 850 900 950 
6O 30 7 5 
30 20 15 10 

9 7 4.5 1.8 1.0 0.5 
3.6* 2.4* 6.6* 4.1" 3.7* 3.2* 

10.0"* 11.5"* 7.3** 

* A v e r a g e  % CuO for  s amp le s  ox id i zed  a t  o x y g e n  p r e s s u r e s  l e ss  
t h a n  i arm.  

** A v e r a g e  % CuO for  s amples  ox id i zed  a t  o x y g e n  p re s su re s  in  
excess  of 1 arm. 

.oj. Pa idass i ,  Rev. mdt., 5~, 869 (1955). 

G. Valens i ,  P r o c e e d i n g s  of t he  P i t t s b u r g h  I n t e r n a t i o n a l  C o n f e r -  
e n c e  on S u r f ace  Reac t ions ,  p. 156, Cor ros ion  P u b l i s h i n g  Co., P i t t s -  
b u r g h  (1948). 

4 R. F. Tylecotc ,  MetaLlurgia, 53, 191 (1956). 

Contact Electroluminescence 

Willi Lehmann (pp. 45-50, Vol. 104) 
W. L e h m a n n :  In  the pape r  I u n f o r t u n a t e l y  omi t -  

ted re fe rence  to the  fact  tha t  Mr. Luke  Thor ing ton ,  
f o rmer ly  of this l abora tory ,  11 first r epor ted  at  the  
1952 Sp r ing  Meet ing  of The E lec t rochemica l  Society 
in  P i t t s b u r g h  tha t  "I t  has been  observed  tha t  a 
p u r e l y  mechan ica l  m i x t u r e  of ce r ta in  phosphors  in  
v a c u u m  m a y  be e l ec t ro luminescen t  whi le  the  sepa-  
ra te  phosphors  are not ."  The  effect observed  by  

K i n g s m e a d  W o r k s ,  E lec tron ic  T u b e s  Ltd. ,  H i g h  W y c o m b e ,  Bucks ,  
Eng land .  

~H. Moss, " A d v a n c e s  i n  E l ec t ron i c s , "  Vol. II ,  p. 1, A c a d e m i c  
Press ,  Inc. ,  New York  {1949). 

~H. W. Leve renz ,  " L u m i n e s c e n c e  of So l ids , "  p. 437, J o h n  W i l e y  
& Sons,  Inc. ,  New York  (1950). 

s A. B. M c F a r l a n e ,  M.Sc. Thesis ,  E n g i n e e r i n g ,  L o n d o n  University 
(1955). 

9 A. B. M c F a r l a n e ,  Br i t .  J. App. Phys., 8, 248 (1957). 
lo (a) C o a t i n g  the  e l e c t r o n - b o m b a r d e d  s ide  w i t h  a l aye r  of  MgO 

smoke ;  (b) s e t t l i ng  sc reen  i n  c o n c e n t r a t e d  p o t a s s i u m  s i l i ca te  so lu -  
t ions.  

11 L a m p  n i v . ,  W e s t i n g h o u s e  E lec t r i c  Corp. ,  B loomf ie ld ,  N. J .  
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T h o r i n g t o n  was res t r ic ted  to h igh vacuum,  however ,  
and  any  admiss ion  of gases or of o ther  e m b e d d i n g  
ma te r i a l s  e i ther  g rea t ly  reduced  or comple te ly  de-  
s t royed the  effect. 

Electrochemical Polarization, 1. A Theoretical Analysis 

of the Shape of Polarization Curves 
M. Stern and A. /. Geary (pp. 56-63, Vol. 104) 

E. W. Haycockl~: The paper  by  S t e rn  and  Geary  
is a we lcome and  t ime ly  c o n t r i b u t i o n  to the  theo-  
re t ica l  s tudy  of po la r iza t ion  p h e n o m e n a  at e lectrode 
surfaces.  The i r  r e fe rence  to the  r ecen t  paper  by  
Logan,  however ,  projec ts  the au thors  in to  the  r e a l m  
of prac t ica l  appl ica t ions  of the shape of po la r i za t ion  
curves.  In  this regard ,  the fo l lowing  commen t s  are  
offered. These commen t s  are m a d e  for two reasons.  
First ,  to coun te rac t  the  possible  impress ion  tha t  the 
" c u r r e n t - p o t e n t i a l  b r e a k "  cr i ter ion,  as wide ly  used 
in  cathodic p ro tec t ion  appl icat ions ,  has l i t t le  or no 
theore t ica l  basis;  second, to c lar i fy  u n d e r s t a n d i n g  of 
the condi t ions  most  u sua l l y  e n c o u n t e r e d  in  the  p rac -  
t ical  appl ica t ion  of the  "b reak"  cr i ter ion.  

The  choice of the  word  "b reak"  to descr ibe a dis-  
c o n t i n u i t y  or t r ans i t i on  region  in  the  po la r iza t ion  
curves  pe rhaps  is u n f o r t u n a t e .  However ,  the  p r ob -  
lem is one of semant ics  r a the r  t h a n  science and  in  
cathodic pro tec t ion  usage no rea l  m i s u n d e r s t a n d i n g  
exists. 

The d r a w i n g  of a s t ra igh t  l ine  t h rough  a few ex-  
p e r i m e n t a l  points  is u sua l ly  recognized as be ing  
scient if ical ly hazardous.  In  m a n y  cases it can be ex-  
p la ined  as be ing  due  to an  op t imism which  arises 
f rom necess i ty  r a the r  t h a n  m i s u n d e r s t a n d i n g .  

The r e q u i r e m e n t  for the  successful  app l ica t ion  of 
the  "b reak"  c r i t e r ion  to d e t e r m i n e  comple te  ca th -  
odic p ro tec t ion  has been  c lear ly  s ta ted by  Mears and  
co-workers .  1̀~ This is tha t  the  corrosion sys tem be 
u n d e r  cathodic control .  

The wides t  app l ica t ion  of cathodic p ro tec t ion  at 
p resen t  is in  the mi t i ga t i on  of soil corrosion.  This 
corrosion system, in  the  m a j o r i t y  of cases, is best  
descr ibed as a series of d i f ferent ia l  ae ra t ion  cells in  
a n e a r l y  n e u t r a l  e n v i r o n m e n t .  In  low res i s t iv i ty  soils 
the corrosion is ca thodica l ly  cont ro l led  by  the  ava i l -  
ab i l i ty  of oxygen  at the  cathodic areas. As cathodic 
pro tec t ion  c u r r e n t  is appl ied  and  the  c u r r e n t  is 
reached  at which  complete  pro tec t ion  is achieved,  
the  ne t  anode  reac t ion  changes  f rom the  so lu t ion  of 
i ron  to, most  p robab ly ,  the  evo lu t ion  of hydrogen .  
If the  sys tem is u n d e r  comple te  cathodic control ,  
this  also wi l l  coincide wi th  a change  in  the  reac t ion  
at the cathode. The oxidiz ing capaci ty  of the oxygen  
depolar izer  at the cathode is be ing  b a l a n c e d  by  
the  e lec t ron  flux f rom an  e x t e r n a l  source, an d  a ny  
fu r t he r  increase  in  the  p ro tec t ion  c u r r e n t  wi l l  resu l t  
in  the  evo lu t ion  of hydrogen .  Since the  anode  and  
cathode reac t ions  bo th  change  as the  sys tem is p ro -  
tected, a "b reak"  or t r a n s i t i o n  reg ion  in  the  po la r i -  
za t ion curves  is expected  at  this  point .  

If the  sys tem is u n d e r  anodic  r a t h e r  t h a n  cathodic 
control ,  it is doub t fu l  if the  t r ans i t i on  due  to the  

12 She l l  D e v e l o p m e n t  Co.,  E m e r y v i l l e ,  Ca l i f .  

See, f o r  e x a m p l e ,  R.  B.  M e a t s  a n d  J .  M. B i a l o s k y ,  " C a t h o d i c  
P r o t e c t i o n , "  p. 37, N a t i o n a l  A s s o c i a t i o n  of  C o r r o s i o n  E n g i n e e r s  
(1947).  
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change in anode reaction could be detected experi- 
mentally in a practical case by measuring the cor- 
rosion potential as a function of the cathodic pro- 
tection current applied. Similarly, the transition 
corresponding to protection would be masked if the 
system were under resistance control and to a lesser 
extent if an IR term were incorporated in the meas- 
urement of the corrosion potential due to the posi- 
tion of the reference electrode. In soil corrosion sys- 
tems which are nearly neutral, the hydrogen ion 
concentration polarization effects referred to by 
Stern and Geary usually occur at a low current den- 
sity compared to the corrosion and protection cur- 
rent densities involved and hence do not interfere 
with the shape of the polarization curve in the re- 
gion of in te res t .  

I n  r e v i e w i n g  Logan ' s  compar i son  of the  c r i te r ia  of 
protect ion,  it is i n t e re s t ing  to no te  tha t  the  other  
c r i te r ia  cons idered  have  m u c h  less scientific basis  
t h a n  the "b reak"  cr i ter ion.  The d iscrepancies  r e -  
por ted  by  Logan  are  most  p r o b a b l y  due  to reasons  
o ther  t h a n  those suggested by  the  paper  u n d e r  dis-  
cussion. 

IYl. Stern: Mr. Haycock's comments provide a 
welcomed opportunity to discuss one of the practical 
applications of polarization measurements. The au- 
thor believes that there is no theoretical basis for 
the "current-potential break" criterion, as widely 
used in cathodic protection applications, and is dis- 
appointed in his ability to make the reason for this 
view clear to Mr. Haycock in the text of the paper 
under discussion. An additional paper on this sub- 
ject 14 illustrates the reasoning further. In particular, 
Case VIII, where the corrosion rate is determined by 
a limiting diffusion current, can be considered close 
to the condition existing during corrosion in some 
soils. A study of this will show that any break 
criterion is completely inaccurate. 

The work of Mears and associates referred to by 
Mr. Haycock requires that a system be under co~n- 
plete cathodic control. More important, however, 
this work contains an assumption which is not often 
appreciated. This assumption requires that all 
anodes remain anodes during application of cathodic 
current and suddenly revert to cathodes at the equi- 
librium metal potential. Such a requirement has 
neither a theoretical basis nor (to the author's 
knowledge) experimental support. Theoretical and 
experimental work by many investigators shows 
that polarizing a redox system through the equilib- 
rium potential does not necessarily result in a dis- 
continuity. 

Concerning the practical application of the "break 
criterion," it is doubtful that any real system has the 
requirements described above. Corroding iron in 
soils is not under complete cathodic control, but 
should be considered under mixed and resistance 
control. Also, in field measurements, IR terms are 
often the most important part of polarization obser- 
vations, and obviously have a significant influence 
on curve shape. The recent contribution to N.A.C.E. 
Committee T-2C on Minimum Current Require- 
ments by Sudrabin and Ringer ~ supports the au- 

14IVl. S t e rn ,  This Journal, l@4, 645 (1957).  

L.  P.  S u d r a b i n  a n d  F.  W. R i n g e r ,  Corrosion, 13, 351 (1957).  
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thor ' s  con ten t ion  tha t  this  me thod  is not  re l iable .  It  
is s ignif icant  to no te  tha t  this commi t t ee  repor t  ac- 
t ua l l y  refers  to the me thod  as the  " a p p a r e n t "  b r e a k  
re la t ion .  

There  are so m a n y  repor ted  cases where  the  "ap-  
p a r e n t "  b r eak  me thod  does no t  work,  and  the re  are  
so m a n y  condi t ions  w h e r e  the me thod  canno t  work,  
tha t  it  is difficult to u n d e r s t a n d  w h y  it  is used. Other  
c r i te r ia  are  ava i l ab le  which  are more  accurate ,  have  
a sounder  f o u n d a t i o n  in  theory,  and  are  easier  to 
u s e .  

Thermogalvanic Potentials and Currents at Aluminum 

Surfaces in Industrial Water  

Edgar C. Pitzer (pp. 70-74, Vol. 104.) 

It. A. Hinel~ This inves t iga t ion  is of grea t  in te res t  
since we have  made  r a the r  s imi la r  m e a s u r e m e n t s  of 
po ten t ia l s  in  s t u d y i n g  the fo rma t ion  of Boehmi te  
films on A1 i m m e r s e d  in  dis t i l led  wa t e r  at e leva ted  
t empera tu res .  In  this  case the  po ten t i a l  difference 
b e t w e e n  the  A1 spec imen  and  a P t  e lect rode also i m -  
mersed  in  the  wa t e r  was m e a s u r e d  direct ly .  At  20~ 
the po ten t i a l  of the A1 was  of the  order  of --0.5 to 
--0.6 v, and  s lowly  b e c a m e  more  base  wi th  inc reas -  
ing t e m p e r a t u r e  un t i l  at 80~176  a rap id  change  
took place to a m a x i m u m  of --1.25 v at  boi l ing;  on 
con t inued  boil ing,  the po ten t i a l  became  s l ight ly  less 
base, and  af ter  1/2 hr  r e m a i n e d  fa i r ly  s teady  at 
about  --0.95 v. The m a x i m u m  c u r r e n t  densi t ies  on 
the anode were  about  3 x 10 -~ a m p / c m  ~. 

There  obvious ly  is some cor respondence  b e t w e e n  
these resul t s  and  those of the  au tho r  us ing  supp ly  
water .  The fo rma t ion  of Boehmi te  films on A1 has 
been  ex tens ive ly  s tudied  by  Al tenpohl .  ~ In  dis t i l led  
water ,  r eac t ion  v is ib ly  appears  to s tar t  at abou t  
80~176  and  is accompan ied  by  evo lu t ion  of h y -  
drogen.  The corrosion p roduc t  has been  def ini te ly  
es tab l i shed  as Boehmite ,  AL.O~.H_oO (or A 1 0 . O H ) ,  
by  x - r a y  diffraction.  It  is fo rmed  as a con t inuous  
a d h e r e n t  film, and  hence  its g rowth  ra te  is of an  ex-  
ponen t i a l  type;  af ter  1 hr ' s  i m m e r s i o n  at boi l ing,  the  
th ickness  is u sua l ly  of the order  of 0.5 ~, and  i m -  
mers ion  for m a n y  hours  is r equ i r ed  to ob t a in  a 
th ickness  of 2 ~, this be ing  abou t  the  m a x i m u m  
th ickness  ob ta inab le .  I t  is also clear  tha t  the Boeh-  
mi te  film p roduced  in  dis t i l led  wa t e r  is p ro tec t ive  
in  na tu re ,  and  A1 utens i l s  processed to produce  such 
a film have  m a r k e d l y  increased  res i s tance  to cor-  
rosion. In  less p u r e  water ,  such as supp ly  waters ,  
Boehmi te  films are  also produced,  bu t  u sua l ly  they  
are m o r e  porous  and  less pro tec t ive  t h a n  w i th  dis-  
t i l led  wa te r  and  they  m a y  be  discolored by  the  i n -  
c lus ion of smal l  par t ic les  of unox id ized  A1 me t a l  in  
the  film; in  tap wa te r  buffered  to abou t  pH 10, for 
example  wi th  ammonia ,  ve ry  m u c h  th icker  Boeh-  
mi te  films are produced.  

In  v iew of these  facts  it  is difficult in  the  case of 
dis t i l led w a t e r  to r ega rd  the  p h e n o m e n o n  of the  
po ten t i a l  change  to a va lue  some 0.6 v more  n e g a -  
t ive as an  i m p a i r m e n t  of the  p ro tec t ive  film on the 
surface;  on the  cont ra ry ,  in  fact, it is k n o w n  tha t  the  

16 A l u r n i n i u m  Labs .  Ltd . ,  B a n b u r y ,  Oseon, E n g l a n d .  

17D. A l t e n p o h l ,  Alumin ium,  33, [2], 78 (1957). 

change  is accompanied  by  the f o r ma t i on  of a h igh ly  
pro tec t ive  film. The  f o r ma t i on  of this  film is p rob -  
ab ly  ind ica ted  by the  po ten t i a l  change  f rom --1.25 
v to --0.95 v d u r i n g  c on t i nue d  i m m e r s i o n  at the  
bo i l ing  po in t  observed  in  our  resul ts .  F u r t h e r ,  the  
po ten t i a l  of the  A1 af ter  f o r ma t i on  of the  film, and  
af ter  a l lowing  to cool aga in  to 20~ was  some 0.1 v 
more  nob le  t h a n  at the c o m m e n c e m e n t  of the  ex-  
pe r imen t .  In  the au thor ' s  e x p e r i m e n t s  the  films 
p roduced  in  supp ly  wa te r  w e r e  p r o b a b l y  no t  p ro -  
tec t ive  s ince no po ten t i a l  change  in  the pos i t ive  di -  
rec t ion  was  no ted  on p ro longed  exposure.  A l t enpoh l  
states tha t  in  such cases the  Boehmi te  p roduced  is 
more  in  the n a t u r e  of a corrosion p roduc t  t h a n  a 
p ro tec t ive  film. 

There  are m a n y  ques t ions  u n a n s w e r e d  abou t  the  
m e c h a n i s m  of this  reac t ion  of A1 wi th  hea ted  water ,  
bu t  it  is gene ra l l y  a s sumed  tha t  A1 §247247 ions diffuse 
t h rough  the film to react  w i th  OH- ions, and  it  is 
c lear  tha t  the change  of K~ wi th  t e m p e r a t u r e  m a y  
have  an  i m p o r t a n t  be a r i ng  on this  aspect  of the 
mat te r .  

Electrochemical Properties of a Cation-Transfer 
Membrane 

N. W. Resenberg, J. H. B. George, and W. D. Potter 
(pp. 111-11S, Vol. 104) 

Reinhard H. Beutner18: Drs. Rosenberg ,  George, 
and  Po t t e r  exp la in  the e lec t romot ive  forces by  ion 
t r ans fe r  and  ion mobi l i t ies  in  the hypo the t i ca l  pores. 
They  d i s regard  the  poss ib i l i ty  tha t  po ten t i a l  differ-  
ences exist  at the phase  b o u n d a r y  (or contac t )  su r -  
face of the  Nepton  m e m b r a n e  on both  sides where  
the m e m b r a n e  is in  contact  w i th  aqueous  solutions.  

N. W. Rosenberg and J. H. B. George: Dr. B e u t n e r  
has two rese rva t ions  wi th  respect  to the  m e m b r a n e  
mode l  suggested by  the au thors :  namely ,  mass 
t r ans f e r  t h rough  pores, a n d  emf  caused by  such 
mass t ransfer .  

A m e m b r a n e  of the t ype  u n d e r  discuss ion is 
fo rmed  f rom a c ross - l inked  organic  po lymer ,  which,  
pr ior  to su l fona t ion ,  has s u b s t a n t i a l l y  no p e r m e a b i l -  
i ty  to wa te r  or to ions. Af te r  su l fonat ion ,  wh ich  p ro -  
vides nega t ive  exchange  sites on the po lymer ,  the 
m e m b r a n e  wil l  swel l  in  aqueous  systems,  by  absorp -  
t ion  of water ,  to an  ex t en t  d e t e r m i n e d  by  the cross- 
l ink ing .  Thus,  p rev ious  worke r s  in  the field ( and  
the  au thors )  descr ibe  the  res in  as a n e t w o r k  of h y -  
d roca rbon  chains,  "welded"  at  i n t e rva l s  of 10-20A, 
by cross chains,  and  p e r m e a b l e  to w a t e r  a nd  to ions 
t h rough  the in ters t ices  of the  ne twork ,  defined as 
pores. The  level  of poros i ty  in  ion exchange  res ins  
has been  repor ted  by  K r e s s m a n  ~8 and  P a r t r i d g e  and  
B r i ml e y  ~ by  m e a s u r e m e n t  of capaci ty  for a series of 
ions of inc reas ing  size, and  n o t i n g  a comple te  loss of 
capaci ty  for ions of g rea te r  t h a n  10-20A d iameter .  

Wi th  respect  to se lect ive  mass  t r ans f e r  as a source 
of emf, we have  used the c o n v e n t i o n a l  Ne rns t  equa -  
t ion for e lec t rochemica l  po t en t i a l  of a cell wi th  
m e m b r a n e  t rans fe rence ,  r e c e n t l y  c r i t i ca l ly  r e - e x -  

is Des Moines  S t i l l  Co l lege  of O s t e o p a t h y  and  S u r g e r y ,  D e s  M o i n e s  
9, Iowa.  

1~ T. R. E. K r e s s m a n ,  J. Phys.  Chem.,  56, 118 (1952). 

S. M. P a r t r i d g e  and  R. C. B r i m l e y ,  Biochem. J. (London),  51 ,  
628 (1952). 
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a m i n e d  by S c a t c h a r d  ~ in v i e w  of w a t e r  t r anspor t .  
P o t e n t i a l  d i f ferences  (o the r  t h a n  those cons ide red  
by the  Nerns t  equa t ion )  m a y  w e l l  exis t  at a s ing le -  
phase  b o u n d a r y  su r face  bu t  canno t  be m e a s u r e d  
since a m e m b r a n e  s epa ra t i ng  two  solut ions  has  two  
such sur faces  and an equa l  and oppos i te  po t en t i a l  
will ,  of course,  ex is t  at  the  second surface,  cance l -  
l ing tha t  at the  first surface.  

Current Distribution in Galvanic Cells Involving 

Natural Convection 

Carl Wagner (pp. 12.9-131, Vol. 104) 

E. M. Sparrow2h Professor  W a g n e r ' s  i n t e r e s t i ng  
pape r  is a c lear  d e m o n s t r a t i o n  of the  advances  
wh ich  m a y  be m a d e  by app l ica t ion  of resu l t s  wh ich  
w e r e  in i t i a l ly  d e r i v e d  in a r a t h e r  d i f fe ren t  field of 
scientific research .  By us ing the  ana logy  b e t w e e n  
the  t r ans f e r  processes  invo lved ,  resu l t s  for  f ree  con-  
vec t ion  hea t  t r ans f e r  w e r e  app l ied  to the  mass  
t r a n s f e r  p rob lem.  

It  is the  pu rpose  of this  discussion to p r e sen t  some 
add i t iona l  results ,  i n i t i a l ly  found  for  hea t  t r ans fe r ,  
wh ich  m a y  be use fu l  in e x t e n d i n g  Professor  W a g -  
ne r ' s  analysis .  Suppose  tha t  ins tead  of t r e a t i ng  the  
case w h e r e  the ra te  of mass  t r a n s f e r  of Cu ions ( j)  
is u n i f o r m  ove r  the  e lec t rode ,  the  m o r e  gene ra i  s i tu-  
a t ion  w h e r e  j ~ x ~ is cons idered .  (The  no ta t ion  is 
iden t i ca l  to tha t  of the  discussed paper . )  Then,  the  
va lue  of Ac at a d is tance  x f r o m  the  l ead ing  edge  of 
the  e l ec t rode  is ~ 

I ( 3 5 S c + 1 ) ( r + 1 )  §  ~/~ 

AC = 1.31 (r  + 1) Sc ~ Gr,~ ''~ ( I )  

W h e n  r - - 0 ,  this equa t i on  cor responds  to Eq. ( IV)  
in the  discussed paper .  ~ It  is e x p e c t e d  tha t  Eq. (I)  
wi l l  be suff icient ly accu ra t e  for  most  appl ica t ions  for 
r > --0.5. 

A n o t h e r  s i tua t ion  of poss ib le  in t e res t  is t ha t  in 
wh ich  • is p re sc r ibed  and it is des i red  to compu te  j. 
For  the  case w h e r e  ~c ~- x '~, the  v a r i a t i o n  of j w i t h  x 
is g iven  by ~ 

I ( 5 n + 3 )  '' Sc~Gr~ 1 ~/~ 
4 

j = 0.715 ]•  Ix ~Sc + 1 4 + 

w h e r e  

Gr~ 
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Notes on Hydrogen Overvoltage, I. Maximum 

Concentration of Atomic Hydrogen on the Surface of 

a Working Cathode 
Hugh W. Salzberg and Sigmund Schuldiner (pp. 319-321, Vol. 104) 

H. W. S a l z b e r g  and S. Schu ld iner :  The  fo l lowing  
cor rec t ions  should  be  m a d e  to the  equa t ions  on page  
320 of the  paper .  

(A)  Eq. ( I )  : change  F ~  to ]~a. 
(B)  t in equa t ions  should  be  changed  to T. 
(C)  Express ions  on r i g h t - h a n d  sides for  rmobi~. 

should  be m u l t i p l i e d  by  2. 
(D) The  t e r m  H ~ ~ ( k T / h )  ~1~ i m m e d i a t e l y  fo l -  

l owing  Eq. ( I Ia )  should  be changed  to r ead  2H ~ 
( k T / m )  ~i~. 

gr I Ac I x  '~ 
1] 2 

(i i)  

Eq. (II)  is expec t ed  to be of a d e q u a t e  accu racy  for 
n > - -  0.2. 

21G. Scatehard, J. Am. Chem. Soc., ~5, 2883 (1953). 

-~e NACA Lewis Lab., Cleveland 11, Ohio. 

-~:3M. Tribus, Discussion of A.S.M.E. paper 57-SA-3, "Similar 
Solutions for Free Convection from a Nonisothermal Vertical Plate" 
by E. M. SDarrow and J. L. Gregg, to be published in Trans. 
A.S.M.E., 80 (1958). 

-~4 There is a printing error in Eq. (IV) of the discussed paper in 
that (0.8 + Sc)/Se e Gr~* should be raised to the one-fifth power. 

Preparation of Thorium Bismuth Dispersions from 

Electrolytic Thorium 

M. E. Sibert and M. A. Steinberg (pp. 374-378, Vol. 104) 

R. P. Marsha lFh  R e f e r e n c e  is m a d e  to the  con-  
di t ions  r e q u i r e d  for  e lec t ro lys is  to y i e ld  a fine p a r -  
t ic le  size, viz., h igh  c u r r e n t  densi ty ,  low t e m p e r a -  
ture ,  and h igh  Th content .  In the  n e x t  p a r a g r a p h  
r e f e r e n c e  is m a d e  to the  m e l t  be ing  e x h a u s t e d  of 
Th  content .  T h e r e f o r e  these  two  s t a t e m e n t s  are  in -  
com pa t i b l e  because,  e v e n  t h o u g h  a h igh  s t a r t ing  Th  
con ten t  is used, u l t i m a t e l y  this  is to be n e a r l y  al l  
r emoved ,  w h e n  the  p rog re s s ive ly  l o w e r i n g  Th con-  
t en t  should  affect the  p a r t i c u l a r  size of the  deposit .  

T h e  au thors  r e f e r  to a t e m p e r a t u r e  of 550~176 
This  p r o b a b l y  is sa t i s fac to ry  in the  p re sence  of 10% 
of Th, but, when the melt has been stripped of 
ThC1, pure NaCl will be left which has a melting 
point of 801~ It is therefore not clear from the 
authors' comments for how long they maintained 
the temperature of 550~176 to which they refer. 

The term "high current density" is correlated to a 
ca thode  c u r r e n t  dens i ty  of 200-300 a m p / d i n  -". In  m y  
opinion,  the  ca thode  c u r r e n t  dens i ty  can only  ef -  
f ec t i ve ly  app ly  to t he  s t a r t i ng  c u r r e n t  dens i ty  and is 
v e r y  r ap id ly  a l t e r ed  as the  dendr i t i c  depos i t  grows.  
T h e r e f o r e  the  s t a r t ing  ca thode  c u r r e n t  dens i ty  can-  
not  h a v e  a ser ious inf luence  on the  p a r t i c u l a r  size 
of t he  depos i t  if any  app rec i ab l e  q u a n t i t y  of Th  is 
be ing  deposi ted.  Inc iden ta l ly ,  I was  su rp r i sed  tha t  
the  au thors  cons ider  a ca thode  c u r r e n t  dens i ty  of the  
above  m a g n i t u d e  to be  high, s ince f r o m  m y  p rac t i ca l  
e x p e r i e n c e  ca thode  c u r r e n t  dens i t ies  of 1000 a m p /  
dm --~ are  n o r m a l  and f r e q u e n t l y  c u r r e n t  dens i t ies  
m u c h  in excess  of this h a v e  been  app l i ed  to fused  
a lka l i  ch lo r ide  e lec t ro ly tes .  

I shal l  be i n t e r e s t ed  in the  au thors '  c o m m e n t s  on 
the  m e c h a n i s m  of the  pur i f ica t ion  of ThCI~ me l t s  by  
the  pass ing  of HC1 gas t h r o u g h  them.  

M. E. S ibe r t :  In  r e f e r e n c e  to the  s t a t e m e n t  con-  
ce rn ing  e x h a u s t i o n  of Th  con ten t  of the  b a t h  d u r i n g  
e lec t ro lys is  at 550~176 this  was  poss ib le  for  the  
m a j o r i t y  of runs  w h e r e  eu tec t ic  me l t s  such as KC1- 
NaC1 or NaC1-CaCI~ w e r e  employed .  Obviously ,  if 
NaC1 w e r e  used  a lone as a solvent ,  the  t e m p e r a t u r e  

T. A. Dept., Impregnated Diamond Products Ltd., Tulttey Cres- 
cent, Gloucester, England. 
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would  rise to 801~ (mp of NaC1) w h e n  the Th 
con ten t  is exhaus ted  as Mr. Marsha l l  states. In  most  
cases the me l t  was no t  exhaus ted  of Th con ten t ;  
mel t s  con ta ined  110-225 g Th, and,  i n  genera l ,  55- 
165 g were  deposi ted out. 

Mr. Marsha l l  is correct  in  his s t a t e m e n t  r ega rd ing  
cathode c u r r e n t  densi ty .  Al l  figures shown are  s t a r t -  
ing  cathode cu r r en t  densi t ies  based on in i t i a l  ca th -  
ode areas. The va lues  of 200-300 a m p / d i n  ~ are  
t e rmed  "high"  on ly  in  compar i son  wi th  the " low" 
range  of ~50  a m p / d i n  2 also employed  in  the  work.  

S t a r t i n g  cathode c u r r e n t  dens i ty  does have  a 
m a r k e d  effect on average  par t ic le  size of the deposit.  

Rais ing  the s t a r t i ng  cathode c u r r e n t  dens i ty  f rom 
50 to 250 a m p / d i n  ~ wi l l  reduce  the ave rage  par t ic le  
size of the deposit  by  50% or more.  

The  a p p a r e n t  m e c h a n i s m  of pur i f ica t ion  of ThC1,- 
be a r i ng  mel ts  by HC1 spa rg ing  is a s t r a i gh t f o rwa rd  
one a l though  the ac tua l  m e c h a n i s m  is poss ib ly  qui te  
complex.  It  appears  tha t  oxidic impur i t i e s  in  the 
me l t  (e.g., ThO.~, ThOCI~, etc.) are  ch lo r ina ted  and  
moi s tu re  e l i m i n a t e d  (at  800~176  

e.g., ThOCI~ + 2HCI-* ThC1, + H20 
This  has been  ind ica ted  by  me l t  ana lyses  p lus  a n a l -  
ysis a nd  dew po in t  m e a s u r e m e n t s  on effluent gases 
f rom the cell d u r i n g  sparging.  

Manuscripts and Abstracts for Spring 1958 Meeting 
Papers are now being solicited for the Spring 1958 Meeting of the Society, to be held at the Stat ler  Hotel 

in New York City, Apri l  27, 28, 29, 30, and May 1, 1958. Technical Sessions probably  will be scheduled on Electric 
Insulation,  Electronics, Electrothermics and Metallurgy, Industr ial  Electrolytics, and Theoretical Electrochemistry 
( including a symposium on "Electrokinetic and Membrane Phenomena") .  

To be considered for this meeting, triplicate copies of abstracts (not to exceed 75 words in length) must  be 
received at Society Headquarters,  1860 Broadway, New York 23, N. Y., not later than January 2, 1958. Please 
indicate on abstract for which Division's symposium the paper is to be scheduled. Complete manuscripts  should 
be sent to the Managing Editor of the JOURNAL at 1860 Broadway, New York 23, N. Y. 

The Fall  1958 Meeting will  be held in Ottawa, Canada, September 28, 29, 30, October 1, and 2, 1958, at the 
Chateau Laurier .  
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