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A B S T R A C T  

The  ra te  of react ion of n i t rogen wi th  h igh-pur i ty  z i rconium was de te rmined  for the  
t empera tu re  range of 975 ~ to 1640~ at 1 a tm pressure.  The  reac t ion  followed a para -  
bolic law and the  parabol ic  raf, e cons tan t  in  (ml/cm~)2/see wa~ calculated to be 

k = 5.0 X 103 e -48,O001RT 

where 48,000 =i: 1500 cal /mole  is the  ac t iva t ion  energy for the  react ion.  The  ra te  of dif- 
fusion of n i t rogen in be ta  z i rconium was ob ta ined  for the  t empe ra tu r e  range  of 920 ~ 
to 1640~ at  1 arm pressure. Diffus ion-ra te  calculat ions based  on a solut ion of ~he usual 
diffusion equat ion  gave a diffusion coefficient, 

D = 1.5 X 10 -~ e -~~176176 cm2/sec. 

The  energy of ac t iva t ion  of diffusion, 30,700 cal /mole,  has  a p robab le  error  of 1000 
cal/mole.  The calculated en t ropy  of ac t iva t ion  for diffusion is 3.5 ca l /mole  degree. The  
l imi t ing solubil i t ies of n i t rogen  in be ta  z i rconium were de te rmined  from the  diffusion 
data .  The  hea t  of solut ion of n i t rogen  in be ta  z i rconium is 12,900 :i= 500 cal/mole.  

INTRODUCTION 

Kinetic studies of gas-metal reactions have 
gained great impetus since Pilling and Bedworth 
(1) published their classic paper on the oxidation of 
metals at high temperatures. The various laws of 
film growth have been adequately treated in the 
literature (2-11) and will, therefore, not be dis- 
cussed here. The pro'pose of the present investiga- 
tion was twofold: (a) to study the over-all kinetics 
of the zirconium-nitrogen reaction, and (b) to study 
the interstitial diffusion of nitrogen in zirconium. 

The reaction of nitrogen with zirconium has been 
described by Gulbransen and Andrew (12) in the 
temperature range 400 ~ to 825~ and by Drav- 
nicks (13) at 860 ~ to 1050~ Both investigations 
showed that the zirconium-nitrogen reaction follows 
the parabolic law. Rates of diffusion of nitrogen in 
beta zirconium with a high hafnium content (1.8- 
2.2 %) were reported in a paper from this laboratory 
(14). When the purer zirconium (0.015 % hafnium) 
became available, it was decided to repeat the dif- 
fusion studies in coniunetion with kinetic studies of 
the zirconium-nitrogen reaction at high tempera- 
tures. 

EXPERIMENTAL 

Method 

To determine the rate of reaction between zir- 
conium and nitrogen, the rate of consumption of 

~Manuscr ip t  received June  18, 1953. This  paper  was 
prepared  for del ivery before the  Wrightsvi t te  Beach Meet-  
ing, September  13 to 16, 1953, Work  done under  Con t r ac t  
No. W-7405-eng-92 for the  Uni t ed  States  Atomic Energy  
Commission. 

nitrogen by a specimen of metal at high tempera- 
ture was measured. The apparatus used was a 
modified Sieverts type, consisting of a Vycor reac- 
tion tube, sealed by means of a greased, ground- 
glass ball joint to a glass manometer system, which 
was connected through stopcocks to a vacuum sys- 
tern and a gas buret. The system was evacuated by 
a 2-stage glass mercury-diffusion pump backed by a 
mechanical pump. A cold trap, cooled with a dry 
ice-acetone mixture, was placed between the diffu- 
sion pump and the reaction system. The sample was 
heated by high-frequency induction, using a 2-kw 
Lepel converter. The temperature was controlled to 
=L 5~ by adjustment of a V20 Variac in the con- 
verter input line and by use of an external variable 
resistance cormected across the power leads in 
parallel with the work coil. 

The zirconium specimens were machined cylin- 
ders about 4 cm long by 0.7 cin in diameter. A hole 
was drilled through the sample about ~ in. from 
one end, using a No. 46 drill. A graphite tube, 
which extended about )~6 in. on either side of the 
sample, was inserted in the drilled hole. The tube 
served to prevent interaction between the zir- 
conium sample and the thermocouple. A platinum- 
platinum + 10% rhodium thermocouple was 
threaded through the graphite tubing, and the butt- 
welded bead was located at the center of the sample 
diameter. The thermocouple ends were soft soldered 
to similar leads which were permanently sealed in 
the reaction-tube cap. The thermocouple was used 
both to measure the sample temperature and to 
suspend the sample in the reaction tube. 

I t  was found necessary to correct the thermo- 



2 JOURNAL OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  January 1954 

couple temperature  readings because, in using in- 
duction heating with the specimen suspended by 
the thermocouple, the thermocouple wires con- 
ducted heat  from the hot  junction, causing the 
readings to be low. This correction was made for 
work in an atmosphere of nitrogen in the tempera- 
ture range 975 ~ to 1640~ The thermocouple was 
calibrated against a Pyro  optical pyrometer  2 sighted 
on a hohlraum in the sample through a Pyrex 
window. The differences in temperatures between 
the thermocouple and the calibrated pyrometer  
readings were considerable. At  975~ the thermo- 
couple reading was 75 degrees low, and at  1650~ 
the thermocouple reading was 140 degrees low. 

The specimens were abraded with kerosene- 
soaked 240-, 400-, and 600-grit silicon csrbide papers 
and washed in successive baths of naphtha,  ether, 
and acetone. Care was taken to keep the specimens 
under acetone until they were placed in the reac- 
tion tube. 

With the specimen at the desired temperature,  
purified nitrogen was admit ted from a gas buret. 
Fur ther  nitrogen additions were made, as needed, 
to keep the pressure at  500 to 760 mm. Pressure 
measurements were made every 2 rain at the start  
of each run and at  longer time intervals as the reac- 
tion rate decreased. Nitrogen, present in the 
apparatus as a gas phase, was determined from pres- 
sure measurements on a full-length open-end mer- 
cury manometer  and the calculated dead space of 
the system. The difference between the amount  of 
nitrogen added and that  remaining in the gas phase 
was the amount  absorbed by the specimen. 

To convert total quant i ty  reacted to quant i ty  
per unit  area, the geometric dimensions of the speci- 
men were used. Upon completion of a run in which 
nitrogen was reacted with zirconium for a prede- 
termined time, the system was evacuated, and the 
specimen cooled rapidly. Rapid cooling was neces- 
sary because of the diffusion studies. This was 
easily accomplished since the heating was done by  
induction. When the high-frequency converter was 
shut off, the temperature  fell from 1000 ~ to about  
400~ in 2 min. 

After a reaction-rate run was completed, lengths 
equal to the radius of the cylindrical sample were 
cut from the ends of the specimen and discarded. 
The rest of the sample was machined radially into 
several layers of equal weight which were then 
analyzed for nitrogen content by a modified Kjel- 
dahl method. The concentration in the surface 
layer, including the alpha and gamma layers, was 

The  pyromete r  was ca l ib ra ted  for read ing  t h r o u g h  
the  Pyrex window over  a range of t em pe r a t u r e  up to 1800~ 
agains t  a r ibbon-f i lament  tungs ten  lamp s tandar ized  at  
100-degree in te rva ls  by  the  Na t iona l  Bureau  of Standards .  

not used in the calculations. The remaining layers 
contained only nitrogen which had diffused as solute 
through the beta zirconium core. Diffusion coeffi- 
cients were determined by the graphical method 
(14), using the average nitrogen concentrations of 
each layer, the average radius of the layers, and the 
time of diffusion. 

Materials 

The  pure zirconium used in these experiments was 
iodide crystal bar produced by  the de Boer process, 
double arc melted, and cold rolled into a 3/~-in. 
diameter  rod. Tes t  specimens were machined from 
this rod. Impurit ies in the zirconium were deter- 
mined by  spectrographic, chemical, and vacuum- 
fusion analyses. The  weight percentages of the prin- 
cipal impurities detected were: iron, 0.025; hafnium, 
0.015; silicon, 0.01; tin, 0.01; oxygen, 0.005; ni- 
trogen, 0.001; and hydrogen, 0.0005. 

The nitrogen used was prepared by passing pre- 
purified tank  nitrogen (The Matheson Company)  
over zirconium turnings, heated at  850~ The gas 
was then  dried by passing through a d ry  ice-acetone 
cold trap. Mass spectrographic analysis showed 
that  the only measurable impur i ty  was 0.2 % argon. 

SURFACE REACTION 

The rate of the surface reaction of zirconium 
with nitrogen was measured in the range 975 ~ to 
1640~ at  1 a tm pressure. Adherent  golden-yellow 
films of ZrN were observed throughout  the tem- 
perature range in agreement with the observation 
of Dravnieks (13). Results of the measurements  
for several runs are shown in Fig. 1 and 2. The  
square of the amounts  (ml STP)  of nitrogen con- 
sumed per unit  surface area of the metal  are plotted 
against time. I t  was found that ,  in all cases, the 
reaction conformed to the parabolic rate law, w 2 = 
kt, with occasional deviations in the direction of a 
slower initial rate. This initial slower rate was at- 
t r ibuted to a contaminating layer of oxide. This 
effect was less evident at  higher temperatures  be- 
cause of the solution of the oxide film in the metal. 
The induction period varied from 0 to  20 min at 
temperatures 975 ~ to 1305~ and from 0 to 5 min 
at temperatures  1305 ~ to 1640~ Also, the slight 
thermal fluctuations of the dead space, both  in the 
reaction zone and the room-temperature  parts of 
the apparatus,  m ay  result in slight deviations in 
measurements of the amount  of nitrogen absorbed. 
Again, such deviations tend to have a more marked 
effect when the volumes of gas absorbed are rela- 
t ively small, as is the case in experiments carried 
out below t 100~ 

A plot of the logarithm of the amount  of nitrogen 
consumed per unit surface area vs. the logarithm of 
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t ime should give a straight line with a slope equal 
to 0.5 if the parabolic law is obeyed. As can be seen 
from Table I, such behavior was observed. 
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The rate constants (k) calculated from the vari- 
ous plots aud the slopes of the log-log plots are 
given in Table I, together with the temperature  
and the length of each run. The reproducibility of 
the measurements is evident. In most cases, there 

was a variat ion of about  25 % in the constants. The  
variation between runs at constant tempera ture  

T A B L E  I .  Parabolic rate constants for the reaction of 
zirconium with nitrogen 

Temp, Length of run, Rate constant (k), Slope of log-log 
~ -4- 5 ~ min (ml/cm~)2/sec plot 

975 
1030 

1085 
1085 

1085 

1140 
1195 

1195 
1195 
1305 

1305 
1420 

1420 
1420 

1475 
1530 

1530 

1530 
1640 

300 
300 
180 

180 

300 
240 
170 
180 

180 
180 

120 

180 
180 

60 

60 
180 

6O 

32 

3O 

2 .0  X 10 -5 
5 .4  X 10 -6 

1.7 X 10 -4 

5.9 X 10 - s  
1.1 X 10 -4 
1.2 X 10 -4 

2.1 X 10 -4 
3 .2  X 10 -4 

7 .0  X 10 -4 
1.3 X 10 -3 

7 .5  X 10 -4 

1.8 X 10 -3 
3 .2  X 10 -3 
1.7 X 10 -3 

7 .2  X 10 -3 

7.1 X 10 -2 
1.1 X 10 -2 

9 .7  X 10 -2 
2 .0  X 10 -2 

0.47 

0 .55  
0 .54  
0.61 

0 .60  
0 .62  

0.51 
0 .56  

0 .55  
0 .52  

0 .57  
0.53 
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0 .54  

0 .48  
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FIG. 3. T h e  z i r c o n i u m - n i t r o g e n  r e a c t i o n - - v a r i a t i o n  of 

r e a c t i o n  r a t e  c o n s t a n t  w i t h  t e m p e r a t u r e .  

may be due, in part,  to differences in the surface 
roughness from one sample to another.  

Fig. 3 is a plot of log k vs. 1/T. The equation of 
the best straight line through the points from 975 ~ 
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to 1640~ was determined by  the method of least 
squares; and the experimental energy of activation 
and the frequency factor were calculated by  the 
Arrhenius-type equation, k = Ae -~mr. The energy 
of activation for the low-hafnium pure zirconium is 
48,000 4- 1500 cal/mole, as compared with the 
value of 52,000 cal/mole obtained by Dravnieks 
(13) for the high-hafnium zirconium. The rate con- 
stant  in (ml/cm2)2/sec is k = 5 .0  X 103 e - 4 ~ , o o o / R r  

D I F F U S I O N  WITtIIN THE METAL 

As defined previously (14), co is the constant con- 
centration maintained at the surface and a is the 
radius of the cylinder. The values DUa 2 and c0, and 
the diffusion coefficients obtained from them graphi- 
cally (14), are listed in Table II.  The temperature  
variation of the diffusion coefficient can be evaluated 

T A B L E  I I .  Diffusion coefficients of nitrogen in zirconium 

Time, Temp, D X 10 7, 
min ~ 4- 5 ~ co, wt % Dl/a ~ cm2/se c 

600 
300 
300 
180 
300 
240 
170 
180 
180 
127 
180 
120 
6O 

180 
60 
6O 
32 
3O 

920 
975 

1030 
1085 
1085 
1140 
1195 
1195 
1195 
1305 
1305 
1305 
1420 
1420 
1475 
1530 
1530 
1640 

0.13 
0.12 
0.21 
0.22 
0.28 
0.21 
0.27 
0.30 
0.34 
0.41 
0.47 
0.44 
0.47 
0.56 
0.72 
0.82 
0.70 
0.92 

0.013 
0.008 
0.015 
0.01 
0.015 
0.017 
0. 024 
0.02 
0. 042 
0. 042 
0.09 
0. 028 
0. 035 
0.15 
0.055 
0.10 
0.055 
0.055 

0.55 
0.72 
1.3 
1.5 
1.3 
1.9 
3.4 
3.1 
6.3 
7.7 

11.0 
6.3 

14.0 
17.0 
25.0 
35.0 
39.0 
51.0 

by the equation, D~ = Doe -Qmr. Fig. 4 is a plot of 
log D~ vs. l I T  for the low-hafnium zirconium. The 
equation of the best straight line through the points 
from 920 ~ to 1640~ was determined by the method 
of least squares. The experimental energy of activa- 
tion is 30,700 4. 1000 cal/mole, and the diffusion 
coefficient in cm2/sec is 1.5 X 10 -2 e -~~176 This 
is in fair agreement with the earlier value reported, 
3 X 10 2 e-33,600mr, from this laboratory (14) on 
high-hafnium zirconium. 

The entropy of activation for diffusion can be 
estimated from the experimental value of Do and 
the approximation suggested by Wert  and Z e n e r  
(15). Nitrogen diffusion through beta zirconium is 
assumed to be interstitial. Furthermore,  the as- 
sumption is made that  as the solute atom moves 
from one interstitial position to an adjacent inter- 
stitial position its potential energy varies in a 
simple sinusoidM manner. Then, from Wert  and 

Z e n e r  (15), the vibration frequency 3" is given by  the  
approximation 

3' = \ 2 m X 2 ]  , 

w h e r e  E is assumed approximately equal to the  
energy of activation, m is the mass of the solute 
atom, and k is the distance between the interstit ial  
positions. From the expression for bcc lattices, 

2 
a o p  , Do = ol/~ exp (AS~R) (ao the lattice constant 

3.62 A for beta zirconium), AS can be evaluated.  
X is assumed to be ao/2 (15) and AS was calculated 
to be 3.5 cal/mole deg in agreement with Zener's 
prediction that  a low positive value for the en t ropy  

Temperature, C 
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x 
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0.1 
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I 
T'K X 10 4 

FIG. 4. Diffus ion of n i t rogen  in z i r c o n i u m - - w ~ r i a t i o n  of 
diffusion coefficient w i th  t e m p e r a t u r e .  

of activation suggests tha t  diffusion occurs through 
the lattice and not through grain boundaries or 
other short-circuiting paths. A similar calculation 
was made for the diffusion of nitrogen in beta tita- 
nium. Using the results of Wasilewski (17), D~ = 
3.5 X 10 -2 e -33`s~176 the entropy of act ivat ion for 
diffusion was calculated to be 5.3 cal /mole deg. 
However,  for the diffusion of nitrogen in thorium, 
data  from this laboratory (18) indicate tha t  a nega- 
tive entropy of activation for diffusion is also pos- 
sible. From D = 2.1 X 10 3 e--22,500/RT, AN WaS cal- 
culated to be --4.4 eal/mole deg. 

SOLUBILITY OF NITROGEN IN BETA 

ZIRCONIUM 

As pointed out previously (14), the solubility 
limit of nitrogen in beta zirconium is the concentra- 



Vol. 101, No.  1 R E A C T I O N  OF N I T R O G E N  W I T H  ~ Zr 5 

Non just inside the interface between the beta and 
alpha phases. The calculated Co is, then, the approxi- 
mate limiting solubility of nitrogen in beta zirconium 
at the given temperature. The calculated c0's are 
listed in Table I I  and a plot of the cr values is given 
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FIG. 5. Solubility limits (c0's) of nitrogen in beta zirconium 

in Fig. 5. A smooth curve, which is considered the 
approximate boundary between the beta and alpha- 
plus-beta phases, was drawn through these points. 
The solubility limit previously (14) determined for 
high-hafnium zirconium is also shown. The dashed 

line is suggested to indicate the possible boundary  
between the alpha and alpha-plus-beta phases. 

The solubility in weight per cent nitrogen in 
zirconium over the temperature range 920 ~ to 1640~ 
cart be expressed as 

2810 
log co ( i n w t % )  = - - ~ 7 -  + 1.42. 

The heat of solution for nitrogen in zirconium ob- 
tained from this equation is AH = 12,900 3= 500 
cal/mole. 

Any discussion of this paper will appear in a Discussion 
Section, ~o be published in the December 1954 issue of the 
JOURNAl,. 
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The Reaction of Silver Alloys with Sulfur in Mineral Oil 
II .  E x a m i n a t i o n  o f  R e a c t i o n  F i l m s  a n d  M e c h a n i s m  o f  R e a c t i o n  ~ 

H. O. SPAUSCHUS, ]~. W. HARDT, AND R. T. FOLEY 

Materials and Process Laboratory, General Electric Company, Pittsfield, Massachusetts 

A B S T R A C T  

React ion product  films grown on silver alloys by reaction with sulfur in mineral  oil 
were examined by spectroscopic, X-ray,  and electron-diffraction techniques.  In terpre ta-  
tion of the results leads to a mechanism of reaction in which the ra te-determining step 
during the steady phase is diffusion through a strained interfacial  zone of constant  
thickness, comprised of the sulfide of the alloying element dissolved in ~-silver sulfide, 
altering the number of normal lat t ice defects. The sulfide of thall ium, which, unlike all 
the other alloying elements ,  yie lds  a sulfide with a cat ion/anion ratio similar to silver 
sulfide, is exceptional. 

INTRODUCTION 

A study of the kinetics of the reaction between 
many silver alloys and sulfur dissolved in mineral 
oil demonstrates that  the solution of an alloying 
element in silver causes a retardation in the steady- 
state reaction rate (1). Generally speaking, the 
whole reaction may be broken down into two phases: 
the initial reaction similar to tha t  with silver alone; 
the later reaction differs from that  of silver (except 
for silver-thallium alloys) and follows a linear weight 
gain-time pattern.  The linear relationship which 
describes this later steady state seems not to be 
particularly dependent on the chemical nature of 
the alloying element dissolved in silver. 

To explain this unusual behavior, an under- 
standing of how the composition and structure of 
the reaction films formed on silver alloys differ 
from that  of "normal silver sulfide," is required. Of 
particular concern is the final disposition of the 
alloying element. 

The purpose of this paper is to report  the analyses 
of these tarnish films, and to formulate a mechanism 
of reaction. 

EXPERIMENTAL 

Spectrographic examination of films.--Samples of 
stripped sulfide films were diluted with nine parts of 
a buffer composed of equal parts of barium nitrate 
and ammonium sulfate and analyzed with a Zeiss 
Medium Quartz Spectrograph. Quanti tat ive estima- 
tions of the amounts of alloying elements in the films 
were made by comparison with standards prepared 
with silver nitrate and salts of the alloying elements 
(usually the nitrate). The thicknesses of the stripped 
fihns varied from 10,000-50,000 A. These are 
described as " thick"  films in the discussion below. 

Manuscript  received February  27, 1953. This paper was 
prepared for delivery before the Wrightsville Beach Meet-  
ing, September 13 to 16, 1953. 

X-ray diffraction examination.--"Thick" films 
were stripped, powdered, and analyzed by  the 
powder methocl with a General Electric XRD-1  
instrument employing a cylindrical camera and 
copper or cobalt radiations. 

Electron diffraction examination.--The electron 
diffraction analyses were made with a General 
Electric electron diffraction instrument.  Both  " th in"  
films (1000-4000 A) and " th ick"  films were examined 
on the alloy panels by a reflection technique. "Very 
th in"  films (less than 1000 A) were also stripped and 
examined by transmission. 

Film stripping technique.--A strip of a silver alloy 
which had reacted with sulfur was made the anode 
in a solution of 0.SN nitric acid solution at room 
temperature  and electrolyzed for 5 mill with a 
current density of 4 amp/din  2. The strip was 
transferred to warm dilute nitric acid solution, 
rinsed, and then transferred to water. In  water, the 
film was shaken loose, rinsed with water,  then 
acetone, and finally dried. 

A separate sample of the same silver alloy was 
given the same electrolytic t rea tment  to determine 
whether objectionable anodic films were formed by 
this t reatment .  

RESULTS 

Spectrographic examination.--The results from the 
spectrographic analyses of the reaction films are 
summarized in Table I. The  sulfide films grown on 
the silver alloys of aluminum, magnesium, and 
manganese contain only a trace of the alloying 
element. However,  an appreciable amount  of the 
alloying element was found in the films grown on 
alloys of antimony,  cadmium, indium, thallium, and 
zinc. I t  is significant tha t  in every case the alloying 
element was evident. I t  was not possible to get 
reproducible values from a single sample of the film 
grown on the cadmium alloy. Deviations of •  % 
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from the 7.0% value were observed. This  non- 
uniformity  indicates t ha t  there were local concen- 
t ra t ions of cadmium in the film, some regions being 
richer in cadmium than  others. The  precision of the 
results reported for the other films is better,  being of 
the order of =1=10%, with + 2 0 %  for the zinc and 
=t=25 % for the indium alloy. 

X-ray diffraction examinat ion.--The x-ray ex- 
aminat ion of the films f rom silver and silver alloys 
gave only the pa t te rn  for ~-silver sulfide, which has 
been assigned a monoclinic (pseudo-orthorhombic) 
s tructure by Ramsdell  (2). The pa t te rn  for the film 
from the 9.6 % Zn alloy was an exception in tha t  
extra lines were observed which were not  identifiable, 
e.g., not ZnS or ZnO. None of the other pa t te rns  
gave any  indication of the presence of alloying 
element, the sulfide of the alloying element, or any  
compound of the alloying element in these films. 

Electron diffraction examinat ion.--Both thin and 
thick films were examined by  electron diffraction 

TABLE I. Spectrographic examination of fihns 

Alloy from which Emission line (or lines) Estimated amount of alloying element 
film was stripped used present in film 

% 
Pure Ag 
4.0 A1-Ag 
1.8 Sb-Ag 

30.0 Cd-Ag 
11.8 In-Ag 
0.4 Mg-Ag 
4.3 Mn-Ag 
2.9 T1-Ag 
5.9 T1-Ag 
9.6 Zn 

2721.8 
2568.0 
2877.9 
2265.0 
2710.3 
2776.7, 2779.8 
2605.7 
2918.3, 3229.8 
2918.3, 3229,8 
3302.9, 3345.0 

% 
0 
0.015 
0.45 
7.0 
0.4 
0.04 
0.01 
0.9, 0.6 
0.95, 0.7 
0.5 

thick films could be accounted for by  experimental  
error. 

Fi lms on several high alloys gave greater  dis- 
tortions. The deviat ion observed with  the sulfide 
film from pure silver was quite small and of the 
order of experimental  error in the measurement .  

Fur ther  measurements  on films of the order of 
thickness of 500 ~ which had been str ipped f r o m  
the basis meta l  were made by  a t ransmiss ion 

TABLE II. Film distortions from deflection measurements 

Basis alloy composition Average deviation (,~ X 102) 

Thin films 

% 
24.4 Zn-Ag 
15.3 In-Ag 
0.8 Mg-&g 
1.2 Pb-Ag 
1.6 AI-Ag 

19.8 Cd-Ag 
Ag 

3.2 In-Ag 
2.9 T1-Ag 
5.1 Zn-Ag 
5.9 T1-Ag 
9.4 In-Ag 

4-3.86 
-}-3.75 
4"2.67 
4-2.58 
4-2.40 
4-2.17 
4"0.75, 
4-0.71 
4-0.60 
4-0.08 

0.00 
- 0 . 4 1  

+0.91 

Thick films 

12.6 Zn-Ag 
1.2 Pb-Ag 

Ag 
0.8 Mg-Ag 
2.1 Sn-Ag 
5.1 Zn-Ag 
1.6 A1-Ag 

15.3 In-Ag 
3.2 In-Ag 

4.1.79 
4.1.00 
+0.47 
+0.40 
4-0.33 
4-0.16 
-0.13 
-0.42 
-0.47 

using the reflection technique. Only pat terns  for 
B-silver sulfide were observed. However,  the inter- 
planar  spaces in the pa t te rns  obtained f rom some of 
the films deviated from the X - r a y  spacings for pure  
B-silver sulfide. These deviations are believed to be 
indicative of distortions in the silver sulfide lattice. 
To  make a quant i ta t ive  est imation of this distortion, 
a "devia t ion"  was calculated by  subtract ing the 
X- ray  spacing from the electron diffraction spacing 
for each line. The deviations for all the lines in a 
given pa t t e rn  were then averaged and this "average  
deviat ion" is given in Table  I I .  

I t  is apparent  tha t  the distortion is, in general, 
not only greater for the thin films, but  decreases or 
disappears as the film grows outward.  The m a x i m u m  
error involved in the measurement  of the deviation 
is less than  0.01 A per line, so the deviation for the 
thin films is considerably more than  tha t  possible 
by  an accumulat ion of experimental  errors. On the 
other hand, most  of the deviations observed in the 

TABLE III .  Film distortions from 
transmission measurements 

Basis alloy composition Average deviation (A X 10:) 

% 
Ag 

3.2 In-Ag 
30.0 Cd-Ag 
12.6 Zn-Ag 

- -0 .06  
--0.09 
--0.92 
--1.60 

technique. Only the pa t t e rn  for silver sulfide was 
recorded. The  measured distortion is reported in 
Table  I I I ,  and it is significant tha t  the distort ion 
present  in the film when the film was a t tached to the 
alloy disappeared,  or the deviat ion shifted in a 
negative direction. 

D I S C U S S I O N  

The spectroscopic examinat ion of the films 
showed tha t  sulfide films grown on silver alloys of 
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cadmium, antimony, indium, thallium, and zinc 
contained an appreciable quant i ty  of the alloying 
element. The films grown on aluminum, magnesium, 
and manganese alloys contained only a trace of the 
alloying element. Nevertheless, the X-ray  dif- 
fraction analysis in all eases indicated only the 
pat tern for 5-silver sulfide. This was confirmed by  
electron diffraction examination both with a reflec- 
tion technique and a transmission technique. There- 
fore, the conclusion was drawn that  when alloying 
elements are present in the film they exist in the form 
of their sulfides dissolved in 9-silver sulfide. 

This conclusion is limited by the fact tha t  all but  
the reflection electron diffraction measurements 
were made on stripped films, i.e., the system studied 
had been disturbed before the actual measurements. 
An examination of the surface (metallic) of the alloy 
after reaction would contribute greatly to our 
knowledge of the system. We would be able to 
determine whether or not there was a concentration 
of the alloying element on the surface of the alloy 
hindering reaction through the formation of a 
diffusion barrier. But,  here again, to examine the 
reacted surfac, e the sulfide film must be stripped. In 
so doing we would alter completely the system we 
would study. Another limitation imposed is tha t  of 
the lack of sensitivity of diffraction measurements to 
minor constituents in mixtures. The electron 
diffraction apparatus is probably the best instrument 
now available for the study of surface reactions. 
tIowever, various experimenters claim that  a concen- 
tration of less than 5 % would remain undetected in 
a mixture. The system here under investigation, by 
virtue of the well-formed silver sulfide crystals, is 
particularly suited for examination by diffraction 
techniques. 

The electron diffraction analyses show that  
usually the film just formed is distorted. As the film 
grows the extent of distortion decreases and largely 
disappears as the thick film is attained. If the film 
is stripped from the silver alloy, the distortion is 
relieved or the positive deviation is shifted to a 
negative value. 

The thick films appear similar in structure to tha t  
of "normal"  silver sulfide which would suggest 
that  the cause of the observed steady-state rate is 
located at the metal-film interface. 

Mechanism of Reaction 

A postulated mechanism of reaction of the silver 
alloys with sulfur must account, first, for the rapid 
reaction during the early stage of the reaction life, 
and, second, for the decreased rate exhibited during 
the steady-state phase which constitutes the 
greater part  of the reaction. The behavior of the 

silver-thallium alloys, which differ from the main 
body of alloys, must  also be explained. 

The analyses of the reaction films indicate tha t  
the sulfide of the alloying element exists in the films 
in solution in the silver sulfide lattice. There is a 
concentration of the sulfide of the alloying element 
near the interface. This is the interpretat ion placed 
on the distortion observed in the sulfide lattice in 
the very  thin film, but  not in the thick film. This 
distortion is also associated with the a t tachment  of 
the sulfide film to the alloy surface as shown by the 
relief of the distortion when the very thin films are 
removed from their metallic support. 

More weight is given to the results obtained from 
the electron diffraction examination because, in this 
case, we dealt with an undisturbed system. 

Thus, during the first rapid stage of the reaction, 
an interfacial layer comprised of the alloying 
element sulfide dissolved in r sulfide is 
developed, giving a strained lattice. The rate- 
determining step during this stage is the diffusion 
of dissolved sulfur to the alloy strip surface. This 
distorted zone achieves a given thickness for a 
specific alloy. From then on the growth is slow, with 
the rate-determining step being diffusion through 
this interfaeial zone. 

The process by which silver sulfide grows has been 
demonstrated to be one of diffusion of silver cations 
and electrons through a film which contains cation 
vacancies, the gradient of which vacancies governs 
the diffusion (3). Solution of the sulfide of the 
alloying element in the silver sulfide lattice changes 
the number of lattice defects. All of the sulfides of 
lower cat ion/anion ratio than Ag2S decrease the rate 
of reaction after about  100 hr. These are A12Sa, 
Sb2Sa, PbS, CdS, In2Sa, MgS, PdS, MnS, SnS, and 
ZnS. Films grown on silver-thallium alloys behave 
much like those grown on unalloyed silver. The 
thallium sulfide, T12S, with the same cat ion/anion 
ratio as Ag2S, enters into the Ag2S lattice without  
disturbing it and also without affecting the steady- 
state rate. 

The distortion observed in the major i ty  of the 
films is more than tha t  to be expected from the 
growth of a sulfide lattice with certain lattice 
spacings on an alloy with different lattice spacings, 
since such distortion was not observed in thin 
films grown on thallium alloys. 

The rate-determining steps for the two phases of 
the reaction are: (a) the diffusion of sulfur in 
solution to the metallic strip; and (b) the diffusion 
of silver cations and electrons through an interfacial 
zone of constant thickness. The interfacial zone is 
comprised of an alloying element dissolved in silver 
sulfide. 
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The  reaction rates are of an order accountable for 
by  hindered diffusion through silver sulfide. How- 
ever, experimental  work reported here does not 
discount the formation of a barrier zone of alloying 
element a t  the interface between the metallic strip 
and the film. As suggested above, the presence of 
this zone would be difficult to prove experimentally.  
The possibility of the alloying element remaining in 
solution in silver and diffusing backward  as a 
significant step in the mechanism is unlikely. 

The expected rate of diffusion of m a n y  of these 
alloying elements in silver m a y  be approximated with 
data  collected by  Jost  (4). The observed rate of 
reaction is 10~-10 ~ times tha t  expected by  this 
process. 

On the other hand, the extrapolated diffusion 
rates for silver in lead and a luminum are sufficiently 
rapid to account for the rates of reaction with sulfur. 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1954 issue of the 
JOURNAL. 
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The Rate of  Dissolut ion and the Pass ivat ion of  Ti tanium in 
Acids with A m m o n i u m  Fluoride  Added 1 
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A B S T R A C T  

Al though  Ti  is very  r e s i s t an t  to the  ac t ion  of all acids, except HC1, H2SO4, and  es- 
pecially HF,  i ts  res is tance breaks  down if soluble fluorides are added to the  acidic solu- 
t ions.  I t  was found t h a t  the  H F  l ibera ted  by  acids pa r t i a l ly  dissolves the  p ro tec t ive  
film t h a t  is always present  on the  surface of Ti.  Hydrogen  ions then  are d ischarged at  
the  local cathodes,  which are now exposed to the  acids t h r o u g h  the  pores of the  film. 
In  agreement  wi th  th is  concept ,  the  r a t e  of d issolut ion of Ti  increases  only s l ight ly  
wi th  increased concen t ra t ion  of a s t rong acid (HC1, H2SO4), a t  a cons tan t  concent ra-  
t ion  of NH4F, bu t  i t  increases great ly  wi th  increased concen t ra t ion  of NH4F (at a con- 
s tun t  concen t ra t ion  of the  s t rong  acid). 

If  the  concen t ra t ion  of NH4F is increased sti l l  fu r ther ,  the  Ti  becomes passive,  and  
s imul taneous ly  i ts po ten t i a l  decreases to  - 0 . 9 4  vo l t  (hydrogen scale). This  pass iva-  
t ion could be explained by  fo rmat ion  of a pa r t i a l  sa l t  film on the  surface of the  dis- 
solving Ti, and  by  increase of hydrogen overvol tage  on local cathodes,  because of the  
NH4F present .  

INTRODUCTION 

Titanium dissolves readily in pure hydrofluoric 
acid, slowly in hydrochloric acid, and more slowly 
in sulfuric acid (1, 2). In all other acids t i tanium is 
nearly insoluble, but  it reacts with many  of these 
acids if some water-soluble fluoride is added to the 
acid. In the presence of such a fluoride, t i tanium is 
at tacked by  strong acids such as nitric, hydro- 
bromic, hydroiodic, and perchloric; acids of medium 
strength (phosphoric); and even by  weak dilute 
acids such as formic and acetic acids. Trifluoroacetie 
acid also reacts violently with t i tanium if the acid 
is diluted with water. 

The intention of this investigation was to collect 
da ta  concerning the proceedings and the rate of 
dissolution processes in the presence of soluble 
fluorides, in order to get some insight into the 
mechanism of this kind of dissolution. 

The experiments were made with Remington 
Arms 1.6 mm thick rolled t i tanium sheet of a puri ty  
of ~-~ 97.6 % (1). Squares of 1 cm 2 surface area were 
cut, imbedded in Bakelite, and without any heat 
treatment,  only 1 cm ~ of the t i tanium plates was 
exposed to the action of the acid. The rate of dis- 
solution was computed from the volume of hydro- 
gen evolved. Purest  NH4F was added to the solu- 
tions. The experimental arrangement was the same 

Manuscript received May 29, 1953. This paper was 
prepared for delivery before the Montreal Meeting, October 
26 to 30, 1952. Based on a thesis submitted by C. B. Gill 
in partial fulfillment of the requirements for the Ph.D. 
degree to the Graduate School of the University of Mis- 
souri. 

as described previously (1), and duplicate sets of ex- 
periments were made in each instance. 

RATE OF DISSOLUTION OF TITANIUM AT 

A CONSTANT CONCENTRATION OF 

AMMONIUM FLUORIDE 

In  Fig. 1, the rate of dissolution of Remington 
Arms t i tanium in hydrochloric and sulfuric acids of 
increasing concentrations at  a constant  concentra- 
tion of ammonium fluoride (0.05M) is shown. 

The  lowest curve shows the rate of dissolution of 
Ti in purest  sulfuric acid. The rate of dissolution 
increases if ammonium fluoride is added,  but  in- 
creases only slightly, in all cases, with the concen- 
t ra t ion of the acid, even though 10N hydrochloric 
acid is already a nearly concentrated acid. Each 
experimental  point is the mean value of two ex- 
periments, and represents the maximum rates of 
dissolution. The dissolution usually began with a 
short period (or no period) of induction, then came 
a flat maximum, and finally the ra te  decreased 
slowly. The durat ion of each run was from 4-10 hr. 
As compared with the rate of dissolution in purest  
sulfuric acid, the rate is greatly increased by  the 
presence of ammonium fluoride, and it is still higher 
with the dissolution in hydrochloric acid. However,  
the increase of the rate with the concentrat ion of 
the acids is nearly the same in both  cases. This is 
proved by  the slopes of the straight portions of the 
curves, which are very  nearly equal. 

Some of the experiments were continued in the 
acids over a period of from 50-70 hr, in order to 
find out whether  or not the rate of dissolution de- 

10 
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pends on the absolute amount  of hydrofluoric acid 
liberated by  the displacement reaction, assuming 
tha t  the reaction goes to 

H R  -~- N H , F  ~ HF  + NH~R (I) 

completion. I t  was found that  the dissolution con- 
tinues at  a considerable rate after a time, when, 
according to reaction (I), all the H F  available was 
used up. This fact clearly shows tha t  hydrochloric 

Z 
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0 I :: 4 6 �9 I0 
CONC, OF ~ I D 3  

FI~. 1. Rate of dissolution of T i  in pure sulfuric acid, 
~nd in hydrochloric and sulfuric acids, at a constant con- 
centration of NH4F (0.05M), 1 mm 3 of hydrogen corre- 
sponds~to[0.001424 mg Ti. 
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F~o. 2. Dissolut ion ra tes  of Ti  iIl cons t an t  concen t r a t i on  
of HC1 and H2SO4, plus increasing amounts of NH4F; 
1 rain 3 of hydrogen corresponds to 0.001424 mg Ti. 

and sulfuric acids at tack t i tanium at  a much faster 
rate in the presence of F -  than when F -  is not 
present. 

RATE OF DISSOLUTION OF Ti IN ACIDS 

AT AN ~NCREASING CONCENTRATION 

o~ NH4F 

The rates of dissolution of t i tanium in 2N hy- 
drochloric acid, in 2N and in 4N sulfuric acid, in 
the presence of increasing amounts of NH4F are 

shown in Fig. 2. For  comparison, the rates obtained 
in pure hydrofluoric acid are shown in the same 
diagram. The rates of the previous diagram, at  2N 
acid with 0.05M ammonium fluoride, are repre- 
sented by  the first points on this graph. There is a 
considerable increase in the rates with increasing 
concentration of NH4F, from 0.05 to 2 molar, while 
in the previous diagram the rate in hydrochloric 
acid increased only from 62 to 77 mma/cm 2 min, 
while changing the concentration of the acid from 
0.5 to 10N. This behavior again shows the great 
influence of NH~F, or of F- ,  on the acceleration of 
the process of dissolution. The fact tha t  the rate in 
the mixtures of 2N hydrochloric acid and ammonium 
fluoride was found to be greater ~han in hydrofluoric 
acid alone, again testifies to the increased react ivi ty 
of hydrochloric in the presence of fluoride ions. 

1 2 0 0  / 

8001 

z ~ol / 
i I00 

0 ! 2 3 4 3 
c o ~ .  oF Nt44v M 

FIG. 3. Rates of dissolution of Remington Arms Ti  in 
2N H2S04, with increasing anmunts of NH4F added. The 
HF curve is drawn for comparison. 

I t  was of interest to know how a further increase 
in ammonium fluoride concentration would influence 
the rate of dissolution. The effect of increasing addi- 
tions of ammonium fluoride to the 2N sulfuric acid 
is shown il~ Fig. 3. We wou~d expect  tha t  the rate  of 
dissolution should increase and approach some con- 
s tant  value, as shown by the horizontal dashed 
curve. Instead of this, the rate dropped quickly as 
soon as the concentration of ammonium fluoride in 
the solution exceeded 4M (two experiments are 
represented by  the descending portion of the solid 
curve, and by  the dashed curve). The drop in the 
rate was so severe that  it is justifiable to speak of 
passivation of the ti tanium. The same phenomenon 
also occurred in hydrofluoric and in other acids, 
with the rate sometimes dropping down to 0, and 
then increasing slightly. Table I shows the degree 
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of passivation of t i tanium by  ammonium fluoride. 
The final ra te  of dissolution in the presence of large 
amounts  of ammonium fluoride was only 1/~5, or 
less, of the max i m um  rate. 

POTENTIAL MEASUREMENTS 

In  order to find out the reasons for the passiva- 
tion observed, potential  measurements  of t i tanium 
in the presence of large amounts  of ammonium 
fluoride were made in air and in nitrogen. Table  I 
shows the normal i ty  of the acid and the molar i ty  of 
the ammonium fluoride. There were 30 grams of 
the salt in a to ta l  volume of 158-160 cm ~ of the 
acid. 

In  every case, when the investigation was being 
made in air, after the aforementioned quan t i ty  of 
ammonium fluoride was added to the acid being 
used, whether sulfuric or hydrofluoric, the potential  
of the t i tanium electrode dropped to very  negative 
values (down to - 0 . 9 4  volt) within 20-60 min. 
Simultaneously, the t i tanium electrode turned dark, 
and the rate of hydrogen development  fell off to 

TABLE I. Passivation of Ti by NH4F; N2 atmosphere 

A c i d  [NH4F]  R a t e  i n  mm~/ cm~  F i n a l  r a t e / m a x i -  
M r a i n  n~um r a t e  

2N H~SO4 
2N H2SOr 
2N H2SO4 
2N HeSO4 
1N HF 
1N HF 
1N HF 
1N HF 

0 
3.5 
5.8 
4.9 
0 
5.9 
4.9 
4.9 

0.0 
580 

84 --~ 17 
34 ---* 0 ---* 17 

590 
26 ~ 0 ---* 17 
34 --~ 17 
25 --* 17 

1/34 
1/34 

1/35 
1/35 
1/35 

nearly a complete stop. Then, within the next  60 
min, the potential  rose, and after  some t ime dropped 
again more slowly, finally reaching a potent ial  of 
approximate ly  - 0 . 7 8  volt, which is roughly the 
potential  of a t i tanium electrode in pure hydro-  
fluoric acid. Nevertheless, the rate of dissolution 
was still very  low, al though it did rise slightly from 
its lowest reading (Table I) .  All of these potent ial  
fluctuations were probably  related to the format ion 
and breakdown of some kind of films on the t i ta-  
nium surface. This conclusion followed from the 
fact  tha t  in every case in air the acid mixture  first 
turned greenish-yellow until  the max imum negat ive 
potential  was reached, indicating the format ion of 
the  complex ion [TiFe~]3-; then at  the constant  po- 
tential reading the solution became colorless, which 
indicates the format ion of the colorless complex ion 
[TiF~] 2-, because of the  presence of oxygen (oxidation 
of the t r ivalent  t i tanium ion of the  complex to te t ra-  

valent) .  ~ Each  salt present  might  be in equil ibrium 
with a separate  kind of film on the t i tanium.  

This view was supported by  the behavior  of 
t i t an ium in the same mixtures,  but  in a ni trogen 
a tmosphere .  The drop of the potent ia l  was as severe 
as in the first case, but  then the potent ia l  s tayed  
fairly constant  af ter  some initial f luctuations (Fig. 
4). However ,  the potential  was far below tha t  
reached in pure hydrofluoric acid. The  ra te  of dis- 
solution was very  low (Table I) .  The  color of the 
solution was greenish-yellow throughout  the whole 
experiment.  The electrodes were br ight  and shiny 
when removed from the flask after  the  runs and  
did not display any  discoloring surface film, al- 
though the presence of a thin salt  film was not  ex- 
cluded. The  surface of the t i t an ium soon tu rned  
dark,  especially when it was washed with water.  
The  behavior  of the electrical potent ia l  of this 

- - 7 5  _ 

- - . $ 2  
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FIG. 4. Potential of Ti in HF in the presence of large 
amounts of NH4F (Table I). 

oxidized electrode, in the ammonium fluoride-acid 
mixture  in air, was very  similar to t ha t  a l ready de- 
scribed. Strangely enough, if the ni t rogen was re- 
placed by  air, as shown in Fig. 4, the potent ia l  did 
not change appreciably.  

There  is a fundamenta l  difference in the  passiva-  
tion phenomenon just  described, and the  passiva-  
tion of m a n y  other metals.  While, in the  la t ter  case, 
the potent ia l  of the meta l  becomes more  posit ive 
during passivation, the potent ia l  of t i t an ium and 
of a few other metals  (8) becomes less positive, ac- 
companied by  a decrease in the rate  of dissolution. 
Under  respective conditions, t i tan ium also shows 
the usual anodic passivation (9). 

A t t emp t s  were made  to prove the increase of 
resistance of the t i tan ium electrode during passiva- 
tion. For  this purpose the internal resistance of a 

2 The difficultly soluble, dark violet crystals of (NH4)2 
[TiFsI were not obtained (7). 
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T i l H F  , NH4FIPt  cell, just  after switching off the 
current, produced b y  the cell itself, was measured.  
In  the case of the presence of a salt film, a great ly 
increased internal resistance should be expected. 
However,  the measurements  revealed tha t  the re- 
sistance on the t i tanium surface increased only 
slightly when the ammonium fluoride concentration 
exceeded 4M. This increase in resistance was not  
sufficient to explain the whole drop in the rates of 
dissolution (Table I) ,  and revealed the porosi ty of 
such a salt film if it was present  on the dissolving 
surface. 

OVERPOTENTIAL IN PRESENCE OF 
AMMONIUM FLUORIDE 

In  order to get some further  clue to the passiva- 
tion observed and, as the dissolution of t i tanium in 
hydrofluoric acid is an electrochemical process (1), 
it was of importance to know the behavior  of the 
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FIG. 5. Overpotentials on a platinized Pt and Cu electrode 
(covered with finely divided Cu) in 4N HF, in the presence 
of NH~F. 

local cathodes on the t i tanium in the presence of 
large amounts  of ammonium fluoride. 

For  the measurement  of hydrogen overvoltage, 
the cell T i lHF,  NH4FIPt  (or with a copper cathode) 
was again chosen. The necessary current density was 
produced by  the cell itself, in order to  avoid com- 
plications which might  be caused by  anodically 
developed oxygen, using an external current. The  
cathodic potential  was measured during the flow 
of the current b y  a I N  calomel reference electrode, 
whose capillary was touching the cathode. Thus,  
the overvoltage measurements  were performed b y  
the direct method (3), and the current density was 
adjusted b y  manipulat ing an exterior resistance 
(resistance box). 

The  cathodic potential  curves were obtained at  
different current densities in 4N hydrofluoric acid 

(56 era3), to which, subsequently,  amounts  of am-  
monium fluoride in 3-gram increments  were added. 
The  results obtained are shown in Fig. 5. 

All the measurements  made  show definitely t h a t  
the hydrogen overvoltage of the  metals ,  p la t inum 
and copper, increases with the increasing concentra-  
tion of ammonium fluoride in the electrolyte. As 
all the curves in Fig. 5 follow Tafel ' s  equation, the  
increase in overvoltage can be characterized by  
the increase of the constant,  a, of Tafel ' s  equat ion 
(4-6). This  equation, as applied to the calculation 
of the negat ive cathodic potential,  ~ (or overvol tage 
in volt), is as follows: 

n = - - ( a  + b l o g i )  

Here  a and b are constants and i is the current  
density in mi l l i amp/cm 2. Table  I I  shows tha t  the 

TABLE II. Cathodic potential of platinized platinum in 
~N HF, with NH4F added; volume of the HF: 56 cm 3 
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0 
0 
0 
0 

1.4 
1.4 
1.4 
1.4 

2.7 
2.7 
2.7 
2.7 

3.9 
3.9 

0.189 0.~523 
0.089 10.0523 
0.089 /0.0523 
0.089 0.0523 

0.156 10.02701 
o. 156/o.o27o 1 
o.156/o.o27o/ 
0.156 /0.0270/ 

o.213 ,oo3o1, 
0.213 9.03011 
0.213 0.03011 
0.213 0.03011 

0.255 0.0219 
0.255 0,02191 

in volt 
calc. 

-0.141 
.0.157 
-O.16f 
-0.173 

0.183 
0.191 
0.196 
0.199 

O.243 
0.252 
.0.257 
.0.261 

0.277 
0.28l 

in volt 
obser. 

--0. 127 
--0.161 
--0.17~ 
--0.191 

--0. 174 
--0. 189 
--0. 200 
--0.213 

--0. 235 
--0. 245 
--0.263 
--0. 271 

-0.275 
- 0. 283 

--0.014 
+0.004 
-I-0.009 
+0.018 

--0.009 
--0.002 
T0.004 
-t-0.014 

--0.008 
--0.007 
+0.006 
+0.010 

--0.002 
+0. 002 

potential  calculated f rom the equat ion is in good 
agreement  with those obtained experimentally,  and 
tha t  the constant,  a, increases f rom 0.089 up  to 
0.255, with increasing ammonium fluoride additions.  

In  the  case of copper, there was still be t te r  agree- 
ment  between the calculated values of the cathodic 
potent ial  and those actually obtained experi- 
mental ly.  The  constant,  a, increased f rom 0.335 to  
0.455, while the concentration of a m m o n i u m  fluoride 
(in the hydrofluoric acid) increased from 1.4 to 
3.9M. T h e  increase of the  constant,  a, wi th  the  con- 
centrat ion of the  ammonium fluoride, was linear 
in bo th  cases. The  constant,  b, of the copper over- 
voltage curves, f luctuated between 0.064 and 0.084, 
indicating a steeper slope of the  s t raight  lines t h a n  
for those of plat inum. The  influence of sodium 
fluoride additions upon the overvol tage had  a 
similar, if not stronger, effect. The  behavior  of agar- 
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agar solutions added to the acid in separate experi- 
ments was analogous, although not so strong. I t  is 
also very possible that other metals would exhibit 
a similar cathodic behavior in the presence of am- 
monium fluoride. 

DISCUSSION 

There is some difficulty in trying to explain the 
phenomena observed, but on the basis of the ex- 
periments performed, the following conclusions 
were developed concerning the mechanism of the 
dissolution of titanium in acids, in the presence of 
soluble fluorides. 

I t  cannot simply be assumed that the rate of 
dissolution of titanium is proportional to the con- 
eentration of the hydrofluoric acid liberated ac- 
cording to reaction (I) because the dissolution of 
titanium continues with a considerable rate after 
the hydrofluoric acid has been used up. However, 
the increased action of hydrochloric, sulfuric, and 
many other strong and weak acids can be explained 
as follows. It  was previously shown that the phe- 
nomena observed in the dissolution of titanium in 
acids can only be explained by the presence of a 
protective film on the titanium surface, this film 
being soluble in hydrofluoric acid, but nearly or 
completely insoluble in other acids (1). The film, 
which frequently is even clearly observable on the 
surface of the metal, probably consists of lower 
oxides of titanium (Ti:O~ ?), or of some basic salts. 
Only free hydrofluoric acid is capable of partially 
dissolving the film on titanium, and so the film is 
always in equilibrium with the hydrofluoric acid 
displaced according to equation (I), by the acid HR: 

Ti2Os + 6HF ~- TiF~ + 3H~O 
Jl ( I I )  

Ti 3+ + 3F- 

As hydrofluoric acid is a weak acid, reaction (I) 
becomes possible with very many acids, even weak 
acids, according to the law of mass action. 

The film becomes thinner, with increasing con- 
centration of the hydrofluoric acid, the pores in- 
crease, and the metal subsequently goes into solu- 
tion at a greater rate, according to: 

Ti + 3H + -~ Ti 3+ + 11/~H2 (111) 

The dissolution of the metal in the pores proceeds 
because of the action of local elements. The forma- 
tion of basic salts, or of an oxide film, which other- 
wise would occur during the dissolution process, is 
prevented by the hydrofluoric acid present. Thus, 
the thickness of the protective film is determined by 
the concentration of the hydrofluoric acid. 

In agreement with this concept is the slow in- 
crease in the rate with increasing concentrations of 

HR, at a constant concentration of ammonium 
fluoride (Fig. 1), for, according to the law of mass 
action, the concentration of hydrofluoric acid in- 
creases only slowly with appreciable increase of 
[HR]. Therefore, the thickness of the film is reduced 
slightly, which in turn accounts for only a small 
increase in the rate of dissolution. Hydrochloric 
acid is more active than sulfuric acid because of 
the higher hydrogen ion concentration. 

The gradual tapering off of the dissolution reac- 
tion (although the hydrogen ion concentration of the 
acid solution is still high) is explained by the pos- 
sibility of the binding of F-  by Ti3+: 

3F- + Ti 3+ --~ TiF3 (IV) 

as the [Ti 3+] increases steadily during the dissolu- 
tion process, and the [F-] decreases. With decreas- 
ing HF concentration, the film becomes thicker, the 
pores narrow, and the rate of dissolution decreases. 

If the [NH4R] is now increased, with a constant 
[HR], then, of course, the [HF] increases strongly 
(Fig. 2), as can be shown by applying the mass 
action law. The thickness of the film decreases, and 
the rate of dissolution of titanium increases ap- 
preciably with increasing [NH4F]. 

Increasing the concentration of ammonium fluo- 
ride still more should have made the rate inde- 
pendent of [NH4F]. Instead, the rate decreased 
sharply as soon as the 4N concentration was ex- 
ceeded. 

The explanation, according to the theory of local 
currents, is as follows. The rate of dissolution, V, 
as calculated from the increase of hydrogen volume, 
Av (developed on the surface area, A) during the 
time At is given by equation (V), which was derived 
by one of the authors in 1.930 (10). This equation is 
slightly modified here to obtain the correct (posi- 
tive) sign for the rate of dissolution: 

V Av kz  1 , - d 
- - ( v )  

A t A  r 

]c being a constant, e 1 the dissolution potent ia l , ,  the 
overvoltage (potential) of the local cathodes, r the 
average resistance of each ]ocat cell, and z 1 the num- 
ber of local cathodes per surface unit (1). Equation 
(V) was used in 1933 to discuss the possibilities of 
protection of metals from corrosion, and especially 
the case of increased hydrogen overvoltage was 
emphasized (11). A similar equation for the same 
purpose was used by Mears (12) and Mears and 
Brown (13) in 1949 and 1950. 

At passivation', the rate V drops to low values, 
and usually can be explained by the shift of e 1 

1 
toward positive potentials. The difference v -- e 
then becomes small, and the corrosion current drops 
to nearly zero. However, for passivity in the case of 
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titanium, the other three variables (z 1, 7, and r) are 
responsible, because of the very strange potential 
behavior of the passivated titanium (Fig. 4), the 
potential becoming more negative. Consequently, 
this passivation is different than with most of the 
other metals, and cannot be explained by the change 
in potential. 

A noteworthy reason for the passivity of titanium 
is the formation of the thin salt layer, as already 
mentioned. However, because of the low electrical 
resistance of this layer, it must have large pores, so 
that  the dissolution can proceed in these pores at a 
rather high rate. Therefore, the salt layer, by shield- 
ing and blocking a part of the number of active 
cathodes (z~), decreases the rate of dissolution, but 
only partially explains the reason for passivation. 

The real reason for passivation of the titanium 
lies in the increase of the hydrogen overvoltage on 
the local cathodes (or decrease of the cathodic po- 
tential) because of the presence of the ammonium 
fluoride, as is clearly demonstrated by Fig. 5. The 
emf of the local elements in the pores drops, and a 
very low current density results. This condition is 
contrary to the behavior of metals where the pas- 
sivity is the result of a high current density in the 
pores of the protective film present on the surface 
of the passivated metal. In this case, the current 
density is very low, and is the reason, probably 
together with the extremely low [Ti3+], for the very 
negative potential of Ti. The [Ti 3+] is low because of 
a complex ion formation with the ammonium 
fluoride which has been added. 

The conclusion is that the passivation of tita- 
nium by ammonium fluoride is caused by the de- 
crease in the number of active local cathodes 

(covered by the salt film), and by the increase of 
overvoltage (polarization) on the free cathodes. 
Evidently these two effects overbalance the increase 
in the rate of dissolution, expected from the lowering 
in the anodic potential and the decrease in the re- 
sistance of the electrolyte, and as a result the rate 
of dissolution of Ti drops sharply. 

Thus this case of passivation is in agreement 
with the theory developed by one of the authors 
(10, 11), and recently by Mears (12). 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1954 issue of the 
JOURNAL. 
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The Electrolytic Preparation of Molybdenum from 
Fused Salts 

I.  E l e c t r o l y t i c  S t u d i e s '  

SEYMOUR SENDEROFF AND ABNER ]~RENNER 

National Bureau of Standards, Washington, D. C. 

A B S T R A C T  

Potassium hexaehloromolybdate ( I I I ) ,  K~MoC10, dissolved in molten alkali halides 
may  be electrolyzed to deposit  pure molybdenum at the cathode. The effect of the 
operating variables on the nature of the deposit  is discussed. 

INTRODUCTION 

hi recent years, interest in the refractory metals 
has been stimulated by the need for materials for 
use at exceptionally high temperatures. Much 
attention has been given to molybdenum because of 
its availability in this country (1) and its favorable 
mechanical and physical properties at elevated 
temperatures (2). 

In view of this interest, a research program was 
initiated to determine the feasibility of an electro- 
lytic method for its production. Not only was the 
production of pure molybdenum powders of interest, 
but, further, the possibility of producing coherent 
molybdenum electrodeposits was explored. This 
latter is of particular interest since it would provide 
a means of by-passing the rather complicated 
powder-metMlurgy techniques now used for pro- 
ducing molybdenum objects. When only surface 
properties are important, a coating of molybdenum 
may be applied to an object, thus conserving much 
of this critical metal and further enabling one to take 
advantage of the structural properties of the basis 
metal. In addition, electroforming with molybdenum 
would result in elimination of not only powder 
metallurgy but also many difficult and expensive 
fabrication steps. 

Hislorical 

The present commercial method of producing the 
metal consists of reducing pure molybdie oxide with 
hydrogen to form a fine powder which is then 
worked by powder metallurgy methods. Recently, a 
method of producing ingots by vacuum are-melting 
has been brought to a stage of pilot-plant operation 
(3). A method for producing molybdenum deposits 
on objects has recently been described (4) which 
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involves the reduction of molybdenum penta- 
chloride vapor by hydrogen in a sealed vessel at 
about 20 mm Hg total pressure and at 800 ~ to 
1100~ Another method for producing molybdenum 
deposits (5) employs the thermal decomposition of 
molybdenum earbonyl at about 600~ below 0.1 mm 
Hg. 

A thorough analysis of the literature and many 
attempts to duplicate published claims lead to the 
conclusion that pure molybdenum has not heretofore 
been electrodeposited from aqueous solutions, 
organic solvents, or from molten salts. 

Deposits containing as much as 50 % Mo alloyed 
with iron, nickel, or cobalt, as the second element, 
may be obtained by electrolysis of acidic or slightly 
alkaline citrate solutions (6), and deposits of some- 
what lower Mo content alloyed with iron or cobalt 
can be obtained from concentrated alkali solutions 
(7); but examination of the properties of these 
deposits, when built up to a thickness of 0.001 in. to 
0.002 in., shows that, when the molybdenum 
content exceeds about 25-30 %, the deposits have a 
high oxide content, are very weak, and usually 
crumble on stripping of the basis metal. Further, the 
phase diagrams for the binary systems of molyb- 
denum with nickel (8), iron (9), and cobalt (10) 
indicate that alloys containing less than about 90 % 
molybdenum would not have satisfactory properties 
at elevated temperatures. 

Much work has been done in attempts to obtain 
pure molybdenum from organic and other low- 
temperature nonaqueous systems, but little has 
been published because of the lack of positive 
results (11-13). 

The work of Ksycki and Yntema (14) is the most 
recent paper on electrodeposition of molybdenum 
from aqueous systems. Deposits from their bath 
[Reference (14) p. 55] whose thicknesses were 0.1 
and 0.4 microns were anatyzed 2 and found to 

2 Microanalysis performed by R. A. Paulson of this  
Bureau. 
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contain 74 and 80% molybdenum, respectively. 
MoO2 contains 75% molybdenum. Electron dif- 
fraction studies z indicated the possible presence of 
small amounts of free molybdenum in the deposits. 

The literature on the electrolysis of aqueous 
solutions of molybdenum compounds contains a 
large amount of conflicting information. After a 
thorough analysis of the literature and many 
attempts to duplicate claims (14-20), it can be 
stated with certainty that no electrodeposit whose 
major constituent is molybdenum metal has been 
obtained by the electrolysis of aqueous or organic 
electrolytes, with the possible exception of deposits 
which grow to only a few microns in thickness and 
then cease forming. The properties and composition 
of deposits as thin as these are extremely difficult to 
determine. This opinion is in agreement with 
Childs and coworkers (4) and Lander arid Germer 
(5). 

An interesting process is described in Gmelin (21) 
with references to two review articles (22), one of 
which is clearly a translation of the other, and 
neither of which gives reference to the original 
publication. In this process, molybdenum penta- 
chloride, silica, and sodium chloride are heated, and 
the effluent vapors passed through molten sodium 
chloride, which is electrolyzed. Molybdenum is said 
to deposit at the cathode, which may be either 
copper or molten lead. This process may be that 
originally described by Gin (23). 

Another process recommended a mixture of 
calcium molybdate and molybdenum carbide dis- 
solved in bauxite (24), while still another recom- 
mended the electrolysis of molten calcium molybdate 
(25). Kratky and Bruckner (26) electrolyzed a melt 
of barium or calcium chloride and, after the elec- 
trolysis had begun, a water-free molybdenum salt 
was added. The calcium or barium metal already 
present in the bath from the initial electrolysis is 
said to reduce the molybdenum salt to molybdenum 
metal. Forland recommended a mixture of equimolar 
proportions of molybdenum peutachloride, sodium 
chloride, and aluminum chloride which melts below 
200~ (27). He claims that the low melting point of 
the mixture permits electrolysis at 200~ without 
appreciable volatilization of the molybdenum 
pentachloride. This electrolysis was performed here, 
using a U tube as described by the inventor. Copious 
evolution of fumes both of the molybdenum penta- 
chloride and the aluminum chloride occurred. The 
cathodic deposit was a very fine spongy black 
powder which reacted with water with the evolution 
of gas. 

Andrieux reported the cathodic deposition of 

3 Electron diffraction studies performed by M. Swerdlow 
of this Bureau. 

molybdenum from a molten bath consisting of 
borax, sodium fluoride, zinc oxide, and molybdic 
acid at about 1000~ (28). In the same paper, 
rather similar solutions and conditions with other 
metals are said to produce borides rather than the 
free metal. 

As a result of work which appears later in this 
study, it seems highly improbable that pure molyb- 
denum metal can be deposited from an oxygen- 
containing melt, and that reports indicating this has 
been accomplished should be carefully checked. 

EXPERIMENTAL PROCEDURES AND APPARATUS 

Scope.--In determining the scope of this study it 
seemed, from an examination of the literature, and 
from some experience with the electrolysis of 
molten titanium compounds (29), that the most 
promising solvent would be mixtures of alkali 
chlorides. Therefore, practically all of the work was 
done in this medium. The molybdenum compounds 
chosen for investigation were those of greatest 
stability in each oxidation state of molybdenum. Of 
the hexavalent compounds, the molybdates are 
undoubtedly extremely stable, so sodium molybdate 
was the compound chosen. No hexachloride is known 
to exist, and the hexafluoride boils at 35~ 

The most stable of the quinquivalent compounds 
is the pentachloride, which boils at 268~ However, 
it has an appreciable vapor pressure above 150~ 
In addition, it is rapidly hydrolyzed by atmospheric 
moisture at room temperature. Since a fair amount 
of work with this compound in molten salts has 
already been done, no further study of it, other than 
the check of the Forland patent described above, was 
undertaken. 

Of the tetravalent molybdenum compounds, the 
complex octacyanide is probably the most stable. 
It was prepared here and its properties were checked. 
The tetrahalide decomposes before melting and is 
decomposed by air, light, etc. Of the trivalent 
molybdenum compounds, the complex hexachloride 
is the most stable, and proved to be particularly 
suited to accomplish the purpose of this study. Most 
of this paper deals with the electrolysis of solutions of 
this compound. The divalent chloride is the most stable 
of the simple molybdenum halides and was chosen 
as the divalent compound for study in this work. 

The electrolytic studies presented in this paper 
are concerned mainly with the reactions at the 
cathode. Insoluble anodes, diaphragms, etc., for 
electrowinning are now under study. 

Equipment.--Since it was decided, on the basis of 
previous work with titanium, to do all electrolyses 
in an inert atmosphere, it was necessary to design 
equipment for that purpose. The requirements which 
were set for th~ equipment included: (a) upper 
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temperature limit of IO00~ (b) automatic tempera- 
ture control; (c) manipulable electrodes in a closed 
system; (d) visibility of electrodes and electrolyte 
during operation; (e) cathode agitation; and (f) 
sufficiently leak-proof apparatus to maintain an 
internal pressure of 1 mm and to maintain an 
adequate protective atmosphere under a reasonably 
small flow of argon. 

I t  became apparent  tha t  the design of such 
equipment could be greatly simplified if induction 
heating were used. A photograph of the equipment  
as finally assembled is shown in Fig. 1, and a 
schematic detail drawing in Fig. 2. A Pyrex glass 
cylinder, (A), 23/~ in. in diameter and 18 in. high, 
closed at the bottom, was placed in the furnace coil, 
(B), which was about  6 in. high and mounted on a 
transite platform. Inside the Pyrex tube was placed 
a ceramic cylinder, (C), made from "Alfrax" body 

FIG. 1. Apparatus for electrolysis of fused salts 

and a small amount  of binder, the purpose of which 
was mainly that  of thermal insulation. Inside the 
ceramic cylinder was placed the machined graphite 
crucible, (D), made of AGR ~ graphite. The crucible 
was 6 in. high, 2 in. O.D., and had a }~-in. wall 
thickness. A thin sheet of mica was used between 
the Pyrex envelope and the furnace coil since it was 
found that  this reduced the tendency to arc through 
the glass and crack it. A rubber bung, (E), was 
used to close the top of the Pyrex cylinder. One 
central and five peripheral holes were drilled through 
the bung, 5-in. lengths of t ightly fitting glass tubing 
were inserted in four of the holes, and short lengths 
of rubber tubing were fitted to the tops of the glass 
tubes. A rod, ~ in. in diameter and 2 ft long, (F), 
was inserted through the center hole and served as 
a cathode. I t  was connected at  the top to a variable 

4 National Carbon Company, Cleveland, Ohio. 

speed stirring motor,  (G), by  a t ightly fitting 
rubber  coupling. Through the holes around the 
periphery of the bung were inserted a McDanel  
refractory thermocouple protection tube (glazed), 
(H), long enough to reach the bot tom of the crucible, 
and a 1/~-in. diameter tungsten rod which served to 
hold the rod or sheet anode, (I), by means of a 
molybdenum connector, (J). A third peripheral 
outlet  was used as an escape chimney, (K), and was 
fitted with a screw clamp, while in the four th  
(which had no glass tube) was inserted a stainless 
steel tube, (L), extending to within 2 or 3 in. of the 
top of the crucible. I t  served as a gas inlet or 

Io argon 

FIG. 2. Schematic diagram of electrolysis cell and ~uxili- 
ary equipment. 

evacuation port. The fifth hole was closed with a 
rubber stopper and was used only for potential  and 
polarization studies. The furnace was supplied with 
power by  an Ajax-Northrup 3KVA mercury  spark- 
gap converter,  which was controlled by a ehromel- 
alumel thermocouple and a Brown controlling 
pyrometer ,  placed in the input  circuit of the con- 
verter. The heating rate was rapid, the melt  reaching 
a temperature  of 900~ in about  ten minutes. An 
air-cooling coil was placed around the top of the 
Pyrex  cylinder near the rubber bung; thus the area 
around the bung was always kept  cool to the touch. 
With the water  cooling in the furnace coil around the 
glass and the ceramic crucible separating the glass 
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from the heated crucible, the thermal  gradient was 
sufficiently large to permit long periods of operation 
with the charge at 900~ without softening the 
glass. 

General procedure.--The procedure is as follows. 
Electrolysis.--The electrolytes consisted of a mixture 
of alkali chlorides and a salt of molybdenum. The 
alkali chloride mixture henceforth is called the 
"halide solvent." A typical electrolysis run was 
performed in a manner  designed to exclude, insofar 
as was possible, traces of moisture or contamination 
by air. The procedure began with the purification of 
the "halide solvent" by fusing it at a temperature  a 
few hundred degrees above its melting point in the 
crucible in which the electrolysis would be done. I t  
was then allowed to cool in an argon atmosphere. 
The Pyrex vessel was then opened and the previously 
dried molybdenum compound quickly added on top 
of the solid halide solvent. (The method of drying 
the molybdenum compound was determined by the 
properties of the compound itself,) The bung and 
attached equipment were then set in place, with the 
anode and cathode withdrawn above the crucible. 
The system was evacuated, filled with argon to 3 or 
4 cm above atmospheric pressure, and the argon 
flow continued. After flushing the system, the 
heating was started, and, as soon as the salts melted, 
the thermowell was inserted into the melt. At the 
desired operating temperature,  the anode and 
cathode were inserted into the melt, the cathode 
connected to the stirring motor, the electrical leads 
co:mected, and the electrolysis begun. The flow rate 
of the argon was set at any value between 200 and 
3000 cc/min as desired during the run, but  the 
outlet chimney was always adjusted to maintain a 
pressure above atmospheric inside the system 
throughout the run. 

When very hygroscopic material, such as lithium 
chloride, was present, the following additional pre- 
t reatment  before electrolysis was required in order to 
expel all moisture and oxycompounds. The bath  
was heated to 900~ at the same time that  the argon 
flow was increased to about 3000 ce/min. This 
rapidly drove out any released moisture and volatile 
oxyeompounds, and reduced their opportuni ty  to 
at tack the solution. After 15-30 min at this tempera- 
ture, the solution was cooled to the operating 
temperature,  the argon flow reduced to the usual 
value of about  300 ee/min, and the solution elec- 
trolyzed at low current density until the deposits 
showed no oxide present. 

At the end of a run, the cathode, anode, and 
thermoeouple were withdrawn from the melt and 
allowed to cool in the inert atmosphere, while the 
electrolyte itself cooled and froze. The system was 
not opened until  the temperature inside was below 

100~ After removing the bung with the anode and 
cathode, an auxiliary bung was quickly replaced, the 
system evacuated and filled with argon, and the 
electrolyte stored in an inert atmosphere for later 
runs. The rubber sleeves through which the elec- 
trodes and thermocouple well were passed were 
lubricated with silicone stopcock grease and all 
s tat ionary joints were sealed with Uniehrome ~ 
stop-off lacquer No. 323, as was the joint between 
the Pyrex envelope and the large rubber bung. 

The cathode deposit was separated by first soaking 
the cathode in boiling 10% hydrochloric acid. 
Contrary  to some statements in the l i terature this 
does not appreciably a t tack molybdenum. After the 
adhering salts from the electrolyte were dissolved, 
the deposit, if powder, was removed by scraping, 
hammering, chiseling, or whatever procedure was 
required by the nature  of the deposit. This was then 
lightly ground in a mor tar  and washed with distilled 
water. Fines and any impurities lighter than 
molybdenum remained suspended while the molyb- 
denum settled out. The liquid was decanted, and 
this was repeated until  the supernatant  liquid was 
practically clear. The molybdenum was then 
filtered, washed with acetone, and dried. 

Except  where otherwise indicated, the cathode 
was a 1/~-in. diameter tungsten rod immersed to a 
depth of about  3 in., giving a cathode area of 0.15 
dm 2 (2.3 in.2). I t  was rotated at 300 rpm. The anode 
was a pure commercial molybdenum 6 sheet, 0.5 in. x 
0.030 in., immersed to the same depth. 

The molybdenum anode was used mainly to 
simplify the investigation of the cathode reactions. 
I t  was found early in the work that  molybdenum 
dissolves with 100 % current efficiency in the molten 
chloride electrolyte. As a result, there were no 
complications introduced by anodic products ,  
oxidation of the electrolyte, or any other factors 
usually associated with an insoluble anode. In 
electrowinning, a divided cell with an insoluble 
anode and some convenient anolyte may  be required. 
Analysis.--Many analyses for molybdenum were 
performed using the volumetric Jones reduetor  
method (30) and a few using the gravimetric method 
of precipitation in acid solution with a-benzoin 
oxime (31). 
Metallography.--The mierostructure of the molyb- 
denum deposits was investigated by mount ing 
specimens in Bakelite or Lucite and polishing by  
standard methods. ~ The  samples were etched with 
Murakami 's  reagent, which consists of 10 grams of 

6 United Chromium, Inc., New York, N. Y. 
6 Fansteel Metallurgical Corporation, North Chicago, 

Ill. 
7 The metallographic specimens were prepared by F. P. 

Brodell of this Bureau. 
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potassium ferricyanide and 6 grams of sodium 
hydroxide dissolved in 200 ml of water.  

ELECTRODEPOSITION 

General Considerations 

Potassium hexachloromolybdate ( I I I ) ,  K3MoC16, 
(for preparat ion see Par t  I I  of this series), was the 
most  sat isfactory electrolyte for electrodepositing 
molybdenum from fused baths.  The salt was used 
in two types of halide solvents: (a) 1:1 mixture 
(by weight) of sodium chloride and potass ium 
chloride, and (b) the eutectic mixture s of l i thium 
chloride and potassium chloride. Prel iminary tests, 
with baths containing different concentrations of the 
molybdenum salt, indicated tha t  the best deposits 
were obtained with baths  nearly sa turated with the 
molybdenum salt a t  the t empera ture  of deposition. 

longed electrolysis, a quant i ty  of current  equivalent  
to about  1 a m p - h r / g r a m  of ba th  was passed through 
a small ba tch  of ba th  (B). This was enough current  
to replace the initial quant i ty  of mo lybdenum in 
the ba th  about  20 times. The ba th  was still in 
operat ing condition af ter  this experiment,  and no 
evidence of deterioration was observed. 

The  deposits from ba th  (A) usually consisted of 
ra ther  coarse powders, with an average d iameter  of 
about  0.01 in. In  many  instances, however,  a layer 
of the deposit immediate ly  next to the cathode, 
about  0.001 in. in thickness, was adherent  to the 
cathode and appeared quite dense. A typical  deposit  
f rom ba th  (A) is shown in Fig. 3, and a cross section 
of the adherent  molybdenum layer next to the 
cathode is shown in Fig. 4. I t  was abou t  one 
crystallographic grain thick. 

TABLE I.--Deposits from K~MoC16--KC1-NaC1 Solution 

Conc. 
No. mole % 

2.0 
2.0 
3.3 

3.3 

4.9 

4 .9  

4.9 

4.9 

K~MoC16 
w t %  

12 
12 
18 

18 

25 

25 

25 

25 

Current density 
(amp/din 2) 

30 
100 

3 

100 

3 

30 

100 

Periodic reverse 
30 direct 
60 reverse 

I 
Plating IWt of deposit 

time collected 
(hr) (g) 

I 1.0 r 0.25 

0.5 6.7 

1.5 0.86 

1 .0  2.8 

O.5 8.5 

1.0 3.2 

Type of deposit 

Nonmetallic black powder 
Nonmetallic black powder 
Nodular superficially coherent Mo deposit over- 

lying thin coherent layer 
Dendritic Mo powder overlying adherent layer 

(see Fig. 12) 
Superficially coherent nodular deposit overlying 

adherent layer 
Powder agglomerates consisting of trees and large 

multifaceted crystals of molybdenum over an 
adherent layer 

Granular metallic powder over adherent layer 
(see Fig. 3 and 4 and col. 3, Table IV) 

Powder consisting of small platelets over about 
0.002 in. of adherent plate 

All deposits were prepared at 900~ 

The deposition was carried out over a range of 
current  densities from 3 to 100 a m p / d m  2 and over a 
range of tempera tures  from 600 ~ to 900~ The  
li thium chloride-potassium chloride melt  had an 
advantage  over the sodium chloride-potassium 
chloride melt  in tha t  it could be operated a t  a 
lower temperature ,  and coherent deposits, as well as 
powders, could be obtained from it. i t  had the 
disadvantage of being very  hygroscopic, and 
required somewhat  more care. The compositions, in 
weight per cent, of the two baths used for most  
work were: (A) NaCI  37.5%; KC1 37.5%; KaMoC16 
25%, at  900~ (B) LiC1 34%; KC1 41%; K~MoC1G 
25%, a t  600~176 The composition of other 
baths tried is given in Table  I. 

To demonstra te  the life of the ba th  under pro- 

s The composition by weight of this mixture is 45.5% 
lithium chloride, 54.5% potassium chloride. 

The deposits obtained f rom ba th  (B) a t  900~ 
(Fig. 5 and 6) were similar to those f rom ba th  (A), 
except t ha t  the grain-size of the deposit was some- 
what  finer and the coherent layer of mo lybdenum 
under the powder was thicker than  with ba th  (A). 

At 600~ and 3 a m p / d m  ~ coherent deposits (Fig. 
7 and 8) were produced which could not be obtained 
from either ba th  a t  900~ Fig. 9 shows a coherent  
tubular  deposit of molybdenum from which the 
cathode has been dissolved. I t  was abou t  2 in. 
long, 0.25 in. in diameter,  with a wall thickness of 
0.02 in. The  tube  was hard  and brit t le,  bu t  me-  
chanically sound. I t s  external surface was quite 
rough. The density was 9.6 g / c m  3 or about  94 % of 
the theoretical  density of molybdenum.  In  com- 
parison, powdered molybdenum,  which has been 
pressed and sintered, has a max imum density of 
about  92% of the theoretical density (32). The  
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tube was deposited on a tubular steel cathode 
coated with 0.001 in. of silver, and closed at the 
end. Neither iron nor copper cathodes could be 
used as they were attacked by the solution, ap- 

FIG. 6. Cross section of molybdenum deposit adjacent 
to cathode after removal of loose powder bath B, 900~ 
500X. 

FIG. 3. Deposit of molybdenum powder--bath A. 50X 

FIG. 4. Cross section of adherent molybdenum layer 
after removal of overlying powder--bath A. 500X. FIG. 7. Cross section of coherent molybdenum deposit 

from bath B, 600~ 100X. 

FIG. 5. Granules of Mo powder etched to show grain 
s~ructure--bath B. IOOX. 

parently chemically displacing molybdenum from 
the melt. At 600~ and 100 amp/din  2, the fine grain 
powder deposits shown in Fig. 10 and 11 were 
produced. 

FIG. 8. Same as Fig. 7, etched to show grain structure. 
500X. 

The puri ty of the molybdenum deposits was 
established by chemical and spectrochemical analyses 
as discussed below. 
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Variables Involved in the Deposition of Molybdenum 

The s tudy of the variables involved in the 
deposition of molybdenum was made for the purpose 
of determining how they affected the puri ty  and the 
physical nature of the deposit. The most important  
factor in obtaining pure deposits of molybdenum was 
the puri ty of the reagents and the atmosphere above 
the electrolytic cell. 

Oxygen and moisture.--The exclusion of air and 
moisture from the salts composing the melt and the 

that  these black powders were largely Mo203 mixed 
with a small proportion of metallic molybdenum. 

During runs with contaminated melts or atmos- 
pheres, volatile blue and white products condensed 
on the upper walls of the glass envelope. These were 
probably oxymolybdenum compounds of valence 4 
or 5 formed by oxidation of the K3MoC16. Ba th  
(B), containing the hygroscopic lithium chloride, 
was particularly prone to give such results until  the 
procedure previously described for pretreat ing the 
melt before electrolysis was worked out. 

The importance of maintaining an oxygen-free 
melt was demonstrated by two additional experi- 
ments:  (a) a ba th  which was operating satisfactorily 

FIG. 9. Electroformed molybdenunl tube and cup 

FIG. 10. Molybdenum powder from 100-gram batch pro- 
duced at 600~ from bath B. 50X. 

atmosphere above the cell was of extreme importance 
for producing pure molybdenum deposits. Before 
this was recognized, impure deposits were obtained 
which contained oxide. Such deposits usually 
consisted of a layer of black powdery material  
adjacent to the cathode with a layer of molybdenum 
crystals over it. A black powder was also formed in 
the melt. X-ray  diffraction analyses 9 established 

9 Analyses performed by F. A. Mauer and H. E. Swanson 
of this Bureau. 

FIG. 11. Molybdenum powder deposit on cathode, as it 
appears after immersion in dilute HC1 to dissolve adhering 
electrolyte. 

was opened briefly to the air; the resulting deposit 
and melt  contained black oxide; and (b) the intro- 
duction of about  0.1% by weight of sodium 
molybdate  into a melt completely stopped the 
deposition of molybdenum. The changes of cathode 
potential  occurring during the experiments will be 
discussed in Par t  I I I  of this series. 

Composition of melts . - -The  main difference 
between the two baths, (A) and (B), is tha t  the 
lat ter  may  be operated at a lower temperature .  
More coherent deposits were obtained from ba th  
(B) at  600~ than from bath (A) at 900~ Ap- 
parent ly  tempera ture  is the most impor tan t  variable 
in this case, as the deposits obtained from ba th  (B) 
at 900~ although somewhat more coherent than 
those from bath  (A), were nevertheless powdery in 
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nature. However,  a careful comparison of a number 
of deposits from the two baths at 900~ indicates 
tha t  the presence of the lithium salt does have a 
beneficial effect on coherence and reduction of grain 
size apart  from the temperature effect. This is not 
necessarily a specific effect of the lithium ion itself, 
but  may  be because of the presence of a trace of 
moisture which could not be removed from this 
very  hygroscopic material. Moisture,  although 
harmful in large quantities, might be beneficial in 
trace amounts.  Both baths operated at  about  100 % 

FIG. 12. Dendr i t i c  mo lybdenum p o w d e r - - b a t h  A. 50X 

point than  (B), two halide melts containing alu- 
minum chloride were tried, but  as the solubility of 
K3MoC16 was not very  high in these melts below 
600~ no fur ther  work was done with them. A 
comparison of these halide melts with ba th  (B) 
is given in Table II .  

Current density . - -The  current  densities used 
varied from 3 a m p / d m  2 to 100 a m p / d m  2. Adherent  
and coherent deposits were obtained only from 
bath  (B) at 3 a m p / d m  ~. At higher current densities 
the deposits from both bath  (A) and ba th  (B) were 
noncoherent,  consisting of either dendrites or 
granular powder. The effect of current  density on 
the deposits from baths (A) and (B) is shown in 
Tables I and III .  

Periodic reversal of current was used with bath  
(A) in an a t t empt  to obtain smooth coherent 
deposits. No improvement  was noted, al though a 
wide range of direct and reverse cycles was tried. 
The forward cycles ranged from 20-60 sec durat ion 
with current  densities from 30 to 100 a m p / d m  2. 
The reverse cycles ranged from 6-15 sec durat ion 
with current densities from 60 to 200 a m p / d m  2. No 
smoothing was obtained on periodically reversing 
current when depositing coherent molybdenum 
from bath  (B) at 600~ and 3 amp/dmL 

T A B L E  II .  Solubility of K3MoCle in low melting halide solvents 

No. 

i t  

A1Ch I 

4.3 

4.0 

Bath composition* 

KCI [ LiC1 

grams 

2.7 2.3 

1.2 

- -  0 . 8  

] K3MoC16 

1.7 

1.1 

1.1 

300 

Solid 

No solubi l i ty  of Mo 
compound.  Clear  
me l t  above red 
sal t  

Same as 2 

Temp, ~ 

400 

Solid 

Melt above solid 
Mo compound 
very slightly col- 
ored 

Clear melt above 
Mo compound 

500 

D a r k  red l iquid 
mixed wi th  smal l  
solid phase  

Reddish  brown so- 
lu t ion  wi th  some 
solid phase  

Similar  to 2 b u t  
more solid pres- 
en t  

600 

Uni fo rm da rk  red 
l iquid 

Same as a t  500~ 
wi th  only  smal l  
solid phase  re- 
ma in ing  

Similar  to  2 bu t  
solid phase  larger  

* The  concen t ra t ion  of K3MoCI~ in the  th ree  mix tures  is in  the  range  of 4 to  5 mole %. 
t Composi t ion  No. 1 corresponds to b a t h  (B). 

cathode current efficiency over a wide range of 
current density. 

Only a few variations in bath compositions were 
studied. A few tests were made with the KC1-NaC1 
halide solvent with lower concentrations of molyb- 
denum than in bath (A). The data  are given in Table 
I, No. 1-4. The dendritic deposit of No. 4 (Fig. 12) 
consisted of needles 0.5 to 1.5 mm long and was 
characteristic of the solution of intermediate  
concentrat ion of molybdenum. The needles were 
practically monocrystalline except for small crystals 
growing at edges, points, or other irregularities on 
the needles. To find a bath  with a lower melting 

Anode.--In all of the electrolyses, a molybdenum 
anode was used. The anodes corroded cleanly with 
100 % efficiency. This is an advantage if this process 
is used for electroplating or electrorefining, but  
electrowinning would require either a soluble anode 
other than  molybdenum, or more likely an insoluble 
anode. Insoluble anodes would require a divided 
cell since the molybdenum compound is ve ry  
easily oxidized anodically. This was shown by an 
experiment in which the molybdenum anode touched 
the carbon crucible, thus making it anodic. The 
current  efficiency of the anodic solution of molyb- 
denum was considerably reduced, and the content  
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of molybdenum in the melt  dropped considerably. 
The experiment indicated tha t  anodic oxidation of 
the K~MoC16 to volatile molybdenum compounds at  
a graphite electrode occurred about  as readily as 
anodic solution of the molybdenum anode. 

Voltage.--The voltage required for deposition of 
molybdenum was very low when using molybdenum 
anodes. I t  varied from about  0.045 volt  at  a current 
density of 3 am p / d i n  2 to about  1.5 volt  at  100 
a m p / d m  ~. This indicates tha t  the electrolytic 
deposition and solution of molybdenum occurs with 

TABLE III .  Deposits from K3MoC16-KCI-LiC1 solution 

900 

600 

600 

600 

900 

Current p �9 
Te~p,  density l tatmmg deDWtsit 

(amp/ , . .  collected 
_ _ _ _  dm2) ~,nr) (g) 

600 3 

3 5 

6 4 

30 1 5.7 

100 1.75 29.0 

100 1 17.9 

Type of deposit 

Coherent rough plate, 
0.02 in. thick (see Fig. 
7,8,9) 

Superficially coherent 
powder covering about 
0.01 in. of badly cracked 
and porous plate (see 
Fig. 6) 

Powder composed of 
microscopic dendrites 
over coherent plate 

Fine-grained powder 
(5.3 g) over approxi- 
mately 0.0015 plate 
(0.43 g) 

Very fine-grain powder 
(see Fig. 10 and 11 
and col. 1, Table IV) 

Malleable nodular pow- 
der deposit (see Fig. 
5 and col. 2, Table IV) 

The composition of all solutions is that of bath (B). 

very little polarization. The cathode polarization is 
discussed more fully in Par t  I I I  of this series. 

Characteristics of Deposits 

Purity of the deposits.--The pur i ty  of molybdenum 
is an impor tan t  mat ter ,  since the ductil i ty of 
molybdenum,  part icularly at  low temperatures ,  is 
believed to depend upon the absence of certain 
impurities such as oxygen and nitrogen. The 
molybdenum content  of the electrolytic powders 
was over 99% as determined chemically. Spectro- 
chemical analyses of three specimens of electrolytic 
powders (No. 1, 2, and 3, Table IV) are compared 
with three specimens of commercial  molybdenum,  
one of which is a spectrochemical s tandard,  and with 
a sample of specially purified molybdic oxide. The 
electrolytic powders compare favorably  in pur i ty  
with the s tandard specimens and commercial  
products. 

The oxygen content  of the electrolytic powders 
was determined by  heating in dry  hydrogen a t  
1060~ and noting the loss in weight. 10 The specimens 
prepared under  the best conditions had an oxygen 
content  of about  0.026 %. With further  improvemen t  
in the a tmosphere  of the electrolytic cell and in the 
pur i ty  of the compounds,  this should be capable of 
being reduced further.  A quali tat ive test  showed 
tha t  the chloride content  of the powders was 
negligible. Powders  of columns 2 and 3, Table  IV, 
are at  least 99.9 % Mo. 

Properties of the deposits.--The appearance  of the 
deposits has a l ready been described. The  electro- 
formed tube previously mentioned was brittle, bu t  
some nodular  powders obtained by  electrolysis a t  
900~ (see Fig. 5) were somewhat  malleable, as they  
could be slightly f lat tened with a hammer .  The  
hardness of the powders ranged f rom 245 to 285 
Vickers hardness number.  Some of the powder was 
compacted in a mold under  a pressure of 30 t o n / i n ?  
The compact ,  a cross section of which is shown in 
Fig. 13, was strong and had a density of 8.36 g / c m  s. 
Fur ther  work will be done to determine the propert ies  
of the molybdenum after  being subjected to sintering 
and rolling. 

Electrolysis of Other Molybdenum Compounds 

Molybdenum dichloride.--The interest  in molyb-  
denum dichloride stems from the fact tha t  it is the 
most  stable of the molybdenum halides. I t  is inert  
in moist  air at  room tempera tu re  and m a y  be 
heated at  600~ in an inert a tmosphere  wi thout  
decomposition. I t  is only slowly a t tacked even by  
nitric acid or aqua regia. I t s  great s tabi l i ty  is 
a t t r ibuted  to its existence as the tr imer,  MoaCl~, or 
hexamer,  Mo6Cl12. 

Twelve grams of mo lybdenum dichloride (for 
preparat ion,  see Pa r t  I I  of this series) was dissolved 
in 100 grams of the l i thium chloride-potassium 
chloride eutectic mixture to make  a 4 mole -% 
solution of MoC12. This was electrolyzed in an inert  
a tmosphere  as described previously. 

The conditions of electrolysis were the same as 
those used with KaMoC16 in the KC1-LiC1 solvent,  
i.e., 600~ 100 a m p / d m  2 for 30 min. The  results of 
the run were inconclusive and the experiment  m a y  
need to be repeated.  A rough treed deposit  of 
mo lybdenum was obtained with  a cathode current  
efficiency of only 37 % based on Mo :+ and 55 % 
based on Mo 3+. The solidified melt  remaining af ter  
the run appeared similar to those obtained with 
K3MoC18, and analyses showed tha t  all the molyb-  
denum present was in the t r ivalent  state.  These 

10 The method used was kindly communicated to the 
authors by H. E. }Iostetter, Climax Molybdenum Com- 
pany, Detroit, Michigan. 
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TABLE IV. Spectrochemical analysis of electrolytic and commercial molybdenum powders t 

Impurity 

Aluminum 

Barium 
Calcium 

Cobalt 
Chromium 

Copper 
Iron 

Magnesium 
Manganese 

Nickel 

Lead 
Silicon 

Silver 
Tungsten 
Oxygen* 

Sample No. 

W 

VW 

VW 
T 

VW 
W 

VW 
VW 

VW 

VW 
W 

T 

0.257% 

VW 

T 
VW 

T 

T 
VW 

0.026% 

VW 

T 

VW 

T 
VW 

T 

T 
VW 

0.068% 

VW 

T 

VW 
VW 

VW 
W 

VW 
W 

VW 

T 
W 

0.268% 

VW 

VW 
T 

VW 
T 

VW 
VW 

VW 
VW 

VW 

T 
VW 

T 

VW 
VW 

T 
W 

W 

W 

W 

VW 

T 
W 

T 
VW 

VW 

T 
W 

Col. 1--part of ll0-g batch from LiC1-KC1 solution. 
Col. 2--sample from LiC1-KCI solution produced with specially purified melt. 
Col. 3--sample from NaC1-KC1 solution. 
Col. 4--Commercial molybdenum powder (Westinghouse Corp.). 
Col. 5--Conunercial molybdenum sheet used as anodes (Fansteel Corp.). 
Col. 6--Specially purified MoO3 used as spectroscopic standard. 
Col. 7--Molybdenum powder (Hardy) used as spectroscopic standard. 
W, weak = 0.01-0.1%. 
VW, very weak = 0.001-0.01%. 
T, trace = 0.0001-0.001%. 
* Not determined spectroscopically. 
t Spectrochemical analysis performed by E. M. Krumrine of this Bureau. 

FIG. 13. Cross section of compacted and presintered 
molybdenum bar prepared from electrolytic molybdenum 
powder. 100X. 

results indicate: (a) tha t  Mo ~+ in the melt is 
anodically oxidized to Mo 3+ quite readily; and (b) 
that  Mo 2+ is not reduced to metal at the cathode 
readily, if at all. To confirm these indications a 
molybdenum dichloride melt would have to be 

electrolyzed with separate anode and cathode 
compartments.  

Sodium molybdate.--In previously published at- 
tempts  to electrodeposit molybdenum from fused 
electrolytes, the alkali molybdates  have been 
favored salts because they melt readily without  
decomposition. Mention was made above that  small 
quantities of molybdates in a K~MoC16 bath  in- 
hibited the deposition of pure molybdenum. There- 
fore, the production of pure molybdenum from fused 
molybdates is not to be expected. 

Two molybdate  melts were electrolyzed at 900~ 
and 100 a m p / d m  2 with a molybdenum anode as 
was done with the K3MoC16 in the KC1-NaC1 
solvent. They  were: (a) pure anhydrous  sodium 
molybdate,  and (b) sodium molybdate,  13 grams 
dissolved in 100 grams of a melt consisting of equal 
parts by weight of sodium and potassium chloride. 
The results with both melts were similar. The bulk 
of the reaction product was found dispersed through- 
out the melt as a black, water-insoluble powder 
containing about  77 % molybdenum, corresponding 
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to Mo0~ (75% Mo). 0 n l y  a very thin, somewhat  
metallic looking film, covered by  a black powder,  
remained on the cathode. An x-ray diffraction 
examinat ion of the material  on the cathode indicated 
tha t  it contained molybdenum metal ,  Mo203, and 
Mo2C. The la t ter  must  have been deposited f rom a 
secondary product  resulting f rom the reaction of a 
molybdenum compound with the carbon crucible. 
The black cathode product  was est imated to contain 
about  50% free Mo. Electrolysis of the sodium 
molybdate  melt  at  3 a m p / d m  2 produced no deposit  
at  all at  the cathode. 

Potass ium octacyanomolybdate (1V) . - -Pre l iminary  
experiments  with potassium octacyanomolybdate ,  
K4Mo(CN)s,  indicated tha t  it was not sufficiently 
stable at  elevated tempera tures  to permit  it to be 
electrolyzed. The compound was prepared by  the 
method of Bucknall  and Wardlaw (33) and de- 
hydra ted  without  decomposition at  110~ The pure 
salt, when heated in a sealed tube at  625~ did not  
melt,  but  decomposed into gases and a black 
residue. Analysis by  x-ray diffraction showed tha t  
the residue contained, among other substances, 
K C N  and gamma-Mo2N in about  equal proportions.  
Since it m a y  be expected tha t  the cyanide complex 
would be more compatible with a mol ten cyanide 
solvent than  with a molten chloride, a mel t  was 
made with about  equal parts  of K C N ,  NaCN,  and 
the octacyanide, and heated in a sealed tube to 
625~ This mixture also did not melt,  a l though 
K C N - N a C N  alone has a melt ing point slightly 
above 500~ The change in color, mainly  to black, 
indicated tha t  the molybdenum compound had 
decomposed. 

SUMMARY AND CONCLUSIONS 

This s tudy of the electrolysis of molybdenum 
compounds in fused salts has shown tha t  a solution 
of potassium hexachloromolybdate ( I I I )  dissolved in 
a mixture of alkali halides can be electrolyzed in an 
inert a tmosphere to produce deposits of pure 
molybdenum at  the cathode. 

The recommended compositions and operat ing 
conditions for the deposition of pure molybdenum 
are: 

grams grams 
(A) KC1 50 (B) KC1 54.5 

NaC1 50 LiC1 45.5 
K3MoC16 33 KaMoC16 33 

900oc 600~176 

The solutions m a y  be operated at  any  current  
density up to 100 a m p / d m  2 with a cathode current  
efficiency of 100 % to produce deposits of 99 .9+  % 
molybdenum.  No information at  higher current  
densities has been obtained. At high current  den- 
sities, powders are obtained from both  baths~ but  

with solution (B) operated a t  600~ and 3 a m p / d m  2, 
coherent dense deposits of molybdenum up to 0.02 in. 
thick have been produced. I t  is believed tha t  this is 
the first reported instance of the product ion of 
coherent massive electrodeposits of molybdenum.  
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The Electrolytic Preparation of Molybdenum from 
Fused Salts 

II.  T h e  P r e p a r a t i o n  o f  R e d u c e d  M o l y b d e n u m  H a l i d e s  ~ 

SEYMOUR SENDEROFF AND ABNER BRENNER 

National Bureau of Standards, Washington, D. C. 

ABSTRACT 

An improved method for the preparation of potassium hexachloromolybdate (III) ,  
K~MoC16, is described. Potassium molybdate is d issolved in hydrochloric acid and the 
solution electrolyzed in a divided cell. Hydrogen chloride gas is then added to the catho- 
lyte to precipitate K3MoCI6. 

A new method for preparing molybdenum dichloride, (MoCl2)x, is described. Molyb- 
denum pentachloride is reduced with molybdenum powder to the trichloride.  This is 
then heated to produce the molybdenum dichloride by thermal dissociation. 

INTRODUCTION 

The methods in the literature for preparing 
potassium hexachloromolybdate (III), K3MoC16, and 
for molybdenum dichloride, (MoC12)x, were found 
to be unsatisfactory for the preparation of large 
quantities of material, and so new procedures were 
developed which are described herein. 

POTASSIUM HEXACHLOROMOLYBDATE (III) 

Potassium hexachloromolybdate (III), K~MoCI~, 
was first prepared by Chilesotti (1) and later by 
Bucknall and coworkers (2). The latter's procedure 
is based on an electrolytic reduction of a solution of 
molybdic acid in strong hydrochloric acid, followed 
by addition of potassium chloride. The method 
yielded a pure anhydrous product, but since it 
involved very dilute solutions and evaporations 
under reduced pressure, it was inconvenient for the 
preparation of large amounts of the salt. Modifica- 
tions were introduced which eliminated these 
defects and gave a very interesting insight into the 
chemistry of the formation of this compound. 

The procedure used in this laboratory for prepara- 
tion of potassium hexachloromolybdate (III), 
K~MoCI~, is as follows. Potassium molybdate, 480 g, 
was dissolved in 1050 ml of water, and this solution 
was added to 1050 ml of 12N hydrochloric acid in 
a 3-liter beaker. (Note: If the acid is added to the 
molybdate solution, molybdic acid precipitates and 
is very difficult to redissolve.) The beaker was 
loosely covered with a plastic disk into which had 

1 Manuscript received April 7, 1953. This paper was pre- 
pared for delivery before the Philadelphia Meeting, May 4 
to 8, 1952. Based on a thesis submitted by Seymour Sender- 
off to the Faculty of the Graduate School of the University 
of Maryland in partial fulfillment of the requirements for 
the Ph.D. degree. 
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been drilled one large central hole, two smaller holes 
near the outer edge at both ends of a diameter, and 
a third smaller hole near the outer edge. A porous 
alundum cylinder, closed on the bottom, was filled 
with 200 ml of 12N hydrochloric acid and inserted 
through the central hole of the cover. This cylinder 
served as a diaphragm between the anolyte it 
contained and the catholyte around it. Two sheets 
of platinum, used as cathodes, were held by platinum 
wires through corks placed in the two opposite holes 
in the cover, and a glass tube connected to a nitrogen 
tank was inserted through a cork in the third outer 
hole of the cover. A X-in. diameter graphite rod, 
serving as anode, was inserted into the anolyte and 
the level of the anolyte was adjusted to the same 
height as that of the catholyte. 

The solution was electrolyzed with a current of 20 
amp (cathodic current density, about 7 amp/dm 2) 
for 8 hr. 

The course of the electrolysis was followed by 
taking samples of the catholyte, adding them to 
excess ferric alum solution, and titrating with 
potassium permanganate. When the reducing power 
of the catholyte became constant, the electrolysis 
was stopped. The catholyte was agitated during the 
electrolysis by a stream of nitrogen, and the anolyte 
received periodic additions of concentrated hydro- 
chloric acid to replace that lost by electrolysis and as 
spray. The temperature of the catholyte rose during 
the electrolysis to 65~ and the solution became 
dark red. The catholyte was removed, heated to 
95~ and saturated with hydrogen chloride gas. As 
the solution cooled, more hydrogen chloride gas was 
added and crystals of KaMoC18 separated. These 
were filtered, washed with 1600 ml of 12N hydro- 
chloric acid, 1600 ml of 1:1 12N HCl-alcoho! 
mixture, and 1600 ml of methanol. The red crystals 
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were dried by heating under reduced pressure, and 
analyzed. 

The analysis gave Mo, 22.6% and C1, 50.2% 
(theoretical--Mo, 22.5 % and C1, 49.9 %). A yield of 
400 grams or about 70 % of calculated was obtained. 

Properties 

During the development of this method a series 
of reactions were observed which demonstrate that 
the [MoC16] -'3 ion is extremely stable in acid solution 
and not subject to rapid reversible dissociation and 
formation at room temperature. If the catholyte 
is reduced and saturated with hydrogen chloride gas 
without permitting its temperature to rise, and then 
cooled to near 0~ potassium chloride precipitates. 
If instead of cooling after saturation with hydrogen 
chloride, the solution is heated at this point to 
above 80~ K3MoC16 precipitates, i.e., 

KC1 (white ppt.) 
/ 

0~ 
/ 

Reduced catholyte ~- HC1 
red solution ~ SO ~ 

20~ c 

K3MoC16 (red ppt.) 

This conclusively demonstrates that the reduced 
catholyte, before heating, contains potassium ions, 
cations containing trivalent molybdenum, and 
chloride ions, and little, if any, complex molybdenum 
anions. 

On cooling, the potassium chloride crystallizes 
because of its insolubility in concentrated hydro- 
chloric acid. On heating, however, the reaction 
Mo 3+ -}- 6C1- --~ [MoC16] -3 occurs and K3MoC16 
precipitates. On cooling the mother liquor from this 
precipitation, more K3MoC16 separates but no KC1, 
because most of the K + has been removed in the 
precipitation of the complex salt. Were [MoC16] ~ in 
equilibrium with Mo 3+ and CI-, as is the case with 
complexes such as [Ag(CN)~]- or [Ag(NH3)2] +, the 
K3MoC18 would have precipitated immediately on 
saturating the reduced catholyte with hydrogen 
chloride. Probably the major function of the 
evaporations used by previous investigators to 
prepare this salt was the formation of the complex 
ion by heating, rather than merely concentrating the 
salts. 

The salt, K~MoC16, is a brick-red stable salt. I t  
precipitates without any water of crystallization, 
but, if insufficient hydrogen chloride is added 
before precipitation, an aquo complex, possibly 
K2[MoC15H20] (2), may precipitate. The water 
cannot be removed from this compound by heating 
without decomposing the compound. The K~MoC16 

may be heated in air at 110~ without any de- 
composition. In the dry state it is stable to light and 
not hygroscopic. It may be heated in vacuo to at least 
600~ for 20 hr without observable decomposition 
or melting. This is particularly significant when one 
remembers that MoC13 is unstable above 340~ (4) 
and that at 650~ it is completely decomposed to 
MoCI~ and Mo metal. This further demonstrates 
that the KaMoCI~ is not a double salt which may be 
represented by the formula 3KC1.MoCla, but that  
it is a salt of the highly stable complex anion, 
[MoC16] 3-. When very hot its color darkens slightly, 
but it lightens again on cooling. It is rapidly de- 
composed at 600~ however, if in contact with air 
or moisture. The standard procedure finally adopted 
for removing the last traces of adsorbed water from 
the compound before using it in a molten electrolyte 
was to heat it in vacuo at 250~ for two to three 
hours and then to store it in a desiccator. 

~/[OLYBDENUM DICHLORIDE 

Molybdenum dichloride, (MoC12)x, where the x 
has been shown by various investigators to be 3 or 
6 (3), was first prepared by Blomstrand (5) by the 
thermal decomposition of molybdenum trichloride 
which he obtained by the hydrogen reduction of 
molybdenum pentachloride. The difficulties in this 
procedure were noted by Liechti and Kempe (6) and 
others who suggested various precautions and 
modifications. The hydrogen reduction of molyb- 
denum pentachloride is particularly difficult and 
attempts here to accomplish this resulted in impure 
products with poor yields. Lindner and co- 
workers (7) describe what is alleged to be a superior 
method in which molybdenum powder is chlorinated 
by reaction with phosgene at 610~ 

This reaction was attempted both as directed and 
with a number of modifications but was unsatis- 
factory for the preparation of appreciable amounts 
of pure material. After consulting the thermo- 
dynamic data on the molybdenum halides collected 
by Quill (4), a method was devised which proved 
quite successful. According to Quill, the reaction: 

MoC13 --+ MoCI4 + MoC15 + MoCI2 (I) 

at 340~ at 1 atm total pressure reaches equilibrium 
with MoC14 at a partial pressure of 0.7 atm and 
MoC15 at a partial pressure of 0.3 atm. Further, at 
330~ the reaction: 

2Mo -~- 3MoCI~ -~ 5MOC13 (s) (II) 

goes practically to completion with the MoC15 at 
1 atm pressure. 

Lastly, the reaction: 

MoC12 (s) --~ MoC14 + Mo (III) 
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does not begin until 530~ is reached and at 600~ 
the equilibrium pressure of MoC14 is only 1 arm. 

By heating molybdenum powder with an excess 
of molybdenum pentachloride in a sealed tube at 
350~ reaction (II) may be accomplished while 
reaction (I) is suppressed. When the molybdenum 
powder is all used up, the excess molybdenum 
pentachloride may be removed and the molybdenum 
trichloride heated at some temperature below 600~ 
to form MoC12, without reaction (III) occurring to a 
large extent. 

An attempt to reduce molybdenum pentachloride 
to molybdenum dichloride by reduction with 
molybdenum at high temperature in one step did not 
give a pure product. This was probably due to the 
molybdenum powder being coated over with MoCl.~ 
which prevented further reaction of the molybdenum 
metal. The two-step procedure, however, was quite 
successful, although it was necessary to perform the 
final step at 650~ resulting in slight contamination 
of the MoC12 by molybdenum powder. Below this 
temperature the disproportionation of the trichloride 
proceeded somewhat slowly. 

The following was the procedure used: 7.6 g of 
Mo powder was mixed with 36.6 g of MoC15 (4.6 g 
MoC15 excess) and charged into a Pyrex gauge glass 
tube 1.5 cm diameter and 30 cm long. The tube 
was evacuated, sealed, and placed in. a steel pipe 
closed at both ends. The entire assembly was 
allowed to stand in a furnace at 350~ for 48 hours. 
The tube was tilted during this heating so that most 
of the product would be at one end. After cooling, 
the other end was opened and a "condensing angle" 
was sealed onto the open end. The "condensing 
angle" was a 12-in. length of the same gauge glass, 
bent in the middle to an angle of about 120% The 
tube was again evacuated and sealed and set in the 
furnace with the 6-in. length beyond the bend 
protruding out of the furnace. The temperature 
was brought up slowly and the excess molybdenum 
pentachloride collected in the cold end. 

When most of the pentuchloride had distilled over 
(at about 309~ the temperature was raised to 
650~ and held there for 24 hours to effect the 
disproportionation and further purification. 
Although the hot end softened and flattened con- 
siderably, the glass did not collapse or break, and 
the bright yellow dichloride, (MoC12)x, remained in 
the hot portion of the tube. Fourteen grams of 
relatively pure material were obtained for a yield of 
65% based on the molybdenum powder used. 
Analysis showed it to contain 58.3 % Mo and 43.7 % 
C1. Theoretical composition for MoC12 is 57.4 % Mo 
and 42.6 % C1. A slight excess of molybdenum may 
be present in the product and is probably due to 
free molybdenum metal formed by decomposition 
of the MoC12. This could have been avoided by 

heating for a much longer time at about 600~ 
instead of 650~ but since a small amount of free 
molybdenum metal would not be harmful in an 
electrolysis test, it was not considered necessary to 
do this. 

Properties 

The material must be used in the condition in 
which it is produced. Attempts to remove the free 
metal with dilute nitric acid resulted i.n the forma- 
tion of a hydrate, xMoC12-yH20 from which the 
water could not be removed without decomposing 
the salt. The (MoCl~)x is slightly soluble in alcohol, 
but an alcoholate is formed, and attempts to drive 
off the alcohol also resulted in decomposition. 

A sample of MoC12 was mixed with a portion of a 
eutectic mixture of lithium chloride and potassium 
chloride which had been previously fused and 
ground. The mixture had the following composition 
in weight per cent: MoCl:, 12.3%; LiC1, 40.3 %; 
KC1, 47.4%; and was a 4.4 mole per cent MoC12 
solution. On heating this mixture in an evacuated 
sealed tube to 600~ the charge became completely 
fluid and, on freezing, it was observed to have 
become a uniform bright red. A complex halide had 
evidently formed. 

SUMMARY 

A simplified method for the preparation of 
potassium hexachloromolybdate (III) and a new 
method for the preparation of molybdenum di- 
chloride has been described. 
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The Electrolytic Preparation of Molybdenum from 
Fused Salts 

III .  S t u d i e s  o f  E l e c t r o d e  P o t e n t i a l s  ~ 
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A B S T R A C T  

Pola r iza t ion  and equi l ib r ium po ten t i a l  s tudies in mo l t en  hal ide solut ions are de- 
scribed. A new reference half-cell ,  i.e., Ag, AgC1, was used. I t  was found t h a t  molyb-  
denum is r a the r  noble  (between copper and silver) in the  emf series in th i s  sys tem,  bu t  
t h a t  oxides are preferen t ia l ly  deposi ted if oxycompounds  are present .  Ev idence  for 
ionic associat ion and  complex fo rmat ion  in mol t en  hal ides  at  600~ is discussed. 

INTRODUCTION 

In order to obtain some insight into the electro- 
chemistry of the fused salt systems (1), measure- 
ments of cathode potentials were made on some of 
them, and the static potentials of a number of 
metal -metal  salt systems in the same halide were 
measured. 

EXPERIMENTAL 

Reference Electrode 

To measure electrode potentials, a reference 
electrode, which is constant, reproducible, and 
reversible, is required. Yntema and his students (2) 
described a reference electrode for use in molten 
salts between 100 ~ and 200~ which consisted of an 
aluminum rod in a ternary mixture of A1C13-NaC1- 
KC1. This was not suitable in the range of interest, 
i.e., 600~-900~ mainly because of the volatil i ty of 
A1C13. An ideal molten electrolyte for this range of 
temperature is silver chloride, which melts at 455~ 
boils at 1550~ and is easily prepared with high 
purity.  No other stable valence states of silver exist 
to provide ambiguity of composition, and, in the 
absence of light, the chloride undergoes no visible 
decomposition when heated for long periods of 
time. Oxide contamination, which is a serious 
problem in most molten systems, does not occur in 
silver chloride because silver oxide decomposes at 
about  300~ and, if formed during filling of a cell, 
would be destroyed when the cell is brought  up to 
temperature.  

Tha t  the Ag, AgCl(1) cell is reversible and 

1 Manusc r ip t  received April  7, 1953. This  paper  was pre- 
pared  for del ivery before the  Ph i lade lph ia  Meet ing,  May  4 
to 8, 1952. Based on a thesis  submi t t ed  by  Seynmur  Sender-  
off to  the  Facu l ty  of the  Gradua te  School of the  Unive r s i ty  
of M a r y l a n d  in par t i a l  fulfi l lment of the  requ i rements  for 
the Ph.D.  degree. 
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practically nonpolarizable was shown by Aten, den 
Hertog, and Westenberg (3) who reported tha t  
silver dissolved anodically and deposited cathodically 
from molten silver chloride at 475~ and tha t  the 
polarization voltage was only 0.5 my at  a current  
density of 1 am p /d m  2. This was confirmed in tests 
described below. 

In the design of a cell, one serious disadvantage 
of the Ag, AgCl(1) electrode had to be considered. 
Since silver is quite noble, its presence in an elec- 
trolyte in which the potential  of a base-metal 
electrode was being measured would cause a serious 
error. On the other hand, the presence of a foreign 
electrolyte, containing a base-metal ion, in the 
molten AgC1 would have a minor effect on the 
potential  of the reference electrode as its effect 
would be dependent only on the slight decrease in 
the concentration of AgC1 in the cell. The cell was 
designed, therefore, to minimize diffusion and 
convection, and to cause the direction of flow of 
molten liquid, if any, to be toward the molten silver 
chloride rather  than toward the electrolyte, and to 
have a large amount  of silver chloride present so 
tha t  small impurities of base-metal electrolyte 
entering it would cause negligible changes in its 
potential. 

The reference electrode cell is shown in Fig. 1. 
I t  is made of fused silica and consists of two tubes  
(A, D) of 9-ram bore connected by  a heavy walled 
capillary (B) of 1.5-mm bore. Another  capillary 
tube (C) is fitted as shown, onto one of the larger 
tubes. The end of this capillary is bevelled to an 
angle of about  60 ~ and is the equivalent of the 
Luggin capillary used as a probe for .measuring 
potentials in aqueous solution. At the point where 
capillary (B) enters tube (D), there is a constriction 
which is t ightly packed with asbestos. Molten silver 
chloride is poured into tube (A) and suction is 
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applied to tube (D) [while stopping up the opening 
of (C)] until a t iny bead of silver chloride is drawn 
through the asbestos plug. A clean l~-in, rod of 
silver is inserted into the molten chloride to within 
one inch of the bo t tom of tube (A) and held in tha t  
position by a silver disk fitting over the top of the 
tube. A silver wire is silver-soldered to the top of 
the silver rod. The entire cell was anchored at  the 
top in an a luminum fixture in which it was rigidly 
held by  spring-loaded set screws. This  fixture also 
held the cathode in contact with the end of capillary 
(C). A strip of molybdenum sheet serving as anode 
was bent  to a half-cylinder and placed over the 
outside of tube (A). I t  was held by  a clamp, to 

FIG. 1. Detail of reference electrode half-cell 

which a heavy  plastic-insulated wire was at tached.  
This wire was wound as a helix and served as an 
anode lead. 

The entire assembly was suspended by  the cathode 
from the electrode connector, (j),2 the anode lead 
wire and the wire f rom the silver reference electrode 
were drawn through holes in the rubber  s topper in 
the bung, (E), 2 and the system closed. After the 
procedure described earlier (1) for establ ishment  of 
an inert a tmosphere was followed, the electrolyte in 
the crucible was melted and the electrode assembly 
lowered into the crucible. The electrolyte then 
entered tube (D), through capillary (C), and formed 
a liquid junction with the silver chloride a t  the 

2 See Fig. 2, Reference (1). 

asbestos plug. The  levels of the solutions were 
adjusted so tha t  the level of the electrolyte in (D) 
was slightly higher than  tha t  of the silver chloride 
in (A). The asbestos plug was t ight  enough to prevent  
flow of solution through it except under  applied 
vacuum,  as when filling the cell, but  the levels were 
adjusted in this manner  so tha t  if flow did occur it 
would be toward the silver chloride ra ther  than  
toward the electrolyte. Current  was passed through 
the cell (cathode area = 0.1 dm 2) as for plating. 
The  current  was set and held a t  each value for about  
one minute  while the potent ial  between the cathode 
and reference electrode was measured using a 
potent iometer  and high-sensit ivity galvanometer .  
Zero current  values were t aken  before and af ter  
each run, and they  usually agreed fairly well. 

When measuring equilibrium potentials,  the anode 
was not used, and the cathode hung above capillary 
(C) ra ther  than  in contact  with it. The  same pro- 
cedure for maintaining an inert  a tmosphere  was 
followed. Potentials  were read a t  half-hour intervals,  
and when the potential  remained constant  within 
1 m v  for 3 hr, tha t  value was taken  as the equilibrium 
potential.  

The reproducibili ty and  reversibil i ty of the 
reference electrode was confirmed in the following 
manner .  Silver chloride was poured into both sides 
of the quartz cell, capillary (C) was sealed, and silver 
rods inserted in both  legs of the cell. The  entire unit  
was immersed in molten potass ium chloride-lithium 
chloride eutectic mixture which was mainta ined at  
600~ The immersed area of the electrodes was 
0.025 dm 2. The initial potential  difference of 3.0 m v  
fell in 1 hr to 0.4 mv,  at  which point the potent ial  
difference became constant.  This  potent ia l  dif- 
ference is probably  due to some small a s y m m e t r y  in 
the two electrodes, contact  potentials,  etc. The cell 
was then polarized by passing current  through it for 
5-min periods. The circuit was then opened and the 
potent ial  read. 

After  passing 1 ma through the cell, the 0.4-my 
potent ial  was re-established in less than  30 sec af ter  
opening the circuit. With  2.5 ma,  1 min was required, 
and with 5 ma  (equivalent to 0.2 a m p / d m  2) the cell 
was permanent ly  polarized, its potent ial  being 1 m y  
30 min af ter  opening the circuit. Since full-scale 
deflection of the ga lvanometer  used during the 
measurements  corresponded to a current  of 0.6 
uamp, the possibility of polarizing the cell while 
balancing the potent iometer  was negligible. T h a t  the 
cell is reversible is demonst ra ted  by  the  fact  tha t  
one of the silver rods was anode, and the other 
cathode during polarization, and, up  to 2.5 ma,  the 
cell reverted rapidly to normal  on stopping the 
polarizing current.  The reversibil i ty of the molyb-  
denum electrode in the KaMoC16-alkali halide melt  
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was demonst ra ted  by  the electrodeposition and 
anodic solution of the meta l  a t  low current  densities 
and low polarization. 

Cathode Potential Measurements 

A solution of K~MoCI~ in LiC1-KC1 eutectic 
mixture of a standardized composition (4,1 mole % 
KsMoC16) was prepared and purified by  thermal  
and electrolytic means (1). The reference electrode 
cell, with molybdenum anode and cathode, was 
inserted into the melt  and allowed to stand until  
the static potential  became fairly constant.  Readings 
were then taken  at  20 points in the current  density 
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FIG. 2. Cathode potential curves for solution of K3MoCl6 
in LiC1-KC1 (0-100 amp/din ~) measured against silver-silver 
chloride electrode. O--600~ �9176 ~--800~ ~ - -  
900~ 

range from 0-100 a m p / d m  2. Fewer points were 
taken in the upper  than  in the lower par t  of the 
range because, at  high current density, the nature  
of the cathode surface changes very  rapidly and 
makes the values obtained less reliable. Current  
density-potential  curves were determined at  600 ~ 
700 ~ 800 ~ and 900~ Duplicate runs were made for 
each temperature ,  no two runs at  the same tempera-  
ture being done consecutively. In  addition, the runs  
at  different temperatures  were done in random 
sequence, so tha t  the effects of t ime or systematic  
variat ion in the solution would not be confused with 
a tempera ture  effect. The average value of the two 

determinat ions of cathode potent ia l  for each current  
densi ty and tempera ture  was used in plott ing the 
isothermal cathode potent ial  curves. Fig. 2 shows 
these over the entire range of 0-100 a m p / d i n  2. Fig. 3 
shows the 0-10 a m p / d i n  2 range on an expanded 
scale. On the whole, the values are reproducible to 
about  :t: 10 my.  

The static or equilibrium potent ials  range f rom 
0.349 volt  to 0.501 volt  between 600 ~ and 900~ 
with a t empera tu re  coefficient of -t-5 X 10 _4 vo l t s /  
deg. The silver reference electrode is the positive 
(noble) pole. 
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FIG. 3. Low current density portion of curves of Fig. 2 
(0-10 amp/din 2) measured against silver-silver chloride 
reference electrode. O--600~ O--700~ ~--800~ ~ - -  
900~ 

When the same solutions were contaminated  by  
exposure to air, the current densi ty-potent ia l  curves 
shown in Fig. 4A were obtained. The  equilibrium 
potentials  ranged f rom 0.071-0.034 volt  between 
600 ~ and 800~ with a t empera tu re  coefficient of 
-- 2 X 10 -4 voltage.  Heat ing  to 900~ a n d / o r  electrol- 
ysis restored the solution to its original condition. 

These results show conclusively tha t  air con- 
taminat ion  ennobles the potent ia l  of a mo lybdenum 
electrode in the solution by  about  0.3-0.4 volt.  

I n  order to  s tudy  the cathode potentials  in a 
sys tem containing potass ium molybdate ,  a solution 
consisting of 45.5 grams of LiC1, 54.5 grams of KC1, 
and 18.5 grams of K2MoO4 (4.1 mole % K2Mo04) 
was prepared and current  densi ty-vol tage curves run 
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under inert atmosphere, with usual precautions for 
drying the salts. The initial values of equilibrium 
potentials varied from 0.75-1.25 volts, with no 
reproducibility between the zero current potential  
a t  the beginning and end of the run. The silver 
electrode was still the positive pole. In  any event,  
this unstable potential  showed the electrode to be 
much less noble than in the tr ivalent  molybdenum 
solution. The solution was then electrolyzed, after  
which stable equilibrium potentials were obtained. 
The values were 0.029 volt at  600~ and 0.052 volt  
a t  900~ or about  the same as in a melt  con- 
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FIG. 4A. Cathode potent ial  curves for a i r -contaminated  
K~MoC16solutiou. O--600~ ; O--700~ ; ~ - -800~ 

FIG. 4B. Cathode potent ial  curves of solution of K2Mo04 
in LiC1-KCh O--600~ ~--900~ (Both measured against 
s i lver-si lver  chloride reference electrode.)  

F. 

taminated with air. The temperature  coefficient was 
+ 8  X 10 -5 vol ts /deg in this range. These values 
remained in this range despite heating, electrolysis, 
or other t reatment .  The cathode potential  curves 
for this solution are shown in Fig. 4B. The potential  
values obtained in this solution are not as repro- 
ducible as in the uncontaminated tr ivalent  molyb- 
denum solution. 

Equilibrium Potentials of Other Metals in Molten 
Lithium Chloride-Potassium Chloride 

To obtain some information about  the emf series 
in molten halide melts at 600~ and particularly 

the position of molybdenum in this series, equilib- 
rium potential  da ta  were obtained for zinc, ferrous 
iron, cuprous copper, and silver, each in 4.1 mole 
per cent solutions of their chlorides in the KC1- 
LiC1 eutectic mixture in the absence of air. The  
anhydrous salts were prepared in the following 
manner.  Commercial anl%vdrous C.P. zinc chloride 
and ferrous chloride, FeC12.4H~O, were dried in a 
current of dry hydrogen chloride at 400~ for two 
hours. Cuprous chloride was washed free of cupric 
compounds with water  and dried at 450~ in a 
stream of dry  hydrogen chloride. Since zinc was 
molten at  the temperature  of the experiments, the 
zinc electrode consisted of a pool of zinc in the 
bot tom of the vessel. Electrical contact  was estab- 
lished with a tungsten rod sealed in glass. Measure- 
ments were made as described earlier. 

Table I gives the equilibrium potentials found for 
these systems. 

Also included in the table is the equilibrium 
potential  found for molybdenum under conditions 
similar to those used for the other metals. This 

TABLE I. Potential, E, of M electrode in 4.1 mole % M 
chloride dissolved in KCI-LiC1 (eutectic composition) 
against the Ag, AgC1 (pure) reference electrode at 600~ 

M E ( v o l t )  

~il]c ..................................... 

Iron (divalent) .......................... 

Copper (monovalent) ..................... 

Molybdenum (trivalent) .................. 

Silver ................................... 

- 1 . 277  
-- 1.033 
--0. 626 
- 0. 349 
--0.312 

table represents the emf series for these elements at 
600~ at a concentration of 4.1 mole per cent in 
LiCI-KC1 eutectic mixture as solvent. 

DISCUSSION OF RESULTS 

Current DenMty-Potential Curves 

One of the most impor tant  facts demonstrated 
previously (1) was the inability to obtain a pure 
molybdenum deposit from solutions containing 
oxygenated salts or even from solutions of non- 
oxygenated salts which have been slightly con- 
taminated with air or moisture. Whenever  oxy- 
compounds were present, the current efficiency for 
molybdenum deposition was reduced and molyb- 
denum oxides were formed in the deposit, as shown 
by x-ray diffraction. A consideration of the potential  
measurements with the pure trivalent molybdenum, 
air-contaminated triva]ent molybdenum, and 
molybdate solutions clearly demonstrates the cause 
of this behavior. In addition, it gives some insight 
into the electrochemistry of these systems. The 
equilibrium potential  of a molybdenum electrode in 
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an air-contaminated trivalent molybdenum solutiort 
is about 0.4 volt lower (more noble) than in a pure 
trivalent molybdenum solution. A difference of this 
magnitude indicates that the electrode reactions 
occurring in the two systems must be entirely 
different. Not only is this shown by the magnitude 
of the difference in potential but by the fact that the 
temperature coefficient of the potentials differs in 
magnitude and sign. 

Consider the manner in which oxides deposit on 
the cathode from contaminated solutions. Since the 
trivalent molybdenum salt is easily oxidized by air 
at these temperatures, one of the effects of the 
contamination must be to produce oxygenated 
compounds of molybdenum in which the molyb- 
denum has a valence higher than three. The potential 
measurements showed that the reduction of these 
intermediate valence molybdenum compounds to 
the trivalent oxide proceeds at a more noble potential 
than does the reduction of trivalent molybdenum to 
molybdenum metal. That is, the higher, more 
negative potential is characteristic of the electrode 
reaction, Mo 3+ + 3e --~ Mo; and the more noble 
potential is characteristic of a reaction which may 
be written: 

Mo (3+~)+ + ze 0_, M0203. 

It is apparent that oxygen must be absent from 
the system in order to obtain pure molybdenum. 
Therefore, from a contaminated bath at low current 
density one would expect no molybdenum deposit at 
all, only oxides, and at high current density, when 
the cathode has become sufficiently polarized to 
reach the deposition potential for molybdenum 
metal, both processes should occur. At 600~ the 
cathode in a contaminated bath does not reach the 
potential at which molybdenum can codeposit with 
the oxide until a current density of 30-40 amp/din 2 
is attained, and, at 900~ it barely reaches it at 100 
amp/dm ~. 

In the initial potential measurements on the 
potassium molybdate solution no equilibrium 
potential at all was obtained with a molybdenum 
electrode. The unstable potential observed was more 
than 0.5 volt less noble than that for reducing 
trivalent molybdenum to metal. This suggests that 
a molybdate solution is actually not in equilibrium 
with a molybdenum electrode, that is, the reaction 
MoO~ + 6e + Mo + 4 O= either does not occur or 
never reaches equilibrium. The very high initial 
potential observed is of no consequence with regard 
to electrode reactions since, after electrolysis for a 
short while, it changes to a stable potential of about 
the same value as that obtained with an air-con- 
taminated trivalent solution. 

The molybdate solutions and the contaminated 

trivalent molybdenum solutions turn blue during 
electrolysis, which confirms the presence of molyb- 
denum compounds with a valence of 4 or 5, and it 
is these, rather than the hexavalent molybdenum, 
which are in equilibrium with the electrode. Breaks 
in the curve occur in the vicinity of 0.3 volt at about 
30 amp/dm ~, and these probably represent the be- 
ginning of the reduction of trivalent molybdenum 
to metal. Since the potentials measured in the elec- 
trolyzed molybdate solution and in the air-con- 
taminated trivalent molybdenum solution are about 
the same, the same reaction may be occurring. This 
is confirmed by x-ray diffraction which identified 
Mo~O3 in the deposit from the molybdate and in 
the deposit from the trivalent molybdenum solu- 
tion. 

The potentials of a molybdenum electrode in 
dilute solutions of K2MoO4 and K~MoC16 in A1CI~- 
NaC1-KCI mixture at about 200~ were reported 
(4) to be about the same. They are the same be- 
cause those experiments were all run with the solu- 
tions exposed to air and all of the solutions were 
purified by electrolysis. Therefore, this compared 
electrolyzed molybdate solution with an air-con- 
taminated trivalent molybdenum solution, solu- 
tions which were shown here to give very similar 
cathode potential curves. Neither of these solutions, 
however, gives pure molybdenum deposits, so the 
deposition potentials which were reported cannot be 
ascribed to any definite electrode reaction. 

Relation Between Cathode Potential Curves 
and the Nature of the Deposit 

The cathode potential curves for deposition of 
molybdenum at the various temperatures were ex- 
amined to determine whether they correlated with 
the physical form of the deposit. The molybdenum 
deposits obtained from the fused baths were pow- 
dery or dendritic, with the exception of the deposits 
obtained from the 600~ bath below a current den- 
sity of 3 amp/dm2; it is of interest to inquire 
whether this is related to the observed cathode 
potential curves. In deposition from aqueous solu- 
tion, the production of fine-grained smooth deposits 
is often associated with a higher polarization than 
that attending the deposition of the coarsely crys- 
talline or spongy deposits from solutions of simple 
salts. The smoother deposits may not necessarily 
be caused by the higher polarization, but apparently 
the same conditions that yield the smoother de- 
posits also cause the higher polarization. 

The cathode potential curve for molybdenum 
deposition at 600~ (Fig. 3) has a slight change in 
curvature at about 3.5 amp/dm 2, which eorresponds 
approximately to the change of deposit from the 
coherent to the powdery form. However, this break 
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is so slight tha t  it is barely beyond the precision of 
measurement,  and may be considered as the effect 
of the change in surface area of the deposit on the 
cathode potential, rather than a change in the 
nature of the electrode reaction. The slope of the 
curve for 600~ is somewhat flatter than the curves 
obtained for the higher temperatures  over the 
whole range of current density from 0-100 am p /d m  2 
thus indicating a higher polarization. I t  is only 
from the 600~ bath  tha t  smooth coherent deposits 
are obtained at low current density. They  became 
powdery above 3 amp/din  2, but  this is probably 
the usual "burning" which is observed with all 
plating solution at high current densities. 

The main difference between the current density- 
potential  curve for deposition at 600~ and at  the 
higher temperatures appears to be the presence of a 
break in the 600~ curve at about 0.25 amp/din  2. 
This break indicates tha t  a change in the electrode 
reaction occurs at this point and tha t  it may  be the 
source of the polarization observed in this bath. I t  
is suggested that  this represents the current density 
at which the slow dissociation of the (MoC16) 3- 
becomes the rate-controlling step of the reaction. 
Below this point, the deposition of molybdenum 
may  occur by discharge of the Mo 3+ ion, but  above 
this point the concentration of the simple molyb- 
denum ion in the cathode film is essentially zero, 
and deposition proceeds by discharge of the complex 
anion. 

At 900~ the rate of dissociation of the complex 
anion is sufficiently great to permit  deposition to 
occur from the simple cation over the full range 
investigated and so the deposits are powdery at 
all current densities. When operating at 600~ as 
the current density is decreased from high values to 
3 amp/dm 2, the deposit changes from powdery to 
coherent. On lowering the current density still 
further,  the deposit changes back to powdery at a 
current density corresponding to the observed break 
in the curve at  0.25 amp/din  2. This hypothesis is in 
accord with observations on the thermal stability 
of the salt K3MoC16, which is quite stable at 600~ 
(in vacuo), but  at  900~ produces a slight sublimate. 
This is indicative of a slight dissociation of the com- 
plex into MoC13, which, in turn, is not stable at 
tha t  temperature.  Other evidence for the slow dis- 
sociation of (MoC16) 3- are its reactions in water  
solution (5) and its magnetic susceptibility which 
indicates tha t  it exists as the very stable octahedral 
structure with a d2sp 3 bond type. Fur ther  evidence 
for the view that  the molybdenum is present as a 
stable complex in the fused salt ba th  comes from 
observations of the potentials of other metals in 
fused electrolytes, as described in the following 
section. 

Static Potentials of Molybdenum and Other 
Metals in Fused Electrolytes 

The equilibrium potentials of molybdenum and 
four other metals in a fused KCI-LiC1 melt contain- 
ing each metal  in a concentration of 4.1 mole per 
cent are given in Table I. The  point of most interest 
is tha t  molybdenum is relatively noble, being very  
close to silver in potential. Thus, it is not surprising 
that  iron and copper displace molybdenum from a 
molten plating bath. The noble position of molyb- 
denum in this series also suggests tha t  these baths 
might be very well suited for electrowinning. This 
prediction requires caution with respect to particu- 
lar metallic impurities, since the various metals 
might not take the same positions in this series as 
they do in the aqueous system. I t  appears tha t  
nickel may  be more noble than copper in this fused 
halide system. 

Metal  salts appear to form complexes in fused 
baths just as they do in aqueous solutions. A com- 
parison of the emf series in three types of fused 
baths and in water solution is shown in Table II.  

All the potentials have been calculated with 
reference to a silver electrode immersed in a solu- 
tion of a silver salt at  the same concentration as 
the other metals in the series. For  example, column 
4 is obtained from Table I by taking the potential 
of silver in a 4.1 mole per cent solution (potential 
0.312 volt) as the reference electrode instead of 
silver in pure molten silver chloride. Column 1 is 
calculated from the data of Verdieck and Yntema 
(6) for one mole per cent solutions of salts of the 
indicated element in A1C13-KC1-NaC1 solvent at  
200~ Column 2 was calculated from the measured 
values of the potentials of Daniell cells consisting of: 
M/p u re  molten chloride of M / / p u r e  molten chloride 
of N / N ,  where M and N are metals, at  600~ given 
by  Lorenz [(7) Vol. III]. (The value for tin is at  
350 ~ but  the author  states tha t  the temperature  
coefficient of the potential  is very  small in this case.) 
Column 3 is the familiar emf series for electrolytes 
of unit act ivi ty in aqueous systems, taking the silver 
instead of the hydrogen electrode as zero. 

The potentials in columns 1 and 2, for the alumi- 
num chloride type solvent and the pure fused 
halides, respectively, are quite close. The potentials 
in the fused KCI-LiC1 bath in column 4 are between 
those in an aqueous media in column 3 and those in 
columns 1 and 2. A significant difference between 
the pure molten salt system, column 2, and the 
aqueous system, column 3, is the absence of solva- 
tion in the former, since there is no solvent; and the 
existence of extensive solvation of the ions by water  
in the latter. If this is the cause of the differences 
in the two series, then the salts dissolved in the 
aluminum chloride mixture (column 1) are in a 
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condition very similar to the pure mol ten state, 
while the salts dissolved in the KC1-LiC1 mixture 
(column 4) are to some extent solvated. 

The calculation of the act ivi ty of meta l  ions in 
fused salt baths of the type in column 4 lends sup- 
port  to the view tha t  salts therein are solvated. 
The voltage, E,  of the following cell was calculated 
from data  of Lorenz (7) and from the da ta  given 
here: Zn/ZnC12 (4.1 mole % ) K C 1 ,  LiC1//ZnC12 
(pure) /Zn;  E = 0.850 volt  at  600~ Substi tut ing 
this value of emf in Nerns t ' s  equation gives the 
act ivi ty  a of zinc in the 4.1 mole per cent solution as 
l0 -s mole per cent. This shows tha t  zinc is ra ther  
t ight ly complexed in the alkali halide melt.  Lorenz 
has demonstra ted the existence of a complex chloro- 
p lumbate  anion in the molten mixture of KC1- 
NaC1-PbC12 and in KC1-PbC12 by  transference 
measurements  [(7) Vol. II].  However,  all meta l  
salts apparent ly  do not form complexes in molten 
alkali halides. 

A similar calculation for silver dissolved in a 
KCI-LiC1 melt  shows tha t  silver, in contrast  to 
zinc and lead, does not form complexes to any  
extent.  F rom the data  of Table I, the voltage of 
the following cell: 

Ag/AgC1, (4.1 mole %), KC1, LiC1/ /AgC1/Ag 

is 0.312 volt. Calculation of the act ivi ty  of silver in 
the alkali halide melt  yields 1.6 mole per cent as 
compared to the actual concentration of 4.1 mole 
per cent, thus indicating very slight complexing. A 
calculation on a similar silver chloride concentra- 
tion cell was made with data  taken from Suchy (8) 
who, however, did not give complete da ta  on the 
mole per cent silver in his alkali halide melt. The 
results of this calculation confirmed the above, 
which shows tha t  silver chloride does not appreciably 
form complexes in the alkali halide melt. In  all of 
these calculations, liquid junction, potentials have 
been neglected. 

The comparison between the potentials in the 
a luminum chloride-alkali halide melt  and the pure 
metallic halide melts  indicated tha t  complexing of 
meta l  compounds did not occur in the a luminum 
chloride melt. The explanation of the difference 
between the a luminum chloride type melt  (column 
1, Table I I )  and the alkali halide melts (column 4, 
Table I I )  is tha t  all of the potassium chloride and 
sodium chloride in the former melt  has been eom- 
plexed by  the a luminum chloride which is present 
in excess to form stable ions of the form, (A1Clt)-, 
so tha t  no alkali halide remained for the complexing 
of the other metals.  F rom these results it seems tha t  

3 The standard state of unit activity is taken to be that of 
the metal ion in the pure salt. 

solvents for mol ten salts m a y  be compared  as to 
their  relative tendency to accept  or donate  anions 
just as solvents in acid-base phenomena are com- 
pared as to their  tendency to accept or donate  
protons. 

Studies of complex format ion in mol ten  salts 
m a y  be of considerable interest  in problems of elec- 
trodeposit ion of metals  f rom these systems, since 
it is known tha t  in aqueous systems m a n y  metals  
are bet ter  deposited from complex ions than  f rom 
simple ions. 

S U M M A R Y  AND C O N C L U S I O N S  

Potent ia l  and polarization studies have shown 
tha t  the inabili ty to obtain pure molybdenum de- 
posits from systems containing oxygenated salts 
s tems f rom the fact  tha t  the deposition of oxides 
occurs at  a potential  of about  0.3 or 0.4 volt  more 
noble than  the reduction to metal .  As a result, even 
slight contaminat ion of the electrolyte by  air, 
moisture, or oxycompound results in gross con- 

TABLE II. EMF series in various media 
E (volt) 

Type of electrolyte 

Element 
Zinc . . . . . . . . . . . . . . .  
Lead (ous) . . . . . . . . . . .  
Iron (ous) . . . . . . . . . . .  
Tin (ous) . . . . . . . . . . . .  
Copper (ores) . . . . . .  
Molybdenum . . . . . .  
Silver . . . . . . . . . . . . . .  

1. Fused 
AIC13- 

KCI-NaC[ 

0.42 
0.30 
0.19 
0.17 
0.04 

0 

2. Fused 
pure salt 

0.43 
0.32 

0.07 

0 

Aq:ious 4. Fused KC1-LiC[ 

1.6 
0.92 
1.2 
0.93 
0.28 

0 

0.97 

0.72 

0.31 
0.04 
0 

taminat ion of the deposit with oxides, even when 
operating a t  high current  densities. 

Polarization studies have shown tha t  the cathode 
polarization is small at  the higher temperatures ,  
but  somewhat  greater  a t  600~ There is also some 
evidence tha t  the reaction mechanism differs a t  
600~ from the mechanism at  higher temperatures .  
I t  is believed tha t  the product ion of coherent de- 
posits results from the higher polarization involved 
in plating f rom a stable complex anion of molyb-  
denum and f rom the fact tha t  the operating tem-  
perature  is well below the recrystall ization tempera-  
ture of molybdenum.  

The relative position of zinc, iron, copper, molyb-  
denum, and silver in the emf series in molten l i thium 
chloride-potassium chloride euteetic mixture  as 
solvent at  600~ has been established. Molybdenum 
has been shown to be more noble than  all but  silver. 
The values for the potentials obtained indicate t ha t  
these metals  tend to form complexes in this solvent 
and are present  mainly  as the chloro-metal anion. 
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The use of potential measurements such as these in 

determining solvation or complex-formation in 
molten electrolyte solvents has been explored. 

A new reference electrode for measuring poten- 
tials in molten salts has been described. I t  consists 
of silver in pure molten silver chloride contained in 

a suitable cell to reduce contamination of the elec- 
trolytes due to diffusion and convection. The refer- 
ence electrode has been shown to be stable, con- 

stant, and reversible. I t  is easy to prepare and may  
be used over a wide range of temperature. 
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The Acid Dissociation of the Aquoscandium Ions 

II. Effect  o f  T e m p e r a t u r e  and o f  Ionic  Strength'  

MARTIN KILPATRICK AND LEWIS I)OKRAS 2 

Department of Chemistry, Illinois Institute of Technology, Chicago, Illinois 

ABSTRACT 

The first dissociation constant of hexaaquoseandium ion and the dimerization con- 
stant for the hydroxylpentaaquoscandium ion have been determined over the tempera- 
ture range 10~-40~ in aqueous solutions, whose ionic strengths were adjusted with 
sodium perchlorate. From these data, approximate values of hit and AS have been 
calculated. The effect of electrolyte concentration on the above equilibrium constants 
is also reported. 

INTRODUCTION 

In  an earlier publication (1), it was shown tha t  
the acidity of the aquoscandium ion in perchlorate 
systems may  be explained by  assuming the following 
equilibria to be of major  importance:  

[Sc (H20)51  2+ 
[Se(H20)0] 3+ + H 2 0  ~.~ + I I30  + (I) 

L o ~  j 
Sea See 

2 
L s OH L O H  h 

Sc2 Sc2 4 

( i i )  

I t  was found convenient to define the hydroxyl  
number:  

n ------ (3 -- a) + CN:~OH -- CHClO~ 
C ( I I I )  

where a is the ratio of perchlorates to scandium 
atoms in the solid scandium perchlorate hydra te  
employed to prepare the buffer solutions studied; 
C,C~clo~ and CN~o~ are stoichiometric molar concen- 
trat ions of total  scandium salt, perchloric acid, and 
sodium hydroxide, respectively; and n represents the 
stoichiometric number  of hydroxyl groups per scan- 
dium a tom in the systems studied. 

Representing the equilibrium constants for equa- 
tions (I) and (II) by  K1 and Kd, respectively, and 
defining the constant for the over-all process: 

2Sea + 2H20 ~ Sc2.4 + 2HaO + (IV) 

1 Manuscript received January 20, 1953. A portion of this 
paper was prepared for delivery before the New York 
Meeting, April 12-16, 1953. Paper was abstracted from a 
part of the dissertation presented by Lewis Pokras to the 
Faculty of the Graduate School of Illinois Institute of 
Technology in partiM fulfillment of the requirements for 
the Ph.D. degree. 

2 Present address: J. T. Baker Chemical Company, 
Phillipsburg, N. J. 
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as K0, it follows tha t :  

/~2 C //~2 2 K0 = , .  2.4/-a = K1Kd (V) 

where Cm C3, C2, C:, 4 are the equilibrium concentra- 
tions of H30 +, Sea, Se~, and Se:. 4, respectively. 

On subst i tut ing da ta  obtained by  s tudy of buffer 
systems at  25~ and an ionic s t rength of 1.000, 
principally NaC104, in the equation: 

CH(Cn + CH) = K I +  2 [ C ( 1 - n ) - C H ] K 0  (VI) 
C(1 - n) - C .  C .  

the constants given in Table  IV  for 25~ and ~ = 
1.000 were obtained. When these constants  are, in 
turn, subst i tuted in the equation: 

C~i + C~(Cn -F KI - 2K0) 

+CH[C(1 -- n)(4K0 -- K~)] 

--2K0[C(1 -- n)l 2 = 0 (VII)  

values of CH are obtained which m a y  be compared  
with experimental  values. At n < 0.5, agreement  
between experimental  and calculated values of 
- l o g  CH was found to be excellent. 

Since a t  higher values of n the agreement  became 
progressively poorer, it was suggested tha t  fur ther  
polymerization by  steps such as: 

Sc2,4 + H20 ~ Sc2,3 -F H30 + (V I I I )  

2Sc2,3 ~ S%,o ( IX)  

or Sc2,a + Sc2 ~ Sc3,5 (X)  

becomes increasingly impor tan t  at higher values of 
n. Similar equilibria are proposed by  Pedersen (2), 
Graner  and SillOn (3), and Ahrland (4) in explaining 
the acidity of Cu(NO~)2, Bi(C104)a and UO2(C104)2 
systems, respectively. 

I t  is the purpose of the paper  which follows to 
present experimental  da ta  obtained under  other ex- 
perimental  conditions, to discuss the effect of ionic 
strength and of t empera tu re  on the equilibria, and  
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to develop the thermodynamic  constants for the 
system. 

Experimental Method 

Details of the experimental  method,  purification 
of reagents, and methods of calculation have been 
described previously (1). The  da ta  which follow are 
comparable in every respect with those presented 
for 25~ and u = 1.000. 

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

The experimental  da ta  obtained are summarized 
in Tables I through I I I .  Values of -- log Cs as a 
function of n for scandium buffers a t  C = 1.00 • 
10-2M, ~ = 1.000, and t = 10.0 and 40~ are pre- 
sented in Table I. Table I I  summarizes similar data  
for buffers with C = 1.25 • 10-~M, while Table I I I  
includes all data  obtained at  t = 25~ and ~ ~ 1.00o. 
The effect of tempera ture  is also illustrated by  Fig. 1 
which is based on data  from Table I. The effect of 
ionic strength is illustrated in Fig. 2, taken from 
data  in Table  I I I .  

The method employed to evaluate equilibrium 
constants for the several sets of experimental  condi- 
tions studied was essentially tha t  described in the 
earlier publication. However,  it was necessary to 
modify the method slightly because of the consider- 
ably smaller number  of buffers studied under condi- 
tions other than t = 25~ and t~ = 1.000. 

In  calculating constants from the da ta  on the 
effect of ionic strength, two equations of the  form of 
equation (VI) were evaluated at  each ionic strength,  
employing experimental  data  for buffers at  C = 
1.250 )< 10 -3 and n = - 0 . 0 1 3  and -t-0.187. The 
resulting pairs of equations when solved simulta- 
neously led to the sets of constants presented in 
Table  IV. 

Since considerably more da ta  are available at it = 
1.000 and t = 10~ or 40~ five equations were em- 
ployed for the evaluation of each set of constants. 
The resulting equilibrium constants are also given 
in Table IV. 

I t  was pointed out previously tha t  values of the 
constants depended markedly  on the n values chosen 
as a source of da ta  in setting up equation (VI). In  
addition, there is a much less marked  dependence 
on C. Therefore, if values of the constants  for differ- 
ent experimental  conditions are to be compared,  
they must  be derived from data  obtained at  com- 
parable values of n and C. 

In  order tha t  this comparison have the greatest  
possible validity, we have therefore recalculated the 
constants for t = 25~ and t~ = 1.000 from two addi- 
tional groups of data.  In  one case, the da ta  group 
was chosen to be comparable with data  employed in 

calculating constants at  varying ionic s trength;  in 
the other case, to be parallel with constants  at  vary-  
ing temperatures .  These constants  are also given in 
Table  IV. 

When the several sets of constants are employed 
to calculate values o f - l o g  Ca for the buffer sys tems 
examined, the values given in the "ca lcula ted"  col- 
umns  of Tables  I to I I I  are obtained. The  differences 

T A B L E  I.  --log Ca for Sc Buffers at C = 1.00 X 10-2M, 
= 1.000 

- -0 .213  
- -0 .0130 
+ 0 . 1 8 7  

0 .387 
0 .527 
0.587 
0 .787 
0.933 
1.033 
1.181 

--log Ctt at t = 10~ 

exp. calc. diff. 

2. 622 2. 672 - -0 .050  
3 .235 3.322 - -0 .087  
3. 865 3. 867 - -0 .002  
4 .148 4.151 - -0 .003  

4 .365 4 .416 - -0 .051 
4 .578 4.771 - -0 .193  
4 .719 5.412 - -0 .693  
4. 820 5. 689 - -0 .869  
4. 959 4. 978 - -0 .019  

--log CI-I at t = 40~ 

exp. calc. diff. 

2 .588 2 .622 - -0 .0 3 4  
2 .986 2 .996 - -0 .0 1 0  
3.332 3.329 + 0 . 0 0 3  
3 .594 3 .585 + 0 . 0 0 9  
3.739 3 .762 - -0 .023  
3 .807 3 .842 - - 0 . 0 3 5  
4 .025 4 .194 - -0 .1 6 9  
4 .174 4.733 - -0 .5 5 9  
4 .253 5 .064 - -0 .881  
4.373 4 .397 - -0 .0 2 4  

T A B L E  I I .  --log CR for Sc buffers at C = 1.25 X 10-3M, 
= 1.00o 

- 0 . 1 1 7  
- 0 . 0 6 7  
- 0 . 0 1 7 0  
+ 0 . 1 0 3  

0.209 
0 .260 
0 .327 
0.419 
0.527 
0 .577 
0 .696 
0 .780 
0 .827 
0.933 
0.949 
1.033 
1.181 

- - l o g  C H a t  t = lO~ 

exp. calc. diff. 

3 .822 3.684 + 0 . 1 3 8  
3. 868 3. 785 + 0 . 0 8 3  
3.963 3.893 + 0 . 0 7 0  
4 .188 4.131 + 0 . 0 5 7  

4 .445 4.378 + 0 . 0 6 7  
4. 508 4. 470 + 0 . 0 3 3  

4 .734 4.734 0 .000 

4 .922 4.993 - -0 .071  

5.023 5. 280 - -0 .257  
5.131 5.721 - -0 .590  

5.167 6.183 - -1 .016  
5.244 5.470 - -0 .266  

- - l o g  C I t  a t  t = 4 0 ~  

exp. calc. diff. 

3 .505 3 .476 + 0 . 0 2 9  
3.536 3 .527 + 0 . 0 0 9  
3. 583 3. 580 - -0 .0 0 3  

3.821 3.811 + 0 . 0 1 0  
3.887 3 .876 + 0 . 0 1 1  

4 .044 4 .054 - - 0 . 0 1 0  
4 .167 4 .184 - -0 .017  
4 .202 4 .250 - -0 .0 4 8  

4.423 4 .595 - -0 .1 7 2  

4 .524 5.151 - -0 .6 2 7  
4.579 5.273 - -0 .6 9 4  
4.591 5 .482 - -0 .891  
4 .638 4 .777 - -0 .1 3 9  

between experimental  and calculated values are of 
the same magni tude as was observed for the much  
larger number  of buffers studied previously, and 
exactly the same trends in the differences are noted 
at  all t empera tures  and ionic strengths studied. 

Effect of Ionic Strength on the Equilibrium Constants 

While it would be most  desirable to obtain thermo- 
dynamic  values of the dissociation constants  at  in- 
finite dilution f rom the values of the constants given 
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stants of weak electrolytes as a function of T, and 
for computing the thermochemical functions . . . .  " 
(5) the authors have chosen to employ the relation- 
ships due to Harned and Robinson (6). On substi- 
tut ing data  from Table IV into their equation: 

--log K = A / T  + B + CT (XI) 

the following relationships are obtained for ~ = 1.000 
mostly in NaC104: 

- l o g  K~ 

= --4408.3T -~ + 41.163 - 0.0724T (XII)  

--log K0 

= +4937.3T -~ - 15.593 + 0.0170T. (XII I )  

The related equations below, given by  Bates and 
Pinching (7), were then employed in calculating 
values of the thermochemical properties of the sys- 
tem. 

AF = 2.3026R(A + B T  + CT ~) (XIV) 

AH = 2.3026R(A - CT 2) (XV) 

AS = 2 . 3 0 2 6 R ( - B  - 2CT) (XVI) 

ACp = 2 .3026R(-2CT)  (XVII) 

However, since the equilibrium constants derived 
here are not the thermodynamic values at g = O, 
the parameters A, B, and C of equations (XII)  and 
(XIII )  will not lead to true thermodynamic proper- 
ties of the system. Furthermore,  since no valid 
method of evaluating the activity coefficients of the 
species involved in the equilibrium constants is ap- 
parent,  it is not possible to calculate the thermo- 
dynamic dissociation constants. 

Nevertheless, the standard state for the systems 
could be defined as the state in which the solutions 
are essentially one molar in NaClOt; the thermo- 
chemical properties calculated could then be con- 
sidered to be referred to a standard state. The calcu- 
lation is, therefore, based on this definition, instead 
of infinite dilution as the standard state. The super- 
script zero in equations (XIV) to (XVII) has been 
omitted in order to avoid confusion of the symbols 
with those defined in the more customary manner.  

Employing for R the Birge value of 1.9869 cal 
mole -~ deg -~, the values of the above properties have 
been calculated. They  are presented in Table V, 
along with related properties for the dimerization 
reaction calculated as follows. Values of AF and AH 
were obtained by appropriate addition of equations 
and energy terms; AS for the dimerization was then 
calculated from AF and AH values by  substitution in 
the fundamental  equation: 

AF = AH -- TAS (XVIII)  

While the values are given to two significant fig- 
ures in Table V it must  be emphasized tha t  these 
figures are somewhat questionable. When the entire 
calculation is repeated, employing different but  par- 
allel groups of data  to calculate the constants, one 
obtains equilibrium constants and thermochemical  
properties which differ from those presented in the 
table. However,  the signs, orders of magnitude, and 
trends exhibited in the recalculated values are similar 
in every respect to those presented in Table V. 

T A B L E  IV. Equilibrium constants for the acidic dissociation 
of the aquoscandium ion at various experimental conditions 

Temp,  ~ 

25 

10 
25 
40 

25 
25 
25 
25 

Ionic strength,  g 

1.00o 

1.000 
1.00o 
1.00o 

0.0100o 
0.100o 
0.500 
1.00o 

Equil ibrium constants  

106 KI  

1.172 

0.808 
1.623" 
3.873 

2.45a 
1.810 
1.258 
1.18~t 

l0 s Ko 

1.0ls 

0.2214 
0.927* 
3.201 

4.47 
2.15~ 
1. 264 
O. 889 f 

10 -3 K d  

7.38 

3.393 
3.51s* 
2.134 

7.43 
6.58 
7.99 
6 .35t  

* Employed  only 
the  equi l ibr ia .  

t Employed  only 
on the  equi l ibr ia .  

in de t e rmin ing  effect of t e m p e r a t u r e  on 

in de t e rmin ing  effect of ionic  s t r e n g t h  

T A B L E  V. Thermochemical properties of the aquoscandium 
ion acid system in 1M NaCI04 

Reaction 

Fi r s t  acid 
Dissoc ia t ion  
K, 

Over-al l  
K0 

Dimer i za t i on  
Ks 

10 
25 
40 

10 }1 25 
40 

10 

40 

AF kca  
mole-1 

+ 6 . 6  
6.5 
6,3 

8.6 
8.2 
7.9 

- -4 .6  
- -4 .8  
- -4 ,8  

AH kcal 
mole-~ 

-}-6.4 
9.3 

12. 

16. 
15. 
I5. 

3.6 
- 2 . 9  
- -9 .7  

AS Cal 
mole-1 
deg-t  

- -0 .7  
+ 9 .  

19. 

27. 
25. 
22. 

28. 
6. 

--15. 

ACp Ca]. 
ino]e-I 
deg-~ 

+190 
200 
210 

--44 
--46 
--49 

For  example, on carrying out three independent  
calculations, leading to three independent sets of 
thermochemicM properties, the signs of AS exhibit 
the same reversal of sign for the first acid dissociation 
and dimerization steps as indicated above, al though 
the magnitudes of AS may  vary  considerably. 

In  the previous paper (1) it was pointed out tha t  
dependence of the constants oil n and C undoubtedly  
reflected contributions from higher dissociation and 
polymerization steps. These contributions are, in 
turn, probably responsible for the variations in equi- 
librium constants discussed above. However,  if one 
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employs parallel data at the several temperatures in 
evaluating the constants, one may assume as a first 
approximation that the contributions of higher steps 
are essentially equal and, therefore, are cancelled out 
on evaluation of the temperature coefficients. 

To the extent that these assumptions are correct, 
and since no comparable data have yet been pre- 
sented for an aquometal ion, the authors feel that 
these data may be of considerable interest to workers 
in the field. 
Note added in proof. The neglect of the equilibria 
for the higher polymers Sc3,5; Sc4.~; Sc5,7; Sc6.s, etc., 
may well explain the dependence of AH and AS on 
the C and n values used, and may also explain the 
trends in the thermodynamic quantities. Sill~n, at 
the Symposium on Co-ordination Chemistry held in 
Copenhagen, August 9 to 13, 1953, presented a 
method for calculating the equilibrium constants 
involved in polynuclear complexes, and preliminary 

calculations for scandium, on the assumption of re- 
peated reaction, show reasonable agreement with 
the experimental data. 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1954 issue of the 
JOURNAL. 
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Equivalent-Circuit Model of the Transference Cell 

GEORGE W .  MURPHY 2 

Argonne National Laboratory, Lemont, Illinois 

ABSTRACT 

An equivalent-circuit model characterized by remarkable pictorial simplicity is pro- 
posed for a cell with reversible electrodes in contact with a solution of a suitable binary 
electrolyte, nonuniform in concentration. The capacitance part of the circuit is re- 
lated to the free energy change of the dilution process, while the resistance parts are 
related to the cation and anion transports. On the basis of the model, correct equations 
are derived for (a) the conductance of the solution, (b) the diffusion of the electrolyte 
(Nernst equation), and (c) the concentration cell with transference. In addition, equa- 
tions, which have not been subjected to experimental test, are derived for (d) capaci- 
tance of the condenser, (e) current as a function of applied potential difference, and (f) 
concentration difference as a function of applied potential difference. Mixtures of elee- 
trolytes are considered briefly. On the basis of the model, a method is proposed for the 
determination of thermodynamic properties of electrolytes by transference cell meas- 
urements which does not involve a measurement of the transference number. The range 
of applicability of the model to various aspects of electrochemistry is discussed, and 
the concept of diffusion potential is critically re-examined. 

INTRODUCTION 

Electrode and ion-transport processes are both 
essential elements of every electrochemical cell. 
I t  is sometimes possible to s tudy one of these proc- 
esses with negligible interference from the other. 
For example, in electrical conductance and moving- 
boundary experiments, the ion-transport processes 
of interest are isolated from electrode phenomena by 
appropriate experimental technique. Conversely, 
in electromotive force measurements, carried out 
for the purpose of deriving thermodynamic prop- 
erties, careful experimental design can sometimes 
reduce ion-transport processes to a position of 
negligible significance. Generally speaking, the 
interpretation of data is facilitated when the re- 
versible and irreversible processes are not inter- 
mingled. 

The great bulk of electrolytic processes occur, 
however, with just such intermingling. A simple 
classical illustration of this is the concentration cell 
with transference, where the diffusion of ions is 
unavoidably present during emf measurements. 
Also in this category is the inverse of the concentra- 
tion cell with transference, i.e., a concentration 
gradient is generated by electrode and ion transport  
processes upon application of an external voltage. 

1 Manuscript received January 26, 1953. This paper was 
prepared for delivery before the New York Meeting, April 
12 to 16, 1953. This research was completed at Argonne 
National Laboratory during a leave of absence from the 
Univ. of Wisconsin under the Participating Institutions 
Program. Based on portion of AN L Report 5104, Jan. 1953. 

2 Present address : New York State College for Teachers, 
State University of New York, Albany, N. Y. 
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The same arrangement results when convection is 
eliminated from the electrogravitational process 
described by Murphy  (1) by operating with hori- 
zontal electrodes. I t  is discussed by Murphy  and 
Batzer (2) as an example of a type H (for hori- 
zontal) cell. Many  other examples of cells in which 
electrode arid ion-transport  processes must  be 
treated together can be found throughout the field 
of electrochemistry. 

We propose herein an equivalent-circuit model of 
a cell which involves integrated electrode and ion- 
transport  processes, including the specific types 
mentioned above. This moJel  emphasizes the im- 
portance of time-independent or s teady states in 
cells where current is flowing and concentration 
gradients are present. From the model, long-estab- 
lished equations for conductance, for the diffusion 
of ions, and for the concentration cell with trans- 
ference are derived, as well as some others which 
have not been subjected to experimental test. I t  
thus serves as a quanti tat ive basis of reference for 
a number of experimental facts, and it is so simple 
that  it possesses considerable pedagogical appeal. 
The model is heuristic in nature, suggesting, for 
example, a new approach to the determination of 
the thermodynamic properties of electrolytes. 

The term "transference cell" refers to a system 
with two identical reversible electrodes in contact  
with an electrolytic solution, one or more ions of 
which participate in the electrode reaction. By  
"reversible" it is meant  that  the clearly specifiable 
reaction at one electrode occurs in exactly the re- 
verse manner at the other, and that  there is no 
activation or resistance overpotential at  the elee- 
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trodes. The applied or measured potential is always 
less than that required for decomposition of the 
solution, i.e., concentration gradients, but no 
changes in composition are established in the cell 
as a result of passage of current. The familiar "con- 
centration cell with transference" is a special case 
of the transference cell when there is a concentration 
gradient, but no external current. 

Throughout the article, the silver-silver chloride 
electrode, chloride ion system is adopted for illus- 
tration. Complete dissociation of the electrolyte, 
e.g., KC1, is assumed. Three aspects of this cell are 
shown in Fig. 1. In section (a) the system is in 

0. 

1 

o L 1 

b. 

r 2 AcJ + CI~'= AcJCI-I-'e 

AcjGI +e ,~Ag+ CI-  

C. 

l- 
Fla. 1. Cross sections of the transference cell. Heavy 

horizontal bounding lines represent silver-silver chloride 
electrodes; cross-hatching, insulating spacer; density of 
dots, concentration of electrolyte. (a) Cell in equilibrium, 
concentration uniform; (b) cell with external applied 
voltage, representing "charging" of the cell; and (c) con- 
eentration cell with transference, emf being measured with 
high resistance voltmeter. 

equilibrium, with a uniform concentration and no 
external voltage�9 In section (b) an external voltage 
has been applied, but changes in concentration 
have occurred near the electrodes only. This corre- 
sponds to a Hittorf transference experiment. Be- 
cause of the density differences which arise, the 
cathode is situated at the bottom to avoid convec- 
tion currents. In section (c) the concentration dif- 
ference between the top and bottom electrodes 
leads to an external emf; this is a concentration cell 
with transference. The external battery of (b) has 
been replaced by a high-resistance voltmeter. In 
(b) a substantial current in the external circuit 

passes, while in (c), for a measuring instrument of 
infinite sensitivity, there is no external current at 
all. 

I t  is evident that continued passage of current 
in (b), followed by removal of the external current 
source, leads to a concentration cell with trans- 
ference (c). I t  has been shown (3, 4) that the steady- 
state concentration distribution reached after pro- 
longed current passage is linear for the ideal ease�9 

EQUIVALENT CIRCUIT 

The application of equivalent-circuit models to 
electrochemical problems is not new. Electrical 
double-layer phenomena at mercury-solution inter- 
faces in particular have been interpreted by this 
means. Grahame (5, 6), in his capacitance studies, 
noted the presence at certain polarizing potentials 
of a very large capacity effect due to oxidation- 
reduction phenomena at the electrodes. He called 
this a "pseudoeapacity" to distinguish it from true 
double-layer capacity. Breyer and Gutman (7) re- 
ferred to this as a "dynamic capacitance." 

The condenser and other elements of our equiv- 
alent circuit are similar to those utilized by Grahame 
and by Breyer and Gutman in that they involve 
oxidation-reduction at the electrodes, but differ in 
that they also involve concentration gradients 
throughout the solution. Moreover, we have re- 
stricted ourselves to the simplest types of electrode 
processes and are primarily concerned with the 
time-independent or steady state achieved by steady 
application of a d-e voltage. These states would 
have no chance of attainment with the a-c methods 
employed by Grahame and other investigators, 
who were primarily interested in double-layer 
phenomena. The "steady states" in a-c work are 
time averages over a number of cycles, but the 
variables are changing during periods of the order 
of one cycle. 

Equivalent-circuit models are also important in 
the interpretation of the dielectric properties of 
crystals. According to MacDonald's model (8), 
charge carriers within the crystal may be responsible 
for a large part of the capacitative reactance. 

The postulated equivalent circuit of the trans- 
ference cell is given by Fig. 2a and 2a'. The latter 
circuit diagram, which contains two condensers in 
one arm, illustrates the complete blocking action to 
the external circuit of charges passing through R+,  
which is analogous to the blocking action of positive 
ions by the electrodes in the transference cell. On 
the other hand, the mathematical treatment is 
simplified if a single condenser is retained in the left 
arm; the capacitance of the condenser in Fig. 2a is 
obtained by series addition of the capacitances of 
the two condensers in Fig. 2a'. 
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Qualitative considerations which lead to the model 
are as follows: 

Cell 

Current is carried by paral- 
lel movement of two charge 
carriers, M + and C1- ions, 
with different ionic con- 
ductances 1+ and 1_. 

Equivalent Circuit 

There are two parallel arms 
in the circuit with different 
resistances R+ and R , where 
R+/R_ = 1_/1+. 

The electrodes are "perme- 
able" to C1-ions. (The elec- 
trode reaction consumes or 
liberates C1- ions.) 

Negative charge passes di- 
rectly from the external 
source through R_. 

The electrodes are blocking 
to M + ions. (The electrode 
reaction does not involve 
M + ions.) 

Charges passing through R+ 
are blocked from the ex- 
ternal circuit by condensers 
(Fig. 2a'). 

A concentration gradient 
generates an external volt- 
age. 

A charged condenser leads to 
an external voltage. 

A concentration gradient is 
self-equalizing by diffusion 
in the absence of an applied 
voltage. 

In the absence of an applied 
voltage, a charged condenser 
will automatically discharge 
through R+ and R_. 

Further  details of correspondence between the 
cell and circuit are restricted to the steady state:  

Cell 

The chemical potential of 
the electrolyte varies with 
position in the cell, but is 
invariant with respect to 
time. C1- ions are flowing 
continuously through the 
cell, while M + ions are sta- 
tionary. 

Equivalent Circuit 

The electrical potential 
varies with position, but is 
invariant with respect to 
time. Negative charges are 
flowing continuously through 
R_, but no charge flows 
through R+. 

A virtual transfer of dQ/F 
equivalents of M + (and 
hence of MC1) from the 
anode, contacting solution 
of activity a~, to the cath- 
ode, contacting solution of 
activity ao, leads to an in- 
crease in free energy of the 
system of dG = 2(dQ/F)RT 
in (a,~/ao) 

The reversible electrical 
work done in charging the 
condenser of Fig. 2a (or the 
2 condensers of Fig. 2a') 
with dQ units of charge to 
the total potential difference 
E~ = E~ ~- Ec2 is E~dQ. 

(G is the free energy of the system and F is the faraday 
constant.) 

If  the circuit is indeed electrically equivalent to 
the cell, it follows from elementary thermodynamic 
considerations tha t  

Ec = 2 ( R T / F )  In (aa/ao). (I) 

I t  is to be noted that  Ec is the potential difference 
at the electrodies with steady-state current flowing 
in the external circuit; but  during internal dis- 
charge of the cell (Fig. 2c) with no current flowing in 

the external circuit, the measured potential differ- 
ence will be less than Ec.  

Referring to Fig. 2b, it is stressed that  dQ is the 
charge passed through the left-hand side of the 
circuit only. Concurrently with this process, an 
additional charge dQ' passes through the right-hand 
side in a purely dissipative manner;  therefore, this 
feature of the circuit is consistent with the lack of 
reversibility in the cell as a whole. The model 
clearly specifies that  all reversible phenomena of the 
cell are to be associated with the condenser, and all 
irreversible phenomena with the resistances. 

Each of the three circuit elements of Fig. 2a is 
nonlinear; tha t  is, the currents through the resist- 
ance are not proportional to the potential drops, 
and the charge on the condenser is not  proportional 
to the voltage across its plates. For steady-state 
operation and ideal behavior of the cell, suitable 

1 
a. a! 

I-='"'l I tt i . . . .  ! +_L l I.+ j q2: .  ._t 

b, C. 

FIG. 2. Equivalent circuit corresponding to cells of Fig. 
1. (a) Basic circuit; (a') alternate basic circuit with dual 
condensers; (b) charging with external source; and (c) 
internal discharge (free diffusion). 

mathematical  relations between emf, current, and 
concentration are readily found. 

In  Fig. 2b, the current corresponding to Fig. lb 
is analyzed. The flow of negative charge through 
the right-hand side is electrically equivalent to a 
positive charge flowing in the opposite direction. 
The current in the external circuit is the sum of 
these two. 

The current during internal discharge of the cell 
is shown in Fig. 2c. The internal current is equiv- 
alent to free diffusion of the salt, with the flux of 
positive ion equal to the flux of negative ion, as 
required by the electroneutrality condition. From 
the electrical circuit standpoint, this means that  the 
current through the left must  be equal to tha t  
through the right. Only an infinitesimal current 
flows through the external circuit to actuate the 
potentiometer. The internal current is fictitious in 
the sense that  it cannot be measured as an electric 
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current, but it is by no means a new concept. As 
early as 1888 Nernst (8) postulated that the diffu- 
sion of the ions of an electrolyte constituted an 
internal electric current, and he was led thereby to 
the concept of "diffusion potential," which arises 
because of the different mobilities of ions. Although 
the diffusion potential has had many applications 
since Nernst's time, it is an objectionable concept 
from the operational viewpoint, since it cannot be 
measured directly. We propose in this treatment to 
express the physical behavior of the system in 
terms of the external potential applied to, or gener- 
ated by, the cell�9 

Discharge of the cell of Fig. 2c could also occur 
by short-circuiting the voltage measuring device. 
This can be referred to as "external discharge," in 
contrast to the "internal discharge" of free diffusion, 
which occurs irreversibly whether an external cir- 
cuit is present or not. 

MATHEMATICAL TREATMENT 

The Cell Resistance 

In order to demonstrate electrical equivalence of 
cell and circuit in quantitative fashion, the further 
assumptions are made that activities may be re- 
placed by concentrations and that conductances, are 
linear functions of the concentration. These as- 
sumptions, together with those made earlier, char- 
acterize what will be referred to as an ideal trans- 
ference cell. In this case the mathematical conditions 
for equivalence of cell and circuit are: 

E,  = ( 2 R T / F )  In C~/C, (II) 
a 

R+ = (l/Al+) .r dx (IIIa) 

a 

R_ = (l/Al_) ] ( l /C)dx (IIIb) 
, 0  

where a is the distance between the parallel elec- 
trodes of area A, C is the local concentration in 
equivalents per cc, and l+ and l_ are the mobilities 
(equivalent ionic conductances). In the ease of the 
linear concentration distribution which is attained 
in the steady state, 

R+ = {a/Al+(Co -- C~)} in (Co/C~) (IVa) 

R_  = {a/Al_(Co -- Ca)} ]n (Co/C~) (IVb) 

When the ratio Co/C~ is close to unity, these 
equations reduce to 

R+ = a/Al+Co ; R _  -- a /A l_Co .  (Va, b) 

The true cell resistance, as seen by the external 
circuit, is evidently obtained by parallel combina- 
tion of these elements: 

Rcon = R + R _ / ( R +  + R_) 

= {a /AA(Co  -- C~)} In (Co/C~) (vI) 

where A = l+ + l_ is the equivalent conductance of 
the salt. In the limit as Co --~ C~, 

R ~ n  = a / A A C o ,  (VII) 

which is just the cell resistance that  would be 
measured with a uniform electrolyte by an a-c 
method. On the other hand, examination of Fig. 2 
shows that the apparent resistance in the steady 
state is 

R p cell = a /Al_Co (VIII) 

since no net current flows through the left-hand side. 

Self-Discharge of the Cell--Verif ication of Nernst ' s  
Dif fusion Equation 

During the self-discharge of the cell (free dif- 
fusion, Fig. 2c), the internal current density, I i . t ,  
produces a difference of potential AIin , (R+ + R_)  
across the series combination of resistances, which 
is equal in magnitude, but opposed in sign, to Ec. 
Combining this relation with equations (II) and 
(IV), 

I,~,t = ( 2 R T / F ) l ( C o  - C~)/al 

�9 { l j _ / ( t +  + a ) }  (IX)  

However, Iint is also equal in magnitude, but opposed 
in sign, to the product F J  of the faraday constant 
and the diffusion flux ,J, for which Fick's law of 
diffusion 

J = IintJF = D(Co -- C~)/a ( X )  

is valid, where D is the diffusion coefficient. I t  follows 
from equations (IX) and (X) that 

D = (2RT/F2)l+l_/( l+ + l_) (XI) 

which is Nernst's equation (8). Ample experimental 
verification for this equation has been provided in 
cases where ideal conditions are approached. 

The measured emf of the self-discharging cell is 
just E~, that of a concentration celt with trans- 
ference. In terms of the potential drops across the 
resistors, E_ and E+,  

l_ 
G = E _  = E ~ - -  E+ = E ~ - - ~ + E _ ,  

whence 

Et l+ E~ E (XII) 
- -  - -  = t +  c .  

l + +  l_ 

This is a verification of another long-established 
equation. Equations (VII), (XI), and (XII) are a 
concise summary of the known properties of the 
ideal transference cell. The accuracy of the 
equivalent circuit model has, therefore, been 
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established by  the derivation of these equations on 
the basis of it. 3 

Capacitance of the Condenser 

On charging the condenser, the potential  dif- 
ference across its plates increases, corresponding to 
an increasing concentration gradient in the trans- 
ference cell. By equation (II), the minimum work 
done in transferring the infinitesimal quant i ty  of 
electrolyte dy = dQ/F is 

Co FE~ dy = 2R, T In ~ dy. (XII I )  

The  energy dissipated in the right-hand resistor 
is not included in this calculation; furthermore, the 
transfer may  be imagined to occur infinitesimally 
slowly, so that  there is no energy dissipation in the 
left-hand resistor. Under these conditions, the 
system is always in a steady state, with a linear 
concentration gradient. The concentration at the 
mid-point between the electrodes remains constant, 
and the electrolyte transfer takes place across this 
dividing line. 

The concentration at  any point and the number 
of moles transferred are connected by the relation 

CV = 4y (2~ - l )  + no, (XIV) 

where V is the volume of the cell and no the number 
of moles of electrolyte. Since C cannot be less than 
zero at the anode, y is limited to values between 
zero and no~4 for the linear concentration distribu- 
tion. 

Equat ion (XIII)  may  be integrated after substi- 
tuting (XIV) : 

r ~' C o  
work = 2RT ./o In (7~ dy 

, . y  

2 R T ]  l n n ~  4~ dy 
Jo no -- 4y (XV) 

2 ( n o +  4y) in 1 + 4 Y  
?'to 

+ (no--4y) ln(1 - -4Y) ;  
7ooj 

When no >> 4y, corresponding to a low emf, this 
equation reduces to 4 

work 8RTy2 - (XVI) 
no 

a The derivat ion of equation (VII) s ta r ted  with the as- 
sumption tha t  the ionic eonduetanees are independent  of 
one another ;  since this ~ssumption leads to the correct  
result  for the concentrat ion dependence of eelI resis tance 
[equation (VII)], the law of independent  ionic migrat ions 
is verified. 

4 The first two terms in the series expansion of log (1 + 
4y/no) and log (1 -- 4y/no) are retained.  

In transporting y equivalents, Fy coulombs are 
passed through the left-hand side of the circuit. 
Thus, the work done in charging the condenser, in 
the region where equation (XVI) is valid, is pro- 
portional to the square of the charge transferred, a 
characteristic of a normal condenser. The capacitance 
of the condenser is evidently noF2/16RT. Unlike a 
normal condenser, the capacitance is directly propor- 
tional to the number of moles of electrolyte, but  
independent of the electrode separation or area. 

The capacitance for a typical case is enormous by  
any  ordinary standard. Suppose, for example, tha t  
no = 10 4 equivalent, a quant i ty  which would be 
contained in a decinormal solution filling a 1 cm a 
cell. At  room temperature,  the capacitance is 

10 .4 • (9.65) ~ • 108 
- 21.2 farad 

16 X 8.316 X 298.1 

This exceeds by many  powers of ten the capacitance 
of any radio condenser of comparable size. 

Current as a Function of Applied Voltage 

Since all of the components in the equivalent 
circuit model are nonlinear, the cell as a whole will 
not be expected to follow Ohm's law. For  any point 
within the cell, equation (II) becomes 

dE/dx = (2RT/F) d In C/dx (XVII)  

in the steady state. Since I = t_CAdE/dx [compare 
equation (VIII)I, it follows that  

I = (2RT/F)t_AdC/dx (XVIII )  

While dC/dx is constant throughout  the cell, dE/dx 
is obviously not so, being greater at the points of 
lower concentration. The E of this equation is the 
total  potential  difference measured by  Ag-AgC1 
electrodes, but, as indicated previously, it is also 
the potential difference across the condenser plates 
under steady-state operation. 

Upon integrating equation (XVIII) ,  and noting 
that  when x = a/2, C = Co,., the original uniform 
concentration of electrolyte, there results the 
equation 

I F  ( a I 
C - 2 t_R~  x - ~ + Cor (NIX) 

\ 

Substituting (XVII)  into (XVIII) ,  integrating over 
x, and solving for I,  one obtains 

I - 4Co~t_ART tanh EF/4RT (XX) 
aF 

The  E in this equation is the total applied potential. 
By  expanding the hyperbolic tangent  and retaining 
only the first term, we obtain an equation valid for 
small applied potentials: 

I = Co~ t_AE/a (XXI)  

Ohm's law is, therefore, satisfied under this con- 
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dition; however, the conductance measured under 
steady-state operation is t_ times the value measured 
under uniform concentration conditions. 

When E F / 4 R T  becomes very large, the hyperbolic 
tangent  approaches unity,  equation (XX) becomes 

I = 4Co~ t _ART/aF ,  (XXII)  

and the current density is independent of applied 
potential. 5 

Equat ion (XX) has also been obtained in a 
mathematical  analysis by Piguet, Kuhn,  and Kuhn 
(10). The assumptions inherent in their derivation 
lead, however, to an incorrect result for the emf of 
a concentration cell with transference. 

Concentration as a Function of Applied Voltage 

The concentration difference between the elec- 
trodes may be expressed in terms of the current 
density by  application of equation (XIX):  

IFa  
C o  - -  C a  - (XXII I )  

2t_ A R T  

Substituting (XX) into (XXI),  we have 

E F  
Co - C~ = 2Co~ t a n h -  (XXIV) 

4 R T  

This equation has also been obtained by Piguet, 
Kuhn, and Kuhn  (10). According to equation 

(XXIV),  the ratio C ~ _7__ c~ is dependent only on 
For 

the applied potential for the system under study, 
but  independent of transference number and 
conductance. The elimination of terms characteristic 
of irreversible processes from the concentration- 
potential relation is relevant to our discussion below. 

For  small values of E, equation (XXIV) becomes 

C~ - Co EF 
Co~ - 2~eT (XXV) 

For practical purposes this is equivMent to equation 
(XIV). For large values of E, equation (XXIV) 
leads to the result 

C~ -- C~ = 2Co~ (XXVD 

Since the total  number of moles is conserved, this 
equation shows that  the limiting condition at high 
applied potential is reached when the concentration 
at  x = 0 has doubled, while that  at x = a has 
fallen to zero. 

Extension of Theory to Mixtures 

While the foregoing mathematical  t rea tment  has 
been applied to only the simplest case, a 1-1 dec-  

5 A potential difference between the electrodes of 0.6 
volt, corresponding to a tanh (EF/IRT) of 0.9999, is re- 
garded as large. Above this voltage, decomposition of the 
solution with cathodic evolution of hydrogen may occur. 
Equation (XIX) is no longer valid at such voltage. 

t rolyte in an ideal transference cell, a single elec- 
trolyte of any other valence type  could be handled 
easily. The t rea tment  of mixtures is more complex, 
requiring the introduction of additional elements 
into the electrical circuit model, and additional 
parameters in the equations. The  detailed t rea tment  
will be deferred to a later paper, but  it is worth- 
while here to outline the procedure for a relatively 
simple case: electrodes agMn reversible to the 
chloride ion, electrolyte a mixture of two chlorides, 
e.g., NaC1 and KC1. The equivalent circuit of this 
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FIG. 3. Diagrams illustrating parallel additivity of 

circuit elements for two single electrolytes to obtain equiv- 
alent circuit for mixture. 

cell is obtained by  parallel combination of circuits for 
each salt, as if the other were absent (Fig. 3). 

I t  is assumed in this t rea tment ,  as before, t ha t  
the system is thermodynamical ly  ideal, and tha t  
Kohlrausch's  law of independent ionic mobilities is 
obeyed. Since these conditions will not  be met  in a 
practical case, the equations based on this model  
are intended merely as illustrative of the approach. 

Application of a polarization potential  will 
produce, in the steady state, a solution with a 
concentration ratio Co~Ca which is the same for each 
constituent. When this potential  is released, the 
emf of the resulting concentration cell with trans- 
ference is given by  

Et = [(t+)l -t- (t+)2]Eo, (XXVII )  

(t+)l = (C+)I(I+)I/[(C+hAI + (C+)2ad 

(t+)2 = (C+)2(I+):/[(C+)~M + (C+)2A21 
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In general, when an indefinite number of cations are 
present in the system with the common chloride 
ion: 

E~ = Eo Z (t+)~ 
(XXVIII) 

(t+)~ = ( c + ) i ( l + ) ~ / ~  (c+),  A; 
i 

(C+)~ = concentration of the i th cation species 
(l+)i = mobility of the i th cation species 
Ag = equivalent conductance of the chloride salt 

of the i th cation species. 

I t  is evident that the nonsteady states prevailing 
in the general classical problem of junction po- 
tentials will involve much greater mathematical 
complexity. Nevertheless, the pictorial simplicity of 
the equivalent circuit model should be of assistance 
in setting up equations for a particular junction 
potential problem. Diffusion problems in multi- 
electrolyte systems are also accessible to the model. 

DISCUSSION 

What is Diffusion Potentialff 

The equivalent circuit model of Fig. 2 contains 
three elements, each characterized by its own 
potential difference when the solute is diffusing 
freely from an initial steady-state concentration 
distribution; moreover, each is directly measurable 
in principle by appropriate experimental technique, 
if electrodes reversible to the desired ion can be 
found. Thus, the potential across R_ is obtained 
directly from the circuit of Fig. 2. If the electrolyte 
were HC1, the potential across R+ would be directly 
measurable through reversible hydrogen electrodes 
(Fig. 4). None of these potentials is equivalent to 
Nernst's diffusion potential, which is postulated to 
arise in a solution because of different rates of 
migration of ions across a concentration gradient. 
This potential difference is not directly measurable 
in principle, but must be calculated on the basis of 
assumptions in the Nernst theory from measure- 
ments on the emf of the cell as a whole. For non- 
ideal solutions, these assumptions are inexact; 
furthermore, cell emf's in the case of mixtures are 
strongly dependent on the structure of the junction, 
and it must be emphasized that  all such measure- 
ments involve the use of electrodes with charac- 
teristic properties on which the magnitude of the 
measurement depends. Diffusion potential, however, 
is postulated to be a property only of a solution 
containing a diffusing electrolyte. 

This problem, and the equivalent one of single ion 
activities, has been dealt with at length by Guggen- 

6The  t e rms  " j u n c t i o n  p o t e n t i a l "  and  "diffusion po- 
t e n t i a l "  are used in te rchangeab ly .  

helm (11), who sums up the situation as follows: 
"The electric potential difference between two 
points in different media can never be measured, and 
has not yet been defined in terms of physical 
realities; it is therefore a conception which has no 
physical significance." 

Taylor (12) arrives at a similar conclusion, 
pointing out that single ion activities or free energies, 
and the potential at a liquid junction, are not 
thermodynamically defined, but are "purely mathe- 
matical devices, which may indeed be employed 
safely with considerable freedom." 

MacInnes and Longsworth (13) discuss several 
types of liquid junctions, and, in agreement with 
Guggenheim and Taylor, take the position that only 
the observed cell emf has real thermodynamic 
significance. Nevertheless, these writers follow the 
general practice of ascribing a definite numerical 
value to the junction potential in the simpler cases, 
where the assumptions involved in their mathe- 
matical treatment are reasonably secure. 

The concept of diffusion potential in simple 

~lydrogen Flectrodes 

FIG. 4. Transfe rence  cell wi th  electrodes revers ib le  to  
ca t ion and  i ts  equ iva len t  circuit .  

systems, when properly interpreted, does lead to 
correct results. On the other hand, the extensive 
body of literature which has accumulated around 
this interpretation suggests that  it is not wholly 
satisfactory, even as a mathematical device. Classical 
electrochemical problems now interpreted in terms 
of diffusion potential seem to call for a new approach 
which involves only operational concepts. The 
equivalent circuit model of this paper might serve 
as a starting point. I t  will have to be shown, of 
course, that the model can be extended to non-ideal 
systems; this point is considered in the next section. 

Non-ideal Systems 

The successful resutts obtained in the case of the 
ideal transference cell are a strong temptation to 
take the general premises of the model as valid for 
non-ideal systems as well. Equation (II) would be 
replaced in this case by 

E~ - 2RT In (ai)o ( X X I X )  
F (a+) a 

where a• is the mean activity of the electrolyte. 
The conductance would no longer be proportional 
to concentration, but this is unimportant to our 
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discussion; in the steady state, the applied potential 
difference is the same as Ec, the significant quantity 
from the thermodynamic standpoint, irrespective of 
the dependence of conductance on concentration. 
Clearly, we have a new means for determining 
activities of electrolytes. The technique of MacInnes 
and coworkers (14) for determining activity coef- 
ficients through transference cell measurements 
make use of equation (XII), but this requires, in 
addition, a different kind of experiment to determine 
the transference number. The method suggested 
here seems to offer a real advantage in economy of 
experimental effort. However, it has to be admitted 
that at the present time the validity of our model 
cannot be guaranteed by theoretical arguments for 
the non-ideal case, and no data by which a decisive 
experimental test can be made appear to have 
been recorded in the literature. 

In designing a critical experiment, it would be 
unsafe to take the potential applied to the working 
electrodes as a measure of the cell emf. Any ir- 
reversible electrode effects due to slow kinetics of 
the electrode reaction, or resistance of the silver 
chloride film, would yield a value too high, if these 
factors are not negligible. Such effects are repre- 
sentable as an unknown series resistance added to 
the circuit of Fig. 2a. The difficulty could be 
circumvented by the use of probe electrodes at 
appropriate points in the cell, which would carry 
only the infinitesimal current required for po- 
tentiometrie measurements. 

A different cell design from that illustrated in 
Fig. 1 would be necessary. Figure 5a shows a 
suitable basic design, which differs from the previous 
one in having perforated or mesh electrodes close 
together and surrounded by electrolyte solution. 
Electrolyte is then free to pass through the electrode 
system. In the steady state, the concentration 
gradient is between the electrodes, while above and 
below the electrodes are solutions of uniform 
concentration, into which the probe electrodes may 
be inserted. The positioning of the latter is not 
critical. Both the working and the probe electrodes 
are silver-silver chloride. The former are visualized 
as being large with a copious supply of silver chloride 
on the cathode. The probe electrodes can be very 
small. 

The equivalent circuit of this cell is shown in Fig. 
5b, and is to be compared with that  of Fig. 2a', 
which has dual condensers. The heavy lines represent 
the working circuit, and the light lines within the 
dotted areas, A and B, the additional circuit elements 
required for correspondence with the solution above 
and below the working electrodes, in whieh the 
probe electrodes are situated. 

This equivalent circuit is evidently more complex 
than that  of Fig. 2a', but the steady-state behavior 
is the same. If it is assumed that  the measuring 
instrument requires only a vanishing current, in the 
steady state the two circuits A and B contribute 
nothing to the measured voltage. Irreversible over- 
voltage effects are representable as unknown 
resistance R1, R2, R3, and R4. In the measuring 
circuit, the voltage drops across R3 and R4 will be 
small, but in the working circuit the voltage drops 
across R1 and R2 could be large. 

The optical methods of analysis now extensively 
employed in electrophoresis, diffusion, and ultra- 
centrifuge investigations would be suitable for 
concentration determinations in such an experiment, 
or the solutions could be drained from their compart- 
ments and subjected to chemical anaysis. I t  is well 
to bear in mind that attainment of the steady state 
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FIG. 5. Basic cell design (a) and equivalent circuit (b) 
for the determination of thermodynamic properties of the 
electrolyte MC1. 

from a uniform solution would be a matter  of hours 
or days; this time could be shortened by commencing 
the experiment with all conditions approaching those 
of the steady state as closely as possible. 

I t  may be argued that  the introduction of another 
irreversible process steady current flow--on top of 
diffusion would introduce more uncertainty into the 
interpretation of emf measurements than is en- 
countered where diffusion alone is present (concen- 
tration cell with transference). The equivalent circuit 
model suggests, however, that when two concurrent 
irreversible processes are properly balanced 
(coupled), interpretation of the reversible part  of 
the system is facilitated. This point is to be con- 
sidered further in a later paper, where the trans- 
ference cell is treated by the methods of thermo- 
dynamics of the steady state. 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1954 issue of the 
JOURNAL. 
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Anodic Behavior of Aluminum and Its Alloys 
in Sulfuric Acid Electrolytes 

I{ALPH B .  MASON AND PHYLLIS E .  FOWLE 

A lmmnum Research Laboratorzes, New Kensington, Pennsylvama 

A B S T R A C T  

This  papel  deals wi th  the  ma in  factors  affecting the  ra te  of so lu tmn of anodm oxide 
coatings on a luminum as they  are be ing  formed in sulfuric acid e lectrolytes  Condi-  
h o n s  favoring h~gh coat ing r a h o s  or thick,  ha rd  abras ion- res i s tan t  coat ings have  been 
inves t iga ted  Low te lnpera tures ,  h~gh cur ren t  densities,  which permi t  a shor te r  t ime  
of immers ion m the  electrolyte,  and the  addi t ion  of subs tances  such as oxahc acid to 
the  electrolyte,  favor  the  format ion  of such coatings Thin has been ma in ly  an invest i -  
ga tmn  of the  c o m p e t m o n  between the  ra te  of f o rma tmn  and  the  ra te  of solut ion of the  
coatings.  

INTRODUCTION 

The physical characteristics of the thick commer- 
cial anodic coatings on aluminum are markedly 
affected by the rate at which the coatings dissolve 
during formation. Some of the factors affecting the 
efficiency of anodic coating formatmn in sulfuric 
acid electrolytes have been dsscussed in several 
papers (1-3). The present paper extends previous 
work (3) to include conditions favorlng higher 
coating efficiencies which result in improved physical 
properties. 

It has been shown (4) that a high purity aluminum 
(99.95%) anode m a coulometer reacts electro- 
chemically in a sulfuric acid electrolyte with an 

efficiency of 100 % even though the operating condi- 
tions are varied over a wide range. On the other 
hand, the anodic oxsde coating is slowly attacked by 
the sulfuric acid electrolyte and the efficiency of 
coating formation decreases as those factors which 
favor chemical solution of the coating predominate. 
There is always competition between the rate of 
formation and the rate of solution of the coating 
and, if the coating is not formed rapidly enough, 
little or no oxide coating remains on the surface 
under unfavorable conditions. 

As a measure of the efficiency of oxide coating 
formation, some investigators (1, 2, 5) used the 
ratio of the weight of coating to the theoretical 
weight of aluminum oxide that should be formed 
fl'om the wesght of aluminum reacting. In the case 
of oxide coatings formed in sulfuric acid electrolytes, 
however, the coating ratio or the wesght of coatnlg 
divided by the weight of alumsnum reacting ap- 
pears to be a more practical figure to use for the 
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evaluation of the efficiency of coating formation (6), 
since coatings formed in sulfuric acid electrolytes 
are known to contain an appreciable percentage of 
sulfate (7-9). Oxide coatings formed on 99.95% 
aluminum in a 15 % (by weight) sulfuric acid elec- 
trolyte under certasn standard conditions of opera- 
tion contain about 12-14 % SO3 (calculated from the 
sulfate deteiTmnation), some water, and the re- 
mainder alumina. In addition, oxide coatings formed 
on aluminum alloys may contain other substances 
derived from the alloying elements. 

I t  has been demonstrated, within certain hmlts, 
that the coating ratio (weight of coating dsvided 
by the weight of aluminum reacting) ss increased 
by decreasing the concentration of the electrolyte or 
the temperature, or by increasing the current densxty 
(3). These factors have an appreciable effect on the 
amount of coating dissolved by the electrolyte during 
formation. Lowering the temperature of the elec- 
trolyte is especially effective in reducing the solution 
of the anodsc oxide coating during formation (3, 
10, 11) Thus, by changing the conditions of treat- 
ment so as to decrease the rate of solution of the 
oxide coating, the coating ratio is increased. If all 
the aluminum reacting were converted to aluminum 
omde and none of the oxide were &ssolved by the 
electrolyte, the coating ratio would be 1.89 (6). 
When the coating contains 14 % SO3, the theoretical 
coating ratio would be about 2.2. Because of the 
solvent action of the sulfuric acid electrolyte on 
the coating, however, a coating ratio of 2.2 has not 
been observed as yet. In these experiments, st ss 
shown that, by selecting suitable conditions for 
forming the coating, it is possible to approach, but 
not actually reach, a coating ratso of 2.2. 

While it is possible to reduce the rate of attack of 
the oxide coating during treatment by lowering the 
concentration of the electrolyte, st is not ahvays 
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practical to do so, especially at lower operating 
temperatures. In the present experiments, the elec- 
trolytes which were used contained from 12% to 
25 % (by weight) sulfuric acid; the one used in the 
majori ty of cases contained 15% (by weight) of 
sulfuric acid. 

PROCEDURE 

Specimens of 0.064-in. (1.63 mm) aluminum sheet 
were cut to size, cleaned, weighed, and anodieally 
treated in 12-15% (by weight) sulfuric acid elec- 
trolyte for 10, 20, and 30 min, or other convenient 
times, at  temperatures of 34 ~ 50 ~ 60 ~ and 70~ 
(1.1 ~ 10.0 ~ 15.6 ~ and 21.1~ After washing and 
drying, the specimens were weighed. The coatings 
were then stripped in a phosphoric-chromic acid 
solution, according to a suggestion of Mason (12), 
and they were washed, dried, and weighed again. 
From these measurements, the weight of aluminum 
reacting and the weight of the coating was calculated. 

The specimen dimensions were so chosen that,  
with 1 amp of current flowing, the desired current 
density could be obtained. For  example, the area 
of the surface for the specimen used at 12 amp/ f t  2 
(1.3 a m p /dm ~') was 12 in. 2 (77.4 cm2), for the speci- 
men used at 48 amp/ f t  2 (5.2 amp/dm 2) the area 
was 3 in. 2 (19.4 cm2). In all cases, the area of the 
cut edges of the specimens was included in the total 
area. 

The specimens were suspended in the electrolyte 
by means of a tantalum clip between two pure lead 
cathodes. Suitable agitation of the electrolyte was 
obtained by means of an electrically driven glass 
stirrer. When a high current density is used, a 
higher voltage is necessary, and this results in 
considerable heat which must  be removed rapidly 
in order to minimize at tack of the coating or burning. 
The electrolyte for the experiments at all but  the 
lowest temperature  was held in a rectangular Lucite 
tank 4 in. x 8 in. x 8 m. (10.2, 20.3, and 20.3 cm), 
and was cooled by passing ice water through a lead 
coil immersed m one end of the tank. A sensitive 
mercury thermoregulator in conjunction with a 
delayed-action vacuum tube relay was used to con- 
trol the centrifugal type pump which circulated the 
ice water. I t  was possible to hold the temperature  
of the electrolyte constant to about 0.1~ (0.06~ 

For  the experiments at 34~ (1.1~ a rectangu- 
lar lead tank holding about 9 liters of electrolyte 
was placed within a larger iron tank and surrounded 
with cracked ice. An electrically driven glass stirrer 
was used for agitation. Since the maximum current 
used was only 1 amp and the volume of the elec- 
trolyte was relatively large, it was possible to hold 
the temperature  of the electrolyte constant. 

EXPERIMENTAL WORK 

All results obtained in the experiments on coating 
ratios are shown in graphical form. Coating ratios 
have been plotted against the weight of metal re- 
moved by electrochemical action or the approximate 
t ime of t reatment .  

High puri ty  aluminum (99 95%) was auodieally 
t reated m a 15% sulfuric acid electrolyte at 70~ 
(21.1~ using various current densities and times 
of t reatment .  The family of curves in Fig. 1 shows 
the effect on the coating ratio of varying the current 
density from 6 to 72 amp/ f t  2 (0.65 to 7.8 amp,/dm-') 
for coating periods up to about 40 min. As the t~me 
of t reatment  increases, the coating ratio decreases. 
This indicates tha t  for a given current density there 
is more chemical solution of the coating as the thick- 
ness or time of t rea tment  increases. This solution 
takes place on the outer surface and on the pore 
walls. All the curves at 70~ (21.1~ have about  the 
same slope. As the current density is increased 
beyond 12 amp/ f t  2 (1.3 amp/dm2), it is more difficult 
to obtain consistent coating ratio values, and it is 
usually necessary to make several check determina- 
tions. 

Effect of Lowemng Temperature 
When the temperature  of the sulfuric a('ld elec- 

trolyte is reduced to 50~ (10~ the rate of solution 
of the coating is decreased (see Fig 2) The sh)pe 
of the curves for 6, 12, and 24 amp/ f t  2 (0.65, 1.3, 
and 2 6 amp/din=') is less steep than at 70~ (21. I~ 
indicating less over-all solution of the coating. 
The curves for 36 and 48 amp/ f t  2 (3.9 and 5.2 
am p /d m  ~ are approximately parallel to the X 
axis and show that,  under these conditions, there is 
no decrease in the coating ratm with increasing times 
of t reatment.  However, at 72 amp/ f t  2 (7.8 amp//din 2) 
the coating ratio increases with time of t reatment .  
This higher coating ratio may  be explained by a 
continued decrease in the rate of solution of the 
coating at the bot tom or base of the pores because 
of a build up of solution products within the pore 
channels. This effect becomes more pronounced as 
the length of the pore or the path of travel  for the 
dissolved aluminum increases. 

Coating ratio curves for 99.95% aluminum 
anodmally t reated in 15% sulfuric acid at 34~ 
(1.1~ are shown in Fig. 3. At this low temperature,  
even the coating ratio curve for 6 amp/ f t  2 (0.65 
am p /d m  2) is very  nearly parallel to the X axis, 
indicating no substantial increase in rate of solution 
of coating with time of t reatment.  The curve for 
48 amp/ f t  2 (5.2 am p /d m  2) starts to turn up at 30 
rain. At 72 amp/ f t  2 (7.8 amp/dm") the coating ratio 
rises rapidly to a value of 1.90 at. 43 min. 
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Effect of T~me and Current Density 

The coating ratios obtained by extending the 
curves to cut the Y ax~s at zero time should be the 
maxmmm for a given pore raze since there shoukl be 
the mimmum chemical attack of the coating already 
formed In Fig. 4, the coating ratios at one minute 
(from Fig. 1-3) are plotted against current density. 
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Judging from these curves, increasing the current 
density from 36 to 72 amp/ft  2 (3.9 to 7.8 amp/dm 2) 
at 70~ (21 I~ would have shghtly less effect on 
increasing the coating ratio than lowering the tem- 
perature 20~ (ll~ while increasing the current 
denslt.y from 12 to 24 amp/ft  ~ (1.3 to 2.6 amp/dm e) 
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at  50~ (10~ would have  slightly more effect on 
increasing the coating ratio than  decreasing the 
tempera ture  about  16~ (9~ 

The family of curves of Fig. 4 indicates that ,  
depending on high current densities and low tem- 
peratures alone, it is exceedingly difficult to obtain 
a coating ratio greater  than about  1.80. In  order to 
take  advantage of the rapid increase m coatnig ratio 
values with t ime or thickness of coating when formed 
at  low temperatures  and high current densities, the 
coating ratios for 30 or 40 min coatings taken f rom 
Fig. 1, 2, and 3 are plotted against ampere minutes 
per square inch (or equivalent current densities) 
in Fig. 5. The total  t ime tha t  each specimen re- 
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mained in the electrolyte was approximate ly  the 
same, so the amount  of oxide dissolved per square 
inch from the outer surface should be about  the 
same. As the ampere minutes  per square inch are 
increased beyond 5, the curves appear  to be straight  
lines which, if extended far enough, would give the 
postulated theoretical coating ratio at  some current 
density higher than  144 a m p / f t  2 (15.6 a m p / d m  2) 
or 30 amp rain/in. 2 (4.65 amp min/cm2). Because of 
experimental  difficulties, no coating ratio higher 
than  1.90 was obtained at  this time. This is perhaps 
about  the highest value tha t  can be obtained ex- 
perimental ly,  since the solution of the outer surface 
cannot  be prevented entirely and the pores which 
are necessary for contnmed growth are equivalent  
in volume to the oxide coating which has been dis- 
solved. 

In Fig. 5, the curves for 99.95% aluminum at  
34~ (1.1~ and 50~ (10~ are parallel and in- 
dicate tha t  the oxide surface dissolved more rapidly 
at  50~ (10~ than  at  34~ (1.1~ The rate of 
solution of the oxide coating decreased as the COll- 
centrat ion of dissolved a luminum in the pores in- 
creased with current density. 

Behavwr of Aluminum Alloys 

The coating ratio curves for the common alumi- 
num alloys differ somewhat  from those for high 
pur i ty  metal .  Coating ratio curves for 2S-H18 
anodically t reated in 15% sulfuric acid at  50~ 
(10~ are shown in Fig. 6. The curve for 24 a m p / f t  ~ 
(2.6 a m p / d m  2) is parallel to the X axis Several of 
the curves for the higher current densities turn  
upward,  indicating a decrease in the rate  of solutiou 
of the coating at  the bo t tom or base of the pores. 
This  effect takes place at  a lower current  density 
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with 2S than with high puri ty  metal  (see Fig. 2). 
Increasing the acid concentration from 15 to 25 % 
at  50~ (10~ has only a slight effect on the coating 
ratio curves. Although the values are slightly lower 
in the 25 % sulfuric acid for normal current densities, 
increasing the concentration of the acid by 10 % has 
less effect than raising the temperature 10 ~ or 20~ 
(5.5 ~ or l l~  

Referring again to Fig. 5, where the 30-min 
coatings on 2S have also been plotted, it will be 
noted that  the curve for 2S is steeper than the 
corresponding curv'e for 99.95 % aluminum. Ei ther  
the pore walls of the coating on 2S are less soluble 
than the pore walls of the pure aluminum (99.95 %) 
because of the impurities, or the pores are fewer 
m number because of a higher voltage across the 
primary or barrier layer (13). At current densities 
greater than 48 amp/ f t  ~ (5.2 amp/dm2), the solvent 
a('tion of 25 % sulfuric acid on the pore walls ap- 
pears to be less than 15 % sulfuric acid. 

Since the rapid increase in coating ratio values 
with t]me is always accompanied by an abnormal 
increase in voltage, an invest]gation of the higher 
coating ratio values is mainly of theoretical interest. 
To  produce hard abrasion-resistant coatings in the 
sulfurw, acid electrolyte, conditions should be chosen 
that  will give a coating ratio curve parallel to the 
X axis (or time of coating). 

Although coating ratio curves for 52S-H34, 61S- 
T(I, and 75S-T6 were determined, only the values 
for 61S-T6 have been plotted in Fig. 7. The curves 
for 52S and 61S are very  similar to those for 2S 
(Fig. 6), but  have somewhat lower coating ratio 
values at the lower current densities, as might be 
expected In the case of 61S-T6, the curves for 48 
and 72 amp/ f t  2 (5.2 and 7.8 a m p / d m  ~ turn up more 
rapidly than the corresponding 2S and 52S curves, 
and actuMly higher coating ratio values are obtained 
at  20 or 30 min. 
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FIG 9 Effect  of a d d m o n  of oxalic acid to 12% H=SO4 
electrolyte at  70~ (21 I~ on coating ra tm of 2S-H18. 
Average results have been plot ted for the various addit ions 
of oxalic acid 

No values have been shown for the 75S-T6 alloy 
at 50~ (10~ since the coatings appear to be 
appreciably more soluble than those on the other 
two alloys. The slope of the curve for 36 amp / f t  2 
(3.9 am p /d m  2) is still noticeably steep. 

In Fig. 8 are shown a few coating ratio curves for 
some of the alloys anodmally coated in 15 % sulfuric 
acid at 34~ (1.1~ A single current density of 24 
am p / f t  "~ (2.6 am p /d m  2) was used for this particular 
test. The curves are very  similar for 99.95% A1, 
2S-H18, and 61S-T6. The curve for 2S shows a 
tendency to turn  upward at 30 mm, indicating a 
slight decrease in the rate of solution of the coating. 
The curve for 75S-T6 is less steep than the cor- 
responding one at  50~ (10~ The curve for 24S- 
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T3 is noticeably steep, indicating substantial  solu- 
tion of the coating in the electrolyte as the t ime of 
t rea tment  increases. I t  is ve ry  difficult to t reat  
24S-T3 anodically for 30 min at  a current density of 
24 a m p / f t  2 (2.6 a m p / d m  2) and obtain a uniform 
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coating. Several 30-min samples were discarded 
because of burning. 

A dd~twn of Oxalic Acid 

One of the most  effective addition agents known 
for decreasing the solubility of the anodlc oxide 
coating in sulfuric acid is oxalic acid. The  coating 
ratio curves for 2S-H18 in 12% sulfuric at  70~ 
(21.1~ plus small amounts  of oxalic acid are 
shown in Fig. 9. I t  is apparent  tha t  small amoun t s  
of oxalic acid are effective in reducing the rate of 
solution of the coating as the t ime of t r ea tmen t  
increases. The smallest addition (0.5%) appeared 
to be as effective as the addition of 3.0 %, and aver-  
age values have been plotted. Because of the de- 
composition of oxahc acid in use, it IS more practical  
to use 1 or 2 % as the a d d m o n  agent. 

Coating ratio curves for 2S-H18 in 12 % sulfuric 
acid, 15% sulfuric acid, and 12 % sulfuric acid plus 
2 % oxalic acid are compared in Fig. 10. The differ- 
ences between 12 and 15% sulfuric acid are less 
pronounced as the current density is increased to 
36 a m p / f t  2 (3.9 amp/din2).  The curve for 12 % sul- 
furic acid plus 2 % oxalic acid a t  36 a m p / f t  ~ (3.9 
a m p / d m  2) ]s parallel to the X axis even though the 
tempera ture  is 70~ (21.1~ 

Coating ratio curves for 2S-H18 and 75S-T6 
anodically coated m 12% sulfuric acid plus 1.0% 
oxalic acid at 50~ (10~ have been plot ted Ul Fig. 
11 and 12. Here the effect of the oxalic acid addi tmn 
is about  as pronounced as at  60 ~ or 70~ (15.6 ~ or 
21.1~ The presence of 1% oxalic acid m 12% 
sulfuric acid is especially effective in reducing the 
solubihty of the oxide coating in the case of the 
75S-T6 alloy. I t  is possible tha t  the addition of 
oxalic acid to the sulfuric acid electrolyte decreases 
the solution of the pore walls, resulting in a smaller 
to ta l  pore volume than  would be obtained normally.  

For  practical use, the sulfuric-oxalic acid ele(:- 
t rolyte at 50~ (]0~ is as good as the plaui 15% 
sulfuric acid at  340F (1.1~ A higher operat ing 
tempera ture  is permit ted  since the oxalic acid 
decreases the rate of solution of the pore walls. A 
slightly longer t ime of t r ea tment  would be required 
to obtain the same weight of coating a t  the higher 
tempera tm'e  because of the somewhat  greater  coatuig 
ratios obtained at  34~ (1.1~ 

S U M M A R Y  

Coating ratms have been determined for a luminum 
and its common wrought  alloys in sulfuric acid 
under  various operating conditions. The  rate of 
solution of the oxide coating from the pore walls 
and the outer surface is a determining factor  for the 
value of the coating ratm. The highest coating rat io 
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va lues  are  found  where  the  cond i tmns  of coa t ing  
are  a d j u s t e d  to  give t he  m i n i m u m  ra te  of so lu t ion  
of the  coat ing.  

F o r  a coa t ing  conta in ing  14 % SO~, the  p o s t u l a t e d  
theoretacal  coa t ing  ra t io  would  be 2.20 and  no t  
1.89 (Al.oO3 only)  when  the  efficiency is 100%. 
I t  is poss ible  to  app roach ,  b u t  never  reach,  the  
theo re t i ca l  va lue  because  the  vo lume  of the  coa t ing  
rep resen ted  b y  the  pores  has  been d isso lved  as  well  
as  some of the  ou te r  surfaces.  

W h e n  h igh  cur ren t  dens i t ies  and  low t e m p e r a t u r e s  
a re  e m p l o y e d  to  p roduce  t h i c k  oxide coat ings ,  ~t 
appea r s  t h a t  the  rapad f o r m a t i o n  of so lu t ion  p r o d u c t s  
m the  pores  causes a decrease  in the  ra te  of so lu t ion  
of the  oxide coat ing ,  which  in t u r n  p roduces  h igher  
coa t ing  ra t io  values .  

Any discussion of this paper will appear in a Discussion 
Scctlon to be published in the December 1954 issue of the 
JOURNAL 

REFERENCES 

1. B CRANDA, T~ans Indian lns t  Chem Eng~s , 1, 67 
(1947-1948 ) 

2 J. D. EDWARDS AND F. KELLER, T~ans Electtochem 
Soc , 79, 135 (1941) 

3 R B ~IAsoN AND C J SLUNDER, Ind Enq Chem, 39, 
1602 (1947). 

4 ~ TOSTERUD AND R B MASON, Trans Electro, hem 
Soc , 90, 221 (1946) 

5 0  F. TARR, M DARRIN, AND L G TVBBS, Ind Eng 
( 'hem,  33, 1575 (1941) 

6 S ANDERSON, J Applied Phys , 15,477 (1944) 
7. F LIECHTI AND W D TREADWELL, Heir Chum Acta, 

30, J204 (1947) 
8 K NORDEN, Z. Elektroehem, 6, 159, 188 (1899) 
9 N D PULLEN, Metal Ind (London), 54, 327 (1939) 

10. J KRONSBEIN, Trans Electrochem Soc , 94, 353 (1948) 
11 N D TOMASHOV, Vestnzk Inzhene~ov t Tel~h, 2, 59 

(1946) 
12 J D EDWARDS, Proc Ant. Soc Testzng Materzals, 40, 

959 (1940) 
13. W BATTMANN, Z Physlk,  111,708 (1939) 



The Mechanism of  the Anodic Formation of  Lead Chromate' 

CARL WAGNER 

Department of Metallurgy, Massachusetts Institute of Technology, Cambridge, Massachusetts 

A B S T R A C T  

This  paper  deals wi th  the  i n t e lp l ay  of diffusion and  convect ion  processes govern-  
ing the  anodic format ion  of lead chromate  dur ing  the  electrolysis  of a so lu tmn of sodium 
chromate  and  sodium chlora te  be tween lead electrodes At  sufficiently h igh cur ren t  
densit ies,  t he  bounda ry  layer  conta ins  excess lead ions and  flows downward  in v i r tue  
of i ts  h igher  dens i ty  Lead chromate  is formed, in  par t ,  a t  a d is tance  of 0 01 to 0.1 cm 
from the  anode by  counterdlffUSlOn of lead ions and  chromate  ions and,  in  par t ,  a t  the  
lower edge of the  anode by  mixing of bounda ry  layer  and  bulk  solut ion.  

INTRODUCTION 

The electrolysis of a dilute solution of sodium 
chromate between lead electrodes leads to the forma- 
tion of a thin adherent layer of lead chromate and 
lead dioxide at the anode, and subsequently oxygen 
is evolved. On the other hand, according to a patent 
by Luckow (1) and a fundamental investigation by 
Le Blanc and Bindschedler (2), the electrolysis of a 
solution containing a mixture of sodium chromate 
and sodium chlorate yields a precipitate of lead 
chromate appearing at some distance from the sur- 
face of the anode and falling down to the bottom of 
the trough, provided that the excess of sodmm 
chlorate is sufficient and the current density is ap- 
propriately chosen. Thus, lead chromate is formed 
with a current efficiency close to 100% without 
passlvation of the anode. This process is of industrial 
importance, since the crystals of lead chromate pro- 
duced in this way have a well-defined size, which is 
appropriate for use of the product as a pigment. 
The same principle may be employed for the pro- 
duction of other nearly insoluble lead salts such as 
lead sulfate and basic lead carbonate, as has been 
shown by Luckow (1), Isenburg (3), and others. 

The striking difference between the electrolysis 
of a solutmn containing only sodium chromate and 
the electrolysis of a solution containing a mixture 
of sodium chromate and sodium chlorate has been 
explained by Le Blanc and Bindschedler (2) in the 
following manner. In a solution of sodium chromate 
there are only chromate ions as anions, and thus a 
noticeable concentration of lead ions can nowhere 
be expected m view of the extremely low solubility 
of lead chromate. Consequently, formation of lead 
chromate can take place only at the surface of the 
anode and, thereby, the anode is passivated after 
some time. In a solution containing a mixture of 
sodium chromate and sodium chlorate, however, a 
thin layer of the solution near the anode may con- 

1 Manusc r ip t  received Ju ly  14, 1953. 
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tain lead, sodium, and chlorate ions, but practically 
no chromate ions. When lead ions migrating away 
from the anode encounter chromate ions migrating 
from the bulk solution toward the anode, a precipi- 
tate of lead chromate is formed. The local depletion 
of chromate ions in the vicinity of the anode is due 
to the fact that in a mixture of sodium chromate 
and sodium chlorate only a small portion of the 
electrical current is carried by chromate ions, and 
the larger portion of chromate ions required for the 
formation of lead chromate approaches the anode by 
diffusion rather than by electrolytic migration. The 
prevalence of lead ions in the solution near the anode 
has been ascertained with the aid of potential 
measurements by Just (4). 

I t  remains open to question why the chromate 
ions reach the vicinity of the anode but not its 
surface. To find a solution of this paradox, one has 
to take into account not only diffusion processes, 
but also convection caused by local concentration 
and density differences according to Levich (5), 
Agar (6), Wagner (7), Keulegan (8), and Wflke, 
Tobias, and Eisenberg (9). 

At the beginning of the electrolysis of a solution of 
sodium chromate and sodium chlorate, chromate 
ions are, of course, present at the surface of the 
anode and, therefore, initially lead chromate at, the 
surface of the anode is formed under all conditions. 
The following events, however, depend on the current 
density applied and the concentration of chromate. 

STI~,UCTURE OF THE BOUNDARY LAYER IF AN 

ADHERENT LAYER OF LEAD CHROMATE 

IS FORMED 

When, for a given concentratmn of chromate, the 
current density is relatively low, depletion of 
chromate at the anode will not be complete, for the 
depleted solution has a lower density and, thus, 
flows upward. Since the effective thickness and the 
average flow velocity of the boundary layer increase 
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:FIG. 1 Concen t r a t i on  d is tmbut ion  in the  boundary  layer  
when  an adhe ren t  layer  of lead chromate  is formed 

in the flow direction (7), fresh solution flows toward 
the electrode and supplies chromate ions. Thus  
lead chromate is formed at  the surface of the anode 
until  the anode is passivated by too thick a layer of 
lead chromate.  Conditions in the boundary  layer 
are shown schematically in Fig. 1. 

I f  a lead electrode in a solution of sodium chro- 
mate  with an excess of sodium chlorate is kept  at  a 
potential  a t  which all chromate ions approaching 
the electrode react with lead but  practically no 
Pb  ++ ions leave the electrode, the thickness of the 
boundary layer and the value of the limiting current 
density m a y  be calculated from equations derived 
In a previous paper  (7). The concentration of chro- 
mate  ions, Cl, as a function of the dmtance from the 
electrode, y, f rom the electrode m a y  be approxima- 
ted by the relation 

ci = c~(0)[1 - (1 - y/~)2] (I) 

where c~(0) is the concentration of chromate ions in 
the bulk solution and ~ ~s a parameter  of the dimen- 
sion of length as a measure of the thickness of the 
boundary  layer. Since the moblhties of the other ions, 
Na  + and C10~, do not differ considerably from the 
mobil i ty of the chromate ions, the parameter  ~ m a y  
be used for the representation of the concentration 
distribution of all ions and likewise for the velocity 
profile. Then ~ (cm) is found to be 

= ( 0 1 .  p 01n  (H) 
gCl(0) \c~C~a2CrO 4 OCNacloj_j 

where D1 (cm~-/sec) is the diffusion coefficient of 
chromate ions, v (cm2/sec) is the kinematic  viscosity 
of the solution, x (cm) is the distance from the lower 
edge of the electrode, g = 981 cm/sec:  is the gravi ta-  
tional acceleration, p (g/cm ~) is the density of the 
solution, and the concentrations in mole /cm 3 are 
designated by  c with the respective subscripts. 

The average current density (I /A)H for an elec- 
trode of height H is obtained as 

( I )  _ 16FD, cl(m -A ~ 3 

(III) 

At 25~ the following numerical  values hold: 
D1 = 1.1-10 -5 cm2/sec corresponding to a mobi l i ty  
of chromate ions of 0.88.10 -8 (cm/sec)/(vol t /cm);  
v = 0.90.10 -2 cm2/sec; Olnp/Oc~2cro, = 140 
(mole/cm~)-l;  alnp/OC~clo~ = 70 (mole/cm3) -1 
(10); F = 96,500 coulomb/equivalent .  Le Blanc 
and Bindschedler (2) investigated a solution con- 
taining 12 grams NaC1Oa/liter and 3.0 grams 
Na2CrO4/liter corresponding to c1(0) = 1.9 X 10 - 5  

mole Na2CrO4/cm 3. For  this solution equat ion 
(II)  gives a value of 5 = 0.1 cm at  a distance of x = 
10 cm from the upper  edge of the electrode, and 
equat ion ( I I I )  gives an average current density of 
1.15 X 10 -8 a m p / c m  2 for an electrode of 10 cm height. 

STRUCTURE OF THE BOUNDARY LAYER WHEN LEAD 
CHROMATE IS FORMED WITHIN THE BOUNDARY 

LAYER 

The current density of 0.006 amp/cm'-' apphed in 
most  runs reported by  Le Blanc and Bmdschedler  
(2) exceeds the limiting current  density for forma- 
tion of PbCrO4 at  the surface of the anode At higher 
current densities and under  s teady-state  conditions, 
lead ions enter  the solution near the anode and 
migrate  across the boundary  layer up to a certain 
distance ~p where they encounter chromate ions and 
form a precipitate of PbCrO4 as is shown schemati-  
cally in Fig. 2. Since the solution near the anode is 
rich in lead chlorate, its density is higher than  tha t  
of the bulk solution. The solution near the surface 
of the anode will, therefore, flow downward. The  
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FIG 2 Concentration dlstmbutlon in the boundary layer 
when lead chromate is formed within the boundary layer 
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thickness and the average flow velocity of the bound- 
a ry  layer increase with increasing distance from the 
upper  edge of the anode. Accordingly, bulk solution 
flows into the boundary  layer. Thereby  chromate  
ions are t ransported toward the anode at  a rate 
beyond tha t  accounted for by  electrolytic migrat ion 
and  diffusmn. The amount  of chromate ions entering 
the boundary  layer, however, cannot  be equivalent  
to  the amount  of lead ions formed at  the anode, for 
the mechanism suggested m this paper  presupposes a 
definite thickness and a definite flow velocity of the 
boundary  layer involving excess lead ions at  the 
lower edge of the anode. Consequently,  lead chro- 
mate  is formed not only at  some distance ~p in front 
of the anode, but  also in a mixing zone of lead-rich 
boundary  layer and bulk solutmn below the lower 
edge of the anode. In  this respect, the present  
analysis differs from tha t  given by  Le Blanc and 
Bindsehedler (2). 

EXPERIMENTAL 

A lead foil coated with lacquer on one side was 
r by  15 ~ vs. the vertical direction, the free 
surface facing downward. The electrolyte contained 
12 grams NaC10~ and 3 grams NaeCrO4 per liter. 
In  accordance with Le Blanc and Bindschedler 
(2), a current density of 0.006 amp/'sec was applied. 
'The precipitate of PbCrO4 formed within the bound- 
ary  layer settled downward, and separated from the 
tilted electrode In  ad&tion, fringes of precipitated 
lead chromate were observed at  the lower edge of 
the electrode This confirms the conclusion tha t  a 
s~zable amount  of lead chromate is formed at  the 
lower edge of the electrode by vir tue of mixing of 
the lead-rich boundary  layer with bulk solution. 

CONCLUDING REMARKS 

Approximate  calculations indicate tha t  the 
amoun t  of lead chromate  formed in the mixing zone 
at  the lower edge of the anode is a substantial  
fraction of the total  amount  of lead chromate.  Cal- 
culations are omit ted in this paper  since the effect 
of PbCrO4 moving downward has been disregarded 

and an est imate of this neglect is not possible. For  
this reason, only a quahta t ive  discussion of the inter- 
play between diffusion and convection is given. 

A somewhat  different si tuation is encountered 
when the electrolyte is stirred, and thereby the 
effective thickness of the diffusion boundary  layer 
is determined. This case has been considered by  
Aten (11) with special reference to the anodic forma-  
lion of silver halide at  a silver electrode for the elee- 
t roanalyt ic  determinat ion of halogen. In  this case, 
silver halide has to be formed vir tual ly only at. the 
surface of the anode. Thus,  the current density mus t  
not exceed the hmit ing value for exclusive format ion 
of silver halide at  the anode. The limiting current  
density is proport ional  to the concentration of halide 
m the bulk solution and, therefore, tends to zero 
when the eleetrodeposltion of halogen ~s close to 
completion. An appropr ia te  value of the current  
density a t  any t ime m a y  be obtained by  confining 
the electrode potential  to such a value tha t  the 
concentrations of both  silver and halide ions at  the 
anode are sufficiently low and accordingly the migra-  
tion of silver runs into the boundary  layer is negli- 
gible. 

Any discussion of this paper will appear in a Discussion 
Section to be pubhshed in the December 1954 issue of the 
JOURNAL 
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Extractive Metallurgy of Zirconium by the 
Electrolysis of Fused Salts 

II.  P r o c e s s  D e v e l o p m e n t  o f  t h e  E l e c t r o l y t i c  P r o d u c t i o n  o f  Z i r c o n i u m  
f r o m  K~ZrF6 ~ 

M .  A. STEINBERG, M .  E .  SIBERT, AND E .  WAINER 

Horizons Incorporated, Cleveland, Ohto 

A B S T R A C T  

An mtenmve  inves t iga t ion  of the  electrolysis  of Ko.ZrF6 in an electrolyte  of NaC1 
has  been carr ied out  to  de termine  the  op t imum condl tmns  for the  p r o d u c t m n  of zlr- 
conmm meta l  by  fused sal t  electrolysis 

Cell designs and  condi t ions  of opera t ion  evolved are described, yielding a h igh pu r i t y  
z i rconium powder which is ducti le  on consol ida tmn This  me ta l  can be fabr ica ted  wi th  
ease ,  and is comparable  to Kro]l z i rconium sponge Because of the  s t a b l h t y  of the  raw 
mater ia ls ,  the i r  ease in p repa ra t ion  and  in electrolysis,  coupled wi th  lower cost equip-  
men t ,  i t  is felt  t h a t  th is  process will yield a much  lower cost z i rconium meta l .  

INTRODUCTION 

The historical and theoretical aspects of the 
double fluoride process for production of zirconium 
metal  have been discussed in previous papers (1, 
2). The basic concept of the process entails the elec- 
trolysis of a fused alkah halide-potassium zirconium 
fluoride mixture under a purified argon atmosphere. 
In this paper, a detailed operational procedure is 
g~ven for the electrowinnlng of zirconium metal, 
including t rea tment  of the raw materials, construc- 
tion and operation of the electrolytic cell under an 
inert atmosphere, electrolytic procedures and 
conditions of current and voltage, and recovery of 
the metal  from the deposits obtained. 

A complete description of the effects produced by 
variations m the operating variables is given. 
Temperature,  current density, voltage, and cell 
atmosphere are all s~gnificant variables in this 
operation. Pur i ty  of raw matermls and concentra- 
tion effects are of equal or greater importance. 

Metal  produced by this process has been thor- 
oughly evaluated by  chemical analysis and physical 
metallurgical techniques. A summation of this data 
and methods employed are included in this discus- 
sion. 

EQUIPMENT AND CELL DESIGN 

All electrolytic work done toward development of 
the fluoride process was done in cells of the type  
shown m Fig. 1, as compared to the work done in 
the small cells previously used. The design illustrated 

t M a n u s c r i p t  received June  15, 1953. This  paper  is based  
on a po l t lon  of the  work car i ied out  by  H o n z o n s  Incor-  
pora ted  for the  New York Operat ions  Office of the  Atomic 
Energy  Commissmn under  Con t r ac t  No AT(30-1)-1144 
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takes a charge of 5 lb. Two modifications of the ceil 
are used, but  these differ only m details, and not 
in capacity or operation 

The process has been successfully adapted to cells 
of 30- and 250-1b capacity A subsequent paper will 
deal with larger scale operation ill detail. 

The cell design is essentially a steel shell with all- 
graphite interior parts Heating is accomplished by 
an a-e heated carbon resistance element. This ele- 
ment is supported by its leads inside of a graphite 
shell separated from the steel casing by lampblack 
insulation. Silica and firebrick have been alterna- 
t ively employed as insulation The crucible is seated 
on a graphite pedestal inside the heating element. 
An inner graphite liner separating the crucible from 
the element and serving as a safety measure in case 
of crucible leakage has previously been used with 
this cell, but  is not shown in this design 

Water-cooled copper-to-graphite element leads 
are used. The crucible serves as the ('ell anode mid 
the positive d-c connectmn is made directly to the 
cell casing. 

The head as basically a graphite a s h  packed with 
insulation and fitted with a water-cooled steel top. 
The cathode and thermocouple are inserted through 
this head. A steel bumped head with a gasketed 
flange is also provided to cover the whole upper 
assembly for evacuatmn of the cell. 

Cells of this type are operated almost indefinitely 
with no corrosion of inner graphite parts ff the cell 
interior is kept  dry  and free of atmospheric con- 
tammation.  Crucibles are replaced after four to 
six runs due to salt leakage problems with com- 
mercial CS graphite. 

Also, this cell can be utilized with a water-cooled 
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FIG. 1 Assembly drawing of inert-atmosphere zirconium 
electrolytic cell. 

FIG. 2 Assembly drawing of modified electrolytm cell 
with bumped head, gate valves, and cathode removal 
chamber m place. 

FIG 3 External view of cells showing hood system and 
vacuum pump, cell 3 with vacuum head in place, and cell 4 
with cathode removal chamber, cathode holder, and cathode 
in place. 

cathode-removal  chamber  which fits onto the 
bumped  head in place of the vacuum flange (Fig. 2). 
A photograph of two cells, one being evacuated 
(cell 3) and one with the bumped-head,  cathode 
removal  chamber and cathode in place is shown in 
Fig. 3. The  two shdmg gate valves shown in Fig. 2 
close off both  the cell and the cathode chamber  so 
tha t  the cathode chamber  with the cathode and 
deposited meta l  can be removed from the cell 
proper and cooled under argon while the electrolyte 
and cell are sealed off under  argon also. A second 
cathode removal  chamber  is placed on the cell and 
both gates are open, enabling a second electrolytic 
run to be made.  A central panel board with a-c and 
d-c controls, t empera ture  indicator, and argon 
flow-meters and valves for the operat ion of these 
cells, is shown in Fig. 4. 

The  argon is admit ted  through one of the element 
leads traveling down to the cell bo t tom,  up around 
the crucible, and out through the head. 

An a-c welding t ransformer has been used as a 
heating power source. A var ie ty  of d-c sources have  
been used with equal success. The mos t  versatile 
is a motor  generator set. A Hoba r t  400 amp a-c 
welder has been satisfactory as an a-c source. A 
Columbia 2000-amp motor  generator has proved to 
be an extremely versatile and reliable d-c unit.  

Linde Argon, 99.98 • 0.02 % in pur i ty ,  is used 
as an inert a tmosphere during operation. For  fur ther  
purification, the gas is passed through a column of 
phosphorus pentoxide to remove any  residual 
moisture and then through a t i tanium sponge column 
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Fm 4 Front over-all view of panel board showing a-c 
and d-c controls and meters, temperature indicating equip- 
ment and argon pressure controls, and manometers for the 
two cells and the cathode removal chambers. 

at  700~ to remove O~ and N2. A sketch of this drying 
traxn is shown in Fig. 5 and is illustrated m Fig. 6. 

OPERATIONAL PROCEDURES 

Preparatzon of Ccll and Materials 

As will be later explained, it is essential that  the 
cell and materials used be ill an anhydrous condition; 
therefore, certain purification and cleaning steps 
must be taken. These include a hot evacuation of the 
cell and the vacuum drying of salts used in the 
electrolyte. 

A new cell or one which has not been used for 
some time must  be evacuated to remove moisture, 
hygroscopic salts, and certain organic materials. 
In  the case of a new cell, insulating materials, par- 
ticularly lampblack, and graphite parts contain 
large quantities of moisture and organic materials. 
The cell is first evacuated down to 100 ~ or less at 
room temperature and then heated up to 100 ~ 
200~ above the normal operating temperature and 
pumped until the original pressure is again attained. 

Raw materials must  be pure and anhydrous.  The 
sodium chloride used has been of reagent grade 
requiring, at  most, an oven drying for 10-12 hr at 
110~176 to remove surface occluded moisture. 
The K2ZrF6 is somewhat hygroscopic and is vacuum 
dried in a vacuum oven for 4-6 hr at 80~ at ap- 
proximately 50 p. The K2ZrF6 used has been of three 

FIG 5. Sectional drawing of argon purification trai1~ 
used with zircomum electrolytic cells A--argon tank; B-- 
copper O-rxngs, C--P..O5 packing; D--3-1n O.D. stainless 
steel tubes with steel flanges, E--to electrolytic cells; F--  
chromel "A" wire (14GA) embedded in refractory Mundum 
cement; G--thermocouple wells; H--Kaylo pipe insula- 
tion; I--tltamum sponge; and J--pedestal support 

FIG. 6. Argon punficatmn tram with heaters, insula- 
tion, valves, etc , Ti column and P~O~ column. 
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types: (a) a C.P. grade, 99 + %, as supplied by the 
Kawecki Chemical Company,  (b) a recrystallized 
99.9% grade (Kawecki Chemical Company),  and 
(c) a recrystalhzed 99.9 % material produced in this 
laboratory. 

Chargmq of Cell 

The cell is initially heated to 850~176 under an 
argon atmosphere with the crucible in place. The 
dry salts are then charged and melted as rapidly as 
possible under a heavy argon flow. 

When a fluid bath is obtained, the temperature  is 
set at about  850~ using a chromel-alumel thermo- 
couple embedded in the crucible wall. If purifica- 
tion of the bath is needed, a graphite cathode is 
inserted into the bath and d.c. applied to the circuit. 
Voltage is set at 1.5-2.0 volts. When moisture has 
been eliminated, a rise of 0.5-0.8 volt will be noted 
with a simultaneous current drop. Other more easily 
electrolyzable impurities are also broken down in this 
pre-electrolytlc step. The bath  is then ready for 
electrolysis. 

Electrolysis 

The cell temperature is dropped to 800~176 and 
a steel cathode with a nickel lead shaft inserted into 
the bath under low voltage (1-2 volts) This cathode 
shaft is protected by a grapMte sleeve. Nickel is 
used as a lead because of its greater resistance to 
dry chlorine at tack A ('yhndrical cathode is used 

to conform to the crucible configuration. A var ie ty  
of cathode designs, including cones, disks, and strips, 
have been tried, but  these produce no outstanding 
changes in results. When the cathode has reached 
bath  temperature,  the current is increased to a 
point where the initial current density is 250-400 
amp /dm 2. At these temperatures this yields an 
actual bath voltage of 3.5-4.0 volts and an indicated 
voltage of 4-6 volts, including the voltage drop 
through the cell. All reported voltages are meter  
readings and not actual electrode voltages. Elec- 
trolysis is carried out for a calculated number of 
ampere-hours based on a deposition rate of 0.5 g ram/  
amp-hr. This is equivalent to about  60% current  
efficiency which is normally encountered. When the 
bath is near exhaustion of the available zircomum, 
sodium is produced and will be observed burning 
at the sight hole of the cell. There is little visible 
action during the runs aside from the evolution of 
copious amounts  of chlorine. 

When the run is over, the cathode is raised from 
the bath with a small voltage still across the cell. 
I t  is clamped into position just above the bath  or in 
a sealed coohng chamber above the cell and allowed 
to cool to room temperature in an argon atmosphere. 

A typical cathode and deposit as cooled and re- 
moved from the cell is shown in Fig. 7. An operating 
data synopsis for three typical runs is given m Table 
I, along with a summary of characteristics of the 
deposited metal. 

Metal Recovery 

The deposit as recovered from the cell or cooling 
chamber is a gray to black rough surfaced metal-salt  
agglomerate. I t  is roughly one-third metal  and two- 
thirds salts. These salts are principally NaC1, NaF,  
KC1, and KF,  with small amounts of K2ZrF6, and 
possibly other lower zirconium chlorides or fluorides. 

The deposit is broken off the cathode and jaw- 
crushed to coarse lumps. These are allowed to soak 
in water  for a short time until  soft. They  are then 
wet mortared to break up salt agglomerates, washed 
in buffered hot water  solutions, and kept  just  slightly 
acidic to prevent  excessive precipitation of any 
hydrous oxides of zirconium. A series of washings 
and decantations are made until  there is no evidence 
of residual salts and no test for halide ions in the 
wash water. The powder is then filtered and acetone 
dried. 

FIG 7 Typical electrolytic zirconium deposit. (Reduced 
one-third m reproduction ) 

Metal Consolidatwn 

The metal  as recovered from the washing step is a 
coarsely crystalline powder, brilliantly metallic. 
Typical  granules and powder particles of as-re- 
covered metal  are shown in Fig. 8. This powder may  
either be sintered under argon or high vacuum, arc 
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Run K2ZrF6 
No % 

68-47 38 
68-61 38 
68-51 41 

Electrolysis 

T I E I CD 
__ o C V o l t s  Amp/dm~ 

800 I 5 8  I 340 
800 I 4 0  I 270 
800 I 4 8  ] 270 

Amp 
hr 

56O 
600 
500 

Yield 
% 

84 
87 
86 

CE ,% I Remarks 

64 
62 
63 

C o m m e r c m l  r e c r y s t a l h z e d  K2ZIF~ 
C o m m e r c m l  r e c r y s t a l h z e d  K.oZrF~ 
H o m z o n s  r e c r y s t a l h z e d  K2ZrF6  

Screen analqszs (% ~eta~ned on screen) 

Run +t5 +100 +150 +200 +325 --325 
No % % % % % % 

68-47 2 9 30 0 21 0 14 8 17 0 14 3 
68-61 1 4 30 1 18 4 12 7 19 8 17 6 
68-51 13 7 50 2 14 9 7 .6  8 4 5 2 

Analqszs for carbon, ox~/gen, and mtrogen 

Run C N O Hardness 
No % % % Rockwell B 

68-47 
68-61 
68-51 

Zr 
% 

99 9 
99 8 
99 8 

0 047 
0 030 
0 029 

0 011 
0 0017 
0.002 

0 038 
0 074 
0 049 

82 
85 
84 

A m p  h r  = a m p e r e  h o u r s  of  e l e c t r o l y m s  
Y ie ld  % 18 b a s e d  on t o t a l  a v a i l a b l e  Zr  in  e l e c t r o l y t e  
C E = C u r r e n t  e f f icmncv  b a s e d  on n u m b e r  of  a m p e r e  h o u r s  of  e l e c t r o l y s m  a n d  t h e o r e t i c a l  y i e ld  of 0 85 g r a m / a m p  hr .  

FIG 8. A s - r e c o v e r e d  z i r c o m u m  g r a n u l e s ,  w a t e r  w a s h e d  
p r io r  to  c o m p a c t m n  for  a rc  m e l t i n g  15X 

melted, or sheath rolled. The usual procedure carried 
out at Horizons Incorporated for evaluatmn pur- 
poses has been arc melting. 

A small laboratory arc-melting furnace has been 
used, employing a water-cooled copper hearth and a 
tungsten tipped electrode. The unit operates under a 
quarter atmosphere of argon. Arc-melted, cast ingots 
up to 50 grams in weight are melted from each elec- 
trolytic run for evaluation. These ingots are melted 
from the powder, cold-pressed into compacts at 
10 tsi. 

E V A L U A T I O N  OF THE PROCESS 

Mechamsm of the Reachon 

The mechanism of the reaction has not been 
conclusively estabhshed, but certain definitive facts 
are known which suggest a number of possibilities all 
leading to the same end result. 

The fused salt mixture has been essentially stand- 
ar&zed as one of NaC1 and K2ZrF6. All the observed 
by-products and end products may be accounted for 
by consideration of the various chemical and electro- 
chemlcM reaction possibihtms through the purifica- 
tion and deposition cycles. 

Considering only the double fluoride m a bath 
with some moisture present, the following chemical 
reactions might occur. 

K2ZrFs + (x + 2) H20 ~ Zr02. 

xH~O + 2KF + 4H1~ (I) 

ZrO~. xH~O ~- ZrO2 + xH~6 (550~ (II) 

K~ZrFs --+ 2KF + ZrF4 ~ ZrF~ + 1/2F2 (III} 

Reactions (I) and (II) probably occur to some ex- 
tent during charging and melting of the salts. I t  is 
doubtful that reaction (III) occurs at all. Fluorine is 
apparently replaced by chlorine, and a similar de- 
composition does occur to some extent as the chloride 
when NaC1 ls melted with K2ZrFs 
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Ionization m a y  take place in the following 
manner :  

K2ZrFs ,~- 2K + + ZrF62- (IV) 

K2ZrF6 ~ K2ZrF5 + + F -  (V) 

Dur ing the dehydrat ion or purification step, a low 
vol tage  pre-electrolysis with a graphite anode can 
produce the following reactions, 

H20 ~ 2H + + O ~ (VI) 

2H + + 2e --* H2 (cathode) (VII)  

02- + C --~ CO + 2e or (VI I I )  
2 0  "~- + C --~ C O i +  4e (anode) 

These lat ter  three reactions all occur as evidenced 
b y  gases evolved f rom the cell. 

When NaC1 is considered as par t  of the system, 
the chlorine replacement then can occur. Since no 
fluorine is evolved, this replacement is definitely 
known to take place, possibly according to one of 
~he following reactions. 

K2ZrF6 + 4NaC1 -~ 2 K F  ZrC14 + 4NaF  or (IX) 

K2ZrF6 + 6NaC1--~ 

2NaC1.ZrC14 + 4NaF  + 2 K F  (X) 

KC1 is also found in the bath,  so there is some 
replacement  of fluorine in this instance. 

K F  + NaC1 ~ N a F  + KCI  (XI)  

All ionic salts are of course present to a great  extent  
as ions in a fluid melt. 

On electrolysis the following anode reactions are 
possible, assuming elimination of moisture.  

2C1- --~ C12 + 2e (XI I )  

ZrCls 2- -+ ZrC14 + C12 + 2e ( X I I I )  

ZrCl~ 2- -~ ZrCI~ + + 3/6 CI~ + e (XIV) 

React ion (XI I )  occurs throughout  the process when 
the voltage is greater than  2.5 volts. There  is no 
definite proof tha t  ( X I I I )  and (XIV) occur, bu t  if 
reaction (IV) takes place, then reactions of this type  
could logically follow. 

The exact mechanism of the reduction from 
4 + Zr(IV) to Zr ~ is in doubt. There is definite reason 
to believe it evolves through breakdown of a chloride, 
and  some reason to think the reduction is stepwise 
going f rom 4 + Zr(IV) through 3 + Z r ( I I I )  to Zr ~ 
The following cathode reaction types can be postu- 
]ated. 

N a  + + e - *  N a  (XV) 

K + + e --+ K (XVI)  

Zr 4+ + 4e -+  Zr (XVII )  

Zr a+ + 3e --~ Zr ( X V I I I )  

Na  + + ZrC14 + e --~ NaCl  + ZrCl~ and 

3Na + + ZrCl~ + 3e -~  3NaC1 + Zr ( X I X )  

3Na + + ZrC13 + + 4e --~ 3NaC1 + Zr (XX)  

3Na + + ZrCl~ + -~ 3NaC1 + Zr 4+ ( X X I )  

Reactions (XV) and (XVI) are relatively unim- 
por tant ,  occurring only when the zirconium con- 
centrat ion m the electrolyte is near exhaustion. I t  
is doubtful  whether  (XVII )  or ( X V I I I )  occur, as 
there is no concrete evidence tha t  the simple Zr 
ions exist. React ions (XIX)  through ( X X I )  are 
means by  which Zr could be liberated. Any such 
mechanism could derive Zr(IV) or Zr ( I I I )  f rom the 
anode or from the ba th  and produce Zr at  the 
cathode. 

The  over-all cell reaction is as follows: 

4NaC1 + K 2 Z r F 6 - ~  

Zr + 4 N a F  + 2 K F  + 2C1~ ( X X I I )  

Certain side reactions enter  under  specific con- 
ditions. If  significant oxygen remains in the ba th  
and Zr02 is produced, then high oxygen deposits 
are produced. 

2Zr02 ~ 2ZrO 2+ -4- 2 0 ~- 

2ZFO 2+ + 4e ~ 2ZrO --~ ZrO2 + Zr ( X X I I I )  

This reaction also occurs during the purification 
cycle. 

I f  the tempera ture  is extremely high, chlorination 
can occur a t  the cathode, the chlorine being derived 
from the anode. 

2Zr + 3C12 --~ 2ZrC13 --cL~ 2ZrCI4 (X X IV )  

Disproportions are also possible at  higher t empera -  
tures and extreme voltages as: 

Zr + 3ZrC14 --~ 4ZrC13 (XXV) 

Zr + 2ZrCla --~ 3ZrCI2 ( X X V I )  

Finally, the process is definitely an electrolytic 
one and not a sodium reduction by  secondary re- 
action at  the cathode. There is no apparent  reaction 
on melt ing of the two salts. Fur thermore ,  meta l  
m a y  be produced below the decomposition potent ia l  
of sodium chloride. The cathode deposit is a com- 
pact  adherent  one unlike a thermal  reduction prod- 
uct. There is no evidence of sodium meta l  produc- 
t ion during the reaction until  the available zirconium 
is near  depletion, or at  extremely high voltages 
when some sodium m a y  be codeposited. 

The  process is not operable when exposed to the 
air. Deposits  made in air are mixtures of oxide and 
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TABLE II .  Effect of K~ZrFo concentratwn on the 
electrolytic productzon of zwcom um 

Con- 
Run centra- Ymld 
No tmn 

K2ZrFe % % 

61-147 
61-164 20 80 5 
61-171 24 / 81 
75-175 26.5 / 94 
74-4 27 93 
74-6 27 90 
68-35 33 86 
68-57 38 8O 
68-51 41 66 

Cur- 
rent 
effi- 

ciency 

61 
1513 

54 
46 
44 
50 
69 
63 

:> 100 
mesh 

ND 
ND 
ND 
ND 
25 8 
36 3 
27 6 
59 9 
63 9 

c 

D .012 
042 002 
034 0013 
034 OO32 
058 007 
074 0139 

ND IND 
0 023 0 0002 
0 029110 002 

I~ard- 
ness 

% Rock- 
O well 

B 

0 061 ND 
0 042 79 
0 055 90 
ND ND 
ND ND 
ND ND 
N D 83 
0 060 87 
0 049 84 

E (volts) = 5-6 volts 
Current denmty = 300-500 ainp/dmh 
Temperature = 830~176 
ND = not determined 

metal ,  ve ry  finely divided, and analyze  at  best  
a round  85 % Zr. 

Ch 

"%u 

k.) 
70 

B 

6o ~x 

erf,l lENc , 

2O 2 E  3 0  3 S  4 0  

P E R C E N T  gz Z~- F 6 

FIG. 9. Effect of initial :K2ZrF0 concentration in the 
electrolyte on the metal yield and current effimency. 

Effect of Concentration of Ko.ZrF~ 

This  pro('ess is operable using Ko.ZrF0 concentra-  
t ions up to  50%,  bu t  considerable difference is ob- 
served in opera tmnal  characteristics.  A high con- 
cen t ra tmn is desirable f rom two s tandpoints ,  lower 
operat ing t empera tu res  and longer runs wi thou t  
recharging. 

M a x i m u m  yields of meta l  have been encountered  
usnig 2 5 - 3 0 %  by  weight  K2ZrF~ concent ra tmns .  
M a x i m u m  current  efficiencies are obta ined using 
the 35-40 % range. Thus  a 30-35 % concent ra t ion  
has been considered the op t i m um  concent ra t ion  
range. 

Per t inent  da ta  for runs of various concentra t ions  
are shown m Table  I I  and i l lustrated in Fig. 9. 

Some t endency  has also been noted toward  an 
increase in particle size wi th  increasing concentra-  
tion, bu t  the  observat ion is not  conclusive at  this 
time. Zirconium metal  of comparable  pu r i ty  has 
been produced th roughou t  the range of concentra-  
tions invest igated.  

Temperature Effect 

B a t h  tempera tures  f rom 790 ~ to  1000~ have 
been invest igated.  The  mel t ing  point  of the  usual  
3 0 - 3 5 %  K~ZrF6-NaC1 ba th  is just  u n d e r  790~ 
and, at  this m i n i m u m  tempera ture ,  the  b a t h  is 
quite viscous giving poor  deposi t ion character is t ics  
and low efficiencles. At  8.00~ however ,  the  effi- 
( 'iency climbs to  a max imum.  B e y o n d  870~ it 
falls off to  a point  where ]t is only 40 % at  1000~ 
Wi th  other  variables affecting the process con- 
sidered, the  op t i m um  opera t ing t empera tu re  appears  
to be about  850~ 

TABLE I I I  Effect of temperature on the e~czency 
of z~rcon~um metal productzon by fused salt 

electrolysis of K2ZrF6 

Run No 

61-142 
68-33 
61-164 
61-191 
61-44 

79O 
800 
860 
920 

1000 

Yield 
% 

71.5 
76 
80.5 
70 
9O 

C u r r e n t  
efficxenc~ 

% 

43.5 
63 
61 
43 
40 

0.042 
ND 
ND 

0 ~7  
ND 
0 002 
O 0015 
ND 

% 
O 

0.128 
ND 
0 042 
0 033 
ND 

Hard- 
h e s s  

Rock- 
well 
B 

86 
79 
ND 
ND 

E (volts) = 5-6 volts. 
Current density = 300-500 amp/dm 2 
Concentration of 20% by weight of K2ZrF~ in NaC1. 

At  higher tempera tures ,  the deposits  are r icher 
in salts and the  crystals  of z i rconium are of a den-  
dritic type.  There  is also a greater  t endency  for pick-  
up of impurit ies,  and over-all  meta l  qua l i ty  is 
diminished. 

Pe r t inen t  da ta  for runs  showing effect of t empera -  
ture  and  efficiency are given in Table  I I I  and  il- 
lus t ra ted in Fig. 10. 

Effect of Cell Feed Purity  

P r o b a b l y  no other  single fac tor  is of greater  im- 
por tance  in the  fluoride process t h a n  is the  pur i ty  of 
the  salt ba th .  The  mos t  deleterious con t aminan t s  
are water ,  oxides, and  iron. Such impuri t ies  m u s t  
ei ther  be absent  or r emoved  t h rough  pre-electrolysis 
and v a c u u m  dry ing  of salts. Otherwise the presence 
of these impuri t ies  is direct ly  reflected m efficiency 
of the  process and q u a h t y  of the  deposit.  

I n  all exper imental  runs repor ted  here, C.P.  or 
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FIG 10. Effect of temperature on the current efficiency 

in the electrolytic production of zirconium from K.,ZrF~ 

TABLE IV. Spectrographic analysis of typzcal K~ZrF6 
(K2ZrF6 igmted to oxide for anak~sis) 

Element Per cent Element Per cent 

ZrO~ 
SiC2 
Fe203 
AI~03 
HfO2 
Cue 
Tie2 
CaO 
MnO 
MgO 
WO~ 
PbO 

Major 
0.05 
0 005 
0 08 
0 50 
0 0005* 
0 001 
0 3O 
0 001" 
0 001 

0 01 

MoO3 
NiO 
C r 2 0 3  

SnO2 
Ag20 
CoO 
Ta20~ 
Cb205 
B20~ 
V~O5 
Na20 
K20 

0.002* 
0 005 

0 0005* 
0 003 

Major 

* Less than. 
Elements not detected. P, Bi, Ga, Cd, Y, Yb, In, Ge, 

Li, Ir, As, Os, Lu 

A n a l y t i c a l  G r a d e  NaC1 has  been  ut i l ized .  K :ZrF6  
ob t a ined  f rom severa l  sources  a n d  also p r e p a r e d  a t  
Hor i zons  I n c o r p o r a t e d  has  been  inves t iga t ed .  
However ,  a m a j o r  po r t i on  of t he  work  r e p o r t e d  has  

been  accompl i shed  w i th  K2ZrF6 wi th  a p u r i t y  as  
g iven  in T a b l e  IV.  

W a t e r  in t he  NaC1 m a y  be r e move d  b y  h igh  
t e m p e r a t u r e  a i r  d r y i n g  to  a to l e rab le  l imi t .  T h a t  in 
t he  K2ZrF6 can be r e m o v e d  b y  a v a c u u m  d r y i n g  
s tep.  T h e  cell of course m u s t  also be d ry .  

I r o n  in the  sa l ts  can be r e m o v e d  b y  a low vo l t age  
pre-e lec t ro lys is .  Since the  crucible  is anodic ,  a n y  i ron  
p r e se n t  is also r e m o v e d  in such a s tep  if the  a m o u n t  
is no t  excessive.  N o  i ron  can  be exposed  in the  cell 
or ch lo r ina t ion  will  resul t ,  a n d  a n  FeCl~ a t m o s p h e r e  
will  p r eva i l  in t he  cell. I r o n  serves  to  reduce  the  
process  efficiency and  also cut  down  the  pa r t i c l e  
size in a d d i t i o n  to  c o n t a m i n a t i n g  the  depos i t .  

T h e  presence  of oxides  or w a t e r  in t he  b a t h  is 
ref lec ted  in the  oxygen  ana lys i s  of t h e  m e t a l  p ro-  
duced.  Th is  p roduces  an  e x t r e m e l y  h a r d  z i r con ium 
possess ing l i t t le  or no duc t i l i t y .  

D a t a  i l l u s t r a t i ng  effects of these  va r ious  i m p u r i t i e s  
a re  shown in T a b l e  V. T h e  first  six of these  runs  
e m p l o y e d  e i the r  a low g rade  z i rcon ium source m a -  
t e r i a l  or h a d  a fore ign  subs t ance  a d d e d  to  t h e  b a t h .  
F o u r  s a t i s f a c t o r y  runs  are  a p p e n d e d  for compar i son .  

Continuous Operation of the Process 

Cons ide rab le  w o r k  has  been  done t o w a r d  ex t end -  
ing  the  process  b e y o n d  a single run  b a t c h - t y p e  pro-  
cedure .  I n d i c a t i o n s  are  t h a t  the  process  is a d a p t a b l e  
to  a s emicon t inuous  ope ra t i on .  Th i s  has  been  done  
t h r o u g h  reuse of a g iven  b a t h  and  e m p l o y m e n t  of a 
ca thode  cooling chamber .  T h e  des ign  of such a cell 
was  n o t e d  in F ig .  2 and  3. Th i s  cool ing c h a m b e r  is 
no th ing  more  t h a n  a wa te r - coo led  gas t i g h t  con t a ine r  
which  can be r e m o v e d  f rom the  cell w i th  the  ca th -  
ode,  a l lowing the  inse r t ion  of a second  ca thode .  

T h e o r e t i c a l l y  a b a t h  shou ld  be useful  for  a min i -  
m u m  of six runs .  A b a t h  is l imi t ed  on ly  b y  the  
bu i l dup  of N a F  a n d  K F  which  lowers t h e  e lec t r i ca l  
c o n d u c t i v i t y  a n d  m a k e s  i t  more  suscep t ib l e  to  po la r i -  
za t ion  effects. U p  to t h ree  runs  h a v e  b e e n  m a d e  on a 
g iven  b a t h  wi th  no no t i ceab le  effect on  m e t a l  p ro-  

TABLE V. Effect of cell feed purzty 

Run 
No 

68-39 
92-27 
92-29 
75-5 
75-23 
75-26 
68-47 
75-175 
61-164 
74-6 

Type Zr source 

l~ecrystallized commercial, Fe in cell 
Recrystallized commercial, +1% ZrO2 
Recrystalhzed commercial, +1% ZrO2 
K2ZrFs, crude (contains ZrO2) 
Low Hf, crude 
Horizons, crude 
Vuc. dried, recrystalhzed, no pre-e]eetrolysis 
Vac dried, recrystallized, no pre-electrolysls 
Vac. dried, recrystallized, pre-electrolysis 
Commercial, as received, no pre-electrolysls 

Zr 
:oncen- 
:ratxon 

% 

11 
12 
12 
7 2  
6 4  
3.9 

12 
8 5  
6.4 
9 

Yield 
% 

61 
61 
51 
82 
92 
86 
87 
94 
80.5 
9O 

clency 
% 

58 
52 
46 
56 
34 
24 
62 
54 
61 
44 

% 
>100 
mesh 

ND 
32 4 
28 9 
44 3 
46 1 
32 4 
32 9 
ND 
ND 
55 8 

C 
% 

ND 
ND 
0 011 
0 049 
0 070 
0 261 
0 047 
0 034 
0 002 
0 074 

N 
% 

N D  
ND 
0 00( q 
0 03~ 
0.007 
0 057 
0 011 
0 00~ 2 
0.04~ 
0.01~ 

O 
% 

ND 
ND 
1.23 
0. 255 
0 207 
0 457 
ND 
ND 
0 042 
ND 

Hardness 
Rockwell 

B 

ND 
Rc 34 
97 
ND 
ND 
ND 
82 
ND 
79 
ND 

ND = not determined. 



Vol. 101, No. 2 E X T R A C T I V E  M E T A L L U R G Y  OF Z I R C O N I U M  

TABLE VI Semzcontmuous operatwn for electrolytic zzrconzum productwn 

71 

Run ~ F ~ '  Temp, 
No - ~ -  ~ 

68-31 25 850 ] 
--33 I 25 I 800 

74 4 27 840 
--6 27 860 ] 
--7 27 860 

68 57 38 820 I 
-59 i i so0 / 

I E 
Amp Volts 

150-200 4 5-4 2 
200-60 5 3-4 1 

150 5 8 
120-95 7 8-5 3 
125 6 2 

200 5 
200~100 5.6-4 5 

Current % 
I o~ lefficmncyl >100 I c~ I o~ 1 %  Ymld C N O 

/e % mesh /~ /o 

86 43 23 9 0.027 [ ND / 0 006 

93 47 26 0 0 058 0 007 N D  
90 44 36 3 0 013 0 .013  __ND 
ND 60 ND ND ND ND 

80 69 59 9 0 023 0 0002 0 060 
54 35 19.4 0 030 0 0017 0 112 

Hardness 
Rockwell 

B 

95 
ND 

ND 
ND 
ND 

87 
85 

ND = not determined. 

duced. Certain adjustments are necessary however 
in temperature and operating current. Typical  data 
for semicontinuous operation are shown in Table VI. 

Effect of Other Varmbles 

Other variables have only minor effects on the 
process m general. An argon atmosphere is of course 
important, but  a highly purified argon is not neces- 
sary. 

Current density has little effect within fairly 
large hmits. The lower limit is fixed only by voltage, 
and a minimum of 2.0-2.5 volts must  be maintained 
across the cell for a satisfactory deposit. The upper 
limit of current density is about 500 a m p / d m  2. 
Beyond this point metal is produced, but particle 
size (hmmtshes and the metal is more difficult to 
recover from the deposit. 
�9 Electrode d~stance and cathode design have had 
little effect to this point. Investigation along these 
lines has of course been confined to the 5-1b cells 
with fixed dimensions. 

E V A L U A T I O N  OF s165 P R O D U C E D  

Chemical Evaluation 

Zirconmm produced by the fluoride process has 
been evaluated by means of chemical analysis, 
screen analysis, and spectrographic analysis The 
following analytical methods have been employed: 

Total Zr: Pyrophosphate gravimetric method;  H F  
or aqua regla solutmn of sample; pre- 
cipitation with (NH4)~.HP04 followed by 
ignition to ZrO2. 

Carbon: Combustion method and KOH absorp- 
tion of C02. Standard Leco Semi-Auto- 
matic Determinator used. 

Nitrogen: Kjeldah] Method using Micro Kjeldahl 
apparatus (Scientific-Glass Apparatus 
Co.--M-3074). H F  solution of sample. 
Titration with 0.01N HCI 

Oxygen: Chlorination method, ignition in purified 

chlorine at 400~ followed by igmtion of 
residue and weighing as ZrO2. Adapted 
from HCI volatilization method developed 
at Massachusetts Inst i tute  of Tech- 
nology AEC Laboratory (3, 4). Average 
values obtained: 

Zr and Hf - -  99.6-99.9 % N - -  0 002-0.004 % 
C - -  0.04-0.06 % 0 - -  0.04-0.08 % 

Samples have periodically been sent out for 
spectrographic analysis. Samples of such analyses 
are reported in Table VII .  

Particle size analyses have been done using a 
Re-Tap vibrator with a standard set of Tyler screens, 
35, 80, 100, 150, 200, and 325 mesh. 

Typical analyses are given in Fig. 11 for two sam- 
ples in the form of distribution curves. Other analyses 
for representative runs are reported in Table VI I I .  
I t  is not unusual to have >50  % of + 1 0 0  mesh. 

TABLE VII Typtcal spectroqraphtc anal~gsis of 
electrolytic zwconium 

(Reported in parts per million) 
Sam )le 

Element 

A1 
Ca 
Cr 
Cu 
Fe 
Hf 
Mg 
Mn 
Me 
Ni 
Pb 
Si 
Sn 
Ti 
V 
W 

6144 46 
Powder 

60 

10 
20 

8O0 
9400 

<5 
10 
20 
30 
30 
40 
40 

270 

100 

61-90 
Powder 

725 
4 

30 
65 

850 

3 
40 

<10 
20 
40 

100 
9 

1015 
< 100 

ND 

61-90 After 
double drip 

melting 

700 
25 
25 
65 

300 

12 
7 

(10 
20 

<5 
105 
50 

690 
100 
NTD 

(r~lO'. te _ _  

<50 

200 
t5,000 
<10 
<10 
< 10 

50 
<10 
2OO 

<10 
500 
ND 
ND 

Compostte 
2 

100 

30 
< 5  
100 

]5,000 
<10 
<10 
<10 

40 
<10 

30 
<10 
5OO 
ND 
ND 

ND = not determined 
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FIG. 11. Particle raze and size distribution plot of two 
typical electrolytically produced zirconium metal powder 
products. 

TABLE VIII. Partzcl, size analys~s 

92-39B 

Run No +35 % 

68-57 11.7 
68-61 1 4 
92-27 1 7 
92-31A 5 4 
68-49 5 8 

64  

+l~ %o5o 

48 15 5 
30 18 4 
30 23 1 
49 21 8 
37 21 3 

4;1 17.9 

-I-200 % 

i 8.4 

12.7 
141 
87  

126 

I0 1 

-[-325 --325 
% % 

10.0 6 2 
19 8 17 6 
23 3 
10 6 
14 9 

1 5  0 

71 
3.9 
7.7 

7.2 

Remarks  

IIigh 
K2Zr- 
F6 

c o n c .  

Metallurgzcal Evaluahon 

In almost all of the electrolytic runs in which siz- 
able amounts of zirconium powder were recovered, 
samples were taken for arc melting to produce small 
ingots on which hardness and workability data 
were obtained. 

Cold rolling, in most cases, was carried out on the 
as-cast ingots without prior annealing, as this is 
the most drastic type of t reatment  for the determi- 
nation of ductility in forming that  can be carried 
out. Hot  working, to strip of about 1/~-in. thickness 
followed by cold reduction, both with and without 
intermediate anneals, was also carried out. Sheath 
rolling of both melted ingots and cold-pressed powder 
was conducted using mild steel as the canning ma- 
terial. Wire-rolling to 0.030-in. diameter was con- 
ducted on selected ingots to determine the ease of 
fabrication of the electrolytically produced zirco- 
nium by this method. 

In  general, the zirconium powder was compacted 

FIG. 12. Zr powder, Zr cold press compact, melted ingot, 
cold-rolled sheet, hot-rolled strip, machined Zr bar, coiled 
cold-rolled Zr foil 0 008 in. thick, and rolled Zr wire 0.03 m. 
diameter (Reduced to slightly less than one-half size ) 

in a 1-in. diameter die, by cold pressing at 10 tsi. 
Compacts of 20-50 grams in weight were prepared. 
These were melted in a small laboratory arc-melting 
furnace under an atmosphere of argon of approxi- 
mately 20 cm pressure. A water-cooled tungsten 
electrode and water-cooled copper hearth were 
used, each ingot being turned over and remelted to 
insure complete fusion and homogeneity of the cast 
metal. 

Rockwell A and B hardnesses were taken on bot~ 
sides of the ingot after first grinding parallel flat 
surfaces on the faces. In  the case of thin sheet, Vick- 
ers hardness readings using a 5 kg load were ob- 
tained. 

Fig. 12 is a photograph showing the various stages 
of processing of the electrolytically produced zir- 
conium. The powder pressed to a compact of about 
70 % density is arc-melted and a cast ingot is ob- 
rained, as shown. Cold-rolled strip, hot-rolled plate, 
and a cold-rolled and machined rod are also shown. 
A coil of cold-rolled sheet and wire, rolled to 0.030 
in., are included. 

Some of this zirconium powder was melted by an 
arc method, using a consumable electrode. The 
powder was extruded and sintered and the re- 
sulting rod melted to obtain the two-pound ingot 
shown in Fig. 13. This ingot had an average hardness 
value of Rockwell B-85 

HARDNESS OF AS-CAST ZIRCONIUM INGOTS 

In  measuring the hardness of the cast ingots of 
zirconium an a t tempt  has been made to correlate 
the hardness values to the oxygen contents deter- 
mined on each batch of powder produced. 
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FIG 13 Small zlrcomum ingot, 2 lb , melted by con- 
sumable electrode method from the slntered powder. (Re- 
duced to ~ size ) 

as-cast hardness exceeded Rockwell A 54-55. How- 
ever, if the hardness of the ingot was lower than this, 
it was possible to cold roll strip directly from the 
ingot stage without  intermediate anneals, provided 
care was taken to grind out any incipient edge- 
cracking that  may occur, Cold reductions of up to 
98 % have been experienced on certain batches pro- 
duced. However, almost all of the zirconium pro- 
duced could be hot rolled at 700~176 to plate 
(0.125 m ) and cold rolled to sheet (as thin as 0.006 
in.) with no difficulty. Typical cold reduction vs. 
hardness data are given in Fig. 15. This material 
has working characteristics tha t  compare favorably 
with sponge zirconium. 

Sheath rolling has been at tempted both with the 
cold-pressed powder and with cast ingots using a 
mild steel sheath. Hot  rolling to a reduction of about 
60%, followed by an additional cold reduction of 

FIG 14 Hardness as a function of oxygen content for 
as-cast electrolytlcally produced zirconium, C ~ 0.05~v; 
N~ ~ 0 003%. 

Only those runs with mtrogen contents between 
0.002 and 0.005 weight per cent (0.003 % average) 
and carbon contents between 0.02 and 0.07 weight 
per cent (0.05 % average) were chosen. With this as 
a basis, the oxygen contents were plotted against 
the hardness values obtained and this variation is 
shown in Fig. 14. 

DUCTILITY OF ELECTROLYTICALLY 
PRODUCED ZIRCONIUM 

The workability of the as-cast zirconium ingots 
was determined by rolling to sheet and determining 
the hardness at certain stages in the reduction. At- 
tempts were not successful, in general, to reduce the 
arc-melted ingots over 50% by cold-rolling if the 

FIG 15. Hardness vs. reduction in rolling for electrolyti- 
cally produced zirconium. 

FIG 16. Hardness as a function of annealing time for 
97% cold-rolled zirconium. 
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FIG 17. As-cast zirconium ingot showing typical 
Widmanstatten structure of cast ztrcomum electrolytically 
polished and etched Bright-field illumination 100X 

F~G. 19 Zirconium (cold reduced 17%) annealed 5 rain a~ 
800~ showing partial recrystallization Polarized light. 
100X 

FrG 18 As-cast zirconium ingot similar to Fig 17, 
showing details of Wl(tmanstatten structuic electxolytmally 
pohshed arid etched PobtHzed hght 250)< 

about  30%, was obtained.  The z i rconmm is then 
removed from the steel sheath and fur ther  reduced 
cold to strip of the order of 0 006 0.010 hi. in thick-  

Iless. 
The hardness var ia t ions as a function of anneahng 

t ime for two different runs of zlrcomum, cold rolled 
approximate ly  97 %, are given m Fig 16. 

~{ICROSTRUCTURES OF ZIRCONIUM~ 
ELECTROLYTICALLY PRODUCED 

Typical  microstructures  of the as-cast, cold- 
worked, and annealed zlrconmm are shown in Fig.  

17 through 25 
The well identified as-east s t ructure of zirconium 

showing the Wldmans t a t t en  pa t t e rn  is shown in Fig. 
17 and 18, under bright  hght and polarized light 

i l lumination.  
Specimens, cold pressed to a 17% reduction in 

thickness and annealed at  800~ are shown in Fig. 
19 and 20. In  an annealing t ime of 5 rain, only 
par t ia l  recrystal l izat lon has occurred, while 15 
mm at  800~ has resulted in complete recrystalhza-  

tion. 
The structure of an as-cast ingot, cold-rolled 98 % 

w~thout intermediate  anneal, is shown in Fig. 21. 

FIG 20. Ztrconium, vacuum annealed 15 rmn at 800~ 
after 17% cold reduction Polarized light 250)< 

F~(~ 21 Zlrcomum ingot, cold rolled 98% without inter- 
mediate anneal Polarized light 250X 

FI6 22 Same as Fig 21 but vacuum annealed 15 rain at 
800~ Complete recJvstalllzatlon has taken place. 
Polarized hght 100X 
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FIG 23 Same specimen as Fig 22 bu t  vacuum annea led  
4 hi a t  800~ Comple te  r ec rys ta lhza t ion  and  g ram growth  
have  t aken  place Polar ized light.  100X 

Fr(~ 24 Elec t ro ly t ic  z l rcomum meta l ,  arc*melted and  
hot-rol led 80% from 0 375-0 07 i n ,  a t  700~ followed by 
40% cold l educ tmn  from 0 070 0 030 m Polar ized l ight.  
25O X 

DETERMINATION OF PREFERRED ORIENTATION IN 

ROLLED SHEET AND W I R E  

Cold-Rolled Sheet Texture 

Pole figures were determined for cold-reduced 
zirconium sheet rolled f rom electrolytically pro- 
duced metal ,  consolidated by  both sheath rolling 
and by  cold rolling. Samples of zirconium sheet, 
cold rolled to over 95 %, were utilized for these de- 
terminations. 

An abbreviated x-ray method was used for the 
determinat ion of the pole figures. Although this 
method does not lend itself to high accuracy, i t  is 
wholly adequate for the purpose at  hand, to deter- 
mine the degree of preferred orientation obtained 
w~th electrolytically produced zirconium, cold- 
rolled 95 % or better.  

The sheet of zirconium is placed parallel to the 
x-ray beam, between the target  and film, and bent  
slightly so tha t  the x-ray beam strikes the surface 
at  a low glancing angle and is diffracted onto the 
film. Only two glancing angle shots were made for 
each specimen, one being perpendicular to the roll- 
mg direction and the thmkness direction of the 
sheet, and the other, perpendicular to the transverse 
and the normal  d~rection of the sheet. Although it 
was not possible to est imate m a n y  degrees of in- 
tensi ty for the two poles plotted, (0002) and (1010), 
the data  were sufficmnt to give good approxlmatmns  
of the rolling textures. The average ormntat ion is 
best described by representing the basal planes 
(0001) parallel to the rolling &rection but  inchned 

FIG 25 Electrolytic zirconium metal, arc-melted and 
sheath-rolled at 900~ to 60% reduction, sheath-rolled, cold 
to an additional 30%, removed from sheath and cold-re- 
duced to 0 008 in sheet to a total of 98% reduction Elec- 
trolyticallv polished. Polarized hght 250X 

Annealing this specimen at  800~ for 15 m m  has 
resulted in complete recrystallization, while re- 
crystallization and considerable grain growth has 
occurred in this specimen annealed at  the same 
tempera ture  for 4 hr. 

The microstructure of a typical hot-rolled ingot, 
followed by a lesser amount  of cold reduction is 
shown in Fig. 24. Fig. 25 shows the severely de- 
formed structure of a sheath rolled zirconium speci- 
men in which a substantial  amount  of cold reduction 
has taken place. 

FIG 26 Pole figures for {0002} and [10i0} planes of elec- 
trolytic zircomum sheet produced by indicated methods. 
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FIG 27 X-ray photoglam of rolled zirconium wire pro- 
duced from electrolytic powder--MoK a radl'ttion 

from the rolling plane by about 30 ~ in the transverse 
direction and with a (1010} in the rolling direction. 

Fig. 26 shows these pole figures for the sheath- 
rolled and the cold-rolled zirconium specimens. 

Cold-Rolled Wzre Texture 

The texture of cold-rolled electrolytic zirconium 
wire was determined from the x-ray photogram m 
Fig. 27. It  was found that  the (1010} direction was 
parallel to the wire axis. This is m agreement with 
the result of other investigators (5). 

The results of these brief studies of preferred 
orientation in cold-worked zlrcomum metal  produced 
by the electrolytic method show that  the metal  
behaves in the same manner as iodide and sponge 
zirconium (6). 

PRESENCE OF "SECOND PHASE" IN ELECTRO- 

LYTICALLY PRODUCED ZIRCONIUM 

A second phase has previously been reported in 
both iodide and sponge zirconium of high purity.  
This phase, present in the annealed structure of the 
equiaxed alpha grains of zirconium, is acicular in 
nature when the mrconlum is in the annealed state 
and suggests a preferential precipitation out of 
solution from the H C P  lattice of the alpha zirconium. 

This second phase has been present m varying 
amounts m almost all samples of electrolytic zir- 
conium produced. From recent work done on ti- 
tanium, reported m the literature, there is good 
evidence that  this second phase in zirconium is a 
hydride (7). Thus, some simple experiments were 
conducted to determine if the hydride phase was 
present in the zirconium metal produced by  this 

FIG 28 Zlrcomum, vacuum annealed 2 hr at 800~ 
furnace cooled, revealing hydride precipltatmn phase. 
Polarized light 150)4 

process. Determinations of hydrogen content on 
representative samples of zirconmm from time to 
time have ymlded values of 0.01 to 0.025 weight per 
cent hydrogen present in the electrolytic zirconium. 

These experiments consisted of first annealing 
small arc-melted zirconmm ingots and slow cooling 
them, and then reheating to 310 ~ to 410~ followed 
by water quenching. The annealing was done at  
800~ for 2 hr m a sealed-evacuated quartz tube. 
Fig. 28 is a photomicrograph of the structure re- 
sulting, reveahng the aclcular needles of the second 
phase in the alpha grains. 

The photomwrograph of the specHnen, heated to 
310~ for 4 hr and water quenched, shows a de- 
creased amount  of this second phase (Fig. 29), 
while the one heated to 410~ for 1 hr and water 
quenched shows the complete absence of the phase. 
Only eqmaxed alpha grains are present with a few 
mechanical twins resulting from polishing (Fig. 30). 

To further  substantiate this second phase, a 
second sample was annealed at 850~ for 5 hr in a 
sealed off-evacuated quartz tube, and furnace 
cooled. The acieular second phase is again present 
(Fig. 31). However, when this specimen is heated to 

FIG 29 Zlrcomum, same as Fig 28 but 4 hr at 600~ 
and water quenched Note decreased amount of hydride 
phase Polarized light 150Y 



Vol. 101, No. 2 E X T R A C T I V E  M E T A L L U R G Y  OF Z I R C O N I U M  77 

ture followed by quenching and by  degassing at a 
higher temperature  in a vacuum, establishes this 
phase as a hydride. Nei ther  the oxide, carbide, or 
nitride becomes soluble at  these low-solution treat-  
ment  temperatures,  nor can zirconium be degassed 
of them by an 850~ vacuum treatment .  

FIG. 30. Zirconium, same as Fig 28 but  1 hr at 800~ ~ 
and water  quenched Note  hydride phase completely dis- 
solved and only one p h a s e , ,  zirconium is evident .  Polar ized 
l ight 150X 

FI(; 31 Electrolyt leal ly  produced zirconium metal ,  
vacuum annealed 850~ for 5 hr, and furnace cooled Hy- 
dride phase is still evident .  150X 

FIG 32. Same as Fig 31 Hea ted  in a vacuum at 850~ 
for 5 hr but  degassed in an act ively pumping system at  
0.02 t~ pressure for 5 hr Hydr ide  phase has disappeared.  
Polarized light. 250X 

850~ in a vacuum system which is being actively 
pumped, and a pressure of less than 0.02 u is ob- 
tained, and this specimen is then furnace cooled, 
this second phase has disappeared, as is shown in 
the photomicrograph of Fig. 32. The fact tha t  the 
acicular phase, present in the annealed specimen, 
disappears on heating to a relatively low tempera- 

CONCLUSIONS 

A practical electrolytic process has been evolved 
for the product ion of pure zirconium metal. The  
method entails the electrolysis of K2ZrF6 in molten 
NaC1 under a protective argon atmosphere. 

Metal  so produced is m the form of coarse crystal- 
line dendrites which may  be consolidated by stand- 
ard arc melting or powder metallurgical techniques. 
The resultant product  is satisfactory from a puri ty,  
hardness, and ductil i ty standpoint,  and is com- 
parable to sponge produced by magnesium reduction 
of the chloride. Improvements  in pur i ty  of the 
starting material  and refinements in the recovery 
procedm'e have made this possible. 

The fluoride process utihzes readily available 
materials. The double fluoride itself is easily pre- 
pared from the oxide, silicate, or zirconate by normal 
chemical procedures. 

Standard electrolytic equipment with some 
modification could be employed for commercial 
operation. Provision must be made for a protect ive 
atmosphere and elimination of chlorine corrosion. 

The process may  be run on a semicontinuous 
basis, a number of runs being made on the same 
salt bath simply by charging fresh K2ZrF6 to the 
electrolyte. The bath  life is limited only by  the 
buildup of N a F  and K F  in the salt system, making 
it more refractory and less conductive. A high 
fluoride bath  is also more susceptible to polarization. 

The process is operable within broad hmits with 
respect to temperature,  voltage, current, and 
zirconium concentration. The bath may be run from 
790~176 but  maximum efficiency is obtained 
from 800~176 Voltages over 2 0-2.5 volts must  
be used to obtain a satisfactory deposit. An upper  
current density limit of about  500 a m p / d m  2 is 
necessary to avoid a very  fine particle size deposit. 
An optimum initial K2ZrF6 concentration lies in the 
range of 30-35 weight percent, although the process 
functions with less efficiency using baths of 1-40 % 
K~ZrF6. 

Zirconium produced by the fluoride process is of 
99.8-99.9 % in pur i ty  with average values of about  
0.05 % carbon, 0.05 % oxygen, and 0.003 % nitrogen 
being obtained. I t  has a hardness of Rockwell B 
80-85. Aside from t~tanium and hafnium, metallic 
impurities are very  low. 

The process, as developed to this point, gives a 
product  satisfactory for most applications. The  
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prime factors contributing to this development are 
use of pure materials, a protective atmosphere, and 

carefifl recovery procedure. 
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A B S T R A C T  

Cyhnders  of iron,  zinc, and  c a d m m m  were ro t a t ed  in a h ighly  cmrosive  solut ion of 
acid con ta imng  n i t r a t e  ion as a depolarizer,  as described prevmusly .  Three  k inds  of 
mhlb i to r s  were added to the  so lu tmn (a) d ichromate  mn  plus complexmg or che la t ing  
agents  for meta l  ions;  (b) a wet t ing  or emulsifying agen t  whmh is s t rongly  adsorbed;  
and (c) a reagent  which forms a very  insoluble p rec ip i ta te  w~th ferrous and  ferric ions. 
Measurements  of the  effectweness of these mhib i to r s  are g~ven 

INTRODUCTION 

As shown previously (1), iron, zinc, and cadmium 
dissolve at  approximate ly  the same diffusion or 
transport-controlled rate, m dilute hydrochloric 
acid with excess of a statable depolarizer present. 
Low concentrations of dichromate ion reduce the 
dissolution rate  considerably. Fluoride ion improves 
the inhibiting effect of the dichromate;  presumably,  
it converts f e m c  and chromm runs formed to soluble 
complexes, and prevents  precipitation of nonad- 
herent or porous hydroxides 

One ob3ectlve of the present work was to find if 
complexmg or chelating agents for ferrous, fe in t ,  
and chromic ions would be generally effective as 
inhibition "promoters"  with dwhromate,  and if 
any  would be supermr to fluoride mn in this respect. 

A second objective was to investigate the effect of 
emulsifying certain water-insoluble chelating agents, 
and other insoluble compounds which have been 
reported to confer low reac twl ty  to solid surfaces by  
strong adsorption. The emulsifying agents were 
found to be just as effective when used alone, and 
experiments with one of them are reported below. 

As a third objectwe oi this exploratory work, a 
search was made for a reagent whmh would form a 
very  insoluble, adherent  precipitate with the first 
meta l  ions dissolved, since th~s should be an effecttve 
method of inhibition. With iron, cupferron was found 
to be a good inhlb~tor of this type ,  unfortunately,  
the compound is not very stable in acid solutmns. 

EXPERIMENTAL 

The pure metals used were described prevmusly 
(1). The cylinders varied from 1.75 to 2.0 cm 111 
diameter,  and were always rotated at  15000 -l- 200 

~Manusc r ip t  received June  10, 1953 This  paper  was 
p repared  for del ivery before the  W n g h t s w l l e  Beach Meet-  
lng, September  13 to 16, 1953. F rom a Mas te r ' s  thems sub- 
mi t t ed  by  Edward  Hi l lner  in  the  Gradua t e  School of New 
York  Univers i ty .  Work  done under  U S. Atomic Energy  
Commission Con t r ac t  No AT (30-1)-816 wi th  New York 
Univers i ty .  
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c m / m i n  peripheral speed. Cylinder lengths were: 
iron 3.2 cm, zinc 2.5 cm, cadmium 2.6 cm. 

The metals  were abraded with No. 600 silicon 
carbide paper  and weighed before each run; after- 
ward, they  were wiped with filter paper  wet with 
water  or alcohol, rinsed with alcohol, dried, and re- 
weighed. Only total  weight losses for the t ime speci- 
fied are given. Most  of the experiments were carried 
out at  room temperature ,  as given m the tables. 

For  a reference corroding solution, a mixture 
containing 0.02M HC1, 0.06M KNO.~ was used In  
each experiment with this and other m~xtures, the 
solutmn volume was 250 ml. Since some of the 
reagents change the p i t ,  measurements  were made 
with a Beckman meter.  All solutions were exposed 
to the air 

M a n y  of the experiments were repeated once or 
more,  and the reproducibili ty was, in general, no 
worse than  4-0 2 mg. When longer runs were made,  
or when the cyhnders were reimmersed m the same 
or a fresh solutmn niter weighing but without  re- 
pohshmg, the corrosmn rate usually increased with 
time. This was especially true of iron, where pit t ing 
was qmte evident, as noted below. 

Dichromate  of course cannot be used with reagents 
which reduce it. No such reductmn was notwed 
except with eupferron, and dichromate  was not 
needed m experiments with th~s compound. 

Chemicals used were of the best. commercial 
grades. Cupferron (the ammonium salt of N-nltroso- 
phenylhydroxylamme)  is commonly available for 
analytical  purposes. Sodmm gluconate and glucono- 
&lactone were supphed by  Charles Pfizer and Com- 
pany,  Brooklyn, N. Y. Ethylene  dmmmetet raacet ic  
acid (EDTA)  and dlethylenetr laminepentaacetm 
acid (DTPA)  were supplied by  Alrose Chemmal 
Company,  Providence, R. I.  Thenoyltrifluoro- 
acetone (TTA) was from the Dow Chemical Com- 
pany,  Pl t tsburg,  Cahf. 

I~ESULTS 

Table  I shows the weight loss of the cylinders m 
the 0.02M HC1, 0 06M KNO3 solution alone and 
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TABLE I. Weight loss, mg in 5 min, in 250 ml O.02M HC1, 
O.06M KN03, S0 -4- 1~ 15,000 cm/min peripheral speed 

K2Cr207 Fe Zn Cd 

- -  76 78 148 
0.01M 5.7 4 8 6 7 

TABLE II .  Weight loss zn rag, in HCI, 0 06M KNO~, 
so&urn gluconate, 28-30~ 15,000 cm/mzn 

HC1 Ttme M pH 

Iron 

Zinc 

0.02 
0 02 
0.02 

0 02 
0 02 
0 02 
0.03 
0041 

Gluco- 

M 

0 01 
0 01 
0.04 

0.01 
0 01 
0 04 
0.04 
0 04 

0.01 
0.01 

0 01 
0.0l 
0 01 
0 01 

5 
5 

5 
15 
15 
2 hr 
3 hr 

Wt loss 

2.3 
1 4  
1.4 

44 
2 3  

--0.3 
- - 0 2  
--0.2 

2.1 
2.1 
3 5  

2.1 
2.1 
3 5  
3.4 
2 6  

wi th  a d d e d  K2Cr207 u n d e r  t he  condi t ions  of these  
expe r imen t s .  W i t h o u t  d i ch roma te ,  a b o u t  50% of 
the  ac id  is used up  in five minu tes ,  and  if the  in i t i a l  
concen t r a t i on  were m a i n t a i n e d ,  the  we igh t  loss 
would  be a b o u t  30 % grea ter .  

So&urn gluconate is wide ly  used  as a complexing  
agen t  for i ron and  o the r  m e t a l  ions. T h e  sa l t  in-  
creases the  p H  of the  acid  solut ion,  and  in some 
expe r imen t s  add i t i ona l  H C I  p a r t l y  c o m p e n s a t e d  for 
this .  Resu l t s  of expe r imen t s  w i th  g lucona te  a re  
g iven  in Tab le  I I .  

The  d isso lu t ion  ra te  of i ron is decreased  b y  the  
g lucona te  alone,  even  more  when  d i c h r o m a t e  is 
present .  I n  the  l a t t e r  solut ions,  the  cy l inder  became  
coa ted  wi th  a hgh t  orange film, which  wiped  off 
eas i ly  wi th  alcohol.  On longer  runs  the  d isso lu t ion  
ra te  became  higher  and  the  i ron cy l inder  s t a r t e d  to  
form pi ts .  

The  g l u c o n a t e - d l c h r o m a t e  m i x t u r e  was  more  
effect ive wi th  zinc t h a n  w~th iron, be ing  fu l ly  p ro -  
t ec t ive  for  3 hr  a t  a p H  of 2.6. T h e  weight  increases  
shown in Tab le  I I  a re  p r o b a b l y  due to  an  oxide film, 
a l t hough  this  was  invis ib le  a n d  the  m e t a l  surface 
r ema ined  br ight .  I n  t he  runs  in which  we igh t  was  
lost  t he  zinc acqui red  a v e r y  l ight  ye l low film. 

I n  s imi lar  so lu t ions  con ta in ing  d i c h r o m a t e  and  
g lucona te ,  a c a d m i u m  cy l inder  lost  a few m g  in 

5 min.  

Gluconic  ac id  is eas i ly  fo rmed  b y  hyd ro lys i s  of 

glucono-~-lactone.  To  o b t a i n  so lu t ions  con ta in ing  

gluconic ac id  wi th  a p H  of 1.8, the  l ac tone  was  

a d d e d  to  the  O.02M HC1, 0 .06M K N 0 3  mix t u r e  and  

the  so lu t ion  a l lowed to  s t a n d  for a b o u t  2 hours .  

T h e  corrosion ra t e s  w i th  b o t h  i ron  a n d  zinc were 

larger  t h a n  those  g iven  in T a b l e  I I  a t  p H  = 2.1. 

TABLE I I I .  Weight loss zn mg, *n HC1, O.06M KNOB, 
in solutions saturated wzth EDTA,  25~176 

15,000 cm/min 

Iron. 

Zinc 

Cadmium 

HCI 

0 O2 
0 O2 
0 01 
0 01 
0 01 

0.O2 
0 O2 
0 01 
0 01 

0 01 

K ~ O 7  Time Wt loss 

- -  / 5 m i n i  7.0 / 
0.01 / 5 1 2 . 8  / 
0 O1 I 5 / 0 / 
0 01 15 0.7 
0.01 2 hr 5.5 

- -  5 min 96 
0.01 5 10 
0.01 2 hr 0 
0.01 20 hr 0 

0.01 5 min 3.1 

ptI 

1.7 
1.7 
2.0 
2O 
2O 

1 7  
1.7 
2 0  
2 0  

2 0  

E D T A  is no t  v e r y  soluble  in w a t e r  ( abou t  0 .005M) 
a n d  is c o m m o n l y  used  in t he  fo rm of the  m o r e  so luble  
sal ts ,  as a seques te r ing  or che la t ing  a g e n t  in  n e u t r a l  
or bas ic  solut ions .  I n  t he  p re sen t  expe r imen t s ,  t he  
so lu t ions  were  s a t u r a t e d  w i th  t he  ac id  fo rm of t he  
c o m p o u n d ,  a n d  in  some cases  t h e  hyd roch lo r i c  ac id  
was r educed  to 0 .01M to  keep  the  p H  n e a r  2.0. 
D i s so lu t ion  e x p e r i m e n t s  w i th  E D T A  are  sum-  
m a r i z e d  in T a b l e  I I I .  W i t h  d i c h r o m a t e  p r e s e n t  t h e  
i ron  acqu i r ed  a l igh t  ye l low film, the  c a d m i u m  a 
l ight  b rown  fi lm; b o t h  r u b b e d  off eas i ly  w i t h  alcohol .  
T h e  zinc r e m a i n e d  b r i g h t  when  no weigh t  was  lost .  

D T P A  has  been  r e p o r t e d  to  be a m o r e  effect ive 
che lan t  for  some m e t a l  ions in ac id  so lu t ions  t h a n  

E D T A .  So lu t ions  to  wh ich  i t  was  added ,  w i t h  a p H  

of 1.9, p r o v e d  to  be s o m e w h a t  more  cor ros ive  t h a n  

those  desc r ibed  m T a b l e  I I I .  

C, tmc actd forms che la tes  w i t h  b o t h  b i -  a n d  t r i -  

v a l e n t  m e t a l  ions (2, 3). E x p e r i m e n t s  were  r u n  w i th  

c i t r ic  ac id  in the  cor roding  so lu t ion  as  shown in 

T a b l e  IV.  

A n u m b e r  of subs tances ,  a d d e d  to  a h y d r o c h l o r i c  

TABLE IV. Weight loss in mg in solutwns containing 
c~tr~c acid, 0 06M KNO3, 21~176 15,000 cm/min 

Iron 

Zinc 

Cadmium 

0.0: 
0.0: 

0.0: 
0.0: 
0 0: 
0 0: 
0.0: 

0.0: 
0 0: 

0.01 

0.01 

0 01 
0 01 
0 01 
0 01 

0 01 

Citric 
acid 
M 

0.2 
0.2 
0.01 
0.01 

0.01 
0.01 
0.01 
0.01 
0.01 

0.01 
0.01 

Time 

5 rain 
5 

5 
5 

5 
5 
1 hr 
3 hr 
',3 hr 

5 rain 
5 

Wt 
loss 

2.4 
9 (  
4.4 
1.~ 

~4 
0 
0.c~ 
64  

35 
31 

pH 

1.85 
1.85 
2.1 
2.1 

2.1 
2.1 
2.1 
2.1 
2.1 

2.1 
2 1  
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TABLE V. Weight loss in rag, in 0.5M acetic acid, 
0.06M KNO3, pH = 2.5, 27~176 15,000 cm/mzn 

K~Cr207 Time Wt loss 
M 

Iron 

Zinc 

0 O1 
0 O1 

0.01 
0 O1 

5 rain 
5 
3 hr 

15 min 
15 
48 hr 

55  
0 

75 

986 
--0.1 
+ 0  1 

acid-nitrate mixture or to nitric acid alone, decrease 
the dissolution rate of iron (4). Nitrate does not act 
well as a depolarizer with citric acid alone; the acid 
probably enhances protection by an air-formed 
oxide film. The same is true of sodium gluconate 
(Table II) .  

Citric acid has no such protective effect with 
zinc unless dichromate is present also3 The experi- 
ments with zinc m Table IV were repeated several 
times with different cylinders of both SP and reagent 
grade zinc, in runs of several hours duration. The 
weight loss averaged about 1 mg/hr ,  but it should 
be noted that  an appreciable fraction of the acid is 
neutralized in 23 hr. The metal remained bright 
and shiny, but in every case two or three compara- 
tively deep pits appeared near the lower end of the 
rotating cylinder. At first it was thought that  there 
were flaws in the metal but in the repeated experi- 
ments this proved not to be the case. 

Acehc aczd. - - I t  was shown by Abramson and 
King (4) that  iron dissolves in acetic acid-potassium 
nitrate solutions about one-tenth as fast as in strong 
acids, indicating that  the rate is not diffusion- 
transport controlled. I t  has also been shown by 
Hackerman and Hurd (5) that  dichromate reduces 
the corrosion of iron m air-free acetic acid solutions 
of pH near 3. The experiments of Table V were run 
to test the effect of dichromate in more concentrated 
acetic acid with air and nitrate mn present, with 
both iron and zinc. 

Dichromate protects iron temporarily in this 
solution, but  the effect breaks down and pits appear 
on the surface. When the iron was removed and 

repolished after a 1 or 2 hr run, it was again com- 
pletely-protected for 5 or 10 min in the same solu- 
tion. The zinc cylinder was left m the solution with- 
out dichromate for 15 minutes inadvertently. The 

Loss of dichromate is never important in the experi- 
ments. The concentration used, 0.01M, is twice the amount 
which gives maximum inhibition when used alone (1). 
While 15 meqs of dichromate was present in the solutions, 
21 mg of zinc (Table IV) corresponds to only 0.64 meq, 
assuming that only dichromate was reduced Nitrate may 
have been reduced as well, but there was no way of testing 
this. 

protective effect of dichromate is remarkable; 
cadmium was not similarly protected. 

Other complexing agen t s . - -Many  reagents form 
complexes or chelates with the metal ions concerned 
here, and some which looked more promising as 
inhibition "promoters" with dichromate were tried 
as mentioned below. 

Sulfosalicyhc acid forms soluble complexes with 
ferrous and zinc ions (2), with ferric ion (3), and a 
rather unstable complex with chromic ion (6). When 
added to the dichromate-containing corroding solu- 
tion making the pH = 1.7, it increased the dissolu- 
tion rate of all three metals. 

Acelylacetone chelates with bi- and trivalent metal 
ions (3). When added in concentrations of 0.05 and 
0.1M to the dichromate-containing corroding solu- 
tion, it reduced the dissolution to about 2 mg in 5 
min in all three cases. Visible films were formed; 
the chelates are apparently not very soluble. 

T T A  was originally made to assist in extracting 
metal salts into nonaqueous solvents (7). I t  is slightly 
soluble in water, and with a trace of ferric ion added 
to the saturated solution, a pink coloration and 
eventually a precipitate appear. When the HC1- 
KNO~-K~Cr207 solution was saturated with TTA,  
no effect was found on dissolution rates, however. 

Emulsions of TTA were no more effective than the 
emulsifying agent alone. The same was true of 
emulsions of reagents which are reported to be 
strongly adsorbed and to deactivate the surface of 
metals. Two such reagents tried were perfluoro- 
decanolc acid (8) and tricresylphosphate. 

A erosol OT  (dloctyl ester of sodium sulfosuccinate) 
was one of the emulsifying agents used. When it 
alone was added to the HCI-KNO3 solutions, the 
results shown in Table VI were obtained. Dichromate 

did not increase the inhibition. The results indicate 
that  Aerosol is strongly adsorbed and that  the 
metal surface becomes approximately saturated at a 
low concentration. However, the adsorbed film is 

not completely protective. 
Cupferron . - -This  compound has long been used 

to precipitate ferric iron quanti tat ively (9). The 

TABLE VI Weight loss, mg zn 5 m,n, zn 0 02M HCI, 
O.06M KNO3, w~th Aerosol OT; 25 ~ -4- 1~ 

15,000 cm/mzn 

Aero~o[. 
wt  % 

0.001 
0.005 
0.01 
0 05 
0 10 
0 20 

Fe 

67 
25  
29  
2.9 
2.5 
27 

Wt loss 

Zn 

60 
11 
1.7 
16 
1.5 
15 

Cd 

126 
4.8 
09  
15 
2.5 
57 
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T A B L E  V I I  Wezght loss of zron cyhnder, mq ,n 5 mzn, 
~n 0 02M HC1, 0 06211 KNOa,  wzth cupfetton, 

30~176 15,000 cm/mzn 

Cupferron Wt loss 
M 

0 001 69 
0 0025 62 
0 003 1.3 
0 OO32 0 2 

Cupferron M Wt loss 

0.0034 - -0  1 
0 0038 - -0  1 
0 005 - -0  1 
0 01 - -0  2 

T A B L E  V I I I .  Wezght loss of ~ ron cyhnder zn rag, zn 
cupferrou solutions wzth 0 06M KNOa,  0 5 gram 

acelphenat, dzn/hter , 15,000 cm/rmn 

HCI Time . . . .  I CupferronM M _ _ h r  _ _ ~ t  ross _ _ * e m p '  ~ pH 

0 01 0 02 3 0 ,9  15-17 2 5 
0 1 0  0 0 2  / 19 0 / , 4 - 2 0  I 5 2  
0 05 0 04 ] 19 0 8 ] 28-30 ] 3 5 
0 0 5  0 0 6  ] 19 I 5 3  1 2 8 3 0  I 2 0  

DISCUSSION 

Previously the authors (1) followed the view of 
Mayne  and P~Tor (12) tha t  chromate acts as an 
mhfl)itor by  direct oxidatmn of iron to the oxide, 
probably  af ter  first being adsorbed on the meta l  
surface. In  the acid solutions employed here this 
would apply  to the dichromate ion, and to zinc and 
cadmium as well as iron. To  be protective,  the 
oxide films would have to be of the anhydrous,  
crystalline types  which are not easily dissolved by  
acids. 

The ordinary &ssolution of these metals  has to 
be accompanied by  a rise in p H  at  the surface, when 
nitrate is present,  ammonium ion and other reduc- 
tion products  are formed (1 l ) :  

4Fe + N O ~  + 10H + 
-+ 4Fe ++ q- NH4 + q- 3H.~O 

4Zn q- NOa-  q- 10H+ (I) 
--+ 4Zn ++ q- NH4 + q- 3H20 

ferrous salt is similarly insoluble; both  are no doubt  
chelates. Cupferron was found very  effective in 
protecting iron in 5-min rims, as shown m Table 
VII .  After each run the iron was covered with a 
golden brown film, most  of which came off with 
alcohol, leaving a very shiny surface. The small 
weight gain at  concentrations above 0 0032M mus t  
have been due to precipitate which was not re- 
moved. 

The protective effect broke down in longer runs, 
apparent ly  due to decomposltmn of the cupferron. 
The compound is more stable at  lower temperatures ,  
and is possibly stabihzed by  the addi tmn of small 
amounts  of acetphenatidin (acetophenetidme) to 
the solution, as suggested by F. G. Germuth.  Some 
expenments  with various concentrations of cup- 
ferron and HC1 are given m Table V I I I .  

Cupferron does not act as an inhibator with zinc 
or cadmmm, since no insoluble compounds are 
formed 

Polcnttals of the corroding mctals.--The potentials 
of the rotat ing cyhnders were measured against a 
saturated calomel half-cell In  0 02M HC1, 0 06M 
KNOa the values were as follows: iron, - 0 A 8  volt;  
zinc, - 0  98 volt ,  cadmium, - 0 . 7 1  volt. On addition 
of 0 01M dichromate the potentials were decreased 
numerically (became less anodie) by  0.15 to 0.20 
volt. The solutions which gave best inhibition showed 
no greater, and generally a smaller effect. The 
potentials were followed for 5 min only, since there 
was no evidence of a rapid drift. The behavior  is 
qmte different from tha t  of iron in neutral  or slightly 
alkaline, aerated solutions of oxidizing or non- 
oxidizing Inhlbltors (10). 

I t  is quite possible tha t  ferrous and zinc hydroxides 
precipitate and are later redissolved. In  fact, it is 
a lmost  certain tha t  the surface of iron is never quite 
clean in such solutions, at  least in the presence of air. 

Direct  oxidation of the metal  by  &chromate  also 
increases the p H  at  the surface. Since Crd)a or 
Cr(OH)a as formed in only small amounts  along with 
Fe._,Oa, even in chromate  inhibition in neutral  solu- 
tions (12), Cr +++ is wri t ten in the follownlg equa- 
tions: 

2Fe + Cr207 = + 8H ~ ] 
Feo.Oa + 2Cr +++ + 4H~.O ( 

3Zn q- Cr_~OT= + 8H + ( (II)  
--+ 3ZnO q- 2Cr +++ q- 4H.~O J 

i f  any  ferrous Ion is formed by  reaction (I) it would 
also be oxidized rapidly by  dichromate,  using up 
hydrogen runs. 

The function of ('omplexlng or chelating agents 
is, then, to prevent  precipi ta tmn of oxides or hy- 
droxides by  forming soluble complexes with ions 
not involved in forming the t ight ly  adherent  film 
of impervious oxide. An al ternat ive view is tha t  
these reagents act  to clean the surface of air-formed, 
less protect ive films, thus allowing free access of 
dichromate ion to be adsorbed. Since fluoride 1on is 
an effective promoter  with dichromate ion on zinc, 
its main  action would appear  to be to keep chromic 
ion in solution ra ther  than  to clean the surface. 
However,  it has been reported tha t  chromic and 
fluoride ions form a stable complex only very  slowly 
(13). Gluconic amd and E D T A  are ra ther  nonse- 
lective; it would be useful to have rapid, specific 
chelants for each of t ho ians revolved 
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Chelants which form very stable complexes will 
probably prove to be the best promoters with 
dichromate. The chelates, however, must  be soluble; 
acetylaeetone forms moderately stable complexes, 
but is not  very protective because a porous, ad- 
sorptive film is formed. Citric and sulfosalicylic 
acids form the least stable complexes of the reagents 
used. T T A  is too insoluble in water, and chelates 
are formed too slowly in the very dilute solution. 
E D T A  forms very stable compounds with ferrous 
and ferric ions. Not  many stability constants with 
chromic ion are known. 

I t  is possible that  extremely stable chelates will 
prove undesirable m inhibition, since they may  
cause, rather than hinder, dissolution. I t  has been 
reported that  inactive metals such as copper can 
dissolve, with evolution of hydrogen, in solutions of 
strong chelants for their ions [(3) p. 57]. 

The data show that  protection ~s obtained more 
easily when the pH is above 2 than when it is lower. 
Gluconic acid, DTPA,  and sulfosahcylic acid may  
have seemed more favorable at a somewhat higher 
pH The effect of pH is evident with E D T A  in 
Table I I I .  At least two factors are involved: some 
chelants form weak acids, or chelate with hydrogen 
ion, and strongly acid solutmns dissolve oxide 
films, or at tack flaws in them, more rapidly. 

Cadmium is less easily protected than iron and 
zinc m these acid solutmns. This no doubt indicates 
that  the oxide formed is more rapidly soluble in 
acids, or does not have a suitable crystalline form 
to he adherent and protective. The effect of a s~mple 
adsorption inhibitor (Aerosol) is at least as great as 
on zinc and iron (Table VI). 

Iron is more difficult to protect than zinc, and 

preliminary s tudy shows that  the reason lies in the 
nature of the iron surface as prepared for the ex- 
periments. The breakdown of protection in the best 
solutions (Table I I I )  is accompanied by pitting, 
which is visible under a microscope at an early 
stage and in some cases definitely takes place along 
abrasion marks left in polishing. Finer polishing, 
or a short chemical etch, results in longer protection 
before pits become visible. This aspect of protection 
is under further study. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL 
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Microstructure and the Corrodibility of Steel in Inhibited 
Hydrochloric Acid Solutions 

P. H. CAR.WELL 

Dowell Incorporated, Tulsa, Oklahoma 

ABSTRACT 

In a s tudy of the cmrod lb ih ty  of steels it  was found tha t  the degree ot anneahng as 
measured by the resolution of the pearll te,  the gram size, and the presence of the W~d- 
mans ta t t en  s t ructure  has conmderable influence on the corrosmn rate of the steels Two 
amd mh~b~tors were examined m order to invest igate  mater ia ls  which could be used 
sat isfactori ly to protec t  d~ffelent gram structure  steels during industr ial  apphcat lons  
of inhibi ted hydrochloric amd solutmns 

~NTRODUCTION 

Heat  treating a steel changes its resistance to 
corrosion by certain media (1). Under specific corro- 
sive conditions a martensite steel may  have a differ- 
ent corrodibility than other structures such as ferrite 
with lamellar pearlite or spheroidlte, and tempered 
martensite. Since the corrosion ot a metal takes 
place upon its surface, which is composed of crystal 
faces, edges, corners, boundaries, and disturbed 
crystal layers (2), and since the surface property of a 
metal ~s a composite of all the properties of these 
many types of exposed surfaces, it is understandable 
that  the corrodlbility is related to the surface 
property of the metal. Thus, it is not too surprising 
that  a major change in the grain structure of steel, as 
from martensite to pearlite and ferrite, has an influ- 
ence on the eorrodlbility of the steel, however, there 
seems to be very little information available as to the 
influence of only slight changes in the gram structure 
on the corrodibfllty of specific types of steel such as 
pearlite. 

The studies reported in this investigation of micro- 
structure and corrodlbllity were made on samples of 
steels which are in commercial use. In the examina- 
tlon of the steels the following items were studied: 
importance of the degree of annealing of steels, the 
influence of gram size, the effect of Wldmanstat ten 
and spheroidite structures, the significance of cold- 
worked metal, and the value of two different types 
of amd inhibitors to protect metals of various micro- 
structures. I t  is realized that  the preferred method 
of s tudy is to vary only one variable, e.g., grain size, 
maintaining all others constant; however, the object 
of this investigation was somewhat different m that  
it was desired to know the effect of these various 
items in relationship to the other items upon the 

Manuscr ip t  received July 3, 1952 Thin paper was pre- 
pared for dehvery  before the  Detro i t  Meeting,  October 9 
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steels in actual commercial use. I t  should be realized 
that ,  due to the nature of this investigation, definite 
conclusions as to the effect of any one variable could 
not be measured. However, certain indications can 
be pointed out when specific combinations of these 
items are present. Such inforInation is of commercial 
importance. 

DEGREE OF ANNEALING 

Recently,  it was reported (3) that  the corrodibfilty 
of 16 different steels in 10% inhibited hydrochlorw 
acid increased slightly with increase in carbon con- 
tent .  Many  of the steels did not show this relation- 
ship as well as others, and, for this reason, the present 
s tudy was made of microstructures to determine its 
influence on the relatmnship of the eorrodlbihty to 
carbon content. 

Experzmental rcsults.--The various steels investi- 
gated and their corrodibility in 10 % inhibited hydro-  
chlorlc acid are given in Table I. The steels were in 
the form of tubing, with the exception of the SA-70, 
SA-212A, and SA-105I which were plate stock, and 
SA-7 and SAE-1035 which were forged boiler hand- 
hole plates. This table regroul~s data previously 
reported (3) 

The metals were then annealed and the corrosion 
rates redetermined. With the majori ty  of the metals 
there was no change, but with two of the SA-83A 
samples, one of SA-192, one of SA-210, and with SA-53, 
SA-7, and SAE-1035, the annealed specimens gave 
lower corrosmns rates. These last two steels might 
have been expected to give lower corrosion rates 
after annealing because of the change from a cold- 
worked structure produced from machining. The 
annealing was accomplished by heating the metal  
specimens for an hour at a temperature  of 857~ in 
a neutral salt bath, followed by slow cooling to 
atmospheric temperature.  

The inhibitor used in concentration of 0.4 % in the 
hydrochloric acid solution was an aromatic nitrogen- 
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Metal 

SA-7 

SA-7 annealed 
SA-53 annealed 
SA-70 
SA-83A S 1 
SA-83A S 2 
SA-83A S.2 anne'ded 
SA-83A S 3 
SA-83A S 3 annealed 
SA-105I 
SA-106A 
SA-192 S 1 
SA-192 S 2 
SA-192 S 2 annealed 
SA-210 S 1 
SA-210 S 2 

SA-210 S 2 annealed 
SA-210 S 3 
SA-210 S 4 

SA-212A 
SAE-1035 
SAE-1035 -mncaled 

Boiler tube inner surface 

Boiler tube outer surface 

Boiler tube outer surface a~ 
nealed 

Corrosmn rate 10% 
inhibited HCI, mdd 

7320 

1950 
2540 
1710 
2780 
4300 
2200 
7420 
3030 
2340 
2680 
1810 
3180 
2640 
4740 
2780 

2240 
5270 
2680 

2440 
7360 
2680 

31,100 

2000 

1860 

Percentage carbon 

21 

0 21 
0 28 
0 16 
0 17 
0 16 
0 16 
0 16 
0 16 
0.17 
0 23 
0 16 
0.17 
0.17 
0 32 
0 29 

0 29 
0 35 
0.24 

0 28 
0 23 
0 23 

0 15 

0 15 

0 15 

Grain s~ze 

Medmm-fine ASTM No 
5-6 

Fine ASTM No 6-7 
Free ASTM No 7 
Medmin ASTM No. 5 
Very fine ASTM No 8 
Free ASTM No 6-7 
Fine ASTM No 7 
Very fine ASTM No 8 
Medium ASTM No 5 
Fine ASTM No 7 
Fine ASTM No. 7-8 
Fine ASTM No. 7-8 
Fine ASTM No 6-7 
Fine ASTM No. 6-7 
Very fine ASTM No. 8 
Medium-coarse ASTM No. 

3-4 
Very fine ASTM No 8 
Fine ASTM No. 6-7 
Medium-fne ASTM No 

5-6 
Medium-fine ASTM No 6 
Fine ASTM No 6-7 
Medium-fine ASTM No. 

5-6 
Medmm-fine ASTM No 

5-6 
Medmm-fine ASTM No 

5-6 

Medmm-fine ASTM No 
5-6 

Resolutmn of pearhte 

Partially 500X 

Almost completely 500X 
Almost completely 500X 
Partmlly 500X 
Partially 1000X 
Not resolved 1000X 
Ahnost completely 500X 
Not resolved 1000X 
Partially 1000X 
Almost completely 1000X 
Partially 1000X 
Partially 500X 
Not resolved 1000X 
Partially 1000X 
Partially 1000X 
Almost completely 500X 

Almost completely 500X 
Partially 1000X 
Partially 750X 

Partially 500X 
Almost completely 500X 
Almost completely 500X 

Spheroidlzed 

Spheroidized 

Almost completely 100X 

sulfur  coal t a r  mater ia l .  2 The  inh ib i tor  conta ined  a 
sa tu ra t ed  s t ra ight  chain (average 10 carbon) hydro-  
carbon  sodium sulfonate  we t tn lg  agent  to increase 

its eflCiclency (4). 
I n  the inves t iga t ion  of the  m~crostructure by  

means  of meta l lographic  examina t ion ,  the steel 
specimens were moun ted ,  polished, and  etched wi th  
5 % nital .  The  specimens were examined u nde r  the 
microscope a t  var ious  magnif ica t ions  in order to 
resolve the pearlite.  The  results  of this  inves t iga t ion  

are summar ized  in  Tab le  I. 
D i s c u s s w n . - - I n  the meta l lographic  s t ud y  of the  

var ious  boiler metals ,  it  was found  t h a t  of steels 
which  were examined,  all were pearli t ic except the  
SA-53 which had  a W i d m a n s t a t t e n  s t ructure .  This  is 
the s t ruc ture  ob ta ined  by  hea t ing  to a re la t ive ly  high 
t empera tu re  and  then  cooling rapidly.  I t  is of in teres t  
to note  t h a t  the W i d m a n s t a t t e n  s t ruc ture  was 
changed to pearl i te u p o n  annea l ing ,  and  this  was 
accompanied  by  a decrease in  corrosion rate .  

I n  this s tudy,  the degree of annea l ing  was de- 
t e rmined  by  means  of the magni f ica t ion  necessary to 

2 Dowell Incorporated A25. 

resolve the pearli te.  The  lower the  magn i f i ca t ion  
necessary to resolve the  pearli te,  the  more  comple te  
is the annea l ing  I t  was found  t h a t  the degree of 

annea l ing  var ied  cons iderably  from steel to steel. I n  

some of the  steels, the  pearl i te  was a lmost  comple te ly  

FIG 1 Influence of the degree oi anneahng on the cor- 
rodibllity 
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resolved at  500 diameters while in others the pearlite 
was not resolved at  1000 diameters. 

The influence of the degree of annealing on the 
corrodibility of the steels is given in Fig. 1, a previ- 
ously published curve (3) to which have been added 
shaded areas of corresponding degrees of anneahng. 
I t  shows that  degree of annealing has considerable 
influence on the corrodlbility of steels in inhibited 
hydrochloric acid solutions. The more complete the 
annealing, the lower is the corrosion rate of the metal  
in the acid. This graph indicates that  the variat ion of 
these da ta  from the mean curve when corrosion 
rates are plotted against carbon content is pa r t ly  
due to the difference in the degree of the annealing 
of the steel. 

INFLUENCE OF GRAIN SIZE 

There has been considerable work (1, 5) reported 
as to the influence of grain size on corrodibility. At 
first glance, the work seems confusing, but,  un- 
doubtedly when the complete system of metal ,  
microstructure,  and corrosive media are taken into 
consideration, the results are not contradictory. 
While it would be expected tha t  the large crystals 
would be more stable than the small ones, there are 
other factors which must  be considered, such as 

presence and location of the cementite. In  addit ion 
to this, consideration has to be given as to which is 
the most  susceptible to a t t ack  by  the corrosive 
media,  the grain boundaries or the grain itself. I t  
would be expected tha t  with inhibited hydrochloric 
acid solutions the crystals would be more susceptible 
to a t t ack  than  the cementite grain boundaries. I f  this 
is the case, then the large grains will be a t tacked in 
preference to the fine grains. 

In  the s tudy of the resolution of the pearlite of the 
boiler steels, the grain size was determined. The  
grain size of the major i ty  of these steels varied from 
medium fine to fine (ASTM No. 5 8); the only 
exception was one of the SA-210 samples which had 
a medium-coarse (ASTM No. 3-4) gram. Upon 
annealing, this SA-210 sample had a very  fine 
(ASTM No. 8) grain size and the corrosion rate was 
lowered slightly, f rom 2780 to 2240 todd. 

A considerable amount  of information as to the 
effect of grain size has been obtained from a s tudy 
of microstructure and corrodibility of bifurcate 
tubes. The metallographic examinatmn of the meta l  
showed tha t  the structure beyond the weld-heat 
affected zone, tha t  is, the normal  nonaffected metal ,  
was of a smaller grain size than were the grams m the 
heat affected zone. When such tubes were exposed to 
the nitrogen-sulfur coal tar  inhibited hydro('hloric 
acid solutions, pi t t ing o<'cm'red in the areas of large 
grams. The microstructures of a tube are shown in 

Fig. 2 and 3 
The tipper part  of the double tube end ([11, Fig. 2) 

[[FIG 2 Mlcros t ruc ture  of section oi b i furcate  tube  FIG 3. Mlcros t ruc ture  of sect ion of b i furca te  tube  
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showed only a small amount  of pit t ing and had a 
fine grain structure A S T M  No. 8. The metal  far ther  
down the tube toward the juncture between the 
double and the dingle tube showed considerable 
pit t ing in the area of larger grain structure A S T M  
No. 6-7 ([2], Fig. 2) and A S T M  No. 5-6 ([3], Fig. 2). 
Below the pt ted area closer to the juncture was a 
section of the double tube which had a very fine 
grain structure, A S T M  No. 8 ([4] and [5], Fig. 2). 
The fine grains of this area merged into an area of 
slightly larger grains, A S T M  No. 7, ([6], Fig. 2) 
which were pitted. A large pit was noted in one of 
the tubes which was found to be in an area of medium- 
fine grain structure, A S T M  No. 6, ([8], Fig. 2). 

The section of the tube between the double and 
single tube  was pi t ted and showed a fine grain struc- 
ture, A S T M  No. 7, ([1] and [2], Fig. 3). The single 
end of the bifurcate showed pit t ing at  and around the 
welded area. The crystal s tructure of the weld metal  
is shown by  [4], Fig. 3 and of the heat  affected zone 
by  [3] and [5], Fig. 3. ]~elow this area was a very fine 
grain, A S T M  No. 8, which was not pitted. 

Whenever  metal  is welded together, there always 
seems to be a change m crystal structure (6) i rom 
tha t  of the metal  before welding, usually fairly fine 
grains going to a larger gram structure. The net 
result of the welding is to bring about  an area of 
larger gram structure which merges on both sides into 
finer grain structures. The size, locatmn, and amount  
of larger gram depends upon the t e m p e r a t m e  
gradient brought  at)out within the metal  by  the 
welding process (7). 

This  change ill crystal  s tructure has been found 
also in boiler tubes which have  been welded. In  such 
tubes, a pi t t ing type of corrosion has been found. 
The  corrosion in these cases was discovered adjacent  
to the welds as shown in Fig. 4. The corrosion took 
place in the areas of large crystals and, in addition, 
in tube No. 2, the Wldmans ta t t en  s tructure was also 
found in the corroded area. 

Other investigations (8) have shown tha t  in 
metals  in which there is a var ia t ion of crystal  sizes, 
the a t t ack  is in the areas of large grams. The steel 
tubing used in gas distillate wells is usually upset  on 
the ends in order 'to reinforce the s trength a t  the 
threaded areas The  process of upset t ing changes 
the crystal structure, and, if the tube is not heat  
t reated sufficiently, there are areas of coarse grain 
structure adjacent  to fine grains. With  the upset  
tubing, the corrosion has been found in the areas 
of coarse grain structure which are always adjacent  to 
the fine grain zones 

The reason for the pi t t ing in the areas of large 
crystals seems to be due either to the large grains 
being more susceptible to at tack,  or to a galvanic 
effect of dissimilar metal  structures in contact  with 
each other. In  studms of corrodibility in inhibited 
hydrochloric acid solution of metals possessing 
umform but  different gram structure, only slight 
variat ions m corrosion rates are found. This is shown 
m Table I I .  These data  were obtained at  74~ using 
SAE 1020 steel in nitrogen-sulfur coal ta r  inhibited 
10 % hydrochloric acid solution. Thus, it is believed 
tha t  the corrosion ~s caused in the main by  the pres- 
ence of dissimilar metal  structures and, secondarily, 
by larger grains. 

EFFECT OF WIDMANSTATTEN STRUCTURE 

The presence of Wldmans ta t t en  structure is fairly 
common m boiler steels. Such structures are usually 
found in tubes whwh have been welded and in forged 
handhole caps, as well as manhole plates. The  
presence of the Wldmans ta t t en  structure and its 
influence on corrodiblhty has already been men- 
tloned in the SA-53 steel of Table  I and the boiler 
tube  of Fig 4 Additional information on Widman-  
s ta t ten  structure is given in Fig. 5 which shows the 
photomicrographs of boiler handhole caps. The first 

F m  4 Col~oslon adjacent to welds Magmf~catlon, ap- 
prox 75X 

TABLE I I  G~atn szze and corrod~btlity 

Crystal structure 

Medium--ASTM No 4 
and 5 

Fine--ASTM No 7 to 8 
Very fine--ASTM No 8 
P~rtmlly sphmoidized 

ASTM No 6 

Corrosion rate, 
mdd 

1560 
1270 
1320 

1220 

Magmficatlon'to 
resolve pearhte 

500X 
1000X 

Not iesolved 1800X 

Not resolved 1800X 
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FiG 5 Mmrostructure  of bmler h~ndhole caps Magnlfi- 
catmn, approx 75X. 

TABLE I I I  Bozler handhole caps 

Cap 
Grain size Corrosion 

5-6 585 / 
5 - 6 ]  3 9 1 ]  
r / sa~ / 

[ = -  ] 

~agnlfiCatlon to resolve 
pearhte 

Half at 1700X 
Nearly all at 1700X 
No resolution at 1700X 
Nearly all at 400X 

four caps were exposed to the nitrogen-sulfur coal 
tar  inhibited 3.5 % hydrochloric acid solutions for 6 
hr at  65.5~ and, of these, the only cap which 
showed any  evidence of pit t ing was cap. No. 1. The 
corrosion rate, grain size, and magnification neces- 
s a w  to resolve the pearlite for the handhole caps are 
given in Table I I I .  

The structure of the steel in cap No 1 is chiefly 
peartitic with the presence of some Wldmans ta t t en  
structure. The grain size is medium fine (ASTM 
No. 5-6). In  cap No. 2 the grain size is about  the 
same as tha t  of cap No. 1, whereas cap No. 4 has 
somewhat  smaller grain size; but  m both of these 
caps the crystals are more regular in shape and there 
is no Wldmans ta t ten  structure present. In  the case of 
cap. No. 3, the grain size is fine and irregular. I t  
appears  tha t  this cap m a y  have been forged while 
fairly cool; as a result, the grains which were broken 
up by the forging had little or no opportuni ty  to 
reform. 

171G 6 Intergranular oxld~tmn and sphermdlte Mag- 
nlficatmn, top, approx 25X, bottom, approx 500X 

As Ill the case of the boiler metals  &scussed earlier, 
the degree of annealing as measured by the resolu- 
tion of the pearlite has considerable Ulflllence on the 
corrodibflity of the handhole caps. 

SPHEaOIDITS 

When the corrosion rate of a botler tube taken 
from a superheater  header of a high-pressure boiler 
was measured in the nitrogen-sulfur coal tar  in- 
hibited 10% hydrochloric acid solution at  74~ it 
was found tha t  the inner surface of the metal  had a 
higher corrosmn rate than the outer surface. The 
corrosmn rate of the inner surface was 31,100 mdd,  
whereas for the outer surface the corrosion rate  was 
2,000 todd, this lat ter  result being about  what  would 
be expected for a steel containing 0.15% carbon. 

The photomicrographs of the inner and outer 
surfaces of the boiler tube are given in Fig. 6. The 
inner surfaces have been subjected to intergranular  
oxidatmn, which m a y  account  for the high corrosion 
rate. In  regard to the outer surface, the pearht ic  
areas are spheroidized. I f  the metal  was originally 
pearlite, then this indicates tha t  the tube has been 
heated for a considerable period of t ime at  a tempera-  
ture of 590 ~ to 700~ 

The spheroidite can be changed into normal  pearl- 
ite by  annealing. The corrosion rate of the annealed 
pearlite specimen was found to be 1860 mdd.  This  
would indicate tha t  the spheroidization of the 
pearlite does not  have  an appreciable effect upon 
the corrodibility of the meta l  in the nitrogen-sulfur 
coal tar  inhibited hydrochloric acid a t  79~ 

This  conclusion agrees with the corrodibility of 
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laboratory-formed spheroidite as is given in Table 
II .  In this connection, it is of interest to note tha t  in 
the case of gas distillate well tubing (8, 9) the steel 
is more susceptible to a t tack when the pearlite 
becomes spheroidized. The reason for this was 
believed to be due to the corrosion protective film 
which, because of the crystal structure, gives bet ter  
protection to pearlite than to spheroidite. I t  may  
be that  the hydrochloric acid removes this protective 
film, resulting ill spheroidite and pearlite steels hav- 
ing about the same corrosion rates in inhibited acid 
solutions. 

PRESENCE OF COLD-WoRKED METAL 

In the construction of steel equipment,  it is often 
necessary to use stressed metals. Boilers contain a 
considerable amount  of cold-worked or stressed 
metals such as the rolled tube ends, the machined 
surfaces on the handhole caps, and the seats for these 
caps in the headers. When such metal is exposed to 
the usual inhibited hydrochloric acid solutions, 
pitting may  occur in the stressed areas. 

A handhole cap was subjected to 5 % hydrochloric 
acid with the nitrogen-sulfur coal ta r  inhibitor for 
19 periods of eight hours each at 65.5~ I t  was 
mounted m a manner simulating boiler conditions so 
that  acid contacted only the underside of the cap. 
The lip was pit ted and a deep groove formed at  the 
point of contact between the handhole cap and 
gasket. The crystal structure of the lip is given as 
cap No. 5 in Fig. 5. The grain size is rather  large and 
angular, which indicates a stressed condition within 
the metal. I t  is possible to change the crystal struc- 
ture of the handhole caps by annealing to give caps 
which are more resistant to corrosion. 

A similar handhole cap was annealed and then sub- 
jected to the nitrogen-sulfur coal tar  inhibited 5 % 
hydrochloric acid solution. There was very  little 
corrosion on the annealed plate. Its crystal structure 
is shown in Fig. 5, cap No. 6. Annealing reduced the 
grain size somewhat and the crystals are not  angular. 

EFFECT OF ]~IFFERENT TYPES OF ~NHIBITORS 

Since industrial equipment is designed and built 
with steels containing different crystal structures 
which it is impossible to change once the unit  is 
erected, it becomes necessary to select the inhibitor 
for the specific crystal structure conditions. In order 
to determine the effect of other inhibitors to prevent  
the pitt ing type of corrosion as obtained by  the 
nitrogen-sulfur coal tar  inhibited acid solutions, 
tests were performed using a rosin amine-ethylene 
oxide condensate as an inhibitor. This material 
polyethanol RAD-1112 (13) is surface active and 

functions as a combination inhibitor and wetting 
agent to prevent  the a t tack of acid more effectively. 

Using the polyethanol amine inhibitor in 5% 
hydrochloric acid solution, an unannealed handhole 
cap was treated. I t  showed slightly more at tack than 
the annealed one above, but  was much bet ter  than 
the unannealed one exposed to the nitrogen-sulfur 
coal tar  inhibited hydrochloric acid solution. 

Another comparison between the nitrogen-sulfur 
coal tar  and the polyethanol amine inhibitors was 
made using bifurcate tubes. Two bifurcates which 
had identical crystal structures were subjected for 
16 periods of six hr each to 7.5 % hydrochloric acid 
solutions inhibited with these two materials. 

In the case of the nitrogen-sulfur coal tar  inhibitor, 
the acid caused pitt ing in the areas of the large 
crystals, and in these same areas Widmansta t ten 
structure was also present. The tube subjected to the 
polyethanol amine inhibited acid solution did not  pit  
even though the tube had the same crystal structure. 
An investigation of other bifurcate tubes containing 
only dissimilar metal structures, medium and fine 
grain, but  no Widmansta t ten structure, has shown 
that the polyethanol amine inhibited hydrochloric 
acid solutions do not  cause pitting, whereas the 
nitrogen-sulfur coal tar  inhibited hydrochloric acid 
solutions do. 

The reason why the polyethanol amine is a more 
satisfactory inhibitor for hydrochloric acid solutions 
than a coal tar  material, when dissimilar grain sizes 
and Widmanstat ten structure are present, is not  
understood at this time. Par t  of the explanation may  
be that  the polyethanol amine molecule is both  a 
wetting agent and an inhibitor, whereas in the case 
of the coal tar  inhibitor two different chemical 
molecules are used, a wetting agent and an inhibitor. 

CONCLUSIONS 

This investigation indicates tha t  the crystal 
structure of the metal has considerable influence on 
its corrodibility m inhibited hydrochloric acid solu- 
tions. The more complete the annealing, as meas- 
ured by the resolution of the pearlite, the lower is the 
corrodibility. When there is a variation m the grain 
size, pitting occurs in the area of larger crystals. This 
may  be due, in part,  to the larger crystals, but  what  
seems to be more Important  is the presence of two 
dissimilar metal structures. The corrodibility is 
increased by the presence of Widmansta t ten struc- 
ture and cold-worked metal, whereas very  little if any  
effect is obtained by  spheroidizing the pearlite. The 
degree of influence of these various crystal structures 
is dependent  upon the inhibitor used in the hydro-  
chloric acid solution. The effect is much more pro- 
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nounced  in t he  case of a n i t rogen- su l fu r  coal  t a r  
t y p e  i nh ib i t o r  t h a n  wi th  a p o l y e t h a n o l  amine  type .  
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Positive D-C Corona on Polyethylene-Insulated Wire in Air 

D.  S. RODBELL, 2 J. B.  WHITEHEAD, AND C. F.  MILLER 

The Johns Hopkln,~ Ul~wers~ty, Baltzmore, Maryland 

A B S T R A C T  

An inves t iga t ion  of an  appa ren t  anomaly  in the  electric s t r e n g t h  of air  abou t  po]y- 
e thyle i ic- insula ted wires, under  a tmospher ic  condl tmns,  when  direct  vol tages  are 
applied to the  wire is described Resul ts  show t h a t  the  air  su r rounding  the  wire does 
b reak  down when the  gradmnt ,  due to the  apphed  voltage,  exceeds the  accepted value  
for the  electric s t r eng th  of air,  bu t  the  discharge is not  ma in ta ined .  An explana t ion  of 
this  self-quenching ac t ion is given 

INTRODUCTION 

The corona discharge has been known and studied 
for many decades (1). The major objective of these 
investigations was either to establish accurate 
quanti tat ive laws govermng this phenomenon, or to 
explain the mechanisms involved in terms of funda- 
mental  processes (2-6). 

From the work done to the present, it is felt tha t  
the corona discharge, in principle, is understood in 
terms of fundamental  processes (3-5). The "Law of 
Corona" has been established as a vahd empirical 
criterion for corona formation. 

Some recent work at the Naval  Research Labora- 
tory  (Appendix I) indicates an anomaly in the forma- 
tion of positive corona on polyethylene-insulated 
wire in air under atmospheric conditions. I t  is the 
purpose of this paper to explain this apparent  
departure from a heretofore well-established law. 

For  the relatively simple geometry of a coaxial 
arrangement of a bare, round wire and a conducting 
outer cylinder with a potential difference between 
them, the gradient at the surface of the central 
conductor is given by 

V 
Er - 

r In R / r  

where V = the applied potential  difference, r = the 
radms of the inner conductor, and R = the inner 
radius of the outer cylinder. 

I t  is known from the Law of Corona (1, 7, 8) t h a t  
the voltage gradient, at  the surface of a wire of 
radius, r, at which the initial formation of corona 
occurs is given by 

g = Am~ -t- B m  max k v / e m  

~ Manusc r ip t  received June  26, 1953. This  paper  was pre- 
pared for del ivery before the  New York Meet ing,  April  12 
to 16, 1953. 

2 Present  address.  Genera l  Electr ic  Research  Labora to ry ,  
Schenectady 
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where A and B are constants, m is an irregularity 
factor ( =  1 for smooth uniform wires), and ~ is the 
density factor ( =  1 at STP).  

So accurate is this law for predicting corona onset, 
that  a Corona Voltmeter built upon this principle 
has been used as a secondary high voltage s tandard 
(9). 

The theory of the positive corona discharge re- 
qmres tha t  there be one free electron in proximity to 
the corona-forming surface in order to initiate the 
avalanches (3, 4). The  only reqmrement  of the anode 
surface is tha t  it establish an electrm field at  its sur- 
face which exceeds the dielectric strength of the air. 
Thus, assuming a smooth cylinder at atmospheric 
conditions, specification of only the radius of curva- 
ture establishes, by  the Law of Corona, the critical 
gradient at  the surface of the cylinder. 

From the foregoing considerations, for a coaxial 
arrangement of cyhnders with the outer being a 
conductor and the tuner being at a positive potential  
with respect to the outer cylinder, and as long as the 
inner cylinder has quanti tat ively describable param- 
eters, the field may  be calculated, and prediction 
of the applied voltage that  yields corona is possible. 
Corona onset ~s usually established by a visual glow, 
an au&ble hiss, or observing the abrupt  increase in 
the average current flowing to the electrode. For  
polyethylene-insulated wire as the inner cylinder 
and positive direct voltage apphed, no such indica- 
tions can be observed (for alternating voltage no 
discrepancy is encountered). Direct voltages ex- 
ceeding ten times predicted onset values fail to yield 
corona in this sense, and result in dielectric rupture 
of the polyethylene (see Appendix I). 

This would indicate an anomaly in either the 
dielectric strength of air, or in the Law of Corona, 
both well-established. This paper will give experi- 
mental  evidence that  neither of these properties are, 
in reahty, violated, and the explanation will be given 
which anticipated these results. 
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DESCRIPTION OF APPARATUS 

The direct voltages required for the experimental 
work were obtained from two power supplies, both 
having outputs positive with respect to ground. The 
first was a (0-22.5)-kv doubler rectifier; the second 
d-c supply was a (0-30)-kv r.f. rectified type. 

The 60 cps alternating voltage employed was 
obtained from a G.E. testing transformer. The 
step-up voltage ratio of this transformer is 150:1 
when connected as used. 

The polyethylene wire samples were in two sizes. 
One was the aircraft antenna wire on which the 
phenomenon was first observed; the outer diameter 
of this wire is 0.462 cm (0.182 in.), the central con- 
ductor diameter is 0.128 cm (0.0505 in.). The other 
polyethylene wire was obtained from the American 
Phenolic Corporation, and has an outer diameter of 
0 292 cm (0.115 in.), and an inner conductor diameter 
of 0.08 cm (0.0315 in.). A bare brass rod of 0.3175 
cm (0.125 in.) diameter and a bare copper rod of 
0.203 cm (0.081 in.) diameter were also employed, 
as described in the next section. 

The two outer cylinders used had inside diameters 
of 2.34 cm (0.910 in.) and 1.27 cm (0.50 in.). The 
2.34-cm (0.910-in.) cylinder was 20.3 cm (8 in.) long; 
the 1.27-cm (0.50-in.) cylinder was 30.5 cm (12 in.) 
long. Both of these cylinders had, at tached to their 
ends, cylindrical wooden fillets, flaring outward, with 
a radius of curvature of about 2.5 cm. The inner 
surface of these fillets was covered with several 
coats of Du Pont  conducting sdver paint  (No. 4817) 
which was carried into the cylinder itself far enough 
to insure an equlpotential surface. The purpose of 
these fillets was to decrease uniformly the gradient 
on the wire as it left the cylinder. The same conduct- 
ing paint was also used to make a tight-fitting outer 
cylinder on the 0.462-cm (0.182-m.) polyethylene 
wire when examinatlou of the polyethylene alone was 
made. 

The central wire was used in lengths of about 61 
cm (24 in.). I t  was mounted in a tower made of wood, 
Bakelite, and ceramic insulation. The members of 
the tower were coated with Dow-Corning four- 
silicone compound in order to minimize surface 
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FIG 1 C~rcuit for cur ren t  wave shape observa t ions  

leakage. Several small Lucite disks were made to 
assist the centering of the wire and cylinder. These 
disks had a central hole, 0.00254 cm (0.001 in.) 
larger than the wire diameter, and an outer diameter  
0.00254 cm (0.001 in.) smaller than the cylinder with 
which they were to be used. When the wire was 
drawn tight by means of brass machine screws 
soldered to its ends, and the appropriate disks placed 
on the wire, the cyhnder holder was adjusted unti l  
the Lucite disks dropped through the cylinder. The  
cylinder holder was then locked in place by suitably 
placed bolts. 

A Tektronix 511 A.D. oscilloscope was used for 
observing the charging current wave form. Perma- 
nent  records of these wave forms were made photo- 
graphically using a DuMont  Type  296 oscilloscope 
record camera. The oscilloscope was equipped with 
a 5 C P l l A  cathode ray tube to obtain an easily 
photographed trace. Voltage applied to the oscillo- 
scope was obtained from a voltage divider through 
which the charging current passed. This divider was 
constructed of for ty  3.3 megohm resistors in series in 
the upper  arm; the lower section was usually one 3.3 
megohm resistor, but  another  could be paralleled 
with this to change the division ratio by a factor of 
approximately two. A very low capacity shielded 
cable (7 uuf/ft  at  1000 cps; 3-ft length) conimcted the 
upper and lower sections of the divider. The voltage 
divider was reasonably compensated for capacity 
without further  adjus tment ,  as was indicated by its 
a t tenuat ing a 100-kc square wave without  noticeable 
change in wave shape. The voltages were applied 
directly to the vertical deflection plates of the cath- 
ode ray tube in order to avoid any distortion tha t  
might be caused by the transient response of the 
input amplifiers and associated circuitry. 

The high voltage switching was obtained using a 
Westelzl Electric Type  217-B rapid close relay. The 
relay was operated on 25 volts d.c. A secondary set 
of contracts on the relay was used to trigger the 
driven sweep of the oscilloscope, this allowed a t ime 
delay between the start  of the sweep and the applica- 
tion of the high voltage to the specimen. The voltage 
wave obtained was a good approximation to a step 
function for the purposes of investigation. 

Measurements of total charge were made using a 
ballistic galvanometer whose undamped character- 
istics are: sensi t lvi ty-O.002 microcoulombs/mm 
(on a scale 1 meter  distant);  C. D. R. X. - -9000  
ohms; period--30.5 sec; resistance--2325 ohms. 

An Ayrton universal shunt with a resistance 10,000 
ohms was used to obtain nearly critical damping 
resistance. 

Also employed were a General Radio Ty pe  716-B 
capacity bridge, and a General Radio beat f requency 
oscillator, Type  713-B. 
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FIG. 2 Cu r r en t  vs. t ime- -po lye thy lene - insu la t ed  wire 
in  air;  0.292 cm polye thy lene- insu la ted  wire in 1.27 cm outer  
cyhnder  

MEASUREMENTS, OBSERVATIONS, AND RESULTS 

Current Wave Shape 

The circuit employed in observing current wave 
shape is shown in Fig. 1. The voltage supply available 
at  the t ime these data  were recorded had a max imum 
output  of 22.5 kv. The current wave shapes shown 
throughout  this paper  have, for their axes, ordinates 
proportional to current, and abscissae proport ional  
to time. The t ime between the left and right vertical 
grid lines (i.e., the 0 and 1Oth horizontal divismns), 
uifless otherwise noted, is 3 X 104 microsec The  
ordinate scale is of interest in relative magnitudes 
between wave shapes of a given set, and is the same 
for a given set, unless otherwise noted (its value is 
about  10 microamp/ver t ica l  division) These coordi- 
nate scales shall be referred to hereafter as "normal . "  

Fig. 2 shows a typical set of current wave shapes 
for polyethylene-insulated wire in a conducting outer 
cylinder. Fig. 3 shows current wave shapes for bare 
central wires. 

To examine what  p r imary  contribution the poly- 

FIG. 3. Cur ren t  vs. t i m e - - b a r e  cent ra l  conductors  in a i r  

ethylene might  make  to the wave shapes (in the 
sense of interracial polarization, etc.) when it is pa r t  
of the dielectric circuit, some observations of current  
wave shapes for polyethylene alone were made.  This  
was accomplished by  excluding air f rom the concen- 
tric arrangement.  The 0.462-cm (0.182-in.) wire was 
covered along a central section, about  30.5 cm (12 
m.) in length, with several coats of conducting silver 
paint.  When dry, this painted surface was a t ight ly-  
fitting, outer conductor. With  this a r rangement  as 
the coaxial specimen, photographs of the current  
wave shapes were made. These are given in Fig. 4. 

Measurement of Total Charge 

Employing a ballistic galvanometer ,  measurement  
of the total  charge flowing to the coaxial arrange-  
ments  of polyethylene wires in the two outer cylin- 
ders was obtained for various voltages up to 30 kv.  
The Ayr ton shunt was used to assure a constant  
value of damping,  and one which was very closely the 
critical damping resistance for the ga lvanometer  
used The shunt was used throughout  at a mul t ip ly-  
lng power of unity.  Since, for a given ar rangement ,  
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:FIe~ 6 Voltage vs charge--polyethylene-insulated wire 

FIG 4 Current vs time--polyethylene-insulated w~re 
i n  ttght-fittmg outer cylinder 

:FIG 5 Voltage vs charge--polyethylene-insulated wire 

the external circuit parameters are not changed, the 
deflection of the galvanometer is directly propor- 
tional to the total  charge which flows, provided only 
that  the time of charge flow is much less than the 

:FIG. 7 Capacity bridge clrcmt 

period of the galvanometer (10). This is realized in 
these measurements since the time for charge flow is 
of the order of 0.02 sec, and the period of the galva- 
nometer is 30.5 sec. 

Fig. 5 and 6 show plots of initial deflection of the 
ballistic galvanometer (in centimeter on a scale l -  
meter  distant) as abscissa vs. applied voltage as 
ordinate. The abscissa is directly proportional to  
total charge. Each point represents the average of a t  
least three observations. The deviation is not greater  
than 3 %. 

Auxiliary Observations 

Using the General Radio 716-B capacity bridge, 
the General Radio beat frequency oscillator 713-B, 
and associated apparatus connected as in Fig. 7, 
capacity measurements were made using a substi tu- 
tion technique. With the circuit opened at [A], the 
bridge was balanced with the 0.004-~f capacitor and 
the 500-kilohm resistor in parallel in the unknown 
arm. The specimen arm was then connected, and the  
capacitor, Cs, was readjusted to balance the bridge. 
The direct voltage was then slowly raised from 0 to 
22.5 kv, while watching the oscilloscope for a change 
in the balanced condition. 
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In  the case of the 0.318-cm (0.125-in.) brass rod in 
the 1.27-cm (0.5-in.) outer cylinder, the bridge 
became unbalanced a t  a voltage very  close to theo- 
retical corona onset value, the amount  of unbalance 
(as est imated from the ampli tude of the signal on the 
oscilloscope) increased as the voltage was increased. 
When the 0.292-cm (0.115-m.) polyethylene-insu- 
lated wire replaced the brass rod and the same pro- 
cedure was followed, a m o m e n t a r y  unbalance was 
observed as theoretical corona onset voltage was 
reached, but  the balanced condition was reestab- 
lished in less than  1 sec. The bridge settings remained 
untouched. As the direct voltage was further  m- 
creased, similar unbalances were observed, but  these 
also returned to the balanced condition m a short 
t ime (less than 1 sec) without  any  external changes 
to the apparatus .  These same observations were 
noted for bridge frequencies from 1000-20,000 cps. 

TABLE I. Corona onset values ,n kv for the 
geometries znvestzgated 

(A-C values are given as peak, i e,  X/2 X rms) S.I.C. 
for polyethylene taken as 2 35 

CENTRAL 
TOR 462 CM. 

CYLIND~'t 

A C .  DC 
23 15 

18 3 

AG DC 
17 81 

POLYETHYLENE INSULATED 
292 GM. 

21 3 

to ,[ ~176 
16 51 

BRASS 
.,,~175 CIK 

173 

AG.  I DG 
17 0 16 8 

12.1 

A.C I DC .  
12 Ol 12 0 

COPPER 
2055 CM 

M 
O 

15.0 

A.C. I DG. 
14 85 15 0 

11.29 

A C  OC. 
65 I I 

60 CPS and D-C Corona Onset Measurements 

Measurements  of corona onset voltages were made 
for the configurations for which a normal  type  
corona could be observed. The results are given in 
Table  I along with the calculated values. Onset was 
determined by  a microammeter  m series with the 
specimen in the d-c case, and a neon bulb across 
par t  of a series resistance for the a-c case. An audible 
hiss accompanied the onsets observed. 

D I s c u s s i o N  OF RESULTS 

Examinat ion of the charging current vs. t ime 
curves for the various configurations reveals that ,  for 
values of voltage well below calculated corona onset, 
the shape of the curve is the exponential form, antic- 
ipated ior a capacitor in series with a resistor. In  the 
ideal case, where there is no inductance present,  the 
initial ampli tude of such a current form is given by  
E / R ,  where E is the magni tude of the step function 
voltage wave, and R is the series resistance; further- 
more, the rise is instantaneous and the exponential  
decay begins distinctly at the peak  ot the initial rise 

with no rounding of the peak. However,  due to the 
finite inductance present in any  physical  network,  
these ideal conditions are only approximated,  and 
there is noted the rounded peak and initial slope of 
the leading edge. This departure  f rom ideal is also 
contributed to by  the form of the step function 
voltage wave, itself an approximation.  

As the ampli tude of the applied voltage approaches 
the predicted onset value for the configuration (see 
Table  I) ,  secondary peaks are observed. These occur, 
in time, a few milliseconds after the initial peak. I t  is 
to be noted here tha t  the voltage actual ly appear ing 
across the coaxial cylinders is not  the step function 
voltage wave, but  something of the form of an 
increasing exponentml whose asymptot ic  ampli tude 
is equal to the ampli tude of the step function voltage 
applied. In  fact, the voltage across the cylinders vs. 
t ime would closely resemble the current wave form 
inverted. 

These secondary peaks occur in all cases when the 
applied voltage ampli tude is ul the vicinity of cal- 
culated corona onset. In  the case of the bare center 
conductor, however, as the voltage exceeds the 
corona onset value, the current stops decreasing with 
t ime and assumes a s teady value whose magni tude is 
determined by  the applied voltage and the geometry.  
Tha t  is, the magni tude of the s teady corona current 
is tha t  value for which the potential  drop in the 
series resistance, subtracted from the applied voltage 
amphtude,  leaves a value of voltage across the 
cylinders which is equal to or greater  than  the 
crihcal corona onset value. For  the insulated wires, 
no such s teady-sta te  value is ever observed; regard- 
less of the form and number  of the secondary peaks, 
the current magni tude tends toward zero with 
increasing time. From the t ime scale on the current  
vs. t ime curves, it is seen tha t  the current is essen- 
tially zero within 3 • 104 microsec for the insulated 
wires (the value being somewhat  different for each 
configuratmn due to small differences in geometric 
capacity) 

Any s teady current beyond this t ime would be due 
to interfacial polar lzat lon--d-c  leakage and /o r  
volume conduction ul conjunction with a corona 
discharge. 

T h a t  polyethylene has practically no mterfacial  
polarization could be assumed after examination of 
the published da ta  of dielectric constant vs fre- 
quency, which is essentially constant from d.c. to 
well beyond 100 megacycles/see. 

Interfacial  polarization manifests itself as a drop 
in the dielectric constant accompanied by  an increase 
in the absorption (loss) (11). This occurs within the 
lower frequency end of the electromagnetic spectrum 
for materials  with high resistivities (polyethylene 
has a resist ivity of the order of 10 ~5 ohm-cm). 
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The results obtained show that  for polyethylene 
alone there is no indication of appreciable steady- 
state current. 

The maximum voltages employed on the 0.462-cm 
(0.182-in.) polyethylene wire alone exceed the maxi- 
mum stress when this wire is employed in the normal 
air-surrounded configurations. Hence, any contribu- 
tion to the charging current wave shape by the 
polyethylene, in a primary sense, would be repro- 
duced here for the polyethylene alone. There is no 
indication that  anything of the correct order of 
magnitude is present from these data. 

Surface leakage current over the specimen and 
apparatus would be observed on these same data. 
Examination reveals tha t  if any surface leakage, 
volume conduction, and /or  lnterfacial polarization 
exist in or on the dielectric circuit studied, their 
magnitude combined is too small to be observed by 
the techniques employed here, and for the purposes 
of this investigahon they can be considered negli- 
gible. 

From the data of the polyethylene alone, it is 
clear that  any internal discharges (due to voids, for 
example) would appear on the current-time trace 
as discontinuities in the exponential decay. Austen 
and Haeket t  (12) report these void discharges in 
extruded polyethylene cable, occurring at a maxi- 
mum stress of 46.9 kv / cm for 50 cps. This  stress 
corresponds to 7.8 kv applied to the 0.462-em (0.182- 
m.) polyethylene wire alone; from the data no 
such discharges are observed for the direct volt- 
ages employed. The discharges reported by Austen 
and Hacket t  occur in the order of 10 -7 sec, and 
hence if these occur in the 0.462-cm (0.182-in.) wire 
used here, they might not be seen due to time con- 
sideratlons alone. Furthermore, it is quite likely that, 
since the mechanisms of the a-c and d-c discharges 
are somewhat different, the void discharges may not 
occur at all in the d-e case for this value of stress. 

If the secondary peaks of the current wave shapes 
are not due to primary contributions of the poly- 
ethylene, then they must be due to temporary 
breakdown of the air surrounding the inner cylinder, 
this breakdown becoming permanent  m the case of 
the bare center conductors when the applied voltage 
exceeds the corona forming gradient In the case of 
the polyethylene-insulated wire, some mechanism 
exists which prevents permanent  breakdown of the 
air for applied d-c potentials exceeding the critical 
value. The fact tha t  the air molecules actually are 
ionized when voltages exceeding the critical value 
are applied should lead to an increase in the total  
charge that  would flow in the circuit if they did not 
ionize. This is, in fact, verified by  the results of 
applied voltage vs total  charge (measured with a 

ballistic galvanometer) for the configurations em- 
ploying polyethylene wire and air. 

The slope of the voltage vs. total  charge plots is 
proportional to the reciprocal of the effective capae- 
i ty  of the configuration during the time of charge 
flow. I t  would be expected then that  the capacity 
would be different at voltages above critical corona 
value. This was observed as a transient condition ill 
the capacity measurement using the superposltlon 
technique described. When the charge stopped 
flowing, the effective capacity returned to its 
previous value. For  the bare conductor as the 
central member, when the direct voltage exceeded 
the critical corona value, there was a maintained 
change in capacity as long as the direct voltage was 
applied. 

THEORY AND CONCLUSIONS 
The criterion for a self-sustained corona discharge 

about a conductor, at  a positive direct voltage, may  
be written [after Loeb (3)] as 

( r  ) ~f exp a d x  = 1 
C r  

Where f = factor giving the number of photons pro- 
duced by an electron avalanche capable of photo- 
ionizing the gas; r = the geometrical chance factor 
that  these photons will ionize the gas molecales and 
build up the discharge, the expression 

(expLr+ac~ d.c) 

represents avalanche formation due to ionization by 
a single electron as it moves from a + r in the gap 
to r (the surface of the corona-forming electrode); 

= the first Townsend coefficient, representing the 
number of ionizing collisions per unit  pa th  length m 
the direction of the field. The position r + a is the 
location in the gap at which the field is great enough 
to give a a value different from zero. 

When the electron avalanche arrives at  the anode, 
it is absorbed; in its wake it has left many  excited 
atoms and positive ions. Production of other elec- 
trons to initiate new avalanches is due, according to 
the classical Townsend theory,  to positive ion 
bombardment  of the cathode. Loeb (3, 5, 13) and 
English (14) present evidence tha t  this is not neces- 
sary, but  tha t  photo-ionization of the gas due to 
photons emitted from excited gas atoms is sufficient 
to produce the required electron to trigger the next 
avalanche. This electron must  occur in the gap at a 
distance r + a, or greater, m order to satisfy the 
previously mentioned criterion. The only further 
requirement is tha t  the applied field be maintained 
in the gap so tha t  a shall not  become zero. 

In the preceding sequence, the surface at r was a 
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conductor. If this conductor is now covered with a 
good insulator, such as polyethylene, then the elec- 
tron avalanches reaching this surface cammt be 
absorbed, e i theJconduct ively through the dielectric, 
or as absorbed charge in the interracial sense. They  
must, therefore, reside on the surface and, as such, 
become a negative surface charge on the dielectric 
(perhaps a space charge very closely surrounding the 
dielectric). The field, due to this surface charge, will 
be superimposed on the field due to the apphed sys- 
tem voltage. This clearly reduces the field strength 
in the gap. If the resultant field ~s still high enough 
to give a a value &flerent from zero, so that  another 
avalanche may  follow, then this electron avalanche 
succumbs to the same fate as its predecessor, and the 
charge contained m it adds to the prewous surface 
charge to further lower the electric field strength in 
the gap. By this process, a condmon is reached where 

is negligibly small, and no more avalanches are 
possible at the same apphed voltage. 

If the voltage is now increased, more negattve 
charge builds up around the insulating surface, and 
equlhbrmm is again established in the gap. This 
process of increasmg voltage is culminated when the 
dielectric strength of the insulation has been reached 
due to the resultant field. What  is occurring in the 
configuration is tha t  the electric field in the air gap 
is being maintained at, a value just below critical 
0 .e ,  approximately 30 kv/cm) by the surface 
charge process, whereas the field m the dielectric is 
much greater than would normally exist without the 
surface charge. A simple calculatmn reveals tha t  only 
1 particle m 10 t2 need be ionized to supply sufficient 
charge to reduce the field strength below corona 
value for the configuratmns used here. The stress at 
breakdown for the N.R.L. data (Appendix I) is of 
the order of 3000 kv /cm in the polyethylene. Al- 
though this seems quite h~gh, it is known tha t  in 
highly uniform geometries the intrinsm dielectric 
%rength may  be approached, and this for good, 
solid dielectrics is in the range of 107 volts/cm. I t  is 
quite likely that  this ratio of electric stresses of 
about 100:l in the configuration is the answer to why 
the outer cylinder size of the N.R.L. data makes 
only a small &fference in the rupturing value of 
applied direct voltage required for the concentric 
arrangement of polyethylene wire in air. When the 
dielectric breaks down, the surface charge in the 
vicinity of rupture is absorbed by the inner conduc- 
tor, and breakdown of the total gap follows by  the 
previously described mechanism. 

The first pulse (after initial peak) observed on the 
current traces presented m the data corresponds, 
therefore, to the arrival of the voltage applied to the 
coaxial cylinders, to a value which allows an ava- 

lanche to occur in the gap. The secondary pips on 
the current traces are secondary avalanches which 
may occur only for higher voltages since now a sur- 
face charge exists on the polyethylene (the voltage 
across the cylinders is increasing approximately in 
an exponential fashion, as noted earlier). The field in 
the gap is distorted due to surface charge; these 
secondary avalanches, therefore, are not  as sharp or 
well-defined as the nfitial one. 

In the case of the 60 cps applied voltage, normal 
corona is observed. This is in agreement with the 
theory set forth here since, m the a-c case, the d-c 
volume conductivity of the dielectric is not im- 
portant,  and the necessary current is of the displace- 
ment type, not requmng transport  of charges 
through the dmlectric, but  only &splacemcnt of 
electrons or positive ions m the dmlcctric itself about 
their equilibrium positions. 

For  bare wires in air, with coaxial symmetry,  
pulses on the current vs. t ime curves are also ob- 
served. These are similar to those observed for the 
polyethylene-insulated wire, except tha t  when the 
voltage across the cyhnders exceeds the value 
corresponding to corona formation, corona is ob- 
served m the normal sense. Brown (t5) reports tha t  
when a secondary cylinder is introdu('ed between, 
and insulated from, a bare wire and its outer cyhnder, 
the &rect voltage apphed between the wire and outer 
cyhnder may  exceed many times the predicted 
corona onset value without observing corona m the 
normal sense. This is, in fact, due to a lowering of the 
gradmnt about  the eentral wire caused by the mitml 
breakdown charge residing on the mtermedmte 
cyhnder (the charge on the cylinder being of the same 
sign as the polarity of the central wire). 

The pulses observed on the current traces pre- 
sented here tha t  occur at voltage values below crit- 
ical corona onset magnitudes are probably what  
Loeb (3, 13) terms pre-onset streamers and burst  
pulses, due in part  to ambient ionization below 
avalanche-forming gradients. 

CONCLUSIONS 3 

From the arguments presented in this paper, the 
fo]lowing conclusions may be drawn: 

(_4) There exists no gross discrepancy in either the 

3 I t  is to  be expected t h a t  insu la tors  o ther  t h a n  poly- 
e thylene  should behave  in a s imilar  m a n n e r  under  the  condi- 
t ions  described herein,  provided they  possess comparab ly  
h igh values of volume res is t iv i ty .  No observa t ions  were 
made  for the  wire negat ive.  Since the  mechanisms for posi- 
t ive  and  negat ive  corona are considerably different, no con- 
clusions concerning the  negat ive  case can be made  here In  
speculat ion,  knowledge of the  behav io r  of po lye thylene  
under  posi t ive ion b o m b a r d m e n t  is required Such informa-  
t ion is no tab ly  lacking in the  avai lable  l i te ra ture .  
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a c c e p t e d  d -c  d i e l ec t r i c  s t r e n g t h  of air ,  or  t h e  L a w  of 

C o r o n a  as  a p p l i e d  here .  

(B)  T h e  p h e n o m e n a  d e s c r i b e d  a t  t h e  o u t s e t  h a v e  

b e e n  e x p l a i n e d  in  t e r m s  of f u n d a m e n t a l  p rocesses .  

(C) T h e  d a t a  o b t a i n e d  a re  in a g r e e m e n t  w i t h  th i s  

e x p l a n a t i o n .  
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corona was observed during the measurements  which were 
performed in air under atmospheric conditions. The  wire 
is the 0.463-cm (0 182-m ) d iameter  polyethylene-insulated 
conductor  used in the experimental  work described in this 
paper  

Large cylindm (18 in I D.,  36 in. long) - - D u r i n g  these 
tests the voltage was increased from 0 to 240 kv  at  the sate 
of 100 kv /min ,  held at 240 kv  for 2 min (if breakdown had 
not  yet  occurred), and then increased at  100 k v / m m  unti l  
breakdown occm red 

Breakdown voltage for w~re No of samples 
kv 
190 1 
220 1 
240 3 
260 1 
270 1 
280 1 
290 3 
300 1 
310 1 
32O 1 

Small cylinder (0.68 in. I .D  , x 8 m long) - - R a t e  of rise 
procedure same as tha t  given above for large cyhnder.  

Breakdown voltage for w*re No. of samples 
kv 
170 1 
200 1 
220 1 
240 3 
275 1 
310 1 
320 1 
330 1 

Small  cylinder (0 68 in. I D x 8 in. long) - - D u r i n g  these 
tests the voltage was increased from 0 to 240 kv  a t  rate of 50 
k v / n n n ,  held at  240 kv  for 2 m m  (if bIeakdown had not  
previously occurled),  and then  increased a t  50 k v / m m  
until  breakdown occurred. 

Breakdown voltage for w~re No. of aamplea 
kv 

240 5 
260 1 
275 2 
28O 1 
285 1 

In  addi t ion to the above, a few tests were made with a 
small cylinder having a{6 I D. These tests gave a voltage 
scatter  a t  breakdown in the same range as given for the two 
cylinders above These data  seem to indicate tha t  the size 
of the cylinder is not  much of a factor in the breakdown 
voltage. 
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A B S T R A C T  

A method  is descnbed  for producing accura te ly  registered,  fine-detail pa t t e rn s  of 
color phosphms  ior use in making  screens for color t e l ewsmn cathode ray  tubes  The  
me thod  is photographic  m na ture ,  and  the  desired phosphor  p a t t e r n  is produced by  
i l r a d l a t m g  a th in  film of a p h o t o s e n s m v e  resin mater ia l  conta in ing  d~spersed phosphor  
wi th  an appropr ia te  h g h t  p a t t e r n  and developing the  p a t t e r n  by  s ta tab le  means  

INTRODUCTION 

One of the impor tan t  aspects of color television 
research is the development of practical and econom- 
ical methods for the construction of color television 
kinescopes for picture &splay The phosphor screen 
m color kinescopes is much more complex than  the 
screen m any other type of cathode ray tube This 
paper  desmlt)es the preparat ion of color television 
screens by  a novel method using commercmlly 
avmlable matermls  and relat ively inexpensive 
equipment  

~:~EQUIREMENTS 

Phosphor screens for color television tubes conmst 
of finely detmled &sclete pat terns  of three &flerent 
color-emitting phosphors. These pat terns  may  be m 
the form oi circular dots or thin hnes. On a s('reen 
measuring 9 in. x 12 m ,  these dots would have a 
diameter  of about, 12 thousandths  of an inch. 
Similarly, a hne screen would have lines of about  this 
thickness The location and size oi these dots or lines 
must  be accurate within a thousandth  of an inch over 
the entire screen area. A tube employing the shadow 
mask  principle ~s shown disassembled in Fig. 1. 
The screen for such a tube has a mosaic pa t te rn  of 
(lots of three different phosphors Details of the 
pa t te rn  are shown m Fig 2. A short distance from 
the screen, toward the gun end of the tube, there is a 
thin, perforated metal  mask which is parallel to the 
screen and of nearly the same area. For  each hole m 
the mask there ~s a corresponding tno  of phosphor 
dots Three electron guns are mounted  symmetr ical ly  
about  the axis of the tube. The guns, mask,  and dot- 
ted screen are so positioned tha t  the electron beam 
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from each gun, when deflected, is directed through 
the holes m such a way as to strike dots of one color 
only. Thus, by  modulat ing the current m each beam, 
the relative magni tudes of the pr imary  colors emit ted 
by the tri-dot element can be adjusted so tha t  the 
desired visual color for tha t  element is produced by  
physical mixture. Sat isfactory performance of the 
tube depends upon accurate registration of the 
electron guns, the perforated metal  mask,  and the 
dotted screen plate 

Several methods have been proposed for preparing 
such screens, e g ,  settling phosphor through masks,  
silk-screen printing, letterpress printing, and elec- 
trostatic printing. To date, the silk-screen process is 
the only published method (1) whwh has been 
successiully applied to color-screen preparation.  The 
photobmder  process, whmh will be described m this 
paper, has also been used successfully to prepare 
screens for the shadow-mask tricolor kinescope The 
method is photographm in nature,  and the perfo- 
rated shadow mask of the tube itself, or a photo- 
graphic reproduction of the mask, ~s used as the 
master  pat tern.  

In  the photobinder process, a photosensit ive 
resin binder is blended into a paste with one of the 
color-emitting phosphors. The paste is applied to the 
glass screen plate in a thin film by  knife coating or 
other suitable means. Light  from a suitable small- 
area source is allowed to pass through the opemngs 
of the master  pa t te rn  in an exposure device, exposing 
p o m o n s  of the film. The exposure dewee is pos> 
tioned m such a way tha t  the exposed portion of the 
film will constitute the desired dot pa t te rn  for the 
particular phosphor being used. Then the unexposed, 
and hence unfixed, areas are washed away by  a sol- 
vent.  The entire process is then repeated for each of 
the phosphors to be applied. When the dot pa t terns  
for all three colors have been obtained, the light-fixed 
photosensitive binder is removed by  baking at  i00~ 
and a permanent  silicate binder is applied by  spray- 
ing 
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F~o 1. Exploded mew of shadow mask color kinescope 

FIG. 2 Portmn of tricolor phosphor screen with one-dot, 
two-dot, and thlee-dot patterns, showing succesmve stages 
of mosaic dot pattern, natural raze, and enlarged. 

Resist Matemals 

The use of photosensitive resist materials is well 
known, especially in the field of graphic arts. Photo- 
graphically fixed gelatin-type matermls are used to 
prepare halftone and line reproductions for press 
printing. Photo stencils, which are used extensively 
in silk-screen printing, and photo-offset printing are 
also based on the use of photographically set mate- 
rials of various types. 

I t  was proposed at these laboratories to use such 
resist materials directly on the glass screen plates 
either as a contact stencil or, if a suitable material  
could he found, as a photosensitive temporary  binder 
for the phosphor, permitting direct photographic 
reproduction of the dot pat tern  on the glass screen 
plate. The method which was most promising, and 
which has been successfully developed, is the one 
using the photosensitive material as a temporary  
binder for the phosphor. 

The criteria for a suitable photosensitive vehicle 
are: (a) adequate photosensitivity; (b) noninterac- 
tion with the phosphor materials; (c) suitable vis- 
cosity and other theological properties to give stable 
dispersions of phosphor; (d) ease of incorporation 
into a practical coating system; (e) absence of 
interfering residue. 

Several photosensitive materials were tested and 
one is being used successfully to prepare color 
screens. The materials tested were: (a) gelatin 
(photographic); (b) polyvinyl alcohol; (c) polyvinyl 
acetate; (d) Kodak Photosensitive Lacquer (an 
experimental material manufactured by  Eas tman 
Kodak  and available on special order). 

A number of other materials exhibit the photo- 
chemical sensitivity required, but  the investigation 
was hmited to the materials readily available. I t  is 
possible that  additional research will lead to bet ter  
and more effective systems. The material which was 
successfully used was Kodak  Photosensitive Lacquer 
(KPL).  All of the materials investigated were 
suitable in every respect except for the requirements 
tha t  the material should leave no interfering residue 
and have no effect on the phosphor or tube life. 
However, a residue develops with all of the materials, 
other than KPL,  since the required sensitization is 
effected by  use of ammonium, potassium, or sodium 
dichromate, any one of which leaves a chromic 
oxide residue on ignition. In addition, these materials 
themselves leave a residue after firing at  400 ~ -500~ 

Additional research is required on gelatin and the 
polyvinyl resins to find new sensitizers and to obtain 
high puri ty  materials and thus make them useful 
systems. In contrast, the Kodak material  has a 
volatile sensitizer incorporated, leaves no residue 
after bakeout at 400~ or lower, and has all the 
other required characteristics. K P L  and polyvinyl 
acetate require an organic solvent such as trichloro- 
ethylene or a ketone for the process, whereas the 
others are water soluble. 

A solution of KPL,  which was 30 % solids by  weight, 
was used to make up the phosphor pastes. The 
composition of the paste was approximately 25 % 
K P L  (dry), 25% phosphor, and 50% solvent. After 
preliminary stirring, this mixture was blended by  
passing through a three-roll ink mill. The  viscosity 
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of the resulting paste ranked from 1000-5000 centi- 
poise, depending on the particular phosphor, and the 
paste offered no problems in knife coating. 

The phosphors employed were Sylvama ~ 160 
green (zinc orthosflacate), ~150 red (zinc phos- 
phate), and /~170 blue (calcmm magnesium sili- 
cate). 

Coating Process 

The photosensitive resist materials which were 
used in this investigation are relatively unaffected 
by ordinary room illumination. Nevertheless, to  
avoid complications, all steps of the procedure 
through the development of the exposed pat tern  were 
carried out an darkened rooms under red safelight. 

In the investigation of coating problems, a thin 
film of the phosphor paste made from one of the 
various photoresists was applied to a glass plate with 
one of the various types of knife coaters, and the 
coated plate was then allowed to dry m air. A Bradley 
blade was employed for some of the test work. To 
meet the requirements of televlmou tube face plates, 
a special knife-coating fixture was designed for coat- 
ing flat glass panels with curved outlines. The device, 
which as illustrated m Fig. 3, features a shding flat 
plate with a concave curved end. With the coating 
blade resting on this plate, the kmfe coater is filled 
with the phosphor paste. As the blade shdes toward 
the screen plate, the concave edge of the shdmg plate 
meets the convex edge of the screen plate and is 
held there while the blade continues across the ~creen 
plate. Th~s makes at possible to d() the complete 
coating operation w~th a stogie stroke. 

The knife-coating process occasionally resulted in 
nonuniform coating weights over large areas This 
was traced to variations in glass flatness. To over- 
come this, a spray coating system ~s now raider 
investigation that  should produce more satisfactory 
coatings. The spray coating method uses a traversing 

FIG. 4. Spray coating device 

spray mechanism with a wide-angle spray gun and a 
pressurized can. As shown in Fig. t ,  the fan-shaped 
spray Js aligned across the panel, and the traverse 
moves the gun along at right angles to the alignment 
of the fan spray. By  control of the can pressure and 
feed rate, a relatively umform film can be attained. 

Exposure and Development 

Several different methods of exposure were em- 
ployed. In the first, the panel was exposed with the 
emulsion side m contact  with a negative of the 
required pat tern.  In the second, the panel was 
exposed from the emulsion side by point-hght shadow 
projection, an optacal analogy to the mtuation in the 
shadow-mask tube. In the third, the panel was 
exposed from the glass rode by point-light shadow 
projection (see Fig. 5). Thus method gave the best 
over-all results because good adherence of film to 
glass resulted from the exposure at the glass-emulsion 
interface. In addition, the dot raze was photograph- 
ically reproduced. This was not the case in either 
method of emulsion-side exposure, probably because 
of light scattering in the emulsion. 

Exposure from the glass side introduces a slight 
uncorrectable displacement in the pat tern produced 

FIO. 3. Knife touter in use FIG. 5. Exposure arrangement in photobinder process 
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FIG 6 Retl'aCtlve eu'or in shadow projection through 
glass Curve A--compensuted to zero at edge, crave B-- 
compensated tor inln~mum dewatlon 

by the refractmn in the glass. The magmtude of this 
displacement can be calculated Fig. 6 gives the 
location error vs. distance trom the center of the 
screen for a particular setting of the exposure devwe. 
The maximum error can be reduced to a value which 
is neghg~ble by suitable design of the geometry of the 
exposure device. In the present case, the maximum 
error in dot location due to refraction is less than 
0 0003 m. 

The apparatus actually employed is shown in 
Fig 7. It consists of a vertical optl('al bench with a 
precision milling machine table attached to the base. 
The hght s:)urce is a Sylvalua 300-walt zu'comum, 

enclosed, concentrated are lamp This lamp has a 
crater 0.116 in. in diameter. A crater of this size 
produces shadowed dots of adequate size to be 
covered by the electron beam m the tube. The master 
pattern can be either the aperture mask or a photo- 
graphic reproduction of it. The coating, exposure, 
and developing are earned out with the screen 
panel and aperture mask clamped together ni such a 
way that  the outside of the screen plate faces the 
side of the aperture mask which faces the guns m the 
finished tube. To position the dots for the different 
colors, the milling table is used to move the aperture 
mask and screen assembly relative to the arc lamp. 
The distance traversed by the mflhng table in this 
operatmn is about 0.3 m. and is measured to the 
nearest thousandth 

The distance from the arc lamp to the master (or 
aperture mask) is calculated from the desired pattern 
size, usuig the known spacing between the screen 
plate and the aperture mask and the thickness and 
refractive index of the screen panel The refractive 
effects taking place at the glass-air lliterface enter 
into this calculation. When the spacuigs used are 
essentially those to be used in the color tube, the 
uncorrectable deviation due to refra<'tmn is less than 
0.0003 hi. (see Fig. 6) 

The exposure tmle for ea('h batch of each coh)r 
phosphor is determined by a step exposure. The 
emulsion )s exposed for the appropriate length of time 
and the film is deveh)ped by washing away the un- 
exposed areas with a suitable solvent (trwhloro- 
ethylene) The washing was done In several ways, 
including a condensing vapor type solvent wash, 
unmerslon m solvent, and a flush spray, the last was 
found most effective The panel is recoated, the 
table is indexed to the position for the second set of 
dots, and the exposure is repeated for a tame appro- 
prmte for the second phosphor The procedure is 
repeated for the third phosphor. 

After all three sets of dots have been developed, 
the photosensitive binder is removed by baking the 
plate at 400~ for several hours The phosphor 

Fxo. 7. Optical bench for point shadow projection 

TABLE I Color and brtghtness measurements for green 
phosphor No. 160 (z~nc orthosilicale) 

B i n d e r  

Control 
Kodak Photosensmve 

Lacquer 
Polvvmyl alcohol 
Gelatin 

R e l a t w e  b r i g h t -  
ness ,  % of c o n t r o l  . . . .  

100 

96 
39 

9 

Colo r*  

--02[60 -Y 0 715 

0 260 I 0 725 
0 262 I 0 720 
0 185 I 0 540 

* Chromaticity values, based upon the color measure- 
ment system of the International Commission on Illumina- 
tion. 
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deposit is very fragile at this point and the screen 
is sprayed with a 14 % solution of potassium silicate, 
using an air brush, to form a permanent binder. The 
subsequent operations are: (a) floating on a lacquer 
film; (b) alumlmzmg by high vacuum evaporatmn, 
(c) baking out lacquer film. These operations have 
been summarized elsewhere in the literature (2). 

Luminescence of Experimental Screens 

Three sets of panels were prepared with the green 
phosphor (zinc orthosilicate), using Kodak Photo- 
sensitive Lacquer, polyvinyl alcohol, and gelatui, 
respectively, as binders. The luminescent output and 
color of the KPL sample were not s~gmficantly 
different from the control, a liquid-settled panel. 
However, the efficiency of the polyvinyl alcohol and 
gelatin panels were markedly reduced, being, re- 
spectively, 39% and 9% that of the control; the 
color of the gelatin panel was also changed as shown 
by the chromaticity values. These results are sum- 
marized in Table I. 

Test runs on full-size color screens showed that the 
KPL screens can give uniform screens with brightness 
comparable to screens prepared by the silk-screen 
method. Registration of the several sets of dots was 
excellent, and the reproduction of the dot size and 
location was photographic within measurcable hmits. 

CONCLUSION 

The photobmder technique for the preparation of 
mosaic phosphor patterns for color kinescopes offers 
considerable promise. By its nature, it is more precise 
than the silk-screen method, and it may be useful in 
overcoming the lack of interchangeability of units in 
the matching tube members, particularly in the case 
of the aperture mask of the shadow-mask tube. 

The technique is apphcable to the production of 
other mosaic surfaces m tubes, e.g., memory tubes, 
where precisely registered and accurately sized 
areas of sensmve materials are required. 
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Electrolytic Reduction of  Benzoic, Phenylacetic,  and Cin- 
namic Acids and Esters at a Platinized-Platinnm Cathode 
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Department of Chemistry, Naniwa Unwerszty, Osaka, Japan 

ABSTRACT 

A study has been made of the electrolytic reduct ion of certain aromatic calboxylic 
acids and esters at a p la t imzed-pla t inum cathode (Pt-pt)  in alcohohc sulfuric acid so- 
lutmn 

I t  was found tha t  the reductmn at a P t - p t  cathode was qmte  different from tha t  pur- 
sued at a lead or a mercury cathode At a P t - p t  cathode, the reductmn of benzoic, phenyl-  
acetic, and cmnamlc acids and esters gave rise to cyclohexyl compounds In no case was 
the carboxyl group reduced. 

A spemal s tudy of the electrolysis at  a P t - p t  cathode under  elevated pressme was 
made The results confirm the catalytic na ture  of the process. 

INTRODUCTION 

Numerous studies have been made of electrolytic 
reduction of benzoic (i), phenylacetic (2), and cin- 
namic (3) acids, using high hydrogen overvoltage 
cathodes, such as Pb, Cd, Hg, and Hg-Zn cathodes, 
but no attempt has been made to determine the effect 
of platinlzed-platinum cathode (Pt-pt) on them, 
except in the case of cmnamlc acid (4). 

This has now been done. I t  has been found that  
the reduction of these acids at a Pt -pt  cathode in 
alcoholic sulfuric acid solution gave rise to cyclo- 
hexyl compounds, but  no alcohols. The esters also 
gave the corresponding cyclohexyl compounds. 

Earlier work showed tha t  the reduction of benzoin- 
(i) and phenylacetic- (2) acids at a Pb cathode gave 
benzyl- and phenylethyl-alcohols, respectively. Cln- 
namic acid at a Hg or a Pb cathode produced bl- 
molecular compounds as well as phenylpropiomc 
acid, but  no phenylpropyl alcohol With cinnamic 
acid it has now been found that  the reduction of the 
double bond took place first, and then that  of the 
benzene ring. The carbonyl groups in these com- 
pounds were quite resistant to the catalytic action of 
a Pt -pt  cathode I t  is also of interest tha t  the inter- 
position of a CH2 or a CH~CH2 linkage between 
phenyl- and carboxyl- groups has no essential influ- 
ence on the course of reduction. 

Differences in the electrolytic reduction using Pb 
and Pt -p t  cathode are summarized in Table I. 

I t  is apparent  tha t  the course of the reduction at a 
Pt-pt  cathode contrasts sharply with tha t  pursued 
at a Pb or a Hg cathode. The characteristic proper- 
ties of the P t -p t  cathode have been mentioned by  
several authors as follows. 

1 Manuscr ip t  received January  7, 1952 This paper was 
prepared for delivery before the Det ro i t  Meeting,  October 
9 to 12, 1951. 
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Fichter and Stocker (5) and also Bancroft  and 
George (6) observed the formation of cyclohexanol by 
the electrolytic hydrogenation of phenol using a 
Pt -pt  cathode, and ~t was stated that  a Pt -pt  cathode 
had a specific effect on the hydrogenation of phenol. 
Sitaraman (7) found that  the 3-isomeric cresols gave 
the corresponding methylcyclohexanols and methyl-  
eyclohexanones. 

Wilson (8) suggested that  there were ('lose analo- 
gies between the prepared cathodes of P t  or N1 and 
catalytw hydrogenation in the reduction of sorbic 
acid and beta-vlnylacrylic acid. Thus the reduction 
of sorbic acid at a Pt -pt  cathode gave considerable 
amounts of 2-hexenoic acid and the fully saturated 
hexoic acid, whereas Hg or Pb cathode produced 
only a mixture of 3- and 4-hexenoic acid. This author  
pointed out tha t  catalytic hydrogenation must pro- 
ceed through electrically neutral  intermediates, 
whereas electrolytic reduction may or may  not, since 
it  proceeds only in ionizing media Much more 
important  must  be the condition of the hydrogen on 
the surface of the P t -p t  cathode. 

In the present experiments, judging from the fact 
tha t  (a) benzene rings were hydrogenated rode- 
pendently of the distance from the carboxyl group, 
and (b) both benzene rings in phenyl and benzyl 
esters were hydrogenated at the same time, it can be 
said that  the reduction at a P t -p t  cathode takes 
place independently of the proton affinity of parts of 
the molecules. I t  is probable, therefore, tha t  the 
reduction, under these conditions, revolves the 
combination of an active center of the organic 
molecules with a chemisorbed hydrogen atom, in 
the manner  envisaged by  Horiuti  (9). 

Little at tention has been paid in the past to the 
effect of external pressure on electrolytic reduction of 
organic compounds. Ipatiev, el al. (10) measured the 
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TABLE I. Effect of cathode on reduction of various groups 
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Group 

Cathode 
Compound 

--COOH 

~ --CH2- COOH 

~ --CH~-~-CH COOH 

/ \ /~- -CH2.  COOC2H5 

- - C ( ) O - - C H ~ - - / ~  

~ - - C H ~ C H  CO() C H . , ~ . .  

%; 

Pb Pt-pt 

+ 

- + 

+ 2  

+ 

+1 

Pb 

\ / 
C C / \ 

O // 
--C \ 

OI-I 

+1 

+,  

o 
_c/ /  \ 

I O - - ( A r  ) 

Pb Pt-pt 

+1 

+ 2  

Note + and - indicate reduciblhty and nonreduclbflity, respectively, -h and -[-i give the order in which the groups are 
reduced. 

overvoltage on the P t -p t  in acid and alkaline solu- 
tions under pressures up to 100 arm. They  observed 
tha t  the potential  of the cell increased with pressure. 

Assuming tha t  the reduction at  a P t -p t  cathode 
consists mainly in a catalytic mechamsm,  there could 
be a correlatmn between the reduction products  and 
the external pressure. Since no da ta  are available, the 
present series of experiments was designed. 

EXPERIMENTAL 

Materials.--Benzoic and phenylacetic acids (C. P. 
products) were purified by  recrystallization. Cln- 
namic acid and esters were prepared by  s tandard 
methods. The mp or bp of samples was as follows: 

__A~ Ethyl ester 

Benzoic I 122 I 87-8/10mm 
Phenylacetic 1~ 124-5/18mm 
Cinnamic 144-5/16 mm 

Phenyl Benzyl ester 

' e71r ] 1 4 5 _ 7 s t e / 5  lnm 

42 172-4/12 mm 
72 195-8/5 mm 

Reduction technique.--The catholyte was 75, 50, 
40, and 28 % of sulfuric acid to which ethyl  alcohol 
had been added. A sheet lead anode was used. The  
plat inized-plat inum cathode was prepared as follows. 
A pla t inum (100 cm 2) cylinder of gauze or sheet was 
platinized by  electrolysis of platinic chloride solution 
(3 grams of platinic chloride in 100 ml of distilled 
water  and 0.03 gram of lead acetate added). 

The usual type  of electrolytic cell was used. The  
porous cup (17 cm x 4.6 em, Japan  Chemical Ce- 
ramic Company,  permeabil i ty,  3.94 X 10 -4 cm/sec,  
porosity,  57.31) was used as a cathode compar tment ,  
and the cell was immersed in a water  ba th  to main-  
rain the desired temperature .  The samples were 
dissolved in alcoholic sulfuric acid solution and 
placed in the cathode chamber.  Sulfuric acid was 
used as an anolyte. Current  density was varied 
between 0.5 and 6.5 a m p / d m  2. 

In  the case of reduction under  high pressure, the 
electrolytic cell was placed in an autoclave especially 
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des igned  for th is  pu rpose  (Fig.  1) and  h y d r o g e n  was 
a l lowed to  en te r  to  a l i t t l e  more  t h a n  the  des i red  
pressure .  T h e  va lve  be tween  the  t a n k  a n d  b o m b  was 
t hen  closed and  cu r r en t  was swi tched  on. 

Isolahon and characterzzahon of products.--When 
the  r educ t ion  was  comple ted ,  the  ca tho ly t e  was 
d i lu t ed  wi th  w a t e r  a n d  e x t r a c t e d  wi th  e ther .  T h e  
e the r  ex t r ac t s  were col lected,  washed  wi th  water ,  and  
d r i ed  over  a n h y d r o u s  sod ium sulfa te .  The  e the r  was 

C. 

F m  1 Autoclave specially designed for pressureelectrol- 
ys~s A--porous cup, B--electrolytic cell, C--cathode, D - -  
safety dmk, E stirring motor, F-- rubber  packing, G--gas 
inlet, T--maxmmm theHnometer 

e v a p o r a t e d  and  the  res idue  was d i s t i l l ed  u n d e r  
d imin i shed  pressure  T h e  f rac t ions  o b t a i n e d  were  
cha rac t e r i zed  a n d  weighed .  T h e  p h y s i c a l  p r o p e r t i e s  
of cyc lohexy l  c o m p o u n d s  o b t a i n e d  are  shown in 
T a b l e  I I .  

Tgpzcal Experiments 

(a) Phenylacetzc aczd.--13.5 grams  (0.1 mole)  of 
p h e n y l a c e t l c  acid  was d~ssolved m 40 ml  of e t h y l  
a lcohol  and  40 ml  of su l f imc  ac id  (50 %) and  p laced  
in the  ca thode  chamber .  Sulfur ic  ac id  (30%)  was 
used as  an  a n o l y t e  A cu r ren t  of 2 0 a m p  was passed  
for 14 hr  ( theore t i ca l  for 13.6 g rams  p h e n y l a c e t i c  
acid,  16.1 a m p  hr) .  T h e  t e m p e r a t u r e  was  k e p t  be-  
tween  25~176 

W h e n  the  r educ t ion  was  comple ted ,  t h e  c a t h o l y t e  
was d i lu t ed  wi th  50 ml  of w a t e r  and  e x t r a c t e d  wi th  
e ther .  The  e the r  e x t r a c t s  were  washed  wi th  w a t e r  and  
d r i ed  over  a n h y d r o u s  sod ium sulfa te .  Af t e r  e v a p o r a t -  
ing the  e ther ,  the  res idue  was d is t i l led  u n d e r  d imin -  
i shed pressure  g iv ing  two  f rac t ions :  (f~) 65~176  
m m  H g  (10.2 g rams)  a n d  (f : )  114~176 m m  Hg.  
Re d i s t i l l a tmn  of (f~) gave  e thy l  cyclohexyla<.etate ,  
bp  68~176  m m  Hg,  D 25 = 0.9475, n 25 = 1.4472, 

TABLE I I  Ph,/sical constants of reducttoz~ prodl,'ls 

Compound 

C6HuCOOH 
C ~H,,CH_,COOH 
C~HuCII~CH~, 

COOH 
C6HuCOOC~,H~ 
C~H,,CH.~COOC~H~ 
C 6HuCHeCH., 

COOC2H5 
CbHuCOOC~II,~ 
C6HuCH:CH: 

C()OC+tIt, 
C6HnCH.)COOCH., 

CGHu 

(~ Hg) 

I 29 ] 

11 132-3/9 0 9966 
80 5-81 5/11 0 9525 

68-70/6 

92-94/8 
60-62/7 

72-75/6 

70-73/8 

0 9475 

0 9674: 
0 9517 

0 9741 

0 9765 

25 
n D 

1 4658 
1 4398 
1 4472 

1 4488* 
1 4395 

l 4700 

I 4510 

* a t  20~  

TABLE I I I  Effect of c~.~ent dcnsttt/--(a) ethql benzoate 
Catholyte ethyl benzoate, 10 g; ethanol, 50 ml, 75% 

sulfuric acid 30 ml, temp'  25~176 quanti ty of current: 
16 ~mp hr, cathode Pt-pt ,  gauze, (100 cm 2) 

Current density 
Run No (amp/din2) 

1 
2 
3 
4 
5* 
6* 

0 8  
1 2  
2 0  
3 0  
4 0  
6 0  

Yleldl Current 
efficiency (%) ~%) 

78 8 52 8 
78 0 52 2 
60 5 40 5 
65 3 43 7 
74 0 49 5 
74 0 49 5 

Ethyl  hexahydrobenzoate * Temp 35~176 Y,eld 
is calculated oil consumed depolarize1 Cmrent  efficmncy is 
tile percentage of current used ~n producing tile product. 
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and (fl) was distilled again under dammished pres- 
sure giving bp 117~176 m m  Hg, mp  30~ 
identified as cyclohexylacetic acid. 

(b) Ethyl benzoate (under pressure).--Ten grams 

T A B L E  IV Effect of current dens~ty--(b) ethyl phenylacetate 
Catho ly te  ethv1 pheny lace ta te ,  10 grams;  e thanol ,  

50 ml ,  75% sulfurxc acid, 30 ml;  q u a n t i t y  of cu r r en t :  16 
amp hr  ( theory 9 8 amp h r ) ,  temp" 25~176 ca thode .  
P t - p t ,  gauze (100 cm 2) 

Run No. Current density Yieldt Current efficiency (amp/dm 2) (%) (%) 

1 
2 
3 
4 
5* 
6* 

0 5  
1 0  
2 0  
3 5  
5 0  
6 5  

76 0 
56 8 
56 8 
63 6 
63 6 
66 5 

46 6 
34 8 
34 8 
39 0 
39 0 
40 7 

t E t h y l  cyclohexylacetate .  * Temp 40~176 

T A B L E  V E Dect of current denstty--(c) phenqlacettc actd 
Catho lv te  phenv lace t l c  acid, 13 6 grams,  e thanol ,  40 

ml ,  50% sulfuric acM, 40 ml ,  q u a n t i t y  of c m r e n t  28 amp 
hr  ( theory 16 1 amp h r ) ,  t emp 30~176 cathode,  P t - p t ,  
sheet  (100 cm 2) 

Run No 

1 
2 
3 
4* 
5* 

Current density 
(amp/dm-') 

1 0  
2 0  
3 0 
4 0  
5 0 

Ymldt Current 
efficiency (%) (%) 

76.5 44 0 
80 2 46 1 
74 6 42 9 
77 5 44 6 
75 5 43 4 

Cyclohexylacet~c acid tmd its e thyl  ester .  * TemI) 
40~176 

(0.67 mole) of e thyl  benzoate was dissolved in 50 
ml of ethyl  alcohol and 30 ml sulfuric acid (75 %) 
and placed in the cathode chamber.  Sulfuric acid 
(50 %) was used as an anolyte.  The electrolytic cell 
was placed in the autoclave and hydrogen was 
admi t ted  to 20 a tm  pressure. The reduction was 
carried out a t  a current density of 1.2 a m p / c m  ~ for 
16 amp hr (theoretwal for 10 grams ethyl benzoate, 
10.7 amp hr). 

During reductmn, the tempera ture  in the cell was 
uncontrolled, but  a max imum thermometer  inserted 
in the catholyte showed tha t  this had not been 
higher than  25~ 

The catholyte was diluted with water, neutrahzed 
with sodium carbonate,  and extracted with ether. 
The ether was evaporated and the residual solution 
was distilled under diminished pressure. The fraction 
bp 78~176 m m  Hg was ('ollected. Redistlllation 
gave bp 80.5~176 m m  Hg, D~ 5 = 0 9525, n~ 5 -- 
1.4398. Saponification with 20 % alcohohc potassium 
hydroxide gave a hexahydrobenzoic acid, mp 28~ 

(c) Cinnam~c acid to hydroc~nnamw acid.--Cin- 
namic acid (7.5 grams) in 75 % sulfuric acid and 
alcohol solution was electrolyzed with 6.0 amp hr of 
current (theoretical for 7.5 grams of cinnami(' acid, 
2 7 amp hr) and gave (f~) 3.5 grams, bp 140~176 
m m  Hg, mp  48~ (f2) 1.5 grams, bp 159 ~ 64~ 
m m  Hg, mp 85~ and (fi) 1 3 grams, unchanged 
cinnamie acid. The (fl) was recrystallized from lig- 
roin, mp 49~ ~dentlfied as hydrocinnamic acid. I t  
was shown tha t  (f  o) was a mixture of hydrocmnamie  
and clnnam~c acids. 

(d) C~nnamw acid to cyclohexylpropwmc acid . - -  

T A B L E  VI.  Effect of aczd concent~ahon--(a) benzotc, phenylacet~c, and c~nnam~c actds 
Catho ly te :  compound,  0.1 mole;  e thanol ,  40 ml ;  sulfuric acid, 40 ml ,  t e m p  30~176 ca thode :  P t - p t ,  sheet ,  (100 cm 2) 

Run No. Compound 
(g) 

B e n z o i c  

(12 3) 
Benzoic 

(12 3) 
Phenylace t ic  

(13 6) 
Phenylace t ic  

(13 6) 
Phenylace t le  

(13 6) 
C l n n a n l l C  

(14 s) 
Cinnamlc  

(14 8) 
Cmnarnic  

(14 s) 

H2b04 
(%) 

28 

75 

28 

50 

75 

28 

40 

75 

Current density 
(amp/dm~) 

1.0 

1.0 

2.0 

2.0 

2.0 

3.0 

3.0 

3 0  

Product* 

) (g) 

5.0 4 4  

8.1 1.8 

6.0 6.0 

9.5 3 0  

10.5 1.5 

4.0 6.0 

6 8  6 0  

11.4 2 2 

Ymld 
(%) 

66.0 

66.0 

77.5 

77 5 

72 5 

60.0 

76.0 

76.5 

Current ei~clency 
(%) 

53.1 

53 1 

44 6 

44.6 

41 7 

42 8 

54 2 

54 6 

Q u a n t i t y  of cur ren t -  Run  No 1-2, 20 amp hr  ( theory  16.1 amp hr) 3-5, 28 amp hr  ( theory  16 1 amp hr)  6-8, 30 amp hr  
( theory 21 4 amp hr) .  

* Produc ts  f , ,  e thy l  esters  of cyclohexyl acads;f2,  cyclohexyl acids 
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C i n n a m i c  ac id  (7.5 g r a m s )  in  75 % su l fu r i c  ac id  a n d  

a l coho l  s o l u t i o n  w a s  r e d u c e d  a t  3.0 a m p / d i n  2 fo r  5 

h r  ( t h e o r e t i c a l  fo r  7.5 g r a m s  c i n n a m i c  ac id ,  10.8 

a m p  hr)  a n d  g a v e  (a) bp  9 1 ~ 1 7 6  m m  H g ,  5.7 g r a m s ,  

a n d  (b) bp  1 2 4 ~ 1 7 6  m m  H g ,  1.0 g rams .  T h e  f r a c t i o n  

T A B L E  VII .  Effect of acid concentratzon--(b) ethyl benzoate 
Catholy te :  ethyl  benzoate,  10 grams, ethanol,  50 ml ;  

sulfuric acid, 30 ml; temp 40~176 quant i ty  of current,  
16 amp hr (theory 10 7 amp hr);  cathode Pt -p t ,  gauze, 
(100 cm 2) 

Run H2SO4 
No (%) 

1 40 
2 75 
3 80 
4 96 

Current 
density 

(amp/dm 2) 

2 0  
2.0 
2.0 
2 0  

Yield* 
(%) 

58.7 
64 5 
65.4 
64 5 

Current 
efficmncy 

(%) 

39 3 
43 1 
43 7 
43 1 

* E thy l  hexahydrobenzoate 

TABLE V I I I  Effect of temperatu~e--(a) ethyl benzoate 
Catholyte  ethyl benzoate,  10 grams, ethanol,  50 ml,  

75% sulfuric acid, 30 ml; quan t i ty  of current- 16 amp hr 
(theory 10.7 amp hr);  cathode Pt -p t ,  gauze, (100 cm 2) 

Current Yield* Current 
Run Temp density (%) efficmncy 
No (~ (amp/dm 2) (%) 

7-11 
25-30 
55-60 

8-10 
25-30 

4.0 
4 0  
4.0 
2 0  
2 0  

54.8 
74.0 
76 0 
43.3 
60.5 

36 6 
49.5 
50.8 
29 0 
40.5 

* E thy l  hexahydrobenzoate  

T A B L E  IX.  Effect of temperature--(b) phenyl benzoate 
Catholyte .  phenyl benzoate,  10 grams, ethanol,  70 ml;  

75% sulfuric acid, 30 rnl; quant i ty  of current:  20 amp hr  
(theory 16 2 amp hr);  cathode Pt -p t ,  gauze, (100 cm 2) 

Current Yield* Current 
Run Temp density efficiency 
No. (~ (amp/dm 2) (%) (%) 

1 30-35 5 0 19 8 16 0 
2 45-50 5 0 24.6 19.9 
3 50-55 5 0 34 0 27 5 

* Cyclohexyl hexahydrobenzoate.  

T A B L E  X. Effect of daratzon of reductwn of ethyl benzoate 
Catholy te .  e thyl  benzoate,  10 g~ams, ethanol,  50 ml;  

75% sulfuric acid, 30 ml; current densi ty:  4.0 amp/dm2; 
temp.  30~176 theoret ical  amount  of current 10 7 amp hr 

Run No. 
Duration o~ run 

(hr) (amp hr) 

4 0 16.0 
5.O 20.0 
6.0 24.0 
7.5 30 0 

Yxeld* 
(%) 

74 0 
73 0 
72.0 
74 0 

Current 
efficlency 

(%) 

49.5 
39 1 
32.1 
26.4 

* E thy l  hexahydrobenzoate.  

(a),  D ~  ~ = 0.9674, a n d  n~ ~ = 1.4488, w a s  i d e n t i f i e d  

as e t h y l  c y c l o h e x y l p r o p i o n a t e .  

(e) Phenyl c~nnamate.--Phenyl c i n n a m a t e  (11.2 

g r a m s )  m 7 5 %  su l fu r ic  a c i d  (30 ml )  a n d  a l c o h o l  

(50 ml )  w a s  e l e c t r o l y z e d  a t  a c u r r e n t  d e n s i t y  of  1.0 

a m p / d i n  2 fo r  20 h r  ( t h e o r e t i c a l  fo r  11.2 g r a m s  of  

p h e n y l  c i n n a m a t e ,  16 a m p  hr )  a t  2 5 ~ 1 7 6  T h e  

T A B L E  X I  Effect of pressure--(a) ethyl benzoate 
Catho ly te '  ethyl benzoate,  10 grams, ethanol,  50 ml;  

75% sulfuric acid, 30 ml,  quan t i ty  of current .  16 amp hr 
(theory, 10 7 amp hr),  cathode Pt -p t ,  gauze, (100 cm 2) 

Pressure 
Run No (atm) 

1 (H2) 
10 (H-") 
20 (H~) 
10 (He) 
20 (It-") 
30 (H~) 
40 (H2) 

Current 
density 

(amp/dm 2) 

4O 
1 2  
1 2  
4O 
4.0 
4.0 
4.0 

30-35 
20-25 
20-25 
30-35 
30-35 
30-35 
30-35 

Yield* 
(%) 

74 o 
84 5 
85 5 
75 0 
75 0 
77 0 
73 1 

Current 
el~- 

clency 
(%) 

49 5 
56 5 
57 2 
50 2 
50 2 
51 3 
49 0 

8 20 (CO..,) 2 0 25 30 64 5 43 2 
9 40 (CO..) 2 0 25-30 58 6 39.2 

* E thy l  hexahydrobenzoate.  

T A B L E  X I I .  Effect of pressure--(b) phenylacehc aczd 
Catholy te  phenylacet ic  acid, 13 6 grams, ethanol ,  40 

ml,  50% sulfuric acid, 40 ml,  quan t i ty  of current  28 amp 
hr ( theory 16.1 amp hr) ,  temp 40~176 cathode P t -p t ,  
sheet, (100 cm 2) 

Pressure of 
Run No. hydrogen 

(arm) 

1 1 
2 15 
3 25 
4 35 
5 25 
6 40 

Current 
density 

(amp/dm ~) 

5 0  
2 0  
4.0 
4O 
5O 
5 0  

Yield* Current 
efficmncy (%) (%) 

75 5 43.4 
75 5 43 4 
77 0 44 3 
75 5 43.4 
78 2 45 0 
77.0 44 3 

* Cyclohexylacetlc  acid. 

T A B L E  X I I I .  Effect of pressure--(e) c~nnamzc aezd 
Catholyte  cinnamlc acid, 7 5 grams, eth,mol, 60 ml ;  

sulfuric acid, 20 ml,  temp 25~176 quan t i ty  of cur rent :  
15 amp hr (theory 108 amp hr),  cathode P t -p t ,  sheet,  
(100 cm 2) 

Pressure of 
Run No. hydrogen 

(atm) 

1 1 
2 15 
3 3O 
4 1 
5 35 
6 45 

Current 
density 

(amp/din 2) 

3 0  
3 0  
3 0  
5.0 
5 0  
5 0  

Yield* Current 
efficiency (%) (%) 

60 3 43.4 
62 8 45.2 
69 3 49 9 
74 5 53.6 
74 5 53 6 
7O 5 5O. 8 

Note-  Concentra t ion of sulfuric 
28%, Run  No. 4-6, 40%. 

* Cyclohexylproplomc amd. 

acid. Run  No. 1-3 
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r educ t ion  gave  cyc lohexyl  cyc lohexy lp rop iona te ,  
bp  72~176  m m  Hg,  D~ 5 -- 0.9741, n~ 5 = 1.4700. 
Saponi f ica t ion  wi th  20% a lcohohe  p o t a s s i u m  hy-  
droxide  so lu t ion  gave  cyc lohexy lp rop ion ie  acid,  
m p  16~ and  cyclohexanol .  

RESULTS AND DISCUSSION 

E f f e c t  o f  curre~d deT~s~ty - - I t  was found  t h a t  b e t t e r  
y ie lds  could  be o b t a i n e d  a t  lower cu r ren t  dens i t ies .  
Th is  is shown in Tab l e s  I I I ,  IV,  and  V. 

E f f e c t  o f  aczd concen t rahw~ - - I t  m a y  be seen f rom 
the  d a t a  in Tab l e s  V I  and  V I I  t h a t  s t ronge r  ac id  
so lu t ion  caused the  f o r m a t i o n  of es te rs ,  o therwise  
ac id  concen t ra t ion  had  no no t i ceab le  influence on 
the  reduc t ion .  

E f f e c t  o f  t e m p e r a t u r e - - I t  is seen in Tab l e s  V I I I  
and  I X  t h a t  the  r educ t ion  was f avo red  b y  h igh  

t e m p e r a t u r e s .  
E f f e c t  o f  d u r a t w n . - - T a b l e  X shows t h a t  y ie ld  of 

p r o d u c t  was a lmos t  i n d e p e n d e n t  of d u r a t i o n  of t he  
run.  C u r r e n t  efficiency fell, of course,  as the  run  was 
p ro longed  b e y o n d  the  t heo re t i ca l  t ime .  

E f f e c t  o f  p r e s s u r e . - - A  special  s t u d y  was unde r -  
t a k e n  of the  effect of h igh  pressure  in t he  course of 
the  r educ t ion  I t  is seen in Tab les  X I  to  X I I I  t h a t  
the  r educ t ion  was favored  a t  h igh h y d r o g e n  pres-  
sure, a l t hough  the  effect was no t  great .  Assuming  
t h a t  the  r e d u c t m n  a t  a P t - p t  ca thode  proceeds  b y  
a c a t a l y t i c  mechan i sm,  i t  wou ld  be expec ted  t h a t  
pressure  wou ld  increase  t he  r a t e  of r e d u c t i o n  of 
organic  compounds .  T h e  resul t s  ob ta ined ,  however ,  
a re  i r regular .  More  de t a i l ed  conclusion m u s t  awa i t  
fu r the r  resul ts .  
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ABSTRACT 

Specml problems are encountered in designing cables to transfer power horn the bus 
system to the electrodes ot arc furnaces The reqmrements for cable are outlined and a 
brief study made of the various types used The development ot water-cooled cables 
is traced, and data are g~ven on constructmn, current ratings, hfe expectancy, and other 
characteristics The conclusion is that thin type of cable is a practical solution of the 
problems encountered. 

INTRODUCTION 

Water-cooled flexible leads, consisting essentially 
of a flexible conductor inside a flexible metal tube 
wlth suitable terminals and water passage, have been 
m use for many years. One of their most important 
applications pertains to calcium carbide furnaces. 

The electrlcal resistance of a calcium carbide 
furnace is low (usually between 1200 and 2500 
mmrohms, depending on the power taken and the 
nature of the charge) In order to obtain a satisfac- 
tory power factor, it is therefore necessary to limit 
the reactance to a corresponding value. Since react- 
ance is directly proportional to frequency, it presents 
a greater problem in the design of 60-cycle furnaces 
than it does for furnaces with power supphed at lower 
frequencies. The reactance, X, equals 2 ~r fL ohms. 
The inductance, L, depends mainly on the slze, 
shape, length, and arrangement of current-carrying 
parts. 

Fig. 1 and 2, showing schematically the arrange- 
ment of low-voltage connections to the electrodes of 
a carbide furnace designed for low reactance, serve to 
show the advantage gained by the use of water- 
cooled flexible leads. Current supplied by trans- 
former [2] is carried to the contact shoes, [10], on the 
electrodes, [11], [12], and [13], by interlaced bus bars, 
[3], and uninterlaced connections, [7], [8], and [9], 
including water-cooled flexible leads, [16]. Single 
circuits are indicated, whereas in practice multiple 
circuits, with a corresponding number of electrode 
contact shoes, are used. Minimum reactance is 
obtained mainly by (a) making all parts of the cir- 
cult as short as practicable, (b) the use of multiple 
circuits, (c) carrying the interlaced (alternatively 

Manuscript received April 16, 1953. This paper was pre- 
pared for dehvery before the New York Meeting, April 12 
to 16, 1953. 
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plus-minus) bus bars from the transformer to points  
as near the electrodes as practicable, and (d) by 
completing the delta connections at the electrodes. In 
thin arrangement of current-carrying parts, the 
flexible leads are exposed to the radiant heat of the 
furnace and, therefore, they must  be water-cooled. 
If, alternatively, flexible leads made with multiple 
thin copper strips or bare stranded conductors are 
located outside the furnace, the length of the uninter- 
laced connections is increased with a correspondnig 
uicrease in reactance. 

Further  advantages are gamed in the use of water- 
cooled flexible leads ff they can be mounted m the 
form of an upright arch, as indicated in Fig. 2. The 
height of the horizontal connections between the 
interlaced bus bars, [3], and the electrode, [13], is 
determined by the amount of clearance under them 
that  is required for furnace operation. Since flexible 
lead [16] is self-supported, when its terminal connec- 
tlons are arranged to hold it in an arched potation it 
may  be installed as indicated. In  order to obtain the 
same clearance with a suspended flexible lead, it 
would be necessary to raise the interlaced bus bars, 
[3], together with the horizontal tube, [9], and to 
increase the length of tube [19]. The self-supported 
flexible lead of this design therefore provides means 
for reducing the length and, consequently, the 
reactance of the electric elrcmt. Another advantage 
of the arched position is that  the flexible lead has a 
minimum exposure to the radiant heat of the furnace 
and to damage by tools used m the operation of the 
furnace. 

The development of a self-supported water-cooled 
flexible lead statable for low-frequency electric 
furnaces is the main subject of this discussion. 

Consideration of means for making the flexible 
leads self-supported when mounted in an arched 
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position led to the choice of a design in which this 
eharaeteristic is obtained by  the use of one or more 
flat strips of resilient metal  which make  the leads 
flexible in a longitudinal plane at right angles to the 
flat surfaces of the spring strips and comparat ive ly  
rigid in a transverse direction. 

Four arrangements  of the spring strips, comprising 
suecessive steps in the developmeIit,  are il lustrated 
by  Fig. 3 to 6. The results of accelerated aging tests 
are tabulated in Table I. 

Fig. 3 and 4 serve to illustrate the ar rangement  of 
the component  parts  of both  flexible leads I and I I ,  
Table  I. As indicated in Fig. 3, a conventional water- 
cooled flexible lead, consisting of flexible conductor 
I10] soldered in receptacle [9] of terminal [5], having 
water  passages [6]-[7]-[8]-[15] and outer flexible metal  
tube [30], is provided with spring strips (phosphor- 
bronze), [20] and [25], firmly fixed to the terminals,  
[5], by means of silver solder. Fig. 4 is a sectional view 
of this arrangement.  The spring strips make the 
flexible lead self-supported when its terminal  connec- 
tions are made to  hotd one end in the position indi- 
cated by  Fig. 3, and the cable is looped around later- 
ally to a similar parallel terminal in suitable spaced 
relation. Since in a bend of this shape one spring strip 
is longer than  the other, a flexible lead of this design 
must  be fabricated and maintained with a predeter- 
mined shape of bend, i.e., with suitably spaced 
terminals either parallel or inchned toward one 
another  a t  a predetermined angle. 

FLEXIBLlg LlgAD I 

The first flexible lead of this design was made with 
only one spring strip located on the under side of the 
flexlble conductor and having its ends brazed to the 
conductor strands at the terminals. An accelerated 
aging test was made on a test lead of this design with 
results as shown m Table I.  The testing apparatus  

3 
< I 

! 

FIG 1 Low voltage connectmns for a calmum carbide 
furnace 

was made to hold the terminals vertical  and parallel  
and with a suitable bending diameter.  With  one 
terminal  fixed, the other terminal  was moved up and 
down a distance of 3 ft until failure occurred, water  
pressure being maiutalned throughout  the test.  The 
tabula ted  results show the number  of cycles and the 
distance traveled by the moving terminal  before 
leakage of the cooling water  occurred. 

Although measurement  of the movemen t  of ear- 
bide furnace electrodes indicated tha t  flexible leads 
with a test  performance equal to tha t  of flexible 
lead I might  remain in service two or three years 
without  trouble, in practice it was found tha t  leakage 
occurred after  only about  six months  of operation. 
Through breakage of the conductor strands to which 
the spring strips were brazed and by other causes 
the spring strips became displaced, thus failing to 
support  the flexible leads in a uniform arch and 
causing wear on the outer flexible tubes with final 
leakage. 

The discrepancy between the actual  life and the 
life expectancy based on test  results is accounted for 
by  the difference between furnace operat ing condi- 
tions and test  conditions. The flexible lead on test  

3  25 i J25 
, . ,  

, , / t  . , , / 

FIG 2 Low voltage connections for a calcmm carbide 
furnace 

TABLE I Results of accelelated aging tests on self-supported 
flexzble leads 

Ref No 

I 

I I  

I I I  

IV 

Descrlptton 

1 spring strip in water pas- 
sage 

2 spnng strips in water pas- 
sage 

Spring at center of 4-seg 
ment conductor 

Spring at center concentric 
design 

Cycles 
traveled 
free end 

3,770 

|2,616 

[1,120 

H,594 

Trave led  
dis tance 

f t  

22,620 

75,696 

66,720 

189,564 
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was constantly held at  the bending diameter  for 
which it was made and with the spring strip flexing 
only in a vertical plane passing longitudinally 
through its center, whereas, because of l imited 
horizontal  movement  of the electrodes at  the eleva- 
t ion of the contact shoes, flexible leads in service were 
subjected to stresses resulting f rom changes in 
bending diameter  and alignment.  

FLEXIBLE LEAD I I  

The design of the flexible leads was then changed 
to tha t  shown in F~g. 3 and 4. The use of two spring 
strips, firmly fixed to the terminals,  served to give the 
flexible leads more adequate  support  and, at  the same 

~ 1o 

25 

t ime, the addit ional  spring strip reduced wear on the 
outer flexible tube caused by relative motion between 
the flexible conductor and the flexible tube. 

The accelerated aging test  indicated considerable 
improvement  as compared with flexible lead I.  I t  has 
been found tha t  the life of the lead in service was 
approximate ly  doubled by  the changes in its con- 
struction. However,  the spring strips still tended to 
become displaced with results as described above.  
I m p r o v e m e n t  was only in the length of service 
obtained before leakage occurred. 

FLEXIBLE LEAD I I I  

A further  development  of the flexible lead was 
made by  securing a single spring strip, [20], at  the 
center of a flexible conductor, [10], made in four 
segments as shown in Fig. 5. The assembly was held 
together with a neoprene-insulated binding wire, 
[35], which was also designed to prevent  fr, ctional 
wear on the inner surfaces of the flexible tubing. 

The accelerated aging test  (see Table  I)  nidlcated 
tha t  a flexible lead of this construction was not  
improved with respect to life expectancy. The test  
life was limited because of irregular bending of the 
outer flexible tube. The  flexible tubing tended to 
bend sharply a t  two or three points, with final failure 
caused by  leakage at  one of them.  I t  u as later 
found tha t  the i r regular i ty  of the flexing was caused 
by displacement of the binding wire, [35], Fig. 5. A 
wire braid is now used to hold the segments in place. 

~'LEXIBLE LEAD ~V 

Flexible lead IV (Fig 6) includes a flexible con- 
ductor with a core of unusual  constructmn. A strip 
of resilient metal ,  [20], is embedded at  the center of 

FIG. 3. Sectional views of self-supported flexible leads 

20 
10 

30 

15 

25 

FIG. 4 Sectional views of self-supported flexible leads 

3 0  
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20  
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FIG. 5. Sectional views of self-supported flexible leads 

3 0  

I0  

15 

2 0  

40 

FIG. 6 Sectional views of self-supported flexible leads 
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an elongated core, [40], of circular cross section and 
made of elastic mater ia l  such as neoprene. The  
flexible conductor, [10], is stranded around the core. 
The  cored conductor is then soldered into the ter- 
minals  and the outer flexible tubing is applied as 
indicated m Fig. 3. The results of the accelerated 
agmg test are shown m Table I.  

A number  of advantages  are derived from the con- 
centric construction of this flexible lead, ~ts essentml 
characteristic being tha t  the length of any element, 
except elastic parts ,  remains unchanged no mat t e r  
how the flexible lead is bent m a longitudinal plane at  
r ight angles to the flat surfaces of the spring strip. 
(A) The flexible lead m a y  be fabricated in straight  
lengths and supported in the form of an upr ight  arch 
with its terminals either v e m c a l  or inclined toward 
one another  at any desired angle, whereas a flexible 
lead having nonelastic elements of different bending 
radn must  be fabricated and mainta ined with a 
predetermined shape of bend, 1.e., with its terminals 
smtab ly  spaced and parallel or inclined toward one 
another  a t  a given angle (B) The flexible lead is 
adapted t.o accommodate  changes in the shape of 
bends and alignment such as occur in service. Lack 
of th~s proper ty  in other flexible leads referred to 
above introduced internal stresses whmh greatly re- 
duced their useful hfe. (C) The constructmn of the 
flexible lead ~s such tha t  none of ~ts elements can 
become d~splaced Deficiency in this respect has been 
a source of trouble with other water-cooled flexible 
leads as already related. (D) The electrical character- 
istics of the flexible conductor are improved as a 
result of its cored construction. This  feature is of 
par twular  importance because of the magni tude ot 
the currents earned (5-8 amp/1000 cir mils). 

Flexible leads of the concentric design have been 
in service for several months.  Their  length of life m 
service is not yet  known, but  the results of the 
accelerated aging test  indicate tha t  they should 
operate two to three years wi thout  trouble.  Failure 
on test  resulted f rom fatiguing of the metal  m the 
outer flexible tube with final cracking and leakage of 
the cooling water.  

I t  seems tha t  any further improvement  in the  hfe 
of these flexible leads will depend on improving the 
remstance to metal  fatigue in the outer flexible tub- 
rag. Flexibility is obtained by means of annular or 
helical corrugations and by  the use of meta l  having 
suitable thickness and resilience. 

I t  is suggested tha t  the resistance to fat igue of the 
metal  used in the construction of flexible tubing of 
this type might  be improved by  the use of meta l  
having two or more laminations separated from one 
another by a film or films of a suitable lubncant .  An 
tuner laminatmn of thinner meta l  would provide 
greater flexlbihty without  loss of mechanical 

strength.  The  object is t.o obtain a t i re-and-tube 
effect which will make  the tubing still serviceable 
after cracks form in the outer lamination and until 

the equivalent of a "blow-out" occurs. 

Flexible leads of the class referred to will operate 
without  trouble for much longer penods if made  with 
nonmetallic outer flexible tubing. Water-cooled 
flexible leads with neoprene outer tubes are being 
used. Unfortunately,  nonmetalhc tubes cannot con- 
tmuously  w~thstand the heat  of f a m e s  or the radiant  
heat  from furnace charges even when protected with  
asbestos fabric, as has been proven by trial. 

I t  ~s found tha t  ff water-cooled flexible leads, with 
outer flexible tubing made of metal ,  are mounted  in 
such a way tha t  they m a y  touch one another  or other 
objects at  a different electrical potential ,  they must  
be protected with insulation, such as tha t  prowded 
by asbestos sleewng, m order to prevent  damage  from 
arcing contacts. 

The main sources of trouble with a self-supported 
flexible lead of the type  described have been ehm- 
inated A long-felt need for a water-cooled flexible 
lead statable for low-frequency electne furnaces ~s 
therefore realized. 

The previous por tmn of this paper  dealt  w~th the 
development,  usage, charactenstics,  and advantages  
of self-supported, water-cooled furnace cables The 
other aspects of these cables which are pert inent  to 
this &scussmn are those of design and manufac ture  

DESIGN 

I t  has been found tha t  the requirements vary  to 
such an extent that. a new design must  usual ly be 
prepared for each application. However,  while the 
designs are all basically similar, there m a y  be con- 
siderable difference in details. 

The designer must  know, or must  determine from 
the operating engineers, certain limiting con&tions 
under which the cables are to functmn These include 
the electrode current, the vertma[ travel  required, 
the spacing between the bus bar  and the electrode 
termnials,  and any details regarding clearance, etc., 
which m a y  be applicable 

Usually, more than  one cable per electrode is 
reqmred to carry the current. A 3-phase 20,000 kva  
furnace m a y  draw as much as 75,000 amp/elect rode,  
and a mult iple cable system is obviously required. 
The number  of cables is often limited by certain 
features of furnace design. I f  so, a p r e h m m a r y  choice 
of eoiiductor size is made,  using current densities of 
from 5-8 amp/1000 circular mils of copper area. 
These correspond approximate ly  to current  densities 
of from 6000 to 10,000 amp/ re .  2 whmh are consider- 
ably higher than the average denmty of 1000 a m p /  
in2 often used m bus bar  design. However,  these 
current densities, or even higher ones, are satisfac- 
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tory  as long as there ~s sufficient cooling water  
available to carry away the heat  resulting from 
conductor losses, and as long as the cost of this heat  
loss can be tolerat.ed. Based on these values of cur- 
rent denmty, the closest standard conductor size to 
that required is calculated. 

The method of des~gumg the conductor is not of 
particular interest here except to provide good 
flexibility. This can be achmved by umng a large 
immber  of wires of mmealed copper stranded to- 
gether in the conventional manner  to form a flexible 
conductor. 

I f  the lurnaee is total ly  enclosed and near-normal 
ambmnt  tempera ture  condmons  prevail,  ~t ~s advan-  
tageous to use a reinforced neoprene hose whwh has 
almost  unhm~ted abil i ty to wi ths tand flexing. Tests 
similar to those previously described were carried out 
on a cable having a hose of this type,  and were 
concluded af ter  100,000 cycles of flexing without  the 
cable having failed. The remforcmg is necessary to 
operate the hose under water  pressure and must  be 
nonmeta lhc  to prevent  the flow of reduced currents 
which would overheat, the reinforcing mater ia l  and 
damage the hose. 

I f  the cable is to be subjected to excessive heat  or 
ff there is danger of "blow-outs"  of molten material  
from the furnace, a metalhc hose ~s used. The type 
which has proved most  successful is a seamless, 
flexible phosphor bronze hose No wire braid reln- 
foreement Js necessary on t.h~s hose because the ends 
are restrained against  longitudinal expansmn and 
because the pressures used are such tha t  the hose 
itseli has ample strength against  radial stresses. 

Knowing the conductor size, the designer can now 
calculate the approximate  diameter  of the terminals  
and demde on a size for the hose. This  must  be such 
tha t  the hose can safely wi ths tand continued flexmg 
at  the bending dimneter  corresponding to the re- 
qmred distance between the bus system and the 
electrode shoe. I f  this con&iron is not, satisfied, the 
conductor size, arid hence the number  of cables re- 
qmred,  must  be rewsed. 

The tenmnals  are usually machined from copper 
rod and m general conform to the style shown in 
Fig. 3, al though they m a y  be modified somewhat  to 
provide for different methods of making electrical 
and meehanmal connections to the turnace. Clamps,  
tapered fittings, and solidly brazed connections are 
s tatable connecting med~a. The  cross-sectional area 
of the water passages, [6J, [7], and [8], is made ap- 
proximately  equal to the area of the annular  space, 
[15], between the conductor and hose Only a mod- 
erate flow of water  is required under a pressure of 
30-60 psi. With  current densitms of the order pre- 
viously mentioned, a water  tempera ture  use of 
approximate ly  20 ~ F above retake tempera ture  is to 
be expected over the length of one cable. 

The only m a i n  po in t  left to consider is the length 
of the cable This is dei)endent upon the vertical 
t ravel  reqmred A simple ar i thmetical  calculation 
involving the travel  and mean bending diameter  
gives a m l m m u m  length for the hose. To this must, 
be added a certani amount  to insure tha t  the hose 
is not subjected to bending at the point of connection 
to the terminals under extreme posmons  of gravel In 
practice, the length of a ('able in its arched posit.ion 
is surprisingly short. The one with reinforced neo- 
prene hose is 4 ft  9 in m height. It. has a 1,500,000 
CM conductor, a 23~ in I D  hose, and is capable of 
a max imum safe travel  of 4 ft 9 m. 

Fm 7 Component paIts of a self-supported, water- 
cooled cable with segmental conductor 

MANUFACTURE 

I t  is evident from the preceding discussion tha t  
there are considerable differences in the various 
cables and, since relat ively small numbers  of these 
cables are made,  mass production or assembly li~m 
procedures are not usua~iIy p()Sslhle Therefore,  :t is 
necessary to design tools, jigs, and methods of 
assembly. 

Fig. 7 depicts the component  par ts  of a cable. The  
larger terminal  is intended for bolting to the elec- 
trode shoe, and the smaller one is intended to be 
fastened into a tapered fitting on the bus bar  system. 
The conductor m this case is of segmental  construc- 
tion, two flexible segments being laid on either rode 
of the support ing strip of spring phosphor bronze and 
held in position by a bronze wire braid. One end of 
this conductor is shown cut and prepared for inser- 
tion m the terminal.  The conductor is soldered into 
the terminals  while fixed in a jig of the correct 
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from oxidation will result if its tempera ture  exceeds 
3500-400 ~ F. There is thus a definite limit to the 
current which m a y  be carried by a given cable 
under known conditions 

These cables may  be of the usual c(meentric design, 
or they may  be annular.  The lat ter  construction 
decreases a l ternat ing current losses and increases the 
surface area so that ,  for eqmvalent  copper area, it has 
advantages  over the s tandard concentric design. The 
ammlar  eonstructmn is derived by  stranding wires 
concentrically around a core of asbestos, a spiral 
spring, or similar material .  Fig. 8 ~s a view of an 
asbestos-cored cable of 2,000,000 CM. I t  consists of 
756 wires of g 16 B&S mmealed copper stranded 
around a 3/4-m. asbestos rope There is little advan-  
tage to be gamed from using this constructmn m 
sizes less than 2,000,000 CM. Both s tandard concen- 
tric stranded and annular  cables must  be fitted into 
suitable terminals for a t t achment  to the furnace. 

Fm 8 2,000,000 CM asbestos-cored cable 

dimensions. F ( r  sh~ppmg, a clamp ~s fastened across 
the ends ot the ('able, between the two t~ermmals, to 
maintain it at  the proper bending dmmete r  until 
instal latmn Is complete. 

()TH 15R TYPES OF CABLES 

()ther types m use may be classified as: (A) water- 
cooled cables (a) supported by external means, and 
(b) unsupported, (B) bare cables (a) standard con- 
centrw stranded, and (b) special types, i.e., asbestos 
or spring cored 

A cable ~s said to be self-supporting if it can be 
installed m the form of an upngh t  arch without  
external means of support  This is the type ot (.able 
which has already been described. When external 
support  is reqmred, it usually takes the form of a 
system of pulleys and counterweights. Some cables 
are not supported and hang m a loop between the 
bus bar  and electrode. In  general, water-cooled 
cables of these types are subject to much the same 
l imttatmns regarding current carrying capaci ty  
length and bending dmmeters  as are self-supported 

cables 
Bare flexible leads are commonly used tor electric 

turnaees. Obviously, a proport ionately greater cross- 
sectmnal area of copper is required than for water- 
cooled cables Sufficient copper area must  be provided 
to mainta in  a heat  balance such tha t  the cable is 
not damaged by excessive temperature  rise. The 
cable is heated by resistance losses and by  radiant  
heat from the furnace, and th~s heat must  be &s- 
slpated into the air. Damage  of the copper conductor 

CONCLUSION 

In  th~s paper  the writers have a t t empted  to 
present certain data which have been accumulated 
over the past  15 years m desigmng, manufactur ing,  
and operatmg self-supported, water-cooled furnace 
cables. Several patents have been granted as a result 
ol this work. The authors do not contend, nor has 
expermnce shown, that this type of cable is to be 
preferred above all others for every installation. 
However, it is suggested that under certain eond~- 
tlons self-supported, water-cooled cables can be 
used to advantage. 

The following chai'a('terlstms have been men- 
tinned: 

1 The power factor  of the furnace can be im- 
proved by the use of short, interlaced mult iple bus 
circuits combined with short flexible connections 
between the bus system and the electrodes. High 
effective electrode t ravel  and low electrical reactance 
can he achmved by the use of arched cables. 

2 Fur ther  reductions m reactance can be achieved 
by maintaiuing these flexible cables in an upright  
arch so tha t  the length of all associated connections 
can be reduced to a minimum.  

3. Advantages are derived from support ing the 
cables in this manner  because the cable is far ther  
away from the heat  of the furimce. 

4 The need for any auxil iary supporting appara tus  
is ehmmated  by the use of self-supporting cables. 

5. More space is available for furnace operations 
because fewer cables are required and because more 
space is available directly over the "me l t . "  

These advantages  can only be fully realized when 
the cables can be operated with a reasonable freedom 
from maintenance and when the operating life is at  
least comparable to tha t  ot bare flexible leads. 
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Development has now progressed to such an extent 
that  the authors believe these conditions can be 
fulfilled. Several such mstallations are m use in 
Canada and others are contemplated in the' future 
in Canada, the United States, and Europe. 
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Low-Temperature Electrolytes 
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A B S T R A C T  

Da ta  are given for electrical conductivi ty,  freezing points, density, and viscosity of 
several solutions of calcium chloride, bromide, and iodide over the temperature  range of 
25 ~ to -60~  Halide solutions have the following euteetics:  calcium chloride, --55~ 
calcium bromide, --83 ~ ; and calcium iodide, --77~ The calcium iodide-water system has 
an incongruent melt ing point  at -23.5~ The electrical conductance-viscosi ty product 
shows considerable deviation from Walden's rule. 

PURPOSE OF THE INVESTIGATION 

The purpose of the investigation was to determine 
some of the physical propel%ies of calcium halide- 
water  systems over the tempera ture  range 25 ~ to 
- 6 0 ~  These systems show some promise as low- 
tempera ture  electrolytes. 

The phase diagram for the calcium chloride-water 
sys tem has been determined by  Rooseboom (1). 
Jones and Ge tman  (2) have recorded some data  on 
freezing points, electrical conductivities, refractive 
indices, and specific gravities of some dilute cal- 
cium halide solutions. No other da ta  are available 
for these systems. 

APPARATUS AND PROCEDURE 

The constant- temperature  cryosta t  used for den- 
sity and viscosity measurements  was similar to 
tha t  of earlier work (3), except tha t  the thermosta t -  
ba th  medium was alcohol instead of air. Tempera-  
ture was controlled within ~0 .2~  over the entire 
tempera ture  range. 

Density,  viscosity, and electrical conductivity 
measurements  were made in the manner  already 
described (3). Uncer ta in ty  of density values is less 
than  •  g/ml.  Uncer ta in ty  in relative viscosity 
values above - 2 0 ~  is less than  0.5 %; for lower 
temperatures  ( - 2 0  ~ to - -60~ uncer ta in ty  in- 
creases to about  3 %. 

Tempera ture  readings were t aken  with a ther- 
mometer  calibrated b y  a p la t inum resistance ther- 
mometer  which was calibrated a t  the Nat ional  
Bureau of Standards.  

The cryostat  used for special conductivi ty meas- 
urements  was similar to one previously used (3) 
except tha t  the inner Pyrex  tube was replaced by  a 
12-in. Pyrex  test  tube  suspended in the Dewar  after  
the desired tempera ture  had  been reached by  add- 

t M a n u s c r i p t  rece ived  Augus t  13, 1953. 
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FIG. 1. Freezing points of calcium halide solutions. 
�9 --CaCI~-H20 system (Rooseboom); �9  sys- 
t em;  D--CaI~-H20 system. 

T A B L E  I.  Melting points 

Temp, ~ ] MoleT% Temp, ~ ] Mole % 
i 

Getman and"Jones ,data I Data this investigation* 

Calcium bromide-water system 

-13.1 2.8 -14.5 2.8 
-17.5 3.38 - 1 7 . 7  3.38 
-30.5 4.59 -31.0 4.59 
--47 5.88 --49.0 5.88 

Calcium iodide-water system 

-10 2.4 -11 2.4 
-27  4.45 -28.0 4.45 
- -  6 0  6 . 4 7  - -  5 6 . 5  6 . 4 7  

* Data interpolated from Fig. 1. 
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ing dry ice to the ba th  liquid. A t empera tu re  con- 
trol of •176  was easily maintained.  Uncertain-  
ties in the measurements  of conductivities are less 
than  0.1% above - 20~ and less than  2 % at  - 60~ 

Thermal  analyses were made in the following 
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TABLE II. Density of calcium halide solutions 

Temperature ,  ~ 

25 
20 
0 

--20 
--40 
--60 

Temperature ,  ~ 

25 
2O 
0 

- -  20 
-40 
--60 

Temperature ,  ~ 

25 
20 
0 

- 20 
-40 
-60 

30.8 wt  % 
6.80 mole % 

1.2909 
1.2937 
1.3041 

1 . 3 2 6 1  

Frozen 

51.27 wt % 
8.66 mole % 

1.6671 
1.6715 
1.6870 
1.7037 
1.7213 
1.7416 

57.4 wt  % 
8.31 mole % 

1.9214 
1.9259 
1.9453 
1.9653 
1.9860 

Densi ty  (g/ml) 

Solutions of e a C h  

29.6 wt  % 
6.45 mole % 28.4 wt  % 

(eutectic) 6.14 mole % 

1. 2784 1. 2649 
1. 2808 1. 2676 
1. 2909 1. 2775 
1.30ll 1. 2873 
1. 3121 1. 2971 
Frozen Frozen 

Solutions of CaBr2 

47.6 wt  % 46.6 wt  % 37.9 wt  % 
7.26 mole % 6.22 mole % 7.90 mole % (eutectic) 

1.6191 
1.6233 
1.6383 
1.6542 
1.6711 
1.6900 

1.5757 
1.5787 
1.5937 
1.6089 
1.6255 
1.6426 

1.5019 
1.5051 
1.5185 
1.5325 
1.5473 
Frozen 

Solutions of CaI ,  

5 6 . 6 w t %  
8 . 2 1 m o l e %  

1.9114 
1.9156 
1.9350 
1.9546 
1.9752 
1.9964 

apparatus contained in a clear glass Dewar filled 
with a dry ice-alcohol mixture: a 15-ml sample 
contained in a Pyrex test tube was partially insu- 
lated from the cooling bath by placing this test 
tube inside a larger test tube which gave a 0.3-cm 
air space between the two concentric test tubes. 
The outer tube was filled with enough ethanol so as 
just to touch the bot tom of the inner tube. A spiral 
glass stirrer, driven by a variable speed motor, was 
provided. Freezing or melting points of solutions 
were determined by means of a calibrated toluene 
thermometer with one-degree centigrade divisions. 
Readings were accurate to within 4-0.5~ 

Materials 

All salts were Baker and Adamson reagent qual- 
ity. Solutions of calcium halides were standardized 
by calcium and halogen analysis according to pro- 
eedures described by Pierce and Haeniseh (4). 

Standard solutions of sodium oxalate were made 
from National Bureau of Standards sodium oxalate. 
Solutions of potassium permanganate were stand- 
ardized against National Bureau of Standards 
sodium oxalate. 

TABLE III .  Relative viscosity (relative to water at 25~ of 
calcium halide solutions 

Temperature ,  ~ 

25 
20 
0 

- -  20 
--40 
--60 

Temperature ,  ~ 

25 
20 
0 

- 20 
--40 
--60 

Temperature ,  ~ 

25 
20 
0 

--20 
--40 
--60 

3 0 . 8 w t %  
6 . 8 0 m o l e %  

3.150 
3. 583 
6. 072 

12.42 
35.04 
Frozen 

5 1 . 3 7 w t %  
8 . 6 6 m o l e %  

4.667 
5.180 
8.738 

17.83 
50.94 

294.4 

tldl 
Viscosity - -  71 = 

Solutions of CaCh 

29.6 wt  % 28.4 wt  % 
6.45 mole % 

(eutectic) 6.14 mole % 

2.928 2. 765 
3. 279 3.017 
5. 527 5.087 

11.47 10.25 
31.09 27.91 
Frozen Frozen 

Solutions of CaBr2 

46.6 wt  % 
47.3 wt  % 7.26 mole % 

7.90 mole % (eutectic) 

3.490 2.950 
3.888 3.309 
6.425 5.341 

12.85 10.35 
34.62 27.11 

178.1 139.8 

57.4 wt  % 
8.31 mole % 

4.142 
4.844 
7.428 

14.65 
37.72 

163.2 

37.9 wt  % 
6.22 mole % 

2.293 
2.478 
4.001 
7.594 

19.18 
Frozen 

Solutions of CaI2 

56.6 wt  % 
8.21 mole % 

4.092 
4.502 
7.300 

13.84 
34.83 

151.1 

DIscussIoN 

Data  are shown in Tables I, I I ,  I I I ,  and IV, and 
in Fig. 1. 

Density-temperature relationships are linear for 
all three halides studied over the temperature range 
of - 6 0  ~ to 25~ The density-concentration rela- 
tionship for the calcium bromide-water system is 
linear over the range of 37.9-51.3 weight % calcium 
bromide. 

Viscosity-temperature data of all three halide 
systems give the high increase at low temperature 
observed for many  other salt solutions over this 
temperature range (3). 

Electrical conductivity of all three halide systems 
at low temperature decreases to about 5 to 10 % of 
the values at  room temperature. 

Presumably because of their high concentration, 
these solutions show the expected deviations from 
Walden's rule (5) of the constancy of the conduc- 
tance-viscosity product  (over the temperature range 
studied). 

Rooseboom (1) reports a euteetie temperature of 
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TABLE IV. Specific conductivity of calcium halide solutions 

Temperature, ~ 

25 
20 
0 

-20 
-40 
-60 

Temperature, ~ 

25 
20 
0 

-20 
-40 
--60 

Temperature, ~ 

20 
0 

--20 
-40  
--60 

Specific conductivity (ohms -t cm -1) 

Solutions of CaCh 

30.8 wt  % 
6.80 mole % 

0.1089 
0.1027 
0.0750 
0.0475 
0.0214 
0.0056 

28.4 wt % 
6.14 mole % 

0.1110 
0.0814 
0.0524 
0.0239 
Frozen 

Solutions of CaBr~ 

51.27 wt % 
8.66mole% 

0.1012 
0.0714 
0.0413 
0.0169 
0.0035 

47.6 wt % 
7.90 mole % 

0. 1129 
0.0819 
0. 0483 
0.0223 
0. 0054 

46.6 wt % 
7.26 mole % 

(eutectic) 

0.1188 
0.0863 
0.0536 
0.0238 
0.0065 

37.9 wt % 
6.22 mole % 

Solutions of CaI2 

57.4 wt % 
8.31 mole % 

0. 0986 
0.0710 
0.0431 
0. 0193 
0. 0053 

86.6 wt % 
8.21 mole % 

0.1009 
0.0718 
0.0438 
0.0198 
0.0056 

0.1365 
0.1275 
0.1275 
0.0608 
0.0303 
0.0086 

- 5 5 ~  for ca lc ium ch lo r ide -wa te r  (6.45 mole  % 
sal t ) .  T h e  ca lc ium b r o m i d e - w a t e r  s y s t e m  has  a 

eu tec t ic  a t  - 8 3 ~  (7.26 mole  % CaDre).  Th i s  is 
t he  lowest  of these  t h ree  ca lc ium ha l ides  (Fig.  1). 
T h e  ca lc ium i o d i d e - w a t e r  s y s t e m  has  a eu tec t ic  
a t  - 7 7 ~  (7.25 mole  % CaI2) a n d  an  i n c o n g r u e n t  
me l t i ng  p o i n t  a t  23.5~ (9.95 mole  % CaI2) (Fig.  1). 
T h e  solid phase ,  p r e s u m a b l y  a h y d r a t e ,  was  n o t  
ident i f ied .  I o d i d e  so lu t ions  decompose  r e a d i l y  f rom 
a i r  ox ida t ion  a n d  m u s t  be  p r o t e c t e d  w i t h  an  ine r t  
a tmosphe re .  F r e e z i n g  p o i n t  d a t a  of G e r m a n  (cover-  
ing  the  r ange  of 0 to  a p p r o x i m a t e l y  6 mole  %) a re  
in good a g r e e m e n t  w i th  R o o s e b o o m ' s  d a t a  for  cal-  
c ium chlor ide  and  wi th  t he  p re sen t  d a t a  for  ca lc ium 
b romide  a n d  ca lc ium iod ide  (see T a b l e  I ) .  

A c ompa r i son  of cha rac te r i s t i c s  of these  t h r e e  
ha l ides  i n d i c a t e d  t h a t  ca lc ium b r o m i d e  has  m a n y  
des i rab le  cha rac te r i s t i c s  for  ~ l o w - t e m p e r a t u r e  
e l ec t ro ly te  (6). 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL. 
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Radioactive Tracers in the Study of  Pitting Corrosion 
on A l u m i n u m  

P. M. AzIz ~ 

Institute for the Study of Metals, University of Chicago, Chicago, Illinois 

A B S T R A C T  

Radioac t ive  cobal t  and  lead ions in  solut ion have  been used to s t u d y  the  d i s t r ibu t ion  
of local ca thodes  on a luminum alloy specimens which  were ac t ive ly  p i t t ing ,  and  to 
s tudy  t he  processes of film breakdown and  repa i r  on a luminum alloy specimens af ter  
in t roducing  t h e m  in to  a corrosive env i ronmen t .  In  the  s tudy  of p i t t ing ,  rad ioac t ive  ions 
were in t roduced  in to  the  solut ion af te r  p i t t i ng  of the  sample had  proceeded for a pre-  
de te rmined  leng th  of t ime.  The  t r ace r  was t h e n  pe rmi t t ed  to p la te  out  onto  local ca th-  
odes, and, a f te r  washing and  drying,  au to rad iographs  of the  surface were prepared.  
Resul ts  indicate  t h a t  af ter  a p i t  is a few hours  old i t  is sur rounded  b y  a r ing of ca thodic  
surface and  outs ide  th is  is an  annu la r  r ing  of passive surface which preven ts  la tera l  
expansion of the  corrosive a t t ack ,  the  remainder  of the  surface be ing  cathodic.  In  the  
s tudy  of the  mechan i sm of film b reakdown and  repair ,  samples  wi th  different surface 
t r e a t m e n t s  were placed in the  solut ion and  radioac t ive  ions were in t roduced  af te r  var i -  
ous p rede te rmined  t imes,  exchange pe rmi t t ed  to take  place, samples  washed and  dried, 
and  au torad iographs  prepared  of the  surface.  Resul ts  ind ica te  t h a t ,  on con tac t  wi th  
the  solution,  the  surface oxide film breaks  down and  is t hen  repai red  by  react ion wi th  
the  solution.  

INTRODUCTION 

Passive metals, such as aluminum and its alloys, 
and the stainless steels are very  slowly at tacked even 
in the presence of oxygen by such media as natural  
waters and dilute solutions of fruit acids. The at- 
tack may be localized in the form of pits which can 
perforate thin sheet with potentially serious con- 
sequences. 

Several investigations have been carried out on 
the nature of pitting corrosion, but  these studies 
have dealt with either the electrochemical nature of 
the at tack (1, 2), or phenomena such as the proba- 
bility of pitting (3, 4), and have not  been directly 
concerned with the reason for the localization of 
the attack. However, qualitative views concerning 
the cause of this localization are held, and it  is 
generally thought  to be due to an isolated break- 
down in the protective oxide film leading to localized 
a t tack of the metal. If this is the ease, local cathodes 
must be confined to an area near the pit mouth  since 
most of the surface remains covered with an inert 
oxide film. Hence, if distribution of the cathodic 
elements on the surface of a pitting metal is deter- 
mined, a clue to the mechanism of the localization 
may be obtained. 

If the ion of a metal, more eleetropositive than 

Manusc r ip t  received April  27, 1953. This  paper  was 
p repared  for del ivery  before the  Wrightsv i l le  Beach  Meet-  
ing, Sep tember  13 to 16, 1953. 

2 Presen t  address :  % Alumin ium Labora tor ies  Limi ted ,  
Box 84, Kings ton ,  Ontar io ,  Canada.  
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the corroding metal, is introduced into the solution, 
it will plate out elec.trochemically on tile local cath- 
odes, and a determination of distribution of the 
plated material  will give the location of cathode 
elements. Radioactive tracers of heavy metals such 
as lead and cobalt are ideally suited for this applica- 
tion since they can be detected in trace amounts  
by  means of the radiation which they emit and, 
hence, they may  be introduced into the corrosive 
environment in only slight concentration, thereby 
reducing danger of altering the cathode distribution 
by  the process of measurement.  Radioactive iso- 
topes have been used previously in the s tudy of 
corrosion mechanisms (5, 6), and references carl be 
made to the excellent review by Simnad (7) of 
literature dealing with the use of radioisotopes in 
the s tudy of metal  surface reactions in solution. 
None of these studies has dealt with the distribu- 
tion of cathode elements on a pitting surface; the 
present work is concerned with the s tudy of this 
distribution on pitting aluminum surfaces, using 
radioactive isotopes of the heavy metals, lead and 
cobalt, and its effect on the distribution of corrosion. 
Distribution was determined by  preparing auto- 
radiographs of metal  specimens after exchange of 
the corroding surface with the radioisotope. 

EXPERIMENTAL 

Materials 

The metal  used in this investigation was "Super  
Pu r i t y "  aluminum, (99.99% A1) alloyed with 
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0.5% iron and 0.3% silicon. The finished metal 
was supplied in the form of cold rolled sheet 0.064 
in. thick. 

The radioactive isotopes used were Co ~~ and Pb 21~ 
in the form of chloride solutions in distilled water. 
The act ivi ty of the solutions was 1 mierocurie per 
0.1 ml of solution and the total  cation concentration 
was 1 ppm. 

Autoradiographs were prepared on Kodak  no- 
screen x-ray film. Precautions recommended by  
Yagoda (8) for the prevention of spurious results 
were observed. 

Chicago tap water was the corrosive medium used 
in all the work described herein. This is a moderately 
hard water with hardness reported as CaCOa of 140 
ppm. I t  is filtered and chlorinated to a free chlorine 
content of 0.14 lb per million gallons of water. 

Procedure 

Metal  samples, in the form of one-inch squares of 
sheet, were annealed one-half hour at  350~ and 
furnace cooled. They  were then etched in 85% 
orthophosphoric acid at 70~ for two minutes and 
washed in six changes of tap water. Washing in 
tap water was necessary since it was found that  using 
distilled water passivated the surface and no ex- 
change with the tracer took place. Following this 
t reatment,  three types of experiment were carried 
out. 

1. Samples were immediately transferred to a 
200-ml crystallizing dish containing 150 nil of water, 
and pitt ing was permitted to proceed for the de- 
sired length of time. On these small samples it was 
found that  pitting did not initiate spontaneously on 
all samples, and it was necessary to initiate pits arti- 
ficially so by  touching the point of a dissecting 
needle to the surface of the metal. Comparison of 
natural  with artificially initiated pits showed no 
difference in their cathode structures, and artificial 
initiation was used throughout. After pitt ing had 
proceeded for the desired length of time, the sample 
was removed from the water in a horizontal position 
and 0. l ml of the solution of radioactive tracer intro- 
duced into the film of water  retained on the surface of 
the specimen. Exchange took place for ten minutes, 
the sample was washed with distilled water, dried with 
alcohol; and an autoradiograph prepared of the sur- 
face. The autoradiographic exposure employed was 
11/~ hours, with one exception, which will be noted in 
the proper context. Distribution of local cathodes on 
the surfaces of samples, which had pit ted for time 
periods of from 6 hours to 14 days, was examined 
in this manner using both Co 6~ and Pb 2'~ 

2. Coarse-grained samples were etched, washed, 
and exposed to water for 24 hours, exchanged 
with Co 6~ and autoradiographs prepared of the 

surface to determine whether crystal structure had 
any effect on the distribution of local cathodes. 

3. Two series of nine samples each were etched 
and washed as previously described, and one set 
was immediately placed in tap water, while the 
other set was permit ted to oxidize in air for 24 hours 
and was then placed in the water. Samples were then 
removed from the water after  the following periods 
of immersion: 30 sec, 5 min, 10 min, 20 min, 40 min, 
90 rain, 120 rain, 3 hr, 24 hr. They were permit ted 
to exchange with Co 6~ and autoradiographs pre- 
pared as described in section 1. 

This series of experiments was designed to deter- 
mine how the oxide film forms on a stripped active 
surface on immersion in a corrosive medium, and 
what happens to a protective oxide film on immer- 
sion in a corrosive medium. 

RESULTS AND DISCUSSION 

1. Fig. 1 shows autoradiographs of pits exchanged 
with Pb 21~ after pitting for six hours to fourteen 
days, while Fig. 2 shows autoradiographs of pits in 

FIG. 1. Autoradiographs of pits of indicated age ex- 
changed with Pb ~'~ Top left--6 hours old; top right--24 
hours old; center left--3 days old; center right--5 days old; 
bottom left--7 days old; bottom right--14 days old. 
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FIG. 3. Photomicrograph of inert area of 7-day old pit in 
Fig. 1. 

FrG. 2. Autoradiographs of pits of indicated age ex- 
changed with Co 6~ Top left--6 hours old; top right--24 
hours old; center left--3 days old; center right--5 days old; 
bottom left--7 days old; bottom right--14 days old. 

the same alloy and under the same conditions as 
Fig. 1 but  exchanged with Co ~~ Local cathode dis- 
t r ibut ion is shown up in greater detail with the 
Pb 2~~ than with the Co 6~ but  the general pa t tern  
obtained is the same with both  radioisotopes. I t  
was not  found possible to detect any correlation 
between distribution of local cathodes on the sur- 
face and any detectable feature of the structure of 
the underlying metal. 

The  mouth of the pit is surrounded by  an annular 
ring of cathodic surface, and about  this is a ring of 
inert surface, neither anode nor cathode. The re- 
mainder of the surface is cathodic, since deposition 
of radioactive tracer had taken place over it. As 
shown by the Pb 21~ this distribution becomes more 
sharply defined as the pit grows older. Use of Co 6~ 
brings out this distribution at a much earlier pit 
age. 

Microscopic examination of the inert  area about  
the mouth  of the pit showed tha t  it  was covered with 
a thick film, presumably of hydra ted  aluminum 
oxide. Fig. 3 is a photomicrograph taken in this 

FIG. 4. Autoradiograph of coarse-grained aluminum, 
corroded, exchanged with Co 60. Left--ingot; right--sheet. 

inert  area of the sample from which the seven day 
old pit  in Fig. 1 was prepared. 

2. Specimens from which the autoradiographs of 
Fig. 4 were prepared were cut from a large-grained 
ingot and a sheet of high pur i ty  aluminum, respec- 
tively. The lat ter  possessed a banded texture  and 
the autoradiographs followed the general pa t te rn  of 
the crystal structure. 

3. Fig. 5 shows autoradiographs prepared from 
phosphoric acid etched samples exposed to  water  
for periods of 30 sec to 24 hr, while Fig. 6 shows 
autoradiographs prepared from samples which were 
oxidized in air previous to exposure in the water. 
The normal autoradiographic exposure of 11~ hr 
gave negative results with the etched sample which 
had been immersed in water  24 hr (Fig. 5) and this 
autoradiograph was given a 24-hr exposure. 

With  both  methods of preparation, etching and 
etching with subsequent air oxidation, the surface 
is highly reactive on initial immersion in the water  
and exchanges extensively with the radioactive ion 
but,  as the period of exposure increases, act ivi ty 
decreases and after 24 hr the surface is passive. 
Because of a lack of reproducibility of behavior 
from sample to sample, the sequence of changes is 
not  clear cut, but  this general t rend has been verified 
with experiments on a large number  of specimens. 
I t  is interesting tha t  the thin air-formed oxide film 
is not  protective when the sample is immersed in 
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FIG. 5. Cobal t  a~ autoradiographs of samples etched mud 
exposed to water  for the times shown. Top left--30 sec; 
top center - -5  mini top right--10 mini center left--20 mini  
center  center - -40 min i center r ight--90 min i bot tom l e f t -  
120 mini bot tom center--3 hours; bo t tom right--24 hours. 

FIG. 6. Cobalt 6~ autoradiographs of samples, etched, air- 
oxidized, and exposed to water for times shown. Top l e f t -  
30 sec; top center--5 mini top right--10 mini  center l e f t -  
20 min;  center center--40 rain ; center r ight--90 min,  bot tom 
left--120 mini  bot tom center--3 hr;  bo t tom right--24 hr. 

the water, but either breaks down and then repairs 
itself by reaction with the corrosive medium, or 
else is so thin that it permits the passage of electrical 
current and allows some corrosion to take place. 
A previous publication (9) has dealt with a probable 
mechanism of pitting corrosion in aluminum and 

this may be amplified here in view of the present 
findings. In addition, Edeleanu and Evans (10) 
discuss a view of pitting corrosion which is in essen- 
tial agreement with the present work. 

When the specimen is immersed in the water any 
air-formed film present on its surface breaks down 
and general corrosion ensues, with anodic and cath- 
odic reactions taking place at neighboring sites over 
the surface. These reactions result in the formation 
of alkali at the cathodes and in the passage of alu- 
minum into solution at the anodes as aluminum ions. 
These aluminum ions hydrolyze, forming alumina 
with a resultant decrease in the pH of the solution. 
In time, the alkaline cathodic products of reaction 
and the acid products of reaction intermingle as a 
result of diffusion and convection; the pH of the 
anodic solution rises and when the solubility product 
of the alumina is exceeded it precipitates from 
solution. If the alumina is precipitated as an ad- 
herent protective film on the surface of the metal, 
corrosion reaction is stifled and the metal becomes 
passive as shown by the 24-hr autoradiographs 
of Fig. 5 and 6. However, if the surface is incom- 
pletely covered, the anodic and cathodic reactions 
are separated, precipitation of a film then takes 
place in the area between them, the auodic attack is 
localized, and a pit forms. As Fig. 1 shows, the con- 
figuration of local cathodes and of the passive localiz- 
ing film about the anode take up circular symmetry, 
and in a sense the localization of the attack becomes 
autocatalytic. 
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The Mechanism of Metallographic Etching 
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GEORGE L. KEI~L AND MAX METLAY 2 

School of Mines, Columbia University, New York, New York 

ABSTRACT 

Potentials generated by reaction of portions of small, single grains of each of the two 
phases of alpha-beta brass with various etching solutions have been measured. The po- 
tential of beta phase is consistently 0.01 to 0.03 volt more anodic than that of the alpha 
phase in tile same reagent. 

INTRODUCTION 

Preparation of metallic specimens for metallo- 
graphic examination involves use of well-established 
polishing and etching techniques (1). Innumerable 
etching reagents described in the literature have all 
been evolved through methods of trial and error, 
since the existing understanding of mechanisms of 
etching processes is not sufficiently precise to permit 
prediction of appropriate compositions. Inasmuch 
as metallographic etching in the usual sense consists 
of reaction between a polished metal surface and a 
liquid reagent resulting in alteration of the polished 
surface, the process is essentially one of controUed 
corrosion, and knowledge provided by the extensive 
literature of corrosion research (2, 3) gives a rational 
clue to mechanisms of etching. However, details 
must still be determined, and this communication 
is the first of a series dealing with these details. 

Corrosion (and hence etching) proceeds by elec- 
trolytic action attending structural differences that 
exist on the specimen surface. Some discrete sur- 
face portions are anodic to others and, in conse- 
quence, suffer dissolution eleetrolytically under ap- 
propriate circumstances. In pure metals and in 
single phase alloys an electrolytic potential (polar- 
ized) is established between grains of different 
orientation, between the matrix and tramp second- 
ary phases, between grain boundaries and grains 
proper, and along concentration gradients in hetero- 
geneous single phase alloys. In multiple phase alloys 
there exists in addition a sharp difference in com- 
position between structural phases. 

To determine the influence of surface structure 
variations on electrolytic reactivity during etching, 
potential generated during the process is measured 
at the various types of sites described. In this re- 
search an alpha-beta brass of appropriate eomposi- 

1 Manuscript received August 3, 1953. 
2 Present Address: Department of Chemistry, Harpur 

College, State University of New York, Endicott, New 
York. 
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tion is used as the material of interest, and poten- 
tials of each phase measured independently during 
etching in a variety of conventional etching reagents. 
In principle this is accomplished by isolating a por- 
tion of one phase on the surface of a metallographic 
specimen, and protecting the remaining surface from 
the etching reagent by a covering of insulating resin. 
The exposed surface portion is allowed to react with 
the etching reagent, and the potential generated is 
measured with respect to a saturated calomel cell. 
By making a large number of independent measure- 
ments on each phase during etching, average relative 
potentials of the two phases during reaction can be 
determined. Potential so measured is essentially the 
polarized potential attending local anodes and cath- 
odes existing on the isolated surface area. Since 
metallographic etching generally takes place within 
a period of a few seconds to a few minutes, potentials 
at short times are of greatest interest. These are 
best obtained by use of a rapid recording poten- 
tiometer. 

EXPERIMENTAL 

Specimens 
The metal used in this study is a commercial 

alpha-beta brass, or Muntz metal, of composition 
60.75 % copper, 38.55 % zinc, remainder manganese, 
iron, silicon, and lead. Specimens were heated to 
855~ for 15 min in argon and furnace cooled to 
enlarge grain size and to provide a nearly equilibrium 
structure. 

Specimens are mounted in Bakelite by standard 
metallographic mounting methods. Both ends of a 
cylindrical mount are ground fiat until the specimen 
is exposed. One side of the specimen is drilled and 
tapped; the other is ground and polished for metal- 
lographic examination. The specimen is very slightly 
relief-polished to reveal the structure, then coated 
with resin as described below. Mechanical support 
for the specimen, which also serves as the electrical 
contact, consists of a 3/~ in. diameter brass rod no- 
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propriately threaded to fit into the tapped hole in 
the specimen. 

Coating Technique 

In  order to make emf measurements  on each phase, 
it is necessary to coat the entire specimen surface 
with a protective coating, except a portion of tha t  
phase whose potential  is to be measured. 

A previous method (4) for achieving this consisted 
of creating a hole with a specially shaped needle in 
a covering film of ethylcellulose applied to the speci- 
men surface. This method has the disadvantage tha t  
the metal  surface thus exposed m a y  be cold worked 
to a degree significant with respect to subsequent 
potential  measurements.  

Two resin formulations have  been used in these 
experiments, formulation No. I based on Epon resin 
1001, and formulation No. I I  based on Vinylite 
resin V M C H .  Formulat ion No. I has the advantage  
tha t  it is extremely resistant chemically, and the 
disadvantage tha t  it must  be allowed to set over- 
night and t ha t  the min imum area left exposed is 
slightly larger than  with formulation No. Ill. The 
lat ter  formulation has the advantage  of setting within 
an hour of coating, but  is not  quite as resistant 
chemically as No. I, and thus is not always successful 
in protecting the specimen, especially in longer runs. 
Results given in this communicat ion were obtained 
with No. I, while No. I I  was used in subsequent ex- 
periments to be reported. 

Formulation No. / . - - S t o c k  solution: Epon 1001 ~ or 
Devran  654--6 parts  by  weight;  aee tone- - I  par t ;  
toluene--1 part .  Cata lys t  solution: diethylene 
t r iamine- -10  %; acetone--45 % ; to luene--45 %. 

Jus t  before use, one par t  of catalyst  solution is 
thoroughly mixed with two parts  resin solution. 
This  coating mus t  be allowed to set overnight.  I t  
can be removed by soaking in acetone, then scraping 
with a dull instrument.  

Formulation No. I I . - - V i n y l i t e  resin V M C t t  ~ is mixed 
with a small amount  of eyclohexanone. A little 
acetone is added until viscosity and flow properties 
of the mixture are adiudged satisfactory. This  coating 
will set in about  one hour, and can be removed by  
swabbing with acetone. 

Ei ther  resin formulation is applied by  placing a 
few drops on the Bakelite mount  around the speci- 
men edges and it is subsequently distributed over the 
surface by  means of a spade-like tool actuated by  a 
micromanipulator.  A piece of Saran tubing cut to an 
appropriate  shape and at tached to an applicator 

3 Product of the Shell Chemical Company. 
4 Product of the Devoe Reynolds Company. 
5 Product of the Bakelite Division, Union Carbide and 

Carbon Corporation. 

Fie,. 1. Surface of tdpha-beta brass as coated with resin 
except for an isolated portion of the beta ph,'~se (triangular 
area). Exposed area unetched. 150• 

FIG. 2. Same as Fig. 1, except exposed area of beta phase 
is etched and the resin coating removed. 150X. 

stick has been found convenient to serve as the 
distributing tool. During coating the specimen is 
observed by  means of a low power microscope, so tha t  
the area to be left exposed can be kept  free of resin, 
and the remainder of the sample can be thoroughly  
covered. A typical  example of a coated specimen is 
shown in Fig. 1. The same specimen, after  etching 
and removal  of the resin coating, is shown in Fig. 2. 

Apparatus 

The electrical system used to measure electrode 
potentials  consists of a Leeds and Nor th rup  T y p e  
K-2 potent iometer  with a Speedomax recording 
potent iometer  connected across its ga lvanometer  
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leads. This system allows potential to be read as the 
sum of potentials indicated by the Type K-2 poten- 
tiometer and by the recorder. Therefore, the po- 
tentiometer is kept adjusted to supply a voltage 
within 50 millivolts of the reaction cell, so that the 
resultant emf remains within the recorder range. The 
recorder has a full scale travel time of two seconds, 
and is actuated at about 50 microvolts unbalance, 
with current drain of about 7 X 10 -9 amp. This 
small order of current drain does not appreciably 
polarize the electrodes of the system, but if the emf 
is changing rapidly as it does at onset of the re- 
action, some external polarization undoubtedly takes 
place. 

A saturated calomel cell is employed as the stand- 
ard reference electrode. The design is conventional, 
except that a flitted glass disk of fine porosity sepa- 
rates the saturated KC1 from the etching reagent. 

Reagents 

The reagents used in this study were in general 
the common etching reagents for brass (1) : 

[1] Ferric chloride reagent No. 1 :1  part FeC13, 
10 parts cone. HC1, 113 parts H20; [2] ferric chloride 
reagent No. 2 :1  part FeC13, 10 parts cone. HC1, 20 
parts H20; [3] ferric chloride reagent No. 3 :1  part 
FeC13, 1 part cone. HC1, 4 parts H20; [4] ammonium 
hydroxide--hydrogen peroxide reagent: 1 part cone. 
NH4OH, 1 part 3 % H202, 1 part H20; [5] copper 
ammonium chloride reagent: 10 % copper ammonium 
chloride in water, plus NH4OH to basicity; [6] am- 
monium persulfate reagent: 10% (NH4).~$208 in 
water; [7] ammonium persulfate--ammonium hy- 
droxide reagent: 1.25 g (NH,)2S2Os, 25 cc cone. 
NH4OH, 75 cc H~O; [8] ammonium hydroxide re- 
agent: 1 part cone. NH~OH, 2 parts H20; [9] chromic 
acid reagent--10 % CrOa in water, plus one drop 

cone. HC1 for each 25 cc reagent, added immediately 
before use. 

Measurements 

The reaction cell containing the etching reagent 
and the calomel cell are immersed in a thermostat- 
ically controlled water bath at 25~ The flitted 
disk is immersed in the reagent one or two minutes 
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T A B L E  I. Potentials of isolated alpha and beta phases in 60-40 brass in various etching reagents, 
in reference to a saturated calomel electrode of 25~ 

Reagent a 

1. FeC13 No. lb 
2. FeC13 No. 2.. 
3. FeCla No. 3 
4. NH4OH-H~O2 ~ 
5. Cu (NH,)~C14. 
6. (NH,):S2Os. 
7. (NH4)2S2Os-NH4OH...  
8. NH4OH. 
~. CrO3. 

Range in potential, v 

Alpha 

- 0 . 1 7  to - 0 . 2 0  
--0.245 to --0.265 
--0:175 to --0.193 
- 0 . 4 1  to - 0 . 4 5  
- 0 . 2 6  to --0.27 
--0.04 to --0.08 
- 0 . 5 0  to --0.53 
- 0 . 6 2  

0.080 to 0.098 

0 Beta 

- -  .17 to - -0 .20 
--0. 282 to --0.  295 
- 0 . 2 0  t o - - 0 . 2 9  
- 0 . 4 5  t o - - 0 . 4 8  
--0.28 to --0.29 
- 0 . 0 7  to --0.11 
--0.54 to --0.55 
--0.64 to --0.68 

0.033 to  0.068 

Usual potential spread in a single 
run, v 

Alpha 

3.005 
0.002 to 0.01 
0.005 

0.002 
0.01 to 0.03 
0.01 to 0.03 

0.005 to  0.015 

Beta 

0.05 to 0.1 
0.005 
0.005 

0.002 
0.03 
0.01 to 0.03 

0.005 to 0.015 

Average potential, v 

Alpha 

--0.185 
--0.256 
--0.180 

-- 0. 267 
--0.06 
- -0 .53 
- -0 .62  

0.094 

Beta 

--0.19 to --0.2]  
- -0 .  293 
--0 .20 

--0.  288 
- -0 .08 
--0.545 
- -0 .65 

0.048 

Reagen t s  are descr ibed more fully in the  text .  
b The  po ten t ia l  for be ta  brass  in th is  r eagen t  rose g radua l ly  wi th  t ime.  Average  po ten t i a l s  g iven ind ica te  t he  range  of t he  

s t a r t  of the  runs .  Af ter  about  10 min. ,  the  po ten t i a l  is abou t  - 0 . 2 5  to - 0 . 2 7  vol t .  
NH4OH-H~O2 reagent  gave ve ry  erra t ic  resul ts  due to rapid fo rma t ion  of gas bubbles  on the  me ta l  surface .  P o t e n t i a l s  

var ied rap id ly  and  er ra t ica l ly  over 50 to 100 my,  and  more.  Values g iven m a y  be considered an in formed  guess .  
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before the specimen is to be immersed. The poten- 
tiometer is set at some emf value, determined ap- 
proximately by an initial trial, electrical connections 
are made, and the mounted specimen is immersed 
in etching reagent. Care is taken that the top of the 
mount and the supporting rod remain out of contact 
with the reagent. The potential difference between 
specimen and calomel cell is then recorded by the 
Speedomax recorder. When it appears that the po- 
tential is changing so that it will no longer be within 
the recorder range, the potentiometer slide wire is 
reset to keep recorded potential within the instru- 
ment's range. True measured potential is then the 
sum of the potentiometer setting and the potential 
indicated by the recorder. 

]~ESULTS 

A summary of results of potential measurements 
is given in Table I. For each reagent, the following 
information is given for each phase: (a) range of 
potential (with respect to saturated calomel) in 
volts, over all runs; (b) usual variation of potential 
in a single run; and (c) probable value of the poten- 
tial in volts. 

Fig. 3 shows variation of potential with time for 
several representative experiments with various 
etching reagents. Each curve is identified by the 
reagent number, as in the description above, and by 
the phase exposed. 

DISCUSSION 

It  can be seen from inspection of Table I that an 
appreciable difference exists between reaction po- 
tentials of alpha and beta phases, generally in the 
range of 0.01 to 0.03 volt, with beta always anodic 
to alpha. Since the beta phase is rich in zinc com- 
pared to the alpha, this behavior can reasonably be 
expected. The consistent small difference in emf 
seems to indicate, at least for the system under con- 
sideration, that if the phases were to be coupled, 
etching would proceed in part by galvanic action 
with the beta phase anodic to the alpha phase. Data 
supporting this statement will be included in a forth- 
coming communication relative to closed circuit 
potential measurements between the two phases. 

An attempt to obtain data of the same kind for 
other systems showed that the magnitude of poten- 
tial difference between anode and cathode depends, 
among other factors, on the dissimilarity of elec- 
trodes, as expected. At one extreme, that is, using 
similar electrodes, some attempts were made to de- 
termine reaction potentials of grain centers and 
grain boundaries of a small-grained single phase 
90-10 alpha brass in ferric chloride reagent No. 1. 
Here etching is characterized by preferential dis- 
solution at grain boundary regions. 

Experiments indicate that grain boundaries are 
anodie to the grains proper, although techniques were 

not sufficiently sensitive to determine the difference 
with any accuracy. However, for other metals, it has 
been shown in several cases that  grain boundaries 
are anodic to grain centers; for example, high purity 
(99.986 %) aluminum in 20 % HC1 (5), 70-30 brass 
in 1% NH4OH (6). 

At the other extreme, potential measurements 
were made on an alloy possessing phases greatly 
dissimilar. Cadmium and bismuth are practically 
insoluble in each other in the solid state, and, as a 
consequence, alloys of this system consist essentially 
of two pure-metal phases. These alloys can be etched 
by means of a reagent consisting of one part I2, 
three parts KI, and ten parts H20. This reagent 
preferentially attacks and darkens the cadmium 
phase. Measurements on selected compositions indi- 
cated the bismuth phase to have a potential of 

0.09 -4- 0.02 volt with respect to a saturated calomel 
electrode, while the corresponding potential for 
cadmium was -0.825 =k 0.001 volt, cadmium there- 
fore being 0.735 volt anodic to bismuth. 

All etching reagents employed in etching of alpha- 
beta brass, with the exception of ammonium hy- 
droxide-hydrogen peroxide (reagent No. 4), have 
the characteristic of attacking the beta phase prefer- 
entially and darkening it metallographically relative 
to the alpha phase. As noted in Table I, emf values 
give~l for the ammonium hydroxide-hydrogen per- 
oxide reagent can be considered only an informed 
guess, since there was a wide, rapid, and erratic 
variation of recorded potential, undoubtedly due to 
formation of oxygen bubbles on the metal surface. 
I t  is unfortunate that this situation exists, since it 
would be interesting to compare emf values in re- 
agents which have opposite etching effects on the 
same alloy. 
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The Kinetics of Oxidation of High Purity Nickel' 

E .  A.  GULBRANSEN AND K .  ]~. ANDREW 

Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 

ABSTRACT 

The effect of time, temperature, and surface pretreatment on rate of oxidation of 
high purity nickel is studied for the temperature range of 400~176 using a vacuum 
microbalance technique. The data are compared to previous studies in the l i terature 
and with other metals. Oxidation data are interpreted in terms of the parabolic rate 
law and classical theory of diffusion. 

Large deviations from the parabolic rate law are found to occur during the initial 
stages of reaction and smaller deviations over long periods of time, especially at low 
temperatures. However, reasonable values of heat and entropy of activation for the 
over-all reaction can be calculated; these are 41,200 cal/mole and -6 .0  entropy units 
(eu), respectively. Parabolic rate law constants over the temperature range of 550 ~ 
700~ are given by 

A = 3.8 X l~4e-41'~~ 

The negative value for entropy of activation for the over-all reaction when corrected 
for entropy of formation of the vacancies leads to a value of 1.5 for entropy of activation 
for diffusion. Theoretical considerations suggest that  the lat ter  term should have a 
value of 1.7-3.3 eu. The good agreement between theoretical and experimental entropies 
of activation suggests that  diffusion is occurring largely through the lattice of nickel 
oxide and not at grain boundaries, at least for the temperature and time region over 
which analyses were made. 

A comparison of present data with older studies in the literature shows a large varia- 
tion in parabolic rate law constants. These variations are interpreted in terms of im- 
purities increasing the concentration of nickel ion vacancies, 

INTRODUCTION 

The  work  r epor t ed  in th is  p a p e r  is p a r t  of a l a rger  
s t u d y  on the  m e c h a n i s m  of ox ida t ion  of nickel-  
ch romium and  n i cke l - ch romium- i ron  a l loys  a t  h igh  
t empe ra tu r e s .  T o  i n t e r p r e t  ox ida t ion  of p r ac t i c a l  
me ta l s  con ta in ing  impur i t i e s  and  al loys,  i t  is neces-  
s a ry  to  have  de ta i l ed  knowledge  of r a t e s  of ox ida t ion  
of h igh  p u r i t y  meta l s .  Severa l  s tudies  have  a l r e a d y  
been r epor t ed  (1-5).  

A n u m b e r  of s tud ies  have  been  m a d e  on ox ida t ion  
of n ickel  of wide ly  v a r y i n g  p u r i t y  a t  t e m p e r a t u r e s  
above  600~ (6-8).  These  resul ts  were s u m m a r i z e d  
in a p a p e r  by  K u b a s e h e w s k y  and  G o l d b e c k  (9) and  
cor re la ted  wi th  the i r  own measu remen t s .  Th i s  s t u d y  
shows va r i a t i ons  of 100 in  va lues  found  for t he  
pa rabo l i c  r a t e  law cons t an t  a t  a g iven  t e m p e r a t u r e .  

Us ing  a vo lume t r i c  m e t h o d ,  Moore  (10) s tud i ed  
ox ida t ion  of 99.9 % pure  n ickel  over  t he  t e m p e r a t u r e  
range  of 400~-900~ T h e  pa rabo l i c  ra te  law was  
found  to  r ep resen t  the  da t a ,  w i th  t he  r a t e  c o n s t a n t  
be ing  given as  

A = 3.09 X 10 ~e -3s,4~176 cm 2 sec-h  

M o o r e ' s  va lues  for A differ f rom those  s u m m a r i z e d  

1Manuscript  received November  3, 1952. This paper 
was prepared for del ivery before the Montreal  Meeting,  
October 26 to 30, 1952. 
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b y  K u b a s c h e w s k y  and  G o l d b e c k  (9) b y  a factor '  of 
20 to  2000. 

I n  a recen t  work,  C a m p b e l l  and  T h o m a s  (11) 
found  t h a t  t ime  d e p e n d e n c e  of t he  ox ida t i on  r a t e  of 
n ickel  in t he  t e m p e r a t u r e  r ange  up  to  302~ could  
be f i t ted  b y  a l oga r i t hmic  r a t e  law. D e v i a t i o n s  f rom 
a pa rabo l i c  r a t e  law were exp la ined  on the  bas is  of 
a space  charge  set up  in v e r y  th in  films. 

A compar i son  of the  va r i ous  s tud ies  (9, 10) sugges t s  
a s t rong  influence of a l loy ing  e lements ,  impur i t i e s ,  
and  c o n t a m i n a n t s  in t h e  gas a t m o s p h e r e .  T h e  fac t  
t h a t  o ther  surface r eac t ions  of n ickel  a re  diff icult  to  
r ep roduce  in b o t h  l iqu id  (12) and  gaseous  m e d i a  is 
p r o b a b l y  r e l a t ed  to  these  same factors .  

E v i d e n c e  exis ts  to  show t h a t  ce r t a in  a l loy ing  
e lements  affect  t he  r a t e  of ox ida t ion  of nickel .  
W a g n e r  and  Zimens  (6) have  shown t h a t  t h e  
pa rabo l i c  r a t e  law" c o n s t a n t  of n icke l  is inc reased  
b y  a d d i t i o n  of c h r o m i u m  and  ma nga ne se .  A c c o r d i n g  
to  H o r n  (13), t he  ox ida t i on  r a t e  c o n s t a n t  for a 6 % 
ch romium-n icke l  a l loy  is inc reased  b y  a f ac to r  of 16. 
Inc rease  in r a t e  is exp la ined  on the  bas is  of an  
increase  in n u m b e r  of n icke l  ion vacanc ies .  A b o v e  
6 %, the  r a t e  of r eac t ion  is found  to  decrease .  

L i th ium,  on the  o the r  hand ,  is found  to  decrease  
the  ox ida t ion  r a t e  cons t an t .  Th i s  is r e p o r t e d  b y  
Hauf fe  and  Pfeiffer  (14) in a s t u d y  of effect of LieO 
in v a p o r  s t a t e  on r a t e  of ox ida t i on  in air .  O t h e r  
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elements, as impurities or in the gas atmosphere, 
will have their characteristic effects depending upon 
their charge, size of ion, electronegativity, and 
solubility. 

Alloying elements and impurities in the metal  or 
atmosphere may have an additional effect on the 
course of oxidation. Thus, if impuri ty or alloying 
element concentration changes during the reaction, 
and if vacancies of nickel ions in oxide are sensitive 
to the particular impurity, the parabolic rate law 
constant will change during the experiment. Wagner 
and Zimens (6) found in a study of nickel at 1000~ 
that  the parabolic rate law constant decreased as 
the oxidation progressed. 

The oxide formed on nickel over the temperature 
range of 300~176 was studied by  Gulbransen and 
Hickman (15) and found to be NiO. Wyckoff (16) 
gives the structure of NiO as a unimolecular rhom- 
bohedron with a0 = 2.9459 A. Rooksby (17) found 
NiO to be rhombohedral at 18 ~ and face-centered 
cubic at 275~ with a0 = 4.1946. 

Nickel forms the stable oxide NiO in the tem- 
perature range of this work. Thermodynamic 
calculations show that  at 1000~ the decomposition 
pressure of oxygen over nickel oxide and nickel is 
10 -~ atmospheres. The surface oxide, however, is 
readily reduced by hydrogen from a thermodynamic 
point of view at temperatures of 400 ~ to 1000~ 

The purpose of this work is (a) to determine the 
time and temperature  dependence of the rate of 
oxidation and how these values are affected by 
pretreatment  and initial oxide formation, (b) to 
evaluate from this information the heat, entropy, 
and free energy of activation of the rate-determining 
process and to compare these values with other 
metals and alloys, and (c) to point out physical and 
chemical factors in the oxide and metal  affecting 
the mechanism of reaction. 

APPARATUS ANn METHOD 

All of the kinetic measurements were made using 
the vacuum microbalance and associated equip- 
ment (18, 19). The sensitivity of the balance was 
0.91 micrograms per division (0.001 cm) and weight 
change could be estimated to 0.25 micrograms. The 
vacuum system and associated equipment have been 
described (19, 20, 21). A mullite furnace tube which 
was sealed directly to the all-glass vacuum system 
was also used. McLeod gauge pressures of 10 -6 ram 
of Hg or lower were achieved over the entire tem- 
perature range. 

The oxygen purification system has been de- 
scribed (18). 

Since specimens were supported by  a 2-mil 
nickel-chromium alloy wire from the balance, a 
direct measurement of specimel~ temperature  was 
impractical. Temperature  was measured using a 

TABLE I. Spectrographic analyses of nickel 

Element Sponge, % Strip, % 

Cu  
Ag 
Mg 
s i  
Fe 
Mn 
Co 
Ca 
AI 

0.001 
<0.0002 

0.0002 
O. 0005 
0 .OOO2 

None  

None 

<0.0004 
<0.0002 

O. 0001-4). 0005 
O. 0005-0.001 
O. 0005-0.001 
0.0001-0.001 
0.0002-0.002 

O. 00005-0.0001 
O. 0002-0. 002 

platinum and platinum-10 % rhodium thermocouple 
which was fastened to the mullite tube, the head of 
the couple being at  the center of the length of the 
specimen. Temperature  was controlled by an L&N 
Speedomax controller to within -4-2~ 

Samples.--Samples were prepared from 0.013-cm 
thick high pur i ty  strip purchased from Johnson, 
Mathey  and Company,  London. Table I shows the 
spectrographic analyses of nickel sponge from 
which the strip was rolled. 

The following specimen preparations were used: 
Semidegassed abraded specimens.--Specimens were 
abraded through 4/0 polishing paper. The last two 
steps were made under purified kerosene. Specimens 
were then washed successively with soap and water, 
distilled water, petroleum ether, and absolute 
alcohol, and heated to the experimental tempera- 
ture in a vacuum of 10 -~ m m  of Hg. Since they 
undergo degassing in this t reatment ,  these samples 
are noted as semidegassed abraded specimens. 
Vacuum annealed specimens.--Abraded specimens 
were annealed in a vacuum of 10 -6 mm of Hg at 
950~ for 24 hr and then lightly abraded under 
purified kerosene with 2 /0  and 4/0  polishing papers. 
These are noted as degassed or vacuum annealed 
specimens. 
Electropolished and hydrogen annealed.--Unabraded 
specimens were placed in a glycerol sulfuric acid 
bath at 62~ for 4 rain at a current density of 1 
amp/ in3  Specimens were then washed in distilled 
water and heated for 12 hr at  900~ in a hydrogen 
furnace. 

All specimens weighed 0.6830 gram and had 
surface areas of about  10 cm 2. All samples were 
stored in a desiccator. 

RESULTS 

High Vacuum Reaction 

Behavior of nickel specimens in high vacuum was 
studied as a function of temperature  to test (a) the 
quant i ty  and composition of gas given off on heating 
to  test  temperature,  and (b) extent  of oxidatio~ on 
heating to test temperature.  
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FIG. 1. Vacuum behavior of Ni 230~176 vacuum < 
10 -~ mm of Hg. 

Fig. 1 shows the weight loss vs. time curve for the 
vacuum heating of an abraded specimen from room 
temperature to 952~ The gas liberated on heating 
to 952~ weighed 6.8 micrograms/era 2. This cor- 
responds to a weight percentage of 100 ppm. A 
mass spectrometer analysis of the gas showed a mass 
peak at 28 which indicated that  the gas was either 
CO or N2, but the small amount  of gas available 
made it impossible to determine which. This experi- 
ment suggested that  CO or N2 was the largest im- 
purity in the mctal, and that experiments should 
be made to test the effect of gas content on rate of 
reaction. 

A visual examination of the specimen showed no 
evidence of an appreciable oxide film as judged by 
its temper colors. Electron diffraction analyses 
showed a pat tern of nickel and nickel oxide which 
suggested that  the film was very thin. The oxide 
formed on heating over a period of 10-20 min to 
the test temperature would be much less than that  
formed in this test. 

Reaction with Oxygen 

The reaction was studied as a function of time, 
temperature, gas content, surface preparation, and 
preoxidation. Results are shown in Fig. 2-10. 
Weight change was calculated in micrograms/era 2 
with thickness of oxide being related to weigoht gain 
by the relation: 1 microgram/cm 2 = 62.9 A. This 
was based on the assumptions that  surface rough- 
ness ratio = I and that  the oxide was NiO. 

Time  and iemperature . - -Fig .  2 shows the effect of 
time and temperature on rate of oxidation of semi- 
degassed specimens at an oxygen pressure of 7.6 
em of Hg over the temperature range of 400 ~ 
750~ and over a period of oxidation of 6 hr. In  
order to test the time variation of the parabolic rate 
law constant, experiments in the temperature range 
of 400~176 were made over a 30-hr period. 

The shapes of the oxidation curves in Fig. 2 are 
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FIG. 2. Effect of temperature 400~176 oxidation of 
nickel, 0.1 atm 02. 

TABLE II. Oxide film thickness vs. oxide color 

T e m p ,  ~ 

400 

425 
450 
475 
500 
550 
600 
650 
700 
750 

T h i c k n e s s  

,g/cm2 s = 1)* 

7.15 450 

11.05 695 
8.25 519 

16.7 1050 
16.7 1050 
30.6 1920 
33.8 2120 
56.9 3580 

107.2 6750 
109.0 6850 

Colo r  

Gray mottled with straw 
erystallites 

Light blue 
Blue 
Gray 
Gray 
Gray 
Gray 
Gray 
Gray 
Gray 

* Surface roughness ratio = 1. 

similar to those found with other metals (1-5). 
A strong temperature dependence is noted. 

The colors of the oxides formed in the oxidation 
of nickel were not well developed for this thickness 
range. Table I I  shows a correlation of oxide color 
and thickness of the oxide. No evidence was found 
for cracking of oxide film during the reaction or on 
cooling. 

Parabolic rate law corre la t ion . - -Many  empirical 
rate laws have been suggested to explain the time 
behavior of oxidation. The parabolic rate law based 
on principles of formation and diffusion of nickel ion 
lattice defects has been the most successful equation 
for explaining oxidation. The equation states tha t  
W 2 = A t  -4- C. Here W is the weight gain, t is the 
time, and A and C are constants. 

To test agreement of the experiments with theory, 
plots were made of the square of weight gain vs. 
time. Fig. 3 and 4 show two such plots for the 
475 ~ and 650~ runs. The 475~ plot shows the 
slope or parabolic rate law constant A continually 
decreasing with time, while the 650~ plot shows a 
smaller decrease with time. Values of A were 
tabulated in the figure captions to illustrate this 
effect. 

Results in Table I I  are in agreement with the 
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FIG. 3. Oxidation of Ni 475~ atm O~. Parabolic 
plot, 1-2 hr A = 5.33 X 10-q~;3-6 hr A = 2.862 X 10-is; 
2+-30 hr A = 1.385 X 10 -15. 

work of Wagner and Zimens (6) who found a 
similar behavior at 1000~ The parabolic rate law 
can be fitted approximately to the data  in the tem- 
perature range of 600~176 while below 600~ 
it is impossible to make a reasonable fit. Experi- 
mentally, one must conclude that  certain factors are 
operating between the metal  and oxide which 
improve protective properties of the metal. 

Temperature dependence.--The temperature  de- 
pendence of the rate of oxidation has been inter- 
preted by the Arrhenius law and the transition state 
theow (21). In previous papers the transition state 
theory was used for calculating entropy and heat of 
activation of the rate-controlling process. Since 
parti t ion functions of the activated complex and 
normal lattice site were used in developing the 
theory, the free energy of activation AF* was not 
defined by a physical process. 

Following Zener's (22) restatement of the classical 
theory of diffusion, it was possible to clarify the 
processes involved in oxidation. In  this theory,  free 
energy of activation of diffusion, AF*, was defined 
by the work required to produce a given distortion 
in the lattice. This enables one to apply rigorous 
thermodynamic operations on AF* and to interpret  
the entropies and heats of activation. In this sense, 
the classical theory (22) has an advantage over the 
transition state theory, although the final equations 
are similar. 

Processes occurring in oxidation are of two types:  
thermodynamic processes, such as the formation of 
vacancies which involves the free energy of forma- 
tion of a vacancy, and rate processes, such as dif- 
fusion, which involve a free energy of activation. 
Thermodynamic functions for the rate processes are 
designated by an asterisk. 

The theory of oxidation developed in an earlier 
paper (21) is used as a basis for deriving an equation 
for the parabolic rate law consl;ant, A. The classical 

4 0 0 0  �9 . . . . . . .  j - - -  - -  
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FIG. 4. Ox ida t i on  of N i  650~ arm O> Parabol ic  
p lo t ,  1-2 hr  A = 1.66 X 10-~a; 3-6 hr  A = 1.25 X 10 -1~. 

expression (22) is used for the diffusion coefficient, 
D, and the thermodynamic  equilibria equations for 
the concentration of vacancies assuming the va- 
cancies are formed by  solution of oxygen in the NiO 
lattice, 

A - ~ ~. ,  ~vo~ ;e e [11 

Here AS~ is the standard entropy of formation of 
a vaeaney and AS* is the entropy of activation of 
diffusion; AH~ is the standard heat of formation 
of a vacancy, and AH* is the heat of activation of 
diffusion; a is the distance between diffusion sites, 
v is the frequency of vibration along the direction 
leading across the saddle configuration; t2 is the 
volume of oxide formed per ion; N is the number of 
ions per cma; R is the gas constant;  T the temper-  
ature; y a coefficient determined by the geometry 
of the atomic jumps; and p is the pressure of oxygen. 
For  vacancy diffusion in a face-centered cubic 
lattice, ~, = 1. 

Although v has usually been given a value of 10 la 
vibrations per second, a bet ter  value can be obtained 
from the characteristic Debye temperature.  Assump- 
tions made and details of the cMeulutions are given 
in Appendix I. The  results show a value of 8.5 X 
10 ~2 vibrations/see for the Ni++--Ni  ++ bond in 
NiO. Calculations of Appendix II  show tha t  presence 
of a vacancy has only a minor effect on vibration 
frequencies of oxygen ions in the NiO lattice. A 
similar small effect would be expected for the Ni + + -  
Ni ++ bond. The  normal lattice distance between 
Ni++~-Ni ++, 2.96 ~., is used for a. 

Errors in choosing v and a are less than experi- 
mental  errors in the calculation of ( a H ~  + a l l * )  
from the data. 

Substituting the values of the constants, equation 
[1] becomes 

A = 7 . 5  X lO-ae(aS~ -(a~l~ [2] 

Using this equation, the sums (AH~ q- AH*) and 
(AS~ q- AS*) are obtained. Unfortunately,  there is 
no way to determine the separate quantities within 
the sums from oxidation studies alone. However,  
the ent ropy of formation of the vacancies can be 
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calculated, and it is therefore possible to evaluate 
AS*. Values calculated from experimental data  can 
be compared with values calculated theoretically 
from thermodynamic considerations. Such a com- 
parison makes possible the testing of the mechanism 
of vacancy formation and, in a larger sense, the 
reaction mechanism. 

Fig. 5 shows a plot of the logarithm of A vs. 1/T.  
Since the rate constants change with time, these 
constants were evaluated and tabulated for the 
time periods of 1-2 hr, 3-6 hr, and in the lower 
temperature  range at 24-30 hr. As was previously 
noted, a large uncertainty was found for the A 
values below 550~ The data can be fitted by a 
straight line above 550~ Below 550~ the time 
variation of A makes it impossible to determine the 
slope. However, values of A determined in the time 
range of 24-30 hr approach values given by  an ex- 
trapolation of the straight line. 

A heat of activation of 41,200 cal/mole was ca[- 

T A B L E  I I I .  Parabolic rate law constants, entropies, heats, and free 

-IO~ 
7 

E 

/ 

,~,,- 

....--/ j / /  
.., / j 

0 ~" 

C" / / E  

///// 
<- 

- 1.3 1,7- I.I I,O 0 .9  0 .$  0 7  

+g  I 0 3  
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sec-1]; c u r v e  F ~ p r e s e n t  work .  

culated from the slope for the temperature  range of 
500~176 This value is nearly in agreement with 
the work of Moore (10). 

The temperature  independent factors, e (~s~ 
were evaluated from equation [2]. Table I I I  shows a 
summary of values of the parabolic rate law con- 
stants for 1-2 hr and 3-6 hr oxidation periods, 
average value of the parabolic rate law constants for  
the two periods, and heats, entropies, and free 
energies of the rate-controlling process in oxida- 
tion of nickel. Negative ent ropy values of --5.72 
to --6.47 were calculated. 

Comparison with lhe literature.--Fig. 6 shows a 
comparison of log A vs. 1 /T  with other values in the  
literature. The curves given by Kubaschewsky and 
Goldbeck (9) summarizing older work at high tem- 
peratures were included. Where possible, the original 
source of d~ta was given. Results of this s tudy differ 
by  a factor of 10 to 1000 from older results. How- 

energies of activation for the oxidation of semidegassed nickel 

Temp, *C 

550 
600 
625 
650 
700 

A (1-2 hr) 
(g/cm 2) 2/sec 

1.28 X 10 -14 
5 .95  X 10 -14 
8 .00  X 10 -14 
1.66 X 10 -~a 
5.96 X 10 -la 

A (3-6 hr) 
(g/cm 2) 2/sec 

8 .8  X 10 -15 
4.51 X 10 -14 
5.65 X 10 -14 
1.25 X 10 -13 
4 .19  X 10 -13 

A (avg) 
(g/cruZ) 2 sec 

1.08 X 10 -I4 
5 .23 X 10 -14 
6.83 X 10 -14 
1.46 X 10 -13 
5 .08  X 10 -13 

(AS0 + AS*) 
3 

cal/mole/~ 

- - 5 . 9 2  
- -5 .72  
--6.47 
- - 6 . 07  
- -6 .02  

(AH ~ + AH*) 
3 
r 

+ 4 1 , 2 0 0  
+ 4 1 , 2 0 0  
+ 4 1 , 2 0 0  
+ 4 1 , 2 0 0  
+ 4 1 , 2 0 0  

--T (AS 0 + AS*) 
3 

cal/mole 

+ 4 8 7 0  
+4990  
+ 5 8 1 0  
+5600  
+5860  

AF' 
cal/mr 

+460 
+461 
+470 
+468 
+470 
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ever, agreement with recent work by Moore (10) 
in temperature dependence is good. In absolute 
value, the present work gives values differing by a 
factor of 2.5 from those given by Moore. Since 
Moore used preoxidized samples in an a t tempt  to 
eliminate the initial par t  of the reaction, the dif- 
ference between results is in the right direction. 
The effect of preoxidation on reaction rate is dis- 
cussed later. 

The reason for wide deviation in results is prob- 
ably due to impurities present (13) in many  samples 
of nickel used and in the method of surface prepa- 
ration. The effect of impurities is to increase or 
decrease the number of vacancies and thus the rate 
of oxidation, the particular effect depending upon 
size, charge, and eleetronegativity of the added ion. 

Horn (13) has shown that  Th, Zr, Nb, Ce, W, 
Ti, Ca, Au, Cr, Mn, Ta, Mo, Cu, A1, and Si increase 
the rate of reaction at  900~ Itowever, to s tudy the 
effect of impurities from a fundamental  point of 
view, it is necessary to measure the rate of reaction 
at  a series of compositions of one alloying component 
at. a number of temperatures in order to see the 
effect of impurities on (AH~ + AH*) and 

BO 
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FIG. 7. A comparison of the oxidation of Ni, Cr, and 
Ni-Cr V at 700~ 0.1 atm O.., A--Ni A = 5.96 )< 1()-~3; 
[] Cr A = 6.38 X 10-14; O Ni-Cr VA = 1.17 X 10-tL 

(AS~ + AS*). If the process of formation of 
vacancies is changed by addition of impurities, 
AH~ and AS~ of the formation process would 
change because of the different mechanism in- 
volved, while AH* and AS* of diffusion should not  
be so greatly affected. 

Comparison with other metals.--Fig. 7 shows a 
comparison of rate of oxdiation of nickel, chromium, 
and 80-Ni, 20-Cr alloy at 700~ and 0.1 atm of oxy- 
gen. In order of increasing rate of reaction the metals 
show the following relation: 80-Ni, 20-Cr alloy < 
chromium < nickel. 

l~ect of degassing.--Two sets of samples were 
tested, semidegassed, and degassed. Procedures for 
preparing the samples have been described. Fig. 8 
shows a comparison of typical  results. Degassed 
specimens show an eight- to tenfold increase in 
reaction rate for oxidation experiments below 500~ 
while at  temperatures above 600~ the increase is of 
the order of two- to threefold. Decrease of the effect 
with temperature  is to be expected from the nature  
of the degassing curve (Fig. 1). 

Experiments suggest tha t  N2 or CO ill the nickel 
oxide lattice effectively reduces the number  of 
nickel ion vacancies and thus reduces rate of oxida- 
tion. This effect will be reported in more detail in a 

futnre paper. 
Fig. 9 shows the effect of electropolishing and 

mmealing of the metal  on rate of reaction. A strong 
increase in rate of reaction was observed at  several 
temperatures. This increase may be explained in 
three ways: (a) effect of impurities left on the metal  
from the polishing bath, (b) possible addition of 
gases to the metal  during electropolishing, and (c) 
changed nature of the surface resulting from electro- 
polishing. Again, experimental difficulties make it 
impossible to s tudy this effect thoroughly. 

Effect of preoxidalion. A study of the effect of 
preoxidation is important  for two reasons. First, it is 
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FIG. 8. Oxidation of Ni 600~ atm 02. Curve A-- 
degassed; curve B semidegassed. 
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FIG. 9. Effect of pretreatment. Curve A--electropolished 
and annealed; curve B--abraded through 4/0. 
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of interest to test  whether a set of experiments 
based on a preliminary preoxidation t r ea tmen t  
would give oxidation curves similar to those de- 
termined a t  a single temperature .  Second, the use of 
preoxidized surfaces m a y  make possible the s tudy of 
the effect of geometrical properties of oxide on rate  
of reaction. A preliminary set of experiments was 
made in this work. A series of specimens was oxi- 
dized at  600~ and 0.1 a rm of O2 to give an oxide of 
15 micrograms/cm 2. After the oxygen was pumped  
off, the specimen was heated or cooled to the re- 
action temperature  and a second oxidation made  at  
the new temperature.  

To  evaluate the effect of preoxidation, the rate  of 
reaction, dW/dl, was calculated a t  a total  thickness 
W and compared to a similar calculation for a 
sample oxidized at  a single temperature .  Results 
show tha t  preoxidation t r ea tmen t  gives smaller 
rates of reaction. Fig. 10 shows a parabolic plot of 
such a comparison at  750~ while Table  IV  shows a 
summary  of the effect of preoxidation on the par-  
abolic rate law constant at  temperatures  of 550 ~ 
750~ The effect was an impor tan t  one and de- 
pends on the tempera ture  difference between 
preoxidation and subsequent oxidation. These results 

i }2DOC 

E 8,00C 

~ .  4,00C 
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20 40 60 80 ioo 
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FI~. 10. Effect of preoxidation (600~ em O~) on 
oxidation of Ni 750~ arm O2 abraded through 4/0. 
Curve A--no fihn; curve B--15 ~g/cm :. 

T A B L E  IV.  Effect of preoxidation on parabolic rate 
law constants 

Temp, ~ 

550 
550 

600 
600 

650 
650 

700 
700 

750 
750 

A 
(g/cm~) Vsec 

8,7 X 10 -15 
6.25 X 10 -15 

6.8 X 10 -~4 

4.21 X 10 -14 

1.84 X 10 -~a 
1.035 X I0 -1~ 

9.32 X 10 -13 
2.40 X 10 -13 

6.05 X 10 -12 
7.96 X 10 -13 

Condition 

Normal 
Preoxidized* 

Normal 
Preoxidized* 

Normal 
Preoxidized* 

Normal 
Preoxidized* 

Normal 
Preoxidized* 

Ratio of 
A normal 

A preoxidized 

1.39 

1.61 

1.79 

3.9 

7.6 

* Preoxidized to  15 gg /cmK 

m a y  explain in par t  the difference in the results of 
Moore (10) and those of this work. 

I t  should be noted tha t  the effect depends on the  
difference a t  a given thickness between the physical  
s t ructure  of oxide film of the preoxidized specimen 
and tha t  of the film produced at  a single temper-  
ature.  This  is discussed in more detail  later. 

THEORETICAL 

Four  topics are considered: (a) experimental  en- 
t ropy  of act ivat ion of diffusion, (b) theoretical en t ropy  
of act ivat ion of diffusion, (c) t ime dependence 
of the parabolic ra te  law, and (d) nature  of the  
preoxidation effect. 

Entropy of Activation of Diffusion 

Previous studies on oxidation of metals  (1-5) have  
shown tha t  in m a n y  cases negative entropies of 
act ivat ion were observed. These values are in 
contrast  to posit ive values which are predicted and 
found for self-diffusion processes in metals  (22). 
However,  the process of format ion of vacancies in a 
meta l  occurs by  removal  of a meta l  a tom from the 
interior to the surface. F rom simple considerations 
of loosening of the binding of meta l  a toms by  the  
vacancy,  this process should give a posit ive en t ropy  
change (22). 

In  NiO, vacancies were formed by  a process of 
condensation of oxygen gas into the oxide latt ice 
according to the reaction 

~/~ 02 (g) ~ & -  -t- Do -t- 2 0  [31 

to form new oxide, a vacan t  lattice site, [] c, and two 
positive holes, ~ .  Essentially, we are condensing a 
gas to a solid oxide and a negative en t ropy  change 
results. 

Since the en t ropy  of vacancy  format ion can be 
calculated, it was possible to determine the en t ropy  
of ac t ivat ion of the diffusion process. F rom elastic 
constant  considerations, Zener (22) suggested tha t  
positive values should be found for the  en t ropy  of 
act ivat ion of diffusion. 

The  en t ropy  of vacancy  format ion can be evalu-  
ated f rom an analysis of equation [3] if it is assumed 
tha t  posit ive holes reside on Ni  +~-~ and tha t  va-  
cancies and positive holes are dissociated. 

Simple electrostatic calculations show the at-  
t ract ive  energy between a positive hole and a cation 
vacancy  to be of the order of 10 t imes the the rmal  
energy a t  1000~ assuming a dielectric cons tant  
of 10 for NiO. However,  for low concentrations the  
TAS ~ t e rm in the free energy expression would be 
larger than  AH ~ and thus make  possible dissociation, 
since m a n y  sites were available for the cation and 
positive hole to occupy. Assumption of dissociation 
has been confirmed by  experimental  studies of the  
oxygen pressure dependence of conduct ivi ty  (23) 
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and rate of oxidation (24) of nickel. At higher 
vacancy concentrations, association would be ex- 
pected to occur. 

Details of the entropy calculations are given in 
Appendix II. Results show a negative entropy of 
--7.5 cal/mole/~ to be associated with formation 
of one mole of vacancies. 

Subtracting this value from the over-all experi- 
mental entropy term (aS~ q- AS*) gives a value of 
1.5 cal/mole/~ for the value of AS*, the entropy 
of activation of diffusion. This value can now be 
compared to the theoretical value. 

Theoretical Value for Entropy of Activation 
of Diffusion 

Zener (22) has used the sign of the value for 
entropy of activation to determine whether dif- 
fusion is occurring through the lattice or at grain 
boundaries or other short-circuiting paths. Since a 
positive value of entropy of activation for diffusion 
was obtained for nickel oxidation, this would suggest 
that diffusion was occurring mainly through the 
lattice. To make such a prediction, it is necessary 
to ask what is the theoretical value of AS*. This 
value may be estimated from theoretical consider- 
ations from the equation (22). 

~ S *  - Xfl~H* [4] 
T= 

Here X is a numerical coefficient less than 1 and 
represents the fraction of free energy of activation 
or work that goes into straining the lattice. AH* 
is the heat of activation of diffusion. T~ is the melt- 
ing temperature of NiO, and ~ is defined as 

t3 = -- d(u/uo) /d(  T /  Tm) [51 

IIere 13 is a dimensionless quantity involving the 
temperature coefficient of the appropriate elastic 
modulus it, **0 is the value of t* extrapolated to 
absolute zero of temperature. 

Zener (22) has determined the value of ~ from the 
temperature coefficient of Young's modulus or from 
the temperature coefficient of the shear modulus. 
Since data on the temperature coefficient of the 
elastic modulus were not available for oxides, ~ has 
been evaluated from the statistical thermodynamic 
expression for specific heat and the simple relation- 
ship between compressibility of a solid and char- 
acteristic frequency of the atoms. The calculations 
are presented in detail in Appendix III. 13 was found 
to have the value 0.345, while X was assumed to take 
the value of 0.55. 

It  is now possible to place upper limits on values 
that AS* of diffusion may take for NiO. A unique 
value was not possible to calculate since experi- 
mental data gave only the sum of the heat for forma- 

tion of vacancies and the heat of activation for dif- 
fusion, while equation [1] requires AH* of diffusion 
alone. However, a maximum value can be placed 
on AS* by assuming that experimental heat of 
activation is equal to heat of activation of diffusion. 
Thus, assuming AH* = 41,200 cal/mole, AS* is 3.3. 

Assuming a more reasonable value for the AH* of 
diffusion of 20,600 cal/mole, AS* is equal to 1.7. Since 
the corrected experimental value is of the order of 1.5, 
agreement is well within experimental errors and 
assumptions made ill calculations. An agreement of 
1 in the value of AS* means an agreement of 1.65 
in the value of the parabolic rate law constants. 
Agreement between theory and experiment regard- 
ing the sign of AS* suggests that, in high temperature 
oxidation of nickel, diffusion probably occurs 
mainly in the lattice and not at grain boundaries or 
other defects. 

During the early part of the reaction in which the 
parabolic rate law does not apply and for low tem- 
perature experiments, the reaction occurs probably 
by grain boundary diffusion. This interpretation was 
suggested in a previous paper (26), although a 
detailed analysis of the entropy of vacancy forma- 
tion was not included. Conditions for transition from 
grain boundary growth to growth by diffusion 
through the lattice depend upon the grain boundaw 
area of oxide particles and upon the particular values 
of AH* and AS* for the processes. 

Time Dependence of Parabolic Rate Law Constant 

Two explanations may be given. The first is based 
on the assumption that concentration of impurities 
within the oxide is changing as oxidation proceeds, 
thus changing the number of vacancies for diffusion. 
Horn (13) has shown that most of the common 
alloying elements increase the reaction rate. As the 
reaction proceeds, the tendency is for impurity con- 
eentration to decrease because of the limited amount 
of material available in the metal. This factor could 
account for the decreasing of the parabolic rate law 
constant observed by Wagner and Zimens (6) and 
in this work. 

The second explanation is based on assumption of 
a grain boundary diffusion mechanism for early 
stages of reaction. As the film thickens, oxide 
erystallites grow, and at some thickness the in- 
fluence of grain boundary diffusion becomes small 
compared to lattice diffusion. 

Certain evidence supports this point of view. 
Previous studies (27) on size of oxide grains in thin 
oxide films showed that oxide grains changed in 
size during reaction and that such changes were a 
function of both temperature and time of oxidation. 
In the case of Fe oxidized at 250~ for 5 min, the 

o 

average particle size of oxide crystallites was 350 A. 
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This increased to 1200 A when oxidation was carried 
out for 30 min. Since the grain boundary  area de- 
creases as oxide crystallites grow, the parabolic rate  
law constant also decreases until a t  some thickness 
the reaction is controlled by  lattice diffusion. 

Nature of the Preoxidation Effect 

The preoxidation effect is very difficult to explain 
if we accept the interpretat ion tha t  the reaction is 
essentially controlled by  lattice diffusion and tha t  
ent ropy calculations are correct. One m a y  postulate 
tha t  impurities may  concentrate in the oxide during 
preoxidation t rea tment ,  which tends to lower oxida- 
tion rate at higher temperatures.  Fur ther  experi- 
mentation,  however, is necessary to understand and 
to explain this phenomenon. 

SUMMARY 

Reaction of high pur i ty  nickel with oxygen was 
studied using the vacuum microbalance method over 
the tempera ture  range of 400~176 Colored oxide 
films were formed even at  the lowest temperatures  
after 30-hr oxidation periods. 

A comparison of rate of oxidation showed tha t  
nickel oxidizes faster than  chromium and 80-Ni, 20- 
Cr alloy. Da ta  were fitted to the parabolic rate law, 
and it was shown tha t  the rate law constant decreases 
with extent of oxidation, the greatest  deviations oc- 
curring in the tempera ture  range of 400~176 For  
the tempera ture  range of 550~176 a log A vs. 
1/7'  plot gave a straight line and a calculated heat  
of activation of 41,200 eal/mole. 

A comparison with previous work in the li terature 
showed the rate of oxidation of high pur i ty  nickel to 
be 1/10 to 1/1000 of tha t  which other workers found 
on less pure nickel. The  effect of impurities on the 
oxidation rate was discussed. 

Using the classical theory of diffusion, entropies 
and free energies of act ivat ion of the rate-controlling 
process were calculated and compared to those of 
other metals. Experimental  entropies of act ivat ion 
of - 6 . 0  were corrected for the en t ropy of format ion 
of nickel ion vacancies to give an en t ropy of act iva-  
tion of diffusion of +1 .5  eal /mole/~ On the basis 
of certain assumptions, theoretical considerations 
suggest that  the ent ropy of act ivat ion for diffusion 
may  have a max imum value of 3.3 eu, while a more 
reasonable assumption leads so a value of 1.7 eu. 

This agreement of theory with experiment suggests 
tha t  in the tempera ture  range of 600~176 the 
reaction is controlled mainly by lattice diffusion. 

The  effect of a preoxidation t r ea tmen t  on rate of 
oxidation was studied. I t  was shown tha t  preoxida- 
tion at  500~ greatly affects the rate of reaction at  
higher temperatures.  
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A P P E N D I X  I 

FREQUENCY OF VIBRATION OF N i + + - - N i  ++ BOND 

Assume tha t  the a toms in NiO are v ibra t ing  as harlnonie 
oscillators and in terac t ing  according to Hooke 's  law, and 
tha t  the calculated f requency is character is t ic  of movement  
of Ni ++ ions th rough  the  NiO la t t ice .  The assumpt ion  of 
harmonic oscillations is a reasonable one since the a toms 
spend the great  bulk of the i r  t ime in these energy s ta tes .  

The value of ~m~ is calculated from the character is t ic  
Debye tempera ture  : 

hvmax 
OD = - -  [ 6 ]  

k 

Here ~ is the maximum frequency, h is Planck's constant, 
and k is Boltzman's constant. For NiO, 0D is 404 (25). 

From the Debye temperature, ~ =  = 8.5 X 10 ~. 

APPENDIX I I  

ENTROPY OF VACANCY FORMATION 

Change in en t ropy  can be es t imated  from three consider-  
at ions:  (a) change associated with condensat ion of oxygen 
gas into the NiO lat t ice to form a new oxide following 
equat ion [3] and assuming no dis tor t ion;  (b) change associ- 
ated with d is tor t ion of the NIO la t t ice  by cat ion vacancy 
alone; (c) change associated with d is tor t ion  of the NiO 
lat t ice due to format ion of two posit ive holes (Ni +++ sites).  

Change in Entropy Due to Condensation of Oxygen 

At 1000~ the en t ropy  of l/~ O~ (g) (28, 29) is calculated 
to be 29.10 ca l /mole /~  while the en t ropy  of NiO (28, 29) 
is calculated to be 18.08 cal/mole/~ 

The entropy,  S, of 0= in the NiO (s) la t t ice  is assumed 
to be ~ the en t ropy  of NiO (s) or 9.04 ca l /mole /~  

Entropy Change Due to Distortion of the NiO Lattice 

If a Ni ++ is removed from the NiO lat t ice  and two posi- 
t ive holes are formed (Ni § si tes),  the six oxygen ions 
surrounding each of these sites are d is turbed.  Assume tha t  
removal  of a Ni ++ ion results  in a d isplacement  ~r of oxygen 
ions toward and in line with ad jacent  Ni ++ ions, while 
format ion of a posi t ive hole results  in a d isplacement  ~, of 
oxygen ions toward and in line wi th  the posi t ive hole. The 
effect of both  displacements  to a first approximat ion is to 
increase fhe b inding of the oxygen ion to its neares t  neigh- 
bors. This results  in a decrease in en t ropy  of oxygen ions in 
the lat t ice of NiO. 

Relation between aM and b . - - In  the  calculat ions t h a t  
follow it is necessary to calculate the relat ionship between 
the Madelung constant ,  aM, and the  cons tan t  b of the re- 
pulsive energy terms.  

The equat ion for the la t t ice  energy W of a mole of NiO 
crystal ,  neglecting Van der Waals energy and the  zero 
point  energy (31), is 

w = N / --4e' M + aw+_(,.) + + 6w++(r)[ [71 
r0 J 
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Here N is Avogadro 's  number ,  e is the  electronic charge, 
and r0 is the cation-anion distance.  The first te rm refers 
to the electrostat ic  energy while the terms w++(r), w__(r ) ,  
and w+_(r) refer to the repulsive or overlap energy terms of 
the respective bonds.  

Each of the w(r)  terms is expressed as 

w(r)  = Cb exp [(rl + r2)/p] exp [ ( -  r/p)] [S] 

Here r is the distance between ions, rt and r2 are ionic radii 
of the Ni ++ and O , respectively,  b is a fixed constant  if C 
is defined by 

C = \(1 + --Z' + ~ z ,  [9] 
n l  ._, 

Here Z1 and Z~ are valences of the  ions, and n~ and n: are the 
number  of electrons ia the outer shell. Under  these con- 
ditions, p = 0.345 X 10 -8 cm. For NiO, C+- = 1, C__ = 
0.5, and C++ = 1.5. 

Using 0.74 A as the ionic radius of Ni ++ and 1.35 A for 
O =, we have the following expression for the lat t ice energy:  

F - -  4 e 2 a  M x 
W = N / - -  r0 + 6C+_be p[--(r0 -- 209)/p] 

+ 6C__b exp [ -  (%/2 ro -- 2.70)/p] [10] 

+ 6C+~b exp [-- (~r r0 -- 1.48)/p] 1 

The relation belween a~  and b is found by differentiat ing 
and set t ing W ( r )  = O. The result  shows 

b 049e~aMP [11] 
r0 ~ 

Calculat ion  of  the d i sp lacement  6~ for  a cation v a c a n c y . -  
Total  energy of an ionic lat t ice,  W, containing a cation 
vacancy can be expressed by the following equat ion:  

W = lVo + AIV~ 9- AW2 [121 

Here Wo is the initial energy without  a vacancy,  AW~ is the 
change in energy due to a displacement  8~ of oxygen ions 
surrounding the vacancy, and AW,_, is the change in energy 
due to removing the Ni ++ ion with the O= ions in the dis- 
placed position. 

Change in the electrostat ic  energy par t  of AW~ associated 
with displacement  alone can be shown to be negligible by 
a simple example. Consider the energy associated with an 
oxygen ion in the three ion sys t em--N[  ++ O=--Ni ++--. Let 
the  original cat ion-anion distance be r0 and displace the 
ion a distance a. If the two Ni ++ are fixed, then change in 
the  electrostat ic energy par t  of AW~ is 

--4e ~ 4ez 4e ~ 4e 2 
AW~ (elec) . . . .  I ' - - - - -  + [13] 

r0 -- a r0 r0 + a ro 

Expanding,  

AW~ (elec) = --4e2 2 "~_ 8e ~ 
k l - -  (a/ro) 2] ' ~o = 0  for smalla/ro [14] 

Ini t ial  to ta l  energy of an ionic la t t ice  remains in the 
form W0 since it does not contain any term involving the 
displacement  a~. To evaluate AW~, refer to Fig. l l A  which 
shows a plane through the NiO lat t ice containing the 
vacancy together  with spacings of nearest  neighbor ions. 
Since it has been shown tha t  the electrostat ic  par t  of AM 
is negligible, it  is necessary only to consider the following 
overlap repulsive terms in AW~: (a) in teract ion between 

Ni *+ O: 

C 

40: 0 c 

Ni  * +  o: o: 

Ni  ++  J3: 
/ ~ " 2 r  o I -  

/ 
A / B 

0~_~ N i + +  NiO - WITH CATION 
~c~ s ~c VACANC~r 

/ / 

D c - Ni ++ VACANCY 

0 = Ni ++ 0 ~ Ni +* 

gc - D I S T O R T  ION DUE 

TO CATION VACANCY 

A. 

Ni *+ 

0 - ~  

N i  + +  

0 = N i *+ ,~0 = 

/ /  o 
C A / B / 
N i + + + 4 2 =  N i + ,  N ~ O - w I T H  POSIT IVE 

to_ ~p/  \ ro -t" ~ p HOLE 
/ \ (% N,'"-POS,T,VE O E 

O= ~ Ni+§ O= gp-DISTORTION DUE 

( ' o -  8p) TO POSITIVE HOLE 

O= N i  ++ 0 = N i  ++ 

B 

FIG. 11. Effect of vacancy and posi t ive hole on nickel 
oxide lattice.  

O= at A and Ni +§ at B; (b) in teract ion between O= at A and 
4 0  = in the plane of Ni ++ at  B and perpendicular  to line 
A B ;  (c) in terac t ion  between O= at A and 4Ni ++ in the plane 
of A and perpendicular  to line A B ;  (d) in te rac t ion  of O= 
at  A and 4 O= in the plane of the vacancy at C and per 
pendicular  to line A B ;  and (e) in te rac t ion  between O= at 
A and Ni ++ at C. Pa r t  of the la t te r  t e rm drops out on re- 
moving Ni ++ and forming a vacancy.  

AWl = 6C+_b[exp --(ro -- a~ -- r~ -- r2)/p -- 1] 

9-24 C+_ b[exp --(%/r~ 9- a[ -- ra -- r2)/p -- 1] [15] 

9-12 C__ b[exp -(%/2(r0 9- ac) -- 2 r~)/p -- 0.47] 

9- 6 C+_b[exp --( to 9- a~ -- ra -- r2)/p -- 1] 

This equat ion represents  change in energy produced by one 
vacancy,  assuming 6 O= are displaced for each vacancy.  

Change in energy AWe due to removing the  Ni ++ ion can 
now be evaluated.  The e lect rosta t ic  energy change for one 
vacancy and six d is turbed oxygen ions is evaluated  f rom 
the potentbfl  at  Ni ++. 

- -  2 e a  M 1 2 e  - -  1 2 e  
V - -  9- [16] 

ro ro ro 9- a~ 

The first t e rm is the  Madelung potent ia l  while the  l a t t e r  
te rms represent  the effect of O ~ on the potent ia l  at  Ni ++ 
at  the new distance,  r0 9- a~. The value of the e lect rosta t ic  
energy to remove the Ni ++ after the O= ions have been dis- 
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placed is equal  to  - 2 e V .  Thus,  change in e lec t ros ta t ic  en- 
ergy pa r t  of AW2 due to removing the  charge is 

AW2 (elec) 4e2'~M 24e2 -4- 24e~  [17] 
r0 r0 r0 + 6~ 

Change in repulsive energy te rms  in AW~ is due to the  fac t  
t h a t  removing Ni ++ removes its repulsive energy term.  
Thus ,  

4e:a M 24e2 24e2 
A1~72 _ -[- 

ro ro ro + & [18] 

6C~_ b [exp - -  (ro + ~ --  rt - -  r~)/p - -  1~ 

Subs t i tu t e  AWz and  AW~ in equa t ion  [12], and  

W = W0 + 6C+_ b[exp - ( r 0  - & --  r~ - r2)/p - -  1] 

+24  C__b[exp --(~r r0(1 -- a~/2r0) -- 2rz) /p  --  0.47] 

+24  C+_b[exp - ( X / r 0  ~ + ~ -- r~ - re)Iv - 1] [19] 

+12  C___b[exp (%/2(r0 + ar - 2r~)/e - 0.47] -- 6C+_.b 

4e~a M 24e2 24e2 

r0 r0 r0 + ~ 

a~ is de te rmined  by  tak ing  the  de r iva t ive  of W with  
respect  to a~ and  se t t ing  th is  equal  to zero. Car ry ing  out  
d i f ferent ia t ion  and  s u b s t i t u t i n g  C~_ = 1, C__ = 0.5, and  
the  va lue  of b in  t e rms  of o~ M from [11] gives the  expression 

4.65 
exp ~ / p  

+ %/2 exp --[2.960 -- ~J2 X 2.10) -- 2.70]/p [20] 

-- %/2 exp --[2.96 + x/f2 a , -  2.70]/p 

Solving this  equa t ion  by  t r ia l  and error,  a J r o  = 0.15. 
C a l c u l a t i o n  o f  the d i s p l a c e m e n t  a~ f o r  a p o s i t i v e  h o l e . -  

In th is  calculat ion the  me thod  jus t  above is followed. 
Energy  of the  d i s tu rbed  la t t i ce  is set  down in t e rms  of the  
displacement  av. Fig. l l B  shows a plane th rough  the  NiO 
la t t ice  con ta in ing  the  posi t ive hole wi th  spacings  ind ica ted  
for neares t  ne ighbor ing ions. 

Since 6 O= were affected by  each posi t ive hole, the  follow- 
ing is the  equa t ion  for to ta l  energy of the  d i s turbed  la t t ice  
with  two posit ive holes present .  

W = 12C+_b [exp - -  (to + ap  - -  r~ - -  r~)/p - -  1] 

+ 12C§ [exp - -  

+ 48C__ b [exp - -  

+ 2 4 0 _ _ b  [exp - -  

+ 48C+_b [exp - -  

(ro --  ap  - -  re --  rs) /p - -  1] 

(X/r0 ~ + (r0 + a~:) ~ -- 2r_o)/p -- 1] 

(~v/2 (ro --  ap) --  2 r . ) / p  - -  11 

(%/r~ + , 3~  -- r ,  - -  r2)/p - -  l ]  

[21] 

24e 2 24e 2 4e ~ o~ M 
- - - - +  + -  

to r 0 ~  ro 

The t e rm r3 represents  the  radius  of the  Ni  +++ ion. 
~v is de te rmined  by  t ak ing  the  de r iva t ive  wi th  respect  to  
~v and  se t t ing  th is  equal  to  zero. 

Di f ferent ia t ing  and  s ubs t i t u t i ng  C~_ = 1, C__ = 0.5, 
C+_ for Ni +++ = 1.125, and  b in te rms of A, 

2.34 
. . . .  exp [--av/p] + 1.125 exp (ap - -  0.13)/p 

(1 -- ap/ro) 2 

--2(2.10 + a~) [22] 
x/4.40 -- (2.10 -4- ap)~ exp -- (%/[4.40 + (2.10 + ap)~ 

-- 2.70]/p + 1.41 exp (1.41~v -- 0.26)/p 

Solving by t r ia l  and  error,  the re  results  ap/ro = 0.11. 

E n t r o p y  o f  f o r m a t i o n  o f  a c a t i o n  v a c a n c y . - - E n t r o p y  of the  
NiO la t t ice  is re la ted  to the  f requency  of v ib ra t ion ,  , ,  by  

d i n  Q, 
S = R In Q~ + R T - -  [23] 

d T  

Here  Q, is the  v i b r a t i o n  p a r t i t i o n  func t ion ,  Q, = k T / h v ,  
and  k is B o l t z m a n ' s  cons tan t .  

S u b s t i t u t i n g  and  di f ferent ia t ing ,  

S = R In _k/~ + R [24] 

Change  of en t ropy  of the  NiO la t t i ce  due to d i s to r t ion  
caused by  presence of vacancies  and  pos i t ive  holes is given 
by  the  re la t ion  

S = R In vv [25] 
VN 

Here,  VD refers to the  f requency  of v i b r a t i o n  in the  d i s tu rbed  
s t a t e  and  vN to  the  normal  s ta te .  

Frequencies  are ca lcula ted  f rom the  equa t i on  

1 [26] 
~=2% 

where a is the  force cons t an t  and  m the  muss of the  v i b r a t i n g  
ions in the  la t t ice .  The  force c o n s t a n t  was ca lcu la ted  from 
the  second de r iva t ive  of t o t a l  energy  wi th  respect  to AX. 

La t t i ce  s i tua t ions  for force c o n s t a n t  ca lcu la t ions  are 
shown in Fig. 12A. AX represen ts  the  new disp lacement .  
Second de r iva t ives  of the  no rma l  and  d i s t u rbed  la t t i ces  
17V(N) and  I~/(D) were eva lua ted  a t  ro and  r0 + a, respec- 
t ively .  

f 
0 = 8c 

c 

0ro+Sc+AX 

/ 
,/ 

/ 
0 = / /  

Ni ++ ,0= 
/ 

//~Vr2" r o ~1 ( 'C+  AX)'-~ 

/ 
/ 

Ni ++ DISTURBED LATTICE 
~/  r o-  8 c- AX / CATION VACANCY 0 c 

/ / " V / 2  " /  r 0 ~ -t- ~C ro+'~-l_l DISPLACEMENT A X 

Ni *+ O= 

A 

O= 
~ p  

/ 
C ,A 

.i+++ 4 / o :  
t o -  t ~ p - A X  / ' 

/ / /  ~ r 0 

gp 

Ni +§ ? . 0 - -  
/ 

B 
Ni ++ 

ro§ o.s o..ED 1ATT,C  

ro ..j DISPLACEMENT AX 

B 
FIo.  12. La t t i ce  s i tua t ions  force c o n s t a n t  ca lcu la t ions  

Ni § 0-- 
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Repuls ive  energy te rms  in the  t o t a l  energy expression 
for d i s tu rbed  and  normal  la t t i ce  cases were set  up in a 
s imilar  m a n n e r  to t h a t  in the  second sect ion.  Repuls ive  
energy te rms between neares t  ne ighbors  were used. 

The  following resul ts  were found:  

b 
I ~ ( N )  = 2 . 7 0 ~  = x x ,  [271 

and  

Since 

b 
ffZ ( D ) = 3 3 9 -  = ~ ,~ . ~ ~ s l  p~ 

( = 

v~ \ x t r  \2 .7 f i /  = 1.12, [29] 

and  since 6 O= were involved,  AS~ = -- 6R In ~ / rzr  = --1.34 
cal/mole/~ 

Entropy of positive hole formation.--Following the  method  
of the  preceding section,  consider the  to tM energy of the  
la t t ice  wi th  posi t ive  holes present .  La t t i ce  s i tua t ions  for 
force cons t an t  calculat ions  are shown in Fig. 12B. Again,  
AX represents  the  new displacement .  Se t t ing  up the  to ta l  
energy expression in a s imilar  m a n n e r  to t h a t  of the  t h i rd  
and  four th  sections,  and  d i f ferent ia t ing  ~wice wi th  respect  
to AX, 

b 
~V(D) = 2.92-- p2 

]~(D) 2.92 
1.08 

W(N) 2.70 

[30] 

Thus ,  

,~- ~ \ 2 . 7 0 1  -- 1.04 [311 

ASp = - 6 R  In 1.04 = - 0.47 ca l /mole /~  Since two 
moles of posi t ive holes are formed for each mole of va- 
cancies,  

ASp = --0.93 cal/mole/~ 

Calculation of over-all entropy change.--Entropy change 
of the  NiO la t t ice  for condensa t ion  of 1/~ mole of 0.2 and for 
format ion  of one mole of vacancies  and  two moles of posi- 
t ive  holes at  pa r t i cu la r  la t t ice  si tes in a l~rge amoun t  of 
NiO can now be evaluated.  E n t r o p y  change on condensa-  
t ion withou~ d is tor t ion  of J/~ mole of O~ gas is equal  to  
to 29.10 -- 9.04, or 20.1 ca l /mole /~  Since order  was es tab-  
l ished in the  process, the  en t ropy  change is negat ive  or 
-20 .1  eu. E n t r o p y  changes associated wi th  the  two types of 
d i s to r t ion  are -1.34 and  -0 .93  or a to t a l  of - 2 . 3  ca l /mo le /  
~ Thus ,  the  to t~ l  en t ropy  change is --22.5 cul/moie/~ 
Since 3 defects were formed, the  en t ropy  change per  defect  
is --7.5 cal /mole /~  

Sub t rac t ing  th is  value  from the  exper imenta l  over-al l  
en t ropy  of ac t iva t ion ,  there  is ob ta ined  a va lue  of -}-1.5 
ca l /mole /~  for the  en t ropy  of ac t i va t i on  of diffusion, 
AS*. 

A P P E N D I X  I I I  

E s w i ~ x T i o ~  oF 

/3 can be es t imated  from the  s t a t i s t i ca l  t he rmodynamic  
expression for specific hea t ,  Ce: 

Cr = ~ [ - - . \ ' - O T / P /  [321 

where 
kT 

Q v -  
h~ 

Car ry ing  out  the  necessary  d i f ferent ia t ion ,  

0 ST T z ( d l n v ~ ;  
Cp = R ~fi l - [33] 

\ dT f J  

According to E ins t e in  (31) there  is a s imple re la t ion  between 
compress ibi l i ty ,  x, of a solid and  charac te r i s t i c  f requencies  
of the  a toms,  v s .  This  re la t ionship  is v~ ~ 1/x  �89 Since • is 
re la ted  to  the  reciprocal  of the  elast ic  modulus  ~, the re  
resul t s  the  re la t ionship  

vE ~'~ ~i  [34] 

= 0 T T 2 ( d l n ~ l  cp R ~ {  - ~ - \ - ~ - / j  [35] 

Rea r r ang ing  and  s u b s t i t u t i n g  the  va lue  of/~ from [12], 

. RT~o cp = 1~ + ~ -  ~ ~ f36] 

For  th ree  degrees of freedom, 

RT/~o = c,=3R+3K;  
To es t ima te  g~, s u b s t i t u t e  2363~ for the  me l t i ng  po in t  

of NiO and a va lue  of 7.4 e a l / ~  a t o m  (14.8/2) for  
the  specific hea t  of NiO at  1000~ Since the  ra t io  of p/u0 
is 1 a t  T = 0~ and  0 at  the  mel t ing  poin t ,  a l inear  func-  
t ion  of ~/~0 wi th  t empe ra tu r e  is assumed.  This  gives a va lue  
of ~/~0 of 0.6 a t  1000~ 

By  s u b s t i t u t i n g  and  solving, i t  is found t h a t  ~ = 0.345. 

Any discussion of th is  p~per  will appear  in a Discuss ion  
Section, to be publ i shed  in the  December  1954 issue of the  
JOURNAL~ 
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The Protective Action of  Pigments  o n  Steel 

M. J. PRYOR 

Kaiser Aluminum and Chemical Corporation, Spokane, Washington 

A B S T R A C T  

The act ion of aqueous ext rac ts  from l i tharge,  metal l ic  lead, red lead, basic lead car- 
bonate ,  zinc, and  zinc oxide on the  corrosion of steel was inves t iga ted .  I t  was found t h a t  
l i tharge  ext rac ts  inh ib i t ed  the  corrosion of steel completely,  t h a t  ex t rac t s  f rom metal l ic  
lead and  red lead inh ib i t ed  for a shor t  period, and  t h a t  ex t rac ts  from basic lead carbo- 
nate ,  zinc, and  zinc oxide lead had  no p ro tec t ive  action.  P ro tec t ive  proper t ies  of the  
decanted  extracts  were in the  same order  as the i r  reserve alkal ini t ies .  Li tharge ,  metal l ic  
lead, and  red lead ext rac ts  p ro tec ted  only  when they  con ta ined  dissolved air ;  when  de- 
aerated,  they  a t t acked  steel slowly. The  pass iv i ty  film formed in l i tharge  ex t rac t s  was 
found to be composed largely of ~,-Fe203, no lead compounds being detected.  I t  was 
considered t h a t  the  lead in the  l i tharge  ex t rac t s  was present  pa r t l y  in the  ionic form, pos- 
sibly as Pb(OH)  + ions, whereas  the  lead in ex t rac t s  from metal l ic  lead was p resen t  ma in ly  
as massive and colloidal lead hydroxide.  

INTRODUCTION 

Attention has previously been directed (1) to the 
fact that aqueous extracts from certain lead com- 
pounds, principally metallic lead, litharge, and red 
lead, had inhibitive actions on corrosion of steel. 
It  was shown (2, 3) that the inhibitive action of the 
extract from red lead was of a temporary nature, 
while similar properties were ascribed to the ex- 
tracts from metallic lead (4) and basic lead car- 
bonate (5). Inhibitive properties of the extracts 
have been attributed alternatively to their alkalin- 
ity (6, 7), to adsorption of soluble lead compounds 
(1), and, in the case of red lead, to a combination of 
alkalinity and oxidizing power (2). 

The present examination was carried out to in- 
vestigate reactions occurring between steel and 
aqueous extracts from metallic lead powder, litharge, 
red lead, basic lead carbonate, metallic zinc powder, 
and zinc oxide. The investigation included deter- 
minations of potential-time data and weight losses 
in solutions freed from and containing dissolved air; 
the nature of the passivity films and of the aqueous 
extracts was also examined. 

EXPERIMENTAL 

Materials 

The steel used in the partial immersion tests was 
annealed autobody steel 0.1 cm thick having the 
analysis: C--0.12 %; Si--0.02 %; P--0.014 %; M n - -  
0.32 %; S--0.01%; Sn and V--not  detected. Steel 
used in experiments with deaerated solutions was in 
the form of annealed sheet 0.02 cm thick, the analy- 
sis of which was given in a previous paper (8). 

1 Manusc r ip t  received June  17, 1953. This  paper  was pre- 
pared  for del ivery before the  Wrightsvi l le  Beach Meet ing ,  
September  13 to 16, 1953. Exper imenta l  work carried out  at  
the  Na t iona l  Research Council  of Canada,  Ot tawa.  
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Pigments used in this investigation had the follow- 
ing compositions: metallic lead--98.4% Pb; litharge 
--95.7% PbO; red lead--99.1% Pb304; basic lead 
carbonate--80% Pb, 8.25% CO2; metallic zinc-- 
99.9% Zn; zinc oxide--99.7 % ZnO. The balance of 
the litharge was mainly in the form of Pb304. All 
other chemicals were of C.P. quality. 

Preparation of pigment extracts.--Extracts were 
prepared by exposing 50 grams of each pigment to 
I liter of distilled water in a stoppered flask for eight 
days. The flasks were shaken at frequent intervals to 
insure dispersion of pigment particles. After eight 
days the solutions were decanted from the residual 
pigments and stored in well-stoppered bottles. 

Reactions between Steel and Pigment Extracts in 
Presence of Dissolved Air 

Steel specimens measuring 5 x 2.5 cm, which had 
been degreased in benzene, abraded with 3/0 emery 
paper, and weighed, were partially immersed in the 
decanted extracts in such a manner that they did not 
come into direct contact with any residual particles 
of pigment. Partial immersion tests of five days' 
duration were carried out in 30 ml of each solution, 
an area of 12.5 cm 2 of specimen being immersed in 
each test solution. Control experiments in distilled 
water were also carried out. At the end of the ex- 
periments the specimens were pickled in inhibited 
hydrochloric acid, dried in acetone, and reweighed. 
The weight losses, which are the average of experi- 
ments in triplicate, together with the initial and 
final pH values of the solutions, are shown in Table I. 
The extract from litharge gave complete inhibition, 
while those extracts from metallic lead and red lead 
gave inhibition for 24 hours and six hours, respec- 
tively, after which time corrosion occurred at a lower 
rate than in distilled water. Extracts from basic lead 
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TABLE I. Weight losses in extracts containing dissolved air 

Solution 

Fresh distilled water . . . . . . . . . . . . . . . . .  
Distilled water stored in glass bottles 

for 4 weeks . . . . . . . . . . . . . . . . . . . . . . .  

Decanted Pb extract . . . . . . . . . . . . . . . . .  

Pb extract filtered through glass wool. 
Pb extract filtered through Whatman 

No. 1 filter paper . . . . . . . . . . . . . . . . . .  

Decanted PbO extract . . . . . . . . . . . . . . .  
PbO extract filtered through glass 

wool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
PbO extract filtered through What- 

man No. 1 filter paper . . . . . . . . . . . . .  
PbO extract filtered through Whatman 

No. 42 filter paper . . . . . . . . . . . . . . . . .  

Decanted Pb30~ extract . . . . . . . . . . . . . .  

PbaO4 extract filtered through glass 
WOO1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Pb304 extract filtered through What- 
man No. 1 filter paper. . . . . . . . . . . . .  

8.35 

7.3 

Decanted basic lead c:~rbonate ex- 
t r a c t . . ~ . . . . . . . . _ _ . . . . . . .  L . . . . . . . . . .  8.95 

Decanted Zn extract . . . . . . . . . . . . . . . . .  8.6 

Decanted ZnO extract . . . . . . . . . . . . . . .  I 7.7 

Wt 
loss/era 2 mg 

0.96, 0.80, 0.93 

0.80, 0~80, 0.85 

0.52, 0.27, 0.47 

O. 72, 0.68, 0.7I 

0.70, 0.69, 0.69 

<0.01 

<0.01 

<0.01 

<0.01 

0.57, 0.58, 0.54 

0.78, 0.61, 0.73 

0.70, 0.71, 0.69 

0.85, 0.86, 0.86 

0.81, 0.80, 0.81 

0.90, 0.93, 0.91 

Observations 

General corrosion 

General corrosion 

Inhibition for one day after which 
localized corrosion proceeds at a 
reduced rate 

General corrosion at reduced rate 

General corrosion at reduced rate 

Passivity 

Passivity 

Passivity 

Passivity 

Passivity for a few hours after which 
time general corrosion proceeds at  
a reduced rate 

General corrosion at slightly reduced 
rate 

General corrosion at slightly reduced 
rate 

General corrosion 

General corrosion 

General corrosion 

ca rbona te ,  zinc, and  zinc oxide h a d  no de t ec t ab l e  
i nh ib i t i ve  proper t ies .  

P o t e n t i a l  t ime  d a t a  were  d e t e r m i n e d  in 50 ml  of  
each d e c a n t e d  ex t rac t .  C o n t r o l  expe r imen t s  in f resh  
dis t i l led  w a t e r  and  dis t i l led  w a t e r  t h a t  h a d  been  
s tored  in a s t oppe red  glass bo t t l e  for  four  weeks  were  
also carr ied  out.  T h e  a rea  of s p e c i m e n  exposed  to  
each so lu t ion  was  12.5 cm 2 and  d u r a t i o n  of t he  ex- 
pe r imen t s  was  five days .  P o t e n t i a l  difference 2 r ead -  
ings  aga in s t  a s t a n d a r d  ca lomel  e l ec t rode  were  
r eco rded  c o n t i n u o u s l y b y  means  of a Leeds  and  N o r t h -  
rup  M i c r o m a x  record ing  p o t e n t i o m e t e r .  To  p r e v e n t  
c o n t a m i n a t i o n  of t he  e x t r a c t s  b y  chloride,  t he  ca lomel  
e lec t rode  was  con ta ined  in a b e a k e r  of d is t i l led  w a t e r  
and  b r idged  to  t he  ex t r ac t s  u n d e r  e x a m i n a t i o n  
t h rough  a s topcock  " g r e a s e d "  w i th  a stiff pas to  of 
ben ton i t e ,  g lycer ine ,  and  wa te r ,  a n d  m a i n t a i n e d  in  
the  closed pos i t i on  (9). T h e  resu l t s  a re  shown in 
Fig .  1. T h e  effect of p rog res s ive ly  finer f i l t r a t ion  

2 All potentials in this paper are expressed on the Stand- 
ard Hydrogen Scale. 

on t i le  fo rm of the  p o t e n t i a l  t i m e  curves  in e x t r a c t s  
f r o m  l i tharge ,  lead,  a n d  red  l ead  is shown in Fig .  2, 3, 
a n d  4. 

Reactions between Steel and Deaerated Extracts 

D e t e r m i n a t i o n s  of we igh t  loss a n d  of t he  re la-  
t i onsh ip  be tween  p o t e n t i a l  a n d  t i m e  were  ca r r i ed  
out  in d e a e r a t e d  ex t r ac t s  f rom me ta l l i c  lead,  l i tha rge ,  
a n d  red  lead.  T h e  d e a e r a t i o n  t e c h n i q u e  p r e v i o u s l y  
desc r ibed  (10), ba sed  on the  v e r y  la rgo  dec rease  in 
gaseous  so lub i l i ty  on f reezing solut ion ,  was  e m p l o y e d .  

W e i g h t  loss d e t e r m i n a t i o n s  (9) were  ca r r i ed  ou t  on 
deg rea sed  spec imens  m e a s u r i n g  4 x 3 x 0.02 cm; 
t h e y  were  a b r a d e d  w i t h  3 / 0  e m e r y  p a p e r  a n d  ex- 
posed  to  50 ml  of d e a e r a t e d  e x t r a c t s  wh ich  h a d  been  
f i l t e red  t h r o u g h  glass  wool  to  r emove  m a s s i v e  p ig-  
m e n t  pa r t i c l es .  D u r a t i o n  of expe r imen t s ,  wh ich  were  
ca r r i ed  ou t  in  t r ip l i ca te ,  was  five d a y s ;  r esu l t s  a re  
shown in T a b l e  I I ,  f rom which  i t  m a y  be  seen t h a t  
t h e  d e a e r a t e d  ex t r ac t s  do no t  i nh ib i t  corros ion of 
steel.  
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FIG. 4. Effect of filtration on potential/time curves in 
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FIG. 3. Effect of filtration on potent.ial/time curves in 
lead extracts containing dissolved air. 

Potential determinations were carried out in ap- 
paratus described previously (10) in which a speci- 
men measuring 2.5 x 0.5 cm was exposed to 10 m[ of 
the deaerated decanted extract, to which had been 
added l0 ppm chloride ion, in order tha t  the chlori- 
dized silver wire also contained inside the apparatus 
could take up a steady potential characteristic of 
the concentration of chloride in solution. Results, 

QI 

- 0 2  

- 0 . 3  

t - 0  4 

~ - 0 5  

0 6  

bO pH "7.1 

P b 3 0 4  p H = 7 4  

J I I P F I I I I J l F 
10 20 30 40  50 60  70 80 90  100 II0 I~0 

TIME I~ HOURS 

Fro. 5. l)otential/time curves ]II deaerated decanted 
e x l r a c t s .  

TABL]~ II. ||'eight losses in deaerated extracls 

W t  lo s s / cm 2 m g  A v e r a g e  w t  
loss /era  z m g  

Solut ion  

PbO extract filtered 
through glass wool.. 

Pb extract fltered 
through glass wool.. 

Pb304 extract filtered 
through glass wool.. 

0.024, 0.028, 0.028 

0.024, 0.024, 0.022 

0.028, 0.036, 0.028 

0.027 

o. 023 

0.031 

(Fig. 5), show that  deaeration results in a large 
shift in potential in the negative (less noble) direc- 
tion. 

Examination of Extracts 

Initial pH values of extracts were found to be 
distinctly alkaline (Table I) which confirms much 
previous work (6, 7, l l ) .  I t  was, therefore, decided 
to determine whether passage of lead or zinc into 
solution had resulted in any appreciable buffering 
action. One hundred ml of each deaerated extract 
was t i trated electrometrically with 0.01N HC1 
while being constantly stirred by means of an elec- 
tromagnetic stirrer. Results (Fig. 6) show that  ex- 
tracts from litharge, lead, and red lead have a pro- 
nounced buffering action, whereas those from basic 
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FIG. 6. Neutralization curves of decanted extracts 

lead carbonate, zinc, and zinc oxide do not. Reserve 
alkalinities, which are arbitrarily defined as volumes 
of 0.01N HC1 required to bring the pH values of 
100 ml of the extracts to 6.5, are shown in Table I. 

Effect of filtration on the neutralization curves of 
extracts from litharge, metallic lead, and red lead 
was next investigated. Methods of filtration used in- 
cluded filtration through glass wool, through What- 
man No. 1 filter paper, and through Whatman No. 
42 filter paper which should remove progressively 
greater quantities of insoluble compounds from 
solution. In every case, progressively finer filtration 
progressively reduced reserve alkalinities of the ex- 
tracts (Table I). 

Change in pH with time due to absorption of 
atmospheric carbon dioxide was determined by 
permitting decanted extracts to remain in contact 
with the atmosphere for five days. Measurements 
of pH were made on the solutions each day (Fig. 7). 

An examination of the extracts from lead and 
from litharge was next undertaken to determine 
whether the superior inhibitive properties of ex- 
tracts from litharge were caused by greater con- 
centration of lead in solution or by lead being present 
in a different form than that  in the lead extract. 

In order to relate the reserve alkalinities of the 
extracts to the total  quant i ty  of lead in solution, 
50 ml of each extract was filtered through glass wool 
and the reserve alkalinities determined. Total  lead 
concentration of the same solutions was then deter- 
mined gravimetrically with results as shown in Table 
III .  

The weight of lead required to produce appropriate 
buffering action was calculated, assuming that  it 
was present in the form of Pb(OH)2. This is probably 
true for lead extract (12), although it has been 

[0 - Pb 

pH BASIC LEAD CARBONATE 

7 

6 - -  
] l l l l L 
I ~ 3 4 5 6 

TIME ,N DAYS 

F I ( I .  7.  E f f e c t  o f  atmospheric e a r l ) o n  d i o x i d e  uptake i l l  

the pH values of dec'rated extracts. 

TABLE III 

Solution 

P b  e x t r a c t  fil 

t e r e d  t h r o u g h  

g l a s s  w o o l  . . . .  

P b  e x t r a c t  f i l -  

t e r e d  through 
glass wool... 

Reserve I Wt of 
~.alka- l lead in l lnlty m �9 .. 

0 01N somuon,  
HCI / mg 

6.2 3.8 

10.6 7.8 

Calculated wt  of 
lead required to 
produce appro-  
pr iate  buffering 

action,  mg 

3.2 

5.5 

Wt of lead 
appa ren t ly  no t  

con t r ibu t ing  
to buffering 
act ion,  mg 

0.6 

2.3 

stated that  the Pb(()H)~ slowly transforms to the 
more insoluble lead dioxydihydroxide PbaO2(OH)2 
(13). Since, in either case, one molecule of the lead 
compound requires two molecules of HCI for dis- 
solution, the calculation is not affected by the trans- 
formation. Lead extract  gives quite close agreement  
between calculated and measured weights of lead in 
solution, the error of 0.6 mg probably being due to 
the formation of basic carbonate which has little or 
no buffering action. There is, however, a marked 
disagreement between the calculated and observed 
weights of lead in the litharge extract  which may  
mean that  the lead is present in some form different 
from Pb(OH)2 or Pb.~O2(OH)2. 

Twenty-five ml of each extract  were filtered 
through Whatman No. 42 filter paper and the ultra- 
violet absorption spectra determined in a Cary  
recording spectrophotometer  (Model 11). Unfor- 
tunate ly  concentrations of lead in solution, 0.8 
mg/25 ml in the litharge extract  and 0.35 rag/25 
ml in the Pb extract,  were rather  low for this type  of 
investigation. Results with lead extract  indicated 
only scattering from particles probably of colloidal 
dimensions and no absorption bands were present. 
Results with litharge extract  indicated less scatter,  
although the total  lead concentration in solution was 
higher. There was an absorption band at  2080 .~ 
which is not usually found in molecular litharge (14). 
Although this band is very  near to the lower limit of 
the instrument it is considered to be significant. 
I t  should also be pointed out tha t  a concentrat ion 
difference of 100 % would not cause its disappearance. 
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Twenty-five ml of the litharge extract were filtered 
through Whatman No. 42 filter paper and enclosed 
in a semipermeable membrane of untreated (non- 
waterproofed) cellophane. The "bag" of cellophane 
was then placed in 25 ml of distilled water to de- 
termine whether an appreciable quantity of the total 
lead in solution was present in the ionic state. Using 
the lead sulfide test, it was found that appreciable 
quantities of lead passed from the extract through 
the semipermeable membrane and into the surround- 
ing water. A considerable proportion of the total 
lead was adsorbed by the cellophane so that after 
dialysis for one day, neither the solutions inside nor 
outside the membrane were completely inhibitive. 
Potential-time data subsequently obtained for steel 
specimens exposed to these solutions indicated that 
the solution from outside the membrane, containing 
lead in the ionic form, had temporary inhibitive 
properties at least equal to the solution from inside 
the membrane containing a greater total quantity 
of lead compounds, some presumably in the ionic 
state and the remainder in the colloidal state. 

An attempt was made to repeat this examination 
using the extract from metallic lead, but it was found 
that the concentration of lead in solution was not 
sufficient to give significant results. 

Nature of Passivity Films Formed in 
Litharge Extracts 

Specimens passivated for five days in litharge 
extracts that had been decanted, or filtered through 
glass wool, through Whatman No. 1 filter paper, or 
through Whatman No. 42 filter paper, were then 
washed for 15 rain in rmming distilled water, wiped 
with filter paper, and dried with methanol. They 
were then etched with dilute nitric acid to destroy 
passivity films; the acid was adjusted to a pH value 
of 2.0 with dilute sodium hydroxide and tested for 
the presence of lead by means of the lead sulfide 
test. In no case was a positive test for lead obtained 
and it was concluded that any lead that might be 
present in the passivity films was so small in quan- 
tity (less than 10 -5 mg/cm 2 of specimen) that it 
could not be directly responsible for passivity. 

The passivity film resulting from two days' ex- 
posure of an originally film-free steel specimen to a 
litharge extract that had been filtered through glass 
wool was isolated from the metal by a modification 
of the methanol-iodine method (15). The apparatus, 
shown in Fig. 8, permits passivity films to be isolated 
without bringing the specimens into contact with air 
after passivation. The specimen was suspended in the 
reaction chamber (R) which was partly filled with 
0.1N ammonium chloride. The system was flushed 
with purified nitrogen 3 and the specimen made 

3 Ni t rogen  was purified by  passing i t  t h rough  a column 
conta in ing  finely divided copper,  deposi ted  on Ful lers  
ear th ,  a t  a t empera tu r~  of 200~ 

1 
TF F LON 

P 

~ MERCURY C:NTAC T 

~ RELEASE 

~SPEC|MEN 

INHIBITOR 
SOLUTION 

FIG. 8. F i lm s t r ipp ing  "~pparatus 

cathodic for one minute at a current density of ] 
milliamp/cm 2 in order to destroy the air-formed 
oxide film by cathodic reduction (16). Ammonium 
chloride was then forced from the reaction chamber 
by nitrogen admitted through (M) and replaced by 
the litharge extract, saturated with dissolved air, 
which was forced from the flask (C) by compressed 
air. To eliminate contamination by chloride, this 
solution was drained away and replaced by fresh 
inhibitor from (C). The apparatus was then opened 
to the air and the specimen allowed to stand in the 
inhibitor solution for two days. At the end of this 
period the apparatus was flushed with nitrogen and 
flask (A) filled with anhydrous methanol and (B) 
with 100 ml of anhydrous methanol in which had been 
dissolved 6 grams of anhydrous iodine. The iodine 
had previously been dried by standing over phos- 
phorus pentoxide while the methanol was dried by 
refluxing with, and distilling from, magnesium turn- 
ings and a trace of iodine. Both solutions were 
deaerated by simultaneous boiling and bubbling of 
nitrogen. The solutions were cooled and the inhibRor 
solution forced from the reaction chamber. The 
specimen was washed several times with methanol 
forced from flask (A) by compressed nitrogen. The 
film stripping solution in (B) was then forced into 
the reaction chamber and left in contact with the 
specimen for approximately 30 min. At the end of 
this period, the film stripping solution was run from 
(R) and the specimen again carefully washed with 
methanol from (A). The specimen was finally re- 
moved from the apparatus and placed in a dish of 
methanol. The passivity film, which should be hang- 
ing loosely from the specimen, was detached by 
gentle agitation of the dish, and suitable samples 
were collected on copper grids for examination by 
electron diffraction. 

Portions of stripped film were examined by elec- 
tron diffraction and gave a diffuse ring pattern 
characteristic of either v-Fe~Oa or FeaO4 (Table IV). 
Portions of the films were dissolved in 1:1 HCI 
and tested for the presence of ferrous ions using the 
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TABLE IV. Ring pattern obtained from stripped passivity 
film 

Ring radius Spacing Intensity hkl 

C7~ 

1.24 
1.49 
1.94 
2.10 
2.63 

d(s 
2.50 
2.07 
1.60 
1.49 
1.20 

V . S  ,a 

S ~, 
W r 
S 
W 

311 
400 

511, 333 
440 
444 

V.S. very strong; b S strong; ~ W--weak. 

di-2-piridyl test  (17). Failure to  detect  ferrous ions 
indicated tha t  the passivi ty film was largely com- 
posed of ~,-Fe20~ which compound has been found 
to be the major  consti tuent of passivi ty  films formed 
in m a n y  aI~odic inhibitors (8, 18, 19). 

DISCUSSION 

I t  is evident tha t  extracts  from litharge, metallic 
lead, and red lead have definite inhibitive properties, 
whereas those from basic lead carbonate,  zinc, and 
zinc oxide do not. Inhibit ive properties of extracts  
from metalSc lead and f rom red lead appear  to be 
of a t emporary  nature, which is in accord with previ- 
ous work (2-4). Similar t emporary  inhibitive proper- 
ties have been previously ascribed to basic lead 
carbonate (5) but  this was not  confirmed in this ex- 
amination. However,  properties of these extracts 
may  well depend on the method of preparation,  
which m a y  explain discrepancies in the results of 
different investigators. The following discussion is, 
therefore, confined to the behavior of the extracts  
prepared in the manner  described above. 

Whereas the protective action of decanted ex- 
t racts  f rom metallic lead and red lead lasted for only 
24 and six hours, respectively, extracts  from litharge 
gave complete inhibition for prolonged periods; 
this protective action was not destroyed by  filtering 
with a fine quant i ta t ive paper  such as W h a t m a n  
No. 42. I t  is proposed, therefore, to discuss first the 
protective action of litharge extracts  and then to 
a t t empt  to point out the reasons for the less effec- 
tive protection afforded by  the other extracts. 

Protective Action of Litharge Extracts 

From the form of potential- t ime curves in solu- 
tions containing dissolved air (Fig. 2) and from the 
fact  tha t  specimens were unchanged in appearance 
and had no detectable weight loss in five days  (Table 
I) ,  it appears  tha t  the litharge extract  was behaving 
as an effective anodic inhibitor, a conclusion previ-  
ously advanced by  Mayne  (1). H a d  the l i tharge been 
functioning as a cathodic inhibitor, the potent ial  
would have  been more negative and some corrosion 
would have  taken place before a protect ive film was 
formed. 

Anodie inhibition m a y  presumably  be brought  
about  either by  adsorption of lead compounds f rom 
solution onto the anodie areas or by  the oxide film 
mechanism, which has been proposed for such com- 
mon anodie inhibitors as sodium hydroxide (18), 
sodium phosphate  (10), sodium carbonate,  sodium 
benzoate, and sodium silicate (19). 4 Failure to de- 
tect  even minute  traces of lead compounds in passiv- 
i ty films makes  it unlikely tha t  inhibition is caused 
by  adsorption of lead compound from solution. 
Passivi ty  films isolated from initially film-free steel 
specimens pass ivated for two days in filtered li tharge 
extracts  were found to be composed largely of 
~,-Fe203, no second phase, neither lead compounds 
nor hydra ted  oxides of iron, being detected. It, 
should be pointed out t ha t  the eiectron microscope- 
electron diffraction technique developed by  Mente r  
(18, 19) was not  employed in this examination and 
so detection of small amounts  of a second phase 
would not  be expected. Chemical examinat ion largely 
precluded the presence of lead compounds,  but  some 
hydra ted  oxides of iron, such as lepidocroeite 
(-r-FeO �9 OH),  might  well be present  in small amounts .  

Inhibi t ive properties of li tharge extracts  are de- 
pendent  on the presence of oxygen dissolved in solu- 
tion since it was shown that ,  when the extracts  were 
deaerated, the potent ial  became very much more  
negative (reactive) (Fig. 5) and the iron was slowly 
a t tacked (Table I I ) .  The  form of the potential-  
t ime curve indicated tha t  the corrosion was largely 
under cathodic control and tha t  no film format ion 
was occurring in deaerated soht ion.  This behavior  is 
identical to tha t  of anodic inhibitors having non- 
oxidizing anions such as sodium hydroxide, car- 
bonate,  benzoate,  acetate,  and silicate previously 
investigated by  the author  (9). Inhibi t ion is con- 
sidered to be primari ly due to oxygen dissolved in 
solution which adsorbs on the surface of the iron 
and takes par t  in a heterogeneous reaction with sur- 
face iron a toms to form a thin film of ~,-Fe203, prob-  
ably in a manner  similar to tha t  by  which oxide 
films are formed in air. The thickness of similar 
films of "r-Fe~.O3 formed in solutions of sodium phos- 
phate  and in air was found to be 100-200 A (20)? 
Since the format ion of a protect ive film of oxide is 
not instantaneous,  it is believed tha t  the initial 
stages of film format ion are accompanied by  ve ry  
slow corrosion which, on account of the very  small 
size of the areas available for anodic reaction, is 

4 It  was previously suggested (21) that inhibition might, 
be due to a dilute solution of sodium silicate formed by 
interaction of water with the glass vessels. Potential/time 
curves (Fig. 1) and weight loss determinations (Table I) in 
water that had been stored in glass bottles for four weeks 
show that this explanation is unlikely. 

5 Calculated on the app,~rent surface area of the speci- 
mens. 
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mainly under anodie control, and leads to the forma- 
tion of small inclusions of corrosion product in a 
matrix of "~-Fe203. I t  has been suggested that rate of 
formation of the oxide film should be independent 
of the pH of the solution (10), but that the rate of 
the accompanying electrochemical corrosion de- 
creased with a rise in the pH value of the solution. 
Since factors tending to stimulate the rate of elec- 
trochemical corrosion should militate against pas- 
sivity, high pH values should be more favorable to 
passivity and low pH values more favorable to cor- 
rosion. Formation of the inclusions of corrosion 
product, usually lepidocrocite (18), from ferrous 
ions, hydroxyl ions, and dissolved oxygen results in 
the local production of hydrogen ions which are detri- 
mental to passivity; it has been suggested, therefore, 
that anodie inhibitors that have a high pH value 
and are also well buffered are likely to be the most 
effective (19). 

Protective Action oJ' Other Extracts 

Extracts prepared for this examination were all 
found to have pH values higher than 7.0. In addi- 
tion, however, their reserve alkalinities were de- 
termined (Fig. 6 and Table I). By comparison with 
the weight-loss results (Table I) it can be seen that 
the reserve alkalinities ef the decanted extracts are 
related to their efficiencies as anodic inhibitors. The 
litharge extract with a reserve alkalinity of 15.2 ml 
protected completely; the metallic lead extract, 
reserve alkalinity 7.9 ml, protected for 24 hr, while 
the red lead extract, reserve alkalinity 4.1 ml, pro- 
tected for 6 hr. The remaining extracts with reserve 
alkalinities of 0.3-0.15 ml had no detectable in- 
hibitive properties. 

In practice, these reserve alkalinities are further 
decreased by absorption of atmospheric carbon di- 
oxide which leads to the precipitation of basic lead or 
zinc carbonates. Effect of prolonged exposure to the 
atmosphere on pH values of the extracts is shown in 
Fig. 7. The pH value of all extracts became lower 
but the proportionately greatest effect was noted 
with extracts from metallic lead and zinc. 

Lack of protective action of the extracts from 
basic lead carbonate, metallic zinc, and zinc oxide 
is thus attributed to their lower pH, and to their low 
reserve alkalinities which makes them unable to 
counteract local drop in pH at anodic areas. 

Extracts from metallic lead and red lead have 
higher initial pH values and greater reserve alka- 
linities than those extracts mentioned above. How- 
ever, lead extract absorbed atmospheric carbon 
dioxide at an inordinately high rate which must re- 
sult ill a considerable decrease in its reserve alkalin- 
ity. Initial stages of passivation in these extracts are 
considered to be similar to those suggested above for 

litharge. There is no evidence that the temporary 
protective action of red lead is in any way connected 
with its oxidizing properties, as suggested previ- 
ously (2). The potential4ime curve determined in 
deaerated solution (Fig. 5) showed that these ox- 
idizing powers were insufficient to cause any de- 
tectable film formation. Furthermore, it was previ- 
ously shown by Mayne (11) that lead dioxide, a more 
powerful oxidizing agent, had no inhibitive action 
on the corrosion of iron. One of the differences be- 
tween these extracts and that from litharge is that  
their lower reserve alkalinities are able to maintain 
only a temporarily alkaline pH value at pores in 
the oxide film where hydrogen ions are being gen- 
erated due to the formation of corrosion product. 
Lead extract, having a higher reserve alkalinity, 
maintains the temporary protection for a longer 
time than that from red lead. 

Nature of Extracts from Metallic Lead and Litharge 

Apart from the fact that extracts from litharge, 
metallic lead, and red lead have appreciable reserve 
alkalinities, the composition of these extracts has not 
yet been discussed. Their reserve alkalinities are un- 
doubtedly associated with the passage of lead into 
solution. Formation of the extract from metallic 
lead is, perhaps, most easily understood. I t  is be- 
lieved that the lead corrodes in the normal electro- 
chemieal manner and that the interaction of the 
anodically formed lead ions with hydroxyl ions 
generated at the cathodes leads to the precipitation 
of sparingly soluble lead hydroxide. I t  has been 
stated (13) that this lead hydroxide then transforms 
into the less soluble lead dioxydihydroxide 
Pb~O2(OH)2 or 3PbO-H20 (13). That  lead is present 
in solution largely as Pb(OH)~ [or PbaO2(OH)2] is 
supported by the comparison of the calculated weight 
of lead, as lead hydroxide, required to produce the 
determined reserve alkalinity, with the observed 
weight of lead in solution (Table III).  The slight 
discrepancy in results is probably due to action of 
atmospheric CO2 which forms some basic lead car- 
bonate which has a very low reserve alkalinity. 
Filtration with progressively finer filter papers re- 
duces the lead content of the solution and the reserve 
alkalinity (Fig. 6 and Table I) by removal of greater 
quantities of insoluble material and probably also 
by adsorption of lead on the filter paper (1). A por- 
tion of the lead in solution appeared to be in col- 
loidal form and was not removed by filtering with 
Whatman No. 42 filter paper. The ultraviolet ab- 
sorption spectrum of such a solution was a curve 
characteristic of scatter from colloidal particles. 

Appreciable quantities of litharge are known to 
be dissolved by distilled water (22) and the result- 
ing solution is alkaline (11). The weight of litharge 
dissolved is said to be reduced in the presence of 
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carbon dioxide. Litharge was assumed to be in solu- 
tion in the form of Pb(OH)2 by Glasstone (23) who 
quoted a value of 1.7 X 10 -~5 for its solubility prod- 
uct. According to Pleissner (13), however, the 
Pb(OH)2 had two stages of ionization, viz. : 

eb(OH)~ = Pb(OH) + + OH' 
Pb(OH) + = Pb ++ + OH' 

for which a, the percentage degree of ionization, was 
27 % for the first step. This was supported by the 
observations of Berl and Austerweil (24) who found 
complete ionization of a solution of Pb(OH)~ con- 
taining 0.262 millimole/]iter. 

Several experiments were performed to determine 
whether litharge extract differed from lead extract 
because lead concentration in solution was higher, 
or because the lead in solution was present in some 
different form. It  was first found (Table III)  that, 
although the reserve alkalinity of the litharge ex- 
tract was higher than that of lead extract, the pro- 
portion of the total lead, calculated as lead hy- 
droxide, apparently contributing to reserve alkalin- 
ity, was lower. This appeared unlikely to be due to 
absorption of atmospheric CO2 which was less read- 
ily absorbed by litharge extracts than by metallic 
lead extracts (Fig. 7). Furthermore, although the 
buffering power of decanted extracts accurately re- 
flected their relative inhibitive powers, this was not 
so with filtered litharge extracts, some of which gave 
complete inhibition with reserve alkalinities as low 
as 1.6 ml (Table I). Dialysis experiments indicated 
that these extracts contained a proportion of lead 
in the purely ionic form rather than as colloidal 
Pb(OH):; this conclusion was supported by the ultra- 
violet absorption spectrum, which showed that the 
filtered litharge extrac, t, although containing a 
greater total weight of lead than the filtered lead 
extract, gave less random scatter (due to the presence 
of colloidal particles) but had an absorption band 
at 2080 A. This band is not found in the spectrum 
of molecular PbO and is probably characteristic of 
some form of ionic lead. 

No one section of the above evidence is conclusive 
in itself, but taken together these points indicate 
that the lead in litharge extracts is partly present 
in some different form from that in metallic lead 
extracts, which appear to contain lead mainly in 
the form of Pb (OH)2. Since pH considerations largely 
preclude the formation of plumbite ions and lead 
ions themselves have no inhibitive properties (1), 
it appears that the lead may be partly present as 
Pb(OH)2 and also as Pb(OH) + ions. These ions would 
be expected to have a greater mobility than col- 
loidal Pb(OH)2 and would react more quickly with 
hydrogen ions formed at anodie areas and, there- 
fore, produce more effective buffering. This may 
explain not only the superior buffering action, but 

also the superior inhibitive properties of the litharge 
extracts. Since the Pb(OH) + ions would be expected 
to have a low transport number their rate of migra- 
tion away from anodic areas should not be high 
enough to detract from their local buffering action 
and hence from their inhibitive properties. 
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Measurement of Particle Size Distribution of Phosphors' 

MARTIIA J.  BERGIN AND KEITH U.  BUTLER 

Sylvania Electric Products Inc., Salem, Massachusetts 

ABSTRACT 

A quick method of calculating particle size distribution from optical measurements 
of sedimentation rates is described. I t  is shown that the apparent mean diameter is 
greatly influenced by degree of dispersion of the powder and that reproducibility re- 
quires careful control of dispersion. 

INTRODUCTION 

Use of a single mean value to express "particle 
size" of a nonhomogeneous powder does not ade- 
quately define coarseness or fineness of the powder. 
Depending on the particular method of measure- 
ment or calculation employed, there are several 
different average diameters. For a satisfactory 
definition of the powder, particle size distribution 
must be known. 

Similarly, there is no universally applicable 
method for determining particle size distribution of 
powders because of the tremendous range of sizes 
encountered. Microscopic counting can be applied 
over a considerable range by using variable mag- 
nification, while extremely small size material may  
be measured by use of an electron microscope. 
t lowever,  at best, counting is an extremely tedious 
process. 

Within a limited range of particle size, gravity 
sedimentation in a liquid medium is adequate, but  
the problem of measuring the amount  of material 
settled in a given time presents some difficulties. 
Gravimetric methods, such as the Andreasen 
pipette or the Oden balance are accurate, but again 
the elapsed time from start  to finish is quite long. 

Measurement of optical transmission during 
sedimentation is a very convenient method experi- 
mentally, but  interpretation of data  has required 
rather slow and complex calculations (1) giving, 
finally, a histogram of distribution. A somewhat 
simpler method of calculation is described by Mus- 
grave and Harner  (2), but  even this requires con- 
siderable time, which has limited its use. 

The particle size of phosphors used in fluorescent 
lamps and television tubes lies inside the range for 
gravi ty sedimentation. Knowledge of their particle 
size distribution is valuable both for control of 
firing procedures and milling methods, as well as for 
development of new methods of making and proe- 

~Manuseript received June 26, 1953. This paper was 
prepared for delivery before the New York Meeting, April 
12 to 16, 1953. 
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essing these phosphors. Limitations of previously 
described methods have so restricted their general 
use that  ~mportant differences between phosphors 
are frequently not recognized. 

This paper presents a simplified method of cal- 
culation using optical transmission data, with 
which a distribution curve can be obtained in 
minutes rather  than hours. I t  is thus suited for 
control work. The method is based on two postulates : 
first, the light scattering coefficient is independent of 
particle size, and second, the particle size distribu- 
tion function can be represented adequately by  a 
log-normal probabili ty function. 

Using optical transmission data, a simple slide rule 
calculation gives points for plotting on probabil i ty 
paper, and a simple graphical conversion gives 
distribution of particle size. 

The method is limited by three requirements 
which are adequately met  by most phosphors: 
(a) the distribution must  contain few particles 
smaller than 2 ~, because turbulence invalidates 
Stokes' law for smaller particles; (b) only a small 
percentage larger than 50 u should be present to 
avoid difficulty in obtaining transmission at zero 
time, as a result of excessively rapid settling; (c) 
there must  be an adequate difference in refractive 
index between the particle and the medium to insure 
constancy of the light scattering coefficient. 

Since the basic purpose of the work was develop- 
ment of a rapid method suitable for comparison 
measurements on similar materials, rather  than tha t  
of a precision method for absolute values on a wide 
range of materials, no a t t empt  was made to estimate 
absolute errors resulting from approximations used. 

MATHEMATICAL DISCUSSION 

Basic Principles 

Several texts (3, 4, 7) discuss in detail the rela- 
tionship between transmission and particle size. I t  
should be pointed out tha t  light is scattered by  
transparent  particles suspended in a medium with a 
different refractive index. Light which enters the 
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slit and thence the photocell has two components:  
first, all of the unscattered light, and second, par t  
of the scattered light. With the geometry of the 
Photelometer,  the correction for scattered light is 
small and will be only slightly changed by  particle 
size or concentration. 

The amount  of light t ransmit ted through the 
suspension is given by Beer's law which can be 
expressed in the form 

L, /L~ = e - ~  (I) 

where B is the sum of cross-sectional areas of the 
particles; K is the constant dependent on dimen- 
sions of the equipment and on scattering coefficient 
of the particles, Lt is light t ransmitted through 
the suspension at  t ime t, and L~ is light trans- 
mit ted through the system free of particles. The 
zero subscript (e.g., L0) denotes the value at a 
settling time of t = 0. Formula (I) can be converted 
to natural logarithms 

In (L~/Lt) = K B  (II) 

The assumption that  a log-normal probabili ty 
distribution of particle size is present holds for many  
industrial products prepared by  firing or grinding. 
Both operations are common in the preparation of 
phosphors. Separation by centrifuging or elutriation, 
or in a few cases by screening, may  significantly 
alter the distribution so tha t  the tog-normal law 
does not hold. However, these operations are not 
customary in phosphor preparation, so they should 
not affect the validity of the postulate. In any event, 
an inspection of plotted data  shows whether a 
log-normal distribution does exist. 

I t  is assumed that  the constant, K, in Beer's law 
is independent of particle size. I ts  variation with 
particle size, index of refraction, and wave length of 
light has been thoroughly discussed in recent liter- 
ature on optical scattering coefficients, with DeVore 
and Pfund (5) and Gumprecht  and Sliepcevich (6) 
giving excellent summaries. 

DeVote and Pfund show a universal scattering 
curve in which the abscissa is the parameter  
d/X (m 2 -- 1)/(m ~ + 2). When this parameter  2 is 
above 0.6, scattering remains constant at  2.0 over 
a very large range of parameter  values; while, if the 
parameter falls below 0.6, the scattering coefficient 
deviates considerably from this constant value. 
Hence 0.6 may be chosen as a limiting value for the 
parameter. With zinc sulfide in water, the parameter  
drops to 0.6 at a particle size of 1~ t~. Since most 
television phosphors are above this size, it can be 
assumed that  the scattering coefficient is constant. 

For  calcium halophosphates in water, because of 

2 d is the particle diameter, X the wave length of light, 
while m is the ratio of refractive indices of particle and 
medium. 

the different refractive index, the limiting value 0.6 
of the parameter  is reached at  2.0 ~ diameter.  In 
this case, deviations from Beer's law may  be a 
little more pronounced, but, since these phosphors 
are usually large in particle size, the assumption 
that the scattering coefficient is constant seems 
valid. Even with xylol as the medium, Beer's law 
holds adequately for most phosphors. 

Applying formula (II), it can be seen that the 
ratio of the total cross-sectional areas of particles in 
the suspension at time t, to that present at time t = 
O, is given by: 

B,/Bo = [In (L~/Lt)]/[ln (L~/Lo)]. (III)  

This can be converted to common logarithms and 
simplified by setting L~ -- 1, and expressing Lt 
and L0 in terms of this unit, giving 

Bt/Bo = (log 1/L,)/( log l /L0).  (IV) 

This ratio can be quickly determined by a slide 
rule calculation after L0 and Lt are known. Since 
Bt is the integral of the cross-sectional area of the 
partieles which have not settled out a t  t ime t, 
while B0 is the corresponding integral for the 
complete distribution, then plotting on logarith- 
metric probabil i ty paper 100 Bt/Bo against t ime 
of settling should give a straight line, if the log- 
normal law for particle size distribution is wtlid. 

Conversion of Data 

Having obtained the first graph of the function 
(log 1/Lt)/( log l /L0) against time, conversion to a 
graph of F(d) 3 against diameter is quite simple. I t  
is assumed tha t  Stokes' law holds, and this may  be 
writ ten as: 

d ~ = 18 X 10 ~ h,/(D~ -- D~)gt (V) 

where d is diameter in microns, ~ is viscosity in 
poises, h is distance settled in centimeters, D~ is 
absolute density of the particles in grams/ec,  D2 is 
density of the medium, g is 980 (the gravi ty  con- 
stant),  and t is t ime in seconds. 

Using this formula, the diameter corresponding to 
a 100-min settling t ime is calculated. F rom the 
graph, the percentage settled at  100 min is de- 
termined, and this percentage plotted against cal- 
culated diameter. A point corresponding to 1-min 
settling t ime is plotted against ten times this 
diameter, and a straight line drawn through the 
two points. This plot can be made on the same sheet 
of log-probability paper used for the original data. 

From this graph, it is possible to determine the 
median diameter, dop, which is the 50 % point and 
also the standard deviation, ~, which is given by  

= diameter at 50.00%/diameter  at  15.87%. 

3 F(d) is the eunmlative per cent of particles having 
diameters below diameter d. 
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The median optical diameter, dop, is also the 
geometric mean optical diameter based on area. 

The geometric mean diameter, da, as defined by 
DallaValle (5), is expressed as 

log do = 2;n log d/~.n (VI) 

This diameter is based on length, as determined by 
microscopic counting. Similarly, d'~, is the geometric 
mean diameter based on weight (or volume) in the 
case of a screen analysis. So there are three separate 
geometric mean diameters: de based on length, 
dop based on area, and d~ based on volume. 

From the two parameters dop and r thus obtained, 
any desired statistical diameter can be calculated 
using methods given by DaliaValle (3) or Herdan 
(4). Some of these conversion formulas are listed 
below 4 for the most commonly used diameters. 
The parameters d~ and d~ are defined above; d~ 
represents the mean volume-surface diameter, and 
d~ the weight 
notation. 

log d, 

log 

log d~ 

log d~ 

mean diameter in DallaValle's 

= log dop - -  4.606 1og2r (VII) 

= log dop + 2.303 logZa (VIII)  

= log dop q- 1.151 log2r (IX) 

= log dop -~ 3.454 log~r (X) 

I t  is sometimes convenient to have a frequency 
curve with per cent plotted against diameter or 
against log of the diameter. This is done by picking 
off appropriate points and plotting differences 
against the average of the diameters using uniform 
intervals. In the case of a plot against log diameter, 
a geometric progression of diameters is used, e.g., 
0.5, 1, 2, 4, 8 t~, with the point being plotted at the 
geometric mean of the interval. 

The  probability chart method of representing 
particle size distribution is not commonly used in the 
pipette method of measurement.  In the present 
application, the procedure used was very  similar to 
that  used for optical measurement. I t  was tested to 
confirm by another method the fact tha t  the dis- 
tribution present in phosphors conformed to the log- 
normal law. The weight of powder in a unit volume of 
suspension was determined at a fixed point after  
various times of settling and expressed as a per- 
centage of initial concentration. These quantities 
were then plotted against t ime on log-probability 
paper, and, by Stokes' law, converted to a plot of 
diameter. A comparison of the two methods is 
shown in Fig. 1. I t  should be noted tha t  in the 
optical method 100-rain settling corresponds to 
2.1 ~, while in the pipette method 100 min cor- 

4 The authors wish to thank  Mrs. Mary  S. Jaffe, one of 
the reviewers of this paper,  for clarifying the mathemat ics  
of this difficult subject  and correcting some errors in the 
formulas. 
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FIG. 1. Comparison of particle size distributions of halo- 
phosphates determined; curve A, by pipette method, curve 
B, by optical method. 

responds to 4.4 ~, because of differences in the 
distance settled and in viscosity of the media. 
Both  methods show tha t  distribution was of the 
log-normal type. 

EXPERIMENTAL DATA 

In the present paper, data  are intended to show 
application of the method to several phosphors, 
with some examples to show the effect of variables 
in the testing method on results. 

Typical Experimental Run 

Experimental  data reported in this paper were 
obtained on the Photelometer.  5 This instrument  (1) 
consists essentially of a tungsten light source, a 
sedimentation cell, and a photocell whose response 
is measured on a microammeter.  The amount  of 
light which passes through the cell is recorded at  
predetermined time intervals. A reading of 100% 
transmission through the clear medium in a dupli- 
cate cell is used as reference. Although no provision 
is made for control of temperature  around the cell 
itself, heat generated from the light source is elimi- 
nated by  means of a heat absorber placed in the light 
path. A volume of 13 ml of suspension is normally 
placed in the cell. These conditions give a settling 
path  of 3.4 cm. 

To determine particle size, enough powder to give 
an initial transmission of between 20-40% (pref- 
erably 20-30 %) is dispersed in a suitable medium. 
A more complete discussion of methods of dispersing 
is included in the next section. For  most phosphors, 
a trisodium phosphate solution (1.0 g/100 ml water) 
accompanied by hand shaking of the cell for two 
minutes was found adequate to produce complete 

5 Central  Scientific Company.  
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deflocculat ion.  T h e  cell was t hen  inser ted  in to  
t he  P h o t e l o m e t e r  and  pe rcen tage  of l ight  t r a n s -  
m i t t e d  recorded  a t  va r ious  t imes .  

T h e  work  sheet  shown in T a b l e  I gives  t y p i c a l  
d a t a  as ob ta ined  on a zinc sulfide phosphor  of t he  
t y p e  used  in ca thode  r a y  tubes .  D a t a  cor respond  to  

TABLE I 

Powder type--cathodoluminescent zinc sulfide 
Dispersing solut ion-- l% trisodium phosphate 

Hand shaking (2 min) ] Waring dispersion (5 min) 

Time 
(min) 

�89 
�90 

1 
11~ 
1~1i 
la~ 
2 
3 
4 
5 
6 

7 
8 
9 

]0 
15 
20 
25 

100 Bt/Bo 

86 

74 
66 
59 
53 
49 
47 
43 
40 
37 
30 
27 
24 

* At zero time (by extrapolation), Photelometer reading 
4o%. 

t At zero time, l)hotelometer reading 30%. 
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FIG. 2. Transmission function and derived particle size 
distribution of cathodoluminescent zinc sulfide; dispersed 
by hand shaking. 
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FIG. 3. Transmission function and derived particle size 
distribution of cathodoluminescent zinc sulfide, dispersed 
by Waring blendor. 

TABLE II .  Data for Stokes' law calculation for ZnS 

Temperature . . . . . . . . . . . . . . . . . . . . . . .  
Medium . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Settling distance . . . . . . . . . . . . . . . . . . . .  [ 
Particle density . . . . . . . . . . . . . . . . . . . .  I 
Medium density. . . . . . . . . . . . . . . . . . . . .  / 
Time in seconds . . . . . . . . . . . . . . . . . . . .  
Calculated particle diameter. . . . . . . . .  

25 ~ 
Water 
0.009 poises 
3.4 cm 
4.10 g/cc 
1.00 g/co 
60OO 
1.75 

Fig.  2 and  3. T a b l e  I I  gives  necessa ry  d a t a  for  t h e  
S tokes '  law ca lcu la t ion  shown b y  f o r m u l a  (V). 

Method of Testing Dispersion 

I n  dea l ing  wi th  s ed imen ta t i on ,  t he  effect of dis-  
pers ion  is v i t a l l y  i m p o r t a n t .  Since t e r m i n o l o g y  is 
v e r y  poo r ly  es tab l i shed ,  " p r i m a r y  p a r t i c l e , "  "ag- 
grega t e , "  a n d  " f loccu la te"  as used  in th i s  p a p e r  will  
be defined.  

A " p r i m a r y  p a r t i c l e "  is one which,  when  o b s e r v e d  
in t he  microscope ,  has  wel l -def ined b o u n d a r i e s  a n d  
a p p e a r s  to  be a single c rys ta l .  

A n  " a g g r e g a t e "  is a g roup  of p r i m a r y  p a r t i c l e s  
he ld  t o g e t h e r  b y  some t y p e  of cemen t ing  a g e n t  so 
t h a t  m e c h a n i c a l  w o r k  is needed  to  s e p a r a t e  t h e m .  

A " f loccu la t e"  is a g roup  of p r i m a r y  pa r t i c l e s  or  of 
aggrega tes  p r e se n t  in a suspension,  and  he ld  to -  
ge the r  b y  e lec t r ica l  charges,  so t h a t  on ly  a m i n u t e  
a m o u n t  of m e c h a n i c a l  work  is needed  to  b r e a k  t h e m  
down  in to  smal le r  par t ic les .  Such f loccula tes  a re  n o t  
p r e se n t  if t he  suspens ion  is p r o p e r l y  d i spe r sed .  

T h e  m a j o r  p r o b l e m  in p r e p a r i n g  suspens ions  for  
a n y  d e t e r m i n a t i o n  of pa r t i c l e  size b y  s e d i m e n t a t i o n  
is t h a t  of p r e v e n t i n g  f locculat ion,  since se t t l i ng  r a t e  
of a f loccula te  is a p p r o x i m a t e l y  t h a t  of an  e q u i v a l e n t  
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spherical particle having the same total  mass. To  
obtain accurate results, it is therefore necessary to 
use a dispersing agent  to prevent  flocculation. 

To  determine whether a suspension is defloccu- 
lated, a quick test  is observation of a drop of the 
suspension magnified about  250 times. If  sufficient 
dispersing agent is present, smaller particles will he 
in Brownian motion, and when two of these small 
particles come in contact, they will p rompt ly  sepa- 
rate rather  than  cohere. Use of an excess of agent  m a y  
lead to reflocculation. 

A more precise test  is to determine particle size 
with varying amounts  of dispersing agent  present. 
I f  dispersion is good, particle size will be repro- 
ducible and will be smaller than the size obtained 
when either insufficient or excess agent  is used. 

Method of Dispersing Phosphors 

Since phosphors as prepared and used are known 
to contain large numbers of aggregates of various 
sizes and band strengths, it is obvious tha t  the 
method of dispersion may  have a great effect on 
particle size distribution. 

If severe mechanical work is applied to the sus- 
pension, all but  the mos t  firmly cemented aggregates 
will be completely separated and particle size dis- 
tr ibution will approach that  of pr imary  particles. 
If  this work is performed on a dilute suspension, for 
example by agitation with a Waring blendor, it is 
improbable tha t  any pr imary particles will be 
broken, but  aggregates should be separated. This is 
discussed in more detail in a later section. 

Fig. 4 shows the effect of various periods of 
agitation in the Waring blendor with 0.2 gram of 
a fluorescent ZnS and t.0 gram of phosphate per 
100 ml of water. Effects of aggregation on settling 
rate are quite striking. The shaken suspension is 
apparent ly  a mixture of coarse and fine material  as 
shown by  the break in curve A. The coarse fraction 
is quite uniform; i.e., on a particle size basis, ~ is 
low. With increasing t ime of agitation in the blendor 
this breaks down gradually. At one minute  a mixture 
of coarse and fine exists as seen in curve B; at  three 
minutes there is no evidence of coarse mater ial  
(curve C); and at  ten minutes the settling rate is 
still slower. Conversion of these da ta  to particle 
size distributions shows that  ~ becomes smaller for 
the fine fraction as t ime of agitat ion increases. 

Obviously, a great deal of care is needed in setting 
conditions of dispersion for powders of this type,  if 
reproducible results are to be obtained. 

Very gentle agitation, such as shaking by  hand or 
by a wrist-action mechanical shaker, is sufficient 
to defloceulate the material  without breaking down 
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TRANSMISSION FUNCTION 

Fie,. 4. Effect of dispersion time in Waring blendor on 
transmission function 100 Bt/Bo; curve A, hand shaken; 
eu rye B, l-rain mix; curve C, 3-rain mix ; curve l), 10-rain mix. 

any aggregates except those with very weak bond- 
ing. 

Particle sizes obtained have been designated: 
(a) aggregate particle size (D,~,). This is the result 
obtained by hand shaking for two minutes;  (b) 
ul t imate particle size (d~p). ~ This result is obtained 
using the Waring blendor. 

As was indicated in the experimental  section, 
phosphors were dispersed with suitable agents in 
distilled water. Approximately 0.2 gram of phosphor  
was used per 100 ml of solution in the Waring 
blendor tests. In haled shaking, sufficient phosphor  
was added to 13 ml of the solution to give an initial 
transmission reading of between 20-30%. 

Data, on Calcium Halophosphates 

Several dispersing agents were tried with calcium 
halophosphates; of these, dilute ammonium hydrox-  
ide or dilute tr isodium phosphate  gave the most  
reproducible results. The effect of powder concen- 
t ra t ion during sedimentat ion was tested by  runs 
with 0.5 gram/100 ml giving an initial t ransmis-  
sion of 12 % and 0.17 gram with an initial t ransmis-  
sion of 39%. The  results, shown in Fig. 5, in- 

6 This  " u l t i m a t e  par t ic le  s ize"  approx imates  t h a t  of 
p r ima ry  part ic les ,  bu t  a few aggregates  may  be present .  
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FIG. 5. Effect of concentration during sedimentation on 
transmission function with halophosphate phosphor. 

particle sizes. This  m a y  be due to breaking by  
impact  of one particle against  another.  

There  is a striking difference in behavior  of various 
phosphors when agi tated in a Waring blendor. 
Halophosphate  phosphors show evidence of some 
aggregation, bu t  the breakdown from mechanical  
work is slight. In  contrast,  the fluorescent zinc 
sulfide 7 is composed of large aggregates, which are 
readily separated by  the Waring blendor, indicating 
tha t  bonding forces are weak. Each part icular  
powder must ,  therefore, be tested with varying 
degrees of mechanical  work to determine how much  
dispersion is needed to give the u l t imate  particle 
size. 

Data on Calcium Tungstate 

Fig. 6 shows typical  da ta  on a calcium tungsta te  
phosphor  dispersed by  two methods.  The  effect of 
mixing in the Waring blendor was much  like tha t  
observed with calcium halophosphate.  
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FIG. 6. Transmission function and derived particle size 
distribution of calcium tungstate; Dop, dispersed by hand 
shaking; dop, dispersed by Waring blendor. 

dicate tha t  concentration is not an impor tan t  
factor. 

I t  has been found experimentally tha t  the amount  
of work performed on the halophosphate suspension 
by the Waring blendor does have some effect on 
particle size. The effect is, however, much less pro- 
nounced than  with zinc sulfide. Aggregates are 
apparent ly  separated in 3 min, and very little 
change in particle size results from further  agitation. 
Change in amount  of sample does have some effect 
with larger sample sizes leading to apparent  smaller 

CONCLUSION 

This paper  has presented a quick method for de- 
terminat ion of particle size distribution of phosphors 
by measurement  of optical transmission during 
sedimentation.  I t  has been assumed tha t  Beer 's  
law applies, and tha t  distribution conforms to the 
log-normM law. Accuracy is more than  adequate  for 
m a n y  control and experimental  applications. In  ad- 
dition to phosphors,  the method is potent ial ly  useful 
for other powders with particle sizes between 2 and 
50 ~. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL. 
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ABSTRACT 

For heating and evaporat ion of concentrated solutions of electrolytes, the solution 
itself can serve as a resistor to give uniform heating throughout.  Solutions of salts hav-  
ing a negative temperature coefficient of solubili ty can be concentrated by electrical 
heating, provided electrodes are maintained at a temperature  below tha t  of the solution. 
Experimental  details are given for solutions of sodium sulfate. The electrical conductiv-  
i ty  of saturated solutions of Na2SO4, Na2CO3, Na3PO4, and MgSO4 has been determined 
from 25~ to 75 ~ or 90~ 

INTRODUCTION 

It  is difficult to heat solutions of salts which have 
a negative temperature coefficient of solubility. These 
salts with an "inverted solubility curve" are well 
known as ones that form hard deposits of scale on 
heat transfer surfaces. Sodium sulfate, sodium car- 
bonate, and calcium sulfate are salts of this type. 
Sodium snlfate is of particular importance because 
it usually is recovered from natural brines and in- 
dustrial operations as sodium sulfate decahydrate, 
Na2SO4.10H20, containing 56 % water which must 
be removed before it is economical to ship the salt 
any distance. This problem of dehydration is one 
that has been attacked by many methods (1), of 
which submerged combustion, or internal heating 
with hot gases, has been the most successful (2). 
This process requires gaseous fuel which is not avail- 
able in many localities. 

One possible method of heating concentrated solu- 
tions has not been investigated. Little use has been 
made of the fact that the concentrated solution it- 
self can be made the resistor in an electrical circuit 
and electrical power converted into heat uniformly 
within the body of the solution. The electric steam 
boiler is well known, but this has operated on dilute 
solutions. No work has been done on use of electrical 
energy for internal heating of saturated solutions, 
particularly solutions of those salts that are scale- 
formers. 

SALT HYDRATES 

Some salts that are dehydrated industrially to 
produce an anhydrous, or less hydrated, salt are 

1 Manuscript  received April  17, 1953. The experimental  
work reported here was conducted in the laboratories of the 
Depar tment  of Chemical Engineering, Univers i ty  of Wash- 
ington, Seattle, Washington. 
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Na2SO,.10H20 (which contains 44.2% anhydrous 
salt), Na2CO3.10H20 (37.1%), Na~PO4-12H20 
(43.2%), MgSO4.7H20 (48.9%), FeSO4.7H20 
(54.7 %). Although the feasibility of using electrical 
power for the dehydration process depends on eco- 
nomic considerations, the technical merit of the proc- 
ess warrants investigation, as does the action of 
scale-forming salts on electrodes. Fundamental data 
should be obtained which can be used for design 
purposes. 

A large amount of data is available on electrical 
conductivity of dilute salt solutions, but few data 
are available on saturated solutions. Conductivity 
of saturated solutions of four salts (Na2SO4, Na2CO3, 
Na3PO4, and MgSO4) was determined from 25 ~ to 
75 ~ or 90~ Saturated solutions of an analytical 
grade of these salts were prepared by rotating a bottle 
containing a salt excess for i to 7 days in a thermostat 
set at the desired temperature. Concentration of the 
solution was determined to ascertain that it checked 
known solubility 'data. The saturated solution was 
transferred from the bottle to a calibrated con- 
ductivity cell immersed in the same thermostat, 
and conductivity of the solution was determined. 
Data are given in Table I and shown on Fig. 1. I t  
undoubtedly is safe to extrapolate conductance 
curves for sodium sulfate and carbonate to their 
normal boiling points. For sodium phosphate and 
magnesium sulfate, both the solubility and con- 
ductance increase with temperature, so that extra- 
polation may not give a reliable value. 

DEHYDRATION OF SODIUM SULFATE DECAtIYDRATE 

Because of the industrial importance of sodium 
sulfate and its well-known tendency to form scale, 
a small installation was built to study dehydratior~ 
of sodium sulfate decahydrate to anhydrous salt. 
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TABLF I. Specific conductance o.f saturated solutions of 
four salts 

Temp, ~ 

25.0 
27.6 
30.0 
34.8 
42.8 
50.0 
64.0 
75.0 
90.0 

Specific conductance, mhos per cm s 

Na2SO~ 

0.124 
0.137 
0.147 
0.152 
0.188 
0.218 
0.278 
0.334 
0.394 

Na~CO~ Na~PO4 MgSO~ 

0.103 
0.0984 
0.0991 
0.102 
0.134 
0.167 
0.234 
0.286 
0.366 

0.0702 
0.0751 
0.0821 
0.0867 
0.0973 
0.104 
0.187 
0.228 

0.0473 
0.0494 
0.0506 
0.0524 
0.0537 
0.0545 
0.0572 
0.0588 
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FIG. 1. Flectrical conductivity of saturated salt solutions 

The transition tempera ture  of decahydrate  to an- 
hydrous salt is 32.4~ above which sodium sulfate 
has a negative tempera ture  coefficient of solubility. 
Solid sodium sulfate decahydrate  added to a boiling 
solution will melt  incongruently and immediately  
deposit par t  (47 %) of the anhydrous sodium sulfate. 
The remainder of the sodium sulfate must  be ob- 
tained by  evaporat ing the water  of hydrat ion.  A 
cycle of operations can be devised which will require 
a min imum of electrical energy by  taking only the 
anhydrous sodium sulfate deposited on melt ing and 
returning the mother  liquor to a natural  pond for 
recrystallization of more deeahydrate  crystals. Such 
an operation calls for more pumping and handling 
of solids, so usually it is not practical for operations 
based on industrial production of decahydrate,  or 
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where refrigeration is used to crystallize decahydra te  
f rom a solution. 

An evapora tor  with a conical bo t tom was adapted  
for electrothermal heating. Fig. 2 shows the evapora-  
tor,  12 in. in diameter,  body 18 in. high with a conical 
bo t tom 12 in. high terminat ing in a 2-in. ips coupling 
to which was a t tached a rapid opening gate valve. 
To circulate the solution, a 3/~-in. pipe was connected 
at  the bo t tom with an air inlet to form an air-lift. 
Because of the relatively small d iameter  of the 
evaporator ,  a glazed sewer tile was hung centrally 
in the evapora tor  body and one electrode, a 6-in. 
d iameter  disk, was suspended within the tile. The  
evapora tor  body  served as the other electrode and 
resistance of the sys tem could be var ied by  changing 
the location of the central electrode. The 60-cycle 
electrical power was passed through a s tep-down 
t ransformer  to give 150 amps  a t  32 volts. A wat t -  
meter  in the circuit measured power input  to the 
evaporator .  The  evapora tor  body was covered with 
magnesia insulation to decrease heat  losses. A pre- 
l iminary experiment  showed tha t  evaporat ion was 
equivalent  to 95.0 % of power input.  

Numerous  runs were made vary ing  the central  
electrode size and position and with various rates of 
feed of deeahydra te  to the evapora tor  and various 
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rates of circulation of solution within the evaporator. 
From these experiments it was concluded that  the 
electrothermal method of heating was entirely satis- 
factory for saturated solutions of sodium sulfate. 
Boiling took place uniformly throughout the solu- 
tion. Solid sodium sulfate decahydrate could be fed 
directly to the solution to take advantage of incon- 
gruent melting. Crystal size of anhydrous sodium 
sulfate deposited from solution depended on crystal 
size of the decahydrate feed. Large-size feed crystals 
formed larger crystals of anhydrous salt. In  general, 
most of the anhydrous salt was retained on a 48 mesh 
screen. Circulation of solution using the air-lift 
caused a marked increase in size of the crystals 
formed, as would be expected from the Oslo system 
of evaporation and crystallization (3). 

SCALE FORMATION AND CORROSION 

In all runs with sodium sulfate, scale formed on 
the central electrode but none formed on the evapora- 
tor body which was the other electrode. Because of 
small area and high current density on the central 
electrode, its surface temperature undoubtedly was 
higher than the solution temperature, so tha t  scale 
formation on the hotter surface was inevitable. 
Scale would decrease the amount  of current that  
could pass through the electrode surface. At times 
the hard scale would crack and fall from the elec- 
trode, which would cause a surge of current into the 
solution, but continued operation would build up 
another layer of scale. 

The problem of scale formation was studied along 
with electrode corrosion in a different electrolytic 
cell. This was a rectangular stone cell, 7 x 7 x 18 in., 
which was covered with thermal insulation. One 
electrode was a sheet iron box 5.5 x 4.5 x 0.5 in. In  
two hours this electrode was covered with an im- 
pervious coating of scale. A similar electrode was 
made, differing from the first only by placing copper 
inlet and outlet tubes so that  water could be circu- 
lated through the box. On this new electrode, main- 
tained at a temperature below that  of the solution, 
no scale formed after six hours of operation (4). 
These electrodes after use are shown in Fig. 3. 

Corrosion was found with mild steel electrodes, 
so a study was made of other materials. Electrodes 

FIG. 3. Uncooled (left) and cooled (right) electrodes 
operating in boiling sodium sulfate solution. 

TABLE II. Corrosion of electrode materials in  ten hours in 
boiling sodium sulfate solution 

Metal Loss in wt, % 

Galvanized iron . . . . . . . . . . . . . . . . . .  
Copper. . . . . . . . . . . . . . . . . . . . . . . . . . .  
Tin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Stainless steel, KA2 . . . . . . . . . . . . . . .  
Aluminum . . . . . . . . . . . . . . . . . . . . . . . .  
Monel metal . . . . . . . . . . . . . . . . . . . . . .  
Zinc . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Lead . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cast iron . . . . . . . . . . . . . . . . . . . . . . . . .  

2.3 
9.0 
2.6 
0.0 

13.4 (1 hr only) 
2.4 
3.3 

20.0 
Nil 

were cut approximately 5 x 6 in. and measured ac- 
curately as to area and weight. Current  density was 
maintained at 4.4 a m p / d m  2, arid time of operation 
was 10 hr. Results are given in Table II .  All metals 
showed marked corrosion except stabfless steel, 
sheet tin, and cast iron. Monel metal showed deep 
grooves after tell hours. No quanti tat ive measure- 
ments could be made on cast iron because of the 
weight of the electrode. After 20 hours of operation, 
no pitting or corrosion could be observed. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL. 
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Diaphragm Type Amalgam Caustic-Chlorine Cell 1 
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A B S T R A C T  

An amalgam-type caustic cell was studied. I t  consisted of a~t anode compartment  which 
contained brine and graphite anodes, and a cathode compar tment  which contained a mer- 
cury cathode, denuder water,  and graphite chips. The compartments  were separated by 
a horizontal "ny lon"  cloth diaphragm. Opt imum operat ing characteristics of the cell 
were: denuder l iquor velocity,  8.0 ga l /h r / f t  2 Hg;  brine veloci ty,  1.0 ga l /h r / f t  2 Hg;  brine 
temperature,  50~ current density, 1.0 amp/in.  2 Hg, and a voltage drop of 3.70 volts.  
The cell produced 0.80 lb caustic soda/kwhr at a current  efficiency of 90-91%. This indi- 
cates sl ightly improved effieiencies over present commercial  operation. 

INTRODUCTION 

Most commercial amalgam caustic-chlorine cells 
employ flowing mercury in both the electrolyzer and 
decomposer sections of the cell. A cell with a sta- 
tionary mercury pool supported between an elec- 
trolyzer section on the bottom and a decomposer 
section above should be effective. Since sodium 
amalgam is lighter than mercury, the amalgam 
should rise from the electrolyzer interface to the 
decomposer interface. 

A similar cel] may have been proposed earlier 
(1, 2). Operation of such a cell was apparently not 
successful due to failures of construction material. 
Patents (3-5) have been issued to cover this type of 
cell construction; however, no extensive studies have 
been reported. 

EXPERIMENTAL 

Cell 

A diagram of the cell is given in Fig. 1. 
Brine solution was kept in a two-liter glass vessel 

which contained a shelf built around its circum- 
ference. On the shelf, supported by rubber blocks, 
rested a glass cylinder of 350 ml capacity. A taut 
nylon cloth ~ which acted as the diaphragm was 
stretched across its lower face. The cloth was fastened 
around the glass cylinder by a metal band; the 
edges of the cloth as well as the metM band were 
covered with de Khotinsky cement. A 0.135 cm 
thick mercury pool was placed on the diaphragm, 
and above the mercury pool rested 250 ml of water. 
Except where otherwise noted, graphite chips com- 
pletely covered the mercury-water interface to pro- 

1 Manuscript  received May 15, 1953. The work reported 
in this paper is taken from the thesis of Att i l io  Bisio pre- 
sented in part ial  fulfillment of the requirements for the 
degree of Bachelor of Science, June 1953. 

Present address : Amersil Company,  Inc., Hillside, New 
Jersey. 

3 "Vinyon N "  cloth supplied by the Carbide and Carbon 
Chemical Corporation, New York, N. Y. 

158 

vide a surface of low hydrogen overvoltage. Chip 
size was - 3 . 5 / + 4 . 0  Tyler Standard Screens; there 
was 0.75 gram graphite/cm 2 mercury surface. The 
anode was a graphite plate which encircled the inner 
compartment at mercury level. Thus, electrolyzer 
and decomposer sections were created. 

Electrolyzer or denuder solution could be added 
independently or removed by means of siphons and 
dropping funnels. Mechanical agitation was not em- 
ployed in either compartment of the cell. Brine feed 
to the electrolyzer was saturated at the brine feed 
temperature. A standard selenium rectifier was used 
to provide power needed for experimental work. 
Auxiliary voltmeters and ammeters were placed in 
the electrical circuit of the cell as needed, in addition 
to meters contained in the rectifier assembly. 

Ordinary electrode-grade graphite t proved suit- 
able for electrolysis of the brine. With proper control 
of brine composition at 324 + 30 grams NaC1/liter 
H20, long anode life can be anticipated. Graphite 
anodes which were kept under 24-hr service for three 
months showed no change in weight, water displace- 
ment, electrical conductivity, or visual appearance. 
During prolonged electrolysis the cell showed no 
voltage trend, indicating absence of any significant 
change in surface characteristics of the electrode. 

Contact to the mercury cathode was made by a 
Monel screen immersed in the mercury. The electrical 
contact was permanent and effective, and amal- 
gamated after a few moments of operation. 

Voltage Studies 

Voltage drop across the cell depends upon the 
average current density at which the cell is operated, 
temperature, concentration of electrolyte, sodium 
content of the amalgam, cathode-anode spacing, 
diaphragm resistance, and means of removing chlo- 
rine bubbles. The voltage-current density relation- 
ship for the experimental cell is shown in Fig. 2. 

4 Grade A6NX, Nat ional  Carbon Company.  
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Exact  slope of the curve is influenced by  details of 
cell construction and by the extent to which parasitic 
resistances have been minimized. Voltage drop across 
the cell increased relatively slowly with increasing 
average current density. The fact tha t  no gas is 
generated at  the mercury cathode contributes sub- 
stantially to this favorable relationship. High con- 
ductivity of brine solution is also a contributing 
factor. 

Cell voltage was not influenced by brine flow rate 
over the range 0.0-10.0 ga l /h r / f t  Z Hg. Flow rate is 
defined as the turnover in a chamber, in the sense that  
it  is an indication of volumetric contact  with the 
mercury surface. The geometry modifies effects of 
turnover. At flow rates higher than 10 ga l /h r / f t  2 Hg 
and constant average current density, the voltage 
initially decreased with increasing flow rate, then 
finally levelled off. No quanti tat ive measurements 
were made in this region. The denuder flow rate had 
no effect on voltage drop across the cell, which is 
shown as a function of temperature in Fig. 2. 

Since decomposition voltages of brine solutions 
were not determined, caution should be exercised in 
extrapolation of these curves. Temperature  coefficient 
of the voltage was 0.035 vol t /~ at  all current den- 
sities. Temperatures  given in Fig. 2 are those of the 
brine; denuder temperatures were generally 5-10~ 
higher. 

The cell was operated with a brine temperature  of 
50~ in all succeeding work. 

Anode potential, cathode potential, and voltage 

{+) 

A J ,_2 G 

B ~  

C J . .  :" : :  : =-:',!- 

[~ , . .  

E K 

FIG. 1. Cell construction. A--anode lead; B--brine liquid 
level; C--anode (graphite ring) ; D--insulation; E--nylon 
diaphragm; F--rubber block supports; G--cathode lead; 
H--denuder section (pure sodium hydroxide solution) ; I--  
mercury pool; J--Monel screen contact; K--brine. 
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FIG. 2. Operating voltage as a function of current den- 
sity and temperature. 

drop across the diaphragm were determined with a 
calomel half-cell and tubulus (6-8); voltage drop in 
solution and contact  drops were determined by  dif- 
ference. These potentials are plot ted in Fig. 3. Prob-  
able error in each of the measured potentials is less 
than 0.01 volt. 

Voltage drops across the solution, diaphragm, and 
contact  were small in compa~'ison to anode and 
cathode potentials (Fig. 3). Voltage drops across the 
diaphragm were of the same order of magni tude as 
comparable published measurements for the dia- 
phragm of a Vorce cell (9). 

Anode potential  was an impor tant  i tem in voltage 
drop across the cell, since its variat ion with current  
density was greater than tha t  of the other potentials. 
Factors  governing anode potential  in a mercury  cell 
are the same as in a diaphragm cell except tha t  
brine concentration and current density are some- 
what  higher (10, 11). At  1 a m p / i n ?  the anode po- 
tential  is 1.580 volts. Assuming tha t  chlorine dis- 
charge potential  on plat inum is 1.330 volts (12), a 
polarization of 0.25 volt  results a t  a current  density 
of 1 amp/in .  2 This value is a reasonable approxima- 
tion of published measurements (9, 13). 

Anode potential  measured during prolonged elec- 
trolysis was somewhat lower than  tha t  found in 
short laboratory tests. This occurred repeatedly, the 
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dcpression being greater than the experimental error; 
at  present no reason is advanced as to why this 
should occur. The effect, however, may  be due to 
some type of anode conditioning by chlorine evolu- 
tion. 

Cathode potential is influenced only slightly by  
current density in comparison with anode potential. 
This is to be expected since polarization is effeeted by  
current density only in ease of gas evolution (14). 
Changes in brine concentration influence cathode 
potentiM but  slightly, whereas a change in amalgam 
concentration has a more pronounced effect (11). 

Operating Current Density 

Current efficiency of the cell over a wide range of 
brine and denuder velocities depended upon the 
average current density at which the cell was oper- 
ate& Visible gas evohltion at  the cathode occurred 
above a current density of 1.2 amp/in .  2 I t  is also 
probable tha t  incipient gas generation occurred at 
lower current densities. All succeeding work was 
carried out at a current density of 1 amp/in.  2 
Operating voltage at, 50~ was 3.70 volts. 

Amalgam Denuder Studies 

Graphite chips were floated on the mercury pool 
surface in an effort to provide low hydrogen over- 
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FIG.  4. I n s t a n t a n e o u s  c u r r e n t  e f f i c i e n c y  a s  a f u n c t i o n  of 

time of operation and denuder liquor velocity. Current 
density: 1 amp/in. 2 ttg; temperature: 50~ Flow rates in 
gal/hr/ft ~ Hg; brine flow: 1.0; denuder flow: (1) 0.0, (2) 2.0, 
(3) 4.0, (4) 6.0, (5) 8.0, (6) 10.0. 

voltage and promote the reaction of sodium amalgam 
with water (11, 13). Fig. 4 shows tha t  at a denuder 
velocity of 0.0 ga l / (hr / f t  ~ Hg), presence of the de- 
polarizer increased current efficiency approximately 
four times. The  mechanism of amalgam decomposi- 
tion has been studied previously (13). 

Flow Rate Studies 

Fig. 4 also shows instantaneous current efficiency 
to be a function of t ime of operation and of denuder 
liquor velocity. During the first 31/~ hr of cell opera- 
tion, there was a slow buildup of sodium amalgam 
in the mercury which caused a slow increase in cur- 
rent  efficiency, irrespective of denuder liquor velocity. 
When the average caustic concentration reached 
8.3 % by weight, current efficiency at  tow denuder 
flows began to decrease with time. At higher denuder 
flows, however, the apparatus approached steady 
state as indicated by curves 5 and 6 of Fig. 4. Raising 
denuder liquor velocity above 10.0 ga l /h r / f t  2 Hg 
when the average caustic concentration is less than 
32 % had no effect on current efficiency. 

Decrease of current efficiency at low denuder 
liquor flows was due to concentration polarization at  
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the mercury~caustic interface which slowly increased 
with time. There were indications that  caustic con- 
eentration at  the mercury-caustic interface was over 
25% by weight. Higher denuder liquor flow rates 
reduced this concentration polarization. 

Although brine velocities were varied over the 
range 0.0 to 10.0 ga l /h r / f t  ~ Hg, this variation did 
not have any effect on the relationship between 
current efficiency and time as presented in Fig. 4. 
This was anticipated since the amount  of brine con- 
sumed during a run amounted to less than 10 % of 
total brine present. If electrolysis were continued for 
a longer period, however, cathodic polarization would 
be expected. 

Inasmuch as turnover had no effect on early stages 
of amalgam buildup, one may speculate that  rate of 
buildup was due to transfer of sodium controlled 
by  a chemical step. After 31~ hr of operation, turn- 
over did have an effect on rate of buildup, and here 
one may speculate that  transfer of sodium was con- 
trolled by a convectional or diffusionM process. 

Steady-state cell operation after 31/~ hr of buildup 
at a denuder velocity of 8.0 ga l /hr / f t  2 Hg and a 
brine velocity of 1.0 ga l /hr / f t  "~ Hg permitted opera- 
tion at a current efficiency of 90-91% and attain- 
ment  of a caustic concentration of 32.0 % by weight, 
Concentration polarization then increased to such a 
point that  current efficiency was less than 90.0%. 
If at this time denuder liquor velocity was increased 
above 30 ga l /h r / f t  2 Hg, caustic concentration could 
be bnilt up to 40 % by weight before concentration 
polarization increased to such a point tha t  current, 
efficiency was less than 90 %. At this point, however, 
heavy gas generation occurred at the mercury- 
brine interface. Gas generation was probably due to 
sodium concentration in the amalgam being greater 
than 0.2 %, thus raising the sodium ion discharge 
potential above the potential  for hydrogen discharge. 
This was confirmed in other experimental work (8). 
Titrat ion of the sodium amalgam indicated tha t  
concentration of sodium was above 0.25% under 
these conditions. 

The necessary increase in denuder liquor velocity 
after onset of concentration polarization was elim- 
inated by operating two cells in series at a denuder 
liquor velocity of 8 ga l /hr / f t  2 Hg. Transfer between 
the two denuder compartments caused mixing to 
occur, thus decreasing the tendency for concentra- 
tion polarization. A caustic concentration of 40% 
by weight was obtained at this velocity, whereas 30 
ga l /hr / f t  2 Hg was previously necessary. 

CONCLUSIONS 

Operation of the experimental cell with a two- 
stage denuder and denuder liquor velocity of 8.0 gal/  
h r / f t  2 Hg, brine velocity of 1.0 ga l /h r / f t  ~ Hg, cur- 
rent density of 1 amp/in.  2 Hg, and voltage drop of 
3.70 volts, produced 0.80 lb caustic soda/kwhr (1600 
kwhr / ton)  a t  a current efficiency of 90-91%. 

I t  is difficult to compare this cell to others re- 
ported in the literature, since complete operating 
data  are rarely given. However,  the following state- 
merits can be made: (a) brine and denuder veloc- 
ities noted above were well below those reported in 
the literature (10); (b) circulation of mercury was 
eliminated; (c) current density and over-all voltage 
drop were about the same as those reported for com- 
merciM opergting units (15) ;mM (d) the cell had the 
same output  per kilowatt hour as commercial units 
of both the amalgam and diaphragm types. 
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Technical Note 

Anhydrous Ethylenediamine 
R.  M .  CREAMER AND D.  H .  CHAMBERS 

Bureau of Mines Eastern Experiment Station, College Park, Maryland 

Ethylenediamine has been used frequently in elec- 
trochemical investigations as a nonaqueous ionizing 
solvent, as a chelating agent, and as a starting ma- 
terial for organic synthesis. One difficulty en- 
countered in its use has been the preparation of a 
dry sample. Several methods have been advanced for 
drying ethylenediamine (1-3). These methods, how- 
ever, are t ime consuming, present handling diffi- 
culties, and usually give a poor yield; therefore, an 
a t tempt  was made to develop a more satisfactory 
method. Water  removal by addition of a third ma- 
terial tha t  forms a low-boiling azeotrope has been 
used extensively in other systems for dehydration. 
An effort was made to employ this procedure in de- 
hydrat ing ethylenediamine. 

The first agent used, isopropyl ether, was found to 
be capable of accomplishing the desired dehydration. 
The main objection to this dehydrating agent was the 
rate of reaction; it required about 25 hr to dehydrate  
350 ml of 70 % diamine. Benzene proved to be a 
much faster dehydrating agent than isopropyl ether, 
probably as a result of the larger percentage of water 
in the benzene-water azeotrope. I t  was also found 
that  a total condensing, phase-separating stillhead 
permit ted drying to be completed with only a small 
quant i ty  of dehydrat ing agent. This stillhead re- 
tained a portion of the condensed vapors. The light 
benzene fraction of the distillate was returned to the 
column as reflux, and only the heavier hnmiscible 
water layer was removed from the system. 

Ethylenediamine was dehydrated with benzene in 
the following manner:  100 ml of dry  benzene was 
added to 500 ml of 70 % ethylenediamine. This two- 
phase mixture was placed in a l-liter flask at  the 
bot tom of a fractionating column 90 cm long and 
30 mm in diameter tha t  was filled with 3 mm glass 
helices. To permit  rapid dehydration, the boil-up 
rate from the flask was adjusted close to the column's 
maximum capacity. A manometer  tha t  measured the 
pressure in the flask was useful in preventing column 

Manuscript received May 25, 1953. 

flooding. The water and the small quant i ty  of 
ethylenediamine that  distills with it were separated 
from the benzene, the other component  of the azeo- 
trope, by  means of the stillhead previously men- 
tioned. The system was protected from the outside 
atmosphere by soda-lime tubes. During distillation, 
the stillhead temperature  slowly increased from 
about  75~ to the boiling point  of pure benzene, 
80~ Removal  of water by  the azeotrope was rapid 
until  only the monohydra te  remained, at  which point  
the rate of water removal became slower. When the 
ethylenediamine was dry, a point indicated by  collec- 
tion of a distillate of only one phase, benzene was 
discharged from the stiUhead arid the dry  diamine 
distilled from the column. The time required to dry  
500 ml of ethylenediamine in the apparatus  described 
was about  15 hr, a time that  could probably be de- 
creased by  the use of a column of greater capacity.  
The  concentration of ethylenediamine in the product  
was at  least 99.5 % and had a specific conduct ivi ty  
of 1 X 10 -5 ohm -1 cm -1 or less. The yield was 88 %. 
Most  losses could be a t t r ibuted to hold up in the 
fractionating column and still base. 

This method gives a product  tha t  compares favor- 
ably in physical and chemical characteristics with 
the product  obtained by  the use of chemical methods 
of dehydration.  The yield from the dehydrat ion is 
high, the amount  of dehydrat ing agent required is 
small and is easily recovered, and the dehydrat ion 
and purification are completed in only a single piece 
of apparatus.  

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL. 
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Rate o f  Oxidat ion  o f  Three  N icke l -Chromium Heater  Al loys  
be tween  5 0 0  ~ and 9 0 0 ~  

EARL A. GULBRANSEN AND KENNETH F .  ANDREW 

lVestLngho~se Research Laboratories, East P~ttsburgh, Pcnns~flvaaia 

ABSTRACT 

Rates of oxidation of three heater alloys of nominal composition 80% mckel-20% 
chrommm were studied over the temperature range of 500 ~ to 950~ and at a pressure 
of 7.6 cm of Hg of oxygen, using the vacuum mlcrobalance method Temper co]or fihns 
were obtained for all oxMations below 850~ while gray or gray-green fihns were ob- 
tained at temperatures of 850~ and higher No evidence was found for scaling ot crack- 
ing of the oxide from the alloys on cooling at temperatures of oxidatmn up to 950~ 

The parabolic rate law was applied to the data Reasonable agreement was found for 
tempel~tures above 650~ while below this temperature the parabolic rate law con- 
stant varied with time. This tmle variation was explained in reims of composition 
changes m the oxide and glowth of the oxide crystalli te size. 

The classical theory of diffusion was used to interpret effect of temperature on rate of 
oxidation, and heats, entropies, and free energies of activation for the over-all reaction 
were evaluated from the data 

Heats of activation varied from 38,150 cal/mole for alloy 12046 to 51,400 cal/mole for 
alloy 13246, while the entropies of activatmn varied from - 1 5  8 entropy units (eu) for 
alloy 12046 to - 3  5 eu for alloy 13246. On an absolute basis, alloy 12246 had the slowest 
rate of at tack with oxygen under the given conditions This was not in agreement with 
the results of A S T.M life tests. 

When compared to other metals, chromium reacted 4.1 times and nickel 12 6 times as 
fast with oxygen as alloy 13246 

Calculations were made on the entropy of vacancy formation assuming that  the reac- 
tmn follows a mechanism of positive ion diffusion through vacancies created bv the 
solution of oxygen at the oxide-gas int~,rface Th~s gives an entropy term of --7 5 eu 
which part ial ly accounts for the negative entropy of activation observed Agreement of 
the theoretical ~ ate of reactions w~th experiment was within "~ factor of 10 for all of the 
alloys This difference is discussed briefly 

INTRODUCTION 

T h e  h igh  res i s tance  to  ox ida t ion  of t he  80% 
mekel -20  % c h r o m i u m  series of h e a t e r  a l loys  is well  
known.  One of the  in t e re s t ing  d e v e l o p m e n t s  in th i s  
serms of a l loys  over  t he  p a s t  30 yea r s  has  been  the  
i m p r o v e m e n t  in pe r fo rmance  in cycl ic  ox ida t ion  
tes ts .  Th is  is a resul t  of changing  the  m a n g a n e s e  a n d  
si l icon con ten t s  as well  as a resu l t  of a d d i t i o n  of 
smal l  quan t i t i e s  of z i rconium,  ca lc ium,  a l u m i n u m ,  
cer ium,  etc. ,  to  t he  a l loy.  I n  sp i te  of t he  g rea t  
t echn ica l  i m p o r t a n c e ,  no a d e q u a t e  scientif ic ex- 
p l ana t ions  have  been  p u t  fo rward .  

I n  a r ecen t  series of pape r s  (1, 2, 3) f rom these  
l abora to rms ,  a s y s t e m a t i c  s t u d y  was  m a d e  of t he  
c rys t a l  s t ruc tu re s  of oxide fi lms us ing  x - r a y  a n d  
e lec t ron  di f f ract ion m e t h o d s  on e igh t  a l loys  of th is  
nomina l  compos i t ion .  I t  was shown t h a t  c rys t a l  
s t ruc tu res  of oxide fi lms were  a func t ion  of t i m e  
a n d  t e m p e r a t u r e  of ox ida t ion  a n d  the  compos i t ion  
of the  a l loy,  if m a n g a n e s e  was  presen t .  F o r  th is  

1 Manuscript received April 6, 1953 This paper was pre- 
pared for dehvery before the Wrightswlle Beach ~ieetin~, 
September 13 to 16, 1953. 

series of a l loys  t he re  a p p e a r e d  no d i rec t  co r re la t ion  
be tw e e n  pe r fo rmance  in cycl ic  ox ida t ion  tes t s  a n d  
compos i t i on  and  c rys ta l  s t r u c t u r e  of the  oxide film. 

I t  is the  pu rpose  of th is  p a p e r  to  s t u d y  the  r a t e  of 
ox ida t ion  of t h r ee  a l loys  of t he  80% nickel-20 % 
c h r o m i u m  compos i t ion  as  a func t ion  of t ime  a n d  
t e m p e r a t u r e  and  to  re la te  t he  d a t a  to  the  pa rabo l i c  
r a t e  law a n d  the  classical  t h e o r y  of diffusion. 

Literature 

N o  pub l i shed  work  has  been  r e p o r t e d  on the  r a t e  

of ox ida t ion  of the  8 0 %  n icke l -20% c h r o m i u m  

al loys .  Schei l  a n d  K i w i t  (4) s t ud i e d  the  ox ida t ion  

of a series of i r on -n i c ke l - c h romium al loys .  T h e y  f ind 

the  b e s t  a l loys  were cha rac t e r i zed  b y  presence  of a 

scale of Cr~O~ alone,  whi le  poore r  a l loys  gave  scales 

cha rac t e r i zed  b y  the  presence  of oxides of i ron.  

L u s t m a n  (2) sub jec t ed  a series of 80% nickel-20 % 

c h r o m i u m  a l loys  to  cycl ic  as  well  as  c o n s t a n t  

t e m p e r a t u r e  ox ida t ion  t e s t s  a t  1175~ Con t inuous  

ox ida t ion  t e s t s  showed l i t t l e  difference in ox ida t ion  

ra tes ,  whi le  A S . T . M .  life t e s t s  showed a sixfold 
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variation. Cyclic oxidation tests showed a fair 
correlation with A.S.T.M. useful life tests. 

The A.S.T.M. useful life test (5) is a cyclic test 
conducted on wire specimens in air atmosphere at 
1175~ Useful life is defined as the time required 
for a 10 % change in the electrical resistance of the 
wire. 

The effect of minor constituents on lifetime tests 
has been described by Hessenbruch (6). The effect of 
small quantities of magnesium, calcium, zirconium, 
cerium, thorium, of the order of 0.1% or less, was 
to greatly improve the performance. 

In a recent work, Buckle, Jacquet, and Poulignier 
(7) applied metallographic and oxidation studies to 
the determination of service temperatures of 80 
nickel-20 chromium alloy turbine blades. Details 
of this study are not available to date. 

Thermodynamic Predictions 

Gulbransen and McMillan (3) considered in detail 
the thermodynamic equilibria of several surface 
reactions occurring on nickel-chromium alloys. Six 
types of reactions were shown to occur. These were: 
(a) direct oxidation of the several metal com- 
ponents, (b) solid phase reactions of one oxide with 
another metal, (c) formation of spinels with either 
Cr203 or Fe203, (d) formation of silicates between 
the oxides and SiO2, (e) reaction of carbon from the 
metal with the surface oxide to form CO and reduced 
metal and, (f) vaporization of the metals. 

Calculations showed that all oxides of the major 
and minor components of the alloy were stable to 
direct decomposition up to 1200~ except in neutral 
or reducing atmospheres. Solid phase reactions of 
NiO with Cr, Si, Mn, and Ca were possible at all 
temperatures. Spinels could form between NiO, 
MnO, FeO and Cr203 and Fe203 but not with 
CaO and Si02. Reaction of carbon in the alloy with 
NiO was feasible at temperatures above 975~ 
Formation of silicates was possible, while vaporiza- 
tion became important only at the higher tempera- 
tures under vacuum or inert and reducing atmos- 
pheres. 

Gulbransen and McMillan (3) also considered the 
effect of minor components on composition and 
physical properties of the oxide and oxide-alloy 
interface. 

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

Method 

A vacuum microbalance was used for all rate 
measurements. Its construction and use have been 
described (8, 9). The 0.0127-cm thick specimens 
have surface areas of 14 cm 2 and weigh 0.6840 
gram. Sensitivity of the balance was 1 division 
(0.001 cm) per microgram and the weight change 
was estimated to 1/~ of a division (0.25 X 10 -6 
gram). 

Auxiliary apparatus containing the balance and 
specimen was evacuated to 10 -6 mm of Hg or better. 
A quartz or mullite furnace tube (10) was used to 
contain the specimen and was sealed directly to the 
Pyrex glass apparatus. 

Other auxiliary apparatus was used for the 
preparation of pure hydrogen and oxygen (8). 
Weight change during reaction was followed by 
observing a pointer on the balance beam by means 
of a micrometer microscope. Readings of the balance 
were taken in vacuo before reaction at the tempera- 
ture, during the reaction in oxygen, and after the 
reaction in vacuo. 

Samples 

Specimens used in this study were specially 
prepared, analyzed chemically and spectrograph- 
ically, the useful life tested, and were made available 
to us by the Driver Harris Company. The three 
alloys represent a 30-year improvement in the 
technology of heater alloy preparation. Alloy 12046 
represents a modern high life heater alloy. Table I 
shows analyses of samples together with A.S.T.M. 
life tests. 

Specimens were given the following surface 
preparation. Portions of the strip were abraded 
starting with number 1 grit paper and finishing 
through 4/0 paper. The last stage was carried out 
under purified kerosene to avoid oxidation. After 
abrading, samples were cleaned with soap and 
water, distilled water, petroleum ether, absolute 
alcohol, and stored in a dessicator. 

A number of specimens were given an additional 
treatment by heating in hydrogen at 900~ for 
one-half hour before reacting with oxygen. 

TABLE I. Composition and hfe tests, nickel-chromium alloys 

Alloy 

12046 New Ni-Cr Alloy V 
12246 Old Ni-Cr Alloy V 
13246 Old Ni-Cr Alloy V 

Composlhon % Useful I Test 
_ _  _ _  life teo~p, 

C Mn $1 Cr N1 Fe Zr Ca Mg AI (hr) 

0 08 0.01 I 1.39 I 19.91 I Bal. 10.34 0.10 I 0.024 I I 0.07 I 157 I 1175 
0 0S 0 01 0 30 / 19 98 Bal 10 3210 0510 029 / l0 08 I 86 1175 

/ 0 ' 1 2 ] 1 7 0 / 0 3 0 / 1 9 9 8 l B a 1 "  / 0 2 0 r - - [  /0006[ / 2511175 
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FI(~ 2. Effect of temperature oxidation of 12246 Ni-Cr 
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R E S U L T S  

The  react ion wi th  oxygen was s tudied  as a func t ion  
of t ime  and  t empe ra tu r e  and  results  are shown in  
]~lg. 1 to 3. A n  oxygen pressure of 7.6 cm of Hg  was 
used for all experiments .  The  weight  change was 
plot ted  m t~g/cm 2. The  th ickness  of the  resu l t ing  

oxide in  Angs t roms  was calculated from the  crys ta l  
s t ruc ture  or dens i ty  assuming  a surface roughness  
rat io of un i ty .  For  Cr2Oa the re la t ion was 1 t~g/cm 2 
equals  61 A. However ,  other  oxides observed in  the  
film would have  different th ickness  values  per 
microgram of oxygen reacted.  For  purposes  of 
convenience the va lue  for C>.Oa was used  in  this  
paper.  

Time and Temperature 

F]g 1 to 3 show effect of t ime and  t em pe r a t u r e  
on the rate  of oxidat ion for the three alloys over 
the t empera tu re  range of 500 ~ to 900~ Mos t  of 
the exper iments  were run  for a to ta l  of six hours.  
T h i r t y - h o u r  exper iments  were made  a t  the  lower 
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FIG 3 Effect of temperature oxidation of 13246 N]-Cr 
alloy, 7 6 cm of Itg of O~ abraded through 4/0 

t empera tu re s  to tes t  the  va r i a t ion  of the parabol ic  
ra te  law cons t an t  wi th  t ime.  

For  all of the curves a rapid p ickup  of oxygen 
occurs in the first few mi nu t e s  wi th  the rate  de- 
creasing as the  film thickens.  Similar  curves were 
found  for other  meta l s  (11, 12). 

Tab le  I I  shows oxide film thickness  vs oxide 

TABLE II  Oxide film th~cMtess vs ox~de color 
7 6 em of Hg of 02, 6 hr of reaction except where noted 

Alloy 12046 Alloy 12246 Alloy 13246 

Temp Thickness Thmkness Thickness 

450 
500 
550 
600 
650 
700 
750 
800 
850 
900 

#g/cm-" 

2 48 
6 2 ~ 
5 13 

11 5 a 
9 73 

20 6 

50 4 
55 5 

s  = 1) 

152 
378 
312 
701 
594 

1260 

3080 
3380 

Color 

Lt straw 
Pink 
Straw 
Blue 
Blue 

Straw 

Gray 
Glay 

# g / c m  2 ~ ( o  = 1) 

5 9 ~ 360 
5 45 332 
8 86 540 

10.3 629 

15 5 945 
22 6 1380 
32 6 1990 
50 4 ~ 3065 

Color 

Pink 
Pink 
Dark blue 
Blue 

Straw-green 
Straw-pink 
Gray-green 
Gray 

#g/cm~ ,~(p = 1) 

4 56 ~ 278 
6 50 a 396 
8 01 490 

12 69 a 774 
12 9 786 
19 7 1200 
31 2 1905 
58 1 3550 
92 1 5610 

Color 

Pink 
Dk bluo 
Dk. blue 
Lt blue 
Lt. blue 
Straw 
Green 
Gray 
Gray 

Lt --hght  
30-hr test 

b 2-hr test 
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FZG 5 Oxidation of 12246 Ni-Cr alloy, 850~ 7 6 cm of 
Hg of O~ Parabolic plot. 1-2 hr K = 4055 X 10 -14, 3-6 
hr K = 3.14 X 10 -14. 

f 
J 

J 

color for the three alloys as a function of tempera-  
ture. Two series of temper  colors were observed 
on the alloys. For alloy 12046, the first s t raw color 
was found at  a thickness of 152 A. This  color ap- 
peared to be present  also a t  a thickness of 312 A. A 
second straw color was noted a t  1260 A. Above 
2000 A, all of the oxides were gray or green-gray. 
All of the oxides formed in this s tudy  were stable 
to cracking on cooling the alloy to room tempera-  
ture. I t  should be noted t ha t  the t emper  colors 
produced were not  only a function of the tempera-  
ture bu t  also of the t ime of oxidation and the 
composition of the alloy. 

A comparison a t  900~ of the to ta l  extent of 
oxidation showed alloy 12246 as the most  resistant 
to oxidation. However,  the differences between the 
rates of reaction of the three alloys were not large. 

Parabolic Rate Law 

Although m a n y  empirical ra te  laws have  been 
suggested to explain the effect of t ime on the rate  
of oxidation, the parabolic rate  law (13, 14) has 
been the most  successful since its derivation was 
based on principles of format ion and diffusion of ions 
in the oxide (14). The  equation states W 2 = Kt -t- C. 
Here  W is the weight gain, t is the time, and K and 
C are constants .  

I t  was not  expected tha t  this rate  law should hold 
for the initial pa r t  of the reaction or where the 

Apml 195/t 

~ ~~ 

E j 
J j 

_z, ~ /  

o 
0 4 8 12 16 20 24 

TIME (HRS) 

FI(L 6 Oxidation of 12046 Ni-Cr alloy, 500~ 
Hg of 02 abraded through 4/0 

f --~-o 

28 32 

7 6 cm of 

composit ion of the oxide film was changing ap- 
preciably.  

To  test  the agreement  of the experiments  with the 
parabolic rate law, plots were made of the square 
of the weight gain vs. t ime Fig. 4 and 5 show two 
such plots for alloy 12246 at  500 ~ and 850~ 
respectively. I t  was noted tha t  the slope of the 
plot decreases rapidly with t ime for the first two 
hours of reaction a t  500~ and tha t  there was a 
smaller change a t  850~ Decrease in value of the 
parabolic rate  law constant  K with t ime is i l lustrated 
in the captions on the figures for the 1-2 hr and 3-6  
hr t ime periods. Larger  changes in the value of K 
were noted if the initial slope a t  t ime zero was 
compared to the 24-30 hr value. 

Fig. 6 shows a parabolic rate  law plot  for the 
oxidation of alloy 12046 a t  500~ for 30 hr. For  
this experiment  the parabolic rate  law constant  K 
(slope of plot) was essentially constant  between 4 
hr and 22 hr of reaction. The value of K then m- 
creased and levelled off to zero value. In  several 
experiments on other alloys, a weight loss af ter  28 
hr of reaction was actually observed. This type  of 
behavior  is similar to the first stage of a stepwise 
oxidation process observed by  Caplan and Cohen 
(15) in a s tudy of the oxidation of i ron-chromium 
alloys 

Levelling off of the rate  of reaction shown in 
Fig. 6 could be explained by  a change in the com- 
position of the oxide film. Gulbransen and McMil lan 
(3) noted from electron diffraction studies tha t  NiO 
was the oxide formed after  a two-hour oxidation, 
while Cr203 was found after  a th i r ty-hour  oxidation. 

The  strong dependence of the parabolic ra te  law 
constant  K on the t ime of oxidation, as shown in 
Fig. 4 and 6, was probably  due to two factors:  (a) a 
process of composition change, and (b) a growth in 
the crystallite size of oxide particles This la t ter  
effect has been discussed in detail in another  work 
(16). In  brief, the a rgument  was tha t  diffusion 
occurred for an oxide film of small crystallites a t  
the grain boundaries, while for larger crystallites 
this grain boundary  area was small and diffusion 
occurred throughout  the crystal  lattice. 

The  parabolic rate  law could be fitted approxi-  
ma te ly  to the data  above a t empera ture  of 650~ 
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while below this temperature  it  was not  possible 
to make a reasonable fit for reasons previously 
noted. 

Temperature Dependence 

In earlier papers the authors have used the 
transition rate law theory (17) and the classical 
expression for the diffusion coefficient as expressed 
by Zener (18) to interpret  the parabolic rate law 
(19). In the latter t rea tment  the parabolic rate law 
constant was given by  the expression 

K = 2 de( , + + 

AS o a H  o 
H e r e ~ , _  and 8 ~  are the entropy and heat of 

formation of the vacancies, while AS* and AH* are 
the ent ropy and heat  of activation of diffusion, a 
is the interatomic distance between diffusion sites, 

is the frequency of vibration along the direction 
across the saddle configuration, R is the gas con- 
stant, T is the temperature,  and 3" a coefficmnt 
determined by the geometry of the atomic lumps. 
K has the units of cm 2 sec- 

To evaluate v and 3' it was necessary to assume a 
particular oxide and a mechanism for diffusion. 
According to the recent work of Gulbransen and 
McMillan (3), Cr20~ was the predominant  oxide 
on alloys 12046 and 12246 while MnO.Cr..,O.~ was 
found on alloy 13246. Since the parabolic rate law 
holds only above 650~ the appearance of NiO 
at  lower temperatures was not of concern. 

Before assuming a mechanism of diffusion, con- 
sider the details of the Cr20j structure. Cr203 has 
the rhombohedral structure (20) with a = 5.38 
and ~ = 54.83. The  oxygens are in approximately 
close-packed hexagonal array with Cr ions occupying 
two-thirds of available octahedral holes, i.e., sand- 
wiched between planes of oxygens. The octahedral 
holes are situated in chains running vertically 
through the structure along [ l l l ] ,  and along each 
chain is a succession Cr, Cr, hole, Cr, Cr, hole. In 
the horizontal metal  atom planes, i.e., odd numbered 
(444) planes 1, 3, 5, etc., the metal  atoms are 
slightly above or below the plane and the empty  
holes lie in these planes. Therefore, filled and 
unfilled holes form puckered sheets. 

Each Cr has in its own ~)uckered horizontal plane 
3 Cr neighbors at  2.921 A and 3 unfilled holes at  
2.876 A. Each Cr has either above or below it 1 Cr 
neighbor at 2.871 K and either below or above it 1 
unfilled hole at 1.982 A. The easiest movement  for 
a Cr is to the empty hole either above it  or below it 
at only 1.982 A. Movement  horizontally to the 
three holes a t  2.876 /~ is more difficult because of 
the increased distance and because two barriers of 
oxygen triangles must  be penetrated, while the 

vertical movement  requires only the penetra t ion 
of one set of oxygen triangles. 

This s t ructure makes i t  difficult to evaluate 
precisely the geometry of atomic movements  during 
oxidation as well as the distance moved per jump. 
In  the evaluation of v and 3" it  was assumed tha t  
the ~'s are equal for the various possible atomic 
jumps, tha t  the distance between Cr atoms is equal, 
and tha t  a random distribution of Cr atoms occurs 
in the structure.  On this basis the average value for 
~, was calculated to be/1~. 

The value of a was taken as 2.9/k.  This could be 
high if diffusion occurs largely at  the short spacing 
between the Cr atoms and the unoccupied position 
adjacent to it in the C direction. 

The value of v was calculated from the character- 
istic Debye  temperature,  0D = h,~/k (19). ,m 
is the maximum allowed frequency, h is Planck's  
constant, and k is Boltzmann's  constant. O~ for 
Cr2Oa was 362. To estimate the frequency VCr along 
the path of the reaction, two fundamental  relation- 
ships were used: 

_ 1  9= 
G //m (i) 

v . . . .  = X/Vc~. vo (II)  

The first equation relates the frequency, the 
force constant f, and the mass of the atom, while 

% 
o 

80 90 I0  I10 120 130 140 150 

I ~- x to 3 

FIG 70xMatlon of 12046 N1-Cr alloy, log plot K vs 
1/TX 10 ~ O = 1-2hr,[]  = 3-6hr, A = 24-30hr; �9 = H.~ 
pretreated 30 ram, 900~ 1-2 hr, AH* = 38,150 cal/mole 
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FIG 9 Oxidation of 13246 Ni-Cr alloy, log plot K vs 
1 / 7 ' X  108 O = 1 -2 h r ,  [] = 3 - 6 h r ,  �9 = H 2 p r e t r e ~ t e d 3 0  
ram, 900~ 1-2 hr ,  AH* = 51,400 c'~l/mole 

the second equation relates the maximum value of 
to the maximum values of ~ for the atoms, vc~ was 

calculated to be 5.66 X 10 ~2. 
Fig. 7 to 9 show plots of the logarithm of K vs. 

1/T for the three alloys while Tables I I I  to V show 
part  of the experimental data on which the plots 
were made. Since the rate constants change with 
time, these constants were calculated and tabulated 
for the t ime periods of 1-2 hr, 3-6 hr, and at  lower 
temperatures for 24-30 hr. Above 650~ the data  
can be fitted by a straight line; below this tempera- 
ture the time variation of K makes it impossible 

t o  d e t e r m i n e  t h e  s lope .  I t  m a y  be  n o t e d  t h a t  t h e  

v a l u e s  of K d e t e r m i n e d  n l  t h e  r a n g e  of 2 4 - 3 0  h r  

a p p r o a c h  v a l u e s  g i v e n  b y  t h e  e x t r a p o l a t i o n  of  t h e  

s t r a i g h t  l ine  r e l a t i o n s h i p .  T h e  d e v m t i o n  of  d a t a  

b e l o w  6 5 0 ~  f r o m  t h e  p a r a b o l i c  r a t e  l a w  h a s  b e e n  

d i s c u s s e d  in  a p r e v i o u s  s e c t i o n .  

T a b l e  V I  s h o w s  a s u m m a r y  of t h e  e x p e r i m e n t a l  

h e a t s ,  e n t r o p i e s ,  a n d  f r ee  e n e r g i e s  of a c t i v a t i o n  fo r  

t h e  t h r e e  a l loys .  I n  a d d i t i o n ,  t h e  c a l c u l a t e d  v a l u e  fo r  

e n t r o p y  of a c t i v a t i o n  of d i f f u s i o n  w a s  t a b u l a t e d .  

T h i s  is d i s c u s s e d  in  t h e  n e x t  s e c t i o n .  U s i n g  f r e e  

e n e r g y  of  a c t i v a t i o n  as  a b a s i s  fo r  c o m p a r i s o n  of  

TABLE I I I  Parabolic rate law constants, entropies, heats, and free energies of act~vatzon for oxidat$on of 12056 NI-Cr alloy 

K(I-2 hr) K(3-6 hr) K(avg) Ab* AH* --TAS* AF* 
Temp, ~ (g/cm2)2/sec (g/cm2)2/sec (g/cm~)~/sec cal/mole/~ cal/mole cal/mole cal/mole 

650 2 78 X 10 -'~ 1 85 X 10 -15 2 315 X 10 -15 --15 7 38150 --14500 52650 
750 1 832 X 10 -14 1 092 X 10 -14 1 462 X 10 -14 --16 2 38150 --16600 54750 
850 1 082 X 10 -13 8.15 X 10 -14 9 485 X 10 14 --15 8 38150 -17750 55900 
875 1.805 X 10 -18 - -  1 805 X 10 -13 --15 1 38150 --17300 55450 

TABLE IV. Parabolic rate law constants, entropies, heats, and free energtes of acttvation fo7 the oxidatwn of 12256 Ni-Cr alloy 

K(1-2 hr) K(3-6 hr) K(avg) ~S* AH* --TAS* AF* 
Temp, ~ (g/cm2)2/sec (g/cm~)2/sec (g/cm2)2/sec cal/mole/~ cal/mole cal/mole cal/mole 

750 
800 
850 
9OO 

7.5 X 10 -15 
2 25 X 10 1~ 
4 055 X 10 -14 
1.259 X 10 -la 

4 90 X 10 -15 
1 573 X 10 -14 
3 14 X 10 -14 
9 49 X 10 1~ 

6 2 X 10 -15 
1 913 X 10 -~4 
3 598 X 10 -14 
1 104 X 10 I8 

--11.7 
--11 5 
--12 1 
--11 6 

44400 
44400 
44400 
44400 

-- 11980 
--12300 
--13600 
--13600 

56380 
56700 
58000 
58000 
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T A B L E  V. Pa,  abohc ~ate law constants, entroptes, heats, and f~ee energtes of actzvatwn fi,~ the oxzdatwn of 182.{6 N i - C r  alloy 

K(1-2 hr) K(3 6 hrl K(avg) &S* &H* --T&S* &F* 
Temp, ~ (g/crn2)~/sec (g/cm~)~/sec (g/cmZ)~/sec (al/mole/~ cal/mole cal/mole caI/mole 

700 
750 
800 
850 
850 
875 
875 
900 
900 

4 0 X 10 - '5  
9 16 X 10 -1~ 
3 52 X 10 -'4 
1 185 X 10 '~ 
1 46 X lO 13 

1.805 X 10 - ~  
2 22 X 10 - 'a  
2 565 X 10 -in 

3 70 X 10 '~ 

2 78 X 10 -'5 
8 8 X 10 -15 
3 025 X I0 -'4 
1 332 X 10 -13 
1 54 X I0 -'3 

2 28 X 10 -l~ 
2 38 X 10 - '3 
2 92 X 10 -'~ 
3 6 X 10 -1~ 

3 39 X 10 -1~ 
8 98 X 10-'~ 
3 273 X 10 -14 

] 259 X 10 -'3 
1 50 X 10 -'3 
2 043 X 10 -la 
2 30 X 10 -13 
2.743 X 10 -'3 
3 65 X 10 - '3 

- 3  5 
--4 26 
- 4  04 
- 3  46 
- 2  92 
- 3  37 
--3 14 
--3 80 
- 3  22 

51400 
51400 
51400 
51400 
51400 
51400 
51400 
51400 
51400 

-3400  
- 4 3 6 0  
--4340 
-3900  
--3280 
- 3 8 6 0  
--3600 
- 4 4 6 0  
-3780  

54800 
55760 
55740 
55300 
54680 
55260 
55000 
55860 
55180 

T A B L E  VI.  Compamson of the pambohc ~ate law constants 
and heats, entropzes, a~td free ene~gzes of acttvatwn at 

850~ 

K Clll2/Se C 

AH* ca l /mole  
AS* e a l / m o l e /  

deg 
~F*  eM/mole  
zxS* eaI /mole  

/ d e g  

12046 10 14 12246 10 -~4 

3 525 X 1 339 X 
38150 

- 1 5  8 
55900 

- - 8 4  

44400 

--12 1 
58000 

- - 4 7  

13246 

4 67 X 10 -14 

51400 

--3 46 
55300 

+ 3  9 

alloys, it is seen that alloy 12246 shows a lower rate 
of reaction than the other alloys. Alloys 12046 and 
13246 were approximately equal in their over-all 
performance although entropies and heats of 
activation differ appreciably. 

Table VII shows a comparison of the heats, 
entropies, and free energies of activation for chro- 
mium, nickel, and alloy 13246. Chromium reacts 4.1 
times and nickel 12.6 times as fast as alloy 13246. 

Effect of Hydrogen Pretreatment 

A number of the specimens were heated to 900~ 
and given a pretreatment m 2.4 cm of purified 
hydrogen for 30 min before reacting with oxygen at 
7.6 cm of Hg of O~ at the given temperatures. 
Parabohc rate l~w constants are plotted in Fig. 7 
to 9. Results are in good agreement with results 
from abraded samples for alloy 12046 and, with 
some exceptions, agreement was good for alloy 
13246. Somewhat higher rates of reaction were 

T A B L E  V I I  Comparison of the parabohc rate law constants 
and heats, entropies, and free energzes of actwation at 

700~ 

K clll~/sec 
AH* ca]/mo]e 
AS* caI/mole 

/ d e g  
AF* ca l /mole  

Cr Nt 13246 

2 38 X 10 '~ 
70,400 

22 0 
49,000 

2 06 X 10 -la 
41,200 

- - 6 0  
47,040 

1 2 6 1 X  10 - '5 
51,400 

--3 50 
54,800 

found for the hydrogen pretreated specimens for 
alloy 12246. 

THEORETICAL 

The experimental entropy of activation is made 
up of two terms: (a) entropy of formation of va- 
cancies, and (b) entropy of activation of diffusion. 
Theoretical and experimental studies by Zener have 
shown that the entropy of activation of diffusion 
should be positive. In a previous paper (19) calcula- 
tions were made for the oxidation of nickel and these 
verified Zener's prediction. The essential problem 
was to evaluate the entropy of vacancy formation. 

To make these calculations for the nickel-chro- 
mium alloys, assume that diffusion m Cr~Os occurs 
through cation vacancies. These form by the reac- 
tion 

~/,~ 02 ~ 2/~ E3~ + 2 |  + o= 

Here []~ refers to the cation vacancy, | to the 
positive electron hole, and O to the oxygen 1on 
in the Cr2Os structure. 

Change in entropy can be calculated from the 
entropy of ~ mole of 02 gas and 1 mole of O= in 
the Cr20~ lattice and from the entropy change of 
distortion of the Cr.,O3 structure due to the formation 
of positive holes and cation vacancies. Following the 
methods of a previous paper (19), we assume the 
entropy of the oxygen ions in Cr20~ to be ~ of the 
molal entropy. 

Since Cr203 has a rhombohedral structure, the 
authors have not attempted to calculate the entropy 
of distortion. Instead, they assume the distortion 
entropy changes associated with the NiO lattice. For 
NiO, an entropy of distortion of -1 .34 cal/deg was 
calculated for each mole of cation vacancies and 
-0.47 cal/deg for each mole of positive holes. 
Since only 2/~ of a cation vacancy is formed in the 
reaction, total entropy of distortion is -1 .8  cal/ 
deg. Therefore, at 1000~ entropy change of con- 
densation of 1/.~ mole of 02 and the formation of 
2/~ mole of vacancies and 2 moles of positive holes 
at particular lattice sites in a large amount of 
Cr203 is -(29.10 - 10.8 + 1.8) -~ -20.1. 
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Since 22~ defects are formed, entropy change 
per defect is - 7 . 5  eal/mole/deg. 

Since the entropy of activation term in the rate 
expression is made up of two terms, the entropy of 
formation of vacancies and the entropy of activa- 
tion of diffusion, it is possible to evaluate the latter 
term. These values are tabulated in Table VI. 

Alloy 13246 gave a positive entropy of activation 
for diffusion which agrees with theoretical pre- 
dictions (18). However, alloy 12246 and 12046 gave 
negative values of - 4 . 8  and - 8 . 5  eu, respectively. 
Experimental errors in the determination of AH* 
from the data may  lead to errors in AS* of diffusmn 
of 4-2. In  addition, until the details of the mechanism 
of diffusion can be given, the values of a, ~, and 
may  be in error. In  this interpretation, these errors 
would show up in the entropy term and may lead 
to errors of AS* of diffusion of 2=2. The over-all error 
in AS* was of the order of =t=4. 

In  additmn to these errors in the picture of 
diffusion and in the evaluation of AH*, several other 
factors are of importance. First, the mechanism of 
vacancy formation is influenced by alloying ele- 
ments and impurities whmh leads to different values 
for the entropy of vacancy formation. Second, the 
oxide was not Cr20~ alone but a segregated mixture 
with SiO2, CaO, etc. Third, grain boundary dif- 
fusion phenomena may be of importance in this 
system. These effects would give in the correlation 
made here negative entropies of diffusion since all of 
the deviations from theory were thrown into the 
entropy term. 

At present it is impossible to make a complete 
theoretical interpretation of the entropy term I t  
may  be noted, however, that  on an absolute basis 
the agreement of theory with the experimental rate 
is within a factor of ten for all of the alloys. 

From a technical point of view, it is of interest to 
compare the results with the useful life test data. 
In  this s tudy alloy 12246 showed the lowest oxida- 
tion rate at  constant  temperature, while useful life 

tests showed alloy 12046 was superior. This has been 
discussed by Gulbransen and McMillan (3) in a 
recent paper. They  conclude tha t  performance in 
useful life tests was not  a measure of normal oxida- 
tion processes alone but  of resistance to cracking of 
the oxide from the alloy. 

Any discussion of this paper will appear m a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL 
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Surface Reaction between Oxygen and Thorium I 

A. F .  GERDS AND M .  W .  MALLETT 

Battelle Memorial Instztutc, Columbus, Ohzo 

A B S T R A C T  

The  ra te  of Ieac t ion  of oxygen wi th  are-mel ted  and  rolled mdide thor iun l  has  been 
found to obey the  parabol ic  ra te  law in the  t empe ra tu r e  range of 850 ~ to 1415~ a t  1 
a rm pressure The  rate  cons t an t  can be expressed as k = 55  X 107 e -62,s~176 (ml/cm~)2/ 
sec. The  energy of ac t iva t ion ,  62,800 cal /mole,  has a p lobab le  error  of 2400 ca l /mole  

INTRODUCTION 

Reactions between gases and metals generally have 
been found to obey a linear, parabolic, cubic, or 
logarithmic rate law. Factors controlling the various 
laws as well as their derivations have been ade- 
quately described in the literature (1-7) and are, 
therefore, not repeated here. 

Levesque and Cubieciotti (8) studied the oxidation 
of thorium at 45 em pressure in the temperature 
range of 250 ~ to 700~ They found the reaction to 
proceed in accordance with the parabolic rate law 
between 250 ~ and 350~ and calculated the energy 
of activation to be 31,000 cal/mole. Between 350 ~ 
and 450~ the rates of oxidation were reported to be 
linear with time. An energy of activation of 22,000 
cal/mole was found for this temperature range. 
Above 450~ they reported that the temperature of 
the sample rose considerably above the temperature 
of the furnace, resulting in nonisothermal condi- 
tions. 

The present investigation was made to study the 
reaction between oxygen and thorium for longer 
times and at higher temperatures and pressures than 
those studied by Levesque and Cubicciotti. 

MATERIALS 

The thorium used in this investigation was iodide 
crystal bar produced by the de Boer process. The 
crystal bar was arc melted, forged into a l-in. square 
rod, and cold finished to a 5~6-in. cylindrical rod. 
Test specimens, each 11/~ in. long, were machined 
from this rod. Diameters of the specimens were 
reduced to slightly less than 5/{ 6 in. to remove sur- 
face contamination. 

Thorium was analyzed by spectrographic, chem- 
ical, and vacuum-fusion methods. Principal ira- 
purities found were 300 ppm by weight each of 
carbon and oxygen and 100 ppm each of silicon and 

1 Manusc r ip t  received August  20, 1953 Th i s  paper  was 
prepared for dehve ry  before the  Wrightsvi l le  Beach Meet-  
rag, September  12 to 16, 1953. Work was done under  Con- 
t r ac t  No W-7405-eng-92 for the  U m t e d  Sta tes  Atomic 
Energy  Commission.  

molybdenum. All other impurities were present in 
concentrations of less than 100 ppm. 

Oxygen used in this study was prepared from de- 
gassed potassium permanganate by the method 
described by Hoge (9). Gas was dried by passing 
through a dry ice-acetone cold trap prior to its 
reaction with the thorium specimen. 

PROCEDURE 

Experimental apparatus was similar to that  
described in an earlier paper (10) with a few modi- 
fications. Since the reaction being studied involved 
oxygen, it was necessary to use a zirconia tube to 
separate the thermocouple from the thorium 
specimen instead of a graphite tube liner. The dead 
volume of the reaction system was materially 
reduced by suspending a Vycor tube, sealed at both 
ends, from a hook in the cap of the reaction tube. 
A sketch of this arrangement is shown in Fig. 1. 

A 4-kw tungsten-gap4ype Lepel converter was 
used to heat the specimens. Temperature readings 
were made with a Pt-Pt  + 10% Rh thermocouple 
calibrated against an optical pyrometer as in 
previous work (10). 

A cylindrical thorium specimen to be used in a 
reaction rate study was abraded on 240-, 400-, 
and 600-grit kerosene-soaked silicon carbide papers. 
Kerosene minimized oxidation during abrasion and 
was removed by successively rinsing in naphtha, 
ether, and C. P. acetone. The specimen was then 
suspended in the reaction tube as noted above. 
The specimen was degassed by heating under a 
vacuum of less than 0.5 ~ at 1200 ~ to 1400~ for at 
least 15 rain to remove hydrogen prior to adding the 
oxygen. Oxygen was added to the reaction tube to 
atmospheric pressure in measured amounts from a 
50-ml glass buret. Progress of the surface reaction 
was followed by observing pressure changes in the 
closed system with an open-end mercury manom- 
eter. Further measured amounts of oxygen were 
added from time to time to maintain the pressure 
between about /3~ and 1 arm. The system was 
evacuated and the specimen was cooled to room 
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FIG 1 Cutaway sechon of reaction tube assembly 

temperature in vacuum after the reaction had been 
followed for the desired time. 

The difference between the quantity of oxygen 
added to the reaction system and that remaining in 
the gas phase is a measure of the gas absorbed by the 
specimen at any time. Quantity of gas reacted per 
unit area was computed by using the original 
geometrical dimensions of the spemmen. 

P~ESULTS AND DISCUSSION 

Solub~l,ty of Oxygen in Thorium 

The solid solubility of oxygen in thorium is low 
even at elevated temperatures. Evidence of this can 
be obtained by observing the angular inclusions of 
oxide found in the mierostructure of thorium. 
Magnesium-reduced thorium usually contains from 
0.10 to 0.15 weight % oxygen and many oxide 
inclusions are evident. Arc-melted and rolled iodide 
thorium usually contains less than 0.05 weight % 
oxygen and, although fewer in number, discrete 
oxide inclusions can be noted in its microstructure. 
Even this lesser amount of oxygen in the arc-melted 
iodide thorium exceeds the solubility limit of oxygen 
in thorium at elevated temperatures. This was shown 
quite clearly by reacting a sample of this thorium 
with oxygen at 1415~ for 3 hr. The surface oxide 
layer was removed and the rest of the sample was 
analyzed for oxygen. A sample of the base material 
with no oxygen added was also analyzed. Both 

specimens analyzed 0.028 4- 0.003 weight % oxygen. 
These results indicate that  no oxygen was diffused 
into the specimen as a result of the reaction at 
1415~ and that the thorium previously had been 
saturated with oxygen at a temperature higher than 
1415~ probably during reduction or arc melting. 
This low oxygen solubility made it impossible to 
obtain diffusion data. 

Rates of React*on 

The rate of surface reaction of oxygen with 
thorium was studied m the temperature range of 
850 ~ to 1415~ at ~tmospherie pressure. These 
reactions produced a tightly adherent surface film 
of ThO2 which was dark-gray to black for the higher 
temperatures and tended to be lighter-gray for the 
lower temperatures. Plots of the experimental data 
for several of the oxidation runs are shown m Fig. 
2. For clarity, some of the curves for intermediate 
temperatures, and curves which crossed or fell close 
to other curves, were omitted. 

It  was observed that, as the oxygen first contacts 
the thorium, an exothermie reaction occurs, in- 
creasing the temperature of the specimen instan- 
taneously by as much as several hundred degrees 
Celsius. A similar observation was made by Levesque 
and Cubicciotti (8) for temperatures above 450~ 
With the use of induction heating and continuous 
control of power available, this effect could be 
counteracted by reducing rapidly the heat input 
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FIG. 2. Oxidation of thormrLt ~t 850 ~ to  1415~ 
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from the converter. At higher temperatures,  where 
the rate of reaction is quite rapid, the temperature 
could be effectively controlled by  this technique. 
However, at  lower temperatures,  where the rate of 
reaction is normally quite slow, the amount  of 
oxygen reacted during even a brief nonisothermal 
period is relatively large compared to the amount  
of gas reacted isothermally thereafter.  This was 
especially significant at  temperatures below about  
1055~ where as much gas might be absorbed in the 
first fraction of a minute with the specimen at the 
elevated temperature as would be absorbed by  the 
specimen at the desired temperature in several hours. 
I t  was obvious that  in order to interpret  the data, 
a correction for the non-isothermal period was 
required. 

Moore (11) has described an equation for the 
parabolic law which provides for the discarding of 
initial deviations in reaction behavior. With the 
initial conditions, y = yo at  t = 0, the integrated 
form of the equation is 

u - Uo = ~u = k ( t / A , j )  - 2 U o ,  ( I )  

where: y = experimental value for the amount  of 
oxygen reacted, yo = amount  of oxygen reacted 
nonisothermally, k = the parabolic rate constant; 
and t - time from origin at  yo. 

Using equation (I), the rate constant, k, for each 
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temperature  was obtained from the slope of the 
straight line portion of a plot of y against t /Ay .  
Fig. 3 is an example of this type of plot. 

Slopes obtained from log-log plots of the corrected 
data  for the gas absorbed in milliliters per square 
centimeter vs. t ime for the 14 experimental runs in 
the temperature  range of 850 ~ to 1415~ are listed in 

T A B L E  I, Rate constants, k, delevmtned at various 
temperatures 

Run 
No Temp,  ~ 

1 850 
2 900 
3 955 
4 1005 
5 1055 
6 1110 
7 1110 
8 1160 
9 1210 

10 1210 
11 1260 
12 1310 
13 1310 
14 1415 

Total  Tota l  
t 

. . . .  l, m l / c m  z 

180 0 99 
180 2 .13  
180 2 12 
180 4 70 
180 6 52 
180 6 .66  
180 5 46 
180 17.61 
180 17 69 
180 25 98 
180 26 33 
180 25 28 
120 27 32 

45 44 79 

Yo 
ml/cm:  

0 36 
0 82 
0 .66  
1 93 
1.09 
0 
0 
0 
0 
0 
0 
0 
0 
0 

k X 10 a 
ml/cmZ):/  

sec 

0 040 
0.181 
0 259 
0 790 
2 70 
3 35 
2 18 
29.5  
33 9 
63 7 
62 3 
57 4 
95 2 

839 

Slope os 
log-log 

!5[ot* 

0 55 
0 53 
0 58 
0 58 
0 51 
0 42 
0 42 
0 52 
0 52 
0 56 
0 50 
0 48 
0 44 
0 55 

* S lope  of c o r r e c t e d  e x p e r i m e n t a l  d a t a  T h e  o n g m  of 
t~me, t = o, was  s e t  a t  a m o u n t  of  o x y g e n ,  yo, r e a c t e d  m 
first  s t a g e  of o x t d a t l o n  Slope  of 0 50 m d ~ c a t e s  a p a r a b o h c  
r a t e  law is b e i n g  o b e y e d .  
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Table I. Slopes vary from 0.42 to 0.58, showing that 
corrected experimental data follow the parabolic rate 
law reasonably well. Values of the rate constants, 
k, calculated for the reactmns are also listed in 
Table I. Fig. 4 shows a plot of these parabolic rate- 
law constants against 1/T.  The position of the best 
straight line through the experimental points was 
obtained by the method of least squares. Energy of 
activation of the reaction was calculated using the 
Arrhenius-type equation 1,: = Ac -Q/Rr. The rate 
constant, It, in (ml/cm2)'~/sec can be expressed as: 

1~ = 5.5 X 10~e -6~'s~176 (II) 

where 62,800 =t= 2400 cal/mole is the energy of 
activation. 

Levesque and Cubicciotti (8) reported an energy 
of activation of 31,000 cal/mole for the parabolic 
oxidation of thorium between 250 ~ and 350~ 
This value probably should not be compared with the 
value obtained in the present work because of the 
difference in level of temperature ranges involved. 
Another aspect of the oxidation of thorium at high 
temperatures is the relatively high activation energy 
for the reaetmn compared with those generally 
found for other metals. However, the reaction is 
not unique in this respect, since the activation 
energms for the parabolic oxidation of metals range 
from 18,000 to 62,000 cal/mole (12, 13). 
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Reaction of Nitrogen with, and the Diffusion of Nitrogen 
in, Thorium 

A. F .  GERDS AND M .  W.  ]V[ALLETT 

Battelle Memolu~l Ins l t tu te ,  Cohtmbus,  Ohio 

ABSTRACT 

Rates  of reac tmn of ni t rogen wi th  thor ium were de termined  for the t empera ture  
range of 670 ~ to 1490~ at  1 a tm pressure The react ion follows a parabolic law and the  
parabolic rate cons tant  m (ml/cm~)2/sec m k = 5 9 e -~<3~176 The act ivat ion energy of 
reac tmn has a probable error of 1300 cal/mole Rates  of diffusion of ni t rogen m thor ium 
were obta ined over the t empera tu re  range of 845 ~ to 1490~ at  a tmospheric  pressure 
The diffusmn coefficient in cm2/sec is D = 2 1 X 10 -~ e, -22.5~176 The ac t iva tmn energy 
of dlffusmn has a probable error of 1300 cM/mole Limit ing solubfiitms of mtrogen  were 
determined from the &ffusmn data  The heat  of solution of atomic ni t rogen (from ThN) 
in thor ium is AH = ll,000 cal /mole.  

INTRODUCTION 

Thorium is one of a number of metals that tarnish 
at room temperature rather rapidly when exposed 
to the atmosphere. The tarnish film formed is 
largely oxide resulting from a reaction of the thorium 
with oxygen and moisture from the air. At elevated 
temperatures both oxygen and nitrogen react with 
thormm In its fabrication, such operations as 
melting, forging, rolhng, swaging, and the hke are 
commonly employed. It  would be of interest to 
know the precautions that must be observed to 
prevent contamination of the metal during the 
varmus operations. A study of the reaction of 
thorium with oxygen at atmospheric pressure in the 
temperature range of 850 ~ to 1415~ was recently 
completed at this laboratory (1). Levesque and 
Cubieciotti (2) have reported on the oxidation of 
thorium in the temperature range of 250 ~ to 700~ 
in an oxygen atmosphere at a pressure of 45 em. It  
was the objeettve of the present investigation to 
study the rate of reaction of nitrogen with massive 
thorium and also to obtain data on the diffusion and 
solubility of nitrogen in the metal. 

Thorium metal has a face-centered-cubic structure 
with a lattice constant of 5.088 ~t. Three nitrides of 
thorium are reported in the literature. Matignon 
and DeI~pine (3) produced a yellmvish-maroon 
powder by heating thorium in nitrogen, to which 
they assigned the formula ThaN4. Chiotti (4) 
identified the erystat structure of ThN as face- 
centered cubic with a lattice constant of 5.18 A. 
Zaehariasen (5) reported the crystal structure of 

Manuserip~ received August 20, 1953 This  paper  was 
prepared for delivery before the Wrightsville Beach Meet-  
ing, September  12 to 16, 1953 Work was done under  Con- 
t rac t  No. W-7405-eng-92 for the Uni ted  States  Atomic 
Energy Commission. 

Th2Na to be hexagonal,o of the La20a type, with a = 
4.08 =t= 0.01 A and c -- 6.30 =t= 0.02 A. 

No references have been found in the literature 
either to rates of reaction of nitrogen with thorium 
or to solubilities or rates of diffusion of nitrogen in 
thorium. 

MATERIALS 

Iodide crystal-bar thorium, produced at Battelle 
Memorial Institute, was used in the investigation. 
The crystal bar was arc melted, forged to a 1-in.- 
square rod and cold finished to a 5{6-in. cylindrical 
rod. Test specimens, each 1/1~ in. long, were ma- 
chined from this rod. Diameters of the specimens 
were reduced to slightly less than '~6 m. to remove 
surface contamination. Each specimen had a surface 
area of about 8 em 2. 

Impurities in the thorium were determined by 
spectrographic, chemical, and vacuum-fusion an- 
alyses. Principal impurities detected were carbon and 
oxygen, 300 ppm by weight each, and silicon and 
molybdenum, 100 ppm each. All other impurities 
were present in amounts less than 100 ppm by 
weight. 

Nitrogen used in this study was prepared by 
passing prepurified tank nitrogen (The Matheson 
Company) over zirconium turnings heated at 850~ 
The gas was then dried by passing through a dry 
iee-actone cold trap. Purified gas was analyzed by 
means of a mass spectrometer and found to contain 
99.8 vol % nitrogen with 0.2 vol To argon as the 
only measurable impurity. 

PROCEDURE 

The modified Sieverts apparatus used to measure 
rate of reaction of nitrogen with thorium is similar 
to that described in a previous report (6). In this 
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investigation, the thorium specimen, suspended by a 
platinum-platinum + 10% rhodium thermocouple 
threaded through a hole drilled near one end, was 
separated from the thermocouple by a small graphite 
tube liner. The thermoeouple was calibrated against 
a standardized optical pyrometer  (6). 

A Vycor tube sealed at  both ends was used to 
reduce the dead volume of the reaction system. 
Specimens were heated inductively. Power was 
supphed by a 4-kw tungsten-gap-type Lepel con- 
verter. 

Cylindrical thorium specimens used in these 
reaction rate studies were prepared as has been 
described in a previous paper (1). Specimens were 
degassed by heating under a vacuum of less than 
0.5 u at  1150 ~ to 1600~ for at  least 10 min to re- 
move hydrogen prior to adding the nitrogen. 

Nitrogen was added to the reaction tube, con- 
taining the thorium specimen, to atmospheric 
pressure in measured amounts from a 50-ml glass 
buret. Progress of the reaction was followed by ob- 
serving pressure changes in the closed system with 
an open-end mercury manometer.  Fur ther  measured 
amounts of nitrogen were added from time to time 
to maintain the pressure between about  3~ and 1 
atm. The system was evacuated and the specimen 
was cooled rapidly to room temperature  in vacuum 
after  the reaction had taken place for the desired 
period of time. 

The difference between the quant i ty  of nitrogen 
added to the reaction system and that  remaining in 
the gas phase is a measure of the gas absorbed by the 
specimen at  any time. The quant i ty  of gas reacted 

Fin 1 St ructure  ~t surface of t h o r m m  ~eacled w~th 
nitrogen at  1370~ 250X. 

per uni t  area was computed by using the original 
geometrical dimensions of the specimen. 

Specimens reacted with nitrogen ill order to s tudy 
the rates of reaction at  various temperatures  were 
also used to obtain diffusion data. Lengths equal to 
the radius were cut from the bot tom end of the 
specimens and also from the lower edge of the hole 
tha t  had been drilled near the top to suspend the 
specimens. The remainder was machined radially 
into layers of equal weight which were then an- 
alyzed for nitrogen by  a modified Kjeldahl method.  
Diffusion coefficients and the energy of activation of 
diffusion were determined using the average nitrogen 
concentration of each layer, the average radius of 
the layers, the original radius of the specimen, and 
the time of diffusion. 

I~ESULTS AND DISCUSSION 

Surface Reaction 

The rate of surface reaction of nitrogen with 
thorium was studied in the temperature  range of 
670 ~ to 1490~ The nitride film formed on the 
surface of the specimen is characterized by a golden- 
yellow color when the reaction takes place below 
750~ At higher temperatures,  the surface film is a 
dark-gray color which seemed in some cases to be 
composed of discrete grains. However, the golden- 
yellow film, noted when the reaction took place at  
lower temperatures,  was visxble if the gray outer 
film was cracked away. Fig. 1 shows the micro- 
structure at  the surface of a sample of thorium 
reacted with nitrogen at  1370~ At a magnification 
of 250)4, the relatively thick dark-gray outer layer 
of Th2Na can be distinguished easily from the inner, 
thin, golden-yellow layer. This golden-yellow ma- 
terial was reported to be T h N  by Chlotti  (4). The  
discrete and somewhat dendritic-shaped inclusions, 
which are present abundantly,  have the char- 
acteristic color of the mononitride. These can easily 
be distinguished from the few very dark-etching 
oxide inclusions which are also shown in Fig. 1. 
Both surface films appear to react at  room temper-  
ature with moisture from the atmosphere to form 
the powdery gray oxide, Th02. 

The reaction between nitrogen and thorium was 
found to follow a parabolic law ill the temperature  
range of 670 ~ to 1490~ at  atmospheric pressure. 
Experimental  data for several representative runs 
are plotted in Fig. 2. At temperatures below 1255~ 
some slight initial deviations were found in a few 
cases. Between 1370 ~ and 1605~ reactions were 
parabolic initially, and, after a short time, became 
linear (see Fig. 3). At 1370 ~ and 1490~ the initial 
period of parabolic reaction was 20 to 30 min. 
At 1605~ the parabolic rate law was obeyed for 
only the first 5 min of reaction. Reaction then be- 
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came linear with t ime for a t  least 40 rain longer. 
I t  is also rather  interesting to note tha t  the reactions 
at  1490 ~ and 1605~ changed from parabolic to 
linear when about  6 mg of nitrogen per square 
centimeter of surface area had been reacted. 

Cubicciotti  noted a similar change in type  of rate 
in the oxidation of uranium (7) a t  about  200~ 
and also in the oxidation of cerium (8) between 
160 ~ and 190~ Gulbransen and Andrew (9) 
studied the reaction between nitrogen and berylhum 
and found a similar effect for the reaction a t  925~ 
In  the three instances cited above, reactions pro- 
ceeded parabolically with t ime initially and then 
increased to a rate  faster than  parabolic, becoming 
linear with t ime in two cases. Cubicciotti  (7) ex- 
plained this phenomenon by reasoning that ,  since 
the volume of the compound formed on the surface is 
larger than  tha t  of the metal  reacted, the  surface 
film mus t  be under stress. When the film reaches a 
certain thickness, the stress becomes large enough 
tha t  the film begins to crack or flake. At  this point, 
the film is no longer protective and the reaction then 
is linear or faster than  linear with time. As the 
tempera ture  of the reaction is increased, cracking 
can occur sooner since the rate of reaction is more 
rapid. At some temperature ,  the entire reaction 
might appear  to be linear. This hypothesis seems 
also to fit well data  obtained in this s tudy of the 
reaction between nitrogen and thorium. 

TABLE I Experimental rate constants, k, for the thorzum- 
nzlroqen reactzon 

k X 10 4, 
Sample Temp, ~ (ml/cm2)2/se c 

1 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

670 
730 
900 
9OO 

960 
1020 
1100 
1175 
1200 
1200 
1255 
1370 
1490 

0.13 
0.28 
2.94 
4.00 
1.97 
3.55 
6,00 

11.9 
6.62 
9.83 

22.3 
36.0 

130 

The  parabolic-rate constant,  k, was calculated by  
determining the slope of the s t raight  line resulting 
when the square of the amount  of gas absorbed per 
unit  area was plot ted against  time. Values of k 
determined in individual experiments  a t  temper-  
atures in the range of 670 ~ to 1490~ are shown in 
Table  I. A plot of log k vs. 1 / T  of these experimental  
points is shown in Fig. 4. The  position of the best  
s traight  line through these points was determined by  
the method of least squares. The  act ivat ion energy, 
obtained using the Arrhenius-type equation, k = 
Ae -Q/Rr, is 24,300 :t: 1300 eal/mole. The  correspond- 
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ing rate constant for the reaction in (ml/cmO-)Ov'see is 

lc = 5.9 e -24'30~ (I)  

where the frequency factor is 5.9. 
The energy of activation of 24,300 cal/mole is 

much lower than the value obtained for the oxi(la- 
tlon of thormm, namely, 62,800 cal/mole. Energie:~ 
of activation for the reaction between various 
metals and nitrogen reported m the hterature vary 
from 31,400 cal/mole for the reaction of vanadium 
with nitrogen (10) to 75,000 cal/mole for the re- 
action of beryllium with nitrogen (9). All of these 
activation energies are higher than that  found in the 
present investigation. 

Diffusion 

Diffusion data for nitrogen in thorium were 
computed by the graphical method described by 
Mallett and coworkers (11). Values of the diffusion 
coefficient, D, obtained from the experimental data 
in the temperature range of 845 ~ to 1490~ are 
listed in Table II .  

A plot of the logarithms of the diffusion coefficients 
vs. reciprocal temperature is shown in Fig. 5. The 
equation of the best straight line through the ex- 
perimental points was determined by the method of 
least squares. The energy of activation of diffusion, 

obtained from the Arrhenius-type equation, is 
22,500 4- 1300 cal/mole. Diffusion coefficient, D, 
in square centimeters per second is 

D = 2.1 X 10 -3 c -''2'+~ (II)  

Energy of activation of diffusion, 22,500 cal/mole, 
is in the range reported m the literature for the 
diffusion of nitrogen in other metals Weft  and 
Zener (12), using internal friction measurements, 
calculated an activation energy of diffusion of 
17,700 cal/mole for nitrogen in iron. K~ (13), using 
the same technique, obtained an activation energy 
of 44,000 cal/mole for the diffusion of nitrogen nl 
tantalum. Mallett and coworkers (l 1), with the same 
method as used in the present investigation, report  
an activation energy of 33,600 cal/mole for the 
d~ffusion of nitrogen in a zirconium-2 weight % 
hafnium alloy. More recent work by Mallett,  

TABLE II Expep zmental d~ffus~on coe~c~cnts for mtHJgen 
z n  thorium 

Time, Temp, c, , ,  w t / ~  D X 10 7 Sample hr ~ nitrogen cm2/sec 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 

6~g 
3 
6 
3 
3 
1 
2 
1 
1 
1 

845 
900 
960 

1020 
1100 
1175 
1200 
1255 
1370 
1490 

0.048 
0 079 
0 097 
0 117 
0 159 
0 185 
0.177 
0 216 
0 276 
0 335 

Tempero lure ,~  
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FIG 5 Thormm-nitrogen diffusion, variation of dif- 
fumon coefficmnt, D, with temperature. 
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Belle, and Cleland (6), with low-hafnium zirconium, 
yielded a value of 30,700 cal/mole. 

Solubihly 

The limitnlg solubility (1l), co, of atomic nitrogen 
is the COIlcentration of mtrogen just  inside the inter- 
face between the T h N  surface film and the thorium 
metal. This concentration may also be considered 
as the solubility of nitrogen at  a partial  pressure 
equal to the dissociation pressure of ThN.  Since 
the surface layer is quite thin, no serious error is 
introduced in obtaining maximum solubility by  
extrapolating data to the outer surface of the 
spemmen rather  than the interface between the 
surface film and the specimen. 

Values of Co at  the various temperatures are listed 
in Table II .  A plot of these values against temper- 
ature is shown m Fig. 6. The line described m this 
plot ~s a boundary between a single- and two-phase 
region on the thormm-mtrogen phase diagram. The 
course of the line below about  0.05 weight % nitro- 
gen is not known, but  it appears likely that  the line 
may approach zero concentration asymptotically 
with decreasing temperature.  

A plot of the values of co, listed in Table II ,  on a 
logarithmic scale vs. reciprocal temperature is shown 
in F~g. 7. The slope of the best straight line through 
the experimental points was determined by the 
method of least squares The solubIhty m weight per 
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cent nitrogen in thorium over tile temperature  range 
involved, 845 ~ to 1490~ can bc expressed as 

log,~,co = - -2405/T  -1- 0.9115 (III)  

where 7' is the temperature in degrees Kelvin.  
From this equation, the heat of solution per mole of 
atomic nitrogen (from ThN)  dissolved in thorium is 
AH --- 11,000 =t= 400 cal. 

CONCLUSIONS 

Reactions of thorimn with nitrogen were studied, 
using a modified Sieverts apparatus, over the 
temperature range of 670 ~ to 1605~ Below about  
750~ a golden-yellow nitride film of Th N formed 
on the surface of the specimens. At higher temper-  
atures, the surface film was the dark-gray Th2Na. 
Beneath this and adjacent to the thorium, the 
golden-yellow nitride was found. Both products  
reacted slowly at  room temperature with oxygen and 
moisture from the air to form ThO=. 

Reaction-rate data  were found to obey the 
parabolic rate law between 670 ~ and 1490~ At 
1370 ~ and 1490~ reactions were parabolic the 
first 30 min and then became linear. The reaction at  
1605~ became linear after only about  5 rain of 
parabolic reaction. An activation energy of reaction 
of 24,300 4- 1300 cal/mole was calculated for the 
parabolic reaction between 670 ~ and 1490~ This 
value is lower than activation energies reported in the 
l i terature for the reaction of nitrogen with other 
metals. 
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The rate of diffusion of nitrogen in thorium was 
determined over the temperature range of 845 ~ 
to 1490~ An activation energy of diffusion of 
22,500 • 1300 cal/mole was calculated, which is 
in the range reported for the diffusion of nitrogen 
in other metals. Limiting solubilities of mtrogen in 
thorium were obtained from the diffusion data. From 
these solubility data, a heat of solution, AH -- 
11,000 4- 400 cal/mole for nitrogen in thorium, was 
calculated. 

In the hot working of thorium below 850~ no 
great difficulty would be expected by diffusion or 
solutmn of nitrogen into the metal. Even if such hot 
fabrication were carried out in a 100% nitrogen 
atmosphere, the principal contamination would be 
the formation of a thin surface nitride film. In 
working in air, the surface film is oxide rather than 
nitrlde. 

ACKNOWLEDGMENTS 

The authors wish to acknowledge the assistance 
of Mr. B. G Koehl who performed the reaction-rate 
experiments, Mrs. Mary Penn and Mrs. Margaret 
Thomas who made the many calculations required 
to interpret the data, and Miss Betty Hannahs who 

prepared the specimens for metallographic study. 
The counsel of Dr. Jack Belie in interpretation of the 
experimental data is also greatly appreciated. 

Any discussion of this paper  will appear  in a Discussion 
Section to be pubhshed  in the December  1954 msue of the 
JOURNAL. 

R E F E R E N C E S  

1 A F GERDS AND ~I. W. ~ALLETT, Th , s  J o u r n a l ,  101, 
171 (1954) 

2. P LEVESqUE AND D CVBICClO~Wl, J Am Chem S o c ,  
73, 2028 (1951) 

3. C A ~IATIGNON AND M DELI~PINE, At~tt c h t m e t  ph~ls , 
8, 10, 130 (1907) 

4. e CHIOTTI, Atomic Energy  Commmslon Declassified 
Repor t ,  AECD-3072, 48 (June 5, 1950) 

5. W H ZACHARIASEN, Acta  Crys t  , 2,388 (1949) 
6. M W ~IALLETT, J BELLE, AND B B CLELAND, This  

J o u r n a l ,  101, 1 (1954) 
7. D CUBICCIOTTL J A m  Chem Soc , 74, 1079 (1952) 
8 D CUmCCIOTTI, ~bzd , 74, 1200 (1952) 
9 E A GULBRANSEN AND K F ANDREVr The8 J o u t n a l ,  

97, 383 (1950) 
10 E A GULBRANSEN AND K F ANDREW, ~bzd,  97, 397 

(1950) 
11 M W MALLETT, E M BAROODY, H R NELSON, AND 

C A PAPI', t b zd ,  100, 103 0953) 
12 C WERT AND C ZENER, P h y s  Rev , 76, 1169 (1949) 
13. T. S. Kg,  *b~d , 74, 917 (1948). 



The Cathodic Reduction of Anions and the Anodic 
Oxidation of Cations' 
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A B S T R A C T  

Amons  approach  a ca thode  by  dlflumon and  convec tmn  r a t h e r  th tm by e lect rolyt ic  
Imgra t ion  in vmw of the  advmse  po ten t i a l  g radmnt  The  ra te  of t r a n s p o r t  of amons  of 
va lence  zj toward  a ca thode  is decreased apprecrab ly  ff the  po t en t i a l  d~ffmence across the  
diffusion bounda ry  layer  is of the  ruder  of, or g rea te r  than ,  kT/ I z~ I e = 0 025/ I z~ I 
vol t .  T ins  effect may  account  for the  p r e v e n t m n  of the  r educ tmn  of h y p o c h l o n t e  at  a 
ca thode  covered by  a d i aph ragm of chromium oxide Similar ly ,  the ra te  of t r a n s p o r t  of 
cat ions toward  an anode is decleased apprecmbly  if the  po t en t i a l  difference across the  
dlffusmn boundary  layer  m of the  ruder  of, or grea te r  t h a n  k/l'/&e = 0 025/zj volt .  

INTRODUCTION 

When a negatively charged ion X -  is reduced 
cathodically, it has to approach the cathode by 
diffusion and convection against an adverse potential  
gra&ent. If no other cathodic process takes place 
and the solution contains a large excess of other 
ions providing a high electrical conductivity,  the 
adverse potential  gradmnt is small and the t ransport  
rate of anions X -  is affected only slightly. If, how- 
ever, m ad&tion to the reductmn of anions X- ,  a 
second electrochemical reactmn takesp lace  and the 
total current density is sufficiently high, the adverse 
potential gradient may  become significant and, 
thereby, the transport  rate and the reductmn rate of 
anions X -  may be decreased considerably. 

If positively charged ions are oxidized anodically, 
e.g., Fe 2+ = Fe a+ + c-, they also have to approach 
the electrode against an adverse potential  gradient. 
Thus one has a situation analogous to the reduction 
of amons at a cathode. 

In the following, calculations are presented for 
ideahzed conditions. Since these ideal conditions are 
not easy to realize, theoretical eonehlsions have not  
been verified. The following analysis, however, is 
based only on well-established electrochemical 
principles which do not require verification A com- 
parison between experimental results and theoretical 
conclusions would, therefore, show only whether 
actual experimental conditions were sufficiently 
close to ideal conditions underlying the theoretical 
analysis. 

Most important  are certain qualitative results 
which are independent of ideahziug assumptions. 
In particular, it is shown tha t  the cathodic reduction 
of anions, e.g., hypochlorite in solutions with excess 
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sodium hydroxide, may  virtually be prevented at  
high current densities. 

REDUCTION PROCESSES IN A SOLUTION WITH EXCESS 

SODIUM ~IYDROXIDE 

When a solution of sodium hydroxide is electro- 
lyzed, hydrogen is evolved at  the cathode, 

n ~ o  + e- = O H -  + ~ g2. (I) 

The cathodic formation of hydroxyl  ions leads to 
an enrichment of hydroxyl  ions at the cathode. For  
the sake of simplification, we assume a stagnant  
boundary  layer of thickness ~ beyond which con- 
centration differences are negligible, owing to 
vigorous stirring and turbulent  mixing. In an ideal 
experiment, such a type of boundary layer may  be 
realized by means of a diaphragm whose pores are 
so large that  spemfic effects due to adsorption and 
the electrical double layer call be disregarded. 

The transport  rate of ions of type i per umt  ttme 
per umt  area ill the direction of the x coordinate in 
a dilute aqueous sohltion at rest can be expressed as 

1 dn, Oc~ D~ 0r 
-- D~ Gz~e - -  

A dt Ox k T  Ox 
(II) 

, O l n c ,  z , e ~ x  t 
= --c~D, \ O ~  + 

where dn~/dt is the number of moles of ions, i, 
passing cross section A per unit  time, D~ the diffu- 
ston coefficient of ions of type ~, c~ their concentra- 
tion, z~ their valence (positive for cations and 
negative for anions), e the electronic charge, r the dec-  
trlcal potential, k the Boltzmann constant, and T 
absolute tempera{ure. The first te rm on the right- 
hand side of equation (tl) accounts for t ransport  
due to the concentration gradient, whereas the 
second term accounts for electrolytic migration. 
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The " m o b i l i t y "  of ions ~ does not appear  explicitly, 
since it is expressed in terms of the diffusion eoeffi- 
cient b y  using the Nernst-Einstein  relation, D,  = 
mobil i ty X /cT. 

Under  s teady-state  conditions, the concentration 
c of sodium hydroxide m a s tagnant  boundary  layer 
is a linear function of the distance x from the surface 
of the electrode as follows by  applying equation (II)  
to cations and anions, respectively, for an anion 
t ranspor t  rate corresponding to the cathodic process 
formulated in equation (I), eliminating the potential  
gradient, and calculating the concentration c as a 
function of distance x f rom the cathode. Thus,  

c = Co[')' - -  (y  - -  1)x/6] ( I I I )  

where Co is the bulk concentration of sodium hy- 
droxide and 1' = CE/Co lS the ratio of the sodium 
hydroxide concentration CE at  the electrode to the 
bulk concentration co outside the boundary  ]ayer 
(x > 5). 

Upon substituting equation ( I I I )  in equation 
(II)  for sodium ions whose t ranspor t  rate  is zero, 
it follows tha t  

& b _  kT 1" -- 1 a t 0  -< x <- & (IV) 
Ox e 1"~ - (1" - 1)x - - 

Now we assume tha t  in addition to sodium hy- 
droxide the solution contains a small amount  of 
ions of type  j whi('h are readily reduced at the 
cathode so tha t  their concentration vanishes at  
x -- 0. Applying equat ion (II)  to ions 2, we m a y  
show tha t  the t ranspor t  rate of ions 2 will be affected 
appreciably by the potential  gradient only if the 
potent ial  difference across the diffusion boundary  
layer is of the order of, or greater  than, l c T / I  z ,  Ic = 
0.025/[  z~ [ volt. I f  the concentration of ions j  is much 
less than  the concentration of sodium hydroxide, 
equations ( I I I )  and (IV) remain approximately  
valid. The reduction rate, vj, of ions a in moles per 
unit area per unit  t ime is equal to the negative value 
of the t ranspor t  rate in the direction of the x co- 
ordinate. Upon substi tut ing equa tmn (IV) in equa- 
tion (II)  for i = j, it follows tha t  

Oc~ De z~ c~ (1" --  1) 
v, = De ~xx + 1'~ -- (1" -- 1)x (V) 

where c~, but  not v,, depends on x. In tegra t ing  equa- 
tion (V) with respect to x and put t ing  c~ = c j(0) for 
x = 5 as the bulk concentration of ions j outside the 
boundary  layer, we obtain 

c, = ( z , - -  1)D,(1"-- 1) 1 " -  ( 1 " -  1) 

[ v,5 ] ( v i a )  
+ c , ( 0 ) - -  ( z , - -  1 ) D , ( ~ ,  - -  1)  

X I1" -- (1" -- i) ~ ]  ~' i f z , ~ l  

A p r i l  1954 

f [ c, = c,(0) 1) ln 1"--(1" 1) 
v 

(Vlb) 
_ -  

As mentioned above, we assume tha t  ions of type  
a are readily reduced at  the cathode if hydrogen is 
developed. Thus,  letting cj = 0 for x = 0 in equa- 
tions (Via) and (VIb), we find the reduction rate 
t,j to be 

( z , -  1 ) D , ( 1 " -  1)c,(0) 1"~' 
v~ = - -  i f z ~  > 1  (VI i i )  

5 1"~' - -  T 

D~(1" -  1)c,(0) 
= i f  z ,  = 1 (VIIb)  v~ 5 In 1" 

I f  the sodium hydroxide concentrat ion a t  the 
surface of the cathode differs only shghtly from the 
bulk concentration, i e., if 1" --~ 1, it follows f rom 
equations (VI i i )  and (VIIb) ,  with the aid of series 
expansions, tha t  the reduction rate is 

v~ (~ ------ v:(1" -+ 1) = D e C~o)/& (VI I I )  

Under  these conditions, the reduction rate  of 
ions j is independent  of the simultaneous evolution 
of hydrogeu, since the to ta l  potent ial  difference 
across the boundary  layer is small as compared to 
k T / e  = 0.025 volt.  This relation is well-known in 
polarography. 

I f  the concentration of sodium hydroxide at  the 
cathode is much  greater than  the bulk concentration,  
i .e ,  if 3, >> 1, we have the following three cases. 

1. For  reducible cations with a valence z~ equal 
to or greater  than  2, it follows f rom equations 
( V I i i )  and (VI I I )  tha t  

v f f v j  (~ ~-- (zj - 1)(1" - l)  if 1" >> 1 and z~ ~ 2. ( IXa)  

2. For  univalent  redumble cations it follows from 
equations (VIIb)  and (VI I I )  tha t  

v f f v j  (~ = (~, - 1)/ ln 1" if z~ = 1. ( IXb)  

3. For  reducible anions (z~ < 0) it follows from 
equations ( V I i i )  and (VI I I )  tha t  

~,/~ (0) _- - ( I z ,  t +  1)(1" - 1)1"-'*"/(1"-'*" - 1") 
--~ (1 -t- I z ,  l ) /1"*" if 1" >> 1 and z, < 0. ( IXc) 

The  value of 1" is related to the current  density, 
J ,  used for the evolution of hydrogen. According 
to Fa raday ' s  law and equat ion (I), J / F  must  be 
equal to the t ranspor t  rate of hydroxyl  ions per uni t  
area. Subst i tut ing J / F  = ( d n o u - / d t ) / A  in equation 
(II)  for hydroxyl  ions and combining with 
(II)  for sodium ions with zero t ranspor t  
obtain 

J / F  = (cE --  Co)(DNa+ + D o . - ) ~ 5  ( X )  

whence 

~' = cE/Co = 1 + JS/[co(Dn~+ + Dou-)F].  (XI)  

equat ion 
rate, we 
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At high current densities, the value of 7 is, there- 
fore, vir tual ly proport ional  to the current density. 

F rom equations ( IXa) ,  ( IXb),  and (XI),  it fol- 
lows tha t  at  high current densities (Y >> 1) the trans- 
port  or reduction rate of positively charged ions 3 is 
essentially proport ional  to the current density, i .e,  
the electrical field in the boundary  layer supports 
the diffusion of these ions toward the cathode. 

On the ()thor hand, ~t follows from equations 
(IXc) and (XI) ,  tha t  at  high current densities 
(7 >> l) the t ranspor t  or reduction rate of anions 
is essentially inversely proportional  to the Iz~] th 
power of the current density. In  this case, the 
adverse potential  gradient in the boundary  layer 
has a strong retarding effect on the reduction of 
ions j. 

To  satisfy the condition 7 >> 1, the potentiM differ- 
ence across the boundary  layer mus t  be greater 
than  k T / e  = 0.025 volt.  Since the effective thmkness 

of the boundary  layer is in general less than  0.05 
era, this condition is satisfied only if the potential  
gradient, in the bulk electrolyte IS much  greater than  
0 5 vo l t /cm,  h i  most  cases, such conditions are 
avoided, and, therefore, diffusion of anions toward 
the anode as hindered only to a small extent.  How- 
ever, locally high current densities and, thus, po- 
tential differences exceeding 0.025 volt  across the 
boundary  layer m a y  occur at. a cathode with a 
diaphragm as is discussed below. 

()XIDATION PROCESSES IN A SOLUTION WITtI 

EXCESS ACID 

Anah)gous relations hold for the anodw oxidation 
of an oxidizable substance dissolved m acid when 
oxygen is evolved a t  the anode. Since the potential 
gradient has the opposite sign, z, has to be replaced 
by - -z ,  in equations (V) to (VIIb) .  Thus  the oxida- 
tion rate of cations becomes inversely proportional  
to the (z~) tu power of the current density used for 
the evolution of oxygen, if 7 >> 1. 

I{EDUCTION PROCESSES IN A SOLUTION WITH 

EXCESS ACID 

Next,  we assume conditions under which at the 
cathode a depletion of electrolyte occurs. As an 
example, we consider the reduction of ions j in a 
solution of excess hydrochloric acid when hydrogen 
is evolved. In  this case, the acid concentration cE at  
the surface of the cathode is less than  the bulk 
concentration co and, thus, cE/c,, = 5" < ] Equat ion 
( I I I )  is, therefore, rewrit ten as 

c = Co[7 + (1 - 7 ) z / ~ ]  (XlI) 
where c is the acid eoncentratmn at  distance x f rom 
the cathode. Upon substi tuting equation (XII) 
in equation (II)  for C1- ions with z~ = -- 1 and zero 
t ranspor t  rate, it follows tha t  

O~ k T  1 - 7 
- a t  0 < x < ~ ( X I I I )  

Ox e 73 + (1 - 7)x 

Upon introduction of equation ( X I I I )  into equa- 
tion ( I I )  for z = 3, the reduction rate of a reducible 
substance j at  a sufficiently small concentration, 
equal to the negative value of the t ranspor t  rate ni 
the direction of tile x coordinate, is found to be 

Oc, D,  z,(1 - 5") (XIV) 
v, = D , ~ + 7 8 + ( l _ 5 " ) x .  

hl tegra t ion  with c, = c,(0) for x = ~ as the bulk 
concentrat ion of ions 3 gives 

c, (z~ + 1)D,(I -- 7) 7 + (1 -- 7) 

I ,,,a ] (xva) + c,r (z, + 1)D,(I -- 7) 

[ > _ ,  X 7 +  (l - y) if z, < 

c, = ,~o) + D , ( I  7) 
(XVb) 

v 

Assuming tha t  ions 3 are i'eadlly reduced at  the 
cathode and, therefore, pu t t ing  cj = 0 for x = 0, 
we obtain the reduct mn rate vj f rom equations (XVa) 
and (XVb) as 

(z, + 1)D,(1 -- 7)6(0) 
if z~ > < -- 1 (XVIa)  

v~ = 8 ( 1  - 7 ~ + 1 )  

I) ,(1 -- ")')C~(o~ if zj = -- 1 (XVIb)  
, , ,  = - ~ F (-Tr : < 

I f  the acid concentration at  the surface of the 
cathode differs only slightly f rom the bulk concen- 
tration, i.e., ff y ~-- 1, equations (XVIa)  and (XVIb)  
t ransform to equation (VII I ) ,  i.e., the reduction rate 
is proport ional  to the concentrat ion c j(0) and inde- 
pendent  of the current density. 

I f  the current density is close to the limiting value 
of the current  density due to concentrat ion polarlza- 
tmn  with respect to hydrogen ions and thus  5' = 
cE/co << 1, we have the following three cases. 

1. For  positively charged ions 3 it follows f rom 
equations (XVlu) and (VI I I )  t ha t  

v J v ,  (~ ~--- z, + 1 if ~ << 1 and z~ > 0 (XVIIa )  

2. For  univalent  anions it follows f rom equations 
(XVIb)  and (VII I )  tha t  

vjv~ (~ ~ 1 / 1 n 7  -1 i f y < < l a n d z ~  = - 1 .  (XVIIb )  

3. For  anions with a valence greater  than  uni ty  
it follows from equatmns (XVIa)  and (VI I I )  that  

v,/t, ,  <~) ~ () z~ I -- 1) 3, ' ~ ' ' - t i f  5" << 1 and zj < - 2 .  
(XVIIe)  
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According to equation (XVIIc) the reduction 
rate vj of divalent or tr ivalent anions is greatly 
diminished by applying a high cell voltage which 
results in a current density close to the limiting 
value due to concentration polarization with respect 
to hydrogen ions and, thus, gives a value of ~, much 
less than  unity.  In  general, such conditions are not 
likely to occur. This case is, therefore, only of 
academic interest. 

OXIDATION PROCESSES IN A SOLUTION ~,VITH EXCESS 
SODIUM HYDROXIDE 

Relations analogous to equations (XII)  to (XVIIb)  
can be derived for the anodic oxidation of oxidizable 
substances in a sodium hydroxide solutmn when 
oxygen is evolved at the anode. Since the potential 
gradient has the opposite sign, zj has to be replaced 
by --z~ in equations (XIV) to (XVIb). Thus, the 
oxidation rate of citrons with a valence greater than 
uni ty  becomes proportional to the (zj - -  ])th power 
of the concentration ratio ~ = c~/co of sodium 
hydroxide if ~ << 1. 

PREVENTION OF THE CATHODIC REDUCTION 

OF HYPOCHLORITE 

When hypochlorite is produced by the electrolysis 
of a sodium chloride solution for industrial purposes, 
reduction of hypochlorite at the cathode must be 
minimized. This can be accomplished by a thin 
diaphragm at the surface of the cathode. According 
to Foerster and Bischoff (1) and others (2), a small 
amount  of calcium or magnesium chloride is added 
to the electrolyte so that ,  at the cathode, a precipi- 
tate of calcium or magnesium hydroxide is formed. 
According to Muller (3), a small amount  of chromate 
is added, which is reduced at the cathode and yields 
a very  thin but  effective diaphragm of chromium 
oxide. 

If  the current density in the pores of such a 
diaphragm is sufficiently high, cathodic reduction of 
hypochlorite will be minimized by the adverse 
potential  gradient in the pores in view of con'clusions 
drawn from equation (IXc). 

I t  seems significant tha t  the reduction of chromate 
takes place as long as the current density is relatively 
low, but  will practically cease after a sufficient por- 
tion of the surface of the cathode has been covered 
by  chromium oxide and, thus, a sufficient current  
density has been reached, for chromate ions are also 
rejected by  an adverse potential  gradient. This 
mechanism automatically gives a diaphragm which 
is effective, but  does not cause an excessive I R  

drop or polarization potential. 
According to this interpretation, no specific 

repulsing forces are needed in order to prevent  the 
approach of hypochlorite toward the cathode, or its 
reduction. Specific adsorption in the pores of the 
diaphragm seems of minor importance because of 
the small thickness of the electrical double layer at 
high electrolyte concentrations. 

Frumkin and Florianovlch (4) have pointed out 
tha t  reduction of anions at a cathode m ay  also be 
prevented if the electrical double layer next to the 
cathode contains virtually no anions, as is charac- 
teristic of a cathode kept  at a sufficiently negative 
potential  with respect to a standard hydrogen elec- 
trode if the total  electrolyte concentration is low. 
This effect, however, becomes insignificant at  high 
electrolyte concentrations used for the electrolytic 
production of hypochlorite.  

To summarize, the adverse potential  gradient in 
pores of a diaphragm seems to be sufficient in order 
to account for the prevention of the reduction of 
hypochlorite ions. 

Any dmcussion of th is  paper  will appear  m a Discuss ion  
Section to be pubhshed in the December 1954 issue of the 
JOURNAL. 
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Stability of 2,6-Di-Tertiary-Butyl-Para-Cresol Inhibited 
Transformer Oil in an Arc 

R .  NICHOLS HAZELWOOD, KAZUMI OURA, 3 AND RAYMOND ~V[. FREY 

Lzne Mater~al Company, M~lwaukee, Wzscons~n (A McGraw Electric Company D~vision) 

A B S T R A C T  

Behav io r  in an  arc of t r ans fo rmer  oil i nh ib i t ed  wi th  0.3% by  weight  2 ,6 -d i - t e r t i a ry -  
bu ty l -para -c reso l  was s tud ied  I t  is shown t h a t  there  is no essent ia l  difference be tween  
decomposi t ion  of i nh ib i t ed  and  un inh ib i t ed  t r ans fo rmer  oil By q u a n t i t a t i v e  de t e rmina -  
t ions  and  paper  ch romatography ,  i t  was found t h a t  there  is no p re fe ren tml  des t ruc t i on  
of the  inh ib i to r  i tself  by  arcing.  The  p a t h  of arc ing b r eakdown  of t r an s fo rmer  oil was 
s tudmd,  and i t  was found t h a t  the  process was s imilar  to t he rma l  c racking  of pe t ro leum.  

INTRODUCTION 

Three years ago the electrical industry initiated 
use of inhibitors to prevent oxidation in transformer 
oil. This step had been advocated by Von Fuchs 
(1) who had shown that inhibitors increased the life 
of transformer oil in laboratory tests. Requirements 
of a satisfactory inhibitor are: (A) oxidation products 
of the inhibitor must be oil soluble. (B) The in- 
hibitor should be relatively nonpolar, insoluble in 
water, and should not react directly with molecular 
oxygen. (C) The inhibitor should not be removed by 
oil reclamation procedures and should not be in- 
compatible with regular grades of transformer oil. 

Compounds known as "hindered phenols" were 
found to be excellent oxidation inhibitors for 
petroleum products (2). Many persons felt that 
earlier oxidation inhibitors of the phenylene diamine 
or aminophenol types were not as satisfactory be- 
cause of their susceptibility to air oxidation and their 
high water solubility (3). The hindered phenols are 
characterized by tertiary butyl groups on the 2 and 6 
positions of the aromatic ring and an n-alkyl group 
on the 4 position. Effectiveness of the inhibitor in- 
creases with increasing length of this alkyl group and 
decreases with decreased branching of groups on the 
2 and 6 positions (4). 

Commonest of hindered phenols in commercial 
practice is 2,6-di-tertiary-butyl-para-eresol, known 
as DBPC. DBPC is a clear white crystalline solid 
melting at 70~ and boiling at 265~ Specific 
gravity at 20~ is 1.048. I t  is soluble in common 
organic solvents and insoluble in water and aqueous 
solutions (5). It does not react with alkalies or under- 
go any of the usual reactions of a phenol due to the 
shielding effect of the large tertiary butyl groups (6). 

1 Manusc r ip t  received July  24, 1953. This  paper  was pre-  
pared  for del ivery before the  New York Meet ing,  April  12 
to 16, 1953 

Second in a serms of s tudms on inh ib i t ed  t r ans fo rmer  
oil For  first paper  see Reference (9) 

3 Deceased (August  10, 1953) 
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The primary function of an oxidation inhibitor in 
mineral oil is to react with hydroperoxides formed by 
oxidation (3). 

OH 

~ - - C - - O - - O H  + ((~H3)~C~%~C(CH3)3 

V 
CH3 

a 

OH 

(CH3)3C~%~C(CH~)3 -t- R - - C - - H  

C ~ O  
H 

b 

The aldehyde (b) has some anti-oxidant properties 
itself, although not to the extent that DBPC (a) 
has (4). 

The function of an inhibitor is to interrupt a chain 
reaction. I t  is now thought that the reaction chain 
in hydrocarbons follows the sequence of: hydro- 
carbon -~ hydroperoxide ~ aldehyde --+ acid. This 
chain is interrupted at the stage of formation of 
hydroperoxide. The inhibitor is oxidized to the 
aldehyde (b). This aldehyde can be produced by 
chromic acid oxidation of DBPC (4), or by oxidation 
with bromine in alcohol solution (7). I t  has been 
isolated by chromatographic methods from oxidized 
inhibited oil samples (4). 

Zwelling (8) has shown that DBPC-inhibited 
transformer oil decreases formation of sludge and 
maintains the transformer in better condition. Be- 
cause of this and previous work,* most of the elec- 
trical industry adopted inhibited oil for use in dis- 
tribution transformers. Use of inhibited oil in 
switchgear and circuit interrupting devices was 
started in January 1951. Recent studies on small 
distribution oil circuit reclosers (9) and on large 

4 Prev ious  work done by  Shell Oil Company.  
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circuit breakers (10) have shown that  there is )1o 
essential difference in behawor and size of carbon 
particles formed in inhibited and uninh]bited oils, 
and that  presence of inhibitor causes no appm'(,nt 
anomahes in performance of these devices 

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

011 samples to be arced were placed in standard 
production Model K Y L E  Type H oil circuit re- 
closers. These reclosers had coil ratings of 5, 25, or 
50 amp. Varying conditions of voltage, current, 
and power factor of the short circuit faults were then 
applied Conditmns chosen simulate extreme heavy 
duty  field operation 

In  each series of experiments, one recloser was 
filled with uninhibited transformer oll drawn from 
a newly received tank car. The other recloser was 
filled with oil inhibited in the laboratory with 
crystalline DBPC.  The same base stock oil was used 
for all samples. Concentration of D B P C  was 0.3 % 
by weight (common concentration in commercial 
practice). 

Viscosity of oil samples was measured using 
calibrated Ostwald-Fenske viscosity pipettes in 
constant temperature baths controlled at 37.8~ 
(100~ and at  98.9~ (210~ Densitms were 
measured with a Leach pycnometer at  20~ The 
pycnometer was cahbrated at 20~ with distilled 
H20 and then corrected to absolute density (20/4~ 
Refractive index and refractive dispersion were 
measured with an Abbe refractometer at  20~ 
The weight per cent of D B P C  was determined 
colorimetrically by reduction of phosphomolydbic 

acid to molybdenum blue (11). Molecular weights 
were measured by the cyroscopic method m benzene 
or by viscosity-density correlations (12). Da ta  for 
various sample series were analyzed for carbon 
distribution and ring content by: the n-d-M method 
(13). These data, combined with viscosity index and 
specific dispersion data, give a picture of reactions 
which take place in the arc. 

] ~ E S U L T S  A N D  DiscussiON 

Fig. 1 is a plot of a series of 60 interruptions at  
7200 volts, 490 amp, and 30 % power factor. The 
recloser had a coil rating of 25 amp. In this and all 
subsequent cases, arcing time was approximately ~ 
to 1 cycle/interruption. 

Results of this series of arcings show that  there is 
a small but  continuing decrease m aromatm content 
and an increase in naphthenic content. The alkyl 
carbon shows a decrease. These changes are seen in 
both carbon distribution and ring content. I t  is also 
notable that  the method is sensmve enough to show 
the presence of the aromatic inhibitor (DBPC) in 
the inhibited o11. 

F]g. 2 is a plot of a series of 64 arcmgs at 7200 
volts, 700 amp, and 30 % power factor in a recloser 
with a coil rated at 50 amp In  inhibited oil, the trend 
is similar to results shown in Fig. l, tha t  is, in- 
creased naphthenes and decreased aromatics and 
paraffins However, the uninhibited oil appears to 
show just the opposite behavior. Fig. 3 shows specific 
d~sperslon which is another measure of aromatic 
content, for the series in Fig 2. Here, the decrease 
for both samples indicates tha t  the aromatm content 
is decreasing in each case. 
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A series of four reclosers having 5-amp coils was 
prepared for studies of oxidation stability of oil. 
Two of these had inhibited oil and two had unin- 
hibited oil. A total of 20 interruptions at  13,200 
volts, 100 amp, and 30% power factor was per- 
formed. 

Table I shows the results of these conditions on 
carbon distribution and ring content. 

The only statistically significant changes are in 
decreased aromatic content and mc, reased naphthenic 
content of the inhibited o11, and decrease in par- 
affinic carbon of both oils. Decrease in aromatic 
content of the mhit)ited oil might be interpreted as 
inhibitor destruction. However, this was not found 
to be the ease. 

A 50-amp coil recloser was filled with an inhibited 
oil and arced 40 times at 7200 volts, 705 amp, and 
30% power factor Samples were drawn at  0, 
20, and 40 operations. Table ] I  presents results of 
this series. 

Inspection of data presented indicates tha t  the 
following changes occur when transformer oil is 
arced in a circuit recloser: aromatic content is 
decreased, alkyl chains are broken, and viscosity, 
molecular weight, and wscoslty index are decreased. 

These changes are in addition to formation of 
carbon, hydrogen, and hydrocarbon gases from 
complete breakdown of the oil. Cracking of oil to 
gaseous hydrocarbons, hydrogen, carbon, and 
acetylene polymers has been described by Salzer 
04). 

These changes are consistent with what  would be 
expected in a thermal cracking process In thermal 
cracking, side chains are cleaved, aromatics are 
reduced to cyeloalkanes, and cycloalkyl rings may be 
broken. As the temperature  of the thermal cracking 
process is raised, another phenomenon occurs. 
Aromatics are produced at  the expense of saturated 

TABLE I 

No of m- O11 sample 
terruptions 

0 Inh ib i ted  
20 Inh ib i ted  

0 Umnlnb~ted 
20 Umnhflnh~d 

,~ CA 

12 6 
11 3 

11 2 
l l  6 

% CN 

4 0  0 
43 0 

42 1 
42 7 

% Cp 

47 4 
45 7 

46 7 
45 7 

RA 

0 42 
0 37 

0 37 
0 38 

R2v 

1 71 
1 79 

1 81 
1 78 

% C.t = % "uom-ttm carbon,  % C N = ~0 naph then ie  
carbon,  % Cp = % pax:ffhnlc carbon,  R A  = number  oI 
:m)m:ttlc H ngs,  RN = number  of n~phthenie  ~mgs. 

No of 
mter- 

ruptlons 

0 
20 
40 

% CA 

12 3 
12 0 
11 5 

% Cy 

4 2  8 
43 7 
44 7 

TABLI( 

44 9 73 
t4 3 67 
t3 8 

I I  

n? d~ ~ 

9 09 0 8869 
8 93 / 0 8873 
8 89 / 0 8884 

i 

I 
267 
264 
260 

% 
DBPCw 

0 30 
0 31 
0 32 

* VlsCOSltV index 
f Cent ls tokes  at 37 8~ (100~ 

Ciyoscoplc 
w All 4-10% Differences here not significant 

molecules. The same thing happens in catalytic 
cracking, although the process is more selective and 
operates at  a lower temperature .  

F rom these considerations and from data  pre- 
sented above, a series of equations may be wri t ten to 
describe a portion of what  happens to t ransformer oil 
in an are. These equations make use of a so-called 
"average molecule" which merely represents ap- 
proximate composition of the transformer oil. 

Current  theories of the composition of petroleum 
indicate tha t  above the gasoline range, ring com- 
pounds are present primarily as 6-membered fused 
ring systems, with aliphatic side chains (13). In 
transformer off, wax-free crudes are used, so there 
are no free paraffins present. Aromatics are thought  
to be par t  of a fused ring system along with naph- 
theme rings, rather than free (15). With these factors 
in mind, the following equations can be writ ten:  

~ ~ " ~  C9H19 - ~  C @ (C,2H2)x q- H2 (I) 

q- CH4 q- C~H2 -Jr- C2H4, e tc .  

R < C9H19 

9 ~ ~ ,gI - I1  o (III)  
/ 

; R + H ~ +  C , e t c . ( I V ) R  < CgI-I,, 
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Orientation and number of alkyl side chains is not 
specified, but, probably the chains are present in one 
long unbranched alkyl group. This is indicated from 
viscosity index and viscosity data. If there were 
more than one chain or branched chains, a lower 
viscosity index would be expected (13). 

These equations lead to certain expected results. 
If equations (tI) and (IV) are true, the molecules 
would become more spherical in shape. This would 
result in an increase in density and a decrease in 
molecular weight, viscosity, and viscosity index. 
All these have been shown experimentally. 

Analysis indicates that there is no specific de- 
composition of DBPC in the arcing process. The 
ptmsphomolybdate method for determination of 
DBPC (11) is not specific but is characteristic of all 
cresols. However, it was found that alkyl cyclo- 
hexanols did not react in the phosphomolybdate spot 
test (6). To check further the possibility that some 
side chains might be cleaved from DBPC by the arc, 
thus destroying much of the antioxidant character 
(4), paper chromatograms were run on arced oil 
samples. With Whatmau No. 1 paper, butanol 
saturated with ammonia served as a developing 
solvent for ascending or descending chromatograms. 
In this system, the R I value of phenol is 0.78; of 
p-cresol, 0.31; of 2-tert-butyl-p-cresol, 0.2; and of 
DBPC, 0.00. No compound other than DBPC was 
found in the developed chromatograms, using a 1% 
phosphomolybdic acid solution in methanol as a 
spray reagent, followed by exposure to ammonia 
vapor for five minutes. It is, therefore, reasonable to 
conclude that, within the limits of detection, DBPC 
is not preferentially destroyed by arcing. 

Further studies are in progress to determine more 
specific information about the effects of arc energy 
on cracking of transformer oil in an arc, on the effect 
of repeated arcing for a prolonged period, and on 
fractionation of arced oil. 

CONCLUSIONS 

1. There is no essential difference in the path of 
decomposition of uninhibited transformer oil and 
transformer oil inhibited with 0.3 % by weight of 
2,6-di-tertiary-butyl-para-cresol. 

2. Decomposition of transformer oll by arcing is 
similar to thermal cracking. The process is charac- 
terized by side chain cleavage, hydrogenation of 
aromatics, and formation of the decomposition 
products carbon, acetylene polymers, hydrogen, and 
hydrocarbon gases. 

3. There is no preferential destruction of the in- 
hibitor by arcing. 

Any discussion of this paper will appear in a Dmcusslon 
Section to be pubhshed in the December  1954 issue of the 
JOURNAL. 
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New Manganese-Activated Fluoride Phosphors 
ARTHUR L. SMITH 

Tube Department, Radw Co~poratwn of Amertca, Lancaster, Pennsglvania 

ABSTRACT 

The following manganese-activated fluorides were found to exhibit efficient cathodo- 
luminescence NaZnF3, KZnF~, K2ZnF4, NaMgF~, KMgF3, K2MgF4, CaF~, KCaF3, KCdF~, 
and the solid solutions formed between CaF2 and A1F3. With MgF~ and ZnF2, A1F~ was 
found to be only a diluent, with CaF2, however, three compounds, 2CaF~- AIF3, CaF2-A1F~, 
and CaF2.2A1F~, were discovered, the fi~st having a peak emission at 5380 A and the latter 
two at 5250 A Emission of Mg and Zn compounds contaimng K or Na was almost identi- 
cal with that of the original MgF2 and ZnF2 Although CaF2:Mn has an efficient green 
and CdF2:Mn a weak green emission, their K-perovskltes show strong yellow-orange 
emission From the above zesults, a hypothesis is advanced relating a coordination 
number of six for the divalent cation in fluorides to orange emission, and a coordination 
number of eight to green emission. 

INTRODUCTION 

Manganese-activated fluorides of zinc, magnesium, 
and zinc-magnesium have been investigated previ- 
ously from both practical and theoretical viewpoints. 
Because these fluorides have predominantly ex- 
ponential decay, they have been used in cathode ray 
tubes designed for applications such as radar and 
loran requiring long-persistence phosphors (1, 2). 
They have also been used by Williams and co- 
workers in the formulation of basic concepts of the 
luminescence process (3-6). 

Other manganese-activated fluorides have re- 
ceived scant attention. Calcium fluoride is a possible 
exception, although even it has not been studied 
in any systematic fashion. The only positive state- 
ment found in available literature was that 
CaF2:Mn has a green cathodohiminescence (7). 
Therefore, a program was begun to determine whether 
fluorides other than zinc and magnesium could be 
effectively activated by manganese. 

Fluorides of the alkali metals are poor phosphors, 
probably because of ion charge differences. There is 
a lack of suitable sites at which the manganese ions 
can function as activators. Manganese activation 
also failed to produce luminescence in the fluorides 
of strontium and barium. It produced only an in- 
efficient luminescence in cadmium fluoride, probably 
because the ions in these structures are too large to 
be replaced effectively by manganese. Perovskite- 
type fluorides of the class M~M~F3, on the other 
hand, were found to be excellent base matrices. 
Spectral energy emission characteristics of this class 
of fluorides led to the formulation of a new hypoth- 

i Manuscript received October 1, 1953. This paper was 
prepared for delivery before the New York Meeting, April 
12 to 16, 1953 
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esis concerning the role of manganese as an acti- 
vator (8). 

Compounds and solid solutions of aluminum 
fluoride and alkali or alkaline earth fluorides were 
also investigated. The combination of aluminum 
fluoride and calcium fluoride was the only combina- 
tion which gave efficient phosphors. An x-ray in- 
vestigation of this system led to the discovery of 
hitherto unreported compounds of A1Fa--CaF:. 

PREPARATION OF PHOSPHORS 

All the simple fluorides were prepared in platinum 
vessels by reaction between excess C.P. H2F2 or 
(NH4)2F: and purified carbonates or oxides of the 
requisite catioi~. The slurry was carefully evaporated 
to dryness and then baked at 500 ~ C to decompose 
any remaining acid or ammonium fluorides. Man- 
ganese fluoride was added to the simple fluorides 
(or, in cases where complexes were to be formed, to 
the suitable combination of the simple fluorides) 
in the amount of 1 mole %/mole of base matrix. 
Mixtures were then dry ground in a mortar and 
fired in either carbon crucibles or platinum crucibles 
surrounded by carbon to prevent oxidation. Firing 
temperature depended on the melting point of the 
final compound. For compounds melting above 
1000~ that temperature was used; for compounds 
melting below 1000~ the firing temperature was 
50 ~ below the melting point. All mixtures except 
those containing CaF2--A1Fz were fired for two 
half-hour periods and were ground between firings. 
CaF~--A1F3 mixtures were fired for three half-hour 
periods. 

TESTING OF PHOSPORS 

X-ray diffraction analyses were made with 
nickel-filtered radiation from a copper-target tube 
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ganese-activ-~ted zinc fluoride, m,~gnesium fluorMe, ~nd 
the i r  alkali  fluoride perovskl tes .  

operated at  40 kv and 15 ma Phosphor samples 
were rotated within a circular camera 14.32 cm in 
diameter. 

Cathodolumlnescence efficiencies and emission 
spectra were determined w~th a defocused electron 
beam having a current density of 1.5 za /em "~ and an 
accelerating potential  of 8000 volts. Peak efficiencies 
and spectral distribution of energy were measured 
by the spectroradiometer and method described 
by Hardy  (9). 

SIMPLE FLUORIDES 

The cathodoluminescence of the manganese- 
activated alkali fluorides and aluminum fluoride was 
of such low order that  accurate readings were not 
possible. Because of differences in ion size and 
charge between these cations and manganese, the 
manganese probably cannot be built into the lat- 
tree in the proper manner  to form active centers. 
Ion-size differences alone probably prevent  the 
effectivent activation of fluorides of beryllium, 
strontium, and barium by manganese. No accurate 
data could be obtained for any of these mixtures. 

Manganese-activated zinc, magnesium, and zinc- 
magnesmm fluorides have been thoroughly de- 

scribed (1-6). Their  spectral-energy peak is ap- e 
proximately 5900 A, as shown in Fig. 1. 

Calcium and cadmium fluorides are not as well 
known as the zinc and magnesmm fluorides. Con- 
currently with the work described m this article, 
Ginther  (10) was Investigating properties of calcium 
fluoride activated by  cerium and manganese Re- 
sults given here concerning the peak and shape of 
the spectral energy emission curves are in substantial  
agreement with his results. The peak value of 
4950 A for calcium fluoride activated with 1 mole % 
manganese checks reasonably well with Ginther 's  
value of 4900 A for this concentration CaF~:0.01 
Mn is a moderately efficient phosphor having 30 % 
of the efficmney of ZnF2:Mn. The spectral energy 
emission curve for this mixture is shown m Fig 
4. Its persistence is the shortest of all the fluorides, 
although exact data  are not yet  available. CdF2:0.01 
Mn is a very poor phosphor; its efficiency is only 1% 
of tha t  of zinc fluoride. I t  has essentially the same 
spectral energy emission characteristic mid peak 
emission as calcium fluoride. 

FLUORIDE PEROVSKITES 

Structural Consideralions 

The perovskite structure is one in which large 
cations together with either 0 -  or F -  form a close- 
packed arrangement with smaller cations m the 
interstices of sixfold coordination. A definite re- 
laUonship must exist between the ionic radn of the 
ions m order tha t  this structure be formed. For  
fluorides, this relationship is expressed by the equa- 
tion 

rM I + r F -  = t~v/2 (rM H + rF- )  

where t can have a value between 0.8 and 1.0 ( l l a ) .  
The large ions M ~ and F -  form a dose-packed ar- 
rangement with the smaller M u ions in the inter- 
stices. The M H ions are surrounded by six F -  in 
octahedral configuration. Substi tut ion of the values 
of the ionic radii of Li, Na, K, Mg, Zn, Mn, Cd, and 
Ca in their proper places in the above equation 
indicates tha t  LI should form no complexes at all, 
Na should form a complex with Mg, Zn, or Mn, 
but  not with Ca or Cd, and K should form com- 
plexes with Mg, Zn, Mn, Ca, or Cd. All theoretically 
possible structures have been prepared in th9 labora- 
tory except those of manganese, which were not  
tried. No compound formation occurred where 
theory in&cared it was impossible. Potassium 
perovsh tes  of Mg, Zn, and Ca have been reported 
previously and their x-ray diffraction pat tern  
published (12). The compound NaF-MgF2  has 
also been investigated and was found to have a 
melting point of 1030~ (13). Although NaF .ZnFo  
and K F .  CdF2 are predicted by the above equation, 
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they have not been reported previously These 
compounds were made, and were found to have x-ray 
diffraction patterns typical of the group. 

Another complex fluoride, K:MgF4, has also been 
reported (14). Although the diffraction pattern of 
this fluoride is available (i2), its exact ('xystal 
structure has not yet been determined. The previ- 
ously unreported zinc analogue, K~ZnF~, was also 
prepared, and was found to have an x-ray diffrac- 
tion pattern very similar to that of the magnesmm 
compound. Calcmm, however, did not form th~s type 
of structure; x-ray diffraction patterns of a fired 
mixture containing 2 moles of KF per mole of CaF: 
showed only the lines of KF and KCaF~. 

Spectral-Energy Em~sszon Characterzst~cs 

The perfect and near-perfect coincidence of 
eathodoluminescent spectral-energy emission charac- 
temstic of these perovsk~tes, illustrated in F~g. 
1, 2, and 3, and Table I, ~s of major interest The 
spectral energy emission curves of NaF.ZnF~, 
KF.ZnF~, and ),.IgF~ are ~denhcal w~thin experi- 
mental error; each mixture in the pa~rs NaF- MgF_o-- 
KF. MgF~, KF- CaF~--KF CdF.,, and 2KF. ZnF~-- 
2KF MgF~ dlffersfrom the other mixture in the pair 
by less than 50 fit. Within the group of compounds 
formed m the system NaF---KF---ZnFo MgF~, 
the maximum difference in peak of emissmn is only 
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I?t(; 3 Spectral  energy d l s t r ibu tmn curves for the 
manganese-ac t iva ted  potassium-fluoperovskites  of calcium 
and cadmmm showing the almost coincident spect ra  

TABLE I Wa~'e lenqths (.t) of peak spectral em~sswn of 
phosphols formed f~om compounds shown ~n left verhcal 
col~lntn zn contbTnat~on wzth compounds shown zn top 
ho~ tzontal hnc 

MgF2 
ZnF; 
CaF2 
CdF~ 

I 5920 6080 I 6000 ~ 6100 

J NaF KF 2KF 

[ 5870 [ 5920 5920 6070 
4950 5020 5710 5710 
4950 - -  5720 5720 

AIFa 

592O 
5870 
5250 

230 A, with zinc fluoride at one extreme at 5870 
and 2KF-MgF2 at the other extreme at 6100 ft.2 

The difference of 750 f i m  the spectral energy 
peak between C~F2 or CdF2 (4950 fi) and KF.  CaF2 
or KF CdF~ (5710 fi) is also ~mportant. I t  is in 
sharp contrast to the much smaller shifts in the 
perovskite complexes of ZnF2 and MgF2. The shift 
caused by the addition of sodium fluoride to calcium 
fluoride is less than 100 fi, as shown m Fig. 4. This 

2 One of the rewewers  has c~lled a t ten t ion  to the work 
of J T Randall ,  [Pioc Roy Soc London, 170A, 272 (1939)] 
on the low tempera tu re  cathodoluminescent  spect ra  of 
manganese hahdes  At 90~ the peak emmsion occurred at  
6285A for the fiuomde, 6360A for the  chloride, and 6330A 
for the bronude Randal l  concluded tha t  the red fluorescence 
Is ~ properW of all the manganese lens m the crystal ,  wi th  
the t ransi t ions  of the forbidden type (2E -~ 4F) charac-  
ter is t ic  of the dwalen t  manganese ion In all cases man-  
ganese occurs in slxfold coordinatmn.  
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of manganese-act ivated complex fluoride phosphors con- 
taming calcium compared with tha t  of calcium f luor lde:Mn 
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relatively small shift confirms the observation that  
sodium fluoride forms no definite perovskite struc- 
ture such as tha t  formed with potassium fluoride. 
As shown in Fig. 3, the spectral energy emission 
characteristics of KF .CaF2  and K F . C d F :  do not 
differ by  more than 25 A. This small change indi- 
cates tha t  precisely the same mechanism caused 
the shift for both the calcium and cadmium com- 
pounds. 

E~ciencies 

Table I I  gives the relative peak effieiencies of the 
various fluorides. The peak efficiency of zinc fluoride, 
the highest of all the fluoride efficiencies, has been 
used as the standard to which all the others are 
related. Most  of the phosphors containing alkali 

TABLE II. Relative peak spectral em~sswn e~czenc,es (%) 

MgF2 
ZnF2 
CaF:  
CdF2 

of phosphors 

NaF 

1 ~  24 
61 

3 301 0 

"ormed 

KF 2KF A1F3 

41 21 40 
120 ~ 53 20 

50 
45 1 

T A B L E  I I I  Emzss~on color and relatwe peak eflictenc~es of 
*nefl~c~ent phosphors containing alkah fl~or~des 

Relative peak Compound Color efficiency (ZnF~ = 100) 

LiF. A1F 3 
3L1F. A1F3 
NaF. A1F3 
3NaF-A1F3 
NaF- 2AlF 
5NaF. 3A1F3 
KF. 2A1F3 
LiF CaF.o 
L1F CdF.~ 

Orange-yellow 
Yellow-green 
Blue-green 
Blue -green 
Yellow-orange 
Yellow-green 
Ol ange-i ed 
Green 
Blue-green 

fluorides are less efficient than those free from alkali 
fluoride, with two exceptions. The compound KF-  
ZnF2 is as efficient as ZnF2 itself, and KF-CdF,., 
shows a considerable improvement  in efficiency over 
CdF~. The probable reason for the difference in 
these two mixtures is t reated later. 

FLUORIDE PHOSPHORS CONTAINING ALUMINUM 

There is a considerable number of compounds 
which contain alkali metals, aluminum, and fluorine, 
as shown in Table I I I .  None of these produced 
efficient phosphors when manganese was used as 
an activator.  The  disparity in size and charge be- 
tween manganese ions and alkali or aluminum ions 
is probably the reason why manganese could not 
effectively substi tute m these structures. There 
was, however, enough weak but  definite lumines- 
cence to indicate tha t  some manganese was in- 
corporated, and tha t  the nature and concentrat ion 
of the alkali ion were the main factors in the color 
of the emission. 

Fluorides of zinc and magnesium form only 
limited solid solutions with aluminum fluoride, but  
form definite compounds with alkali fluorides. 
Addition of aluminum fluoride to zinc or mag- 
nesium fluorides merely decreases the efficiencies of 
the simple fluoride phosphors without causing any 
shift of peak emission. The effect of a luminum 
fluoride is less drastic on the magnesium fluoride 
phosphor than on zinc fluoride. In a 50-50 mole % 
mixture, the reduction of efficiency is only 20% 
for magnesium fluoride, but  80 % for zinc fluoride, 
as shown in Table II .  X-ray  diffraction analyses of 
ZnF2.A1Fa and MgF2.A1F~ show the presence of 
both original components. There is some distortion 
of the A1F3 structure, but  little or no distortion of 
the magnesium or zinc fluoride lattice. Results 
differ only slightly for variations about  the 50-50 
mole % composition. 

Addition of aluminum fluoride to calcium fluoride 
produces different results, as shown in Table  IV 
and Fig. 4. Within this system at  least three com- 
pounds, or phases, are found, as well as solid solu- 
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TABLE IV Emission color and relative peak e~ciencies of 
a seines of calczum-alum~num-fluor, des 

Molar compositmn 

C a F 2  

0.9 CaF2--0 1 A1F3 

0.8 CaF:--0 2 A1Fa 

0 7 CaF2~0 3 A1F3 
0 6 CaF2-4).4 A1F3 
0 5 CaF2-4) 5 A1F3 
0 3 CaFes0 7 A1Fa 
0 2 CaFes0 8 A1Fa 

Peak emlssmn (approx) (A) 

4950 
4950 and 5250 

(two bands) 
4950 ~nd 5380 

(two bands) 
5380 
5380 
5250 
525O 
5250 

Relatwe 
peak 

efficiency 
(ZnF~ = 

loo) 

3O 
30/30 

15/32 

35 
45 
50 
35 
20 

lions. I t  is not  yet  possible to assign unambiguous 
stoichiometric ratios to the various phases, but  a 
reasonable approximation can be made. Correlation 
of the spectral distribution data with x-ray diffrac- 
tion data indicates tha t  three compounds are 
present in the system, having the following spectral 
distribution characteristics and identifying lattice 
spacings: 

I Peak ] 
Compound e m l s -  

_ _  : ~ n  ( A )  

2CaF2 A1F3 5380 / 
CaF~-A1F3 5250 
CaF2 2A1F3 I 5250 I 

Lattice spacing (d values m A) 

(3 5), 2 90,2 75, 1.87, 1 83, 1 74, 1 76 
(3 5), 3 25, 2 80, 2 00, 1 82 
(3.5), 3 20, 2 80, 1 98, 1 81 

Interpretat ion of these data is dxfficult because of 
the probability tha t  some lines are common to more 
than one phase, and because one hne at 3.5 is com- 
mon to all phases as well as to AIF~ itself. There is 
no doubt, however, tha t  the phase which emits at 
5380 A can be distinguished by the unique lines at 
d values of 2.90, 1.87, and 1.83, and that  the 5250 
emission is associated with a phase uniquely de- 
termined by d values of 3.25, 2.80, and 2.00. The 
third phase has lines very similar to those of the 
previous ~hase (d = 3.20, 2.80, 1.98) and also emits 
at 5250 A. I t  is possible, therefore, tha t  this com- 
pound is not a unique phase but  a solid solution of 
CaF2.A1F3 with A1F~. However, the lack of gradu- 
ation of this shght, but  very definite, shaft, and the 
existence of the shift even in very  large &scernible 
excesses of A1F~ make it probable tha t  a definite 
phase does exist having a crystal configuration very 
similar to the CaF2. AlP3 compound. 

The freezing point diagram of CaF2--A1F~--NaF 
(15) is in rough agreement with these findings. A 
eutectic was reported at 62.5 CaF.~--37.5 MF~. 
Here, a compound formation was hypothesized at 
66.7 CaF2--33.3 A1F3 (2CaFv A1F3). Between 
this eutectic point and the composition 42.5 CaF~--  

57.5 A1F3, the curve for CaF2--AIF3--NaF shows 
two very  minor peaks at 52.5 CAF2--47.5 A1F~ 
and 47.5 A1F3 and 47.5 CAF2--52.2 ALP3. 

in  this region, a new "phase"  called CaF.o.A1F3 
was found. Fedotieff and Il j insky (15) did not in- 
vestigate concentrations beyond 57.5 mole % 
A1F~; they  'said such concentrations were in an 
"unrealizable" or " indeterminate"  region At a 
concentration of 80 mole % CaP2 and 20% ALP3, 
they were also unable to determine a freezing point. 
Labora tory  analysis of this concentration indicated 
tha t  there were two phases coexistent--CaF2 and 
the "2CaF2-A1F3" phase. I t  is hoped tha t  a careful 
s tudy may  be made in the future of the melting 
point, x-ray &ffraction pat tern,  and spectral energy 
emission characteristms of this binary so tha t  the 
system may  be positively defined. 

D I s c u s s i o N  

The crystal s t ructure of all simple fluorides has 
been determined previously and may be found 
summarized in various publications (l lb,  16). 
Both  calcium fluoride and cadmium fluoride are of 
the fluorite (CAP2) structure, in whmh each cation 
is surrounded by  six fluoride ions. The fluorides of 
zinc, magnesium, and manganese are classed m the 
rutile (T102) structure, in which each cation is sur- 
rounded by six fluoride ions. Aluminum fluoride 
crystallizes with a symmetry  close to tha t  of the 
rutile type, each atummum ion occupying octahedral 
holes formed by close-packed fluoride ions. The  
perovskite-type structure has been described pre- 
viously; the divalent cation in this type  as surrounded 
by six fluoride ions. 

The  coordination number of the divalent cartons 
may explain the almost negligible influence of the 
alkali runs on the spectral energy emission charac- 
teristics of zinc and magnesium fluorides and the 
pronounced shift of emission characteristics pro- 
duced wath calcium and cadmium fluorides. Zinc 
and magnesmm are in sixfold coordination in bo th  
their simple fluorides and in perovskite complexes. 
Calcium and cadmium, on the other hand, are m 
eightfold coordination in their simple fluorides, but  
in sixfold eoordinatmn in their potassium perovsktte 
complexes. I t  appears tha t  in fluoride structures, 
therefore, substi tutton of manganese into a sixfold 
coordination structure produces a spectral energy 
emission in the orange region, and substi tut ion in an 
eightfold coordinated s tructure produces emission 
in the green regaon. This hypothesis is analogous 
to tha t  of Linwood and Weyl  (17) for oxygen- 
dominated structures, in which green emismon is 
a t t r ibuted to fourfold coordinatmn and red emission 
to sixfotd or higher coordination. All the spectral 
energy emissions in the orange region of fluorides 
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occur  in sixfold coord ina ted  s t ruc tu res ,  while  the  

two in the  green region  are  in e lgh t fo ld  c o o r d i n a t e d  

s t ruc tu re s  W h e n  the  coo rd ina t i on  s t r u c t u r e  of 

ca lc ium is changed  f rom e igh t fo ld  to  sixfold,  the  

emiss ion shi f ts  750 A t o w a r d  the  orange  region.  

C a d m i u m  shows a s imi la r  shift ,  and  also produ( 'es  

an  efficmnt pe rovsk i t e  phosphor ,  a l t hough  i ts  s imple  

f luoride is poo r ly  efficient. R e d u c t i o n  m size of the  

holes in which  m a n g a n e s e  can  s u b s t i t u t e  p r o b a b l y  

pe rmi t s  a m o r e  efficient energy  t rans fe r .  

A d d i t i o n  of sod ium f luoride to  ca lc ium f luoride 

does no t  p roduce  new compounds ,  b u t  on ly  sohd 

solut ions.  T h e  spec t ra l  ene rgy  emiss ion curve  is 

b r o a d e n e d  and  the  p e a k  sh i f ted  s l igh t ly  b y  a b o u t  
o 

100 A. Eff ic iency is dec reased  b y  90 %. 

L i t t l e  can be said a b o u t  the  CaF2- -A1F3  com- 

pounds ,  because  no th ing  is k n o w n  a b o u t  the i r  

c rys t a l  s t ruc tu re .  F r o m  conclusions  r eached  on a 

ho le - s i ze -and-coord ina t ion  t h e o r y  (8), i t  can be 

hypo thes i zed ,  however ,  t h a t  in these  new com- 

pounds  ca lc ium rema ins  in e igh t fo ld  coord ina t ion ,  

b u t  i t s  ionic r ad ius  is decreased .  
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ABSTRACT 

As par t  of a continuing s tudy  of the electrochemical  reduct ion of carbon-halogen 
bonds,  a group of b lanched-chain  a-bromoalkanolc acids with several of their  e thyl  
esters and s t rmght -cha in  isomers were inves t igated polarographlcal ly  The relat ion be- 
tween half-wave potentml ,  E~/.,, and p i t  for the acids follows an S-shaped pa t t e rn  having 
pH-Hivariant  regions in the alkaline and acidic ranges, E~z~ in the la t t e r  region being 
considerablv more negat ive The E~/2 values for the esters  are pH-mdependen t ,  being 
sl ightly more postt ive than  those of the corresponding acids in the acidic region Po- 
larographic waves all involve a diffusion-controlled two-electron reduct ion In the acidic 
iegmn, the branched-chain  acids are inoie easily reducible than  their  s t ra ight -chain  
isomers by 0 20 to 0 13 volt,  the larger differences being observed tor the lower inolecular 
weight acids In the alkaline region the s i tuat ion is more complicated,  all acids in the  
series having ethyl  groups or larger m the ~-pomtion have their  E~.~ shif ted to more 
negative values 

The t r end  of the va i i a tmn  of E~/2 with chain length is t r ea ted  as the opera tmn of 
three effects (a) e lectrostat ic  effects winch are unpor tan t  in the lo~er  acids and esters ,  
(b/ steric effects related to r ing-formation,  which become impor tan t  in the higher acids 
�9 rod make reduct ion more (hfficult, (c) bulk effects which are responsible for the over-all  
t rend of leduc lb ih tv  in the highex acl(ts Varmtion of E1 'z ~ l t h  pH is discussed briefly 
Two hyiiothet leal  mechanisms,  mmc and free-ludlcal ,  are compared O i l  the basis of the 
stxuctural influences deveh)ped by the data  

INTROD U('TION 

Previous polarographm work on electro(.hemical 
carbon-halogen bond fission HI a-halogenated alka- 
noic acids is rewewed ui a s tudy (1) of the straight 
chain acids. At all pH values, as chain length in- 
creases, observed Ei/_o decreases, there being one 
exception, bromobutanoic, in the alkaline region. 
The bond fission Involves a two-electron reduction 
with conversion to the corresponding saturated acid. 
The effect of ethanol oIi Ell,_ and diffusion current, 
id, 1s also discussed, as are the influences of structure 
and inductive effect on the ease of reduction 

For  several reasons, It seemed logical to inquire 
next into the effect of branching of the carbon chain 
and of chain lengths on the ease of reduction. In the 
first place, one objective of the systematic s tudy of 
electrochemical carbon-halogen bond fission is the 

LManuscript  received June 18, 1953 Thin paper was 
p~epared for del ivery before the New York Meeting,  
April 12 to 16, 1953 

z No X V I  m a serms on the polarographle behavior of 
organic compounds 

Present  address Rohm and Haas Company,  Research 
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possibility of defimng a correlation between organi(. 
chemical reactivity of such bonds and polarographic 
half-wave potentials. Since both the chemical and 
electrochemical processes are usually irreversible, 
analogy between chemical reactivity and half-wave 
potential  would be expected if both processes in- 
volved the same essential reaction pattern.  Ob- 
viously, in any a t tempt  to ascertain whether the 
electrochemical process is a displacement reaction 
or a free radical process, the structural factor of 
branching is important.  

The behavior of 2-bromobutanoic acid in the 
previous study (l)  was considered anomalous. The 
authors felt, however, tha t  an a t tempt  should be 
made to determine whether this anomaly was more 
general, and if so, whether some pat tern  underlay 
its occurrence. This represents a further reason for 
extending the s tudy to the branched acids. 

Another mat te r  which required further investi- 
gation is the consistently observed and repeatedly 
verified result (1-8) that,  for a-haloalkanoic acids, 
E1/e varies with pH in all S-shaped pattern.  This 
behavior has never been satisfactorily explained on 
a quanti tat ive basis, although related phenomena 
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T A B L E  I. Polaroglaph~c data fo~ straight and branched chain 2-bromoalkanozc aczds, C2 to Ca 

T e m p ,  0~  m e r c u r y  h e a d ,  50 c m  D ~ f l u s m n  coe t f i cmnts  were  c a l c u l a t e d  f r o m  t h e  S t o k e s - E i n s t e i n  e q u a t i o n ,  n - V a l u e  f r o m  
I l kov i c  e ( l u a t m n  m 2 in all  c a s e s  C o n c e n t ~ a t m n  of b l o m o a c i d  r a n  f r o m  0 1 to  0 7 m M ,  lower  v a l u e s  were  u s e d  to  e l i m i n a t e  
m a x i m a .  

Amd 

D X 10 s 

pH 

1 1  
1 4  
1 8  
4 .0  
4 8  
5 6  
7 8  
8 2  
8 .6  
8 9  
9 0  

MM 

2 02 

-E{  

0 29 

0 28 
0 47 
0 58 
0 .80  
1 06 

1.06 

M E  

1 97 

2 1  0 2 5  

2 1 0 .26  
1 5  0 4 0  
1 7 0 .49  
1 8 0 .69  
1 9 1 .03  

1.7 1.03 

E E  

1 92 

I - - E ,  

2 3  0 2 2  

2 1 0 2 2  
1 4  O 3 9  
1 6  0 4 8  
1 5  0 .71  
1 6  1 l0 

1.7 1 0 7  

1 6  

1 8  
1 2  
1 2  
1 4  
1 5  

1 4  

--E l 

0 .14  
0 .16  
0 .16  

0 45 

0 .82  
0 .78  

0 79 

HH 

2 15 

I I 

0.67* 2 .3  

2 2  

2 2  

2 2  

0 52* 

0 .56* 

21  

20  

2 2  

2 0  

BE 

1 7  
1.9  
1 9  

1 3  

1 2  
1 3  

1 4  

0 67* 

1 24 

1 23 

HM 

2 08 

1 20 

1 2 0  

HE 

202 

I -E,~ 

0 .47  

0 5O 

1 22 

i .22 

I 

1 .8  

1 .9  

1 8  

1 .8  

* 0 0 1 %  g e l a t i n e  was  u s e d  in  t h i s  s o l u t m n  to  e h m m a t e  m a x i m a  

in other groups of compounds, e g., the double wave 
in pyruvic acid, have been more or less successfully 
treated (9, 10). I t  ~s not clear at present whether the 
S-shaped curve requires merely a modification of 
some of these treatments or whether entirely new 
concepts are required. An attempt by Saito (11) 
to use a modification of Brdicka and Wiesner's (9) 
approach to the problem is quite unsatisfactory. No 
completely satisfactory treatment of this matter 
can be formulated at present. Accordingly, the 
phenomenon of the S-shaped curve is given only 
brief attention in the present paper. 

Consequently, the polarographic behavior of 
bromoethanoie (HH), 2-bromopropanoic (MH), 
2-bromobutanoic (EH), 2-bromo-2-methylpropanolc 
(MM), 2-bromo-2-methylbutanom (ME), 2-bromo- 
2-ethylbutanoic (EE), and 2-bromo-2-ethyl hexanoic 
(BE) acids was investigated, the first three for com- 
parison with the previous study (1) .  4 In order to 
complete the work, the ethyl esters of five of these 
acids were also investigated. 

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

Experimental conditions differ somewhat from 
those of previous work (1-3). The following buffer 
systems, adjusted to an ionic strength of 0.5M, 
were used: HC1--KC1 (pH 1 to 2), HC2H302-- 
NaC2H302 (pH 4 to 6), and NH3--NH4C1 (pH 8 to 9). 
The operating temperature was 0 ~ :i: 0.1~ the 
test solution contained 9.5% ethanol by volume; 

4 F o r  b r e v i t y  a n d  c l a r i t y ,  t h e  v a r m u s  ac i d s  will  be  
s u b s e q u e n t l y  r e f e r r e d  to  t h r o u g h  t h e  u se  of t h e  a b b r e v i a -  
t i ons  i n d i c a t e d .  T h e s e  c o n s i s t  of  t h e  i n i t i a l  l e t t e r s  of t h e  
s u b s t ~ t u e n t s ,  o t h e r  t h a n  b r o m i n e ,  on t h e  alpha c a r b o n  a t o m ,  
i e , H is h y d r o g e n ,  M is m e t h y l ,  E is e t h y l ,  e tc  ; in  t h e  case  
of t h e  e t h y l  e s t e r s ,  E t  will be  pre f ixed ,  e g ,  E t M H  is e t h y l -  
2 - b r o m o p r o p i o n a t e .  

the mercury head was 50 cm. To determine the 
nature of the current-controlling processes, tempera- 
ture coefficients for ~a were found by making sup- 
plementary measurements at 25~ Likewise, sup- 
plementary measurements at 75 cm mercury head 
allowed computation of current ratios for different 
values of drop-time. The capillary (Coming marine 
barometer tubing) had a drop-time of 5.94 sec and 
an m-value of 1.071 mg/sec at open circuit in distilled 
water (50 cm, 0~ A Sargent Model XXI  Polaro- 
graph was used in connection with a Leeds and 
Northrup student-type potentiometer. All potentials 
given are corrected for IR drops and are referred to 
the S.C.E. Beckman Model G and H pH meters 
were used to measure pH. Ill vlew of the 9.5% 
ethanol content of the test solutions, strict inter- 
pretation of the pH values is unwarranted; ac- 
cordingly, pH values are given to only one decimal 
place in the summary table (Table I) even though 
measured to =t=0.02 pH umts and so reported in the 
primary data tables which are available from the 
authors. 

MM, EE, EtBe, EtEE,  and E tMM were obtained 
from Sapon Laboratories. EtEH,  EtMH, HH, 
MH, and EH were Eastman Kodak white label 
grade chemicals. ME and BE were synthesized. 
No special attempt was made to purify these com- 
pounds, except for ME and BE which were purified 
in the course of their synthesis. The former distilled 
at 104~176 mm; the latter at 100~176 
mm. All compounds were found to be polarographi- 
cally pure. 

Test solutions were prepared by diluting a 5-ml 
portion of stock solution, containing a known con- 
centration of the compound in 95% ethanol, to 
50 ml with buffer solution. All stock solutions were 
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FIG. 1. Relation of Ell2 to chain length of the acid for 
alpha bromo acids and their ethyl esters. Sohd hnes ~clds, 
dotted hnes. esters, dashed lines d~tu for ~clds in 
Reference (1) 

prepared at 0~ stock and buffer solutions were stored 
at 0 ~ Concentration and pH values subsequently 
given are those of the final test solutions. Solutions 
were deoxygenated with nitrogen, purified as de- 
scribed (2). Base solution (obtained by mixing 95 % 
ethanol with buffer) curves were used in every case 
to correct the test solution curves. 

Choice of operating conditions was governed by 
the following factors: poor solubility of some of the 
compounds in water indicated the necessity for a 
mixed solvent; use of ethanol and the proportion of 
9.5% by volume were somewhat arbitrary, being 
selected on the basis of solubihty improvement 
and minimum E1/2 effect. At  25~ the rapid hy- 
drolysis of some compounds, particularly in alkaline 
media, even during the relatively short period of 
deoxygenatlon and electrolysis, resulted in curves 
worthless for calculation; this difficulty was effec- 
tively eliminated at 0 ~ 

TABLE II Effect of structure on half-wave potential for acids and esters 

AcM 

IIH 

MH 

EH 

MM 

ME 

EE 

BE 

Structure 

]~r 

C--COOII 

Br  

I 
C--C--COOH 

Dr 

i 
C2--C--COOH 

Br  

i 
C--C--COOH 

I 
C 

B r  

i 
C--C--COOH 

I 
C~ 

Br  
I 

C2--C--COOH 
I 

C2 

B r  
J 

C4--C--COOH 
i 

C~ 

--E~ 

Acidic region Alkahne region 

0 67 1 24 

0 54 1 20 

0 48 1 22 

0 28 1 06 

0.26 1.03 

0.22 1.08 

0 . 1 5  0 80 

Ester 

EtMH 

EtEH 

EtMM 

EtEE 

EtBE 

Structurc 

n r  
r 

C--C COOEt 

n r  

i 
C2--C COOEt 

Br  

i 
C--C COOEt 

I 
C 

B r  
f 

C 2 - - C - - C O O E t  

I 
C2 

n r  

I 
C 4 - - C - - C O O E t  

I 
C2 

0 3 5  

0 34 

0 25  

0 21 

0 14 
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T A B L E  I I I  Pola~ograph~c data for the estels of the 
2-b~omo acMs 

( T e m p  0~  m e r c u r y  h m g h t  50 cm)  

E s t e r  

E t M H  

E t E I I  

E t M M  

E t E E  

E t B E  

pH 

1 07 
1 41 
8 6 0  

1 07 
1 41 
8 60 

1 41 
9 00 
9 00 
9 00 

1 41 
1 41 

1 41 

Ester cone 

mM 

0 108 
0 169 
0 169 

0 .112 
0 .156 
0.156 

0 546 
0 109 
0 109 
0 109 

0 509 
0 102 

0 116 

-E�89 

v 

0 348 
0 353 
0 368 

0 336 
0 335 
0 340 

0 243 
0 268 
0 269 
0. 268 

0 .212 
0 205 

0 143 

1 82 
1 85 
1 70 

1 83 
1 63 
1 85 

1 34 
1 46* 
1 39* 
1 43* 

1 48 
2 0st 

1 48 

* M a x i m a  p r e s e n t  e v e n  a t  t h i s  low c o n c e n t r a t i o n .  
D m t o r t m n  of w a v e  m a k e s  t h e s e  d a t a  less  a c c u r a t e  

t T h e  c u r r e n t  v a l u e s  he re  a re  i n e x p l i c a b l y  t n g h  

OBSERVED BEHAVIOR 

All the acids exhfl)lted a sigmoidal variation of 
E1/~ with pH, the curve hawng flat portions in the 
acid region below pH 2 and in the alkaline region 
above pH 8; values of E~/2 m these mvarlant  regions 
are given in Table I I  and are plotted in Fig. 1 against 
the number of carbon atoms. Complete data for 
the acids are available from the authors and are 
summarized in Table I. Fig. 1 includes a similar 
plot for the straight chain 2-bromoalkanolc amds 
(1). Since the latter data were obtained under 
somewhat different experimental conditmns (temper- 
ature difference and alcohol absence), the curve is 
displaced along the ordinate However, the similarity 
in the trends of those acids covered by both sets of 
data (HH, HM, and EH)  is such that  a qualitative 
extrapolation may be made for purposes of com- 
parison. This plot and its interpretat ion constitute 
the basis of much of the subsequent discussion. 

In the acid region, the acids exhabit a continuous 
decrease in (negative) E~/2 with chain length, i.e., 
they become more easily reducible. However, the 
difference in E~/2 between M H  and E H  is very much 
less than tha t  between other neighboring pmrs of 
acids. There is a sharp break between straight 
chain acids and their branched chain isomers, the 
latter being more easily reducible. Follmving this 
break, the trend is almost the same for both series. 

In the alkaline region, the situation is more com- 
plicated. In general, E1/o again decreases continu- 
ously with increasing molecular weight in both 
series of acids. The pat tern of the decrease is not, 

however, perfectly consistent. EH,  ME, and EE  
seem out of line, the latter, m particular, actually 
has an Ev~ value larger than both its neighbors. 
This is responsible for a crossover m the curves for 
branched and straight-chain amds (even when allow- 
ante  is made for the effect of differing experimental  
con&tions used in assembling data  for each curve). 
Th~s crossover is not expected to be reversed, snwe 
the complexity of these curves has a straightforward 
explanation, which as subsequently discussed; in 
this regard, it should be noted that  the onset of the 
complexity occurs at  the point in the series a t  which 
there is an ethyl substi tuent in the a positron. 

Temperature  coefficmnts of zd and current ratms 
upon variation of the drop-time (mercury head) 
agree closely with theoretical values consequent to 
&ffusion-controlled current-producing processes. 
Values of a [the empirical constant in the equation 
for E~/2 (12)] vary  from 0 6 or 0.7 in the acidm region 
to 0 3 or 0.4 in the alkaline region Dlffusmn current 
constants, I ,  are lower in the alkaline regmn than 
in the acldm region, passing through a minimum 
in the intermediate regmn. 

The E~/2 values for the esters (Table I I I )  are m- 
variant  with pH. Such shght variations as do occur 
can be at t r ibuted to the spemfic effect of the buffer 
systems used. Vanatmn of ester Ell.,. with number of 
('arbon atoms in the parent  amd is shown in Fig. 1. 
The ester Z:/2 is  nl each case very close to E~/.e of 
the corresponding acid in the aetdw regmn, being 
shghtly less negative. These results agree with 
prewous observation (4, 5) The activating influence 
of the carbonyl group on the carbon-halogen bond 
flssma is emphasized by the fact tha t  the fl-bromo- 
alkanoic acids and esters do not show reduction 
within the observable potential  range. I t  is interest- 
ing that  the slight d~fference between E t M H  and 
E t E H  appears to reflect the situation for the cor- 
responding acids. 

DISCUSSION 

Variations of E~/~. with pH and with chain length 
indicate tha t  at  least three effects are operative, 
Le., data  obtained can be explained only by the 
action of all three and, in tha t  sense, are evidence 
for them. These effects are: (a) short range, electro- 
static effects, (b) sterIc effects involwng those mole- 
cules which have an a ethyl or larger substi tuent;  
and (c) bulk effects (adsorption, orientation). In 
addition, there exists the important  question of 
mechanism. 

Dependency of E1/.2 on pH 

Although a detailed analysis of the sigmoid rela- 
tion between E,/2 and pH cannot now be presented, 
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certain aspects of the phenomena involved will be 
&scussed. 

The appearance of only one diffusmn-controlled 
polarographlc wave in the fission of the carbon- 
halogen bond in a-halo acids and esters indicates 
tha t  the kinetic process of acid-anion eqmhbratlOn 
is not directly rate-controlling. Consequently, one 
or another of the following processes probably pre- 
vails. (A) Only one of the equilibrium forms is 
reducible over the potential  span used; ~ts E,,,2 is 
pH-dependent.  (B) Both forms are reducible, and 
the form reducible at  the less negative potential is 
reduced preferentially over the whole pH range, 
its El~2 is pH-dependent.  (C) Both forms are re- 
ducible and one or both of the forms have E~/o_ 
pH-dependent ,  the separate curves of EI/~. vs. pH 
cross, i.e., one form is preferentially reduced over 
one end of the pH range, and the other form over 
the other end. (D) Both forms are reducible with 
pH-lndependent E~/o; the rising portion of the curve 
1s due to some as yet  undetermined feature of the 
electrode process kinetics. 

I t  is highly probable that  the more readily re- 
ducible form is the undlssociated acid. Brdlcka and 
Wiesner (9) made this assumptmn in the case of 
pyruvic acid; their mathematical  t rea |ment  pro- 
duced calculated results in good agreement with 
the data. Secondly, the ethyl esters of the haloaelds, 
whwh are more closely related to the undlssoeiated 
ac, ld form than to the anion of the parent acid, have 
pH-lnvariant  E~/2 values very close to those of the 
~c~ds m the acid region [Fig 1, T~bie I [ I  (4, 5)l. 
I t  is important  ill this connection to emphasize that  
the data on the esters indicate the fundamental  
phenomenon of carbon-halogen bond fission to be 
itself pH-lndependent;  thus, the pH-dependence of 
E1/2 for the acids must  be ascribed to other phe- 
nomena. 

Eleclrostatic Effects 

Without  entering into mechanism at this point, 
it appears tha t  the initial decrease in Ei/o. in going 
from H H  to M H  and the sharp drop in going to 
M M  (and similarly with the esters) are best ex- 
plained by the electron drift  from the alkyl sub- 
stltuents, i .e ,  by a permanent polarization effect. 
Such an hypothesis requires a tapering off of this 
effect after one or two carbon atoms (13); this ex- 
pectation is contradicted by the data. Consequently, 
other effects must  enter into the situation when the 
a alkyl substltuent is ethyl or larger. 

Using the data  reported m this paper for the 
a-bromoalkanoic acids (with the exception of BE) 
at  pH 1.1, Taf t  (14) has been able to correlate 
E~/o values with polar substituent z-values simdar 
to those developed by Hammet t  (15). The calculated 

p-value for this correlation is 0.397 4- 0.012. How- 
ever, BE  does not fit this correlation. Furthermore,  
the straight chain acids (1) do not  correlate at all 
beyond the first three members, the deviations of 
the higher members being of such a trend as to indi- 
cate tha t  E1/2 is becoming positive at too great a 
rate as the chain length increases. This and other 
a t tempts  at similar correlation indicate that ,  if 
Taf t ' s  parameters are indeed reflections of the polar 
character of the substituents, a polar effect cannot 
be used to explain the continuing trend of E1/2 as 
the substi tuent size increases above that  of ethyl. 

Branchnlg has a very  pronounced effect on E1/2 
(Fig. 1). Ill the acidic region, the difference in 
reducibility between corresponding isomers in the 
straight and branched series vanes  from 0.20 to 
0.13 volt in going from the C4 to Cs isomers The 
difference appears to converge gently, indicating 
that  higher branched acids would be more difficult 
to reduce; this is in accord with steric effects dis- 
cussed m the followmg sectmn. In the alkaline region, 
the effect of branching is not so clearly delineated, 
although the effect is evidently present. 

The pronounced effect of branching in the acidic 
region is explicable on the basis of permanent  
polarization. The combined effects of two alkyl 
substituents on the same carbon atom will be much 
greater than the effect of one substi tuent alone. There 
is ample evidence to support  this m the known 
lability of ter t iary carbon atoms as compared with 
the secondary or primary carbon atoms�9 E1ving and 
Westover (16) found the polarographic behavior of 
the butyl  bromides to be in accord with the effects 
observed here, although the differences were not 
so striking. They  find E~/2 values of --2.47, - 2 . 44 ,  
and - 2 . 3 5  volts for n-butylbromlde, ,so-butyl- 
bromide, and sec-butylbromide, respectively. 

Steric Effects 
I t  is proposed that  the complexity of behavior 

encountered in the alkaline region has its source in 
the tendency toward stable ring formation found in 
compounds hawng chains of at least six members 
with terminal atoms &ffering in electronegativity. 
In each of the acids having a substituents at  least as 
large as ethyl, there is a possibility of forming at  
least one ring of the form: 

R 

C 

/Gr \ 
H - - C - - H  C - - O  

r 
R - - C - - H  O 

\ 
\ H  
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Such rings, ff closed by a loose, nonbonding inter- 
action, would possess an augmented sterie resistance 
to reaetmn, thus, the carbon-bromine bond would 
gain an increased s tabihty toward fission. 

The trend of d~ta supports this hypothesis. I t  ;s 
very obvious (Fig 1) tha t  EH,  for example, possesses 
an augmented stability. Further ,  ff one compares 
the E~/~. values for M t t  and PH, it is seen tha t  the 
difference is much less than tha t  between PH and 
BH. Thus, the extra stability of E H  must  also be 
possessed by larger acids, or else all points after E H  
should have a more positive Et/~. value. I t  can there- 
fore be concluded from the data  tha t  all acids having 
ethyl substltuents or larger have their E~/2 shifted 
to larger negative values. 

The concept of 6-number, devised by Newman 
(17) in elucidating rules for pre&cting the rates of 
certain acid-catalyzed esterifieations, fits in well 
with this behavior. The &number is the number of 
atoms in the six-posmon on the acid chain ff countmg 
is begun at  the carbonyl oxygen. Newman's  predie- 
tion, tha t  the larger the &number, the larger the 
sterlc hindrance to reaction, is borne out by present 
data In the straight chain series, the largest 6- 
number possible is 3, and the lowest molecular weight 
amd to possess it is EH.  Consequently, it should be 
expected that  EH,  PH, BH, and higher acids would 
be relatively more stable than H H  and MH ;  this is 
premsely the conclusion reached m the preceding 
paragraph. In  the branched series, the 6-number 
values are: MM, 0; ME, 3; E E  and BE, 6 Actually, 
ME is only slightly less stable than M M  (Fig. 1), 
while EE,  for which the &number doubles, has a 
greater (negative) E,/~.. 

Smith (18, 19), Berliner (20, 21), Dippy (22), 
and Evans (23, 24) have described similar behavior. 
Dippy's  work is of partieular interest because of 
the close association of the compounds studied with 
those of the present work; he presents ionization 
constant values for saturated straight chain ali- 
phatie amds out to octanole, and for certain of their 
branched chain isomers. There is a consistent de- 
crease in K ,  among the straight chain acids except 
for the striking anomaly of n-butanoic acid, whose 
K ,  is greatly m excess of the values for its neighbors 
in the series. The n-butanoic and the succeeding 
adds  lie on a curve which is shifted to higher values 
of K~ than expected, based on the first two acids of 
the series. In the branched series, diethylacetie and 
ethylmethylaeetic show a similar shift. These are 
the parent acids of the very  compounds found to 
show anomalies in the present work. 

To explain these phenomena, the authors cited 
have suggested formation of a eyclic six-member 
structure whose angles conform more closely than 
any other ring structure to the normal tetrahedral  

bond angle for carbon. Stabihzation of this s tructure 
is supposed to be effected by a loose chemical con- 
nection which is discussed in terms of hydrogen 
bonding (Dippy),  hyperconjugatlon (Berliner), and 
resonance (Evans). Hun~er (25), in a review on 

hydrogen bonding, states tha t  C - - H - - O  bonds are 
very  weak, and are probably manifested only under  
some directing influence; such bonds are very  &ffi- 
cult to detect. Nevertheless, even such a weak in- 
fluence might  exert sufficient stabilization on the 
structure to produce the effects observed. Thus, in 
the data  on the straight-chain amds (1), the incre- 
ment  of potential  associated with the E1/z shift 
rated (EH) is, as a guess, about  0 1 volt, correspond- 
ing to an energy increment for a two-electron process 
of about  5 kcal/mole; this is of the commonly ac- 
cepted magnitude for many  hydrogen bonds. EE,  
as can be demonstrated with models, can so dispose 
itself tha t  the two possibihties for C - - H - - O  bonds 
can be simultaneously realized, thus accounting for 
its increased stabihty.  

Thus far, only the alkaline region has been dis- 
cussed. The reason that  EE,  for example, does not 
show as marked an interaetmn in the amdic regmn 
as in the alkaline region is tha t  in the anmn car- 
boxylate group there are two oxygen atoms pos- 
sessing a negative eharge, this is not so for the amd 
carboxyl group, where only one uncharged oxygen is 
available for closure. In general, the devlatmn from 
Newman's  rule of six m the acid regmn must  be due 
to a near "sa tura t ion"  of this one carboxyl oxygen. 

A final proof of this interpretat ion of the shift of 
E~/~ to more negative values would be the tulfill- 
ment  of the predmtion m the ease of the Cs acids, 
tha t  dl-n-P (a-bromodi-n-propylgeetic amd; 6- 
number = 6, where 4 of the &atoms are hydrogens) 
would have an E~/2 less than, but  close to, tha t  of 
BE (6-number = 6, where 5 of the 6-atoms are hydro- 
gens). Certainly the E~/~ would be greater than tha t  
of 2-bromo-oetanoic amd. Furthermore,  dt-iso-P 
(6-number = 12) should have a value of E~/2 more 
negative than tha t  of BE, with iso-P-n-P somewhere 
in between. 

In concluding the &scussion of sterie effects, it 
must  be noted that  B-strain (26, 27) may  contnbute  
to the effect of branching on E~/2, which has been 
discussed in a previous paragraph in terms of elec- 
trostatic effects. 

Bulk Effects 

I t  has been shown how electrostatic effects can 
cause an initial decline m E~/2 with chMn length, 
and how the ring formation effect shifts the whole 
E~/,. vs. chain length relation to more negative 
values To explain the further  dechne of E~/~ when 
the chain length has reached a point beyond which 
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electrostatic factors can cause no slgmficant varia- 
tmn, it is necessary to recognize other factors. 

In discussing the straight chain acids, Rosenthal, 
Albright, and E1vmg (1) indicate tha t  the apparent  
conflict with the concept of permanent  polarization 
is due to the operation of such factors as ease of 
approach to, orientation to, and adsorption on the 
electrode surface. In particular, they consider tha t  
adsorption may be the principal factor in causing 
the steady decrease in E~/2 with chain length. Ad- 
sorption on mercury of the normal primary alcohols 
from the vapor phase shows a regular increase in 
free energy as chain length increases (28). Fur ther  
eonfirmatmn is found in the fact that the ease of 
adsorption of long chain acids, esters, and alcohols 
from hydrocarbon solution onto metals increases 
with chain length (29). If a similar situation exists 
m the case of adsorptmn of the acids on mercury 
from aqueous solution, and if the adsorption is fast 
enough so that it is not the rate-determining step, 
the electrode reaction could take place within the 
adsorbed film, and still reveal itself as dlffusmn- 
controlled. Thus, differences m the energy of ad- 
sorption would contribute to the potential, as well 
as differences in bond strength, in the acids; the 
factors may be related. It must be emphasized, in 
thls connection, that data are consistent in indicating 
diffusmn control 

Mechanism 

Elucidation of reaction meehamsm in a polaro- 
graphic process is extremely difficult. To be per- 
feetly satisfactory, it must  asmgn, unambiguously, 
a potential-determining step and a rate-controlling 
step to the proper chemical processes; these steps 
are generally masked by the current-hmiting proc- 
ess, e.g., diffusion, as in the present case. The 
nature of the polarographie process makes rate 
studies impossible. I t  is often a mat te r  of great 
difficulty even to determine the nature of the prod- 
ucts w~th certitude. One can only assign steps ac- 
cording to various hypotheses and compare conse- 
quences with the data.  The authors present the 
following discussion in full awareness of the limlta- 
hons of this method;  the basis for aud value of such 
t reatment  has been dmeussed (8). 

Thr fe  hypothetical  reaction schemes can be 
described: 

[1l S~1: 

Br elec~rocle 
R ~ C C OOH ~ - - - - - ~  R 2 C C O O H  + Br -  0) 

nterphase 

O 
R~CCOOH + 2e -~ R 2 C C O O H  (if) 

e H 
R 2 C C O O H  + H20 ~ R 2 C C O O H  + O H -  (iii) 

[21 S ~ 2  : 

R.-CCOOH * . . . .  + R2 - - C O O H  .... 

electrode 
complex 

(9 
R 2 C C O O H  + B r -  

(9 
R 2 C C O O H  + H20 -~ R~_CHCOOH + O H -  

[3] Free radical: 

Br 
R.~CCOOH + c -~ R , C C O O H  + B r -  

C C O 0  ~ e mo R2 H --~ R 2 C C O O H  ----* 

R,_CHCOOH + O H -  
o r  

O) 

(n) 

(,) 

11(I) 

(lib) t I  + + c - - ,  h 

R2 (~COOH +I2I --, R 2 C H C O O H  

There is actually little difference between the 
SN1 and N~2 mechanisms in this case, as the follow- 
ing considerations will show. In the description 
given of the S~I reaction, the electron-transfer step 
(if) ought to be potentlal-determunng, leaving aside 
for a moment  the possibihty of a contnbutmn from 
adsorption energy. But  if this were the case, it 
would be hard to justify, for example, the effect of 
branching; entry of reduction electrons would be 
made more difficult in the branched compound by 
the augmented electron drift  to the cart)on center. 
To restore agreement with the data, it seems neces- 
sary to assume that (i) is potentlal-eontrolhng, whwh 
is unreasonable unless the electrons enter simul- 
taneously. But such a sltuatlon is exactly the tranm- 
tlon state described for the SN2 mechamsm. Thus, 
it is lustifiable to speak of "the" ionic mechanism. 

The ionic mechanism accommodates the data in 
the following respects. The slow step involves atta('k 
by electrons, so that it is potential-determining, 
moreover, there is simultaneous dissociation of the 
bromMe entity, so that the carbon-bromine bond 
strength must be involved in the potential required 
for reaction. According to the electron-releasing 
properties of alkyl groups, bond strengths in the 
acids ought to decrease m the order H H  > M H  > 
E H  > M M  > ME,  this is the order shown by the 
data, after allowance is made for the magnitude of 
the 6-effect. For the longer range decrease of Et/2 
with eham length, it is necessary to include the 
concept of a contribution from adsorptmn energy, 
discussed in a previous paragraph. The 6-effecl 
itself is clarified by this meehamsm with its pro- 
nouneed susceptibility to sterie influences. 

The free radical hypothesis is even more satis- 
factory, and is considerably more popular (30, 31). 
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T h e  i so la t ion  of d lmer  p r o d u c t s  (30, 32-35)  is power-  
ful ev idence  for th is  m e c h a m s m .  T h e  p o t e n t i a l -  
d e t e r m i n i n g  s t ep  in th is  m e c h a n i s m  m a y  be as-  
s igned to  the  i n t r o d u c t i o n  of the  first  e lec t ron,  i.e., 
to  s tep  (i). Th i s  is r easonab le  because  th is  s t ep  in- 
volves  b o n d  fission, and ,  as has  been  shown, the  
E~/2 values  reflect  the  influence of c a r b o n - b r o m i n e  
bond  s t reng ths .  F u r t h e r  conf i rma t ion  can  be found  
in the  work  of G a r d n e r  (36) who s tud ied  the  reduc-  
t m n  of benzophenone .  T w o  d i f fus ion-cont ro l led  
waves  a p p e a r  m the  acid  region,  each r evo lv ing  a 
one-e lec t ron  r educ t i on ,  the  first  wave  is p H - d e -  
p e n d e n t  and  the  second is p H - i n d e p e n d e n t ,  so t h a t  
the  waves  merge  as the  p H  increases.  G a r d n e r  
pos tu l a t e s  a two- s t ep  f ree - rad ica l  m e c h a m s m  for 
ca rbony l  g roup  reduc t ion ,  a r ad ica l  be ing  p r o d u c e d  
a t  the  p o t e n t m l  of the  first  wave  and  r educed  a t  the  
po t en t i a l  of the  second wave .  Th is  is c o m p l e t e l y  
ana logous  to  t he  p re sen t  case, except  t h a t  the  possi-  
b i h t y  for  r e sonance  s t ab i l i za t i on  in G a r d n e r ' s  pos tu -  
l a t ed  i n t e rmed ia t e ,  d i p h e n y l h y d r o x y m e t h y l ,  is of a 
much  h igher  o rde r  t h a n  in t he  case of the  d i a lky l -  
e a r b o x y m e t h y l .  Consequen t ly ,  r ad ica l  de s t ruc t i on  
in G a r d n e r ' s  case occurs  in the  ac id  region a t  a h igher  
p o t e n t i a l  t h a n  r ad ica l  fo rma t ion .  I n  the  p re sen t  
case, s t ep  (iia) occurs  i m m e d i a t e l y  a f te r  s t ep  0) ,  
the  rad ica l  hav ing  poor  s t a b i l i t y  a t  po t e n t i a l s  
requis i te  for i t s  f o rma t ion ;  consequen t ly ,  there  is 
only  one wave .  To  expla in  the  c o n t l n m n g  dechne  
of El~2 a t  longer  chain  lengths,  the  same a d s o r p t i o n  
p h e n o m e n o n  m u s t  be p o s t u l a t e d  as for the  mmc  
mechan i sm.  
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ABSTRACT 

Equihbr ium data  are presented for the react ,ons of Na + KCN,  KC1 -~- NaCN,  and 
KOt{ + NaCN ,n the fused s ta te  The la t te r  two reac tmns  were effected by a new "al loy 
br idge"  technique which does not  require d,rect  contac t  of reac tant  salts  In  this man-  
nm. potass ium cyanl(te was obta ined subs tan t ,a l ly  free of anmns other  t han  CN-.  Re- 
acinon rate  d~ta are p lesen ted  for reac tmn of KC1 + NaCN by the "al loy br idge"  
method,  and other  poss,ble apphcat ions  of the method  are suggested.  

INTRODUCTION 

Chemmal equilibria between fused alkah metals 
and their salts have been extensively studmd by 
Rinck (1) who estabhshed equihbrla for the systems: 

KCI + Na ~ - K  + NaC1 (I) 

KOH q- Na ~- K q- NaOH (II) 

Reaetmns (I) and (II) have been used for produc- 
t mn of sodluin-potassium alloys and metalhc potas- 
smm. 

In such systems, fused metals form layers which 
float on top of fused salts. I t  is thus possible to have 
an alloy layer s~multaneously in contact  with two 
separate salt melts. For example, a vessel divided 
into two compartments by a vertmal parti t ion may 
lie used as a reactor to produce KCN from KC1 and 
NaCN. Fused KCI is charged to one compartment,  
and fused NaCN to the other. Fused sodium metal, 
which floats on the fused salts, is added untd it 
nses to a level above the top of the parti t ion to form 
a "bridge" between the two fused salts (Fig. 1). 
On the chloride side of the reactor, potassmm metal  
is extracted from KCI and replaced by  eqmvalent 
sodium Potassium rapidly diffuses through the 
metallic layer to the cyanide side, where it displaces 
eqmvalent Na from NaCN to form KCN. This proc- 
ess of exchanging K and Na between the two salt 
fusions continues until chmmcal equihbrmm is 
reached. The resulting melt of K C N - - N a C N  may  in 
like manner be reacted with a fresh batch of KC1 in a 
second stage of the process, and a further exchange 
of K and Na will occur with resultant increase in 
KC N content of the cyanide melt. Similarly, chloride 
melt from the first stage may be reacted with fresh 
NaCN to achieve a greater utilization of KC1. 

This may  be regarded as a double countercurrent 

Manuscript received May 5, 1953 This paper was 
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extraction in whmh the fused alloy replaces K with 
Na on the chloride side and simultaneously replaces 
Na with K on the cyanide side. Compositions of the 
alloy bridges m the several stages remain unchanged 
after  the system has been brought  to steady opera- 
tion, and no metallic Na or K is consumed by the 
process except for mechanical losses. Composition of 
the cyanide melt and chloride melt at their respective 
discharge ends can be controlled by varying the 
number of stages or the ratio of KC1 to N aC N fed 
to the apparatus. 

I t  is evident tha t  this technique is not limited 
to the application described, but  could be used for 
exchange of alkali cations between hydroxides, 
bromides, iodides, chlorides, cyanides, or other 
suitable salts (2) Only salts whmh melt below the 
boiling points of the alkah metals and anions which 
are not readily reduced by alkali metals can be used. 

DISCUSSION 

Equihbrium Studzes 
Having Rinck's data for the equilibria represented 

by reactions (I) and (II) above, it was only necessary 
to determine (.he equilibrium m the fused state for 
reaction (III) to be able to calculate the equihbria 
for reactions (IV) and (V). 

N a C N  A- K 

~- K C N  + Na (III)  

N aCN  + KC1 

K C N  + NaCI, AH298 = 0.51 kcal (IV) 

N aCN  + K O H  

+~- K CN  + NaOH,  AH~98 = --5.65 kcal (V) 

Assuming the law of mass action to hold, Rinck's 
values for the equilibrium constants for reactions 
(I) and (II) may  be expressed as: 

(NaC1) (K) _ 0.087 at 900~ (VI) 
(KCI) (Na) 
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FIG 1 App'n'atus 

( N a O H ) ( K )  
- 2 a t  700~ (VII )  

( K O H )  (Na)  

where  the  quan t i t i e s  in p a r e n t h e s e s  r ep re sen t  mole  
pe rcen tages  of the  respec t ive  s a l t s  in the  sa l t  phase  
and  r e spec t ive  me ta l s  m the  m e t a l  phase .  

E x p e r i m e n t a l  vah ie  for t he  e q u i l i b r i u m  c o n s t a n t  
for r e a c t m n  ( I I I )  (Tab le  I and  F ig .  2) is: 

(Na)  ( K C N )  _ 8.7 2 a t  ca. 680~ ( V I I I )  
(K) (NaCN) 

This  va lue  was o b t a i n e d  s t a t i s t i ca l ly ,  a n d  the  90 % 
confidence m t e r v a l  for the  a v e r a g e  c o n s t a n t  for 
r eac t ion  ( I I I )  is 6 .0-11.7.  F r o m  th is  resu l t  and  the  
va lues  g iven  b y  Rinek ,  c o n s t a n t s  for  r eac t ions  ( IV)  
a n d  (V) m a y  be ca l cu l a t ed  as fol lows:  

(Na)  _ 8.7 ( N a C N )  
(K) (KCN) 

(Na) 1 (NaC1) 

(K) 0.087 (KC1) 

( IX)  

(x) 

2 A logarithmic transformation of individually calculated 
values of the constant for reaction (III)  gives an approxi- 
mately normal distribution of "log C" values The antflog 
of the average "log C" value then gives a measure of "C"  
which is least affected by extreme determinations. 

E q u a t i n g  ( IX)  and  ( X ) :  

( N a C 1 ) ( K C N )  = 8.7 X 0.087 = 0.76 (XI )  
(KC1) (N i C Y )  

Thus ,  the  ca l cu la t ed  c o n s t a n t  for  r eac t ion  ( IV)  is 
a p p r o x i m a t e l y  0.76. A s imi la r  ca lcu la t ion  gives a 
c o n s t a n t  for r eac t ion  (V) of 17.4. 

T h e s e  ca l cu la t ed  c o n s t a n t s  i nd i ca t e  t h a t  r eac t ions  
( IV)  a n d  (V) are  f a v o r a b l e  for t he  p r o d u c t i o n  of 
K C N ,  us ing  N a C N  a n d  e i the r  KC1 or K O H ,  re- 
spec t ive ly ,  as raw ma te r i a l s .  

T h e  e q u i l i b r i u m  c o n s t a n t  for  r eac t i on  (IV) was 
checked  e x p e r i m e n t a l l y  a n d  found  to  be 1 4 as  
c o m p a r e d  wi th  the  ca l cu l a t ed  v a l u e  of 0.76. Equ i -  
l i b r i u m  was  a p p r o a c h e d  in al l  cases f rom the  N a C N  
-4- KC1 side.  E x p e r i m e n t a l  d a t a  a re  p re sen ted  in 
T a b l e  I I .  These  d a t a  were  a n a l y z e d  s t a h s t i c a l l y ,  
and  the  90 % conf idence i n t e r v a l  for  the  t rue  va lue  
of t he  equ i l i b r i um c o n s t a n t  is 0.9-2.0.  

F ig .  3 shows a p lo t  of e x p e r i m e n t a l  d a t a  and  the  
sp read  covered  b y  the  9 0 %  conf idence in te rva l .  

T h e  equ i l i b r ium c o n s t a n t  for r e a c t i o n  (V) was 
checked  a t  t h r ee  poin ts ,  s t a r t i n g  in all  cases f rom 
the  N a C N  -4- K O H  side.  R e a c t i o n s  of K and  K O H  

TABLE I Expemmentally determined eqtcd~brium for the 
reaction K -I- NaCN ~- KCN + Na 

Mole % K Mole % KCN 
in alloy In cyanide , ~ Calculated log C* 

Part 1" Points determined by analysis of alloy and 
s~olchioInetrlc calculation of cyanide composition 

24 2 
15 7 
17 0 
10 8 
42 0 
41 0 
10 8 

74 0 
81 0 
61 5 
83 5 
85 0 
38 0 
56 2 

650 690 
650 

580-620 
650-700 
680-690 
650-670 

520 

0 949 
1 360 
0 892 
1 621 
0 892 

- 0  046 
1 025 

Part 2: Points determined by analysis of both phases 

2.0 
17 2 
7 8  

46.0 
52 3 

3 5  
12 5 
3.6 

16.4 
35.1 

4.4 
21 8 
80 2 

39 8 
73 3 
60 9 
90 6 
90 5 
23 2 
57 0 
29 4 
48 5 
69 5 
21.9 
40 2 
96 3 

600 
680 

660-675 
640-660 
650-680 
740-770 
760-780 
780-820 
730-82O 
740-760 
620-640 
550-650 
620-660 

1 511 
1.121 
1 265 
1.053 
O.94O 
0 919 
0 969 
1 045 
0 681 
0 623 
0 785 
0 380 
0 806 

A ~ r a g e  0 940 
C 8 7  

(Na) (KCN) 
*C 

(K)(NaCN) 
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FIG 2 E q m h b r i u m  da ta ,  K + NaCN ~ K C N  + Na 

such as 2K + K O H  ~-  K~O + K H  are known to 
oc('ur, but  such rode reactions were neglected m this 
study. The experimental  value of the constant,  7.5, 
compares with the calculated value of 17.4. Experi- 
mental  da ta  are given in Table  l I I  and are plot ted 
on Fig. 4, which also shows reaction curves cot- 
responding to the equihbrium constants 7.5 and 
17.4. I t  has been est imated tha t  the difference in 
the two curves corresponds to about  one stage in a 
countercurrent process for K C N  from K O H  and 
NaCN.  

Effect of Temperature on Equ,hbria 

Heats  of reaction for (IV) and (V) are small. 
F rom the v a n ' t  Hoff equat ion (3) it  m a y  be ex- 

/ f 

/ 

/ e  / �9 / 

2 

/ /  

/ 

*C% I 4 
/ / ~ / / /  90~ CONFIDENCE INTERVAL ( 0 . 9 -  2 0) 

I 
0 Z0 4 0  60  80 100 

MOt-. ':'/o KC[. IN CHLORIDE PHASE 

FI(I 3 E q m h b r m m  datn,  KC1 + NaCN ~ KCN + 
NaC1 

pet ted  tha t  the effect of tempera ture  on the equi- 
hbrlum constant  will be small, and no a t t emp t  was 
made to determine this effect. Equil ibrium studies 
were all made  a t  temperatures  whmh would be 
required for opera tmn of a commercml process. 

Reaction Rate 

A limited amoun t  of work was done to obtain 
order-of-magmtude rate data  for the reaction: 
KC1 + N a C N  ~ K C N  + NaC1 when carried out 
by  the alloy bridge method.  

The  mechanism of this react, ion is complex. Two 
reactions are involved: 

KCI  + N a  ~ - N a C 1  + K 

TABLE II  Expcl~rneMall~ determined eqmhbrtum for the 
,eactwn KCI T NaCN ~ KCN -F NaC1 

Mole % Mole % ~ Calculated log Ct  
K C N  m cyamde~ KCI m chlorides 

39 8 
23 2 
29 4 
48 5 
69 5 
61 6 
63 6 
85 5 

46.4 
9 8  

22 5 
23 6 
74 4 
57 2* 
72 3* 
73 5 

800 
740-770 
780-820 
730-740 
750-770 
710-760 

740 
680-720 

--0 097 
0 447 
0 146 
0.477 

-0 .097  
0 079 

--0 155 
0.322 

Average 0,140 
C 1,4 

* 3-5% eyamde was found m the chloride melts  from 
these runs,  all others wine cyamde free 

(NaC1) (KCN) t c  
(KC1)(NaCN) 

N a C N  -t- K ~-  K C N  + Na  

These are linked to each other by  the layer of fused 
K - - N a  alloy m contact on one end with the fused 
KC1- -NaCI  melt, and on the other end with the 

TABLE I I I .  Experimentally determined eqnthbr~um for the 
reactwn KOH + NaCN ~- K C N  l-  NaOH 

Mole % Mole % K 0 H  
KCN m cyamde~' in hydro,~ldes ~ Calculated log C* 

61 5 9 7 580-620 1 173 
21.9 5 0 620-660 0 724 
96 3 83 0 620-660 0.724 

Average 0.874 
C 7 5  

(NaOH) (KCN) 
* C =  

(KOH) (NaCN) " 
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FIG 4 Equihbrmm data, KOH + NaCN ~- KCN + 
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fused K C N - - N a C N  melt. The rate of reaction m a y  
be limited for any given set of conditions by  rate 
of either of the above reactions or rate  of t ranspor t  
ot K and Na to opposite ends of the bridge. 

No effort has been made to measure these quanti- 
ties independently.  I t  was not practical  in the labora- 
tory  to operate a continuous countercurrent  system. 
Therefore, all measurements  were made on a batch 
basis. Based on earlier studies involving the above 
reactions, it was probable tha t  the rate  of reaction 
would not. be the limiting factor. This supposition is 
substant ia ted by  data  which show tha t  the over-all 
reaction does not slow down as equilibrium is ap- 
proached. 

Results of the rate experiments are summarized 
in Table  IV and plotted in Fig. 5. Ra tes  of the order 
of 0.2 kg K C N / h r / d m  2 (4 l b / h r / f t  2) were obtained, 
based on total  contact  area. 

TABLE IV Results of the rate expe~zments for the reactwn 
KC1 q- N' tCN ~ KCN + NaC1 

Kg KCN made/ht ~din ~, 
based on" 

Cyanide--alloy contact 
area 

Chloride--alloy contact 
area 

Combined contact area 
Average temperature, ~ 

Both sal t  
chambers of 
3 25 cm ID 

0 23 

0 23 
0 11 

725 

KCI chamber 
7 62 cm ID,  

NaCN chamber 
3 25 cm ID 

0 88 

0 16 
0 14 

730 

O 

0 = REACTOR WITH 3"DIA. KCL CHAMBER 0 
�9 = REACTOR WITH I / "SCHED 80 PIPE 

SALT CHAMBERS 

J 
| il 'l I 

0 20 40 60  80 I00 120 140 
T I M E  IN M I N U T E S  

FIG 5. Reaction rate data; KC1 + NaCN ~ KCN + 
NaCl. 

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

Apparatus 

Steel pipes 1.9 cm I D  and 25 cm long were used 
to s tudy  the reaction K + N a C N  ~ K C N  + Na.  
These pipes were closed by  welding a plate in the 
bot tom,  and a rapid s t ream of purified nitrogen was 
fed to the open upper  end to prevent  oxidation. 
The pipes were heated by  immersion to a depth  of 
about  15 cm in a fused NaC1-CaC12 bath.  

The  appara tus  used for the budge  reaction 
studies was an H- tube  as shown in Fig. 1. This was 
made  of steel pipe apprommate ty  3.25 cm I D  
(A.S.A. Standards B-36, 10-1939 11/~ in schedule 
80 steel pipe) connected with pipe fittings. Bo t tom 
ends of the legs were closed with steel plate welded 
in place. Top ends were threaded and fitted with 
connections for purified nitrogen, thermoconple  
wells, and openings for removal  of samples. 

A special appara tus  was constructed for par t  of 
the rate  study. This was essentially an H- tube  as 
shown in Fig. 1, except tha t  one leg was made  of 
7.62-cm (3-in.) I D  tubing. The  H- tubes  were heated 
in a gas-fired furnace controllable to •176  

Procedure 

Weighed quantit ies of the dry  salts, KC1, KOH,  
N a C N ,  etc., as desired, were charged to the salt 
compar tments  and melted. The appara tus  was 
blanketed with nitrogen, and weighed amounts  of 
sodium and /o r  potassium were charged to the 
reactor.  

Obtaining clean, representat ive samples presented 
m a n y  difficulties. Ult imately,  samples of the fused 
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salts and alloys were taken by steel pipettes at tem- 
peratures of 650~176 Salt samples were cast on 
a slab of cold iron, and alloy samples were quenched 
in cold white mineral off. In  nearly all cases there 
were small globules of alkali metal present in the 
salt samples. So far as possxble, these wcrc removed 
by hand sorting. Off quenching of alloy samples 
did not entirely prevent ox,datmn Under such cir- 
cumst~mces it is known that  potassmm is selectively 
oxidxzed 

Potassmm was determined by the per('hlorate 
method. Potassium content of alloy samples was 
checked by freezing point determination (4) Sodium 
components were calculated by difference Results 

were not corrected for the small amounts of iron 
which were determined in some samples. 

Any dmeussaon of this paper will appear xn a Dmeussmn 
Section to be pubhshed m the December 1954 xssuc of the 
JOURNAL 
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Technica]l Note 0 
Semiconductors as Solid Electrolytes in 

Electrochemical Systems 

KURT LEHOVEC 2 AND JACOB BRODER 

Szgnal Corps Enqzneemnq Laboratories, Folt Monmouth, New Jersey 

I N T R O D U C T I O N  

There are m a n y  apphcat ions  of batteries where 
weight and space are of concern. Considerable prog- 
ress m the miniaturizat ion of batteries would be 
achmved if the liquid electrolyte, conventionally 
used in present batteries, could be replaced by  a 
sohd ionic conductor. 

At the end of 1951, the authors s tar ted the de- 
velopment  of "solid s tate  bat ter ies ,"  which was 
directed toward two types of batteries:  (a) a high 
current density "single-shot" ba t t e ry ;  (b) a low 
current density long-life ba t t e ry  for use in connec- 
tion with the transistor device. This note describes 
the initial phase of the program unt41 the summer  
of 1952, when one of the authors (K. L.) left this 
laboratory.  

THEORY 

Consider a compound, AB, sandwiched between 
t w o  phases A and B, to which electrodes are applied. 
If  at  least one of the phases A or B can migrate 
through the reaction product,  AB, the reaction A + 
B = AB can proceed. Under favorable conditions, 
t o  be discussed later, the free energy of the reaction 
gives rise to an emf between the phases A and B. 
Such a system is the pro to type  of a solid state 
bat tery .  

In  ionic compounds AB, the migra tmn of A or B 
takes place in the form of ions. Usually only one of 
the components  is mobile, say A +. I f  the ions A + 
were the only charges to move from A to B, then 
phase B would aquire a positive charge and the 
reaction would stop soon because of repulsion of 
further ions A +, approaching B. However,  a con- 
tinuous reaction is possible if migrat ion of ions A 
t o  B is accompanied by  a transfer  of electrons from 
A to B. Transfer  of electrons from A to B can occur 
in a twofold manner :  (a) externally through a metal  
connection between A and B (external load), or (b) 
internally by  means of partial  electronic conduction 3 

of AB. In  the absence of an external connection, 
the part ial  electronic conduction of AB, even if 
ve ry  small as compared to the ionic conduction, 
becomes rate-determining for the progress of reaction 
AB and determines, therefore, the life of the ba t t e ry  
under  open circuit condition (shelf life). I t  is well 
to emphasize tha t  the part ial  electronic conduct ivi ty  
of ionic compounds is not a constant  of the material ,  
but  depends on impurit ies and on deviations from 
stoichiometry.  There is no basic difference between 
the progress of the reaction in a solid s tate  ba t t e ry  
under  open circuit conditions and tarnishmg re- 
actions. The importance  of the electronic part ial  
conduct ivi ty for tarnishing reactions (1) and the 
role of minute  amounts  of impurit ies (2) are well 
known. 

For  compound AB to be a suitable electrolyte for 
a solid s tate  bat tery ,  the following requirements  
have to be fulfilled: 

[1] Large free energy decrease, - -AF,  of the 
reaction A + B -- AB. 

[2] Electronic transference number  negligible: 
0" e ~ O-z. 

[3] Ionic conduct ivi ty z~ of high absolute value. 
[4] Electronic conduct ivi ty z~ of low absolute 

value. Conditions [1] and [2] are necessary for a 
high emf, since tile emf at  zero load is (1): (AF/e)- 
o-,/(a~ "+ o'e). 4 Condition [3] is necessary for a high 
short  circuit current;  condition [4] is necessary for a 
long shelf life. 

Conditions for a good solid electrolyte have been 
formulated above in terms of its bulk properties 
only. There are fur ther  conditions whmh deal with 
ease of transfer  of ions and electrons over the inter- 
phase boundaries A / A B  and A B / B  (3). Ions  A + mus t  
be able to cross these boundaries easily in order to 
avoid polarization phenomena,  when drawing cur- 
rent  from the bat tery ,  i.e., the concentrat ion of 
A + in AB at  the boundarms A / A B  and A B / B  
should not be modified by  the current flow. On the 

1 Manuscript received August  27, 1952. 
2 Present address Sprague Eleetme Company, North 

Adams, Massachusetts. 
3 Both the movement of electrons m the "empty energy 
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band" and the movement of holes in the "filled energx" 
band" may contribute to the electronic conduction 

4 In the ease that r and at are space dependent, average 
values are to be used 
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other hand, harmful internal electron conduction 
can be decreased by presence of barrier layer effects 
at the electrode interfaces (4, 5). 

HIGH CURRENT DENSITY "SINGLE-SHoT" BATTERY 

For a solid state battery capable of delivering a 
high current density, a compound of high ionic 
conductance has to be used as electrolyte Ionic 
conductivity of the order of 1 ohm-tom -~ is found 
in the high temperature nmdifications of AgI, 
AgeS, and of Ag~HgIt, among others. Their ionic 
conductivity compares favorably with that of strong 
l iquid electrolytes.  H i g h  ionic conduc t iv i ty  results 
f rom the  peculiar  lat t ice s t ruc ture  of these com- 
pounds :  only the anion is bound  to  fixed latt ice 
posit ions whereas the  cat ions are d is t r ibuted a t  
random over a number of equivalent lattice posi- 
tions, exceeding the number of cations available 
ra-8). 

The authors experimented with systems involving 
the high t empera tu re  modif icat ion of AgI  and AgeS. 
T u b a n d t  and  Lorenz (9) measured  the  c o n d u c t i w t y  
of AgI  bo th  above and  below the t ransi t ion point  
(145~ and found 1 3 l  o h m - u  -~ above  145~ 
n~l(l 3 4  ~ 10 * ohnl-l( 'm -~ jtlst t)elow 145~ ' ( 'on-  
rhwt~xllv ~s almosl  (.ompletely mnw. The  (,nit ()f 
the ('~)ml)mttt~on .\g, . \g[ ,  Ie has hi'on rel)ott('(] as 
0.7 \'oil (10) [ lowev(w,  t)o('atlse of mime(hate  
dtffneullws :tsst)t.m~pd w~lh Ol)eratmn ot an Ie ('h,('- 
I.vo(h, a l o v  al)ovc 1-t5~ ' (the trans~lmn l)(mlt :tbov(, 
whwh A~I has "~ tn#,h ~mm' comlu('t~v~ty) flus ~xork 
was (ln ('('led to an (,xammtttion of lhe ~eadton  2AR + 

= AlzeS The  v(,a('lmn I)~ oduct,  AgeS, ~s a v(,l'~t~vely 
~o()(l condu( ' lor  al)()v(, 179~ ', but  "~t ttns |('ml)e~alu~(' 
~ large t)ortmn of the ('Ol~(lu('t~vit,y is ('l(,ctronic. 
Thus,  a l though the free energy  ('hange ('()rrespon(ts 
to all emt of 0 2 volt, Wagner  ( l l )  found tha t  an 
Ag-AgeS-S ('ell above 179~ ` gave an emf of only 
2 10 milhvolts  In  order t.o obtain  the  full 0 2 vol t  
( 'orrespondmg to  the  AF of f o r m a t m n  of AgeS, it ~s 
necessary to suppress the electronic conduct ion.  
This ~s possible t)y inserting a layer of Ag i  (10), 
which is nearly a pure ly  ionic condue~bor above  
145~ 

A ('ell of ( 'omposit ion At ,  Agl ,  Ag=S, S was con- 
s tructed as folh)ws: an AgI-f ihn of about  25 microns 
t.hi('kness was prepared  on an Ag-shcet  by  tarnishing 
ni iodine vapor.  The  sulfur electrode consisted of a 
sulhu'-carbon m~xture of composi t ion l a % S  8o/~,C 
by weight compresse(t into a pellet at  7000 a tmos-  
pheres. The  AgeS-layer was formed up(m oonta( ' t  of 

the sulfur electrode wi th  the A g I / A g .  T h e  open 
circuit vol tage  of the  cell a t  abou t  200~ was 0.2 
volt,  confirming Remho ld ' s  value (10). Shor t  
circuit  currents  of 0.18 a m p / e r a  2 were obtained.  
Shelf life of the cell at operating temperature 
(200~ was a b o u t  100 rain. 

Compar i son  of (a) the observed current  dens i ty  
with ionic conduc tance  of AgI  (9) and  of Ages  
(12), and (b) of the  shelf life of the cell wi th  ra te  of 
tarnishing of AgI  (13) suggests t h a t  there  was 
considerable interface resistance present  in the~e 
cells. 

For  a cell of high current  density,  which  is useful 
a t  lower t empera tu res  (and possibly a t  room tem-  
perature) ,  o ther  compounds ,  e.g., AgeHgI4 and  
Ag,  Cu~_~I4, appear  to be p romis ing)  

LO\V C I J R R E N T  D E N S I T Y  LONG LIFE CELLS 

The  au thors  have  cons t ruc ted  cells of the com- 
pomtmn A g - A g I - I ( + C )  opera t ing  a t  room tempera -  
ture  with current  densities of several hundred  micro-  
i m p s / e r a  2. The  emf of this combina t ion  is 0.7 vol t  
(10). Cells did no t  change dur ing the  period of this 
s tudy.  
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lJv J N Mrgu(h( 'h tot his holptul &smtssmu of and  
mimes(  m fh~s {opw 
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Kinetics of  the Reaction of  Hydrogen with Zirconium ' 

JACK BELLE, B.  B .  CLELAND, AND M .  W .  MALLETT 

Battelle Memorial Institute, Columbus, Ohio 

A B S T R A C T  

The  ra te  of reac t ion  of hydrogen  wi th  h igh  pur i ty  z i rconium was de t e rmined  for the  
t em pe r a t u r e  range of 250 ~ to 425~ a t  1 a tm  pressure.  The  reac t ion  was found to follow 
a parabol ic  law, and  the  parabol ic  ra te  cons t an t  in (ml /cm~p per  second was calcu- 
la ted to  be k = 2.3 X 105 e -~7,2~176 where 17,200 ~ 200 ca l /mole  is the  a c t i v a t i o n  energy  
for the  reae t iom 

INTRODUCTION 

Kinetics of surface reactions of zirconium with 
nitrogen and oxygen have been discussed in previous 
papers from this laboratory (I, 2). The present 
paper concerns the kinetics of the zirconium- 
hydrogen reaction. Very little on this subject was 
found in the literature. Gulbransen and Andrew 
(3) investigated the reaction in the temperature  
range 235 ~ to 300~ at pressures from 0.6 to 2.6 
cm, using thin zirconium foil, 0.005 in. thick. Their  
conclusions can be summarized as follows: (a) a 
surface film is not formed as a product  of the 
reaction; (b) the rate of the reaction deviates from 
a linear law; and (c) the rate of the reaction is 
directly proportional to the square root of the 
pressure. 

The  present s tudy was made in the temperature  
range 250 ~ to 425~ at a hydrogen pressure of 1 
atm, using low-hafnium zirconium (0.01 weight % 
hafnium) in the form of solid cylinders. 

EXPI~RIMENTAL 

Method.--The method for measuring the rate of 
the reaction between zirconium and hydrogen was 
essentially that  previously described for other 
zirconium-gas reactions (1, 2). A schematic diagram 
of the apparatus used is shown in Fig. 1. Vacuum- 
ground stopcocks greased with Apiezon N grease 
were used throughout  except for the air inlets to the 
McLeod gauge and to the mechanical pumps. The 
system was evacuated by a 2-stage glass mercury- 
diffusion pump backed by a mechanical pump. The 
cold trap between the diffusion pump and the 
reaction system was cooled with liquid nitrogen. I t  
was found necessary to place an additional trap,  
cooled with dry  ice-acetone, adjacent to the reaction 
tube to remove contaminating grease and mercury 
vapors. 

A modified White gas buret  (4) was used to store 
the hydrogen and to measure the rate of con- 

1 Manusc r ip t  received October  15, 1953. Work performed 
under  AEC Con t r ac t  W-7405-eng-92. 

2 l l  

sumption of gas. The buret  consisted of 10 bulbs, 
each of approximately 25 ml, and of a connected 
open-end full-length manometer,  one arm of which 
was a graduated 25-ml buret.  The  entire assembly 
was maintained at constant temperature (d=0.5~ 
with running water. 

The Vycor reaction tube was sealed to the system 
with Apiezon W wax, and its dead volume was 
decreased by a bundle of fused Vycor rods. The 
reaction tube was heated by  a resistance-wound 
furnace which was controlled by a Brown Pyro-  
Vane controller with a V20 Variac in the input line. 
Temperature  was controlled to d=5~ 

Prior to specimen preparation, machined zir- 
conium cylinders about  2 cm long and 0.6 cm in 
diameter were degassed to about 1 to 2 ppm hy- 
drogen by heating in vacuum at 900~ for 24 hr. 
Specimens were abraded with kerosene-soaked 
240-, 400-, and 600-grit silicon carbide papers and 
washed in successive baths of naphtha,  ether, and 
acetone. Care was taken to keep specimens under 
acetone until they were placed in the reaction tube. 

The reaction tube was sealed to the system which, 
then, was evacuated to about 10 -5 mm Hg as 
measured by the ion gauge. The specimen was 
annealed under vacuum for 1 hr at 800~ after 
which the furnace was removed and its temperature  
adjusted to tha t  of the rate run. The furnace was 
again placed around the reaction tube. The tempera- 
ture was permit ted to stabilize while hydrogen was 
being generated and stored. 

With the specimen at the desired temperature,  
hydrogen was admit ted from the buret  and main- 
tained at atmospheric pressure in the reaction tube 
by manual manipulations of the buret  leveling bulb, 
except when the gas was expanded into the buret  
from storage bulbs. Short-t ime pressure fluctuations 
did not affect reaction rates. Readings, taken as the 
buret manometer  arms were precisely leveled, were 
made as often as possible for rapid reaction rates 
and every 2 to 10 rain for slower rates. The quant i ty  
of gas consumed by the specimen was the volume 
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FIG. 1. Schemat ic  d iagram of modified hydrogen  Sieverts  
appara tus .  

added from the buret minus that remaining in the 
gas phase in the calibrated dead space. Geometric 
dimensions of specimens were used in calculating 
the quantity of hydrogen reacted per unit area. 

M a t e r i a l s . - - T h e  pure zirconium used in these 
experiments was iodide crystal bar produced by the 
de Boer process, arc-melted, forged to 11/~ in. 2 at 
1450~ hot rolled at 1450~ and cold drawn to 
3~-in. diameter rod. Test specimens were machined 
from this rod. Impurities in zirconium were de- 
termined by spectrographic, chemical, and vacuum- 
fusion analyses. Weight percentages of principal 
impurities detected were: silicon, 0.03; iron, 0.02; 
hafnium, 0.01; oxygen, 0.04; nitrogen, 0.002; and 
hydrogen, 0.003 (before degassing). 

Pure hydrogen was obtained from the thermal 
decomposition of uranium hydride. The hydride 
was prepared by reacting tank hydrogen, dried in a 
dry ice-acetone cold trap, with degreased high 
purity uranium chips. 

RESULTS AND DISCUSSION 

Initial deviations are often observed for gas-metal 
reactions which follow the parabolic law, w 2 = kt. 
Gulbransen (5) has enumerated a number of 
complex factors which contribute to the breakdown 
of the law during early stages of the reaction. In 
addition to these phenomena, there may be interface 
effects. As was discussed by Jost (6) and 
Kubaschewski and Hopkins (7), these interface 
reactions may become rate-determining in initial 
stages of the reaction. The empirical equation which 
combines both reaction at an interface and diffusion 
through the film can be written in the form, w 2 + 

k~ w = kpt. Here, ]~ represents the contribution of 
kl 
any linear interface reaction and k~ is the parabolic 
rate constant determined by diffusion through the 
growing film. If w is plotted as a function of t /w,  the 
slope of the straight line is the parabolic rate 
constant, lop. Such a plot is often more convenient 
to use than the quadratic plot, particularly for 
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FIG. 2. Reac t ion  of z i rconium wi th  hyd roge n  (ml H~, 
STP,  consumed per cm ~ meta l  surface)  2 vs. t ime. 

those reactions where an induction period is present 
or initial stages of the reaction are uncertain. 

The rate of the surface reaction of zirconium 
with hydrogen was measured in the range 250 ~ to 
425~ at 1 atm pressure. Results of several measure- 
ments are shown in Fig. 2 and 3. In Fig. 2, the 
square of the quantity (ml STP) of hydrogen 
consumed per unit surface area of the metal is 
plotted against time for four temperatures. Fig. 3 is 
a plot of w vs. t /w  for two temperatures. I t  was 
found that, in all cases, the reaction conformed to 
the parabolic rate law with initial deviations in the 
direction of a slower initial rate. The duration of the 
induction period was usually less than five minutes 
and was independent of the annealing time, provided 
the system was evacuated to about 10 -4 to 10 -5 mm 
Hg. 

In addition to the short induction period, there 
were also some deviations from the parabolic law 
after considerable hydrogen had been reacted. (The 
film thickness produced by the parabolic reaction 
ranged from 150~ at 300~ to 300~ at 425~ 
Deviations, which were always in the direction of a 
faster rate, did not occur below 300~ and were 
not always present above that temperature. I t  is 
suspected that this breakdown of the parabolic 
nature of the reaction may be due to cracking of the 
film. It  is not known why this effect was not 
reproducible. 
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TABLE I. Parabolic rate constants for the 
reaction of zirconium with hydrogen 

Rate  constant, Iv ,  
Temp.,  C :I: 5 ~ (ml/cmZ)~/se c Slope of log-log plot 

249 
250 
276 
277 
302 
304 

0.015 
0.017 
0.032 
0.035 
0.056 
0.074 

0.47 
0.50 
0.47 
0.49 
0.56 
0.52 

323 0.12 
323 0.11 
350 0.20 
351 0.19 
353 0.22 
373 0.33 
378 0.38 
397 0.61 
400 0.70 
421 0.88 
424 0.88 
424 1.05 

0.53 
0.50 
0.57 
0.57 
0.49 
0.57 
0.49 
0.61 
0.64 
0.47 
0.57 
0.58 

Fin. 3. Reaction of zirconium with hydrogen 

FIG. 4. Hydrogen reacted with iodide zirconium ~t 
302~ for 2~ hr at 743 mm Hg ubsolute pressure. 250X 

A reaction product was formed on the surface of 
all specimens, in contrast with the findings of 
Gulbransen and Andrew (3) who reported the 
absence of a surface film. Metallographic examina- 
tion of the surface film indicated it to be an ap- 
parently single-phase layer, as can be seen from the 
photomicrograph shown in Fig. 4. On the other 

FIG. 5. Zirconium-hydrogen reaction, variation of reac- 
tion-rate constant with temperature. 

hand, x-ray diffraction examination of the surfaces 
of several specimens revealed the presence of three 
phases: (a) an outer layer of tetragonal ZrH2; (b) an 
intermediate layer of H~tgg's (8) ZrH; and (c) an 
inner layer of a second tetragonal hydride phase. 
When the outer ZrH2 was removed by light abrasion 
of the surface, the pat tern of ZrH was obtained. 
Upon further abrasion, another hydride phase 
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appeared, adjacent  to the metal.  As discussed by  
Schwartz and Mallet t  (9), this lat ter  hydride phase 
m a y  be similar to the tetragonal  phase of lowest 
hydrogen content  reported for the hafnium-hydrogen 
system by  Sidhu ~nd McGuire  (10). Wha t  effect 
these multiple hydride phases have on the kinetics 
of the zirconium-hydrogen reaction is not known. 

I f  the parabolic law is obeyed, a plot of the 
logarithm of the amount  of hydrogen consumed per 
unit  surface area vs. the logari thm of t ime should 
give a straight line with a slope equal to 0.5. This  
was observed, as can be seen f rom Table  I, where 
the parabolic rate  constants, kp's, calculated from 
the w vs. t / w  plots are also given. 

Fig. 5 is a plot of log kp vs. 1 / T .  The equat ion of 
the best s traight  line through the points from 250 ~ 
to 425~ was determined by  the method of least 
squares. The experimental  energy of act ivat ion and 
the frequency factor were calculated from the 
Arrhenius-type equation, ]c = Ae-Q/Rr. Energy  of 
act ivat ion was calculated to be 17,200 • 200 cal /  

mole. The  parabolic rate constant  in (ml/cm~)2/see 
is ]c = 2.3 X 10 ~ e -17'200/RT 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL. 
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Potentials  of  Iron, 18-8, and Titanium in 
Passivating Solutions I 
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ABSTRACT 

Potentials of iron in chromates show a linear relation for C/AE vs. C, where C is con- 
centration and AE is change of potential, suggesting that they follow the Langmuir 
adsorption isotherm. Maximum potential change corresponding to an adsorbed mono- 
layer of chromate ions occurs at 0.0025 molar K~Cr04, which approximates the mini- 
mum concentration for passivity reported by Robertson. The evidence agrees with a 
primary mechanism of passivity based on adsorption rather than ou oxide film forma- 
tion. For example, potentials of iron exposed to several organic inhibitors, where the 
mechanism is undoubtedly one of adsorption, also follow the adsorption isotherm as 
shown by Hackerman and coworkers. Passivity of 18-8 stainless steel and titanium 
in sulfuric acid containing cupric or ferric salts appears similarly to be accompanied by 
adsorption of Cu ++ or Fe +++. The irreversible nature of the potentials is in accord 
with the view that the adsorbate, in part, is chemisorbed. 

Hydroxyl ions in 4% NaC1 produce more active potentials in passive 18-8 or titanium 
presumably by displacing adsorbed oxygen. Potentials of 18-8 in alkaline NaC1 as a func- 
tion of partial pressure of oxygen follow the adsorption isotherm, which adds confirm- 
ing evidence that an adsorbed oxygen film is responsible for passivity. The decreased 
potentials between active and passive areas plus precipitation of passivity-destroying 
metal chlorides as hydrous oxides at incipient anodes accounts for inhibition of pitting 
in chloride solutions by alkalies. 

Calculated Langmuir isotherm constants, taking into account competitive chemisorp- 
tion processes, agree qualitatively with expected relative values based on chemical 
properties of metals and adsorbates. 

INTRODUCTION 

Chromates are in the class of inhibitors called 
passivators because the potential of iron immersed 
in a chromate solution is several tenths volt more 
noble than in water, and iron no longer corrodes 
visibly. Two points of view have been proposed 
regarding the mechanism of passivation by these 
and similar compounds. Hoar  and Evans (1) 
proposed that  chromates react with soluble ferrous 
salts throwing down a protective film of hydrated 
ferric and chromic oxides. Accordingly, a film of 
ferric oxide on air-exposed iron will, if introduced 
into chromates, be made more protective because 
the chromate "repairs" the film discontinuities. 
Since then, this view has been restated by several 
investigators (2-4). Mayne  and Pryor  (3) modified 
the picture somewhat, based on their electron 
diffraction studies, proposing initial adsorption of 
chromates followed by direct reaction with iron to 
form an unhydrated v Fe203 film which they 
suggested was a better diffusion barrier layer than a 
film of hydrated oxides. 

1Manuscript received September 1, 1953. This paper 
was prepared for delivery before the Wrightsville Beach 
Meeting, September 12 to 16, 1953. 
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A second view attributes passivity to adsorption 
of chromate ions on the metal surface (5-8). Forma- 
tion of an oxide film is considered unnecessary, 
although such a film may form eventually and aid 
in the over-all protection. The primary protection, 
however, is considered to result from satisfaction of 
valence forces of the surface metal atoms by chemical 
bonding with chromate ions, and without the metal 
atoms leaving their respective lattices. A similar 
mechanism has been proposed for specific organic 
inhibitors (9). 

Passivators, in accord with this view, are 
substances having high affinity for the metal and 
accompanying high activation energy for any 
reaction which results in a new lattice belonging to a 
surface stoichiometric compound. These are the 
essential conditions for chemisorption. Consequently, 
an iron-chromium oxide or iron oxide, whichever 
forms ultimately when iron is exposed to chromate 
solutions, accumulates only slowly. Chlorine, for 
example, is not a passivator because, despite high 
affinity for the metal, its activation energy for 
reaction is low, resulting in rapid production of iron 
chlorides rather than a chemisorbed film of chlorine 
atoms. Oxygen, by way of contrast, readily 
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chemisorbs on m a n y  metals and is a good passivator.  
Halide ions break down passivi ty by  competing 
with oxygen or other passivators for a place on the 
metal  surface; but  once they succeed, metal  corrodes 
a t  such areas until additional passivator  adsorbs. 

Evans  (10) and others (1, 3, 1i) isolated oxide 
films on iron exposed to chromates and supposed 
these to be the pr imary  source of protection. 
Circumstantial  evidence of this kind is not con- 
clusive, however, in view of the pr imary  process of 
adsorption which, if it occurs at  all, always precedes 
the formation of oxides or other compounds, and 
continues in effect even after the usually permeable,  
al though relatively thick, oxide films are formed. In  
specific instances, some chemical reagents used for 
str ipping of surface films m a y  actually produce an 
oxide reaction product  (12, 13). When this is the 
case, the stripping reagent m a y  hasten reaction of 
adsorbed films, if not of other substances, with the 
metal,  resulting in a surface compound where none 
existed before. 

MeKinney  and Warner  (14) in discussing a paper  
by  Evans  expressed doubt  tha t  chromates could act 
merely by  precipitation of ferric-chromic oxides on 
the metal  surface, in view of the fact tha t  chromic 
salts are relatively poor inhibitors compared with 
chromates.  Evans  (15) replied that,  when chromic 
salts precipitate a film of hydra ted  chromic oxide on 
cathodic areas, a t tack  is not hindered; whereas with 
chromates,  mixed hydroxides are precipitated 
locally at places where anodic a t tack  would other- 
wise set in and prevents  it f rom developing. This 
explanation, however, is less convincing in light of 
Rober tson 's  (8) subsequent, da ta  which showed tha t  
molybdates  and tungstates,  analogous to chromates 
structurally,  and inhibiting at  the same min imum 
concentration, fail to oxidize ferrous salts [or do so 
extremely slowly (4)] and, hence, are quite unlike 
chromates in their capaci ty to precipitate a supposed 
protect ive anodie coating. 2 

Criticism of Robertson's conclusions has been made 
on the basis that the otherwise weak oxidizing capacity of 
molybdate and tungstate in acid solution might be greater 
in neutral solutions (16) corresponding to actual condi- 
tions of pH at the surface of iron. However, the oxidizing 
tendency of these sMts is less in neutral or Mkaline media 
as compared with acid solutions (as can be demonstrated 
thermodyn~micMly). This, in fact, was demonstrated for 
molybdates and tungstates by Pryor and Cohen by titra-. 
tions in neutral media. They found only 11% of 0.0072N 
ferrous sulfate to be oxidized by 0.1N sodium tungstate 
after as long a period as three days, although they inter- 
pret this slow rate as sufficient to form the supposed pro- 
teetive film. Actually, molybdates and tungstates are less 
effective oxidizers than is dissolved oxygen. 

This is not to say that iron does not, reduce molybdates 
and tungstates in solution and become oxidized in the 
process. However, the minimum concentration of these 
substances for passivity or inhibition, identical with the 

Rozenfel 'd  and Akimov leaned to the possibility 
tha t  anodic polarization of iron by  chromates  was 
due to adsorption of the chromate  ion (17). Indelli  
(18) also interpreted potential  behavior  of iron and 
18-8 in chromates  in terms of adsorption of the 
inhibiting ion. 

Simnad (19), using radioactive chromium, con- 
cluded tha t  the view of Hoar  and Evans  was 
corroborated by  the almost  similar pickup of radio- 
active chromium whether  iron was immersed in 
chromic chloride or in chromates,  and by  the spo t ty  
deposition of radio-chromium salts on an iron 
surface exposed to chromates,  p resmnably  revealing 
anode areas. However,  his conclusions do not take  
into account  reaction of chromic chloride with iron 
to form hydra ted  oxides which adhere to the meta l  
surface in the same manner  as hydrous  FeO, but  
which are not protect ive in the same sense as 
chromates.  Similarly, chromates m a y  be reduced at  
preferential metal  areas, part icularly if chlorides or 
sulfates are present in solution which accelerate 
consumption of the pass ivator  (20). Impuri t ies  in 
the meta l  m a y  also accelerate reduction of chromates.  

Brasher  and Stove (21) report  tha t  the amount  
of radioactive chromium picked up by  abraded mild 
steel after  three days '  immersion as a function of 
chromate  concentration follows the form of a typical  
adsorption isotherm. They  find a m a x i m u m  of 
5.5 X 10 '5 chromium a toms/ ( 'm 2 geometric surface. 
Considering a probable value of the roughness 
factor for an abraded surface equal to 3 (22), and a 
diameter  of CrO4- -  equal to 5.4/~ (23), their  value 
corresponds to the equivalent of 4.5 layers of close- 
packed chromate ions. The  number  of layers would 
be less if correction were made for any  chromate  
adsorbed on the air-formed surface oxide or reduced 
to chromic oxide during the three days '  exposure. 

Powers and Hacke rman  (24), also using abraded 
steel, found, in agreement  with Brasher and Stove, 
tha t  after two days '  immersion in 10-3M radio- 
chromate  a t  p H  7.5 there were 5.2 X 1015 chromium 
atoms remaining per cm e of surface, uniformly 
distributed. 

Potent ia l  measurements  of iron exposed to 
chromate  solutions add to the per t inent  evidence 
concerning the mechanism of passivation. D a t a  of 
this kind are presented herewith, together  with 
parallel da ta  for 18-8 stainless steel and t i t an ium in 
other passivat ing electrolytes. 

PROCEDURE 

Potent ials  were measured using a precision 
potent iometer  and vacuum- tube  galvanometer  in 
conjunction with a silver chloride reference electrode 

minimum concentration of chromates, despite differing 
oxidizing tendencies, suggests that the mechanism of pro- 
tection does not depend on an oxidation-reduction reaction. 
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in 0.1N KCI. The potential  of the latter on the 
hydrogen scale omitting liquid junction potentials is 
0.288 volt at 25~ All measurements were conducted 
in an air thermostat  maintained within 0.2 ~ of 25~ 
Final values are for steady s ta te  where the net 
change within 12 hr was less than 5 my. This often 
required successive measurements over several days. 
The maximum change, however, within a few centi- 
volts was obtained usually during the first 24 hr. 

Iron electrodes were prepared from high puri ty  
0.030-in. diameter wire obtained by courtesy of the 
National Bureau of Standards (C < 0.001%, total  
impurities about 0.008%). Six-inch lengths were 
mounted in glass tubing and sealed, using poly- 
styrene cement with about 1 em of wire projecting. 
The surface was prepared by pickling in 10% 
H.2SO4, followed by washing and immediate transfer 
to the test solution. 

Electrodes of 18-8 were prepared from Type  304 
0.028-in. diameter wire. The wire was first annealed 
by heating electrically to 1000~ and quenching in 
air, then was pickled in 15 vol % HNO3, 2 vol % 
H F  at 70~176 and washed. I t  was immersed 
directly into the electrolyte to a depth of about  
1 era. 

Ti tanium electrodes were made by cutting thin 
strips of Bureau of Mines cold rolled titanium, 
followed by pickling in H N O r H F  at  70~176 No 
heat t reatment  was employed. 

Ferric ion concentration in sulfuric acid was 
determined by reduction first with stannous chloride, 
the excess of which was eliminated by adding 
HgC12, followed by t i tration with permanganate.  
Cupric ion concentration was determined by 
t i trat ion using thiocyanate. Dichromate or chromate 
solutions were made up by weighing out the required 
amount  of salt. Low carbonate NaOH was prepared 
by cooling hot saturated NaOH and decanting into 
wax~lined bottles. 

The cell used for potential determinations 
consisted of a 4-oz bottle fitted with a rubber 
stopper. A salt bridge containing the same solution 
as the electrolyte made contact with 0.1N KC1 in 
which the silver chloride electrode was immersed. 
The latter electrode was mounted in a glass tube, 
the bot tom of which was constricted to provide a 
liquid junction by  means of a sealed-in asbestos 
fiber. 

Air, first bubbled through caustic soda and water, 
was used to aerate and stir most of the solutions. 
When nitrogen was used, it was purified by passing 
over 4 ft of copper turnings maintained at  400~ 

In tests for reversibility, 3 the same metal electrode 

3Revers ib i l i ty  not  in the  t he rmodynamic  sense, bu t  
referr ing to reproducib i l i ty  of po ten t ia l s  as approached 
from ei ther  more concen t ra ted  or more di lute  solutions.  

was used throughout,  but  for measurements of 
potentials as a function of concentration, different 
electrodes in separate cells were set up. In  view of 
the considerable time to reach steady state, the 
latter arrangement was the only practical procedure. 
This produced a greater scatter of the data, but  also 
made the observed correlation of potens with 
concentration more convincing. 

POTENTIAL DATA 

Iron in Chromates 

Iron in contact  with distilled water attains noble 
values of potential  as K2CrO4 is added. At  a concen- 
trat ion of 0.0025 molar, the potential  change is 
about 0.5 volt (Fig. 1). Fur ther  change at  higher 
concentrations is not pronounced. The maximum 
potential change agrees with data  presented by  
Burns (25) for iron in 0.01N K2Cr~Ov solution. 
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FIG. 1. Effect  of CrO4= addi t ions  on the  e lectrode poten-  
t ial  of e lectrolyt ic  i ron in dist i l led water ;  (25.0 -4- 0.2~ 
ae ra ted  solut ions.  

On first immersing the electrodes in a dilute 
solution of chromate, potentials are relatively active, 
(',hanging to more noble values within about  2 to 
4 hr. The time required is less as the concentration 
of chromate increases. Steady-state values in all 
cases were reached in less than 24 hr. 

When the electrodes at steady state in 0.0025M 
chromate are transferred to progressively more 
dilute solutions, it is found that  a maximum of half 
the ennobling effect of the chromate is lost. This is 
true even after exposure to distilled water for 41 hr. 

18-8 Stainless Steel and Titanium 

18-8 stainless steel corrodes in dilute sulfuric 
acid, but  corrosion is effectively inhibited (26) on 
addition of small amounts  of ferric or cupric salts. 
Similar inhibition is observed to hold for t i tanium 
(27, 28), but  with the difference that  the beneficial 
effects extend to hydrochloric acid, unlike the 
situation for 18-8. I t  is of interest, therefore, to 
determine the parallel potential  behavior of 18-8 
and t i tanium in sulfuric acid as these inhibitors are 
added. Potentials in 0.2N H2804 containing up to 
0.191M ferric sulfate are summarized in Fig. 2, and 
for similar additions of cupric sulfate up to 0.70M 
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in Fig. 3. Potentials of 18-8 in ferric sulfate solution, 
followed for several days, are found to become more 
noble by  a maximum of 0.32 volt, whereas t i tanium 
similarly is ennobled to a maximum of 0.39 volt. 
Since 18-8 is initially more noble than t i tanium by 
0.13 volt, final potentials are not far different. The 
general reproducibility of measurements can be 
gauged by  a comparison of two separate runs for 
18-8 in aerated solutions. In addition, one run in 
nitrogen-saturated solution showed that  oxygen 
exerts no effect on the potential behavior. 

Potentials of 18-8 and t i tanium are not reversible, 
as shown by data of Table I. On immersing 18-8, 
previously at steady state in 0.19M Fe +++, into 
0.002M Fe +++ (referring to 0.2N H2S04), the 
second steady-state potential remained more noble 
by 0.07 volt after 27 hr of exposure than the original 
steady-state value of 0.18 volt. However, on re- 
immersing the electrode into 0.19M Fe +++, the 
potential of 0.35 volt at the end of 20 hr was only 
0.04 volt more noble than the original value. 

With cupric sulfate additions, potential changes 
are less than for ferric sulfate, even though the final 
concentration of cupric ion is higher. Maximum 
AE averaged 0.08 volt for 18-8 and 0.15 volt for 
t i tanium. 

TABLE I. Test of reversibility 

Initial ~ .  of concentration 
A g  ~.nang;e m o l e s / l i t e r  F i n a l  A E  E l e c t r o l y t e  (volt)  m (vol t )  

18-8 

0.19M Fe +++ in 0.31 
0.2N H2SO4 0.26 Decrease to 0.010 0.27 (4 hr) 

0.18 Decrease to 0.002 0.25 (27 hr) 
0.31 Increase to  0.191 0.35 (20 hr) 

Titanium 

0.70M Cu 4+ in 
0.2NH2SO4 

0.17 
0.12 
0.09 
0.00 
0.09 
0.12 
0.17 

Decrease to 0.23 
Decrease to 0.078 
Decrease to 0.0 
Increase to 0.078 
Increase to 0.23 
Increase to 0.70 

0.16 (1 hr) 
0.14 (1 hr) 
0.12 (1 hr) 
0.13 (1 hr) 
0.17 (1 hr) 
0.19 (I hr) 

Iron 

2.5 X 10-8M 
K2CrO4 

0.35M NaOH in 
4% NaC1 

0.49 

0.45 
0.18 
0.15 
0.00 
0.15 
0.18 
0.45 

Decrease to 0.0 

Decrease to 0.04 
Decrease to 0.025 
Decrease to 0.0 
Increase to 0.025 
Increase to 0.04 
Increase to 0.35 

0.25 (41 hr) 

0.20 (1 hr) 
0.17 (1 hr) 
0.10 (1 hr) 
0.17 (1 hr) 
0.18 (1 hr) 
0.35 (1 hr) 
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FIG. 4. Effect of NaOH addit ions on the electrode po- 
tent ia l  of 18-8 stainless steel in aerated 4% NaC1; (25.0 • 
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In aerated NaC1, 18-8 stainless steels in t ime 
corrode by  pitting. Addition of alkali inhibits this 
type  of a t tack (29). Ti tanium, on the other hand, is 
relatively resistant to pitt ing in chloride solutions 
without alkali additions, including sea water. The  
potential  behavior of 18-8 in 4 % NaC1 upon addit ion 
of NaOH up to 2.9 molar is shown in Fig. 4, and 
similarly in Fig. 5 for t i tanium with addit ion of 
NaOH up to 0.2 molar. Potentials were followed for 
a total  period of about  120 hr. The remarkable 
difference in behavior of the metals in this electrolyte 
compared with previous electrolytes is tha t  N a O H  
additions produce more active Potentials , or decrease 
passivity as measured by  potential. Effects are most 
pronounced with first additions of N a O H  below 
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about 0.01 molar, subsequent additions producing 
only slight change. The maximum change of 
potential for 18-8 was -0 .33  volt and for titanium 
-0 .38  volt, indicating again similar behavior of 
both metals. 

I t  was also of interest to learn the effect of 
oxygen on the potentials of 18-8 in this system, 
because of the importance oxygen has with respect 
to passivity of stainless steels exposed to the 
atmosphere. Potential measurements were carried 
out in 4 % NaC1 containing 0.3M NaOH through 
which nitrogen, oxygen, or air was bubbled. Also, 
one gas mixture was prepared, containing 0.05 atm 
partial pressure oxygen, by compressing air and 
nitrogen to appropriate pressures in a single gas 
cylinder and using this mixture to aerate and stir 
the electrolyte. Results are given in Fig. 6 showing 
that oxygen, as expected, ennobles the potential of 
18-8 as the partial pressure increases. 

Potentials were also determined for iron in 4 % 
NaC1 as a function of NaOH additions. Here the 
potential becomes more noble, opposite to the trend 
for 18-8 or titanium (Fig. 7). About 24 hr or less 
were required for steady state. The values, on 
immersing the electrodes in several more dilute 
NaOH solutions after reaching steady state in 0.35M 
NaOH, were the same as previously determined 
within 0.02 volt (after one hour) and on returning 
the electrode to 0.35M NaOH, the potential was 
less noble by 0.1 volt (Table I). I t  is especially 

significant that the potential of iron, initially active 
in 4% NaC1, and the potential of 18-8 initially 
noble, approach the same value on additions of 
NaOH. This suggests that the final surface states of 
iron and 18-8 (which contains 74 % iron) in alkaline 
NaC1 are comparable, despite large initial differences 
in neutral NaC1. Perhaps it is not surprising, there- 
fore, that corrosion rates in alkaline NaC1 are 
comparably low for both metals, but are quite 
different in neutral or near neutral NaC1 solutions. 

DISCUSSION 

For each metal studied, the potential behavior as 
a function of passivator or inhibitor concentration 
resembles a typical adsorption isotherm. This 
relation is expected if inhibitors function by ad- 
sorbing on the metal surface, but would not be 
predicted, presumably, by any mechanism involving 
diffusion-barrier oxide or other type reaction= 
product films. Interpretation of the data, therefore, 
in terms of an adsorption process appears worth- 
while. 

Adsorption Isotherm and Potentials 

The adsorption isotherm proposed by Langmuir 
(30) is expressed as follows: 

abp 
X - -  

1 + a p  

where x is the amount of gas adsorbed per unit area 
at pressure p, and a and b are constants. The 
constant b is equal to maximum adsorbate x,~ at 
high values of p, and a is related to heat of adsorption 
(31). Assuming that Henry's law applies, this can be 
converted to a similar expression for adsorption 
from liquids where concentration of solute C 
substitutes for gas pressure p. 

Furthermore, if the ions adsorbing on a metal 
surface form dipoles each of electric moment ~, 
electrostatic theory leads to the expression 47rn~ for 
the total change of potential AE produced by n 
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dipoles adsorbing per unit area of metal surface. 4 
Therefore, AE is proportional to x, and maximum 
AE,, is similarly proportional to x .... 

C C 1 
Therefore, AE -- AEm -F a'AE~ 

If the Langmuir isotherm applies, therefore, a 
linear relation should exist between C/AE plotted 
with C, the slope of which is equal to 1/AE.~, and 
the intercept is equal to I/a'AE,, at C = 0. Data  
for various inhibitor concentrations satisfactorily 
conform to this relation as shown by Fig. 8 to 13. 
Potentials for 18-8 and t i tanium in 0.2N H:SO4 
containing Cu ++ show a degree of scattering, caused 
probably by the small measured potential differences 
in these solutions compared with experimental 
variations, the maximum AE being only 0.08 to 
0.15 volt. C/AE vs. C was not reproduced for Ti 
and 18-8 in 4% NaC1 A- NaOH, even though 
linearity is obtained for all but  the lowest NaOH 
concentrations. The test of linearity, however, loses 
significance when values of AE are essentially 

4 If one considers a supplementary  diffuse double layer 
in accord with Gouy and Chapman,  the addit ional  poten-  
tial change equals 4~a/DK (32) where a is the tota l  electric 
charge per unit  area, D is the dielectric constant ,  and K is 
equal to (47re2/DkT [~ n~zi2])�89 having the same significance 
as in the Debye-Hiickel theory of electrolytes.  Since ~ has 
the dimensions of reciprocal length and may be identified 
with the effective separat ion of charges in the dipole layer, 
this expression, if D = 1, achieves the same form as the 
expression for a fixed dipole layer. 

Adsorpt ion of ions can be looked upon as forming new 
cathodic areas, the extent  of which reaches a maximum at 
completion of a monolayer.  Anodic areas are s inmltane- 
ously res t r ic ted  to a minimum corresponding to maximum 
anodic polarization by corrosion currents  and a shift  of 
potent ial  to nmre noble values. 
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constant with change of inhibitor concentration, as 
is true in this instance. 

Correspondence, by  and large, of potential  da ta  
to the  Langmuir  type isotherm points strongly to 
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the view that the inhibitors considered at present 
function by adsorbing on the metal surface. Further- 
more, the observed correspondence suggests ad- 
sorption of the monolayer type, as was pointed out 
by Langmuir in the derivation of his isotherm 
equation. These conclusions are strengthened by 
measurements of Hackerman and Sudbury (33), 
showing that potentials of steel in contact with 
organic amine inhibitors also follow the Langmuir 
adsorption isotherm. The linearity of C/AE vs. C 
reported by them is especially significant, since it is 
generally conceded that organic inhibitors function 
by adsorbing on the metal surface (34, 35). 

Maximum potential change, in accord with present 
considerations, occurs with formation of a complete 
monolayer of chemisorbed ions, any additional 
adsorption being accompanied by relatively small 
potential changes and lesser effects on the corrosion 
rate. It is important to note, therefore, that maxi- 
mmn change of AE in Fig. 1 for iron in chromates 
occurring at 2.5 X 10 -a molar, corresponds approxi- 
mately to the minimum concentration of chromates 
(1 X 10 -a molar) found necessary by Robertson (8) 
for inhibition and passivity. I t  is probably reasonable 
to conclude, therefore, that optimum passivity is 
associated with a monolayer film of adsorbed 
chromate ions. 

Part of the adsorbed chromate is chemisorbed 
and part is reversibly adsorbed, as is pointed out by 
the time necessary to achieve steady-state potentials, 
indicative of the usually longer times required for 
chemisorption, and by the partially irreversible 
nature of the potentials. Even after thorough 
washing in distilled water, iron passivated in radio- 

0.6 I i I 

0.5 

0.4 

0.5 

0.2 

C 
~E 

0 
0 

I I I 
0 .04  0 . 0 8  0.12 

NQOH CONCENTRATION 
(MOLES / L I T E R )  

FIG. 13. Langmuir  adsorpt ion plot for electrolytic iron 
in aerated 4% N~CI with NaOH additions. 

active chromates shows residual radioactivity (19, 
21, 24), and the potential is more noble than 
initially. The final irreversible or chemisorbed 
portion exerts about half the total effect on the 
potential. This result is in agreement with a similar 
observation of Gatos (36) who found that, on first 
immersing iron in chromate solutions, the amount 
of metal reacting initially when iron is made passive 
in concentrated nitric acid is less than in absence of 
chromate exposure, and that half this effect of 
chromate, but no more, could be removed by 
washing in water. 

Powers and Hackerman (24) suggested adsorption 
of chromate ions on a surface oxide rather than on 
the metal. Although such adsorption presumably 
may occur, any mechanism of corrosion protection 
accompanying a film of this kind is not yet clear. An 
air-formed film, at least, is not necessary to ad- 
sorption. Preliminary measurements in this labora- 
tory using radiochromate showed that the usual 
radioactivity is picked up by oxide-free Armeo iron 
sheet (0.024% C). Iron specimens were heated in 
dried pure H2 at 1000~ cooled in this gas, trans- 
ferred to deaerated 10-3M Cr5'04, pH 1.9, out of 
contact with air, and after 2 to 17.5 hr, washed 
successively in three 200-ml portions of distilled 
water. Somewhat greater residual chromium (3 X 
1016 atoms/era 2) was found than that reported by 
Brasher and Stove and by Haekerman and Powers 
for abraded iron. No residual radioactivity was 
found on similar specimens immersed directly into 
deaerated radioactive chromic perehlorate of pH 1.9. 
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Adsorption of Oxygen and Ferric, Cupric, and 
Hydroxyl Ions 

Presumably, ferric and cupric ions also adsorb on 
18-8 and titanium, producing passivity as gauged by 
reduced corrosion rates or noble potentials. Ions 
have a certain electron affinity and when adsorbed 
receive a certain amount  of negative charge from 
the metal. The net effect, including the effect of 
negative ions in solution, is an over-all negatively 
charged ion layer near the surface and an equal 
positive image charge in the metal, similar to the 
situation for chromates. This accounts for in- 
creasingly noble potentials as more ferric and cupric 
ions adsorb, trivalent ferric ion being more effective 
in this respect than divalent cupric ion, corre- 
sponding also to the order of inhibition in dilute 
sulfuric acid (27). 

The more active potentials of t i tanium and 18-8 
in sodium chloride solution on addition of sodium 
hydroxide can be interpreted as competition be- 
tween hydroxyl ion and oxygen for a place on the 
metal surface, the adsorbed hydroxyl ion producing 
a lower order dipole moment  than adsorbed oxygen. 
Chemisorbed oxygen, according to one viewpoint, is 
primarily responsible for passivity (5, 37, 38) in 
these metals. If the partial pressure of oxygen is 
increased, the potential becomes more noble (Fig. 6) 
in agreement with this view. The potential change 
from 0 to 1 atmosphere oxygen amounts to only 0.1 
volt, suggesting that  the fundamental passive layer 
of chemisorbed oxygen in alkaline NaC1 is only 
slightly disturbed by hydroxyl ions. This concurs 
with the observation that  apparent equilibrium in 
this instance is effected between dissolved gas and 
molecularly adsorbed oxygen and not atomically 
adsorbed oxygen, as shown by the linearity of 
p/AE plotted with p but  lack of linearity plotting 
~/:p/AE vs. ~/p, where p refers to partial pressure 
of oxygen. Previous quanti tat ive adsorption data  
obtained for oxygen on 18-8 (39) provided evidence, 
in fact, tha t  the alloy exposed two days to aerated 
water is covered by a close packed atomic oxygen 
layer over which a molecular oxygen layer is 
adsorbed. Were the chemisorbed atomic oxygen on 
18-8 entirely displaced by  OH-,  the potential change 
would be in the order of 0.5 volt, corresponding to 
complete breakdown of passivity, but  a potential 
change of 0.4 volt occurs only in concentrated 
alkalies, e.g., 20 % NaOH (40). 

When iron, on the other hand, is immersed in 
alkaline NaC1, competition includes not only 
adsorbed O H -  and oxygen, but  also adsorbed H. 
Iron exposed to an aqueous solution has a definite 
tendency to react, liberating hydrogen and hydrous 
ferrous oxide, the free energy for the reaction being 
negative (41) and independent of pH, so long as 

these corrosion products form and no other. 
Hydrogen so produced adsorbs on the iron surface 
and,  in neutral or alkaline solutions, escapes re- 
luctant ly as H2 impeding corrosion reaction. With  
presence of dissolved oxygen, adsorbed hydrogen 
reacts to form water as rapidly as oxygen reaches 
the metal surface. If, however, rate of consumption 
falls below the diffusion rate to the surface, excess 
oxygen, in turn, can adsorb on the metal. This 
adsorption, when it occurs, is accompanied by  a 
lowered corrosion rate and a more noble potential  
(passivity). Therefore, as hydroxyl  ions are added 
to the solution, adsorbed H is increasingly displaced 
by O H -  and reaction of the former with dissolved 
oxygen slows down. Consequently, oxygen is in 
excess at the surface, and conditions are favored for 
its adsorption. Support  of this state of affairs is 
provided by the observation that,  in absence of 
oxygen, the potential  of iron in water is more active 
when alkalies (42, 43) are added, as is expected 
from the reduced solubility of Fe(OH)2 under these 
conditions. Only in presence of oxygen does the 
potential become more noble, the measured potential  
being a compromise between the iron and oxygen 
electrode values. In acid media, on the other hand, 
the iron electrode covered with adsorbed hydrogen 
behaves approximately as a reversible hydrogen 
electrode (44, 45). Since iron and 18-8 have about  
the same potential in aerated alkaline NaCI, the 
inference is tha t  if oxygen is chemisorbed oil 118-8, 
it is also, under these conditions, chemisorbed on 
iron and is responsible for observed passivity in both 
metals. The energy of bonding of oxygen to the 
metal need not be the same in both cases, however, 
and, therefore, the degree of passivity may  differ. 

Powers and Hackerman showed that  competit ive 
adsorption of C r 0 4 - -  and OH takes place on Cr 
(46) and iron (24) surfaces, similar to competit ive 
adsorption of H, 02, and O H -  described above. 

Pitting Tendencies of 18-8 and Titanium 

Inhibition of pitting in 18-8 by hydroxyl  ion can 
be accounted for by  the reduced difference of 
potential  between active and passive areas in the 
galvanic cells tha t  account for pitting (47), since 
the passive areas are no longer so noble as before. 
In addition, metal chlorides at incipient pits react 
with hydroxyl ions which migrate rapidly to anodic 
areas to form metal  hydroxides. Hydroxides, unlike 
soluble chlorides, do not continuously destroy 
passivity or, what  is the same, do not maintain 
act ivi ty at the site of chemical disturbance; hence, 
the pit never gets started. With ti tanium, pit t ing 
tendency is decreased by  the pronounced tendency 
of t i tanium chloride to hydrolyze to hydroxide or 
hydrous oxide even in absence of hydroxyl  ions. 
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Hence, titanium, better than 18-8, resists pitting in 
sea water, and potential data indicate that  in 
alkaline salt solutions, the tendency would be still 
less. 

Separation of Charge in Dipole Layer 

Values of AE in combination with the equation 
AE = 47rn~ make it possible to calculate the average 
separation of negative charge in the adsorbed 
chromate layer from the iron surface. Assuming a 

o 
diameter of chromate ion equal to 5.4 A, there will 
be 4.0 X 10 '4 ions/cm "~ adsorbed in a close packed 
monolayer. A layer based on true surface rather 
than apparent area would still be equivalent in 
projected dipole moment to this number of ions. 
Since the change of potential produced by a mono- 
layer is 0.5 volt (Fig. 1), the calculated value of d, 
where p is equal to de (d = separation of negative 
and positive charge, and e = electronic charge), is 
0.5/(300 X 47r X 4 X ]014 X 4.8 X 10 -'~ or 
0.07 X 10 -s era. Hence, the excess electrons, ac- 
cording to this calculation, are, on the average, 
only 0.035 X 10 s cm from the metal surface, since 
the positive image charge within the metal is at a 
similar distance from the surface. In other words, a 
relatively slight asymmetry  of electron density at 
the metal surface suffices to explain the observed 
adsorption potentials. 

Values of Langmuir Constants 

Values of the Langmuir constants AI'L~ and a '  are 
summarized in Table II .  In  general, AEm calculated 
from the slope of C/AE vs. C agrees reasonably well 
with the observed maximum zXEm. For iron in 
alkaline NaC1, the difference in values suggests tha t  
potential relations are more complex than the 
simple adsorption of oxygen alone, in accord with 
the discussion of iron potentials above. 

Values of a' are equal to the reciprocal of the 
concentration at which half the maximum potential 
shift is obtained. According to the Langmuir 
derivation, these vahles are larger as the heat of 
adsorption increases. Hence, O2 on 18-8 and 
chromates on iron show appreciable affinity of 
adsorbate for metal. Similarly, ferric ions have 
greater affinity for 18-8 and titanium than cupric 
ions. The low value of a' for iron in alkaline NaC1 
supports the point of view that  competitive chemi- 
sorption takes place between several species, e.g., 
H, OH-, and 02, heats of adsorption for one species 
tending to cancel out heats of desorption for the 
species it displaces. Competition between possible 
adsorbates very likely accounts for the partial 
reversibility of potentials involving chemisorbed 
films. In  general, it should be emphasized that  values 
of a' reflect a resultant heat effect of one or more 

TABLE II. Values for constants of Langmuir 
adsorption isotherm 

Elec- 
trode 

18-8 

Ti 

Fe 

Electrolyte 

Fe +++ in 0.2N H2SO4 
Cu ++ in 0.2N H2SO4 
O.~ in 0.3N NaOH in 

4% NaC1 
Fe +++ in 0.2N H2SO~ 
Cu ++ in 0.2N H~.SO4 
OH- in aerated 4% 

NaC1CrO4 - in 
H20 

E vs. 
AgCI, 
O.0N 

inhib., 
volt 

0.1t 
0.1~ 

-0.3( 

0.0~ 
0.0~ 

-0.7~ 
~0.6; 

AE,~ 
(volt) 

(eRic) (obs) 

0.30 0.33 
0.09 0.08 
0.110.1 

0.37 0.38 
0.13 0.15 

0.26 ~ .46 
0.63 0.5 

Intercept a ~ 
a '-L (liters/ 

AEm -1 mole) 

0.001 3300 
0.5 22 
0.0011 8400 

0.001 2700 
0.15 5O 

0.065 59 
0.00039 4000 

competitive adsorption processes, even if the 
substance displaced is nothing more than physically 
adsorbed H20. The primary process, of course, has 
the largest, effect. By and large, relative values of 
a '  are in accord with the expected trend based on 
chemical properties of the metals and adsorbates. 
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Contribution to the Theory of Electropolishing 
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A B S T R A C T  

An ideal  e lectropolishing process is charac ter ized  by  a p la t eau  of the  cu r ren t  densi ty-  
po ten t i a l  curve corresponding to the  max imum diffusion ra te  of an  ~cceptor  for meta l  
ions toward  the  anode. Such a process is amenable  to  a q u a n t i t a t i v e  theore t ica l  analysis .  
Formulas  are der ived for decrease of surface roughness  as a func t ion  of the  recess of the  
average surface, amoun t  of meta l  dissolved per  un i t  surface area,  and  p roduc t  of cu r ren t  
dens i ty  and  t ime.  

INTRODUCTION 

Jaequet  (1) and others have shown that  ~ plot 
of current density J vs. cell voltage or anode 
potential E gives a horizontal plateau for many  
solutions used in electropolishing processes. Such a 
curve is found whenever the diffusion of one reactant  
consumed by  an electrode process is the controlling 
factor, i.e., the concentration of the reactant  at the 
surface of the electrode is much less than its bulk 
concentration, and the effective thickness of the 
hydrodynamic boundary layer has a definite value 
determined by forced or natural convection. In 
particular, a limiting current density is observed for 
the electrodeposition of metals at a cathode. Kolthoff 
and Miller (2) have also observed a limiting current 
density for the anodie dissolution of mercury if the 
diffusion of complexing ions such as S~O~---, SOs--, 
CN-,  and S C N-  is the limiting factor. 

Elmore (3) has interpreted the occurrence of a 
limiting current density for the anodic dissolution of 
a metal by  assuming that  the solution at the surface 
of the anode is saturated with respect to a salt of 
the dissolving metal, and the current density is 
determined by  the diffusion rate of metal ions from 
the surface of the electrode into the bulk solution. 
This interpretation, however, is contradictory to the 
fact that  the potential  of the anode can be varied 
within rather wide limits, e.g., between 0.25 and 
1.5 volt for copper in 86% H3PO4 according to 
Walton (4), whereas a constant concentration of 
metal ions at the anode and a constant current 
density are compatible only with a constant elec- 
trode potential. 

According to Edwards (5, 6), the plateau of the 
current density-potential curve is due to diffusion 
of an "acceptor" for metal ions toward the anode. 
When silver is electropolished in a cyanide bath  (7), 
cyanide ions are the acceptor forming Ag(CN)~. 
In  highly concentrated phosphoric or perchloric 
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acid, the acceptor may  be water whose significance 
has been discussed particularly by Darmois, 
Epelboin, and Amine (8). Water  is needed for the 
formation of hydrated  cations such as Cu(OH2)~ ++. 
A limiting value of the current density corresponds 
to a maximum concentration gradient when prac- 
tically all the acceptor approaching the anode 
readily reacts with metal  ions, and thus the acceptor 
concentration at the anode is much lower than the 
bulk concentration. This interpretation of the 
plateau of the current density-potential curve 
implies tha t  either the standard free energy of non- 
hydrated  cations is much higher than that  of 
hydrated  cations, or the activation energy for the 
formation of nonhydra ted  cations is considerably 
greater than the activation energy for the formation 
of hydrated  cations. A process satisfying these 
conditions will be called aa  "ideal electropolishing 
process." 
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~/[ATHEMATICAL ANALYSIS OF AN IDEAL 

ELECTROPOLISH1NG PROCESS 

Consider a sine-wave profile surface shown in 
Fig. 1 with a wave length, a, and an amplitude, b. 
At the surface of the electrode the concentration, 
c, of the acceptor determining the dissolution rate 
is supposed to vanish. Thus 

c -- 0 at y = b sin (2~x/a) (I) 

where y is the distance from the "average surface 
plane" of the anode indicated by the dotted line in 
Fig. 1, and x is the coordinate parallel to the average 
surface plane. 

If the dimensions a and b are much smaller than 
the effective thickness of the hydrodynamic 
boundary layer, only the innermost part  of the 
boundary layer has to be considered, and thus flow 
of the liquid in the x or y direction may  be neglected, 
since the velocity components at the surface of the 
electrode vanish. Then  Fick's second law applies. 
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fy Solution 
O 

FIG. 1. Sine-wave profile electrode 

For steady-state conditions it follows that  

oc_.(o c 
Ot \Ox 2 + Oy2/ = 0 (II) 

where D is the diffusion coefficient of the acceptor. 
Edwards (5, 6) has already obtained solutions of 

equation (II) by determining experimentally the 
distribution of the electrical potential  in a trough, 
involving a large scale model of the electrode, filled 
with tap water, and using the similarity between 
differential equations and boundary conditions for 
the concentration and the potential field. To arrive 
at general conclusions, it seems profitable to consider 
an analytical solution of equation (II). A particular 
solution reads 

c(x, y) = B[y -- b exp (-2~ry/a) sin (27rx/a)] (III)  

where B is a constant. If b << a, equation (III)  
virtually satisfies the boundary condition in equation 
(I) as is verified by substituting y = b sin (2~rx/a) 
in equation (III)  and letting the exponential func- 
tion be unity as a close approximation since the expo- 
nent  tends to zero for b/a ~ O. 

Differentiation of equation (III)  with respect to 
y yields 

Oc/Oy = B[I + (27rb/a) exp ( -2~y /a )  
sin (27rx/a)]. (IV) 

From equation (IV) it follows that  the concentra- 
tion gradient becomes virtually independent of x 
and y at some distance from the electrode, i.e., if 
y >> a. Furthermore,  the constant B is found to be 
equal to the average value of the concentration 
gradient at the anode, (Oc/Oy)~,~g. A linear dependence 
of concentration on distance y will be found only in 
the innermost part  of the boundary layer where 
flow of liquid can be neglected. A schematic concen- 
t rat ion distribution for the entire boundary layer is 
shown schematically in Fig. 2. The effective thickness 
of the boundary layer, ~, may  be defined as the 
distance of the intersection of the tangent  line on 
the c vs. y curve at y = 0, x = 0 and the extrapolated 
plateau of the bulk concentration co. Since equations 
(III)  and (IV) presuppose a virtually constant 
concentration gradient at y >> a, e.g., y > 4a, and 
thus the region y < 4a must belong to the innermost 

I 

FIG. 2. Schematic graph of 
function of distance from the 

I Co 

aceeptor concentration as 
electrode. 

boundary layer, the effective thickness must  be 
much greater than  the wave length of the electrode 
profile. This is a necessary condition for the validi ty 
of equation (III)  and subsequent equations derived 
therefrom. 

Upon substituting y = b sin (27rx/a), expanding 
the exponential function, and heglecting terms 
involving higher powers of (b/a) except for the first 
power, the concentration gradient at the surface ill 
the y direction is found to be 

"Oc 2~'b sin (2~x /a) 1 
( ~ ) u - ~  sin (2~/a) ~"~ (O~])~v~ [ 1 + a (V)  

if b << a, a << ~i 

In view of the condition b << a, we m ay  disregard 
the difference between the concentration gradient 
normal to the average surface plane and tha t  
normal to the local surface, e.g., at x = 0 and 
2: = l~a.  

Next,  consider the change in the shape of the 
surface profile as a function of time, t. Let  ~ be the 
distance of a point at the surface from the average 
surface plane, and s,,~g the distance of the average 
surface plane from the reference plane, R, inside 
the electrode (see Fig. 1). Then the distance of a 
point at the surface of the electrode from the 
reference plane, R, equals 

s = s . ~ +  ~ ( V I )  

where 

n = b s i n  (27rx/a). (VII) 

Decrease of distances s and s~g per unit  t ime is 
proportional to the local and to the average dis- 
solution rate, i.e., proportional to the local and the 
average concentration gradient of the aceeptor, 
respectively. Thus, in view of equation (V) 

--ds/dt = C[1 + (2 ~b / a ) s i n  (2rx/a)]  (VIII)  

-ds~,~Jdt = C (IX) 

where C is a constant, which is equal to the product  
of the average concentration gradient, the diffusion 
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coefficient, and the volume of the metal  reacting 
with one mole of the acceptor. Upon substituting 
equation (VI) in equation (VIII)  and subtracting 
corresponding sides of equations (VIII) and (IX), 
it follows that  

--d@dt = C(27rb/a) sin (27rx/a). (X) 

Decrease of the distance s,,~g of the average sur- 
face plane from the reference plane, R, is equal to 
the displacement, u, of the average surface plane 
with respect to its position at t ime t - 0. Thus 

--ds~,~ = du. (XI) 

Dividing corresponding sides of equations (X) 
and (IX) and substituting equations (VII) and 
(XI), onelobtains 

- -db/du = 27rb/a. (XII)  

Upon integration, it follows that  

b = b0e -2~w~ if b < < a , a < < ~  (XIII)  

where b0 is the amplitude of the sine-wave surface 
profile at zero time and b is the amplitude at time, 
t, corresponding to the displacement, u, of the aver- 
age surface plane. 

From equation (XIII)  we readily recognize that  
percentagewise the amplitude of short sine waves 
will decrease far more rapidly than the amplitude of 
long sine waves. In other words, "microroughness" 
will disappear more rapidly than "macroroughness" 
in accordance with many observations. 

A triangular wave profile or any other periodic 
profile may  be represented by a superposition of 
sine waves of different wave lengths and amplitudes 
as a Fourier series. During electropolishing the 
contributions of the shorter waves disappear more 
rapidly, and thus the profile approaches a sine wave 
profile involving the greatest wave length of the 
original pat tern.  This is in accord with results re- 
ported by Edwards (5, 6). 

From equation (XIII)  it follows tha t  the dis- 
placement, u, for a decrease of the amplitude from 
bo to b is 

u = a[In(bo/b)]/2re. (XIV) 

The corresponding loss of metal  per unit  area, 
2~m/A, is found to be 

A m / A  = up = ap[ln(bo/b)]/27r (XV) 

where p is the density of the metal. 
From a copper electrode having a sine-wave 

profile with a wave length of 0.0134 cm, which was 
investigated by Edwards (5, 6), one has therefore 
to remove 0.013 gram/cm 2 in order to obtain a 

decrease of the amplitude to half the initial value. 
This value is in accord with results reported by  
Edwards for the later stages of experiments when 
his samples had a nearly sine-wave profile. 

The corresponding number of coulombs per unit  
area, equal to the product  of current  density, J ,  
and time, t, is found to be 

J (amp/  cm2)t(sec) 

_ 96,500 a(em)p(g/cm 3) In b2 (XVI) 
E q W  2rr b 

where 96,500 is the numerical value of the Faraday  
constant  in coulomb/equivalent  and E q W  is the 
equivalent weight of the metal. For copper, e.g., 
96 coulombs are required in order to decrease the 
amplitude by a factor of 10 if the wave length is 
0.01 em. 

The foregoing analysis is tha t  of an ideal elee- 
tropolishing process. The following complications 
may occur. 

1. If the amplitude, b, is not much smaller than 
the wave length, a, equation (III)  does not satisfy 
equation (I). Qualitatively, the foregoing conclu- 
sions remain valid, but  a rigorous mathematical  
analysis would require the replacement of the one- 
term expression in equation (III)  by a Fourier 
series. 

2. If the wave length, a, is not much smaller 
than the thickness of the boundary layer, the de- 
crease in amplitude will be less than calculated 
from equation (XIII) .  This can be readily recog- 
nized from a consideration of the extreme case tha t  
the thickness of the wave length of the profile is 
much greater than the effective thickness of the 
boundary layer. In this case no differences in the 
local diffusion rate of the acceptor can be expected. 
Since according to equation (XIII)  electropolishing 
removes microroughness more rapidly than macro- 
roughness if a << ~, the case a ~ ~t is not of great 
interest, especially when the viscosity of the solu- 
tion is rather  high and, therefore, ~ is fairly large, 
e.g., 0.1 cm. 

3. In  solutions consisting mainly of perchloric 
or phosphoric acid, enrichment of salt and depletion 
of water increase viscosity. Accordingly, the dif- 
fusion coefficient may  not be constant. Under these 
conditions, equation (II) has to be replaced by  a 
more involved expression and the foregoing analysis 
has only qualitative significance. 

4. Fur ther  complications may  be caused by the 
evolution of gas bubbles and, eventually,  local 
variations of the reactivity of the dissolving metal, 
especially in the case of heterogeneous alloys so 
that  equation (I) is not satisfied at all points of the 
surface of the electrode. 
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INTERPRETATION OF ETCHING 

For a comparison, consider the behavior of an 
anode at which polarization is supposed to be negli- 
gible. Then the electrical potential ,~ along the sur- 
face is constant and may  be set equal to zero as 
the reference potential. Using the notation intro- 
duced in Fig. 1 and equation (I), we have for a 
sine-wave profile anode 

= 0 at y = b sin (2rex~a). (XVII)  

Inside the electrolyte, the Laplace equation 

02~,/Ox 2 + O:,,/Oy 2 = 0 (XVII I )  

holds. Consequently, we obtain the potential 
gradient at the surface of the anode in a form analo- 
gous to that  for the concentration gradient indicated 
in equation (V), 

(~)y----b sin (:rx/a) 
(XIX) 

~--- 1 + ~ -  sin (2~rx/a) 
avg 

if b << a, a < < &  

The local current density, J ,  is proportional to 
the local potential gradient according to Ohm's 
law. In view of the similarity between equations 
(V) and (XIX),  equations (XI I I )  to (XVI) will 
hold if polarization is negligible. Consequently, the 
amplitude of a given roughness will decrease in the 
same manner as in the case of diffusion of an ac- 
ceptor as the factor determining the local dissolu- 
tion rate. Actually, however, polarization is not 
negligible. If  the wave length a is small in compari- 
son to the parameter k defined as the product of 
electrical conductivity and the absolute slope of the 
potential-current density curve, the current density 

is far more uniform than according to equation 
(XVII I )  for vanishing polarization (9). 

For a < 0.01 cm and a current density J lower 
than the plateau of the J vs. E curve, we have 
a << k and thus we have to expect a practically 
uniform current density if k is uniform, i.e., the 
slope of the current density-potential curve is the 
same at all points of the anode. At different crys- 
tallographic faces, however, the magnitude of ac- 
tivation polarization for the anodic dissolution of a 
metal is different, as is known from investigations 
involving single crystals (10). This corresponds to 
local variations of the slope of the current density- 
potential curve and the parameter k. Thus, different 
crystallographic faces dissolve at different rates, 
i.e., we observe electrolytic etching. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL. 
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ABSTRACT 

By means of potentiometric titration of solutions of salts with solutions of potassium 
in liquid ammonia at -38 ~ it has been shown that bismuth(III) iodide is reduced to Bi ~ 
K3Bi3, and K3Bi5 without intermediation of either the T2 or -~1 oxidation state of bis- 
muth. Reduction of iron(II) bromide is very complex and apparently does not involve 
the intermediate formation of Fe +~. Reduction of potassium nitrate involves only reduc- 
tion of nitrate ion to nitrite ion, followed by precipitation of potassium hydronitrite. 
Data relative to reduction of cobalt(II) nitrate have permitted a choice between 
two possible reduction mechanisms previously proposed. Data presented in this paper 
clearly demonstrate the usefulness of the potentiometric titration technique in the 
study of the mechanism of inorganic reduction reactions in ammonia. 

INTRODUCTION 

In an earlier report (1), equipment and procedures 
useful in carrying out potentiometric titrations in- 
volving solutions of metals in liquid ammonia were 
described. Subsequently, these techniques have been 
applied to detection of intermediate oxidation states 
of Group I I I  nontransitional elements with particu- 
lar emphasis on aluminum (2-4). 

Experiments described in this paper were carried 
out for the purpose of determining whether the po- 
teutiometric t i tration method might be useful in 
elucidating the mechanism of reduction of simple 
inorganic salts with solutions of metals in ammonia. 
For this purpose, halides and nitrates of two transi- 
tional and two nontransitional elements were em- 
ployed, and the specific cases selected were delib- 
erately ones studied previously by less exacting 
methods. 

EXPERIMENTAL 

M a t e r i a l s . - - W i t h  the exceptions noted below, all 
materials employed in this work were reagent grade 
chemicals that  were used without further treatment.  

�9 Bismuth( I I I )  iodide was prepared in 72% yield 
by a method described elsewhere (5). Analysis 
calculated for BiL:  Bi, 35.4. Found:  Bi, 35.4. X-ray  
diffraction data for this product are listed in Table I. 

Manuscript received July 3, 1953. 
This work was supported in part by the Office of Naval 

Research, Contract N6onr-26610. 
3 E. I. du Pont de Nemours and Company Fellow, 1952- 

53; present address: Radiation Laboratory, University of 
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4 Magnolia Petroleum Company Fellow, 1952 53; pres- 
ent address: Department of Chemistry, Michigan State 
College, East Lansing, Michigan. 

I ron( I I )  bromide (as the 6-ammonate) was pre- 
pared as described by W a t t  and Jenkins (7). 

Reagent  grade potassium nitrate was recrystal- 
lized from water and dried to constant  weight at  
110~ 

Ammonated cobalt(II)  nitrate was prepared by 
displacement of water of hydration with ammonia 
by recrystallization from liquid ammonia as follows, 
Cobal t ( I I )  nitrate 6-hydrate was converted to the 
corresponding 2-hydrate by drying i n  vacuo over con- 
centrated sulfuric acid. A 1-gram sample of the very 
finely divided 2-hydrate was placed on the fritted 
glass disk of a filter tube ~ and that  end of the tube 
was sealed about 3 in. from the disk. The tube was 
cooled, inverted, air in the tube was displaced with 
ammonia gas, the end of the tube containing the 
salt was immersed in a dry ice-isopropanol bath at  
- 7 0 ~  and 3 to 4 ml of ammonia was condensed on 
the salt. The open end of the tube was then sealed, 
also about 3 in. from the filter disk. The tube was 
removed from the bath and allowed to warm to and 
remain at room temperature for three days. The 
saturated solution was then transferred by invert- 
ing the tube and immersing the empty end in a re- 
frigerant bath at --70~ When the temperature of 
this solution was allowed to return to ca. 25 ~ a 
small crop of well-defined pink crystals separated. 
In  this manner, transfer of the solution and removal 
of crystals was repeated until a maj or portion of the 
salt had been crystallized from the ammonia solu- 
tion. In the final transfer, the ammonated salt was 
retained on the filter disk and the solution was con- 
tained in the end containing the original sample. 
The tube was opened, the ammonia was allowed to 

5 Ace Glass Company filter tube, porosity B, 10 mm 
ID. 

229 
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TABLE I. X-ray diffraction data for bismuth (III) iodide 

This work* Literature~ 

d, A I/I1 d, A I / I t  

7.03 
5.97 
5.17 
3.85 
3.32 
2.57 
2.19 
1 . 9 8  

1 . 8 3  

1.66 
1.40 
1.36 
1.32 
1 . 0 7  

<0.1 
<0.1 

0.1 
0.2 
1.0 
0.3 
0.4 
0.1 
0.1 

<0.1 
0.1 
0.1 
0.1 

<0.1 

3.25 
3.00 
2.53 
2.27 
2.15 
2.07 
1 . 9 6  

1 . 8 7  

1.81 
1.29 
1 . 2 5  

1.10 
1 .O9 
1.03 
l .02 

0.7 
1.0 
0.7 
0.7 
1.0 
0.9 
0.9 
1.0 
1.0 
0.7 
0.7 
0.7 
0.7 
0.7 
0.7~ 

* Data obtained using Cu K, radiation, Ni filter, 30-kv 
tube voltage, 15-ma filament current, and 4-hr exposure. 

t These data are taken from the ASTM Index of X-ray 
Diffraction Patterns and are attributed to Caglioti (6). 
Lack of agreement between our data and those of Caglioti 
is obvious and it is concluded that his data are in error since 
both interplanar spacing and relative intensity data for 
several different samples prepared in connection with the 
present work were in excellent agreement. More recently, 
in entirely independent experiments, these data have been 
confirmed by Phillip S. Gentile of this laboratory. 

J; Spacings corresponding to relative intensities <0.7 are 
not included. 

evaporate, residual ammonia was displaced with dry, 
oxygen-free nitrogen, and the tube was transferred 
to a dry box wherein all subsequent sampling of the 
ammonated salt was done in an atmosphere of nitro- 
gen. Analysis: calculated for Co(NOa)2-6NH~: Co, 
20.6; NHa, 35.8; calculated for Co(NO~)2.5NH:~: Co, 
22.0; NH~, 31.7. Found:  Co, 20.0; NHa, 33.0. The 
composition indicated by these data is Co(NOn)2. 
5.7NH.~. 

Experimental methods.--With but one exception, 
equipment and methods used in this work were sub- 
stantially the same as those described earlier (1). In 
a typical case, the solution to be titrated consisted 
of the salt in question dissolved in anhydrous liquid 
ammonia. Into this solution was immersed a plati- 
num reference electrode and a differential electrode 
comprising a platinum wire immersed in a solution 
having the same composition as the solution to be 
titrated, and connected to the main body of this 
solution by means of a capillary tube. The differen- 
tial electrode was connected to the positive terminal 
of the potentiometer. 

The exception referred to above was concerned 
with titrations involving nitrate solutions. For these, 
a reference electrode comprising the half-cell: Cu; 
Cu(NO3)20.1N, KNO3 (sat&), of the type used by 
Pleskov and Monossohn (8) was employed. This 

change was incorporated when use of the usual 
platinum reference electrode gave anomalous results 
that are currently being further investigated. 

The alkali metal used was potassium in all cases, 
and the titrations were carried out at -38 4- l~ 
Bismuth(III)  iodide.-- In a typical experiment, a 
solution bf 0.2298 gram of b ismuth(I I I )  iodide in 
40 ml of liquid ammonia was titrated with a 0.0975N 
potassium solution. A black precipitate formed upon 
the first addition of potassium solution, and the 
reaction mixture assumed a purple color after addi- 
tion of 17 ml of potassium solution. Total time re- 
quired for this particular titration was 12 hr; data  
are shown in Fig. 1. In  other titrations tha t  differed 
only with respect to concentrations of reactants used, 
somewhat different results were obtained. For exam- 
ple, t i tration of 0.3485 gram of b ismuth( I I I )  iodide 
in 46 ml of ammonia with 0.0773N potassimn solu- 
tion over a period of 7 hr gave the data shown in 
Fig. 2. Results of the type shown in Fig. 1 and 2 
were confirmed both with and without the use of 
potassium iodide as a supporting electrolyte. 

In a related case, 0.0410 gram of potassium dis- 
solved in 50 ml of liquid ammonia was titrated with 
a saturated solution of b ismuth(I I I )  iodide in liquid 
ammonia (0.2574 gram B i t  in 51.0 ml NH:~). Use 
of these conditions was dictated by limitations im- 
posed by the capacity of available equipment and 
by solubility relationships; as a consequence, results 

2,4{ 

2,00 

~.60 

1.20 

O.OO 

0.40 

I I , I I I L I I I , 
2 4 6 8 I0 

/ 

I , I , I , I i I , I J 
t2 14 16 18 20 2'2 

K SOLN., ML. 

FIG. 1. Potentiometric titration: bismuth(III~ iodide 
with potassium. 
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Fro. 2. Po ten t iomet r i e  t i t r a t ion :  bismutoh(III)  iodide 
with potass imn.  

musk be interpreted on the basis of internal agree- 
ment rather than on an absolute basis. Complete 
ti tration required 7 hr; data are given in Fig. 3. The 
characteristic blue color of potassium solution was 
replaced by a distinct purple eolor after addition 
of 18.3 ml of saturated bismuth(HI)  iodide solution. 
After 33 ml had been added, the purple color de- 
creased in intensity and the presence of a black pre- 
cipitate was observed. 
IrorfflI) bromide.--Iron(II) bromide 6-ammonate 
(0.0917 gram) in 50 ml of liquid ammonia was ti- 
t rated with 0.0449N potassium solution over a period 
of 6 hr. Ear ly  stages of the t i tration were charac- 
terized by erratic emf values; after 8.3 ml of potas- 
sium solution had been added, a progressive, but  at 
no time abrupt,  increase in potential began and 
amounted to a total change of 700 mv by the 
time 15.9 ml of potassium solution had been added. 
The characteristic blue color of potassium solution 
was not observed, even though an excess of almost 
two gram-atoms of potassium/mole of bromide was 
added. 
Potassium nitrate.--A solution of 0.0332 gram of 
potassium nitrate in 45 ml of liquid ammonia was 
t i t rated with 0.0969N potassium solution. As titra- 
tion proeeeded over a period of 29 hr, the solution 
became yellowish-green in color, then intensely 
green, and finally a yellow precipitate formed. The 
ti tration curve is shown in Fig. 4. 

Fro. 3. Po t en t i ome t r i c  t i t r a t ion :  I)otassium with bis- 
n in th  ( I I I )  iodide, 

Z.O0 

1.60 

1.20 

g 
> 0.80 

+ 0 . 4 0  

0 .00  

- 0 . 4 0  I I [ I I 1 I 
2 .4 6 8 LO 12 14 

K SOLN., ML. 

FIG. 4. Po ten t iome t r i c  t i t r a t i o n :  potass ium n i t r a t e  
wi th  potass ium.  
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FIG. 5. Potentiometric titration: cobalt(II) nitrate with 
potassium. 

Cobalt(II) nitrate.--An ammonate (0.0602 gram) 
corresponding to the composition Co(NO~)2.5.4NH3 
dissolved in 46 ml of liquid ammonia was t i t rated 
with 0.0868N potassium solution. The initially pink 
solution became green in color and a black precipi- 
tate formed concurrently. A total of 21 ml of potas- 
sium solution was added over a period of 13 hr; the 
final reaction mixture consisted of a black precipi- 
tate and a greenish-yellow supernatant  solution. 
Data  are given in Fig. 5. 

DISCUSSION 

Titrations involving bismuth(III)  iodide and po- 
tassium were carried out for the twofold purpose of 
a t tempting to detect the formation of Bi 2+ arid/or 
Bi + and to clear up uncertainties in the results re- 
ported by Zintl and coworkers (9). In the reaction 
corresponding to Fig. 1, changes in potential oc- 
curred only upon addition of 12.0 and 16.5 ml of 
potassium solution; these values are to be compared 
with 12.0 and 10.0 ml calculated on the assumption 
of formation of Bi ~ and K3Bi3, respectively. Thus, 
the first reaction observed is the three-electron 
change resulting in precipitation of elemental bis- 
muth, and there is no indication of intermediation 
of the ~-2 and + 1 oxidation states of bismuth. Fig. 1 
shows clearly the formation of the polybismuthide 
K3Bi~, but  not the intermediate species K3Bis. In 

contrast,  data  of Fig. 2 show formation of Bi ~ and 
K~Bi5 upon addition of 20.4 and 24.6 ml of potassium 
solution. The corresponding calculated values are 
20.4 and 24.5 ml. Zintl and coworkers (9) t i t ra ted 
bismuth(II I )  iodide with sodium solutions at  - 6 0  ~ 
and reported evidence for the formation of Na~Bi, 
Na3Bi3, and NaaBis, although their evidence for the 
lat ter  was admit tedly inconclusive. While results of 
the present s tudy are in reasonable agreement with 
those of Zintl and coworkers, it has been demon- 
strated that  K~Bi3 may be formed without inter- 
mediation of K3Bi5 which exhibits an intense brown 
color in liquid ammonia solution; this color was not  
observed during the course of t i t rat ion represented 
by Fig. 1. While the present work provides much 
more conclusive evidence for the existence of bis- 
muthides of the type MaBi5 (where M is an alkali 
metal), it is still not clear why these species are not  
formed in all cases. Zintl and coworkers suggested 
that  the course of these reactions may be strongly 
dependent upon concentration, but  the range of con- 
centrations employed in the present work appears 
to rule out this explanation. 

When potassium in liquid ammonia was t i t ra ted 
with saturated bismuth(II I )  iodide solution, the 
results obtained were in good agreement with com- 
parable data  for corresponding reactions with so- 
dium (9). Marked changes in potential  occurred 
after addition of ]7.8, 28.2, and 34.0 ml of bismuth- 
(III)  iodide solution as compared with calculated 
values of 17.8, 26,7, and 35.6 ml corresponding to 
the formation of K3Bi, K3Bi3, and Bi ~ respectively. 
For  reasons indicated previously, the latter values 
were calculated on the basis of the volume of iodide 
solution required for formation of K~Bi; this end 
point is visually detectable. Titrat ions of this type  
gave no evidence for the formation of K3Bis. 

Study of the reduction of iron(II) bromide was 
prompted by the desire to obtain evidence for the 
existence of Fe + in liquid ammonia solution. I t  has 
been shown previously (10) tha t  principal products 
of this reaction are elemental iron and iron(I) ni- 
tride. The latter may  arise from the following se- 
quence of reactions. 

FeBr2 ~- K --~ FeBr  ~- K B r  [1] 

FeBr § K --~ Fe -~- K Br  [2] 

FeBr + NH,~ ~ FeNH2 + NH4Br [3a] 

K + NH.~--~ KNH2 + ~ H 2  [3b] 

FeBr  -~ KNH2--~ FeNH2 -~- K B r  [3c] 

3FeNH2 --~ FerN -~ 2NH3 [4] 
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Iron(I)  nitride most probably is formed by the de- 
ammonation of iron(I) amide which as indicated 
above may result from either ammonolysis of iron(I) 
bromide or from reaction between iron(I) bromide 
and potassium amide. In either case, the reduction 
of Fe +~ to Fe +1 must be postulated, and it was there- 
fore considered worthwhile to a t t empt  to obtain 
evidence for the existence of Fe +1 under these con- 
ditions. 

I n  view of the immediate precipitation of ele- 
mental  iron and the concurrent evolution of hydro- 
gen (10), it follows that  if iron(I) amide arises via 
reactions [1], [2], and [3a], competitive reactions 
with subsequently added potassium would involve 
reactions [1], [2], [3b], and the interaction of potas- 
sium with the ammonium bromide formed in [3a]. 
Of these, the latter and [3b] would probably proceed 
at the greatest rate. I t  is not surprising, therefore, 
that  erratic potentials were observed in the early 
states of the titration. Although Fe ~ may, of course, 
result from the direct two-electron reaction with 
Fe +2, there is an alternative mechanism that  pro- 
vides for both the precipitation of Fe ~ and at least 
the transitory existence of Fe +', i.e., reaction [1] 
followed by disproportionation, 

2FeBr --+ FeBr2 + Fe ~ [5] 

Thus, after formation of sufficient Fe ~ to catalyze 
[3b], the latter reaction would compete with the 
probably slow reaction [5]. 

Reduction of both alkali metal  nitrates and ni- 
trites to "hydroni t r i tes"  of the type M2NO2 has been 
observed previously (11-13) but  only in terms of the 
identi ty of the initial and final substances. Forma- 
tion of K2NO2 from KNOw, for example, may  follow 
the course, 

KNOw + K --+ K2N0,~ [6] 

K2NO3 + K + NH3 
--~ KNO2 + K O H  + KNH2 [7] 

KNO2 + K --~ K2NO2 [Ta] 

or, 

K2NO3 + 2K + NH3 
--~ K2NO2 + K O H  + KNH2 [8] 

As shown in Fig. 4, however, changes in potential  
corresponding only to two- and three-electron 
changes were observed, i.e., upon addition of 7.4 and 
10.9 ml of potassium solution, as compared with cal- 
culated values of 7.5 and 11.2 ml. Hence, it appears 
tha t  the formation of K2NOs as an intermediate does 

not occur and that the only reactions that take place 
are, 

KNO3 + 2K + NH3 [9I 
--+ KNO2 + KNH2 + K O H  

KNO2 + K --~ K2NO2 [10J 

Wat t  and Keenan (14) suggested that  reduct ion 
of cobalt(II)  ni trate with potassium in ammonia m a y  
follow the course, 

Co(NO3)2 + 2K --+ Co(NO2)(NO3) + K20 [ l l l  

K20 + NH3 --~ K O H  + KNH2 [12] 

Co(NO2)(NO~) + KNH2 
--~ Co(NO2)(NH2) + KNOw [13] 

Co(NO2)(NH2) + K O H  + NH3 
--~ Co(NH~)2 + KNO2 + H20 [14] 

KNOw + 2K --~ KNO2 + K20 [15] 

or alternatively,  

Co(NO3)2 + 4K --~ Co(NO2)2 -+- 2K20 [16] 

2K20 + 2NH3--~ 2KOH + 2KNH2 [17] 

Co(NO2)2 + 2KNH:  --+ Co(NH2)2 + 2KNO2 [18] 

Both  mechanisms were compatible with their experi- 
mental  data, but  the methods employed did not lead 
to data tha t  would permit  a choice between the two. 

From the data  of Fig. 5 it is evident tha t  signifi- 
cant changes in potential  occur after addition of vol- 
umes of potassium solution corresponding to 2, 4, 
and 6 gram-atoms of potassium/mole of cobalt(II)  
nitrate. Th a t  the reaction must  follow the pa th  sug- 
gested by equations [11] to [15] rather than [16] is 
strongly indicated by the occurrence of a marked 
change in potential  after addition of two equivalents 
of potassium. Fur ther  evidence in favor of the first 
mechanism is found in the fact that  the plateau at 
0.8 volt (Fig. 5) is in agreement with tha t  for the 
reduction of ni trate ion to nitrite ion found in the 
reduction of potassium nitrate (Fig. 4). The last of 
the three observed changes in potential [i.e., tha t  
which corresponds to 6 gram-atoms of potass ium/  
mole of cobalt(II)  nitrate[ is at tr ibutable to the pre- 
viously observed (14) and relatively slow reduction 
of cobalt(II)  amide to elemental cobalt. 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1954 issue of the 
JOURNAL. 
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Potentiometric Titration of Ammines of Rhodium, Iridium, 
and Platinum with Solutions of Potassium and 

Potassium Amide in Liquid Ammonia ''= 

GEORGE W. WATT, GREGORY R. CHOPPIN, 3 AND JAMES L. HALL 4 

Department of Chemistry, The University of Texas, Austin, Texas 

ABSTRACT 

Potentiometric titration of tetrammineplatinum(II) bromide with potassium in 
liquid ammonia at -38~ shows that reduction of this salt to an ammine of platinum(0) 
is exactly a two-electron change and that the ~-1 oxidation state of platinum is not an in- 
termediate. Similar reduction of bromopentammineiridium(III) bromide is apparently 
more complex and leads to observed changes in potential that do not correspond to any 
reasonable or probable reactions. Titration of this same iridium salt with potassium 
amide solution, however, provides evidence for stepwise replacement of bromine by 
amido groups followed by conversion of the resultant iridium(III) amide to (prob- 
ably) a potassium amidoiridate(III). Bromopentamminerhodium(III) bromide and 
potassium amide react similarly, but only to and including the formation of rhodium(III) 
amide. 

INTRODUCTION 

In previous papers from this laboratory, develop- 
ment of a method for carrying out potentiometric 
titrations in liquid ammonia and use of this method 
in the study of unusual oxidation states and reduc- 
tion reaction mechanisms have been described (1). 
This paper is concerned with similar studies involv- 
ing reduction of ammines of certain transitional 
metal bromides with solutions of potassium in am- 
monia. In addition, two reactions in which liquid 
ammonia solutions of potassium amide were used 
as t i t rant  are described; the course of reactions of 
this type has not  previously been followed potentio- 
metrically. 

EXPERIMENTAL 

Experimental  details were in all respects analogous 
to those described earlier (1). In all cases reported in 
this paper, anhydrous liquid ammonia solutions that  
were t i t rated with either s tandard potassium or 
standard potassium amide solutions contained not 
only the ammine bromide of interest but  also a suit- 
able supporting electrolyte. The two electrodes con- 
sisted of a platinum reference electrode and a dif- 
ferential electrode of the type used previously (1, 5). 
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The differential electrode, which was connected to 
the positive terminal of the potentiometer,  consisted 
of a platinum wire immersed in a solution having a 
composition the same as tha t  of the solution to be 
ti trated, and was connected to the main body of the 
latter solution via a fine capillary tube. 

Appropriate ammine bromides of rhodium (2), 
iridium (3), and plat inum (4) were prepared and 
characterized by  methods described elsewhere. 
Titration of tetrammineplatinum ( l l) bromide with pc- 
tassium.--Preliminary experiments showed that  ade- 
quately sensitive potent iometer  readings could be 
obtained only through use of a supporting electro- 
lyte. Accordingly, 0.1217 gram of [Pt(NHa)4]Br2 and 
0.10 gram of potassium bromide, both dissolved in 
40 ml of liquid ammonia, were t i t rated with 0.0506N 
potassium solution over a period of 9 hr. The ini- 
tially clear solution became progressively darker in 
color until near the end of t i tration, whereupon in- 
tensity of the color decreased relatively rapidly and 
the presence of a pale yellow precipitate was oh- 
served. Addition of a considerable excess of potas- 
sium failed to produce either the blue color charac- 
teristic of solutions of alkali metals in ammonia or 
the potential  anticipated for an ammonia solution 
of potassium amide. The data  are shown in Fig. 1. 
Titration of trans-diammineplatinum(II) bromide 
with potassium.--Potentiometric t i trations involving 
these two reactants gave results substantially iden- 
tical with those in Fig. 1. 
Titration of bromopentammineiridium(II1) bromide 
with potassium.--In a typical case, 0.1114 gram of 
[Ir(NH~)~Br]Br2 and 0.15 gram of potassium bro- 
mide in 70 ml of liquid ammonia was t i t rated with 
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0.0663N potassium solution (time, 14 hr). A precipi- 
tate formed slowly, and the blue color of the potas- 
sium solution was discharged rapidly during approxi- 
mately the first half of the titration. Thereafter,  rate 
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FIG. 3. Potentiometrie titration: bromopentammineirid- 
ium(III) bromide with potassium amide. 
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of reaction decreased markedly,  the presence of a 
cream colored precipitate was observed, and equi- 
librium was re-established relatively slowly after  
each addition of potassium solution, The blue color 
of the potassium solution persisted after addition of 
a total of 9.4 ml. The data  are shown in Fig. 2. 
Titration of bromopentammineiridium(III): br6mide 
with polassium amide.--A solution of 0.125 gram of 
potassium bromide and 0.0931 gram of [Ir(NH3)~Br]- 
Br2 in 50 ml of liquid ammonia was t i t rated with 
0.0605N potassium amide solution over a period of 
20 hr (Fig. 3). The amide solution was prepared by 
interaction of potassium and liquid ammonia in the 
presence of an iron wire catalyst in the vessel ordi- 
narily used for preparation of s tandard alkali metal  
solutions (5). A white finely divided precipitate was 
observed after addition of 4.2 ml of potassium amide 
solution, and the following solution colors were ob- 
served upon addition of the indicated volumes of 
t i t rant :  0, colorless; 7.0, yellow; 14, orange; 16.7, 
bronze. 
Titration of bromopentamminerhodium(III) bromide 
with potassium amide.--In an experiment of the type 
described above, a solution of 0.91 gram of potassium 
bromide and 0.0433 gram of [Rh(NHa)~Br]Br2 in 
70 ml of liquid ammonia was t i t rated with 0.0266N 
potassium amide solution (time, 8 hr). Resulting 
data  are given in Fig. 4. The intensity of color of the 
initially pale yellow solution decreased during addi- 
tion of 6.5 ml of the amide solution, whereupon there 
appeared a turbidi ty  tha t  persisted until  10.0 ml had 



Vol. 101, No. 5 P O T E N T I O M E T R I C  T I T R A T I O N  OF A M M I N E S  237 

1.4C 

1.20 - -  

1 . 0 0  - -  

~ 0 , 8 0 -  

0.40 - -  

0 , 2 0  - -  

I 
2 

0.60 

1 [ I I I I 1 I 
4 6 8 I0  12 14 16 16 

K N H  2 SOLN., eL. 
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dium([II) bromide with potassium amide. 

been added. Thereafter,  the solution became pro- 
gressively more intensely green in color until 14 ml 
had heen added and the solution color began to 
change from green to yellow-green. 

DISCUSSION 

In studies leading to the conclusion that  reduction 
of te t rammineplat inum(II)  bromide with potassium 
in ammonia produces an ammine of platinum in the 
zero oxidation state (4), it became necessary to es- 
tablish exactly the reaction ratio involved. Titra-  
tions of the type shown in Fig. I were carried out 
for this purpose and also with a view to determining 
whether this reaction proceeds via a single two- 
electron reaction or two consecutive one-electron 
changes. I t  is evident from Fig. 1 that  intermedia- 
tion of the q-1 oxidation state is not involved and 
that  reduction of one mole of the bromide requires 
exactly two gram-atoms of potassium. An increase 
in potential of the order of 1.3 volts occurred sharply 
upon addition of 11.0 ml of potassium solution; the 
volume calculated on the assumption of a two-dec- 
tron change is 11.3 ml. Tha t  substantially identical 
results were obtained in t i trations involving trans- 
diammineplat inum(II)  bromide is consistent with 
the fact tha t  the trans-isomer is slowly converted 
to the te t rammine in liquid ammonia at its boiling 
temperature  (4). 

In several t i trations of bromopentammineiridium- 

(III)  bromide with potassium, changes in potential  
tha t  apparently may  not be correlated with any an- 
ticipated stoichiometry were observed. With refer- 
ence to Fig. 2, for example, the increases in potentiM 
that  occurred upon addition of 4.5 and 8.5 ml of 
potassium solution are to be compared with 6.5 and 
9.7 ml calculated on the assumption of reduction of 
Ir +a to Ir  +j and its subsequent reduction to I r  ~ Simi- 
larly, change in potential (and appearance of a per- 
manent  blue color) corresponding to complete reduc- 
tion of h "+a to Ir  ~ was also premature  in all cases, 
and since different and authentic samples of the bro- 
mide were employed, these results cannot be attr ib- 
uted to impure starting materials. I t  is possible to 
postulate a mechanism in which it is assumed tha t  
Ir  +a is reduced to Ir +~ which in turn reduces Ir +a 
to I r  +2 and the latter is reduced to Ir  ~ upon fur ther  
addition of potassium solution. If it is further  as- 
sumed that  (owing to competitive rates tha t  may  be 
involved) one-third of the Ir  +t is ammonolyzed to 
iridium(I) amide, then it may be shown that  the 
observed changes in potential  are almost exactly 
those to be anticipated under such conditions. This 
requires, however, tha t  iridium(I) amide be stable 
in the presence of subsequently added potassium 
solution and that  it constitute one of the final prod- 
ucts. This is clearly incompatible with other data  
relative to the identification of pentammineiridium- 
(0) as the end product  (3). 

Changes in potential  tha t  are shown in Fig. 3 and 
that  result from addition of 2.8, 5.8, 8.6, and 17.2 ml 
of potassium amide solution (calculated: 3.0, 6.0, 
8.9, and 17.8 ml) apparently correspond to the reac- 
tions (coordinated ammonia omitted),  

IrBra + KNH2 --~ Ir(NH~)Br~ + K B r  [1] 

Ir(NH2)Br~ + KNH2 --~ Ir(NH2)2Br -~- K B r  [2] 

Ir(NH2)2Br + KNH2--~ Ir(NH2)a -b K B r  [3] 

Ir(NH2)a + 3KNH~ ~ KaIr(NH2)6 [4] 

or, 

Ir(NH2)a 4- 3KNH2 ---* I r (NHK)a -~- 3NHa [4a] 

This interpretat ion is further supported by the fact 
that, i r idium(III)  amide has been isolated (in tile 
form of the l -ammonate)  as the only ammonia-in- 
soluble product  of the interaction of the bromide and 
potassium amide in a 1/~ mole ratio (3). Nei ther  the 
present nor previous work (3) permits a choice be- 
tween alternatives suggested by  equations [4] and 
[4a]. 

From data shown in Fig. 4, it is apparent  t ha t  
reactions between bromopentamminerhodium(II I )  
bromide and potassium amide are strictly analogous 
to those with the corresponding iridium compound, 
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i.e., equations l l]  to [3], inclusive, except for the fact 
tha t  rhodium(III)  amide is not  converted to a solu- 
ble species by action of excess potassium amide, i.e., 
rhodium(III)  amide is less amphoteric than irid- 
ium(III )  amide. Rhodium(II I )  amide has been inde- 
pendently isolated and characterized (2). Attention 
should be called to the fact tha t  the volumes of po- 
tassium amide solution corresponding to the changes 
in potential shown in Fig. 4, i.e., 4.6, 9.5, and 14.0 
ml, are higher than calculated volumes based on 
concentration of the potassium amide solution used, 
i.e., 3.8, 7.6, and 11.4 ml. However,  if the final in- 
crease in potential is taken as evidence for the forma- 
tion of rhodium(III)  amide, which is reasonable in 
the light of other available evidence (2), then the 

two preceding changes in potential should occur 
upo~l addition of 4.7 and 9.3 ml. 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1954 issue of the 
JOURNAL. 
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Adherence of Electrodeposited Zinc to Aluminum Cathodes 

F . H .  C, KELLY 

Univer,sity of Tasmania, Hobart, Tasmania, Australia 

ABSTRACT 

An appar ' t tus  for measuring the adherence of zinc e lect rodeposi ted from acid zinc 
sulfate solutions on aluminum cathodes is described. Adherence was recognized as 
"sheet," or " s p o t "  behavior.  Chloride favored increase in sheet  adherence and fluoride 
ion favored spot adherez~ce. Mechanical,  thermal ,  and electrolyt ic  t r ea tments  of cathode 
surface as well as ehemicM composit ion of electrolyte were invest igated.  There was no 
correlation between surface roughness and "~dherence. Smaller a luminum crystals  in the 
cathode surface favored stronger adherence. 

The first stage of deposit ion was development  of ovoid particles 8 x 5 microns, in- 
creasing in number until  a complete sheet was obtained.  Such particles preferred to 
develop at sharp points and crystal  boundaries.  Rupture  of in terface  was observed micro- 
scopically in the aluminum surface. Zinc diffused into cathode wi th  time, but  Muminum 
on the surface of the zinc electrodeposit  was a t t r ibu ted  to f racture  in Muminum during 
stripping. Mechanism of adherence was explained as an a t t achmen t  at a varying number 
of active spots ra ther  than  by mechanical  anchoring. 

INTRODUCTION 

In the commercial production of zinc by  elec- 
trolysis, low adherence to an a luminum cathode is 
desirable. Separation of the zinc sheet from the 
cathode is effected mammlly,  and the process of 
plating and stripping m a y  be repeated up to 1000 
times or more on a single cathode sheet before the 
aluminum is rejected from service, usually for 
reasons other thm~ a damaged surface. Whereas 
eleetroplaters for ornamental  or protect ive work 
require adherence values of p robably  1000 or more 
k g / c m  2, production of electrolytic zinc com- 
mercially is best served if the adherence is between 
one and two kg /cm 2. In  this paper,  the measurement  
of adherence of zinc eleetrodeposits is described, 
and the mechanism of adherence is discussed by  
considering these results in relation to information 
obtained from the following investigations: (a) an 
examination of the microroughness of surfaces with 
"Ta lysur f"  inst rument  (see later) ; (b) metallographic 
examination;  (c) microscopic examination of first 
stages of electrodeposition; (d) examination of 
interface between cathode and electrodeposit;  
(e) chemical analysis of thin layers from the surface 
of metals at  the interface after separation of the 
electrodeposit. 

EXPERIMENTAL 

Measurement of Adherence 

The appara tus  used for this purpose is i l lustrated 
in Fig. 1. I t  is a modification of the "Burgess"  
method described by  Schl6tter (1) giving results in 
absolute values, i.e., kg /cm' .  Schl6tter soldered a 
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metallic loop to the surface before pulling off the 
electrodeposit,  bu t  as this is undesirable for zinc 
electrodeposited on Muminum, a glue bond be- 
tween the electrodeposit  and the pulling bar  was 
u s e d .  

For  these measurements ,  cathodes 5 cm x 5 cm 
x 0.6 cm (thick) were cut from roiled a luminum 
sheet of a high grade of commercial  puri ty.  A single 
cathode was plated a t  a t ime in a beaker  carrying 
electrolyte of the required composition. Anodes 
cut from pure lead sheet were used, one on each side 
of the cathode. Zinc was plated for three hours to a 
thickness of approximate ly  0.15 mm.  These deposits 
were strong enough to be pulled off without  breaking. 
A suitable area for the adherence test  was 2.5 em 
x 1.25 cm and this was outlined by  grooving the face 
of the cathode sheet with a sharp pointed tool. 
The  plated zinc sheet was cut along these lines with 
a very sharp knife and str ipped from areas other 
than  those required. For adherence values up to 
approximate ly  7 k g / c m  2 this proved satisfactory,  
but  for greater  adherence a smaller area of zinc was 
used. 

Two test  rectangles were marked  on one face of 
the cathode sheet. One end of a steel bar  18 cm long 
and 2.5 c m x  1.25 cm cross section was glued to the 
back of one of the rectangles of zinc. The  mos t  
sat isfactory method for a t taching the bar  to the 
zinc sheet was to insert a piece of linen between the 
two meta l  surfaces and glue to each with a liquid 
glue, the whole being dried at  18~ for 15 hr. 

A current  densi ty of 32 m a / c m  2 was used as a 
s tandard  procedure in plating. The  cell t empera tu re  
was mainta ined at  35~ The  electrolyte was a 
solution of zinc sulfate (70 g/1 zinc) in dilute 
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sulfuric acid (100 g/1 of H2SO4). To this electrolyte 
was added one or more of the common impuri t ies  
experienced in commercial  zinc electrolysis. Wi th  
only zinc sulfate-sulfuric acid solutions, no "ad-  
d i t ion"  agent  was necessary, bu t  when addi t ional  
ions were added,  24 rag/1 of glue was used. When 
arsenic a n d / o r  an t imony  was present,  then 10 
mg/1 of be ta -napthol  was also added. The addi t ion 
agent  was put  in before electrolysis and the init ial  
amount  was sufficient for the three-hour p la t ing 
period. Before each plate  was deposited,  the test  
ca thode was immersed in the par t icu lar  electrolyte 
for 16 hr a t  18~ Some exceptions to these s tandard  
procedures were also investigated.  

Adherence values were difficult to reproduce with 
a high degree of accuracy, but  it  was possible to 
arrange results in groups according to certain ranges 
of adherence. The s tandard  deviat ion of a determin-  
at ion from a single test  area was 4-50 %. I t  was 
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found tha t  results from one side of the rolled alu- 
minum sheet differed from those on the reverse 
side, so tha t  for comparat ive  purposes only one side 
of the sheet was used. The difference was related to 
crysta l  s t ructure  in the surface. Higher  adherence 
was obtained on the surfaces with smaller crystals  
of aluminum. 

Values for adherence from less than  0.1 to as high 
as 57 kg /cm 2 were observed. For  this investigation,  
the impor tan t  range of values was 1 to 2.5 k g / c m  2 
and there was not much point  in a t t empt ing  to  
measure adherence in excess of 7 kg/cm". This was 
related to the requirements for manua l ly  s t r ipping a 
zinc sheet from the aluminum cathode during the 
course of the commercial  manufacture  of electrolytic 
zinc. Sheets deposited under  condit ions giving 
adherence values in excess of this figure were far too 
difficult to remove. 

In  commercial  p lan t  practice i t  had  been observed 
tha t  on some occasions the electrodeposit  adhered 
with reasonable uni formity  over the whole cathode 

surface, whereas, in other cases, adherence was 
experienced in smaller patches.  Two types  of ad- 
herence conditions were therefore specified and 
referred to descript ively as "sheet"  adherence and 
"spo t"  adherence. In  order to differentiate between 
these conditions in the tes t  cathodes the following 
method was adopted  for in te rpre ta t ion  of results.  
A quan t i t a t ive  est imate of adherence was deter-  
mined, using values from two adjacent  test  areas of 
the exper imental  cathodes.  Spot  adherence was 
identified from the rat io  of the higher value to the  
lower value of adherence from two ad jacent  areas. 
On the other hand, the average value from ad jacen t  
test  areas has been used as a measure of sheet  
adherence. 

Values for spot adherence est imations varied over 
the range 1 to 13 ,  whereas for sheet adherence 
values from 0.1 to 57 k g / c m  2 were recorded, as has 
a l ready been indicated.  

Tests  giving spot adherence rat io values lower 
than  3 were considered satisfactory,  whereas values 
in excess of 6 were considered to be high, and those 
in excess of 9 to be very high and unsat isfactory.  

Tests were conducted under  53 sets of condit ions 
and the most  significant of these are given in Table  I. 

F rom these tests it  was concluded t ha t  mechanical  
roughening of tire a luminum surface did not  neces- 
sarily result  in increased adherence of the zinc 
deposit.  Of the chemical factors tes ted in the 
electrolyte only chloride ion showed increase in 
sheet adherence of s tat is t ical  significance. Spot  

TABLE I 

Test 
No. 

8 

9 

10 

Adherence kg/cm 2 
Electrolyte composition 

(rolled surface of Al as cathode) 

Pure ZnSO4 at 70 g/1 Zn 
and 100 g/1 H2SO4 

Same as above, with 
addition of 16 g/1 Mn 
as MnSO4 

Same as for test 2, plus 
80 mg/l C1 as HC1 

Same as for test 2, plus 
200 mg/1 C1 as HC1 

Same as for test 2, plus 
40 mg/1 F as HF 

Same as for test 2, plus 
80 mg/1 Cl as HC1 and 
100 rag/1 F as HF 

Same as for test 2, plus 
80 mg/1 C1 as HCI and 
40 mg/1 F as HF 

Same as for test 7, but 
with 64-hr pickle 

Same as for test 7, plus 
0.5 rag/1 Cu as CuSO4 

Same as for test 7, plus 
10 mg/I Cu as CuSO4 

Individual  
values 

1.1 & l . 3  

1.9 & l . 8  

3.2 &3.9 

6.0 &5.3 

0.85&0.85 

2 .25&1.4 

2.25&2.55 

5.3 &0.4 

1.3 &0.85 

1.0 &0.4 

Average 
values 

1.2 

1.85 

3.55 

5.65 

0.85 

1.82 

2.4 

2.8 

1.08 

0.7 

Ratio of 
adherence 
of adja- 

cent areas 

1.2 

1.1 

1.2 

1.1 

1.0 

1.6 

1.1 

13.0 

1.5 

2.5 
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adherence was experienced when electrolysis was 
conducted in an electrolyte containing fluoride ion. 
This type of adherence was also experienced if the 
cathode had been pickled in acid electrolyte for a 
long period before electrodepositing. The effect 
after  long pickling was the same, whether fluoride 
ion was present  or not. 

Surface Roughness Measurements 

Through  the services of the Defence Research 
Laboratories (one t ime Munitions Supply Labor-  
atories), Maribyrnong,  Victoria, Australia, measure- 
ments  were obtained of the surface roughness of 31 
specimens of a luminum and 6 of zinc using a "Ta ly-  
surf" indicator-recorder. The  description and use of 
this instrument, has been published elsewhere by  the 
D.R.L.  (then called M.S.L.) (2). 

Some of these results are given in Table  I I .  No  
correlation was found between surface roughness so 
measured and the degree of adherence. 

Metallographic Examination of Crystal Structure 

MetaUographic examination had limitations be- 
cause the observation of crystal  structure in- 
volved destruction of the surface used for electro- 
deposition. 

For  microscopic examination, specimens of alumi- 
hum were prepared by polishing selected areas of a 
cathode surface with fine abrasive cloth, followed by  
a buffing with alunite powder. The final finish was 
obtained by  polishing with "Brasso, ''2 and using 
freshly prepared etchant  of the following compo- 
sition: 50% hydrochloric acid; 47% fuming nitric 
acid; and 3 % pure hydrofluoric acid. 

With  a 30-see etch, the orientation and size of 
crystals were clearly seen a t  a magnification of 
900 X. Surface scratches were widely enough spaced 
to enable clear fields to be observed at  this mag- 
nification. 

In  all cases examined, the crystals were smaller 
in the specimens which had given higher values for 
the adherence of the electrodeposit (other factors 
remaining unchanged).  

Microscopic Observation of Electrodeposition 

Specimens of Muminum were examined micro- 
scopically after deposition of zinc had proceeded for 
periods such as 30, 60, 90, and 120 sec. 

Zinc did not deposit as a uniform sheet but  as 
small ovoid particles, each with its long axis normM to 
the plane of the a luminum surface. Size of these 
particles was remarkably  uniform and with axis 
lengths of approximately  8 and 5g. The number  of 
particles ra ther  than  the size of individual particles 

~"Brasso" is a product of Reckett and Colman Ltd., Hull, 
England, and is recommended for polishing soft metals. 

TABLE I I  

Specimen examined 

New aluminum, pickled 16 hr at 
18~ plated and stripped 
(electrolyte = pure zinc sul- 
fate, 70 g/1 Zn & 100 g/1 
H2804) 

Specimen as above, but elec- 
trolyte contained 16 g/1 Mn 
and 200 mg/1 C1 in addition 

Specimen as above, but elec- 
trolyte contained 16 g/l Mn 
and 4 rag/1 F in addition to 
ZnSO4 and H~SO~ 

Specimen as above, but pickled 
64 hr at 18~ in electrolyte 
with 40 mg/1 F 

Specimen brushed by hand with 
steel wire brush. Pickled, 
plated, and stripped, elec- 
trolyte from commercial plant 
cells 

New Muminum, different sheet 

Same a~s above, but brushed by 
hand with steel wire brush 

Talysurfmeter  
readings 

i 

Max, & rain. 

0.38-0.51 
0.38-0.51 
0.43-0.66 
0.46-1.08 

0.38-0.46 
0.43-0.81 

0.41-0.53 
0.48-0.71 

0.81-1.02 
0.58-0.74 

1.78-2.59 
1.35-1.58 

0.28-0.30 
0.36-0.41 

0.70-1.98 
1.60-2.29 

o.2~ 
0.38 _ _  

1.86 I 
2.03 I 

Adher- 
ence 

kg/cm a 

1.27 
1.15 

5.28 
6.05 

0.84 
0.84 

7.75 
1.27 

1.69 
2.32 

m 

increased as plating progressed. Also, by  changing 
the surface t rea tment  or electrolyte characteristics 
the rate at  which these particles appeared could be 
varied. I t  would appear  tha t  these p r imary  particles 
deposit at  points where the a luminum oxide film is 
cracked or part icularly thin. Where surface ir- 
regularities were conspicuous it was noted tha t  
particles developed preferentially at  sharp peaks or 
ridges or at  the lips of surface depressions. These, no 
doubt,  were points of higher current density. 

On a specimen prepared for examinat ion of 
crystal  structure, it was noted tha t  particles pre- 
ferred to form at  crystal  boundaries. This  was in 
agreement  with work reported by  Kyropoulos  (3) 
who studied the manner  in which electrodeposits 
form on a luminum crystals. 

Conditions which favored rapid development  of 
p r imary  zinc particles also favored strong adherence 
of the zinc electrodeposit,  and vice versa.  Con- 
ditions for strong adherence showed 20 to 30 times as 
m a n y  pr imary  particles in 90 sec of plat ing as 
conditions for weak adherence. 

I t  was found possible to obtain an est imate of the 
relative adherence of p r imary  zinc particles by  



242 JOURNAL OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  May 1954 

manipulating a thin steel wire under the objective 
of the microscope when examining prepared speci- 
mens. Adherence of these particles was found to 
vary  appreciably; those which were earliest to 
appear were generMly more firmly at tached than 
those appearing after a longer plating period. 

Dependence of points of deposition on the oxide 
film was demonstrated by anodizing an aluminum 
cathode in a chromic acid bath. Using this as a 
cathode in acid zinc sulfate electrolyte, a continuous 
sheet of zinc was obtained, but  it was at tached to the 
cathode at  only a very few points. 

A film type of deposit was obtained following the 
technique of Bullough and Gardam (4), designed to 
remove the oxide fihn completely and limit its re- 
appearance before deposition commences. The 
aluminum surface was prepared in a nitric-hydro- 
fluoric acid bath, and then transferred to a sodium 
zineate bath, through water washes, without allow- 
ing the face to dry. A thin, but  continuous, im- 
mersion deposit of zinc, very firmly adherent  to the 
aluminum, was obtained in this manner. Attach-  
ment  was virtually at  an infinite number of points 
and adherence values of the order of the tensile 
strength of aluminum were recorded by  Bullough 
and Gardam (4). 

Film type deposits were also obtained in the 
current experiments when copper and lead were used 
as cathodes instead of aluminum. 

Microscopic Examination of the Interface 

Plated specimens, cut on the taper  using the 
technique described by Nelson (5), were prepared 
but  were not suitable for microscopic examination 
owing to the softness of the aluminum. A specimen 
cut normal to the plane of plating allowed zinc or 
aluminum to be etched individually, but  at magni- 
fications high enough to reveal the structure of the 
interface it was not possible to obtain both surfaces 
in focus simultaneously. 

Specimens of smooth rolled aluminum which had 
been plated and stripped were examined micro- 
scopically. Small craters appeared in the surface 
after removal of the eleetrodeposit. In  subsequent 
short periods of plating, pr imary particles of zinc 
preferred to form at the lips of these craters rather  
than in the depressions. These crater-like pits 
apparently had been foci of a t tachment  for the 
original zinc deposit, and rupture had taken place in 
the aluminum surface. These craters were of the 
order of 1.5u deep and several microns across; 
frequently several craters were joined to give 
trough-like indentations. 

Bullough and Gardam (4) when examining the 
adherence of nickel deposits to aluminum and its 

alloys, using zinc as an intermediate layer, also ob- 
served fracturing in the aluminum. 

A Brinell indenter was used to examine the 
hardness of specimens of aluminum and zinc. 
Nothing unusual was noted in specimens of 
aluminum for which values of the order of 40 were 
obtained. Values for the zinc were, however, ap- 
preciably higher. Over the surface of stripped zinc 
electrodeposited sheets, values varying between 
150 and 225 were obtained, the average being 
approximately 200. On the other hand, with sections 
cut through the zinc sheet, normal to the face, 
values of the order of 70 were obtained. While all 
these values for zinc may  have been unexpectedly 
high, nevertheless they are consistent with the 
microscopic observation of fracture in the aluminum 
surface, indicating greater softness of this metal. 

Hanley and Clayton (6) investigated the ad- 
herence of zinc electrodeposits to aluminum cath- 
odes. These authors explain the mechanism of 
adherence in terms of physical anchorage. Generally 
results obtained by the present author were in 
line with the findings of Hanley and Clayton, but  it 
is not possible to agree on the mechanism of ad- 
herence. On the other hand, there are no results 
quoted by Hanley and Clayton which could not  be 
explained by a theory of a t tachment  at electro- 
chemically active points. 

ANALYSIS OF INTEI~FACIAL LAYERS 

Some tests were made in which a thin layer of 
alumimm~ was scraped from the surface of a cathode 
after having been in service for some time in the 
commercial zinc plating plant. These scrapings were 
analyzed for copper and zinc. Of ten cathodes tested, 
five had been associated with a zinc electrodeposit 
which stripped easily, and five had been difficult to 
strip. 

The thickness of the layer scraped averaged be- 
tween 40 and 50u. The analysis of the easily stripped 
cathodes averaged 0.071% copper and 3.44% zinc. 
Zinc content was remarkably uniform, but  copper 
varied widely from sample to sample, from a maxi- 

TABLE III 

Depth of layer 
examined, microns 

8.3 

4.35 

4.2 

Not, determined 

% 
kluminu~ 

0.15 

0.035 

0.015 

0.0026 

Remarks 

CommerciM plant cathode, 
stripped easily 

Commercial plant cathode, 
stripped with difficulty 

CommereiM plant cathode, 
stripped with difficulty 

Pilot plaint cathode, stripped 
easily 
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mum of 0.191% to a minimum of 0.023 %. In the case 
of the cathodes which were difficult to strip, both 
copper and zinc concentrations were reasonably 
uniform, averaging 0.022 % and 2.43 %, respectively. 

Hanley  and Clayton (6) drew at tention to the 
influence of copper in the electrolyte increasing the 
adherence of the electrodeposit, but  this effect was 
not obtained in the present series of tests (see tests 
9 and 10 in Table I). I t  is believed that  the initial 
distribution of copper in the aluminum sheet 
exercises a controlling influence on the adherence, but  
the tests were not carried far enough to produce 
conclusive evidence on this point. The solid solubility 
of copper in aluminum is usually reported as 0.25- 
0.30% at, room temperature.  Some workers, how- 
ever, consider that  the solubility is nearer 0.08- 
0.12 %. Copper concentration of the aluminum sheet 
used for cathodes covers this range, and presence 
of CuA12 as a solid phase may  have some bearing on 
the problem. 

The effect of pickling in spent electrolyte on the 
removal of zinc from the aluminum surface was 
examined. Large lumps of zinc left after stripping 
were removed quite effectively in this maturer. 
Whether  they fell off as the result of aluminum in the 
immediate vicinity being dissolved, or whether they 
dissolved preferentially in spite of the relative 
positions of zinc and aluminum in the electro- 
chemical series was not examined critically. There 
was, however, obvious liberation of hydrogen from 
large lumps of zinc still at tached to the cathode sur- 
face. The zinc of more particular interest for this 
investigation was that  which had apparently diffused 
into the surface of the aluminum. I t  was observed 
that  during the pickling process zinc was certainly 
not removed any faster than aluminum, but  tests 
were not extended to determine whether the con- 
verse may  have been the ease, although such was not 
conspicuous. 

Full sections of aluminum sheets were also 
analyzed for copper, and the following results were 
obtained from nine sheets of aluminum: 0.051, 
0.27, 0.04, 0.05, 0.07, 0.153, o.o4, o.o4, and 0.006% 
Cu. The heterogeneity with respect to copper was 
thus a proper ty  of the sheet, as a whole, not con- 
fined to the surface, and not a result of electrolysis. 
The new aluminum sheet was free from zinc. There 
was no evidence that  the zinc referred to in these 

analyses had been left in the aluminum as the result 
of fraeLuring of a bond during the stripping process, 
but  it seemed quite logical to conclude that ,  with 
long periods of interracial contact,  diffusion could 
take place. 

Four  surfaces of zinc electrodeposit were scraped 
oil the adhering side and analyzed for aluminum. 
Results are summarized in Table  I I I .  

While commercial plant cathodes appeared to 
leave more aluminum on the zinc face when stripping 
was relatively easy, this was not  confirmed by 
pilot plant tests. I t  is believed tha t  the presence of 
aluminum on the surface of the zinc can be at- 
t r ibuted to the fracture of the bond in the aluminum 
sheet as observed in microseopie examinations re- 
ported above. I t  is unlikely tha t  very  much diffusion 
would have taken place during the plating period 
which was 72 hr in the ease of sheets sampled for 
analysis of surface. More extensive sampling and 
analysis is required to provide a rational explana- 
tion on the basis of chemical analysis. 

@ONCLUSIO N 

The mechanism of adherence of a zinc electro- 
deposit to an aluminum cathode is more plausibly 
explained ill terms of attachment at a varying 
number of electrochemically active spots than by 
a concept of mechanical anchoring under ledges and 
crevices. 
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Luminescence of the System Zn (PO.):Cd (PO4)/Mn' 
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A B S T R A C T  

When zinc o r thophospha te  and  cadmium o r thophospha t e  mix tures  are ac t i va t ed  by  
manganese  ~nd fired at  850~ phosphors  are ob ta ined  whose luminescence is no t  a l inear  
func t ion  of the  mole propor t ions  of the  in i t ia l  ingredients .  The  peak emission vs. com- 
posi t ion curve shows several  a b r u p t  breaks  which correspond to a b r u p t  phase changes 
as de te rmined  by  x-ray diffraction analysis .  

INTRODUCTION 

Luminescence of end members of the system 
Zn3(PO,)2-Cd.~(PO4)2 has been described by  

Smith (1), Andrews (2), and Kroeger (3). Color of 
the luminescence of zinc orthophosphate:manganese 
may  vary  from green to red, depending on manga- 
nese content and firing temperature (1). Cadmium 
orthophosphate :manganese was erroneously re- 
ported by Andrews (2) to have a red emission, but  
Kroeger (3) correctly described its emission as 
yellow. Although double activation of the cadmium 
salt by lead and manganese causes greater phos- 
phorescence than that  obtained by  simple man- 
ganese activation, the yellow emission remains 
unaltered (4). MeKeag (5) and McKeag and 
Randall  (6) found tha t  when halides in almost any 
form are added to cadmium orthophosphate, new 
compound formation occurs and structures of the 
type Cd3(PO4)2:MX2 result; halide fluxes cannot 
be used, therefore, without altering internal com- 
position to some extent. 

Andrews (2) prepared a zinc-cadmium ortho- 
phosphate containing equal weights of zinc and 
cadmium orthophosphates. If the possible use of 
hydrates is neglected, this mixture corresponds to 
approximately 40 mole % zinc orthophosphate.  
The mixture was fused "at  full red heat  for 15-20 
min and poured onto a cold soapstone. The fluores- 
cence under the iron spark is a light pink, and its 
phosphorescence is a deep red, resembling hot  
coals, and fairly persistent" (2). 

PREPARATION 

Zinc orthophosphate dihydrate was prepared as 
previously described (1). Cadmium orthophosphate 

Manusc r ip t  received Ju ly  6, 1953. This  paper  was 
prepared  for del ivery before the  New York Meet ing,  April  
12 to 16, 1953. 

was prepared in a similar manner:  disodium hydrogen 
phosphate was added to a cadmium sulfate solution; 
the precipitate was filtered, then dried at  160~ 
The material thus obtained was a te t rahydrate ,  
Cd3(PO4)2.4H20, the x-ray diffraction pa t te rn  of 
which agreed with the A.S.T.M. card index labeled 
"Cd3(PO4)2" (7). Firing the hydra te  at  650~ 
converts it to the anhydrous form, the x-ray diffrac- 
tion pat tern  of which is given in Table I. A step- 
by-step dehydrat ion occurs and some intermediate 
hydra te  is formed; composition and stabili ty range 
of this hydrate,  however, were not determined. 

In preparation of the phosphors, a water  slurry 
of individual phosphates in proper molar ratio was 
ball-milled together with the requisite proportion 
of manganous sulfate for about  14 hr, then evapo- 
rated to dryness at 160~ Equivalent  results were 
obtained by  eopreci4oitation of zinc-cadmium- 
manganese phosphates, bu t  preparat ion of various 
zinc-to-cadmium ratios by  ball-mill.ing techniques 
was more convenient. After evaporation, samples 
were placed in quartz vessels and fired either at  
650 ~ or 875~ in air for two 1-hr periods. Samples 
were lightly ground between firings to promote 
homogeneity. 

TESTING OF PItOSPHORS 

X-ray  diffraction analyses were made with nickel- 
filtered radiation from a copper target  tube operated 
at 40 kv and 15 ma. Samples were rotated within a 
circular camera 14.32 em in diameter. 

Cathodoluminescent effieieneies and emission 
spectra were determined by  use of a defocused 
electron beam having a current density of 1.5~a/cm 2 
and an accelerating potential  of 8000 volts. Peak 
effieiencies and spectral distributions of energy were 
measured by means of the speetroradiometer and 
the method described by Hardy  (8). 

244 
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TABLE I. Diffraction data for anhydrous Cda(PO4)2 

Lattice spacing (d-) .& Estimated relative intensity 

4.3 
4.0 
3.8 
3.42 
3.35 
3.29 
3.15 
3.06 
2.95 
2.89 
2.82 
2.65 
2.59 
2.50 
2.43 
2.30 
2.15 
2.10 
2.02 
1.97 
1.92 
1.87 
1.84 
1.77 
1.70 
1.65 
1.59 
1.57 
1.54 
1.51 
1.47 
1.435 
1.402 
1.390 
1.360 
1.265 
1.235 
1.220 
1.210 
1.140 
0.990 

0.80 
0.40 
0.40 
1.00 
0.80 
1.00 
0.30 
0.35 
1.00 
0.20 
0.30 
0.90 
0.70 
0.30 
0.90 
0.10 
0.20 
0.20 
0.20 
0.35 
0.35 
0.20 
0.20 
0.20 
0.25 
0.15 
0.25 
0,15 
0.10 
O. 20 
0,10 
0.30 
0.10 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.30 
0.30 

RESULTS AND DISCUSSION 

A number of binary phosphor systems are known 
in which the peak wave length of emission shifts in a 
regular manner with change in composition. Before 
this s tudy was undertaken, it was assumed that  the 
zinc-cadmium orthophosphate:manganese system 
would also exhibit a simple shift of color from the 
light red of zinc orthophosphate to the deep yellow 
of cadmium orthophosphate. Such a simple shift 
does not occur, however, as can be seen in Fig. 1, 
in which the peak wave length of emission is plotted 
vs. the mole per cent concentration of cadmium 
phosphate. Each rectangular box shown on the 
graph indicates relative variance obtained from a 
particular composition. Included within the rec- 
tangles are values obtained from manganese-con- 
centration tests, firing-temperature studies, and 
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FIG. 1. Peak wave length, in ~, of emission as a function 
of composition in the system /~ Zna(PO4)2-Cda(PO02:Mn. 

repetitive runs. Variances between repetitive runs 
were as great as those from processing variables, 
hence all values are grouped as a single unit. 

Effect of manganese concentration.~As in zinc 
orthophosphate (l), concentrations of manganese 
between 2 and 5 % did not change the position of 
the peak of emission. Since this investigation was 
concerned primarily with ~ Zna(PO,).~, concentra- 
tions below 2 mole % manganese were not tested 
systematically. This procedure was followed to 
insure the presence of only 2 Zna(PO4)2, for it has 
been established that  lower manganese content 
gives rise to a Zna(PO4)2 (1). Only one spot check 
of 0.5 mole % manganese was made at the 50-50 
composition. Although the efficiency of this sample 
was low, all other properties were similar to those 
of samples of higher manganese content. I t  was 
also found that  x-ray diffraction patterns of pure 
cadmium orthophosphate containing as much as 5 
mole % manganese were identical with those 
without added manganese. This result indicates tha t  
cadmium orthophosphate does not display a phase 
change upon addition of manganese as does the 
zinc analogue. 

Effect of firing temperature.- Although the major i ty  
of tests were conducted at 875~ several runs were 
made at 650~ to determine whether phase changes 
due to temperature would occur. Except in the 100 
to 90 mole % zinc region, where the expected a to ~3 
shift occurred, no other phase change was found 
which was due solely to temperature. A possible 
trend toward shorter wave lengths was found at 
the 650 ~ firing temperature and toward longer wave 
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lengths for the 875~ firing temperature ,  but  it was 
quite indefinite. Efficiencies were about  20 % better,  
however, at  the 875 ~ value, and it was for this 
reason tha t  the major i ty  of tests were made at  tha t  
temperature.  

Since results involving act ivator  concentration and 
firing tempera ture  showed no greater  variances 
than  did those between repetit ive runs, they were 
included in the make-up of Fig. 1. The 650 ~ values 
at  high zinc concentrations were omitted, however, 
because it was obvious tha t  the a form of zinc 
phosphate  was present. Each series tended to give a 
slightly different curve, but  the over-all shape of the 
curve and position of the breaks were substantial ly 
unchanged, the only difference being one of slight 
magnitude.  The plot is a very sensitive one, so tha t  
small errors in measurement  or preparat ion appear  
magnified. 

Fig. 2 shows spectral energy distribution curves 
for ~ Zna(PO4)2:Mn, Cda(PO~)~:Mn, and a 50-50 
mole ratio of the two substances. The curve of the 
50-50 composition is symmetrical,  without  the hint 
of a double peak. This symmet ry  is evident in all 
other ratios as well. As the cadmium content  is 
increased, the curve remains relatively narrow until 
a content of 20 mole % is reached. The curve broad- 
ens rather  abrupt]y  at about  the same concentra- 
tion at which emission starts  to shift toward deep 
red, and remains relatively unchanged for all con- 
eentrations up to pure Cd;~(PO4)~. This fact is 
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especially interesting because x-ray diffraction 
pa t te rns  indicate tha t  pure phases are present  at  
only a few points, all other points showing mixed 
phases (see Fig. 3). I t  might  be assumed tha t  
each phase would have its own peak  of emission and, 
with two phases present, either a double peak  would 
be seen or the curve would be quite broad.  W h y  this 
does not occur is not known. 

Fig. 4 shows rather  rapid decrease in peak  effi- 
ciency as cadmium content  is increased (preparat ion 
at  875~ At  concentrations of about  40 or 50 mole % 
cadmium orthophosphate,  the efficiency curve 
flattens to a value of about  40% of tha t  of fl 
Zns(PO4)~. The efficiency remains at  tha t  value until 
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90 % Cd3(PO4)~ is reached, at which point it rises to 
60 % of Cd~(PO~)~ itself. 

From pure zinc orthophosphate to compositions 
with up to 17.5 mole % cadmium orthophosphate, 
the structure is essentially that of ~ Zna(PO4)2:Mn 
(see Fig. 3). At about the latter value a very abrupt 
phase change occurs which corresponds quite 
closely to the abrupt shift in peak of the emission 
curve (Fig. 1). The first phase, A, is of very narrow 
composition. At concentrations of 20 mole % 
cadmium orthophosphate another apparently pure 
phase, B, appears; this phase persists through con- 
centrations having 50 mole % cadmium ortho- 
phosphate. Somewhere in the 50 mole % region a C 
phase is also found, but it could not be isolated. The 
D phase begins at concentrations of about 70 mole 
% cadmium orthophosphate and continues to con- 
centrations of about 90 mole %; the D phase is 
contaminated in small portion by the E phase at 
concentrations of about 85 mole %. The D phase 
disappears at concentrations of 90 mole %, but 
another phase, F, is then found with the E phase. 
The E form could not be isolated; the appearance of 
the E form is coincident with another sharp break in 
the peak of the emission curve. At concentrations of 
95 mole % cadmium orthophosphate, the F form is 
found together with normal cadium orthophosphate. 
No pure cadmium orthophosphate phase is present 
in the composition made with as much as 90 mole % 
cadmium phosphate. 

Chloro-complexes of some of these phases are of 
interest. At and above 87.5 mole % cadmium composi- 
tion, chloro-complexes were formed having emission 
and x-ray diffraction patterns essentially identical 
with those published by McKeag and Randall (6). 
At and below 20 mole % cadmium composition, emis- 
sions and patterns were distorted ~, Zna(P04)_~ (1). 
Between these limits, however, no complexes were 
formed; the added chloride acted only as a "mineral- 
izer" promoting crystal growth and did not affect 
emission or x-ray diffraction patterns. 

CONCLUSIONS 

When /~ zinc orthophosphate and cadmium 
orthophosphate mixtures are activated by man- 

ganese and fired at 875~ phosphors are obtained 
whose luminescence is not a linear function of the 
mole proportions of the initial ingredients. The 
peak emission vs. composition curve shows several 
abrupt breaks, which correspond to abrupt phase 
changes as determined by x-ray diffraction analysis. 
There are probably six phases present in the ~ zinc 
orthophosphate-cadmium orthophosphate system, 
some of which are partially intersoluble. Three of 
these phases could be isolated, but the other three 
could not, even though only fractional percentage 
changes were made in regions where these composi- 
tions were thought to lie. Only two of the abrupt 
phase changes manifested themselves as abrupt 
changes in luminescence; the other variations 
showed only what would be expected from simple 
solid solutions. The unusual feature of these mix- 
tures is that more abrupt changes in emission were 
not observed in the light of complex phase changes 
indicated by x-ray analyses. Lack of abrupt emis- 
sion changes implies that the activator center was 
not altered radically by these phase changes, but 
rather was influenced in a very gradual manner. 
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Sensi t ized L u m i n e s c e n c e  o f  CaF :(Ce + Mn) ' 

R. J. GINTHER 

Chemistry Branch, Metallurgy Division, Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Calcium fluoride act ivated by cerium and manganese is shown to be a sensitized 
phosphor of high quantum efficiency. Studies of i ts  reflection and excitat ion spec t rum 
reveal tha t  both  cerium singlets and aggregates of cerium ions serve as sensitizers for 
manganese. The range of in teract ion (K) over which energy may be t ransfer red  from 
sensitizer to act ivator  was found to be from 30 to 80 latt ice sites. Variat ion in K with in- 
creasing sensitizer and constant  manganese concentra t ion is in te rpre ted  as being due to 
the competi t ion of two types  of sensitizing centers  ra ther  than  to an energy t ransfer  
between sensit izer ions. 

INTRODUCTION 

The sensitized luminescence of manganese- 
activated phosphors has been the subject of nu- 
merous investigations: While a number of sensitized 
systems of simple structure, principally alkMi 
halides (1) and calcite (2), are known, the most 
recent investigations have been concerned with 
compounds of more complicated structure such as 
CaSiQ:(Pb  + Mn) (3), Sr~(PO4)2:(Sn + Mn), 
Ca3(PO4)2: (Ce + Mn) (4), and 3Ca3(PO4)2CaFCI: 
(Sb + Mn) (5). Although the interest in the more 
complicated systems originated largely in their 
practical application, it is from these phosphors 
that the most recent information concerning the 
mechanism of energy transfer and the range of 
sensitizer-activator interaction has been derived 
(6, 7, 8). Alkali halides and calcite, either for reasons 
of low activator or sensitizer solubility or because 
of poor luminescence efficiency, are not well adapted 
to the detailed investigation of the transfer mecha- 
nism and range. 

Calcium fluoride is a compound of simple structure 
which has high solubility for both sensitizer and 
activator permitting preparation of efficient phosphor 
samples over a wide range of concentrations. I t  
therefore appears to be ideally suited for the in- 
vestigation of sensitized luminescence. 

EXPERIMENTAL METHODS AND RESULTS 

Preparation and Identification of Samples 

No commercially available raw materials were 
found satisfactory for preparation of the phosphors 
studied. Although calcium and manga,nous fluorides 
sufficiently free of heavy metals were available, all 
samples of these materials were partially hydrolyzed, 
leading to oxidation of the manganese activator upon 
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firing. Some samples of calcium fluoride contained 
sufficient calcium hydroxide to produce a separate 
manganese-activated calcium oxide phase upon 
firing phosphor samples prepared from them. 

A satisfactory calcium fluoride raw materiM can 
be prepared from calcium carbonate and hydro- 
fluoric acid. When 25.0 grams of CaC0~ are added 
to a solution of 25.0 ml of 48% HF in 250 ml of 
water, the calcium fluoride produced settles rapidly 
and may be washed by decantation. When dried at 
low temperature, preferably in vacuo, it suffers little 
or no hydrolysis, and samples will nearly completely 
disappear in a liquid of refractive index 1.434. 
The effect of using more concentrated acid is to 
produce finer particles of calcium fluoride which do 
not settle well, are more difficult to wash, and 
apparently are more susceptible to hydrolysis. 
Samples prepared from concentrated acid will not 
disappear in the refractive index medium mentioned 
above presumably because of the presence of an 
extra hydrolyzed phase. Of commercially available 
calcium fluoride, only optical quality crystals, 
either natural or synthetic, would meet the above 
described immersion test. 

Cerous fluoride was prepared by a rather com- 
plicated procedure. Cerous nitrate solution was 
purified first with H2S, then with ammonium 
sulfide in an alkaline solution of ammonium tartrate. 
Next, eerous oxalate was precipitated and washed. 
The oxalate was then dissolved in nitric acid; the 
solution was reduced with hydrogen peroxide, then 
the fluoride was precipitated with hydrofluoric acid. 
No attempt was made to separate other rare earths 
from cerium. 

The most satisfactory source of manganese proved 
to be an ammonium manganous fluoride which is 
easily precipitated from manganous chloride solution 
with ammonium fluoride. The manganese content of 
this complex fluoride is somewhat variable; samples 
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of it prepared in this laboratory averaged about 
70.0 % MnF2. 

While luminescent preparations can be made 
simply by coprecipitation of the mixed fluorides 
and drying under an infrared lamp, the most 
efficient phosphors were prepared by dry mixing 
the component fluorides and firing at 1000~176 
in an inert atmosphere. Most of the samples prepared 
in this investigation were fired in platinum con- 
tainers in helium or nitrogen at 1100~ Inert gas 
was purified by passage over hot copper and calcium 
hydride. This firing technique produced samples 
with as much as 20% Mn which were perfectly 
white by reflected light and free of any observable 
effects of manganese oxidation. No "skinning" of any 
sample was necessary. 

Representative samples were examined by x-ray 
diffraction. All samples had the fluorite structure. 
Manganese produced a contraction, and cerium 
an expansion of the crystal lattice, as one would 
expect. Only in samples containing 20% cerium 
was an extra unidentified line observed in the x-ray 
pattern. This line could not be correlated with 
any of the reported lines of any fluoride or oxide of 
calcium, cerium, or manganese. 

Calcium Manganous Fluoride Phosphors 
Many references to natural luminescent fluorite 

containing manganese have been made. Emission 
colors are variously reported as green to yellow. 
Synthetic manganese-activated fluorite was pre- 
pared by Wick (9), but no details of its emission 
spectrum were reported. Fig. 1 shows the cathode 
ray excited emission spectra of typical members 
of a series prepared in this laboratory and containing 
from 0.05 to 10.0 mole % Mn. Samples of from 
0.05 % to 1.0 % Mn have an emission peak at 4900 ~.2 
With increasing manganese concentration, the emis- 
sion peak shifts to longer wave lengths. At 5.0 % 
Mn the peak is at 5000 A, while the peak of a 10.0 % 
Mn sample is at 5100 A. A sample containing 20.0 % 
Mn was luminescent only at low temperature under 
cathode rays. None of the above described samples 
was appreciably excited by ultraviolet in the wave 
length range from 2200-4000, although a weak 
excitation band at 4000 A exists in these phosphors 
as will be shown in a later section. 

CaF2(Ce) Phosphors 
Kroger and Bakker (10) have briefly investigated 

calcium fluoride activated by cerium. They report 

= In  concurrent  work, Dr.  A r t h u r  L. Smith,  of Radio 
Corpora t ion  of America,  located the  mnission peak of 
syn the t ic  fluorite cont ining 1.0% M n  at  4950 A. The reason  
for the minor  discrepancy be tween  his and the  present  work 
is not  known, bu t  may  possibly be due to differences in 
e i the r  raw mater ia l s  or p repa ra t ion  technique  employed. 
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FIG. 1. Emission spec t ra  of CaF2: (Mn) under  ca thode  r ay  
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Fro. 2. Reflection spect ra  of CaFs,:(Ce) 

an absorption edge at 3000 ~?t and an emission con- 
sisting of two peaks at 3100 A and 3300 A in a 
sample containing 1.0 % Ce. In a sample containing 
10 % Ce, a third emission peak between 3500 A and 
4000 A was observed. 

In the present work, samples of from 0.01 to 20.0 
mole % cerium were prepared. Absorption spectra 
of this series, as shown by the reflection curves of 
Fig. 2, are much more complicated than the simple 
edge described by Kroger and Bakker. At a con- 
centration of only 0.01% Ce, a single reflection 
minimum corresponding to an absorption band at 
3300 ~- is observed. With concentrations of from 
0.05% to 0.10%, only one additional minimum at 
3050 A is obtained. With concentrations of 0.50 % Ce 
and higher, a band at about 2500 A appears. While 
the absorption band at 3050 A grows continuousl~ 
with increasing cerium content, the band at 2500 A 
grows much more rapidly at the higher cerium 
concentrations. At 1.0 % Ce the 2500 A and 3050 
reflection minima are about equal, while the 2500 
minimum is predominant at all higher cerium con- 
centrations. 

Reflections of more than 100% are obtained at 



250 JOURNAL OF THE ELECTROCHEMICAL SOCIETY May 195~ 

100 
- - . - -  c a  F2 .01% Ce 

O0 - -  " - -  c a  F2 .0~% C~ 
. . . . .  Ca ~ .10% c~ 
--.-- Ca F2 .SO% Ce 

0C - -  c~ F2 1.00% c~ 
. . . .  Ca F2 S.O0% Ce 

~( . . . . . . . .  Ca F2 I0,00~o Cc 

4c *.j 
]C 

2( 

I ( - -  ;" \~" " /  / ' " �9 

( I I I [ I 
2000 l 2 ] 4 5 8 7 8 9 3000 1 2 3 4 5 6 7 B 9 4000 

X IN ANGSTROMS 

~IG. 3. Excitation spectra of CaF2: (Ce) for 3850/~ emis- 
sion band. 

3200 A and in two peaks between 3400 A and 4000 A. 
Apparent reflections of over 100 %, due to lumines- 
cent emission, are obtained whenever the reflection 
spectrum of a phosphor is measured with the sample 
exposed to the total spectrum of the hydrogen lamp 
at the monochromator entrance slit, as was done 
in the present work. 

Growth of the 3300 absorption band as a function 
of cerium concentration is obscured by the presence 
of the 3200 * and 3400 A emission peaks, while the 
growth of the 3050 A absorption band is accentuated 
by its superposition upon the tail of the 2500 
band. However, the presence of both the 3050 
and' 3300 A bands in the sample containing only 
0.05% Ce indicates that both of these bands are 
due to cerium singlets. The appearance of the 2500 
band at only high concentrations of cerium and the 
rapid growth of this band relative to the singlet 
bands as a function of cerium concentration demon- 
strates that the shortest wave length absorption is 
due to cerium aggregates. For the present purpose, 
a cerium aggregate may be defined as consisting of 
at least two cerium ions whose proximity provides 
sufficient interaction to modify the absorption 
properties of the cerium center. The question of 
actual maximum separation of ions of an aggregate 
is left open. 

Excitation spectra of CaF2: (Ce) phosphors cannot 
be completely determined by the usual excitation 
measurement. The close poroximity of the 3050 
absorption and the 3200 A emission bands as well 
as the proximity of the 3300 ]~ absorption to the 
emission at about 3400 A prohibits the measurement 
of the excitation of the two short-wave emission 
bands by conventiona] methods. The technique of 
interposing filters between the phosphor sample 
and the phototube detector in order to separate the 
phosphor emission from light of the exciting wave 
length reflected from the sample surface could not 
be applied, since no filters could be found to effect 
the separation. The excitation spectrum for the 
3800 A emission was obtained in the usual manner 
by employing a Corning ~ 5113 filter. 

Fig. 3 represents the excitation spectra for the 
3800 A emission band. At the lowest cerium con- 
centration a single sharp excitation peak at 3300 ,~ 
is obtained. As the cerium concentration is in- 
creased, a second excitation peak at about 3070 
is observed. This latter peak grows relative to the 
3300 ~_ peak with increasing cerium concentration. 
At a concentration of 0.10 % Ce, an excitation peak 
at 2500 A is well defined, and this peak is the most 
prominent at all higher concentrations, The latter 
excitation peak grows relative to the longer wave 
length excitation peaks with increasing cerium 
concentration, and its rapid growth at high cerium 
content is consistent with the interpretation that  
this peak is due to cerium aggregates. The growth 
of the 3070 /k peak relative to the 3300 A peak is 
not obviously in agreement with the assumption 
tha t  both these absorption bands are due to cerium 
singlets. However, it will be shown in the next 
section that the emission produced upon excitation 
in these two bands is not identical. Therefore, an 
identical behavior in the growth of the two excita- 
tion bands for only the 3800 A emission should not 
necessarily be expected. I t  may be observed that  
the 2500 ,~ and 3070 A excitation bands overlap 
considerably for all cerium concentrations except the 
lowest three, and that  the amount of overlap in- 
creases with increasing cerium content. 

Correction to equal energy of excitation was made 
o 

only in the wave length range 2500-4000 A; con- 
sequently, decrease in excitation shown at wave 
lengths shorter than 2500 A is an exaggeration of 
the true decrease. However, since the excitation peak 
at 2500 A coincides exactly with the absorption peak 
at this wave length, there can be little doubt that  
the peak is correctly located. 
!,. In the behavior of aggregate cerium ions as ab- 
sorbers for 2500 A radiation may lie the explanation 
why relatively high cerium concentrations are neces- 
sary for efficient excitation of other cerium-activated 
phosphors by 2537 A radiation. 

Since excitation spectra for all three emission 
bands could not be determined, information con- 
cerning the emission associated with the individual 
absorption bands was obtained by measuring the 
emission spectra of the phosphors with mono- 
chromatic exciting radiation in each of the three 
absorption bands. Exciting light was rendered mono- 
chromatic by passage through two quartz mono- 
chromators in series. Emission spectra were then 
recorded with a spectroradiometer in the conven- 
tional manner. For excitation in the 2500 A band, 
2537 A radiation was employed, while for excitation 
in the 3070 A band, the 2967 A mercury line was used. 
The source of these mercury lines was an H-4 type 
mercury burner enclosed in a quartz envelope. For 
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FIG. 4. Emission spectra of CaF~:(Ce) 

3300 ~- excitation, a band about 100 ~_ wide centered 
at the desired wave length was selected from the 
spectrum of either an AH-6 water-cooled mercury 
lamp or from a Xenon arc lamp. Emission spectra of 
all samples of the series were similar under any 
particular type of excitation. The emission of 
samples containing 0.10% Ce and 1.0% Ce are 
shown in Fig. 4. Under 3300 ~- excitation, an emis- 
sion consisting of a single peak at 3850 A is obtained 
from the 1.0 % Ce sample, while the emission of the 
0.10 % Ce sample shows resolution with a second 
peak at about 3650 A. With both 2537 A and 
2967 A excitation, emission peaks at 3200 A and 
3450 A, as well as the 3850 A peak, are observed. 
Minor variations in both peak positions and in 
their relative intensities were obtained as a function 
of cerium concentration, but emission spectra 
shown are typical for all members of the series. 
I t  can be observed with reference to Fig. 3 that 
excitation with 2967 ~. radiation will result in 
absorption in both singlet and in aggregate cerium 
centers because of the overlap of the absorption 
bands of these centers at high cerium concentration. 
However, for cerium concentrations of 0.50% and 
lower, the overlap at 2967 .~ is insignificant so that 
it can be stated with certainty that absorption in 
both the 3050 A and 2500 A bands produces all 
three emission peaks. 

CaF~:(Ce + Mn) Phosphors 

While calcium fluoride activated separately by 
cerium and by manganese has been previously 
prepared, no sensitized combination of these two 
activators in fluorite seems to have been reported. 
In the present investigation, sensitized luminescence 
was observed in samples containing from 0.01% to 
20.0 % Ce and 0.05 % to 20.0 % Mn. Optimum con- 
eentration for 2537 A excitation was found to be in 
the region of 1.0% to 10.0Tool both cerium and 
manganese. 

Reflection Spectra 

Reflection spectra of sensitized phosphors are 
similar to those of phosphors containing only 
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5. Reflection spectra of CaF~: (!3.0% Mn, varying 

cerium. Fig. 5 shows the reflection spectra of a series 
of samples of 5.0 % Mn and of varying cerium con- 
centration. The three absorption bands found are 
located at the same wave lengths as in phosphors 
activated by cerium alone. The only distinguishing 
difference between the data of Fig. 5 and the reflec- 
tion spectra,of CaF~:(Ce) phosphors is the smaller 
amount of ultraviolet emission obtained from phos- 
phors containing manganese. Ultraviolet emission 
of these phosphors is depressed by transfer of energy 
to manganese, resulting in visible emission. 

Reflection spectra of another series of phosphors 
of the same cerium contents but of 0.50 % Mn were 
found to be identical with those of the 5.0% Mn 
phosphors except for the magnitude of the ultra- 
violet emission. The reflection spectra of two series 
of samples of constant cerium concentration but of 
varying manganese content from 0.05 % to 20.0 % 
were also determined. For samples of both 0.10% 
Ce and 1.0 % Ce, reflection spectra were independent 
of manganese concentration, except in regard to 
the magnitude of the ultraviolet emission. I t  may, 
therefore, be c oncuded that  no new absorption 
bands are introdueeld by the presence of cerium + 
manganese pairs. In this respect, the sensitized 
calcium fluoride phosphor resembles most sensitized 
phosphors whose absorption spectra have been inves- 
tigated. Notably, it differs from CaSiOa : (Pb + Mn) 
in which Pb + Mn pairs appear to have a discrete 
absorption (7). 

Excitation of Ce Emission 

Excitation spectra for the 3850 A-peake'd ultra- 
violet emission of the CaF2:5 % Mn, Ce phosphors 
are shown in Fig. 6. Again, correction to equal 
energy of excitation was made only to 2500 A. 
For all samples, the excitation peak in the region of 
3300 A is predominant. Poor sensitization of man- 
ganese should, therefore, be obtained at this wave 
length. The rapid growth of a 2500 ~_ excitation 
band due to cerium aggregates is not demon- 
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Fro. 6. Excitation spectra for 3850 A enussion band of 
CaF2: (5.0% Mn, varying Ce). 

strated in these curves. This growth should not be 
expected if good sensitization of manganese occurs 
in this baud. In none of the samples is the 3050 
excitation band well resolved, indicating that  good 
sensitization should occur at this wave length. 

Excitat ion spectra for ultraviolet emission ob- 
tained with other phosphor series were in agreement 
with the data  for the series illustrated. A series 
containing constant 0.50 % Mn  andovarying cerium 
concentrations showed the 2500 A and 3050 
bands in greater intensity relative to the 3000 
band than was obtained with the 5.0 % Mn series. 
Since at lower manganese concentration the oppor- 
tuni ty for energy transfer and emission from man- 
ganese is lower than in the phosphors of 5.0 % Mn, 
excitation spectra should more nearly resemble the 
data obtained for CaF2:(Ce) phosphors. Measure- 
ments on phosphors of constant cerium but of vary- 
ing manganese concentrations gave results also in 
agreement with data reported above. With 0.10% 
Ce and low manganese concentration, strong ultra- 
violet excitation peaks at 3050 A and 3300 ~ are 
obtained. As manganese is increased, the 3050 A peak 
is suppressed. With 1.0% Ce present, excitation 
peaks at  2500 A, 3050 A, and 3a00 s are obtained 
with low manganese content. As the manganese 
concentration of this series is increased, the two short 
wave length peaks are reduced relative to the 3300 
peak, indicating efficient sensitization of manganese 
in both the short wave length absorption bands. 

Ultraviolet Emission Spectra 

Ultraviolet emission spectra of Mn-aet ivated 
CaF~: Ce phosphors varied very  little as a function 
of cerium concentration. As in the case of the 
phosphors activated with cerium alone, three emis- 
sion peaks were obtained with either 2537 X or 
2967 A excitation, but  only a single peak at about 
3800 A was obtained with excitation at 3300 A. 
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v a r y i n g  M n ) .  

Minor differences occurred in the relative heights 
of the three emission bands of some samples, bu t  
no regular variation of peak intensities was found 
as a function of cerium concentration. 

A more significant variation of ultraviolet emis- 
sion spectra of phosphors of constant cerium but  
varying manganese concentration was obtained. As 
shown in Fig. 7 the 3800 A emission of samples of 
1.0% Ce is depressed relative to two short-wave 
emission bands with increasing manganese con- 
centration. At a concentrat ion of 5.0% Mn, the 
3800 A band is no longer distinguishab!e. Emission 
spectra shown were obtained with 2967 A excitation. 
Results with 2537 A excitation were similar. 

Excitation Spectra of Manganese Emission 

Excitat ion spectra of the manganese emission 
of a series of samples with 5.0 % Mn are shown in 
Fig. 8. As expected, poor excitation occurs in the 
3300 A band. All samples have a strong excitation 
at 3050 A. while the 2500 A band grows relative to 
the 3050 Zt band with increasing cerium content in 
agreement with the assumption that  it is due to 
aggregated cerium ions. While aggregates of ac- 
t ivators are recognized as luminescent centers jn 

2000 i 2 3 4 5 0 7 B 9 3000 ~ 2 3 4 5 0 l 8 9 4000 
X IN ANGSTROMS 

F r o .  8. E x c i t a t i o n  s p e c t r a  f o r  m a n g a n e s e  e m i s s i o n  o f  

C a F 0 :  ( 5 . 0 %  M n ,  v a r y i n g  C e ) .  
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TABLE II .  CaF2:5.0% Mn--2967 A excitation 

FIG. 9. Manganese emission speetr~ of CaF2: (5.0% Mn, 
varying Ce) under monochromatic 2537 A excitation. 

many systems, no previous evidence for the behavior 
of aggregated ions as sensitizers for manganese ap- 
pears to have been reported. The very  slight rise in 
excitation at 4000 A is real. From measurements on 
samples of varying manganese content it was found 
tha t  this band peaks at about  4000 A and is de- 
pendent on manganese, not upon cerium, concen- 
tration. I t  is apparently duc to a weak manganese 
absorption band. 

Manganese Emiss ion  Spectra 

Manganese emission spectra under optical ex- 
citation were obtained with monochromatic ex- 
citation from the double monochromator  arrange- 
ment mentioned earlier. Since the excitation energy 
available at 2537 A is very low with this arrange- 
meat,  a 11)21 photomultiplier tube was used as the 
detector in the spectroradiometer. Use of this tube 
prevented reliable calibration of the system at wave 
lengths longer than 6000 A. 

Emission spectra of a series of samples of 5.0 % 
Mn and of varying Ce concentration obtained with 
2537 A excitation is shown in Fig. 9. Increasing 
cerium content shifts the emission to longer wave 
lengths. A shift from 5150 A to 5550 ~X in the emis- 
sion peak is obtained upon a cerium concentration 
increase from 0.10 % to 20.0 %. Emission spectra of 
samples containing less than 0.10 % Ce could not be 
obtained with 2537 A excitation because of the low 
concentration of cerium aggregates in these samples. 

TABLE I. C~F2:5.0% Mn--2587 A excitation 

1 Q~ Ce '70 Ce 

0.01 
0.05 1.8 
0.10 3.0 
0.50 7.5 
1.0 7.4 
5.0 6.8 

10.0 7.0 
20.0 7.1 

QE3Mn 

5.1 
20.9 
32.7 
87.7 
75.9 
82.6 
87.7 
76.7 

Tota~ QE B ~ E M r  
QECe 

5.5 11.6 
22,7 11.6 
35.7 10.9 
95.2 11.7 
83.3 10.2 
89.4 12.1 
94.7 12.5 
83.8 10.8 

6 
K 

49.3 
49.3 
48.2 
49.5 
47.0 
50.1 
50.7 
48.1 

1 
% Ce 

0.01 9.0 
0.05 12.5 
0.10 14.5 
0.50 10,4 
1.0 9.2 
5.0 7.0 

10.0 7,1 
20.0 6.3 

39.6 
58.8 
68.3 
62.0 
60.7 
66.6 
72.8 
62.2 

4 
Total  QE 

48.6 
71.3 
82.8 
72.4 
69.9 
73.6 
79.9 
68.5 

5 
B QEMr 

4.4 
4.7 
4.7 
6.0 
6.6 
9,4 

10.2 
9,8 

6 
K 

32.8 
33.9 
33.9 

On ly  m a n g a n e s e  ions coupled  to  a g g r e g a t e d  
ce r ium abso rb ing  cen te r s  arc  exc i t ed  b y  2537 A. 
Di f fe ren t  emiss ion s p e c t r a  were o b t a i n e d  u p o n  
exc i t a t ion  in the  3050 ,~ a b s o r p t i o n  b a n d  of ce r ium 
singlets  and  u p o n  exc i t a t i on  wi th  c a thode  rays .  
F u r t h e r  de ta i l s  of the  emiss ion s p e c t r a  of these  
phospho r s  will  be r e p o r t e d  in a s e p a r a t e  pub l i ca t ion .  

Quantum E~ciency 

Q u a n t u m  efficiencies of two  series of phospho r s  
were m e a s u r e d  b y  a m e t h o d  s imi la r  to  t h a t  de-  
sc r ibed  b y  K r o g e r  (11). S e p a r a t i o n  of the  ce r ium 
and  m a n g a n e s e  emiss ions  was m a d e  wi th  fil ters.  
C o m i n g  is 5970 was  e m p l o y e d  for the  u l t r a v i o l e t  
m e a s u r e m e n t  and  Corn ing  iS 3387 was used  for  t he  
v is ib le  emission.  D e t a i l s  of the  m e t h o d  of measu re -  
m e a t  will be r e p o r t e d  sepa ra t e ly .  

Q u a n t u m  efficiencies of samples  con ta in ing  e i the r  
5.0 % M n  or 0.50 % M n  and  0 .01% to  20.0 % Ce are  
shown in co lumns  2, 3, arid 4 of Tab l e s  I ,  I I ,  I I I ,  
and  IV.  Sa mp le s  of lower  m a n g a n e s e  con ten t  could  
no t  tie m e a s u r e d  wi th  a n y  accuracy .  T o t a l  q u a n t u m  
efficiencies as h igh  as 95% were o b t a i n e d  w i t h  
some samples  of 5 .0% M n ,  while  the  m a x i m u m  
t o t a l  q u a n t u m  efficiency o b t a i n e d  w i th  samples  of 
0.50 % M n  was a b o u t  82 %. T h e  t ab le s  i nd ica t e  t h a t  
h igh  t r ans fe r  efficiency, ev idenced  b y  h igh  q u a n t u m  
efficiency for m a n g a n e s e  emission,  is o b t a i n e d  when  
the  5 .0% M n  p h o s p h o r s  a re  exc i t ed  in e i the r  t h e  
a b s o r p t i o n  b a n d  of ce r ium s ingle ts  or in the  a g g r e g a t e d  

cer ium a b s o r p t i o n  b a n d .  

TABLE III .  CaF2:0.50% Mn---2537 A excitation 

0.05 
0.10 
0.50 
1.0 
5.0 

10.0 
20.0 

1 2 
% Ce QE Ce 

1.8 
8.6 

58.0 
62.8 
41.4 
38.2 
47.8 

3 4 3hEM n 
Q E M n n  TotalQEE B = ~ C e -  

19.5 77.5 0.34 
19.6 82.4 0.31 
18.7 60.1 0.45 
20.0 58.2 0.52 
19.0 66.8 0.40 

6 
K 

59.2 
69.2 
57.8 
53.3 
73.4 
82.6 
66.4 
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TABLE IV. CaF~:0.50% Mn--2967 A excitation 

02 r 1 
% Ce 

0.05 40.2 
0.10 59.5 
0.50 61.7 
1.0 61.9 
5.0 38.2 

10.0 36.0 
20.0 41.8 

QE3Mn 4 Total QE 

6.8 47.0 
11.9 71.4 
15.8 77.5 
18.1 80.0 
18.2 56.4 
16.4 52.4 
15.0 56.8 

s E 
QEMn 

0.17 
0.20 
0.26 
0.29 
0.48 
0.46 
0.36 

31.0 
36.0 

DISCUSSION 

Several explanations of the phenomenon of 
sensitized luminescence have been proposed. These 
explanations have been reviewed by Borden (8). 
Since some of the mechanisms had been disproved 
on the basis of experimental evidence, Botden was 
concerned with the evaluation of three theories. 

The first theory attributes transport of energy 
from sensitizer to activator to a so-called long wave 
exciton of the base lattice. The optical absorption 
of this exciton is assumed to be forbidden so that its 
existence is not normally recognized. This mecha- 
nism was suggested but not indorsed by Borden and 
Kroger (6). 

A second theory proposed by Borden and Kroger 
ascribes excitation of the manganese activator to a 
direct transfer of energy between neighboring 
sensitizer and activator. Transfer between only 
nearest neighbor "pairs" of activators and sen- 
sitizers is assumed possible. To account for the 
high transfer efficiency existing in efficient phos- 
phors, Botden and Kroger assumed that there is a 
preferential production of activator-sensitizer pairs 
in the phosphor synthesis. These authors also suggest 
that an excited sensitizer ion may transfer its energy 
to a neighboring sensitizer ion and hence to an 
activator, in order to account for the high transfer 
efficiency observed. 

The third theory is that of Schulman (7) who 
proposed that energy is transferred from sensitizer 
to activator over distances greater than those 
separating only nearest neighbor pairs. From 
measurements of the absorption spectra of CaSiO~: 
(Pb q- Mn), Schulman concluded that transfer from 
an excited lead ion could take place to about the 
nearest 28 manganese ions. 

Botden's critical evaluation of the three theories 
was based upon their predictions of the dependence 
of the ratio 

B = quantum efficiency of manganese emission 
quantum efficiency of sensitizer emission 

upon the sensitizer concentration at constant 
manganese concentration. He demonstrated that 

the first two theories predicted a decrease in B with 
increasing sensitizer concentration, whereas the 
third theory predicted no dependence of B upon 
sensitizer content. Botden found experimentally that  
in the systems Ca3(PO4)~:(Ce + Mn), Sr3(PO4)2: 
(Sn + Mn), Ca:P~OT:(Sn + Mn), Mg~P2OT:(Ce + 
Th + Mn) (12), and 3Ca~(POt)~.CaFe: (Sb + Mn) 
that  B increased with increasing sensitizer concentra- 
tion in disagreementwith all three theories. Therefore, 
he concluded that all three were either incorrect or 
incomplete. He further demonstrated that an 
extension of Schulman's explanation which included 
the transfer of energy from sensitizer to activator 
via other sensitizer ions would account for the 
dependence of B upon sensitizer concentration. His 
calculation of K (the number of cation sites sur- 
rounding an excited sensitizer to any one of which 
energy may be transferred if it is occupied by an 
activator) gave values from 26 to 50 in agreement 
with the value obtained by Schulman. 

Values of B, the ratio of manganese to cerium 
quantum efficiencies, for both 2537 A and 2967 
excitation are shown in column 5, Tables I, II, III ,  
and IV. Under 2537 /~ excitation, there is no in- 
crease of B with increasing cerium concentration. 
This is obviously apparent from data of the series of 
samples containing 5.0% Mn. While data of the 
samples containing 0.50% Mn show some scatter 
because of poorer precision in the measurement of 
these less efficient samples, nothing resembling a real 
increase in B with cerium content can be observed. 
With 2967 A excitation, a constant B is obtained up 
to a concentration of 0.10% Ce in the 5.0% Mn 
phosphors. Less data at low cerium concentration 
are available for the 0.50 % Mn concentration, but, 
for this manganese concentration as well, B can be 
interpreted as constant up to 0.10% Ce. At con- 
centrations of 0.50% Ce and greater, B increases 
with increasing Ce concentration under 2967 /k in 
agreement with the results of Botden. 

The behavior of CaF2: (Ce q- Mn) suggests an 
explanation of the dependence of B upon cerium 
concentration which does not involve transfer of 
energy between sensitizers. 

A dependence of B upon sensitizer concentration in 
the absence of any sensitizer to sensitizer transfer 
can be expected in a system in which: (a) two species 
of sensitizers with different transfer ranges (K) 
exist; (b) the species of sensitizer with the greater 
transfer range is favored by an increase in sensitizer 
concentration; (c) the excitation energy is shared by 
the two sensitizer species. As the sensitizer concen- 
tration is increased, more of the excitation energy 
is absorbed by sensitizing centers with the greater 
transfer range. The increased transfer range of the 
system makes manganese emission more probable 
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with respect to sensitizer emission since the excited 
sensitizers have an opportunity to transfer energy 
to activator centers situated at greater distances from 
the sensitizer. Therefore, the ratio B will increase 
with increasing sensitizer content. 

Sensitized System 

In order to conclude that the foregoing mechanism 
takes place in a sensitized system it is necessary to 
demonstrate that: 

1. Two species of sensitizer centers exist in the 
system with one type favored at higher sensitizer 
concentrations. 

2. No sensitizer-to-sensitizer transfer takes place 
when each type of center is excited separately. 
Evidence for this must be no dependence of B upon 
sensitizer concentration when the centers are 
separately excited. 

3. The sensitizer species favored at high sensitizer 
concentration must have a greater transfer range (K). 

4. An increase of B is obtained with increasing 
sensitizer content when the excitation energy is 
shared by the two types of absorbing centers. 

An examination of the data obtained from 
CaF2: (Ce + Mn) reveals that this system meets all 
four specifications listed. 

1. Both reflection and excitation data demon- 
strate that two types of sensitizer species exist with 
different absorption and excitation bands. The 
3050 A and 3300 A bands appear at low cerium 
concentrations, while the 2500 A band is created 
only at higher cerium contents and grows relative to 
the long wave length bands with increasing cerium 
concentration. The assignment of the long wave 
length bands to cerium singlets and the 2500 
bands to aggregated cerium ions is an obvious 
designation. 

2. No increase in B is observed from the data of 
Tables I and I I l  under 2537 A. This indicates that 
no sensitizer-to-sensitizer transfer occurs upon 
excitation in the aggregated cerium absorption 
band. B increases with cerium content under 
2967 A only in samples containing more than 0.10 % 
Ce. From the excitation spectra of Fig. 6 and 8 it 
may be seen that considerable overlap of the singlet 
and aggregate cerium excitation bands exists at 
2967 A in samples with concentrations of cerium 
higher than 0.10 %. It  is therefore only in the samples 
of 0.10% and lower cerium concentration that 
2967 A radiation excites only singlet cerium ab- 
sorbers. Within this concentration range no de- 
pendence of B upon cerium content is observed under 
2967 A as well. I t  can therefore be concluded that 
no evidence for a transfer of energy from sensitizer 
to sensitizer exists. 

3. The transfer range of aggregated cerium ions is 

greater than the range of cerium singlets. The transfer 
range K may be determined from the ratio B ac- 
cording to the relationship 

1 - (1 - XMn) K 
B = (I) 

(1 - -  XMn) K 

in which X Mn is the mole fraction of manganese. 
The formula represents the ratio of the number of 
sensitizers having at least one manganous ion 
within the nearest K cation sites to the number of 
sensitizers not having a manganous ion within this 
range of lattice positions. No specification to denote 
either the presence or absence of sensitizer aggregates 
is needed in the formula since this specification would 
appear in both the numerator and denominator of 
the expression. In this relationship, radiationless 
transitions are neglected. The derivation of this ratio 
was made by Schulman (7) who related it to the 
ratio of Pb + Mn pair absorption to Pb singlet 
absorption in CaSiO3: (Pb + Mn). The relation of 
the same expression to B, the ratio of the quantum 
efficiencies of activator to sensitizer emission, was 
made by Borden (8), who concluded that its use is 
not justified for systems in which an energy transfer 
between sensitizers takes place. However, the 
demonstration that no sensitizer-to-sensitizer energy 
transfer takes place in calcium fluoride justifies the 
use of the formula with this system. Values of K 
calculated from the above formula are tabulated in 
column 6 of Tables I, II, III, and IV. The transfer 
range of singlet cerium sensitizers is found to be 
about 35, and good agreement is found in the data 
for both manganese concentrations. The value of K 
found for  aggregate cerium sensitizers in the case of 
the 5.0% Mn samples is about 50, whereas in the 
case of 0.50 % Mn the average value of K was found 
to be 66. 

4. An increase of B as a function of cerium con- 
centration is obtained when both the aggregate 
and singlet cerium sensitizers are simultaneously 
excited. I t  may be observed with reference to Fig. 6 
and 8 that because of the overlap of the aggregate 

o 

and singlet cerium excitation bands at 2967 A, 
excitation energy of this wave length is shared by 
the two species of sensitizer ions. As the cerium 
concentration is increased, an increased number 
of sensitizer aggregates are formed, and the ratio of 
aggregates to singlets increases. Since aggregates 
have a greater transfer range than singlets, an 
increase in B is observed as a function of cerium 
concentration under 2967/k excitation. From excita- 
tion data, it appears that significant overlap of 
excitation bands occurs only at concentration of 
0.50% Ce and greater. An increase in B as a func- 
tion of cerium should be observed, therefore, only 
within this concentration range. The latter con- 
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clusion is corroborated by  the data  of Tables 
I I  and IV. 

No variation in K as a function of either man- 
ganese or cerium content is predicted by  the de r iva  
tion of equation (I). No variation of K for singlet 
cerium sensitizers is obtained, nor is any variation 
of K for aggregate cerium sensitizers observed in the 
5.0 % Mn series. In the samples of 0.50 % Mn, the 
value of K for cerium aggregates shows a spread 
from 53.3 to 82.6. Since this spread is simply a 
scatter, not  a regular function of the cerium content,  
it must  be within the limits of experimental error 
for these samples. Bet ter  precision in the determina- 
tion of K at higher manganese concentrations is to be 
expected. Not  only are samples of higher manganese 
concentration more easily reproducible since small 
errors in manganese content are less significant, 
but  the value of K is a less sensitive function of B at 
the higher manganese content. At a value of K = 50, 
the slope of the curve of K vs. B has a value of 
about  150 for 0.50% Mn, whereas the slope of the 
curve for 5.0 % Mn at the same value of K is only 
about 1.5. The values of the slope were calculated 
from 

dK - (i -- XMn)  ~ 
dB ln(1 -- XMn)  

Therefore, although it appears more desirable to 
calculate K from data  obtained at high manganese 
content in order to obtain bet ter  precision, it is 
necessary to demonstrate tha t  no sensitizer-to- 
sensitizer transfer exists at low manganese contents 
as well, for at high manganese contents, sensitizer- 
to-sensitizer transfer should not be expected since 
the probabili ty tha t  at least one of the K sites around 
a sensitizer ion is occupied by an activator is so 
great tha t  energy transfer between sensitizers is 
improbable. The probabili ty tha t  at least one of the 
K sites is occupied by an act ivator  in a sample 
containing 5.0 % Mn with K = 50 is 0.92. However,  
at a concentration of 0.50% Mn with the same 
values of K, the probabili ty is only 0.22. Therefore, 
if sensitizer-to-sensitizer transfer existed in the 
calcium fluoride system, it would have appeared at 
the lower manganese concentration. 

From the determination of K it may  be con- 
cluded that  the transfer range of aggregate cerium 
sensitizers is about 50 % greater than  that  of cerium 
singlet centers. This is based on the value of K 
for cerium aggregates obtained at  high manganese 
concentration, where the determination is made with 
bet ter  precision. 

Interpretations of Difference in K 

The simplest explanation of the higher value of K 
for cerium aggregates might be based on the geometry 
of the phosphor system. A cerium aggregate could be 

considered as consisting of a pair of singlet cerium 
sensitizers whose fields of possible transfer sites (K) 
overlap. Sensitization of a manganous ion si tuated 
at any lattice site included in the overlapping fields 
could occur following absorption in either of the 
cerium ions of the aggregate. Transfer  from the 
more remote sensitizer to the act ivator  could take 
place via the intermediate sensitizer. This process 
would involve a limited type  of sensitizer-to- 
sensitizer transfer which is restricted to cerium ions 
constituting an aggregate. While this explanation 
cannot be completely excluded, it is not  part icularly 
attractive.  In regarding a cerium aggregate as a pair 
of singlet sensitizers, absorption and excitation 
properties which distinguish the aggregate center 
from the singlet center are overlooked. Moreover ,  
fur ther  evidence against this explanation may  be 
derived from manganese emission spectra. Excita-  
t ion of cerium singlets produces a manganese emis- 
sion situated at  shorter wave lengths than  the 
manganese emission observed upon excitation of 
cerium aggregates. According to the intermediate 
transfer scheme, the manganese emission spectrum 
should be affected only by  the cerium ion from which 
it receives the transferred energy directly. This 
would be particularly true if the separation between 
cerium ions constituting an aggregate is greater 
than the distance between nearest cation neighbors. 

A second interpretat ion of the difference in K 
for singlet and aggregate sensitizers is more plausible. 
F rom the excitation data  of Fig. 2 and 6, it  may  be 
observed tha t  the 3050 A and 3300 :k excitation 
bands overlap at all cerium concentrations. I t  has 
been demonstrated tha t  poor excitation of man- 
ganese occurs upon excitation in the 3300 A band 
while efficient excitation takes place upon irradiation 
at 3050 ~.. Obviously at all cerium contents the 
excitation energy is shared by the two excited states 

o 

of the cerium singlet ion upon excitation at  2967 A, 
while it is only from the higher of these two states 
tha t  efficient transfer can proceed. In the determina- 
tion of B it is assumed that  energy transfer is gov- 
erned only by  the consideration tha t  a manganese 
ion is si tuated sufficiently near to a sensitizer ion. 
The probabil i ty tha t  a sensitizer ion is in an excited 
state from which transfer can proceed is assumed to 
be unity.  In the case of 2967 :k excitation, this 
probabil i ty is less than  uni ty  since the absorbed 
quantum can produce excitation of the sensitizer to 
either of two states. If an expression which in- 
corporates this probabil i ty could be used to define 
B, a higher value of K than tha t  reported here for 
cerium singlets would be necessary in order to ac- 
count for the measured value of B. Since no way of 
approximating a value of this probabil i ty is at hand, 
the determination of K for cerium singlets cannot be 
further  refined at the present time. 
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Although this interpretat ion invalidates the value 
of K obtained for cerium singlet, s, i t  does not affect 
the value determined for cerium aggregates. I t  does 
not  concern the demonstrat ion that  no sensitizer-to- 
sensitizer transfer occurs in this system and that  the 
observed variation in B under 2967 fi~ excitation at 
high sensitizer concentrations is due to the com- 
petit ion of two types of sensitizing centers. 

Although the absence of sensitizer-to-sensitizer 
transfer has been shown in the CaF2:(Ce + Mn) 
system, its existence in other systems as proposed by  
Borden may be quite correct. However, it should be 
pointed out tha t  in the systems discussed by Borden 
the existence of two types of sensitizer species with 
different transfer ranges was not considered, although 
aggregates of sensitizers existed in the concentration 
range he studied. For  none of these systems is 
sufficient absorption and excitation data  available to 
determine whether aggregated sensitizers constitute 
a distinct species of sensitizer center. 
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Effect of  Solvents and Electrolytes on Polarograms 
of  Carbon Tetrachloride 1 

JOHAN J. LOTHE 2 AND •. B. ROGERS 

Department of Chemistry and Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Polarographic reduction of carbon tetrachloride has been studied in different mixtures 
of organic solvents with water, using a number of alkali halides and tetraalkylammonium 
halides as supporting electrolytes. On the positive side of the electrocapillary maximum 
of mercury, a marked effect of the nature of the anion of the supporting electrolyte on the 
half-wave potential was observed. On the negative side of the electrocapillary maximum, 
the cation effected a similar change. It was further observed that reduction became more 
difficult with increasing concentration of organic solvent. The last can be interpreted in 
terms of a change in activation energy of the electron transfer process. An equation has 
been derived which gives the effect of r on the observed half-wave potential for 
irreversible reactions where the rate of the electron transfer process is the limiting factor. 
This has been verified experimentally with carbon tetrachloride. Finally, factors govern- 
ing the occurrence of maxima on the polarographic wave in predominantly aqueous 
solutions have been investigated. 

~NTRODUCTION 

During recent years a steadily increasing amount  
of work has been done on the polarographic reduc- 
tion of organic halides (1-6). Von Staekelberg and 
Stracke (2) found tha t  the half-wave potentials  of 
halogenated hydrocarbons are independent  of the 
pH of the medium, and tha t  iodides are reduced 
more easily than  bromides, and these, in turn, more 
easily than  chlorides. By  controlled-potential,  large- 
scale electrolysis of some halogenated hydrocarbons 
showed tha t  in most  cases waves represented con- 
version of a carbon-halogen bond to a carbon- 
hydrogen bond according to the following all-over 
scheme: 

R X  -~ 2e ~- H20 --* R H  ~ X -  ~- O H -  

For halogenated organic acids, the polarographic 
wave is pH-dependent  and is shifted to more 
negative values with increasing p H  (3-5). Elving 
and coworkers (5), s tudying the polarographic wave 
of a-bromo-n-butyr ic  acid, found tha t  an increase in 
ionic s t rength in the alkaline region displaced the 
half-wave potential  to more positive values, whereas 
the effect was opposite in the low p H  region and 
much less pronounced. In  some cases, they  observed 
tha t  the half-wave potential,  at  constant  p H  and 
ionic strength,  depended on the kind of buffer used. 

Shreve and Markham  (7) reported on the effect of 
organic solvent on the polarographic reduction of 
p-nitroaniline. A marked  shift of the half-wave 
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potent ia l  to more  negat ive values occurred wi th  
increasing ethanol concentration. 

Only scat tered remarks  can be found in the 
l i terature about  the effect of organic solvents on 
polarographic reduction of organic halogen com- 
pounds. I t  has been reported tha t  half-wave po- 
tentials for halogenated acetones are shifted to more  
negative values by the addition of alcohol (8). Von 
Stackelberg and Stracke (2), working in a 90% 
butanol-water  solution, found half-wave potent ia ls  
up to 0.10 volt  more negative than  corresponding 
potentials  in a 75 % dioxane-water solution. Gergely 
and Iredale (6) mentioned, without  data,  t ha t  the 
half-wave potent ia l  for some aromat ic  iodo com- 
pounds was a function of the ionic strength,  the 
alcohol content  of the solution, and the nature  of 
the cation of the support ing electrolyte. Rosenthal ,  
Albright, and Elving (9) found tha t  increasing 
ethanol  concentrat ion in the alkaline region shifted 
the half-wave potent ia l  of 2-bromo-n-alkanoic acids 
to  more  negat ive values, whereas, in the acid region, 
evidence of a shift was inconclusive. 

A stepwise removal  of the halogen a toms has been 
reported for carbon tetrachloride (2, 10). In  75% 
dioxane and 0.05M te t r ae thy lammonium bromide,  
two waves were observed (2) with half-wave po- 
tentials of --0.78 volt  and - 1 . 7 1  volts. The  la t ter  
corresponds well to the wave at  - 1 . 6 7  volts for the 
reduction of chloroform. In  a (2: 1) methanol -wate r  
mixture  containing 0.10M t e t r a m e t h y l a m m o n i u m  
bromide (10), waves for carbon tetrachloride were 
found at --0.75 volt and -1.70 volts and, for 
chloroform, at --1.70 volts. In this laboratory (11) 
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carbon tetrachloride gave a wave at  - 1 . 0 1  volts 
in 75% dioxane and 0.10M lithium chloride. I t  is 
obvious tha t  the medium has a profound effect upon 
reduction, and tha t  a more systematic  investigation 
of the influence of the medium on the half-wave 
potent ial  is needed. With  more data  on polarographic 
reduction of organic halogen compounds it should 
eventually be possible to formulate the reaction 
mechanism. 

The present investigation deals with polarographic 
reduction of carbon tetrachloride in mixtures of 
methanol  and water,  n-propanol and water,  acetone 
and water, and a (1:1) mixture of benzene and  
methanol ,  using various inorganic salts and tetra-  
a lkylammonium halides as the supporting electrolyte. 
In  a few instances, the effect of ionic s trength on the 
half-wave potential  and the influence of concentra- 
tion of carbon tetrachloride on the wave-shape are 
also reported. Polarographic reduction of chloroform 
was investigated briefly in methanol-water  mixtures 
to allow comparisons to be made with the second 
wave of carbon tetrachloride. 

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

Chemicals . - -Mal l inckrodt ' s  "analyt ical  reagent"  
grade of carbon tetrachloride, chloroform, methanol,  
acetone, and benzene was used without  further  
purification. The  n-propanol was Eas tman  white 
label. All the salts used were polarographically pure. 

A p p a r a t u s . - - M e a s u r e m e n t s  of polarographic 
waves were made manual ly  with a Sargent Model 
X I I  Polarograph.  In  some cases a Sargent  Model 
X X I  Recording Polarograph was used to s tudy 
wave-shapes. Applied potentials were measured a t  
each setting against  a potentiometer.  All potent ia l  
measurements  were made against  an external 
sa tura ted  calomel electrode (S.C.E.) at  27~ 
The S.C.E. was connected to the sample cell by  
means of an agar bridge. Potass ium chloride was 
used as the salt in the bridge for runs with an in- 
organic salt as support ing electrolyte. When using a 
t e t raa lky lammonium halide as electrolyte, the last 
par t  of the bridge was made of t e t rae thy lammonium 
bromide. Resistance of the circuit was measured 
with a Serfass Conductance Bridge, Model  RC M 15. 
The  capillary used had a value for m of 1.46 
mg2/Vsec~/S at  open circuit in 0.1M potassium 

chloride. 
Preparation of the so lu t ions . - -The  supporting 

electrolyte was dissolved in 25 ml of a mixture  of the 
organic solvent and water.  Carbon tetrachloride 
was added in form of 0.50 ml of a 6.9 X 10 -2 M 
solution in the pure organic solvent. Since this 
investigation was pr imari ly  concerned with the 
effect of the medium on the half-wave potential,  no 

measurements  were taken to determine exact con- 
centrations of organic halide in solutions. 

Procedure. Nitrogen was passed through a 
port ion of the support ing electrolyte before going 
through the solution in the polarographic cell. 
Deaerat ion of 30 rain for predominant ly  organic 
solutions and 15 min for p redominant ly  aqueous 
solutions was found to be sufficient to remove 
oxygen. Then,  0.50 ml  of the stock solution of the 
alkyl halide was added and the mixture  flushed for 
an additional period. In  the pure organic solvents 
one could flush for several minutes  wi thout  a 
significant decrease of concentrat ion of the alkyl 
halide, whereas in water  only a few seconds of 
degassing was possible, owing to the high volat i l i ty 
of the alkyl halide in this medium. 

All the da ta  were corrected for residual current  as 
obtained from a blank (prepared in a similar way  
by  adding 0.50 ml of pure organic solvent) and for 
/R-drop.  Unless otherwise stated,  experiments  were 
run at  a head of mercury  of 78 cm, and the solutions 
were 0.05M in support ing electrolyte. 

R E S U L T S  

Effect of Organic Solvents on Hal f -Wave  Potentials of 
Carbon Tetrachloride 

Table  I gives the half-wave potent ial  for the first 
wave of carbon tetrachloride in a series of methanol-  
water  mixtures. With  all salts studied, changing 
from water  to 20 % methanol  had little or no effect 
on the half-wave potential.  Beyond 20 % the half- 
wave potential  rapidly became more negative and 
then more or less leveled off, depending on the 
support ing electrolyte, at  very  high concentrat ions 
of organic solvent. 

The second half-wave potential  (Table I I )  was 
also shifted to more negative values by  addition of 
methanol ;  the effect was, however, less pronounced.  
In  all mixtures investigated, the second half-wave 
potential  of carbon tetrachloride was practically 

TABLE I. Effect of the concentration of methanol and the 
nature of the 0.05M supporting electrolyte on half-wave 
potentials vs. S. C. E. of the first wave of carbon tetrachloride. 
Vahtes are for --E1/2 

Vol. ratio 
methanol/ 

water 

Meth- 
anol 
5:1 
2:1 
1:1 
2:3 
1:4 

Water 

2iNOa 

1.09 

0.95 
0.78 

0.46 
0.35 
0.35 

LiC1 

1.10 

0.95 
0.80 
0.5~ 
0.47 
0.35 
0.35 

LiBr 

1.08 

0.95 
0.78 
0.60 
0.48 
0.40 
0.40 

KI 

1.08 I 

0.95 
0.79 
0.64 
0.59 
0.54 
0.53 

CHs)~ I 
NBr 

0.89/ 

0.821 
0.701 
0.581 
0.461 
0.40 
0.40 

~ NI 

0.82 0.92' 

(C3 
H7)4 
NI 

0.8 

0.6 

0.57 

(C4 
Ha)4 
NI 

0.88 

0.74 
0.64 
0.59 
0.57 
0.53 
0.53 

a Asaturated solution, less than 0.05M, was used. 
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TABLE I I .  A comparison of half-wave potentials (vs. S.C.E.) for chloroform with that for the second-wave of carbon tetrachloride 
in methanol-water mixtures containing O.05M electrolytes. Values are for --E1/~ 

Vol ratio 
CH~OH/H~O 

CH3OH 
5:1 
2:1 
1:1 
2:3 
1:4 
H20 

(CH3)4NBr 

CCh 

1.64 
1.65 
1.64 
1.60 
1.57 
1.54 
1.53 

CHCh 

1.62 
1.65 
1.64 
1.60 
1 . 5 7  

1.54 
1.54 

(C2H~)4NBr 

CCh CHCh 

1.73 1.72 
1.72 i 1.72 
1.68 1.68 
1.62 1.63 
1.59 1.59 
1 . 5 3  1 . 5 4  

1.50 / 1.51 

(CHs) 4NI (C3H7) 4HI 

CC14 I CHCh CCI~ I CHCh 

1.66 ~ 
1 . 6 4  1 . 6 5  

1.63 1.63 
1.60 1.60 
1.57 1.58 
1.55 1.55 
1.53 1.53 

1.75 1.76 

1.65 1.66 

(C4H~)4NI 

CCI~ C riCh 

1.90 
1.89 1.91 
1.84 1.84 
1.77 
1.73 1.72 
1.68 1.68 
1.65 1.65 

(CHa) 4 NC1 
CCh 

1.54 

LiCI 
CCh 

1 . 7 1  

K/ 
CC14 

1.72 

A saturated solution, less than 0.05M, was used. 
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FIG. 1. Half-wave potential of the first wave of carbon 
tetrachloride as a function of the dielectric strength of 
mixtures of organic solvents with water. Electrolyte 0.05M 
lithium chloride. [] methanol-water; A--n-propanol-wa- 
ter; O--acetone-water;  O--dioxane-water [data for di- 
oxane solutions are taken from reference (ll)].  

i den t i ca l  w i th  t he  first  ha l f -wave  p o t e n t i a l  of 
ch loroform,  in ag reemen t  w i th  p rev ious  obse rva -  
t ions  (2, 10). 

T h e  v e r y  la rge  shif t  w i th  change  in so lven t  for  
t he  first  ha l f -wave  p o t e n t i a l  m a d e  i t  des i rab le  to  
i nves t iga t e  t he  r educ t ion  in o the r  media .  Therefore ,  
s tud ies  were .made  on n - p r o p a n o l - w a t e r  m i x t u r e s  
a n d  on a c e t o n e - w a t e r  m ix tu re s ;  Fig .  1 shows the  
obse rved  ha l f -wave  p o t e n t i a l  vs. the  d ie lec t r ic  
s t r e n g t h  (12) of the  so lven ts  (w i thou t  a d d e d  elec- 
t ro ly t e ) .  As  w i th  m e t h a n o l - w a t e r  mix tu res ,  reduc-  
t ion  b e c a m e  more  difficult  a t  h igher  concen t r a t i ons  
of organic  so lvent .  One m i g h t  have  expec ted  
m e t h a n o l  a n d  p r o p a n o l  so lu t ions  of the  same  
d ie lec t r ic  s t r e n g t h  to  give the  same  ha l f -wave  
po ten t i a l ,  3 b u t  th is  was no t  t he  case. I t  is diff icult  to  
s t a t e  w h a t  effect, if any ,  t he  cap i l l a ry  a c t i v i t y  of t h e  
a lcohols  has  on the  ha l f -wave  po ten t i a l .  

The  a p p a r e n t  n u m b e r s  of e lec t rons  i nvo lved  in t he  
reac t ion ,  a,  were  ca lcu la t ed  f rom the  e q u a t i o n  of t he  
w a v e s .  

Strictly speaking, solvents should only be compared 
at zero ionic strength, but the effect of ionic strength ap- 
pears to be the same in both solutions. 

E = El~,. + 0.06___ log i n _ _ -  i 
a i 

I n  general ,  a - v a l u e s  of t he  f irst  w a v e  of c a r b o n  
t e t r a c h l o r i d e  (Fig.  2) dec reased  m a r k e d l y  w i t h  in-  
c reas ing  m e t h a n o l  c o n c e n t r a t i o n  up  to  a b o u t  6 0 %  
m e t h a n o l ,  while  a t  c o n c e n t r a t i o n s  a b o v e  6 0 %  a 
inc reased  s l ight ly .  On ly  w i th  t e t r a b u t y l a m m o n i u m  
iod ide  as e l ec t ro ly t e  d id  a decrease  t h r o u g h o u t  t he  
region.  Fig .  3 gives a of t he  second  wave  of c a r b o n  
t e t r a c h l o r i d e  as a func t ion  of m e t h a n o l  c o n c e n t r a -  
t ion.  

z~ I 

. . . . .  . . . . . . . . .  . , .  

(1: 
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ol 02  0.3 0.4 0.5 o 6  0.7 OS 0.9 to 

VOLUME, FRACTION METHANOL IN MIXTURES WITH WATER 

FIG. 2. a-values for the first wave of carbon tetrachloride 
as a function of methanol concentration and nature of the 
0.05M electrolyte, i - - L i C 1 ;  ~]--LiBr; A - - K I ;  []--(CH3)4- 
NBr; A--(CH~)4NI; �9 O--(C4Hg)4NI. 

ilg 
~ o60 

E 05o 
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FIG. 3. a-values for the second wave of carbon te t ra-  
chloride as a function of methanol concentration and 
nature of the 0.05M electrolyte. [] (CH3)4NBr; A - -  
(CHD4NI; O--(C2Hs)4NBr; O--(C4Hg)4NI. 
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TABLE III .  Half-wave potentials vs. S.C.E. of the first 
wave of carbon tetrachloride in (1:4) methanol-water 

mixtures containing O.05M electrolytes 

Electrolyte 

LiC1 
KC1 
NH4C1 
(CH~)4NC1 
HC1 
LiOH 
LiNOa 

--Etll 

0.35 
0.35 
0.35 
0.34 
0.34 
0.35 
0.35 

Electrolyte  

LiBr 
(CH.~)4NBr 
(C2Hh) 4NBr 
KSCN 
KI 
(CH3),NI 
(C,Hg)4NI 

--E1/~ 

0.40 
0.40 
0.37 
0.44 
0.54 
0.53 
0.53 

Effect of Nature of Supporting Electrolyte and Ionic 
Strength on Half-Wave Potential 

The most  extensive investigation of the effect of 
support ing electrolyte on the half-wave potential  of 
carbon tetrachloride was carried out in methanol-  
water  mixtures where eight different electrolytes 
were studied. D a t a  in Table I show clearly tha t  in 
predominant ly  aqueous solutions the first half-wave 
potent ial  is a function only of the anion of the sup- 
port ing electrolyte. The same anion effect on the 
first half-wave potential  in predominant ly  aqueous 
solutions was found with n-propanol-water  mixtures 
and acetone-water mixtures. In  high concentrations 
of methanol,  the first half-wave potential  of carbon 
tetrachloride does not depend upon which alkali 
salt  is used as supporting electrolyte, but  does 
depend upon the cation of the supporting alkyl- 
ammonium halide. On the other hand, only a cation 
effect was observed for the second half-wave po- 
tential throughout  the whole range of solvent 
mixtures (Table I I ) .  

In  order to get further insight into the observed 
anion effect on the first half-wave potential  in 
predominant ly  aqueous solutions, six additional 
electrolytes were investigated in the (1:4) methanol-  
water  mixture (Table I I I ) .  The pH had little or no 
effect, as shown by  the constancy of the  half-wave 
potential  in going from a li thium hydroxide to a 
hydrochloric acid solution. Different chlorides, 
nitrates, and hydroxides gave the same hMf-wave 
potential,  - 0 . 3 5  volt,  while other anions shifted the 
potential  to more negative values. Iodides shifted 
it more than  thioeyanates,  4 and these, in turn,  
more than  bromides. Wave  shape was also affected 
by  anions, steepness increasing upon going from chlo- 
rides to bromides to iodides (Fig. 2). 

As shown in Fig. 4, increasing the ionic s trength 
of an alkali halide shifted the first half-wave po- 
tential to more negative values in predominant ly  
aqueous solutions, and to more positive values in 
predominant ly  organic solutions. Different te t ra-  
a lkylammonium halides produced a similar shift. 

It  was difficult to get maximum-free waves in the thio- 
cyanate solutions. 
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FIG. 4. Effect of ionic strength on the first half-wave 
potential of carbon tetrachloride. Curve 1--LiC1 in a (1:4) 
methanol-water mixture; curve 2--KI in a (1:4) methanol- 
water mixture; curve 3--tiC1 in a (2:1) methanol-water 
mixture; curve 4--LiC1 in methanol. 

The  large iodide effect in the (1:4) methanol -water  
mixture  is obvious from these curves. In  pure  
methanol ,  however, increasing concentrations of 
iodide and chloride produced the same shift. For  
the second half-wave potent ial  a shift to more 
positive values throughout  the whole region from 
water  to methanol  was found with increasing ionic 
strength of different t e t r aa lky lammonium halides. 

Effect on Shape of Polarographic Wave of Concentra- 
tion of Carbon Tetrachloride, Tempcralure, and 

Head of Mercury 

Maxima  often occurred on the first polarographic 
wave of carbon tetrachloride in p redominant ly  
aqueous solutions and thereby complicated the 
waves. Therefore, a series of experiments  were 
carried out to get an idea of the factors governing 
occurrence of maxima.  I t  was found tha t  format ion 
of max ima  was favored at  higher concentrat ion of 
carbon tetrachloride, at  longer drop times, and a t  
higher temperatures.  

Curves in Fig. 5 showing the effect of concentra- 
tion of carbon tetrachloride and head of mercury,  
the lat ter  used as a measure of the drop time, on the 
polarographic wave in a (1:4) methanol -water  
mixture,  were obtained on the same sample. For  one 
part icular  concentration of carbon tetrachloride, cur- 
rents were measured at  each potent ial  sett ing with the 
mercury  reservoir at  different levels. After finishing 
one set of curves in this way, the solution was flushed 
for a few seconds to decrease tl~e concentration of 
carbon tetrachloride, and a new set of curves ob- 
tained. Fig. 5 shows tha t  in the region of the maxima,  
the current increased upon lowering the head of 
mercury,  the reverse of the relationship for a 
diffusion-controlled process. When the concentra- 
Lion of carbon tetrachloride was very  high, this 
rule was apparent ly  not obeyed because curves for 
lower heads of mercury  lay below curves for higher 
heads. However,  polarograms obtained with a 
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FIG. 5. Effect of concentration of carbon tetraehloride 
and the head of mercury on the polarographie wave in a 
(1:4) methanol-water mixture containing 0.05M lithium 
chloride. All curves within a given bracket were obtained 
at one particular concentration of carbon tetrachloride. 

Sargent Model X X I  Recording Polarograph on 
solutions of very high concentration of carbon 
tetrachloride showed that, in the region where the 
maxima occurred, the current-time (turves for 
individual drops also had irregular shapes and went 
through one or two maxima. This "discharge," 
shown in Fig. 6, obviously prevented the current 
from attaining higher values. 
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FIG. 6. First wave of carbon tetraehloride, at approxi- 
mately five times the usual concentration, in a (1:4) metha- 
nol-water mixture containing 0.05M lithium chloride. 
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FIG. 7. E f fec t  of t e lnpe ra tu re  on t i le first  w a v e  of ca rbon  
tetraehloride in a (1:4) methanol-water mixture containing 
0.05M lithium chloride. Numbers attached to the curves 
give the order in which the runs were made. 

In  an effort to determine whether or not an 
adsorption wave was involved, the temperature 
dependence of the maximum was investigated. A 
number of runs were carried out on the same sample 
in the order indicated by numbers at tached to each 
curve ill Fig. 7. In  these runs, three times the usual 
concentration of carbon tetrachloride was used to 
accentuate changes ill wave shape that  accompany a 
change in temperature. Some carbon tetraehloride 
was lost when heating the sample for the high- 
temperature run as seen from a comparison of the 
values for the limiting current in the two runs at 
23.6~ In  spite of this fact, it is clear that  the size 
of the maximum increased with temperature. I t  is 
also interesting to note that  no maximum occurred 
on the polarographic wave at 1.8~ The possibility 
of suppressing the maximum with gelatin was also 
tried, but, in the usual concentration of 0.005 % 
gelatin there was no effect. 

In  spite of these irregularities, the limiting current 
for the first wave showed normal diffusion-controlled 
behavior, i.e., limiting current was proportional to 
the square root of the height of the mercury reser- 
voir, and had a temperature coefficient of 1.3 % per 
degree. 

Influence of Temperature and Head of Mercury on 
Half-Wave Potential 

The temperature-coefficient of the first half-wave 
potential of carbon tetraehloride was unusually high. 
In  a (2:1) methanol-water mixture, in a (2:1) 
acetone-water mixture, and in a (1:1) benzene- 
methanol mixture using potassium iodide, lithium 
chloride, and tetraalkylammonium halides as sup- 
porting electrolytes, the half-wave potential shifted 
about +3 .7  mv/~ In a (1:4) methanol-water 
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mixture  with l i thium chloride and potass ium iodide 
as electrolyte the temperature-coefficient was 3.1 
mv/~  The  slightly lower temperature-coefficient 
in aqueous solutions m a y  indicate a lowering of the 
act ivat ion energy of the electrode process, but  the 
difference is small and may  not be significant. 

Drop time was another  factor  of importance for 
the half-wave potent ial  of carbon tetrachloride. A 
small shift of the half-wave potent ial  with changing 
drop t ime has been predicted by  Strehlow and von 
Staekelberg (13) from a consideration of a modified 
Ilkovic equation. The shift was predicted, and  
found to be slightly negative with increasing drop 
t ime for thallous and cadmium ions. For  carbon 
tetrachloride, increasing the drop t ime from ,5.5 see 
to 16 see shifted the half-wave potent ial  +0 .08  volt  
in a (2:1) methanol-water  mixture which was 0.10M 
in t e t r amethy lammonium bromide. This shift was 
opposite in sign and of larger magni tude than the 
shift predicted by  Strehlow and yon Staekelberg. 
This behavior of the half-wave potent ia l  m a y  ac- 
count for the discrepancy between the half-wave 
potential  of the present s tudy and tha t  found by  
Kolthoff and coworkers (10) using the same solution. 

An inspeetioa of the waves revealed tha t  the 
shift of half-wave potential  with increasing drop 
t ime was due to the fact tha t  the first pa r t  of the 
wave was nearly independent of the head of mercury,  
whereas the latter par t  was not (Fig. 8). I t  was neces- 
sary to determine whether this behavior  was a 
general phenomenon, or whether it applied only in 
this ease because the first par t  of the wave was 
located on the positive side of the electrocapillary 
maximum.  A run was made with 0.10M potassium 
chloride in a (5: 1) methanol-water  mixture,  where 
nearly the whole wave was located on the negative 
side of the electrocapillary maximum.  The same 
relationship between the half-wave potential  and 
the height of the mercury reservoir was found. 

6 - -  H = 8 6 . 5  cm. 7 / ~  ~ 
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FiG. 8. Effect of the head of mercury on the first wave of 
carbon tetrachloride in a (2:1) methanol-water mixture 
containing 0.1M tetramethylammoniuin bromide. 
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DISCUSSION 

Effect of Added Electrolytes on Half-Wave Potential 

A large anion effect on the first half-wave potent ia l  
was observed in predominant ly  aqueous solutions 
and a cation effect in predominant ly  organic solu- 
tions. For  the second wave only a cation effect was 
observed. This behavior  leads one to suppose tha t  
the difference m a y  be explained by the fact  tha t  the 
two waves in aqueous solutions are located on 
different sides of the electrocapillary m a x i m u m  of 
mercury.  

A s tudy  of Table  I I I  reveals tha t  there exists a 
relationship between the effect of different anions 
on the half-wave potential  and on the electrocapiIiary 
curve of mercury.  Anions shifted the hMf-wave 
potent ial  in the following order: Cl -  < B r -  < 
S C N -  < I - ,  which is in the same order as their  
capillary act ivi ty  (14). The less capillary active 
anions OH- ,  NO~-, and C1- gave the same half-wave 
potential.  A relationship between half-wave potent ia l  
and electrocapillary act ivi ty  is fur ther  subs tant ia ted  
by observing the effect of different iodide concentra- 
tions on hMf-wave potential.  Using the shift of the 
electrocapillary max imum as a measure  of the 
capillary act ivi ty ,  Fig. 9 gives curves for the ob- 
served half-wave potent ial  and of the potent ial  of 
the electrocapillary max imum (14) as a function of 
the iodide concentration. The shift of the half-wave 
potent ial  with increasing iodide concentrat ion is of 
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FIG. 9. Effect of iodide concentration on the first half- 
wave potential of carbon tetrachloride and on the electro 
capillary curve of mercury. Curve 1--half-wave potential 
in (1:4) methanol-water mixtures containing potassium 
iodide; curve 2--eleetroeapillary m~ximum of mercury in 
(1:4) methanol-water mixtures containing potassium iodide ; 
curve 3--electrocapillary maximum of mercury in water 
containing sodium iodide (14). 
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the same magnitude as the shift of the electrocapil- 
lary maximum. 

This electrocapillary effect on the half-wave 
potential may  be explained by  the properties of the 
electrical double layer which exists between the 
solution and the mercury drop. Capillary active 
anions are strongly adsorbed to the mercury surface 
and form, at potentials more positive than  that  of 
the electrocapillary maximum, a sheath of negative 
ions very  close to the mercury drop (the inner 
Helmholtz plane) (15). Consequently, the electrical 
potential is much more negative in the inner Helm- 
holtz plane than at  the mercury drop, and electrons 
need more energy to overcome this electrical po- 
tential barrier before effecting reduction of the 
carbon tetrachloride molecule in the inner Helmholtz 
plane or just outside it. Introduct ion of more 
strongly adsorbed anions or higher concentrations of 
a particular adsorbable anion produces a greater 
barrier, which in turn requires higher energy of 
electrons, i.e., a more negative potential  to effect 
reduction. Thus, a change from chloride to iodide 
of the same concentration results in shifting a half- 
wave potential on the positive side of the electro- 
capillary maximum to more negative values. 

The fact tha t  waves in the predominantly aqueous 
solutions are steeper with iodides as electrolyte 
than with chlorides can be accounted for also. 
The adsorbed anions are more rapidly desorbed in 
the case of iodides for a given change toward a more 
negative potential (16). Thus, the more rapid de- 
crease of this opposing potential  in the iodide solu- 
tions should favor a steeper polarographic wave. 

Similar reasoning can be used to explain the 
positive shift of the half-wave potential  by capillary 
active cations on the negative side of the electro- 
capillary maximum. Here, a sheath of adsorbed 
positive ions produces a potential  drop which 
facilitates reduction. Unfortunately,  sufficient data 
are not available on the capillary act ivi ty of tetra- 
alkylammonium salts to allow the effects to be com- 
pared. I t  is, therefore, difficult to say whether or not 
the shift of the half-wave potential  can be explained 
completely by a capillary act ivi ty effect. I t  is 
interesting to note tha t  a similar shift of the half- 
wave potential  has been observed by  Ashworth (17) 
in a s tudy of the reduction of benzophenone and 
fluorenone. 

M e c h a n i s m  of Electrode React ion  

A high temperature coefficient of the half-wave 
potential is usually associated with an irreversible 
reaction. The temperature  coefficient of the first 
half-wave potential of carbon tetrachloride, about  
++3.4 mv/~ is one of the highest values observed 
for a polarographic reduction. For  comparison, a 

coefficient of 3 mv /~  was found in the reduction of 
hydrogen ions (18). 

Fur ther  indication of the irreversibility of a 
polarographic reduction can be found in the be- 
havior of the polarographic wave with respect to the 
height of the mercury reservoir. If  the electron- 
transfer reaction is very  slow, the current  in the 
beginning of the wave is limited not  by  diffusion, 
but  by  the drop t ime-independent electron-transfer 
reaction rate. This can be shown by making use of 
the following equation based on the absolute reac- 
t ion-rate theory for electrode processes (19): 

n F A  (I) 

- [Red]. k2. e [(I-~')E~n/(R r) 

Where A is the area of the electrode; a '  is the frac- 
t ion of the applied potential  acting in the direction 
of reduction; and It1 and k2 are the rate constants  
for the forward and backward electron-transfer 
reactions in the absence of applied potential,  lcl and 
]c2 depend on the free energy of activation, Z~F*, 
and the s tandard reduction potential,  E ~ of the 
reaction in the following way: 

leT .e(_Av~)/(Rr) 
k~ = T (II) 

k• = e_(,F~~ (, r) (III) 
kl 

where k and h are the Bol tzmann and Planck 
constants, respectively. Concentrat ions of oxidant 
and reductant  at the interface are given by  the 
Ilkovic equation: 

id -- i = const, n l ' J ) o x m  t ltJxl (IV) 
T~ ~ , 1 / 2  2 / 3 . 1 / 6 r r ~  J 1  i = const, n~l)R~am ~ ts (V) 

Introducing these expressions into equation (I) 
and remembering that  the area of the mercury  drop 
is proportional  to m 2/3 t 2/3, 

i =  Dl/2 ox .e(E--E~ 
1 q. ~ (VI) 

DI': 
q. const, lcl. t 1:-~2 "e(~'E'~F)! (~ r) 

For present purposes, this is considered as: 

i - i~ (VII) 
l q- A ++ B 

We shall now use this equation to consider the shape 
of the polarographic wave in three cases: 

1. A >> B. When the electron-transfer is rapid, 
the last exponential in the denominator  of equation 
(VI) can be neglected and the equation becomes" 
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the regular equation for "reversible" polarographic 
waves where the current is proportional to mVa t*/6, 
and the half-wave potential  is essentially inde- 
pendent of drop time. 

2. A << B. This is a highly irreversible reduction, 
where the electron-transfer process is very slow and, 
hence, /c~ is small. The first exponential in the 
denominator of equation (VI) may  be neglected so 
that  the current is given by:  

I ~ 7 
D 112 ':S~F)/(R T) 

i = i~ ] ~- const. 1 ~ ]  ~ .e (~ (VIII) 

At the beginning of the wave, the term 1 may be 
neglected and the current is independent of the 
height of the mercury reservoir. At more negative 
potentials (near the middle of the wave) the term 
with the exponential is of the same order of mag- 
nitude as 1, and the current depends on the drop 
time, though it is not proportional to m m t 1/~. At 
still more negative values, where the exponential in 
equation (VIII)  may be neglected, limiting current is 
proportional to m 2/3 t ~/6 and shows the normal 
diffusion-controlled behavior. 

In this case, the coefficient of the logarithmic term 
in the equation for the polarographic wave at 30~ 
is given by: 

dE 0.06 

The half-wave potential, more negative than the 
reversible value in ease 1, depends on the drop time 
in the following way: 

dEll2 0.06 
- ( X )  

d(log t 1/2) oe'n 

Tha t  is, the half-wave potential should be shifted to 
more positive values with longer drop times, and 
the magnitude of the shift should be given by the 
coefficient of the logarithmic term. A plot of the 
half-wave potential  vs. the logarithm of the square 
root of the drop time should yield a straight line. 

3. A ~--- B. This case is for an intermediate degree 
of "irreversibility." The current near the beginning 
of the wave should be only slightly affected by 
drop time, whereas the limiting current should show 
normal diffusion-controlled behavior. The half-wave 
potential should be found in a region intermediate 
between the values found in cases 1 and 2, and 
should depend on the drop time in some complicated 
manner. 

Data  for carbon tetrachloride fall into case 2 
since the limiting current showed normal diffusion- 
controlled behavior, whereas the current at the 
beginning of the wave was independent of drop 
time. Furthermore,  the half-wave potential  shifted 
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]~'IO. 10. Half-wave potential of carbon tetrachloride as 
a function of drop time. Curve 1--4)l.M (CHa)4NBr in a 
(2:1) methanol-water mixture; curve 2--0.1M KC1 in a 
(5:1) methanol-water mixtm'e. 

to positive values with increasing drop times. 
Curves in Fig. 10 show tha t  there is a linear rela- 
tionship between the half-wave potential  and the 
logarithm of the square root of drop time which 
should be found if the reduction at  the beginning of 
the wave is limited by  the rate of the electron- 
transfer reaction. For  a 0.10M potassium chlor ide--  
(5:1) methanol-water solution, equation (X) gave 
0.15 for a 'n  and the slope of the polarographie wave 
gave 0.20. Agreement between the two is reasonably 
good and indicates tha t  the rate of the electron- 
transfer reaction is the limiting factor at the begin- 
ning of the wave. 

The different observed effects of solvents and 
electrolytes on the polarographic wave of carbon 
tetrachloride can be represented by  the following 
reaction scheme: 

CC14 + e ~ [CCla--CI]- ~- CCla --k C1- (XI)  

CCla ~- e --~ CCI~- (XII)  

CCI~- + H20 --+ CHCla + O H -  (XII I )  

There is a slow addition of one electron to carbon 
tetrachloride to form an unstable transition state 
complex of the form [CCla--C1]-, which at  once 
dissociates to a free radical and a chloride ion. At  
potentials necessary for this first reduction step, 
the free radical is immediately reduced further  to a 
negative ion which, in turn, reacts with water  to 
give chloroform. Any factor tha t  contributes to 
stabilizing the transition state complex, and thereby 
lowers the activation energy of the first step (kl 
becomes higher), would displace the half-wave 
potential  to more positive values. This is in accord 
with the observation tha t  reduction is more easily 
accomplished in water than in organic solvents. 
Recalling the observed effect of capillary active 
electrolytes on the half-wave potential, it is obvious 
that  an inactive salt should be used as the support- 
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ing e l ec t ro ly t e  when  c o m p a r i n g  the  effect of so lven t s  
on the  wave.  

E q u a t i o n  (XI ) ,  which  gives  the  f irst  s t ep  in t h e  
r educ t ion  of carbon  t e t r ach lo r ide ,  m i g h t  i nd ica t e  a 
specific chlor ide  effect on the  ha l f -wave  po ten t i a l .  
This  is no t  observed.  The  reason  for  th is  s eeming ly  
c o n t r a d i c t o r y  behav io r  is t h a t  the  chlor ide  effect 
en te rs  e q u a t i o n  (VI) only  ill t he  f ac to r  before  the  
l as t  exponen t i a l  in the  d e n o m i n a t o r .  I t  has  j u s t  
been shown t h a t  when  t h e  po l a rog raph i c  re ' ra t ion  
is h igh ly  i r revers ib le  owing to  a slow e l ec t ron - t r ans fe r  
process,  th is  exponen t i a l  m a y  be  neglec ted ,  i.e., 
e q u a t i o n  ( V I I I )  is opera t ing .  

M a x i m a  on the Polarographic Wave 

B e h a v i o r  of the  m a x i m u m  for ca rbon  t e t r a e h l o r i d e  
is diff icult  to  reconcile  wi th  c u r r e n t l y  accep t ed  
theor ies  of m a x i m u m  fo rma t ion .  T h e  obse rva t i on  
t h a t  c u r r e n t - t i m e  curves  for i n d i v i d u a l  d rops  in 
the  region  of m a x i m u m  f o r m a t i o n  h a d  i r regu la r  
shapes  and  wen t  t h r o u g h  one or two  m a x i m a  
(Fig.  6) m i g h t  ind ica te  ad so rp t i on  phen ome na ,  
where  each  m a x i m u m  on the  c u r r e n t - t i m e  curve  
cor responds  to  a di f ferent  ad so rp t i on  process .  
However ,  the  effect of t e m p e r a t u r e  m a k e s  an  
exp l ana t i on  based  upon  a d s o r p t i o n  less l ike ly .  
The  e lec t rok ine t ie  t h e o r y  set  fo r th  b y  A n t w e i l e r  
(20), where  a difference in p o t e n t i a l  a t  d i f ferent  
pa r t s  of the  d rop  causes s t r e a m i n g  of the  so lu t ion  
a r o u n d  the  drop ,  m i g h t  he lp  to  expla in  the  phe-  
nomena .  One would  expec t  c a p a c i t y  cu r ren t s  to  be 
smal le r  t h a n  observed  currents .  I t  is poss ib le  t h a t  a 
new reac t ion  m e c h a n i s m  f avo red  b y  h igher  t em-  
p e r a t u r e s  occurs  in the  p r e d o m i n a n t l y  aqueous  

solut ions.  ~ 
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Preparation of High Purity Lead 
RAY C. HUGHES 

Philips Laboratories, Inc., Irvington-on-Hudson, New York 

A B S T R A C T  

Previous ly  published methods  for the preparation of high purity  lead are cr i t ical ly  
reviewed.  The presumably  more effective of these methods  were subjected to trial  and 
analytical evaluation.  Based on these analyt ica l  results ,  a combination of procedures 
is described which produces lead of extremely high purity. The method employed in- 
volves electrolytic displacement of bismuth and other elements from lead salt in solution 
/)y treatment with lead metal, coprecipitation of numerous impurities on lead sulfide, 
conversion to metal, and final vacuum distillation. 

INTIr 

Efforts to prepare pure samples of lead and its 
compounds date back to the work of Stas (1) in 
1860. Pure samples have been required for atomic 
weight determinations, study of the properties of 
/.he element and its compounds, and as an analytical 
aid, especially in assays for gold and in standards 
for spe(~trographic analysis. Numerous publications 
and several reviews on the subject have appeared. 
However, none of the original publi(,ations has 
presented adequate analytical cviden('e as to the 
puri ty attained. Conse(tuently, the reviews do not 
(dearly cslat)lish relative efficacy (>f the various 
metho(ls des(!ribed and, in addition, all are incom- 
plete to a greater or lesser extent. 

The purpose of this paper is to present an ana- 
lyti('al (;valuation of previously dcscribed methods 
and to describe in detail a combination of methods 
for preparation of pure lead. 

Review of Previous Methods 

Mellor (2) and Vanino (3) described a method 
employed by Stas (l) for preparing high puri ty lead. 
I t  comprises purification of a lead acetate solution 
and several subsequent precipitations and resolu- 
tions to obtain a pure lead carbonate which is re- 
duc.ed to metal with potassium cyanide. No adequate 
analytical data are available for the metal made 
by this method. 

Mellor also refers to the use of vacuum distilla- 
tion by I,ambert and Cullis (4) to purify further 
lead produced by the Stas method. Baxter  and 
Grover (5) and Ilichards and Wadsworth (6) puri- 
fied lead by recrystallization from nitrate solution; 
the yield from such a method is quite low, and 
quality of the product questionable. Archibald (7) 

Maimseript  received December  17, 1951. This paper was 
t)repared for delivery t)efore the Montre'fi  Meeting,  October 
26 30, 1952. 
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reviews early work in preparing samples for atomic 
weight determinations; Schopper (8) presents a 
rather comprehensive review of work done to 1939 
on preparation of high puri ty lead. He considers the 
method of Haber  and ,Jaenicke (9) to be superior; 
this method depends on c, oprecipitation of impurities 
with lead sulfide. R.ussell (10) developed an dee-  
trolytic method using a perchlorate solution. 

Lead of high puri ty (99.998+ %), with the only 
impurities being iron and copper, a has been reported 
(11). McLcllan (12) generously supplied the follow- 
ing details : 

1. A new storage bat tery  box with thrce anodes 
and two cathodes makes a good cell. Anodes about 
~ in. thick with supporting lugs at'(', cast from 
bismuth-free lead. 4 Cathodes, made from pure lead 
deposited on rolIed lead ~ starting sheets equal in 
area to the anodes, are supported by heavy Pyrex 
rods. 

2. Ideally, the electrolyte, which does not require 
stirring, has a specific gravity of 1.21; it is composed 
of 67 g/l  Pb as PbSiF6 and 95 g/l H2SiF6 s Lead 
should be introduced in the form of bismuth-free 
PbCOa. 4 Pure glue in a minimum of hot water is 
added daily. A reasonable current density is 0.5 
amp/in.  2 

3. Wash cathodes thoroughly in distilled water  
then melt in a spun iron crucible and cast. Remelt  
in a glass or pure iron container. Gradually add pure 
red phosphorus while stirring constantly. Keeping 
the temperature  around 350~ tap off from the 
bot tom most of the decopperized lead. Melt  in a 
spun iron crucible and add reagent grade NaOH 
and NaNOa.  Stir 15 min at 400~ and cool. Dis- 
solve caustic skin in distilled water, remelt lead, and 
granulate in distilled water. Remelg in a beaker, 
using reagent sodium acetate and NaOH as slag 

a Prei)are d in Research Depar tmen t ,  American Smelt ing 
and Refining Company,  Barber,  New Jersey. 

'~ St. Joe brand. 
:' Merck reagent  grade. 
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cover. Introduce clean air or oxygen to the lead 
through a Pyrex tube; skim slag and repeat with 
fresh slag materials. 

Details of a method for preparation of rather pure 
lead, and a sample of lead so produced, have been 
supplied by G. K. Williams (13) and associates. ~ 
The method has been described by Green (14). 

Vacuum distillation has been investigated by 
Lambert and Cullis (4) and Tamman and Dreyer 
(15). Kroll (16), Leitgebel (17), and Dushman (18) 
present reviews on vacuum evaporation of metals 
and considerations involving purification of lead 
by such methods. A study of all available data on 
vacuum distillation of lead indicates that, except 
for bismuth and possibly antimony, impurities 
should remain in the initial and final distillate of 
such a process. 

Haber and Jaenicke (9) use a method which ap- 
pears to have considerable merit for the preparation 
of pure lead. I t  is essentially a coprecipitation of 
contaminants with a small amount of lead (from a 
solution of lead salt) according to principles which 
have been elucidated by Hahn (19). Experimental 
work (see later) shows that not all impurities are 
adequately removed by this method. 

EXPERIMENTAL INVESTIGATION OF METHODS 

An experimental investigation was made of the 
more promising methods selected from those just 
reviewed. In general, the methods were applied 
to small samples of lead (or a compound) of low 
impurity content. Starting materials, purified 
samples, and concentrates obtained during sample 
purification were all examined and compared by 
spectrographic methods developed to give maximum 
sensitivity. Details of the method have been pub- 
lished elsewhere (20). The following sensitivities 
of detection (in ppm) were obtained in the direct 
analysis of a lead sample: Ag, 0.01; Cu, 0.03; Bi, 
0.3; Fe, 0.1; Cd, 0.03; Sn, 0.3; Zn, 0.05. Additional 
sensitivity of at least one order of magnitude was 
obtainable in specific cases by use of fractions 
separated from the sample. 

As, Se, and Te were not included in the analytical 
investigation due to the known low sensitivity of 
spectrographic detection of these elements. The 
behavior of antimony has not been adequately 
determined because of its relatively low sensitivity 
of detection. 

Throughout the experimental work extensive 
precautions were taken to avoid contamination of 
samples. Water and acids were redistilled from a 
fused quartz still. Dust-proof fused quartz, high 
purity alumina, and platinum containers were 

Broken Hill Associated Smelter's Proprietary Limited, 
Port Pirie, South Australia. 

used. All vessels were cleaned thoroughly in hot 
dilute nitric acid and rinsed with redistilled water. 
When these precautions were not observed, con- 
tamination from dust and containers (such as Pyrex 
glass and porcelain) was detected. 

Sulfide Coprecipitation 

Experimental work was initiated with a study of 
the sulfide coprecipitation method of Haber and 
Jaenicke (9). It was found that Ag, Fe, Mo, and Cu 
are strongly concentrated in the precipitate and 
efficiently removed. Bi, Cd, Sb, Sn, and Zn either 
preferentially remain in solution, or are about equally 
distributed between the two phases; thus they are 
not effectively eliminated. 

Vacuum Distillation 

In view of the foregoing, other methods were 
tested, one of which was high vacuum distillation. 
A sample of lead containing approximately 1 ppm 
each of Ag and Bi, 2 ppm each of Cu and Fe, and 
0.1 and 0.5 ppm, respectively, of Cd and Zn was 
employed. A single distillation in fused quartz 
at 700~176 and 10 -~ mm resulted in lowering 
the Fe, Cu, and Ag content below the limit of spec- 
trographic detectability. Reheating the distillate 
at approximately 500~ caused volatilization of a 
small amount of material which condensed in the 
pump leads and gave strong spectra of cadmium 
and zinc. Residual lead gave no spectroscopic evi- 
dence of cadmium or zinc. Bismuth was distributed 
about equally between distillate and residue. There- 
fore, except for bismuth and possibly antimony for 
which no data were obtained, high vacuum distil- 
lation is an effective and convenient method for 
removal of impurities from lead. A combination of 
the Haber and Jaenicke process and vacuum distil- 
lation leaves only bismuth and antimony. 

Electrolytic Displacement 

At this stage it became evident that bismuth is 
by far the most persistent impurity, and that  for 
which no proved effective method of removal is 
available. According to the method employed by 
Stas (1), Sb, Bi, Cu, Ag, Au, and the platinum 
metals should be displaced from solution by the 
action of metallic lead. However, no quantitative 
data exist as to its efficacy. 

The method was studied by use of lead acetate 
filtrate from a prior trim of the sulfide coprecipita- 
tion method. To a neutral solution containing 500 
grams lead acetate and 500 ml redistilled water, 1 
gram finely chipped, high purity lead was added, 
and the solution heated overnight at the boiling 
point. The lead was separated and portions of it 
and the solution analyzed spectrographically. Treat- 
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ment  with 1-gram portions of lead was repeated 
several times. 

In a single t reatment ,  bismuth was removed from 
the solution to an extent such tha t  it no longer gave 
spectrographic evidence of its presence. The metal, 
of course, gave strong lines of bismuth. Several 
successive t reatments  resulted in removal of pro- 
gressively smaller quantities of bismuth, although 
after the first t rea tment  the solution must have 
contained less than  0.3 ppm bismuth based on lead 
content. Copper and silver were also efficiently 
removed. Cadmium, zinc, and ant imony are not  
removed by  this t reatment.  

PROCEDURE FOR THE PREPARATION OF 

HIGH PURITY LEAD AND 

ITS COMPOUNDS 

Due to failure of any single procedure to remove 
all impurities from lead, a combination of procedures 
was selected as most suitable for the production of 
a pure sample. These procedures are applied in 
proper sequence to avoid reintroduction of con- 
taminants previously removed. 

Lead acetate is the most convenient and suitable 
starting material; however, the metal, nitrate, or 
other compound may be employed, provided it is 
eventually converted to the acetate. Technical 
acetate is of acceptable puri ty  for the starting 
material. 

Preparation of pure lead consists of three proc- 
esses: (a) t rea tment  of lead acetate or lead nitrate 
with lead metal, primarily for elimination of bismuth. 
This may be the first or second step, or it is elimi- 
nated if removal of bismuth is not required; (b) 
lead sulfide coprecipitation specifically for removal 
of copper, silver, gold, selenium, and tellurium; 7 
(c) high vacuum distillation is required for elimina- 
tion of cadmium and zinc. I t  is also effective for 
removal of practically all metallic elements except 
bismuth and possibly antimony. Further,  this 
reduces the gas content to a tow level. 

For step (a) the solution should be highly con- 
centrated, e.g., about 100 ml water  to each 200 
grams acetate, and contained in a fused quartz or 
silica flask. Finely divided lead is added in the 
proportion 1 g/100 g Pb in solution. For  12-24 hr 
the solution is heated in contact with the lead. The 
solution is decanted, a fresh quant i ty  of lead is 
added, and the procedure repeated for a total  of 
five treatments,  or until  spectrographic analysis of 
residual lead shows that  further t rea tment  removes 

7 Convers ion to me ta l  by  igni t ion of the  purified ace ta t e  
p robab ly  aids in e l imina t ion  of alkalies,  a lkal ine ear ths ,  
silica, and  o ther  soluble impur i t ies  whieh escape prec ip i ta-  
t ion  as sulfides, and  which are not  readlly reduced to the  
e lemental  condit ion.  However,  th is  is not  relied upon for 
separa t ion  of any  impur i ty .  

no more impurities. Lead employed for each treat-  
ment  must  be prepared from acetate solution by  
ignition, unless pure lead is available from a pre- 
vious preparation. Considerable care must  be exer- 
cised to avoid copper contamination from vessels or 
water  during this t reatment .  Addition of water  
during the last several t rea tments  should be avoided. 

To the solution obtained from the above t reatment ,  
1 gram thiourea/100 grams lead in solution is added. 
The solution, again contained in fused silica or 
quartz, is heated at the boiling point on a hot  plate 
until  i t  darkens and begins to deposit lead sulfide. 
Heating is continued 1-2 hr. The solution is then 
filtered through a fri t ted silica filter. (Pyrex may be 
substi tuted since the exposure is brief.) The solu- 
tion is again heated for a similar period and filtered. 
Under these conditions it should be possible to ob- 
tain four small precipitates of lead sulfide. Finally, 
the solution is heated for 12-24 hr, to ensure com- 
plete decomposition of thiourea, and filtered. Spec- 
trographic analysis of the precipitates should show 
that,  after the third, there is no further  concentration 
of impurities in the precipitate. 

The purified solution is now transferred to a dense, 
high purity, aluminum oxide crucible, which initially 
should be no more than }6 full. The solution is 
cautiously evaporated at gradually increasing tem- 
perature until a solid residue of lead acetate is 
obtained. The crucible is trmlsferred to a pot- type 
crucible furnace and the temperature  of the crucible 
gradually increased to approximately 700~ (Close 
control of temperature is not  required.) During 
heating, the acetate melts, becomes viscous, foams, 
and finally decomposes to a mixture of metal, oxide, 
and carbon. Fresh lead acetate solution is dropped 
onto the lead-lead oxide mixture while heating is 
continued. The previously formed oxide is now 
largely reduced. Contact  of cold solution with the 
hot  crucible wall should be avoided. Crucible con- 
tents should have free access to air in order to oxidize 
the carbon residue. I t  is convenient to stir the residue 
and keep it compacted with a rod of aluminum 
oxide or spectroscopically pure graphite. Ignition 
should be conducted in a hood. At some stages, 
fumes may burn above the crucible. When prepared 
in this manner, a large proportion of lead is formed 
with relatively little oxide. The lead may  be sepa- 
rated from the oxide by pouring off into a clean silica 
or Pyrex container; remelting and mechanical 
separation by  pouring into a clean container three 
or four times results in elimination of all visible 
oxide.S 

s If oxide or o ther  compound of lead is desired, the  igni- 
l ion  may  be carr ied out  at  300~ in fused quar tz  wi thou t  
subsequen t  addi t ion  of fresh quan t i t i e s  of ace ta te .  Under  
these  condit ions,  pure  lead oxide is formed.  However,  i t  
should be noted  t h a t  zinc and  cadmium may  st i l l  be presen t .  
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For the final step in purification, lead prepared as 
described above is transferred to a fused quartz 
still and redistilled under high vacuum at 700 ~ 
800~ Head and end fractions (1-2% of total) 
should be discarded. 

Lead produced by the procedure described here 
contains no spectrographically detectable impurities 
within the sensitivity limits given earlier. Traces 
of Si, Ca, Mg, Cu, and Fe which are occasionally 
detected spectrographically are believed to originate 
from even the best obtainable graphite electrodes. 
All available evidence would indicate that  this 
lead is probably of the highest purity which has been 
attained. The methods employed are relatively 
convenient, rapid, and allow high recovery. 
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Mathematical  Studies  on Galvanic Corrosion 
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A B S T R A C T  

Dis t r i bu t ion  of po ten t i a l  wi th in  an electrolyte  produced by  a coplanar  a r r angemen t  
of electrodes has been de termined  mathemat ica l ly .  Only the  l imi t ing  ease of negligible 
anodic and  cathodic polar iza t ion  is considered.  D i s t r i bu t ion  of corrosion a t t a c k  on the  
anode has been derived from this  po ten t i a l  d i s t r ibut ion .  

INTRODUCTION 

A mathematical  s tudy of a typical case of galvanic 
corrosion is presented in this discussion. Two 
coplanar electrodes placed in juxtaposition are 
considered. The arrangement is characteristic of 
local cells that  occur frequently in corrosion. 
Pert inent  galvanic cells may consist either of many  
tiny electrodes imbedded iu a metal or, in some 
cases, of large pieces of different metals connected 
electrically. I t  is possible to distinguish more 
satisfactorily, in a (tualitative way, between micro- 
scopic and macroscopic g-flvanic cells on the basis 
()f current density distribution. In microscopic 
cells, current density ix relatively uniform over 
each electrode, whereas in macroscopic cells it, 
v'trics siglfificantly. 

In a given environment, and irrespective of its 
physical size, a galvanic cell may behave as though 
it. were "macroscopic" or "microscopic," depending 
on whether its critical dimension is much larger or 
much smaller than a polarization parameter,  g. 
This critical dimension is that  which affects distribu- 
tion of current density most strongly and thus 
depends upon the geometry of the cell. In certain 
cases, it may be the separation of electrodes and, in 
others, the smallest dimension of one electrode. This 
parameter 2 has the dimension of length and is 
defined by Wagner (1) as 

]dAEi t [1] 

where K is the specific conductivity of the corrodent, 
AE~ is the overvoltage of the ith metal or electrode, 
and ,1~ is the current density. The vertical bars 
denote the absolute value of the derivative. 

Manuscript received February 23, 1953. This paper 
w~s prepared for delivery before the Detroit Meeting, 
Octobee 9 to 12, 1951. 

The symt)ol ~ is used to emt)hasize the dimensional 
character of this parameter and to rcnlove any possible 
confusion with K which is commonly used to denote eon- 
ducliviiy. 
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DERIVATION OF RESULTS 

0n ly  the limiting case in which polarization can 
be neglected is considered. I t  is equivalent to 
assuming that  ~ is negligibly small. Such would be 
the case if the electrolyte resistance were very high, 
or if the smallest critical dimension, X, of the 
galvanic cell were large in comparison with 3. 
Hence, because X/~ is large, such galvanic cells 
behave as though they were macroscopic, irrespective 
of their physical size. If the electrolyte resistance is 
very large, almost all electrodes behave macro- 
seopically. On the contrary, under corrosive con- 
ditions that  permit strong polarization of the 
electrodes (~ large), arrays of macros('opic elements 
may behave as though they were of microscopic 
dimensions. Solutions of high conductivity can also 
produce the same effect. 

Distribution of Potential 

Distribution of potential throughout the dec- 
trolyte is given by Laplace's equation because space 
charges and sources or sinks for ions are not present 
in bulk-corros ive  medi~ The exact potential 
distribution depends on the geometry of electrodes 
as well as their voltages. Electrodes are considered 
to be part  of /,he boundary of the electrolyte. In 
order to calculate the distribution of the potential, 
one must solve a boundary-value problem for which 
the values of potential imposed on the boundary of 
the electrolyte, as well as the geometry of the 
boundary, are specified. 

Fourier series and conformal mapping are two 
methods which may  be used for solving such 
problems. Fourier series and conformal mapping are 
discussed by Churchill (2) among others, while a less 
mathematical  approach to various boundary value 
problems is given by Jakob (3) on heat transfer. 

One may calculate the local corrosion intensity by 
evaluating the normal gradient of the potential at 
one electrode. The numerical evaluation may be 
difficult and tedious in some eases. 
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Boundary Conditions 

For  corrosion by  local cells, a coplanar arrange- 
ment  of electrodes is pert inent  and illustrates the 
principal features needed for an analysis. The 
pr imary  interest lies in the effects due to the anode- 
cathode junctions. In  order to eliminate other 
edge effects it is assumed: (a) tha t  long, narrow 
strips of each electrode are juxtaposed to form an 
infinite, al ternating array,  (b) tha t  the array has 
even symmetry ,  and (c) tha t  the length in the Z 
direction is so large as to have no effect on the 
current distribution. Such an ar rangement  is shown 
in Fig. la.  At the center of each anode (or cathode) 
one can see intuit ively tha t  there mus t  be no net 
current flow since the flow of ions changes direction 
to either side of the center. We shall choose the 
origin in the center of one of the anodes. Since there 
is no variat ion in potential  in the Z direction, and 

FIG. la. Perspective view illustrating relative orienta- 
tion and shape of the electrodes. 

FIG. lb. Distribution of potential assumed as the bound- 
ary conditions is shown in the upper drawing. In the lower 
drawing the anode and cathode arrangement is illustrated. 
At the remote edges of the electrodes, boundary condi- 
tions are equivalent to assuming insulation. 

consequently none in the current density, we m a y  
restrict  our a t tent ion to the two-dimensional flow 
problem. Because of the highly symmetr ica l  arrange- 
ment ,  only a semi-infinite strip of liquid lying in the 
first quadran t  of the X Y  plane above the a r ray  
needs to be considered. The width of this strip is 
equal to half of the sum of the anode and cathode 
widths. Geometric  relations are i l lustrated in Fig. 
lb. 

There can be no flow of electrons across the  
boundary  formed by  the Y axis, and on this boundary  
the gradient of the potential  in the X direction is 
zero. This s ta tement  is mathemat ica l ly  equivalent  to 
assuming insulation of the boundary.  A similar 
a rgument  shows tha t  the horizontal gradient  in Fig. 
lb is zero at  the boundary,  x = c. 

The  potent ial  is measured with respect  to the 
unpolarized cathode. The anodic potent ial  in excess 
of the cathodic potential,  i.e., the potent ia l  dif- 
ference, is designated as E~ and the potent ial  in the 
solution as P(x, y). 

The per t inent  boundary  conditions are: 

lim P(x, y) < eonst. [2] 

OP _ OP ~=c 0 [3] 
0~ x=0 Ox 

{ : a O ~ _ x ~ a  
P(x, O) = [4] 

a ~ _ x ~ _ c  

Solution by Fourier Series 

A Fourier series, which satisfies Laplace 's  equat ion 
and conditions [2] and [3], is 

P(x, y) = Ao -b ~ A ,  exp (--nhy) cos (nhx) [5] 
n ~ l  

where the constants  Ao and A~ are determined b y  
boundary  condition [4]. In  [5], n is an integer and h 
is a reciprocal length equal to 

h = ~/c [6] 

One m a y  employ the orthogonal propert ies  of a 
cosine series to obtain the coefficient A~. T h a t  is, 
both  sides of [5] are multiplied by  cos mhx and then 
integrated termwise with respect to x over the range 
x = 0 t o x  = c. Thus 

f/ Am = --2h P(x, 0) cos (mhx) dx 
7r 

[7] 

f/ Ao = i P(x, O) dx = Ea(a/c) [8] 
C 
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After substitution, the potential  at any point is 
given by  

P(x, y) - E,~a 
c 

[9] 
2Ea 

a o  
s i n  (nha) 

q- Y~ exp (--nhy) - -  - -  cos (nhx) 
71" n = l  n 

The equations can be simplified slightly by defining 
the dimensionless variables. 

} = hx 

7 = h y  [ 1 0 ]  

a = h a  

Hence, 

P(~ ,  7) = Eaa 
[11] 

q_ 2E~ ~ ~ 1 exp (--nT) sin (na) cos (n}) 
71" n ~ l  "f/, 

The normal gradient is the 7-derivative of P.  There- 
fore the local anodic corrosion rate, r((), at any 
point on the electrode surface is 

,:o [12] 

where the constant Ro is defined as 

2KM 
Ro - [ ] 3 1  

~rFv 

In [13], M is the atomic weight of the anodic metal 
ion, v is its charge, and F is Faraday 's  number. 
Substitution of [11] into [12] leads to 

r(~) = RoE~ ~ sin (n~) cos (n~) [14] 
n = l  

Series [14] does not converge and hence it cannot be 
used for evaluating the corrosion current. Substitu- 
tion of a small nonzero value of 7o into the derivative 
of [12] leads to small bounded values of a series 
similar to [14]. However, it is preferable to evaluate 
the derivative at zero by a different method, and 
not to depend upon a limiting value as 7o approaches 
zero. 

Solution by Conformal Mapping 

A closed analytic expression which is bounded 
over most of the anodic region may be obtained for 
the 7-derivative by  conformal mapping. Wagner (4) 
has applied this technique to the solution of similar 
problems in cathodic protection. 

The semi-infinite strip of corrodent in Fig. lb 
may  be regarded as the complex Z plane by letting 

z = x q - i y  

where i is the imaginary square root of minus one. 
Mathematical  transformations are used to rearrange 
the electrode positions into one for which the 
potential  distribution is well known. The four steps 
necessary to transform the arrangement of electrodes 
shown in Fig. 2a into that  shown in Fig. 2b are 
defined below. The effect of each transformation is 
shown in Fig. 3. The quant i ty  

= s i n ( ; .  2 a - c )  3' c [15] 

is used in the following equations for convenience. 
The first t ransformation is an expansion which 
changes the scale, 

z = ~ - -  [161 

The second transforms the strip into a semi-infinite 
plane, 

i i  i z = sin z [17] 

The  third shifts the origin by  3' units, 

Z i i i  Z i i  
= - 3 ,  [ 1 . 8 1  

C Iv C Iv 

__E IV - -  

FIG. 2. Net  change in re la t ive  anode and  ca thode  posi- 
t ions b rought  abou t  by  the  series of t r ans fo rma t ions .  
Fig. 2a (left) shows the  in i t ia l  loca t ion  and  Fig. 2b (r ight)  
shows the  final locat ion.  

Z p lone  

' 

~ D c o. Bc P' 
= 

NO 30 

/i.,... 
B 'v 0 E 'v D (v" 

( [  

E "r D" 

- ~ - l - y  

y' A~ Z i p lane  

t IL X I 
0 C I B = 

r n  f J,,g. 3b 
f yil z II plane 

/ 
~"o"  ~,, ;,, ~,,' =• 

- i  y I co ~ ]  

Fig. 5 c  

l y r e  �9 x m 
zlll plone 

C III Bfrr ~[11 

0 i 7" co 

Fig, 3e Fig. 3d 

FIG. 3. De ta i l ed  effects of each t r ans fo rma t ion  from the  
Z plane in Fig. 3a to the Z i~ plane in Fig. 3e. 
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The fourth transforms the semi-infinite plane back 
into a strip, but  with a relocation of the vertices, i.e., 
corners. I t  is a special type of Schwartz-Christoffel 
transformation. 

f dzli i 
ziV = ziii(z iii -- 1 + "~){(Z iii -4- 1 + "r)�89 [19] 

Integration of [19] gives 

__ .y2 
1 @ 1;iii ) [20] zi~ - X/1 __~2 arcsin -- 

I t  can be shown that  boundary condition [4] trans- 
forms to 

--T" 
P = 0 f o r x  ~ - 2 V ' l - -  ~2 

[21] 
71" 

P = E ~ f o r x  iv = - -  .... 
2%/1 -- ~,~ 

as long as yi,, is positive and finite. The solution of 
the problem in the Z ~ plane is well known and gives 
isopotential lines parallel to the Y~ axis. 

The boundary conditions are satisfied by 

P = E a R e ( 2 +  z~V%'/1--~2) [22] 

where Re stands for the real part of the enclosed 
expression. By reversing the sequence of transforma- 
tions one can show that  

P = EaRe  

, 

+ ~ s in~ - - -  - - ' r  

Equation [23] has an advantage in permitting 
direct calculation of the Y derivative; whereas the 
equivalent Fourier representation [14] does not 
converge at y = 0. The derivative can be shown to 
be 

[ ~  2a -- C~ )~ I 
2 x - -  c~ - / lr  2 a -  C 

Oy c 

( 

if one notes that  

[24] 

[25] 

I t  may be seen that  this derivative goes to infinity 
at  x = a. Practically, current density remains 
finite because of polarization, but this factor has 
been ignored in the idealized analysis presented here. 

Potential of a Composite Electrode 

The potential in solution of a galvanic cell with 
respect to an infinitely remote reference electrode 
can be derived from equation [9]. The potential a t  
infinite y and any value of x is: 

P(x, ~ )  = Ea(a/c) = Ea(a/Tr) [26] 

Under such conditions, the potential of a composite 
metal or of a galvanic cell depends on the per- 
centage of anodic material or phase present. This 
highly important result may also k.e derived from 
[23]. 

NUMERICAL EVALUATION 

Potential fields have been calculated for the 
a-value of ~r/2, v/4, and ~/8;  tha t  is, for values of 
the ratios of the anodic to the cathodic width of 
1, 1/~, and }~. 

Expression [ll] or [23] may  be used and, in a 
number of cases, tabulated values of P(x,  y) have 
been checked with both expressions. 

Evaluation of Equation [23] 

The real and imaginary parts of the arcsin must  
be separated in order to facilitate direct calculation. 
For a slightly simpler calculation procedure, the 
reader is referred to Hawelka's tables (5) of the 
sines and cosines of complex numbers. However, the 
following equations are evaluated easily and depend 
only upon the usual trigonometric functions of a real 
variable. Two variables, s and t, are defined such 
that 

P(x, y) = Ea + 1 Re sin -1 3" [27] 
t + ~  

Hence, 

s = cos (} - 2 )  sinh n [28] 

t =  --'r + sin (~- 2 ) c o s h n  [29] 

I t  may then be shown tha t  

 a{11 } 
P(x, y) = 5 + ~r Re sin -1 (t, -- i~) [301 

where the quantities ~ and ~ are 

~( t  ~ + s ~) - t(1 - ~ )  [31] tt = t2 + s2 

s(1  - ~ )  
- [32] 

t 2 + s ~ 

The real part of the arcsin is 

Re sin i(u -- i~) = sin -1 

{ 2u } [ 3 3 ]  

x/(1 + ~)~- + ,-~ + v/(1  - ~)~ + ,~ 
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A l t h o u g h  t h e  e x p r e s s i o n  for  t h e  p o t e n t i a l  in  t e r m s  

of  s a n d  t is c u m b e r s o m e  to  wr i t e ,  o n l y  40 a r i t h m e t i c  

o p e r a t i o n s  a re  i n v o l v e d  in  c a l c u l a t i n g  t h e  p o t e n t i a l  

a t  a g i v e n  po in t .  

Potential Fields 

W a b e r  has  t a b u l a t e d  e l s ewhere  (6) v a l u e s  of t h e  

d i m e n s i o n l e s s  p a r a m e t e r  r e p r e s e n t i n g  p o t e n t i a l ,  

P(x, y)/Ea, for  t h e  v a l u e s  of a e q u a l  t o  ~r/2, ~r/4, 

a n d  ~r/8. 

T h e  p o t e n t i a l  f ields a r e  p r e s e n t e d  as p e r s p e c t i v e  

d r a w i n g s  in F ig .  4, 5, a n d  6. R e g a r d  t h a t  p o r t i o n  of 

t h e s e  f ields w h i c h  has  a p o t e n t i a l  in excess  of Ea/2 
as " a n o d i c "  a n d  t h e  r e m a i n d e r  as " c a t h o d i c . "  T h e  

e q u i p o t e n t i a l  l ine,  P = Ea/2, is c o n c a v e  t o w a r d  t h e  

a n o d e  if ~ < ~r/2. T h u s ,  c o n s i d e r a b l e  p o r t i o n s  of 

t h e  c o r r o d e n t  a re  l e f t  a t  p o t e n t i a l s  n e a r  t h a t  of t h e  

c a t h o d e .  S h r i n k a g e  of t h e  a n o d i c  p o r t i o n  t o w a r d  

t h e  a n o d e ,  as  a dec reases ,  is i l l u s t r a t e d  in t h e s e  

f igures.  D a n i e l - B e k ' s  (7) a n d  C o p s o n ' s  (8) exper i -  

i i i , , ,  % N  
! ' , i ! i i ,  ~ N ~  -~ ~ 

~O. ~, ,,~ 

Fro. 4. Perspective drawing of ~he distr ibution of po- 
tent ial  for equal relat ive anode and cathode areas. 

" . . o X ,  i . . . .  - ~  

Fro. 5. Perspective drawing of the distr ibution of po- 
tential  where a = ~r/4, that  is, where the anode is one 
third the width of the cathode. 

2: 

FIG. 6. Perspect ive drawing of the distr ibution of t)o- 
tent ia l  where a = ~r/8, that  is, where the anode is one 
seventh the width of the cathode. 

B C D 

ANODE ~ CATHODE 

Fro. 7. A di-~gi'ammatic sunHllary of measurements  by 
Daniel-Bek and by Cot)son i l lustrating the effect, of rela- 
t ive anodic size on potent ial  distrit)ution in a corrodent,. 
(A) Equal  anode and cathode areas for Cu-Zn couple in 
NaCl;  (B) relative anode area ~ = rr/3 for Cu-Zn couple 
in NaCI; (C) relative anode area e, = rr/4 for Fe-Ni  couple 
in Bayonne tap water;  (D) relat ive anode are.t a = rr/5 
for Cu-Zn couple in NaC1. Horizontal  dimensions of vari-  
ous test specimens have been replaced by a common scale. 
The ordinate in the graph is the relat ive distance pert)en- 
dicular to the metall ic surface. Heavy  lines are the equipo- 
tent ial  lines and the others are the flow lines of the ions. 

T A B L E  I. Relative corrosion current density 
r(x)/E.Roh 

0* 

0.5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
3.75 
4.00 

a = ~/2 

0.5000 1.207 
0.5098 1.227 
0.5411 1.292 
0.6013 1.415 
0.7074 1.631 
0.9003 2.023 
1.3068 2.789 
2.5628 
5.0968 

oe = ~/4 oe = ~v/8 

2.515 
2. 554 
2.684 
2.930 
3.363 
4.150 
5.799 

5.365 11.372 
10.429 21 . 026 

* Anodic region assumed to be 4 units wide. 
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mental  da ta  which are summarized on a common 
relative scale in Fig. 7, quali tat ively show this 
shrinkage of the anodic field. In  slightly different 
terms the equipotential  line tha t  corresponds to 
E~(a/c) and goes to infinity is s traight  where 
a = 7r/2. However,  this line becomes concave toward 
the anode if a is less than  ~/2.  Daniel-Bek (7) 
made this conclusion on the basis of his experimental  
studies. 

Evaluation of the Current Density 

The local corrosion rate is given by  equation [12]. 
The constant,  Ro, includes the effect of conduct ivi ty 
of the corroding medium as well as the valence type  
and atomic weight of the anodic metal.  I t  is desirable 
to work with dimensionless parameters  so tha t  the 
tabula ted  values m a y  be applied to all similar 
problems. To  this end, r(~) is divided by  E~Ro. Use 
of simple algebra results in 

r(~) r(x) _ ( c ~ OP y=o 
E~ Ro - E~ Ro h k , ~ a ]  ~y [34] 

Values for the right hand side of [34] are given in 
Table I for three percentages of anodic material .  
For application to a specific experimental  problem 
to be discussed in a subsequent report,  the anodic 
region was assumed to be four units wide. The  
width of the cathode was adjusted so tha t  the three 
values of ~ were ~/2, ~/4, and ~/8. 

As a decreases (for fixed a), the relative corrosion 
current density increases somewhat  faster than does 
the sum of the half widths c. 

SUMMARY 

An expression has been derived for the distribution 
of potential  within a solution brought  about  by  the 

immersion of a coplanar galvanic couple in the 
solution, and numerical values have been obtained. 
0 n l y  the limiting case of negligible polarization is 
discuSsed. The  local corrosion rate was calculated 
from the normal  derivat ive of the potential  evaluated 
a t  the electrodes. 
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Intensity Anomalies in Electron Diffraction Patterns of CuO' 

J .  M .  COWLEY 

Chemical Physics Section, Division of Industrial Chemistry, Commonwealth Scientific and Industrial Research Organization, 
Melbourne, Australia 

A B S T R A C T  

The  oxide layer,  giving the  so-called CuO ~ electron diffract ion p a t t e r n  and  formed b y  
hea t ing  copper in air  a t  600~ has  been examined by  h igh- reso lu t ion  e lectron dif- 
f rac t ion  ~nd electron microscopy.  I t  is shown t h a t  the  in tens i ty  anomalies  which 
different ia te  the  CuO'  p a t t e r n  f rom the  normal  CuO p a t t e r n  are no t  due to impur i t ies  as 
has  been suggested. The oxide grows in the  form of long needle-l ike spines approx imate ly  
perpendicular  to the  copper surface, wi th  one or more screw dislocat ions along the  
axis of each spine. Eaeh  spine is a single crystal  of CuO, abou t  1000 A in d iameter ,  
e longated along the  (110) zone axis. I n t e n s i t y  anomalies  of the  CuO'  p a t t e r n  resul t  
from this  pa r t i cu la r  morphology.  

INTRODUCTION 

Since Murison (1) first reported tha t  the electron 
diffraction pa t te rn  obtained from copper surfaces 
heated in air at  300~176 is often not tha t  of 
normal  CuO, but,  instead, a " three-r ing" pat tern,  a 
number  of authors have repeated his observations 
and offered various explanations for the anomaly.  
The three-ring pat tern,  or "CuO'  pa t te rn ,"  as it 
has been called, has the same dimensions as the 
normal  Cu() ring pat tern  and so appears to be 
given by a similar monoclinic crystal lattice with 
unit  cell dimensions of the normal CuO, a = 4.65, 

o 

b = 3.41, c = 5.111 A, and r = 99029 ' . The relative 
intensities of the rings are, however, markedly  
different. In  particular, the innermost  ring, the 
(110) with d = 2.73 ~,  is strong ins tead  of weak, 
and the (112) ring with d = 1.95 A is also stronger 
than  normal.  

Murison concluded tha t  the pa t te rn  is given by  
another  crystal  form of CuO. Other suggestions have 
been tha t  it is given by  an oxide with the CuO 
structure, but  with an excess of oxygen or copper, 
or, more specifically, by  an oxide intermediate 
between CuO and Cu20. Honjo (2) showed tha t  the 
rings of the CuO'  pa t te rn  are usually arced and 
suggested tha t  anomalous intensities result f rom a 
preferred orientation of erystallites of normal CuO, 
due to the preferential development of certain 
crystal  faces in the growing oxide layer. 

Recently, Gulbransen and MeMillan (3) studied 
the oxidation of pure copper and examined con- 
ditions under which the C u 0 '  pa t te rn  appeared. 
They  found a dependence on the pur i ty  of the copper 
used, in tha t  intensity anomalies were less pro- 
nouneed for high pur i ty  copper than  for less pure 
copper. They  concluded tha t  the high intensities of 
the rings at  d = 2.73 and 1.95 ~ result f rom the 
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superposition of strong rings from oxides of other 
metals  prcsent as impurities in the copper. 

A series of observations made in this labora tory  
during the early par t  of 1951 provides ample 
evidence that ,  at  least in the case of the oxides 
studied by  the author,  the explanation given by  
Gulbransen and McMillan cannot be correct, and 
that ,  in fact, abnormal ly  intense rings are given by  
the same material  as the other rings. The author  
used an electron diffraction camera of high resolving 
power (4) and obtained arc pat terns  and single- 
crystal pat terns  from the oxide formed on a fine 
copper gauze by  heating it in air. Some of the 
specimens were examined in the RCA Model  E M U  
electron microscope. 

Abnormal  intensities of the rings m a y  be explained 
in terms of the particular morphology of crystals of 
normal  CuO growing in the form of thin spines 
around screw dislocations. This has become evident 
in the course of an investigation on the influence of 
screw dislocations on crystal morphology and 
electron diffraction intensities, with special reference 
to CuO and ZnO smoke crystals (5). 

]~XPERIMENTAL OBSERVATIONS 

Electrolytic copper grids, with 200 meshes to the 
inch, such as are sometimes used to support  electron 
microscope specimens, were heated in air at  600~ 
for periods of up to 25 hr. The grids then appeared 
jet  black in color, with an obvious decrease in the 
size of the holes, indicating a thick oxide layer. 
When the electron beam was limited to a small 
region along the edge of a hole in the mesh, an arc 
pat tern,  such as tha t  shown in Fig. I a, was obtained 
by  transmission of the beam through projecting 
oxide crystals. F rom the positions of the arcs it can 
be deduced tha t  crystals of CuO are preferentially 
oriented with the (llO) zone axis perpendicular to 
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FIG. la. Part of an arc pattern from CuO crystals grown 
on a copper mesh. 

FIG. lb. Enlargement of single-crystal spots from an 
arc pattern such as Fig. la. 

the copper surface. Individual  arcs are resolved into 
a large number  of single-crystal spots, each of which 
is elongated in a direction perpendicular to the 
(110) zone axis. An examination of individual 
elongated spots under very high resolution conditions 
(Fig. lb) shows tha t  elongation is due to extended 
"shape t ransforms" similar to those previously de- 
scribed in pat terns  of ZnO smoke (6). I t  m a y  there- 
fore be concluded tha t  the oxide grows in the form 
of long thin needles perpendicular to the copper 
surface, with the long axis of the needles parallel 
to the (110) zone axis. 

Electron micrographs of similar regions, Fig. 2, 
confirm tha t  the oxide is in the form of long thin 
needles growing approximate ly  perpendicular to the 
surface. Average diameter  of the needles is a little 
over 1000 ~,; lengths are very much greater. In  some 
cases, a spine was observed to extend right across 
one of the grid apertures. 

Some single-crystal diffraction pat terns  were 
obtained by  using a very  fine electron probe to pick 

out individual needles. Fig. 3 shows such a pa t t e rn  
obtained with the beam in the (i10) direction. The  
(00./) reflections give the closely spaced line of spots 
through the central spot. Of these, the reflections 
with / odd are "forbidden" in tha t  the intensi ty 
calculated for them from the known structure of 
CuO is zero. The fact that they appear with appre- 
ciable intensity implies that considerable secondary 
scattering or "dynamic interaction" has taken place. 
This is to be expected for CuO crystals more than 
i00 A thick. Weak, continuous lines running between 
the spots of the pattern indicate that there is a 
considerable amount of disorder in the crystal. The 
lines are stronger near the spots of the pattern. 
Lines running near to the central spot are less 
pronounced than those further out. The direction of 
the lines is perpendicular to the axis of the needle. 
These observations suggest tha t  the disorder in the 
crystal may  take the form of screw dislocations along 
the axes of the needle-like CuO crystals. Wilson (7) 
has examined diffraction effects given by  a screw 
dislocation along the axis of a cylindrical crystal.  
The apparent, crystal  size is, in effect,, decreased in 
directions perpendicular to the axis. This effect is 
zero for reflections from planes parallel to the 
dislocation axis, and the more marked,  the greater  
is the angle between the reflecting plane and this 
axis. In  a single-crystal pat tern,  such as Fig. 3, this 
would result in an elongation of the spots in a 
direction perpendicular to the long crystal  axis, as 
observed. Each needle-like crystal  of CuO m a y  
therefore be considered to contain one or more 
screw dislocations along its axis. The  rapid growth 
of the crystals in the (110) direction m a y  then be 
a t t r ibuted to growth about  screw dislocations. 

Observations were also made by  "reflection" f rom 
the surface of a copper  block which had been heated 
in the same way as the  copper mesh. The pa t te rns  

FIG. 2. :Electron micrograph of CuO crystals growing 
from the side of an aperture of a fine copper mesh. 
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FIG. 3. Single crystal pattern obtained from a needle- 
like CuO crystal. A background of spots given by other 
crystals has been removed by masking. 

obtained are similar to tha t  of Fig. 1 except tha t  
more than half of the pa t te rn  is obscured by the 
shadow of the block, and the arcing of the rings is 
not quite so pronounced. The individual spots are 
elongated in the same way, indicating tha t  the same 
aeieular crystal habit  is present. The general ap- 
pearance is exactly tha t  of the CuO'  pat terns  
previously obtained by refle('tion methods. The two 
broad (110) ares form an ahnost-('.ontimn)us imler 
ring which is of about  the same strength as the next 
two rings. These rings are actually composite, the 
first being made up of (002) and ( i l l )  ares, the 
second being a comi)ination of (200) and (111) arcs. 
The merging of the several arcs on these strong rings 
gives the appearance of continuous rings even in the 
presence of a considerable degree of orientation. As 
Honjo has pointed out,, this fortuitous circumstance 
has prevented many  authors from realizing tha t  a 
preferred orientation is present. 

Relative intensities of the ares in the pat terns  
obtained from the heated copper grids are the same 
as in these CuO'  reflection patterns.  I t  is therefore 
clear that,  in the present ease at  least, the three-ring 
pat tern  is given by  thin needle-like crystals of CuO 
growing approximately  perpendicular to the copper 
surface. 

2. The  fine s tructure of single crystal  spots which 
make  up the (110) and (112) ares is similar to t ha t  
of spots in other arcs, indicating tha t  these arcs are 
given by  crystals of the same size, shape, and 
degree of imperfection. 

3. Intensities of the (110) and (112) ares are high 
enough to account for the appearance of abnormal ly  
intense rings in a reflection pa t te rn  from crystals 
with a concealed preferred orientation. 

Differences between the normal CuO and the CuO 
pat terns  are, therefore, differences which occur in 
single-crystal pat terns,  and it is unnecessary to 
postulate the presence of an impuri ty.  The observa- 
tion of Gulbransen and MeMillan tha t  the intensities 
of the (110) and (112) rings are dependent  on the 
pur i ty  of the copper used m a y  perhaps be explained 
if the pm'i ty is considered to affect the habit, degree 
of orientation, or degree of imperfection of the 
crystals. 

The  idea that  the anomalous intensities are the 
result of a defect or excess of copper atoms in the 
lattice need not be considered in detail. Such a high 
concentration of defects or excess atoms would be 
required to give the observed modification of the 
intensities tha t  either the lattice symmet ry  or the 
unit  (.ell dimensions, and hene.e the ring diameters, 
would be appreciably changed. 

Honjo suggested tha t  the intensity anomalies 
follow from preferre(t orientation of the erystallites, 
but  orientation by itself ( 'annot give rise to the 
observed intensities. This is apparent  from the 
calculated structure factors which are given in the 
d iagrammatic  representat ion of the arc patterns,  Fig. 
4. On the first layer line, the intensity of the (110) 
arc should be much less than  tha t  of the neighboring 
arcs for a normal CuO lattice, whereas in Fig. l, the 
(110) are is almost as strong as its neighbors. The 
abnormal  intensity of the (l 10) arc must,  therefore, 
be a result of the previously unsuspected spine-like 
habit  of the oxide. 

DISCUSSION 

The evidence from which it m a y  be concluded 
tha t  the intensity anomalies are not due to impurities 
may  be summarized as follows: 

1. The arcing of the (110) and (112) rings is 
consistent with tha t  of the other rings of the pat tern.  
I t  is unlikely tha t  an impuri ty  would give ares in 
the same positions even if the crystals of the im- 
pur i ty  had a similar preferred orientation. 

Fro. 4. Diagram showing the indices (in br,~ckets) and 
structure factors for tile normal CuO structure, for the 
arcs on the inner thrce rings of Fig. la (not to scale). 
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The average thickness of the spines is about 
1000 A. A perfect single crystal of this thickness 
would not give diffraction intensities according to 
the simple kinematic theory. Dynamic effects would 
be strong. Intensities would be proportional to the 
first power, rather than the square of the structure 
factors, and dynamic interaction effects would be 
expected to even out the intensities, making strong 
reflections weaker and weak reflections stronger. 
Thus the (110) arc would not be as weak, compared 
to its neighbors, as would be expected from the 
kinematic theory. 

Because of the spine-like habit of the crystals, the 
average thickness of crystal traversed will vary 
appreciably for reflections from different planes. 
The spines vary widely in orientation. Planes 
perpendicular to the spine axis can reflect only when 
the spine is perpendicular to the electron beam. 
Planes parallel to the spine axis can reflect for any 
orientation of the spine. For planes perpendicular to 
the spine axis the average thickness will be least. 
The greater the thickness of crystal traversed, the 
more the intensity of a reflection will be reduced by 
extinction, absorption (inelastic scattering), and 
dynamic interaction. The intensities of the (110) 
arcs on the first layer line, which are given by planes 
nearly perpendicular to the spine axis, should there- 
fore be reduced less than the intensities of other 
arcs. The arcs on the zero layer line should be 
weakened most, since they are given by reflections 
from planes parallel to the spine axis. 

Imperfections of the crystal lattice, presumably 
taking the form of screw dislocations parallel to the 
axes of the spines, will modify the intensities in 
much the same way. Wilson's analysis of the case 
of a screw dislocation along the axis of a cylinder, 
showed that, in effect, the apparent crystal size is 
smaller for reflections from planes more nearly 

perpendicular to the axis of the dislocation. Thus, 
extinction effects will reduce intensities much more 
for reflections from planes nearly parallel to the axis 
than for reflections from planes nearly perpendicular 
to the axis. 

The relative intensities of the various arcs on the 
innermost ring in the pattern, Fig. la, give a clear 
indication that some such modification of the 
intensities has occurred. The (110) arc (planes 
parallel t o  the spine axis) is very much weaker than 
the (110) arc (planes almost perpendicular to the 
spine axis), although the two reflections have the 
same structure factor. Similar differences are evident 
on other rings. Therefore, it seems probable that  a 
complete explanation of the intensity anomalies of 
the CuO' pattern may be possible in terms of the 
particular morphology of normal CuO crystals, 
resulting from growth about screw dislocations. 
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Reduction of Oxidation-Ions in Hydrocarbons 
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ABSTRACT 

The formation of oxidation-ions, resulting from oxidation of aromatic ortho dihy- 
droxyl compounds in hydrocarbons, is shown to be either completely or partially re- 
versed upon reduction. Compounds studied were cateehol, butylcateehol, and 1,2-naph- 
thalenediol. Among the oxidizing agents, ozone was studied in detail. Reduction was by 
hydrogen at atmospheric pressure and room temperature. 

From the easy reduction of ions it appears that a large fraction of them are relatively 
simple molecules; their possible structures are indicated. Ortho derivatives of aromatics 
containing additional side chains are likely to be parents of oxidation-ions. 

SCOPE OF STUDY 

A preceding study (1) at tempted to identify the 
ions causing increase in electrical conductivity of 
hydrocarbons upon oxidation. An at tempt  was made 
to find a group of easily oxidizable compounds 
which possess known oxidation products a~ld show 
increased conductivity upon oxidation. Such a 
group was considered to be chemically representa- 
tive of what can be termed a parent of oxidation-ions. 

Compounds of these characteristics were found 
among the hydroquinones, particularly in the ortho 
position. In  concentrations of a few millimoles per 
liter of hydrocarbon solvent and on mild oxidation, 
a marked increase in conductivity takes place. I t  
is not yet possible to assign with certainty a structure 
to the oxidation-ions formed. They were tentatively 
identified as originating from semiquinone radicals 
as oxidation intermediates, stabilized by addition 
or loss of an electron. I t  is realized, however, tha t  
this explanation might be modified by future work. 

If this explanation is correct, it should be pos- 
sible to reverse by suitable means, at least partly, 
the observed increase in electrical conductivity. I t  
was this question to which the present investigation 
was devoted. Since the ions are formed by oxidation, 
it was concluded that  subsequent reduction should 
eliminate the ionic species formed and cause con- 
ductivity to decrease. I t  is known that  o-quinone is 
readily reduced by agents like potassium iodide (2, 
3). The same probably holds for intermediate prod- 
ucts which form the ions. 

In  addition to the process of reduction, the pres- 
ent s tudy was also concerned with ion generation by  
means of oxidation with ozone. Results obtained 
by this method throw added light on the nature of 
oxidation-ions. 

Manuscript received November 16, 1953. This paper 
was prepared for delivery before the Chicago Meeting, 
May 2 to 6, 1954. 
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REDUCT[0N OF 0XIDATION-IoNs FRO~ CATECHOL 

l~eduction was carried out with hydrogen at room 
temperature and atmospheric pressure on a plati- 
num black catalyst. A small glass container was 
used for the reduction; it contained i0 cc of solution 
into which were lowered platinum plates which 
were electrolytically coated with platinum black 
and a glass tul)e with fritted glass at the lower end. 
Hydrogen was l)ubbled through the solution via this 
tube. ]{eduction was under rather mild conditions. 

A typical result is presented in Fig. 1. Cate('hol, 
5 millinlole/l in dioxane, was oxidized by silver 
oxide for 2 hr. The increase in conductivity (cor- 
rected for change in dielectric constant) is drawn as 
a dotted line, since only initial and end values were 
measured, the general trend of the curve t)eil/g known 
from previous data  (1}. The solution, which had a 
reddish-brown coloration due to o-quinone, was 
decanted from solid silver oxide and subjected to 
reduction. After 2 hr the conductivity level was 
about the same as before oxidation; the color' at  
the same time faded markedly. The quinone was, 
therefore, reduced to a considerable extent. After 
18 hr the conductivity was nearly the same as 
before, 2.0 X 10 -12 mho/cm.  According to later 
experiments, dioxane is not very suitable as a sol- 
vent involving reduction; the peroxide content of 
some batches apparently interferes with the re- 
duction process. 

Further  results along similar lines are assembled 
in Fig. 2, referring to 3 millimole/1 p-tert-butyl- 
catechol (reerystallized from the Eastman product). 
In  curves 1 and 2 oxidation time was 10 min, and 
in curve 3 it was 20 min. Immediately after oxida- 
tion, which utilized I4MnO4, reduction was achieved 
using a hydrogen stream. Oxidation, accompanied by  
green coloration, increased conductivity;  reduction, 
accompanied by deceleration, reduced conductivity. 
The final level in the ease of benzene and octane 
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FIG. 1. Elect r ica l  conduc t iv i ty  vs. t ime of oxidat ion and  
reduct ion  of 5 mill imole/1 eatecho[ in  dioxane. 

was close to the initial one, but  somewhat higher 
for xylene. No correction was applied to these data  
because of the small change in dielectric constant. 

I t  has been pointed out (1) that  intermediate 
oxidation products, which form ions, are not always 
stable; conductivi ty may  change with time. I t  was 
of interest, therefore, to compare oxidized samples 
that  were undergoing reduction with samples of the 
same batch that  were allowed to stand after oxida- 
tion. Two results of this kind are shown in Fig. 3. 
Group 1 shows an oxidation curve for 20 min, fol- 
lowed by a branching of the curve. The bot tom 
branch refers to reduction, and the top branch to a 
sample that  was allowed to stand after initial oxida- 
tion. Group 2 shows a curve for an oxidation time 
of 135 min, followed by two branches analogous to 
those in the first group. While the top branches show 
only little change, the reduction curves exhibit 
sharp drops. These drops are, therefore, not caused 
by  inherent instability of oxidation-ions. 

I t  was also of interest to ascertain whether re- 
versals could be effected by repeating oxidation and 
reduction processes. One of the tests carried out for 
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FIG. 2. Conduc t iv i t y  vs. t ime  of oxidat ion and  reduc t ion  
of 3 millimole/1 bu ty lca techo l  in benzene (curve 1), n -oc tane  
(curve 2), and  xylene (curve 3). 
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FZG. 3. Conduc t iv i t y  vs. t ime  for oxidat ion,  reduc t ion ,  
and  s t and ing  af te r  oxidat ion.  Group 1: bu ty l ca t echo l  in 
benzene;  group 2: catechol  in dioxane. 

this purpose, using the benzene-butylcatechol 
system, is reproduced in Fig. 4, I t  shows four oxi- 
dation peaks and four corresponding reduction drops, 
indicating tha t  the initial condition was restored 
after each reduction. The peaks are of different 
magnitude because no effort was made to keep 
conditions of oxidation constant (amount  and 
particle size of KMnO~ crystals, conditions of 
stirring, and the like). At each oxidation the greenish 
color of the quinone appeared, disappearing at each 
reduction. 

t~EDUCTION OF OXIDATION-IONS FROM 

o-NAPHTHALENEDIOL 

All work up to this point was carried out with 
dihydroxyl  derivatives of benzene. The following 
was an a t t empt  to extend the work to a naphthalene 
derivative. Ortho naphthalenediol is not  readily 
available, so 1,2-(or r naphthoquinone (Eastman 
product) was used. The compound was dissolved in 
benzene and the clear filtered red solution used; in 
some tests it was previously reerystallized from 
ether.  In  order to obtain the corresponding ortho 
diol, the qu'inone solution was reduced in the ap- 
paratus described above. The color faded to a faint 
pink hue. 

lholcm I0 '~mho/cm ~ 
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I'I / l I t i1--~1 8' /-~ 
/, \H 2 / '\ IH~, 

\ ( I \ ] \xx 
'~ /"~Hz I ", I 

' '" " "-% "'6 

50 I00 150 
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FIG. 4. Repeated oxidations and reductions in a 4 mil- 
limole/1 b u t y l c a t e c h o l  solut ion in benzene.  
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Curve 1 : 2 . 5  millimnle/1 1,2-imphtlmlenediol in benzene- 
dioxane; curve 2: 5 millimole/1 fl naphthoquinone  in 
benzene. 

When such a solution was diluted by art equal 
par t  of dioxane (final concentration of the diol 
being 2.5 millimole/l) and oxidized with silver 
oxide, curve 1 of Fig. 5 was obtained. In  contrast  
to previous curves it shows an induction period of 
about  2 hr, after which a rapid increase of conduc- 
t iv i ty  takes place, the solution assuming a reddish 
color. 

A somewhat  unexpected observation was made 
with fl-naphthoquinone. I f  no reduction precedes 
oxidation, but  the original benzene solution (con- 
centration 5 millimole/1) is used and oxidized with 
Age(), an immediate  increase in conduct ivi ty takes 
place, as shown in the first par t  of ('urve 2. This 
solution was next subjected to reduction, showing 
a rapid drop of conductivity.  Repeated oxidation 
with Ag20 produces the same type of oxidation curve 
as in curve t ,  as expected. 

The chemical nature of intermediate ions in this 
case is probably similar to tha t  postulated for the 
case of o-benzoquinone (1). I t  is known (4) tha t  
o-naphthoquinone upon standing forms a quin- 
hydrone type  compound, (3,4-dioxynaphthyi-1)-  
naphthoquinone- l ,2 ,  of the following probable 
constitution : 

<Z>CD 
.o_< )_< )=o 

I II 
HO 0 

The compound, a dimer of o-naphthoquinone, is a 
dark powder, moderate ly  soluble in benzene. When 
this is oxidized, the hydroxylated benzene ring 
acts as a catechol molecule, leading to semiquinone 
radicals. This is the probable cause of ion formation,  
as shown in the first par t  of (:;urve 2, when the qui- 
none, and not its reduced form, was used. 

OXIDATION BY OZONE 

A further  group of experiments was concerned 
with ozone as oxidizing agent, and subsequent  re- 
duction. The  results are instructive in providing 
fur ther  support  for the hypothesis tha t  ions are 
intermediate chemical forms between the fully 
reduced and fully oxidized form. 

Referring to the reduction ar rangement  described 
earlier, for oxidation the tube could be connected to 
a cylindrical glass ozonizer, the outer  electrode of 
which consisted of a luminum foil, and the inner of 
water.  High voltage to the ozonizer was supplied 
by  a t ransformer using a p r imary  voltage regulator,  
and oxygen was fed from a tank. 

Results on oxidation by  ozone are presented in 
Fig. 6, curve 1, which refers to a 6 millimole/1 
butyl-catechol  solution in xylene. Ozone has an 
advantage  over solid oxidants in tha t  its concentra- 
tion can be easily varied. This is done by  vary ing  
the electric field across the gap (4 mm)  between the 
two glass cylinders of the ozonizer. Curve I (',onsists 
of various sections, each referring to periods of 30 
min ill which the field was increased in steps as 
indicated; the figures give effective kilovolts per 
centimeter.  Concentrat ion of ozone in the oxygen 
s t ream increases with increasing electric field, as 
was ascertained by  the intensity of darkening of 
KI - s ta rch  paper. Ilence, it m a y  tie seen tha t  the 
conduct ivi ty effect depends upon tim concentrat ion 
of Ca, going through a max imum at  about  26 
kv~,ff/cm. The increasing par t  of the curve seems 
obvious, but  the decreasing par t  is unexpected.  
A possible explanation is tha t  oxidation of catechol 
then proceeds too vigorously; the relatively unstable  
in termediate  ionic stages are then fur ther  oxidized 
to the end product.  

Curve 2 of Fig. 6 is a control test  with xylene, 
wi thout  butylcatechol,  carried out a t  the same field 
intensities as the previous test.  Increase  in con- 
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Fro.  6. Oxid,~tion by means of ozone ,~t, various field in- 
tensi t ies  in the  ozonizer. Curve 1 : 6  millimole/1 buty l -  
c,~techol in xylene; curve 2: xylene only. 
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FIG. 7. Conductivity changes upon oxidation by ozone 
at various field intensities, upon standing, and upon re- 
duction by hydrogen after oxidation; 6 millimole/1 butyl- 
cateehol in xylene. 

duetivi ty is small, hence the major  portion of the 
effect shown in curve 1 is due to the presence of 
catechol, i.e., conductivi ty is due to ions formed 
from catechol. 

Fur ther  results, using ozone as oxidant, are pre- 
sented in Fig. 7. All data  refer to a 6 miilimole/1 
butylcatechol solution in xylene. The curve marked 
26.2 refers to an oxidation test at the optimum field 
intensity. After the maximum conductivity of 1.6 X 
10 -12 mho/cm is reached, it remains constant with 
continued oxidation, indicating a dynamic equilib- 
rium between ion generation and annihilation. 

The other group of curves has a 30-min oxidation 
section at the optimum field. From this point on, 
three branches are shown. The top branch refers to 
standing of the solution, showing a decrease of 
conductivity due to inherent instability of the ionic 
species. The  next  branch gives fur ther  oxidation 
data  at a higher than optimum field intensity, show- 
ing a more rapid drop than on standing. The third 
branch refers to reduction by  hydrogen; this drop is 
the steepest, indicating rapid annihilation of ions. 

CONCLUSIONS CONCERNING STRUCTURE OF IONS 

Before discussing some conclusions tha t  may  be 
drawn from the results on reduction, two pert inent 
points are mentioned. 

One is tha t  only ortho compounds exhibit the 
effect of prompt conductivity changes on oxidation. 
This was shown by  previous work (1) and also in 
Fig. 8, comparing butylcatechol (curve 1) with 
butylhydroquinone (curve 2). The absence of any 
increase of conductivity in curve 2 proves the point 
in question. A possible explanation is given later. 

The  second point is whether or not ions are 
formed in thermodynamic equilibrium with the 
fully reduced and oxidized parent  compounds. F rom 
experimental material available it appears tha t  such 
an equilibrium could at best account for a small 
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FIG. 8. Comparison of butylcatechol (curve 1) and 
butylhydroquinone (curve 2) in benzene, oxidized by 
KMnO4 . 

fraction of ions present and tha t  the major  fraction 
are intermediates of relative stability. I t  is realized 
that  this conclusion is not final and may  be subject 
to revision. Michaelis (5) found equilibrium between 
quinones and semiquinones, but  conditions in hydro-  
carbons are certainly different from those in aqueous 
solutions. An experimental indication of the absence 
of an equilibrium in the present case is presented in 
Fig. 9. 

Curves 1 and 2 refer to phenanthrenequinone 
solutions in xylene and xylene-dioxane 1:1. The left 
parts of the curves reproduce data  during reduction 
of the yellow quinone solution, in the course of 
which the colorless 9,10-phenanthrenediol  was 
formed. The right parts refer to oxidation by  
K M n 0 4 ,  converting the colorless diol back into 
yellow quinone. The diol in solution is known to be 
unstable (6), oxidizing very  rapidly to quinone. 
Such rapid oxidation precludes the presence at  
any moment  of a noticeable concentrat ion of inter- 
mediate ionic species, as mentioned above, and ac- 
cordingly there is no increase of conduct ivi ty  ob- 
servable in the course of oxidation. The absence of 
such increase during the entire course of curves 1 
and 2 seems to indicate, moreover,  tha t  the mere 
presence of the reduced and oxidized forms, even if 
they are present simultaneously, does not  lead by 
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FIG. 9. Reduction and oxidation of phenanthrene- 
quinone in xylene (curve 1) and dioxane-xylene (curve 2). 
Reduction of butyl-o-quinone (curve 3). 
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means of an equilibrium to a marked  concentrat ion 
of ionic species. 

Curve 3 refers to reduction of red butyl-o-quinone, 
prepared f rom the corresponding eateehol (7). No 
significant increase in eonddetivi ty occurs, in spite 
of the fact t ha t  in the course of the reduction both  
quinone and eateehol were present. F rom the stand- 
point of the explanation based on ionic intermediates,  
the result shown in curve 3 seems surprising. One 
would expect ions to form also during reduction. I f  
the observation is confirmed in further  studies, then 
it shows tha t  reduction follows a pa th  different f rom 
tha t  of the oxidation. Considering the m a n y  dif- 
ferent ways in which a net reaction can and does 
occur, this is not improbable.  

The observed effect of reduction on conduct ivi ty 
shows tha t  oxidation-ions are reduced to nonionic 
molecules. The observed effect is in m a n y  cases 
complete, in others partial.  I t  is perhaps safe to 
assume tha t  the ions tha t  are p rompt ly  reduced by  
hydrogen at  atmospheric pressure and room tem- 
perature  are chemically simple compounds, whereas 
those tha t  are more resistant to reduction are sec- 
ondary molecules of more complicated structure or 
higher molecular weight. The ionic species generated 
from aromatic  dihydroxyl compounds appear,  
therefore, to be simple molecules. In  a subsequent 
paper  on this study, cases will be presented tha t  
exhibit a partial  effect upon reduction, indicating 
tha t  only part  of the ions are pr imary  products. 

Sticher and Pipet' (8) subjected the reaction prod- 
uct of electron-bombarded deealin to hydrogenat ion 
with nickel as catalyst  at  about  240~ and 200 
arm;  a decrease of conductivi ty in a ratio 1:7 was 
observed. Since reduction in their work was carried 
out under severe conditions, a direct comparison 
with the present work is not possible. However,  the 
two results appear  to be in agreement,  and it m a y  be 
tha t  the conductivi ty in their work was of a kind 
described here. 

The chemical nature  of the ions can only be 
tenta t ively  inferred f rom the various observations. 
I f  the ions are intermediate compounds, they are of 
the nature of semiquinone radicals. The group with 
two ortho carbon a toms thus has the formula CsO2H. 
The molecule must  exist in two forms, an anion and 
a cation; since both are relatively stable, the oxygen 
a toms must  have completed electronic octets. The  
probable structure of the ortho groups in question 
is then the following: 

\ C :  - \ + ~:  C : : O : H  
o o  

I I I  
I 

C : O : I t  C : : 0 :  
/ .. / .. 

The remainder  of the molecule depends, of course, 
on the original compound present,  and may,  in 
addition, have  the s tructure of a dimer, te t ramer ,  
and the like, if such were formed in the course of 
oxidation. Continued oxidation of the radicals and 
the ions leads to quinones; reduction, to ortho diols. 
As m a y  be seen, the assumed structures are a diol 
anion and an oxonium type  cation. The  kinetics of 
their format ion cannot be derived with cer ta inty  
from experimental  results of this study. 

The ionic group does not need to be always the 
same. There  can be longer side chains than  those 
shown above. Since only ortho diols lead to ion 
formation,  there is a likelihood tha t  the hydrogen is 
s i tuated between the two oxygen atoms,  in other 
words, there m a y  be a hydrogen bond in such ions. 
Such an anion, derived from phthalic acid, is shown 
in I I I ,  and a cation, as an oxonium ion of phthalic 
aldehyde, in IV. 

\ O . . -  \ H + 
C:C:O:  C :C : : ( )  

I I I  i i  IV I i i  
I 

C:C:(J:  C :C : : ( )  
/ o . .  / H " 

The anion structure shown by  i I I  is similar to the 
chelate s tructure of anions of dicarboxylie acids in 
aqueous solution, discussed by  McDanie l  and Brown 
(9). 

When the start ing compound is not a diol, hy- 
droxyl groups might  form as the first, step of oxida- 
tion, and ion formation is then a secondary process. 
Side chains in the ortho position, like in o-xylene, 
substantial ly facilitate such a process. A single 
hydroxyl  group, as in phenol, favors formation of a 
second hydroxyl  in the ortho position. Exper imenta l  
results along these lines will be given in a subsequent  
paper. 

I t  is quite likely tha t  not all oxidation ions in 
hydrocarbons have the assumed structures of a 
diol anion and an oxonium cation. Other  possibilities, 
such as formation of ion-radicals, should be kept  in 
mind. 

Presence of ortho subst i tuents  in the benzene ring 
is not the only criterion for a substance to be an 
ion parent .  In  order to be stable, ions need solvating 
action on the par t  of solvent molecules. This action 
is par t ly  nonspeeific, dependent  on the dielectric 
constant  of the solvent, par t ly  specific, dependent  
on the chemical constitution of both  solvent and 
solute. This la t ter  action on the ions is analogous 
to the solvent action on the parent  molecule which 
causes its greater  or lesser solubility. The  more solu- 
ble a compound in a solvent, the more likely it will 
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form ions. Hence a reasonably good solubility is a 
second essential criterion. 

This is illustrated by catechol, which does not 
give an effect in benzene, but does so in dioxane. 
Butylcatechol, the solubility of which in benzene is 
considerably greater than that  of catechol, gives a 
positive effect in benzene. Since side chains generally 
increase the solubility of hydroxyl compounds in 
hydrocarbons, alkyl substituted compounds in 
hydrocarbon mixtures facilitate the formation of 
oxidation-ions. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1954 issue of the 
JOURNAL. 
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High Purity Silicon 
FELIX B. LITTON AND HOLGER C. ANDERSEN 

Foote Mineral Company, Research and Development Laboratories, Berwyn, Pennsylvania 

ABSTRACT 

Thermal decomposition of silicon tetraiodide was investigated in both standard iodide 
(de Boer) and intermittent flow systems for potential use as a method for preparing high 
purity silicon metal. 

Purity of metal obtained from operation of a standard iodide process cell appeared 
to be a function of impurities in crude silicon source material. Iodide metal having re- 
sistivities from 0.5-3 ohm cm in the single crystal form was produced from Electro- 
Metallurgical high purity silicon. When iodide metal was used as silicon source material, 
the resistivity of single erystMs of doubly refined metal w~ried from 3 8 ohm~em. 

Silicon of higher purity was obtained through thermal decomposition of fractionally 
distilled silicon tetraiodide in an intermittent flow system. After preparation of tetra- 
iodide by reaction of resublimed iodine and Electro-Metallurgical high purity silicon, 
it was subjected to a 16 step distillation at 200 mm pressure in a packed quartz column. 
The modified iodide process silicon was pq, ypc, and tim resistivity varied in seven prepa- 
r,'~tions front 30 200 ohm-era 

INTRODUCTION 

Becket (1) and Tucker (2) are credited with the 
first succ, essful a t tempt  to produce high purity silicon 
in commercial quantities. Using metal prepared by 
their process, Scarf (3) observed that  dirfel'ent im- 
purities segregated at various rates in directionally 
solidified metal, and that  this procedure could be 
used for controlling distribution of impurities and, 
consequently, electrical properties of the metal. 
In 1949, Lyon, Olson, and Lewis (4) reported prep- 
aration of "hyper-pure" silicon by vapor-phase 
reduction of silicon tetrachloride with zinc. 

Other methods have been investigated for the 
preparation of silicon in small quantities. Van Arkel 
(5) and HSlbling (6) studied hydrogen reduction of 
the tetrachloride. Silicon was prepared by reduction 
of potassium fluosilicate with potassium (7) and 
electrolysis of fused potassium fluosilicate (8). 
Von Wartenberg (8) thermally decomposed silicon 
tetraiodide on a graphite rod, while Stock (9) in- 
vestigated thermal deeomposition of silanes. 

The objective of this research was to prepare 
silicon of the highest possible purity by the iodide 
proeess (10-12). 

EXPERIMENTAL WORK 

General Consideration 

I t  is known that  extremely small amounts of 
impurity elements decrease resistivity of silicon 
metal (13). Elements in groups I I I  and V have a 
pronounced effect on electrical properties. The 

Manuseript received June 12, 1953. This paper was 
prepared for delivery before the Chicago Meeting, M~y 
2 to 6, 1954. 

effect of impurity elements from other groups is 
not as clearly defined. 

During this investigation, thermodynamic cal- 
culations were made in order to estimate the order 
of thermal stability of groups I I I  and V metal iodides 
relative to silicon tetraiodide. Brewer's data (14) 
were used for reference purposes. A filament tem- 
perature of 982~ and an iodide cell pressure of 10u 
were assumed to represent normal iodide process 
cell operation. 

Cah'ulations indicated that  iodides of P, As, and 
St) were less stable, and that  those of A1, In, Ga, 
B, and Bi were more stable, than silicon tetraiodide. 
Therefore, it was anticipated that, the concentration 
of the latter elements would decrease and that  the 
former elements would not decrease in concentration 
in iodide metal relative to the concentration of 
those elements in the source silicon. 

287 

Factors Influencing Rate of Silicon Formation in the 
Iodide Process Cell 

Rate of silicon deposition through thermal de- 
composition of silicon tetraiodide on a heated wire 
in a standard de Boer type iodide cell was studied 
as a function of three operating variables: (a) amount  
of iodine introduced in the cell, (b) cell temperature, 
and (c) filament (hot-wire) temperature. 

Initial experiments were carried out in an Inconel 
cell, 4 in. in diameter by 112 in. long, similar to that  
previously described (12). Low-almninum grade 
silicon metaP was used as crude source material 
and was supported at the cell wall by  means of a 
molybdenum screen. A U-shaped molybdemlm wire, 
0.060 in. in diameter by 10 in. long, at tached to 

2 Obtained from Electro-Metallurgical Division, Union 
Carbide and Carbon Corporation. 
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FiG. 1. Effect of iodine on rate of silicon deposition. 
Filament temperature, 980~ cell temperature, 400~ 

the head of the cell through suitable electrode con- 
nections, served as the surface for thermally  de- 
composing tetraiodide. The head was also fitted with 
a 1/~-in. diameter  evacuation tube, a sight glass for 
optically determining filament temperature ,  and a 
thermocouple well for measuring the tempera ture  of 
the source ma te r i a l  

After crude silicon was placed in the annular  space 
between the molybdenum screen and cell wall, the 
filament was at tached and the head bolted in posi- 
tion. The cell was leak-tested at  40 psi internal pres- 
sure, after which it was evacuated at 500~ to 0.05~. 
When the cell had cooled to room temperature ,  a 
weighed amount  of iodine was admit ted  and the 
evacuation tube sealed off. Before adjus tment  of 
the fi lament and cell t empera tures  to desired operat-  
ing values, the cell was reheated to 400~ for one 
hour to form silicon tetraiodide. When the experi- 
ment  was completed, the filament was weighed and 
the rate of decomposition calculated. The crude 
silicon charge was washed with dilute nitric and 
hydrofluoric acids before it was reused for subsequent 
experiments. 

The influence of iodine addition on rate of silicon 
format ion at  constant filament and cell temperatures  
is shown in Fig. 1. In  the iodine weight range of 
2.5-7.5 grams, the rate increased with increased 
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FIG. 2. Influence of cell temperature on rate of silicon 
deposition. Amount of iodine in cell, 7.5 grams; filament 
temperature, 980~ 

iodine addition, then  decreased with fur ther  iodine 
addition. 

The effect of varying the cell t empera tu re  using 
constant  iodine addition and filament t empera tu re  
is shown in Fig. 2. D a t a  indicated tha t  m a x i m u m  
rate  of silicon format ion occurred a t  460~ Even  
though an op t imum cell t empera ture  was observed, 
its influence on rate of silicon format ion was not  as 
critical as the amount  of iodine added to the cell 
for the deposition process. 

The  influence of filament t empera tu re  on the ra te  
of silicon formation,  using 7.5 grams iodine addit ion 
and cell t empera ture  of 460~ is shown in Fig. 3. 
D a t a  showed tha t  770~ was the min imum tempera -  
ture at  which measurable decomposit ion of the te t ra-  
iodide occurred, and tha t  the rate  increased with 
increasing tempera ture  to the highest value studied 
(1040~ 

Standard Iodide Process Silicon 

Apparatus.--An Inconel iodide process cell, 
18 in. in diameter  by  12 in. deep, was fabr icated as 
the initial step in preparing silicon in approximate ly  
one-pound quantit ies for test  purpose. The  cell 
was designed to operate with a fiat spiral f i lament 
of 0.10-in. d iameter  t an ta lum wire, 240 in. in length, 
suspended above the crude silicon star t ing mater ia l ,  
which was distr ibuted at  the bo t tom of the cell. 
Vacuum seal and head ar rangement  similar to those 
used for the smaller cell were incorporated in the 
larger unit.  Operat ing tempera ture  was manual ly  
controlled by  means of strip heaters  in contact  with 
the cell. 

Cell operation.--Prior to operating this cell, fila- 
ments  were prepared from molybdenum,  tungsten,  
tan ta lum,  and carbon for silicon format ion experi- 
ments.  When molybdenum was used, a continuous 
alloy zone 0.070 m m  thick formed between the  
filament wire and silicon deposit. Meta l  droplets,  
assumed to be silicon-tungsten alloy, formed during 
the initial stage of deposition on a tungsten filament. 
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0.151 
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FXG. 3. Effect of filament temperature on rate of silicon 
deposition. Amount of iodine in cell, 7.5 grams; cell tem- 
perature, 460~ 
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TABLE I. Resistivity and type rectification of iodide 
process silicon 

FIG. 4. View of a typical iodide process silicon, actual 
size. 

A discotltinuous alloy layer 0.017 m m  thi(:k formed 
betweel~ the silicon deposit and tan ta lum wire, 
showing thai: t an ta lum was to be preferred over 
either molybdenum or lungsten for filament material .  
In  the case of carbon, a reaction zone 0.70 m m  thick 
was formed. 

The cell was operated on a charge of 5 lb of high 
puri ty  grade sili(.on'-' and 50 grams of resubliined 
iodine. The  following operational data  were obtained 
from a typical  preparat ion:  t an ta lum wire tempera-  
lure, !)82~ filament length, 170 in.; cell tempera-  
lure, 450~ preparat ion time, 74.5 hr; silicon 
obtained, 472 grams. 

The "as deposited" iodide metal  was polycrystal-  
line, and vitreous in appearance. A view of a typical 
preparat ion is shown in Fig. 4. 

Speetrochemieal analysis .--Total  impurities as 
reported from speetroehemica[ analyses on 16 de- 
posits produced from high puri ty  silicon showed tha t  
the metal  contained 1-120 ppm detectable impurities 
which were one or more of the following elements: 
Fe, A1, Ca, Mg, Mn, Cu, and Na.  

Electrical properties.--Resistivity and type  recti- 
fication of iodide process silicon prepared from three 
different source materials  are shown in Table  I.  
Results are average values obtained on at  least four 
preparat ions from measurements  on "as deposited" 
and single crystal specimens. 

Specific resistance was determined by  measuring 
the voltage drop across 0.10 fla. of the specimen with 
a L & N  Type  7651 potentiometer.  Rectification 
type  was indicated by  direction of current flow in a 
simple thermoelectric circuit. 

These data  indicated tha t  silicon purification was 

Obtained from Eleetro-Metailurgieal Division, Union 
Carbide and Carbon Corporation. 

Source material 

High Purity (Electro- 
Metallurgical) . . . . . . .  

High Purity (Electro- 
Metallurgical) . . . . . . .  

Iodide process silicon.. 

Iodide process silicon.. 

High Purity (Sylvania 
Electric) f . . . . . . . . . . . .  

High Purity (Sylvania 
Elect.rio) . . . . . . . . . . . . . .  

Form 

As de- 
posited 

Single 
crystal* 

As de- 
posited 

Single 
crystal* 

A s  d e -  

posited 

Single 
crystal* 

Resistivity, 
ohm-cm 

0.5-3.0 

0.1-3.0 

5.0-8.0 

3.0-8.0 

3.0-7.0 

0.2-6.0 

p and n 

p and n 

n 

p 

* Drawn from quartz crucibles. 
t Metal prepared from zinc reduction of silicon tetra- 

chloride; 99.85% minimum Si content. 

obtained, but  t h a t  both donor and accepter  elements 
were t ransferred in the s tandard iodide process cell 
f rom a given source material .  I t  was not possible 
to obtain either the degree of purification desired, 
or to determine which elemenls transferred hi this 
work, due to unreliabili ty of chemical procedure in 
the analytical range of interest. 

Preparation of Silicon .#ore Fractionally Distilled 
Silicon Tctraiodide in an Intermittent Flow System 

Preparation and properties of silicon tetraiodide.-- 
Silicon tetraiodide was prepared by  allowing iodine 
to react with silicon at  700~176 in quartz ap- 
paratus,  similar to tha t  employed b y  Sehwarz and 
Pflugmaeher (15). Resublimed iodine was vaporized 
from a heated flask and carried by  t ank  argon 
through a 1-in. reaction tube containing high pur i ty  
silicon. Silicon tetraiodide, a clear yellow liquid 
(mp 122~ condensed in the downstream portion 
of the appara tus  and was retained in a receiving 
flask. 

The yield of tetraiodide was essentially quanti-  
ta t ive  with respect to iodine in the presence of excess 
silicon. However,  only 45-65 % of the silicon charge 
was utilized in a given iodination experiment.  

Tetraiodide is strongly hygroscopic and corrosive, 
and gradually assumes a red color on exposure to air. 

Vapor pressure of fractionally distilled silicon 
tetraiodide measured in a static isoteniscope as 
reported elsewhere (16) was expressed by  the equa- 
tion 

log P ...... = 23.3809 3,862.7 4.9934 log T 
T 
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where T is in degrees Kelvin. The normal  boiling 
point was calculated to be 301.5~ compared with 
290~ reported by  Friedel (17). The  liquid density, 
measured in a small, sealed pycnometer  over the 
range 128~176 was expressed by  the equation: 
p = 3.40 -- 2.5 X 10 -3 (t-120) g/cc,  t = ~ (16). 

Fractional distillation of silicon tetraiodide.--After 

exploratory work on fractionation of silicon te tra-  
iodide in a 3.7 step distillation, a column containing 
16 theoretical plates was assembled to obtain metal  
more efficiently in 50-gram quantit ies for test  and 
melt ing purposes. 

The t ransparent  fused quartz column, 6 ft  in 
length by  15/~ in. in diameter,  was randomly  packed 
with 3~6 in. diameter  by  3~6 in. long quartz  Raschig 
rings, and during operation kept  adiabatic  by  con- 
ventional  means. Reflux was controlled and fractions 
obtained with a quartz du Pont  type  swinging funnel 
reflux split ter (18), the former ac tua ted  by  an ad- 
justable electric timer. A 9 : 1 reflux ratio was used in 
distillation experiments. Pressure in the column 
was controlled b y  a manos ta t  in combinat ion with a 
vacuum pump  and t ank  argon bleed. 

The column was calibrated by  fractionally dis- 
tilling a 20 mole % carbon tetrachloride-benzene 
mixture,  and analyzing simultaneously collected dis- 
tillate and residue samples with an Abb~ refrac- 
tometer.  The number  of theoretical steps was deter- 
mined by  the McCabe-Thiele  (19) method,  and, for 
comparison, calculated by  the Fenske equat ion (20), 
using an average relative volati l i ty of 1.134. I t  was 
observed tha t  the number  of theoretical steps in- 
creased with increased throughput ,  and varied from 
16-42 at throughputs  of 23 and 72 ml /min ,  respec- 
tively. Inasmuch  as the turbulence noted at lower 
throughput  approximated tha t  in silicon tetraiodide 
distillation, the more conservative number  of steps 
was selected to describe the performance of this 
column. 

A pressure of 200 m m  Hg was chosen for column 
operation, corresponding to a boiling tempera ture  
of 238.1~ for silicon tetraiodide. Referring to Table  
I I ,  showing the boiling point and vapor  pressure of 

TABLE II. Boiling point at 200 mm and vapor pressure at 
238~ of groups I I I  and V metal iodides 

Boiling point  
Compound at  200 mm 

pressure, ~ 

BI3 157 
PI3 169 
GaI3 299 
A1216 324 
AsL 336 
SbL 369 
InI3 414 

Vapor pressure 
at  238~ mm 

Hg 

1360 
910 
36 
24 
24 
11 
1.1 

Relat ive 
vo la t i l i ty  

6.8 
4.6 
0.18 
0.12 
0.12 
0.06 
0.006 

Reference 

(16) 
(21) 
(21) 
(21) 
(21) 
(21) 
(21) 

FIG. 5. View of apparatus for decomposing silicon tetra- 
iodide. 

groups I I I  and V metal  iodides, the relative volatil-  
ity, a, of these iodides in comparison to silicon te t ra-  
iodide indicated that ,  based on the assumption of 
Raoul t ' s  law, boron and phosphorus would segregate 
in the first distillate, while gallium, a luminum, ar- 
senic, ant imony,  and indium would tend to remain 
in the still-pot residue. An enrichment  of 4.6 and a 
depletion of 5.5 per equivalent plate was ant ic ipated 
in the vapor  respectively for phosphorus and gallium, 
the iodides having vapor  pressures nearest  to silicon 
tetraiodide. 

Thermal decomposition of fractionally distilled sili- 

con te traiodide.--Thermal  decomposit ion of frac- 
t ionally distilled silicon tetraiodide was carried out 
in the appara tus  shown in Fig. 5. A t an t a lum wire, 
0.10 in. in diameter  by  3 ft  long, formed into a helix, 
which represented the most  efficient form, was used 

7o 
, ~ s s  

a .  s0  

3 

g ~ 
o 5 0  o 

4~ F I L ~ E N T  TEMPERATURE- 9 8  

4 0  I I [ I I I I I I 
2.0  4.0 6 . 0  8 .0  | 0 .0  
RATE OF TETRAIOOIOE FLOW, G./MIN. 

FIG. 6. Yield of silicon metal vs. flow rate of silicon 
tetraiodide. Filament temperature, 982~ 

75 
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for filament. Electrical connections were made to the 
filament through a flanged Inconel head and molyb-  
denum electrodes. Neoprene gaskets were used for 
electrode insulation, and for sealing the head to the 
flanged quartz decomposition cell, which measured 
23/~ in. in diameter  by  12 in. long. 

The cell was a t tached to the vacuum  system and 
the tetraiodide flask through 20 m m  ground quartz  
joints. During cell operation, undecomposed te tra-  
iodide and free iodine were collected at  28 ~ and 0~ 
and returned to the decomposition cell and iodinator, 
respectively, for reuse. 

Yield of silicon from a given quant i ty  of te t ra-  
iodide varied with the flow rate of silicon tetraiodide 
through the decomposition cell at constant  filament 
temperature .  At a flow rate of 6.9 g/rain tetraiodide, 
45% was decomposed; by  decreasing the flow rate 
to 2.15 g/min,  71% was decomposed. The efficiency 
of tetraiodide decomposition at various flow rates is 
shown in Fig. 6. Dependence of decomposition effi- 
ciency on flow rate  could result either from increased 
pressure or decreased contact efficiency. 

Electrical properties.--Resistivity and type  recti- 
fication of silicon prepared from center distillates of 
fractionally distilled tetraiodide are shown in Table 
I I I .  In  each distillation, approximate ly  50 % of the 
still charge was obtained as center distillate, with the 
balance equally distr ibuted between first distillate 
and residue. 

Resistivity and type  rectification were also deter- 
mined on silicon prepared from the first distillate and 

T A B L E  I I I .  Resistivity and type reclificalion of silicon 
prepared from ccnlcr distillales o.f fractionally 

distilled silicon tetraiodide 

Resistivity, Type Remarks 
Silicon No. ohm cm rectification 

1226 ~ 

1234 ~ 

1420 ~ 
1422 ~ 
1464 ~ 

1477 ~ 

1479 ~ 
148I o 

1486 ~ 

18 

30 
30 200 

1O0 

35 95 
40 80 

37 98 

40-80 
44 51 

SC ~ 
SC ~ 
SF: 
SC~ 
PF: 
SF: 
PF: 
PF: 
PF: 

SiL distilled in 3.7 step column. 
b SiL doubly distilled in 3.7 step column. 

SiI4 distilled in 16 step column. 
S--Single crystal. 
P--Polycrystalline, with large faces. 
F--Floating-zone technique. 
C--Czochralski technique. 

Prepared by Dr. F. H. Horn, General Electric Research 
Laboratory. 

: Prepared by Dr. P. 1{. Keck, Squier Signal Laboratory. 
0 Prepared by Dr. A. C. Sheekler, General Electric 

Company, Syracuse, N. Y. 

residue tetraiodide obtained during processing silicon 
No. 1226 and 1234 (refer to Table  I I I ) .  The  first 
distillate yielded meta l  having 8 ohm-em and type-p  
rectification; 0.2 ohm-cm and type-n rectification 
were obtained on meta l  f rom the residue f rom silicon 
No. 1226. Similar values f rom processing silicon No. 
1234 were 10 and 7 ohm-cm resistivity and type-p  
rectification, respectively, f rom first f ract ion and 
residue tetraiodides. 

CONCLUSIONS 

1. Ra te  of silicon format ion in a s tandard iodide 
cell was observed to depend on the variables studied 
as follows: the rate reached a max imum with respect 
to amount  of iodine used, then decreased with 
further  iodine addition; the rate also reached a maxi-  
m u m  with respect to cell t empera ture  and rose 
continuously with filament tempera ture  up to the 
highest value employed (1040~ 

2. Resist ivi ty and type  rectification of silicon pre- 
pared in a s tandard type  iodide process cell showed 
tha t  groups I I I  and V elements were transferred in 
the iodide process. 

3. Silicon prepared from fractionally distilled tet-  
raiodide had resistivities of a higher order than  
s tandard process metal,  indicating tha t  the te t ra-  
iodide was purified through frac, tional distillational 
procedure. As work is in progress at the present t ime 
to determine the degree to which contaminat ing 
elements are removed and where they arc segregated, 
no conclusion could be drawn relative to u l t imate  
purification obtainable by  this procedm'c. 
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Phenomena Observed in the Melting and Solidification 
of Germanium' 

S. E. t~RADSHAW 

Research Laboratories of the General Electric Co. Ltd., Wembley, Middlesex, England 

A B S T R A C T  

Small  spheres of mol t en  germanium,  weighing a round  10 mg, form pear -shaped  solids 
on freezing, and  a solidification mechan i sm is advanced  to explain the  shape and  
i m p u r i t y  d i s t r ibu t ion  which occurs. Solids are shown to be subs t an t i a l l y  single c rys ta l  
germanium.  

The  shape of a ge rmanium ingot  is shown to involve the  ra t io  of the  densi t ies  of 
l iquid and  solid germanium,  dL/ds, at the  mel t ing  point ,  and  from the  value  of 1.13 
ob ta ined  for dL/ds, i t  is deduced t h a t  the  mel t ing  poin t  of ge rman ium is lowered by  an  
increase of pressure.  I t  is suggested t h a t  ge rmanium may  undergo sn  al lotropie modifi- 
ca t ion  under  pressure.  

INTRODUCTION 

The melting and solidification of germanium are 
somewhat  unusual processes. I t  is possible to arrange 
external conditions so tha t  the solidification-fi'ont 
progresses uniformly through the mass of molten 
material ,  and the solid which results has the shape 
predicted by  an analysis based on simple ideas. This 
can be illustrated by  some practical methods 
employed in the preparat ion of germanium for use 
in semiconductor devices. 

Globule Melting 

Small spheres of molten germanium, weighing 
around 10 rag, form pear-shaped solids, "globules," 
when allowed to solidify on a graphite support .  The 
shape of a fraction of these globules closely ~pproxi- 
mates  a right-circular cone standing on a hemi- 
spherical base, and the remainder possess shapes 
intermediate between this and a sphere; the germa- 
nium solidifies in such a way tha t  the globule's cone- 
axis is roughly vertical. 

I t  has been shown (1) tha t  small spheres of 
molten germanium, solidifying in contact with a flat 
support,  form slender right-circular cones due to 
uniform progress of a planar solidification front. I t  
has also been shown (2) tha t  small spheres of molten 
germanium can supercool by  as much as 235~ If  it 
is assumed tha t  the supercooled material  nucleates 
at  the graphite contact  surface, rapid advance of the 
solidification front  m a y  be postulated as freezing-in 
the original spherical shape, but  since the solidifica- 
tion process liberates some 8 kcal /g-a tom,  the 
tempera ture  of the remaining liquid rises; conse- 
quent ly the rate  of solidification becomes smaller. 

1 Manusc r ip t  received May  20, 1953. This  paper  was 
prepared  for del ivery before the  New York Meet ing,  April  
12 to 16, 1953. 
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When the solidification front  has slowed down 
sufficiently, the coning phenomenon results. 

Thus, solidification of a small molten sphere of 
germanium to the shape formed by  mount ing a cone 
ol/ a hemisphere requires a somewhat  restricted set 
of conditions, and when these conditions are not 
satisfied, intermediate shapes of globules result. 

Normal Freezing 

Progressive solidification of molten germanium m 
a horizontal direction results in an ingot whose 
cross section varies uniformly along its length, and 
for a horizontal crucible of constant  (',ross section, the 
cross section of the ingot is smaller at the end first to 
solidify and larger at  the end last to solidify. 

If  the effect due to surface tension is neglected and 
the phenomenon regarded as being due solely to the 
difference in density between solid and liquid 
germanium, the height, Y, of the ingot produced by  
a horizontal crucible of constant  cross section is 
given by  

( 1  - -  x) (dz/dL~ 1 = f(y) (I) 

where x = fractional distance along the ingot, f rom 
the end first to solidify, ds = densi ty of solid 
germanium at  solidification temperature ,  and dc = 
density of liquid germanium at  solidification 
temperature .  The function f(Y) depends on the cross 
section of the crucible employed and, for a rec- 
tangular  cross section, is equal to Y/Yo where Y0 is 
the height at  z = 0. 

I f  the crucible is tilted at, an angle to the hori- 
zontal, the equation describing the shape of the 
ingot is too involved to be of direct value, but  it can 
be shown tha t  for certain angles of tilt, the var ia t ion 
in cross section of ingots is a minimum.  I t  is found 
in practice tha t  tilting the crucible against  the 
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FIG. 1. Shapes of typical germanium globules 

direction of solidification by about 5 ~ gives optimum 
uniformity of ingot cross section. 

Zone Me l t i ng  

The shape of ingot which results from passage of 
a molten zone (3) along a charge-ingot contained in 
a horizontal crucible of constant cross section 
depends on shape of the charge ingot. When this is 
of constant cross section, passage of a single zone 
results in an ingot whose height is given by: 

(dL/ds)  - [(dL/ds) - 1] 

exp ( - - d s x / d L c )  = f ( Y )  (II) 

where c is the zone length expressed as a fraction of 
the length of the ingot, and the previous notation is 
retained. 

Now, if further zones are passed along this ingot, 
a limiting shape will be reached at which the shape 
of the ingot is unaltered by passage of a molten 
zone. The  height of this ingot is given, to a close 
approximation, by 

exp 2[(dL/ds)  - 1]x/c  = f ( Y )  (III)  

with the notation used in equation (II). 
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FIG. 2. The fraction of germanium solidified, x, at a 
point in a germanium globule vs. the mean value of (turn- 
over voltage) 2 occurring at this point. 

FIG. 3. Shape of the solid obtained by partial dissolu- 
tion of a germanium globule. 

Neither  equation (II) nor (III)  will hold for the 
last portion of the ingot to solidify. This will solidify 
normally with a height given by equation (I). 
Equat ion (III)  indicates tha t  the smaller the zone 
length the greater is the variat ion in the cross 
section of the ingot. For  the length of zone commonly 
employed, however, tilting the crucible by  about  
5-10 ~ against the motion of the zone gives opt imum 
uniformity. 

EXPERIMENTAL 

A shallow depression in a graphite bar was filled 
with germanium in the form of a fine black powder 
and heated at 1000~ in an atmosphere of N: for 
15 min. At the end of this period, the bar was rapidly 
cooled by  being brought into the cold part  of the 
furnace; subsequently the globule, weighing about  10 
mg, was removed from the depression. A prepared 
surface in which the axis of the cone lay was ex- 
plored for turn-over voltage (t.v.), using a micro- 
manipulator and tungsten whiskers. In Fig. 1, the 
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FIG. 4. Log f(Y) vs. log (1 -- x) for a normMly-frozen 
germanium ingot,. 
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ingo t ,  where  c is 0.332. 

shapes of typical surfaces are illustrated, and in Fig. 
2 the fraction of germanium solidified at a certain 
distance along this axis is plotted against the mean 
value of (t.v.) 2 occurring at this distance. Fig. 3 
illustrates the shape obtained from a globule by 
partial dissolution in a solvent consisting of equal 
volumes of 4N sodium hydroxide solution and 4N 
sodium hypochlorite solution, the temperature being 
held at 80~ with vigorous stirring. 

An ingot was produced from a horizontal graphite 
crucible of ('oust.ant ('ross section by normal freezing, 
and its height, Y, measured for different values of x. 
A plot of log f lY)  vs. log (1 -- x) is given in Fig. 4. 

A similar procedure was employed wi/,h the, zone- 
melting technique, and a plot of In f lY)  vs. 2x/C is 
given in Fig. 5. The zone length, (', was taken as 
being the average distance between the two solid- 
liquid interfaces of the 24 zones passed along the 
ingot. 

DISCUSSION 

The mechanism of solidification of the globules 
results in a segregation of impuri ty analogous to that  
which occurs in an ingot (4) and varying rates of 
solidification are reflected in distribution of impurities 
obtained. For the initial rapid solidification, ~grega-  
lion is low and impuri ty concentration in the solid 
is high. As the solidification rate becomes smaller, 
and segregation becomes more effective, the impuri ty  
concentration in the solidifying germanium becomes 
smaller. Since, however, the concentration in the 
liquid fraction is now increasing, the concentration in 
the solid begins to increase at some point and 
continues to do so until all the germanium is solid. 

An approximate theory of semiconductors indi- 
cates that  (t.v.) 2 is roughly inversely proportional to 
impuri ty concentration. For  comparison, the result 
for a typical ingot is included in Fig. 2; the two 

ordinate scales have been adjusted until they are 
approximately equivalent. I t  would appear tha t  both 
shape of the globule and distribution of impuri ty  
within it are consistent with the solidification 
mechanism advanced. 

Absence of a surrounding crucible for the solidify- 
ing germanium and presence of a planar solidifica- 
tion front are common to both the globule technique 
and the Czoehralski pulling method used in the 
preparation of germanium single crystals (5). Cubes 
with truncated corners which are produced from the 
globules by preferential etching technique indicate 
tha t  they are, in fact, substantially single crystals, 
and this was confirmed by an x-ray examination 
which showed the presence of some mosaic structure. 
The result illustrated in Fig. 3 is in harmony with 
the concept of a reciprocity between growth and 
dissolution (6) since it is known that  the preferred 
direction of growth in germanium is [100]. 

Values of dL/ds calm~lated from Fig. 4 and 5 are 
1.13 and 1.11, respectively, but  uncertainty in the 
value of C protmbly makes the latt.er estimate less 
reliable. The value of 1.13 is intermediate, between 
the value of 1.22 reported by llall (7) and 1.05 
found by Mokrovskii and llegcI (8). The abrupt  
change in height of the, zone-melted ingot, apparent  
in Fig. 5, is inherent h~ the process and occurs when 
the volume of liquid in the zone reaches the point 
where the balan('e of hydrostatic and surface-tension 
forces becomes unstable. Molten germanium then 
flows back ow'r the trailing edge of the zone for a 
short distance, al,d the t~alancc of forces is restored. 
From equation (III) it can be seen that  if a limiting 
shape is rapidly regained, the slopes of the straight- 
line portions of the graph of 2x/C vs. In f lY )  will be 
the same. 

Among the elements, a value of dL/ds greater than 
one is the exception rather than the rule, and it is 
confined to those cases where bonding mechanism is 
substantially covalent. These strongly directive 
bonds result in a relatively open structure, and 
during melting the complete or partial collapse of 
the covalent bonds leads to an increase in density, 
the coordination number for germanium increasing 
from 4 to 8 during melting (9). 

The Clausius-Clapeyron equation for phase 
changes, 

A S / A V  = dp/dT (IV) 

relates dp/dT, rate of increase of pressure with 
melting point, with AS, entropy of fusion, and 
AV, increase of volume on melting. At the melting 
point, the free-energy of fusion is zero and AH = 
TAS where z~H is the heat of fusiom Employing 
Greiner's values (10) (AH = 8100 cal/g-atom and 
T = 1209~ gives AS = 6.7 ('a]/~ AV = - 1.6 cc 
is obtained by substituting (ds/d~, - 1) = --0.115, 
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A = 72.6, and  ds = 5.25 in  AV = A ( d s / d L -  1 ) /ds .  2 

S u b s t i t u t i n g  these values  in  equa t i on  (IV) gives 

dp _ 4.2 ca l /~  --- - 1.8 X 10 s dynes / cm~/~  
d T  

The  nega t ive  va lue  for this  differential  coefficient 
implies t h a t  an  increase of pressure  lowers the  
mel t ing  po in t  of g e r m a n i u m  ini t ia l ly ,  b u t  ca lcula t ion  
of the mel t ing  po in t  corresponding to a n y  g iven 
pressure requires a knowledge of the  dependence  of 
this  coefficient on pressure. For  b i s m u t h  and  gal l ium,  
B r i d g m a n  (11) found  t h a t  d ~ p / d T  2 was nega t ive  a nd  
suggested t h a t  this  indica ted  some sort  of i n s t ab i l i t y  
in  s t ruc ture .  W i t h  b i smuth ,  gal l ium, and  a n t i m o n y ,  
which have dL /ds  > 1, polymorphic  t r ans i t ions  were 

found  to occur unde r  very  high pressure. I n  the  case 
of ga l l ium a new solid phase appeared  a round  10 ~~ 
d y n e s / c m  2, which was denser t h a n  the  l iquid (11). 

In the cases of carbon and tin, it is well known that 
the diamond structure is the thermodynamically 
unstable allotrope at normal temperatures and pres- 
sures, and a graphitie silicon has been reported (12). 
It would seem reasonable to suggest, therefore, that 
the diamond structure of germanium may not be 
stable under pressure, particularly for elevated 

temperatures. 
Pressure exerted locally by the whisker of a point- 

contact diode is very high--of the order of i0 ~~ 
dynes/era e for a lO-gram load on an apparent whisker 
area of 10 -6 em2--and its effect upon structure or 
melting point of germanium may be of importance 
during such processes as the "forming" treatment, 
where i t  is k n o w n  t h a t  t empera tu re s  in  excess of 

500~ m a y  be a t ta ined .  Whisker  pressure alone m a y  
be sufficient to cause a small  region of the  g e r m a n i u m  
to undergo  allotropic modificat ion,  and  i t  is signifi- 
c an t  t h a t  J o r d a n  (13) has repor ted  t h a t  localized 
pressures of the  order of 10 ~~ d y n e s / e m  2 can modi fy  
conduc t ion  characterist ics of ve ry  res t r ic ted areas 
f rom n - t y p e  to p- type.  This  modif ica t ion is pe rma-  

nen t .  

APPENDIX 

DERIVATION OF EQUATION (I) 

For a horizontal crucible of unit length and constant 
cross section, the cross section of the ingot at any point, x, 
is a function of the height of the ingot, Y, and some con- 
stants. Call this function g(Y). If, during normal freezing, 
the charge is solid from x = 0 to x = x, and liquid from 

2 After this paper was written, a letter by R. G. Schul- 
man and D. N. Van Winkle ["Pressure Welded P - N  Junc- 
tions in Germanium," J. Applied Phys. ,  24, 224 (1953)] 
was published in which a volume change of 5% and a melt- 
ing point of 935~ were quoted as having been obtained 
experimentally. Using these values and 110 cal/gram for 
the heat of fusion, they obtain dT /dP  = -2 .4  X 10 -3 de- 
grees/kg/cm 2. 

x = x to x = 1, then, neglecting the effect of surface ten- 
sion, the weight of liquid, WL, is 

W L  = d L ( 1  - -  ~ c ) g ( Y )  (V) 

In this equation, dL is the density of liquid germanium at 
solidification temperature, and it is assumed that the 
germanium is at this temperature everywhere. Differ- 
entiating equation (V) with respect to x gives 

- d W L  
dL[(1 -- x)g'(Y) ~ g(Y)] (VI) 

dx 

where g'(Y) denotes the differential coefficient of g(Y) 
with respect to x. But if W~ is the weight of the solid, 

--dWL dW~ 
- - dsg(Y) (VII) 

dx dx 

where ds is the density of solid germanium at solidifica- 
tion temperature. On combining (VI) and (VII), 

-- (~L - - 1 )  g,(y) (VIII) 

(1 - x )  g ( Y )  

and integration of (VIII) gives 

(1 -- x) (as/alL)-1 = g(Y)/g(Y~) (IX) 

where Yo is the height of the ingot at x = 0. Replacing 
g(Y)/g(Yo)  by f ( Y )  gives equation (I). For a crucible of 
rectangular cross section g(Y) = bY, where b is the breadth 
of the crucible; hence f ( Y )  = Y/Yo.  

DERIVATION OF EQUATION (II) 

If, during zone-melting, the charge has been zoned 
from 0 to x, is liquid in the zone x to x ~- c, and solid in 
the portion still to be zoned from x + c to 1, then 

W~ = dLc g(Y) -b d~(1 -- x -- c)g(Y) 

and hence 
--dWR 

-- --dLC g'(Y) + dsg(] 7) (X) 
dx 

Where g(Y) is uniform cross section of the charge ingot, 
WR is weight of material to be zoned and in process of 
being zoned, and c is length of the molten zone, which is 
constant. The same assumptions are made as in the previ- 
ous case. As before, 

--dWR dWz 
- - = -  dsg(Y) (XI) 

dx dx 

where Ws is the weight of germanium which has been 
zoned. Combining (XI) and (X) gives 

ds [g(Y) -- g(s 
- -  g ' ( Y )  (XII) 

dL c 

The weight of liquid in the first zone to be formed is 
dLcg(Yo), and this zone was formed by melting a weight 
of the charge ingot ds cg(Y),  hence 

dL 
gCY) = -ds g( Y~ (XIII) 

Substituting (XIII) in (XII) gives 

ds 
g( Y') -- ~ g(Y)  (XIV) 

= g ' ( Y )  
c 
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~nd integrat ion gives 

(dL/ds) - [(dL/ds) -- 1] exp(--dsx/dLc) = g(Y)/g(Yo) (XV) 

Replacing g(Y)/g(Yo) by f ( Y )  gives equat ion (II). 

DERIVATION OF EQUATION ( I I I )  

Let  the relationship between g(Y) and x for an ingot 
t reated with a large number of zones be 

g(Y) = ~(x) (XVI) 

Then the condition tha t  this relationship will be unal tered 
by the passage of further  zones is 

4,(x) dx = eg(Y) (XVII)  

An approximate solution of this equation is 

exp 2[(dL/d~s) -- 1]x/c = g(g)/g(Yo) (XVIII )  

Substitutiz~g g(Y)/g(Yo) by f ( Y )  gives equat ion (III) .  

Any discussion o[ this paper will appear in a Discussion 
Section, to be published in the December 1954 issue of the 
JOURNAL. 
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Preparation and Examination of Beryllium Carbide' 

M. W. MALLETT, ~E. A. DURBIN, M. C. UDY, D. A. VAUGHAN, AND E. J. CENTER 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

Properties of beryllium carbide were studied to determine its suitability as a high- 
temperature refractory. Various methods of preparing it were tried and a number of 
the physical and chemical properties of the resulting products were determined. Lots 
containing 85 weight % of useful product were prepared by the beryllium metal-carbon 
reaction. Because the material was to be fabricated into refractory bodies, particular 
attention was paid to the ehemieM analysis for unreaeted BeO, beryllium metal, and 
free carbon; x ray diffraction identification of the various phases present; and micro- 
scopical examination for mineral composition, crystal size, and crystal habit. 

As a refractory, beryllium carbide has several disadvantages. It tends to hydrolyze 
in atmospheric moisture and to react with both oxygen and nitrogen, when heated. 

INTRODUCTION 

Because of recent interest in the use of unconven- 
tional refractories such as carbides, nitrides, and sul- 
fides, an investigation was made of the suitability 
of beryllium carbide as a high-temperature refrac- 
tory. 

The earliest work on beryllium carbide appears to 
be that  of Lebeau (1) in t895. He prepared the car- 
bide by two methods : (a) heating a mixture of beryl- 
lium and sugar charcoal in an electric furnace, 

2Be + C --~ Be2C, 

and (b) heating beryllium oxide with sugar charcoal 
in an electric furnace (40 kw) for about 10 rain, 

2BeO -}- 3C -~ Be2C -t- 2CO. 

Lebeau gave it the formula Be~Ca, but, after Henry 
(2) pointed out an error in the atomic weight and the 
valency of beryllium had been proven, he adopted 
the formula Be2C. No other carbides seem to exist. 
This compound was described (3) as consisting of 
yellowish-brown transparent crystals with proper- 
ties quite similar to those of aluminum carbide. I t  
is so hard it scratches quartz easily. 

The crystal structure of Be~C was studied by 
Stackelberg and Quatrain (4). X-ray  investigation 
showed that  Be2C has an antifluorite (CaF2) lattice 
like Mg2Si. The following constants were determined: 
ao = 4.33 A; x-ray density, d = 2.44; Be -- C dis- 
tance = 1.87 A; and C - C distance = 3.06 A. 

Work described in the present paper was com- 
pleted in 1948. Subsequently, Geller (5) summarized 
previously known data on physical and chemical 
properties of Be2C, mad Coobs and Koshuba (6) 
discussed fabrication of this compound. Procedures 

Manuscript received July 1, 1953. This paper was pre- 
pared for delivery before the Wrightsville Beach Meeting, 
September 13 to 16, 1953. 

for determination of the principal constituents and 
con t aminan t s  of Be2C were recently described by 
Gallagher (7). 

PREPARATION 

The Be2C prepared for this investigation was made 
by the two basic methods used by Lebeau, tha t  is, 
by  heating an intimate mixture of Be() and carbon 
and by reacting beryllium metal and carbon? 

Appara tus  

A typical furnace setup is shown in Fig. 1. A semi- 
permanent graphite heater crucible was packed in the 
induction coil with Norblack powder insulation. 
Vent holes were formed by pushing twelve l~-in.- 
diameter wires into the Norblack packing. The top 
of the packing was then sealed with Alundum cement 
before the wires were removed. Care was taken not 
to form tile vent  holes after applying the Alundum 
cement, because any oxide carried into the packing 
forms gas when heated and forces the Norblaek out, 
sometimes explosively. A second graphite crucible 
containing the charge was slipped into the heater 
crucible. Holes were provided near the top of the 
inner crucible, into which a heavy iron wire bail 
could be placed for lifting the hot crucible from the 
assembly upon completion of a heat. Another 
crucible and charge could then be placed in the hot 
furnace and reacted without delay. A solid graphite 
cover rested on the charge, leaving about  1}~ in. 
of space between this cover and a clay-graphite 
cover which rested on the top edge of the crucible. 
In to  this space was flowed a continuous stream of 
argon through a fused-silica tube. This provided a 

A proposed method, which appears feasible but has not 
been tried, is a vapor-deposition method in which a mixture 
of a beryllium halide and a hydrocarbon gas, carried in a 
stream of hydrogen, would be reacted on contact with a 
hot filament depositing Be2C on the filament. 
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blanket of inert gas over the charge during heating. 
A second hole in the outer lid was used for making 
optical pyrometer  readings on the inner lid. Occa- 
sional setups contained a graphite-tube sight-well 
(3/~ in. ID x 1 in. OD) centrally located in the charge 
and extending downward through both covers to 
within one inch of the bot tom of the charge. Lid 
temperatures were compared with " t rue"  tempera- 
tures throughout  the range of temperatures used. 
Lid temperatures varied from 300~ low at 1700~ 
to about 600~ low at 2200~ 

Experimental Procedure 

In a small exploratory heat, a mixture of stoichio- 
metric quantities of Bed  a ( - 2 0 0  mesh) and graphite 
powder ( - 0 0  mesh) was placed in a graphite crucible 
and heated in a vacuum furnace ( <  10 -4 mm Hg). 
As the temperature was raised, the first indication 
of reaction occurred at I500~ when rapid gas 
evolution began. The reaction had not reached 
completion after two hours' heating at 1650~ X-ray  
diffraction analysis indicated that  considerable Bed  
and unreacted carbon still remained. Subsequent 
larger heats (600-gram charge,) were made using a 
similar mixture except that  fluorescent-grade Bed  ~ 
was substituted for the more refractory H. F.-grade 
Be(). ()xide and graphite were intimately mixed by 
ball milling t()g('lher. This mixlure was heated in an 
argon atmosphere l o a  minimum temperature  of 
1900~ Even th(mgh a temperature of about 28()0~ 
was reached in the hottest  part, of the charge, some 
um'eacted Be() and carbon remained after four hours' 
heating. About 60% yield of material containing 
about 90% Be~C, with the balance Be() and free 
carbon, was obtained. 

The useful product  of each heat or lot (described 
above or below) tended to form a sintered or semi- 
sintered mass which could be distinguished by color 
(metallic or red-brown) from the relatively loose 
unreacted charge. The unreacted material was 
usually confined to the upper part  of the charge. 
The amount to t)e discarded was determined by  
visual inspection and was readily separated from the 
selected product: Percentage of yield was based on 
the weight of selected product, and the theoretical 
weight of Be2C to be expected from the beryllium 
content of the charge. 

Several lots of Be2C were prepared by heating a 
mixture of beryllium metal  flake (Clifton Products,  
Inc.) and minus 60-mesh graphite powder. In some 
eases, carbon black (Norblack) was used in place of 
graphite. I t  was impossible to get uniform mixing 
because of the nature of the flakes which were about  
one inch in diameter and foil-like in thickness. How- 

a Brush 13cryllium Company H. F, grade. 
4 Clifton Products, Inc. 
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ever, this was inconsequential because the beryllium 
apparent ly vaporized during heating so thai the end 
product consisted of a cylindrical mass, approxi- 
mately ,31/:~ in. in diameter bv 8 in. in length, of 
loosely siutered I{e~() grains of about 30-mesh grain 
size. The product  ranged from re(l, through lan, 
bronze, brown, or black according to the free-carbon 
content. 

Later, a rather large supply of finely divided 
beryllium metal in the form of saw chips and turnings 
was available; this material was substi luted for 
beryllium flake with similar resuIts. Some advantage 
was gained in using the saw chips because about 650 
grams of charge could be packed in a crucible which 
would hold only 500 grams using the bulkier flake. 

Twenty  to th i r ty  minutes at 1700~ was found 
sufiqeient to complete the inetal-carbon reaction. 
This was much more rapid than the Bed-carbon re- 
action and a greater percentage (85 weight %) of 
usefui product was obtained. Therefore, this method 
was used to the exelusion of other methods and about  
40 lots of beryllium carbide were prepared. 

An Alternative Method 

In addition to the above methods of producing 
Be2C, several others were tried. Experience gained 
during the pouring of beryllium into hot graphite 
molds showed that  beryllium reacts exothermicMIy 
with graphite to form Be~C. The reaction seemed to 
start, about 50~ above the melting point of beryl- 
lium. Similar reactions were noted when beryllium 
melts in graphite crucibles were superheated. The 



300 JOURNAL OF THE ELECTROCHEMICAL SOCIETY June 195~ 

reaction could not always be brought about, appar- 
ently because, in some cases, a thin adherent layer 
of carbide formed on the inner surface of the crucible 
preventing further reaction. 

When the reaction did occur, the melt solidified in 
spite of increasing temperature. This thickening or 
freezing of the melt was caused by the formation of 
many individual grains of Be2C in the metal matrix. 
In many cases, 80-90 % of the volume was comprised 
of these carbide crystals (see Fig. 2). Average particle 
size ran from about 0.5 ~ to about i00 ~, depending, 
among other things, on the temperature of formation 
and time at temperature. Although grain size varied 
greatly from heat to heat, grains of an individual 
heat were all of the same approximate order of mag- 
nitude. Upon exposure of a polished section of this 
material to air for several days, carbide particles 
took on a pink color. Air etch was the result of hy- 
drolysis of the carbide by the moisture of the atmos- 

FIG. 2. Be~C crystals in a beryllium metal matrix, iI- 
lustrating differences in particle size. 

sphere. Highlights in the large grains (Fig. 2A) are 
reflections from within the translucent Be2C grains. 
Be2C grains were separated by dissolving the beryl- 
lium metal matrix in dilute hydrochloric acid. Al- 
though smaller grains were greatly hydrolyzed, large 
well-formed crystals showed little attack. This 
method appears well suited for producing relatively 
pure Be2C, although it has been used only oil a small 
scale to date. 

Sloman (8) found similar grains of Be2C formed by 
the action of graphite on the metal during electroly- 
sis. Remelting allowed carbide particles to segregate 
in the bottom of the beryllium ingot. Upon solution 
of the metal with very dilute HCI, pink crystals were 
obtained which were identified as Be2C by chemical 
and x-ray analysis. Sloman states that, in metal con- 
taining segregated carbide, the carbides appear 
grayish-brown under ordinary vertical illumination. 
Using a wide-angle lens, an intense pink coloration 
was noted. He thought this pink color was caused by 
a trace of iron carbide. This is unlikely and, in view 
of observations made on many Be2C materials, the 
pink color in reflected light is evidently due to the 
hydrolysis product on the surface of the carbide. 

ANALYSIS AND PROPERTIES OF BE2C 

Various lots of Be.~C were examined and analyzed 
as they were made or processed. In addition to visual 
examination, the principal analyses made included: 
(a) chemical analysis for total and free carbon, 
water, and B%C; (b) x-ray diffraction identification 
of phases; and (c) microscopic observations which 
included measurement of crystal size, identification 
of crystal types, identification of phases and estima- 
tion of percentage by area measurement, and ad- 
justed mineral composition after correction for rela- 
tive apparent densities of the constituents. In 
addition, observations were made on hardness, den- 
sity, and melting point of Be2C. Also, a technique 
was worked out for recording in natural color the 
appearance of the carbide under the microscope. 

Types of Beryllium Carbide 

Casual examination of the product of the usual 
oxide-carbon or metal-carbon reaction has led to 
varied descriptions of the carbide. I t  has been de- 
scribed as pink, red, yellow, orange, tan, bronze, 
brown, black, metallic, or gray. These designations 
taken alone are quite deceptive. As seen under the 
microscope, in either transmitted or reflected light, 
Be2C appears as translucent amber grains. The 
masking power of black free-carbon particles is 
great. As little as 10 % by area, as measured under 
the microscope, causes the product to look black 
to the naked eye. 

The types of Be2C observed in the investigation 
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may be described as: (a) coarsely crystalline, (b) 
microcystalline (nodular), and (c) vermieulate (de- 
fined below). The coarsely crystalline Be2C was ob- 
tMned in several ways. One product containing 100 % 
of this type of crystal was extracted from beryllium 
metal (see Fig. 2A) which had reacted with a graphite 
crucible. This was the purest carbide produced, con- 
taining only traces of opaque material (free carbon 
or metal) and a small amount of hydrolysis product 
resulting from the acid-extraction process. In lots of 
Be2C made by the metal-carbon reaction at about 
2000~ for 1 hr, 95-99 % of the crystals were coarse 
and well formed (see Table I). In addition, this ma- 
terial usually contained 5 10% unreacted carbon. 
However, the Be2C grains contained no internal free 
carbon (graphite flakes). 

Mierocrystalline Be2C of the nodular or "grape 
cluster" type was produced by reacting beryllium 
metal and carbon at lower temperatures (1700~ or 
for short times (20-30 min) at 2000~ A few lots 
were made in which 98-99 % of the Be2C phase was 
microcrystalline (see Table I). This material, when 
crushed and pressed, showed better sintering charac- 
teristics than the more coarsely crystalline material. 
Nodular Be,,C is readily made by the metal-carbon 
reaction; whereas, in the oxide-carbon method, where 
a long time at temperature is required to complete 
the reaction, only coarse crystals arc produced. 

The term "vermic, ulate" applies primarily to the 
mass of wormlike tubes often produced when beryl- 
lium carbide heats are taken above 2200~ (see 
Fig. 3). These tubes appear to be formed from drip- 
pings of a viscous fluid. Although they intermingle, 
6imy do no6 adhere {o cacil o6imr. Tile interior of tim 
hollow structure is an aggregate of angular reddish 

T A B L E  I. Preparation and crystal properties of 
beryllium carbide 

Preparation of 
material 

Lot* 
N o .  - 

Time, remp, variation 
min ~ 

_ _  ira_in, max__ 

30 1700 I 0.5 32 
i 

30 2200 3.0 95 
30 2020 I 0.5 50 

i 

30 2020 I 0.5 33 
/ 

30 2020 0.5 47 
50 2020 ] 1.0 249 
15 2020 - -  - -  

-]-30 2200 4.0 230 

15 2020 -- 
+30 2200 1.0 154 

Crystal sizes I 
(microns) 

Avg[ _i e_ 

9~ 
12 
82 

83 

58 

Crystal habit 

% " g r a p e -  
cluster" % individual 

f i n e l y  c r y s t a l  g r a i n s  
crystalline plus crystals 
nodules in in calcined 
calcined powder 
powder 

98-99 < 2 
5 95 

90-95 5-10 
98 99 < 2  
93-95 5-7 

5 95 

Traces  98-99 
only  

2 5 95-98 

* These products were made by the metal-carbon re- 
action using the stoichiometrie ratio for Be~C. 

F i e .  3. Vermicu la t e  Be~C. T o p - - c o r e  of h i g h - t e m p e r a -  
tu re  hea t ;  b o t t o m ~ n d i v i d u a l  t ubes  showing  ho l lowness .  

crystals, while the exterior is smooth and metallic 
in appearance. The metallic color is caused by a thin 
layer of highly oriented carbon crystals. Because 
of the similarity of the individual erystals of this 
and clinker-like porous material which exhibits the 
vermiform structure to a lesser degree, all high- 
temperature products with the metallic-appearing 
surface have been termed vermiculate. 

Vermiculate Be2C is evidently a decomposition 
product, formed by loss of beryllium through vapo- 
rization. This leaves an excess of carbon which pre- 
cipitates as graphite flakes in a Be2C matrix (see 
Fig. 4). In one case, graphite flakes were formed by 
heating "pure" Be2C (no free carbon) to 2200~ 
The vermiculate structure appears to have been 
formed by pressure (possibly CO) fi'om within. The 
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FIG. 4. Graphite flakes in a Be2C matrix. Left, unetched, 
right, air etched. 

fact that the tubes distort and conform to the con- 
tour of the crucible wall is evidence that incipient 
melting has occurred. However, this is not a useful 
melting point as the material cannot be cast at at- 
mospheric pressure. 

Samples of Be2C powder contained in graphite 
capsules and heated in argon for 30 min at 2400~ 
formed a clinker-like product. Incipient fusion ap- 
peared to have taken place. At 2300~ some sinter- 
ing occurred, but no fusion. When similar samples 
were heated in closed graphite capsules in a vacuum 
at >2100~ Be2C sublimed and condensed as red 
crystals on the lid (21000C) of the capsule which was 
slightly cooler than the bottom of the capsule. This 
sublimation seems to take place through dissociation 
of the carbide to its elements and recombination at 
a favorable temperature. A similar experiment at 
slightly higher temperature (2120~ on the lid) 
yielded metallic appearing crystals. The metallic 
appearance was caused by a thin layer of vaporized 
carbon on the surface of the carbide crystals. It is 
apparent that, if Be2C is to be melted, it must be 
done at high pressures in an inert atmosphere. 

Chemical Analysis 

Various lots of Be2C were analyzed for total and 
free carbon and soluble beryllium. The percentage of 
Be2C was calculated from these figures. A list of the 
typical chemical analyses appears in Table I I .  
Usually, a mineral balance (free carbon plus Be2C) 
of about 98 % was obtained. The rest m a y  be ac- 
counted for as BeO, as evidenced by the x-ray dif- 
fraction analysis and Be(OH)2, small amounts of 
which form by hydrolysis of Be2C with atmospheric 
moisture. Total carbon was determined by com- 
bustion of a sample of Be2C in 02 at 2500~ for 15 
r a i n .  

Ingot  iron was added as a flux for the BeO, com- 
bustion product, which otherwise tends to protect 
the carbide from complete oxidation. Carbon was 
collected as CO2 and weighed. The total carbon 
figure was not always reliable because, even with 
the precautions taken, the analyses appear low and 
often did not agree with the calculated Be2C. 

Soluble beryllium was determined by hydrolyzing 
Be2C in 2.5N HC1 near the boiling point until hydro- 
carbon evolution, as evidenced by bubble formation, 
ceased. Free carbon was filtered off and determined 
by combustion as above. 

The free-carbon analyses appear reliable. Micro- 
scopic estimates of carbon are sometimes low, This 
is probably caused in part  by the presence of colloidal 
carbon within the Be~C crystals. This is measured by 
chemical means, but  not by the microscope. For the 
soluble-beryllium analysis, it was assumed that  the 
BeO, which was highly fired during production of the 
Be2C, was insoluble. The presence of unreacted 
beryllium was ruled out because of the high vapor 
pressure (about 0.4 cm Hg) at the minimum reaction 
temperature, 1700~ The only other soluble beryl- 
lium compound likely to be present was Be(OH)2. 
In our early work, no analysis was made for H20 

TABLE II. Anal~'tical data on beryllium carbide 

Lot No, 

Petrographic Analysis* 

Adjusted wt,%mineral composition after applying 
ratio factors 

Beryllium 
carbide 
(Be2C) 

91.5 
92.4 

73.4 
88.0 

Carbon 
(c) 

7.5 
5.6 

14.1 
21.9 
9.7 
9.1 
7.8 
4.9 

Beryllium 
oxide 
(BeO) 

T race~  
N o n e  

1.2 
0.6 

Beryllium 
hydroxide 
[Be (OH)2] 

None 
Tracer 

3.8 
1.8 

Total 
carbon 
(c), % 

44.8 
45.3 
41.0 
50.4 
37.5 
39.2 
39 .O 
39.6 

Chemical analysis 

Free, Soluble 
uncombined beryllium 

carbon comt)ound 
(C), (Be), % % 

9.6 53.1 
10.2 53.6 
11.5 51.7 
23.2 43.8 
5.0 56.0 
9.0 52.8 

11.6 51.5 
7.5 55.1 

Calculated 
beryllium 

carbide 
Be2C), 

% 

88.5 
89.4 
86.1 
72.7 
93.4 
87.9 
85.8 
91.8 

X-ray diffraction analysis 

(Be~C) (BeO) (C) 

S VVF MF 
VS VVF M 
S VF MS 
S VF VS 
VVS MF S 
VS - -  M 
M --  M 
VS MF M 

* Two lots analyzed for beryllium silicate (2BeO-SiO2) showed none in one case and a trace to<l% in the other instance. 
Less than 1%, but visible. 
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and all soluble beryllium was assumed to be Be2C. 
Later it was found that about 1% H20 was picked 
up during handling even though the material was 
stored in tightly sealed containers immediately after 
being produced. Assuming that 1% H20 is present 
as BeO-H20 (2.389%), then the Be2C value is 
0.833 % high and the total assay 1.556 % low. Thus, 
the BeO shown to be present by x-ray diffraction and 
the small amount of Be(OH)2 which is probably 
present in all samples account for the difference be- 
tween the total of the free carbon and Be2C and 
100 %. 

As indicated above, Be2C has a strong tendency 
to hydrolyze. This reaction takes place according to 
the following reaction: 

Be2C Jr- 4H20 = 2Be(OH)o_ + CH4T. 

Hydrolysis has been particularly noticeable in 
connection with vermiculate (high temperature) car- 
bide. Hard clinker-like lumps of this material, which 
were very difficult to break when first made, crum- 
bled into small grains after exposure to air for one 
or two weeks. Samples of the clinker mounted in 
Bakelite hydrolyzed after several days in air and 
swelled to such an extent that the plastic was cracked 
into several pieces. Typical lots of - 3 0  mesh Be2C, 
as made and stored in covered fruit jars for several 
days, analyzed 1.0 weight % H20. A sample of Be2C 
crystals (Fig. 2A), when extracted from Be metal 
wi~h dilute HCI, washed with H20, and dried with 
ether, analyzed 6.5 % H20. Hydrolysis appears un- 
avoidable in this process. A sample of vermiculate 
material, which had hydrolyzed in air, was analyzed 
in the hydrolyzed condition and after drying at 
various temperatures. Before drying, it contained 
4.2 % H20 ; drying at 100~ for 1 hr reduced this but 
slightly to 3.7 %. Even drying at 400~ for 1 hr left 
appreciable H20, 0.71%. When the 400~ treatment 
was followed by an hour at 650~ the H20 fell to 
0.20 %. An additional hour at 800~ practically com- 
pleted the drying, leaving only 0.09 % I-I20. The H20 
analysis was made by collecting the HeO evolved 
when Be2C was heated at 1000~ for 15 min in a slow 
stream of dry oxygen. 

I t  appears that certain porosity of beryllium cast- 
ings, made in previously used graphite molds, may 
be attributed to hydrogen from hydrolysis products 
of Be2C. BezC formed on the surface of the mold by 
previous castings may hydrolyze and, in spite of 
preheating to 600~ (316~ may retain sufficient 
moisture to cause porosity. Preheating to at least 
1000~ is recommended. After drying, the mold 
may, of course, be cooled to a lower temperature for 
use. 

Chemical analysis of pressed bodies of Be2C heated 

in nitrogen at ll00~ showed an increase of nitrogen 
content (x-ray diffraction analysis showed the pres- 
ence of BeaN4). At lower temperatures, no nitrogen 
pickup was noted. Other compacts tended to oxidize 
when heated in air at 800~ 

X-Ray Diffraction Analysis 

In general, the x-ray diffraction analyses of the 
major phases agreed with chemical analyses and 
with observations made using the microscope. Con- 
stituents present in quantities less than 5-10 % are 
often not detectable by x-ray methods. However, in 
this series of analyses, BeO as low as 1% was de- 
tected. Be(OI-I)2 was found in nearly all the samples 
examined by x-ray diffraction. This is probably, in 
part, the result of hydrolysis of the Be2C during 
preparation of samples for x-ray analysis. The 
density of Be2C determined from lattice parameter 
measurements agrees with the value d = 2.44, as 
reported by Stackelberg (4). 

MICROSCOPY OF BERYLLIUM CARBIDE 

The various phases present in the usual "as made" 
material were identified under a petrographic micro- 
scope and percentage estimates made by area meas- 
urement. An attempt was made to convert area 
measurements to weight percentages by use of con- 
version factors based on the apparent density of the 
constituents. The minimum, maximum, and average 
size of the carbide crystals were determined, and the 
physical nature of crystals of typical lots were as- 
signed on the basis of crystal-size measurement, l{e- 
suits of microscopical examination, chemical analy- 
ses, and x-ray diffraction analysis are summarized in 
Table II. The agreement of the results by the three 
methods is self-evident. 

Identification of Phases 

Beryllium carbide does not occur in nature because 
of its strong tendency to hydrolyze. No optical data 
on beryllium carbide were found in the literature. I t  
was found to cwsta]lize in the isometric system and 
to exhibit an amber color in either reflected or trans- 
mitted light. The color in reflected light tends to be 
somewhat more red; whereas, in transmitted light 
the color is slightly more brown. Examined in plane 
polarized, transmitted light, the crystals are trans- 
lucent. They are isotropie and so appear dark in 
polarized light between crossed nicols. A typical lot 
of coarsely crystalline Be2C, produced from the 
metal-carbon reaction, is readily crumbled to minus 
30-mesh grain size in the hand. The individual par- 
ticles thus produced are, in certain cases to a large 
extent, single crystals. 

Because BeuC crystallizes in the isometric system, 
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it has only one index of refraction value. Through 
use of fused solid melts containing mixtures of 
selenium and sulfur, the average index of refraction 
of crystalline Be2C was found to be N = 2.64Li 
4- 0.01Li. White light was employed for making 
index of refraction measurements because mono- 
chromatic yellow, sodium vapor light was absorbed 
within the dark-red embedding medium. Therefore, 
the refractive index measurements were made by 
means of the red wave band portion of the trans- 
mitted white light. 

In addition to the carbide phase, the usual lot of 
"as made" beryllium carbide may contain free 
carbon, free beryllium metal, BeO, and Be(OH)2. 
I t  was not found possible to distinguish between 
beryllium metal and the black, opaque carbon par- 
ticles. I t  may be possible that this could be done by 
some technique, such as mounting the material in 
clear plastic and examining polished sections under 
reflected light. However, if free metal occurred in 
the usual product, it must have been very minor 
compared to free carbon, as evidenced by x-ray ex- 
amination data. 

Area measurements of free carbon, including 
graphite flakes in the Be2C matrix, were made. In 
order to convert these measurements to weight per- 
centages for comparison purposes, a conversion fac- 
tor for carbon was first determined. Comparison of 
microscopical area measurements and chemical free- 
carbon analyses of 30 samples of the product of the 
metal-carbon reaction indicated that, if the per- 
centage of carbon by area measurement were divided 
by 1.6 to convert area percentage to weight per- 
centage, satisfactory agreement between micro- 
scopical and chemical methods would be obtained. 
Having assigned a weight percentage value to carbon 
by this means, the area measurements of Be2C and 
Be(OH)2 were converted to weight percentage on the 
basis of their relative densities. Carbon could not 
be corrected on the basis of density alone because it 
is evidently present as porous, bulky particles of low 
apparent density. The carbon of materials from the 
high-temperature BeO-earbon reaction was even 
bulkier than that of the metal-carbon reaction and 
required use of a conversion factor of 3.0. A possible 
explanation of the difference is that the carbon of 
the metal-carbon reaction product is unreacted and 
may be considered as rough spheres comparable to 
the shape of the Be2C particles, while the carbon in 
the BeO-carbon reaction product, which is present 
principally in the form of thin graphite flakes within 
the Be2C matrix, retains some of its flaky nature 
even when ground to < 10 u and so covers a greater 
area than an equal weight of spherical particles. 

BeO was occasionally present as prismatic crystals 
that were birefringent in polarized light between 

crossed nicols. I t  apparently formed in the coolor re- 
gions of the charge because of incomplete shielding 
by the argon atmosphere. 

Some carbide products appeared more subject to 
hydrolysis than others. In the typical hydrolyzed 
material, Be(OH)2 completely enveloped the Be2C 
crystals. The hydroxide appeared to possess a crypto- 
crystalline, fibrous structure that was birefringent 
in polarized light between crossed nicols. 

Crystallography of Beryllium Carbide 

Crystallographic properties of Be~C appear to 
resemble closely those of fluorite (CaF2). Euhedral 
(Be2C) occurs as octahedrons, dodecahedrons, tetra- 
hedrons, or as truncated oetahedrons containing the 
usual 8 octahedral faces plus 6 "cubic" pinacoid 
faces, adding up to 14 faces in the completed form. 
Twinning of the truncated octahedrons can occur 
parallel to the cubic pinacoid face to form "ac- 
cordion-like" structures. The crystalline phase of 
Be2C exhibited perfect octahedral cleavage along four 
directions. Twinning of Be2C occurred only in high- 
temperature, coarsely crystalline products. Three- 
lings were the highest order of twinning observed to 
date, although fourlings are possible if all conditions 
for stable crystal twinning symmetry were satisfied. 
The threelings were joined together through two 
45~ bends. Simple, contact-twin crystals of the 
Carlsbad or Siamese twin type were observed, as well 
as twolings composed of two crystals joined together 
at a 45 ~ angle. Crystals also tended to form an open 
link-chain-type of structure composed of from 5 ~ 5  
euhedral or subhedral crystals that adhere together 
in a continuous, irregular chain. Also, a closed-chain 
type of structure occasionally occurred in which 
individual crystals formed densely packed, parallel 
rows, having the appearance of a beaded fabric. 
Both porous and very dense nonporous chain-type 
structures were observed. 

Other crystal structures include the individual 
euhedral and subhedral crystals mentioned pre- 
viously and coarsely crystalline intergranular ag- 
gregates of these crystals. In addition, there is the 
microcrystalline "grape cluster" or nodular type of 
crystal aggregate that predominates in beryllium 
carbide produced by the metal-carbon reaction at 
relatively low reaction temperatures (1700~ The 
grape clusters are composed of anhedral and sub- 
hedral crystals which form dense and nonporous 
aggregates. 

Colored Photographs of Beryllium Carbide 

Because of the difficulty of accurately describing 
in words the colors of beryllium carbide particles, a 
technique was worked out by which the appearance 
of several representative lots of Be2C were recorded 
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in natural color on Ektoehrome transparencies. A 
sample of the material was suspended in a cilanthien 
red Y dye solution in nitrobenzene on a glass slide. 
Limited transmitted light produced a light brown 
background. Peripheral lighting from small fluores- 
cent tubes illuminated the translucent Be2C grains. 
Exposures were made with a Bausch & Lomb re- 
search metallograph, each exposure requiring ap- 
proximately 45 rain. In the colored transparencies, 
one can distinguish among translucent, amber 
Be2C, the black opaque unreacted carbon, and pre- 
cipitated flakes of graphite occurring within the Be2C 
crystals. Occasional grains of Be2C exhibited an olive 
green color, possibly caused by the presence of pre- 
cipitated colloidal carbon. In other Be.~C grains, the 
greenish color may be caused by the thinness of 
section. 

HARDNESS MEASUREMENTS 

Coarse crystals of Be2C were mounted in Lucite 
and polished. Knoop hardness numbers were then 
taken by means of a Tukon hardness tester. When a 
100-gram load was used, crystals shattered or 
chipped away at the impression. Satisfactory read- 
ings were taken with lighter loads. Readings of 2678, 
2520, and 2613 were obtained with a 50-gram load, 
and 2740 with a 25-gram load. It  appears that the 
hardness of Be2C is greater than that of silicon car- 
bide and approaches the hardness of boron carbide. 

CONCLUSIONS 

Be2C may be made by several methods, principal 
of which are the BeO-carbon and the Be-metal-car- 
bon reactions. The metal-carbon reaction appears 
better when controlled crystal size is desired. The 

true translucent amber color of Be2C is revealed only 
under the microscope. As a refractory, it has several 
disadvantages. I t  tends to hydrolyze even in atmos- 
pheric moisture. In heating, Be2C must be protected 
against both oxygen and nitrogen. It  decomposes at 
about 2150~ with vaporization of the beryllium 
which reunites with carbon in cooler regions, or with 
oxygen or nitrogen, if present. Be2C has no useful 
melting point at atmospheric pressure. 
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Ionic Mass Transfer and Concentration Polarization 
at Rotating Electrode# 
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A B S T R A C T  

Ra te s  of ionic mass  t rans fe r  a t  nickel  electrodes ro t a t i ng  abou t  the i r  axes in the  center  
of s t a t i o n a r y  electrodes were s tudied  using the  fer r i - fer rocyanide  couple in a lkal ine  
solut ions .  A general  mass  t r ans fe r  corre la t ion  was found to apply  equal ly  well to dis- 
solut ion ra tes  of ro t a t i ng  solids and  to rates  of ionic mass t rans fe r  at  r o t a t i ng  electrodes.  
This  corre la t ion  takes  into account  physical  proper t ies  of the  sys tem as well as geo- 
metr ic  and  hydrodynamic  factors.  The  corre la t ion  allows pred ic t ion  of l imi t ing  cur ren t s  
and  concen t ra t ion  po la r iza t ion  a t  r o t a t i ng  electrodes under  a wide range  of condi t ions .  

The  na ture  of po lar iza t ion  involved  in reduct ion  of Fe(CN)6 -a and  oxidat ion of 
Fe(CN)~ -4 was also inves t iga ted .  Po la r iza t ion  was found to depend s t rongly  on the  
presence of electrode poisons. Wi th  freshly p repared  solut ions,  under  exclusion of 
l ight ,  and  wi th  ca thodica l ly  t r ea t ed  nickel electrodes,  re la t ive ly  small  chemical  polar iza-  
t ions were de termined.  For ro ta t iona l  speeds not  exceeding Reynolds  n u m b e r  11,000, 
chemical  po lar iza t ion  was found to be negligible in compar ison wi th  concen t r a t ion  
polar izat ion.  Under  such condi t ions ,  the  fer ro-ferr icyanidc  couple can be conven ien t ly  
used to ob ta in  mass t rans fe r  ra tes  for var ious hyd rodynamic  condi t ions,  or conversely,  
to ver i fy  the  va l id i ty  of mass  t r ans fe r  equat ions  by  a compar ison of exper imenta l  and 
ca lcula ted  values of l imi t ing cur ren ts  and  concen t ra t ion  polar izat ion.  

The  ro ta t ing  electrode model was found to be most  su i tab le  for s tudy ing  the  na tu re  
of electrolyt ic  polar iza t ion  phenomena  beeause of un i fo rmi ty  of the  cur ren t  d i s t r ibu t ion  
and  the  hydrodynamic  diffusion layer  at  the  electrode surface. 

[NTICODU CTI ON 

Study of mass transfer at working electrodes is of 
fundamental importance (1, 2) in analysis of elec- 
trode phenomena and in consideration of concentra- 
tion polarization, limiting currents, and rates of 
electrode reactions. Several typical eases have been 
analyzed by the methods of hydrodynamics and 
boundary layer theory, and for a few models, experi- 
mental results were successfully correlated (1, 2). 
The effect of natural convection in electrolysis was 
quantitatively evaluated by Wagner (3) and Wilke 
and coworkers (4) among others. Rotating disk 
electrodes were treated mathematically by Levich 
(5). This theory applies if the diffusion boundary 
layer at the disk is laminar. Along the lines sug- 
gested by Agar (6), Lin and eoworkers (7) correlated 
limiting current densities for the inner electrode of an 
annular cell with streamline and turbulent longi- 
tudinal flow. An extension of this study for laminar 
and turbulent flow along flat plate electrodes was 
recently reported (8). 

The present investigation is concerned with 
cylindrical central electrodes rotating in concentric 

1 Manusc r ip t  received December  16, 1953. This  paper  
was prepared  for del ivery at  the  Chicago Meet ing,  May  
2 to 6, 1954. 

2 Present  address :  S tanford  Research  Ins t i t u t e ,  S tan-  
ford, California.  
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cylindrical cells. Among many possible methods of 
stirring, the case of a rotating electrode is note- 
worthy, not only because it affords experimental 
reproducibility, but also because it permits applica- 
tion of methods of hydrodynamics and mass 
momentum transfer analogy in interpretation and 
correlation of data (9-11). Theoretical analysis of 
this problem for electrodes is further facilitated by 
uniformity of current distribution resulting from tile 
geometry of concentric cylindrical electrodes and 
uniform thickness of the diffusion layer formed on 
the rotating electrode. 

Recently, rotated electrode surfaces have been 
used in chemical analysis and in corrosion studies in 
parallel with polarographie methods (12,  13). 
Industrial applications of this forced convection 
model are known, and fllrther important uses are 
anticipated. 

The effect of speed of rotation upon rate of mass 
transfer was first studied by Brunner (14, 15). He 
found that the diffusion layer thickness, 8,3 decreases 
with the ~/~ power of the speed. However, he eon- 
sidered neither the effect of rotor diameter nor the 
dependence on physical properties of the electrolyte. 
Therefore, only qualitative conclusions can be drawn 
from these experimental results. 

A table  of nomenc la tu re  is collected a t  the  end of "~his 
paper .  
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Eucken (16) analyzed the effect of laminar flow 
forced convection upon rate of mass transfer at an 
electrode. In his experiments the external vessel 
containing the solution was rotated, and laminar 
flow past the fixed inner fiat plate electrode resulted. 
Eucken's mathematical analysis is valid only for 
this particular condition. Kambara and eoworkers 
(17) adapted Eucken's treatment to a 0.5-ram 
diameter platinum wire electrode projecting per- 
pendicularly 6 mm from the axis of a rotating glass 
rod. In the derivation, it is assumed that the velocity 
gradient at the electrode surface is proportional to 
rpm. This is valid for Eucken's model, where laminar 
flow exists in the entire region of flow, but is in- 
admissible for the turbulent flow case, where 
laminar flow is restricted to the boundary layer 
adjacent to the electrode surface. 

F~or the sake of clarity, the term "rotating 
electrode" is used henceforth only in reference to 
cylindrical electrodes rotating about their axes in the 
center of stationary, circular, cylindrical electrodes. 
Recently, Roald and Beck (18) used such rotating 
electrodes in a study of dissolution rates of mag- 
nesium and its alloys in hydrochloric acid solutions. 
They found that rates of dissolution increase in low 
acid concentrations with the 0.71 power of the speed 
of rotation. At higher acid concentrations (1.4M 
and higher), the reaction rates become entirely 
independent of rotational speeds, as the stirring 
effect produced by hydrogen bubbles evolving at the 
metal interface becomes predominant. This stirring 
effect, however, should not be ignored even at low 
acid concentrations because of turbulence caused by 
hydrogen bubbles moving in the boundary layer 
adjacent to the dissolving magnesium rod. For this 
reason the work of Roald and Beck represents a 
rather special case of forced convection mass transfer. 

In studies of dissolution and corrosion rates of 
rotated metal rods, King and coworkers (19-22) 
estimated the mass transfer coefficients employing 
King and Shack's earlier experimental finding (23), 
according to which "normal diffusion (or transport) 
control requires that rates be linear with peripheral 
speed above about 5000 cm/min" (22). King and 
Cathcart (24) indicated that the mass transfer 
coefficient is directly proportional to the 0.7 power 
of the diffusion coefficient of the reacting ionic 
species. 

The effect of cylinder diameter, speed of rotation, 
diffusion coefficient, and viscosity on mass transfer 
rates has not been successfully incorporated into a 
single correlation, although the usefulness of the 
Chilton-Colburn analogy for correlating the perti- 
nent variables was realized by King and coworkers 
in 1937 (25). 

The present work was undertaken with the follow- 

ing aims in mind: (a) to establish correlations 
between physical properties of a system, geometrical 
and hydrodynamic conditions, and rates at which a 
solute (ion) is transferred to or from a rotating 
electrode; (b) to determine whether such general 
mass transfer correlations enable prediction of 
concentration polarization and limiting currents in 
steady state electrolysis. 

EXPERIMENTAL 

To assure the latter objective it was important to 
choose an electrode reaction which occurs with 
negligible chemical polarization. For such an 
electrode process the total measured polarization 
(~E~) 3 would represent concentration polarization 
(bE ..... ) only, and would make a comparison 
between theoretical prediction and experiment 
possible. However, most of the known electrode 
reactions take place with considerable chemical 
polarization (AEche,n) when finite currents are 
passed. Some oxidation-reduction reactions have 
long been suggested by investigators (26-28) to 
occur with negligible chemical polarization. Recently, 
Moll (29) found no measurable chemical polarization 
for the ferrous-ferric couple at gold and platinum 
electrodes freshly treated by hydrogen and oxygen 
discharge. Essin and coworkers (30) made similar 
studies on the ferrocyanide-ferricyanide couple at 
platinum and nickel electrodes and concluded that  
there is no appreciable chemical polarization 
"when the metal is free of all film that may form on 
the surface." In contrast, Carmody and Rohan 
(31) reported a measurable chemical polarization for 
this latter system on platinum. A similar conclusion 
was arrived at by Petrocelli and Paolucci (32) who 
studied this couple up to current densities of 25 
ma/cm 2. They found, however, that "cathodic 
activation," i.e., a hydrogen discharge treatment of 
the electrode, tends to decrease chemical polariza- 
tion. 

For the purposes of this study, smoothness of the 
electrode surface was important because of hydro- 
dynamic considerations. In a redox electrolysis, 
unlike in a metal deposition process, the electrode 
surface remains physically unaltered. Another 
advantage of the redox reaction is that steady-state 
electrode potentials are attained in much shorter 
time than in a deposition reaction. 

These findings, in addition to stability considera- 
tions of several contemplated couples, resulted in 
selection of the ferricyanide-ferrocyanide couple and 
nickel electrodes for the present studies. A large 
excess of sodium hydroxide was used in order to 
eliminate the contribution of ionic migration to 
mass transfer (1). 

Solutions of potassium ferri- and ferrocyanide, 
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FIG. 1. Lucite cylinders, outer and inner nickel elec- 
trodes. 

and particularly the ferrocyanide, are known to de- 
compose slowly in light, resulting in formation of 
cyanide and hydroxide ions according to the follow- 
ing equations (33, 34): 

[Fe(CN)s] -4 4- H20  light [Fe(CN)5] -3 4- C N -  

CN-  4- H20 ~- H C N  4- O H -  

In alkaline solutions kept in darkness, decomposi- 
tion of these cyanide complexes is practically elimi- 
nated (35). Solutions used in these studies were 
freshly prepared for each series of runs in black 
Jena glass bottles. 

Apparatus and Procedure 

A concentric cylindrical cell, 6.16 in. high, built 
from acrylic plastic (Lucite), was equipped with 
grooved endplates which could hold as desired one 
of three cylindrical plastic tubes of 2.48, 4.00, 5.47 
in. ID (Fig. 1 and 2). A l/i-in, diameter stainless 
steel driving shaft passing through a teflon packing 
gland in the top plate was equipped with a 1/~-in. 
standard thread allowing nickel electrodes of 1.273, 
2.48, and 5.024 cm diameter to be screwed onto it. 
The  rotated electrode was supported from below 
by a guide pin and teflon lining in order to elimi- 
nate eccentric motion. Concentric outer cylindrical 
nickel electrodes of 6.07, 9.87, and 13.69 cm ID,  all 

FIG. 2. Components of the cell 

FIG. 3. Cell with supporting structure. (Outer electrode 
removed.) 

15.11 cm long, were fitted t ightly into corresponding 
Lucite tubes (Fig. 1 and 2). The  cell was made  
liquid tight with neoprene rubber gaskets placed 
in the grooves. A ground glass joint thermometer  
fitted into the  top plate with its bulb reaching about  
3/~ in. into the cell. The  assembled cell with sup- 
porting s tructure designed to eliminate vibrations is 
shown in Fig. 3. 

Electrodes permit ted a variation of the ratio of 
gap to the diameter of the inner electrode ranging 
from 0.104 to 4.88. A Lucite nipple on the top 

j I I , I  . . . .  It 
Legend: 

- -  W,r ing 
Nickel electrodes 
Ac ry l i c  plastic 

o ~ 

FIG. 4. Schematic diagram of the electrolyzing and 
measuring circuits used with the cell for rotating elec- 
trodes. 
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pla te  of the assembled cell was screwed into a small 
tapered  hole which ended with a 1~ m m  diameter  on 
the inside of the plate and was located 2.541 cm 
f rom the cell axis (Fig. 4). Through this hole and a 
piece of polyethylene tubing, a continuous liquid 
junction led to reference cell No. 1 equipped with a 
nickel electrode and filled with the same solution as 
tha t  in the electrolytic cell. Reference cell No.  2 was 
connected with the cell by  means of a teflon nipple 
(1/~-in. OD) leading through the center of the 
Lucite cylinder and ending flush with the inner 
surface of the outside electrode. Such arrangements  
of the liquid junction leading to reference electrodes 
are preferable for two reasons: (a) the flow pat te rn  
in the cell remains undisturbed, and (b) a distortion 
of current distribution over the electrode surface is 
avoided. 

As can be seen from the diagram in Fig. 4, a 
potential  measurement  of the rotat ing electrode by  
means of reference electrode No. 1 involved an 
ohmic potential  drop over the annular  solution 
space between the radius of the rotat ing electrode 
and the distance of 2.54 cm at  which the small 
opening leading to tha t  reference cell was located. 
For a total  current, i, this ohmic drop was there- 
fore 

i 2.54 
iR(1) = 2~'Kh~' In - -  (Ia) r~ 

where R(1) = resistance, ohms; r~ = radius of ro- 
ta ted  inner electrode, cm; h' = height of cell, here 
15.11 cm; ~ = conductivi ty of solution, ohm -1 

--1 cm . 
Similarly a potential  measurement  of the rota ted 

electrode by  means of reference No. 2 involved an 
ohmic drop given by:  

iR(~) - i In r o (Ib) 
2~Kh' r~ 

Since ro, internM radius of the outer electrode, was 
either 6.84, 4.94, or 3.035 cm, respectively, for 
series of runs I, I I ,  and I I I ,  the ohmic drop could 
be computed more reliably by  equation (Ib), i.e., 
using reference No. 2. This is part icularly true since 
a small geometrical misalignment will cause a lesser 
relative error in the ratio ro/r~ of equation (Ib). 

In  all runs, potential  measurements  of the ro- 
ta t ing electrode were taken by  means of both refer- 
ence junctions selected one at  a t ime with switch 
S-1 (Fig. 4). Ne t  values obtained after subtract ing 
iR(1) and iR(2> drops, respectively, rarely differed 
by  more than  1%. However,  for reasons stated 
above, in most  cases measurements  with reference 
electrode No. 2 were preferred over an ari thmetic 
average of the two measurements.  

Electrical connection to the rotat ing electrode 

was accomplished by  means of a mercury  well (W 
in Fig. 4). A copper contact  screw provided the 
connection to the outer s ta t ionary electrode. Cur- 
rent  was measured with a d-c mil l iammeter  4 or a 
d-c ammeter .  5 All ammeters  were carefully cali- 
bra ted by  means of s tandard resistors. Selector 
switch S-2 (Fig. 4) permit ted  measurements  of 
potential  by  either (a) recording potent iometer  6 
with five ranges, the largest being up to 500 my,  or 
a (b) manual  potentiometer ,  7 using a high sensit ivi ty 
galvanometer  as zero instrument,  s The recorder was 
used first to ascertain whether  s teady-sta te  polari- 
zation was achieved, then the final value was 
measured accurately by  means of the manua l  
potentiometer .  

Sodium hydroxide, 2N, was used as neutral  elec- 
trolyte in preparing five approximate ly  equimolar 
potassium ferricyanide and potassium ferroeyanide 
solutions in the concentration range of 0.009 to 
0.204 mole/1. C.P. reagents 9 were used throughout .  
Slight changes in concentrations of ferri- and 
ferrocyanide ions, caused by  use of a solution up to 
limiting current densities, were followed up by  
strict analytical  control. Ferricyanide was deter- 
mined by  the iodometric procedure (36) and ferro- 
cyanide by  permanganate  t i t rat ion (37). 

Before introduction into the cell, each solution 
was al ternately deaerated in a glass column by  
means of vacumn,  and sa tura ted  with nitrogen 
several t imes to remove dissolved oxygen. Presence 
of a considerable amount  of dissolved oxygen in 
the cell would have interfered with electrode reac- 
tions of ferricyanide and ferrocyanide, part icularly 
a t  low concentrations. Furthermore,  it was felt tha t ,  
in absence of oxygen, nickel electrodes would re- 
main in an "ac t ive"  state longer. 

Prior to each assembling of the cell, smooth elec- 
trodes were polished with rouge paper, washed with 
CC14, and t reated eathodically in a 5 % N a O H  solu- 
tion at a current density of 20 m a / c m  2 for ]2-15 min. 

The assembled cell was filled with a given solu- 
tion at  approximate ly  25~ the inner electrode set 
into rotat ion at  a selected speed. Value of the elec- 
trode potential  at  no current flow (ZCP)  was meas- 
ured with both  references. These were later sub- 
t racted (with proper sign) f rom the "at  current"  
values. Thus any  "s ta t ic"  potential  differences due 
to variations in surfacd structure of the electrodes 
could be accounted for. A relatively small current  
was applied, and the potential  of the rotat ing elec- 

4 Weston (Model 45). 
5 Ceneo (Model 6935). 
6 Minneapolis Honeywell Company (Model Y-153-X-12). 
7 Leeds and Northrup, Type K.2 (Model No. 7552). 
s Leeds and Northrup (No. 2430). 
9 Merck and Company. 
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trode followed with a reference electrode and re- 
cording potent iometer  until s teady state was 
achieved. Final values were then measured with the 
manual potentiometer,  using both reference elec- 
trodes consecutively. Steady-state polarization was 
obtained in a few seconds at high speeds and within 
2-3 rain at low speeds. Achievement of the steady 
state, while not essential for determination of limit- 
ing currents, was important  for subsequent calcula- 
tions of chemical polarization. A reliable comparison 
of concentration and chemical polarization can be 
made only under steady-state conditions. Current  
was increased in small increments until the limiting 
current, noted by a sudden rise in potential, was 
attained. At a given speed each run was first com- 
pleted with the rotor as cathode. Then polarity was 
reversed and a run was carried out with the rotor 
as anode. When a series of runs with speeds ranging 
from 30 to 1650 rpm was complete, the cell was 
taken apart,  the electrodes t reated as described 
previously, and reassembled with another electrode 
diameter but  with the same inner electrode. Thus  
the effect of the gap between concentric cylindrical 
electrodes was studied for a given solution, given 
diameter of rotating electrode, and given angular 
velocity. The temperature  of 25~ :i: 0.3 was main- 
tained by blowing preheated or precooled air on the 
cell exterior. Physical properties required for cor- 
relative s tudy were determined for each solution 
within the range 20~176 

Conductivities were measured in a conventional 
conductivity cell, calibrated with 0.9996M KC1 
solution, using an audiooscillator ~~ as power source 
for 1000 cycle A.C., a Wheatstone bridge, and an 
oscilloscope H as zero instrument. 

Viscosities of solutions relative to water were 
measured at several temperatures in a thermostat  
with an Ubbelohde pipette, and absolute viscosities 
calculated using densities obtained by pycnometer  
determinations. 

Diffusion coefficients for ferri-ferrocyanide ions 
were measured by the capillary method (38). 

Methods of  Calculation 

Ionic mass transfer . - -Potent ial  values obtained 
for each run were first corrected by subtracting 
(with proper sign) the Z C P  differences and the cor- 
responding iR  drops calculated by means of equation 
(I). These net resulting values represented A E r .  
From the known areas of rotating electrodes, cur- 
rent  densities were calculated, and plots of current 
density, I (ma/em 2) vs. z~Er (my) were prepared. 
Limiting current densities were then determined 
for each run at the plateau of the curve. At this 

~0 H e w l e t t - P a e k a r d  M o d e l  200 C. 

11 R C A  No.  155 A. 

point, in case of cathodic ferrieyanide reduction 
runs, the consecutive electrode process was hy- 
drogen evolution. This, however, did not take place 
before the potentials exceeded 600-700 my. For  
anodic oxidation of ferrocyanide the plateau was 
shorter as the consecutive reaction (oxygen evolu- 
tion) took place at AEr values of 200-250 my.  As 
illustrations, Fig. 5 and 6 show sets of cathodic 
and corresponding anodic runs for solution No. 9 at  
speeds up to 1650 rpm. The limiting cathodic cur- 
rent densities (Ic) and the limiting anodic current  
densities (In) are given in the corresponding figures. 

At limiting current when interfacial concentra- 
tion of reacting species becomes zero, the rate of 
ionic mass transfer of ferricyanide ion to the cathode 
or of ferroeyanide ion to the anode can be expressed 
as (1): 

IL 
i v  = ~-F (1 - t~:) = kL Co (II)  

where IL = cathodic (Ic) or anodic (In) limiting 
current densities, amp/cm~; n = valence change 
of reacting ion; F -- the Faraday  constant;  co = 
bulk concentration of reacting ion, moles/cc; t~ = 
transference number of the reacting ion; kL = 
average mass transfer coefficient, era/see. Since the 
estimated transference numbers of ferri- and ferro- 
cyanide ions did not exceed 0.03 (and was usually 
much lower) due to excess NaOH used as the in- 
different electrolyte, equation (II) carl be rewrit ten 
a s :  

N - - lcc co (IIa) 
nF 

Thus by  means of equation (IIa) the average 
mass transfer coefficient, k~ for the ferricyanide 
reduction and ka for ferrocyanide oxidation, was 
calculated for each run. 

From the measured values of viscosity, u, density, 
p, and diffusion coefficients, D, of ferrous and ferric 
cyanide, corrected to the temperature  of given 
runs, the corresponding Sehmidt groups Sc = 
t~/oD were computed for anodic and cathodic ex- 
periments. 

The Reynolds number, characterizing flow pro- 
duced in the cell, was found to involve the rotat ing 
electrode diameter as the characteristic length 
dimension and not  the gap between cylindrical 
electrodes (39). Accordingly, the Reynolds numbeT 
was computed as: 

V'di 
Re - (III)  

p 

where V = peripheral velocity, cm/sec;  and v --= 
kinematic viscosity, cm2/sec. 

Concentration polarization and chemical polariza- 
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t i o n . - - I t  is clear that  as far as mass transfer studies 
are concerned, it is not  necessary for the electrode 
reaction to take place with negligible chemical 
polarization. The mass transfer coefficient, lcL, could 
be calculated for any current density if in addition 
to the bulk concentration, co, the interfacial con- 
centration, c~, were known. Since an accurate 
experimental determination of c.z is extremely diffi- 
cult, mass transfer coefficients are most conveniently 
obtained from limiting current measurements, as 
outlined above. 

However, an electrode reaction with negligible 
chemical polarization was desirable in these studies 
in order to ascertain experimentally whether correct 
predictions of limiting currents and concentration 
polarization can be made from a general mass trans- 
fer correlation for rotating cylinders. 

The ferri-ferrocyanide couple was therefore in- 
vestigated as to the nature of polarization associated 
with both cathodic reduction of ferricyanide and 
anodic oxidation of ferrocyanide on nickel elec- 
trodes. This was done as follows. 

(A) From graphs of I vs. axE~ (of the type shown 
in Fig. 6 and 7), values of I and AEr were read off 
at  equal current density increments and tabulated 
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Fie .  5. Cathodic polarization curves of ferricyanide ion 
reduction.  
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FIO. 6. Anodie polarizat ion curves of ferrocyanide ion 
oxidation. 

up to current densities equal to 70-75 % of limiting 
current density. 

(B) Using Ic ,  and Ia (both obtained for the same 
solution, cell geometry and speed), AE ..... for this 
redox couple was calculated (30, 40) for each cur- 
rent density by the following equations12: 

R T  1 - I / I t  (for cathodic case) ( I r a )  A E  ..... - ~ ln l + I / I a  

R T  1 + [ / I c  (for anodic case) (IVb) axE ..... - ~ In 1 -- I / I a  

(C) AEr om at each of the applied current den- 
sities was calculated by  subtracting the calculated 
AE ..... from the experimentally obtained AET : 

,SEe~o,~ = h E r -  aXE ..... (V) 

I t  is interesting to note that ,  from equations 
(IV) and (V) for the case of a redox electrode reac- 
tion with negligible chemical polarization, a plot of 

12 Actual ly the derivat ion of equat ion (IVa) assumes 
tha t  the mass t ransfer  coefficient is independent  of current  
densi ty.  In forced convection such ~n assumption is well 
justified. 
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Fro. 7. Cathodic reduct ion of ferr icyanide.  Mass t rans-  
fer at  ro ta t ing  electrodes. 
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FIG. 8. Anodic oxidation of ferrocyanide.  Mass t ransfer  
at rotating electrodes. 

, k~ ( S , ) o . ~  ~ JD = ~ VS. Re 

experimental values of AEr versus log Q, where 

Q _ 1 ~ I/ID (VI) 
1 • I/Io 

(upper sign for cathodic, lower for anodic case) 
should yield a straight line with slope 2.303 RT/nF.  
For the ferri-ferroeyanide couple n = 1, and ex- 
pressing potentials in millivolts, the slope for ex- 
periments performed at 25~ should be 59.1. 

R E S U L T S  A N D  DISCUSSION 

Correlation of Mass Transfer Rates 

Ionic mass transfer results presented here were 
part of a broader study involving dissolution of 
rotating cylinders east from benzoic and cinnamic 
acid into water and aqueous glycerol solutions (39). 
A general type of correlation based on methods of 
momentum-mass transfer analogy was obtained 
using the following parameter: 

., k~ (Sc)O.~ ~ = V ( v i i )  

in which Sc = v/D accounts for the physical prop- 
erties of the system and kL is given by equation 
(IIa). 

. !  
Fig. 7 and 8 show logarithmic 2D vs. Re plots of 

mass transfer data for reduction of ferricyanide 
and oxidation of ferrocyanide, respectively. Table I 
gives a typical set of data, 13 including physical 
properties, for one of five solutions studied. Average 
deviations of points in Fig. 7 and 8 from the best 
line are 4-7% and •  for the two electrode 
reactions. These experiments involved a Schmidt 
number variation of 2230 to 3650 and a Reynolds 
number range of 112.0-162,000 (peripheral velocities 
1.17 to 426 em/see). Limiting current densities 
varied from 0.43 to 113 ma/cm 2. 

~3 Complete data are given in Reference (39). 

In Fig. 9, lines correlating electrolytic data are 
compared with results obtained by solid dissolution 
studies. Results for the various systems agree with 
each other within 7 % and all lie within experi- 
mental error involved in determination of frictional 
drag coefficient, f /2,  obtained by Theodorsen and 
Regier (11). 

Such an agreement 
the Chilton-Colburn 
that 

is very encouraging in view of 
analogy (41) which suggests 

]C L JD = V •(Sc) = f /2  (VIII) 

where r (Sc) represents a function of the Schmidt 
number. [For a detailed discussion see Reference 
(39).] 

In Fig. 10, all mass transfer data for three solid 
dissolution systems and the two electrolytic redox 
reactions were plotted together. The best curve 
(within 4-8.3 %) through all points is represented by 
coordinates given in Table II. 

In the Reynolds number range 1000-100,000 data 
are best represented by a straight line (dashed in 
Fig. 10) given by 

., tCL ScO.6~4 ~-o .3o  3D = V = 0.0791 ,~a (IX) 

From equation (IX) a number of interesting 
practical relations may be derived. 

Recalling that the mass transfer coefficient kL = 
IL/nFco, the following relations for limiting current 
density may be obtained: 

IL = O.O791nFcoV (V---~dp~)-~176 ( ; )  -0644 

= 0.0791 nFcoV~176 ~'6~ (X) 

-- nF ~ 2  (amp/era 2) 
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TABLE I. Mass transfer at rotating electrodes, ferri-ferrocyanide couple. (Sample data).* Solution No. 9 
(2.004N NuOH) 

313 

Run No. V cm/sec v X 10 2 
T ~ cm~/se c Rd 

Cathodic reduction of ferricyanide 

c,~;; i x m/Am' k{ox ~ x 1O~ j ' 
mole/cc cm/  cmV Sc /]0 

sec see 

Anodic oxidation of ferrocyanide 

ma /cm 2 D X C,~ X Ia k~0~X 10~ J' X 
mole/cc cm/ cm2/ Sc DIO 

see see 

136. dl = 1.273 cm A = 61.2 cm 2 Ser. I I  (do = 9.87 era) 

- - ,  276A 
277C, 278A 
280C, 281A 
284C, 285A 
286C, 287A 
890C, 291A 

114.9 
81.5 
40.4 
20.0 
6.8 
2.07 

25 
25 
25 
25 
25 
25 

1.423 
1.423 
1.423 
1.423 
1.423 
1.423 

10,280 
7,291 
3,614 
1,789 

608 
185 

0.1988 
0.1982 
0.1976 
0.1971 
0.1961 

. . . . .  0.2030 
42.2 219.8 0.454 3,134 4.82 0.2029 
28.2 {147.310.45413,134 t 6.51 t 0.2028 
16.6 I 87"0/0454 3,134 7 76 0.2027 
88 46 45413,134/12 1/0.2026 
3751 19 9/0 45413,134117 1/0.2024 

52.0 265.50.3903,649 4.55 
42.0 [214.410.390/3,649 / 5.18 
26.0 ]1.32.610.39013,6491 6.46 
16.4 / 83.9/0-390/3,649 / 8.27 
8.9 45.40.3903,649113.1 
3.55 18.20.3903,649/17.3 

13b. d i =  2.48 cm A = 117.6 em 2 Ser. I I  (do = 9.87 em) 

133C, 134A 
135C, 136A 
137C, 138A 
139C, 140A 
141C, 142A 
143C, 144A 

214.9 
148.7 
109.5 
78.2 
39.3 
13.1 

25 
25 
25 
25 
25 
25 

1.423 
1.423 
1.423 
1.423 
1.423 
1.423 

37,460 
25,920 
19,080 
13,630 
6,850 
2,283 

0.1990 
0.1970 
0.1960 
0.1945 
0.1935 
0.1925 

72.2 376 0.454 3,134 
55.8 294 0.45413,134 
45.2 239 0.454/3,134 
35.0 186 0.454 3,134 
22.3 119 0.454 3,134 
10.5 57 0.454 3,134 

3.12 0.2027 
3.531 0.2026 
3.89] 0.2025 
4.25[ 0.2024 
5:41 0.2023 
7.76 0.2023 

72.0 368 0.390 3,649 8.37 
53.4 273 /0.39013,649 3.62 
48.7 224 0.39018,649 ] 4.03 
38.9 174 0.3903,649 4.37 
21.5 110.1 0.390 3,649 / 5.51 
10.1 51.8 0.390 3,649 7.77 

484C, 485A 
486C, 487A 
488C, 489A 
490C, 491A 
492C, 493A 
494C, 495A 

13c. di = 5.024 cm A = 236.4 cm ~ Ser. I I  (do = 9.87 cm 

26.6 
79.7 

172.8 
246.8 
332.8 
426.2 

25 
25 
25 
25 
25 
25.7 

1.423 
1.423 
1.423 
1.423 
1.423 
1.405 

9,391 
28,140 
61,010 
87,130 

117,500 
152,400 

0.1891 13.60 74.50.4543,134 5.00 0.2030 
0.1904 27.8 151.30.4543,134 3.39[ 0.2037 
0.1918 55.6 300.30.45413,134 / 3.11 / 0.2044 
0.1930 73.3 393.80.4543,134 2.84 / 0.2050 
o.1969 90.4 475.9o.4543,134 2.55 0.2024 
o.1963 lO9.O 575.6o.4613,o48 2.37 0.2(}24 

13.80 70.40.3903,649 5.22 
27.40113q.4 0.390 3,649 3.44 
55.6 /281.910.390/3,649/ 3.21 
75.0 ]379.1/0. 390]3,649 / 3.03 
87.0 [445.4/0. 390/3 , 649 / 2.64 

113.0 /578.6/0.396/3,548 / 2.63 

Rd = Vd~ 3D = kr. (Sc)O ~% 
y V 

(cm) is t hen  g iven  b y :  

8 = 
0.0791 V ~ d i  ~176 u-~ -~ 

d~.~0,0.~-D0.~6 
= 12.64 • ( x i )  y 0 . 7 0  

/TO .40 p0.344 D O .356 

= 99.62 
S o  30 

where  D = diffusion coefficient,  cm2/sec;  a n d  S = 
r o t a t i o n a l  speed,  rpm.  

Thus ,  ~ depends  no t  on ly  on r o t a t i o n a l  speed,  
b u t  also on ro to r  d i a m e t e r  as  well  as on v i scos i ty  
a n d  di f fus ivi ty .  T h e  l a t t e r  t h r ee  va r iab les  were  n o t  
cons idered  b y  B r u n n e r  (14). 

A s s u m i n g  ~ i n d e p e n d e n t  of r a t e  (i.e., of the  cur-  
r en t  dens i ty ) ,  as was sugges ted  b y  A g a r  (6), one 
can  wr i t e :  

I D 
- ( c o  - -  cD ( X I I a )  

nF 

* See footnote (15), p. 315. 

Hence  for a g iven  a p p l i e d  C.D. ,  c~ m a y  be  cal-  
cu l a t ed  b y :  

I 
c~ = Co - ~ ~ ( X I I b )  

is o b t a i n e d  for  a g iven  geome t ry ,  speed  a n d  p h y s i -  
cal p rope r t i e s  of t h e  e l ec t ro ly t e  b y  equa t ion  ( X I ) .  

P rev ious  s tud ies  r e l a t i ng  to  mass  t r ans f e r  a t  
r o t a t i n g  e lec t rodes  were  l i m i t e d  in scope a n d  can  
be c o m p a r e d  to  t h e  p r e s e n t  work  on ly  in r e s p e c t  to  
func t iona l  de pe nde nc e  on r o t a t i o n a l  speed.  R o a l d  
a n d  Beck  (18) found  for  r o t a t i n g  m a g n e s i u m  elec-  
t rodes :  

kL = cons t  V ~ ( X I I I )  

Th is  is in  a g r e e m e n t  w i t h  resul t s  of t he  p r e s e n t  
s t u d y  s ince e q u a t i o n  ( X I I I )  can be  shown to  fo l low 
f rom e q u a t i o n  ( I X )  for  a g iven  s y s t e m  ( c o n s t a n t  
a n d  Sc)  and  g iven  r o t o r  d i ame te r .  B r u n n e r  (14) 
used  r a t h e r  i m p r a c t i c a l  geomet r i e s  a n d  p o o r l y  
def ined e x p e r i m e n t a l  cond i t ions ;  his  r esu l t s  m a y  b e  
expressed  in  t he  f o r m :  

kL = cons t  ( rpm)  ~/3 ( X I V )  
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FIG. 9. Mass transfer correlation for inner rotating 
cylinder. Comparison of five systems studies with friction 
coefficients f /2 
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Fro. 10. General correlation for mass transfer at rotating 
cylinders. 

For a given rotor diameter and given set of physical 
properties of the system, this relation is in approxi- 
mate  agreement with results of the present study. 

A linear dependence of dissolution rates, or limit- 
ing currents on velocity of rotat ion as proposed by 
King and Shack (22, 23) is not substantiated by  the 
present study. 

Limiting Currents and Concentration Polarization 

The nature of polarization of a redox electrode.--For 
AEr of a redox electrode Petrocelli (40) obtained a 
general equation ~4 which in a somewhat modified 
form may be written as: 

RT 
AET = -nF in 

u 1//o 

I = -  

nF 

(xv)  

where a = a constant between 0 and 1 (usually 
close to 0.5) representing the portion of the elec- 
trical potential difference across the activation 
energy barrier, which acts in the cathodic direction; 
io = exchange current density, representing the 
rate of forward (cathodic) and also backward 
(anodic) reaction at  the reversible, or open circuit 
potential. 

Using concepts of the absolute reaction rate 
theory (44) it is possible to show (40) tha t  

io nF let  --A~'*/Rr 
- c o "  e (XVI) 

N h 

where AF* = staudard free energy change of the 
activation process (at open circuit), ergs/mole; N = 
Avogadro number, 6.023 X 10 ~, molecules/mole; 
h = Planck constant, 6.624 X 10 -27, erg-see/mole- 

14 Analogous relations have recently been obtained by 
a number of investigators (42, 43). 

cule; h = Bol tzmann constant, 1.3805 X 10 -6 , 
erg/~ 

Thus, at constant T, io depends only on AF* and 
co, of reacting ions. For  a given electrode reaction 
the activation energy can be assumed to be constant 
provided electrode poisons are absent (29, 42). 
Under such conditions io depends only on co. 

In equation (XV) the first term in the bracket  
represents the contribution of concentration polari- 
zation, and the second represents chemical polariza- 
tion. Relative magnitude of this second term 
depends primarily on Ia/io. 

For a given electrode system Io increases with the 
0.70 power of the rotational velocity, according to 
equation (X); to, however, remains unaffected. 
Hence at high rotational speeds, i.e., large values of 
I~/io, chemical polarization should become signifi- 
cant in comparison with concentration polariza- 
tion. I t  is obvious, therefore, tha t  in order to 
ascertain experimentally whether a given elec- 
trolytic redox reaction comes close to thermody-  
namic reversibility, i.e., takes place with a 
comparatively small chemical polarization, AEr vs. 
I curves must  be obtained at high rotational speeds. 
From such curves (see, for example, Fig. 5 and 6) 

plots of AET against log 1 -T I / I c  1 =1: I l i a  can be prepared 

TABLE II. Coordinates of the general mass transfer 
correlation curve for rotating cylinders 

(see Fig. 10) 

200 
500 

1,000 
4,000 

10,000 
30,000 
60,000 

100,000 
200,000 
300,000 

18.4 
13.0 
10.2 
6.53 
4.88 
3.54 
2.96 
2.61 
2.24 
2.05 
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as described previously. A comparison of equations 
(IV) and (XV) shows that if chemical polarization 
is negligible, i.e., AEr ~ AEr . . . .  experimental 
points in such plots should fall close to a straight 
line with a slope of 59.1 (at 25~ expressing polari- 
zation in my). This type of plot is very convenient, 
as the distance of a given point from the straight 
line with slope 59.1 gives directly the value of 
chemical polarization and demonstrates its im- 
portance relative to concentration polarization (see 
for instance in Fig. 13). 

Table III  ~5 gives typical results for a given con- 
centration, inner and outer diameter. Values of 
AE .... and AEr were cMculated according to 
equations (IV) and (V). Data for three experimental 
series were plotted in Fig. 11. Solutions used were 
only 0.05M and 0.01M in ferri- or ferrocyanide, 
hence, according to equations (XV) and (XVI) some 
chemical polarization may be expected. However, as 
Fig. 11 shows, even up to peripheral velocities of 
157.3 cm/sec, AEr consists almost entirely, within 
limits of experimental accuracy, of concentration 
polarization. 

The predominant importance of the stirring rate 
as represented by V is interestingly demonstrated in 
Fig. 13 for a solution of a relatively high concentra- 
tion [number 9, approximately 0.20N of Fe(CN)73 
and Fe(CN)74]. For runs up to a velocity of 115 
cm/sec, data fall close to the straight line with a 
slope 59.1, the value for the so-called reversible 
electrode. At higher speeds, i.e., when the ratio 
I~/io increases, chemical polarization becomes rela- 
tively significant. For instance at V = 333 cm/sec, 
when the concentration polarization is 59.1 my, the 
corresponding chemical polarization has ah'eady 
reached 19.4 mv (Fig. 13). Hence, in case of a reac- 
tion where [o/io is not very small, it is possible to 
increase this ratio by increasing I~ with stirring 
(rotational speed). In this way a reaction in which 
polarization is predominantly controlled by mass 
transfer (i.e., concentration polarization) may be 
converted to one which is under activation control, 
involving large chemical polarization. 

As shown previously, io depends greatly on the 
activation energy necessary for the reaction to 
proceed. The latter has been found by many in- 
vestigators to increase in the presence of electrolytic 
poisons (29, 42). Thus, according to equation (XVI), 

~5 An  e x t e n d e d  v e r s i o n  of t h e s e  t a b l e s  h a s  been  de- 
p o s i t e d  as  D o c u m e n t  4212 w i t h  t h e  A D I  A u x i l i a r y  P u b -  
l i c a t i ons  P r o j e c t ,  P h o t o d u p l i c a t i o n  Serv ice ,  L i b r a r y  o f  
C o n g r e s s ,  W a s h i n g t o n  5, D .  C.  A copy  m a y  be  s e c u r e d  b y  
c i t i ng  t h e  D o c u m e n t  n u m b e r  a n d  b y  r e m i t t i n g  $1.25 for  
p h o t o p r i n t s ,  or  $1.25 for  35- ram mic ro f ihn .  A d v a n c e  p a y -  
m e n t  is r e q u i r e d .  M a k e  checks  or m o n e y  o rde r s  p a y a b l e  
t o :  Ch ie f ,  P h o t o d u p l i c a t i o n  Serv ice ,  L i b r a r y  of C o n g r e s s .  

T A B L E  I I I .  Concentrat ion  and  chemical  po lar i za t ions  at  
var ious  rotat ional  speeds and  current  dens i t ies  

[Sample  data] l~ 
S o l u t i o n  No .  13, Ser ies  I I  

I n i t i a l  c o m p o s i t i o n :  (0.04996 m / l  K~Fe (CN)6  
(0.05052 m/1  K 4 F e ( C N )  s 
(1.923 m/1  N a O H  

T = 25 .0~  
R o t o r  d i a m e t e r  (di) = 5.024 c m  
O u t e r  c y l i n d e r  d i a m e t e r  (do) = 9.87 cm 

Run 
iNo. 

I 
ma/cm~ 

C a t h o d i c  r e d u c t i o n  o f  

AE*conc A E T  
(CaIC) m v  ( m e a s )  

m v  

[ 

F . . . . . . .  , [ Anodic oxidation of 

AEchem [ [ AEchcm 
= AET' AE*concl AET' = AET 

- -  ] ( ca lc )  I ( m e a s )  - -  
A E  . . . .  I m y  / m v  A E  . . . .  

m y  ] ] m y  

1208 r p m ;  V = 318 c m / s e c ;  I~ = 22.00 m a / c m 2 ;  
Ia = 21.00 m a / c m  2 

15a 2 
4 
6 

8 
10 
12 
14 
16 
18 
18.5 

- - 4 . 5  
- - 9 . 6  

- - 14 .6  
- - 1 9 . 9  
- -25 .6  
- - 3 1 . 9  
- -39 .1  
- - 4 7 . 9  
- - 5 9 . 8  
- -63 .6  

- - 4 . 0  
- - 9 . 1  

- - 12 .4  
- -17 .2  
- - 21 .6  
- -26 .7  
- -34 .1  
- -43 .0  
- -56 .7  
- -61 .6  

0 .5  
0 .5  
2 .2  
2 .7  
4 .0  
5 .2  
5 .0  
4 .9  
3 .1  
2 .0  

4 .8  
9 .7  

14.8 
20.3 
26.3 
33 .0  
40 .8  
50.9 
65 .5  
70.5 

4 .0  
8 .1  

12.4 
17.2 
21 .6  
27 .8  
36.3 
50 .0  
67_ 2 
72.8 

- - 0 . 8  
- - 1 . 6  
- - 2 . 4  
- - 3 . 1  
- - 4 . 7  
- - 5 . 2  
- - 4 . 5  
- - 0 . 9  

1 .7  
2 .3  

302 r p m ;  V = 79.4 c m / s e c ;  [c = 8.20 m a / c m ~ ;  
I ,  = 8.10 m a / c m  2 

15b - -6 .3  
- - 12 .8  
- -19 .7  
- - 2 7 . 5  
- -36 .5  
- -48 .1  

- - 6 . 4  
- - 13 .0  
- -  2 0 . 3  

- - 28 .9  
- -39 .7  
- -53 .9  

- 0 . 1  

- - 0 . 2  
- - 0 . 6  
- - 1 . 4  
- - 3 . 2  
- - 5 . 8  

6 .3  
12.9 
lq .  8 
27.7 
36.9 
48 .8  

6 .4  
13.0 
20.3 
28 .9  
39.7 
53.9 

0 .1  
0 .1  
0 . 5  
1 .2  
2 .8  
5 .1  

102 r p m ;  V = 26.8 c m / s e c ;  Ic = 3.96 m a / c m 2 ;  
Ia = 3.80 m a / c m  2 

15c 0 .3  
0 .6  
0 .9  
1 .2  
1 .5  
1 .8  
2 .1  
2 .4  
2 .7  
3 .0  
3 .3  
3 .36  

- - 4 . 0  
- - 8 . 0  

- 1 2 . 1  
- -16 .3  
- 2 0 . 8  
- - 2 5 . 5  
- -30 .7  
- - 3 6 . 6  
- -43 .3  
- - 5 1 . 4  
- -62 .1  
- - 6 4 . 8  

- - 4 . 0  
- - 7 . 9  

- -12 .1  
- -16 .7  
- -20 .9  
- -26 .0  
- -31 .2  
- -37 .1  
- - 4 4 . 2  
- -54 .2  
- -68 .0  
- - 7 1 . 0  

0 .0  
0 .1  
0 ,0  

- - 0 . 4  
- - 0 . 1  

- - 0 . 5  
- - 0 . 5  
- - 0 . 5  
- - 0 . 9  
- - 2 . 8  
- - 5 . 9  
- - 6 . 2  

4 .0  
8 .0  

12.2 
16.6 
21.1 
26.1 
31 .6  
37.9 
45 .2  
54.5 
67 .7  
71 .3  

4 .0  
7 .9  

12.1 
16.7 
20 .9  
26 .0  
31 .2  
37.1 
44 .2  
54 .2  
68.0 
71 .0  

0 . 0  
- - 0 .1  
- - 0 . 1  

0 .1  
- - 0 . 2  
- - 0 . 1  
- - 0 . 4  
- - 0 . 8  
- - 1 . 0  
- - 0 . 3  

0 .3  
- - 0 . 3  

25 r p m ;  V = 6.58 c m / s e c ;  Ic = 1.81 m a / c m 2 ;  
I~ = 1.74 m a / c m  ~ 

15d 0 .2  
0 .4  
0 .6  
0 .8  
1 .0  
1 .2  
1 .4  
1 .5  

- - 5 . 8  
- - 11 .7  
- - 1 7 . 8  
- -24 .7  
- -32 .3  
- -41 .4  
- -53 .3  
- - 6 1 . 2  

- - 6 . 2  
- -12 .1  
- -18 .5  
- -25 .3  
- -33 .0  
- -42 .6  
- - 5 5 . 2  
- -64 .7  

- - 0 . 4  
- - 0 . 4  
- - 0 . 7  
- - 0 . 6  
- - 0 . 7  
- - 1 . 2  
- - 1 . 9  
- - 3 . 5  

5 .8  
11.8 
17.8 
25 .2  
33.3 
43.1 
56.7 
66 .3  

6 .2  
12 . ]  
18.5 
25.3 
33 .0  
42 .6  
57 .0  
68 .7  

0 .4  
0 .3  
0 . 7  
0 .1  

- - 0 . 3  
- - 0 . 5  
- - 0 . 3  

2 .4  

1 ~ [ [ I ~  
* AE~onc(mv) = 59.1 log  

i ~= I/L" 
t h o d i c  case ,  lower  fo r  anod i c . )  

( U p p e r  s i gn  fo r  ca -  
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120 

8 0  

4 0  

~ 4 0  

SYMBOL V crn/sec d~ cm 

x I l l  1 .273  
o 5 9 9  I 273 

20 .3  I 273  
+ 6.8 I 275 

9 79 .4  5 0 2 4  
26,B 5 024  

o- 6 .58  5 .024  

- o 1 5 7 3  5 024 
v 26 .6  5 0 2 4  
0 6 84 5 .024  

ixl 

Zc ~A/~z  Z ~A4~z 

15. t5 15 15 ] ] K3Fe(CN) 6 
[0  ' 5  L] 85 i SERIES ] I  0"0499rn 
5 0 ~  5 0 B  1 SOLN NGt/3 I OOSOSm K4Fe(CN} 8 
2 5 5  2 5 o j  1,923 m NoON 

B.o I 96 3 ~O SERIES ~ ) 00499m K3Fe(CN) 6 
) ~ I I 74 SOLN NO 13 O O S O S m  K4Fe{CN) 6 

1923  m NoON 

3 ~8 3 43 ~ SER ES I )001226m KsFe{CN) 6 
O 9B I O ~  I SOLN NO A-12~ OOI222m K4Fe(CN)6 
0 385  0 4 3  J2OII m NoON 

L(NE REPRESENTING CONCENTRAT{ON 

o 

o 
o<L ,.,..~.~'t ~ + 

- I . 0  

- 8 0  

- I . 2  - 0 8  - O . G  - 0 . 4  

I - Z / I  c 
LOG 

POLA RtZAT~ON, AE cone 

I + I / i  o 

CATHODIC REOUCTION ANODIC OXIDATION ~-~ 
OF FERRICYANIDE OF FERROCYAN40E 

I I I I I I 
- 0 .2  0.2 0.4 

LOG 

FIG. 11. Total polarization AEr vs. log Q 

~ ; i  ~ r~ 

~ "~ ~ ~ SL0 PE 591 mV 

, /  

0 . 6  

I +  I / l  r 

I - I l i  a 

O.8  i 0 1.2 

T = 2 5 ~  t 0 . 3  

I I I  

io may be expected to decrease significantly under 
such conditions. In a special study on effects of 
better known electrode poisons, Gerischer (42) 
found that at platinum electrodes treated with a 
2 • 10-53/ H2S solution for 1 rain and 60 min, 
respectively, io for the Fe+3/Fe +2 couple dropped to 
10.8 % and 1.7 % of the original (active state) value, 
respectively. The highly alkaline solutions used in 
the present studies, when exposed to air, could dis- 
solve an amount of H2S sufficient to decrease i~ and 
consequently increase chemical polarization. Ef- 
fects of other electrode poisons should, of course, be 
taken into account also. For instance, HCN formed 
through photochemical decomposition of ferro- 
cyanide may exercise a powerful effect. Several in- 
vestigators (45, 28) have also concluded that even 
electrodes made of "noble" metals such as gold, 
silver, and nickel become gradually covered with 
oxide films (when used in air-saturated solutions) 
causing a large increase in polarization. 

I ~O  ,ANODE= 

ot 
CATHODE 

0.0966 m KjFelCN) 6 
SOLN NO, I O.IOPOm K4Fe(CN) 6 

0.50 m KOH 
T= 25oc_+03 

i - I / I c  
LOG l . I / l o '  

-)O -O.8 ~O.6 -0.4 -O.2 

SYMBOL V cm/~se c ~r mA/C m} iomA~cmz 
o 56.6 25.0 23.0 

. DIA. OF ROT. ELECTRODE dr :  0,94cm. 
OUTSIDE DIA. do=lO 34cr l  

-1~0 LINE FOR ~,Econc 
I 

FIG. 12. Total polarization AfT VS. log Q in case of "in- 
active electrodes" and presence of air-oxygen. 

In a special study designed to demonstrate the 
effect of electrode poisons, AET -- I data were ob- 
tained for an alkaline ferro- ferricyanide solution, 
which was exposed to air and light for several days. 
Nickel electrodes used in this study were cleaned in 
the same manner as described previously, but were 
not given any cathodic hydrogen discharge treat- 
ment. Fig. 12 shows the results for solution No. 1 
in the form of AfT Vs. log Q plot. Large chemical 
polarizations (demonstrated by deviations from the 
AE . . . .  line) were obtained in spite of relatively low 
rotational speeds (up to 56.6 cm/sec). Values of 
A E  . . . .  = - -59 .1  mv and AEchera = - -47 .9  mv 
(hence AEr = --107 mv) indicated in Fig. 12 
(cathodic case) are for an applied C.D. of 12.1 ma/  

2 cm and a peripheral speed of 24.6 cm/sec. It is 
interesting to compare these with a freshly pre- 
pared solution (number 9) at about the same C.D. 

Fo J 99O,-JL K~ F.~CN), 60 i / % 
SOLN NO.9 IN.CONG. 0.2O27rn/L K4Fe(CN) e x7 t oo4 , .ooN Jo I . / :>  

T= 25~ • O.5 ~ 1 ~ a ; ; ~ ~  

;20  . %~-~1 / 

L0~ i + i / i 0  ~ & a -  ~ , ~  [ _ i / i o  

- I . 0  -0 .8  -0 .6  -0 .4  - 0 2  ~ 4  0.2 0.4 0.8 0.8 I 0 

) SE.,EP OOTS,OEO'A~ 
, )SYMBOL v'"y., d ,m. I."~%.~2 ~omA/~m2 

+ 333 5 0 2 4  90~4 87.0 
. j  ~ ; ~ j  --~ ~ 173 5,024 5 5 6  556  

2 0 0  1.275 16.6 164 
6.8 L 275  88 8,9 

f "  - 6 0  LINE FOR CONCENTRATION 
v / ~  I POLARIZATION ~Er 

FIG. 13. Total polarization AE~ vs. log Q for high cur- 
rent density electrolysis. 
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and rotat ional  speed)  6 Thus at  a I = 12 m a / c m  ~- 
and V = 20 cm/sec,  a total  cathodic polarization 
(AEr) of only - 4 3 . 5  m v  was measured for solution 
number  9 )  7 The corresponding concentration polari- 
zation was calculated to be - 4 7 . 1  m y )  s Hence no 
measurable  chemical polarization was determined in 
this case, while at the same C.D. in the case of the 
poisoned electrode, AEohom represented about  45 % 
of total  electrode polarization. 

With  regard to the ferro- ferricyanide couple the" 
following conclusions m a y  be drawn on the basis of 
the present  study. 

(A) Only freshly prepared and deaerated alkaline 
potass ium ferri- and ferrocyanide solutions should 
be used with a m ax i m um  possible exclusion of light. 
The electrode (plat inum or nickel) should be given a 
cathodic hydrogen t rea tment  prior to each experi- 
ment .  

(B) With  the above precaution a reasonably 
small aEoh~m is associated with the electrolytic 
redox reaction. The  amount  of AECh .... involved 
depends on the magni tude of the I~/io ratio, i.e., on 
the rate  of stirring (on which I ,  depends). For rotat-  
ing electrodes up to a peripheral velocity of 115 
cm/sec,  the electrode reaction is predominant ly  
mass transfer controlled and the chemical polariza- 
tion is negligibly small. The above peripheral 
velocity corresponds to a Reynolds number  of 
11,000. I t  should be reasonable to assume tha t  in 
m a n y  other types of flow up to Rd = 11,000 a 
negligible AEch .... m a y  be expected for the ferri- 
ferrocyanide couple. 

(C) Under conditions (see above) a t  which the 
to ta l  electrode polarization is almost  entirely repre- 
sented by  concentration polarization, the generM 
mass transfer correlation for rota t ing cylinders 
(equation VII )  can be used to predict  ~, Ir or I , ,  
and AE . . . .  (see equations X, X I ,  and IV). Con- 
versely, f rom a given measured polarization, ci of 
the reacting ion m a y  be calculated at  an applied 
current density. 

To  illustrate the lat ter  point, calcu]ations of 3, 
1~, I , ,  and AEr have  been carried out below for a 
rota t ing electrode in an alkaline potassium ferro- 
ferricyanide solution. To facilitate comparison with 

~6 The difference in concentrat ions  of the react ing ions 
between solut ions-number 1 and 9 (a factor  of 2) does not  
significantly affect this  comparison, pr imari ly  because the  
ratio I,/io is independent  of the bulk concentra t ion of the  
reacting ion. 

~7 See footnote  (15). 
~s Actually the absolute value of AET cannot  be smaller 

than  tha t  of AE~ .... Whenever  this seems to be the case, 
it  must  be a t t r ibu ted  not  only to experimental  inaccura- 
cies, but  also to  the possibil i ty t h a t  achievement  of a 
s teady  s ta te  polarizat ion of the electrode was not  quite 
complete.  For tuna te ly  in no case were these deviat ions 
very serious. 

experimental measurements the physical data for 
one of the systems studied were used. 

Illustrative example. Assumed solution: (Equiv-  
alent to solution No. 9) 0.1976M KaFe(CN)6, 
0.2027M K4Fe(CN)~, 2.004M NaOH.  

Data: d~ = 1.273 cm; S = 300 rpm;  V = 
S 300 
6--07r di = 60- X 3.1416 X 1.273 = 20.0 cm/sec ;  

Rd = 1,789; temperature ,  25~ ~ = 1.423 X 
10 -2 cm2/sec; Dforri = 0.454 X 10 -5 cm2/sec; 
Df .... = 0.390 X 10 -~ cm'2/sec; crom = 0.1976 X 

1 - a  10 -a moles/cc;  c~ .... = 0.2027 X 0 moles/cc.  
Diffusion Layer Thiclcness, 5: F rom equat ion 

( X I )  : 
r/o.30 V-0.70 t,0.344 Do.a50 ~(cm) = 12.64 ~ 

Hence for the cathodic case: 

& ~  = 12.64 (1.273) ~176 (20.0) -0.7o 

(1.423 X 10-2) 0a44 (0.454 X 10-s) 03s6 

= 4.840 X 10 3 cm 

& .... = 12.64 (1.273) ~176 (20.0) 0.70 

(1.423 X 10-2) ~ (0.390 X 10-3) ~ 

= 4.585 X 10 -3 cm 

Limiting Current Densities: Cathodic limiting 
C.D.,  

nFD 
Ic --  eferri 

1 X 96,500 X'(0.453 X 10 -~) 
X (0.1976 X 10 -a) 

4.840 X 10 -a 

= 17.89 X 10 -3 a m p / c m  2 = 17.89 ma /c in  ~ 

as compared t o  experimentally determined 

I~ = 16.6 m a / c m  '~ 

Deviat ion = 7.6% 

Anodic limiting C.D., 

nFD 
~a --  Cfcrro 

~ferro 

= 1 X 96,500 X (0.390 X 10 -~) X (0.2027 X 10 -3 ) 
4.585 X 10 -a 

= 16.64 X 10 -a amp/c In  2 = 16.64 m a / c m  2 

as compared to experimental ly determined 

I~ = 16.4 m a / c m  2 

Deviat ion = 1.5 % 

Concentration Polarization at 
10 ma/cm2: 

Cathodic~'AE . . . .  = 59.1 log 

= 59.1 log 

Applied C.D. of 

1 - -  I / I ~  

1 + I/zo 

1 -- 10/17.89 
1 q- 10/16.64 

= - - 3 3 . 1  m y  
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as compared to the experimentally measured total 
cathodic polarization 

hEr  = - 33.0 my 

Anodic AE ..... = 59.1 log 11 + I/I~ 
- -  I / I .  

1 + 10/17.89 
= 59.1 log 

1 -- 10/16.64 

= +34.9 mv 

as compared to the experimentally measured total 
anodic polarization 

AET = 32.8 my 

Hence chemical polarization is negligible for these 
cathodic and anodic runs, and prediction of AET is 
possible. I t  should be noted tha t  the general mass 
transfer correlation enables prediction of limiting 
currents and concentration polarization even when 
chemical polarization is large; however, then the 
total electrode polarization could not be calculated. 

The ferro-ferricyanide couple can thus be used 
conveniently to s tudy mass transfer in liquids for 
various types of geometries and hydrodynamic 
conditions. The advantages of using an electrolytic 
redox reaction over solid dissolution for purposes of 
studying rates of mass transfer are: (a) achievement 
of steady state in a relatively short time; (b) direct 
control of rates, i.e., applied current (This is not 
possible in case of solids.); (c) preservation of 
smooth interfacial surface throughout the experi- 
ment;  (d) higher accuracy and convenience in 
determination of rates of mass transfer. 

The present study has proved that,  when properly 
carried out, the ferro-ferricyanide electrode reac- 
tions may  be considered to remain predominantly 
under mass transfer control up to stirring rates cor- 
responding to Ra = 11,000. However, chemical 
polarization is essentially present whenever finite 
currents are passed, and becomes significant at  high 
stirring rates. The reason Essin and eoworkers 
(30) could claim that  electrolytic reactions of the 
ferri-ferrocyanide couple involve only concentration 
polarization is that  their experiments were carried 
out at low stirring rates. 

Under proper experimental conditions, when 
concentration polarization is accounted for, the 
ferri-ferrocyanide couple is not far from thermody- 
namic equilibrium, i.e., AF* is not very large. For 
the electrochemical reaction which takes place at  
the electrode interface itself, Lewartowicz (43) dis- 
cussed two rate-determining steps. One step involves 
electron transfer at the interface of the electrode, 
the other the change in hydration of the ion under- 

going recharge. For the ferri-ferrocyanide couple 
this may  be expressed as: 

Fe(CN)73(H.20)m + e- 

~-Fe(CN);-4(H20)~ + (m -- n)H20 

Numerous investigators (46-48) have found tha t  an 
ion is more hydrated the larger its charge and the 
smaller its radius. Hence, activation energy of the 
total process is composed of energy necessary for 
electron passage between ion and electrode and of 
hydration energy. The latter depends only on the 
state of hydrat ion of oxidized and reduced ions, but  
the former is probably the one which is affected by  
presence of electrolytic poisons adsorbed at the 
electrode surface. Lewartowicz's experiments (43) 
on Fe+3/Fe +2, Ce+4/Ce +3 and quinone/hydro- 
quinone couples have shown a small chemical po- 
larization to be involved in each case. His results 
support in a general sense the above discussed 
mechanism of the electrolytic redox reaction. 

I t  seems reasonable that  electrode reactions in- 
volving only electron transfer and change in degree 
of ion hydrat ion would involve small activation 
energies, compared to reactions involving breaking 
or formation of chemical bonds. 
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N O M E N C L A T U R E  

Symbol 

Co 

el 

Cferri 

Cferro 

dl 

D 

AET 

AE . . . .  
AEch~m 
f 

F 

AF* 

h 

h r 

i 

I 
I .  

h.  

�9 i 

3D 

k 

k .  

k~ 

kL 

Definition 

Concentrat ion of react ing 
ions in the bulk of the 
solution 

Concentrat ion of react ing 
ions at the electrode in- 
terface 

Bulk concentrat ion of fer- 
r icyanide ions 

Bulk concentrat ion of fer- 
rocyanide ions 

Diamete r  of the inner ro- 
ta t ing electrode 

Diffusion coefficient of 
species k 

Tota l  polarization 
Concentrat ion polarization 
Chemical polarization 
Fr ic t ion factor 

Faraday  equivalent  

Standard free energy 
change of ac t ivat ion 

Planck constant 

Height  of cell 
To ta l  current 
Exchange current densi ty 
Current  density 
Anodic l imiting current  

densi ty  
Cathodic l imiting current  

densi ty  
Limit ing current current  

density,  generally 
Modified Chil ton-Colburn 

-number 
Bol tzmann constant,  

1.3805 X 10 -6 

Mass transfer  coefficient at  
the anode 

Mass transfer  coefficient at 
the cathode 

Mass t ransfer  coefficient, 
generally 

Number  of electrons ex- 
changed in electrode re- 
act ion 

Units  

mole/ce 

mole/ce  

mole/ce  

mole/ce 

c m  

cm2/sec 

m v  

m v  

m v  

dimension- 
less 

96,500 cou- 
lomb/equ iv  

ergs/mole 

6.624 X 10 -~7 
erg-sec/  
molecule 

c m  

amp 
arnp/cm ~ 
m a / e m  2 
ma/cm" 

ma/em~ 

amp/cm 2 

dimension- 
less 

e rg /~  
molecule 

cm/sec 

cm/sec 

cm/sec 

NOMENCLXTURE--Continued 

Symbol Definition Uni ts  

Rate  of mass t ransfer  mole /cm 2- N 

rl  

ro 

]~(1), R(2) 
R 

t i  

T 
V 

Z C P  

Radius of ro ta ted inner 
electrode 

Internal  radius of outer  
electrode 

Resistance 
Universal  gas constant  

Transference number  of 
the react ing ion 

Tempera ture  
Peripheral  veloci ty  at the 

rota t ing cylinder 
Zero current  potent ia l  

(static potent ia l  differ- 
ence between an inves- 
t igated electrode and the 
reference cell) 

s e c  

c m  

e m  

ohms 
8.313 X 

erg/~  
mole 

o K 

o r e / s e e  

m v  

10 T 

Greek symbols 

c% fl 

11 

P 

Fract ions of electrical  po- 
tent ia l  difference across 
the act ivat ion energy 
barrier  act ing in the 
cathodic and anodic di- 
rection respect ively 

Thickness of diffusion layer 
Electr ical  conduct iv i ty  of 

a solution 
Dynamic  viscosity 
Kinemat ic  viscosity 
Densi ty  

c m  

o h m - 1  c l n  - !  

g/cm-see 
cm~/sec 
g /cm 3 

Dimensionless  groups 

1 =F: I / I~  
O 1 + [ / I ~  

Vd~ 
R a -  p 

Sc  ~ - -  D~ 

Rat io  used in AE~onc calcu- 
lations (upper sign for 
cathodic case, lower for 
anodic) 

Reynolds number  based on 
diameter  of ro ta t ing  in- 
ner cylinder 

Sehmidt number  for mass 
transfer  of species k 
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ABSTRACT 

Cathodic and anodic polar izat ion curves for t i tan ium in neut ra l  NaC1 solutions were 
determined over the range 0.02 t~a/em" to 0,01 amp/em ~. These were derived from steady-  
s ta te  values of t ime-potent ia l  curves measured by the direct  method  using a thermionic 
amplifier to limit current  in the potent ia l  measuring circuit  to 10 12 amp. 

On open circuit the potent ia l  increased from -0 .25  volt  (sa turated calomel scale) to 
about  4-0.2 volt.  As l i t t le as 0.1 pa/cm 2 cathodic considerably decreased ra te  and extent  
of change, while anodie t r ea tmen t  of the same in tens i ty  increased these effects. At 1 
m a / c m  2 hydrogen overvoltage was 0.84 volt and oxygen overvoltage was 0.96 volt.  Tafel 
slopes were 0.15 and 0.14, respectively.  In aerated solution the effect of salt  concentra-  
t ion between 0.5 and 2M was almost  wholly tha t  caused by ehange in oxygen solubility. 

The anodie t ime-potent ia l  curves can be divided into three par ts :  (a) E increases 
linearly with time at a rate  proport ional  to current  densi ty;  (b) E is constant  with time, 
and oxygen is evolved continuously;  (c) E increases rapidly  to about  -t-10 volts after 
some hours for current  densities in excess of 1 ma/em2; a visible surface film forms and 
a few deep pi ts  appear,  but  there  is no oxygen evolution. Resul ts  are considered on the 
basis of oxide formation and of ehemisorbed oxygen atoms. 

INTRODUCTION 

Titanium is being studied here as part  of a general 
investigation into characteristics of passive metals. 
This metal does not  fit fully either the category typi- 
fied by  aluminum or by  chromium. A careful s tudy 
of its properties as a working electrode was indicated 
and resulted in the work reported here as well as in 
an analysis of the anodie charging process (1). 

Although considerable work has been done on 
polarization of some of the newly available uncom- 
mon metals, much of it appears in reports and rela- 
t ively little in the open literature, a 

EXPERIMENTAL METHOD 

Polarization measurements were made by  the 
direct method. Apparatus used provided for con- 
current measurements in six polarization cells, which 
were contained in a thermostat  ba th  held at 30~ 

Polarization cells.--Each cell consisted of an open- 
top glass jar 16 x 21 cm, 32 cm deep, containing 5.0 
liters NaCI solution, and an electrode assembly con- 
sisting of the metal, an input  electrode, and a saturated 
calomel electrode. The 2.52 cm diameter  t i tanium 

1 Manuscr ipt  received March 20, 1953. This paper  was 
prepared for del ivery before the  Phi ladelphia  Meeting,  May  
4 to 8, 1952. 

2 Present  address:  Dowell,  Incorporated,  Tulsa, Okla- 
homa. 

3 For  example, in a series of progress reports  to the U. S. 
Atomic Energy Commission by D. S. MeKinney  and J. C. 
Warner of Carnegie Ins t i tu te  of Technology. 
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coupon was cast in a plastic wafer, polished by  hand 
on 2 to 2/0 metallographic emery paper, rubber  with 
filter paper moistened with 95 % ethyl alcohol, and 
wiped carefully with clean, dry lens tissue. The wafer 
was inserted into a machined plastic holded provided 
with an electrical connection to the back of the 
coupon. The holder was sealed water-t ight by  appli- 
cation of melted ceresin wax. The plat inum auxiliary 
electrode, consisting of 6 turns of platinum wire 
around a 6-mm glass tube, was located 7 cm in f ront  
of the center of the face of the coupon. The calomel 
half-cell vessel was a 2-cm glass tube with a bent  side 
arm drawn out to a capillary tip and filled with 2 % 
agar-saturated KC1 gel. The  three electrodes were 
mounted on a plastic support.  The  eMomel electrode 
vessel could be rotated to va ry  the distance of the 
capillary tip from the face of the coupon. The elec- 
trode support  was itself supported by a brass rod 
passing through a bracket which was damped  to the 
horizontal beam of a modified circular pa th  appara- 
tus (2). This rotated electrode assemblies in a circle 
2.54 em in diameter, in the plane of the coupon face 
at 26.5 rpm, and gave the coupons a linear velocity 
of 3.5 em/sec. 

Electrical circuits.--Six polarization cells were con- 
nected in parallel to  a 4-12-volt  ba t te ry  source for 
,cathodic measurements,  or 4-50 volts for anodic 
measurements. Current  for each cell was controlled 
by  a series resistance made up of combinations of 
}~-watt composition type  resistors, some being pro- 
vided with shorting switches, and one or two variable 
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FIG. 1. Time-potential curves for cathodic polarization 
of titanium in aerated 0.5M NaC1 at 30~ Curve-current 
density in amp/cm~: 1~0.0; 2--2 X 10-s; 3--6 ;4 10-s; 4--1 
X 10-6; 5--2 X 10-% 6--4 X 10-% 7--4 X 10-5; 8--2 X 10 4; 
9--4 X 10-4; 10--1 X 10-3; 11--2 X 10-4; 12--6 X 10 4; 13-- 
2 X 10-~; 14--4 X 10-3; 15--1 X 10 -2. 

2-watt  resistors. Current  was read by  measuring IR 
drop across a calibrated wire-wound resistor in 
series with the cell, and was held constant  within 
less than  1% of the nominal value. 

Potent ia l  of the t i tanium coupon with respect to 
the sa turated calomel electrode was measured by  an 
L & N thermionie amplifier and Type  K-2 poten- 
t iometer.  The former limited current drawn in the 
potential-measuring circuit to 10 -~2 amp or less, even 
when the potent iometer  was not balanced, and thus 
prevented disturbance of the measured polarizing 
current during measurements  at very  low current  
densities. For measuring potentials in excess of the 
max imum range of the potentiometer ,  dry  cells, call- 
brated to • 1 my, were connected in series with the 
potentiometer.  All potentials are given on the satu- 
rated calomel electrode scale. 

Materials.--Coupons were cut from Remington 
t i tanium sheet, 1.6 m m  thick. Spectrographic analy-  
sis 4 showed over 99% ti tanium, with 0.725% car- 
bon, 0.25 % iron, and 0.005 % other elements. 

Surface areas were determined by  k ryp ton  ad- 
sorption at 78~ and from this the coupons as pre- 
pared were found to have a roughness factor  of 
2.2 ~ 0.2. 5 All current densities are given in terms of 
apparent  or projected area. 

Solutions were made with analytical reagent grade 
NaC1 and distilled water.  They  were unbuffered, 
and had a p H  of 6-7. The NaC1 contained 3 p p m  
iron, which was essentially completely precipi tated 
during a run, giving about  1 mg of Fe(OH)a in 5 
liters 0.5M solution. The colloidal precipitate t ray-  

4 National Spectrographic Laboratories, Inc., Cleveland, 
Ohio. 

s Surface areas were also determined by polarization 
capacity measurements (3) and led to a roughness factor 
of 10 -4- 3. The gas adsorption area is considered to be more 
reliable at present. 

elled by  eleetrophoresis to the anode, and  therefore 
caused no interference on a cathodically polarized 
coupon. Solutions used in anodic runs were made  
iron-free by  dissolving NaC1 in the min imum volume 
of water,  aerating for 12 hr, filtering through fri t ted 
glass, and diluting to desired concentration. 

All anodic polarization measurements  and most  
cathodic measurements  were made in solutions which 
were kept  sa turated with air by  means of a fr i t ted 
glass gas dispenser. A glass chimney prevented  air 
bubbles from coming in direct contact  with the  
electrodes. Some measurements  of cathodic polariza- 
t ion were made in solutions designated as "air-free."  
For  these runs, one of the jars was fitted with a flex- 
ible plastic film cover, sealed on with masking tape.  
The solution was boiled, cooled under  nitrogen, and 
forced into the polarization cell by  nitrogen pres- 
sure. During the run, purified nitrogen (4) was 
bubbled through the solution. A porous a lundum 
cup around the pla t inum anode prevented  oxygen 
f rom getting into the main pa r t  of the solution 
around the cathodic coupon. A more rigorous exclu 
sion of oxygen was not required in these measure- 
ments  for reasons s ta ted in the Discussion. 

Correction for IR drop in the solulion.--In order 
to prevent  errors due to blocking of par t  of the 
coupon surface by  the tip of the reference electrode, 
the capillary t ip was kept  2.0 cm from the face of 
the coupon. The potential  at  tha t  point differs from 
tha t  a t  the coupon surface only by  the [R drop for 
the polarizing current  passing through the 2 em of 
solution. This IR drop was negligible except at  high 
current  densities, for which corrections were made.  
Potentials  were measured in 0.5M NaC1 at  several 
distances from 2.0 em to the surface, the lat ter  meas- 
u rement  being taken immediate ly  af ter  touching 
the electrode t ip to the surface. These points were 
found to lie on a smooth curve. The  effective value 
of R was found by  dividing the potential  difference 
from 2.0 cm to the surface by  the polarizing current.  
This was used in calculating the correction for other 
current  densities in 0.5M NaC1, and corresponding 
values of R for 0.1M and 2.0M NaC1 were calculated 
f rom ratios of specific resistances of solutions. 

Cathodic Polarizations 

Typical  t ime-potential  curves at  several current  
densities for cathodically polarized t i t an ium are 
shown in Fig. 1. Points  marked  with the same sym- 
bol represent measurements  on the same coupon in 
a continuous run. In  describing the curves a potential  
becoming more positive, i.e., moving down, is said 
to be increasing. 

On open circuit and up to 0.06 u a / e m  2 the initial 
potent ial  is - 0 . 2 5  volt  and increases s loMy to a 
constant  value after  a day  or more (6 days  at  zero 
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current). Generally, at  low cathodic current densities, 
the initial increase in potential  is more rapid the 
lower the current  density. 

The most  noticeable characteristic in the range 
1-4 ua /cm 2 is the long t ime needed for constant  po- 
t e n t i a l - m o r e  than  6 days. Init ial  potentials are 
more negative the higher the current density, and 
decrease during the first few hours. Between 10 and 
60 ~a//em 2, after a comparat ively  rapid increase for 
several hours, a slow increase takes place for as long 
as 10 days. 

In  the range 0.1 to 0.16 m a / e m  2 potentials do not 
become sufficiently steady to plot, varying f rom 
average values at  first by  as much as 4-0.1 volt  in 
less than a minute  and, at  the end, by  4-0.03 volt. 
Average initial and final values (48 hr) were as fol- 
lows: 

ma/cm2 volt volt 

0.1 -0 .6  -0 .6  
0.12 -0 .5  -1.10 
0.14 -0.65 -1.15 
0.16 -1.06 -1.17 

Curves 8, 9, and 10 were obtained in a single run 
on the same coupon, as were curves 11-15. The 
length of t ime for which the current was held at  each 
value was arbi t rary ,  being a t  least long enough for 
the potential  to become constant.  At these high 
current  densities, the potential  does not change 
greatly from its initial value and becomes constant  
in a short t ime. When current is increased to a new 
constant  value, the potential  immediate ly  decreases 
to a more negative value. Usually it then increases 
slightly but  becomes essentially constant  in a few 
hours. 

At 0.2 m a / e m  2 the rapid variat ion of potent ial  
has an ampli tude of -t-0.02 volt. The  ampl i tude of 
the swings decreases, at  higher current densities, to 
about  4-0.001 volt  at  10 lna / cm 2. 

Time-potent ial  curves for 0.1 and 2.0M NaC1 show 
the same general features as those of Fig. 1. At about  
the same current  densities, curves for the three con- 
eentrations show no greater dissimilarities than  do 
curves of duplicate runs at  the same concentration. 

Effect of NaC1 concentration.--Cathodie polariza- 
tion curves for t i tan ium in aerated 0.1, 0.5, and 2.0M 
NaC1 solutions are shown in Fig. 2. Each solid point 
represents the constant  potential  finally at ta ined by  
a coupon held at the same current density f rom the 
s tar t  of the run. Each open point represents a con- 
s tant  potential  a t ta ined by  a coupon at  the desig- 
nated current density after previous polarization at  
one or more other current densities. 

The polarization curve for 0.5M NaC1 was es- 
tablished with especial care. Enough points were 
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FIG. 2. Cathodic polarization curves for titanium in 
aerated NaC1 solutions at 30~ (Solid points give potential 
at original current density and open points at altered cur- 
rent density.) �9 ZX--0.1 M; �9 0--0.5111; �9 ~--2.0M. 

determined to establish t ha t  curves for the three 
concentrations were essentially the same. They  are 
drawn as identical except near  0.1 m a / c m  ~. The  
open circuit potentials cannot  be shown in Fig. 2 
because the current density scale is logarithmic. 
These potentials for 0.1, 0.5, and 2.0M solutions are 
-4-0.18, +0.17,  and + 0 . 2  volt,  respectively. 

At the three lowest current densities, the curve is 
drawn through weighted average values of the po- 
tentials for the three different concentrations. De- 
viations of individual points average less than  0.03 
volt. F rom 1-40 ua / cm 2 the curve is drawn through 
the points for 0.5M solution. Real i ty  of the wave 
drawn in the curve in this region is considered later. 

Near  0.1 m a / c m  2 a rapid decrease in potent ia l  
occurs, bu t  at  a lower current density for more con- 
eentrated solutions. At  higher current densities, the 
logarithmic polarization curve is linear. The  slope, 
corresponding to the constant  b in the Tafel equa- 
tion, is 0.204 vol t / log  unit. 

Most  points above 80 t~a/cm 2 were measured on a 
coupon which was polarized successively to several 
different current densities. One coupon was polarized 
in 0.1M NaC1 for 157 hr at, 0.12 m a / e m  2, for 28 hr 
at  0.14 m a / c m  2, and then for about  20 min each at  
decreasing current densities from 2-0.4 m a / c m  2. A 
coupon in 2.03/I solution was star ted a t  0.2 m a / e m  2 
which was increased successively through the other 
values to the maximum,  2 m a / c m  2. I t  was returned 
to the initial current, where it then had the same 
potential  as before. The  remaining points were deter- 
mined at  decreasing current  densities. For  0.5M solu- 
tion, points from 0.2 m a / c m  2 upward  were deter- 
mined in two runs. I t  m a y  be noted tha t  points at  
0.4 and 1 m a / e m  2, which are from the same run, are 
slightly off the straight  line, bu t  would lie on a line 
parallel to it. The remaining points, all f rom the 
other run, fall very closely on the line. 

At 0.2 m a / c m  2, hydrogen is evolved slowly on ti- 
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FIG. 3. Cathodic polarization curves for titanium in 
0.5M NaC1 at 30~ (Solid points give potential at original 
current density and open points at altered current density.) 
�9 @--air-free solution; �9 O--aerated solution. 
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FIG. 4. Anodic polarization curve for titanium in aerated 
0.5M NaC1 ~t 30~ (Solid points give first constant poten- 
tial reached at original current density. Open points give 
constant potential at altered current density.) 

tanium.  Visible bubbles do not  form on the surface, 
but  large bubbles gather  on the wax coating around 
the edge of the coupon. At higher current  densities 
small bubbles are evolved continuously from the 
entire coupon surface. After long polarization at  high 
current  density, the t i tanium surface becomes dark- 
ened and very  hard. 

Effect of oxygen concentration.--Cathodic polariza- 
tion curves for t i tanium in aerated and in air-free 
0.5M NaC1 solutions are shown in Fig. 3. The curve 
for the aerated solution is tha t  for 0.5M NaC1 in 
Fig. 2. The other was determined in two separate  
runs, one from 2 to 60 ua /cm 2 and the other f rom 
20 ua / em 2 on up. Agreement  of the overlap da ta  is 
very  good. The slope of the linear portion is 0.154 
vol t / log  unit. 

The experimental  ar rangement  in the air-free runs 
prevented observation of hydrogen evolution, but  
coupons were darkened and surfaces hardened just 
as in corresponding aerated runs. 

Anodic Polarization 

All anodic polarization measurements  were made 
in aerated 0.5M NaC1 solution. Time-potent ia l  
curves were measured at constant  current  densities 
f rom 0.02 tLa/cm 2 to 6.0 ma /cm: .  Corresponding 
charging curves have  been given previously (1). 
The  curves show tha t  potent ia l  increases linearly 
with time, at  a rate proportional  to current density, 
until a constant  potential  is reached at  which oxygen 
is evolved. The charge required to reach the oxygen 
evolution potential  is approximate ly  the same for 
all current densities from 0.06 to 20 ua /cm ~, the 
average being 0.0145 coulomb/cm 2. At  current densi- 
ties above 1 m a / c m  ~, after several hours at  the oxy- 
gen evolution potential,  a second increase of poten- 
tial begins. Visible oxygen evolution ceases, and the 
potential  rises at  an increasing rate  to about  + 1 0  
volts, where it becomes erratic but  generally con- 
stant ,  and a visible oxide film develops. 

The  anodic polarization curve for t i t an ium in 
aerated 0.5M NaC1 solution is shown in Fig. 4. 
Each solid point represents the first constant  poten-  
tial reached by  a coupon polarized a t  a constant  
current  density. Each open point  represents the 
constant  potential  a t ta ined by  a coupon at  the in- 
dicated current  density after  previous polarization 
to a constant  potential  at  a lower current  density.  
For  the  la t ter  points, the t ime of polarization was not  
long enough for the second increase of potent ial  to 
have begun when the reading was made.  

All experimental  points touch the s t raight  line 
except for the solid points at  the two highest current  
densities. Of these, the one at the less positive poten- 
tial represents the coupon mounted  in the recessed 
holder. 

Below 0.6 ua /cm 2 the curve bends toward less posi- 
t ive potentials.  Because of the logari thmic current  
densi ty scale, the zero-current or open-circuit  poten- 
tial cannot  be plotted. This value is -~0.17 volt .  

Polarizat ion decay on open circuit and the charg- 
ing process on repolarization are discussed elsewhere 
(1). 

DIscuss ioN 

Cathodic polarization.--The usual cathodic reac- 
tions in aqueous solutions containing no other  re- 
ducible mater ia l  are reduction of dissolved O~ to 
OH- ,  possibly in steps involving H202, and reduc- 
tion of H + to tiE. The  former  reaction occurs a t  a less 
negat ive potential,  and therefore precedes hydrogen 
evolution as current density is increased. Results  in- 
dicate tha t  a t i tanium cathode in neutral  NaC1 solu- 
tion follows this expected behavior  at  current  densi- 
ties above 0.1 ua / cm 2. Below this the effects are 
related to those produced by  anodic polarization. I n  
the current  density range 0.1 to 100 ua / cm 2 the elec- 
trode reaction apparent ly  is reduction of 02. The  
sharp break in the curves near  100 t~a/cm 2 represents 
the limiting diffusion current  (i.e., current  density) 
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for oxygen under  the particular conditions of the 
experiment. At higher current densities, and more 
negative potentials, hydrogen is evolved. 

In  order to establish tha t  the diffusion wave rep- 
resents the limiting diffusion current of oxygen, 
rather  than  tha t  of some other substance, a portion 
of the polarization curve was measured in an air-free 
solution. For  this purpose it was not necessary to use 
elaborate measures for rigid exclusion of oxygen. 
I t  was sufficient to reduce oxygen concentration of 
the solution considerably below tha t  of an air- 
saturated solution. Curves in Fig. 3 show tha t  the 
limiting diffusion current, Id, was lowered from 100 
~a/cm 2 in the aerated solution to 2 ~a/cm 2 in the air- 
free solution. 

The only apparent  effect of variation of NaC1 con- 
centration is a small change in the limiting" diffusion 
current of 02. Since the limiting diffusion current of 
a substance is proportional to its concentra:tion, Id 
for O~ should be proportional  to the solubility of 
oxygen from air in various concentrations of salt 
solutions. The following table gives concentrations of 
02 under conditions of the experiment, calculated 
from data  for oxygen solubility (5) : 

NaC1 cone 
02 cone 
Ia (obs) 
Id (calc) 

0.1 
2.23 
1.3 
1.15 

0.5 
1.93 
1.0 
1.00 

2.0M 
1.18 X 10-4M 
0.8 X 10 -4 amp/cm 2 
0.61 X 10 -4 amp/cm 2 

The values of Id (talc) are proportional to the O2 
solubilities, taking the value for 0.5M NaC1 as the 
standard. Agreement for 0.1M and 2.0M solutions 
is fairly good, considering that  points for these con- 
centrations were determined by  a somewhat dif- 
ferent procedure from those for 0.5M solution. 

From the ratio of diffusion currents in aerated and 
in air-free solutions, and the solubility of oxygen in 
0.5M NaC1, the concentration of oxygen in air-free 
solutions was 4 X 10-6M, corresponding to an oxygen 
partial pressure of 3 mm. 

At current densities larger than the oxygen limit- 
ing diffusion current, the potential  follows the Tafel 
equation for hydrogen overvoltage. In  aerated solu- 
tions at all three concentrations of NaC1, the poten- 
tial is given by  the equation 

E = - 1 . 9 7  - 0.204 log 1, (I) 

where I is current density in amp/cm 2. In the air- 
free solution, the equation is 

E -- - 1 . 9 3  - 0.154 log I .  (II) 

Since hydrogen overvoltage depends on current 
actually involved in hydrogen evolution rather  than  
on total  current,  the relation of [ - Id to E for aer- 
ated solutions would bet ter  represent the hydrogen 

overvoltage. A plot (not shown) of E vs. log (I  - Id) 
is linear from 0.01-1 m a / c m  ~ and lies parallel to the 
line for air-free solution, at potentials 0.11 volt  more 
positive. With this correction, the slope for hydrogen 
overvoltage in aerated solution agrees with tha t  in 
the air-free solution. The  difference between this 
slope, 0.15, and the usual Tafel slope of 0.12 m a y  
be at t r ibuted to the presence of concentration polari- 
zation effects in the unbuffered NaC1 solution. 

Hickling and Salt (6) state tha t  for current densities 
greater than ten times Id the presence of dissolved 
oxygen has no effect on hydrogen overvoltage. In 
the present work, both the log I and the log (I  - In) 
curves for aerated solutions, which coincide above 
10 Id, differ by  about  0.1 volt from the curve for air- 
free solution. There is no apparent  explanation for 
this lack of agreement. The  air-free curve, however, 
probably is a good representation of hydrogen over- 
voltage on ti tanium. The reversible hydrogen poten- 
tial here is - 0 . 6 3  volt and the hydrogen overvoltage 
on t i tanium thus is given by 

r = 1.30 + 0.154 log I .  (III)  

At 1 m a / cm  2 the overvoltage is 0.84 volt, placing 
t i tanium with lead and mercury with respect to its 
very  high overvoltage. 

After prolonged rapid evolution of hydrogen on ti- 
tanium, the surface of the metal  was darkened and 
became very  hard. Polishing by  hand on No. 2 
emery paper removed the tarnish and left a bright 
surface, which in some instances contained numerous 
very  small pits. However, it was necessary to use a 
motor-driven metallographic polishing wheel and 
fresh emery paper in order to remove the hardened 
surface layer and expose unaltered metal. I t  appears 
tha t  hydrogen evolution on t i tanium produces some 
sort of hydride, either a compound or a solid solu- 
tion, to an appreciable depth. The solubility of hy- 
drogen in t i tanium is high; according to Bornelius 
(7) it is higher than in palladium, and hydride for- 
mation is not unexpected. 

At current densities below the oxygen limiting 
diffusion current, the cathode reaction is reduction 
of O~ to OH-.  Under conditions of the experiment, 
the reversible potential  of this reaction is +0 .60  
volt, so tha t  the overvoltage for oxygen reduction is 
0.85 volt  at  1 ua /em 2. If the polarization curve 
were drawn as a straight line from 0.1 to 100 t ,a /cm 2, 
the slope would be 0.11 volt / log unit. Thus, it may  
be that  reduction of oxygen follows an overvoltage 
law similar to tha t  for hydrogen or oxygen evolution, 
and with about  the same value for the constant b 
in the Tafel equation. 

The small wave shown in Fig. 3 near 4 ua /cm ~ 
seems to be real. Points shown represent the s teady 
potentials reached after prolonged polarization. A 
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similar wave would be present at about the same 
current density if either the initial potentials or the 
most negative potentials at tained at each current 
density were plotted. After coupons polarized at 1 
and 4 ~a/cm 2 reached their steady potentials (167 
hr), both were changed to 2 ~a/cm ~, and in 48 hr 
both reached potentials within 0.01 volt of the value 
obtained at the same current density in a previous 
run. Points at 10 and 40 ~a/cm 2 are for 250 hr runs, 
and gave no indication of becoming appreciably 
more positive. 

Time-potential  curves of points on the wave are 
shown in Fig. 1, curves 4, 5, and 6. The increase of 
potential begins sooner, the lower the current den- 
sity. If the wave represented the limiting diffusion 
current of some depolarizer being formed by elec- 
trolysis, the increase of potential  would occur sooner 
at a higher current, since the concentration of this 
substance would increase more ~apidly at the higher 
current. This eliminates both  hydrogen peroxide and 
chlorine as possible depolarizers. Chlorine is also 
ruled out by the fact that the cathode potential at 
the wave is about -0.3 volt. For a limiting diffusion 
current of 4 ~a/cm 2, the concentration of the de- 
polarizer must be about 7 X 10-6M. For this con- 
centration of Cl2 (or HCIO) in 0.SM chloride, the 
reversible potential is +0.9 volt, and the chlorine 
electrode does not usually show large overvoltages. 
It is possible that the wave is in some way associated 
with a change from the two-electron reaction for re- 
duction of 02 to H202 to the four-electron reaction 
for reduction of O., to H20 as the potential is made 
more negative. It is not clear in what manner this 
change of reaction would be expected to affect time- 
potential behavior. 

The polarization curve in Fig. 2 is probably typical 
of the behavior of titanium in many other aerated 
salt solutions not containing reducible ions. Since 
electrode processes which control potential do not 
involve ions of the dissolved salt, the only effects 
of using a different salt or changing concentration 
should be those resulting from differences in pH or 
oxygen solubility. The entire curve should be shifted 
to potentials 0.06 volt more negative for each in- 
crease of one pH unit, and vice versa. This would 
not hold true, however, in strongly acidic solutions. 
Ti tanium is corroded in fairly concentrated acids, 
and its polarization behavior under such conditions 
would be expected to differ considerably from that  in 
neutral solutions. The general form of cathodic 
curves for many other noncorroding metals in aer- 
ated salt solutions probably is similar to that  for 
ti tanium. Curves would be shifted in potential  by  
different overvoltages for reduction of oxygen or for 
evolution of hydrogen. 

Anodic polarization.--Oxygen overvoltage follows 
the Tafel equation from 0.2 ua /cm 2 to 6 m a / c m  2, the 

highest current density measured. The potential,  for 
solutions of pH = 6.2, is given by 

E = 1.98 + 0.134 log I,  (IV) 

where I is in a m p / c m  ~ of projected area. The revers- 
ible oxygen potential  at pH = 6.2 is +0 .63  volt,  so 
tha t  oxygen evolution overvoltage is given by  

= 1.35 + 0.134 log I .  (V) 

The overvoltage is 0.95 volt at 1 m a / cm  2, and 0.55 
volt at 1 ~a/cm 2. The Tafel slope of 0.134 is close to 
0.12, which is the theoretical value for oxygen over- 
voltage as well as for hydrogen overvoltage. 

Anodic polarization of metals has been studied 
largely with respect to oxygen overvoltage and 
mechanism of oxygen evolution. Adam (8) says tha t  
a complete film of oxygen is present on an electrode 
from which oxygen is being evolved. However,  the 
form of oxygen on the metal  surface is in question; 
it may  be chemisorbed, or a metal  oxide film may  
be formed. The situation is not necessarily the same 
for all metals. 

A rather ful l  analysis of this anodic process has 
already been given (1). The potential reached on 
open circuit (+0 .2  v) is essentially the same as tha t  
found when the metal  polarized to the oxygen evolu- 
tion potential  is permit ted to decay on breaking the 
circuit. From the charging curves and the true area 
(r.f. = 2.2) it is found tha t  the equivalent of three 
layers of oxygen atoms will have been deposited 
before oxygen evolution occurs. If the oxygen is not  
discharged but  remains as either OH-  or 0% this 
amounts to about  9 equivalent layers. The calcula- 
tions assume hexagonal close packing and use 0.74 ,~ 

o 

as the covalent radius of oxygen or 1.4 A as the radius 
of either ion. The hydroxyl  ion is highly polarizable 
and conceivably could pack so as to give fewer 
layers. 

I t  is not likely tha t  charged particles can be packed 
in so closely, so in the ease of the oxide ion it would 
necessarily be assumed that  a very thin metal  oxide 
layer formed ( < 5 0  A) before oxygen evolution 
started. However, it is then not clear why the open 
circuit potential  after polarization should be about  
+0 .2  volt since the Ti, TiO: potential  under  these 
conditions would be about  - 1 . 6  volts. However,  it 
is not  reasonable to postulate three layers of ehemi- 
sorbed oxygen atoms. 6 

Hence, these data  still do not permit an unequivo- 
cal choice between chemisorption or oxide formation 
as the first step prior to oxygen evolution (and inci- 
dentally, as the pr imary reason for the passivity of 
t i tanium). There is the possibility tha t  the charge 
goes into forming a double layer involving a mono- 

Chemisorbed because on repolarization only a minute 
fraction of the original charge is needed to bring the metal 
back to the oxygen evolution potential (1). 
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layer of any  one of the three particles, with the excess 
leaking off continuously into the meta l  or into the 
solution. Clearly, experimental  evidence of the form 
of the a t tached particle is needed in order to resolve 
the question. 
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The Nature of the Zinc-Containing Ion in Strongly 
Alkaline Solutions' 

THEDFORD P.  DIRKSE 

Calvin College, Grand Rapids, Michigan 

A B S T R A C T  

The nature of the zinc-containing ion in strongly alkaline solutions was determined 
by measuring electrode potentials of zinc in such solutions under equil ibrium con- 
ditions. Galvanic cells were used in which junction potentials  were pract ical ly  elimi- 
nated. Results  indicate tha t  in the concentrat ion range of approximately  1-7M potas- 
sium hydroxide all the zinc is in the form of a zincate ion, Zn (OH)4--.  The s tandard free 
energy of formation of this ion is -206.2  kcal. 

INTRODUCTION 

The question as to whether zinc, when dissolved 
in strong alkalies, is present as a zincate ion, 
(ZnO2--) or as a hydrogen zincate ion (HZnOS) has 
received a fair share of attention. An a t tempt  to 
answer this question has been made by many  in- 
vestigators, and a variety of techniques have been 
used. Hildebrand and Bowers (1) studied weakly 
alkaline solutions using a potentiometric t i t rat ion 
technique. They  found justification for presence of 
the hydrogen zincate ion only. However, Br i t ton 
(2), using the same technique, was unable to confirm 
the presence of either ion. Bodlihlder (3) measured 
electrical potentials of cells containing solutions of 
zinc in aqueous sodium hydroxide. He interpreted 
the behavior of the zinc electrode to indicate pres- 
ence of the hydrogen zincate ion at  all concentra- 
tions. Later  Kunschert  (4) used a similar method 
and concluded that  zinc existed as the zincate ion 
in the more strongly alkaline solutions. Bodli~nder 
concurred h~ this interpretat ion and retracted his 
earlier conclusions. 

The work reported here was undertaken in an at- 
t empt  to shed some light on this problem by means 
of a potentiometric s tudy similar to tha t  of Kun-  
schert (4), but  using cells in which junction poten- 
rials are negligible. The potential of the zinc 
electrode in alkaline solutions containing zinc will 
be dependent on activities of zinc-containing ions, 
hydroxyl  ions, and water in the solution. The  
generalized equation for this reaction may  be 
writ ten as 

x Zn + y O H -  4- z It20 --~ Znr 4- 2xe (I) 

where Zn~ represents the complex ion formed. I t  is 
possible, however, tha t  the water in this reaction is 
a product  rather  than a reactant.  But,  as is shown 
later, evidence favors the equation as given. 

Manuscript  received February 9, 1953. 
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This reaction m ay  be considered as taking place 
in stages 

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

followed by  

x Zn ++ + y O H -  + z H20 -+ Znc. (III)  

At equilibrium, the potential  of reaction (II) is 

Ez,~ c = Ezn_z~++ - (RT/nF) In (Zn++)/(Zn) (IV) 

(The terms in parentheses refer to activities of the 
species indicated.) Assuming that  act ivi ty  of 
metallic zinc is unity,  this becomes 

Ezn ~Zzn-zn++ -- 0.0295 log (Zn ++) (V) 

at 25~ The equilibrium constant for reaction 
(III)  is 

K -- (Zno) (VI) 
(Zn++) ~(OH-) ~ (H20) ~ 

Solving for (Zn ++) and substituting in (V), 

Ezn 0 = Ezn_z.++ -- (0.0295/x) log (Znc) 

4-~(0.0295/x) log K + (O.0295y/x) log (OI-I-) 

4- (O.0295z/x) log (H20) (VII) 

The object now is to evaluate x and y. No a t t empt  
is made to evaluate z because it is doubtful whether 
degree of hydration can be expressed exactly. 

If the activities of hydroxyl ions and water are 
held constant while the activity of the zinc complex 
ion is varied and the temperature is held at 25~ 
equation (VII) assumes the form 

Ezn = K' -- (0.0295/x) log (Zno) (VIII) 

where K ~ includes all the constant terms. This is an 
equation for a straight line having a slope of 
-0.0295/x, from which the value of x can be 
determined. 
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EXPERIMENTAL 

From a stock solution of zinc oxide in aqueous 
potassium hydroxide, a given amount  was pipet ted 
into each of several volumetric flasks. Each sample 
was then diluted to the mark  with a potass ium 
hydroxide solution, a different concentration being 
used in each flask. This gave a series of solutions in 
which zinc molar i ty  was the same but  hydroxyl  
ion concentration varied. Several such series were 
prepared. 

Analysis of these solutions for hydroxyl  ion 
concentration was carried out as follows. A known 
excess of hydrochloric acid was added, and solutions 
were back- t i t ra ted  with a s tandard sodium hydroxide 
solution. Alkalinity of solutions so determined 
includes both  the free hydroxyl  ion concentrat ion 
and hydroxyl  ion content  of the zinc complex. The  
lat ter  must  be known to evaluate the former. Since 
the nature  of the zinc complex was not  known, 
several possibilities were considered, e.g., Zn(OH)=, 
Zn(OH)7,  and Z n ( O H ) 4 - .  The value for free 
hydroxyl ion concentration depends on which of 
these zinc complexes is assumed to be present. All 
three possibilities were considered, but  these had 
only a slight effect on the evaluation of x, as shown 
below. The mean act ivi ty  of the hydroxyl  ion was 
determined by  applying the da ta  of Akel'lof and 
Bender (5). The  assumption is made tha t  the 
presence of dissolved zinc does not  appreciably 
affect the act ivi ty  of free hydroxyl ions. All solutions 
were fairly concentrated with respect to potassium 
hydroxide so tha t  the zinc complex ion contr ibuted 
little to the total  ionic strength. 

A clean zinc electrode and the bridge of a reference 
electrode consisting of mercury,  mercuric oxide, and 
a 20 % potassium hydroxide solution were placed in 
each solution. The zinc potential  was measured 
against this reference electrode at  25 • 0.2~ A 
large scale plot was made of Ez= vs. log (OH-)  for 
each series of solutions. Then a given value of log 
(OH-)  was chosen, and Ez~ in each series was read 
from the graph for this value of log (OH-) .  This 
gave Ezn with varying zinc concentration but  
constant  hydroxyl  ion activity.  Act ivi ty  coefficients 
of the zinc complex were assumed to be the same in 
all such selected solutions since the ionic s trength of 
these solutions is almost wholly due to free potassium 
hydroxide. The activity of water was also assumed 
to be constant in such a case since it is related to 
hydroxyl ion activity (5). No correction was made 
for the junction potential between the reference 
electrode and the solution. This potential depends 
on hydroxyl ion activity in the solution, and since in 
plotting Ez. vs. zinc ion concentration the hydroxyl 
ion activity was held constant, all values on such a 
plot would have been affected by the same amount, 

and the slope would have remained unchanged. The  
varying amounts  of zinc ion m a y  have  changed 
hydroxyl  ion act ivi ty  slightly, bu t  for present  pur- 
poses this effect is assumed to be negligible. 

Several values of log (OH-)  were chosen and the 
results are shown on Fig. 1. Lines for the various 
series are approximate ly  parallel, the average slope 
varying f rom -0 . 031  to -0 .029 ,  depending on 
which species of zinc complex is assumed to be 
present in solution. This gives a value of 1 for x. 

Determinat ion  of y proved to be more difficult. 
The  method finally adopted was as follows. An 
H- type  cell with a sintered glass disk in the cross 
piece was used. An aqueous solution of potass ium 
hydroxide was placed in one compar tment ,  and a 
hydrogen electrode was inserted in this solution. In  
the other compar tmen t  was placed a sample of the 
same potass imn hydroxide solution to which some 
zinc oxide was added, and a clean zinc electrode was 
inserted. This cell was of the type  

Zn, K O H ( m )  + Zn0  I K O H ( m ) ,  H2, P t  

and Eo~11 = Ez~ -- E ~ ,  when both  electrode 
reactions are wri t ten as oxidation processes. Since 
zinc oxide concentrat ion was not large in any  case, 
it was assumed tha t  it did not significantly affect 
the mean hydroxyl  ion activity,  and thus did not 
bring about  an appreciable junction potential.  E M F  
values for this cell were measured at 25 ~ + 0.2~ 
Hydrogen  was purified in the usual way, and fresh 
electrodes were used for each run. Zinc electrodes 
appeared to behave reversibly since constant  and 
reproducible values were obtained within a few 
minutes  after  the zinc electrode was inserted. 

I I I 1 

1.44 

1.42 I I -- 
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N 
h i  

1.40 

1 . 3 8 ~  II 

LV 

I I I I 
-l.6 -I.4 -I.2 -I.0 

log MZn 
FIG. 1. Var iat ion  of  Ez~ w i t h  log Mz~ at cons tant  

hydroxy l  ion ac t iv i ty .  Log aoH- for curve I is 1.75; curve  
II,  1.40; curve  III ,  1.10; curve IV, 0.80. 
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EMF of the hydrogen electrode was calculated 
from the mean activity of hydroxyl ion using data 
of Akerlof and Bender (5); emf of the cell was 
measured, and Ez~ was calculated from these two 
values. Several different concentrations of potassium 
hydroxide were used, and for each concentration a 
large scale plot was made of Ez,  vs. molarity of the 
zinc. Then a given molarity of zinc was chosen and 
Ezn values for this concentration were read from 
the plot for various concentrations of potassium 
hydroxide. Small concentrations of zinc were chosen 
so that the mean hydroxyl ion activity would not be 
affected to a large extent. For a constant value of 
zinc concentration, equation (VII) becomes 

Ez, = K ~' + 0.0295y log (OH-) 

+ 0.0295z log (H20) (IX) 

where 

K,~ o 
= Ez.-z.++ + 0.0295 log K 

- -  0.0295 log (Zn~) (X) 

Equation (IX) has three unknowns in it: K", y, 
and z. 

To evaluate these, certain values were assumed 
for z and inserted in equation (IX). The most 
reasonable values for z seemed to be 2, 3, or 4. Upon 
substituting these in equation (IX), the term 
[Ez. - 0.0295z log (H20)] was plotted against 
log (OH-). According to equation (IX) this should 
give a straight line having a slope of 0.0295y, from 
which y can be evaluated. In order to obtain this 
straight line, however, it is necessary that K" be 
constant over the concentration range studied. The 
only term that might vary with changing hydroxyl 
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FIG. 2. Vs r ia t i on  of Ez .  -- 00295z log (HgO) w i th  log 
aow-. T h e  m e a n  a c t i v i t y  of  t he  O H -  ion in K O H  so lu t ions  
is used.  

ion concentration is the term log (Zn~). I t  is possible 
that  the activity coefficient of this species of ion 
may not be constant over this range of ionic 
strengths, even though the molarity of the species is 
a constant. However, when the term 

[Ez~ - -  0.0295z log (H20)] 

is plotted against log (OH-), reasonably straight lines 
are obtained (see Fig. 2). Using the slopes of these 
lines to evaluate y, one obtains values varying from 
3.86 to 4.06. This means that the zinc-containing 
ion is a divalent zincate ion, and it substantiates the 
work of Kunschert (4). 

Some idea as to the role of water in the formation 
of this zinc complex may also be determined by the 
use of equation (IX). As far as water is concerned 
there are three possibilities: (a) it is a reactant, and 
equation (IX) is correct; (b) it is a product, and the 
last term in equation (IX) becomes 

[-0.0295z log (H20)]; 

(c) it is neither product nor reactant, and the last 
term in equation (IX) drops out. The correct 
possibility can be determined by choosing several 
Ezn values at constant log (Zno). In plotting Ez, 
vs. log ( O H )  the lines obtained will bend toward 
the log ( O H )  axis at higher values of log (OH-) if 
the water is a reactant. These lines will bend 
toward the Ez, axis if water is a product, and the 
lines will be straight if water is neither product nor 
reactant. Several such lines are shown on Fig. 3. 
These all bend toward the log (OH-) axis indicating 
that water is a reactant rather than a product in the 
formation of the zinc complex. 

At lower hydroxyl ion activities, the activity of 
water is high and is approaching a constant value. 
From equation (IX) then, it is evident that as the 
activity of the hydroxyl ion approaches zero, the 
slope of the lines in Fig. 3 should become straight 

i ~ i' i t 

0 MZn=0.025 

1.32 
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I I I I , 
0.2 0.4 0.6 0.8 1.0 
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FzG. 3. V a r i a t i o n  of Ez~ wi th  log aoa- .  T h e m e a n  a c t i v i t y  
of t h e  O H -  ion in K O H  so lu t ions  is used .  
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and should be a multiple of 0.0295. These limiting 
slopes are about 0.116, which approaches 0.118, the 
value the slope should have if y has a value of 4. 
This is a check on the value of y as determined 
above. 

Having thus determined the values of x and y, 
equation (I) becomes 

Zn + 4OH- --~ Zn(OH)4-- + 2e (XII) 

Making an appropriate plot, the value of E ~ for 
this reaction is found to be 1.211 volts. From this, 
A ~ F~gs for this reaction is -55.85 kcal. Using the 
accepted free energy values for the hydroxyl ion, 
A 0 F~08 for the zinc complex ion is -206.2 kcal. 
Substituting this value and other standard free 
energy values, &F2~ for reaction (XIII) is --20.7 
kcal and the formation constant 

Zn ++ + 4OH-  --+ Zn(OIt)4-- (XIII)  

of the zinc complex from Zn ++ is 1.4 X 10 ~. This is 
about half the value given by Latimer (6). However, 

he makes the assumption that water is a product of 
the reaction rather than a reactant. 
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Discussion Section @ 
S U R F A C E  R E A C T I O N S  OF S T E E L  IN D I L U T E  

Cr5104 S O L U T I O N S :  A P P L I C A T I O N S  T O  
P A S S I V I T Y  

R. A.  P o w e r s  and  N o r m a n  H a c k e r m a n  (pp. 314-319) 

M. J. PRYo~: The adsorption theory of inhibition by 
chromate has undergone several modifications since i t  
was first suggested. Originally 2 it was supposed that  
inhibition was simply due to adsorption of a monolayer 
of chromate ions, "in such a manner that  they satisfied 
the secondary valency forces of the iron ions but  did not 
disrupt the metal lattice." Even in the earlier work of 
Uhlig ~- i t  was adnfitted that  films thicker than a mono- 
molecular layer were formed during passivation, but  no 
protective action was ascribed to them. In  view of the 
fact that  the authors are now postulating adsorption of 
chromate ions on top of an incomplete oxide layer as well 
as adsorption on bare and presumably anodic areas, it  
would appear pertinent to determine what sound experi- 
mental evidence there is to support the adsorption theory 
of inhibition. The crux of any argument between an 
adsorption theory and a film theory of inhibition can be 
stated as follows. If  inhibition is due to a monolayer of 
adsorbed chromate ions, then passivation of an originally 
film-free iron surface should yield only a "film" of mono- 
molecular thickness. If, however, it  can be demonstrated 
that  an appreciably thicker film is formed, then i t  is 
clear that  an adsorbed monolayer is not preventing cor- 
rosion since thickening of the film can only occur if the 
monolayer is not protective; if this is the case, inhibition 
must be ascribed to causes other than absorption. With  
this in mind, it  is apparent that  the authors could have 
performed more critical experiments by starting with 
film-free iron surfaces instead of iron surfaces already 
carrying an air formed oxide film. 

I t  has been shown by means of electron diffraction 3 
that  passivation of initially film-free iron specimens by 
solutions of potassium chromate resulted in the formation 
of thin films composed mainly of 3'-Fe203; the thickness 
of the films appeared to increase with increasing time of 
exposure of the specimens to the passivating solution 
and, after two days'  immersion, achieved an estimated 
thickness of 150 .~-200 A, based on the apparent surface 
area of the specimens. The thickness of passivity films 
calculated on the real surface area of the specimens was 
undoubtedly less, probably around 50 A_-70 A, but  there 
is absolutely no doubt that  they were considerably thicker 
than a monolayer. For instance, films could be detached 
from the metal  by a suitable film stripping reagent and 
were then visible to the naked eye. They could be handled 
relatively easily and could be mounted on small grids 
and identified by electron diffraction. Identification of 

~Kaiser Aluminum & Chemical Corporation, Spokane, 
Wash. 

2 H. H. UHLI(], O~C. Dig. Federation of Paint & Varnish 
Production Clubs, 313, 660 (1952). 

332 

stripped films was supported by electron diffraction 
identification of the films while still at tached to the metal  3 
and has later been confirmed, using a stripping technique 
which permits isolation of passivity films without bringing 
specimens into contact with air after pass ivat ion/  Since 
the isolation of films was carried out in air-free nonaqueous 
solutions there was no chance of film formation during 
the stripping process. 

Films formed by chromate, on examination by  normal 
electron diffraction methods, show no constituent other 
than o x i d e / T h i s  means that  any second phase is present 
in amounts less than approximately 10%. Other work 5 
has shown that  chromium, either as chromic compounds 
or as chromate, is undoubtedly present but  in smaller 
amounts than the stoichiometric quant i ty  expected from 
a reaction such as: 

2K2CrO4 + 5H20 + 2Fe = Fe20~ + 4KOH + 2Cr(OH)~ 

Evidently the major portion of the passivity film is formed 
by  the heterogeneous interaction of dissolved oxygen and 
the iron surface, despite the fact tha t  the rate of inter- 
action of chromate ions with ferrous ions in neutral  solu- 
tions is greater than that  of dissolved oxygen and ferrous 
ions. I t  has been suggested 6 that  the function of the chro- 
mate is largely confined to repairing those areas where 
the oxide fihn is discontinuous. I t  is agreed that  the first 
step in this localized film repairing is the absorption of 
chromate ions into the steel surface. I t  is believed, how- 
ever, that  the reaction does not stop at  this point but  is 
followed by  oxidation of the iron and reduction of the 
chromate ion. 

Distribution of chromium in passivity fihns has not 
been previously determined; consequently, the work of 
the authors is timely. However, distribution of ferric 
phosphate in passivity fihns formed in sodium ortho- 
phosphate 7, s and of lepidocrocite in films formed in 
sodium hydroxide 9 has been investigated. Both of these 
are anodic inhibitors and, although they are nonoxidizing 
anions with respect to iron, it  has been suggested tha t  the 
mechanism of inhibition is not dissimilar to that  of 
chromate/  The size of the inclusions of ferric phosphate 
and lepidocrocite is of the order of 1-2 t~ in diameter 

3 J. E. O. MAYNE AND M. J. PRYOR, J. Chem. Soc., 1949, 
1831. 

4 M. J. PRYOR, Unpublished work. 
D. M. BRASHER ANn E. R. STOVE, Chemistry & Industry, 

1.952, 171. 
6 M. J. P~YoR AND ~I. COHEN, This Journal, 100, 203 

(1953). 
7 M. J. PaYOX, F. BROWN, AND M. COHEN, This Journal, 

99, 452 (1952). 
J. W. MENTEa, Compt. rend. du Premier Congres Inter-  

national de Microscopic Electronique Paris (1950) ; Editions 
de la Rev. opt. Paris (1952). 

9 J. E. O. MAYNE, J. W. MINTER, AND M. J.  PRYOR, J .  
Chem. Soc., 1950, 3229. 
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and they were present in amounts of between 2-10% of 
the passivity film (excluding a few results on acid washed 
surfaces in solutions on the borderline between passivity 
and inhibition where the phosphate cot, tents were higher). 
The distance separating the inclusions was, on the aver- 
age, between 5-7 t~. Whereas it cannot be assumed ar- 
bitrarily that  distribution of chromium compounds would 
be on a similar scale, convincing evidence concerning the 
distribution of these compounds in passivity films will 
not be obtained unless experiments, sensitive enough to 
pick up heterogeneity on this scale, are carried out. This 
is not easy to do by radioautographic means, since hetero- 
geneity of the nature indicated above would be equivalent 
to a large number of point sources separated by very 
small distances (5-7 tt). 

Therefore, there are two questions tha t  I would like 
to ask the authors on their radioautographs. These are: 

1. What  was the magnification of the radioautogrsph 
of the passive surface? 

2. What  was the emulsion thickness and approximate 
grain size of the plate used for the radioautograph 
of the passive surface? 

The exclusion of these details from the experimental 
section makes it difficult to determine the value of the 
radioautograph of passive surfaces. To prove conclusively 
that  the distribution of activity is homogeneous, the 
grain size of the emulsion would have to be of the order 
of 2-3 g and the emulsion thickness of the same order. 
To the best of my  knowledge, characteristics of this 
nature can only be obtained by painted emulsions which, 
I believe, are not produced commercially. Plates of highest 
resolving power available commercially have a resolving 
power of the order of 1000 lines/ram. These plates might 
be just sensitive enough to detect heterogeneity of the 
nature indicated above when examined under high 
magnification. 

I t  may be that  the radioautographic techniques used 
by the authors were carried out in this manner; if they 
were, their conclusions are valid; if such was not the case, 
the arguments advanced in the discussion are uncon- 
vincing. 

Two other points in this paper require some qualifica- 
tion. Firstly,  the reference to the work of Robertson ~~ 
on tungstate and molybdate is misleading. I t  was pointed 
out in the discussion to this paper n. TM that  tungstate 
and molybdate had been proved to be nonoxidizing 
anions only in 1N sulfuric acid which has a considerable 
stabilizing influence on ferrous ions. Experiments reported 
in this discussion ~ and later published in the JOURNAL 6 
show that  tungstate and molybdate have mild oxidizing 
properties toward ferrous ions in neutral solutions where 
they are effective as anodic inhibitors. Unlike chromate, 
however, they are not sufficiently powerful oxidizing 
agents to inhibit corrosion in deaerated solutions. 

Secondly, I would like to ask the authors why they 
measured contact potentials instead of solution potentials. 
I t  is granted t l iat  the interpretation of either measure- 

10 W. 1"). ROBERTSON, This Journal, 98, 94 (1951). 
11 M. J. PRYOR AND M. COHEN, This Journal, 98, 513 

(1951). 
12 p. DELAHAY, This Journal, 98, 514 (1951). 

merit is not  easy, but  the interpretation of contact po- 
tentials would seem to suffer from the additional disad- 
vantage tha t  specimens have to be removed from the 
passivating solution and exposed to the atmosphere 
before a measurement can be made. Is there, therefore, 
some special advantage to contact potential measurement 
which outweighs this disadvantage? 

To sum up these comments, it  is evident that  during 
the last ten years a considerable volume of experimental 
work on anodic inhibitors has been carried out. To explain 
these observations in a satisfactory manner requires, of 
necessity, a relatively comprehensive theory; to say 
inhibition is due to adsorption, or to precipitation, or to 
film-formation is not enough. I t  must be shown how a 
particular theory best explains the available data.  I t  
appears tha t  the adsorption theory is not consistent with 
a large volume of data published by many other corrosion 
investigators. Few will disagree that  adsorption of chro- 
mate ions at  anodic areas is one step in the inhibitive 
process. However, the writer disagrees that  the reaction 
stops at this point, but  believes that  adsorption of chro- 
mate takes place only at  small anodic areas and is followed 
by oxidation of the iron and reduction of the inhibitor 
anion. 

R. A. POWERS AND NORMAN HACKERMAN: In answer 
to Dr. Pryor 's  specific questions, the radioautographs 
shown were actual size, and were taken at  various times 
during the investigation on both Kodak nuclear t rack 
plates and Kodak No-Screen X-ray  film. The particular 
radioautograph shown for a passive surface was obtained 
using x-ray film, and was specified as showing only the 
apparent uniform distribution of Cr 51. There was no 
pretense of having shown unifornfity on an absolute 
scale, nor would one expect it  in view of the heterogeneous 
nature of surfaces and surface reactions. One should not 
confuse the term "monolayer" with absolute uniformity, 
since "layers" exist primarily as the result of calculations 
based on values of absolute surface area and mass of 
reactant retained on the  surface. We refer rather to 
"equivalent monolayers" which implies no predetermined 
distribution. Note also tha t  the distribution of act ivi ty 
was not one of the seven factors on which our conclusions 
were based. 

The measurement of contact potential has the inherent 
advantage tha t  it  measures irreversible changes in the 
electrical properties of a surface independently of the 
media or conditions producing the change. They can thus 
be more directly related to the structure or composition 
of the surface than can solution potentials. Contact  
potential measurements also permit comparison of surface 
conditions before and after exposure to passivating or 
other environments, which solution potentials do not. 
They may  also be applied to gaseous and nonaqueous 
systems. I t  is true that  transfer of specimens from pas- 
sivating solution to air for measurement produces sec- 
ondary changes in potential. In  fact, measurement of 
contact potentials in dry, oxygen-free nitrogen, shows 
that  secondary changes such as these can be minimized? s 
However, in the case of steel from chromate solutions, 

13 L. L. ANTES AND N. I-~ACKERMAN, J. Appl. Phys., 22, 
1395 (1951). 
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these changes were slow enough to follow with ease and 
were always constant in magnitude, so that  there is no 
valid reason to question the significance of the values 
used. 

The reported work on the passivation of iron and steel 
by chromates is primarily limited to experiments of 
three types: (a) oxide-free surfaces and solutions con- 
taining dissolved air; (b) air oxidized surfaces and de- 
aerated solutions; or (c) air oxidized surfaces and solutions 
containing dissolved air. In  the references cited by Dr. 
Pryor, and in his discussion of the subject paper, there 
are no explicit statements or descriptions of film stripping 
and electron diffraction work with both oxide-free surfaces 
and deaerated solutions. 

Hackerman and Hurd ~4 have reported on the reaction 
between steel and deaerated dichromate-acetic acid 
solutions. In  these solutions, up to 60% of the original 
dichromate (300-450 ppm) was reduced before the rate 
of reduction leveled off after 90-100 hr. In  the presence 
of air, however, there was no measurable change in dichro- 
mate concentration and no apparent change in appearance 
of the steel in contrast to the dark reddish-brown film 
formed in air-free solutions. 

These data illustrate the point that  there is no necessity, 
and perhaps no valid reason, to postulate a universal 
mechanism for the passivation of steel by  hexavalent 
chromium. The authors have advanced a mechanism 
which is derived from, and self-consistent with, the be- 
havior of oxide-bearing steel and chromium in dilute 
chromium-VI solutions containing dissolved oxygen--  
the most common condition under which passivity is 
observed. If one admits the possibility that  the hetero- 
geneous reaction between iron and dissolved oxygen 
takes precedent over any reaction between iron and 
chromium_Vi,14.15 then the concept of inhibitor adsorp- 
tion onto an oxidized surface applies to the cases cited 
by Dr. Pryor for oxide-free surfaces and aerated chromate 
solutions36 

The amounts of chromium found firmly fixed to a 
passive steel or chromium surface were such that  one 
would not expect them to be detected by normal electron 
diffraction examination of stripped oxides, so that  in this 
sense we agree with the experiments of Mayne and 
Pryor. t6 The 48 X 10 -s gram of chromium retained per 
em 2 of oxide-bearing steel surface passivated in 1 • 10-'~M 
sodium chromate of pH 7.5 corresponds tOoapproximately 
8% of the weight of a 3'-Fe~03 film 200 A in thickness. 
In  this connection, i t  is worth pointing out that  the 
amount of chromium retained by  an oxide-bearing steel 
surface passivated in ehromium-VI solutions is a sensitive 
function of solution pH, and possibly other variables. 
Hence, one is not justified in making inclusive statements 
regarding the amount of chromium that  should or should 
not be associated with such surfaces. For  example, li t t le 

14 N .  HACKERI~IAN AND I~. ~V[. }IURD, This Journal, 98, 
51 (1951). 

16 M. J. PaYox AND ~V[. COHEN, This Journal, 100, 203 
(1953). 

16 J.  E.  O. MAYNE AND ~/[. J .  PaYoR,  J. Chem. Soc., 1949, 
1831. 

or no firmly fixed chromium is associated with steel sur- 
faces passivated in 10-aM chromate solution of pH 11, 
while approximately 100 • 10 -s g /cm ~ are retained a t  
pH 4. In  the case of chromium surfaces in 10-4M solution, 
retention of chromium from solution is limited not  only 
by pH, but  by the ratio of surface to solution volume, 
and the concentration of anions such as sulfate and 
chloride. ~7 Data  like these call at tention to the fact that ,  
in order to have meaning, any statement made concerning 
the character of a passive surface should be carefully 
modified by the conditions under which passivation was 
produced, e.g., state of the initial surface, solution con- 
centration, pH, oxygen content, etc. 

A N O D I C  F O R M A T I O N  O F  C O A T I N G S  ON 
M A G N E S I U M ,  ZINC,  A N D  C A D M I U M  

K u r t  H u b e r  (pp. 376-382) 

H. J. WmGUTlS: What  are the compositions of some of 
the anodically formed coatings on magnesium? 

How are these affected by  traces of chlorides, phos- 
phates, sulfides? 

We need to know if the metal oxides on magnesium 
are resistant to polyphosphates, etc., under anodic con- 
ditions. 

KURT HUBER: The experiments described in my paper 
dealing with the anodic behavior of magnesium were 
performed in solutions prepared with purest  N a 0 H .  
Therefore, no predictions can be made at  present con- 
cerning the effect of traces of chlorides, phosphates, and 
sulfides on these anodically formed coatings. 

However, Fliiekiger in his doctoral research work [Refer- 
enee (2) of my  paper] investigated the anodie fm~lation 
of coatings on magnesium in aqueous solutions of NaaP04 
and NH4F as well as in various polishing baths. After 
isolation, the composition of these coatings was deter- 
mined by x-ray and electron diffraction methods. 

In  4N Na3P04, coatings were formed in which MgO, 
Mg(OH)2, and oceasionMly Mg3 (PO~)v4H~O could be 
detected. MgO predmninated, part icularly with short 
formation periods (1 rain at  10-40 volts), while Mg(OH)2 
became the principal component after longer formation 
periods. In  an analogous manner, MgO, Mg(OH)2, and 
MgF2 were formed in 2N NH4F solution. 

The change in composition of the coatings with in- 
creasing periods of anodie treatment seems to indicate 
in these eases as well that  MgO is produced as the primary 
product, and that  then in a subsequent reaction i t  is 
hydrated or converted to an insoluble salt. In  a polishing 
bath  containing 375 ml HAP04 (d = 1.71) and 625 ml 
absolute alcohol, coatings containing MgO and Mg(OH)2 
were formed. At  higher voltages corresponding to those 
employed for anodic polishing, magnesium phosphate was 
also occasionally formed. However, MgO was always the 
predominant component. 

1~ N. HACI<ER~AN AND 1~. A. POWERS, J. Phys. Chem., 
57, 139 (1953). 

is Socony-Vacuum 0il  Company, 26 Broadway, New 
York, N. Y. 
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F A C T O R S  A F F E C T I N G  T H E  T R A N S F O R M A T I O N  
T O  G R A Y  T I N  A T  LOW T E M P E R A T U R E S  

R. R. R o g e r s  a n d  J.  F.  Fyde11 (pp. 383-387) 

F. A. LOWENHEIM19: The authors are to be complimented 
on a most interesting study of a question which appears 
to be again attracting considerable attention. I question, 
however, whether the grade of tin which they used for 
their experiments should be called "commercial." I have 
no criticism of using for research work the purest materials 
which can be found but, considering that  rather small 
amounts of impurities appear to have large effects on the 
phenomenon the authors are studying, it  may be well to 
point out that  grades of tin available commercially may 
behave quite differently from that  which the authors 
designate as conunercial. For  example, the authors'  t in 
contained 0.0005 % antimony; commercial tin may contain 
up to 80 times this amount and still be designated Grade 
A. Similarly, the authors'  tin contained 0.0005% lead; 
the maximum specification for Grade A is 100 times this 
amount. Similar remarks would hold for the other im- 
purities cited by the authors. Details of the specification 
for Grade A tin and for typical analyses of all the leading 
brands may be found in "Metal  Statistics 1952" published 
by  the American Metal  Market,  page 451. I t  would be 
interesting if the authors could fit into their program a 
study of more typical commercially available tin. 

The effect of zinc is of particular interest in view of 
commercial possibilities of the tin-zinc alloy deposit. I t  
may be pointed out that,  although the very small amounts 
of zinc the authors have studied appear to accelerate the 
phase transformation, some work which is in progress in 
the United States shows that  zinc in considerably larger 
amounts acts as an inhibitor. In  fact, electrodeposits of the 
80% tin-20% zinc alloy show little or no tendency to 
transform, even when inoculated, after a testing period 
of six months. I recognize, of course, that  20% zinc is no 
longer an impurity, but  the reversal of the trend should 
be noted, and it might be interesting to investigate the 
range of tin-zinc alloy compositions to find at  what per- 
centage of zinc this reversal occurs. 

R. R. ROGEnS AND J. F. FYDELL: In  describing the tin 
used in these experiments we stated that  two of the three 
types were obtained from ordinary commercial sources. 
I t  was left to the reader to decide whether or not such tin 
should be called "commercial." 

We agree with Dr. Lowenheim that  the composition of 
commercial tin varies over a comparatively wide range, 
and the tendency to form gray tin is very different in 
different parts of this range. This was demonstrated 
clearly in the present investigation. As stated in our 
paper, when a small amount of copper was added to 
Type I tin, containing 0.0005% antimony and 0.0005% 
lead, the average m value of the resulting material was 
0.342 at  -29~ On the other hand, when a similar 
amount of copper was added to Type I I  tin, containing 
0.015% antimony and 0.009% lead, the average rn value 
was only 0.006 at  the same temperature. 

~9 Metal & Thermit Corporation, Rahway, N. J. 

We agree also with Dr. Lowenheim's statement that ,  
although a small amount of zinc tends to accelerate the 
transformation to gray tin, a larger amount  of zinc 
actually acts as an inhibitor. This is brought out clearly 
by  the following data taken fi'om Table IV of our paper:  

Composition of t in m Value 

Type I t in A- 0.019% zinc . . . . . . . .  0.130 
Type I t in -4- 0.037% zinc . . . . . . .  0.115 
Type I tin . . . . . . . . . . . . . . . . . . . . . .  0.07 
Type I t in A- 0.05% zinc . . . . . . . .  0.020 

I t  would appear that  the m value of Type I t in with the 
addition of approximately 0.040% of zinc would be the 
same as tha t  of Type I tin alone. When smaller zinc 
additions (as 0.019 or 0.037 %) are made to the tin, the m 
value tends to he greater than that  figure, but  when larger 
zinc additions (as 0.05%) are made, the m value tends to 
be less. 

ATTEMPTS AT T H E  E L E C T R O L Y T I C  I N I T I A T I O N  
O F  P O L Y M E R I Z A T I O N  

H. Z. F r i e d l a n d e r ,  S h e r l o c k  S w a r m ,  Jr . ,  a n d  
C. S. M a r v e l  (pp. 408-410) 

GARRETT W. THIESSEN20: Relative to reluctance of 
"free radicals" R.  COO, to leave the anode ill the Kolbe 
aqueous electrolysis, work is in progress at  Monmouth 
College, doing the acetate electrolysis between P t  plates 
at  variable fi'equency. At  60 cycles, only very small 
amounts of H2 only are found; even at  1 cycle, the yield 
of Kolbe gas is highly inhibited. We infer tha t  the 
CHa-CO0 radical coheres within itself, and adheres to the 
electrode, for times of the order of one second. 

No comment from the authors. 

S T R U C T U R A L  F E A T U R E S  O F  O X I D E  
C O A T I N G S  ON A L U M I N U M  

F. K e l l e r ,  M.  S. H u n t e r ,  a n d  D.  L. R o b i n s o n  
(pp. 411-419) 

CHARLES L. FAVST21: This is a very interesting discus- 
sion to one interested in anodic processes. The electron 
microscope pictures are certainly excellent. 

The quali ty in eye appeal of an electrobrightened-, 
anodized-, and dyed-almninum surface is better  than that  
of abrasively finished and buffed aluminum tha t  is anodized 
and dyed. This situation suggests that  the nature of the 
starting surface is influential in determining the char- 
acteristics of the oxide formed in anodizing. The authors '  
comments on this point would be of interest. 

How does surface distortion, strain, and cold work 
influence the character of oxide coating vs. tha t  of oxide 
coating over the nonworked, nonstrained, and undis- 
torted electrobrightened surface? 

2o Monmouth College, Monmouth, Ill. 
21 Battelle Memorial Insti tute,  Columbus, Ohio. 
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The authors state that  the ideal electrobrightening 
treatment would be one in which the oxide layer was 
dissolved as fast as it  was formed. Morize, Lacombe, and 
Chandron 22 report that  aluminum electropolished in 
perchloric-acetic acid bath has no oxide coating. As 
evidence of this, the electrode potentials are cited. As- 
suming that  this claim of no oxide is correct, would such 
an electrobrightened aluminum surface anodize to differ- 
ent oxide-cell size, pore dimensions, etc., than a surface 
electrobrightened, but  containing a thin oxide fihn or 
"smudge?" The thin oxide is mentioned on page 418, 
left column, of the Keller, Hunter, and Robinson paper. 

F. KELLER, M. A. HUNTER, AND D. L. ROBINSON: 
While the appearance of anodically coated and dyed 
aluminum surfaces is dependent on the nature and char- 
acteristics of the starting surface, we believe that  such 
differences in appearance are not related to the cell and 
pore dimensions of the oxide coating. In  the case of sur- 
faces which are abrasively finished and buffed, the dull 
appearance is generally at t r ibuted to particles of abrasive 
or buffing compound which have been incorporated into 
the surface layer of metM. I t  is doubtful that  surface 
distortion, strain, or cold work influence the dimensions 
of the oxide cells because no differences in oxide structure 
have been observed between coatings applied to annealed 
aluminum and those applied to hard rolled aluminum. 

We would expect a thin oxide film or "smudge" remain- 
ing after an electrobrightening treatment  to have little 
or no effect on the dimensions of an anodic oxide film 
applied subsequently, particularly if the anodic film was 
of appreciable thickness. When an anodic coating is applied 
to an aluminum surface which already has an anodic 
coating applied in a different electrolyte and under 
different conditions, there is a relatively rapid transition 
from the cell structure characteristic of the initial coating 
to that  characteristic of the final coating. The time re- 
quired for this transition is a function of current density 
and is apparently only slightly longer than that  required 
to establish the cell and pore pat tern initially. Thus, the 
presence of a thin oxide layer remaining from an electro- 
polishing treatment would have no significant effect on 
the pore and cell dimensions of the major portion of the 
anodic coating. Inasmuch as such a layer would remain 
on the outer surface of the anodic layer, however, some 
difference in appearance might result. 

D E T E R M I N A T I O N  OF C U R R E N T  E F F I C I E N C Y  
OF D I A P I I R A G M  A L K A L I - C H L O R I N E  

CELLS B Y  G A S  A N A L Y S I S  

M. S. K i r c h e r ,  H.  R. E n g l e ,  B .  H.  R i t t e r ,  a n d  
A. H. B a r t l e t t  (pp. 448-451) 

RALPR M. HUNTER23: I am wondering if you have ever 
compared the quantities of the three products collected, 
i.e., measure the collected chlorine and correct for chlorate, 
chlorine losses in the brine, and other undesired reactions; 
collect the caustic soda, making corrections for impurities; 
and collect the hydrogen. Under these conditions, you 
should account for 35.5 grams of C12, 40 grams of Na0H,  

22 p. MoRizg, P. LACOMBE, AND G. CHANDRON, Compt. 
rend des J. des Etats de Surface, 34, 242 (1945). 

~3 The Dow Chemical Company, Midland, Mich. 

and 1 gram of H2. I t  occurs to me tha t  this might be an 
excellent method for studying cell operation. 

M. S. KIRCHER: In normal plant  operation, the quan- 
tities of chlorine, caustic soda, and hydrogen produced 
are measured. I t  is because of the inaccuracies of these 
measurements as carried out on a plant  scale tha t  the gas 
analysis measurement of current efficiency was devised. 

I t  would be relatively simple to conduct the measure- 
merits which Dr. Hunter  suggests on a single cell. We 
have not done this, but  consider tha t  it  should be done if 
a further investigation, such as that  done earlier, 24 were 
undertaken. 

T I l E  E L E C T R O C H E M I S T R Y  OF TIIE F I R S T  
L A Y E R S  OF E L E C T R O D E P O S I T E D  M E T A L S  

T.  M i l l s  a n d  G.  M. Wi l l i s  (pp. 452-458) 

J. OWL BocKRIS25: Values obtained by Mills and Willis 
for the capacity on silver electrodes seem very high 
indeed, zs I t  would be of the utmost interest to learn if 
these authors could obtain any solid evidence with regard 
to hydrogen atom adsorption from their charging curves; 
the position in this respect is particularly ambiguous with 
respect to silver. 

T. MILLS AND G. M. WILLIS: Our capacities are com- 
parable with those found by Veselovsky for etched silver 
(350-400 #F/cnl2). We also find similar variations in 
capacity with the state of the surface, which may be 
at t r ibuted to changes in surface area. We agree with Dr. 
Bockris that  the capacities, even after allowing for a 
high ratio of real to apparent surface, seem high. This 
appears to be generally true of the double layer capacities 
of solid metals when compared with that  of mercury. 
Measurement of true surface area would be of assistance 
in interpreting results. I t  is possible that  reduction of 
surface oxide or deposition of adsorbed hydrogen con- 
tributes to the high measured capacity. 

We have no definite evidence for hydrogen adsorption 
on silver. The second arrest in alkaline solutions which 
was found by  Veselovsky (and which we have confirmed) 
was ascribed by him to a strongly bound oxide film. From 
changing curves alone it  is not possible to distinguish an 
oxide film which can only be reduced at  highly cathodic 
potentials from an adsorbed hydrogen film. Removal of 
oxygen with simultaneous deposition of adsorbed hydrogen 
is another possibility which cannot be excluded from 
consideration. 

SOME P R O P E R T I E S  OF T I N - I I  S U L F A T E  
S O L U T I O N S  A N D  T H E I R  ROLE IN 

E L E C T R O D E P O S I T I O N  OF T I N  

l I .  S o l u t i o n s  w i t h  T i n - I I  S u l f a t e  a n d  
S u l f u r i c  A c i d  P r e s e n t  

C. A. Discher  (pp. 480-484) 

A. H. D u  ROSE27: Dr. Graham has suggested the use of 
fluoride in the sulfate bath  to prevent sludging. I t  has 

24 1~. L. MURRAY ANB M. S. KIReHER, Trans. Electrochem. 
Soc., 86, 83 (1944). 

2s John Harrison Laboratory, University of Pennsyl- 
vania, Philadelphia, Pa. 

~ Cf. Y. VESELOVSKY, Ada Physieochim., 11,815 (1939). 
27 The Harshaw Chemical Company, Cleveland, Ohio. 
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been our experience that ,  while fluoride will prevent 
sludging for a time, dependent on the fluoride concentra- 
tion, i t  does so by holding the Sn-IV in solution, and the 
rate of formation of Sn-IV is faster in the presence of 
fluoride. The effect of Rochelle salts is similar. Copper 
and iron in the solution accelerate the formation of 
Sn-IV. 

C. A. DISCHER: During my work with Dr. Mathers,  we 
conducted a series of experiments with the sulfate bath  
in which hydrofluoric acid was substituted for sulfuric 
acid2 s Under the conditions used, sludging was not a 
problem even over relatively long periods of time. How- 
ever, this approach was discontinued since its merit  
was not considered sufficient to overcome certain dis- 
advantages inherent in the fluoride type of bath. 

M E C H A N I S M  O F  R E A C T I O N  O F  A L U M I N U M  
A N D  A L U M I N U M  A L L O Y S  W I T H  

C A R B O N  T E T R A C H L O R I D E  

M i l t o n  S t e r n  a n d  H e r b e r t  H.  U h l i g  (pp. 543-552) 

H. G. 0swill29: I t  would seem that  further investiga- 
tion should be carried out before any reaction mechanisms 
can be proposed for this system. 

While the presence of certain "inhibitors" appears to 
prevent the initiation of the reaction, this only indicates 
tha t  the initial steps involve free-radical mechanisms; it  
does not preclude the possibility of a chemical reaction 
in later stages. This could, of course, be checked by addi- 
tion of inhibitors to the system at suitable time intervals. 

Presence of C2C1G as the sole organic end product is 
surprising, since other authors, a~ working with systems 
likely to contain CCla radicals, have failed to detect any 
hexachloroethane. I t  seems more likely from this other 
evidence that  C2C14 is usually formed, al possibly with the 
formation of chlorine, in some such disproportionation as: 

CCla + CC13 -~ CeC14 + C12 

Bowen and Rohatgi, 32 working in the liquid phase, also 
do not report the formation of any C:C16. 

I should also like to know the ratio of the end products 
C2C16/A1Cla. This would probably provide a very good 
indication of the mechanism. 

Presumably, in the proposed mechanism the chain- 
propagating process is A1C13 + CC14 - ,  A1C13 + [CC13]- + 
C1. The induction period of the reaction is then affected 
by the concentration [A1CI~]. I t  would be interesting to 
observe how the addition of A1C13 to the system would 
affect the induction period. 

Finally, it  would be worthwhile investigating the reac- 
tion from a photochemical viewpoint to see whether i t  
could be initiated by  a direct photolysis or a photosen- 
sitized method. 

28 F. C. MATHE~S AND C. A. DISe~IER, Proc. Indiana 
Acad. Sci., 56, 141 (1946). 

29 National Research Council, Ottawa, Ontario, Canada. 
30 H. SCHUMACHER AND I~. WOLFF, Z. physih. Chem., B25, 

161 (1934). 
~t H. F. SMYSE~ AND H. M. SMALLWOOD, J. Am. Chem. 

Soc., 55, 3499 (1933). 
32 E. J. BOWER AND K. ~4~. ROHATGI, Disc. Faraday Soc., 

14, 146 (1953). 

MILTON STERN AND H. H. UHLIG: Many of the  questions 
raised by Mr. Oswin are answered directly in the text of 
the paper. For  example, compounds effective as inhibitors 
were found also effective after the reaction had started, 
as is described on page 550. Also, detailed discussion of the 
effect of aluminum chloride on the induction period is 
found on page 541 and in reference (1). There is, of course, 
no difference between the reaction mechanism we propose 
and that, of a chemical reaction, and we feel that  sufficient 
data have now been assembled to establish that the reac- 
tion depends on a chain sequence in which free radical 
species participate. 

We did not state in our paper that CsCls is the sole 
organic reaction product, but only that our work, con- 
firming other investigators, proves it to be the major 
product. However, as we have indicated in the abstract 
and also in the text beginning page 550, it would be quite 
unusual, if not exceptional, to find a free radical reaction 
which produces no side products. Accordingly, a conlplex 
residue of by-products was found, but no measurable 
quantities of chlorine were evolved during the reaction. 
It should be emphasized that where reactions with lower 

activation energy are possible, trichloromethyl radicals 
may be consumed by processes other than dimerization 
(formation of C2C16). This is generally the case in the 
systems which Oswin has quoted. On the other hand, 
Melville, Robb, and Tutton ss have shown that trichloro- 

methyl radicals may be involved in dimerization as the 
predominant termination reaction, or they may react 

with other available species, depending on the concentra- 
tions and substances present. For the aluminum-carbon 

tetrachloride reaction, where no third organic material is 
available for combination with triehloromethyl radicals, it  
is readily understood why hexachloroethane is the maior 
end product. 

We agree that  the reaction should prove fruitful from 
the standpoint of the photochemist, and hope that  some- 
time this phase of the problem will be investigated by those 
familiar with photochemistry. 

W. W. SMELTZER34: Stern and Uhlig suggest that  vacuum 
treatment  at  400~ for 7 hr does not damage the oxide 
fihn on aluminum and, thus, will not account for the 
shorter delay in the aluminum-carbon tetrachloride reac- 
tion. I t  has not been established whether the crystalline 
structure of the oxide may have an effect on the duration 
of this induction period. Heating at  400~ may cause 
crystallization of the amorphous oxide to gamma-alumina, 
as the diffraction studies of Brouek6re ~5 show that  this 
crystalline form of alumina oceurs in the oxide film after 
6 hr of heating in air at  400~ Also, Hass 36 found that  
gamma-alnmina crystals form at temperatures less than 

400~ on the (III) face of evaporated oriented aluminum 

films, although a temperature of 450~ was required to 

33 H. MELVILLE, A. ROBB, AND R. TUTTON, Disc. Faraday 
Soc., 14, 150 (1953). 

~4 Aluminium Laboratories Limited, Kingston, Ontario, 
Canada. 

~6 L. DE BRoueK]~RE, J. Inst. Metals, 71, 131 (1945). 
3~ G. HAss, Optik, i, 134 (1946). 
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initiate crystallization of the amorphous oxide on poly- 
crystalline almninum films. 

I t  has been suggested by Haas ~7 that  this crystalliza- 
tion of the oxide may produce cracks in the oxide film. 
If  this is valid, then the decrease in induction time for 
specimens heated at 400~ in vacuum may be part ial ly 
caused by formation of a less protective film by crystalli- 
zation of the amorphous oxide. 

The conclusion of Stern and Uhlig that  water and, per- 
haps, oxygen in the oxide are probably responsible for the 
induction period, would be strengthened if it  is proven 
that  crystallization of the amorphous oxide does not occur 
with heating of specimens at  400~ in vacuum for 7 hr, 
or if specimens with either an amorphous or crystalline 
thin oxide film exhibit the same characteristic behavior. 

MILTON STERN AND H. H. UHLIG: In  answer to W. W. 
Smeltzer, heating the oxide film on aluminum undoubtedly 
causes some structural changes, including recrystalliza- 
tion and perhaps the production of cracks. However, 
these changes do not explain decrease of the induction 
period after vacuum treatment.  For example, similar 
oxides heated in air would be expected to undergo a 
similar structural change; yet, for specimens so treated, 
the induction period is either the same or somewhat 
greater than for the untreated specimens. Increase in 
thickness of oxide fihns on heating does not balance any 
supposed loss of protection through structural change, 
because anodized films equal to or thicker than the oxide 
films produced by heating are also not very effective in 
extending the induction period. On the other hand, our 
experiments show clearly the marked effect of water and 
oxygen on delaying the reaction. Since natural  oxide 
films on aluminum contain water and perhaps oxygen as 
well, both of which are removed by  vacuum treatment,  
it  is more likely that  these factors account for the obser- 
vations rather than a mechanism based on cracking of the 
fihn. 

M. J. PRYORss: The authors have presented an inter- 
esting interpretation of their data on the corrosion of 
aluminum alloys in carbon tetrachloride by suggesting 
that  the reaction is initiated by the formation of �9 CCI3 
free radicals. The �9 CC13 free radical is one that  has been 
generated with relative ease in carbon tetrachloride solu- 
tions by photolysis. If the interaction of aluminum and 
carbon tetrachloride proceeds by a free radical mechanism, 
then i t  should be possible to initiate the reaction by 
photolysis. Have any experiments of this nature been 
carried out by the authors? 

MILTON STERN AND H. H. UHLIG: We agree with M. J. 
Pryor that  there should be considerable effect of radiation 
on the reaction, and that  studies of this kind would be 
both interesting and valuable. Although we excruded 
light from the reaction vessels in which our experiments 
were carried out, we made no systematic effort to deter- 
mine the magnitude of the effect. 

37 G. Haas, Verhandl. deut. physik. Ges., 22, 1 (1941). 
as Kaiser Aluminum and Chemical Corporation, Spokane, 

Wash. 

RATE OF DISPLACEMENT OF SILVER FROM 
AQUEOUS SILVER NITRATE BY ZINC 

AND COPPER 

Richard G l i c k s m a n ,  H. M o u q u i n ,  and Cecil  
V. King  (pp. 580-585) 

H. J. AxoN aND P. A. CARTWRIGHT39: We were par- 
t icularly interested in this paper since we have recently 
studied the reaction between solid copper and aqueous 
AgNO3 solution under static conditions, and have also 
done a few experiments with rotating specimens of the 
type described by King and his coworkers. In  the "rotat-  
ing specimen" experiments, using a copper cylinder with 
peripheral speed 4500 cm min- '  (900 rpm) and 0.1M 
AgNO3, we found that  silver tended to adhere to randomly 
distributed areas of the rotating copper, thus producing 
erratic values of k. When the rotating specimen was con- 
tinuously scraped with a light glass scraper, a consistent 
value of 0.78 was obtained for the rate constant k. Con- 
sidering the different concentration and geometry in the 
two investigations, this value is in reasonable agreement 
with Fig. 4 of the paper. 

We would also like to relate the results of our experi- 
ments with "stat ionary" specimens to some of the gaps 
in the literature which have been pointed out in the paper. 
For  stat ionary conditions we have found that  the replace- 
m e n t  process in the Cu/0.1M AgNOz system may be 
described by the equation 

Cu + 2 A g N Q  --~ 2Ag + Cu(NO~)z 

to an accuracy better than 1%, in general, the actual loss 
of weight of solid copper being 1% greater than tha t  calcu- 
lated from an analysis of the silver ions remaining in solu- 
tion. We are convinced that  most of this discrepancy is 
due to the mechanical loss of small particles of copper from 
the corroded specimen, but  have detected the simultane- 
ous evolution of hydrogen during the reaction. Special 
care is required to detect this hydrogen, since in our ex- 
periments we estimate that  the deposition of 1 gram of 
metallic Ag is associated with the evolution of only ~ 2  
ml H2 at  N.T.P. 

A further possible, but  again small, contribution to the 
1% discrepancy noted above is associated with the re- 
deposition of copper onto previously deposited silver. We 
suspect that  this redeposition of copper takes place at  
cathode areas of differential aeration cells, the anode 
process of which would be the solution of copper from the 
main specimen. I t  is certain that  artificially accentuated 
differential aeration increases the amount of redeposited 
copper. Spectrographic tests of the silver crystals before 
and after washing with dilute HN03 show that  the copper 
deposit is superficial, and microscopic examination of the 
silver crystals suggests that  the copper is deposited onto 
actively growing surfaces of the depositing silver, and, 
having deposited, prevents further growth of silver on tha t  
part icular surface. 

RICHARD GLICKSMAN, H. MOUQUIN, AND CECIL V. 
KING: We are very much pleased with the information 
supplied by H. J. Axon and P. A. Cartwright, which adds 
materially to the available knowledge about these dis- 
placement reactions. 

39 Metallurgy Department,  University of Manchester, 
Manchester, U. K. 



Kinetics of the High Temperature Oxidation of Z i r c o n i u m  I 

JACK BELLE AND M .  W .  ]~/[ALLETT 

Battelle Memorial Institute, Columbus, Ohio 

ABSTRACT 

The rate of oxidation of high pur i ty  zirconium was de termined for the t empera ture  
r,~nge of 575 ~ to 950~ at  1 arm pressure.  Da ta  can be fi t ted to a cubic law and the rate  
cons tant  in (ml/cm~)3/sec has been calculated to be k = 3.9 X 106 e -47,2~176 
where 47,200 • 1,000 cal /mole is the ac t ivat ion energy for the reaction.  

INTRODUCTION 

The early work on the oxidation of zirconium has 
been reviewed by Gulbransen and Andrew (1) who 
studied the reaction. Cubicciotti (2) also investigated 
the oxidation of zirconium recently. Each s tudy 
involved the use of thin zirconium foil, approximately 
0.005 in. thick, for specimens. Hafnium content of 
the zirconium was approximately 3 % in both cases. 
Gulbransen and Andrew worked in the temperature  
range of 200~176 at an oxygen pressure of 7.6 cm, 
while Cubicciotti investigated the reaction at 600 ~ 
920~ at pressures ranging from 0.1 mm to 20.2 cm. 
Gulbransen and Andrew stated that  the oxidation 
reaction could not be fitted to any simple rate law 
over a wide temperature range, but  assumed the 
reaction to follow the parabolic law with initial 
deviations. Cubicciotti reported that  oxidation 
curves were parabolic at all temperatures except 
920~ where a small deviation toward a linear rate 
was observed. Energies of activation found by these 
investigations were 18,000 cal/mole by Gulbransen 
and Andrew and 32,000 cal/mole by Cubicciotti. 

To supplement previous work done largely at  
lower temperatures and pressures, this s tudy was 
made in the temperature range 575~176 at an 
oxygen pressure of 1 arm, using low-hafnium zir- 
conium (0.01 weight %). 

EXPERIMENTAL 

Method.--Rate of reaction between zirconium and 
oxygen was determined by  measurement of the rate 
of consumption of the gas by the metal  at high 
temperature.  The apparatus used was similar to tha t  
described in an earlier paper (3) with a few modifica- 
tions. A 4-kw tungsten-gap-type Lepel converter was 
used to heat the metal. The zirconium specimen was 
supported at the bot tom by a Vycor stand in the 
reaction tube, and a platinum-platinum + 10% 
rhodium thermocouple was welded to the top of the 
sample. The thermocouple was calibrated against an 

Manuscr ipt  received October 22, 1953. Work performed 
under  AEC Contrac t  W-7405-eng-92. 
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optical pyrometer  in the same manner  as for some 
previous work reported from this laboratory (3). 

Zirconium specimens were machined cylinders of 
two sizes, about  4 cm long by 0.7 cm in diameter and 
about 5 cm long by 1.4 cm in diameter. Specimens 
were abraded with kerosene-soaked 240-, 400-, and 
600-grit silicon carbide papers and washed in succes- 
sire baths of naphtha,  ether, and acetone. 

After placement in the reaction tube, a specimen 
was degassed by heating to 800~ or higher for 1 hr 
in a vacuum in order to remove hydrogen prior to 
the addition of oxygen. Oxygen was added to the 
reaction tube to atmospheric pressure in measured 
amounts from a 50-ml glass buret. Pressure measure- 
ments were made every 2 rain at the star t  of each 
run and at longer time intervals as the reaction rate 
decreased. Oxygen, present in the apparatus as a 
gas phase, was determined from pressure measure- 
ments on a full-length open-end mercury manometer  
and the calibrated dead space of the system. After 
the reaction had been followed for the desired time, 
the system was evacuated and the specimen was 
cooled to room temperature  in vacuum. 

The difference between the quant i ty  of oxygen 
added and that  remaining in the gas phase was the 
quant i ty  reacted with the specimen. The original 
geometrical dimensions of the specimen were used 
to compute the quant i ty  of gas reacted per unit  
surface area. 

Materials.--The pure zirconium used in these 
experiments was de Boer-process iodide crystal bar 
which had been double arc melted, forged to 11/~ 
in. 2 at 1450~ hot  rolled at 1450~ and cold rolled 
into 3~-in. and 5/~-in. diameter rods. Test  specimens 
were machined from these rods. Impurities in the 
zirconium were determined by  spectrographic, 
chemicM, and vacuum-fusion analyses. Weight  
percentages of the principal impurities detected 
were: silicon, 0.03; iron, 0.020; hafnium, 0.010; 
oxygen, 0.01; nitrogen, 0.001; and hydrogen, 0.003. 

Oxygen used in this s tudy was prepared from 
degassed potassium permanganate by  the method 
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Fro. 1. Reaction of zirconium with oxygen (ml 0.., STP, 
consumed/cm 2 metal surface) 3 vs. time. 

described by  Hoge (4). The  gas was dried by  passing 
th rough  a d ry  ice-acetone cold t rap .  

RESULTS 

M e a s u r e m e n t s  of rates of c o n s u m p t i o n  of oxygen 
by  z i rconium were made  from 575~176 at  1 a t m  

TABLE I. Rate constants for the .reaction of zirconium. 
with oxygen 

R a t e  c o n s t a n t  (k) Slope of  log-log p l o t  T e m p ,  ~ 4- 5 ~ ( m l / c m 2 p / s e c  

575 
600 
625 
650 
675 
700 
725 
750 
775 
800 
825 
850 
875 
900 
920 
950 

2.1 X 10 -6 
7.1 X 10 -6 
1.4 X l 0  - 5  

1.8 X 1 0  - 5  

5.8 X 1 0  - 5  

1.0 X 10 -4 
1.9 X 10 -4 
4.4 X 10 -4 
5.5 X 10 -4 
1.6 X 1 0  - a  

7.9 X 10 -4 
1.6 X 1 0  - s  

3.0 X 10 -~ 
7.7 X 10 -a 
7.6 X 10 -a 
2.1 X 1 0  - 2  

0.32 
0.31 
0.39 
0.38 
0.39 
0.38 
0.38 
0.36 
0.33 
0.36 
0.33 
0.34 
0.32 
0.32 
0.35 
0.32 

pressure.  

wi th  the 
react ion.  
made  it  
cracking 

D a t a  below 575~ could no t  be o b t a i n e d  
a ppa r a t u s  because  of the slowness of the  
Above  950~ the  r ap id i t y  of the  r e a c t i o n  
difficult to control  a nd  of ten resu l ted  in  
of the  oxide film. Fig.  1 shows t yp i ca l  

results of measurements for two temperatures. It was 
found that the data could not be fitted to the para- 
bolic law, bu t ,  except for sl ight in i t ia l  dev ia t ions ,  
could be represen ted  b y  a cubic law, w 3 = kt, where  

w = ml  (STP)  of oxygen consumed  per u n i t  surface 
area. Thus ,  Fig.  1 is a plot  of the  cube of the q u a n t i t y  
of oxygen consumed  per u n i t  surface area aga ins t  
t ime,  and  i t  is seen t h a t  the  d a t a  fall on s t r a igh t  
lines. Also, for a cubic oxidat ion,  a g raph  of log w vs. 
log t should be a s t ra igh t  l ine wi th  slope equa l  t o  
0.33. Fig.  2 shows such plots  for several  o ther  
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T i m e ,  m * n u t e s  

FIG. 2. Log of oxygen consumed in ml/cm ~ vs. log of time 
in minutes for 600 ~ 700 ~ 800 ~ and 900~ 

FIG. 3. Structure at surface of zirconium reacted with 
oxygen. (Note single surface-oxide layers. Needle-like in- 
clusions probably are hydride.) Left, zirconium reacted 
with oxygen at 575~ for 3 hr. Surface layer about 0.0002 cm 
thick. Note absence of region of solid solution of oxygen iN 
zirconium. Polished with Linde "B" suspended in chromic 
acid, then chemically polished in acid solution (45HNO.~, 
45H,O, and 10ItF); right, zirconium reacted with oxygen 
at 825~ for 3 hr. Surface oxide layer about 0.0015 cm 
thick. Polished with Linde "B" suspended in chromic acid 
and then etched (etchant: 49 lactic acid, 49 nitric acid, and 
2HF). The narrow gray band is ZrO~., below it is solid soIu- 
tion of oxygen in zirconium. Both 500 •. 
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temperatures ,  and it is seen tha t  good agreement  is 
obtained with the cubic-law expression. Values of the 
rate constant,  k, calculated f rom various plots and 
slopes of the log-log plots, are given in Table  I.  

At  the end of a reaction run, the specimen was 
cooled in vacuum and examined. In  all cases through- 
out the tempera ture  range investigated, reacted 
specimens were covered with a shiny gray-black 
coating which adhered very  strongly to the metal.  
Metallographic examination showed tha t  a single 
oxide layer was present  on the surface. This can be 
seen from the two photomicrographs in Fig. 3. X - r a y  
pat terns  taken at  room tempera ture  indicated tha t  
the film was the monoclinic form of ZrO~. In  agree- 
ment  with the observation of Cubicciotti  (2), it was 
noticed tha t  white spots appeared on the black 
coating. The white spots, however, did not  show up, 
even at  the higher temperatures ,  within the 3-hr 
reaction period generally used in the present in- 
vestigation. However,  they  did form after  long-time 
runs a t  all temperatures.  Above ]000~ where the 
results were erratic, a f laky white coating sometimes 
formed on top of the gray-black oxide film. 

The microstructure of the high tempera ture  speci- 
mens, such as tha t  for 825~ shown in Fig. 3, gave 
evidence of a region of solid solution of oxygen 
underlying the surface oxide. Ordinarily, this could 
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FIG. 4. Zirconium-oxygen reaction--variation of reac- 
tion rate constant with temperature. 
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FIG. 5. Log of weight gain in ~g/cm ~ vs. log of t ime in 
minutes. Data read from plot (Fig. 3) in paper by Gulbran- 
sen and Andrew (1). 
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FIG. 6. Zirconium-oxygen reaction--comparison of pres- 
ent data with those of Gulbransen and Andrew. 
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not be observed metallographically. However, 
zirconium almost inevitably contains a trace of 
hydrogen which is manifested as a precipitate within 
the grains or at grain boundaries. The solution of 
considerable oxygen appears to displace hydrogen 
with the result tha t  the solid-solution region is seen 
as a structureless zone under the microscope. 

The effect of temperature on the rate of oxidation 
can be seen from Table I and Fig. 4. In Fig. 4, the 
logarithm of the cubic rate constant is plotted as a 
function of the reciprocal of the absolute tempera- 
ture. The equation of the best straight line through 
the points from 575~176 was determined by  the 
method of least squares. The experimental energy 
of activation and the frequency factor were caleu- 
lated from the Arrhenius-type equation, k = 
Ae-Q/Rr. The energy of activation was calculated to 
be 47,200 -~- 1,000 cal/mole. The rate constant in 
(ml/cm~)3//sec is k = 3.9 X 106 e -47'2~176 

DISCUSSION 

Gulbransen and Andrew (1) reported that  the 
zirconium oxidation reaction was not initially para- 
bolic, but  tended toward parabolic as the reaction 
proceeded. Limiting slopes at long times were used 
to calculate rate constants. Although arbitrary,  this 
procedure does have merit if the initial deviations 
are slight and oxidation times long. However, if the 
oxidation data  of Gulbransen and Andrew (1) 
(Fig. 3 of their paper) are plotted on a log-log basis, 
conformity with a cubic law is suggested. This is 
shown in Fig. 5 where the logarithm of weight gain 
in t~g/cm 2 is plotted against the logarithm of time. 
Slopes very close to the theoretical 0.33 are obtained. 
Rate constants were calculated from straight-line 
plots of the cube of the weight gain vs. time. These 
rate constants are compared with the present data  
in Fig. 6? Straight lines drawn through the separate 
points are of markedly different slope. The activation 
energy for the reaction from the data of Gulbransen 
and Andrew was calculated from the slope of the line 
in Fig. 6. The value obtained is 26,200 cal/mole as 
compared with the value of 47,200 cal/mole calcu- 

2 Uni t s  of the  calcula ted ra te  cons tan t s  f rom the  da t a  
of Gulb ransen  and  Andrew were conver ted  to (ml/cm~)~/sec 
for compar ison wi th  the  present  data .  

lated from the present data. The data  of Cubicciotti  
(2) could not be interpreted in terms of the cubic law. 
Therefore, no comparison can be made with the 
present data. 

According to the Mot t  and Cabrera (5) theory of 
the oxidation of metals, rate of formation of thin 
oxide films can be expressed by a cubi~ law for those 
metals whose oxides are P - type  semiconductors. 
(Z rQ is probably an N- type  semiconductor.) The 
same mechanism, of course, cannot be used to explain 
the present rate data  for formation of thick films 
during the high temperature  oxidation of zirconium. 
Recent work by Charlesby (6) on the formation of 
thin oxide films formed electrolytically on metals 
indicated that  a cubic law of oxidation caa prevail 
over a short range of temperatures.  No correlation 
can be made, however, with the present data  for the 
high temperature  oxidation of zirconium and the 
data  of Charlesby (7) for the thin anodized oxide 
films on zirconium. 

Waber (8), citing some oxidation data  of t i tanium 
and tantalum, suggested that  the cubic law of 
oxidation may  have a greater range of applicability 
than has hi therto been expected. The present work 
appears to be the first experimental evidence to date 
tha t  this growth law can prevail over a wide tempera- 
ture range. 
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ABSTRACT 

Bismuth metal of high purity has been electrodeposited from molten mixtures of 
bismuth trioxide (10% and 25%) and the eutectic mixture of sodium and calcium chlo- 
r, des. The rate of metal recovery (g/hr) is good. Energy consumption, based solely 
on the electrolysis and not on the furnace requirements, is approximately 1 kwhr/lb 
of bismuth. 

INTRODUCTION 

Bismuth metal  occurs chiefly in nature  as bismite, 
largely Bi.,O3, and as bismuthinite or b ismuth glance, 
largely Bi_~S:~. The National  Product ion Author i ty  
regards bismuth as a "cri t ical"  metal  chiefly because 
(a) it is impor tant  to the defense program of the 
federal government,  and (b) high grade ores of the 
metal  are not abundant .  However,  the total  year ly 
production, according to Leighou (1), is only 2000 
tons. In  spite of such low tonnage, the metal  finds 
extensive use in the preparat ion of matr ix  metal  
for holding dies and in the preparat ion of fusible 
alloys which are employed in making safety plugs in 
boilers, automat ic  sprinkling devices, electric fuses, 
etc. The fact tha t  the metal  is able to confer upon 
alloys its proper ty  of expanding on solidification has 
been responsible for the use of some of its fusible 
alloys as ca~ting material  for s tatuet tes  and in dental 
work. 

Several investigators (2) have studied the electro- 
deposition of bismuth from aqueous solutions on a 
small scale. Some baths from which the meta l  has 
been obtained in reasonably good yields employed 
nitric acid, hydrochloric acid, or perchloric acid as 
solvent. Very few studies have been concerned with 
the electrodeposition of bismuth from molten mate-  
rials. Drosbach (3) used graphite electrodes and 
electrolyzed molten BiC13 in a U- tube  type  cell of 
clear glass for 16 hr at  a tempera ture  at  340~ and 
at  a current s t rength of 2 amp. The cathode, 8 m m  in 
diameter,  was immersed in the mel t  to a depth of 
about  40 mm.  Cathode current efficiency was 49.3 %. 
The phase diagram for the system, BiC13-Bi, is such 

1 Manuscript received August 17, 1953. This paper is 
based on a par~ of the thesis submitted by Clarence B. 
Vaughn to the Graduate School, Howard University, in 
partial fulfillment of the requirements for the degree, Mus- 
ter of Science. The research was performed under Contract 
No. DA-36-034-ORD-853-RD between Office of Ordnance 
Research (Philadelphia Ordnance District) and Howard 
University. 

2Present address: Pharmacy, Freedmen's Hospital, 
Washington, D. C. 

tha t  the meta l  is obtained only after  prolonged 
electrolysis. As the meta l  electrodeposits at  the 
cathode, it dissolves in the mol ten BiC13. Eventua l ly ,  
the monochloride (BiCl) forms and, a t  320~ there 
result two layers. After prolonged electrolysis and 
subsequent cooling of the melt,  b ismuth  meta l  is 
isolated by  remelting the metal-r ich layer under  
NaC1. 

Industrial ly,  the meta l  is obtained chiefly by  re- 
duct ion of oxide ores with carbon or iron in crucibles 
(4) or in small reverbera tory  furnaces, in the presence 
of a suitable flux, and by  an aqueous electrolysis 
process (5) tha t  makes  use of the anode slimes at  
electrolytic lead and tin refineries. 

The present research was under taken  in order to 
s tudy the electrodeposition of b ismuth  from mixtures  
of Bi20:~ and the NaC1-CaC12 eutectic and to est imate 
whether  electrometallurgy of this sort would be 
superior to and /o r  more economical than  existing 
methods for producing the metal .  A choice of the 
eutectic mixture  as solvent was based on the follow- 
ing, viz., (a) the molten mater ial  is an excellent 
conductor (6) of the electric current;  (b) the com- 
ponent  salts are extremely cheap; (c) the meta l  of 
each salt is considerably more active than  bismuth;  
and (d) the melt ing point (505~ of the eutectic 
mixture (51.8 mole % NaC1; 48.5 mole % CaC12) is 
relatively low by  comparison with the melting points 
of the components (NaC1, mp is 798~ CaC12, mp  
is 770~ 

EXPERIMENTAL 

Preliminary Studies 
Some phase studies were made  first since it was 

impor tan t  to determine the solubility of Bi203 in the 
NaC1-CaCl2 euteetic mixture.  Also, it was necessary 
to know the influence of the oxide upon the electrical 
conduct ivi ty of the euteetic mixture.  

Solubility studies.--Mixtures, of Bi20:~ and the 
NaC1-CaC12 eutectic or of Bi2Os and NaC1, of known 
composition were placed in 250 ml porcelain crucibles 
and heated to 950~ in a pyrometer-control led 
electric crucible furnace (chamber diameter,  8 in.; 

343 
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chamber depth, 18 in.). Mixtures containing from 
25-30 % Bi203 formed pastes which did not liquefy 
at temperatures 200 ~ higher than the melting point 
of the solvent. In the early stages of the work, melts 
containing up to about 25 % Bi2Oa in either NaC1 or 
eutectic appeared homogeneous. Stirring was not 
employed. Each fusion was allowed to cool slowly. 
When the temperature had dropped to about 100 ~ 
above the solidification point expected for the 
mixture, temperature readings were taken every 
three minutes until solidification of the material was 
complete. Temperature readings (millivolt readings 
of the potentiometer converted to Centigrade de- 
grees) were made by means of a platinum-platinum 
(10) rhodium thermoeouple which had been cali- 
brated according to the recommendations of Roeser 
and Wensel (7). The mullite or silica protection tube 
for the thermocouple dipped into the melt to a depth 
of about 2 in. From the data, cooling curves of both 
the direct type (temperature vs. time) and of the in- 
verse rate type (temperature vs. time required for the 
melt to fall through a definite temperature interval) 
were plotted. 

Cooling curves could not be duplicated exactly for 
either the same sample or for separate samples of the 
same composition. This caused us to suspect a change 
in composition because of (a) interaction of the com- 
ponents and subsequent loss of a volatile reaction 
product, and (b) volatilization of unreacted material. 
A series of weight-loss-on-heating experiments on the 
single compounds were carried out and it was found 
that volatilization for each was of the order 0.5 % 
for a 3-hr heating period. However, the weight loss 
due to volatilization was appreciable (as high as 4 % 
for a mixture consisting of 25 % Bi~.Oa and 75 % eu- 
teetic) for mixtures of the components. I t  was found 
later that, except for the pastes, all other mixtures of 
Table I consisted of two liquid layers which could be 
observed easily through the sides of Vycor crucibles. 
Analysis of the layers, after cooling of the melts, 
varied even for mixtures of the same composition 
and regardless of whether the melts were quenched 
(by transferring the Vycor crucibles immediately to 
a cold air environment) or were allowed to cool 
slowly. The amount of Bi203 in all solvent-rich 
(large top layer) layers was less than 5 %. The au- 
thors concluded, on the basis of the following facts, 
that chemical change had occurred in the melts: (a) 
variability of analytical data; (b) occasional escape 
of gas bubbles slowly from the melts at higher tem- 
peratures; and (c) the authors' observation that  the 
molten mixtures (particularly those containing the 
eutectic) yielded larger quantities of smoke than the 
single components when molten. An indication of the 
nature of the reaction(s) will be given later in the 
discussion section of this paper. In spite of the fact 

that phase rule studies were terminated early because 
of the conclusion that chemical change had occurred 
in the molten mixtures, the authors now possessed 
some useful knowledge, in advance of the electrolysis 
studies, about the behavior of the mixtures at tem- 
peratures up to 950~ 

Electrical conductivity studies.--A dip-type cell de- 
signed by the authors of Vycor glass was used in 
measuring the electrical conductivity (at 1000 cycles 
only) of the mixtures. Briefly, the cell consisted of 
two vertical arms (of Vycor tubing 1.9 cm diameter 
and 10 cm long) which were joined horizontally by a 
5-cm length of Vyeor capillary tubing. The underside 
of the capillary, at the center, was slotted to permit 
entry of melt into the cell. A length of 8-mm Vyeor 
tubing, extending vertically from the center of the 
upper side of the capillary, served as a handle for the 
cell. Platinum disk electrodes, welded to platinum 
leads, dipped into the vertical arms of the cell. The 
cell constant was determined by measuring the spe- 
cific resistance of fused sodium chloride in this cell 
and then using that value together with the specific 
conductance values available in the literature (8). 

I t  was observed that the conductances of the mol- 
ten mixtures were never lower than 1.5 ohm -1 cm -1 
[NaC1 (8) is 4.05 ohm -1 cm -1 at 950~ The conduc- 
tivity was observed to be independent of the depth 
of immersion of the platinum disk electrodes in the 
melt as long as the time interval between measure- 
ments was of the order 2 or 3 min. One can attribute 
this fact to the extremely small change in resistance. 
For time intervals longer than 2 or 3 min, fluctua- 
tions in conductivity were observed for the same 
mixture because of composition changes and not be- 
cause of encountering two liquid layers. Aside from 
the fact that the studies furnished additional evi- 
dence for changes in composition, it was of interest 
to know that the melts were good conductors of the 
current. 

Electrodeposition 

In the electrolysis studies, mixtures containing 
10 % and 25 % by weight of Bi203 in the NaC1-CaC12 
eutectic or in NaC1 or in CaCI2 were employed. Vari- 
ous combinations of platinum, tungsten, graphite, 
and copper were used as electrodes. The cathode al- 
ways rested on the bottom of the crucible containing 
the fusion, while the anode dipped sufficiently far 
enough into the fusion to make electrical contact. 
The distance between the electrodes was 4 cm. A cop- 
per coulometer placed in series with the electrolysis 
cell made it possible to calculate approximately the 
average current which passed through the cell during 
the period of electrolysis. Porcelain crucibles of 
250-ml capacity proved to be more satisfactory than 
either clay, graphite, or Vycor crucibles as containers 
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TABLE I. Electrodeposition of bismuth 
Solvent: NaC1-CaCI~ eutectic mixture (mp, 505~ 51.5 mole % NaCI and 48.5 mole % CaCl~ 
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Expt. 

5 
6 
7 
8 
9 

10 

11 
l l a  

12 
13 

14 
15 

16 ~ 
17 ~ 

18 ~ 
19 ~ 

Wt of 
charge 

(g) 

258 
346 
345 

269 

269 
368 
345 
359 
334 
294 

410 
375 

392 
383 

397 
347 

344 
361 

465 
479 

B120a 
(%) 

25 
25 
25 

10 

10 
10 
10 
10 
10 
0 

25 
25 

25 
25 

25 
25 

25 
25 

25 
25 

Te~p 

800 
800 
800 

600 

600 
600 
600 
600 
600 
600 

800 
800 

800 
800 

800 
800 

950 
950 

950 
950 

Electrodes 

Cathod Ano 

W P 
W P 
W P 

C P 

W C 
W C 
W C 
W C 
W C 
W C 

W C 
W C 

Cu C 
Cu C 

W C 
W C 

W C 
W C 

W C 
W C 

Cell 
volta~ 

5.7 
4.5 
7.5 

8.5 

7.5 
5.5 
6.3 
8.2 
9.1 
7.4 

5.5 
2.7 

6.9 
2.0 

4.8 
9.1 

4.0 
3.9 

4.7 
4.6 

5.1 
5.0 
4.7 

5.0 

2.5 
4.0 
4.0 
4.0 
4.5 
4.0 

4.0 
4.0 

4.0 
4.0 

2.1 
2.0 

4.5 
2.3 

4.8 
5.0 

Cathode 
current 

efficiency 
(%) 

95 
52 

51 
28 
10 

75 
76 

63 b 
88 ~ 

113 
115 

152 
172 

87 
410 

a Based on actual Bi content; 11% Pt  as impurity. 
b Based on actual Bi content; copper impurity. 

CaC12 as solvent. 
NaC1 as solvent. 

for  the  mix tu res .  F o r  a p a r t i c u l a r  mix tu re ,  t he  h e a t -  
ing t ime  necessa ry  to  secure a two- l aye r  me l t  (10% 
Bi2Oa, smal l  o range- red  l iquid  l aye r  on the  b o t t o m  
and  a large ye l low l iquid  l aye r  on the  top)  or an  ap-  
p a r e n t l y  homogeneous  pas t e  (25% Bi2Oa, ye l low 
t h r o u g h o u t )  a v e r a g e d  a p p r o x i m a t e l y  50 rain.  A t  the  
end  of t h a t  per iod ,  e lec t rodes  were  inse r t ed  in to  t he  
m i x t u r e  and  the  e lec t ro lys is  begun.  The  t e m p e r a t u r e  
of the  fu rnace  was m a i n t a i n e d  c o n s t a n t  du r ing  the  
en t i re  pe r iod  of e lectrolysis .  A t  t he  end of t he  elec- 
t ro lys i s  and  a f t e r  the  crucible  and  con ten t s  were  cool, 
the  m e t a l  s lug or b u t t o n  found  on the  b o t t o m  of t he  
crucible  was crushed un t i l  fine granules  and  p o w d e r  
resul ted .  T h e  crushed m a t e r i a l  was t h e n  d iges t ed  
w i th  a large  vo lume  of ho t  w a t e r  for  a b o u t  15 min ,  
f i l tered,  and  d r i ed  a t  100~ Samples  of t he  d r i ed  m a -  
t e r i a l  were  t hen  a n a l y z e d  for b i smu th .  

T h e  b i s m u t h  was d e t e r m i n e d  (9) b y  p r e c i p i t a t i n g  
i t  as t he  phospha t e ,  b y  m e a n s  of 10 % d i a m m o n i u m  
phospha t e ,  f rom d i lu te  n i t r ic  acid  so lu t ion  and  f inal ly  
ign i t ing  a t  800~ Tungs t en ,  ca rbon ,  and  p l a t i n u m  
were p re sen t  in v e r y  smal l  a m o u n t  as impur i t i e s  

l a rge ly  because  of t he  s p a r k i n g  which  occur red  occa -  
s iona l ly  a r o u n d  the  e lec t rodes  du r ing  e lec t ro lys is .  
T h e  " a n o d e  effect ,"  gene ra l ly  obse rvab le  in t he  e lec-  
t ro lys i s  of m o l t e n  ma te r i a l s ,  was  p r e s e n t  in  m o s t  
expe r imen t s  of our  research .  H o w e v e r ,  in sp i te  of t h e  
anode  effect, c u r r e n t  efficiencies were  r e a s o n a b l y  
good. E lec t ro lys i s  d a t a  a p p e a r  in  T a b l e  I .  

D i s c u s s i o n  

Interaction of the components.--There a p p e a r  to  be  
a t  l eas t  four  r eac t ions  wh ich  invo lve  the  c o m p o n e n t s  
even when  a m e l t  is n o t  be ing  e lec t ro lyzed .  T h e y  a re  
t he  fo l lowing:  

Bi2Oa + O: --* Bi205 (I) 
Bi~05 + 4NaC1 --~ Na4Bi205 + 2C12 ( I I a )  
Bi205 + 2CAC12 --~ Ca2Bi~05 + 2C12 ( I Ib )  

2BizOa + 3C12 - ~  BiCla + BiaO2Cla + 202 ( I I I )  
BiCla + 2NaC1 --* Na~BiC15 ( IVa)  
BiCla + CaC12 - +  CaBiCI~ (IVb) 

I t  is gene ra l ly  k n o w n  t h a t  b i s m u t h  (V) oxide is 
f o rmed  when  oxygen  is pa s sed  over  h o t  b i s m u t h  
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(III)  oxide. When bismuth trioxide was added to 
molten NaC1 and /or  CaCl~ contained in a porcelain 
crucible in some of the authors '  preliminary studies, 
a scarlet to reddish brown substance was formed on 
the surface of the melt. This substance sank slowly 
through the melt  and the color persisted only until  
the mass had reached the bot tom of the crucible. At 
the same time, there was the expulsion of a quant i ty  
of gas greater than that  observable initially from the 
melt. The scarlet color, which is definitely character- 
istic of the higher oxide, led us to believe that  bis- 
muth  (V) oxide had been formed. Thus, the first 
reaction is a logical one. Three facts support  reaction 
(II), viz., (A) the gas which escaped from the mix- 
t a re  did contain chlorine; (B) the Kahlenbergs (10) 
have demonstrated quanti tat ively that  tungsten 
oxide, a substance similar in some respects to bismuth 
(V) oxide, reacts with molten sodium chloride in the 
manner 

(2WO.3 + 2NaCI ~ Na20'W205 q- C12); and 
(C) Belladen (11) has shown the existence of lead 
pyrobismuthite,  2PbO.Bi..,O3 or Pb2Bi2Os, melting 
at 625~ Reaction (III) is in keeping with the ob- 
servation of others (12) tha t  the triehloride, together 
with smaller amounts of an oxychloride (Bi302Cl.~), 
is formed by the action of chlorine on heated Bi2Oa 
or Bi20.~. The double chloride of reaction (IV) is quite 
analogous to the potassium pentachlorobismuthite,  
K2Bi(!I.~, an amber-yellow solid which Aloy and Fr6- 
bault (13) prepared by passing a current of chlorine 
and bismuth trichloride vapor over potassium chlo- 
ride at red heat. Thus, the evidence cited lends con- 
siderable support to the four series of reactions which 
appear to be involved in the interaction of the com- 
ponents. 

1'he electrolysis.--The data  of Table I reveal tha t  
bismuth metal can be obtained easily by the electrol- 
ysis of mixtures of Bi203 and either the NaC1-CaC12 
eutectic or the single salts. Plat inum anodes were 
at tacked severely because of a combination of condi- 
tions which were present during the electrolysis, such 
as the sparking which accompanied the anode effect 
together with the evolution of both oxygen and 
chlorine at the anode; consequently, the large-scale 
use of the metal in this particular electrolysis is eco- 
nomically unsound. 

A tungsten cathode and carbon anode represent 
the best electrode combination employed in this 
work. Abnormally high current efficiencies, tha t  is, 
values greater than 100% in some experiments, are 
at tr ibutable definitely to chemical reduction of bis- 
muth  compounds by fairly large pieces of graphite 
which became detached from the anode as a result of 
unusually severe sparking which accompanied the 
anode effect in those experiments. However, it is 

reasonable to assume tha t  all current efficiencies 
would have run a little higher if there had not  been 
partial short-circuiting of the electrodes through the 
walls of the porcelain crucible. Others (10) found 
this to have been true in their work. 

From an academic point of view, it would be more 
desirable if the data  showed definite relationships 
among the following variables: electrode combina- 
tions, cathode current density, cathode current 
efficiency, puri ty  of deposit, and recoverable metal  
deposited in unit time. Such definite relationships do 
not exist for the cathode current densities which were 
employed in these studies. Despite the absence of 
such relationships in this work, the data  are of pre- 
liminary interest from an industrial or commercial 
point of view. Conditions for obtaining bismuth 
metal electrolytically from melts, such as employed 
in this work, are not critical! All deposits were satis- 
factory except in experiments 12 and 13 where copper 
was used as cathode material. In those experiments, 
there was serious contamination by copper. However,  
if one were interested in obtaining an alloy of bis- 
muth  and copper, use of a copper cathode in melts 
of the type used in this work might be of value. Wide 
differences in cell voltages were perhaps due to the 
anode effect and to electrode polarizations and re- 
sistance changes of the electrolyte. Energy consump- 
tion values, based solely on the electrolysis and not 
on the furnace requirements, calculated for experi- 
ments l l  and l l a  are, respectively, 1.275 and 0.614 
kwhr/ lb  of bismuth. The rating of the crucible furnace 
used in this work was 6 kw at 63 volts. The  authors 
believe that  energy consumption values calculated 
for the two experiments would compare favorably 
with industrial electrolytic processes for many  differ- 
ent metals. Work, now in progress, is being carried 
out with a view toward ascertaining more completely 
the applicability of the process to the large-scale 
production of bismuth metal. Ores will be studied. I t  
is very likely that  some impurities from the ores may  
codeposit with the bismuth metal;  however, it should 
be possible to remove such impurities easily by  an 
eleetrorefining process. 

What  can one say concerning the reaction(s) by 
which bismuth metal  was formed in the research? 
Actually, both chemical and electrochemical proc- 
esses were involved. Consider the following processes: 
(a) cathodic discharge of trivalent bismuth ion pres- 
ent in the melts; (b) cathodic discharge of sodium or 
calcium as the metal  and subsequent interaction of 
the metal  and bismuth (III)  oxide to yield metallic 
bismuth; and (c) anodic oxidation of Bi205 --~ ion 
[cf. equati()ns (IIa) and (IIb)] to bismuth (V) oxide 
and reduction of the latter by  fragments of the car- 
bon anode to metallic bismuth. 
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The sources of trivalent bismuth ions in the melt 
would be both BiCla [cf. equation (III)] and unre- 
acted Bi203. According to Mellor (14), electrolysis 
of the oxide has been detected at 200 ~ even though 
the oxide melts in the vicinity of 800~ If such is 
the case, then the oxide in the melts should contain 
the trivalent bismuth ion. Discharge of bismuth ion, 
Bi +3, [process (a)] should, under normal conditions, 
be easy in view of the fact that  the metal is still 
considerably more noble than either sodium or cal- 
cium in melts, just as is true for aqueous solutions. 
Process (b) cannot be excluded as a possibility when 
one considers the fact that  the electrolyzing voltages 
were, in all experiments except one, higher by at 
least one volt than the decomposition voltages which 
have been obtained by others for both salts from a 
s tudy of their current-potential curves. Korti im and 
Bockris (15) give the following decomposition volt- 
ages: NaC1, 3.06 volts at 800~ and CaC12, 3.23 volts 
at  852~ Another consideration in support  of the 
process as a possible one is tha t  cathodic discharge 
of either sodium or calcium would involve the decom- 
position voltage(s) of the original salt(s) and /or  the 
pyrobismuthite and pentachlorobismuthite formed 
by interaction of the components. For  any one of the 
salts, the decomposition voltage might conceivably 
be less than 2.7 volts if its measurement involved 
using a carbon anode and tungsten cathode. I t  has 
been reported [Reference (15), p. 477] that  decompo- 
sition potentials of cryolite-alumina melts, at low 
current densities, are 2.10 volts with a platinum 
anode and 0.98 volt with carbon. However, complete 
justification for process (b) would require a determi- 
nation of decomposition voltages for the pure salts 
under the conditions of this work and cathode poten- 
tials for the electrodeposition of bismuth under the 
same conditions. Evidence for process (c) is not 
readily available. 

Thermodynamic calculation of decomposition 
voltages for the melts and for various electrode 
combinations would require the making of an exten- 
sive number of fundamentM assumptions. Itowever, 
the number of such assumptions could be reduced 
considerably if one were to make a kinetic s tudy of 
the slight interaction which takes place between 
the components of the mixtures. 

SuM~u~Y 

1. Bismuth metal of high puri ty can be obtained 
by  the electrolysis of molten mixtures of Bi20~ (10 % 
and 25 %) and either the NaC1-CaCh eutectic mix- 
ture or the single salts. 

2. Conditions for elec'trodeposition of bismuth from 
such melts are not critical in spite of the fact tha t  

slight interaction does occur between the components 
of the melts. 

3. A tungsten cathode and carbon anode appear 
to be the best electrode combination employed in the 
work. 

4. A discussion is given of the nature of the inter- 
action between the components of the mixtures and 
the reactions by which the bismuth metal  was 
formed. 

5. Results reported herein are sufficiently encour- 
aging to warrant  research now in progress to ascer- 
tain more completely the applicability of the process 
to the large-scale production of bismuth metal from 
ores. 

Any discussion of this paper will appear in a l)iscussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 
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Mechanism of the Reaction of Hydrogen with Zirconium 
I. Role of  Oxide Fi lms ,  Pre trea tments ,  and Occluded Gases' 

E.  A. GULBRANSEN AND t~. F .  ANDREW 

Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 

ABSTRACT 

Previous studies have shown the reaction of zirconium with hydrogen to be sensitive 
to surface preparation, surface films, heat treating cycles, cold working of the metal, 
and nonmetallic impurities. 

Experiments were made on the rate of reaction of high purity zirconium with pure 
hydrogen using a sensitive microbalance method, and an all glass and ceramic vacuum 
system to minimize contamination. 

The effect of a preliminary vacuum heating cycle on rate of reaction with hydrogen 
at 150~ was studied by varying the temperature of the vacuum heating cycle from 
150 ~ to 700~ Samples having the room temperature oxide present showed only a 
slow rate of reaction, while samples heated to 700~ for one hour showed a rate of 
reaction 7700 times as great. Results also showed that the oxide film was effectively 
removed by heating in a vacuum for one hour at 500~ 

A study was made of the thickness and nature of the oxide film. Thus, the film formed 
in air at room temperature was more resistant to hydrogen attack than thicker oxides 
formed at higher temperatures. Studies on the effect of small quantities of oxygen 
and nitrogen in solid solution indicate only minor effects. Results suggest that con- 
siderable revision is necessary in concepts of the mechanism of the hydrogen reaction 
on metals. 

INTRODUCTION 

Occlusion of hydrogen by metals has been the sub- 
ject of a large number of scientific studies (1); how- 
ever, comparatively minor at tention has been given 
to the question of rate of reaction. Unfortunately,  
m a n y  experimental studies on exothermic occluders 
such as zirconium appear to have been made under 
poorly defined experimental conditions and conclu- 
sions drawn from inadequate data. Therefore, the 
mechanism of occlusion has been found to be com- 
plicated, and the influence of surface preparation, 
cold working of the metal, occluded gases, hydrogen 
pretreatment,  oxide films, and composition of the gas 
atmosphere is not understood. 

A simple physical chemical analysis of the rate of 
occlusion would show that  a number of separate proc- 
esses are involved for metals such as zirconium. 
These are:first ,  preliminary processes at the surface, 
including chemisorption of the molecule and subse- 
quent splitting apart  of the molecule into atoms or 
ions; second, diffusion of hydrogen atoms, ions, or 
molecules through the oxide or other surface film; 
third, transfer at  the metal-oxide interface of the 
hydrogen molecule, atom, or ion from the oxide into 
the metal; fourth, diffusion of hydrogen along grain 
boundaries or through the metal lattice; fifth, forma- 
tion and growth of one or more hydride phases. 

1 Manuscript received August 20, 1953. This paper was 
prepared for delivery before the New York Meeting, April 
12 to 16, 1953. 
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From an experimental point of view, it is difficult 
to separate the rate-controlling process from the 
other rate processes. This is especially true for zir- 
conium where two phases may  exist. In  addition, 
stable oxide films and other contaminating films form 
readily on the metal surface, and these may  retard 
reaction with hydrogen. These films may  dissolve in 
the metal at  higher temperatures under vacuum or 
inert gas atmospheres and reappear if the rate of 
film formation is greater than the rate of solution of 
the oxide into the metal. Therefore, it has been 
difficult to s tudy the relative influence of oxide films 
and the physical structure of the metal, and m a n y  
unusual physical effects have been noticed for this 
reaction. 

Occlusion of hydrogen by zirconium has been re- 
viewed by Smith (1). De Boer and Fast  (2) and 
Hiigg (3) have studied the solubility of hydrogen and 
find that  at room temperature the solubility corre- 
sponds to ZrH195. Desorption occurred on lowering 
the pressure. Hydrogen was stated to be more soluble 
in the r and the transition between a and f~ 
forms occurs at 865~ Hall, Martin, and Rees (4) 
have studied the solubility of hydrogen in zirconium 
and zirconium-oxygen solid solutions at temperatures 
up to 1000~ and at pressures of 1-760 mm of Hg. 
Special care was used to remove the contaminating 
influence of oxide and other films. These authors sug- 
gested that  much of the disagreement on the tem- 
perature at which hydrogen reacts with zirconium 
was due to poor experimental techniques and the 
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presence of surface films. The effect of oxygen on 
occlusion capacity showed that  oxygen diminishes 
the quant i ty  of hydrogen taken up by  ~ volume 
equivalent to the oxygen solution. 

Crystal structures of the hydrogen-zirconium 
system have been studied by Hi~gg (3). Four  hy- 
dride phases were observed. Hydrogen was adsorbed 
up to 5 atom % in the hexagonal close-packed lattice 
without an appreciable change in lattice parameters. 
An expansion of 15.4% occurs in zirconium for a 
hydrogen pickup corresponding to H / Z r  = 1.92 (5). 

Gulbransen and Andrew have studied the rate of 
reaction of hydrogen with zirconium specimens con- 
taining room temperature oxide film (6). Very little 
reaction occurred at 200~ while a more rapid reac- 
tion was found at 300~ The effect of pressure on 
rate of reaction followed a square root relationship. 
The reaction was found to be very sensitive to pre- 
t reatment  and surface films. A similar square root 
of pressure relationship was found for the rate of flow 
of hydrogen through Zr at temperatures between 
375 ~ and 920~ by Bernstein and Cubicciotti (7). 

In this work the role of oxide films, pretreatments ,  
and occluded gases on the rate of reaction of hydro- 
gen with zirconium was studied. 

Interpretation of the nature of the Occl~sion Process 

Theories on the variable rate of reaction.--An analy- 
sis of literature on the occlusion process for exother- 
mic occluders such as zirconium indicates tha t  two 
theories exist for the variable rate of reaction ob- 
served when zirconium is exposed to hydrogen. The 
first is the "rift  theory"  of occlusion developed by  
Smith (1). In this theory an expanding and contract- 
ing series of rifts are used to explain active and pas- 
sive states of the metal. The  second is the oxide film 
theory in which a coherent thin oxide film prevents 
access of hydrogen to the metal. However, this oxide 
dissolves in the metal at high temperature under 
high vacuo conditions. Clean metal is then exposed 
for reaction. The most recent work supporting this 
point of view is tha t  of Hall, Martin,  and Rees (4). 

Before presenting the authors '  work, it is of inter- 
est to indicate the main experimental characteristics 
of the occlusion process upon which Smith has 
developed the rift theory of occlusion. I t  should be 
noted that  much of the work was made on specimens 
probably contaminated with oxide and other films. 

Smith's characteristics of the occlusion process.-- 
(A) Metal is inert to gaseous hydrogen at room tem- 
perature and normal pressure in its ordinary form. 
(B) If gradually heated the metal begins to react at  
an indefinite opening temperature.  (C) The rate of 
reaction is self-accelerating in its early stages. (D) 
At high pressures the metal  in its ordinary state re- 
acts and is permeable at lower pressures. (E) Metal  

in its ordinary state reacts with hydrogen liberated 
upon it by  chemical displacement or by  electrolysis. 

(F) Permeabil i ty of metal  to hydrogen may  be 
increased or decreased by repeated absorption and 
evolution of hydrogen, apparent ly depending upon 
the rate with which the gas is expelled. (G) Metal  
heated to high temperatures in vacuo is inert to gase- 
ous hydrogen and m ay  be impervious to cathodic 
hydrogen. (H) Permeabil i ty is increased by  plastic 
deformation, in some cases manyfold. This increase 
is accompanied by  an increase in occlusive capacity.  

In addition to these general characteristics Smith 
gives five additional characteristics of exothermic 
occluders such as zirconium. (I) After a metal  is 
heated to an activation temperature above tha t  
described in (B), the metal possesses for some time an 
induced high permeability at ordinary temperatures  
and pressures. This is known as thermal activation. 
(J) This high permeability declines gradually at a 
rate which differs from one lot of metal  to another. 
(K) Metal  having high permeability and charged 
with hydrogen loses its permeability slower than if 
uncharged. (L) If heated and cooled while charged 
with hydrogen, the metal shows decreased permea- 
bility and does not give up its hydrogen to vacuum 
until heated to above its opening temperature. (M) 
In the composition range of two solid phases, exother- 
mic occluders show smaller permeability and occlu- 
sion capacity during absorption than during evolu- 
tion of hydrogen. This phenomena is called 
hysteresis. 

I t  is, of course, impossible to test all of these char- 
acteristics in one paper. However, results obtained 
in this work should be related in each case to the 
characteristics given by  Smith and checked with the 
two theories of occlusion. 

EXPERIMENT_~-L 

A vacuum microbalance was used for all measure- 
ments (8). The 0.0127 cm thick specimens had sur- 
face areas of about  10 cm ~ and weighed 0.500 gram. 
Sensitivity of the balance was 1 division (0.001 cm) 
per microgram, and weight change was estimated to 
~/~ of a division (0.25 X 10 -8 gram). A mullite fur- 
nace tube was used to contain the specimen and was 
sealed directly to the Pyrex apparatus. The vacuum 
system, behavior of which has been studied previ- 
ously (9), was of all glass construction and could be 
evacuated readily to pressures considerably lower 
than 10 -6 mm of Hg. 

Pure hydrogen was prepared by diffusing purified 
electrolytic hydrogen through a palladium tube (10). 
A special gas train was used for preparing pure oxy- 
gen. Reagent grade nitrogen was used for preparing 
zirconium specimens with given nitrogen contents. 

Two sources of high puri ty  iodide zirconium were 
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Si 
Fe 
A1 
Cu 
Ti 
Mn 
Ca 
Mg 
Pb 
Mo 
Ni 
Cr 
Sn 
W 
N 
O 
H 
C 
Hf 

TABLE I. Analyses of zirconium samples 

(W) APD Zr Foote Zr 

Spec. % Chem. % Typical 

0.002-0.007 
0.037-0.049 

0.0027-0.0037 
(0.0005-0.0030) 

0.002-0.003 
0.005 

(0.001) 
(0.0025) 
(0.001) 

0.0025-0.004 
0.001-0.0018 
< (0.001) 

0.010 

.01 

.003 

.001-.0025 
(.020) 
(.002) 
(.010) 

0.01 
0.04 
0.01 

<0.01 
0.03 

<0.001 
0.01 

< O. 003 
<0.001 
<0.001 

0.01 
0 . 0 0 1  
0 . 0 0 1  

<o .001 
<0.01 
<0.01 
<0.02 
<0.001 

2.40 

( ) Outside limits or isolated values. 

used. The first 2 contained 2.4% hafnium, and the 
second 3 was a hafnium-free zirconium. Spectro- 
graphic and chemical analyses are given in Table  I. 

All spe(,imens used had previously been abraded  
s tar t ing with 0 and finishing with 4/0  emery paper.  
The last  two papers were used under  purified kero- 
sene. Samples were then cleaned successively with 
soap and water,  disti l led water,  petroleum ether, 
and absolute alcohol. After  a pre l iminary weighing, 
specimens were placed in a desiccator unt i l  ready for 
use. Chemically polished specimens were dipped in 
a solution of 40 cc nitric acid, 40 cc water,  and 10 cc 
hydrofluoric acid. 

RESULTS AND DISCUSSION 

To s tudy  the rate  of hydr id ing of zirconium it  was 
necessary to devise a test  procedure which gave a 
reaction ra te  characterist ic  of an oxide-free meta l  
and a reaction rate  which was reproducible.  Since 
the oxide fihn normal ly  present  on the surface cannot  
be reduced in the case of zirconium oxides, i t  was 
necessary to remove the oxide by  heat ing in high 
vacuo. I t  was found tha t  heat ing the specimen to 
700~ in a vacuum of 10 -6 mm or less for one hour 
gave a reproducible reaction rate  with hydrogen.  
For  convenience the conditions of 150~ and a pres- 
sure of 2.4 cm of Hg were chosen. The react ion 
showed no evidence of an induction period. 

Results  are given in terms of weight gain in micro- 

2 Prepared by the Foote Mineral Company. 
a Made by the Westinghouse Atomic Power Division and 

secured through the courtesy of the Atomic Energy Com- 
mission. 

g r ams /cm 2 and plots  are made of weight vs. t ime in 
minutes.  

Effect of temperature of vacuum heating.--To show 
the effect of vacuum heat ing procedures on ra te  of 
hydr id ing at  test  conditions,  specimens were hea ted  
for 1 hr a t  a series of tempera tures  in high vacuo 
before cooling to 150~ to determine the ra te  of hy-  
driding. I f  i t  is assumed tha t  the ra te  of react ion 
with hydrogen at  low tempera tures  was l imited by  
the presence of oxide films, vacuum heat ing a t  higher 
temperatures ,  which tends to dissolve the oxide, 
should increase the rate  of reaction. In  experiments  
presented here vacuum heat ing was made in the  
same appara tus  as the rate  s tudy  and wi thout  inter-  
media te  exposure to a gas a tmosphere of any  kind.  

Fig. 1 and 2 show the results. A new specimen was 
used for each experiment.  Curve A in Fig. 1 was the  
react ion of a specimen having the room tempera tu re  
equil ibrium film, while curve B shows the ra te  of 
a t t ack  after  a preheat  of one hour a t  150~ Curves 
A, B, and C of Fig. 2 show the ra te  of a t t a ck  with  
hydrogen after  preheats  of one hour at  300 ~ , 500 ~ , 
and 700~ I t  was found tha t  the 500 ~ and 700 ~ ex- 
per iments  gave similar rates of a t tack.  Curves B and 
C were typical  of m a n y  tests  for these condit ions of 
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FIG. 1. Effect of time and temperature of heating on hy- 
driding of Zr at 150~ 2.4 cm of Hg of H2 Curve A--room 
temperature equilibrium film; curve B--preheated 150~ 
1 hr. 
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FIG. 2. Effect of temperature of heating on hydriding of 
Zr at 150~ 2.4 cm of Hg of tt~. Curve A--preheated 300~ 
1 hr; curve B--preheated 500~ 1 hr; curve C--preheated 
700~ 1 hr. 
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pressure and temperature. Results were reproducible 
within the limits of experimental error. 

The rate of reaction for curve A of Fig. 1 was 
zero for the first 5 min and averages 0.473 X 10 -4 
t~g/cm~/sec for the first 2 hr. Curve C of Fig. 2 shows 
a rate of reaction of 0.365 t~g/cm2/sec for the first 2 
min. The ratio of the rate of reaction of specimens 
having the room temperature oxide present to the 
specimen annealed at 700~ was 1/7700. An even 
greater ratio would be found if the rates were calcu- 
lated for the one-minute time interval. 

Results can be interpreted readily by the oxide 
film theory. Thus, the inert character of the metal 
in its ordinary state can be attributed to the normal 
room temperature oxide film having a thickness of 
the order of 10 to 50 A. This film is transparent and 
is an effective barrier to diffusion of gaseous hydro- 
gen. I t  dissolved gradually into the zirconium as the 
temperature of heating was raised and the rate of 
reaction, therefore, was greatly increased. There 
appears to be no evidence that  high heating of a 
metal such as zirconium renders it inert as inter- 
preted by Smith (1). 

E~ect of thichness and character of oxide films on 
rate of reaction.--Fig. 3 shows weight gain vs. time 
curves for a series of oxide pretreatments in which 
the thickness and character of the oxide was studied. 
Curve A shows the weight gain curve for the speci- 
men containing the room temperature equilibrium 
oxide. Curve B shows the rate of reaction for a speci- 
men having been preheated under high vacuo to 
700~ for one hour and then exposed to 0.1 atm pres- 
sure of oxygen at 25~ for 20 hr. Curve C shows the 
rate of reaction for a specimen which had been 
annealed at 700~ and then oxidized at 150~ at an 
oxygen pressure of 7.6 cm Hg for 5 min to form an 
oxide film 63 A thick. Curves D and E show the effect 

of oxide films of 500 o thickness formed at 250 ~ and 
275~ while curve F shows the rate of reaction of 
a film-free specimen. 

These results again may  be explained on the basis 
of a coherent oxide film which dissolves slowly in the 
metal at temperatures of 250~ and higher. In  gen- 
eral, oxides formed at room temperature have the 
greatest effects on rate of hydriding. The thicker 
films formed at temperatures of 250 ~ and 275~ are 
less resistant to hydriding for two reasons. First, 
solution of the film occurs which diminishes the film 
thickness. Second, the oxides formed at higher tem- 
peratures have a larger crystallite size. Thus, the 
fitting of the grains of oxide may  be less perfect, and 
a greater porosity would be noted. 

The fact that  rate of reaction increases with time 
can be attr ibuted to gradual breakdown of the oxide 
film physically by passage of hydrogen as well as to 
the gradual solution of the oxide into the metal. 

Again the oxide film theory appears to explain 
observed facts better than the rift theory. 

Comparison of source of zirconium.--Fig. 4 and 5 
show a comparison of reaction rates for two sources 
of zirconium?, ~ Fig. 4 shows comparison of the rate 
of reaction of the two specimens having the room 
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FZG. 4. Comparison of source of Zr. Curve A - - room tem- 
perature equilibrium fihn, Foote Zr, hydriding 150~ 2 4 
cm of Hg of H2; curve B--room temperature equilibrium 
film, A.P.D. Zr, hydriding 150~ 2.4 cm of Hg of H2. 
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FIG. 3. Effect of oxide on hydriding of Zr, 150~ 2.4 cm 
H~. Curve A--room temperature equilibrium film; curve 
B--preheated +20-hr exposure to 02 at room temperature; 
curve C--preheated +63 ,~ film at 150~ curve D--pre- 
heated +500 ]~ film at 250~ curve E--preheated +500 
fihn at 275~ curve F--preheated, no film. 
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FIG. 5. Comparison of source of Zr. Curve A--Foote Zr, 
preheated 1 hr, 700~ hydrided 150~ 2.4 cm of Hg of H~; 
curve B--A.P.D. Zr, preheated 1 hr, 700~ hydrided 150~ 
2.4 cm of Hg of H2. 
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FIG. 6. Effect of pretreatment on hydriding Zr 150~ 
2.4 cm of Hg of H~.. Curve A--preheated 700~ 1 hr; curve 
B--preheated-hydrided 150~ heat up 700~ curve C-- 
preheated-hydrided 150~ heat up 700~ room temperature 
oxidation. 
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FIO. 7. Effect of dissolved oxygen on hydriding of Zr 
150~ 2.4 cm of Hg of H2. Curve A--700~ preheated 1 hr; 
curve B--0.016% O2 added, preheated 1 hr; curve C--0.027% 
O2 added, preheated 1 hr; curve D--0.064% O2, preheated 
1 hr; curve E--0.0679% O2 added, preheated 1 hr. 

temperature equilibrium oxide film present, while 
Fig. 5 shows a similar comparison for the 700~ an- 
nealed specimens. Agreement between results for 
the two sources of zirconium was good. 

Effect of successive hydrogen treatments and expo- 
sure to O.k.--Smith (1) has stated that  successive 
hydrogen treatments affect permeability and occlu- 
sive capacity of the metal. In  early stages of the 
reaction up to a H / Z r  ratio of 0.2, no such evidence 
was observed providing one is working with an oxide- 
free zirconium surface. 

Three rates of hydriding experiments were com- 
pared in Fig. 6. Curve A shows the control experi- 
ment with th~ rate of hydriding determined after the 
700~ vacuum anneal. Curve B shows a rate of 
hydriding experiment for a sample which was given 
a high vacuo anneal at 700~ hydrided at 150~ to 
100 t~g/cm 2 or to ZrH0 ~, the hydros removed by 
heating to 700~ then cooled to 150~ for the second 
hydriding. Curve A shows a total reaction of 57 
gg /cm 2 for 5 min while Curve B shows a total reac- 
tion of 66.5 gg/cm 2 for 5 min. A small change appears 
in the rate of reaction due to previous adsorption 
and desorption of hydrogen in the lattice. However, 
the effect is a minor one when compared to the effect 
of oxide films. This is shown in curve C of Fig. 6. In  
this experiment the sample was heated, hydrided at 
150~ heated to 700~ exposed to room tempera- 
ture oxygen, then hydrided at 150~ The effect of 
room temperature oxidation was great. 

More experiments will have to be made to deter- 
mine effect of the reaction of large quantities of 
hydrogen and subsequent removal on the rate of 
hydriding. Small quantities adsorbed and removed 
have only minor effects on the rate of hydriding. 

Effect of oxygen in solid solution.--Samples of 
zirconium were heated to 700~ to dissolve the 
oxide film, then dosed with oxygen to give samples 
having 0.16, 0.027, 0.064, and 0.068 weight per cents 

of oxygen above the oxygen content of the original 
metal. Specimens were then heated in vacuo for 1 
hr at 700~ to homogenize the oxygen before cooling 
to 150~ where further reaction with hydrogen oc- 
curred. Rapid homogenization was assumed to occur 
in the one-hour vacuum anneal at 700~ for the 
following reasons: (a) thickness of the specimens was 
only 0.0127 em with both sides of the specimen ex- 
posed to the original oxygen t reatment ;  (b) the 
small amounts of oxygen that  had to be homoge- 
nized; (c) the high rate of a t tack of zirconium with 
oxygen at 700~ 

Results are shown in Fig. 7. The curves show total 
weight gain values varying from 55 ug /cm 2 to 63 
ug/cm 2 after 5 min of reaction. Within experimental 
error, oxygen in solid solution in small amounts  
exerts only minor effects on the rate of hydriding at 
150~ 

Effect of nitrogen in solid solution.--Samples of 
zirconium were prepared as described above except 
that  reagent grade nitrogen gas was used to dose the 
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FIG. 8. Effect of dissolved nitrogen on hydriding of Zr 
150~ 2.4 cm of Hg of H2. Curve A--700~ preheated 1 hr; 
curve B--0.0095% N2 added, preheated 1 hr; curve C-- 
0.0196% N2 added, preheated 1 hr; curve D--0.0491% N2 
added, preheated 1 hr; curve E--O.096% N2 added, pre- 
heated 1 hr. 
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samples with given amounts  of nitrogen. Thus,  sam- 
ples having 0.0095, 0.0196, 0.0491, and 0.096 weight 
per cent of nitrogen above the original nitrogen con- 
tent  were prepared. Again homogenization was 
assumed to occur in a one-hour vacuum t rea tment  
at  700~ for reasons given above. Results are shown 
in Fig. 8. As in the case of oxygen in solid solution, 
the curves show tha t  small amounts  of nitrogen have 
only minor effects on the rate of reaction. 

SUMMARY AND CONCLUSIONS 

High pur i ty  zirconium containing the room tem- 
perature equilibrium oxide film reacts very slowly 
with hydrogen at 150~ and 2.4 cm of Hg  pressure, 
and in a self-accelerating manner.  Similar specimens 
preheated in high vacuo at  temperatures  above 500~ 
for one hour react very rapidly with hydrogen at  
150~ and 2.4 cm of Hg pressure without an induc- 
tion period. The ratio of the rate of reaction for the 
preheated specimens relative to those not preheated 
was 7700 or greater. 

Results were interpreted in terms of an oxide film 
limiting the rate of reactio~l, this film dissolving in 
the metal  as the temperature  of annealing was raised. 
Thus the oxide film present on the unannealed speci- 
men limits the rate of reaction and imposes an induc- 
tion period on the reaction. 

Previous work summarized by  Smith, showing 
tha t  vacuum heating the metal  decreases the rate of 
reaction of hydrogen, m a y  be interpreted now as due 
to formation of an oxide or other contaminat ing film. 

Fur ther  experiments show tha t  the nature  of the 
oxide film was very  impor tan t  in its resistance to 
hydrogen. Thus,  room tempera ture  equilibrium 

oxide films were more resistant to hydrogen than  
thicker oxide films formed at  higher temperatures .  
This was explained in par t  by  a part ial  solution of 
the oxide and to the presence of larger oxide crystal-  
lites in the films formed at  higher temperatures .  

Small amounts  of dissolved oxygen and nitrogen 
up to 0.1 weight per cent have only a minor effect on 
the rate of hydriding a t  150~ 

Successive hydrogen t rea tments  show only minor  
effects on the rate  of hydriding for hydrogen adsorp- 
tions up to 0.2 a tom of H per a tom of Zr. 

M a n y  of the unusual  occlusive characteristics 
given by  Smith m a y  be interpreted on the basis of the 
oxide film theory  which offers an effective resistance 
to the reaction with hydrogen a t  low temperatures .  

Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1955 issue of the 
JOURNAL. 
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.Electrical Properties of Semiconducting A1Sb 
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A B S T R A C T  

Measu remen t s  of some of the  electr ical  proper t ies  of the  compound  A1Sb ind ica te  
semiconduct ing  charac te r i s t i c s  comparab le  wi th  those  r epor ted  for silicon. D a t a  
were t a k e n  on the  electr ical  res is t iv i ty ,  the rmoelec t r i c  power,  and  Hal l  vol tage  as a 
func t ion  of t e m p e r a t u r e  over  the  range f rom 80 ~ to 1200~ The energy band  separa-  
t ion,  as de te rmined  f rom the  t e m p e r a t u r e  dependence  of the  conduc t iv i ty ,  is 1.5 to 
1.6 ev. Mobi l i t ies  of e lect rons  and  holes are approx imate ly  equal  and  are grea te r  t h a n  
100 em2/volt-see at  room t empera tu re .  Rect i f ica t ion  charac te r i s t i c s  are given for b o t h  
P -  and  N- type  samples of var ious  res is t ivi t ies .  B o t h  pho tovo l ta ic  "rod photodiode  ef- 
fects were observed.  

INTRODUCTION 

During the past decade, much effort has been ap- 
plied to the preparation and investigation of semi- 
conducting properties of such elements as silicon, 
germanium, selenium, and tellurium. The object of 
this research has been not only to develop useful 
devices such as transistors and rectifiers, but also to 
interpret the properties of these elements in terms of 
modern theories of solids. Such extension of our 
knowledge concerning these fundamental processes 
is obviously of value whether one is interested in 
improving the characteristics of existing components, 
in developing new devices, or in the discovery and 
evaluation of new semieonducting materials. Elec- 
tronic-device development has, in fact, proceeded to 
such a stage that a great variety of materials having 
special semieonducting characteristics are desired. 
To be more specific, in certain applications a high 
mobility of the charge carriers is of prime importance. 
Of the elements in common use at the present time, 
germanium exhibits the highest mobility. On the 
other hand, many applications require concentra- 
tions of minority carriers to be small over the tem- 
perature range of operation. Hence, the energy 
separation between filled and conduction bands must 
be sufficiently large so that the intrinsic contribution 
to the conductivity is negligible. Since this energy 
gap in silicon is approximately 1.1 ev as compared 
to 0.72 ev in germanium, it is understandable why 
extensive work is now being done on silicon for use 
in high temperature rectifiers and transistors. 

In addition to elements such as those discussed 
above, a number of compounds have semicondueting 
properties. Several well-known examples of these are 
lead sulfide, cadmium sulfide, and cuprous oxide. 
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Many other binary compounds which are semicon- 
ductors are known. In particular, it has been noticed 
that a large number of elements combine with anti- 
mony to form useful semieonducting materials. For 
example, with elements in Column I of the periodic 
table, such as Cs, Rb, and K, antimony combines to 
give compounds, such as CsaSb, which find extensive 
use in photoemissive cells. From Column II, one 
obtains MgaSb,., whose semicondueting properties 
have been studied in detail by Boltaks (1), Zhuse 
(2), and others. The other series of elements in Col- 
umn II yield materials of lower intrinsic resistivity, 
such as ZnSb and CdSb. The properties of these com- 
pounds have been studied by Telkes (3), and by 
Justi and Lautz (4). Elements of Column VI, when 
combined to form the compounds Sb2S.~ (5), Sb..,Se:~ 
(6), and Sb2Te~, are also known to exhibit semicon- 
dueting properties. 

Antimony also forms compounds with elements of 
the third column of the periodic table, that is, with 
aluminum, gallium, and indium. These compounds 
are especially interesting since they possess the zinc- 
blende crystal structure. At the initiation of the 
present investigations, there was no information 
available on the electrical properties of these com- 
pounds. Recently, however, a publication by Welker 
has appeared (7). Welker contrasts the st.ruetural 
and electrical characteristics known for the elements 
diamond, silicon, germanium, and gray tin of the 
fourth column of the periodic table with those ex- 
pected for the general series of compounds composed 
of elements from the third and fifth columns. Specifi- 
cally, these compounds are A1Sb, InSb, GaSb, AlAs, 
InAs, GaAs, AlP, InP, and GaP. 

PHASE DIAGRAM AND CRYSTAL STRUCTURE 

Equilibrium studies of the aluminum-antimony 
system were carried out by Gautier (8) over fifty 
years ago. He noted that a high melting point was 
associated with the composition in which an equal 
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FIG. 1. Ph'Lse diagram of the aluminum-antimony sys- 
tem. 

number  of alumimlm and an t imony a toms are pres- 
ent. Subsequent investigations were carried out by  
Campbell  and Mathews (9), and by  T a m m a n n  (10). 
I t  was not until 1933, however, tha t  the currently 
accepted phase diagram was published by  Guertler 
and Bergmaml (I 1). Results of these investigations 
are summarized in Fig. 1. 

I t  will be noted tha t  the compound A1Sb has a 
melting point of 1050~ as compared with melt ing 
points of 660 ~ and 630~ for a luminum and anti- 
mony, respectively. 

X- r ay  studies by  Owen and Preston (12) in 1924 
indicated tha t  the intermetallic compound A1Sb had 
the zincblende structure with a lattice constant  of 
6.126 o .  Recent  x-ray studies at  Battelle confirm the 
s t ructure  type and are in agreement  with the re- 
ported lattice constant. These measurements  indicate 
a lattice constant  of 6.1361 4- 0.0003 X 10 -s em as 
compared with the Owen and Preston value which, 
when converted from kx units, is 6.138 X 10 -s cm. 

The structure of a unit  cell of A1Sb is shown in 
Fig. 2. Atoms of one element m a y  be pictured as de- 
fining a face-centered cubic arrangement ,  while those 
of the second element define a similar configuration 
whieh interpenetrates the first. Hence, a total  of 8 
a t o m s - - 4  A1 and 4 S b - - a r e  contained in the unit  
cell. Each ant imony a tom has 4 a luminum atoms as 
nearest neighbors, at  a distance of 2.657 X 10 -s cm. 
They  are connected by  a two-electron homopolar  
bond. 

I t  is to be noted tha t  the A1Sb structure and bond- 
ing are similar to those of germanium and silicon. 
These semiconducting elements possess the diamond 
structure, a crystal form to which tha t  of A1Sb would 

i = 6.1XlO -e % 

Face-  Centered Cubic 
Diamond Structure Lat t ice  Constant 

Diamond 3 . 5 5 9 7  X Io-ecm 
Silicon 5.431 
Germanium 5 . 6 5 7  
A~Sb 6.1361 *- 0 . 0003  

FIG. 2. Crystal structure of the compound A1Sb 

reduce if both  a toms were identical. The lattice con- 
s tants  of diamond, silicon, germanium, and A1Sb are 
also given in Fig. 2. 

RESISTIVITY AND ASSOCIATED PROPERTIES 

Electrical resistivity, thermoelectric power, and 
Hall  measurements  were made over a t empera tu re  
range from 80~ to 1200~ on a number  of samples 
of a luminum antimonide containing different extrin- 
sic carrier concentrations. The specimens, which were 
polycrystalline, were carefully annealed in order to 
reduce inhomogeneities in the samples, such as grain- 
boundary  effects. 

Specimens were measured, which showed resistivi- 
ties ranging f rom 1 • 10 -2 ohm-cm to 32 ohm-cm, 
a t  room temperature .  These specimens had charge- 
carrier concentrations, determined f rom the Hall  
measurements ,  which ranged from 4 X 1019 to 1.5 X 
10 I~ per cm 3. The specimen containing 1.5 X 101~ 
carr iers /cm a has a resist ivity of 32 ohm-cm at  25~ 
Germanium with the same P - type  carrier coneen- 
t ra t ion would have a resistivity of around 2 ohm-era.  

Resist ivi ty da ta  are shown in Fig. 3. I t  was noted 
t ha t  the general shapes of the A1Sb resist ivity curves 
were r emarkab ly  similar to those of polycrystall ine 
silicon containing boron impurities, except for the 
higher intrinsic slope in the case of A1Sb. Resis t ivi ty  
da ta  for silicon, as reported by  Pearson and Bardeen 
(13), are consequently indicated by  the dashed curves 
in Fig. 3. Carrier  concentrations a t  room tempera tu re  
as determined from the Hall  measurements  are shown 
for both  A1Sb und silicon specimens. Measurements  
presented in Fig. 3 were taken on P - type  material ,  
and mobilities of positive holes were computed from 
the resist ivity and Hall  data. The  Hall  coefficient as 
function of t empera ture  for these specimens is shown 
in Fig. 4. Again, silicon curves f rom the da ta  of 
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Pearson and Bardeen are shown for comparison. 
Especially interesting is the fact tha t  the Hall coeffi- 
cient for A1Sb begins to decrease at temperatures 
lower than those at which it decreases for silicon. 
This decrease is due primarily to the increase in the 
number of the minori ty  N- type  carriers from the 
filled band. Also, the sign of the Hall constant does 
not reverse in the intrinsic region. Both of these facts 
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coefficient of AISb as a func t ion  of t e mp-  

indicate tha t  the ratio of the electron mobili ty to hole 
mobili ty in A1Sb is nearly unity.  Hence, the ratio of 
the effective mass of the electrons to tha t  of the holes 
is also about  one. In  this respect, A1Sb is different 
from silicon and germanium, where the effective mass 
of the electron is significantly less than tha t  of the 
holes. For  samples containing less than 1016 impuri- 
t ies/cm 3, lattice scattering predominates even at  tem- 
peratures as low as 80~ and the tempera ture  
dependence of the mobility approximates quite 
closely the T -3/2 relationship. Magnitudes are very  
close to those reported for polycrystalline P - type  
silicon. In particular, room temperature  mobili ty for 
the positive holes in A]Sb was observed to be 100 
cm2/volt-sec. As was found in the case of silicon, it is 
to be expected that  the crystallite boundaries might  
give a significant contribution to the resistivities 
measured on the polycrystalline specimens. Hence, 
the value given above can be considered only as a 
lower boundary. Values obtained for single crystals 
may  be much larger. For  ionized impuri ty  concen- 
trations greater than 1017/cm 3, impuri ty  scattering 
causes a reduction in the mobility at low tempera- 
tures. In fact, in the specimen containing 3.8 X 1019 
carriers/cm 3, the mobility has been reduced, even a t  
room temperature,  to about  15 cm'~ 

Another observation on all A1Sb sample containing 
1.5 X101~ carriers/em 3 was tha t  the thermoelectric 
power changed from positive to negative at  275~ 
In the sample with 6.2 X 1015 P - ty p e  carriers, the 
crossover temperature  increased to approximately 
500~ 

An approximate value of the energy-band separa- 
tion in a semiconductor can be obtained from the 
slope of the log p vs. 1 /T  curve in the intrinsic region. 
Such a calculation gives a value of approximately- 
1.5 to 1.6 ev for A1Sb2 This is somewhat larger than  
that  of silicon, which is approximately 1.1 ev. A very  
important  practical consideration is connected with 
the width of this forbidden band. This factor is 
important  in determining the upper limit to the 
temperature  at which a semiconductor device can 
be operated. For  example, with germanium, having 
a band separation of 0.72 ev, the present upper  
limits of operation are 70~176 for most operations. 
With silicon, on the other hand, P-N junction diodes 
have been reported to operate at temperatures  as. 
high as 300~ 

RECTIFICATION AND PHOTOEFFECTS 

When a metallic point contact is made with an 
impurity semiconductor as shown in Fig. 6 (lower' 

s Note added in proof: Since the presentation of this 
paper, there has appeared a publication by If. WELKER in 
Z. Naturforsch., 8a, 248 (1953). His value of 1.65 ev for the. 
energy-band separation in AISb is in good agreement with 
the above result. 
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right corner), an asymmetric nonlinear current- 
voltage relationship is observed. If  the semiconduc- 
tor  is P - type  and the metal  point is negative, a low 
resistance to the current  is obtained, while for 
reversed polarities, a high resistance occurs. Such a 
device is called a P - type  point-contact  rectifier. 

A number of specimens of A1Sb were investigated 
for rectification and photoelectric phenomena.  
Rectification was found at  point contacts of several 
different metals with polycrystalline A1Sb specimens 
of various resistivities. Current-voltage characteris- 
tics for several such rectifiers are shown in Fig. 5. I t  
will be noted that  both P-  and N-types  of rectifica- 
tion were obtained. Although a number of different 
metals of widely v~rying work functions were used 
for the point contact,  it was not possible to correlate 
observed rectification characteristics with differences 
in work functions. A somewhat similar situation has 
been reported by  ~1eyerhof (14) in connection with 
silicon poiltt-eontact rectifiers. 

Some rectifiers made from specimens containing 
P-N junctions exhibited saturation regions in their 
forward characteristics. In these cases, when the 
contact  was moderately illuminated with white light, 
photoelectric effects were observed. Changes in 
forward current in the saturation region by as much 
as 100 % were observed. The same contacts exhibited 
photo-emf's up to 25 my. Similar observations have 
been reporte~t for germanium by Benzer and others 
(]5). 
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FIG. 5. D-C current vs. voltage characteristics for A1Sb 
rectifiers. 

Characteristics of A1Sb point-contact  rectifiers 
are compared in some detail with those of silicon 
rectifiers in Fig. 6 and 7. For  this purpose, a more 
informative presentation of the current-voltage 
characteristics of semiconductor rectifiers is used. 
Fig. 6 shows the reverse and forward current  varia- 
lions with applied voltage of a P - type  AISb point- 
contact  rectifier compared with those for Si rectifiers 
made from polycrystalline Si reported by  Scarf and 
Ohl (16) in 1947. In addition to the  similarity between 
the rectifiers, it will be noted tha t  the rectification 
ratio at one volt for the A1Sb rectifier, although 
slightly less than  tha t  for the Si, is about  800. 

Fig. 7 shows characteristics for N- type  A1Sb point- 
contact  rectifiers. These have been compared with 
the characteristics for improved point-contact  
silicon rectifiers reported by  Ohl (17) in 1952. 
Improvement  was obtained through bombardment  
by helium ions. I t  will be noted tha t  the N- type  
A1Sb rectifiers compare favorably with these silicon 
rectifiers. Rectification ratios as high as 10,000 at 
4 volts are apparent.  Although peak inverse voltages 
are low in the A1Sb and the silicon rectifiers shown 
in the figure, higher peak inverse voltages can be 
obtained. For  example, in other experiments, for 
which data  are not presented in the figures, voltages 
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FIG. 6. Logarithmic plot of the d-e current vs. voltage 
characteristics for P-type AISb and silicon. 
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:FIG. 7. Logarithmic plot of the d-c current vs. voltage 
characteristics for N-type A1Sb and silicon. 
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as high as 90 volts were applied in the reverse 
direction without damage to the A1Sb rectifiers. 

CONCLUSIONS 

In  summary,  this work has revealed that  the 
compound A1Sb can be considered as a new addition 
to the germanium and silicon family of semicon- 
ductors. I ts  structure is the diamond structure; its 
electrical properties vary  with changes in amount  of 
atomic imperfections in a manner strikingly similar 
to that  of silicon. A wide range of electrical resistivi- 
ties varying from 1 X 10 -2 to greater than 30 ohm- 
cm has been achieved in homogeneous polycrystal- 
line materials, and both P-  and N-type electrical 
conductions were obtained. Outstanding differences 
between electrical properties of A1Sb and Si appear 
to be the equivalence of electron and hole mobilities 
and the energy gap of 1.5 to 1.6 ev in A1Sb as com- 
pared, respectively, with the 4 to 1 ratio and 1.1 ev 
gap for Si. 

Also like Si, A1Sb will make rectifying contacts 
with many different types of metal points. These 
rectifying contacts are characterized by low peak 
inverse voltages in the case of material with large 
carrier concentration, and higher peak inverse 
voltages in material with smaller charge-carrier 
concentrations. Further, preliminary evidence has 
been obtained to show that  A1Sb point-contact de- 
vices can be produced to act as electrical switches 
on exposure to light as well as used to convert light 
to electrical energy. 

Appraisal of collected data on A1Sb suggests that  
it may  have advantages over Ge and perhaps Si for 
high temperature electronic-device applications of 
interest to the military. Its melting point being only 
1050~ whereas that  of Si is 1420~ indicates that  
procedures for processing A1Sb may  be more easily 
evolved than for Si. 

Besides these advantages, the cost of high puri ty 
A1 and Sb comparable in purity to the Ge and Si 
used as starting materials in rectifier and transistor 
manufacture is markedly smaller; for example, high 
purity A1 and Sb cost less than $5/lb as compared to 
$300/lb for Ge and Si. 

Based on these findings, it is apparent that  further 

efforts to develop A1Sb for use in place of Ge and Si 
in solid-state electronic devices should be rewarding. 

ACKNOWLEDGMENTS 

The authors are indebted to H. Goering, S. Miller, 
and R. Heiks for the preparation of specimens, to 
0.  Huber and C. Schwartz for precision lattice- 
constant determinations, and to C. Meyer for as- 
sistance with electrical measurements. Consulta- 
tions with C. Peer concerning the contact phenomena 
were appreciated. The research on A1Sb presented 
herein was carried out under sponsorship of the 
Bradley Milfing Company,  to whom the authors 
wish to express their thanks for permission to publish 
these results. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 

REFERENCES 

1. B I BOLTAKS AND V. P. ZHUSE, J. Tech. PAys , U S.S R., 
18, 1459 (19481. 

2. V. P. ZHUSE, I. V. MOCHAN, AND S ~[. RYOKEN, zb~d., 
18, 1494 (1948). 

3 M. TELKES, J Appl. Phys., 18, 1116 (1947) 
4. E. JUSTI AND G. LAUTZ, IVissenschclftl Abhandl ,  4, 

107 (1952). 
5. G. FREY, Arkw Kemp. Mineral. Geol, llA, No. 4, 1 

(1932) 
6 B.D. CULLITY, M. TELKERS, ANn J. T. NORTON, Trans. 

Am. Inst. M~aing Met. Engrs., 188, 47 (1950). 
7. It. WELKER, Z. Natarforsch., 7a, 744 (1952). 
8. H. GAUTIER, Contr~b. 4 l'Etude d' allzages, 112 (1901). 
9. W. CAMPBELL AND J. MATHE'WS, J.  Am.  Chem. Soc., 24, 

259 (1902). 
10. G. TAMMANN, Z. aftorg. C~em., 48, 54 (1906). 
11. W. GUERTLER AND A. BERGMANN, Z. Metalllcunde, 25, 

81 (1933). 
12. E. Z. O~VEN AND a .  D. PRESTON, P~'oe. PAlls Soe., Lon- 

don,, 36, 341 (1924) 
13. G. L. PEARSON AND J. BARDEEN, Phys. Rev., 75, 865 

(1949). 
14. W. E. NIEYERHOF, zbid., 71, 727 (1947). 
15. H. C. TORREY AND C. A. WRITMER, "Crystal Recti- 

tiers," p. 394, McGraw-Hill Book Co, New York 
(1948). 

16. R. S. OHL AND J H. SCAFF, Bell Sys. Tech. Jour., 26, 
1 (1947). 

17. R. S. OHI,, ~bid , 31, 104 (1952). 



Surface  States  o f  C a d m i u m  Sul f ide  s 

S. H. LIEBSON 

Electricity Division, Naval Research Laboratory, Washington, D. C. 

A B S T R A C T  

Photoconduc t ive  and  phosphorescent  proper t ies  of cadmium sulfide are modified 
by adsorbed molecules. Change  in spect ra l  response of p h o t o c o n d u c t i v i t y  and  the  
phosphorescence efficiency when  crys ta ls  are exposed to vapors  suggest  t h a t  surface 
st-~tes due to adsorbed molecules aid in  recombina t ion .  Pho tovo l t a i e  behav io r  of rec- 
t i fy ing  contac ts  lends credence to the  hypothes i s  t h a t  in f ra red  releases o therwise  ira- 
mobile  holes. 

~NTRODUCTION 

Electron traps play an important  role in conduc- 
tion processes in photoconductors,  affecting such 
properties as spectral sensitivity of photoconductiv-  
i ty  and time for rise or decay of photoconductivi ty 
due to intermit tent  irradiation (1). For  highly 
photoconductive hexagonal cadmium sulfide, surface 
localization of a considerable portion of the traps 
has been reported (2). The extent to which these 
surface states modify electrical behavior of this 
crystal must  be evaluated for proper application of 
photoconductivi ty theories based on isotropic bulk 
properties. Experiments are performed in which 
effects due to adsorbed vapors predominate in the 
measurements. 

Since it is difficult to grow photoconductive 
cadmium sulfide with any degree of quanti tat ive 
reproducibility of electrical and photoconductive 
properties, particular at tention must  be paid to 
results which indicate g consistency independent of 
the magnitude of observed effects. The crystals for 
which data are presented (3) were grown by a modi- 
fied form of Frerichs'  method (4). Cadmium vapor 
with argon as vehicular agent is fed into a spherical 
quartz oven to react with H2S. Crystals grow from 
vapor produced by the reaction and phosphorescence 
observations are made on them; their red phos- 
phorescence has been at tr ibuted to excess cadmium 
(5). For photoconductive measurements those 
crystals are chosen which show lit.tie or no red 
phosphorescence under ultraviolet excitation. 

QUENCHING OF PHOSPHORESCENCE BY ~TAPORS 

Red phosphorescence of these crystals is measured 
by means of an RCA Type 6217 photomultiplier 
with a red filter, such as Coming Type  2-62, covering 
the photosensitive surface. Crystals are placed on 
the filter and irradiated with a mercury vapor  lamp 

1 Manusc r ip t  received October  12, 1953. This  paper  was 
prepared  for del ivery before the  Chicago Meet ing,  May  2 to 
6, 1954. 
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used in conjunction with a Corning Type  7-60 
ultraviolet filter. Observations are made of the 
photomultiplier current when vapors of iodine, 
hydrogen chloride, or water  are introduced into the 
atmosphere near the crystal. A reduction ill photo- 
multiplier current is usually observed, taking place 
in less than one second. For  a particular hatch of 
crystals, current reduction due to iodine vapor  is a 
factor of about 1000, the lowest measurable current 
being determined by ultraviolet excitation of the 
red filter and photomultiplier combination. With the 
removal of vapors from the crystal atmosphere, the 
photomultiplier current usually returns to its original 
value. 

QUENCHING OF PHOTOCONDUCTIVITY BY "V~APORS 

Bube (6, 7), and Caspary and Mfiser (8) observed 
changes in photoconduct ivi ty  of cadmium sulfide 
in vacuum. Caspary and Miiser observed all increase 
of up to 20 % and Bube reported an increase of more 
than 60 %. Bube found atmospheric moisture to be 
responsible for decrease in sensitivity and increase 
in rate of current decay when the exciting light was 
removed. 

To determine spectral photosensitivity of the 
crystals, they are mounted with nonrectifying 
indium electrodes (9) and inserted into a brass 
cylindrical container which can be evacuated to a 
pressure of about  10 -6 mm Hg. A cylindrical heater  
is mounted externally. At a rate of 25~ the 
crystal is heated to ]00~ in an atmosphere of a 
few microns pressure of helium to effect thermal  
conductivi ty between the brass container and the 
crystal, temperature  being measured by a thermo- 
couple adjacent to the crystal. The crystal is cooled 
to room temperature  in vacuum. Measurements are 
made with the crystal connected in series with a 
direct current voltage source, of the order of 100 
volts, and a current meter. Light from a 100-watt 
tungsten lamp is focused on the entrance slit of a 
Gaertner monochromator.  Light from the exit slit 
is reflected by  a concave mirror through a quartz 
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window onto the crystal in the container. The 
monochromator  slits are kept  fixed at 10u. 

Fig. 1 shows results of photosensitivity measure- 
ments for the same crystal in vacuum and after 
exposure to air at  45% relative humidity,  room 
temperature.  A current correction is applied so tha t  
current plotted in the figure corresponds to equal 
intensities at each wave length. I t  is seen that  the 
effect of admitting air is depression of spectral 
sensitivity over the entire photoconductive spectrum, 
with a proportionately greater decrease in sensitivity 
toward the blue end. Fig. 2 illustrates measurements 
on another crystal. The coincidence in vacuum and 
in air of photoconductive response beyond the 
absorption edge at about 5200 A (4) may  be evidence 
that ,  for this crystal, the long wave length sensitivity 
is primarily determined by its bulk properties. 
Bube (7) varied the relative humidity and found 
that  the effect of water vapor was current depression 
for wave lengths shorter than about 5,000 A indicat- 
ing that  internal properties determined the long 
wave length response of his crystal. 

Admission of iodine vapor to the evacuated con- 
tainer reduces current sensitivity of the crystal, 
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FIG. l.  Spectral sensi t iv i ty  of a photoconductor  before 
and af ter  exposure to air. 
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Fie,. 2. Spectral sensi t iv i ty  of a pho toconduc tor  wi th  
hulk effects dominat ing long wave length response. 

with factors of 100 to 1000 being not uncommon for 
wave lengths shorter than 5200 A. 

RECTIFICATION 

Other investigators (10-13) have reported that  
potential  drop usually occurred at the negative 
electrode on a cadmium sulfide crystal used as 
photoconductor,  with accompanying rectification. 
In  repeating their experiments, it is found tha t  
rectification at broad area colloidal graphite elec- 
trodes may  be enhanced by  exposing the contact  to 
hydrogen chloride for a few seconds, then washing 
with water. This phenomenon is apparent ly due to  
an increased capability of the crystal to take on 
adsorbed water  vapor at the contact,  since rectifica- 
tion is greatly diminished when the crystal is in 
vacuum, and is re-established when moist air is 
admitted. Crystals are chosen for rectification in- 
vestigations by  probing with a well-defined beam of 
light to insure tha t  one contact  is the major  seat of 
photoconductivi ty.  

Crystals with one predominantly rectifying con- 
tact  are mounted so that  two beams of light can be 
superimposed on the crystal. An infrared source is 
provided by  the monochromator  and lamp described 
earlier. The other source of light is a 100-watt 
tungsten lamp with a green filter. Photogenerated 
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METAL 
~ C O S  CONDUCTION BAND 

FIG. 3. Energy band diagram of rectifying contact 

current at the contact is measured with a Perkin- 
Elmer breaker type amplifier, whose internal 
impedance is small compared to tha t  of the contact,  
while the photogenerated voltage at the contact  is 
measured by  a Rubicon potent iometer  connected so 
that  its output  voltage opposes tha t  generated at the 
contact.  Photogenerated voltage is given by that  
value of opposing voltage which nullifies current 
detected by  the amplifier. 

The effectiveness of infrared in quenching photo- 
conductivi ty due to green light (2, 4, 14) is pro- 
port ionately greater with the voltage applied to the 
crystal in the high impedance direction (electrode 
at rectifying contact is negative). For  many  crystals 
almost no infrared quenching is observed in the 
forward direction, and for some crystals there is a 
slight increase in current. The spectrum of infrared 
quenching centers at about  9000 A and 14,000 ,~ 
identify it as the same phenomenon observed by  
Taft  and Hebb (2). 

The sign of the photogenerated voltage due to 
green light implies the shape of the potential  barrier 
at the contact to be similar to tha t  shown in Fig. 3 
(15). 

With green light incident at the contact, and with 
intensity such that  photogenerated voltage is not 
saturated, superposed infrared light increases the 
generated voltage. Infrared alone produces no 
measurable photovoltage. Green light generates 
current at the contact flowing in the high impedance 
direction. Infrared superposed on green light in- 
creases the generated current by an amount  con- 
siderably greater than is generated by  infrared itself, 
e.g., for one crystal, infrared generated less than 10 -1~ 
amp, green light generated 3 X 10 -~ amp, and 
green and infrared light combined generated 6 X 10 -11 
amp. 

DISCUSSION 

If one assumes that  the effect of water vapor at 
the contact  is similar to the effect of water vapor on 

SURFACE 

~ ~~~- ' -~ .  CONDUCTION BAND i 
~ ~ ....,,.,..~ 

FIG. 4. Energy band diagram for surface with ad- 
sorbed vapor. 

the crystal surface, these observations suggest an 
interpretat ion similar to tha t  discussed by Bardeen 
(16) in connection with surface states of germanium. 
The increase in rectification at a contact due to  
water vapor m ay  be interpreted as being due to an 
increased number of surface states for electrons 
made possible by  the adsorbed vapor, creating 
potential barrier at  the contact. The decrease in 
phosphorescence and photoconduetivi ty due to  
vapors is explained as being due to increased recom- 
bination at  the surface, a conclusion previously 
arrived at by  Bube (7) based on photoconduct ivi ty  
and time constant measurements. The infrared 
effects at the rectifying contact may  be explained 
by the hypothesis of Rose (1) and Taf t  and Hebb,  
(2) that  infrared frees holes within the crystal. 
Release of positive holes in the potential  barrier at  
the contact may  heighten the barrier and increase 
its thickness, increasing generated voltage and 
current. Bube (7) at t r ibuted surface effects to a 
surface conductivi ty increased by  the presence of 
water vapor, and implied the existence of occupied 
surface states on " d r y "  crystals due to an essential 
difference in the nature of the surface and volume. 
If the interpretat ion given here is valid, based on 
increased rectification due to water vapor at  the 
contact  and recombination enhanced by  electro- 
negative or dipolar vapors, the surface states are 
due to adsorbed molecules. Fig. 4 depicts the energy 
band diagram for a surface with adsorbed vapors. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 
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Electronic Configuration in Electrodeposition from 
Aqueous Solutions 

I.  T h e  E f f e c t  o f  I o n i c  S t r u c t u r e s  ~ 

ERNEST H.  LYONS, JR.  2 

Department of Chemistry, University of Illinois, Urba~a, Illinois 

ABSTRACT 

Consideration of electronic structures of metal ions in aqueous solutions indicates 
that nmtals are electrodeposited from ions in which coordinate linkages involve only 
orbitals of the outermost electronic shell. When coordination involves the penultimate 
shell also, that  is, with Taube's  "inner orbi ta l"  complexes, the metal is not electro- 
deposited. Apparently the energy required to break such hybridization exceeds that  
required for cathodic discharge of hydrogen from these solutions. Platinum metals 
are exceptions, probably because of extraordinary stabi l i ty  of the metallic state for 
these elements; deposition, however, requires high activation, as shown by over- 
potentials and low current efficiencies. Between different oxidation states, electrolytic 
oxidation or reduction is irreversible if the electronic configuration must be changed 
significantly. Irreversible deposition is observed for transit ion metals or when the 
ion is bound in a hydrolyzed aggregate. Since inner orbital hybridizat ion is associated 
with a lack of substitutional labil i ty of the coordinated groups, whereas labil i ty of 
outer orbital complexes probably results from formation of a dissociation in term late, 
it  is likely that  such an intermediate is also important  in the cathode process These 
considerations are used to account for and extend the Piontelli electrolytic classifica- 
tion of metals. In considering the effects of anions, it  is shown that  aquo complexes 
are reduced with highest irreversibility, which is a t t r ibuted to high activi ty of water; 
the influence of halide ions may be labilization by the lrans effect. 

INTRODUCTION 

M e t a l s  which  have  been  e l ec t rodepos i t ed  f rom 
aqueous  so lu t ion  lie to  the  r igh t  of t he  v a n a d i u m  
group  in t he  ex t ended  fo rm of the  per iod ic  t ab l e  (1). 
N e a r  th is  b o u n d a r y ,  depos i t ion  occurs  wi th  poor  
ca thode  efficiencies, h igh  a c t i v a t i o n  ove rpo ten t i a l s ,  3 
and  close dependence  on condi t ions  of e lec t rodepos i -  
t ion.  These  c i r cums tances  suggest  t h a t  the  e lec t ro-  
depos i t ion  m e c h a n i s m  is ser ious ly  l imi t ed  in ra te ,  
t h a t  t he  h y d r o g e n  d i scharge  r eac t i on  can eas i ly  

1 Manuscript received May 12, 1952. This paper, pre- 
pared for delivery before the Montreal Meeting, October 26 
to 30, 1952, is taken from a thesis presented to the Graduate 
College, University of Illinois, in partial  fulfillment of the 
requirements for the degree of Doctor of Philosophy. 

2 Present address: Department of Chemistry, The Prin- 
cipia College, Elsah, Illinois. 

3Overpotential is used here in the ordinary sense, 
namely, the difference between equilibrium potential with 
no current flowing and the actual potential observed experi- 
mentally when metal (or hydrogen) is being deposited. For 
a discussion of experimental methods and interpretations, 
see Reference (2). When overpotentials due to ohmic re- 
sistance and concentration effects are removed either ex- 
perimentally or by calculation, the remaining overpotential 
is regarded as due to activation requirements for the cath- 
ode process. I t  will be clear that overpotentials refer to 
kinetic effects, while equilibrium potentials refer to thermo- 
dynamic relationships. 

become c o m p e t i t i v e ,  or t h a t  b o t h  of these  f ac to r s  
m a y  opera te .  I t  should  be  no ted ,  however ,  t h a t  
h i n d e r e d  m e c h a n i s m s  of depos i t ion  of ten  l ead  to  
f ine-gra ined  or even  b r i g h t  depos i t s  so t h a t  d e p o s i t i o a  
m a y  be r e l a t i v e l y  s imple  in i ts  t e c h n i c a l  app l i ca t ions .  

Lef t  of t h e  d e p o s i t i o n  b o u n d a r y  l ine d i scha rge  of 
h y d r o g e n  becomes  eas ier  t h a n  t h a t  of t he  m e t a l  ion~ 
whi le  far  r i gh t  of t h e  b o u n d a r y ,  m e t a l  d i scha rge  is so 
easy  t h a t  l i t t l e  or no h y d r o g e n  is p roduced ,  over-  
po t e n t i a l s  a re  low,  and  ease of depos i t ion  is such 
t h a t  coarse,  c r y s t a l l i n e  depos i t s  a re  c ommon .  I t  is 
hoped ,  in t he  p r e s e n t  d iscuss ion,  to  i nd ica t e  reasons. 

io r  these  dif ferences .  

ELECTRODE I~OTENTIALS 

Ord ina r i ly ,  c o n c e n t r a t i o n  of m e t a l  ions is suffici- 
en t ly  large  r e l a t i v e  to  r a t e  of depos i t i on  t h a t  concen-  
t r a t i o n  o v e r p o t e n t i a l s  do no t  affect  t he  p o s s i b i l i t y  
of depos i t i on .  A c t i v a t i o n  o v e r p o t e n t i a l s  inf luence 
on ly  r a t e  a n d  c u r r e n t  efficiency. The  e q u i l i b r i u m  
po ten t i a l ,  wh ich  is decisive,  expresses  r e l a t i v e  free 
energies  of ionic a n d  meta l l i c  s t a t e s  of t i le  me ta l .  
I n  o the r  words ,  e lec t rode  p o t e n t i a l  is d e t e r m i n e d  b y  
difference b e t w e e n  free ene rgy  of i n t e r a c t i o n  of a 
m e t a l  ion w i t h  w h a t e v e r  groups  are  c o o r d i n a t e d  
w i th  i t  in so lu t ion ,  and  t h a t  of ion i n t e r a c t i o n  w i t h  
e lec t rons  of t he  meta l l i c  phase  of the  e lec t rode .  

363 
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According to Butler (3), the difference ft in free 
energy between -these states is measured by  the 
sublimation energy, x, equivalent to the lattice 
.energy of the metallic crystals, the sum of the 
appropriate  ionization energies, ~I, and the coordina- 
tion energy, IV (which is usually simply hydrat ion 
energy of the ion) :4 

=--1 (x + 2~I -- W) (1) 
z 

where z is the number of electrons involved in the 
electrode reaction. The applicability of equation (I) 
has recently been corroborated (5, 2). 

For ions of alkali and alkaline earth metals, 
hydrat ion energies (4) are very  nearly equal to 
ionization energies. This has been regarded (6-8) as 
indicating that  hydrat ion in effect restores electrons 
removed in ionization. For these metals, therefore, 
electrode potential depends mainly on lattice or 
.sublimation energy. 

For transition metals, however, hydrat ion energies 
are not as large as ionization energies; tha t  is, 
coordination with water does not stabilize these ions 
as fully as those of alkali metals. Moreover, sub- 
limation energies are high. Accordingly, electrode 
potentials are more positive than those of alkalies, 
so that  in many  cases electrodeposition of metal  is 
favored over tha t  of hydrogen. With zinc, sub- 
limation energy is low, and the electrode potential 
is quite negative, even though the ionic state is 
relatively unstable. Hydrogen would be discharged 
preferentially were it not for its exceptionally high 
overvoltage on zinc. 

ELECTRON CONFIGURATION AND STABILITY 5 OF 

COMPLEX IONS 

Considering only "simple," aquated ions, energies 
of hydration, W, change but  little through the 
transition series. Sublimation energies, x, do not  
vary  significantly. However, because ionization 
potentials increase, relative instabilities, EI-W, rise. 
Consequently,  electrode potentials become more 

4 This  equa t ion  ev ident ly  suffers f rom two difficulties. 
I t  neglects en t ropy  effects, which are cer ta in ly  impor t an t .  
Fu r the rmore ,  ft is obta ined  as a re la t ively  small  difference 
between two large quant i t ies ,  one of which,  IV, can only be 
.determined indi rec t ly  (4) and wi th  uncer ta in t ies  which are 
of ten  as large as ~. In  view of this ,  the  agreement  of ft w i th  
e lectrode po ten t ia l s  as indica ted  by  Piontel l i  (2) is surpris-  
ingly  good. For  purposes of this  discussion, the  po in t  to  be 
observed is the  impor tance  of coordinat ion  energy,  IV, in 
de te rmin ing  electrode potent ia ls .  

5 S t a b i l i t y  is used to indicate  an  energy re la t ionship  
re la t ive  to the  metal l ic  s tate .  S tab i l i ty  is often t aken  to re- 
fer to t endency  to be t r ans formed  to the  aqua ted  or " s im-  
p le"  ion. As is shown short ly ,  such the rmodynamic  s t ab i l i ty  
is not  necessari ly direct ly  related to the s tab i l i ty  considered 
here.  

positive, until  with chromium, metal  deposition 
competes with hydrogen discharge. Metal  deposition 
is increasingly favored on through the series until  at  
copper cathode current efficiency reaches 100 %. 

With cyano complexes, the same trend is seen. 
Great  stability of these complexes is expressed by  
high values for IV. Consequently, electrode potentials 
are more negative than  with aquo complexes, and 
not  until  copper is reached do they become suffi- 
ciently positive for metal  deposition. 

Thus, iron, which is deposited with some ease 
from hexaquo ion in sulfate baths, is not  deposited 
from hexacyano ion. A s tudy of a number  of such 
series indicates tha t  there is a shift in bond type  
when deposition becomes possible. In the case of 
iron, bonds in the eyano complex involve stable 
octahedral d2sp 3 hybridized orbitals (9), while those 
of the aquo complex involve much less stable sp3d 2 
orbitals (10). 

Since the cuprous ion has a full complement of 3d 
electrons, d orbitals can be made available for hy- 
bridization only by  unpairing and promotion of 
electrons. As energy is not  available for this process, 
only less stable orbitals are employed. Consequently,  
coordination energy is low, the electrode potential  
is more positive than  tha t  of preceding metals, and 
eleetrodeposition of copper occurs from eyano ion. 

Likewise with aquo complexes, electrodeposition 
occurs only from ions not  involving hybridized 3d 
orbitals. 

Taube (10) designates such complexes as "outer  
orbital," while those in which d orbitals are hy- 
bridized with s and p orbitals of the next  higher 
principal quantum number  group are termed "inner 
orbital ." Thus, iron is deposited readily from aquo 
and ehloro complexes, which have outer orbital 
configurations, but  not from eyano or o-phenanthro- 
lino ions, which are of the inner type. Cadmium, 
which does not form inner orbital complexes because 
4d orbitals are full, is deposited readily from cyano 
and o-phenanthrolino (11) complexes as well as from 
aquo and chloro ions. 

From Table I it is evident tha t  distinction between 
inner and outer orbital complexes is of fundamental  
importance in determining whether a metal  can be 
electrodeposited from aqueous solution. Since inner 
orbitals represent lower energy levels than  outer 
orbitals, inner orbital hybridization represents a 
configuration of greater energy of coordination, re- 
sulting in a metal  complex which is more difficult to 
discharge than hydrogen ion (12). 

According to Taube  (10), a similar distinction is 
seen in lability of complex ions toward substi tut ion 
of coordinated groups by  new groups. With  outer 
orbital complexes, substi tution is ordinarily complete 
within a few minutes;  with many  inner orbital 



Vol. 101, No. 7 ELECTRODEPOSITION FROM AQUEOUS SOLUTIONS 365 

TABLE I. Classification of metal complex ions according 
to electromc structure and character of electrodeposition front 
aqueous solutzons. 

Inner Orbital Complexes 

No deposits obtained: All complexes of Ti, Zr, Hf, V, Nb, Ta; 
most complexes of Cr, Mo, W; cyano complexes of Mn, 
Fe, Co, Ni, Ru, Rh, Pd, Os, h-, Pt; o-phenanthrolino com- 
plexes of Fe, Co, Nl, Cu, Rh, Ir, and other platinum 
metals; a ,d-bipyridino complexes of Fe, Co, Ni, Rh, Ir, 
and other platinum metals. 

Deposits obtained only as amalgams: Tetracyano nickelate. 
Deposits obtained at low current e~ciencies and high activa- 

tion averpotentials: Many complexes of the platinum 
metals. 

Deposits obtained at high c~rrent efl~ciencies an4 low activa- 
tion (werpole~d~ds: None 

Outer Orbital Complexes 

No deposzts obtained: A1, Be, Mg. 
Deposits oSta~ned as amalgams only: Alkali metals, Ca, Sr, 

Ba, probably Sc, Y, lanthanide metals. 
Deposits obtatned only at low current e i~iciencies and high 

actzv'dion ov~ None 
Deposits obtained at high cnrrent e~c~encies and low activa- 

tion ~werpotenttals: Aquo and chloro complexes of Mn, 
Fe (Ii), Co (II), Ni, Cu (II), Zn, Cd, Hg, Ga, In, T1, 
Pb, Sn, pyrophosphate complexes of Cu, Zn, Cd, Sn; am- 
mino complexes of Ni, Cu, At, Zn, Cd; o-phenanthrolino 
complexes of Zn and Cd; thiosulfate complexes of Cu and 
Ag; iodo complexes of Ag, Cd, and Hg; thiostannate; 
cyano complexes of Cu, Ag, Au, Zn, Cd, Hg, T1, and In; 
hydroxo complexes of Zn and Sn; and others. 

Notes 

1. Current efficiencies are considered high, for the pur- 
poses of this table, ff they exceed about 50%. 

2 Activation overpotentials are considered low, for the 
purposes of this table, if they are markedly less than those 
commonly observed (2) with the transition metals and the 
platinum group in general, if they are less than about 0.05 
volt. 

3. Certain entries in the table are based on experimental 
work by the author to be described in a later paper. 

4. Deposition from certain ions, such as Cr(III) and 
Co(IlI) ,  although it may appear to occur from an inner 
orbital complex, actually takes place from a lower valence 
state Details of such cases are discussed below. 

complexes, substitution requires several hours. 
However, inner orbital complexes are labile in sub- 
stitution reactions if unoccupied inner d orbitals 
remain after d2sp 3 hybridization. Taube attributes 
this last type of lability to the possibility of using 
vacant d orbitals to form activated addition com- 
plexes with coordination number of seven as inter- 
mediates in the substitution process [cf. (13)]. Since 
reduction to metal requires removal of coordinated 
groups, such an addition mechanism is unlikely to 
facilitate deposition; accordingly, this type of sub- 
stitutionally labile complex is unsuitable for electro- 
deposition. 

In contrast, lower stability of outer orbital hy- 

bridization favors dissociation, an essential step in 
electrodeposition. With such complexes, Taube 
supposes that  substitution proceeds by a dissociation 
mechanism. Similarly, it is likely that dissociation 
of one or more coordinated groups is the first step 
in electrodeposition. 

DEPOSITION FROM LOWER COORDINATE IONS 

Metals of the copper and zinc groups, which are 
deposited with current efficiencies of 100% under 
suitable conditions, have coordination numbers 
usually not exceeding four. For tetrahedral ions, 
such as zinc, cadmium, and mercuric, hybridization 
is outer orbital sp 3. Taube considers substitution 
in these ions to occur by an addition mechanism, 
using outer d orbitals. However, since metal dep- 
osition proceeds readily, it is likely that dissociation 
requires little energy, in accordance with the type of 
hybridization. 

Furthermore, existence of dicyano and tricyano 
ions in equilibrium with tetracyano ions (14) sag- 
gests that dissociation is very easy. 6 The tricyano 
cuprate(I) ion is present in solutions of tetracyano 
cuprate (14), and copper is deposited at 100 % cur- 
rent efficiency if the formal cyanide concentration is 
so limited that a substantial fraction of copper must 
be in tricyano form. With silver, only dicyano and 
tricyano complexes are known; and with gold(X), 
only the dicyano. As these ions are outer orbital 
hybrids, dissociation to a species of lower coordina- 
tion number would require little energy. 

Although relatively high activation overpotentials 
have been reported for deposition from these ions, 
these potentials are in reality due to concentration 
effects (18), for they are very highly dependent on 
the ratio of metal ion concentration to total cyanide 
concentration. Glasstone (18) fomld the activation 
overpotentials too low to be measured, and postu- 
lates such ions as [Cu2CN] +, [Cu~CN] ++, [Ag2CN] +, 
and [AgaCN] ++ as intermediates in deposition. 
Evidence for such ions is found in the high solubility 
of silver cyanide in solutions of silver nitrate, exist- 
ence of solid 2AgN03. AgCN, and transport evidence 
for [Ag2I] + and [Ag3I] ++ (19). Moreover, such ions 
would not be repelled by negative cathode charge. 

Exceptionally low thermodynamic dissociation 
constants of cyano complexes of copper, silver, and 
gold reflect high stability relative to formation of 

The ions might be partially hydrated so as to retain the 
coordination number of four. However, the thermodynamic 
dissociation constant of tetraeyano ion into tetraquo ion 
and four cyanide ions is 2 • 10 -27 (15). This exceedingly low 
value indicates that water does not compete effectively 
with cyanide ion for positions in the coordination sphere. 
Furthermore, solid salts of the di- and trieyano ions have 
been obtained, with lower coordination numbers (16, 17). 
For these reasons, partial aquation does not seem probable. 
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aquo complexes, even though dissociation in the 
sense of loss of a cyano group with consequent 
lowering of coordination number evidently demands 
little energy. Low thermodynamic dissociation 
constants do not always correspond to low substitu- 
tional lability (10, 13). However, inner orbital com- 
plexes, which are so stable that  the equilibrium 
concentration of "free" metal ion or aquo complex 
is experimentally inappreciable, do not undergo rapid 
substitutions. 

According to Taube (10), the dsp" structure of 
coplanar tetracovalent ions suggests tha t  substitu- 
tion reactions will be rapid because a relatively 
stable p orbital is available to form an addition 
intermediate. This, however, would not facilitate 
electrodeposition, and since an inner d orbital is 
involved, the stability is too high to favor dissocia- 
tion. Accordingly, although the tetracyano nickelate 
ion is particularly labile in substitution reactions, it 
furnishes only thin "flash" deposits in electroplating 
(20, 21). 

However, deposition proceeds at high efficiencies 
and low activation overpotentials from aquo and 
cyano complexes of zinc and cadmium. This is to be 
expected from their outer orbital configurations. 
Platinum and palladium are deposited, though with 
difficulty, from square coplanar ions; yet  it is clear 
that  tetrahedral structure is far more favorable for 
electrodeposition than square configuration, on ac- 
count of lesser stability of outer orbital hybridization. 

CHANGE OF OXmATmN STATE 

The ferrocyanide ion is not electrolytically reduced 
to metal in aqueous solutions, yet the ferrocyanide- 
ferrieyanide couple is reversible (22). Hence activa- 
tion for oxidation and reduction is low. Even though 
the ions have inner orbital configurations, little 
activation is needed for reaction (23), for no essential 
change in configuration occurs. Similar reversibility 
is observed for iron complexes of o-phenanthrolino 
and a ,a ' -bipyridine (22), which also have inner 
orbital structures, and others (24-33). Besides these, 
there are many reversible couples of outer orbital 
complexes for which no important change in con- 
figuration appears probable, as ferric-ferrous, thallic- 
thallous, eeric-cerous (34), copper complexes of 
ammonia and of citrate (35), and chromic-chromous 
(36). 

But, because the ions in each pair differ in struc- 
ture, change of configuration is necessary with the 
following irreversible couples (37): stannic-stannous, 
plumbate-plumbite, arsenate-arsenite (acidsolution), 
tetracyano nickelate(II)-tricyano nickelate(I), chro- 
mate-chromic, vanadyl-vanadate,  and others (38). 

Evidently transfer of electrons between ion and 
electrode requires little activation (even where two 

electrons are involved, as with thallium), unless 
change of configuration occurs (23). 

ELECTRODEPOSITION OF METALS 

Chromium.--Although its hexaquo(III)  ion has 
an inner orbital configuration, chromium is deposited 
from chromic sulfate baths (39). Low cathode 
effieiencies, often less than 50%, and high oxygen 
content of the deposit (1--4% as chromic oxide) 
indicate that  reduction is difficult. 

The presence of chromous ions is vital (40). 
Reduction to the ehromous state is reversible or 
nearly so (36). At the dropping mercury electrode, 
reduction to metal proceeds through this state (41). 
Electrodeposition from the chromic bath is very 
similar to that  from the chromous bath (40). I t  
appears, therefore, that  configuration of the chro- 
mous complex is decisive. 

As with other complexes having four inner d 
orbitals occupied by single electrons, the configura- 
tion is uncertain and even the coordination number 
is unknown (10). Magnetic moment measurements 
indicate four unpaired electrons. In view of reversi- 
bility of the chromic-chromous couple (36), it may  
be supposed tha t  d"-sp 3 hybridization is preserved, 
with the fourth electron in a 4d orbital. This corre- 
sponds to susceptibility of chromous ion to oxidation, 
but offers no explanation of deposition. I t  may be 
that  the equilibrium concentration of a more favor- 
able configuration of nearly equal energy is sufficient 
to facilitate electrodcposition. 

Furthermore, chromic complexes show somewhat 
greater substitutional lability than is predicted by 
Taube's classification, indicating that  the ion is 
near the arbitrary border line. This fact likewise 
suggests the presence of a less stable configuration. 

Chromium is also deposited from the hexavalent 
state in chromic acid baths in presence of a critical 
concentration of an anion such as sulfate or fluo- 
silicate, usually regarded as a catalyst. At best, the 
range of temperature and current density for deposi- 
tion is sharply restricted. The cathode efficiency is 
generally less than 15%, and the deposit contains 
large amounts of hydrogen (42) and oxygen (43). 
Chromic ion is produced during deposition. More- 
over, chromate ion is reduced to chromic both 
eleetrolytieally (44) and by cathodic hydrogen (42). 
I t  has been shown that  radioactive chromic ion 
added to the bath is not reduced to metal, suggesting 
that  it does not participate in the electrode process 
(45). I t  is possible that  access to the cathode may be 
denied by a barrier film (46). Both chromic and 
chromous states are probably involved in reduction, 
just as at the dropping mercury cathode (47). 

Molybdenum and tungsten.--From molybdate and 
tungstate ions, which are of inner orbital type, the 
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metals have been deposited as alloys with iron and 
other metals. The difficulty in depositing pure 
metals is a t t r ibuted to hydrogen overvoltage effects 
(48). Metal  deposition with cathode efficieneies of 
about 2 % has been reported (49, 50), but  deposition 
ceases after thin films are obtained, and the puri ty 
apparently was not examined; reduction was con- 
sidered to be effected by  cathodic hydrogen rather 
than eleetrolytically. Tungsten (51), but  not 
molybdenum (52), is deposited at  the dropping 
mercury cathode. 

Coball.--Aquo cobalt(II)  complexes are readily 
reduced to metal  at the cathode, although with 
considerable activation overpotential. Reduction is 
also irreversible at the dropping mercury electrode. 
The chemical resemblance of cobalt(III)  to chro- 
mium(III )  complexes extends to electrodeposition 
(53). Cathocle efficiencies are generally below 5% 
and many deposits are powdery. Such deposits con- 
tain considerable quantities of hydrogen and oxygen, 
supposedly as basic material, 7 and this indicates 
irreversible reduction. 

Electronic configurations of cobaltic complexes, 
which have a special resemblance to their chromic 
counterparts (9), are of the inner orbital type.  I t  
is probable tha t  deposition proceeds through the 
cobaltous state as at the dropping mercury electrode 
(54), with a change to outer orbital spSd 2 hybridiza- 
tion. Reduction of hexammino cobalt(III)  ion in- 
volves aquation of the cobalt(II) ion, since the 
ammino eobalt(II)  ion is unstable (54); pronounced 
irreversibility of reduction is therefore to be ex- 
pected.S 

According to Taube (10), the hexaquo eobal t(III)  
ion is more labile in substitution reactions than the 
corresponding ammino ion. Both are diamagnetic, 
but  the paramagnetie state with sp3d ~ hybridization 
is only slightly above the ground state in energy. 
The hexafluoro ion is paramagnetic (9, 55). As water 
is intermediate in polarizability between fluoride ion 
and ammonia, the diamagnetic state is not  stabilized 
as much in these ions as in the ammine; Taube 
considers tha t  there is a sufficient amount  in the 
paramagnetic state to account for lability. 

This circumstance would be expected to favor 
electroreduction of the hexaquo cobal t(III)  ion, but  
observation of this effect would be difficult because 
the ion is rapidly reduced by water. In deposition 
from hexammino ion, cobaltous ions doubtless are 

7 Considerations to be presented later suggest that this 
is probably water. 

8 M. W. Grieb of the University of Illinois has found that 
reduction is reversible in the presence of excess ethylene 
diamine which stabilizes cobalt(II) against aquation. The 
significance of this observation will be discussed in a later 
oaper. 

reduced to metal  about  as rapidly as they are pro- 
duced from the stable cobaltic state. Relatively high 
pH of the bath  favors production of powdery de- 
posits through partial precipitation of hydroxide or 
basic salts. When ethylenediamine is present these 
deposits are not powdery, but  smooth and metallic 
because of stability of the chelate (53). 

Niclccl.--In 6-covalent nickel complexes, hybridi- 
zation is either sp3d 2, with two unpaired electrons in 
3d orbitals, as indicated by magnetic studies, or 
alternatively, d2sp 3, with the single electrons in 4d 
orbitals (10). On the basis of substitutional lability, 
Taube indicates tha t  the first, or outer orbital con- 
figuration, represents hexammino and tris-(ethyl- 
enediamino) ions. From both, satisfactory electro- 
deposits are obtained at current efficiencies of 
around 90 % and with high activation overpoten- 
tials. 9 The bipyridine complex is of the inner orbital 
type, and deposits are not obtained from it. Anal- 
ogous to the ammine, the hexaquo complex is of the 
outer orbital type, and accounts for deposition from 
ordinary sulfate baths. 

The cyano complex of nickel has a square, coplanar 
configuration, and hybridization is inner orbital 
dsp 2 (10). At a solid cathode, deposition is limited to 
a flash plate (21). As soon as the cathode is covered 
with nickel, the complex is reduced only to tri- 
eyano nickelate(I) ion (20). The change in con- 
figuration accounts for irreversibility of this reduc- 
tion. Due to high hydrogen overvoltage of mercury,  
compared with that  of nickel, eyano complex is 
reduced to the amalgam at the dropping mercury 
cathode, but  reduction is highly irreversible (56). 
4-Covalent nickel complexes are both diamagnetic 
and paramagnetie (57). The lat ter  should permit 
eleetrodeposition. TM While there is no direct evidence 
that  paramagnetie complexes are tetrahedral,  such 
configuration is very  likely (58). The alternative 
explanation, tha t  bonds are largely ionic with square 
configuration (59), also suggests tha t  electrodeposi- 
tion is possible. 

Iron and manganesc.--Iron and manganese (60) 
are deposited from aquo complexes with outer 
orbital configurations. Activation overpotentials are 
high. In aqueous solutions, complexes with inner 
orbital coordination, such as eyano compounds, are 
not reduced to metals. An exception is manganese, 
which is deposited at the dropping mercury cathode 
from hexacyano ion because of higher hydrogen 
overvoltage of mercury (61). Since iron is nearly 

When the current efficiency drops below 100%, the 
activation overpotential is high. Low overpotentials have 
not been observed for nickel, even when current efficiency 
was 100%, within experimental error. 

10 Experimental studies of electrodeposition from these 
complexes will be reported later. 



368 JOURNAL OF THE ELECTROCHEMICAL SOCIETY July  1954 

insoluble in mercury, it is not deposited from cyano 
complex. 

Technetium (62) and rhenium (63) have been 
deposited, but the character of the processes has not 
been reported. 

Platinum metals.--In ions of platinum metals, 
inner orbitals are available without electron promo- 
tion, and all complexes are presumably of inner 
orbital type, with configurations which are either 
square planar dsp 2 or octahedral d2sp ~ (64). Neverthe- 
less, deposits of all the metals are obtained, although 
with low cathode efficiencies, often less than 10 %. 

The metals are of exceptional stability, as is 
evidenced by high densities and melting points. 
Heats of sublimation must be very high; for platinum 
an estimate of 4.86 ev is given (65). On this account, 

is more positive than would be expected from 
stability of the complexes alone, thereby making 
electrodeposition possible. 

In conformity with their inner orbital configura- 
tions, the octahedral complexes are not labile in 
substitution reactions (10). In no other instance is 
electrodeposition possible with substitutionally inert 
ions unless they pass through a labile lower oxidation 
state. With platinum metals, high sublimation 
energy appears to be decisive. 

Oxidation potentials of various ion-metM couples 
are generally more positive than that of hydrogen by 
an amount sufficient to make deposition possible 
even if hydrogen overvoltages are ignored (66). As a 
direct result of inner orbital stabilities, dissociation 
and subsequent reductions are slow and take place 
at low current efficiencies and high overpotentials. 

Even high sublimation energies are not enough to 
make deposition possible from the very stable cyano 
complexes, with the possible exception of those of 
palladium (67, 68) for which the cathode efficiency is 
less than 1%. However, reduction of cyano com- 
plexes to lower oxidation states is reported for all 
platinum metals. 

Platinum is deposited from divalent chloro, nitro, 
ammino, phosphato, and hydroxo complexes. Dep- 
osition from platinum(IV) complexes proceeds 
through the divalent state. Calculations indicating 
high efficiencies are probably in error because of the 
presence of lower oxidation states (69). At the drop- 
ping mercury electrode, platinum catalyzes hydrogen 
evolution (70) and is not deposited under usual 
circumstances (68, 71). 

The platinum black used in potentiometry is a 
typical powdery deposit. It  is obtained from inner 
orbital hexachloroplatinate(IV) ion through the 
tetrachloroplatinate(II) state (72). The latter ion 
is also inner orbital type, like all platinum complexes, 
but it is thermodynamically unstable, dispropor- 
tionating to give the metal and platinum (IV) ion 

(73), which sometimes produces colloidal metal in 
the bath (74), and accounts for the powdery form of 
the deposit. This disproportionation of an inner 
orbital complex reflects exceptional stability of the 
metallic state. However, electrolysis is apparently 
predominant in deposition (71). 

Electrodeposition of palladium is closely similar. 
The tetrachloropalladate(II) ion, although somewhat 
more stable than the corresponding platinum com- 
plex, is rapidly reduced in the cold by hydrogen (75). 
I t  is reported that palladium is deposited at the 
dropping mercury electrode (68). 

In electrodeposition, ruthenium, osmium, and 
iridium are similar to platinum. However, the actual 
oxidation state from which deposition occurs is 
uncertain, and configurations are octahedral rather 
than square. The metals are not deposited at the 
dropping mercury cathode (68). 

Rhodium is deposited with comparably low cur- 
rent efficiencies, from trivalent complexes similar to 
those suitable for platinum. It  is also deposited from 
phosphato and oxalato complexes, and from the 
aquo complex in sulfate, fluoborate, and perchlorate 
solutions with somewhat higher current efficiencies 
(76). Moreover, rhodium is deposited at the dropping 
mercury electrode (77). 

Titani~m and vanadi~m group metals.--As ions 
of the titanium and vanadium groups have several 
unoccupied d orbitals, their complexes are inner 
orbital. Consequently, deposition of the metals from 
aqueous solution is not to be expected. The "simple" 
ions are hexaquo complexes which are too stable to 
undergo reduction before hydrogen is discharged. 
Efforts to deposit the metals on solid or mercury 
cathodes have been unsuccessful (78). 

Alkali  and alkaline earth r~etals.--As already 
discussed, the negative potentials of alkali and alka- 
line earth metals result from low stability of the 
metallic state. Accordingly, the metals are not 
deposited except as alloys, particularly as the amal- 
gams. In obtaining ~, sublimation energy x must be 
replaced by energy of amalgamation. This makes the 
electrode potential sufficiently positive to permit 
deposition (79). There is, of course, no possibility of 
inner orbital complexes; consequently deposition 
proceeds with very low activation overpotentials 
(80). 

Scandium, yttrium, and the lanthanides.--Like the 
alkali and alkaline earth metals, lanthanides are 
deposited from aqueous solutions as amalgams (81), 
although the process is unsatisfactory on account of 
heavy precipitation of basic salts on mercury surface. 
Better results are obtained with alcohol solutions, 
owing partly to lower stabilities of the alcoholates. 
Aquo complexes have outer orbital configurations. 
Although yttrium is especially difficult to deposit, it 
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is reported that scandium is reduced at the dropping 
mercury electrode (82). With these metals, polaro- 
graphic reduction is irreversible (83) and may 
represent only hydrogen evolution (84). Hydrolysis 
accounts both for irreversibility and poor current 
efficiencies. 

Oxidation and reduction between valences of two 
and three for europium and ytterbium are reversible 
processes (85), no change in configuration being 
involved. 

Copper and zinc group metals . - -Metals  of the 
copper and zinc groups contrast sharply with 
platinum metals in depositing readily at high current 
efficiencies and low activation overpotentials. The 
contrast is somewhat less marked with iron, cobalt, 
and nickel. This difference is explained by filling of 
the d orbitals, so that only outer orbital complexes 
are formed. Furthermore, hydrogen overvoltage is 
high for these metals, and the complexes dissociate 
readily, offering little kinetic resistance to deposition. 

Eleetrodeposition from cyano complexes has 
already been discussed. Because the coordination of 
water is weaker than that of cyanide, deposition 
from aquo complexes proceeds at high effieieneies and 
low activation overpotentials even at very high 
current densities. 

Complexes of zinc, cadmium, and mereury(II) are 
tetrahedral. Deposition from the aquo, ammino, 
cyano, hydroxo (zin('ate), and pyrophosphato com- 
plexes of zinc is essentially the same process and can 
occur at 100% current efficiency under suitable 
conditions. 

Metal is deposited from dicovalent aquo and 
ammino complexes of silver at substantially 100 % 
current effieiencies. Similar results are obtained with 
complex iodides and thiosulfates. 

The tetrachloroaurate(III) ion is square planar 
with inner orbital dsp 2 hybridization. At the cathode 
it is reduced to the unstable diehloroaurate(I) ion 
(86) which may decompose spontaneously to gold 
(87), although deposition appears to be largely 
electrolytic. The reduction to gold, therefore, occurs 
from an outer orbital state. 

Copper is deposited at approximately 100% cur- 
rent effieieneies from tetraquo and tetrammino 
eopper(II) complexes, which are square planar and 
therefore have been presumed to be of inner orbital 
dsp 2 configuration. With the ammino ion, reduction 
proceeds through the cuprous state (88), which is 
necessarily of outer orbital type. A two-stage reduc- 
tion is also observed with ehloro, thiocyanato, and 
pyridino ions. With the aquo complex, however, 
there is no indication of cuprous state at the dropping 
mercury cathode (88), yet reduction occurs with low 
activation overpotentials and at substantially 100 % 
current efficiency. This is not in accord with inner 

orbital hybridization. Furthermore, the cupric ion 
forms a series of complexes containing from one to 
five ammino groups (89), with at least two species 
coexisting in considerable amounts in solution. AI- 
though equilibria indicate that the 4-coordinate ion 
is the most stable of the series, it does not show the 
exceptional stability expected for dsp 2 hybridization. 
Moreover, the 5-coordinate form could not have 
inner orbital configuration. 

Magnetic moment studies (90) suggest that aquo, 
ammino, and certain other cupric complexes do not 
have inner orbital hybridization. Thus, chelate diam- 
mino complexes, which are reduced to metal in one 
step at the dropping mercury cathode (91), appear 
to have outer spd 2 hybridization, n 

Furthermore, reversibility of the first stage of 
reduction of the ammino ion (88) indicates that no 
fundamental change in configuration occurs. Since 
the cuprous complex is not inner orbital, and since 
it is diamagnetic and has no vacant d orbital for 
hybridization, it follows that the cupric complex 
also is outer orbital. Thus, reversible two-electron 
reduction of diammines is accounted for, and since 
the aquo complex is similar except for weaker coor- 
dination of water, single step reduction of the aquo 
complex is also explained. Two steps in reduction 
are observed only in the presence of a coordinated 
group which will sufficiently stabilize the cuprous 
state (38). 

As there is no direct evidence for the exact value of 
the coordination number of aquo complexes in 
solution, it is customary to assume that it is the same 
as is observed in the crystalline state. Usually this 
agrees with the number for the most stable ammino 
ion and for other typical complexes in solution (92). 
For inner orbital complexes, this is very probably 
correct, considering the special stability of this 
configuration. For outer orbital ions, it is required 
only that dissociation occur with sufficient ease to 
allow electrodeposition. I t  is, therefore, the type of 
bonding rather than the coordination number which 
is decisive. 

Gallium, indium, and thal l ium.--The deposition of 
thallium (93, 94) proceeds with little activation 
overpotential in accordance with the outer orbital 
configuration. Gallium, however, is reduced irrever- 
sibly at the dropping mercury cathode (95). This 
irreversibility is due to binding of the ions, to 
greater or less degree, in colloidal sol formation by 
hydrolysis (96). I t  is therefore expected that current 
effieiencies at solid cathodes will be less than 100 % 
(97). 

Indium is deposited at low efficiencies from both 
cyanide and sulfate solutions (98). Moreover, the 

n An experimental study of eleetrodeposition from cop- 
per complexes will be reported later. 
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aquo complex is reduced irreversibly at the dropping 
mercury cathode (99). Hydrolysis (100) evidently 
prevents reversible reduction. In the presence of 
chloride ion, reduction becomes reversible at the 
mercury cathode (101), probably because the 
stable chloro complex is less readily hydrolyzed than  
the aquated ion. I t  is likely that  deposition at  a 
solid cathode will show high efficiencies from chloride 
baths. 

Germanium, tin, and lead.--From acidified stan- 
nous sulfate baths, tin is deposited at high current 
efficiencies and low overpotentials which suggest 
reversibility. However, reduction is irreversible at the 
dropping mercury electrode unless chloride is present 
(101). The irreversibility is ascribed to hydrolysis of 
the aquo ion in less acid solutions, just as with 
gallium and indium. 

Reduction of aquated stannic ion is too irreversible 
to be effect ed at the dropping mercury cathode 
(102). The hexachloro ion is reduced irreversibly 
to the tetrachloro t in(II)  complex, from which 
reduction to the amalgam is reversible. Irreversi- 
bility of the first step is accounted for by change from 
octahedral to t~trahe=tral e~nfiguration, while 
reversibility of the s~cond step is in accord with 
outer orbital configuration of the ion. 

Tin is deposited at high efficiencies from st annite 
ion (103), but as this ion disproportionates spon- 
taneously into tin and stannate (104), the deposits 
are usuMly powdery. Better deposits are obtMned 
from the hexahydroxo stannate(IV) ion in stannate 
bath. Deposition proceeds through the t in(II)  state, 
and the at tendant  change in configuration accounts 
for low cathode efficiency. The first step is irrever- 
sible, the second reversible. Stannite ions are re- 
duced as fast as they are formed and do not accumu- 
late in the bath sufficiently to produce a powdery 
deposit. At the dropping mercury electrode, reduc- 
tion follows the same course through the stannous 
state (102). 

Irreversibility of reduction from tartrate solutions 
(105) is probably the result of hydrolysis; irreversi- 
bility of oxidation to the stannie state is associated 
with change in configuration. 

Lead is deposited from fluoborate, perchlorate, 
sulfamate, and other baths with high current effi- 
eiencies and low activation overpotentials. Reduc- 
tion is reversible also at the dropping mercury 
cathode (106). Biplumbite ion is reduced reversibly. 

Germanium is deposited from sulfate and also 
from germanate baths (107). Although current 
efficiencies were not reported, reduction is probably 
highly irreversible on account of hydrolysis. 

Arsenic, antimony, and bismuth.--Arsenic is 
deposited from solutions of sodium arsenite or 
thioarsenite (108), but current efficiencies are not 

reported. At the dropping mercury electrode, ar- 
senious acid in the presence of hydrochloric acid is 
reduced to the metal and arsine (109), but  apparently 
not when other acids (110) or neutral solutions are 
used. Reduction is irreversible because of hydrolysis. 
Arsenate ion is not reduced at the dropping mercury 
cathode. 

Antimony is deposited from a number of baths, of 
which the fluoride is said to be best (111). Activation 
overpotentials are high except in halide baths (112), 
because the metal is bound in hydrolysis products. 
"Explosive ant imony"  containing 10 to 15 % halide 
(113) is produced at current densities too high for 
reversible deposition. 

Bismuth is readily deposited (114) at  very low 
activation overpotentiMs from chloride baths, but  
with somewhat higher polarization from sulfate 
solutions (115). I t  should be mentioned tha t  good 
deposits are obtained from perchlorate baths. 

Irreversible deposition from most salts of these 
metals suggests tha t  oxo or hydroxo complexes are 
polymerized, just as with gallium (96). I t  has been 
found tha t  bismuth exists as tetrabismuthyl  ion, 
(Bi404) 4+, in all but  highly acid solutions (55). Since 
arsenic and ant imony are more strongly hydrolyzed, 
the tendency to polymerize is greater. Thus, irre- 
versible deposition is to be expected, even though 
electronic configurations are outer orbital in type. 
The chloro complexes are more stable and hydrolyze 
less extensively. I t  has been st'~ted tha t  appreciable 
concentrations of "free" unhydrolyzed ions exist 
because metal can be deposited from the solutions 
(116). This conclusion is unjustified, for deposition 
probably proceeds directly from the chloro complex. 

DiscussiON 

From the foregoing, it appears tha t  metals cannot 
be electrodeposited from aqueous solutions if equi- 
librium of the deposition reaction lies so far on the 
ionic side that  electrode potential is more negative 
than hydrogen discharge potential. This occurs if: (a) 
stability of the metallic state is low, as with alkalies; 
or (b) the ionic state is especially stabilized by inner 
orbital hybridization (unless this is counterbalanced 
by exceptional stability of the metallic state). 

Iron, cobalt, and nickel, although their aquo com- 
plexes are of outer orbital configuration (10), are 
deposited with pronounced activation overpoten- 
rials, and with ]ower current efficiencies than  copper 
and zinc. Furthermore, they are reduced irreversibly 
at the dropping mercury cathode. In general, electro- 
deposition from hexaquo ions appears to be irrevers- 
ible. Since 4-coordinated complexes are also well 
known for those metals, it might be postulated tha t  
electrodeposition proceeds through the tetraquo ion 
and the a t tendant  change in configuration accounts 
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for irreversibility. This point is to be discussed fur- 
ther in a future paper. 

Accordingly, irreversibility of electrode reactions 
is explained by: (a) alteration of electronic configura- 
tion in change of oxidation state; (b) limited availa- 
bility of the metal  ion because it is bound in hydro- 
lyzed polymeric aggregates; or (c) kinetic hindrances 
associated with deposition from complexes of the 
transition metals. 

Electrolytic Classification of Metals 

On the basis of behavior in electrode systems, 
Piontelli (6) divides metals into three classes. 

Normal metals are those which: (a) quickly estab- 
lish stable potentials when immersed in solutions of 
their salts, with little influence by previous t rea tment  
of the electrode metal; (b) are electrodeposited with 
low activation overpotentials, which are roughly 
equal at anode and cathode ; (c) give cathode deposits 
with well-developed, relatively large crystals, not 
readily affected by addition agents in the bath (117); 
(d) are deposited with high current effieieneies, often 
close to 100%; (e) show good correlation between 
position in the electromotive series and behavior in 
displacement reactions; (f) are deposited reversibly 
at the dropping mercury cathode; and (g) have high 
hydrogen overvoltages. 

Inert metals are those which: (a) show potentials 
whi('h fluctuate widely in solutions of their salts, and 
are determined in part  or entirely by  reactions other 
than ionization of the metal;  (b) are deposited with 
high activation overpotentials for the cathode reac- 
tion, and usually for the anode reaction as well; (c) 
are deposited as fine crystals, readily modified by  
action of addition agents in the bath, so that  it is 
relatively easy to produce a "br ight"  deposit in tech- 
nical electroplating; (d) are deposited with current 
efficiencies appreciably less than 100%; (e) in dis- 
placement reactions, show more nobility in the me- 
tallic state, and less in the ionic state, than is ex- 
pected from their position in the electromotive series; 
(f) are deposited irreversibly at the dropping mercury 
cathode; and (g) have low hydrogen overvoltages. 

Intermediate metals are those which show charac- 
teristics of both groups. 

Metals with incompletely filled d orbitals are inert, 
as is to be expected since they may form inner orbital 
ions. Metals with filled d orbitals are either normal 
or intermediate. The behavior of copper, silver, gold, 
and zinc is so close to normal tha t  they may be con- 
sidered to belong to the normal class. The interme- 
diate behavior of arsenic, antimony, and bismuth 
appears to be a consequence of hydrolysis of the ions. 

When the behavior of amalgam electrodes is con- 
sidered, alkali and alkaline earth metals are assigned 
to the normal class, in accordance with their elec- 
tronic structures. Thus the complete classification 
of Table I I  is obtained. Normal  metals come after  
inert gases and again after platinum metals, which 
have inert gasqike structures. Gallium is termed 
normal oll the basis of stable potential  of the gallium 
electrode. Germanium is probably intermediate due 
to its tendency to hydrolyze. 

Effects of Anions 

Electrode potentials become more negative when 
the concentration of coordinating species in solution 
increases beyond tha t  needed to form the complex. 
Thus, excess (or "free")  cyanide ions lower the cop- 
per potential. This shift is often incorrectly inter- 
preted it, terms of repression of dissociation of the 
complex into the "simple" metal ion (actually the 
aquo complex). The lat ter  is often so exceedingly h)w 
in concentration tha t  the electrode must  be con- 
sidered to respond to the predominant complex. 

If loss of one of the coordinated groups is a con- 
trolling step in the cathode reaction, the presence of 
uncombined groups will shift the equilibrium tmvard 
the undissociated complex; the complex is made more 
stable, and the electrode potential  is therefore more 
negative. In some instances, new complexes of higher 
coordination number will be formed. Moreover,  there 
may  also be a kinetic effect. 

As the electrode potential  becomes more negative, 
there is increased competit ion of the hydrogen dis- 
charge reaction with the (leposition process. This 
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TABLE III .  Polarographie Half-Wave Potentials 
[From Reference (94)] 

E}fivs S C.E Difference Substance Supporting electrolyte volt volt 

Bismuth 

Cad- 

mium 

Lead 

Zinc 

Cobalt 

Indium 

Iron (II) 

Nickel 

Tin 

1N HNO~ 
IN HC1 

1N KNO2, HNO.~, or 
H2SO4 

1N KCI or HC1 
1N KI 

1N KNO.~ or HNO~ 
1N KC1 or HC1 

1N KNO.~ 
1N KC1 

None (CoC12 only) 

0. IN KC1 or NaC1 

0.1N HC104 
0.1N KC1 or HC1 
0 1N KI 

1N NH4C104 
1N KC1 or HC1 

N H 4 ( ] I O 4  o r  KNO~ 

1N KC1 

2N HC104 

2N HC104 0 5N NaC1 

--0.01 
--0.08 

- 0  586 

-0.642 
--0.74 

-0.405 
-0.435 

- -  1.012 

-- 1.022 

Irreversi- 
ble 

- 1 . 2 0  

--0 95 

--0.561 

--0.53 

--1.45 
--1.3 

Irreversi- 
ble 

-1 .1  

Not re- 
duced 

-0.35 

--0.07 

--0.056 
--0.15 

--0.035 

--0.010 

More 
positive 

0.39 
0.52 

0.15 

),lore 
positive 

Large 
positive 
shift 

accounts for the decreased current efficiencies often 
observed. There m a y  be an effect on hydrogen over- 
voltage also. 

Furthermore,  halide ions appear  to facilitate depo- 
sition of almost  every metal  (2, 118). At  the dropping 
mercury  cathode, irreversibility of deposition of tin, 
cobalt, nickel, iron, and indium is either great ly low- 
ered or eliminated by  the presence of halide ions. For  
a number  of metals, the lowest act ivat ion overpo- 
tentials, both  anodic and cathodic, are observed in 
chloride and iodide solutions (2). Moreover,  in tech- 
nical electroplating, the nickel chloride ba th  operates 
at  higher current  densities and higher current  
efficiencies than  the sulfate or Wat t s  ba ths  (119), and 
the character  of the deposit under favorable condi- 
tions suggests tha t  reduction is more nearly re- 
versible. 

The effect of chloride ion is a t t r ibuted to forma- 
tion of a chloro or chloro-aquo complex ion. Such 
coordinate bonds are more stable than  those of the 

aquo ion; otherwise, of course, the chloro complex 
would not be formed. Increased stabil i ty raises the 
value of W in the expression for ~, and the electrode 
potential  becomes more negative. 

Measurements  of equilibrium potentials to test  
this deduction are lacking, but  related polarographie 
hMf-wave potentials are given in Table  I I I  (94). The  
predicted negative shift is seen for bismuth,  cad- 
mium, lead, and zinc. As these are normal  metals,  or 
nearly so, act ivat ion overpotentials  are small and do 
not mask the shift due to chloride. For  the highly 
irreversible reductions of iron, cobalt, and nickel, 
large decreases in act ivat ion overpotentials  evident ly  
outweigh the effect on equilibrium potentials.  With  
tin and indium, the shift is probably  due to stabiliza- 
tion of the complex with respect to hydrolysis. 

Activat ion overpotentials  are generally influenced 
by  anions. In  solutions of simple salts, overpotentials  
usually increase in the order: iodide, chloride, sulfate, 
fluoborate, sulfamate,  nitrate,  perehlorate (2). Acti- 
vat ion is lower with anions showing stronger tenden-  
cies to coordinate. Fur thermore,  when several anions 
are present, act ivat ion overpotential  is determined 
largely by  the anion with the strongest coordination 
tendency. Thus,  addition of chloride ions to the 
solution of a metal  sulfate lowers the act ivat ion over- 
potential  to approximate ly  tha t  of a simple chloride 
solution, whereas addition of sulfate to a chloride 
solution has little effect. Adding cyanide ions lowers 
act ivat ion potentials still further,  if the cyano com- 
plex is outer orbital. Similar effects of anions are 
observed in exchange reactions between metals  and 
their solvated ions (120, 121). 

For electrodeposition from aqueous solutions, aquo 
complexes generally require greater  act ivat ion ener- 
gies than  do other types,  al though the former  mus t  
be the least stable or else the others would not be 
formed in aqueous solutions. This circumstance re- 
sults, of course, f rom the fact tha t  overpotentials  are 
kinetic, not equilibrium, phenomena.  I t  m a y  be sup- 
posed tha t  in the dissociation step the exceedingly 
high act ivi ty  of water  in aqueous solutions affects 
such rapid reassociation tha t  high act ivat ion is 
needed to produce sufficient quanti t ies of the inter- 
mediate  dissociated complex to allow reduction to 
proceed. Other complexes require less act ivat ion 
because the ac t iv i ty  of uncoordinated species, such 
as chloride or cyanide ions, is relatively low. 

I t  is unknown whether  chloride ions form a pro- 
port ion of fully chlorinated ions, or whether  the aquo 
complexes are par t ly  chlorinated, as [M(H20)sCl]-  
or [M(H20)4C12], etc. (122). Chloro-aquo complexes 
are probably  present  in m a n y  solutions. They  m a y  
require less act ivat ion for dissociation and electro- 
reduction because of the labilizing effect of chloride 
ion on the aquo group in t rans position according to  



Vol.  101, No.  7 E L E C T R O D E P O S I T I O N  F R O M  AQUEOUS SOLUTIONS 373 

~he well-known trans effect (123). Reducibili ty of 
complex ions by  molecular and atomic hydrogen is 
increased by this effect (124). According to Heyrov-  
sky (125), polarization of the chloride ion facilitates 
electron transfer. 

The deposition process may  continue by discharge 
of the dissociated complex (71). More likely, the dis- 
sociated intermediate may  be first adsorbed on the 
cathode surface by  interaction of unsatisfied bond 
functions on the metal  surface with orbitals of the 
ion vacated in dissociation. Then, with acquisition 
of.the requisite number of electrons from the cathode, 
the metal  ion assumes the metallic state s tructure 
and releases remaining coordinated groups (126). 
Effects of addition agents can then be explained by  
their influence on adsorption. These points will be 
elaborated in a later paper. 

SUMMARY 

In  the foregoing, maj or characteristics of electrode 
systems in electrodeposition are explained on struc- 
tural  considerations. Inasmuch as deposition charac- 
teristics at solid and mercury cathodes are generally 
parallel, activation needed to build up crystal lattices 
of deposited metals (127) appears to be of relatively 
small magnitude. The sharp decrease in activation 
overpotential  as temperature  of the solution is raised 
suggests tha t  the rate-controlling step is chemical, 
ra ther  than electrolytic in character. Dissociation of 
the metal complex therefore appears to be decisive. 

Hydrogen overvoltage (128) exerts a secondary 
influence, but  it is striking that  inert metals are also 
those with low hydrogen overvoltage. From their 
densities, tensile strengths, interatomic distances, 
melting points, etc., it is seen that  inert metals form 
very  strong bonds in both the metallic and ionic 
states. Accordingly hydrogen atoms should be 
strongly adsorbed, and equilibrium in the reaction: 
M ~- H + (aq) -~ e- = M.  H, should lie well to the 
right, corresponding to low overvoltage. On the other 
hand, with the weaker bonds of normal metals, 
equilibrium lies to the left. This is in accord with con- 
clusions of Bockris and Pot ter  (129) tha t  the rate 
determining reaction on platinum is the combination 
of atomic hydrogen. For  silver and mercury, the 
relatively weak bonds to not interfere with this 
combination, and the discharge reaction becomes 
controlling. However, results with nickel are not in 
accord with this explanation. 

Furthermore,  the strength of bonds formed by  
inert  metals in both states suggests tha t  the potential  
barrier to be surmounted in passing from one state to 
another is high, whereas it is low for normal metals. 
This is in agreement with the magnitudes of activa- 
tion overpotentials, and explains the rough symmetry  
in anodic and cathodic overpotentials (2). 

Finally, s tandard electrode potentials for various 
complex ions afford estimates of relative energies of 
coordination through the expression for ~t. Although 
experimentally this can be realized only for normal 
metals, and should be modified by  ent ropy changes, 
it provides a comparison of strengths of coordinate 
bonds. 
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A B S T R A C T  

I t  is proposed t h a t  e lec t rodeposi t ion  proceeds t h rough  an  i n t e rmed ia t e  complex 
ion adsorbed on the  ca thode  by  a coord ina ted  bridge.  Subsequent ly ,  the  bridge is 
e l imina ted  and  a meta l l ic  bond es tabl ished.  By  app ly ing  Pau l ing ' s  theory  of the  metal l ic  
s ta te ,  revers ible  deposi t ion of pos t - t r ans i t i on  meta l s  and  i r revers ible  deposi t ion  of 
t r ans i t i on  meta l s  are explained.  A close cor re la t ion  wi th  e l ec t ron- t r ans fe r  reac t ions  
is shown. Inclus ions  in deposits  r epresen t  res idual  coord ina ted  groups,  in agreement  
wi th  resul ts  of recent  s tudies.  

INTRODUCTION 

Recently,  reasons were given for regarding elec- 
trodeposition as closely related to the possibility of 
dissociation of a coordinated group f rom the meta l  
ion (1). The resulting ion, which m a y  be regarded 
as an act ivated intermediate,  accordingly has a co- 
ordination number  which is one less than  usual. This 
ion may,  of course, reunite with another  coordination 
group and return to its original state. At  the electrode 
surface, however, coordination unsaturat iou m a y  be 
satisfied by  forming a covalent bond with an electron 
pair of one of the surface a toms of the metal.  Whether  
this surface compound will then be reduced to the 
metallic state will depend on availabil i ty of neces- 
sary electrons in the cathode metal.  

DEPOSITION OF ~ORMAL ~[ETALS 

Consider reduction of the normal  3 metal  ion 
[Zn(H20)4] ++. I t s  outer electronic structure m a y  be 
represented by:  

3d 4s 4p 
[Zn(H20)4] ++ : : : : : : : : : 

Accordingly, the structure of the act ivated interme- 
diate is: 

3d 4s 4p 
[Zn(Ho.O)~] ++ : : : : :  : : :  

Pauling (3) considers the predominant  electronic 
s tructure contributing to the resonance hybrid rep- 

1 Manusc r ip t  received August  20, 1952. This  paper  was 
prep are d for delivery before the  Mon t r ea l  Meet ing,  October  
26 to 30, 1952. 

2 P re sen t  address:  Pr incipia  College, Elsah,  Illinois. 
3 The  word " n o r m a l "  is used in the  sense t h a t  electrode 

react ions  are subs tan t i a l ly  reversible,  a f te r  Piontel l i  (2). 
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resenting metallic zinc to be: 

3d 4s 4p 
ZnB : : : : . . . .  o 

where single dots represent single bonding electrons, 
and "o" indicates the so-called metallic orbital,  
emp ty  except for resonating electrons. Paul ing re- 
gards the metallic orbital as giving rise to special 
resonance which explains characteristic metall ic 
properties. In  the meta l  lattice, where bonding elec- 
trons are paired with electrons f rom neighboring 
atoms, the structure m a y  be writ ten:  

3d 4s 4p 
ZnB : : : : : : : : o  

This s tructure is substantial ly identical with tha t  
of the act ivated intermediate,  [Zn(H20)3] ++. In  this 
ion, three electron pairs, 4s4p 2, are shared with co- 
ordinated water  molecules. However,  in ZnB, four 
electron pairs, 3d4s4p 2, are shared with adjacent  
zinc atoms. 

Dissociation of the complex ion b y  loss of a coor- 
dinated group therefore amounts  to opening of the  
metallic orbital. Loss of another  coordinated group 
would result in two open metallic orbitals, and the 
ion would correspond to Pauling's  ZnC configura- 
tion. 

I t  is now proposed tha t  opening the metall ic or- 
bital  permits  the intermediate complex ion to partici-  
pate  in metallic resonance of the cathode lattice, so 
tha t  a bond which is at  least part ial ly metall ic in 
character  is established, and the ion is bound to the  
cathode surface. Remaining pairs of bonding elec- 
trons then have the al ternat ives of continuing in co- 
ordination hybridizat ion with the remaining coordi- 
hated water  molecules, or of par t ic ipat ing in metal l ic  
resonance with neighboring meta l  a toms.  H y b r i d i z ~  
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6on of fewer orbitals than  the preferred number  
represents a s tate  of less stabil i ty than  tha t  of the 
normal  complex ion, but  metallic resonance confers 
special stability. Consequently the lat ter  will be pre- 
ferred, if the necessary number  of electrons is avail- 
able to fill appropr ia te  orbitals. 

To  ascertain the number  of electrons required for 
conversion to the metallic state, it is noted tha t  loss 
of the three remaining coordinated water  molecules 
will remove all six electrons in the 4s and 4p orbitals. 
The ZnB structure calls for four single bonding 
electrons in the 3d4s4p 2 orbitals. After loss of the 
water  molecules, only two electrons are available, 
namely,  those in the last 3d orbital. Thus,  two addi- 
tional electrons are needed, and if they are available 
in the lattice s tructure of the cathode, in excess of 
the normal  quota, they will migrate  to the ion, 
completing conversion to the metal  a tom. 

This explanation implies tha t  actual  t ransfer  of 
electrons to the ion undergoing discharge will not be 
much more difficult than  transfer of electrons in 
metallic conduction. The processes are essentially 
similar, if not identical. This inference is in agreement  
with the observation tha t  electron transfer  in reduc- 
tion of such ions as ferricyanide requires negligible 
act ivat ion (4). 

The mechanism described accords more closely 
with the hypothesis tha t  processes of discharge and 
deposition are simultaneous (5, 6) than  with the view 
tha t  deposition follows discharge (7). I t  requires 
interaction between ion and meta l  lattice as a pre- 
requisite to neutralization of the ionic charge. 

Since configurations of [Zn(H20)~] ++ and ZnB are 
so nearly identical, it is to be expected from pre- 
vious considerations (1) tha t  the zinc electrode will 
be reversible 4 both  anodically and cathodically. This, 
of course, is in agreement  with facts. 

Ionic and metallic structures of copper(I) ,  sil- 

4 A number of oscillographic studies (8) have shown that 
many electrode reactions ordinarily considered reversible 
are in fact irreversible. Few if any reactions are strictly 
reversible, just as no machines are totally frictionless. In 
the absence of a quantitative measure of irreversibility, the 
following criteria have been adopted for the present pur- 
poses. 

A reaction is considered to be reversible if the activation 
in ordinary electrodeposition (2) amounts to no more than 
a few hundredths volt overpotential; or if a polarogram 
made under usual conditions with customary apparatus 
(9) gives, in plotting E vs. log i/Od-- i), a straight line with 
a slope within five per cent of the theoretical value (10). In 
this, E represents impressed voltage, i the current, and id 
the diffusion current. 

Normally, reversible electrodeposition processes take 
place at theoretical current efficiencies, but this is not 
always a reliable criterion. Nickel, for example, is often 
deposited at theoretical efticiencies within experimental 
error, although it is well known to be reduced irreversibly in 
all cases (11). 

ver(I) ,  gold(I),  cadmium, mercury( I I ) ,  gallium, 
indium, and tha l l ium(I I I )  are essentially similar (3) 
to those of zinc. Ions are reduced reversibly, and 
presumably b y  similar mechanisms, except when 
they  are bound in hydrolysis products (4). 

B O N D I N G  O F  M E T A L  I O N  T O  C A T H O D E  S U R F A C E  

In  the preceding section, it was taci t ly assumed 
tha t  electron pairs are available a t  the cathode 
surface for bonding with the intermediate ion, 
[Zn(H20)3] ++. The meta l  surface is p robably  hy- 
drated, for, in te rms of the mechanism just sug- 
gested, surface a toms on deposition do not find 
enough adjacent  meta l  a toms to convert  all of their  
bonding electrons to shared electron pair bonds. 
Consequently, a certain number  will remain in coor- 
dination hybridizat ion with water  n~oleeules. 

Therefore, it is probable  tha t  electron pairs avail- 
able for bonding at  the cathode surface are largely 
those of coordinated water  molecules. I t  m a y  be 
imagined tha t  binding of the 3-coordinate meta l  
ion occurs first through a water  bridge: 

H H H H H  H 
o. , �9 �9 , ,  �9 

o + +  H 0 o 
�9 . . "  l " . . "  ".." M - -  

H Zn + H : O : M - - - - ~  H Zn 
~ "" "" ' '  * * 1 ~ .~  *" .~ O O 0 O 
o. , .  - . . o  o . . o  �9 �9 

H H H H H H 

where M-- rep resen t s  the meta l  a toms (in this case, 

J 
zinc) in the cathode lattice structure. The act iva-  
tion and adsorption process is equivalent to replace- 
ment  of a water  molecule originally located within 
the coordination sphere of the undissociated ion by  
a water  molecule which is coordinated to the meta l  
surface; or, what  is essentially the same thing, ad- 
sorption on the surface of a coordinated water  mole- 
cule of the undissociated ion. 

Next  occurs replacement  of the water  bridge by  a 
metallic resonating bond between the ion and meta l  
a tom, with simultaneous or subsequent neutraliza- 
t ion of the ionic charge: 

H H H  H H 

"'4" "o" 
"~ "" ~ �9176 M - -  " � 9  �9 �9 

H Zn --~ H : O :  Zn : M - -  + H20 
�9 �9 � 9  . o  

"'0"" 0 : O : H  
�9 ~ . .  �9 

H R fi f4 
The process is facil i tated by  the geometry  of the 
bridging water  molecule which, by  vir tue of the 
angulari ty of its bonds, brings ion and meta l  a tom 
fairly close together.  The  change is facili tated also 
by  relatively great  extension of 4p orbitals of the ion 
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and metal  atom, so that  interaction may occur more 
readily. Establishment of the metallic bond draws 
the ion still closer to the metal  lattice and the bridg- 
ing water molecule is expelled. I t  is possible tha t  
electrostatic at t ract ion assists in this process. 

Although this mechanism is purely hypothetical,  
i t  provides a plausible picture of the deposition 
process, which is needed to explain correlations be- 
tween electronic structure and electrode behavior. 
Furthermore,  it affords a starting point for develop- 
ment of the important  theory of effect of surface 
films on electrodeposition (12). Obviously the pic- 
ture is somewhat oversimplified, for it neglects effects 
of steric factors and of ionic double layers. 

According to the proposed mechanism, small acti- 
vation energies observed in electrodeposition of 
normal metals must consist in large part  of activation 
required to convert coordination hybridization to 
metallic resonance. 

The circumstance that  a certain number of water 
molecules may  remain coordinated to the metal  
after conversion does not affect these considerations. 
Partially hydrated atoms represent an intermediate 
stage in conversion, persisting because of the phase 
discontinuity at the surface. The electrode reaction 
is based on complete conversion to metal which is 
undergone by a large majori ty of the ions. Hence, 
conclusions drawn from structural similarity between 
the two states remain valid. 

The  role of the activated intermediate, 
[Zn(H.,O)3] ++, is evidently in formation of the bridge- 
complex as a surface intermediate. Furthermore,  the 
lability which facilitates bridge formation also facili- 
tates expulsion of the bridge and simultaneous for- 
mation of the metallic resonating bond. Conse- 
quently, a parallelism is to be expected between 
readiness to undergo reactions through the activated 
intermediate and ease of the electrode reaction. For 
the sake of simplicity, electrode reactions are dis- 
cussed in terms of the activated intermediate 
produced by  dissociation of a coordinated group, 
although it must  be understood tha t  corresponding 
bridge-complexes are equally important  in the pro- 
posed mechanism. 

When metal ions are coordinated with groups 
other than water, it is supposed that  one of these 
groups may serve as a bridge. This will be true of 
ammines, cyanides, halides, etc. 

DEPOSITION OF TRANSITION ~{ETALS 

With transition metals, which are inert according 
to Piontelli 's classification (2, 4), the mechanism is 
somewhat different. First, coordination numbers are 
frequently six, especially for aquated ions. However, 
4-coordination is also stable. In general, there is no 

definite indication as to the exact coordination 
number  in solution (13). 

Solutions of ammino complexes having configura- 
tions designated by Taube (14) as "outer  orbital ," 
are known to contain ions of several coordination 
numbers in mobile equilibrium (15). I t  is reasonable 
to assume tha t  the situation is similar with aquo 
complexes. I t  will be assumed tha t  deposition pro- 
ceeds from te t raquo ion, which is formed as rapidly 
as may  be needed from the other species in sohltion. 

The activated intermediate is, therefore, the 
triaquo ion. For  nickel and cobalt, corresponding 
structures are: 

3d 4s 4p 
[Ni(H~O).~] ++ : : : . .  : : :  

NiB : : : : :  : : : o  

[ C o ( H ~ O ) ~ ] + + : : . . .  : : :  

CoB : . : : :  : : : o  

The NiB and CoB structures are those given by  
Pauling (3) as contributing 65 and 70 %, respectively, 
to resonance hybrids representing metallic states. 
As before, single bonding electrons indicated by Paul- 
ing are shown as electron pairs to represent the states 
after metallic bonds are formed with adjacent atoms. 

In 4s and 4p levels, configurations of ionic and 
metallic states are closely similar, just as in the ease 
of zinc and other normal metals. However, for nickel 
and c, obalt, configurations of the two states differ by 
two electrons in the 3d orbitals. Hence, transition 
from ionic to metallic state involves a substantial 
change in electronic configuration, and, therefore, 
according to the principle set forth previously (1), 
reduction must be irreversible. This prediction is in 
full accordance with the well-known irreversibility 
of nickel and cobalt electrodes. 

The five 3d orbitals are, of course, equivalent, so 
tha t  location of single electrons within the group is 
immaterial;  only their number is significant. 

Reduction may, of course, also occur from (i-coor- 
dinate ions, as well as from other complexes. Re- 
moval of electron pairs which form the fifth and 
sixth coordinate bonds, and are presumably located 
in 4p and 5s orbitals, represents an additional change 
in configuration. However, in view of mobile equi- 
libria between outer orbital complex ions of different 
coordination numbers, this factor probably contrib- 
utes little to activation and irreversibility of elec- 
trode reactions. 

The mechanism proposed, therefore, starts with 
formation of a bridge complex at the electrode surface 
and subsequent elimination of the bridge, as with 
zinc ions. However,  when metallic resonance with 
cathode atoms is established, electrons resonating in 
the 4p orbital may  drop to vacancies in more stable 
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3d orbitals. As soon as two electrons have entered 
the 3d orbital, the resulting configuration is sub- 
stantially identical with tha t  of the metallic state. 
Subsequently, the state of remaining bonding elec- 
t ron pairs will be transformed from coordination 
hybridization to more stable metallic resonance, just 
as it was in the ease of zinc. Electrons needed to 
neutralize the ionic charge are, of course, already 
present. 

It. may  seem surprising tha t  transfer of two elec- 
trons from the 4p to 3d level requires an appreciable 
activation, since stability is increased. However, the 
entering electrons were not originally in the 4p or- 
bital, but  rather  in a resonance state somewhat more 
stable than this orbital. Apparently activation serves 
to lift resonating electrons to the 4p state momen- 
tarily, before transition to the 3d orbital can occur. 
Thus, activation represents energy needed to com- 
pensate for resonance stabilization. 

This type of activation is not needed for zinc, 
because electrons continue to resonate in 4p orbitals 
after the ion is transformed to the metallic state, just 
us before transition. Tha t  is, there is no transfer from 
the N shell to the M shell, such as occurs with nickel. 

These considerations can, of course, readily be ap- 
plied to anodic processes. They  can also be extended 
to other metals, such as iron and manganese, and to 
other coordinating groups, such as ammonia, chlo- 
ride, or cyanide ions, as long as the complex ions do 
not have configurations designated "inner orbital" 
by Taube (14). 

Plat inum metals may  have different electrode 
mechanisms, for they are deposited from inner orbital 
complexes. Until resonance structures contributing to 
the metallic state are suggested, it is difficult to 
propose a mechanism. Breaking of inner orbital hy- 
bridization will certainly require considerable activa- 
tion. Fur ther  activation may  be needed if there are 
other substantial differences in configuration between 
the two states. The highly irreversible character of 
electrode processes is therefore to be expected. 

INCLUSIONS IN DEPOSITS 

I t  has long been known that  eleetrodeposits con- 
tain small amounts of oxygen and hydrogen. Fre- 
quently there are also present other substances which 
originate from anions or "nondeposit ing" cations. 
The presence of such impurities has often been as- 
cribed to mechanical inclusion of adsorbed material. 
I t  is more likely tha t  they represent coordinated 
groups remaining in the deposit because electron 
systems of a few ions were not fully converted from 
coordination hybridization to metallic resonating 
bonds. 

Such incomplete conversion may occur at discon- 
tinuities in the cathode mierostructure. Again, co- 

ordinated groups may not  always be released if local 
rate of deposition becomes so high that  the available 
time is too short for conversion of bond type  and 
subsequent diffusion of released groups out from the 
cathode surface. 

For every solution there is a limiting current den- 
sity above which deposits become spongy (16) and 
contain relatively high amounts  of hydrogen and 
oxygen. Unfortunately,  no systematic s tudy of the 
nature  and composition of these inclusions has been 
reported. 

I t  is well established tha t  electrodeposits from 
chloride baths contain chlorides. I t  has also been 
claimed tha t  sulfur is found in deposits from sulfate 
baths (17), but  more recent studies failed to confirm 
this s tatement  (18). Since chloride ion has a stronger 
tendency to coordinate than the sulfate, this differ- 
ence is to be expected. In  sulfate baths, the predomi- 
nating complexes are aquated ions, and therefore 
it would be expected that  water  would be included 
in the deposits. In  chloride baths, mixed complexes 
are probably present, and both water and chlorides 
would likely be included. 

For many years it has been assumed tha t  oxygen 
in nickel deposits represents basic material precipi- 
ta ted in the cathode film, where pH was presumed to 
be high. The precipitate was considered to be ad- 
sorbed or mechanically included in the electro- 
deposit (19). However, observations of the cathode 
film by various methods (20) fail to show the high 
pH values which would be required by  this theory,  
although presence of a very  thin film of the required 
pH is not excluded. 

Recent studies (18, 21) show that  the average 
weight ratio of oxygen to hydrogen in a large number  
of nickel and chromium deposits is 8.0 • 2.6. This 
indicates tha t  inclusions are water, not basic mate- 
rial, as predicted by the theory set forth above. 
Much more water is included in chromium than in 
nickel deposits, in accordance with comparat ive 
oxygen coordinating abilities of the two metals. 
Water  is coordinated so firmly tha t  it is not driven 
off or decomposed except at relatively high tempera-  
tures (18). 

If inclusions originate from basic precipitates, de- 
posits made at low current efficieneies will contain 
greater amounts of oxygen because the pH of cathode 
film will be higher. Da ta  (18) indicate tha t  there is 
no trend of this sort, although the study was not  
sufficiently extensive to be regarded as conclusive. 
Furthermore,  observations of the cathode film by the 
drainage method (22) do not show the expected de- 
pendency of pH upon current efficiency. Evidence 
therefore indicates tha t  inclusions are not  primarily 
dependent upon cathode efficiency, as is required by  
the basic precipitate theory. However, residual coor- 
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dination does not depend on either current efficiency 
or pH of the cathode film. 

Nevertheless, it is possible to suggest a mechanism 
leading to conversion of coordinated water to basic 
substances which does not require an unusually high 
pH at the cathode. Upon transfer of two electrons to 
3d orbitals of the nickel ion, a new intermediate, 
[Ni(H~O)3] ~ is produced, which has a transient 
existence on the cathode surface. This intermediate 
has an excessive number of electrons for stability. 
Ordinarily electrons are released along with water 
molecules during transition to metallic resonance. 
However, electrons might also be eliminated by 
release of hydrogen atoms from coordinated water. 
If two hydrogen atoms are expelled, the product  
would be NiO. 2H20, which might be included in the 
deposit as hydrous nickel oxide. The net effect 
would be reduction of hydrogen rather  than nickel 
from the nickel complex. 

The average oxygen content observed in nickel 
deposits (18) indicates tha t  this mechanism can 
account for only about  0.0005% of current flow, 
even if all the oxygen is present as NiO. 2H20. Ob- 
served cathode efficiencies in nickel deposition fre- 
quently depart  from the theoretical by  more than 
0.1% and occasionally by as much as 1-5%. At 
least in these cases, most of the hydrogen evolved 
must come ult imately from water or hydrogen ion 
not coordinated with nickel ion. The composition of 
inclusions confirms this deduction, since basic mate- 
rial does not seem to be prominent. Evident ly  activa- 
tion required for metal deposition allows effective 
competition of the hydrogen discharge mechanism, 
at least in some instances3 

I t  is possible tha t  precipitation and inclusion of 
basic material may  become important  when the bath 
pH is quite high, about  5.5 in the case of nickel sul- 
fate. Available data  (18) do not permit conclusions 
on this point. But  at lower pH, inclusions from 
nickel sulfate baths appear to consist largely, if not 
entirely, of coordinated water incorporated in de- 
posits. This observation lends support to the deposi- 
tion mechanism proposed above. 

COMPARISONS WITH ELECTRON TRANSFER STUDIES 

Electrode processes are but  a special case of elec- 
tron transfer reactions, in which one reactant  is a 
separate phase, tha t  is, the solid or liquid electrode. 
Similarities between electrode reactions and electron 
transfer processes in general are therefore to be ex- 
pected. 

A summary of rates of electron transfer reactions 
thus far reported (23) shows that  transfer is very slow 
whenever it necessitates a change from inner to outer 

5 There is evidence that  intermediates of the type de- 
scribed here are vi tal  in hydrogen overvoltage phenomena. 

orbital configuration, or vice versa. Where no shift 
in configuration occurs, reaction is generally com- 
plete in less than about  two minutes. This is suffi- 
ciently close to the arbi t rary  limit of one minute 
selected by Taube (14) for indicating lability in sub- 
stitution reactions of metal  complex ions. 

For example, cobal t(III)  complexes are inner 
orbital; consequently, electron transfer from outer 
orbital cobalt(II)  ammines is very  slow (24). How- 
ever, with tetraphenylporphino complex, which is 
very probably inner orbital in both valence states, 
exchange is very  rapid (25). The  correlation is good 
in a number of other instances. 

From considerations based on the Franck-Condon 
principle (26), Libby (27) deduced a " symmet ry  
principle," which applies to electron transfer between 
different valence states of the same ion in solution. 
I t  appears to be equivalent to the principle tha t  
electrolytic oxidation or reduction is reversible if no 
substantial change in electronic configuration is 
required (1). Libby predicted that  the symmet ry  
principle would be applicable at  electrodes. 

In iron (28), europium (29), and thallium (30) 
systems, it is found that  electron transfer is much 
more rapid in the presence of chloride ions. Several 
investigators (4) have reported that  chloride ions 
decrease activation overpotentials and diminish 
polarographic irreversibility in electrodeposition. I t  
was previously suggested that  the effect results from 
formation of mixed complexes such as [Ni(C1)- 
(H20)3] +. Labilization of a water group by the 
trans effect, according to the present theory,  facili- 
tates formation of the activated intermediate, 
[Ni(C1) (H20)2] +, or more precisely, a bridge-complex 
in which the water bridge is labilized by the chloride 
ion. Concentration of the mixed complex will be 
proportional to the first power of chloride ion con- 
centration. This accounts for dependence of the rate 
of electron transfer reaction on this quanti ty.  

Libby considers the catalytic effect of chloride ion 
dependent on electrostatic forces as well as on spe- 
cific complexing properties of the ions in some in- 
stances. However, it is difficult to see how such elec- 
trostatic effects can be important  in the electric field 
at  the cathode unless complexes are formed. Still, 
structures described by  Libby resemble, to some 
extent, bridge-complexes in which the chloride ion 
functions as the bridge. ~ 

6Note added in press: H. Taube and H. Myers [J. Am. 
Chem. Sot., 76, 2103 (1954)] present strong evidence for the 
role of an "ac t iva ted  bridge complex" involving chloride or 
sulfate bridges in electron transfer reactions. Structures  
proposed are str ikingly similar to those here suggested for 
electrode reactions. Lowering of act ivat ion energy by 
C1- ions probably resalts, at least in part,  from the forma- 
tion of bridge complexes. Furthermore,  the importance of 
bridging atoms in the electron transfer  in crystall ine solid~ 
has been emphasize ~1 by C. Zener [Phys. Rev., 82, 493 (1951)]. 
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ACTIVATION STEP 

R a t e s  of exchange  of cyan ide  ion w i th  complex  
cyan ides  (31) show t h a t  ou te r  o rb i t a l  cyano  com- 
plexes  exchange  r a p i d l y ,  whereas  inne r  o rb i t a l  ions  
exchange  h a r d l y  a t  all.  Th is  obse rva t i on  suppor t s  t he  
d i ssoc ia t ion  m e c h a n i s m  a d v a n c e d  b y  T a u b e  (14) to  
exp la in  s u b s t i t u t i o n  reac t ions ,  and  e m p l o y e d  w i th  
some modi f i ca t ions  in t h e  p re sen t  p a p e r  to  a c c oun t  
for  e lec t rode  reac t ions .  I n  all  t h r ee  classes of reac-  
t ions ,  t h e r m o d y n a m i c  d issoc ia t ion  cons t an t s  a re  
mis l ead ing  as to  r a t e  of reac t ion .  Th is  c i r cums tance  
resul t s  f rom the  difference t h a t  in r a t e  s tudies ,  dis-  
soc ia t ion  refers to  ac tua l  s epa ra t i on  of a coo rd ina t ed  
group ,  while f ami l i a r  d i ssoc ia t ion  cons t an t s  are  con- 
cerned  wi th  convers ion  to  aquo  complexes.  Th is  has  
been  exp la ined  p rev ious ly  (1). 

These  observa t ions ,  t o g e t h e r  w i th  excel lent  corre-  
l a t ion  be tween  s u b s t i t u t i o n  reac t ions  a n d  e lec t ron  
t r ans fe r  processes,  ind ica te  t h a t  t he  a c t i va t i on  
process  is no t  a resu l t  of t he  e lec t r ic  field a t  t he  
ca thode ,  nor  of sur face  effects (8). I t  is the re fo re  
a sc r ibed  to  t h e r m a l  effects (cf. 32). Th i s  is in accord  
w i th  m a r k e d  r educ t i on  in a c t i v a t i o n  ove rpo ten t i a l ,  
a n d  consequen t  increase  in revers ib i l i ty ,  w i th  rise in 
t e m p e r a t u r e .  
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Depolarization Effects after Current Reversal  at Silver 
Anodes  and Cathodes' 

A. L. FERGUSON AND D. R. TURNER 2 

University of M~chigan, Ann Arbor, Michigan 

ABSTRACT 

Anode and cathode reactions at silver electrodes in hydrogen sa tura ted  2N sulfuric 
acid following a current  reversal were s tudied by recording potent ia l - t ime curves. 
Three anodic processes and three cathodic processes are indicated when the current  
is reversed from cathode to anode and anode to cathode,  respectively.  The final anode 
reaction is silver dissolution. Silver sulfate forms on the electrode at  a crit ical silver 
ion concentrat ion.  

INTRODUCTION 

Most  of the work to date on electrochemical po- 
larization phenomena has sought in one way or an- 
other to determine the nature  of anode and cathode 
reactions. Three types of experiments have been 
used: (a) measurement  of single electrode potentials 
at various current densities; (b) polarization growth 
and decay curves, plott ing electrode potential  
against t ime; and (c) depolarization effects at anodes 
and cathodes upon current reversal. The third 
method is probably  the most  effective for electrode 
reaction studies and is the one used in the work de- 
scribed here. 

The meaning of the te rm depolarization effect is 
illustrated in Fig. I. The potential  of an electrode 
tha t  has been eathodically polarized is represented 
by  the line a-b. At b the current is reversed. If  the 
potential  changes immediately  to the final anodic 
process producing anodic polarization as along the 
line bed, then there is no depolarization effect. If, 
however, there exists some kind of potentiM arrest, 
or delay in reaching the final polarization potential  
as e-f in curve abefgd, then there is a depolarization 
effect. The material  producing this depolarization 
may  be the oxidation of some material  cathodieally 
produced previous to current reversal or the forma- 
tion of some anodic product  prior to the final anodic 
process. The potentials a t  which depolarization 
effects occur are characteristic of the electrochemical 
reaction involved, while the coulombs of electricity 
consumed by  the process is a measure of the amount  

1 Manuscr ipt  received December 17, 1951. This paper was 
prepared for delivery before the Cleveland Meeting,  April 
19 to 22, 1950. This paper is based on par t  of a thesis sub- 
mi t ted  by D. R. Turner  in part ial  fulfillment of the require- 
ments  for the Ph.D.  degree to the Graduate  School of the 
Universi ty  of Michigan. 

2 Present  address Bell Telephone Laboratories,  Murray 
Hill, New Jersey. 
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of the material  reacting at  the electrode-solution 
interface. 

M a n y  electrode processes have been studied in 
recent years by  means of depolarization effects at  
anodes and cathodes. Butler  and co-workers (1-3) 
observed the depolarization effects of hydrogen and 
oxygen at  bright p la t inum electrodes in hydrogen 
sa tura ted  solutions. Ferguson and Towns (4) studied 
anodic and cathodic depolarization curves for plati- 
nized p la t inum in hydrogen- and ni t rogen-saturated 
acid solutions. 

In  addition to platinum, Piontelli and Poli (5) 
studied the cathodic depolarization processes on 
copper, lead, and cadmium by  measuring the cathode 
potential  at  various current densities after  an anodic 
prepolarization in acid and alkaline solutions which 
were sa turated with air, oxygen, nitrogen, or hydro-  
gen. In  every case, a single stage of depolarization 
was observed and a t t r ibuted to dissolved oxygen in 
the solution. 

Luther  and Pokorny (6) anodically polarized a 
silver electrode at  a small constant  current  in alkaline 
solutions, and observed two definite arrests prior to 
oxygen evolution. Silver was assumed to be oxidized, 
quant i ta t ively  and reversibly, first to Ag20 and then 
to Ag202. The cathodic reduction of the same silver 
oxides, formed anodically, was studied by  Rollet (7). 
The oxidized silver electrode, with a nonpolarizing 
auxiliary electrode, was made the source of current  
which was measured as a function of time. Three 
level stretches of current were observed, the first was 
a t t r ibuted  to the peroxide, Ag..O2, the second to 
Ag20, and the last to the reduction to free silver. 

The thickness of tarnish films on copper and silver 
were determined by  Campbell  and Thomas  (8) f rom 
quant i ta t ive  measurements  on the depolarizing ef- 
fects of these films while the metals  were cathode in 
an appropr ia te  electrolyte. 

Recently,  Hiekling and co-workers studied the 
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Q. 

CATHODE ~ ANODE 

b 
M 

TIME 
]~IG. 1. Typical  potent ia l - t ime curves upon current  

reversal. (A) No depolarization effect, curve a b c d; (B) 
with depolarization effect, curve a b e f g d. 

mmdie behavior of several metals: platinum (9), 
gold (10), nickel (11), silver (12), and copper (13). 
Employing the automatic  electronic system devised 
by Hickling (14), recurrent anode potential-time 
curves were obtained by  means of a cathode-ray 
oscillograph in acid, neutral, and alkaline solutions. 
Breaks m the curves, in many cases, were shown to 
correspond to potentials of certain metal  oxide elec- 
trodes prepared and measured by the authors. 

hi  the present work, reactions at silver anodes and 
cathodes were studied in 2N sulfuric acid solutions. 
The experimental method employed was to record 
the change in the potential  of a silver electrode with 
time following a current reversal. These potential- 
time curves are interpreted then in terms of specific 
anode and cathode reactions. 

APPARATUS 

The electrolytic cell used is described elsewhere 
(15). All potentials were measured relative to a mer- 
cury-mercurous sulfate reference electrode. I ts  poten- 
tial against a normal hydrogen electrode at 25~ was 
+0.673 volt. Silver electrodes were prepared by  
electroplating about  0.001 in. (0.0025 era) of silver 
on copper disks 1.13 cm in diameter. A cyanide sil- 
ver plating solution of standard composition was 
used. The back side was coated with an insulating 
wax 3 leaving an exposed silver area of 1.00 cm -~. After 
plating, the electrodes were rinsed first in distilled 
water and then in 2N sulfuric acid before being 
placed in the cell. 

Tank  hydrogen was used after removing oxygen 
traces by  bubbling through a concentrated ehromous 
sulfate solution. The gas was then bubbled through 
20 % sodium hydroxide and finally through 2N sul- 
furic acid before entering the electrolytic cell. 

A constant current power supply was used consist- 
ing of a 90-volt dry  ba t te ry  with a variable high 
resistance in series. Switching the current was done 
automatically by a specially designed photocell cir- 

'~ United Chromium Stop-off Compound 311. 

TIME 18OO R PM SPEEO SYNG 
AXI.q I ~  - -  

ELECTROLYTIC SWITCH BOX AND SUM OR DIFF 

AXIS D r  ~ I ' C U R R E N  T I i I I 

FIG. 2. Block diagram of cathode ray recording ap- 
paratus.  

cult which was synchronized to the film position of 
the recording drum-type camera. A block diagram 
of the recording and switching apparatus is shown 
in Fig 2. Calibration voltages and times were placed 
on each oscillograph record. All potential  values 
referred to in this paper are on the hydrogen scale. 

EXPERIMENTAL 

The open-circuit potential of a silver electrode in 
a hydrogen saturated 2N sulfuric acid solution is 
+0 .29  volt. When this electrode is made cathode at 
about  1.00 m a / c m  2, the electrode potential  changes 
rapidly to tha t  of hydrogen gas evolution. Silver ions 
enter the solution when the electrode is made anode. 
These may be removed by prolonged cathodic treat-  
ment  (24 hr). The  white silver surface becomes black 
with a finely divided, loosely adherent  coating of 
silver. I t  was more convenient to use fresh solution 
frequently rather than electrolyze out the dissolved 
silver. A fresh solution was electrolyzed for about  2 
hr prior to use to remove traces of metal impurities. 

A nodic Depolarization Effects 

In all experiments the current density, usually 
1.00 m a / c m  2, was unchanged before and after cur- 
rent reversal. When the current is reversed making 
the silver electrode anode, the potential-t ime curve 
passes through several potential arrests before reach- 
ing a relatively stable anode polarization potential  
(Fig. 3 from a to f).  After a rapid initial potential  
change a-b, a linear stage of depolarization occurs 
between --0.19 and +0.28  volt. This is followed by  
an almost horizontal potential arrest c-d and then a 
transition section d-e. The final anodic process be- 
gins at e and continues to a maximum potential  of 
+0 .70  volt. The  meaning of f is discussed later. The  
amount  of anodic depolarization is a function of 
cathodic pre t reatment  time. A freshly plated silver 
electrode usually requires several hours of cathodic 
pretreatment ,  however, before an appreciable anodic 
depolarization effect can be obtained. Cathodically 
formed anode depolarizer is always destroyed after 
a few minutes of anodic t reatment .  
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Cathodic Depolarization Effects 

The typical cathodic depolarization curve ob- 
tained following an anodic pre t reatment  is shown in 
Fig. 3 from g to 1. Note that  there are two arrest 
stages of depolarization, g-h and j-k. If the current 
is reversed before the anode potential  reaches +0 .65  
volt, then only one cathodic depolarization stage 
results, j -k .  This indicates tha t  the stage g-h is the 
reduction of an anodic product  which begins to form 
at +0 .65  volt. While several hours of cathodic pre- 
t rea tment  were required to generate an appreciable 
amount  of anode depolarization, only a few seconds 
anode t ime before switching to cathode produced a 
large amount  of cathodic depolarization. 

Freshly plated silver electrodes were made anode 
at a constant current of 1.00 m a / c m  2 for various 
times up to 15 sec and then the current was reversed. 
The amount  of cathodic depolarization resulting was 
measured on the oscillograph record from g to 1 (see 
Fig. 3). The relation between the coulombs used in 
the anodic pret reatment  and coulombs of cathodic 
depolarization is given in Fig. 4. About two millicou- 
lombs of anodic pret reatment  are required to produce 
one millicoulomb of cathodic depolarization. Al- 
though quanti tat ive measurements were not made 
on depolarization obtained with anodic pretreat- 
ments longer than 15 sec, it was observed that  
cathodic depolarization reached a maximum after 
about  1 min of anodie pre t reatment  at 1.00 m a /cm  2. 

Electropolishing the silver electrode appeared to 
have no effect on anodic or cathodic depolarization 
curves. Freshly plated silver electrodes were electro- 
polished in a water solution containing 100 g/1 K C N  
and 50 g/1 K O H  by passing 2 amp of 60 cycle alter- 
hating current for a few seconds between the plated 
electrode and a coiled silver wire. 

A fruitful type of experiment in this method of 
studying electrode reactions is to dissect polarization 
curves into parts (a) by  permitt ing the anode or 
cathode prepolarization to decay briefly before cur- 
rent reversal, and (b) by  reversing the current at  
various stages of the depolarization stage. The first 
type  of experiment indicates what  part  of the initial 
potential  change is due to a gas overvoltage since 
these potentials are usually large in magnitude and 
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FIG. 3. Typical anodic and cathodic depolarization curves 
of a silver electrode in 2N sulfuric acid. 
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FIG. 4. Effect of anodic p r e t r e a t m e n t  oil ca thodic  de- 
polar izat ion.  

rapid in decay. The decay period also gives the ex- 
perimenter some idea of the stability or solubility of 
any electrochemically formed depolarizing material  
in the electrolyte used. By  reversing the current  at  
various stages of the depolarization, it is possible to 
define clearly the individual electrode processes and 
determine the reversibility of each electrochemical 
reaction. The results of these observations are in- 
cluded in the discussion which follows. 

DISCUSSION OF I~ESULTS 

The anode and cathode potential-t ime curves of 
silver electrodes in 2N sulfuric acid consist of several 
depolarization stages. Each stage corresponds to a 
definite electrode reaction. A symbolic description of 
these phases of depolarization is given in Fig. 5. 
Prior to a the silver electrode is cathode, the poten- 
tial being a function of current density. At ] .00 
m a / c m  2 it was - 0 . 5 1  =E 0.02 volt. The electrochemi- 
cal reaction occurring is 

H + + e - =  H 

The cathode potential  did not change appreciably 
during prolonged electrolysis. A part ,  at least, of the 
cathode polarization is due to an equilibrium concen- 
t ra t ion between atomic hydrogen and hydrogen ions 
at  the metal-solution interface. 

At a the direction of current through the cell was 
reversed and the potential  changed suddenly to b. 
This is the rapid portion of the cathode polarization 
decay which would occur regardless of whether the 
current was reversed or the cathode polarization 
simply allowed to decay on open circuit. From b to 
c the potential  changes in a linear manner  with time. 
This stage of depolarization is a t t r ibuted to the 
reionization of the surface absorbed hydrogen. I t  
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can be compared to the initial anodic depolarization 
stage obtained with platinized platinum (4). 

Beginning at c, the electrode passes through a 
region where its potential remains essentially con- 
stant. A similar arrest is observed when bright plati- 
num electrodes are used (1-3, 16) and at approxi- 
mately the same potential, +0.28 volt. Butler and 
Armstrong (16) explained the effect as due to the 
ionization of absorbed hydrogen. The actual form of 
hydrogen in the metal was not considered by them. 
Since the potential remains essentially constant in 
this region at both platinum and silver electrodes, it 
seems probable that this stage of depolarization is 
due to oxidation of a definite compound, in this case 
a hydride (17). With both metals, this stage of anodic 
depolarization increased with longer cathodic pre- 
polarizations. The cathode efficiency for hydride 
formation appears to be very low, about 0.01% for 
silver. This suggests that atomic hydrogen diffuses 
into platinum and silver only very slowly. The stable 
potential of a silver electrode in a hydrogen satu- 
rated 2N sulfuric acid solution without any current 
flow was +0.29 volt. This may represent the steady 
condition for molecular, atomic, and ionic hydrogen 
at the metal-solution interface. 

The amount of hydrogen available for ionization 
begins to decrease at d in Fig. 3 and the potential 
changes to the start of silver dissolution which begins 
at e, about +0.4 volt. 

Ag ---- Ag + + e- 

The potential continues to change toward more posi- 
tive values as the silver ion concentration increases. 
Finally at f, +0.65 volt, the concentration of both 
silver and sulfate ions exceeds the solubility product 
for the precipitation of silver sulfate. 

2Ag + + SO4 = Ag2SOT (solution) = Ago. SO4 (solid) 

and the potential again assumes a relatively stable 
value due to the Ago.SO4 on the surface maintaining 
a constant concentration of Ag + ions. The dark, 
finely divided silver deposit which can be produced 
by plating out dissolved silver turns white soon after 
the electrode is made anode. This is consistent with 
the assumption that the compound formed is silver 
sulfate, since Ago.SO4 is white. 

Experimental results indicated that no silver sul- 
fate is produced on a silver anode in 2N sulfuric 
acid if the electrode potential does not become more 
positive than about +0.65 volt. Latimer (18) gives 
an E ~ value of +0.653 volt for the formation of silver 
sulfate which is precisely the value observed for the 
start of silver sulfate formation. 

The maximum anode potential reached under all 
circumstances at 1.00 ma/cmo, was +0.70 volt. This 

increase above +0.65 volt probably resulted from 
an excess concentration of silver ions collecting at 
the electrode-solution interface. In a few experi- 
ments at 1.00 ma/cmo-, the anode potential did not 
become more positive than about +0.55 volt after 
about 10 sec anode time. This is believed to be due 
to an unusual condition where atomic hydrogen was 
able to diffuse continuously from the metal interior 
to maintain the electrolysis current at the metal- 
solution interface, thus preventing a sufficient con- 
centration of silver ions from building up to the point 
of precipitation of silver sulfate. 

When the electrode polarity was reversed from 
anode to cathode, the material first formed anodi- 
cally was reduced. The initial rapid potential rise to 
g is due to the decay of a concentration polarization 
produced by the slight excess of silver ions that had 
accumulated at the electrode surface just prior to the 
reversal. The cathodic depolarization stage from g to 
h resulted from the discharge of silver ions formed 
from the dissolved Ag2S04 precipitate. The slope in 
the curve is attributed to silver ions being removed 
from the metal-solution interface faster than they 
are formed. 

Ag2SO4 (solid) -- Ag2SO4 (solution) = 2Ag + + S07 
2Ag + + 2e- -- 2Ag 

As all the silver sulfate is dissolved and the silver 
ions are discharged, the cathode potential changes 
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solution interface at various places in the anodic and 
cathodic depolarization curves. 
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from h to where the next cathodic process begins at 
j. The stage of depolarization from j to k is inter- 
preted as the discharge of hydrogen ions and subse- 
quent absorption of the atomic hydrogen into the 
silver lattice, perhaps forming a silver hydride. The 
physical condition of the surface apparently deter- 
mines how much atomic hydrogen is absorbed and 
thus, the length of the second cathodic depolarization 
stage. The length of both cathode depolarization 
stages is a function of the anodie pretreatment. 
Between k and l there is a transition from the hydro- 
gen absorption stage to the formation and evolution 
of molecular hydrogen which begins at 1. The poten- 
tial at l corresponds to that at a and is a function of 
the current density used; at 1.00 ma/cm 2 it is -0.51 
volt. 

An interesting relation was observed between the 
coulombs used in anodically pretreating a silver 
electrode and the coulombs of cathodic depolariza- 
tion which followed. This is shown in Fig. 4. Within 
the range studied, from 0 to 15 millicoulombs anode 
pretreatment, the total amount of cathodic de- 
polarization observed was approximately one-half 
the coulombs used for the anodic pretreatment. This 
cannot be considered significant since some of the 
anodically formed silver sulfate is lost through the 
dissolving action of the 2N sulfuric acid before com- 
plete cathodic reduction of the silver ions can take 
place. In distilled water, silver sulfate is cathodically 
reduced to silver and sulfuric acid at 100% effi- 
ciency (19). While silver sulfate is essentially insolu- 
ble during the course of an experiment in distilled 
water, it is readily dissolved in 2N sulfuric acid. 
Results of anode polarization decay experiments 
show that a 10-see anodic deposit of silver sulfate is 
wholly dissolved in about 5 see decay time. The po- 
tential changes in the decay curves during the dis- 
solving period of the silver sulfate c.orrespond 
exactly to those occurring when the electrode is 
cathodic. This means that the potential of the elec- 
trode in the region g-h is controlled by the silver ion 
concentration at the metal-solution interface regard- 
less of whether the silver ions are removed by 
cathodic eleetrodeposition or by diffusion and con- 
vection away from the surface. As expected, stirring 
shortened the cathodic depolarization stage g-h. 

SUMMARY AND CONCLUSIONS 

Three anodic processes occur at silver electrodes 
in 2N sulfuric acid when the current is reversed from 
cathode to anode: (a) ionization of adsorbed hydro- 
gen atoms; (b) oxidation of absorbed hydrogen (silver 
hydride); and (c) dissolution of silver. When the 
silver ion concentration exceeds a critical value, 
silver sulfate is formed on the electrode. This film of 
silver sulfate is readily dissolved in the 2N sulfuric 
acid electrolyte. 

Upon current reversal from anode to cathode, 
three cathode reactions take place: (a) reduction of 
the silver sulfate film; (b) discharge of hydrogen ions 
into absorption and adsorption positions in the silver 
electrode; and (c) discharge of hydrogen ions and 
formation of molecular hydrogen. 

Any discussion of this  paper  will appear  in a Discuss ion  
Section to be publ i shed  in the  June  1955 issue of the  
JOURNAL. 
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Technical Note 

Continuous and Uniform Generation of  Stibine 

An E l e c t r o l y t i c  A p p a r a t u s  a n d  M e t h o d  ~ 

ARNOLD REISMAN 2, MELVIN BERKENBLIT 2, E. C. HAAS, AND ALLISON GAINES, JR. 

Material Laboratory, New York, Naval Shipyard., Brooklyn, New York 

During the course of a n  investigation it was neces- 
sary to subject an ins t rument  to an a tmosphere  con- 
taining a mixture of 3 - 4 %  hydrogen and }60 this 
amount  of stibine. This volume ratio had to be main- 
tained for 24 hr. Stibine is not available commer- 
cially because it is unstable;  consequently, a method 
was sought which would supply the gas in the de- 
sired concentration throughout  the test  period. A 
survey of available li terature indicated tha t  no 
reported methods would meet  this requirement.  

Electrolytic methods for generation of stibine 
using an t imony electrodes have been previously 
reported (1, 2). These methods proved unsuitable 
because the production of stibine was either too low 
or too irregular. I t  was found tha t  if the ant imony 
electrode were replaced by  a 40 gauge, plat inum- 
iridium electrode (90:10) in conjunction with an 
ant imony sohition, stibine output  a t  the cathode was 
fairly uniform and of the desired order of magnitude.  

Apparatus.--The generator unit  consists of a 250 
ml wide-mouth Erlenmeyer  flask into which is in- 
serted an ar rangement  for preventing intermixing of 
gases liberated at the cathode with oxygen liberated 
at  the anode. The cathode consists of a 5 m m  diame- 
ter glass tube with 40 gauge plat inum-ir idium wire 
fused into one end. The anode is a 16 gauge pla t inum 
wire. A variable d-c source supplied power. 

The assembly used in calibrating the generator 
was made up of a series of three t raps  followed by  a 
conventional wet test  meter,  thermal  conductivi ty 
bridge for measurement  of hydrogen, and a regulated 
vacuum pump for drawing gases through the system. 
In  order to permit  uninterrupted running, two of 
these t rap  series were connected in parallel. At  given 
t ime intervals the series through which the gas had 
been passing was removed for analysis, and the 
second series was brought  into the circuit by means 

1 Manuscript received August 13, 1953. This paper was 
prepared for delivery before the Chicago Meeting, May 2 to 
6, 1954. 

2 Present address: International Business Machines Cor- 
poration, Watson Scientific Computing Laboratory at Co- 
lumbia University, New York, N. Y. 
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of a three-way stopcock. The  first two units of each 
t rap series contained 200 ml  0.01N iodine and 32 ml  
concentrated hydrochloric acid. The  third uni t  of 
the series contained 300 ml 0.01N sodium thiosulfate 
to prevent  loss of iodine by  mechanical  carry over. 

Generating solutions.--(A) (4N in H2SO4)3--Dis - 
solve 8 grams purified Sb meta l  in 100 ml  boiling 
H2SO~, cool slightly (a white gel forms), pour  with 
vigorous stirring into 700 ml  water  containing 80 
grams tar tar ic  acid, dilute to 900 ml  with water.  

(B) ( I N  in H2SO~)--Dissolve 5.3 grams Sb203 in 
400 ml  of solution containing 75 grams tar tar ic  acid 
and 14 ml  H2SO4, dilute to 500 ml with water.  

(C) (0.5N in H2SO4)--Dissolve 7.5 grams Sb2Oa 
in 600 ml of a solution containing 77 grams tar tar ic  
and l0 ml H2SO4, dilute to 700 ml with water.  

(D) (No H2SO4)--Dissolve 10.6 grams Sb203 in 
900 ml of a solution containing 110 grams tar tar ic  
acid, dilute to 1 liter with water.  

Analysis of stibine and hydrogen.--Stibine output  
at  the cathode was determined using a modification 
of the iodimetric method of Haring and Compton  
(3). Periodically contents of the t raps  were mixed 
and back t i t ra ted  with sodium thiosulfate. The  
quant i ty  of stibine was then  calculated using the  
s toichiometry given in reference (3). To determine 
the val idi ty  of the method,  stibine triiodide resulting 
f rom the t i t ra t ion was converted to an t imony  tri- 
oxide. This was t i t ra ted with iodine to the pentava-  
lent s tate  (4). Results obtained from both  methods  
checked to within 0.01 rag. Table  I shows quantit ies 
of stibine as determined by  the above method.  

Effluent gases from the t raps  were drawn through 
a hydrogen measuring thermal  conduct ivi ty  bridge. 
Spot checks of this gas, using the conventional  Orsat  
combust ion method,  were made periodically and 
agreed with  the thermal  conduct ivi ty bridge to 
within 0.1%. 

3 Sulfuric acid was used exclusively because of its low 
vapor pressure. Hydrochloric acid or other acids with rela- 
tively high vapor pressure would evolve sufficient vapors 
to damage the instrument under test and the thermal con- 
ductivity bridge. 
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C O N C L U S I O N S  

As t ime did no t  pe rmi t  complete  eva lua t ion  of 

va ry ing  condit ions,  a comprehensive  discussion can- 

no t  be presented here. However,  cer ta in  inferences 

can be d rawn  from Tab le  I. 

I t  was found  t h a t  if a n y  two of the  three  var iables  

(acid normal i ty ,  impressed amperage,  and  electrode 

length)  were held cons t an t  while the th i rd  was 

changed,  an  o p t i m u m  value  for the var iable  was 

found to exist. Below or above this  o p t i m u m  value,  

e i ther  the hydrogen- to-s t ib ine  ra t io  was too great  or 

evolu t ion  of s t ib ine  was no t  c o n s t a n t  over an  ex- 

t ended  period. I t  is apparen t ,  therefore, t h a t  for a 

g iven set of condi t ions  cer ta in  combina t ions  of the  

var iables  m u s t  be employed.  These condit ions,  in  

add i t ion  to being affected by  a l ready  described var ia-  

bles, will to a lesser ex ten t  be a func t ion  of the given 

s t ib ine  generator .  Thus ,  va r i a t ion  in  electrical corn- 

TABLE I 
I 

~en r -" r Electrode Run e a tmg ~ l n th 
N . . . .  lutlon ~mgm) 

2 I 8 

Amp 

1.0 

1.0 

Time 
elapsed 
(rnin) 

6O 
9O 

120 
150 
180 
210 
270 
330 
390 
450 
510 
57O 
630 

3O 
60 
9O 

120 
150 
180 
240 
3OO 
360 
420 

Stlbine 
(mg/min) 

0.24 
0.24 
0.28 
0.28 
0 27 
0.26 
0.27 
0.25 
0.26 
0.26 
0,27 
0,27 
0 25 

0.50 
0.47 
0.47 
0,48 
0 41 
0.38 
0 35 
0.34 
0.32 
0.23 

Hydrogen (%) 

4.4 
4 4  
4.4 
4.4 
4.4 
4.4 
4.4 
4.4 
4.4 
4.4 
4.4 
4.4 
4.4 

5.3 
5.3 
5 3  
5.3 
5.3 
5.3 
5.3 
5.3 
5.3 
5.3 

TABLE I--Continued 

Run 
No 

3 

Am] 

10 I 1 . 0  

Time 

60 
120 
180 
240 
300 
360 
420 
480 
540 
600 
660 
720 
780 
840 

30 
60 
90 

120 
150 
180 

Stibin 

0.50 
0.48 
0.48 
0.49 
0.48 
0.49 
0.48 
0.50 
0.48 
0.48 
0.49 
0.48 
0.49 
0.48 

0.39 
0.29 
0.25 
0.25 
0.23 
0.21 

10 0.7 / 30 0.19 
60 0.07 

10 0.3 30 I 0.08 
210 0.02 

i 

Hydrogen 
(%) 

3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3.6 
3 6  

4.0 
4.0 
4.0 
4.0 
4.0 
4.0 

4.2 
4.2 
4.4 
4.4 

Flow was held at 0.16 l/rain. 

ponen t s  of the  d-c source would require compensa-  
t ions  a nd  ind iv idua l  ca l ib ra t ion  for a g iven un i t .  The  
sys tem gave the desired 60/1 ra t io  of hyd rogen  to  
s t ib ine  when  the var iables  were held as shown in 
Tab le  I, r un  3. 

An), discussion of the paper will appear in a Discussion 
Section, to be published in the June 1955 issue of the 
J O U R N A L .  
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Format ion  of  Anodic  Ox ide  Fi lms on Cathodes  

D. A. VERMILYEA 

General Electric Research Laboratory, Schenectady, New York 

ABSTRACT 

The total voltage applied across an anodic film during its formation consists of the 
voltage applied to the cell minus any polarization voltage at the cathode and resis- 
tive drop in the electrolyte, plus the potential of the electrochemical reaction. It  is shown 
that, because of the latter potential, it is possible to form an oxide film on tantalum 
even when the tantalum is considerably negative with respect to a hydrogen electrode. 

INTRODUCTION 

In  a previous paper  (1) the calibration of an op- 
tical step gauge for est imating the thickness of 
anodic Ta~-O5 films was described. The  step gauge 
was made  by  anodizing specimens of t an ta lum to a 
series of voltages, the t empera ture  and current den- 
si ty being held constant.  Under  these conditions it 
was found from weight change measurements  tha t  
the thickness of the oxide film was r propor- 
tional to the applied voltage. I t  was also found tha t  
the plot of thickness against applied voltage had a 
small positive intercept on the thickness axis. Since 
specimens used for the calibration were probably  
covered initially with a thin air-formed oxide film, 
no additional oxide would be formed upon anodiza- 
t ion until the voltage equivalent to the thickness of 
the initial film was exceeded. I t  was expected, there- 
fore, tha t  no weight increase would be observed 
below a certain voltage and tha t  the thickness vs. 
voltage plot would have a small negative intercept 
on the thickness axis. I t  was suggested tha t  the 
positive intercept was the result of the voltage of 
the electrochemical reaction occurring in the cell. 
Since there was a considerable amount  of experi- 
menta l  uncer ta in ty  in the intercept obtained from 
the weight measurements ,  it was decided to make a 
fur ther  s tudy of the format ion of anodic films in 
the region of zero voltage. 

EXPERIMENTAL 

The material  used in these experiments was 0.004 
in. rolled t an ta lum sheet obtained from Fansteel  
Metallurgical Company.  All specimens were chem- 
ically polished in a mixture of 5 parts  by  volume 95 % 
H2S04, 2 parts  70% HNOa, and 1}~ parts  48% 
H F  before use. The solutions used for anodizing 
were 2 % HNO~ and 2 % NaOH.  

Fig. l shows a wiring diagram of the apparatus ,  
which consisted of a type  650A General Radio 
impedance bridge, an ammeter ,  and a potentiometer ,  
of low resistance in series with the reaction cell. 

Manuscript received February 23, 1954 

The  potent iometer ,  shunting a storage ba t te ry ,  
provided a means of varying the voltage applied 
across the cell. 

At the s tar t  of an experiment,  a specimen of tan-  
ta lum was a t tached to the specimen holder ready  to 
be placed into the electrolyte, and the potent iom- 
eter was adjusted so tha t  the t an t a lum was a t  a 
potential  of - -2  to - 3  volts with respect to a plati- 
num electrode in the electrolyte. The  specimen was 
then dipped in 48 % H F  for a few seconds to remove 
any  existing oxide film, and then immediate ly  im- 
mersed in the electrolyte without  removing the H F  
which clung to the specimen. The  capaci ty  was then 
measured as a function of voltage, s tar t ing with 
negative voltages and measuring the voltages be- 
tween the t an ta lum and a calomel reference elec- 
trode, using a vacuum tube  vol tmeter .  

The oxide film thickness calculated f rom the re- 
ciprocal of the capaci ty m a y  be in error for several 
reasons. In  the first place, the measured capaci ty  
is tha t  of the t an ta lum oxide film in series with the 
double layers in the electrolyte near  the anode and 
cathode. The cathode used was p la t inum with an 
area of about  100 cm 2. The capaci ty  of the double 
layer near p la t inum was found by  direct measure-  
ment  to be about  20 uf /cm 2, so tha t  the total  capaci ty  
of the cathode double layer was about  2000 ~f. The  
largest capaci ty  measured in the experiments was 
about  100 t~f, so tha t  a max imum error of 5 % in the 
reciprocal of the capaci ty was introduced by  the 
cathode double layer. The  capaci ty  of the anode 
double layer cannot  be measured directly since it is 
in contact  with the oxide film whose capaci ty  is not  
precisely known. The reciprocal of the measured 
capaci ty  is, therefore, larger than  the reciprocal of 
the capaci ty  of the t an ta lum oxide film by  an un- 
known amount .  

The second difficulty in est imating thickness f rom 
capaci ty measurements  is tha t  the dielectric constant  
of the film has been found to be a function of the 
field present  in the oxide film during format ion and 
also of the field applied during the capaci ty measure-  
ment .  Tempera tu re  of measurement  also introduces 
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some variation in the capacity of a cell, but  these 
experiments were all conducted at  room temperature.  
The maximum variation in capacity observed from 
these causes is approximately 5 %. 

I M P E D A N C E  
B R I D G E  

4 VOLTS 

F m  1. Schemat ic  wir ing d iagram 

R E A C T I O N  
C E L L  

Because of the errors involved, therefore, no at- 
tempt  was made to calculate the actual film thick- 
ness, and only the reciprocals of the measured capaci- 
ties are reported. For a rough estimate, however, 
the thickness may  be calculated from the formula 

X = 236C -1 

where X is the thickness in angstrom units and C 
is the capacity in microfarads. This formula is cal- 
culated using a dielectric constant of 25 (2), an 
average value obtained from many  measurements 
of capacity and optical thickness of anodic films 
formed at different temperatures with different 
applied fields. The area of the specimens used was 
approximately 1 am 2. 

~ESULTS AND DISCUSSION 

Fig. 2 and 3 show plots of the reciprocal of the 
capacity against voltage for formation in 2 % HNOa 
and 2 % NaOH, respectively. In these figures, volt- 
age refers to the voltage which would have existed 
between the tanta lum and a standard hydrogen 
electrode. Voltage values were obtained by adding 
0.28 volt (the potential  of the normal calomel elec- 
trode on the hydrogen scale) to observed voltages. 
Also indicated in each figure is the direction of cur- 
rent flow, "negat ive" indicating tha t  the current 
flow would liberate hydrogen at the tanta lum elec- 
trode, "posi t ive" indicating that  hydrogen would 
be liberated at the platinum electrode. 

I t  may  be seen from the figures tha t  the reciprocal 
of the capacity is a linear function of voltage even 
in the region where the tanta lum potential was 
considerably negative on the hydrogen scale, and 
even though the current was in the direction to lib- 
erate hydrogen at the tantalum. The fact tha t  an 
oxide film has actually been formed at  these nega- 
tive potentials was established by  decreasing the 
potential  at  several points and again measuring the 
capacity. Values obtained in this manner are also 
shown in the figures. I t  may  be seen that  some de- 
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FIG. 2. Reciproca l  of capac i ty  vs. vol tage for fo rmat ion  
in 2% HNOa. O - - c a p a c i t y  measured  wi th  forming vol tage  
appl ied;  O - - c a p a c i t y  measured  at  a vol tage  less t h a n  the  
forming vol tage  ind ica ted .  

crease in the reciprocal of the capacity occurs on 
lowering the potential,  perhaps caused par t ly  by 
changes in the double layer capacities and par t ly  by  
changes in the dielectric constant of the oxide film. 
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Fro. 3. Reciprocal  of capac i ty  vs. vol tage for fo rma t ion  
in 2% NaOH.  O - - c a p a c i t y  measured  wi th  forming  vo l t age  
appl ied;  Q - - c a p a c i t y  measured  at  a vol tage less t h a n  t he  
forming vol tage indica ted .  
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For  a given voltage decrease the reciprocal of the 
capacity decreases by roughly the same amount  at 
all thicknesses, however, and does not follow the 
original curve of C -1 vs. V. Since the increase in 
reciprocal capacity at negative voltages is not re- 
versible, therefore, and since the values obtained 
lie on the same straight line as do those obtained at  
positive voltages, it is concluded that  an oxide film 
has been formed. 

These results may be explained as follows. When 
the tanta lum electrode is made negative with respect 
to the platinum hi the electrolyte, distribution of 
potential is presumed to be as shown schematically 
in Fig. 4. A large drop in potential occurs due to 
oxygen overvoltage at the platinum and a much 
smaller one (negligible at the current densities 
employed here) as IR  drop in the electrolyte. At 
the tantalum electrode two reactions are possible, 
evolution of hydrogen and formation of tanta lum 
oxide. The equation for the lat ter  may be writ ten 

2Ta + 5H_~O --~ Ta,O~ + 10H + + 10e 
Eo = -0 .8 1  volt  

When the tanta lum is covered with an oxide film, 
as it is in these experiments, act ivi ty of the tan ta lum 
is probably very small, so tha t  the potential for 
the reaction will be less negative than 0.81 volt, 
and is designated in Fig. 4 by VR. I t  is supposed 
that  this potential difference occurs across a very 
thin double layer in the solution next to the tanta lum 
oxide film. I t  may  be seen from the figure that ,  
although the tanta lum is negative with respect to 
the bulk of the solution, it is positive with respect 
to the solution immediately in contact with the 
tantalum oxide film, so that  the field in the oxide 
film is in a direction to cause tanta lum ions to move 
out through it to react with the water and form 
tantalum oxide. When the voltage applied to the 
tan ta lum is increased (made more positive or less 
negative), the potential  of the tanta lum with respect 
to the solution also increases, so tha t  the field across 
the oxide film increases. On raising the voltage, there- 
fore, the oxide film will increase in thickness at  a 
rapidly decreasing rate, and will practically stop 
growing when the field has been reduced to about  
0.05 volt per angstrom unit, which takes only a few 
seconds when the total thickness is very  small. At 
the same time, since the oxide film is so very thin 

o 

(0.5 volt would correspond to approximately 10 A), 
it  is possible for electrons to tunnel from the tanta lum 
to hydrogen ions in the solution through the oxide 
film and the potential  barrier in the solution and 
thus form hydrogen gas. As the voltage is increased, 
it would be expected that  the negative current, 
tha t  is, the current flowing in the direction to liberate 
hydrogen at the tantalum, would decrease and that  
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/ / / / / / J  
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FIG. 4. Postulated distribution of potential during 
anodic oxidation of tantalum. 

there would be a positive current  (to form oxide) 
until  the oxide film grows to the thickness cor- 
responding to the new voltage. Total  current  should 
therefore decrease sharply, then increase as the 
positive current dies away. The current does actually 
behave in this manner when the voltage is increased, 
the transient occurring in a few seconds. (The circuit 
t ime constant is less than 0.1 set.) Also, as the voltage 
is increased so that  the oxide film grows, the capacity 
should decrease rapidly at first, reaching a stable 
value in a few seconds; this, too, is actually observed. 

The intercepts on the voltage axis of the plots 
of the reciprocal of the capacity vs. voltage are 
- 0 . 7 2  and - 1 . 3 8  volts for the 2 % HNO3 and 2 % 
NaOH solutions, respectively. This change in inter- 
cept is due to the change in pH from 0.6 to 13.5, 
which should produce a change of 0.76 volt. The  
theoretical value is in reasonable agreement with 
the observed shift of 0.66 volt. The  reaction voltage 
for the tanta lum electrode with unit  tan ta lum ac- 
t ivi ty in the acid solution would be - 0 . 8 5  volt. 
The  actual reaction voltage cannot be more nega- 
tive than the intercept of the C -1 vs. V plot, or 
- 0 . 7 2  volt. Also, the observed intercept is probably 
more negative than it should be, since the recipro- 
cals of the double layer capacities should be sub- 
t racted from each measured value of C -1. However,  
the reaction voltage must  be at least --0.41 volt, 
the lowest voltage at which capacity measurements 
were made. Thus, the actual reaction voltage is 
between -0 .4 1  and --0.72, considerably smaller 
than the potential  for unit  act ivi ty of tantalum. 
In the basic solution, actual reaction voltage is 
between - 1 . 1 2  and -1 .3 8 ,  in comparison with 
the potential for unit  act ivi ty of tantalum, - 1 . 6 1  
volts. If the entire decrease in reaction voltage below 
the value for unit  act ivi ty of tan ta lum must  be 
ascribed to a low tanta lum concentration, the re- 
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quired act ivi ty  would be less than  10 -12, probably  
by  several orders of magnitude.  I t  seems unlikely 
tha t  the concentration of excess t an ta lum in the 
oxide film is really tha t  low, and an al ternat ive ex- 
planat ion is tha t  there is some small overvoltage 
accompanying the reaction. 

SUMMARY 

Tan ta lum oxide m a y  be formed on t an ta lum when 
the potential  of the t an ta lum on the hydrogen scale 
is considerably negative, and even though the total  
current  is in the direction to liberate hydrogen at  
the tanta lum.  I t  seems probable tha t  the reason 
for this behavior  is tha t  the voltage of the electro- 
chemical reaction to form t an ta lum oxide mus t  he 
added to the applied voltage. When  this is done it  
is found tha t  there is a field in the oxide film in the 
direction to form more oxide even when the t an ta lum 
potential  is negative. Because the oxide film is very  
thin, however, electrons can tunnel from the tan- 

ta lum to hydrogen ions in the solution through the 
oxide and any  potent ial  barriers in the solution, so 
tha t  hydrogen gas is liberated. The  magni tude  of 
the voltage of the electrochemical reaction to form 
t an t a lum oxide is much less than  the theoretical 
value for unit  t an t a lum activi ty,  and it m a y  be tha t  
some overvoltage accompanies the reaction. 
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Corrosion of A luminum in Potass ium Chloride Solutions 
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A B S T R A C T  

The corrosion of a luminum was s tud ied  by  weight  loss measu remen t s  in 0.0001N 
to 1N neu t ra l  e lect rolyte  solut ions  a t  cons t an t  t empera tu re .  Oxygen concen t r a t i on  
in these solut ions  was var ied  over  a wide range e i the r  by  bubb l ing  the  gas t h r o u g h  
the solut ion or by  increas ing the  par t i a l  pressure above the  solut ions.  

Weight  loss increased wi th  t ime and  increas ing oxygen concen t ra t ion ,  bu t  decreased 
wi th  increas ing e lect rolyte  concen t ra t ion .  The  electrode po ten t i a l  increased in anodic  
d i rec t ion  wi th  t ime and  increas ing e lec t ro ly te  concen t ra t ion .  Chlor ide solut ions  were 
more aggressive t h a n  any  o ther  solut ions  used. Hydrogen  peroxide, which  migh t  have  
been a corrosion accelera tor  in exper iments  under  h igh oxygen pressure ,  was found  
absen t  in  all cases. 

Resul ts  are discussed in the  l ight  of the  e lect rochemical  theory  of corrosion. The  
re la t ion  of oxygen solubi l i ty  in po tass ium chloride solut ions  to corrosion is also dis- 
cussed. 

INTRODUCTION 

The questions of how and to what extent the 
corrosion of aluminum and its alloys in neutral 
electrolyte solutions is affected by increasing the 
concentration of dissolved oxygen are of consider- 
able theoretical and practical significance. I t  is 
understandable, therefore, that a number of in- 
vestigators have contributed to the study of this 
problem. The results of these investigations have 
been summarized as follows (1). In most aqueous 
solutions Al base alloys are relatively insensitive 
to the concentration of dissolved oxygen. In general, 
high concentrations of dissolved oxygen tend to 
stimulate attack somewhat, especially in acid solu- 
tions . . . .  Some authors have reported that they 
succeeded in arresting the corrosion of A1 and A1 
base alloys almost completely by deaerating such 
aggressive solutions as sea water, KC1 and NaC1 
solutions (2). I t  has been shown further that the 
weight loss of an A1-Cu alloy was increased by rais- 
ing the partial pressure of oxygen above a dilute 
NaC1 solution (3). 

The experiments just mentioned indicate that 
the corrosion of A1 and A1 alloys in solutions con- 
taining certain alkali chlorides can be stimulated by 
increasing the concentration of dissolved oxygen. 
However, experimental results secured up to now 
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are not sufficient to disclose the mechanism whicb 
controls the accelerated corrosion rate brought about 
by increased oxygen concentration. 

Moreover, the aforementioned investigations were 
carried out in sea water or in NaC1 and KC1 solu- 
tions of various concentrations, but no attempt was 
made to separate the corrosive effect of the electro- 
lytic concentration from that of the oxygen con- 
centration. Most of the studies were made on AI 
base alloys with a complex structure, which makes 
the interpretation of corrosion data rather difficult. 

Since many questions have arisen from the 
previous investigations, the following corrosion 
experiments were undertaken to add to the knowl- 
edge of the corrosion of A1. 

EXPERIMENTAL ~,~ETHODS 

Commercially pure A1 (A1 2SO), 0.8% Fe, 
0.01%Ca, and 0.14%Si, and high purity A1 from 
two lots with 0.12% and 0.03 % impurities (pre- 
dominantly Fe) were used in these experiments. 

All test samples were punched from sheet material 
0.33 mm thick in the form of disks with a total area 
of 40.50 cm ~. The disks were degreased, etched in 
0.3N NaOH, wiped with a rubber policeman under 
running water (4), rinsed in distilled water, and 
dried at 110~ 

Specimens were kept in a desiccator until they 
were weighed, which was immediately before immer- 
sion in the electrolytic solution. Every specimen was 
pretreated in exactly the same manner. 

After the desired time of immersion, the corrosion 
products were removed by cleaning the specimens 
at 90~ in a solution which consisted (5) of 170 g 
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HaPO~ and 80 g Cr..Q dissolved in 300 g distilled 
water,  and diluted with water  in a ratio of 1:5. 
After this t rea tment ,  the specimens were washed in 
distilled water,  dried in an oven at  110~ and cooled 
in a desiccator before weighing. Uneorroded speci- 
mens lost less than  1 mg in the cleaning solution. 
All experiments were conducted in a water  ba th  with 
the tempera ture  controlled at  35 ~ 4- 0.5~ 

Chemicals used in the preparat ion of the solutions 
were of C.P. grade. Electrolytic oxygen was em- 
ployed. The nitrogen contained traces of oxygen as 
an impuri ty.  

Oxygen concentration in the solutions was con- 
trolled in two ways. In  the first, oxygen was bubbled 
into the solution through a frit ted Pyrex glass cru- 
cible, with a flow rate of 0.075 1/min, to sa turate  
the solution. In  these experiments, the A1 disks 
were suspended vertically a t  the same depth in a 
4-liter beaker in such a way tha t  no gas bubbles 
could come in contact  with the specimens. 

In  the second method,  the partial  pressure of 
oxygen above the solutions was increased by  placing 
specimens suspended in 375 ml of electrolytic solu- 
tion within an autoclave. The autoclave was flushed 
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Fro. 1. Setup for recording electrode potentials  under 
high oxygen pressure. (A) ~, insulating material ;  (B), bush- 
ing; (C), to potent iometer ,  (D), gauge, (E), valve;  (F), 
pressure gauge, (C and G), to potent iometer ;  (I-I), 0.001N 
KCI + agar; (I), plastic sheet for mounting specimen; (J), 
400 ml beaker filled with corroding KC1 solution; (K), A1 
sample; (L), 0.1N KCI, (M), calomel ee|l  (0.1N). 

several t imes with oxygen and the pressure was raised 
to the desired value for tha t  experiment.  The  flush- 
ing operation took 10 min. The pressure for each 
run was held constant, at  its original value. Gauge 
pressures up to 325 psi were obtained in this manner  
for exposures of 5-200 hr. 

The  electrode potentials of the corroding speci- 
mens were obtained with a 0.1N Hg.~C12 reference 
electrode and a Leeds and Nor th rop  T y p e  K poten- 
t iometer.  The reference electrode was connected to 
the corroding solution by a salt bridge filled with a 
stiff agar jelly to avoid diffusion of electrolyte. De-  
tails for the potential  measurements  under  high 
oxygen pressure are shown in Fig. 1. 

The potent ial  of the 0.1N Hg2C12 electrode was 
measured against  another  s tandard  electrode before 
start ing and after  completion of a run to see if it 
was pressure sensitive or underwent  irreversible 
change. The  change of the relative potent ial  of the 
HgeCI2 electrode was very slight and could be neg- 
lected. 

The concentrat ion of oxygen dissolved in the 
solutions when this gas was bubbled into them was 
determined by  the Winkler (6) method.  The  resistiv- 
i ty of solutions, with several concentrations of elec- 
trolyte before and after corrosion experiments,  was 
measured by means of a commercial  dip cell and an 
eledronic device. 

R~SULTS 

The weight loss measured th roughout  an initial 
period of about  5 hr was very small and not  suffi- 
ciently reproducible. Reproducibil i ty improved af ter  
this period, but  it remained poor in experiments  
made in 0.000lN and 0.001N solutions. Reproduci-  
bility improved with increasing electrolyte concen- 
tration. The  max imum deviation f rom the ar i th-  
met i(' mean value of measurements  for 0.01, 0.1, and 
1N solutions, when made after  5 hr had elapsed, 
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FIG. 2. Effect of t ime on weight loss of commercia l ly  
pure A1 Part ial  pressure of oxygen, 150 psi; tempera ture ,  
35 ~ :t= 0.5~ O, 0.0001N KC1; r-l, 0.001N KCl;  @, 0.01N 
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FIG. 3. Effect of time on weight loss of commercially 
pure A1. Solutions saturated at 35 ~ • 0.5~ by bubbling 
0.075 1 of oxygen per minute through solution. [~, 0.001N 
KCI; A, 0.1N KC1. 

remained below 10 %. Weight loss values for 0.0001 
and 0.001N solutions, plotted in curves reproduced 
below, were averaged over a t  least 6 measurements ;  
for less dilute solutions they were averaged over at  
least 3 measurements.  The reproducibili ty obtained 
in runs made under high oxygen pressure was slightly 
superior to tha t  in the experiments with bubbling 
oxygen. 

The  dependency of the weight loss on t ime found 
oil specimens of commercially pure A1, corroded 
under a partial  pressure of 150 psi oxygen above 
KC1 solutions of various concentrations, is shown 
in Fig. 2. With  increasing t ime the rate of increase 
in weight loss became progressively slower and 
finally approached a constant  value. The rise of the 
weight loss-time curves was less rapid in 0.01 and 
0.1N solutions than  in 0.0001 and 0.001N solutions, 
and the rise was least marked  in the 1N solution. 

The almost  s teady values of weight loss dropped 
continually with higher electrolytic concentrat ion 
(7). Up to about  25 hr the same weight loss was 

i 

i 

2C' 

I0 

~ i f~ 

~A 

NORMALITY OF KCL SOLUTION (LOG) 

FIG. 4. Effect of concentration of KC1 on weight loss of 
commercially pure A1. Partial pressure of oxygen, 150 psi; 
temperature, 35 ~ =t= 0 5~ Curve A, exposure 20 hr; curve 
B, exposure 50 hr; curve C, exposure 100 hr; curve D, ex- 
posure 140 hr 

FIG. 5. Change of weight loss of commercially pure A] 
with increasing partial pressure of oxygen. Exposure, 72 
hr; temperature, 35 ~ • 0.5~ O, 0.01N KC1; ~ ,  0.1N KC1; 
X, 1N KC1 
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found in 0.0001 and 0.001N solutions; the same. 
held true for 0.01 and 0.1N solutions. 

Effect of t ime on weight loss of specimens im- 
mersed in KC1 solutions with bubbling oxygen is. 
depicted in Fig. 3. 

The trends of the curves reproduced in Fig. 3 are 
similar to those shown in Fig. 2. With  bubbling 
oxygen a lower weight loss was obtained in higher 
KC1 concentration, but  this was smaller than  tha t  
under 150 psi oxygen. Fig. 4 shows the decrease in 
weight loss with increasing KC1 concentrations for  
various exposure periods. 

Corrosion products  formed in KC1 under  high 
oxygen pressure or with bubbling oxygen were either 
distr ibuted colloidally or were present as a white 
fluffy precipitate.  They  were completely dispersed 
colloidally in 0.0001 and 0.001N KC1 solutions, 
while in the 0.01N solution they were par t ly  dis- 
t r ibuted colloidally and par t ly  precipitated.  T h e  
0.1 and 1N solutions were water  clear with a precipi- 
ta te  present. The dispersed phase precipi tated on 
addition of KC1 when the concentration reached 
0.05N KC1. The coagulation rate was slow but  a f ter  
a number  of hours the originally turbid solution 
became water  clear. A colloidal solution or precipi ta te  
formed at  a very early stage of the corrosion process. 

The surface of specimens corroded in 0.0001 and 
0.001N solutions appeared dark  and brownish. Such 
a dark layer was formed at  a very  early stage of 
the corrosion process. In  contrast  to this, the surface 
of the specimens corroded in 0.1 and 1N solutions 
appeared very  light. 

Pi t t ing was found on all corroded surfaces. How- 
ever, specimens exposed in 0.1 and 1N solutions 
appeared more pi t ted than  those immersed in 
0.0001 and 0.001N solutions (8). 

The  effect of the part ial  pressure of oxygen is 
shown in Fig. 5. 

Exposure was 72 hr because in the runs with 150 
psi oxygen (Fig. 2) it was found tha t  at  this t ime  
the weight loss had reached a s teady or a lmost  
s teady state. Weight  loss at  a pressure of about  14.7 
psi was determined in solutions sa tura ted  b y  
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]~IG. 6. Effect of concentration of dissolved oxygen on 
weight loss of commercially pure A1. Exposure, 72 hr; 
temperature, 35 ~ -+- 0.5~ e,  0.01N KC1; /k, 0.1N KC1. 

bubbling oxygen through the solution at a constant 
rate. 

Note that  in all cases the weight loss increased 
with rising oxygen pressure but it decreased with 
increasing electrolytic concentration. The lines il- 
lustrating the dependency of the weight loss on the 
oxygen pressure became less steep with higher KC1 
concentration. 

The concentration of oxygen dissolved in water, 
in equilibrium with a given partial pressure of this 
gas above the liquid phase, can be found in the 
literature (9, 10). The saturated concentration of 
oxygen in KC1 solutions up to a concentration of 
0.1N is almost entirely independent of the electrolyte 
concentration. Due to that, the weight loss measured 
in a 0.1N or in more dilute KC1 solutions can be 
plotted against the equilibrium concentration of 
oxygen (Fig. 6). The curves rose noticeably when 
the oxygen concentration was increased from 3.3 mg 
in 100 cc solution to approximately 7 rag. The former 
concentration is the concentration of oxygen in water 
of 35~ under a partial pressure of this gas of 14.7 
psi (11). The latter was produced in water of 25.9~ 
by a partial pressure of 27.2 psi oxygen. 5 The weight 
loss plotted for 3.3 mg oxygen in 100 cc solution. 
was determined for specimens exposed in 0.01 and 
0.1N KC1 solutions at 35~ under normal atmos- 
pheric conditions. The weight loss rose noticeably 
when the concentration was raised up to approxi- 
mately 12 mg oxygen in 100 cc solution (being in 
equilibrium with 46 psi oxygen at 25.9~ Increasing 
the oxygen concentration above this value brought 

s Values for the equilibrium concentrations of oxygen in 
the corrosion experiments were in reality something lower 
than those given in Fig. 5 The temperature at which these 
concentrations were determined was 25.9~ while the cor- 
rosion experiments were conducted at 35~ (9). 

I 

, Ix 

40 60 80 I00 120 140 160 

TIME IN HOURS 

FIG. 7. Effect of time on weight loss of commercially 
pure A1. Temperature, 35 ~ + 0.5~ ----, partial pressure 
of oxygen, 150 psi; • • partial pressure of nitrogen, 
150 psi; X, 1N KC1. 
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FIG. 8. Effect  of time on the potent ia l  of commercial ly  
pure A1 recorded at 35 ~ =i: 0.5~ ----,  partial pressure of 
oxygen, 150 psi; - - - ,  solution saturated by bubbling 
oxygen. E], 0.001N KC1; A, 0 1N KC1, X, 1N KC1. 

about  only a comparatively slight increase of weight 
loss. 

Numerous measurements were made ou specimens 
corroded under identical conditions, but  in a number  
of runs the specimens were exposed in a horizontal 
and in a vertical position. Differences in weight 
loss found in these runs were within the limits of 
the experimental error. 

Experiments with nitrogen under a pressure of 
150 psi were made in a I N  KC1 solution. Fig. 7 
shows tha t  up to 145 hr the weight loss in the experi- 
ments with oxygen was higher than in those with 
nitrogen. However, it increased continuously in 
nitrogen. 

Potential measurements.--The reproducibility of 
electrode potential measurements was within =t=15 
my when made in 0.01, 0.1, and 1N solutions, bu t  
was less in 0.0001 and 0.001N solutions. The poten- 
tials are the averages from 4 measurements taken 
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FIG. 9. Ef fec t  of t i m e  on t h e  p o t e n t i a l  of c o m m e r c i a l l y  
p u r e  A1, r ecorded  a t  35 ~ • 0 .5~ - - ,  p a r t i a l  p r e s s u r e  of 
o x y g e n ,  150 ps i ;  - - - ,  s o l u t i o n  s a t u r a t e d  by  b u b b l i n g  
o x y g e n ;  �9 0.0001N KC1;  [~, 0 .001N KC1;  A,  0 .1N KC1;  
X ,  1N KC1. 

f rom 4 separate  potential  records. Fig. 8 gives t ime- 
potential  curves for less than  120 min. Zero t ime is 
the commencement  of potential  measurements  after  
the flushing operation was completed. The  curves 
reveal a marked shift of potentials  in anodic direc- 
tion with higher electrolytic concentrat ion and a very  
slow rise of the potent ial- t ime curves in the same 
direction. The potent ial  is plotted against  t ime up to 
10 hr in Fig. 9. 

Fig. 9 discloses again tha t  with increasing t ime and 
KC1 concentration the potentials became more 
anodic. The increase of the potentials  in anodic 
direction in the solutions 0.1N or less was more 
rapid than  tha t  in the 1N solution. Trends of the 
potential- t ime curves based on measurements  made 
under  the condition of bubbling oxygen are very  
similar to those derived from measurements  under  
high oxygen pressure. The  potential- t ime curves 
resulting after a 10-hr period had very  irregular 
t rends and, therefore, were not reproduced in Fig. 9. 

Other factors.--The oxygen pressure, concentra- 
tion of KC1, and t ime were varied over a wide range, 
and the solutions were analyzed for H20~. This sub- 
stance could not be detected by  the t i tanium sul- 
fate or prussian blue tests in any of the solutions (12). 
In  order to determine if H202 was decomposed by  
high oxygen pressure, a number  of beakers filled 
with a 1N KC1 solution containing 0.1 and 1% 
H202 were put  in the autoclave. Runs were made  
under  oxygen pressures of 150 and 325 psi for 72 
hr. Solutions of the same KC1 and H202 concentra- 
tions were kept  under the same conditions of t ime 
and tempera ture  in the atmosphere.  The  concentra- 
tion of H~02 decreased considerably in the a tmos-  
pheric runs but  did not diminish in the solutions 
under high oxygen pressure. 

Weight loss in NaCl solutions was the same as in 

T A B L E  I.  Weight loss of commercially pure and high purity 
A1 in a O.01N KC1 solution 

E x p o s u r e :  72 h r ;  t e m p :  35 ~ • 0 .5~  

A1 content of specimen, % 

a p p r o x .  99.1" 
99.88 
99.97 

Weight  loss in mg/spec imen:  

Normal  atmospheric 
conditions 

8 

a p p r o x .  5 
0 

Par t ia l  pressure of 
oxygen, 300 psi 

31 
6 
0 

* C o m m e r c i a l l y  p u r e  A1. 

T A B L E  I I .  Effect of corrosion of commercially pure 
A1 on resistivity 

P a r t i a l  p r e s s u r e  of o x y g e n :  150 ps i ;  t e m p :  35 ~ • 0 .5~ 

Normahty  of KC1 
solutions 

0.0001 
0.001 
0.01 
0 .1  

Specific resist ivity,  ohms: 

Before immersion 

6 .3  X 104 
6 .5  X 103 
7 0 X 102 
1.5  X 102 

After  immersmn 
period of 48 hr  

5 .8  X 104 
6 .2  X 103 
6 .7  X 102 
1 .4  X 10 ~ 

KC1 solutions. A change of the anion f rom C1- to 
S O ( -  had a very  strong effect on the meta l  loss. 
The  weight loss in a 0.001N K2SO4 solution (150 psi 
oxygen, 72-hr exposure) was 70% lower than  t ha t  
in a KC1 solution of the same normal i ty ;  in 0.01 
and 1N K:SO4 solutions it was too small to give re- 
producible values. 

The  weight loss of commercial ly pure  A1 and of 
high pur i ty  A1, immersed in a 0.01N KC1 solution 
under normal  a tmospheric  conditions and under  an 
oxygen pressure of 300 psi, is listed in Table  I. 

The  table shows tha t  an effective amplification 
of the weight loss, accomplished by  increasing the  
concentrat ion of dissolved oxygen, was only feasible 
on commercial ly pure A1, bu t  not  on an A1 of 99.88 % 
puri ty .  The  weight loss was almost  zero on an A1 
of 99.97% puri ty ,  even when the par t ia l  pressure 
of oxygen was raised f rom atmospher ic  to 300 psi. 

Resistivities of a number  of KC1 solutions of 
various concentrat ions are compiled in Table  I I .  

Resis t ivi ty  was slightly decreased during a period of 
48 hr and similar values were found after  100 hr 
under  high oxygen pressure or bubbl ing oxygen. 
The  p H  was measured along with the resistivity. 
In  all cases it increased slightly, f rom approximate ly  
5.5 to 6.5. However ,  the fact  has  to be stressed t ha t  
p H  measurements  even with the glass electrode, 
when made  in unbuffered solutions in the neighbor- 
hood of the neutral  point,  are not  very  reliable. 

D I S C U S S I O N  

More comprehensive studies are required for 
establishing the mechanism which controls the  
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T A B L E  I I I .  Corrosion rate and electrode potential of com- 
mercially pure A1 (partial pressure of oxygen 150 psi) 

T e m p :  35 ~ 4- 0 .5~ e x p o s e d  a r e a :  40.50 cm 2 

Expo- 
sure, hr 

2 
4 
6 

10 
40 
80 

Normali ty 
of KC1 

solution 

0 0001 
0.0001 
0.0001 
0 0001 
0.0001 
0.0001 

Corrosion 
rate in 
mg /h r /  

spec 

1.25 
1.16 
1 .12  
0 .92  
0 .29  
0 .20  

;~Ch sc 

--650 
-- 670 
--690 
- 8 5 0  

ormal-] Corrosion 
t y  of [ rate in 
Cl.so- I mg /h r /  
utton I spec 

O. 1 0 .80  
0 .1  0 .60  
0 .1  0 .56  
0 .1  0 .53  
0 .1  0 07 
0.1  0 .01 

Electrode 
potential 

in my,  O.1N 
Hg2Ch scale 

-- 760 

--830 

--870 

--930 

increase of the weight loss with increasing concentra- 
tion of dissolved oxygen, increasing t ime (13) and 
decreasing concentration of electrolyte. However,  it 
appears feasible to draw some quali tat ive conclu- 
sions, which might serve as a base for a future, more 
comprehensive interpretation. 

The plot of log of weight loss vs. log of oxygen 
partial pressure gave straight lines (Fig. 5). Ap- 
parent ly the relationship between weight loss and 
concentration of dissolved oxygen as determined by  
the partial pressure of this gas is an exponential 
one. 

I t  is of great interest tha t  an effective amplifica- 
tion of the weight loss requires the presence of a 
certain amount  of impuri ty in A1, which in this case 
was predominantly Fe. 

Herzog and Chaudron (3, 14) have shown tha t  
the weight loss of an A1-Cu alloy of the type  24S, 
immersed in a 3 % NaC1 (0.5N) solution, was increased 
by  raising the oxygen pressure above the solution. 
These authors a t t r ibuted amplification of the metal 
loss to the action of H~02, which, according to Herzog 
and Chaudron, was formed when the A1 alloy was 
corroded under high oxygen pressure. I t  is a well- 
known fact (15) tha t  even small quantities of H:O2, 
when added to dilute NaC1 or KC1 solutions, greatly 
amplify the corrosion of A1 and A1-Cu alloys. If 
H202 was formed in these experiments and if its 
concentration increased with increased oxygen pres- 
sure, amplification of the weight loss can easily be 
due to H,.O~. However,  H202 could not  be detected 
in the corroding solutions. I t  may  be tha t  the quan- 
t i ty  of H~O~ formed was below the limit of the de- 
tectabili ty with the tests used. Nevertheless, it was 
found in this laboratory 6 tha t  a measurable increase 
of the weight loss of commercially pure A1 above 
tha t  resulting in an agitated 3 % KC1 solution could 
only be achieved when the concentration of H20~ 
was in the order of magnitude of 0.01%. The  fact 
tha t  the tests used indicate much lower concentra- 
tions than 0.01% H~02 justifies the assumption 

U n p u b l i s h e d  m e a s u r e m e n t s  m a d e  in  t h i s  l a b o r a t o r y  
b y  George  P .  C o n d o m  

tha t  there was no connection between a possible 
formation of this substance and the amplification 
of corrosion, at least not in the case of commercially 
pure A1 corroded in KC1 solutions with concentra- 
tions between 0.0001 and 1N under a part ial  pres- 
sure of oxygen up to 325 psi. 

I t  is easier to discuss the effects of t ime and KC1 
concentration on the weight loss when the corro- 
sion rate is taken into consideration. If the weight 
loss is expressed by a power function, w = a t  n (4), 
then the instantaneous rate of corrosion at a constant  
temperature  may  be computed from the weight loss 

w 
and the t ime by  the simple expression -/n, where 

t is the t ime in hours, w is the weight loss in mg per 
specimen, and n is a proport ionali ty factor. A plot of 
log w against log t showed straight lines which con- 
sisted in every case of 3 sections with 3 different 
slopes. The slope belonging to an initial period was 
greater than tha t  belonging to an adjacent  period, 
while the third section was almost parallel to the 
time axis. By inserting the values for the 3 different 
slopes for n in the above given expression, the rate of 
corrosion can be calculated. The rate for an interval  
between 0 and 5 hr, when the weight loss was not  
sufficiently reproducible, may  be computed from 
values taken from the sections in the curves (dotted 
lines in Fig. 3) extrapolated from 5 hr to zero time. 

Rates of corrosion for different times, together  
with (16) the corresponding electrode potentials, 
recorded over a period of 10 hr are compiled in 
Table I I I .  

This shows tha t  regardless of the concentrations 
of the KC1 solutions the rate decreased with time, 
while the potentials increased in anodic direction. 
Probably,  the decrease of the corrosion rate was 
the result of a protective coating formed during the 
corrosion process, which gradually increased on the 
metal  surface. I t  might be inferred from the increase 
of the potential  in the anodic direction that the 
local cathodes (Fe impurity) were preferentially 
polarized. 

The potentials were considerably more cathodic 
in the 0.0001N solution than  in the 0.1N solution 
(17). I t  may  be assumed, therefore, tha t  the accelera- 
tion of the corrosion rate in the 0.0001N solution as 
compared with the rate computed for the 0.1N 
solution was controlled by  cathodic processes (of 
unknown nature).  

I t  is not  known if there is a relationship between 
the formation of the dark coating or of colloidally 
dispersed corrosion products in 0.0001 and 0.001N 
solutions and the relatively high corrosion rate 
resulting in these solutions. Formation of a colloidal 
phase and its precipitation may be explained as 
follows. In  solutions with high oxygen concentra- 
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tions, anodically formed A1 ions were rapidly con- 
verted into A1 (OH)3. Very low concentrations of 
electrolytes (much below that necessary for coagu- 
lation, about 0.05N KC1 for colloidal A1 (OH)3) 
favor the formation of colloidal dispersions and 
stabilize such systems effectively. Higher electrolytic 
concentrations (in the order of magnitude of the 
coagulation value and above) discharge and pre- 
cipitate the colloidal phase. This explains why a 
colloidally dispersed phase would not be observed in 
0.1 and 1N KC1 solutions. 

As was shown above a tentative, qualitative dis- 
cussion of the dependency of the corrosion rate on 
time and KC1 concentration could be based on the 
electrochemical theory of corrosion. I t  does not seem 
justified therefore to argue that increasing corrosion 
with decreasing conductivity of the solutions is not 
compatible with the electrochemical theory. Cor- 
rosion reactions proceed actually in a very thin layer 
of electrolyte in the solid-liquid interface. It is rather 
questionable if the conductivity measured in the 
bulk of the solution is also representative for the 
conductivity in the boundary layer. I t  seems to be 
particularly improbable that these conductivities 
are identical in experiments made under stagnant 
conditions. 

The corrosion behavior of A1 in K2SO4 solutions 
revealed that the increase in weight loss with de- 
creasing concentration of electrolyte is not limited to 
the C1- anion alone. 

I t  is of great interest that the specific effect on the 
weight loss of the concentrations of a KC1 or NaC1 
solution and of the concentration of dissolved oxygen 
(19-21) is not limited to A1. Bengough and Worm- 
well (20) obtained similar results on mild steel. 
These authors, who corroded their specimens in 
0.1N and 0.5N KC1 and NaC1 solutions under high 
oxygen pressures, state that there is a greater dif- 
ference between the corrosion rate, computed for 
specimens immersed in solutions of the above con- 
centrations, than corresponds to the respective 
oxygen solubility. 

The authors' corrosion studies of A1 in 0.0001 to 
0.1N KC1 solutions have shown that a decreasing 
oxygen concentration with increasing electrolytic 

concentration cannot be the explanation for the re- 
tardation of the corrosion rate. 
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Studies  on the A n o d i c  Po lar i za t ion  o f  Z i r c o n i u m  and 

Z i r c o n i u m  Al loys  1 

MARIO MARAGHINI, 2 GEORGE B.  ADAMS, JR., AND PIERRE VAN RYSSELBERGHE 

Department of Chemistry, University of Oregon, Eugene, Oregon 

A B S T R A C T  

The anodic polarizat ion of zirconium and of some of its alloys was studied in several 
different aqueous electrolytes.  In  chloride solutions corrosion potent ials  below that  
of oxygen evolut ion were established, but  the addit ion of ni t ra te  ion in the rat io  of 3:5 
to chloride ion brings the potent ial  above tha t  of oxygen evolution.  Format ion  of the 
oxide film along the three portions of the potent ia l - t ime curve (initial rapid increase, 
evolut ion of oxygen at pract ical ly  constant  potential ,  final rapid increase) was studied 
in detail  and quant i ta t ive  information about local currents and the efficiency of the 
film building process was obtained. 

INTRODUCTION 

Hackerman and Cecil (1) have made cathodic and 
anodic polarization and potential-time studies on 
zirconium in aerated and in air-free sodium chloride 
solutions. In their anodization studies they obtained 
the same type of constant current potential-time 
curves that are reported in this work. 

Rothman, McKinney, and Warner (2) have re- 
ported anodic potential-time curves for zirconium 
in sulfuric acid solutions which show the same char- 
acteristic linear portions as those reported above 
by Hackerman and those obtained in the present 
work, using other electrolytes. 

Charlesby (3) studied the growth of the oxide 
film formed in the anodization of zirconium and 
aluminum at formation voltages in excess of 4 volts. 
His work can be interpreted quite satisfactorily in 
terms of the equation proposed on theoretical 
grounds by Mott (4) for the ionic currents involved 
in the growth of thin oxide films on metals. 

In the present work, the anodic polarization of 
zirconium and of some of its alloys was studied at 
25~ over a range of current densities from 0.5 to 
2000 ~a/cm 2. Potential-time measurements were 
also carried out in the absence of external current. 
Solutions of HC1, KC1, Na2CO3, Na~SO3, and other 
salts were used. 

Two types of potential-time curves were observed 
according to whether chloride ion was present in the 
solution or not. 

In the latter the potential difference between the 

1 Manuscript  received December  28, 1953. This paper 
was prepared for del ivery at the Wrightsville Beach Meet-  
ing, September 13 to 16, 1953. Work carried out under a 
contract  between the Univers i ty  of Oregon and the U. S. 
Atomic Energy Commission. 

2Present  address: Ins t i tu te  of Applied Chemistry,  
Univers i ty  of Rome, Rome, I taly.  
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zirconium anode and a saturated calomel electrode 
(S.C.E.) changes with time toward nobler potentials 
at a constant rate after a brief initial period. When 
it reaches about 1.1-1.3 volts the rate of increase de- 
creases considerably and remains at these lower 
values for intervals of time varying with the current 
density. When the voltage reaches 1.9-2.1 volts the 
rate of increase again becomes larger and attains a 
value of the same order of magnitude as below 1.1 
volt. This behavior is shown in curve 1 of Fig. 1. 

Above 4 volts thin films of oxide which had gradu- 
ally been forming become visible by the display of 
strong interference colors, the color depending upon 
the formation voltage. The film building process was 
observed at varying formation voltages up to 100 
volts, but the polarization can be pushed well above 
this value (3). 

In solutions containing chloride ion as the only 
anion the potential-time curve follows the same 
course as in the absence of chloride ion until a definite 
limiting value of the potential difference is reached, 
which then remains constant with time. This limiting 
value depends upon the chloride ion concentration. 
This behavior is shown in curve 2 of Fig. 1. 

After the limiting corrosion potential has been 
reached the coupons show a very pronounced pitting, 
and zirconium can easily be detected in the solution. 

If the solution contains chloride ion plus another 
anion, the behavior may be of either of the types 
mentioned, according to the nature of this second 
anion and to the ratio of its concentration to that of 
chloride ion. 

Experimental studies were carried out on: (a) the 
steep branch of the potential-time curve below 1.1 
volt; (b) the constant corrosion potential obtained 
in the presence of chloride ion; (c) the nearly hori- 
zontal branch between 1.1 and 2 volts; and (d) the 
steep branch over 2 volts. 
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FIG. 1. Time-potential curves for anodization of zirco- 
nium at 250 ~a/cm ~ in: curve 1, 1.0M Na~CO3; curve 2, 
1.0M KC1, both aerated. 

EXPERIMENTAL PROCEDURE 

Coupons of zirconium alloys and of the unalloyed 
meta l  were cut out of 0.070-in. sheet 3 in the shape 
of square electrodes with extensions for electrical 
connections. They  were completely covered with an 
impervious baked coating of Valdura rubber  base 
enamel which was then ground away from one face 
of the electrode. Prior to each test  the exposed face 
of the coupon was abraded on 0, 2/0, and 3 /0  
emery,  and a known apparen t  exposed area was 
obtained by coating par t  of the freshly abraded sur- 
face with a rosin-beeswax mixture.  The  coupon was 
immersed in the electrolyte (with external current,  
if any, already on) of a cell containing a stirring de- 
vice, a bubbling tube, an agar bridge to the auxiliary 
electrode, and a Haber-Luggin  capillary. The  other 
end of the capillary was placed in a vessel (contain- 
ing the same solution as tha t  in the cell) in which an 
agar salt bridge was also immersed. This led to 
sa tura ted  KC1 in another  vessel which contained the 
reference electrode also. Current  was supplied by  a 
very  high resistance circuit fed by  100-volt storage 
batteries or by  a 300-volt tube  rectifier to minimize 
the variat ions of current  due to polarization of the 
electrode. Current  was measured with a calibrated 
resistor and a potent iometer .  The  voltage between 
anode and reference electrode was measured with 
an electronic vol tmeter  in series with a wire poten- 
t iometer.  The accuracy was about  2 m v  in the range 
0-2 volts. Cell, salt bridges, and reference electrode 
were all immersed in a thermostat ical ly  controlled 
ba th  at  25.0 ~ • 0.1~ General ly air was bubbled 
during the run. Measurements  were begun 6 sec 
af ter  immersion of the prepared coupons and car- 
ried on for as much as several hours. 

s S p e c i m e n s  were  e i t h e r  in  t h e  a n n e a l e d  or less  t h a n  
20% cold  w o r k e d  s t a t e  w i t h  a h a r d n e s s  of  t h e  o r d e r  of  
Rockwe l l  B 68-81. 

The work reported in the present  paper  included 
experiments on the eight zirconium samples listed in 
Table  I, with metals  No. 1, 2, and 8 receiving special 
at tention.  These were selected f rom a to ta l  of fifteen 
alloys. 4 

STEEP BRANCH OF THE POTENTIAL-TIME CURVE 

BELOW 1.1 VOLT OR BELOW THE CORROSION 

POTENTIAL IN SOLUTIONS CONTAINING CHLORIDE 

IoN 

The  general form of the potent ia l - t ime curve for 
various applied current  densities is shown by  the 
charging curves in Fig. 2, obtained in 1.0M Na:C03 
solution. Three characteristics of these curves should 
be noted. Init ially,  there is a rapid, nonlinear po- 
tent ial- t ime dependence which then merges into a 
linear dependence. Although not  included in the 
figure, this linear dependence continues until  oxygen 
evolution begins. The  slope of the linear port ion of 
the curve shows a small, bu t  definite, increase wi th  
increasing current  density. The  t ime interval  over 
which the curve is nonlinear decreases with increas- 
ing current  density.  

The  var ia t ion in the slopes of these charging curves 
with t ime is shown in Fig. 3. The  points were ob- 
tained f rom the differences in potent ia l  measured a t  
intervals f rom the immersion t ime, corresponding to 
constant  increases of the logari thms of these t ime 
intervals.  The points were plot ted directly wi thout  
smoothing. In  Fig. 4, 5, and 6 the log rate-log t ime 
curves are given for other aqueous salt  solutions. 
D a t a  used to construct  Fig. 1 through 8 were ob- 
tained using an electrode made  f rom sample No. 2 
(WA-3983). Exper imenta l  points are given in Fig. 3 
and 4 to indicate the type  of precision obtained in 
this work. Most  of the curves are the result of dupli- 
cate or tr iplicate runs on the same specimen elec- 
trode. The  same degree of reproducibil i ty was ob- 
tained with the da ta  used to draw Fig. 5 and 6. 
Complete  da ta  for all of this work appear  in a recent  
report  (5). 

The following features of these curves are ap- 
parent :  

(A) With  no applied current :  
The logar i thm of the rate  of increase of potential ,  

log (AE/At), decreases linearly with the logar i thm 
of the immersion time, log t, f rom 6 sec af ter  im- 
mersion to 20 min. With  some media  there is then 
a break followed by  a segment of greater  slope. 

(B) Wi th  applied current :  
Curves obtained with external polarization cur- 

rent  are initially nearly coincident with, or parallel 
to, the corresponding zero external  current  curve. 
Their  slopes then begin to deviate in the direction of 

4 Kindly supplied by Dr. E. T. Hayes of the Bureau 
of Mines, Albany, Oregon. 
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TABLE I. Partial analyses of the zirconium samoles 

Sample  No .  1 2 3 4 5 6 7 8 

Code No.  W-3992 WA-3983 WA-3941 WA-3949 SA-3247 SA-3248 SA-3230 SA-3249 

AI 
B 
C 
Cd 
Co 
Cr 
Cu 
Fe 
Mg 
Mn 
Mo 
N: 
Ni 
02 
Pb 
Si 
Sn 
Ti 
V 
Zn 

30 
0.3 

<0 5 
<10 

30 
30 

200* 
20 
10 

<10 
360 
50 

30 
5O 

<5* 
<50 
<20 
<50 

20 
0.3 

370 
0.5 

10 
<5 
5O 

600 
i0 
i0 

<10 
7O 
20 

1650 
30 

100 
5OO 
5O 
5O 

<50 

60 
0.5 

0.5 
<10 

3O 
100 

2000* 
3O 
2O 

<10 
60 
2O 

1950 
3O 

100 
<5* 
5O 
2O 

I <50 

m 

9900 

5O 

1100 

30 
0.2 

0.5 
<10 
<5 
20 

6O0 
10 
2O 

<10 
80 

<5 
8OO 

5O 
30 

11000 
<50 
<2O 
<50 

20 
0.2 

250 
<0.5 

<i0 
<5 
20 

900 
i0 
I0 

<I0 
30 
20 

750 
30 
50 

21900 
50 
2O 

<50 

50 
0.7 

370 
<0.5 

<i0 
<5 
30 

i000 
i0 
I0 

<i0 
40 

<5 
2000 

50 
20 

25300 
<5O 
<2O 
<5O 

20 
0.2 

190 
<0.5 

<I0 
<5 
20 

1100 
10 
i0 

<I0 
60 
I0 

900 
50 
40 

32400 
50 
20 

<50 

C, Fe, N, O2, Sn by chemical analysis (exceptions' values with asterisks are spectroscopic), others by spectroscopic analy- 
sis. All values are in parts per million. WA-3949, incompletely analyzed, is similar to W-3992 and W-3941. All analyses kindly 
furnished by Dr. E. T. Hayes and collaborators at the Bureau of Mines, Albany, Oregon. 

h igher  va lues  of AE/At .  F i n a l l y ,  these  r a t e s  become  
cons t an t .  W h e n  app l i ed  cu r r en t  d e n s i t y  is increased ,  
the  in i t i a l  pe r iod  of co inc idence  or pa ra l l e l i sm w i t h  
t he  ze ro -cu r ren t  curve  is sho r t e r  a n d  the  final con- 
s t a n t  va lue  is h igher .  T h e  degree  of in i t i a l  nonco in -  
c idence is seen to  increase  w i th  inc reas ing  c u r r e n t  
dens i ty .  

B y  p l o t t i n g  t h e  l o g a r i t h m  of t he  c o n s t a n t  r a t e  
aga ins t  t he  l o g a r i t h m  of t h e  app l i ed  cu r r en t  d e n s i t y  
w i th  which  th is  c o n s t a n t  r a t e  was  ob ta ined ,  a p re -  
cise l inear  d e p e n d e n c e  is found  for t he  whole  r ange  

r 
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CHARGE DENSITY {MILLIr / SQ r,M} 

FI~. 2. Anodic charging curves for zirconium in aerated 
1.0M Na2CO3 (current densities in ga/cm2). �9 0.39; m, 
1.95; V, 4.14; A, 20 5; O, 41.4. 

of c u r r e n t  dens i t ies  i n v e s t i g a t e d .  F r o m  these  p l o t s  
one o b t a i n s  t he  two  c o n s t a n t s  A a n d  B in t h e  re la -  
t i o n s h i p  : 

log (AE/At )  = l o g A  + B l o g l o r A E / A t  = A I B ( I )  

whe re  I is t he  c u r r e n t  d e n s i t y  a n d  A is t h e  r a t e  for  
un i t  c u r r e n t  dens i ty .  

T h e s e  fac t s  are  i n t e r p r e t e d  b y  a s s u m i n g  t h a t  t h e  
inc rease  in p o t e n t i a l  b e t w e e n  coupon  a n d  reference  
e l ec t rode  is due  to  a f i lm bu i ld ing  process ,  ~ a n d  t h a t ,  
in t h e  case of zero a p p l i e d  cu r ren t ,  local  c u r r e n t  con- 
t ro l s  t h e  r a t e  of t h e  film bu i ld ing  process  and ,  con-  
s e que n t l y ,  the  r a t e  of change  of t h e  po t e n t i a l .  T h e  
loca l  c u r r e n t  decreases  r a p i d l y  w i th  t i m e  as shown 
b y  t h e  dec reas ing  r a t e s  in t he  in i t i a l  p o r t i o n s  of t he  
log r a t e - log  t ime  curves .  I f  an  e x t e r n a l  c u r r e n t  of 
c o n s t a n t  v a l u e  is s u p e r i m p o s e d  u p o n  the  local  cur -  
ren t ,  t h e  same  process  of cor ros ion  goes on p r a c t i c a l l y  
u n a l t e r e d  as  long as t h e  e x t e r n a l  c u r r e n t  is sma l l  
c o m p a r e d  w i th  t he  local  c u r r e n t  a n d  the  t w o  cu rves  
in  t h e  log r a t e - log  t i m e  p lo t  r e m a i n  m e r g e d  or 
para l l e l .  W h e n  the  local  cu r ren t ,  wh ich  is s t e a d i l y  
decreas ing ,  becomes  c o m p a r a b l e  w i t h  t h e  e x t e r n a l  
a p p l i e d  cur ren t ,  t he  two  curves  beg in  to  d iverge .  

5 That  the film building process under these conditions 
is actually the formation of ZrO2 is shown by electron dif- 
fraction studies of the films formed upon anodizing zirco- 
nium in various aqueous solutions. In dilute HNO.3 a cubic 
modification is formed (ao = 5.103 A) while in dilute 
H2SO4, ammonium borate, and other solutions, the film 
has a more amorphous structure but with crystallites of 
this cubic modification present (3). 
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Fzo. 3. Logarithm of the rate of increase of potential vs. 
logarithm of immersion time, and vs. logarithm of cur- 
rent density (+) in aerated 1.0M Na~CO~. 
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F I G .  5 .  Logarithm of the rate of increase of potential 
vs. logarithm of immersion time, and vs. logarithm of cur- 
rent density (+) in aerated 0.1M KC1. 
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FIG. 4. Logarithm of the rate of increase of potential 
vs. logarithm of immersion time, and vs. logarithm of 
current density (+) in 1.0M N~2SO~. 

Finally, when the local current has become negligible 
compared with the external current, a constant rate 
is attained with a value depending only on the mag- 
nitude of the external current. 

Since the same film building process occurs, 
whether the current responsible for it is constant or 
decreasing with time, one can calculate the local 
current at a given time from equation (I) and from 
the value of log (AE/At) on the log rate-log time curve 
for zero external current. These local current values 
should be valid over the range of external current 
densities for which the constants in (I) were eval- 
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F I G .  6 .  Logarithm of the rate of increase of potential 
vs. logarithm of immersion time, and vs. logarithm of 
current density (+) in aerated 1.5M HC1. 

uated. In Table II the values of the constants A and 
B of equation (I) are reported, together with the 
calculated values of the local cell current at logarith- 
mic time intervals for zirconium sample No.  2 (WA- 
3983). Values of A and B should be accurate to 
within -4-2 %, and the deviation of B from unity  is 
significant within these limits. 

From an inspection of Table II it is seen that three 
of the A values are identical at 7.4 -4- 0.2 m v /m in .  

The small local current in the 1.0M Na~SO~ solu- 
tion is probably due to the complete absence of dis- 
solved oxygen in the solution, resulting in a relatively 
low value for the local cathodic current. The runs in 
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T A B L E  I I  

S o l u t i o n  

1.0M Na2CO~ 
1.0M Na2SO~ 
0.1M KC1 
1.5M HC1 

A 
( m v / m , n )  

B 

7.4 1.08 
7 .4  1.12 
7.6 1 07 
8.3 1.01 

Local current  (~a/cm 2) at  
t~me (man) 

0 56 1.8 5 6 18 56 

" �9 1"414 

1"205 

+ \ o  

_2 

O 
.J 

59  

- ,5~  - , 2 ~  -,',oo -,~ .;oo -~oo -~oo - ;oo  ' ' ' -500 

POTENTIAL (U,LLLVOLXS Vl ~CE) 

Fz~. 7. Loga r i thm of the  ra te  of increase of po ten t i a l  
vs. po ten t i a l  in aera ted  1.0M Na2C03. 

the three other solutions were carried out with air 
saturated solutions. However,  the rate at unit  cur- 
rent density is the same in the absence of dissolved 
oxygen as in its presence, and this is evidence tha t  
for zirconium the pr imary process responsible for 
the increase in potential  with t ime is the formation 
of the oxide film and not the adsorption of dissolved 
oxygen. The role of dissolved oxygen is limited to 
its effect on the local cathodic polarization curve for 
this process. 

At this point it might be mentioned tha t  the 
method of determining local currents described above 
is still valid if the oxide film dissolves in the elec- 
trolyte at a rate proportional to its rate of formation. 
This is equivalent to saying that ,  of the external 
current IE, only a fraction, ~[E, is actually film 
building, because the film produced by the remain- 

ing (1 -- ~)IE is dissolved. So, the relation k E / a t  = 
A IE B becomes AE/A t  = A qBIEB. If  the fraction is 
the same for the dissolution in the case of the local 
current  (and this is the basic assumption upon which 
the whole method is based, namely, tha t  the effects 
and consequences of the anodic external current  and 
of the local anodic current are the same), dissolution 
of the film should not  invalidate the calculated value 
of the local current,  because in both cases the value 
of the constant A has been changed to A'  = ~BA. 

If the rate of dissolution of the oxide were to be 
proportional to the total  amount  of film present at  a 
given time, the above reasoning would not  hold, bu t  
in such an event  the value of k E / k t  resulting from 
a constant external current would not be constant.  
In  effect the rate of dissolution should increase 
continuously, so tha t  the difference of the two rates, 
(constant rate of formation)-( increasing rate of 
dissolution), corresponding to the observed rate  
3E/At ,  should decrease. 

The following is given as evidence tha t  the local 
currents calculated by  this method are real. 

Fig. 7 and 8 show how the complete log rate- 
log time curve can be calculated from equat ion (I) 
and the zero current curve. The assumption is made  
that ,  in the runs with external current,  the  local 
current,  at  a given potential  E,  is equal to the local 

2: 
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a e = ~  '1, 196 
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1=39 
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POTENTIAL (ultLhvo'..'rs VS S C [ ) 

FIG. 8. Loga r i t hm of the  ra te  of increase of po t en t i a l  
vs.  po ten t i a l  in  aera ted  0 1M I~.Ct. 
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current in the runs with zero external current, at  the 
same potential  E.  This assumption appears reason- 
able, because the net current is flowing toward the 
external cathode, but  the local anodic current must  
flow toward internal cathodes, and its value is de- 
termined by the value of E on the cathodic polariza- 
tion curve. The foregoing assumption is based on the 
hypothesis of a sufficiently stable local cathodic 
curve (corresponding to the reduction of oxygen and 
hydrogen ion, or water, on the electrode). Thus, by 
plotting log rate-potential  curves for each log rate- 
log time curve one can, at a given potential  E,  read 
off the corresponding log AE/At value for the I = 0 
curve and calculate a local current by  substitution 
in equation (I). Then, by  adding the value of the 
constant external current, I,  to the local current so 
obtained and substituting this total  current in equa- 
tion (I), a value of log AE/At for this external cur- 
rent I can be calculated. This value is now plotted 
a t  the same potential  E for which the local current 
was calculated. In this way the log rate-potential  
curve is constructed for each external current density. 
In Fig. 7 and 8 the calculated values are shown as 
open squares. The curves represent experimental 
log rate values at different potentials. (All points, 
other than those indicated by  open squares, are 
experimental values.) The origin of ordinates has 
been shifted upward by 0.6 unit  for each consecutive 
line. The agreement is good, and lends support  to 
the assumptions made. 

Another indication of the probable validity of this 
method of obtaining local currents is obtained by  
comparing the local cathodic polarization curve, as 
calculated from the local currents indirectly derived 
above from anodic measurements, with the corre- 
sponding portion of the net cathodic polarization 
curve obtained experimentally for the same solution. 
In Fig. 9 the experimental curve is shown for 0.1M 
KC1. The points shown in the figure are the local 
anodic currents calculated from equation (I) and the 
zero-current log rate values corresponding to given 
values of the observed potential. The  best agreement 
is to be expected at the high current end of the curve 
where the anodic contribution to the experimental 
net cathodic curve is small. At the low current end 
the deviation of the experimental curve from the 
calculated local polarization curve is seen to be in 
the direction expected, and the experimental values 
change with time toward the calculated curve as the 
local anodic contribution becomes gradually smaller. 

I t  may  seem surprising to find any agreement at  
all, since in one case a cathodic curve is used, and in 
the other the points are calculated from anodic 
polarization measurements only, and by  a rather  in- 
direct method. This agreement, however, should be 
expected if it is assumed that  the local cathodic 
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FIG. 9. Compar i son  be tween  the  ca lcu la ted  local 
cathodic  polar iza t ion  curve (solid line) and  the  experi-  
men ta l  cathodic  curve  (open circles) in  ae ra ted  0.1M KCl.  

polarization curve is more or less stable, and in- 
variable during the run, so tha t  the potential  (mixed 
potential) is always given by  the intersection of the 
local cathodic and local anodic curves. With  t ime 
the local anodic curve tends to stick more and more 
to the potential  axis on account of the growth of the 
oxide film. Therefore, if the anodic local current  is 
plotted vs. the corresponding potential  the loca} 
cathodic curve is obtained (neglecting IR drops). 

If the local cathodic polarization curve, as ob- 
tained by  the above method, is the true curve, it  
should follow tha t  a point on the local anodic polar -  
ization curve for a given time, t, could be obtained by  
taking the difference between a point on the cal- 
culated local cathodic curve and a point  on the net  
cathodic curve for t ime t and for the same potential.  
Thus,  potential- t ime curves for both  anodic and 
cathodic polarization would provide sufficient in- 
formation to obtain the local cathodic polarization 
curve and the local anodic curve and their change 
with time. The potential  range for these curves is 
limited to the range of potentials observed for the 
zero current  anodic potential-t ime curve. 

Referring to Table I I  again, a comparison between 
the A and B values for KC1 and Na~C03 solutions 
shows tha t  the presence of chloride ion has no ef- 
fect on the film building process at  potentials lower 
than the corrosion potential.  The  anomalous action 
of chloride ion manifests itself only when a given 
potential  is reached. 

CORROSION POTENTIAL IN PRESENCE OF 

CHLORIDE ION 

Solutions Containing Chloride Ion As the Only Anion 

For  a solution containing a chloride or HC1, 
anodizing at  constant  current  density leads eventu-  
ally to a constant potential.  The  t ime required to 
reach this corrosion potential  decreases with increas- 
ing chloride ion concentrat ion and with increasing 
current  density. For  chloride ion concentrations less 
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Fla. 10. Corrosion potential of different zirconium alloys 

vs. pCl- in aerated KC1 solutions. 

than 10-3N, slow oscillations occur in the potential.  
An increase in current density has very  little effect 
on the constancy of the corrosion potential.  For  
example, in 1.0N KC1 there is an increase of about  
10 mv in the corrosion potential  when the current 
density is increased from 10 to 2000 m a / c m  2. Visible 
pitting is invariably observed with coupons sub- 
mit ted to this t reatment .  At high chloride ion con- 
centrations many pits are formed, while at the lowest 
chloride ion concentration (10-3N) only two or three 
pits occur per square centimeter, but  these are much 
deeper. 

Plotting the constant corrosion potential  against 
the negative logarithm of the chloride ion activity,  
one obtains approximate straight lines with the same 
slope for all the alloys that  were tested. This plot 
is shown in Fig. 10. 

In Table I I I  the corrosion potential  in millivolts, 
obtained with a current density of 3.9 ~a/cm 2, is 
tabulated for the various alloys at three different 
chloride activities. 

Zirconium and these alloys are readily corroded 
and pit ted in the presence of chloride ion, even when 
only small anodic currents of the order of 1 ~a/cm 2 
are impressed. For  t i tanium the same pitt ing is ob- 
served, but  at  potentials of the order of 9-10 volts 
(6). Furthermore,  while alloys of the WA series have 
about the same corrosion potentials, alloys of the SA 
series, containing percentages of tin increasing from 
1-3 %, exhibit increasingly less noble potentials as 
the percentage of tin increases. The greater per- 
meability to anions (here chloride ion) of the film 
formed on the tin-alloyed metal at  low current 

densities before the corrosion potential  is a t ta ined 
presents other aspects which are discussed below. 

Solutions Containing Chloride Ion and 
an Additional 4nion 

After the corrosion potential  had been at tained in 
a cell containing a solution of NaC1 of given con- 
centration, increasing amounts  of a solution of the 
sodium salt of the anion to be tested and containing 
NaC1 also, at  the same concentration as the original 
solution, were added to the cell. After addition of a 
measured volume of the second solution, the change 
in the corrosion potential  was recorded and the addi- 
tions continued. Generally the corrosion potential  
changed in the direction of greater nobility as the 
concentration of added anion increased. Results of 
these measurements are shown graphically in Fig. 
11, 12, 13, and 14. 

The anions tested can be divided into three groups 
according to their effects. 

(A) With additions of ni t ra te  ion the following 
observations were made: When the ratio CNaT/Cc z_ 

reaches values of about  3, the increase in the cor- 
rosion potential  becomes very  abrupt  and large 
oscillations set in. When this ratio reaches a value of 
5 the potential  is between 1.5 and 1.6 volts, and 
oscillations cease, oxygen evolution begins, and 
pitt ing apparent ly  stops or is reduced to a marked 
degree. Measurements were made at  chloride ion 
concentrations of 0.1, 0.0l,  and 0.004N. 

(B) Sulfate, chromate, and phosphate ions produce 
abrupt  increases in the corrosion potential  when 
their concentration ratios to chloride ion are around 
20-30. In 0.004N chloride ion solutions, sulfate and 
chromate ions bring the potential  above tha t  of 
oxygen evolution when their concentrat ion ratios 
to tha t  of chloride ion are about  40 to 50. 
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and of another anion for aerated 0.1M NaC1. - �9 - - - 
alloy No. 1; - �9 - -  �9 -, alloy No. 8. 

(ADDED ANION CONC I J ( C l -  CONC) 

FIG. 11. Corrosion potent ia l  in presence of chlor ide  
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F I G .  13. C o r r o s i o n  p o t e n t i a l  i n  p r e s e n c e  o f  c h l o r i d e  i o n  

a n d  o f  a n o t h e r  a n i o n  f o r  a e r a t e d  0 . 0 1 M  N a C 1 .  - �9 - - - O - ,  

a l l o y  N o .  1;  - �9 - -  �9 - ,  a l l o y  N o .  8 .  

(C) Chlorate, perchlorate, and nitrate ions (this 
last ion belonging perhaps as well to group B) 
produce a rather abrupt increase in the potential at 
low ratios to chloride ion, and a leveling off at high 
ratios. The potential always remains below that for 
oxygen evolution in the range of concentration ratios 
investigated. 

These measuremeIlts were all carried out using 
two types of zirconium specimens: sample No. 1, 
(WA-3992) and sample No. 8, (SA-3249). A common 
feature of the various cases is that, when the added 
anion concentration becomes high enough to raise 
the potential above that of oxygen evolution, the 
curve of potential vs. added anion ratio for the tin 
alloy intersects that for the pure metal and reaches 
the oxygen evolution potential at a lower ratio of 
added anion. 
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:FzG. 14.  C o r r o s i o n  p o t e n t i a l  i n  p r e s e n c e  of  c h l o r i d e  i o n  

a n d  o f  a n o t h e r  a n i o n  f o r  a e r a t e d  0 . 0 0 4 M  N a C 1 .  - O - -  - O - ,  

a l l o y  N o .  1;  - �9 - -  �9 - ,  a l ] o y  N o .  8.  

T A B L E  I I I  

Alloy 1 ON KCI (log 0 1N KC1 (log 00 lN KCI (log 
aCl- = --0 21) ac l -  = 1 ll)  ac1- = --2.04) 

1 W A - 3 9 9 2  

2 W A - 3 9 8 3  

3 W A - 3 9 4 1  

4 W A - 3 9 4 9  

5 S A - 3 2 4 7  

6 S A - 3 2 4 8  

7 S A - 3 2 3 0  

8 S A - 3 2 4 9  

149 • 5 

153 3 

154 4 

142 3 

95  4 

55  5 

42  5 

l l  3 

216 • 3 

218 3 

218  3 

208  2 

164 3 

120 2 

115 2 

80  4 

272  • 2 

265  2 

279 3 

265 3 

212  4 

182 2 

170 3 

133 3 

The peculiar action of nitrate ion in repairing the 
film and preventing pitting by the action of chloride 
ion correlates with the results of other investigators 
(7), who proposed that anodization in nitric acid 
promotes nucleation of oxide grains on zirconium. 
The character of the oxide film structure on the tin 
alloys which allows a greater permeability to chlo- 
ride ion than does the oxide film on the pure metal 
(see Table III)  also renders the fixation of nitrate 
ion in the film easier and this ion can thus catalyze 
the formation of additional oxide at the very points 
where the film is most permeable. This property 
would account for the intersection of the curves for 
the till alloy with those of the purer metals. 

I t  is interesting to note that nitrite, chromate, and 
phosphate ions, which are generally good corrosion 
inhibitors, exhibit a much less marked effect here 
than does nitrate ion. 

N E A R L Y  H O R I Z O N T A L  B R A N C H  O F  T H E  

P O T E N T I A L - T I M E  C U R V E  B E T W E E N  

1 . 1  A N D  2 V O L T S  

Runs were taken in 1.0M Na2C03 solution with 
electrodes made up from samples No. 1 (WA-3992) 



408 JOURNAL OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  August 195~ 

T A B L E  IV 

Current density #a/cm2 

200 
300 
500 

1000 
1500 
2000 

Coulombs/cme to increase the potential from 
1.25 to 2.00 volts 

WA-3992 (sample 1) 
0.26 
0 .16  

0.089 
0.066 
0 .052 

SA-3249 (sample 8) 

Current density #a/cm 2 

SA-3249:  117 

0 .47  234 
351 

0 16 W A - 3 9 9 2 : 2 0 0  
0 .14  

2000 
0.076 
0 040 

•o 

'5t i 

g 

o 

I I I 
O 5 0 0  IOOO 15OO 2 ( ~ 0  

CURRENT DENSITy ~IOnOAU~RE* S Sa r 

FIG. 15. C o u l o m b s / c m  2 r e q u i r e d  to  p a s s  f r o m  1.25-2.00 
vo l t s ,  vs .  c u r r e n t  d e n s i t y ,  in  a e r a t e d  1.0M Na2CO3. 
� 9 1 6 9  � 9  1 ; � 9  �9 - -  � 9  8. 

T A B L E  V 

and No. 2 (SA-3249). The t ime required to reach 
1.25 and 2.00 volts, corresponding approximately 
to the beginning and to the end of the nearly hori- 
zontal branch of the curve, was determined for 
different constant current densities. The corre- 
sponding number of coulombs per square centi- 
meter  was calculated. Individual results show an 
appreciable scattering due to the highly localized 
nature of the oxygen evolution process. Results re- 
ported in Table IV are the mean values of five 
single measurements. 

In Fig. 15 data in Table IV are shown graphically. 
I t  is apparent  tha t  the film building efficiency in- 
creases with increasing current density, and that  it 
drops off very  rapidly for formation current den- 
sities less than 500 ua /cm 2. This efficiency is the 
ratio of the current carried by  the ions (probably 
oxide ions) involved in the film building process to 
the total  current. The  difference between total  cur- 
rent and ionic current is the electron current, which 
does not contribute to oxide film growth. The electron 
current might also be termed the oxygen evolution 
current in this case. The tin alloy has a lower film 
building efficiency during oxygen evolution than the 
pure metal except at the highest current densities. 

Along the fiat on the t ime-potential  curve the 
oxygen evolution, which is mainly localized, takes 
a large share of the total  current and the film build- 

Efficiency of the film building process 

Range 15-25 volts 

0 .37  
0 .40  
0 .42  
0 .47  
0 .62  

Range 25-35 volts 

0 .39  
0 .44  

0 .50  
0 .70  

ing process proceeds at  a reduced rate. As the 
localized pores 6 where oxygen evolution can readily 
occur are gradually closed over by  the thickening 
oxide film, the effective current  density for the 
localized oxygen evolution increases and, for oxygen 
evolution to continue, the potential  must  rise. (In 
Fig. 1 the gradual rise in potential  all along the fiat 
is not  apparent,  but  it is evident in a diagram where 
the potential  scale is expanded.) Finally, as localized 
pores are eliminated, the potential  climbs rapidly 
because a much larger fraction of the current  is then 
available for oxide film formation. The slope of the 
curve then becomes comparable to the slope below 
oxygen evolution, but  it is never as great. 

For  the mixed electrode reaction occurring during 
the localized oxygen evolution one would expect 
tha t  an increase in current density would increase the 
overvoltage for oxygen evolution and thus, for a 
given potential,  the fraction of current  used in 
evolving oxygen should decrease with increasing cur- 
rent  density, allowing a more rapid film formation 
at  the higher current densities. This is what  is ob- 
served. 

The fact tha t  the tin alloy requires more t ime to 
complete the oxide film than  does the purer  metal  
would indicate the presence of a greater density of 
localized pores. This idea is consistent with the fact 
tha t  chloride ions appear to penetrate  the oxide film 
on the tin alloy more readily than the oxide film 
formed on the purer metal, and tha t  the fixation of 
ni t ra te  ions within the film occurs more readily with 
the tin alloy than with the pure metal. 

S T E E P  B R A N C H  OF THE P O T E N T I A L - T I M E  C U R V E  

ABOVE 2 VOLTS 

In the absence of any information as to how great 
a variat ion occurs in the roughness factor in the 
transit ion from invisible films to the visible films 
formed above 4 volts, Charlesby's  value of the 
maximum formation rate at  zero electron current,  
namely, 17 volt  cm2/ma min, was used to calculate 

6 B y  t h e  t e r m  loca l ized  pore ,  as  u s e d  he re ,  is  m e a n t  a n y  
p a t h  t h r o u g h  t h e  oxide  f i lm t h a t  offers a c o n s i d e r a b l y  
lower  r e s i s t a n c e  to  t h e  p a s s a g e  of e l e c t r o n s  f r o m  t h e  ox ide  
f i lm s u r f a c e  to  t h e  m e t a l  t h a n  does  t h e  b u l k  of t h e  ox ide  
s t r u c t u r e  w h i c h  s u r r o u n d s  i t .  
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the efficiency of the film building process above 2 
volts. This value was derived by Charlesby from 
measurements taken above 10 volts using ammonium 
borate at  18~ The present measurements were 
made in 1.0M Na2CO~ at 25~ but  due to the similar 
nature of the two electrolytes there should be no 
great error in using his value. 

The efficiencies calculated in this manner are given 
in Table V, and are the mean values of two or more 
separate measurements of the formation rate over 
the voltage range indicated. 

These results are in good agreement with those 
given by Charlesby. The tin alloy does not exhibit 
any unusual behavior. 

Additional details and complete tables of data are 
available in a Technical Report  to the Atomic 
Energy Commission (5). 

Any discussion of this paper will appear in a Discussion 

Section to be published in the June 1955 issue of the 
JOURNAL. 
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Electronic Configuration in Electrodeposition from 
Aqueous Solution 

I l l .  M e t a l  D e p o s i t i o n  f r o m  C e r t a i n  C o m p l e x  I o n s  t 

ERNEST H .  LYONS, JR., 2 JOHN C. BAILAR, JR., AND H.  A. LAITINEN 

University of Illinois, Urbana, Illinois 

ABSTRACT 

The cathodic behavior of cobalt, nickel, copper, and zinc complexes of 8-hydroxy- 
quinoline-5-sulfonic acid, 1,10-phenanthroline, glycine, 1,2- and 1,8-naphthalenedia- 
mines, tetramethylethylenediamine, and dimethylglyoxime was investigated by 
determining cathode current effciencies and polarograms. Deposition was not obtained 
from ions believed to have hybridized orbitals which involve the penultimate electron 
shell, that is ,  from the "inner orbital" complexes of Taube Deposits were obtained 
from "outer orbital" ions, thus confirming the rule previously proposed. Evidence is 
given that copper, as well as cobalt and nickel, forms both types of ions. 

INTRODUCTION 

In  the first paper of this series (1), it was pointed 
out that ,  in aqueous solutions, the electrodeposition 
of metals appears to be impossible from ions having 
hybridized orbitals which involve the penult imate 
electron shell, tha t  is, from the "inner orbital" 
complexes of Taube (2). On the other hand, deposi- 
tion is generally possible when hybridization involves 
only the outermost shell, tha t  is, f rom "outer  orbital"  
complexes. To test the validi ty of this rule, the 
cathodic behavior of cobalt, nickel, copper, and zinc 
complexes of 8-hydroxyquinoline-5-sulfonic acid, of 
1,10-phenanthroline, and of glycine was investigated. 
In  addition, the nickel complexes of naphthalene- l ,  
2-diamine, naphthalene-l ,8-diamine,  te t ramethyl-  
ethylenediamine, and the copper complexes of 
dimethylglyoxime were examined. 

For  this purpose, cathode current  efficiencies were 
determined. However, these quantities may  not be 
significant where solubility of the complex salt is 
very  low. Accordingly, polarograms were also ob- 
tained. With many  of these, interpretat ion is ob- 
scured by  reduction of the coordinating agent or by 
catalytic hydrogen waves. Together,  however, the 
results seem to indicate fairly clearly whether de- 
position of metal occurs. 

EXPERIMENTAL 

Cathode e~ciency determinations.--These were made 
in the conventional manner on copper cathodes in 
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ing, September 12-16, 1953, and is taken from a thesis 
submitted by E. H. Lyons, J r ,  to the Graduate College of 
the University of Illinois in partial fulfilhnent of the 
requirements for the Ph.D degree. 
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solutions usually 0.01M in metal, and 0.1M in so- 
dium acetate. The solutions were vigorously agitated 
with a glass stirrer. Electrolysis was continued for 
60 rain at  1 a m p / d m  2, for 20 rain at 3 amp/d in  2, and 
for 10 min at 5 a m p / d m  2. Ba th  tempera ture  was 
between 30 ~ and 36~ The pH usually increased 
0.2 to 0.3 units. Although some deposits were so 
fragile tha t  bits of the material were lost on drying, 
enough metal  remained to indicate a substantial  
current  efficiency. The cells were operated in series 
with the conventional copper coulometer. Duplicate  
determinations agreed to within about  10 %, except 
for very  low efficiencies, where it was clear t ha t  
significant deposition was not obtained. Since at 
100% efficiency about  half the metal  in the cell 
would be deposited, higher efficiencies are not  neces- 
sarily representative of the initial ba th  composition; 
but  this is not of consequence since it was only re- 
quired to show that  deposition is possible. In  many  
experiments the anodes, which always consisted of 
the metal  to be deposited, were visibly corroded, 
and the increase in pH suggested that  the efficiency 
is higher at the anode than at the cathode. 
Polarographic studies.--These were made using 
standard techniques with both a dropping mercury  
cathode and a rotating plat inum cathode (3). Wi th  
the latter, purified hydrogen was bubbled through 
the solution in the open arm of an H-cell (4) during 
the runs. Prel iminary experiments indicated tha t  
under  these conditions the reduction of oxygen was 
not  observed on the polarograms. The solutions were 
generally 0.1N in KNOa, and 0.001M in metal.  
Polarograms with the rotat ing cathode were repro- 
ducible as to general form, but  not  as to precise 
values. Those with the mercury electrode showed the 
usual reproducibility. The temperature  was close to 
30~ 
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Chemicals.--C.P. or reagent grade chemicals were 
used. o-Phenanthroline was purchased from G. F. 
Smith Chemical Co. 8-Hydroxyquinoline-5-sulfonic 
acid, referred to as "sulfonated oxine," was prepared 
by sulfonating Eastman 8-hydroxyquinoline. Com- 
mercial dioxane was purified by diluting it with an 
equal volume of 20:1 hydrochloric acid, and re- 
fluxing the solution with magnesium powder for 
about 8 hr. Polarograms indicated that no reducible 
substances remained, and residual magnesium chlo- 
ride did not affect the results. 

EXPERIMENTAL RESULTS 

Complexes with o-phenanthroline.--Weighed por- 
tions of o-phenanthroline were added to solutions of 
sulfates or acetates of the metals, in ratios of 3.5 
moles of the amine to 1 mole of cobalt or nickel, 
2.5:1 for copper, and 2.2:1 for zinc. The pH was 
adjusted by adding hydrochloric acid and sodium 
hydroxide; runs were made at pH 3, 5, and 10, 
each within 0.5 unit. 

With cobalt, the solution became dark in a few 
minutes at pH 10, in a few hours at pH 5, and not at 
all at pH 3. When the dark solution was acidified, 
the color faded in a few minutes. This is attributed to 
a cobalt (III) complex, unstable in acid solutions. 

With cobalt, nickel, and copper, cathode current 
efficiencies were less than 1%. According to the 
criterion previously adopted (1), these compounds 
are considered to be nondepositing. A dark, tarry 
film, which was removed before weighing, remained 
on the cathode. When the tarry material was dis- 
solved in nitric acid, neutralized with ammonia, and 
treated with sodium sulfide, no precipitate resulted. 
Cathodes showed no visible metal deposit, and those 
from the nickel bath did not give colors with di- 
methylglyoxime (after treatment with acid and 
neutralization). 

With zinc, however, efficicncies ranging from 2.1 
to 21% were obtained. The deposit was dark, spongy, 
and resembled the so-called "burned" deposit. I t  
evolved gas vigorously when dipped in hydrochloric 
acid, and the resulting solution oil neutralization 
with ammonia, and treatment with sodium sulfide, 
gave a dirty white precipitate. A thin, dark coating 
remained on the cathode even after the zinc had been 
dissolved. 

It  appears, therefore, that zinc, but not cobalt, 
nickel, or copper, is deposited from these complexes. 

For nickel, cobalt, and copper, the polarograms 
show catalytic hydrogen waves at potentials less 
negative than in the corresponding solutions without 
the metals (5). The zinc solutions, however, show 
distinct waves indicating metal deposition at about 
-1 .4  volts vs. S.C.E., except at pH 2.7, where hy- 
drogen evolution is indicated. This is in agreement 

with the work of Kruse and Brandt (5). The polaro- 
grams therefore agree that  zinc, but not the other 
metals, may be deposited. 

The o-phenanthroline complex of iron is known to 
be of the inner orbital type (2). Since the coordinating 
ability of amines for metals increases through the 
transition series from iron to copper (6), it may be 
assumed that the cobalt, nickel, and iron complexes 
also have this configuration, as is suggested by their 
colors. The data indicate that  electrodeposition is 
not obtained. 

The electronic structure of zinc precludes inner 
orbital configuration, and correspondingly the metal 
is deposited. The low efficiencies and polarographic 
irreversibility of the reduction suggest that  the co- 
ordination is very strong. Deposits are also obtained 
from the cadmium o-phenanthroline complex, which 
doubtless has a similar structure (7). The ability 
of these strong complexes to undergo reduction to 
metal parallels that of the corresponding cyanide 
complexes, except that no cyanocuprate (II) ion is 
known. 

Complexes with glycine.--Glycine complexes are 
unusually stable even though they are of the outer 
orbital type (2). Cathode efficiencies, obtained with 
baths 0.01M in metal (0.02M in the case of zinc), 
0.1M in sodium acetate, and with glycine-metal 
ratios of 3.5:1 for cobalt and nickel, 2.5:1 for copper, 
and 5:1 for zinc, range from 22-94 %. No consistent 
trends were observed. All of the deposits were 
spongy, probably because of the great firmness of 
coordination as previously explained (1). 

Polarograms were obtained with solutions 0.001M 
in metal, 0.1M in KNO3 and 0.2M in glycine. In 
addition, a copper solution 0.002M in glycine was 
also examined, but the wave did not differ signifi- 
cantly from that with the greater concentration. 
To suppress maxima, 0.02 % gelatin was added to the 
the nickel and copper solutions. All of the reductions 
were irreversible, except that of copper at pH 4.1, 
for which the slope of the plot of E vs. log i/(id -- i) 
was 0.031. The manner of variation of current ob- 
served as each mercury drop grew and fell indicated 
that  the cathode was covered by an adsorbed film 
during the deposition. I t  is not possible, of course, 
to determine half-wave potentials. The approxi- 
mate mid-points of waves observed with the dropping 
mercury electrode are given in Table I. 

With the rotating platinum cathode, polarograms 
indicated that metal was deposited. After each run, 
the platinum was coated with a black deposit; with 
copper, the red luster could be faintly seen. 

From glycine complexes, deposition of copper is 
well known (8-11), and polarograms indicate that  
iron, nickel, and cobalt are deposited from complexes 
with other amino acids (12, 13). I t  is clear, there- 
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TABLE I. Reduction potentials of glycine complexes 
(vs. S.C.E.) 

Cobalt Nicke 2 Copper .. Z2n: 

pH volts pH volts pH volts pH volts 

3.0 I --1.1 I 3.0 I - -1"213"0  [ - 1 1  I 2.4 I - - 1 0  
5.0 I --1"21 0.0 I - - 0 . 9 1 4 . 1  } - - 1 2 / 5 . 0  I --1.0 

10.0 ] --1.3 I 8 7 ] --1.2 18.8 I --1.4 [9  0 I --1 3 

TABLE II  Reduction potentzals of sulfonated oxzne 
corn )lexes (vs. S.C E.) 

No metal Coba l t  Nickel Coppe~ Zinc 

pH volts pH volts p H volts pH volts pH volts 

~ o  1-1or a ol-i 18.030 --0.7 2 4 I --0.1 I 2 6 / - o . 9  
6.4 I--1.21 5.0[--1.0 5.0 --0 8 5.4 [ - 1 . 5  [ 5 9 I--1.2 
9.81-14)0.0]-1.3 -1.2 9 . 1 / - 1 . 5 1 0 . s / - 1 . 5  

fore, that deposition is obtained from all of these 
outer orbital complexes. 

Complexes with sulfonated oxine.--Zinc and copper 
complexes with sulfonated oxine are relatively in- 
soluble, although supersaturated solutions are readily 
prepared. However, by using a 1 to 1 dioxane-water 
mixture as solvent, the copper bath was made 0.005M 
in metal, 0.035M in oxine, and 0.1M in sodium 
acetate. The zinc solution was 0.007M in metal, 
0.018M in oxine, and 0.1M in acetate. The nickel 
and copper baths were 0.01M in metal, 0.035M in 
oxine, and 0.1M in acetate. 

With cobalt, cathode efficiencies ranged from 
1-18 %. The highest values were obtained at pH 10, 
where the deposits were spongy. At lower pH, the 
deposits were black, or bright with black streaks. 
With nickel, the effieiencies lay between 1-13 %, and 
the deposits were dark, dult gray, or spongy. At 
pH 9.1, the efficiency was 3 %. Although similar in 
appearance, the copper deposits showed efficiencies 
greater than 40% at pH 2.3, and about 0.4% at 
pH 5.5. At pH 9.1, the cathode was so heavily 
filmed that current did not flow appreciably even 
with 100 volts potential. The zinc baths gave gray, 
matte deposits with efficiencies from 18-76 %. 

These data show that the metals are deposited, 
except copper in the "neutral" and alkaline baths. 

Polarograms obtained with these complexes are 
difficult to interpret. Oxine itself is reduced at the 
dropping mercury electrode (14), as is sulfonated 
oxine (15). Moreover, it is well known that metals 
may sometimes be deposited at a mercury cathode 
although they cannot be deposited on solid cathodes. 

The polarograms indicate that reduction occurs 
at the approximate potentials shown in Table II, 
but it is not clear what is being reduced. With cobalt 
and nickel, reduction occurs at potentials less nega- 
tive than for the aquo complexes or for the sul- 

fonated oxine alone. With copper and zinc, the re- 
verse is true except at low pH. The ease of reduction 
in the copper solution at pH 2.4 suggests that  the 
metal is being deposited; the current readings were 
very erratic, and the wave height suggests that  both 
oxine and copper are reduced. This might be at- 
tributed to a shift to some other form of the complex, 
as by conversion of the oxygen-copper bond to an 
oxygen-proton bond (16), followed by more ready 
reduction of the metal, with reduction of the oxine 
facilitating the process. Yet the oxine complex is com- 
pletely extracted by chloroform at pH 2.5 or higher 
(17). Although interpretation of these results must 
await further study, they appear to be parallel to the 
cathode efficiency determinations, in indicating that 
copper is deposited only at low pH, but the other 
metals probably at all pH values tested. Results with 
the rotating platinum electrode are similar. 

As nickel oxinate is paramagnetic (18), it has outer 
orbital configuration. This is probably true for cobalt 
also, especially since it is not readily oxidized. The 
zinc complex, of course, can only be outer orbital. 
Since the presence of the sulfonic acid group would 
not be expected to alter the configuration, deposition 
of these metals is in accord with the ionic structures. 

According to Ray and Sen (19), copper-oxine 
bonds are strongly covalent, which indicates inner 
orbital configuration. Since the coordinating tend- 
ency of the transition metals for amines reaches a 
maximum at copper (6), the inner orbital configura- 
tion of the copper complex alone in the series is 
plausible. The data indicate that, at least at solid 
cathodes, copper deposits are not obtained except 
at pH 2.4. Deposition at this pH may be the result of 
mobile equilibrium between the inner orbital ion and 
an outer orbital form, which may be protonated. 

Nickel complexes of naphthalenediamines.--It has 
been reported that the napthalene-l,8-diamine 
complex of nickel is diamagnetic (18), while the 
1,2 complex is paramagnetic. The difference is 
striking in view of the similarities in the formulas. 

The complexes are very slightly soluble; with the 
1,8 compound, a solution 0.0006M in metal was 
obtained in 1 : 1 alcohol-water, and 0.0009M in 1 : 1 
dioxane-water. With the 1,2 compound, a 0.0009M 
solution was obtained in the alcohol-water, and 
0.0016 with dioxane-water. The difference in solu- 
bilities is in accord with the difference in structures. 
The solutions were provided with a slight excess of 
amine (0.0002M), and were 0.1M in KN03. 

With the 1,8 compound, thin black films with 
occasional bright spots were obtained on the cathode, 
but the weight increase was less than 0.2 rag. On 
cathodes which had been previously nickel-plated, 
no change in appearance or weight was detected. 
With the 1,2 complex, bright, brittle coatings were 
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obtained at efficiencies ranging from 0.8-4.2%, 
which is surprisingly high in view of the low metal 
concentrations. "Burning" occurred at the higher cur- 
rent densities. The best deposits were obtained with 
the dioxane solutions, no doubt on account of the 
greater metal content. 

With the dropping mercury electrode, polarograms 
showed a well-defined diffusion current at a potential 
of about --0.7 volt at pH 6.0 and 10.0. This appears 
to indicate nickel deposition; as in solutions contain- 
ing pyridine or thiocyanate, the reduction potential 
is less negative than that of the aquated nickel ion 
(20). At pH 3.0, a catalytic hydrogen wave is ob- 
tained, as with the cyanide complex (21, 22). 

With the rotating platinum electrode, results were 
identical with those from a similar solution from 
which nickel was omitted. I t  appears, therefore, that 
nickel is deposited at the mercury cathode, but not 
at the solid cathodes. 

With the 1,2-diamine, polarograms indicate re- 
duction of nickel at --0.9 volt at pH 2.6, and --1.2 
volts at pH 6.1 and 10.2. Deposition is also observed 
at the rotating platinum cathode. Thus the results 
of cathode efficiency tests were confirmed, that dep- 
osition occurs from the outer orbital complex, but 
not from the inner. 

The tetramethylethylenediamine complex of nickel 
is diamagnetic a and has a yellow color, indicating 
inner orbital configuration. Results were similar to 
those with the 1,8 diamine, indicating deposition at 
the mercury cathode, but not at copper or platinum 
cathodes (except as "flash" deposits). 

Copper complexes of dimethylglyoxime.--In hydro- 
chloric acid solutions, a complex [Cu(DH2)C12] is 
formed (DH~ = unionized dimethylglyoxime) (23). 
In neutral solutions, the complex is [Cu(DH)2], and 
in alkaline solutions [Cu(D)2]=. According to Ray 
and Sen (19), the coordinate bonds of the neutral 
complex are strongly covalent. The electronic con- 
figuration is therefore probably inner orbital. On 
the other hand, in the acid complex, the bonds are 
weakly covalent and correspond to outer orbital 
configuration. 

Current efficieneies were determined in 3 : 1 alcohol- 
water, which has been recommended as the best 
solvent (24). The solutions were 0.01M in copper, 
0.03M in dimethylglyoxime, and 0.1M in sodium 
acetate. At pH 2, the efficiencies were about 20%, 
and the deposit was a rough, matte coating. At pH 
4, the efficiency was about 3 %, and above pH 5, 
it was 0.4%, the cathode remained substantially 
bare. At pH 10.5, the efficiency was still less than 
1% but at pH 11.1 the efficiency was greater than 

Supplied by F. Basoto and R. K. Murman, North- 
western University, Evanston, Illinois; magnetic de- 
termination by S. Adler. 

11%, and a rough, dark coating was obtained. On 
nickel-plated cathodes, a powdery brown coating 
was obtained at pH 6.5, but the current efficiency 
was less than 1%; this is therefore a "flash" de- 
posit, and deposition quickly ceased. However, with 
fresh solutions, eiTiciencies higher than 5% were 
sometimes obtained, although after the solutions 
stood for several hours, the efficiency dropped to 
less than 1%. This may be due to slowness of forma- 
tion of the neutral complex. 

A 1:1 alcohol-water solution saturated with the 
complex was 0.00049M in metal. I t  was made 0.02M 
in dilnethylglyoxime and 0.1M in potassium nitrate, 
and was examined polarographically. The polaro- 
grams indicate that  copper is deposited at all pH 
values, and the slope of the plot of E vs. log i/(id -- i) 
is 0.03 at pH 11. There are a number of peculiarities 
in the polarograms. 

Apparently only flash deposits are obtained from 
the inner orbital ion, but deposition proceeds readily 
from the outer orbital ion in acid solutions, and also 
in alkaline solutions. At the mercury electrode, how- 
ever, deposition occurs from both ions. Deposition 
at the mercury cathode has previously been reported 
for a number of inner orbital ions such as the acetyl- 
acetonate (25, 26). 

Structure determinations of copper (II) ions so far 
show only planar configurations. This has been 
taken as evidence for inner orbital dsp 2 hybridization, 
and accounts for failure to obtain deposits thicker 
than flash coatings from sulfonated oxine, o-phenan- 
throline, and dimethylglyoxime complexes. Heavier 
deposits are obtained from the pyridine, ethylenedi- 
amine, ammonia, and chloro complexes, and accord- 
ing to the present work, from the acid dimethyi- 
glyoxime ion. All of the latter ions, according to 
Ray and Sen (9), have relatively weak covalent 
bonds, and are presumably outer orbital. Deposits 
arc also obtained from the glycine complex and, of 
course, from the aquated ion. I t  seems probable that, 
notwithstanding their planar configurations, these 
complexes are of the outer orbital type, and the 
bonds are predominantly ionic. Ray and Sen suggest 
that  the hybridization is sp2d. 

CONCLUSIONS 

I t  has been shown that metal is not deposited in 
thicknesses greater than flash coatings, from aqueous 
solutions of the following: cobalt, nickel, and copper 
complexes of o-phenanthroline; nickel complexes of 
naphthalene-l,8-diamine or tetramethylethylenedi- 
amine; and copper complexes with sulfonated oxine 
and dimethylglyoxime. These substances are either 
known to be, or reasonably presumed to be, inner 
orbital complexes. 

On the other hand, deposition is obtained from the 
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glycine complexes of cobalt, nickel, and copper, from 
the sulfonated oxine complexes of cobalt and nickel, 
and from the acid dimethylglyoxime complexes of 
copper. These complexes are either known to be of 
outer orbitM configuration, or may be reasonably 
presumed to have this configuration, even though 
some of them have superficial resemblances to the 
inner orbital ions. Furthermore, zinc, which can 
form only outer orbital complexes, gives deposits 
from all of the compounds tested. 

Results, therefore, are in accord with the rule 
previously proposed (1). Certain inner orbital ions, 
however, give deposits with mercury cathodes, or 
flash deposits on copper cathodes, but  deposition 
quickly ceases and thick deposits are not built up. 
Together with the results obtained previously (1), 
present data  lend strong support to the rule tha t  
deposition is obtained only from outer orbital com- 
plexes. 

Some copper complexes are inner orbital, as is 
commonly assumed, but others appear to be outer 
orbital, as Ray  and Sen have postulated. 
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Lanthanum Oxychloride Phosphors 
FRANK E.  SWINDELLS 

Photo Products Department, E. I. du Pont de Nemours, Parlzn, New Jersey 

A B S T R A C T  

L a n t h a n u m  oxychloride can be ac t i va t ed  to show s t rong  fluorescence under  exci ta-  
t ion  by  ca thode rays.  B i s m u t h  as an ac t i va to r  gives a blue emission ex tend ing  in to  
the  u l t r av io le t  wi th  the  peak a t  3580 A; a n t i m o n y  a greenish whi te  wi th  the  peak at  
4960 A, and  samar ium a reddish orange emission composed of a series of l ines or na r row 
bands ,  the  s t ronges t  of which are at  5640/~, 5770 A, 6060 A, and  6 5 1 0 ~  The  phosphor  
a c t i v a t e d  wi th  an t imony  has  a blue emission when  exci ted by  2537 A. 

INTRODUCTION 

Various lanthanum compounds have been shown 
to function as host crystals in phosphor systems. 
Thus it is reported that  lanthanum oxide can be 
activated with bismuth (1) or various rare earth 
elements (2); lan thanum phosphate with silver, tin, 
thallium (3), or bismuth (1); lanthanum borate, 
chloride, fluoride, or carbonate with cerium (4); 
lanthanum sulfate with cerium or samarium (5). 
Also, it has been shown that  doubly act ivated lan- 
thanum oxysulfide is stimulable by infrared (6). 

In this paper phosphors having lanthanum oxy- 
chloride as the host crystal will be described. These 
phosphors are quite stable, and with activation by 
antimony, bismuth, or samarium, are remarkably 
efficient when excited by cathode rays. While not  as 
bright as the best sulfide phosphors, they are com- 
parable in efficiency with the best oxide type phos- 
phors, such as t i tanium-activated silicates and man- 
ganese-activated zinc and cadmium phosphates. 
Neodymium and praseodymium are less efficient 
activators. 

PREPARATION AND GENERAL PROPERTIES 

The method chosen as most suitable for laboratory 
preparation of phosphors was heating of hydra ted  
lanthanum chloride in air for a fairly extended time. 
In practice the heating was conducted in two or 
three stages. First  a solution of lanthanum chloride 
containing the act ivator  was evaporated to dryness, 
baked, and thoroughly pulverized. A partial conver- 
sion to the oxychloride by hydrolysis occurred. A 
further conversion took place slowly by heating in 
air at 600~ part ly by  further hydrolysis and par t ly  
by direct displacement of chlorine by  oxygen. The 
odor of chlorine was detected in the effluent gases. 
Complete conversion was found to be rather  slow. 
After two hours, 35 % of the product  was still soluble 

Manusc r ip t  received Augus t  10, 1953. This  pape r  was 
prepared  for del ivery before the  Chicago Meet ing ,  M a y  2 
to 6, 1951. 
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in water, but  when heating was extended to 16 hr 
at  600 ~ an insoluble product  was obtained which 
contained 18.3 % chlorine compared with 18.6 % cal- 
culated for LaOC1. Fur ther  heating for one hour a t  
1000~ in air had no effect on composition as indi- 
cated by the chlorine content  of 18.4 %, but  in some 
cases it improved luminescent properties. Quite fre- 
quently nonuniform fluorescent response throughout  
the preparation was observed, in which case the 
phosphor was ground and retired at  1000 ~ or 1100~ 

Lanthanum oxide from which the chloride was 
prepared was stated by the manufacturer  ~ to contain 
about  0.05 % rare earth oxides, so phosphors to be 
described are far from pure. 

Lanthanum oxychloride is a white crystalline ma- 
terial of definite chemical composition. I t  can be 
heated for long periods at 900 ~ and for shorter pe- 
riods at higher temperatures without decomposition. 
I t  is insoluble in water or dilute acids, but  prolonged 
contact  with water causes some decomposition with 
impairment of fluorescent properties. I t  crystallizes 
in the tetragonal system and has a characteristic 
layer structure similar to oxychlorides of ant imony,  
bismuth, and the rare earths (7). 

LUMINESCENT PROPERTIES 

Table I summarizes visual observations of the 
luminescence of a number of preparations excited by  
different sources of energy. The column headed CR 
indicates response to cathode rays produced in an 
evacuated chamber by a Tesla coil leak tester; X R  
to x-rays from a tungsten target  at  60 kv; 2537 A to 
the filtered output  of a low pressure mercury arc and 
3650 ~ to the filtered output  of a high pressure 
mercury lamp. Intensi ty  and color of response are 
indicated by  symbols listed at  the end of the table. 

Preparations to which no act ivator  had been added 
showed a weak luminescence possibly due to activa- 
tion by  contaminants.  The results do show definite 
activation of lanthanum oxyehloride by ant imony,  

2 Lindsay  Ligh t  and  Chemical  Company.  



TABLE I. List of typical preparations 

Composition Firing conditions 

LaOC1 
LaOCI.0 05 Bi  
LaOC1.0 05 Sb 
LaOCh0 05 As 
LaOC1.0 001 Sm 
LaOCh 0.01 Sm 
LaOCh0 1 Sm 
LaOCh 0.01 Pr 
LaOCh0 01 Nd 
La~O~ 
La~O3:0.02 Bl 
La203,0 02 Sb 
LabOr: 0.002 Sm 
La203.0 092 Pr 
La203:0 002 Nd 
LaCh 
LaCh 00l BI 
LaCh 0.01 Sb 

CR 

F : G W  
S:B 
S : G W  
M: GW 
S : O R  
S : O R  
M.O 
M: Pk  
M : L t . B  
F . O  
M:B  
VF 
M O  
F 
F 
I 
I 
I 

1 hr 1000 ~ 
1 hr 1000 ~ 
1 hr 1000 ~ 
1 hr 800 ~ 
1 hr 1100 ~ 
1 hr 1000 ~ 
1 hr 1100 ~ 
16 hr 600 ~ 
16 hr 600 ~ 
1 hr 1000 ~ 
2 hr 600 ~ 
2 hr 600 ~ 
3 0 m m  tl00 ~ 
30 m m  1100 ~ 
30 m m  1100 ~ 
1 hr 500~ gas 
1 hr 500~ gas 
1 hr 500~ gas 

\ 
% 

X R  2537/~ 13650 ~. 

I VF 
F:B F:B 
M : G W  M.B 
F . G W  V F . B  
M : O R  VF 
M : O R  M ' O R  
M O M:O F : R  

z VF 

VF I F 
VF :O  I 
VF M ' B  VF 
I 

VF i F  u  F : O  
VF 
F : B W  
VF 
VF 

13650 

I 
I 
I 
I 
I 
F . R  

I 

I 
VF 
I 
I 
I 
I 
I 

Key to Symbols: I - - iner t ;  VF- -very  faint;  F- - fa in t ;  M--medium; S--  
strong; L t .B- - l igh t  blue; B--blue;  G--green; GW--greemsh white; O--  
orange; Pk- -p ink ;  and R--red.  
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FIG. 1. Spectral emission of LaOCI: 0.05 Sb 

bismuth, and the three rare earth metals. For pur- 
poses of comparison, some observations on lan- 
thanum oxide and lanthanum chloride are included. 
Oxide phosphors, although capable of activation by 
bismuth or samarium, have different luminescent 
properties from oxychloride phosphors. Lanthanum 
chloride is responsive only to x-ray excitation. Re- 
sponse is not dependent on the added activator, but 
appears to be a property of the matrix or a common 
activating impurity. 

No activation by Ag, Au, Ce, Cr, Cu, Mn, Pb, 
Sn, Ti, T1, or U was proved. Some of these elements, 
especially chromium, were strong poisons both in the 
"unactivated" phosphors and in those containing 
added activators. 

Activation by antimony and bismuth.--The op- 
timum concentration of antimony was found to be of 
the order of 0.05 gram atom Sb per mole of LaOC1. 
Excited by cathode rays, the emission is a strong 
greenish white, composed of a wide emission band 
with a peak at 4960 A, with indication of unresolved 
bands at 5200 A and 5400 A, and a weak band at 
6600 as shown in Fig. 1. These curves were obtained 
with a G. E. Spectroradiometer and "normalized" 

by replotting, so that  maximum intensi ty is the same 
for this and succeeding emission curves. 

When excited by  2537 A, the above bands are 
suppressed and a new band appears in the blue, with 
a peak at about  4100 .~. Course of the curve below 
4000 A was obscured by  reflected mercury  radiation 
from the exciting source. There is no indication of 
the presence of this blue band in the emission excited 
by  cathode rays, but  the green band excited by  
cathode rays appears weakly with 2537 A. When 
the phosphor is warmed on a hot  plate during ir- 
radiation by  2537 A, the emission color changes to a 
paler blue, possibly indicating a broadening of the 
blue band, or more likely tha t  the green band is more 
stable at  the elevated temperature.  

Bismuth was also found to be a strong activator,  
but  the emission excited by  2537 A is a deeper blue 
and visibly weaker than the emission of the anti- 
mony-act ivated phosphor. A spectral distribution 
curve of the emission excited by  2537 A could not  be 
obtained because of interference of reflected mercury  
radiation not removed by  a Corning 9863 filter. The  
emission excited by  cathode rays is also a deep blue, 
having in this case a fairly strong visible component.  
However,  Fig. 2 shows tha t  most of the emission is in 
the near ultraviolet  with a peak at  3580 A. While 
there is some indication of the narrow band of un- 
act ivated LaOC1 at  5020 A, the longer wave length 
bands are completely suppressed. 

A few preparations to which arsenic had been 
added showed a weak fluorescence with both  bis- 
muth  and ant imony bands present. Activation by  
arsenic appears doubtful because of its volatili ty, 
and the weak luminescence is more likely to be at- 
t r ibuted to traces of ant imony and bismuth either 
in added arsenic or in lan thanum oxychloride. 

With cathode ray excitation LaOCI:Sb has a 
strong and persistent phosphorescence, but  LaOC1: Bi 
decays so rapidly tha t  visual detection is difficult. 
A few measurements showed the ant imony-act ivated  
phosphor to decay to about  z/~0 of its initial inten- 
sity in the first millisecond, after which it followed a 

t 
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FIG. 2. Spectra] emission of LaOCI:0.05 Bi, cathode 
ray excitation. 
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power law with a constant of 1.4 up to about 30 
sec. The fast initial decay was also shown by the 
bismuth-activated phosphor but proceeded to a 
much lower intensity before the power law tail ap- 
peared. 

Activation by samarium, praseodymium, and neo- 
dymium.--When unactivated lanthanum oxychlo- 
ride was prepared it showed a rather weak greenish 
fluorescence with cathode ray excitation. The emis- 
sion shown in Fig. 3 consisted of a number of lines 
or narrow bands of the type usually associated with 
rare earth activation. However, inclusion of sa- 
marium in the preparations increased brightness 
considerably and shifted the color to a bright orange. 
Strongest cathodoluminescence was obtained from 
preparations eontMning about 1 gram atom Sm per 
1000 moles LaOC1. Higher concentrations of Sm 
diminish the response to cathode rays and cause the 
phosphor to respond to 2537 ~-, and to a lesser de- 
gree to 3650 .~.. I t  will be seen from Fig~ 4 that  the 

o 
strongest emission lines are at 5640 A, 5770 A, 
6060 A, and 6510 A. A comparison of solid and dashed 
lines of Fig. 4 shows that there is a close resemblance 
but nonidentity of spectra of the oxide and oxy- 
chloride phosphors activated with samarium. 

Phosphors containing praseodymium and neo- 
dymium also showed characteristic cathodolumines- 
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FIG. 3. Spectral emission of LaOOl (solid line) and 
La~O3 (dotted line) with no ac t iva tor  added, cathode ray 
excitation. 
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FIG. 4. Spectral  emission of L~OCI: 0.01 Sm (solid line) 
and La20~: 0.002 Sm (dotted line), cathode ray excitat ion.  
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FI~. 5. Spectral  emission of LaOCI: 0.01 Pr  (solid line) 
and La~03:0.002 Pr  (dotted line), cathode ray excitat ion.  
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FIG. 6. Spectral  emission of LaOCI .  0.01 Nd (solid l ine) 
and La20~ : 0.002 Nd  (dot ted l ine),  cathode ray exc i ta t ion .  

cence, but much weaker than in the samarium prep- 
arations. Emission curves of these phosphors are 
shown in Fig. 5 and 6. Comparing these curves with 
the corresponding curves in Fig. 3, it appears that 
"unactivated" LaOC1 contained Pr as an impurity 
since the emission spectra of the two oxychloride 
phosphors are identical, as are the two oxide phos- 
phors, addition of Pr serving only to increase in- 
tensity of emission. Ultraviolet emission of unac- 
tivated oxychloride corresponding to the bismuth 
band of Fig. 2 was either quenched by the added 
quantity of praseodymium, or, more likely, the lower 
excitation intensity used in obtaining Fig. 5 failed 
to bring the ultraviolet band up to a recordable in- 
tensity. 

The neodymium-activated phosphor is interesting. 
In the oxychloride a number of new bands appear, 

o o o 
the strongest being at 4000 A, 4350 A, 4590 A, 4900 
A, 5450 A, and 6000 .~. The visual effect is a pale 
blue luminescence of moderate intensity. The oxide to 
which neodymium had been added had an emission 
quite similar to La20~: Pr except that  a new band at 
4230 A appeared. 

DISCUSSION 

I t  is of some significance that only the trivalent 
elements Bi, Sb, Sm, Pr, and Nd were found to func- 
tion as activators. These elements all form relatively 
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stable oxychlorides having crystal  s tructures similar 
to tha t  of LaOC1, and radii of the t r ivalent  ions are 
in no case appreciably  larger than  t ha t  of La  3+. 
I t  would thus appear  tha t  ac t iva tor  a toms replace 
some l an thanum atoms with a min imum of lattice 
distortion. Samarium,  for example, functions ef- 
ficiently as an ac t iva tor  in concentrations as high as 
30 mole %. 

No sat isfactory explanation can be offered for 
change in emission color of the an t imony-ac t iva ted  
phosphor f rom blue with ul traviolet  excitation to 
green with cathode rays, and part icularly for the 
absence of the blue band with the lat ter  form of 
excitation. Ei ther  two types of centers or two energy 
levels in the same center are involved, only one of 
which can be excited to luminescence by  cathode 
rays. I t  is most  probable  tha t  two types of centers or 
transit ions exist in a common matrix,  since there is 
no evidence known to the writer  of the existence of 
more than  one crystal  form of lan thanum oxy- 
chloride. I t  has been suggested (8) tha t  the Sb04C14 
group as a whole might  be excited by  the radiation. 
With  one type  of excitation, electrons from oxide ions 
are excited and with the other type  of excitation, 
electrons f rom chloride ions are excited. In  any  event,  
the process producing green emission mus t  involve 
deep t raps  as evidenced by  persistent phosphores- 
cence. 

I t  is also interesting to note tha t  the higher energy 
blue band is excited by  photons,  while the lower 
energy green emission is excited by  electrons. In  
other phosphors having emission colors dependent  
on type  of excitation, such as magnes ium arsenate  
act ivated with manganese,  the emission band having 
the higher energy change in the t ransi t ion is also 
produced by  the higher energy exciting source. The  
reason for the reverse being true with l an thanum 
oxyehloride is not  known. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 
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The  Elec trochemica l  Polarizat ion of  Z irconium in 

Neutral  Salt Solut ions  I 
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Department of Chemistry, Unwersity of Texas, Austin, Texas 

ABSTRACT 

Cathodic  and anodic polar izat ion curves of zirconium in neutra l  sodium chloride 
solut ion were de termined at cons tant  current  densit ies between 3.5 X 10 -s  and 3.5 X 
10-3 amp/cm ~. 

In  aerated 0.5M NaC1, the cathode react ion occurring below the oxygen l imit ing 
diffusion current  of 2 X 10 -4 amp / cm 2 was reduct ion of 02 to OH-.  At current  densi- 
ties above the diffusion wave, hydrogen was evolved. Change in salt  concent ra t ion  
resul ted in a slight shif t  of diffusion current  due to change in oxygen solubil i ty.  In  de- 
aera ted  0.5M chloride solution,  the oxygen diffusion current  decreased wi th  decrease 
in oxygen concentrat ion.  The slope of the Tafel line obta ined is 0.12, and the hydrogen 
overvoltage for this sys tem is 0.83 volt  at  1 ma/cmL Another  wave occurred at  2 X 10 -6 
amp /cm 2 and is explained as the reduct ion of a surface oxide layer on the metal .  

Anodically,  zirconium dissolved in 0.5M NaC1. The dissolution potent ia l ,  0.15 volt ,  
did not  vary  with current  densi ty.  Commercial  z irconium and pure hafn ium also dis- 
solved under similar condit ions.  

In neutral  sulfate solutions,  z irconium was passive under anodic t r ea tmen t .  At cur- 
ren t  densit ies above 1 X 10 -3 amp/cm 2 the potent ia l  reached an apparen t ly  cons tan t  
value in about  ten minutes .  After  a period depending on current  densi ty ,  this  was fol- 
lowed by a sudden increase in potent ia l  to 28.5 volts.  This potent ia l  is a result  of an IR 
drop across a surface layer of oxide. 

INTRODUCTION 

This is a s tudy  with zirconium paralleling earlier 
work with t i t an ium (1, 2). The methods and pro- 
cedures used here are essentially the same as those 
used previously and details may  be obtained there. 
In teres t  in these metals  lies not  only in their electro- 
chemical properties,  bu t  also in the fact  tha t  they  
exhibit characteristics of passivity. A small amount  
of metallic hafnium was available and some results 
with this meta l  are also reported. 

METHODS AND MATERIALS 

The direct method of measurement  was used, and 
potentials  obtained this way include any  I R  contri- 
butions in the cell. Foremost  are those across the 
solution between the meta l  and reference electrode, 
and those resulting f rom films on the meta l  surface. 
The  former  were measured and corrections made,  
whereas the la t ter  are included in the reported polar- 
ization values. 

The  polarizing sys tem consisted of several ex- 
ternal  dropping resistors in series with the meta l  
electrode and a p la t inum auxiliary polarizing elec- 
trode. With  this a r rangement  the bulk of the voltage 

1Manuscr ip t  received April 24, 1953. This paper  was 
prepared for delivery before the New York Meeting,  April 
12 to 16, 1953. 

Present  address:  Monsanto  Chemical Company,  St.  
Louis, Missouri.  
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drop was across the external  resistors, thus mini- 
mizing any  current  change across the cell itself. 

All potentials were measured with respect to a 
sa tura ted  calomel half cell. A vacuum tube amplifier 
was used in conjunction with the potent iometer  to 
reduce the current  drawn by  the measuring system. 
In  this way  not more than  10 -'2 amp was drawn 
from the cell even when the sys tem was out of balance 
(1). 

Measurements  in aerated solutions were made  in 
an appara tus  permit t ing simultaneous operation of 
six cells. The  electrode assembly of each cell con- 
sisted of the metal ,  a p la t inum auxiliary polarizing 
electrode, and a sa tura ted  calomel reference elec- 
trode. The three electrodes were mounted  in one 
holder such tha t  the p la t inum electrode was 7 cm 
from the coupon face, and the assembly was sup- 
ported f rom a beam which was connected to the cir- 
cular stirring mechanism,  enabling all three elec- 
trodes to main ta in  the same relationship with each 
other at  all times. The  meta l  specimens were mounted  
in Lucite b y  a pressure molding process, and these 
wafers were placed in phenolic plastic holders. 

Hafnium-free zirconium a was 98.6% pure with 
1.34 % oxygen, the remainder  being most ly  carbon. 
The  meta l  was furnished in the form of punched 
coupons, 1.9 cm in d iameter  and 0.25 cm thick. Com- 

a All metal  samples used were supplied by the Argonne 
Nat ional  Laboratory ,  Lemont ,  Illinois. 
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FIG. l .  C a t h o d i c  t i m e - p o t e n t i a l  c u r v e s  in  a e r a t e d  0 .5M 
NaC1 a t  30~ I n  i n c r e a s i n g  c u r v e  n u m b e r :  0, 3.5 X 10 -s ,  
1.8 X 10 -5, 1.8 X 10 -4, 3.5 X 10 -~, 1.8 X 10 -s  a m p / c m  2. 

mercial zirconium and pure hafnium samples were 
machined coupons of the same dimensions. 

Scrubbed air was passed through fri t ted gas bub-  
blers into the cells. Tempera tu re  was mainta ined a t  
about  30~ stirring was by  a circular, vert ical  pa th  
mechanism. 

The  effect of oxygen concentrat ion was studied in 
a similar appara tus  4 which was smaller and was con- 
tained in an air-t ight box. For  this work oxygen was 
not  excluded rigorously but  was reduced substant ial ly 
below the part ial  pressure of oxygen in the aerated 
system. Because of the small size of this appara tus ,  
only the zirconium electrode was rotated.  This re- 
sulted in mechanical blocking of varying amounts  
of the polarizing current  during each revolution of the 
zirconium electrode, so results f rom this system, while 
internally consistent, cannot  be quant i ta t ively  trans-  
lated to the other. 

Before use, all solutions for the aerated studies 
were either aerated and filtered or pre-electrolyzed 
between carbon electrodes. Solutions prepared in 
either way gave the same results. Only pre-elec- 
trolyzed solutions were used in the de-aeration 
studies. Evapora t ion  losses during a run were re- 
placed with distilled water.  No a t t empt  was made 
to buffer the solutions since buffering ions would 
interfere with the electrode process in an unknown 
fashion. For tunate ly ,  this offered no difficulty since 
the observed p H  changes during a run were less than  
one unit.  The  close proximity  of the anode and 
cathode, the stirring, and the large volumes used 
account  for this buffering action. 

Coupons were prepared by  hand polishing on No. 
2 emery  paper  followed by  150 strokes on No. 2 /0  
paper.  They  were then wiped with lens tissue and 
cleaned with 95 % ethyl  alcohol3 

4 Referred to as de-aerated systems. 
Just as a matter of interest, coupons prepared in this 

manner had a roughness factor of 2.6 • 0.4 as determined 
with krypton at -195.8~ 

All values of current  density are s ta ted  in te rms  
of amperes  per square centimeter  of projected or 
measured area. Unless otherwise noted, all poten-  
tials are s teady-s ta te  values, which means  here a 
constant  value for at  least four hours. 

CATHODIC POLARIZATION 

Typical  t ime-potent ial  curves are shown in Fig. 1; 
cathodic polarization curves for zirconium in aer- 
ated 0.5 and 1.0M NaC1 solutions are given in Fig. 2. 
Although each point on the 0.5M curve represents  a 
separate  determination,  two or more runs a t  m a n y  
current  densities were in good agreement.  Measure-  
ments  in 1.0M NaC1 were made  to determine the 
effect of change in salt concentration.  These points  
represent constant  potentials  obtained f rom one 
coupon run successively at  several current  densities. 

Since the current  density scale is logarithmic, the  
open circuit potent ial  cannot  be shown. For  0.5M 
NaC1 it is 0.018 volt.  

Two waves appear  in the Fig. 2 curves. For  the  
0.5M solution, one is a t  about  2 X 10 -6 a m p / c m "  
and the other is near  2 X 10 -4 a m p / c m  2. For  1.0M 
chloride the steeper break comes at  a lower current  
density.  At  2 X 10 -4 a m p / c m  2 gas begins to evolve 
slowly on the zirconium. Although visible bubbles  
do not  form on the surface, large bubbles gather  on 
the wax coating around the edge of the coupon. At  
higher current  densities, visible bubbles evolve 
continuously from the coupon surface. After  an ex- 
tended period of polarization in this current  densi ty  
region, the zirconium surface darkens considerably. 
I f  the period of polarization is extended to one or two 
days,  the surface becomes coated with a layer of 
fine black powder. The  slope of the s t raight  line for 
this region is 0.15 volt  per log unit.  

In  m a n y  instances it was desirable to determine 
the effect of such variables as salt  concentrat ion by 
determining only sections of the polarization curve. 
This  could most  readily be accomplished by  running 
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one coupon at  the several current  densities. To  in- 
vest igate  the val idi ty  of potentials  obtained in this 
manner ,  a complete polarization curve was obtained 
with one coupon. The curves were essentially the 
same except in the lowest current density region. 
Here a slight amount  of hysteresis was observed. 

One coupon was etched in 5.0 % aqueous hydrogen 
fluoride just  prior to use to determine the effect of 
this pre t rea tment .  The resulting polarization curve 
was not different from the equivalent  one in Fig. 2. 

Cathodic polarization curves for zirconium ill 
aerated and de-aerated 0.5M NaC1 solutions, all 
obtained in the appara tus  designed to permit  running 
a t  lower oxygen concentration, are given in Fig. 3. 
Since these studies were performed only to deter- 
mine the effect of changes ill oxygen concentration, 
it was not considered necessary to exclude oxygen 
rigorously. The  top curve was obtained with oxygen 
excluded as completely as possible; the next was ob- 
tained after completion of the previous determina-  
tions by  opening cells to the a tmosphere  and aerat ing 
them for an hour; and the bo t tom curve was ob- 
tained with cells open to the a tmosphere  and under- 
going continuous aeration. 

The  aerated and de-aerated curves are essentially 
the same, the only difference being a displacement 
along the current  density axis. Because of the dif- 
ference in geometry  and stirring rates between the 
systems used to obtain the curves of Fig. 2 and those 
for Fig. 3, no a t t em p t  was made to correlate the re- 
sults of the two. 

ANODIC POLARIZATION 

Typical  t ime potential  curves on anodically 
polarizing in NaC1 to constant  potential  are shown 
in Fig. 4a and 4b. (Note different t ime scales.) Con- 
t r a ry  to the experience with t i tan ium (1), the charg- 
ing curves for zirconium even a t  lowest current  
densities consisted of two essentially linear portions, 

the horizontal one being a dissolution potent ia l  in 
NaC1 solutions. 

The anodic polarization curve for zirconium in 
aerated 0.5M NaC1 solution is shown in Fig. 5, 
curve 2. The  most  impor tan t  observat ion is t ha t  the 
potential  is independent  of current  density. At  the 
lowest current  density, 3.5 X 10 -7 a m p / c m  2, the 
surface of the coupon became slightly duller. Coupons 
run a t  progressively higher current  densities ex- 
hibited increasing amounts  of surface a t tack .  One 
coupon, run anodically a t  3.5 X 10 -2 a m p / e m  2 for 
less than  36 hr, dissolved almost  completely.  D u r -  
ing the course of the run, a large amount  of a white 
gelatinous precipi tate  collected on the bo t tom of the 
polarization cell. When washed and dried, this pre- 
cipitate turned dark  blue. The  front  surface of the 
undissolved port ion of the coupon was black and 
flaky; whereas the back  was unchanged and showed 
no signs of a t tack.  An electron diffraction pa t t e rn  
of the unwashed coupon surface gave lines corre- 
sponding mainly  to the spacings of NaC1. The  re- 
maining lines could not  be indexed as belonging to 
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any compound of zirconium whose spacings have  
been reported.  

During one of the anodic runs in aerated 0.5M 
solutions, chlorine gas was bubbled directly over one 
coupon. Although no change in potent ial  was ob- 
served, a comparison of the coupon surface with one 
from an earlier determinat ion at  the same current 
density showed tha t  the degree of a t t ack  was con- 
siderably increased by  the presence of chlorine. 

Curves 1 and 4 of Fig. 5 demonst ra te  the effect of 
NaC1 concentration on anodic polarization potentials 
of zirconium. The  potentials still showed no de- 
pendency on current  density but  were slightly more 
positive in more dilute solutions. These coupons also 
showed signs of a t tack,  the degree being dependent  
on current  density. 

Cessation of aeration during the runs carried out 
in NaCl  solutions caused no change in electrode po- 
tentials. 

A s tudy  of the effect of hafnium on the anodic 
polarization of zirconium was carried out to deter- 
mine if its presence was an impor tan t  factor in 
anodic dissolution of zirconium in NaC1 solutions. 
Anodic polarization curves were obtained with com- 
merical zirconium and zirconium-free hafnium cou- 
pons (curves 3 and 5, respectively, of Fig. 5). These 
show little deviation f rom those obtained with 
hafnium-free zirconium. In  all cases there is evi- 
dence of a t t ack  on the surface of the metal  in ques- 
tion. 

Curve 6 of Fig. 5 gives results of an anodic polar- 
ization s tudy of zirconium in aerated 0.5M Na2SO4 
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solution. Only a small segment was determined since 
results of the few points obtained clearly demon-  
s t ra ted t ha t  the metal  was passive in the sulfate 
solution. At  all three current densities, oxygen was 
evolved. After four days, the coupon was removed 
from solution just  long enough to observe the sur- 
face. No change in appearance was evident.  When  
the coupon was returned to the sulfate solution, the 
potent ial  immediate ly  went  to the constant  value it  
showed before the coupon was removed.  

Enough NaC1 was added r the sulfate solution 
to make  it approximate ly  0.5M with respect  to 
chloride. The electrode potential  decreased rapidly  
f rom 1.5 to 0.18 volts, a value approaching t ha t  
obtained with the 0.5M NaC1 solution alone. 

Higher  current  density runs were made,  in pa r t  to 
compare  with similar work on t i t an ium (1), and in 
pa r t  to gain some information on rectifying proper-  
ties of a zirconium anode. The  results are given in 
Fig. 6 in the form of a t ime-potent ia l  plot. Dur ing  
the first few minutes  of the run when the potent ia l  
had apparen t ly  leveled off, gas could be seen evolving 
f rom the meta l  surface. However,  when the sudden 
increase in potent ial  occurred, gas evolution ceased. 
The  surface of this coupon was darkened consider- 
ably;  the entire surface was etched slightly, and there  
were a few deep pits around the edge. 

D i s c u s s i o n  

Cathodic Polarization 

The usual cathodic reactions in aerated aqueous 
solutions containing no foreign reducible mater ia ls  
are reduction of dissolved O~ to O H -  and reduct ion 
of H + to H2. The  complexity of the former  is not  
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completely known; however, it occurs at  a less nega- 
t ive potent ia l  than  the lat ter  and thus precedes hy- 
drogen evolution as the current  density is increased. 
This s tudy  shows tha t  a zirconium cathode in neutral  
chloride solutions follows this pat tern.  Up to about  
2 X 10 -4 a m p / c m  2 the electrode reaction is reduction 
of O2 except perhaps near  2 X 10 -~ a m p / c m  2. (This 
step is discussed later.) The step occurring at  2 X 
10 -4 a m p / c m  -~ represents the limiting diffusion cur- 
rent  densi ty for oxygen under these experimental  
condi t ions /  At  current  densities above this value, 
hydrogen is evolved. The  de-aeration experiments 
supported the val idi ty  of the assumption tha t  the 
break represented the limiting diffusion current  of 
oxygen. 

The  only effect of changing salt concentrat ion was 
to change the limiting diffusion current  of O~. This 
is proport ional  to the concentrat ion of the reducible 
substance, in this case to the solubility of oxygen in 
the salt solutions used. The observed ratio of 
Id(1.OM)/I~(O.5M) of 0.7 is in reasonable agreement  
with 0.86 as calculated using known oxygen solu- 
bilities (4). 

F rom the ratios of the limiting diffusion currents,  
the concentrat ion of dissolved oxygen in the de- 
aerated solution is calculated to have been 3.1 X 
10-~M, or 0.1 ppm. Similarly, oxygen concentrat ion 
in the part ial ly aerated run was 2.3 ppm. 

At  current  densities larger than  the oxygen limiting 
diffusion current,  hydrogen is evolved and potentials  
follow a Tafel relationship for hydrogen overvoltage. 
In  the aerated systems the electrode potential  is 
given by  

E = --1.47 - 0.15 log i (I) 

where i is current  density in m a / c m  2. 
The  p H  of the solution was 6.5, f rom which the 

reversible hydrogen potent ia l  on the sa tura ted  calo- 
mel scale is --0.63 volt.  The  hydrogen overvoltage 
(ahvays given as positive) on zirconium in this case 
is 

= 0.84 A- 0.15 log i. ( I I )  

At 1 )< 10 -3 a m p / c m  ~ the overvoltage is 0.84 volt.  
Calculation based on equating rate  of hydroxyl  

product ion with ra te  of diffusion would show 
s teady-s ta te  p H  in excess of 6.5, the actual  value de- 
pending on conditions assumed. The constants  of 
equat ion (II)  would change accordingly. For  in- 
stance, if the p H  of the liquid film adjacent  to the 
electrode were as much  as 10 to 11, the value of y 

In an unstirred aerated solution the calculated limiting 
current density is approximately equal to 10 -4 amp/era ~. 
Assuming a decrease in diffusion layer thickness from 0.01 
cm to 0.005 gives an i~ about the same as that obtained 
experimentally. The thickness assumed is reasonable (3). 

a t  1 m a / c m  2 would be between 0.5 and 0.6, and the 
slope of the line about  0.14. However,  stirring plus 
neutral izat ion by  hydrogen ion produced a t  the 
anode should combine to keep the p H  lower than  
tha t  est imated above. Experimental ly ,  the p H  of 
the solution (in the bulk and between electrodes) 
never rose above 7. A t t empt s  were made  to measure  
p H  within a mill imeter of the cathode, and al though 
they were not  notably  successful, such indications 
as were obtained suggest tha t  the p H  remained 
around, and certainly did not  exceed, 8. In  any  
event,  evidence here points to zirconium as one of 
the high hydrogen overvoltage metals. 

Values for b in the Tafel  equation usually fall be- 
tween 0.09 and 0.13. However,  the value obtained 
for zirconium is not unique since high values have  
been reported for such metals  as t i tanium, mercury,  
and lead, among others. 

Hydrogen overvoltage depends on current  actu- 
ally involved in hydrogen evolution ra ther  than  on 
total  current. Consequently,  it is bet ter  to represent  
the hydrogen overvoltage as the relat ionship between 
E and log ( I  - Id), i.e., total  current minus the 
oxygen limiting diffusion current. Such a relation- 
ship results in a line having a slightly less positive 
slope. For the aerated run, the slope at  1 m a / c m  2 is 
0.12 and the overvoltage is 0.85 volt. 

As mentioned earlier, af ter  hydrogen evolution for 
extended periods of time, the surface of the zirconium 
coupon became black and hard. I f  periods of evolu- 
t ion were very long and evolution was rapid, the sur- 
face became covered with a thin layer of black pow- 
der. Apparent ly  in this region either a hydride or a 
solid solution of the meta l  with hydrogen is pro- 
duced. Both  have been reported for zirconium (5, 
6). Presence of a hydride produced by  cathodic t reat -  
ment  of zirconium has been previously reported 
(7). 

The current density region below the oxygen limit- 
ing diffusion wave is a t t r ibuted  to cathodic reduc- 
t ion of O2 to OH- .  I f  the polarization curve were 
drawn as the best s t raight  line from the lowest 
current density to the break  occurring at  2 X 10 -4 
a m p / c m  2, the slope would be nearly the same as 
tha t  for the hydrogen evolution port ion of the curve. 
This indicates tha t  reduction of 02 to O H -  followed 
an overvoltage equation similar to tha t  for hydro- 
gen. However,  the step occurring a t  2 X 10 -G a m p /  
cm ~ is definitely present  under  the existing experi- 
menta l  conditions. Several possible explanations 7 for 
such a break present  themselves:  (a) changing f rom 

It has been suggested that chlorine evolution or plati- 
num dissolution at the anode might contribute to this 
wave. However, calculations show that unless there is a 
peculiar overvoltage involved, neither of these reactions 
should occur at this potential. 
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the two-electron reduction of 02 to H202 to the 
four-electron reaction for the reduction to OH- ;  
(b) reduction of some impuri ty in the solution; (c) 
production of a depolarizer by  electrolysis; (d) reduc- 
tion of some metallic component of the system, 
e.g., a surface oxide. 

Experimental  evidence for the break indicates 
that  it is oxygen-dependent, analogous to the break 
occurring at 2 X 10 -4 amp/cm 2. This suggests tha t  
the explanation is one involving a step in the reduc- 
tion of 02 to O H -  as in (a). However, the two breaks 
occur at  current densities differing by a factor of 
100. Such a difference would mean that  if the break 
occurring at the higher current density were for 
the four-electron reduction, the lower break must  
be for a process involving a fractional electron 
change. Thus, this explanation is hardly acceptable. 
For  the two breaks to be an indication of a stepwise 
reduction would involve a mechanism probably very  
complex. I t  is not  clear in what  manner such a reduc- 
tion would operate. 

Explanation (b) i shard ly  likely since the solutions 
were pre-electrolyzed with no resulting change in 
the curve. 

If the wave represented the limiting diffusion of 
some depolarizer formed by electrolysis, the t ime 
potential  curves for low current  density values (Fig. 
1, curves 1, 2, and 3) would have increased sooner 
the higher the current  density, since the concentra- 
tion of the depolarizer being formed would increase 
more rapidly at  these higher current densities. In- 
stead, the reverse is observed. This eliminates pos- 
sibilities (a) and (c). 

Thermodynamical ly,  a surface film of ZrO~ or some 
other oxide could exist at the potentials observed. 
The existence of such a film at low cathodic current 
densities has been postulated (7). Such an oxide 
film should not be able to withstand cathodic reduc- 
tion at  higher current densities, especially in the 
hydrogen evolution portion. Although etching in 
hydrofluoric acid would strip the oxide film from the 
metal, the film could re-form on exposure to a solu- 
tion saturated with oxygen. 

If reduction of a surface film is the explanation 
of the break in the polarization curve occurring at  
the lower current density, film formation must  in- 
volve direct surface oxidation by dissolved oxygen 
to explain the data. This is in contrast  with the 
work of Moore, McKinney,  and Warner  (7) who 
postulated reaction of the metal with water  to form 
the oxide. 

Hysteresis observed in this region is best explained 
as the result of a surface change of the metal  caused 
by hydrogen evolution. 

The cathodic polarization curve for zirconium 
(Fig. 2) is probably typical for zirconium in other 

aerated salt solutions, unless a specific reaction 
occurs. Thus, any change in type  of salt or salt con- 
centration should result only in effects arising from 
pH changes or changes in oxygen solubility. The 
general shape of the curve should be typical for 
other noncorroding metals in similar solutions. 

A nodic Polarization 

When zirconium is t reated anodically in neutral  
sodium chloride solutions, the metal  dissolves. No 
definite indication of weight loss would be detected 
at  lower current densities studied, since the total  
amount  of electricity passed would cause loss of less 
than a milligram of metal. At higher current densi- 
ties metal  loss was quite evident since one coupon 
dissolved almost completely in less than 36 hr. 

No real difference is observed between pure zir- 
conium, commercial zirconium, and hafnium on 
anodic t rea tment  in neutral chloride solutions. All 
dissolve at  a characteristic potential  which remains 
constant with change in current  density. Hafnium 
would be expected to dissolve at  a potential  some- 
what  different from that  of zirconium. Since the 
potential  for hafnium dissolution is more positive 
than for zirconium, commercial zirconium should 
dissolve at  essentially the same potential  as the pure 
metal. 

Under similar anodic t rea tment  in neutral  sodium 
chloride solutions, t i tanium was observed to be 
passive (2). Because of similarity between the metals, 
any mechanism for dissolution of zirconium in 
chloride solutions should be expected to apply 
equally well to t i tanium. Conversely, any mecha- 
nism for passivity of t i tanium in chloride solutions 
should be expected to apply as well to zirconium. 
No explanation for this anomaly can be given. 

Anodic t rea tment  of the metal  in neutral  sulfate 
solution resulted in passivation with accompanying 
oxygen evolution. If sodium chloride is added to the 
sulfate solution, the metal  again becomes active, as 
indicated by  the observed sudden decrease in po- 
tential. When such a decrease occurred, the metal  
dissolved. 

The passivity of zirconium in sulfate solutions 
may  be explained by  formation of a protective layer 
of an insoluble, or only sparingly soluble, oxide 
film on the metal  surface, s Actually, at  higher cur- 
rent  densities a visible layer does appear after a 
time. The  presence of reducing agents or cathodic 
t rea tment  destroys this oxide layer, resulting in loss 
of passivity. 

Since chlorine gas bubbled over the zirconium 
coupon had no effect on the electrode potentials, 

8 Passivity of zirconium by virtue of adsorbed oxygen is 
also possible, but the evidence here provides less support 
for that postulate than for the oxidation mechanism. 
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no mechanism dependent  on the presence of C12 
would be applicable. This eliminates discharge of 
C1- to C12 at  the anode. The  mechanism of the dis- 
solution involves a transfer  of metal,  in the form of 
zirconium or zirconyl ion, across the metal-solution 
interface. These ions can form soluble chlorides. As 
more positive meta l  ions are transferred, more salt 
is formed. The  salt can hydrolyze at  the solution 
p H  to form ZrO~, probably  in the hydra ted  form 
which is ra ther  stable. 

Large positive potentials  observed at  high anodic 
current densities in 0.5M sulfate solutions are ap- 
parent ly  caused by  a surface oxide layer acting as 
an ohmic resistance. Thus,  as current is decreased, 
the potential  should decrease proportionally.  Ob- 
served potent ial  values would correspond to an 
ohmic resistance of 5.7 X 103 ohms for the higher 
value of current  and 7.2 • 103 ohms for the lower 
value. These values are in fair agreement,  consider- 
ing the fact  tha t  there were voltage oscillations of 
the order of 0.5 vol t  in the da ta  plotted in the lat-  
ter portions of the curve of Fig. 6. 
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Hydrogen Overvohage on Bright Platinunl ' 

II. p H  and Salt  Effects in  Acid, Neutra l ,  and Alkal ine  So lu t ions  

SIGMUND SCHULDINER 

Naval Research Laboratory, Washington, D. C. 

A B S T R A C T  

Hydrogen  overvol tage  on b r igh t  p l a t i n u m  was measured  over  the  pH range 0.5-12.1. 
The effects of pH and  of added sodium and  a m m o n i u m  ions were de te rmined .  Re la t ive  
ra tes  of over-al l  hydrogen  producing  react ions  a t  low cur ren t  densi t ies  were deter -  
mined for solut ions s tudied.  Mechan isms  of hydrogen  overvol tage  in these solutions 
are discussed. 

INTRODUCTION 

Par t  I reported work regarding hydrogen over- 
voltage on bright platinum (1). In this paper pH and 
salt effects are investigated in greater detail and 
over a wide range in pH. 

Overvoltage-current density relationships at  25 4- 
I~ were measured in vigorously agitated solutions 
to minimize concentration overvoltage, and the 
potential  drop caused by solution resistance was 
corrected (1). Since use of pseudocapacitance meas- 
urements to determine surface cleanliness of the 
cathode (1) are effective only in acid solutions, it 
was necessary to modify the experimental technique 
so that  cleanliness of the platinum cathode would 
be rigorously maintained during overvoltage meas- 
urements in all solutions. This was done by  making 
all measurements in a Teflon cell and by accepting 
only those measurements tha t  met  requirements 
which were obtainable only with an unpoisoned 
platinum surface. 

EXPERIMENTAL ~V~ETHOD 

General experimental requirements were essen- 
tially the same as described in Par t  I. Only modifica- 
tions in technique are described here. 

Glass cells introduce impurities into the electro- 
lyte, so the electrolytic cell (Fig. 1) was constructed 
of Teflon. The platinum (99.99 %) cathode was a 
small sphere at  the end of a short length of wire. 
Apparent area of this cathode was 0.01324 cm 2. The 
true area was determined to be 0.0273 cm 2 by double 
layer capacitance measurements, which gave a 
correction factor of 2.06. The anode, a large plat inum 
grid made of several layers of fine mesh plat inum 
gauze, was a cylindrical cone with about  the dimen- 
sions of the main compartment  of the cell. I t  fitted 
against the inside wall as shown in Fig. 1. Hydrogen 
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was bubbled constantly over this surface, the area 
of which was so large that  at the maximum currents 
used for overvoltage measurements, there was negli- 
gible polarization (less than 1 mv).  This easily 
avoided introduction of oxygen to the electrolyte 
by the anode reaction. Since the anode is essentially 
an unpolarized electrode, the potential  required for 
formation of oxygen or oxide at this surface is never 
reached. The oxidation reaction is the ionization of 
molecular hydrogen. Similar techniques using such 
an unpolarized anode have been used by  Hammet t  
(2) and others. 

Although the anode could have been used as a 
reference electrode also, a square of plat inum 0.5 
cm in cdge was used. I t  served a double pro'pose: 
(A) the distance between reference electrode and 
cathode was reduced by about  one half, which was 
advantageous for interrupter  measurements;  (B) a 
two-way check on the potential  of the anode and 
cathode could be made on open circuit. The "pre- 
polarization" electrode was a strip of plat inum placed 
in a remote compartment  which could be isolated 
from the main cell by closing a stopcock. 

Capacity of the electrolytic cell was about  15 ml. 
After the solution had been introduced into the cell, 
a platinum strip was repeatedly heated white hot  and 
plunged into the solution to remove traces of or- 
ganic mat te r  which may have been present in the 
solution. The cell compartment  was then sealed off 
at the top with molten polyethylene so tha t  there 
was only one vent  (Fig. 1). The solution was fur ther  
purified by  pre-electrolyzing at  5-10 ma using the 
anode (Fig. 1) and the pre-electrolysis cathode with 
the connecting stopcock opened. After pre-electroly- 
sis this stopcock was closed. The period of pre- 
electrolysis varied greatly among solutions. In  acid 
solutions an overnight t rea tment  was usually suffi- 
cient; in neutral  solutions the period varied from 
one to several days, and in alkaline solutions some 
cases required a pre-electrolysis as long as a week. 
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An a t tempt  to determine the overvoltage in strongly 
alkaline solutions (above pH 12.1) was tried using 
highly purified sodium amalgam to prepare the 
solutions; however, it was not possible to obtain 
consistent results even after pre-electrolysis periods 
as long as several weeks and increasing the pre- 
electrolysis current as high as 50 ma. Da ta  in the 
pH range 2.7 to 7.1 were also inconsistent; therefore 
these data are not  reported. 

Since the solution capacity of the cell was small, 
and pre-electrolysis caused water  decomposition and 
increase in hydrogen ion concentration in the main 
compartment  (because of the remote pre-electrolysis 
cathode), each solution was analyzed at the end of 
a run. Before the solution was removed from the 
main compartment  of the cell for analysis, a satu- 
rated calomel electrode was introduced, and the 
open circuit potential  between it and the plat inum 
anode (H2 electrode) was taken. This potential  was 
converted to pH units by the relationship 

pH = (E -- 0.246)/0.059 

where E was the measured open circuit potential  
between the hydrogen and saturated calomel elec- 
trodes. 

The solution was agitated by a rapid stream of 
purified hydrogen. During overvoltage measure- 
ments the hydrogen rate of flow was increased to 
the point where a further increase did not  alter 
potential  readings. Temperature  was maintained 
at  25 -4- 1~ 

Since the pseudocapacitance test  for surface 
cleanliness was effective for acid solutions only, the 
following three requirements were established: 

1. A zero potential  (-+-0.5 my) was maintained on 
open circuit between the platinum cathode and both 
the anode and reference electrodes. This potential  

FIG. ]. Electrolytic cell 

FIG. 2. Effect of t ime on hydrogen  overvol tage  measure -  
ments .  (Voltages represen t  s t e ad y - s t a t e  readings  at  differ~ 
en t  cu r ren t  densi t ies .)  

was repeatedly checked during a run. For  a properly 
prepared solution it  was found tha t  this condition 
held for a day. For  test purposes, this condition was 
actually met  for periods as long as several days. 

2. On application or change of current  density 
through the cell, a constant potential  between the 
cathode and reference electrode was quickly reached 
and maintained for a reasonable length of time. 
Fig. 2 shows two typical  examples of how this con- 
dition was met  in properly prepared solutions (the 
short t ime fluctuations shown for pH 2.2 were due 
to a noisy tube in the recorder). This constancy of 
potential  at  a given current density was actually 
maintained in many  cases for as long as three or 
four hours. 

3. On determination of the overvoltage-eurrent  
density relationship by  starting at  the maximum 
current density and reducing the current  density by  
steps to zero current  and then increasing the cur- 
rent density by  the same steps to thel maximum 
current density, essentially the same overvoltage- 
current density values were obtained. This taking 
of measurements when increasing or decreasing the 
current density was usually done for several such 
cycles. 

pH and Salt Effects in Acid Solutions 

The overvoltage-log current density relationship 
for a series of acid solutions, with all but  one con- 
taining sodium or ammonium sulfate, are shown in 
Fig. 3. These results are consistent with data  given 
in Par t  I. (Individual points are not  shown in Fig. 
3, 4, and 5 since it was felt tha t  there would be some 
confusion in following each curve; the spread of 
points was the same as shown in the curves in Par t  I).  
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- 0 1 4  i , - ~  i 

1 
~~ - o  o 4 ~  

-5 -4 -3 -2 -I 

LOG CURRENT DENSITY (A/crn 2) 

FIG. 3. Effect of pH on hydrogen  overvol tage  in acid 
solut ions.  

b Values 
pH Solution 0.029 range 0.12 range 

0.5 0.205M H~SO4 0.026 - -  

0.9 0.23M Na~SO~ 0.026 - -  
0.16M H~SO4 

1.4 0.25M Na2SO4 0.030 0.106 
0.035M H2SO~ 

1.9 0.30M (NH4)2SO4 0.030 0.113 
0.03M H~SO4 

1.95 0.27M Na2SO4 0.030 0 092 
0.025M H~SO~ 

2 0 0.265M (NH4)2SO4 0.030 0.096 
0.0225M H2SO4 

2.25 0.315M Na.~SO4 0.035 0.102 
0.02M H~SO4 

2.35 0.34M Na2SOa 0.035 0 100 
0.015M H~SO4 

2.7 0.28M (NH4)2SO4 0.029 0.107 
0.005M H2SO4 

Starting from different assumptions, both de 
Bdthune (3) and Frumkin (4) derived the following 
relationship on the effects of added monovalent 
cations and hydrogen ion concentration on the over- 
voltage: 

A~ - 1 -- c~ R T  ln c 
F [H~O +] (I) 

where a is a coefficient between 0 and 1, c is the 
over-all concentration of electrolytes in solution, 
and the other symbols have their usual meanings. 

Assuming a = 0.5 at  25~ and using activities, 
the following relationship results: 

A,/ = 0.059 log (as •  + an+~ \ aE---+ / (II) 

- 0 . 2 0 ~  

. 8 . 2  _ 

- 0 3 4 ~  

- 0 . 1 2 ~  

-006 

-004 

- 5  - 4  - 3  - 2  

LOG CURRENT DENSITY (A /cm 2) 
FIG. 4. Effect  of pH on hydrogen  overvo l tage  in neu t r a l  

and  alkal ine  solut ions .  Sodium ion series 

b Values 
pH Solution 0 12 range 0 24 range 
8 .2  0.125M Na2SO, 0 138 0.220 

0.04M Na2CO3 
0 03M NaHCO3 

9.4  0.19M Na2CO3 0.116 0. 252 
0 26M NaHCO.~ 

9.6 0 15M Na2CO,~ 0 126 0,252 
0.12M NaHCO.~ 

10.4 0.23M Na2CO3 0 125 0.238 
0.03M NaHCO3 

10.9 0.5M Na2CO3 0 127 0.235 
0.035/[ NaHCO~ 

11.2 0.345M Na2SO4 0.128 
0.015M Na2CO3 

12.1 0.22M Na2SO4 0.126 
0.05M N a O H  

where as:~ is the mean activity 2 of the added salt 
and a~+ is the hydrogen ion activity. 

2 In  the  ca lcula t ion  of An, the  mean ac t iv i ty ,  a s %  of the  
added sal t  was used. The  correct  q u a n t i t y  to  use is a+, 
which  is unknown.  However ,  since in th is  i nves t iga t ion  
the  mean  ac t iv i t ies  of the  added sal t  are about  t h e  same, 
and  Ano,lo includes the  difference in these  quan t i t i e s ,  t he  
effect of the  formal  hydrogen  ion ac t iv i ty  far  outweighs  
t h a t  of added ca t ion  ac t iv i ty .  If, for example,  i t  is assumed 
t h a t  the  added sal t  ca t ion  ac t iv i ty  is t en  t imes t h a t  of the  
sal t  anion ac t iv i ty ,  t hen  using the  re la t ionsh ip  a s ~  = 

2 
a+a_,  a+ = 2.15 as ~. By s u b s t i t u t i n g  th is  va lue  of a+ for 
as• in the  fou r th  column of Table  I, the  values  of Ane~lo 
are increased by  2 my  for the  lower pH values  and  3 m y  
for the  higher  pH values.  Such an increase improves  the  
agreement  wi th  A~e~r,. 
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TABLE I. Compamsons of calculated with ex ~erimental changes zn overvoltage caused by hydrogen ion and added salt activities 

0 5  

0.9 

14  

1 9 

,Arl = 0 059 log Mean a c t i v i t y  Mean a c t t v i t y  Ancalc in b = 0 12 A~exp in  b = 0.12 
p H  Solut  . . . . . .  fficient of of added  sa l t  V a s  ~: + all+ 7 range p H  1 4 range p H  1.4 as base 

added sa l t  ~,~* as• = 1.59M ~,= [_ all+ _l as base (~ = 10 -2 amp/cm~) 

0.205M H2SO, 

1.95 

20 

2 25 

2 35 

2.7 

0.23M Na~SO~ 
0.16M H~,SO4 

0.25M Na2SO4 
0.035M Ho.SO4 

0.30M (NH4)..,SO4 
0 03M HzSO4 

0.27M Na2SO4 
0.025M H2SO4 

0.265M (NH4)2SO4 
0.0225M H2SO4 

0 315M Na~SO4 
0 02M H2804 

0 34M Na2SO4 
0.015M H:SO~ 

0 . 2 8 ~  (NH4)2SO4 
0.005M H2SO4 

0.342 

0.335 

0. 273 

0 328 

0.289 

0.310 

0.304 

0.282 

0 125 

0 133 

0.139 

0.141 

0.122 

0.155 

0 164 

0.126 

0 

0 0177 

0.0376 

0.0623 

0 0668 

0.0661 

0 0860 

0 0930 

0.1066 

0.025 

0.029 

0 029 

0.048 

0 055 

0 069 

m 

0.027 

0.025 

0.033 

0 050 

0.057 

0 091 

* See reference (5) Sodium sulfate values at 25~ from Pearce and Eckstein; ammonium sulfate values at 0~ from Scat- 
chard and Prentiss. I t  was assumed that  the presence of the relatively small amounts of sulfuric acid (pH 1.4-2.7) would 
not materially change these values. Conversion of salt concentration from molar to molal units was not done since this cor- 
rection would have negligible effect on the results. For example, the ratio (M/m) (where M = moles/liter and m = molality) 
would be about 1.0025 for sodium sulfate solutions. 

I t  was conc luded  ill P a r t  I t h a t  the  sa l t  and  p H  
effects would  be fel t  where  the  Tafe l  s lope b ~ 0.12, 
s ince the  cu r r en t  d e n s i t y  a t  which  the  change  f rom 
slope 0.029 to s lope 0.12 would  be d e t e r m i n e d  b y  
h y d r o n i u m  ion a c t i v i t y  in t he  doub le  layer .  T a b l e  I 

shows a r easonab le  a g r e e m e n t  be tween  the  calcu-  

l a t ed  change  in n in the  0.12 range  and  the  exper i -  

m e n t a l  resul ts .  T h e  a c t u a l  a g r e e m e n t  be tween  

Ano~lc and  Anon, would  be even  b e t t e r  excep t  for 

two reasons.  T h e  first  of these  is exp la ined  in foot -  

note  2. T h e  second is t h a t  va lues  of t he  m e a n  a c t i v i t y  

coefficients for a m m o n i u m  sul fa te  so lu t ions  are  a t  

0 ~ r a the r  t h a n  25~ hence  the  correc t  ~,• for  these  

solu t ions  should  be a l i t t l e  higher .  This ,  in tu rn ,  

would  s l igh t ly  inc rease  va lues  of z~n~l~ for  t he  am-  

m o n i u m  ion series. 

I n  P a r t  I the  d a t a  i n d i c a t e d  t h a t  in ac id  so lu t ions  

t he re  was no s igni f icant  p H  effect in t he  b = 0.029 

range.  Th is  w o r k  shows t h a t  in w e a k e r  ac id  solu- 

t ions  con ta in ing  a d d e d  sa l t s  t he re  is such an  effect 

in th is  r ange ;  however ,  i t  is smal l .  I t  a m o u n t s  to  

20 m v  over  a p H  range  f rom 0.5-2.7,  or less t h a n  
10 m v  per  p H  uni t .  

p H  and Salt  Effects in  Neutra l  and A lka l ine  Solut ions 

Fig .  4 a n d  5 show the  d a t a  for n vs. log cu r r en t  
d e n s i t y  curves  in n e u t r a l  and  a lka l ine  so lu t ions  
c on t a in ing  sod ium and  a m m o n i u m  ions, r e spec t ive ly .  
W h e r e a s  in the  case of ac id  so lu t ions  t he re  is a 
d i rec t  r e l a t ionsh ip  be tw e e n  p H ,  sa l t  effect,  and  over-  
vo l t a ge  (for e i the r  sod ium or a m m o n i u m  ion a d d i -  
t ion) ,  ill n e u t r a l  a n d  a lka l ine  so lu t ions  the re  is a 
complex  p H  a n d  sa l t  effect which  is d e p e n d e n t  on 
w h e t h e r  t he  a d d e d  ca t ion  is s o d i u m  or a m m o n i u m .  
A n o t h e r  c omp l i c a t i ng  fac to r  in these  so lu t ions  is 
t h a t  in t he  sod ium ion series f rom p H  8.2-10.9 a n d  
in t he  a m m o n i u m  ion series a t  p H  7.1 t he re  is a 
change  in b f rom 0.12 to  0.24. A t  p H  va lues  a b o v e  
those  i n d i c a t e d  the re  is no such  t r a n s i t i o n  in t h e  
i n v e s t i g a t e d  cu r r en t  d e n s i t y  range .  

T h e  range  a t  low c u r r e n t  d e n s i t y  in which  t h e r e  
is no t  a l inear  r e l a t ion  be tw e e n  o v e r v o l t a g e  a n d  log 
cu r r en t  d e n s i t y  consis ts  of two  pa r t s .  I n  t he  first  
sec t ion  a t  t he  lowest  c u r r e n t  dens i t ies  t he re  is a 
l inear  r e l a t ion  be tw e e n  o v e r v o l t a g e  and  cu r r en t  
dens i ty .  ( In  ac id  so lu t ions  th is  l inea r  r e l a t i onsh ip  
ho lds  to  t he  o v e r v o l t a g e  va lue  a t  which  the  b -- 
0.029 s lope begins . )  Th i s  s t r a i g h t  l ine p o r t i o n  ho lds  
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FIG. 5. Effect of pH on hydrogen overvoltage in neutral 
and alkaline solutions. Ammonium ion series. 

b Values 
p H  Solut ion 0 12 range 0.24 range 

7.1 0.395M (NH~)~oSO4 0.107 0 2() 
0.01M NH4HCO.~ 

- 0  16 I 

- 0  14 

-0.12 

7.6 0 325M (NH 4)2SO4 0.114 
0 01M NH4HCO3 

7 8 0.31M (NH4).2SO4 0 102 
0.02M NH4OH 

9 2 O.30M (NH4).oSO4 0 109 
0.24M NH4OH 

9.3 0.3M (NH4)2SO4 0.128 
0.42M NH4OH 

9.9 0.7M NH40H 0.132 
0 1M (NH4)2CO~ 

10.4 0.75M NH4OH 0.114 - -  

for about  1,~-}~ of this overvoltage region. The  
second portion of this region, 7, is not  linear with 
respect to either current  density or log current den- 
sity. 

The relationship between p H  and overvoltage for 
all solutions can be seen in Fig. 6. The higher over- 
voltage values for the sodium ion series can be easily 
explained on the basis of the initial reversible reac- 
tions which take place a t  low current  densities. 
This is discussed below. 

DISCUSSION 

Much information concerning the mechanism of 
hydrogen overvoltage on smooth p la t inum can be 
obtained from a s tudy of overvoltage-current  density 
relationships in the range in which overvoltage is 

A ugust 195~ 

- 0  10 

~> -0.08 

-0 06 I 

- 0.04 

-0.02 ~ 

, /  
t i "  \ - 

I 

O 2 4 6 8 IO II~ 14 

pH 

FIG. 6. Rela t ionship  between hydrogen overvol tage and 
pH. i = 0.0025 amp/em 2. D, no added salt; O, Na+; t ,  
NH4 +. 
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FIG. 7. Hydrogen  overvol tage in the r~tnge in which 
is l inearly dependen t  on current  density.  - . . . .  , Ham- 

met t  (2); Dolin, Ershler ,  and Frumkin  (6) in NHC1, 
, Dolin, Ershler,  and Frumkin  in l N  N~tOH (6); 

, Dolin, Ershler ,  ~nd Frumkin  in lN  N~S()4 
+ 0 .05NNaOH (6). �9 pH = 0.5; [:], pH = 1.9 (NH4 +); 
Lk, pH = 1.95 (Na+); Q,  pH = 7.6 (NH4+); X, pH = 8 2 
(Na+); ~ ,  pH = 10.4 (Na+); ~ ,  pH = 12 1 (N~+). 

linearly dependent  on current  density. This occurs 
at  low current  densities, and it is generally believed 
tha t  this linear range is the net  result of the rever- 
sible reaction a t  the electrode surface. 

Fig. 7 shows some typical  curves in this linear 
range. Also included are several curves f rom a s tudy  
by  Dolin, Ershler, and F rumkin  (6) who verified 
the results of H a m m e t t  (2) for acid solutions. They  
pointed out t ha t  in this linear range i /~ (where i 
is the current  density) is characteristic of the rate  
of the over-all electrode process. 

The plot of i /v  vs. p H  (Fig. 8) in the linear range 
shows tha t  in acid solutions where the principal 
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hydrogen-producing reaction is 

(H~O) + + e ~ H + H20 
slow 

H .~- 1/~ H2 

that ,  

(III) 

(i//~)p~o.5_2.~ = 0.165 -- 0.052 pH. (IV) 

This relationship is unaffected by the choice of 
either sodium or ammonium ion as the added salt 
cation. 

In  neutral and alkaline solutions the change in 
the rate of the over-all reaction where ~ vs. i is 
linear can be considered as virtually independent of 
pH. This is expected since the hydronium ion con- 
centration is then so low that  its rate of reduction is 
negligible. Here the principal hydrogen-producing 
reaction would probably be 

slow 
H20 + e ~ - H  + O H -  (V) 

H ~ ~/~H~. 

Fig. 8 shows that  in the presence of sodium ion the 
relative rate of the above over-all reaction in neutral 
and alkaline solution is about 0.016, whereas in the 
presence of ammonium ion the value is about 0.033 
or roughly twice the rate found for sodium ion solu- 
tions. This can be explained on the basis of retarda- 
tion of the reverse reaction shown in (V). With 
ammonium ion, weakly ionized ammonium hydrox- 
ide is formed, reducing hydroxyl ion activity and 
thereby causing an increase in the over-all rate of 
hydrogen production for a given value of overvolt- 
age. Sodium ion does not alter the O H -  activity. 

0.16 I 
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0.16 
\ 

0.12 } 

, O.IC ,~. 

" / 
oo8 .c 
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0.04 1 
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4 " ̂ ^ 

Uo o(  

0 2 4 6 8 I0 12 14 

pH 

FIG. 8 Effect of pH on the  ra te  of the  over-all  hyd rogen  
producing  react ion in the  range m which v is l inear ly  de: 
penden t  on cur rent  dens i ty .  ~ ,  no added sa l t ,  C ,  Na+; 
A,  N]~{4 +. 

K i -  I:~ - -  K 2 

> \ . ' /4 

I, o / ,  ~.,I, r '* 21: T - -  

-oo  I i 
I 1.1 i%1 I;',.L/ 

~ 0~0~  

I\ k4 I .A. I v/ 
- 0 0 I  ~ 

O" 2 4 6 8 I0 12 14 

p H  

FIG. 9. Relationships between buffer capacity, pH, and 
hydrogen overvoltage. Q, ~ vs. pH, NH4 +, �9 ~ vs pH, 
Na +, D, ,7 vs. pH, H + only; in all three of which i = 0.00032 
amp/cm2; - - ,  ~r vs. pH, H2SO4/NH4OH system [see 
Reference (7), pp. 237 and 249}; - - - ,  ~ vs. pH, H,oCOa/ 
NaOH system [see Reference (7), pp. 237 and 249]. K~,, = 
ion-product constant of water = 10-~4; Kb = dissociation 
constant NH4OH = 1.8 X 10-5; K, = 1st dissociation con- 
stant H.~CO~ = 4 X 10 7; K_o = 2nd dissociation constant 
H2CO.~ = 5 X l0 11; K~ 2 = 2nd dissociation constant H2SO4 
= l0 -2, ~r/2 3 is in terms of unit concentration. 

In Part  ] it was hypothesized that  there were two 
parallel hydrogen-producing reactions which could 
take place at all current densities oil a platinum 
surface. These are given as mechanism (I I I )  and (V) 
above. In acid solutions at low current densities the 
concentration of hydronium ions at the interface is 
high enough to maintain the current without dis- 
charge of water; therefore, mechanism ( I I I )  would 
be rate-controlling. When the current density is 
increased so that  depletion of hydronium ions re- 
duces the over-all rate of (III) ,  the over-all rate of 
(V) becomes controlling. The overvoltage at  which 
this shift in rate-controlling mechanisms takes place 
can be determined experimentally from a shift in 
Tafel slope from 0.029 to 0.12. 

Data  in Fig. 8 confirm this hypothesis since they 
show that  at  aH+ = 10 -27, the rate of mechanism 
(I I I )  is of the same magnitude as mechanism (V). 
Fig. 3 shows that  the change in Tafel slope from 
0.029 to 0.12 takes place at metal-solution interface 
hydrogen ion activities of 10-~-10 -~. I t  is also sig- 
nificant tha t  the overvoltage at which this break 
in the curve occurs is lower for solutions containing 
ammonium ion than for those of about  the same 
pH containing sodium ion. Another interesting con- 
clusion from Fig. 8 is that  the reaction rate of the 
over-all reaction in the most acid solution is only 



432 JOURNAL OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  A~g,~st 195~ 

5-10 times higher than the rates in neutral and 
alkaline solutions. 

The difference in the comparative over-all reac- 
tion rates of solutions containing ammonium and 
sodium ions is also reflected in comparative over- 
voltage values at higher current densities. This is 
borne out by Fig. 6, which shows that  in neutral and 
alkaline solutions at  constant current density and 
at  the same pH, overvoltage values for the sodium 
ion solutions do run considerably higher than for 
ammonium ion solutions. 

The Tafel a is determined in the overvoltage 
range before b reaches 0.12. This displacement in 
overvoltage is then fixed by activities of the reac- 
tants  at  the cathode surface at low current densities. 
For  the reversible hydrogen electrode the potential 
at  low current densities is determined by the hydro- 
gen ion activity at the electrode surface. For this 
reversible range the Nernst  relation between pH and 
the electrode potential holds. 

Use of the concept of buffer capacity can be of 
some help in understanding the effects of pH on 
overvoltage. The buffer capacity of a solution with 
respect to a particular solute is discussed in detail 
by Ricci (7) and is defined by him as the change in 
concentration of tha t  solute required for a unit 
change in pH of the solution. Or, 

rc = I db/d pH I 

where r is the buffer capacity and b is the concentra- 
tion of added acid or base. 

The buffer capacity is equal to the reciprocal of 
the slope of the acid-base t i t rat ion curve. For  ex- 
ample, at an active cathode hydroxyl  ion is formed 
at  a rate dependent on current density. At very low 
current  densities the effective act ivi ty of the hy- 
droxyl ion, which is formed at  the solution interface, 
depends on the buffer capacity of the solution. The 
measured overvoltage is in turn a function of the 
effective change in hydroxyl  ion activity from that  
of a cathode-solution interface at zero current. 

In this investigation, solutions of the ammonium 
and sodium ion series were used. Comparat ive rela- 
tionships between buffer capacity, 7r, and pH for 
these two systems, and plots of overvoltage vs. 
pH are shown in Fig. 9. These curves represent a 
low current density (0.00032 amp /cm 2) so that  the 
pH at  the active electrode surface would not be far 
removed from open circuit values. In this way a 

fair comparison between pH, 7, and 7r can be made. 
The data  show tha t  an inverse relationship between 
buffer capacity and overvoltage holds for acid and 
neutral solutions, whereas a direct relationship 
exists between these factors in alkaline solutions. 

In acid solutions, at  a given current density and at  
a given concentration of added ammonium or sodium 
ion, three cases are possible. In the first two cases 
there is either a linear n vs. i or n vs. log i relation- 
ship with b = 0.029. The first case is for solutions 
with high buffer capacity where An is independent  
of pH;  the second case is for solutions with no 
buffer capacity, where An is dependent  on pH with 
an < 0.059 pH. The third case occurs for b = 0.12, 
where An = 0.059 pH. Here, n is independent of 
buffer capacity because the current density at which 
there is a change to the 0.12 slope is relatively high, 
and any initial buffer capacity at the interface of 
the electrode and solution is depleted. 

In the neutral  and alkaline range when there is 
no buffer capacity, An is dependent  on pH. If there 
is a high buffer capacity there evidently will be only 
a slight dependence of An on pH. 
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Corrosion Inhibitors and Polarographic Maxima' 
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Wilmington, Delaware 

A B S T R A C T  

Elect r ica l  po lar iza t ion  phenomena  occurr ing in corrosion and  pola rographic  processes 
are compared,  and  ce r ta in  s imilar i t ies  are po in ted  out .  011 th i s  basis,  resul t s  of polaro-  
graphic s tudies  of a n u m b e r  of corrosion inh ib i to r s  are presented ,  pa r t i cu la r ly  for the  
i ron-sulfuric  acid system.  I t  is found t h a t  these inh ib i to rs  cons iderably  suppress  one or 
more of the  oxygen, lead, or nickel polarographic  maxima.  The  max ima-suppress ing  
effectiveness of compounds  known to inh ib i t  corrosion by  adsorp t ion  is a func t ion  of 
concen t ra t ion  resembl ing  gas adsorp t ion  isotherms.  F u r t h e r m o r e ,  ce r ta in  inh ib i to r s  
which funct ion  by  e i ther  anodic or cathodic  po la r iza t ion  are also effective in suppress ing  
e i ther  anodic or ca thodic  maxima.  Some general inh ib i to r s  are general  max ima  sup- 
pressors as well. 

Po la rography  is suggested as a va luable  tool  in corrosion inh ib i to r  s tudies .  

INTRODUCTION 

Chemical and physical changes responsible for 
metallic corrosion in liquid media take place mostly 
on metal surfaces' and at metal-liquid interfaces. 
A thorough understanding of the function of metal 
surfaces and metal-liquid interfaces, so critical in 
corrosion, is limited by the facts that (a) metal 
surfaces are very difficult to obtain and maintain 
chemically pure and physically reproducible, and 
(b) metal-liquid interfaces, due to their extreme 
thinness and intricate structure, are beyond the 
sensitivity range of conventional experimental tech- 
niques. 

Among metals, mercury is unique in that it can 
be obtained in highly pure chemical form, and its 
surface-physical characteristics can be easily repro- 
duced, mainly because of its liquid state. These 
outstanding characteristics of mercury have been 
primarily responsible for the development of polar- 
ography. 

Although mercury as a material of construction 
is of no practical significance, it has been extensively 
used in obtaining information about metal-liquid 
interface phenomena, which have been of importance 
in understanding metal-liquid interfaces in general. 

It  is the purpose of this paper to point out how 
some characteristic phenomena occurring at the 
interface of a mercury microelectrode in contact with 
electrolyte solutions can be employed for corrosion 
inhibitor studies. 

Polarographic Maxima 

By applying an increasing potential between a 
dropping mercury microelectrode (cathode) and a 

1 Manusc r ip t  received J a n u a r y  8, 1954. This  paper  was 
p repared  for del ivery before the  Bos ton  Meet ing ,  October  
3 to 7, 1954. 
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reference electrode (nonpolarizable anode) in the 
presence of electroreducible materials, a typical 
"polarographic wave" (1) is obtained as in Fig. 1 
(curve IV). 2 In the presence of NiC12, the cathode 
reaction is : 

Ni ++ + 2e -[- Hg = Ni(Hg) 

The limiting current is proportional to the c:)n- 
centration of the reacting substance, a relationship 
which is employed in quantitative analysis. 

The potential corresponding to one-half the limit- 
ing current value is called the "half-ware'potential." 
In contrast to the "decomposition potential," the 
half-wave potential is a well definable quantity, and 
it is usually independent of concentration of the 
reacting material. Hence, it is employed for qualita- 
tive analysis. 

The dropping mercury electrode is under virtually 
complete concentration polarization when the limit- 
ing current is reached. Thus, the amount of current 
flowing through the cell is primarily controlled by 
the diffusion rate of the reacting material to the 
polarized electrode (diffusion current) and within 
certain limits is independent of the applied emf. 
The electrical migration of the reducible ions is 
minimized by employing a nonreducible electrolyte 
(supporting electrolyte) such as KCI in the electroly- 
sis solution. The supporting electrolyte is present 
at considerably higher concentrations than the re- 
ducible ions, and thus the transference number of 
the latter is reduced practically to zero. Under these 
conditions the limiting current becomes entirely a 
diffusion current. 

The current-voltage curves with the dropping 
mercury electrode quite often exhibit more or less 

~Methyl  amine  (see figure capt ion)  does not  pa r t i c ipa t e  
in the  e lect rode react ion.  I t s  role is discussed later .  
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FIG. 1. Polarograms of NiCI~ in O.1M KC1. Ed.e.--po- 
tential of dropping electrode. Curve I--Ni maximum; 
curve II--maximum partially suppressed 0.03% methyl- 
amine; curve III--m~ximum further suppressed with 0.06% 
methylamine; curve IV--Ni "polarographie wave," 0.30% 
methylamine. 

pronounced current maxima (polarographic maxima) 
before the limiting value for the current is reached 
(Fig. 1, curve I). These maxima are fairly reproduc- 
ible, and their shapes are independent of the direction 
in which the applied voltage is changed. They inter- 
fere with determination of the half-wave potential 
and the limiting current. They are suppressed, how- 
ever, in the presence of certain substances, e.g., 
methyl amine, which usually do not affect the limiting 
current. 

The origin and suppression of polarographic 
maxima have been the subject of extensive investiga- 
tions (2). I t  has been shown that the dropping mer- 
cury electrode remains depolarized until the peak 
of the maximum is reached. Beyond this point, con- 
centration polarization sets in and the current 
reaches its limiting value. 

According to Heyrovsky (3), the maxima can be 
distinguished as positive or negative depending upon 
the charge of the mercury with respect to the solution 
at the potential at which the maxima occur. Mercury, 
when immersed in solutions of capillary-inactive 
electrolytes, such as potassium chloride, is positively 
charged. If a cathodic potential is applied to mer- 
cury, its charge decreases as the cathodic potential 
increases to about -0.52 volt vs. the saturated 
calomel electrode. At this point (electrocapillary 
zero) mercury is electrically uncharged with respect 
to the solution, as indicated by its maximmn surface 
tension (Fig. 2). At more cathodic potentials mer- 
cury becomes negatively charged, and its surface 

tension decreases again. Positive maxima appear at 
potentials below, and the negative above, -0 .52  
volt. 

A considerable amount of work has been reported 
in connection with the suppression of polarographic 
maxima (4), and a mlmber of mechanisms have been 
proposed. Whatever the exact mechanism may be, 
it appears that, in the presence of the maxima supres- 
sors, the microelectrode becomes polarized at emf 
values at which it is ordinarily depolarized, as indi- 
cated by the appearance of polarographic maxima. 

Corrosion and Polarographic Processes 

It  is widely accepted that metallic corrosion in 
liquid media is under electrochemical control with 
local electrolytic cells operating during the corrosion 
process. Anodic, cathodic, or mixed polarization of 
local cells leads to a decrease or elimination of 
corrosion, depending on the degree of polarization 
(5, 6). On the other hand, depolarization of local 
cells results in promotion of corrosion. I t  is thus 
apparent that polarization-depolarization phenom- 
ena on metal surfaces in contact with liquids are of 
paramount importance in corrosion processes. I t  is 
believed that a number of substances (in particular 
organic compounds) inhibit metallic corrosion by 
adsorbing on the metal surfaces and thus inducing 
polarization of the active local galvanic cells (7-9). 

As mentioned previously, polarography is based 
on electrode polarization phenomena. Complete 
polarization of the dropping mercury microelectrode 
is necessary for the appearance of typical polaro- 
graphic waves (Fig. 1, curve IV). Lack of complete 
polarization of the same electrode at certain emf 
values results in the appearance of polarographic 
maxima. Substances suppressing these maxima are 
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believed to polarize microelectrodes at the above 
emf values. Most probably, this polarization is 
brought about mainly by adsorption of maxima 
suppressors on the metal surface (10). 

Thus, it becomes apparent that both corrosion 
and polarographic processes are electrical-polariza- 
tion dependent. Electrical polarization, therefore, 
results in corrosion protection and in typical polaro- 
graphic waves. Lack of polarization usually promotes 
corrosion and causes polarographic maxima. 

At this point, a comparison between polarographic 
maxima suppressors and corrosion inhibitors be- 
comes of considerable interest. To begin with, a 
number of polarographic maxima suppressors (11), 
e.g., organic sulfur derivatives, amines, gelatine, 
etc., are also well known for their corrosion inhibit- 
ing properties. Furthermore, capillary active anions 
and negative colloids in general preferentially sup- 
press maxima appearing on the positive side of the 
electrocapillary zero (positive maxima), whereas 
capillary-active cations and positive colloids are 
effective with the negative maxima. High molecular 
weight substances like gelatine suppress maxima of 
various metal ions on both sides of the electrocapil- 
lary zero. This behavior Of maxima suppressors 
appears comparable to that of corrosion inhibitors, 
since corrosion inhibitors also, according to their 
nature, are known to act preferentially on anodic 
or cathodic areas (anodic and cathodic inhibitors, 
respectively) as well as indiscriminately over the 
metal surfaces (general inhibitors) (12). 

On the basis of the above comparison between 
polarographic maxima suppressors and corrosion 
inhibitors, it was felt worth while to investigate their 
common characteristics and thus better understand 
similarities between phenomena occurring in polaro- 
graphic and in corrosion processes. The present 
broad knowledge of polarographic processes could 
prove quite useful to corrosion in general and to 
corrosion inhibitors in particular. 

EXPERIMENTAL 

In order to investigate any existing similarities 
between corrosion inhibition and polarographic 
processes, the behavior of a number of substances 
toward various polarographic maxima was studied 
over a large range of emf values. These substances 
were reported as possessing corrosion-inhibiting 
properties. Preference was given to inhibitors for 
which comparative data in specific environments 
were available. 

Potarographic maxima.--Three polarographic max- 
ima were chosen for this investigation corresponding 
to the following reduction reactions. (The half-wave 
potential, referred to a saturated calomel electrode, 
for each reduction is shown in parentheses.) 

O 2 +  2H + +  2e = H202 
Pb+++ 2e = Pb 
Ni ++ + 2e = Ni 

(--0.10 v) 
(-0.40 v) 
(-- 1.10 v) 

All maxima were obtained in 0.1 molar KC1 
supporting electrolyte containing the reducible ions. 
A dropping mercury microelectrode served as the 
cathode. 

FIG. 3. Electrolytic cells employed with the dropping 
mercury electrode. 

The oxygen maximum was obtained by saturating 
the 0.1M KC1 solution in the electrolytic cell with 
oxygen immediately before the polarographie run. 
The lead maximum was obtained from a 4.05 >< 
10-3M solution of Pb(NO3)2 in 0.1M KC1. Immedi- 
ately before each run, nitrogen was bubbled through 
this solution for about 15 min to remove any oxygen 
present in the solution. Traces of oxygen suppress 
the lead as well as the nickel maximum. The nickel 
maximum was obtained from a 3.22 X 10-~M 
NiC12 solution under conditions described for the 
lead maximum. 

Electrolytic cell.--A single-compartment electro- 
lyric cell was used with a pool of mercury as the 
nonpolarizable electrode (Fig. 3A). A gas inlet and 
outlet allowed bubbling of gases through the solution, 
thus maintaining the desirable gas atmosphere over 
the solution during polarographic runs. The cell was 
kept at constant temperature (25~ by means of 
a constant temperature bath. 

Polarograph.--Throughout this investigation an 
automatic recording polarograph a was used. Charac- 
teristics of the dropping mercury electrode, e.g., 

a "Electro-Chemograph, Type E, Leeds and Northrup 
Philadelphia, Pa. 
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dropping t ime (5.55 sec/drop at zero applied poten- 
tial) and mercury  flow rate (1.240 mg/sec  at  zero 
applied potential) were maintained constant  through 
the investigation. 

Inhibitors for Steel in Sulfuric Acid 

A number  of inhibitors for steel in sulfuric acid 
(13) were polarographically tested with the oxygen, 
lead, and nickel polarographic maxima.  For each 
test,  one of the three maxima was obtained by  using 
15 cc of solution containing the corresponding reduc- 
ible substance as described previously (blank run). 
Thereafter ,  0.2 cc of a 0.2% aqueous solution of 
inhibitor was added to the electrolytic cell to deter- 
mine its effect upon the maximum.  The final arbi- 
t rar i ly chosen inhibitor concentration was approxi- 
mate ly  27 ppm. In  cases of slightly soluble inhibitors, 
small amounts  were added directly to the cell. I t  
was found necessary to run a blank with each test  in 
order to make sure tha t  the max imum was not af- 
fected by  accidental causes prior to addition of the 
inhibitors. 

Effectiveness of various inhibitors in suppressing 
polarographic maxima was expressed as "per  cent 
suppression" and was calculated as follows: 

( M 1  - -  id) --  ( M 2  - -  id) 
% suppression = (Mr -- i~) X 100 

M1 - -  M ~  
- X 1 0 0  

M 1  - id  

T A B L E  I .  Inhibitors for steel in sulfuric acid in the ap- 
proximate order of decreasing effectiveness* 

Inhibitor 

1. B u t y l  d i s u l f i d e  . . . . . . . . .  

2.  P h e n y l  t h i o u r e a  . . . . . . . .  

3.  T h i o u r e a  . . . . . . . . . . . . . . .  

4.  B u t y l  m e r c a p t a n  . . . . . . .  

5. T r i a m y l a m i n e  . . . . . . . . . .  

6.  A l d o l  . . . . . . . . . . . . . . . . . . .  
7. P h e n y l  m o r p h o l i n e  . . . . .  

8.  p - T o l u a l d e h y d e  . . . . . . . .  

9.  P h o r o n e  . . . . . . . . . . . . . . . .  

10.  D i a m y l a m i n e  . . . . . . . . . . .  

11. D i c y c l o h e x y l a m i n e  . . . . .  

12. E t h a n o l  m o r p h o l i n e  . . . .  

13. a - N a p h t h y l a m i n e  . . . . . . .  

14. P h e n y l  h y d r a z i n e  . . . . . . .  

15. B e n z a l d e h y d e  . . . . . . . . . .  

16. M o r p h o l i n e  . . . . . . . . . . . . .  

17. C y c l o h e x a n o n e  . . . . . . . . .  

18. D i m e t h y l a m i n e  . . . . . . . . .  

19. D i e t h y l a n i l i n e  . . . . . . . . . .  

20.  A c r i d i n e  . . . . . . . . . . . . . . .  

21.  E t h y l e n e d i a m i n e  . . . . . . .  

22.  D i m e t h y l a n i l i n e  . . . . . . . .  

23.  P y r i d i n e  . . . . . . . . . . . . . . .  

% Suppression of maxima 

02 

100 

100 

100 

100 

100 

10O 

100 

94 

89  

100 

100 

8 

100 

94 

64  

29 

66 

37 

65  

100 

4 

100 

41 

Pb 

100 

100 

53 

100 

100 

100 

100 

100 

100 

100 

100 

26 

100 

100 

100 

37 

100 

100 

l o o  

100 

34 

100 

6O 

Ni 

7 
23 

22 

52  

100 

100 

100 

38  

100 

100 

100 

18 

100 

1O0 

32 

66 

100 

l o o  

21 

100 

100 

21 

35 

T A B L E  I I .  Substances found less effective as inhibitors 
compared with those in Table I under similar conditions* 

Inhibitor 

D i e t h y l a m i n e  . . . . . . . . . . . . . .  

B u t y l a m i n e  . . . . . . . . . . . . . . . .  

n - A m y l  a l c o h o l  . . . . . . . . . . . .  

E t h y l a m i n e  . . . . . . . . . . . . . . . . .  

I s o p r o p y l a m i n e  . . . . . . . . . . . . .  

M e t h y l a m i n e  . . . . . . . . . . . . . . .  

A n i l i n e  . . . . . . . . . . . . . . . . . . . .  

% Suppression of maxima 

Os Pb Ni 

0 16 35  

5 49  51 

12 18 15 

12 34  4 9  

13 2 3 0  

20  13 24 

66 100 13 

* S e e  r e f e r e n c e  (13) .  

w h e r e  M 1  - -  polarographic max ima  in ga, M 2  = 

polarographic max ima  in ga after  addit ion of in- 
hibitor, and id = diffusion current. 

As a rule, diffusion current was not affected by  
addition of inhibitors at  the concentrat ion ment ioned 
above. When it was decreased, the corresponding 
max imum was total ly suppressed. Results obtained 
with the three max ima  are shown in Table  I.  I t  
can be seen tha t  practically all inhibitors tested 
suppress considerably one or more of the employed 
polarographic maxima.  Of 23 inhibitors, 18 suppress 
the lead max imum 100 %. The  oxygen max imu m is 
suppressed either to the same or lesser extent than  
the lead maximum,  except for thiourea. Since the 
lead max imum is less anodic than  the oxygen, it 
is perhaps more effectively suppressed under  condi- 
tions favoring anodic polarization. 

In  the case of the nickel maximum,  which appears  
at  the cathodic side of the electrocapillary zero, it 
is of interest to notice tha t  the suppressing effective- 
ness of a large number  of inhibitors changes con- 
siderably, e.g., it decreases for sulfur derivatives.  
In  other cases it increases. This is consistent with 
the fact tha t  certain substances are specific in induc- 

T A B L E  I I I .  Inhibitors for aluminum* 

Inhibitor 

a - N a p h t h o q u i n o l i n e  . . . . . . . . . . . . . . .  
A c r i d i n e  . . . . . . . . . . . . . . . . . . . . . . . . . .  

T h i o u r e a  . . . . . . . . . . . . . . . . . . . . . . . . .  

I o d i n e  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

P y r i d i n e  . . . . . . . . . . . . . . . . . . . . . . . . . .  

D i m e t h y l a m i n e  . . . . . . . . . . . . . . . . . . .  

N i c o t i n i c  a c i d  . . . . . . . . . . . . . . . . . . . .  

M e t h y l a m i n e  . . . . . . . . . . . . . . . . . . . . .  

t t e x a m e t h y l e n e t e t r a m i n e  . . . . . . . . . .  

S o d i u m  c h r o m a t e  . . . . . . . . . . . . . . . .  

P h e n o l  f o r m a l d e h y d e  . . . . . . . . . . . .  

B u t y l a m i n e  . . . . . . . . . . . . . . . . . . . . . . .  

E t h y l a m i n e  . . . . . . . . . . . . . . . . . . . . . . .  

D i e t h y l a m i n e  . . . . . . . . . . . . . . . . . . . .  

% Suppression of maxima 

02 

100 

100 

100 

8 0  

41 

37 

20  

20  

18 

8 

7 

5 

12 

0 

Ni 

100 

100 

22 

14 

35  

100  

60 

24  

20  

100 

86  

51 

49  

35 

* T h e  t e s t s  (13) w e r e  r u n  i n  4 . 9 %  H 2 S O 4  f o r  48  h r  a t  2 5 ~  * S e e  r e f e r e n c e  (14) .  
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TABLE IV. lnhibitors .for copper 

Inhibi tor  

Benzanilide . . . . . . . . . . . . . . . . . . . . . . .  
Butyl mercaptan . . . . . . . . . . . . . . . . .  
Rosin . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Aniline . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Sodium benzoate . . . . . . . . . . . . . . . . .  
Lauryl mercaptan . . . . . . . . . . . . . . . .  
Morpholine . . . . . . . . . . . . . . . . . . . . . . .  
Sodium nitrite . . . . . . . . . . . . . . . . . . . .  
Potassium dichromate . . . . . . . . . . . .  
Sodium silicate . . . . . . . . . . . . . . . . . . .  
Ethylenediamine . . . . . . . . . . . . . . . . . .  

% Suppression of maxima 

O~ Ni 

100 100 
100 52 
100 71 
66 13 
50 21 
49 9 
29 66 
11 13 
9 100 
6 100 
4 100 

ing polarization at either anodie or cathodic metal 
surfaces. 

Some inhibitors reported to be less effective than 
those of Table I, under similar experimental condi- 
tions, were also observed, as a whole, to be relatively 
less effective maxima suppressors (Table I I ) .  

Other inhibi tors . - -A group of inhibitors for alu- 
minum (14) were tested for their effectiveness in 
suppressing oxygen and nickel polarographic max- 
ima. These experiments were carried out under 
conditions identical to those described for iron in- 
hibitors. Results are shown in Table I I I .  I t  can be 
seen that  all inhibitors tested suppressed one or 
both maxima by at least 20 %. Here again the sup- 
pressing effectiveness of some of these inhibitors 
changes sharply from the oxygen to the nickel max- 
imum. 

Some compounds relatively ineffective in inhibit- 
ing corrosion of iron and at the same time not very 
effective maxima suppressors (Table I I )  are, never- 
theless, listed among inhibitors for aluminum. Polar- 
ographic conditions employed in testing inhibitors 
for either metal were identical, and no at tempt was 
made at this point to characterize polarographic 
behavior of inhibitors under varying conditions 
with reference to specific corrosion systems. 

A number of representative inhibitors for copper 
selected from the literature were tested like the 
inhibitors for iron and aluminum. Results for oxy- 
gen and nickel maxima are shown in Table IV. In 
addition to the general maxima-suppressing ability 
of these inhibitors, it is of interest to notice that  some 
of those least effective in suppressing the oxygen 
maximum are most effective in suppressing the 
nickel maximum. 

Effect of Noninhibitors on Polarographic M a x i m a  

I t  is difficult to find compounds which are not 
corrosion inhibitors to some extent under some ex- 
perimental conditions. However, a few substances 
were selected which are not commonly reported as 

TABLE V. Effect of noninhibitors on polarographic maxima 

Name of substance 

Methyl alcohol . . . . . . . . . . .  
Ethyl alcohol . . . . . . . . . . . .  
Propyl alcohol . . . . . . . . . .  
Butyl alcohol . . . . . . . . . . . .  
Isoamyl alcohol . . . . . . . . .  
tert-Amyl alcohol . . . . . . . .  
Ethyl ether . . . . . . . . . . . .  
Propyl ether . . . . . . . . . . . .  
Cane sugar . . . . . . . . . . . . .  
Formic acid . . . . . . . . . . . . .  
Acetic acid . . . . . . . . . . . . .  
Propionic acid . . . . . . . . . .  
Butyric acid . . . . . . . . . . . .  

% Suppression of maxima 

O8 Pb - Ni  

5 18 27 
0 15 30 
6 13 13 
7 8 10 
1 13 13 
6 12 8 
0 13 10 

14 8 7 
0 11 16 

20 27 67 
0 6 44 
0 5 43 
0 7 33 

effective corrosion inhibitors. Their influence oil the 
polarographic maxima is shown in Table V. I t  is 
apparent  tha t  these compounds are as a whole con- 
siderably poorer maxima suppressors than those 
reported in Tables I, I I I ,  and IV. 

From results reported to this point it appears 
tha t  in general the polarizing ability of corrosion 
inhibitors can be demonstrated polarographically. 
The conclusiveness of these findings is limited by 
the fact that  inhibitors were tested at a single con- 
centration. Furthermore, corrosion test data for all 
these inhibitors under identical conditions ale not 
available. 

Quantitative Approach 

On the basis of the above qualitative experiments, 
it was felt worth while to extend these studies on a 
quanti tat ive basis in order to shed some light on 
common characteristics of polarographic and cor- 
rosion inhibition processes. 

In  the following experiments, the single-compart- 
ment polarizing cell was replaced with an H- type  
cell shown in Fig. 3B. A 0.1N calomel electrode was 
employed as the reference electrode instead of the 
mercury pool. Electrical contact  between the cMo- 
mel electrode and electrolysis compartment  was 
established through a fritted glass disk and an a fa r  
plug. The main advantage of the H-type cell over 
the single compartment  cell is tha t  the potential of 
the calomel reference electrode is n o t  susceptible 
to variations. 

Effect of p H  on Polarographic M a x i m a  

Determining the effect of pH on polarographic 
maxima was considered essential since pH of solu- 
tions from which the maxima were obtained could 
change to a different extent by addition of various 
inhibitors. 'For this purpose, solutions containing 
the reducible substances were prepared over a wide 
pH range. Since conventional buffered solutions in 
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FIG. 4. Effect of pH upon the  oxygen and  nickel  maxi- 
mum.  A - - o x y g e n  max imum;  l imi t ing  cur ren t  17 tta; � 9  
nickel  max imum;  l imi t ing  cur ren t  25 tta. 

general affect polarographic maxima, small amounts 
of hydrochloric acid and potassium hydroxide solu- 
tion were employed for pH adjustments. Polaro- 
graphic maxima were then obtained from these solu- 
tions. The pH was measured with a Beckman pH 
meter. Results obtained for the oxygen and nickel 
maxima are shown in Fig. 4. Values of the maxima 
include the corresponding limiting current which 
remained constant over the employed pH range. 
I t  is apparent that the oxygen maximum is com- 
pletely eliminated at about pH 1; it increases with 
increasing pH up to pH 2.5, and it remains constant 
for higher pH values. The nickel maximum is also 
considerably suppressed at pH 1, and it increases 
with increasing pH. It  remains constant, however, 
only for pH values of 3-5 and increases rapidly 
beyond this range. 

Suppression of maxima in high H + concentrations 
indicates that the microcathode becomes polarized 
at the potentials of the maxima. As mentioned pre- 
viously, the microcathode is not polarized when the 
maxima appear. This polarization is perhaps brought 
about by adsorption of H + on the mercury surface. 
In this respect, it is of interest to not'ice that the 
oxygen maximum occurring at an emf value at which 
the dropping electrode is positively charged with 
respect to the solution is somewhat less affected by 
H + concentration than the negative nickel maximum. 
Similar H + adsorption probably occurs at cathodes 
of metals corroding in strong acids. This adsorption 
of H + on cathodic areas very likely hinders corrosion 
inhibitors from acting upon local cathodes. Thus, 
anodic inhibitors would be expected to act more 
effectively than cathodic ones in low pH solutions, 
a fact widely accepted. 

Amines as Corrosion Inhibitors and Polarographic 
Maxima Suppressors 

A number of amines, both aliphatic and aromatic, 
were employed for a basic comparison of polariza- 
tion phenomena occurring in polarographic and 
corrosion inhibition processes. Amines chosen have 
been extensively studied by Mann and his coworkers 
(7-9) as corrosion inhibitors for mild steel in 1N 
H2SO, at room temperature. Among the various 
maxima, that of nickel was found most responsive 
and, in general, more suitable for the study of the 
above amines. 

Aliphatic amines.--The following aliphatic amines 
were studied in connection with maxima suppression: 
methyl-, ethyl-, propyl-, butyl-, and amylamine. 
According to Mann (Fig. 5), the effectiveness of 
these amines in inhibiting corrosion of mild steel 
in 1N H204 at room temperature (25~ increases 
with increasing molecular weight for any given 
amine concentration expressed in per cent nitrogen. 
The effectiveness of each amine increases with its 
concentration and eventually levels off. Effective- 
ness at the leveling-off point is again higher, the 
higher the molecular weight of the amine. Since 
the covering power and the ability of normal ali- 
phatic amines to adsorb on metal surfaces increase 
with increasing chain length, these corrosion inhibi- 
tion results are in agreement with the widely ac- 
cepted theory that amines inhibit corrosion by ad- 
sorbing on metals. 

Effectiveness of the above amines in suppressing 
the nickel polarographic maximum was studied as 
a function of concentration. The nickel maximum 
was obtained from 6.25 X 10-3M NiC12 solution 
in 0.1M KC1 supporting electrolyte. A blank run 
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FIG. 5. I n h i b i t i o n  b y  a l ipha t ic  amines  of mi ld  steel  
corrosion in 1N H2SO, a t  25~ (7). Curve  1 - - m e t h y l a m i n e ;  
curve  2 - - e t h y l a m i n e ;  curve  3 - -p ropy l amine ;  curve  4- -  
b u t y l a m i n e ;  curve 5 - - amylamine .  
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FIG. 8. Suppress ion  of the  nickel m a x i m u m  as a func t ion  
of concen t r a t ion  of a romat ic  amines .  O - - a n i l i n e ;  A - -  
p-toluidine; X--o-toluidine; il--3,5-xylidine; ~--di-  
methylaniline; A--2,3-xylidine; O--2,6-xylidine. 

preceded every test. Specific amounts  of amine 
solutions of known concentrat ion were added to the 
polarizing cell containing the nickel chloride-potas- 
sium chloride solution. The  amine solutions were 
also at  the same concentrat ion in respect to nickel 
chloride and potassium chloride as the solution f rom 
which the max imum was obtained. In  this way, 
changes in Ni  ++ concentration during testing were 
avoided. Individual  runs were performed for all 
concentrations of the amines tested. The p H  of all 
solutions was adjusted to a value of about  3.0 
by  means of small amounts  of HCl. All experi- 
ments  were performed at 25 ~ 5= 0.1~ 

The effectiveness of the tested aliphatic amines in 
suppressing the nickel m ax i m um  is shown as a 
function of nitrogen concentration in Fig. 6. There 
is a striking similarity between the behavior  of 
these amines as corrosion inhibitors and as nickel 
max imum suppressors. The suppression of the 
nickel max imum increases with amine concentration 
and becomes complete above a critical amine con- 
centration. For  a given concentration of amine, 
expressed in per cent nitrogen, the m ax i mum sup- 
pression increases with molecular weight of the 
amines. Inhibi tor  concentrations in the polarographic 
and corrosion experiments are not the same since 
different metals and electrolytes are involved in the 
t w o  ea se s .  

a0 ,'~ 

, o /  
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~ 

o = = 4 0  
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FIG. 7. Logarithmic plot of Fig. 6 
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By plott ing the logari thm of the per cent suppres- 
sion vs. the logari thm of the amine concentration,  
s t raight  lines result (Fig. 7). Similar curves are 
obtained f rom Mann ' s  da ta  for these amines by  
plott ing the logari thm of corrosion inhibiting effec- 
tiveness vs. the logari thm of their  concentrat ion in 
per cent nitrogen. In  some cases, the slope of the  
lines changes a t  certain amine concentrations, sug- 
gesting a change in adsorption rates of these com- 
pounds at certain concentrations. 

Aromatic amines.--Seven aromatic  amines were 
selected to s tudy  fur ther  the polarographic behavior  
of corrosion inhibitors: aniline, dimethylaniline,  
o-toluidine, p-toluidine, 2,6-xylidine, 3,5-xylidine, 
and 2,3-xylidine. The procedure described for 
studies of aliphatic amines was employed for aro- 
mat ic  amines also. Polarographic results are shown 
in Fig. 8, and corresponding corrosion da ta  (7) in 
Fig. 9. In  the case of these amines also, the function 

~ 1 7 6  i o 

6o ~ I 

4 o : ~  
20 I: / /// / 
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I N H I B I T O R  C O N C E N T R A T I O N ,  % N I T R O G E N  

FIo. 9. Inhibition by aromatic amines of mild steel 
corrosion in 1N H2SO4 at 25~ (7). Curve 1--aniline; curve 
2--2,6-xylidine ; curve 3--p-toluidine; curve 4--o-toluidine ; 
curve 5--3,5-xylidine; curve 6--N,N-dimethylaniline; 
curve 7--2,3-xylidine. 
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of their polarographic maximum suppression ef- 
fectiveness vs. their concentration resembles gas 
adsorption isotherms. Corresponding logarithmic 
plots are shown in Fig. 10. Here again the slope of 
all but one of the lines changes as it does in five of 
the corresponding corrosion plots (Fig. 11). Thus, 
polarographic behavior of the above aromatic 
amines resembles their behavior as corrosion in- 
hibitors, which in turn is comparable to that of 
aliphatic amines. The order of maximum polaro- 
graphic effectiveness, with the exception of 2,6-xyli- 
dine, is the same with that of maximum corrosion 
effectiveness. In both cases, however, differences in 
effectiveness of some aromatic amines are small and 
overlap as the concentration changes, 

DISCUSSION 

The appearance of polarographic maxima is 
associated with the fact that at certain emf values 
of current-voltage curves there is a higher concen- 
tration of reactive material in the immediate vicinity 
of the dropping microelectrode than at the emf 
range corresponding to the limiting current. 

Although a satisfactory interpretation of all the 
phenomena associated with polarographic maxima 
is not available, it seems that polarization of the 
mercury microelectrode at the maxima is not estab- 
lished because an excess supply of reactive material 
is available at the microelectrode as a result of some 
specific electrochemical phenomenon. It has been 

established, however, that surface-active or highly 
adsorbable substances suppress or eliminate polaro- 
graphic maxima. It  is believed that such an action 
is brought about by a "hindering" effect caused by 
maxima suppressors, which prevent reducible sub- 
stances from reaching the mercury surface. Adsorp- 
tion of suppressors on the metal surface is very 
probably the most predominant factor associated 
with the electrode polarization. In fact, suppressive 
action of various substances has been employed as 
an indicator of their adsorbability (15). In some cases 
the degree of suppression of the maxima has been 
suggested as a means of quantitative analysis of 
various substances (16), strrface-active ones in 
particular (17). 

With regard to mechanisms of corrosion and cor- 
rosion inhibition, electrical polarization and adsorp- 
tion are of paramount importance according to 
current theories. I t  becomes thus apparent that 
significant similarities exist between the processes 
involved in polarographic maxima and their suppres- 
sion on one hand, and in metallic corrosion and its 
inhibition on the other. On this basis, it is reasonable 
to believe that polarography constitutes a valuable 
tool for corrosion and corrosion inhibition studies. 

In the present study, it is shown that the behavior 
of a number of inhibitors in the mild steel-sulfuric 
acid system is reflected in their action on some polaro- 
graphic maxima obtained in 0.1M KC1 solutions as 
supporting electrolyte. Particularly for the amines 
studied, it was demonstrated that their order of 
relative inhibiting effectiveness is the same as that 
of their suppressing effectiveness. It was further 
demonstrated that the inhibiting as well as the sup- 
pressing effectiveness is a function of concentration 
of the adsorption isotherm type. This is in agreement 
with the proposed (7) thesis that amines inhibiting 
corrosion adsorb on metal surfaces by means of the 
active amino-group. Their effectiveness increases 
with their covering power and concentration. The 
former increases, within limits, with molecular 
weight and molecular polarity. The latter affects 
inhibiting effectiveness according to the gas adsorp- 
tion isotherm function. Polarographically, the degree 
of maximum suppression is an indicator of the ad- 
sorbability of certain substances, and the amines 
studied fall into this category. 

According to Mann and his coworkers (7) the 
above amines act as cathodic inhibitors in acid solu- 
tions. They form positively charged ammonium- 

,1 
type ions X - - N - - X  (where X stands for 

X 

organic radicals or hydrogen atoms) and thus are 
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attracted by negative poles (cathodes) of the local 
cells. The present data are in agreement with these 
views, since amines are generally more effective 
with the nickel maximum at an emf such that the 
microelectrode is negatively charged with respect 
to the solution. 

I t  should be pointed out, however, that, although 
electrostatic attraction constitutes the main driving 
force for adsorption in the case of ions or charged 
colloids, additional factors are probably associated 
with the adsorption process. Thus, ions in general 
are preferentially effective with either the negative 
or positive maxima; in many cases, however, they 
suppress both types of maxima to a small or great 
extent. It  appears plausible that the nature of 
various inhibitors, insofar as being anodic, cathodic, 
or both is concerned, is very probably revealed by 
their effectiveness in suppressing positive or nega- 
tive maxima. This correlation does not hold if local 
cathodes and anodes of a corroding system are either 
both negatively charged or both positively charged 
with respect to the corrosive medium. Further 
systematic studies in that direction should prove 
of considerable interest. 

In comparing processes of corrosion inhibition 
and maxima suppression, it should be kept in mind 
that no single mechanism can explain all the phenom- 
ena involved in these processes, nor is this necessary. 
Furthermore, considerably different mechanisms 
may lead to similar results depending on the sub- 
stances and experimental conditions involved. Thus, 
in connection with maxima suppression, Heyrovsky 
(3) suggested that the suppressing ability of various 
substances increases with their ability to coagulate 
colloidal solutions. This holds true in a number of 
cases, although not in all. In corrosion studies, it 
has also been suggested (18, 19) that colloidal phe- 
nomena are of importance in corrosion protection, 
especially where corrosion products easily acquire 
the colloidal state. In such cases, the action of cor- 
rosion inhibitors may be due primarily to coagulation 
of corrosion products to a protective film. The above 
views on the importance of coagulating properties 
of some substances in maxima suppression and cor- 
rosion inhibition expressed independently could serve 
as an additional indication of similarities between 
the two processes. 

In this respect, it is of interest to mention the 

fact that gelatine, a so-called "general inhibitor," 
has been used for many years as a "general suppres- 
sor" over a wide range of anodic and cathodic max- 
ima. 

On a practical basis, it is suggested that a polaro- 
graph properly used could provide a convenient 
tool for screening promising candidate corrosion 
inhibitors, e.g., for the iron-sulfuric acid system. 
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Corros ion  Propert ie s  o f  T i tan ium in Marine E n v i r o n m e n t s  1 

H. B. BOMBERGER, P. J. CAMBOURELIS, A~D G. E. HUTCHINSON 

Rem-Cru Titanium, Inc., Midland, Pennsylvania 

ABSTRACT 

Data are presented on the behavior of commercially pure titanium and several common 
structural metals exposed up to five years at Kure Beach, North Carolina. Tests in- 
clude exposures to the atmosphere, quiet and flowing sea water, jet impingement, stress 
corrosion, and galvanic couples. These tests indicate that  titanium is unaffected by 
marine environments. 

INTRODUCTION 

Commercially pure t i tanium has, in addition to 
a high strength-to-weight ratio, the desirable prop- 
er ty  of outstanding corrosion resistance to a num- 
ber of chemicals. I t  has excellent resistance to nitric 
acid solutions (1-5), although violent reaction of a 
t i tanium-manganese alloy with red fuming nitric 
acid (12) suggests tha t  work with any ti tanium-base 
material in fuming nitric should be conducted with 
caution. Especially interesting is the metal 's resist- 
ance to moist chlorine gas (1), sodium and calcium 
hypochlorites, chloride salt solutions including cupric 
and ferric chlorides, and some mixed acids (1, 2). 
Ti tanium also has a high resistance to many  organic 
acids and compounds (1, 6), but  the metal  is at- 
tacked by  hydrochloric, hydrofluoric, sulfuric, ox- 
alic, trichloroacetic, and unaerated formic acid 
solutions. 

Hutchinson and Permar (1) reported on the ap- 
parent immuni ty  of t i tanium to sea water by  
atmospheric, iet impingement, and sea water  im- 
mersion tests. 

These results were confirmed by  Williams (7) 
along with additional information. Exposures up to 
eight months in the atmosphere, in quiescent and 
rapidly moving sea water, and on jet impingement 
had a negligible effect. No evidence of stress cor- 
rosion was observed after six months on t i tanium 
stressed to nearly the yield strength for 0 . l %  
offset. 

LaQue (8) reported similar results for t i tanium 
subjected to marine environments for extended 
periods o f  time under many test  conditions. No 
significant effect was observed under any test con- 
dition. Excellent resistance to erosion, corrosion 
fatigue, stress corrosion, crevice corrosion, and pit- 
ting was reported. The galvanic effect of t i tanium 
in contact with other materials was found to be 
about the same as tha t  of the 18-8 stainless steels. 

1Manuscript received November 12, 1953. This paper 
was prepared for delivery before the Wrightsville Beach 
Meeting, September 13 to 16, 1953. 
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This paper reports additional information oil 
t i tanium and a number of controls exposed to marine 
environments  at Kure Beach since midsummer of 
1948. 

EXPERIMENTAL 

Commercially pure, cold-rolled t i tanium ~ was 
tested along with the controls listed in Table  I. 
T i tan ium sheet had a nominal composition of more 
than 99 % t i tanium, 0.3 % carbon, and a few tenths 
to a few hundredths  of 1% oxygen, nitrogen, and 
iron. 

Except  in jet  impingement and galvanic tests, 
materials were tested as 6 in. x 1 ~  in. x 1/~2 in. to 
1/~ 6 in. strips. After testing, aluminum alloys, stain- 
less steels, Inconel, and t i tanium were cleaned by 
swabbing in 65 % nitric acid for three minutes. The  
copper and Monel were swabbed in 20% hydro-  
chloric acid for 10 seconds. Cleaning techniques had 
negligible effect on the base material. 

Atmospheric Tests 

Unlike the control specimens, t i tanium showed 
no significant weight loss or change in appearance 
on being exposed to sea air 80 and 800 ft from the 
ocean for five years, as indicated by  Fig. 1. Aluminum 
alloys acquired a mott led limestone gray appear- 
ance, stainless steels became rusty brown, Monel 
turned dark green, and Inconel became speckled 
with brown spots. Control specimens from the 
shore rack were more discolored and corroded more 
rapidly than those in the main lot 800 ft from the 
ocean. 

Materials exposed to the industrial atmosphere of 
Bridgeport, Connecticut, for four years and eleven 
months were similar in appearance to those removed 
from the main lot at Kure Beach, but the average 
corrosion rates, given in Table If, were a little 
higher. The same materials exposed five years to the 
rural atmosphere north of Wilmington, Delaware, 
appear by visua] examination to be completely un- 

2 Produced by Rem-Cru Titanium, Inc. 
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T A B L E  I .  Control alloys tested at Kure  Beach, N .  C. 

A l u m i n u m  al loys  

Alloy 

24S-T3 . . . . . . . . . . . . . . . . .  
Alclad 24S-T3 : . . . . . . . .  

coa t ing  . . . . . . . . . . . . .  
core . . . . . . . . . . . . . . . . .  

52S-1/2H . . . . . . . . . . . . . .  
Alclad 75S-T6 : . . . . . . . .  

coa t ing  . . . . . . . . . . . . .  
core . . . . . . . . . . . . . . . . . .  

Surface condition 

Br igh t  
B r igh t  

Br igh t  
Br igh t  

Cu 

4.54 

0.27 
4.19 
0.02 

0.09 
1.58 

1% 

0.30 

0.13 
0.28 
0.15 

0.36 
0.15 

si 

0.15 

0.07 
0.11 
0.12 

0.07 
0.08 

Mn 

0.58 

0.01 
0.56 
0.05 

0.01 
0.12 

Mg 

1.46 

0.13 
1.39 
2.53 

0.15 
2.61 

Cr 

0.21 

0.24 

Zn 

q 

1.31 
5.90 

Ti 

q 

0.05 

AI 

Bal. 

Bal.  
Bal.  
Bal.  

Bal. 
Bal.  

S ta in less  s teels  

Alloy Surface condition Fe 

T y p e  302 . . . . . .  
T y p e  316 . . . . . .  
T y p e  347 . . . . . .  

Cr Ni Mn P S Si C Mo Cb 

Br igh t ,  cold rolled 18.37 8.71 0.93 0.019 0.009 0.600 0.099 - -  - -  Bal .  
H o t  rolled & pickled 17.36 12.68 [ 1.60 [ 0.024 [ 0.023 0.44 0.053 [ 1.89 I - -  Bal.  

H o t  rol led & pickled I 18.58 I 11 .27 l  1 . 7 6 ] 0 . 0 2 6  1 0 . 0 2 0 1 0 . 5 8  10.058] - -  10 .87  I Bal.  

Nickel  a l loys  

Cu Cr Ni Mn P S Si 0.07 C 2  Fe 

29.75 - -  67.85 1.04 0.029 I 0.008 / 0.127 0.98 
- -  / 14"79 I 77"63 / 0.20 [ 0.010 / 0.008 I 0.183 [ 0.056 / 6.96 

Alloy Surface condition 

Monel  . . . . . . . .  Cold rol led & annea led  
I n e o n e l . . .  . H o t  rol led 

affected, except Monel which had a green tarnish 
film and the aluminum alloys which had weathered 
to a limestone gray. Exposures at  these three test 
sites are being continued indefinitely for future 
examination. 

Immersion Tests 

The t i tanium specimens immersed in sea water 
flowing at 3 ft /sec had, after cleaning, essentially 
the same weight and bright surface tha t  they had 
when installed 4.5 years earlier. Although all ma- 
terials were fouled by marine organisms, corrosion 
was observed only on the control specimens as indi- 
cated in Fig. 2 and 3. Inconel, Monel, 24S-T3 alu- 
minum alloy, and Type 347 stainless steel suffered 
rather heavy localized attack. Corrosion rates and 
maximum pit depths for these materials are given 
in Table III .  Corrosion rates for control specimens 
after 483 days were of the same order as those ob- 
tained after 618 days and 4.5 years, except for 

T A B L E  I I .  Corrosion rates of materials exposed to the 
atmosphere 

Materials* 

T i t a n i u m  . . . . . . . . . . . . .  
24S-T3 . . . . . . . . . . . . . . . .  
Alclad 24S-T3 . . . . . . . . .  
52S-1/2H . . . . . . . . . . . . . .  
Alclad 75S-T6 . . . . . . . . .  
302 Sta in less  . . . . . . . . . .  
316 S ta in less  . . . . . . . . . .  
347 S ta in less  . . . . . . . . . .  
Monel  . . . . . . . . . . . . . . . .  
Incone l  . . . . . . . . . . . . . . . .  

5 Years at Kure Beach, 
N.C. 

Shore rack Main lot 
80 f t  from 800 ft  from 
breakers breakers 

Nil  Nil  
0.0256 0.0028 
0.0197 0.0034 
0.0139 0.0026 
O. 0278 O. 0034 
0.0009 Nil  
0.0013 Nil  
0.0011 Nil  
0.0175 0.0107 
0,0014 0.0003 

4 Years,  
11 months  in 
Br idgepor t ,  

Conn. 

0.00008 
0.0154 
0.0122 
0.0135 
0.0140 
0.0001 
0.0003 
0.0003 
0.0349 
0.0094 

* Average  co r ros ion  r a t e s  f r o m  th r ee  spec imens  in mi l s  

FIG. 1. Ma te r i a l s  exposed  80 ft  f r o m  the  ocean for  five years  per  year .  
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FIG. 2. Materials exposed to fowing sea water for 41/~ years 

M o n e l  and  T y p e  347 s ta in less  s teel  where  a s l ight  
increase  was no ted .  S l igh t ly  h igher  r a t e s  were  re- 
p o r t e d  for these  cont ro ls  b y  H u t c h i n s o n  and  P e r m a r  
for 120-day exposure  t e s t s  in a t r o u g h  (1). 

S imi la r  resul t s  were obse rved  for  m a t e r i a l s  ex- 
posed  for  480 days  in qu ie t  sea w a t e r  in the  bas in  
a t  K u r e  Beach  as i l l u s t r a t ed  in Fig .  4. Some m a t e r i a l s  
were  h e a v i l y  a t t a c k e d  b y  p i t t i n g  and  crevice  cor- 
rosion.  N o  no t i ceab le  change  or m e a s u r a b l e  weight  
loss could  be  d e t e c t e d  on the  six t i t a n i u m  t e s t  speci-  
mens.  Cor ros ion  ra tes ,  g iven  in T a b l e  IV,  a re  essen-  
t i a l ly  the  same  as those  r e p o r t e d  b y  H u t c h i n s o n  
and  P e r m a r  for 120-day exposures  in t he  bas in .  

Galvanic Couple Tests 

A l t h o u g h  t i t a n i u m  is an  i nhe ren t l y  r eac t ive  m e t a l ,  
i t  is found  a t  the  noble  end of the  ga lvan ic  series 

FIG. 3. Materials exposed to flowing sea water one year 
and 253 days. 

for  m e t a l s  in  sea  w a t e r  a long w i t h  s i lver ,  M o n e l ,  
and  pass ive  T y p e  316 s ta in less  steel ,  and  has  a 
s t e a d y - s t a t e  p o t e n t i a l  of - 0 . 1 5  vol t ,  vs. s a t u r a t e d  
calomel ,  a t  25~ The  m e t a l  is e v e n  more  noble  a t  
lower  t e m p e r a t u r e s .  

A d d i t i o n a l  p o t e n t i a l  s tud ies  a t  K u r e  B e a c h  show 
t h a t  t i t a n i u m  has  the  p r o p e r t y  of po la r i z ing  r ead i l y  
to  the  p o t e n t i a l  of more  anodic  ma te r i a l s ,  such  as  

TABLE I I I .  Materials immersed in sea water flowing at 8 ft/sec in trough at Kure Beach, N. C. 

483 Days  618 Days  4 ~  Years  

Material* 

Titanium . . . . . . . . . . .  
24S -T3 . . . . . . . . . . . . . .  
Alclad 24S-T3 . . . . . . .  
52S-1/2It . . . . . . . . . . . .  
Alclad 75S-T6 . . . . . . .  
302 Stainless . . . . . . .  
316 Stainless . . . . . . .  
347 Stainless . . . . . . .  
Monel . . . . . . . . . . . . . .  
Inconel . . . . . . . . . . . . .  

Corr. rate  
mpy  

Nil 
4.80 
1.10 
1.52 
1.21 
0.08 
0.16 
0.28 
0.144 
Nil 

Max. face 
pitt ing, in. 

None 
0.054f 
None 
0.046 
None 
0.031 
0.020 
0.068t 
0.020 
0.008 

Max. edge 
pit t ing,  in. 

None 
0.14 
None 
0.10 
None 
0.060 
0.10 
1.55 
0.12 
None 

Corr. rate 
mpy 

5.08 

1.47 

3.57 
1.27 

Max. face 
pi t t ing,  in. 

0.054t 

0.035 

o.o68t 
0.045t 

Max. edge 
pit t ing,  in. 

0.15 

0.040 

1.55 
0.050 

Corr. rate  
rapy 

0.00003 

1.17 

0.781 
0.088 
0.061 

0.094 

Max. face 
pi t t ing,  in. 

None 

0.035t 

0.035t 
0.060 
0.050 

0.035f 

Max. edge 
pit t ing,  in. 

N o n e  

0.050 

0.20 
0.20 
0.10 

0.10 

* Three specimens of each. 
t Specimens perforate with pits. 
$ Maximum depth of crevice corrosion. 
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TABLE IV. Materials immersed 480 days in quiet sea water 
in the basin at Kure Beach, N.  C. 

Material* 

Titanium . . . . . . . . . . . . . . . . . .  
24S-T3 . . . . . . . . . . . . . . . . . . . . .  
Alcl~d 24S-T3 . . . . . . . . . . . . . .  
52S-1/2H . . . . . . . . . . . . . . . . . . .  
Alclad 75S-T6 . . . . . . . . . . . . . .  
302 Stainless . . . . . . . . . . . . . . .  
316 Stainless . . . . . . . . . . . . . . .  
347 Stainless . . . . . . . . . . . . . . .  
Monel . . . . . . . . . . . . . . . . . . . . .  
Inconet . . . . . . . . . . . . . . . . . . .  

Average Max. face Max. edge 
corrosion pit t ing,  in. pi t t ing,  in. 

rate, mpy 

Nil None None 
2.24 0.054t 0.37 
0.612 0.001 0.001 
0.96 0.065t 0.21 
0.60 0.001 0.001 
0.146 0.060 0.050 
O. 24 0.060 1.50 
1.43 0.067t 2.50~ 
1.38 0.039 0.20 
0.49 0.034 4.75:~ 

* Six specimens of each. 
t Specimens perforated. 

Maximum depth of crevice corrosion. 

Fig. 4. Materials immersed in quiet sea w~ter 480 days 

p la in  carbon  steel, w i th  which  i t  m a y  be in con tac t  

(8, 9). T h e  effect of this  charac te r i s t ic  was inves t i -  

ga ted  by  expe r imen t s  in which  panels  of one ma-  

ter ia l  were r i ve t ed  to  ano the r  w i t h  d i f ferent  a rea  

relat ionships.  Accord ing  to  LaQue  (8), the  ga lvan ic  

con t r ibu t ion  of t i t a n i u m  in a couple is abou t  t he  

same as an  18-8 s tainless  steel,  and  exper iences  w i t h  

this  ma te r i a l  can be used as a safe guide on replac-  

ing stainless steel  w i t h  t i t an ium.  

In  mar ine  a tm osphe re  and sea w a t e r  tes ts  t he re  

were no indica t ions  t h a t  t i t a n i u m  suffered in a n y  

w a y  as a resul t  of be ing  in con t ac t  w i th  t he  c o m m o n  

meta l s  and alloys. Corros ion  ra tes  for the  ma te r i a l s  

in con tac t  wi th  t i t a n i u m  in the  basin a t  half  t ide  

are g iven  in Tab le  V. T i t a n i u m  coupled wi th  Inconel ,  

silver, and T y p e s  302 and 316 stainless steels ap- 

peared  to h a v e  a negligible effect on these  mate r ia l s .  

Howeve r ,  a not iceable  increase in corrosion occurred  

wi th  the  remain ing  specimens  coupled to  t i t a n i u m .  

This  was especial ly  t rue  for magnes ium.  In  general ,  

ra tes  ob ta ined  af ter  360 days '  exposure  are s imilar  

to  or s l ight ly  less t h a n  those  observed  af te r  193 

days.  
Schla in  (10), and Pa ige  and K e t c h a m  (11) re- 

TABLE V. Sea water galvanic couple tests in basin at half tide at Kure Beach 

Materials 

FS-1 Magnesium . . . . . . . . . . . . . . .  
Alelad 24S-T3 . . . . . . . . . . . . . . . . . . .  
52S-1/2H . . . . . . . . . . . . . . . . . . . . . . . .  
Alclad 75S-T6 . . . . . . . . . . . . . . . . . . .  
Copper . . . . . . . . . . . . . . . . . . . . . . . . . .  
Steel (low carbon) . . . . . . . . . . . . . . .  
Monel . . . . . . . . . . . . . . . . . . . . . . . . . .  
Inconel . . . . . . . . . . . . . . . . . . . . . . . .  
302 Stainless . . . . . . . . . . . . . . . . . . . .  
316 Stainless . . . . . . . . . . . . . . . . . . . .  
Silver . . . . . . . . . . . . . . . . . . . . . . . . . .  

Uncoupled corr. 
rates, mpy* 

65.06, 
0.55 
0.457 
1.21 
0.511 
6.10 
0.071 
0.002 
0.058 
Nil 

193-Day exposures 

Coupled corr. rates, mpy 

Metal areal/7 X 
Ti  areat 

Lost 
1.70 
7.42 
6.12 
1.015 

17.24 
0.130 
0.002 
0,120 
Nil 

Uncoupled corr. 
rate, mpy* 

0.233 
Lost 
0.633 
0.577 
8.60 
0.073 

Nil 
0.004 

Nil 
0.70 

369-Day exposures 

Coupled corr. rate, mpy 

Metal area 7 X Ti 
area** 

920.7w 
1.20 
0.91 
1.38 
0.92 

12.32 
0.060 
Nil 
0.010 
Nil 

Metal area 7 X Ti  
area** 

0.89 
0.75 
O .83 
0.94 

12.20 
0.06 
Nil 
0.008 
Nil 
1.10 

Metal area ~ X 
Ti  areat 

Lost 
4.60 
Lost 
2.00 

12.90 
0.130 
Nil 
0.096 
Nil 
1.22 

* Average of one 6 in. x 1.5 in. specimen and two 1.5 in. x 0.75 in. specimens. 
** One 6 in. x 1.5 in. specimen. 
t Average of two 0.75 in. x 1.5 in. specimens. 

44-day exposure. 
w Two-day exposure. 
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TABLE VI. Atmospheric galvanic-couple tests on shore rack, Kure  Beach 

Mater ia l  

FS-1 Magnesium . . . . . . . . . . . . . . .  
Alclad 24S-T3 . . . . . . . . . . . . . . . . . .  
52S-1/2H . . . . . . . . . . . . . . . . . . . . . . .  
Alclad 75S-T6 . . . . . . . . . . . . . . . . . .  
Copper . . . . . . . . . . . . . . . . . . . . . . . . .  
Steel (low carbon) . . . . . . . . . . . . . .  
Monel . . . . . . . . . . . . . . . . . . . . . . . . . .  
Inconel . . . . . . . . . . . . . . . . . . . . . . .  
302 Stainless . . . . . . . . . . . . . . . . . . .  
316 Stainless . . . . . . . . . . . . . . . . . . .  

360-Day exposure 

Coupled corr. ra te ,  mpy 
Uncoupled corr. Uncoupled corr. 

rates,* mpy Meta l  area 7 )< Meta l  area ~,~ X rates,* mpy 
T i  area** T i  area t  

5.5 
0.86 
0.199 
0.99 
0.42 
Lost 
0.032 
0.003 
0.023 
0.003 

o.885 
0.0549 
0.0845 
0.0525 
0.0852 

0.0152 
0.0025 
0.0083 
0.0035 

4 Years  & 8 months exposure 

Coupled corr. rate,  mpy 

1.26 
0.06 
0.05 
0.10 
0.12 
6.13 
Nil 

0.011 
Nil 

0.004 

2.50 
0.277 
0.056 
0.460 
0.022 
9.82 
0.020 
0.006 
0.009 
0.OO4 

Meta l  area 7 X 
T i  area** 

1.175 
0.2130 
0.0362 
0.0786 
0.1350 

0.0197 
0.0029 
0.0091 
0.0029 

Meta l  area ~5 X 
T i  area** 

3.525 
0.291 
0.0813 
0.393 
0.241 

0.0320 
0.0032 
0.0015 
0.0058 

* Average of one 6 in. x 1.5 in. specimen and two 0.75 in. x 1.5 in. specimens. 
** One 6 in. x 1.5 in. specimen. 
t Average of two 0.75 in. x 1.5 in. specimens. 
:~ Three years and 160 days'  exposure. 

p o r t e d  h igher  corros ion ra t e s  t h a n  these  for  copper ,  
i ron,  m a g n e s i u m ,  a l u m i n u m  al loys  coup led  w i t h  
t i t a n i u m  of t he  same a r ea  in two  to  t h r e e  l i te rs  of 
a e r a t e d  s o d i u m  chlor ide  so lu t ions  for  r e l a t i v e l y  
shor t  t imes  (24-48 hr) .  These  h igher  r a t e s  m a y  be  
due in p a r t  to  shor t  t e s t  per iods  a n d  p r o b a b l e  
changes  in so lu t ion  compos i t ion ,  since r a t e - con t ro l -  
l ing p h e n o m e n a  such as film g rowth  and  po la r i za -  
t ion  are  a func t ion  of t ime  and  e n v i r o n m e n t .  P a i g e  
and  K e t c h a m  also n o t e d  t h a t  s ta in less  s teel  a n d  
t i t a n i u m  are  s imi la r  in t he i r  e l ec t rochemica l  be-  
hav ior .  

T h e  ga lvan ic  couples  t e s t ed  on the  80-f t  shore  
r ack  gave  s imi la r  resul ts ,  a l t h o u g h  in th i s  case, as 
i n d i c a t e d  in T a b l e  VI ,  al l  corros ion ra t e s  a re  sig- 
n i f i can t ly  less. Aga in ,  Incone l  and  T y p e s  302 a n d  
316 s ta in less  steels a p p e a r e d  to  be unaf fec ted  b y  
the  t i t a n i u m ,  and  corros ion  ra tes  of these  m a t e r i a l s  
va r i ed  l i t t le  w i th  t ime .  Howeve r ,  the  cor ros ion  of 
copper ,  magnes ium,  a n d  t h e  a l u m i n u m  a l loys  was  
inc reased  b y  t i t a n i u m  a n d  the  ra tes  of these  m a -  
te r ia l s  decreased  w i th  t ime .  

FIG. 5. Materials tested for crevice corrosion in quiet 
sea water. 

E r o s i o n  Tes t s  

T i t a n i u m  sub j ec t ed  to  t he  ac t ion  of a s u b m e r g e d  
j e t  of sea  w a t e r  for 30 d a y s  con ta in ing  2 .4% b y  
vo lume  of e n t r a i n e d  ai r  a t  a ve loc i t y  of 12 f t / s e c  
a n d  an  ave rage  t e m p e r a t u r e  of 23.5~ resu l t ed  in 
no s igni f icant  we igh t  loss. The re  was  no change  in 
t he  surface appea rance .  T i t a n i u m  spec imens  whi r led  
t h r o u g h  sea w a t e r  a t  30 f t / s e c  for 60 d a y s  suffered 
negl igible  a t t a c k .  T i t a n i u m  also has  an  u n u s u a l l y  
h igh  res i s tance  to  c a v i t a t i o n  erosion.  T h e  m e t a l  is 
sa id  to  be super io r  to  conven t i ona l  p rope l l e r  a l loys  
and  a lmos t  as good as s ta in less  s teel  des igned  espe-  
c ia l ly  for c a v i t a t i o n  res i s tance  (8). 
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Crevice Corrosion Tests 

Special tests were designed to determine the 
susceptibility of t i tanium to crevice corrosion. 
In  these experiments,  fiber, and zinc and cadmium- 
plated steel washers were bolted to 6 in. x 1.5 in. 
test  strips. After 360 days '  immersion in sea water  
in the basin and four years and eight months  expos- 
ure on the shore rack no evidence of pitting, crevice 
corrosion, or any  other form of a t tack  could be found 
on the t i tanium. However,  the nont i tanium control 
specimens suffered from localized a t t ack  as illus- 
t ra ted  by Fig. 5. 

Stress Corrosion Tests 

Titanium containing high residual stresses or 
under static tensile loads does not appear  to be 
susceptible to stress corrosion or corrosion fatigue 
in sea air and water. Erichsen cup test  specimens, 
stressed as highly as possible without causing failure, 
were exposed in the basin for 360 days  and in the 
salt air for four years and eight months.  In  this t ime 
there was no evidence of stress corrosion cracking. 
Ti tanium tensile specimens with a yield strength of 
105,000 psi have been under static loads up to 80,000 
psi for over five years in the main lot a t  KurD Beach 
without  a sign of failure. 

There appears  to be no difference between the 
endurance limit of t i tanium in sea water  and in air. 
The value for t i tanium in sea water  is 60,000 psi. 
This is well above th.e values for materials  regularly 
used for pump  and propeller shafts (8). 

SUMMARY 

Commercial ly pure t i tanium exposed to sea, in- 
dustrial, and rural atmospheres for approximate ly  
five years and to sea water  up to four and a half 
years appeared to be completely unaffected. Long- 
t ime tests designed to show susceptibility to sea 

water  erosion, crevice corrosion, galvanic corrosion, 
pitting, stress corrosion, and corrosion fatigue had 
no noticeable effect on the metal .  T i tan ium coupled 
to Inconel, silver, and Types  302 and 316 stainless 
steels had a negligible effect on the corrosion rates 
of these materials,  bu t  the rates of Monel, copper, 
low-carbon steel, and a luminum alloys were in some 
cases more than  doubled. 
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ABSTRACT 

This paper describes the operation of jet impingement test apparatus in the labora- 
tories of The British Non-Ferrous Metals Research Association in London and at Inter- 
national Nickel Company's Marine Corrosion Test Station at Harbor Island, N. C. 
Certain differences in results obtained on the same materials in the two laboratories 
are discussed with relation to differences in testing conditions. Particular attention is 
given a comparison between results secured with water that is recirculated and used 
over and over again, as is the practice in the B.N.F.M.R.A. laboratories, with results 
obtained with water that is passed through the apparatus only once, as has been the 
regular practice at Harbor Island. Effects of air bubbles, jet velocity, and other inci- 
dental factors are also discussed. The relationship between test results and service ex- 
perience is considered. It is concluded that test conditions established for use in the 
B.N.F.M.R.A. laboratory, using recirculated water, are too drastic when applied at 
Harbor Island, using water that is not recirculated, to permit proper comparisons of 
materials. The testing conditions at Harbor Island can be modified to yield results in 
harmony with the B.N.F.M.R.A. results either by reducing the jet velocity or by re- 
circulating the water. 

INTRODUCTION 

Failure of certain condenser tube alloys as a result 
of corrosion-erosion produced by salt water moving 
at moderately high velocity stimulated research on 
this subject, which has been carried on more or less 
continuously since the pioneer work of Bengough 
and May  (1). They found that  the type of at tack 
encountered in service could be reproduced in the 
laboratory by subjecting specimens to jets of sea 
water containing air bubbles of a particular size. 
Apparatus used and other details of the test pro- 
cedure have been described (2, 3). 

A 24-unit jet impingement apparatus was used 
with recirculated water in the B.N.F.M.R.A. Labo- 
ratory in London, and a similar apparatus was in- 
stalled at the Harbor Island Test Station for use 
with sea water that  passed through only once. A 
duplicate apparatus at Harbor Island was arranged 
so that  water could be recirculated as in the 
B.N.F.M.R.A. Laboratory.  

Prior to installation of the B.N.F.M.R.A.  type of 
apparatus at Harbor Island, jet tests were conducted 
there with apparatus in which air was drawn into 
the water by aspirating action of a venturi- type 
nozzle (4, 5). This device produced damage not 
unlike that  observed with the British apparatus, 
but  in comparing results with specimens of several 

1 Manuscript received November 4, 1953. This paper was 
prepared for delivery before the Wrightsville Beach Meet- 
ing, September 13 to 16, 1953. 
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alloys which were exchanged for parallel tests in the 
two laboratories, considerable difference in behavior 
was observed. I t  was thought  tha t  this might  be 
due to some peculiar characteristics of the two types 
of apparatus. Therefore, arrangements were made 
to operate a duplicate of the British appara tus  at  
Harbor  Island. 

This paper presents an account of some of the 
tests made in England and at Harbor  Is land which 
illustrate differences in behavior tha t  have been 
observed with the same apparatus and which show 
effects of some important  variable factors. 

]~ESULTS OF TESTS IN TWO LABORATORIES 

Lack of agreement between results in the two 
laboratories is illustrated conveniently by  com- 
paring relative behavior of Admiral ty  Brass and 
Aluminum Brass and by observation of the effects 
of air bubbles on the extent of impingement a t tack 
of Admiralty Brass. 

Table I presents data  on the average performance 
of Aluminum Brass and Admiral ty Brass under 
nominally the same testing conditions (except for 
recirculation of water in the British tests) in the 
two laboratories. The approximately 8:1 superiority 
of Aluminum Brass over Admiral ty Brass, shown 
by British tests with air bubbles admitted,  was 
reduced to about 2:1 in Harbor  Island tests. This 
was due to much more severe a t tack of Aluminum 
Brass at Harbor  Island, since Admiral ty  Brass 
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TABLE I. Results  of Je t  impingement  tests with 
B . N . F . M . R . A .  apparatus at Harbor Island, N .  C. 

Velocity of jet: 15 ft/sec 
Duration: 28 days 

Water system 

Once through . . . . . . . .  

Once through . . . . . . . .  

Recirculated . . . . . . . . .  

Recirculated . . . . . . . . .  

%Air 
added 

18 
20 
24 
15 
25 
20 ~ 
30 
25 

Depth of impingement 
attack (mm) 

Arsenical 

Admiralty Aluminum 
Brass Brass 

0.37 No test 
0.36 ~ 0.15 b 
0.22 0.16 
0.15 No test 
0.33 No test 
0.34 r a 0.04 ~, 
0.25 0.01 
0.27 0.00 

Range 0.20 to 0.61. 
b Range 0.08 to 0.23. 
c Test made in England, 30-day run. 

Range 0.14 to 0.51. 
Range 0 to 0.66 (one specimen out of 20 pitted to depth 

of 0.66 mm. No impingement attack greater than 0.02 mm.) 

was affected to about  the same extent at  both  loca- 
tions. 

Similarity in nature and extent of a t t ack  of Ad- 
mira l ty  Brass and Aluminum Brass in the appara tus  
as used at  Harbor  Island is illustrated by  Fig. 1. 

Another major  difference between the British and 
the Harbor  Island results was the failure of the 
lat ter  to show any impor tan t  or consistent effect of 
air bubbles in aggravat ing impingement  a t t ack  on 
Admiral ty  Brass under  conditions which regularly 
showed no impingement  a t tack  unless air bubbles 
were present in the British Laboratory.  This is illus- 
t ra ted  by  results of tests on Admiral ty  Brass as 
shown in Table I. Fig. 2 shows Admira l ty  Brass 
specimens after test  with and without  air bubbles. 

TESTS WITH RECIRCULATED WATER 
AT H A R B O R  ISLAND 

Since the principal difference between test ing 
conditions was reeirculation of water  in the British 
Labora to ry  as compared with passing it through the 
jets only once at Harbor  Island, it was decided to 
modify a test  unit  at  Harbor  Island to permit  recir- 
culation of water.  This change in testing conditions 
sufficed to bring results more in line with those regu- 
larly observed in the B.N.F.M.R.A.  Laboratory.  A 
typical  comparison of results on Admiral ty  Brass and 
Aluminum Brass with once-through and recirculated 
sea water  at Harbor  Island is provided by  Table I. 

I t  will be seen tha t  when sea water  at  Harbor  
Island was recirculated as in the B.N.F.M.R.A.  
Laboratory,  the relative behavior of Aluminum 
Brass and Admiral ty  Brass came into line with tha t  
ordinarily observed in British tests. 

FIG. 1. Admiralty Brass and Aluminum Brass specimens 
after impingement test with once-through water at 15 
ft/sec at Harbor Island. 

However ,  even wi th  reci rcula ted water  a t  H a r b o r  
I s land ,  it  was no t  possible to show a n y  s t rong effect 
of air bubb les  on the  ex ten t  of i m p i n g e m e n t  a t tack .  
Typ ica l  resul ts  of tests  a t  H a r b o r  I s l and  wi th  and  
w i t hou t  the admiss ion  of air bubb le s  are shown in 
Ta b l e  I.  

W i t h o u t  fu r the r  reference to effects of air bubbles ,  
it  became ev iden t  tha t ,  a t  least  regard ing  compar i -  
son be tween A d m i r a l t y  Brass a nd  A l u m i n u m  Brass,  

bo th  the B . N . F . M . R . A .  L a b o r a t o r y  and  H a r b o r  
I s l and  tests  wi th  rec i rcula ted water  ra ted  these 
alloys more in l ine wi th  their  behav ior  unde r  m a n y  
condi t ions  of use t h a n  did thc  more  drast ic  tests  at  
Ha rbo r  I s l and  wi th  water  t h a t  was no t  recirculated.  
A p p a r e n t l y  wha t  was invo lved  was some sort  of 
tr igger effect of erosive condi t ions  created by  the  
je t  test.  This  t r igger  effect seemed to be a break-  
down of pro tec t ive  film. Once  this  occurred, there  
would be an  a b r u p t  increase  in  ex ten t  of impinge-  
m e n t  a t t ack  to a level which would  no t  be increased 
m u c h  fur ther  by  greater  in tens i f ica t ion  of erosive 
forces. I n  this  connect ion ,  it has been  observed in  

FIG. 2. Tests at Harbor Island with once-through water 
at 15 ft/sec. Impingement attack of Admiralty Brass with 
and without air bubbles in the jet. 
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the  B . N . F . M . R . A .  L a b o r a t o r y  t h a t  ma te r i a l s  a t -  

t acked  a t  a cer ta in  j e t  ve loc i ty  w i thou t  air are no 

more  deep ly  a t t a cked  if air is added  a t  this  or h igher  

j e t  velocit ies.  

N o r m a l  tes t ing  condi t ions  wi th  once- th rough  

w a t e r  a t  H a r b o r  I s land  were  sufficiently dras t ic  to  

p romo te  film b reakdown on bo th  A l u m i n u m  Brass  

and A d m i r a l t y  Brass,  while condi t ions  used wi th  

rec i rcu la ted  wa te r  in bo th  the  B . N . F . M . R . A .  Labo-  

r a to ry  and a t  H a r b o r  I s land  caused film b r e a k d o w n  

and consequen t  serious d a m a g e  only to A d m i r a l t y  

Brass.  

U n d e r  these  c i rcumstances ,  i t  would  be easy to  

u n d e r s t a n d  w h y  the  possible mechan ica l  effects of 

air  bubbles  m i g h t  be masked  in tes ts  w i th  once- 

t h rough  w a t e r  a t  H a r b o r  Is land.  However ,  a ques-  

t ion  remains  as to  why  the  effects of air  bubbles  

observed  wi th  rec i rcu la ted  w a t e r  in the  

B . N . F . M . R . A .  L a b o r a t o r y  were no t  observed  also 

wi th  rec i rcu la ted  wa te r  a t  H a r b o r  Is land.  

TESTS WITH ONcE-THRoUGH WATER IN ENGLAND 

A je t  tes t  was opera ted  wi th  once - th rough  sea 

wa te r  in E n g l a n d  wi th  the  coopera t ion  of I m p e r i a l  

Chemica l  Indus t r ies ,  Ltd .  Resul t s  so far  ob ta ined  

are summar i zed  in Tab l e  I I .  T h e  a m o u n t  of a t t a c k  

p roduced  was in general  less t h a n  t h a t  in once- 

t h rough  tes ts  a t  H a r b o r  Is land,  b u t  results  were  

TABLE II. Results of tests in England using once-through 
water 

Run N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  BA/53 BBll~53 BC/53 BD/33 
Water speed (It/see) . . . . . . . . . . . . . . . . . . . . .  30 % Air by volume . . . . . . . . . . . . . . . . . . . . . . . .  135 135 3 
Average water temp, ~ . . . . . . . . . . . . . . . . . .  7.5 0 13 16 

Material Depth of impingement attack 
(ram) 

70:30 Cu Ni, 0.04% Fe . . . . . . . . .  

70:30 Cu Ni, 0.8% Fe . . . . . . . . .  

90:10 Cu Ni, 1% Fe . . . . . . . . . . .  

90:10 Cu Ni, 2% Fe . . . . . . . . . . .  

95:5 Cu Ni, 0.6% Fe . . . . . . . . . .  

95:5 Cu Ni, 1.3% Fe . . . . . . . . . . .  

Arsenical copper . . . . . . . . . . . . . . .  

Admiralty Brass (70: 29:1) . . . .  

Aluminum Brass (76:22:2) . . . .  

0.05 0.03 0.09 
0.06 0.04 0.07 
0.10 0.01 0.07 
0.11 0.01 0.10 
0.08 0.05 0.09 
0.07 0.05 0.09 
O.O9 0.0 O.O9 
0.09 0.0 0.10 
0.07 0.06 0.11 
0.09 0.03 0.09 
0.08 0.07 0.12 
0.07 0.06 0.13 
0.06 0.06 0.11 
0.07 0.06 0.11 
0.09 0.05 0.11 
0.08 0.07 0.11 
0.06 0.07[ 0.07 
0.05 0.07 I 0.07 

I 

0.10 
0.08 
0.18 
0.14 
0.07 
0.05 
0.16 
0.15 
0.10 
0.12 
0.23 
0.25 
0.17 
0.15 
0.11 
0.08 
0.08 
0.09 

s imilar  in mos t  respects .  Thus ,  A l u m i n u m  Brass  was  

a t t a c k e d  only s l igh t ly  less t h a n  A d m i r a l t y  Brass ,  

and the  di f ferences  a m o n g  all ma te r i a l s  were  s l ight .  

The re  appeared  t o  be some effect of add ing  air  

TABLE III .  Effect of variation of water speed in recirculaling jet impingement test without added air bubbles in B . N . F . M . R . A  " 
laboratory 

 uoN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  %/,2 A  o32 AA/49 ;q3  A / .  
Water speed (ft/sec) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22(i5 ** 
% Air . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 0 0 0 0 3~ �9 15 

Material  Depth  of impingement a t tack  

70:30 Cu Ni, 0.04% Fe . . . . . . . . . . . . . . . . . . .  

70:30 Cu Ni, 0.4% Fe . . . . . . . . . . . . . . . . . . . .  

70:30 Cu Ni, 0.8% Fe . . . . . . . . . . . . . . . . . . . .  

65:30 Cu Ni, 2% Fe . . . . . . . . . . . . . . . . . . . . .  

90:10 Cu Ni, 1% Fe . . . . . . . . . . . . . . . . . . . . . . .  

90:10 Cu Ni, 2% Fe . . . . . . . . . . . . . . . . . . . . . . .  

95:5 Cu Ni, 0.6% Fe . . . . . . . . . . . . . . . . . . . . .  

95:5 Cu Ni, 1.3% Fe . . . . . . . . . . . . . . . . . . . . .  

Arsenical copper . . . . . . . . . . . . . . . . . . . . . . . . . . .  

70:30 Brass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Admiralty (70:29: 1) Brass . . . . . . . . . . . . . . . . .  

Aluminum Brass (76: 22: 2) . . . . . . . . . . . . . . . . . .  

0 0 
0 0 

- -  0 

0 
- -  0 

0 
0 0 
0 0 

0 
0 

0 0 
0 0 

- -  0 

0 
- -  0 

0 
0 0.23 
0 0.17 
0 0.02 
0 0.03 
0 0 
0 0 

- -  0 . 0 1  

0.03 

0 
0 

0 
0 

0 
0 

0 
0.01 

0 
0 

0 
0 

0 
0 

0 
0 
0.38 
0.39 
0.27 
0.35 

<0.01 
<0.01 

0.73 
0.55 

0 
0 

0 
0 

0.16 
0.16 
0.44 
0.39 
0.61 
0.64 

0.50 
0.23 

0 
0 

0 
0 

0.18 
0.15 
0.43 
0.56 
0.67 
0.68 

0.47 
0.52 

0 
0 

0 
0 

0 
0 

0.89 
0.73 
0.70 
0.70 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.41 
0.38 
0.32 
0.32 

0 
0 
0 
0 

0.35 
0.23 

0 
0 

0 
0 

0.11 
0.13 
0.32 
0.31 
0.38 
0.36 

* Air bubbled into the bath instead of passing through the jets. 
** Air bubbled into the bath and nitrogen (3%) passed throug*h jets; depth of attack in mm. 
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bubbles with some of the cupro-nickels, bu t  not with 
the brasses, and, in general, addition of air had 
much  less effect than  in tests made at B.N.F.M.R.A.  
with recirculated water. Tests  made in the 
B.N.F.M.R.A.  laboratories with recirculated sea 
water  taken from the site of the once-through test  
equipment  gave results similar to other recirculating 
tests and quite different f rom once-through tests. 

Sea water  in once-through tests was filtered 
through nylon cloth before passing through the 
jets. The first two runs in Table  I I  were carried out 
in winter, and it was observed tha t  appreciable 
quantit ies of fine silt came through the filter. During 
the runs carried out in spring and summer  much  
less silt passed, but  considerable quantities of small 
marine organisms came through the jets and grew 
on the sides of the containing basin, specimen 
holders, etc. 

EFFECTS OF A I R  BUBBLES IN TESTS 

WITI~t RECIRCULATED W A T E R  

B.N.F.M.R.A.  investigators developed da ta  to 
indicate the severi ty of erosive forces with respect 
to the jet velocity above which air bubbles were not 
required to produce impingement  a t tack.  Several 
alloys were tested with recirculated water,  giving 
the data  summarized in Table I I I .  

Referring to data  on Admiral ty  Brass, B.N. 
F.M.R.A.  tests indicate tha t  air bubbles are not 
essential for impingement  a t t ack  when jet  velocity 
is 22.5 f t /sec or greater. However,  a similar critical 
velocity must  be below 15 f t /sec with recirculated 
water  at Harbor  Island since, as shown by  Table I, 
as much a t t ack  occurs with this jet velocity without  
air bubbles as with them. Up to now, sufficient 
tests have not been made under those circumstances 
to establish whether there is a iet test  velocity with 
recirculated water  at Harbor  Island such tha t  air 
bubbles exert a controlling effect. One run without  
air bubbles a t  a jet  velocity of 7.5 ft,/sec developed 
a t t ack  of Admiral ty  Brass to a depth of 0.19 mm.  
This was less a t tack  than  the 0.27 m m  depth  in a 
companion test  without  air bubbles at  a jet velocity 
of 15 ft /sec.  However,  it appears  tha t  the jet test  
velocity at  which zero a t t ack  of Admiral ty  Brass 
would occur in the absence of air bubbles in recir- 
culated water  at Harbor  Island would be under  7.5 

f t /sec and, therefore, well under  the 22.5 f t / sec  
critical velocity indicated by  British results. 

D a t a  in the last  two columns of Table  I I I  are 
par t icular ly  significant in showing tha t  the effect 
of air bubbles observed in British tests is mechanical  
ra ther  than  chemical, since sa tura t ion of water  
with air outside the jets did not  promote  impinge- 
ment  a t tack,  whereas admission of nitrogen through 
the jets did do this. 

TESTS OF COMMON CONDENSER TUBE ALLOYS 

As indicated by  da ta  for Admira l ty  Brass and 
Aluminum Brass in Table  I, s tandard testing con- 
ditions with once-through water  at  Harbor  Is land 
m a y  be so severe as to cause film breakdown on 
most  of the common condenser tube alloys and thus 
tend to mask  differences tha t  show up under  less 
drastic testing conditions and in common practical  
service. The appearance of specimens after  tes t  
with once-through water  a t  Harbor  Island is shown 
in Fig. 3. Similar, bu t  less severe effects occurred in 
once-through tests in England as shown in 
Table  I I .  

Results of tests at  15 f t /sec velocity with recir- 
culated water  in the B.N.F .M.R.A.  Laborator ies  
and in once-through water  at Harbor  Island involv- 
ing a number  of common condenser tube alloys are 
summarized in Table  IV. 

While tests with oDce-through water  at  Ha rbo r  
Island placed alloys in roughly the same ordcr of 
meri t  as did the Brit ish tests, a t t ack  on the more  
resistant materials  was much  greater  than  in the  
British tests. Addit ional  da ta  are given in Tables  
V and VI.  This was fur ther  evidence tha t  H a r b o r  

TABLE IV. Comparison of results of tests of condenser tube 
alloys in the B.N.F.M.R.A. laboratories and at 

Harbor Island 

Testing conditions 

Velocity of jet, 15 ft/sec 
Air added, 3% by volume 
Duration, 28 days 
Water recirculated at B.N.F.M.R.A. 
Not recirculated at Harbor Island 

Material 

Arsenical Admiralty Brass . . . . . . . . .  
Arsenical 70:30 brass . . . . . . . . . . . . . .  
Arsenical copper . . . . . . . . . . . . . . . . . . .  
70:30 Cupro nickel, 0.04% Fe . . . . . .  
Aluminum Brass . . . . . . . . . . . . . . . . . . .  
70:30 Cupro nickel, 0.8% Fe . . . . . . .  
90:10 Cupro nickel, 2% Fe . . . . . . . . .  

Average depth of attack 
(mm) 

B.N.F.M.R.A. 

0.34 
0.31 
0.30 
0.11 
0.04* 
0.02 
0.00 

Harbor 
Island 

Run 12 

0.28 
0.43 

0.23 
0.20 
0.10"* 
0.15 

FIG. 3. Jet impingement attack of condenser tube alloys 
with once-through water at 15 ft/sec ~.t Hnrbor Island. 

* One specimen out of 20 pitted to a depth of 0.66 mm 
No other specimen greater than 0.02 ram. 

** Icon content, 0.45%. 
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TABLE V. Typical results in recirculating jet impingement test with added air bubbles in B . N . F . M . R . A .  laboratory 

Run No . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  N/53 Y/50 J/50 W/53 M/50 B/50 
Water speed (ft/sec) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 15 15 15 30 30 
% Air by volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 1.5 I 3 3 3 5 

Material Depth of impingement attack 

70:30 Cu Ni, 0.04% Fe . . . . . . . . . . . . . . . . . . . . . .  

65:30 Cu Ni, 2% Fe . . . . . . . . . . . . . . . . . . . . . . . .  

70:30 Cu Ni, 0.8% Fe . . . . . . . . . . . . . . . . . . . . . . .  

90:10 Cu Ni, 2% Fe . . . . . . . . . . . . . . . . . . . . . . . .  

95:5 Cu Ni, 0.6% Fe . . . . . . . . . . . . . . . . . . . . . . . .  

95:5 Cu Ni, 1.5% Fe . . . . . . . . . . . . . . . . . . . . . . .  

Arsenical copper . . . . . . . . . . . . . . . . . . . . . . . . . .  

70:30 Brass, 0.03% As . . . . . . . . . . . . . . . . . . . . .  

70: 29:1 Brass, 0.03% As . . . . . . . . . . . . . . . . . . .  

Aluminum Brass (76:22:2 -1- 0.03% As) . . . . .  

0 
0.01 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.59 
0.74 
0.42 
0.05 
0 
0 

0.11 
0.11 
0 
0 

0 
0 

0 
0.08 
0.25 
0.20 
0.22 
0.20 

0 
0 

0.06 0.04 
0.06 0.05 
0 0 
0 0 

0 
- -  0 

0 0 
0 0 

0 
- -  0 

0.02 0 
0.04 0 
0.10 0.50 
0.10 0.50 
0.28 0.49 
0.26 0.49 

0.44 
- -  0 . 4 5  

0 0.01 
0 0.01 

0.56 
0.47 
0 
0 

0 
0 

0.03 
0.01 
0.62 
0.67 
0.61 
0.62 

0 "  
0 

0.46 
0.45 
0.02 
0.07 

0 
0 

m 

0.06 
0.06 

0.61 
0.67 

0.34 
0 

TABLE VI. Summary of a number of results with the recirculating jet impingement test at 15 and 30 f t /sec with 1.5-5% added air 
in B . N . F . M . R . A .  laboratory 

Material 

70:30 Cu Ni, 0.04% Fe . . . . . . . . . . . . . . . . . . . . . . .  
70:30 Cu Ni, 0.8% Fe . . . . . . . . . . . . . . . . . . . . . . . .  
65:30 Cu Ni, 2% Fe . . . . . . . . . . . . . . . . . . . . . . . . .  
90:10 Cu Ni, 2% Fe . . . . . . . . . . . . . . . . . . . . . . . . .  
95:5 Cu Ni, 1.5% Fe . . . . . . . . . . . . . . . . . . . . . . .  
95:5 Cu Ni, 1.5% Fe Aged 600~ rain . . . . . .  
Arsenical Copper  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
70:30 Brass (0.03% As) . . . . . . . . . . . . . . . . . . . . . . .  
70:29:1 Brass (0.03% As) . . . . . . . . . . . . . . . . . . . . .  
76:22:2 Aluminum Brass (0.03% As) . . . . . . . . .  

Range of Depths 
mm 

0.03-0.31 
0.00-0.07 

0 
0 

0.00-0.09 
0.01-0.30 
0.08-0.61 
0.20-0.44 
0.14-0.51 
0.00-0.66** 

15 ft/sec 

Average 
Depth mm 

0.11 
0.02 
0 
0 
0.03 
0.14 
0.30 
0.31 
0.34 
0.04** 

No. of 
Runs* 

11 
9 

11 
11 
11 
8 
7 

10 
6 

10 

30 ft/sec 

Range of Depths Average No. of 
mm Depth mm Runs* 

0.114}.73 
0 . 0 0 - 0 . 1 4  

0.00-0.07 
0.00-0.57 
0.00-0.23 
0.07-0.71 
0.17-0.67 
0.50-1.16 
0.04-0.55 
0.00-0.34 

0.40 
0.02 

<0.01 
0.05 
0.05 
0.29 
0.50 
0.66 
0.31 

N0.05 

* Normal ly  two specimens in each run. 
** One specimen out of 20 p i t t ed  to a depth  of 0.66 mm. No other  specimen greater  than  0.02 mm. 

TABLE VII .  Effect of jet velocity on impingement attack of 
Admiralty Brass and 90:10cupro nickel alloy with once- 
through water in B . N . F . M . R . A .  apparatus at Harbor 
Island 

Testing conditions 

Air added, 3% by volume 
Tempera ture ,  20~ 
Durat ion ,  28 days 

Jet Velocity 
(ft/sec) 

15 
12 

9 
7.5 
6 
4 

Depth of Impingement Attack (mm) 

Admiralty Brass 

0.28 
0.35 
0.26 
0.18 
0.25 
0.15 

90:l0 Cupro Nickel, 
2% Fe 

0.15 
0.13 
0.13 
0.06 
0.05 
0.03 

I s l a n d  t e s t s  w e r e  m u c h  m o r e  d r a s t i c - - p e r h a p s  t o o  

d r a s t i c  t o  p e r m i t  r e a d y  e v a l u a t i o n  of d i f f e r e n c e  in  

r e s i s t a n c e  t o  i m p i n g e m e n t  a t t a c k  a m o n g  c o m p o s i -  

t i o n s  t h a t  p e r f o r m e d  we l l  i n  B r i t i s h  t e s t s .  

TESTS AT REDUCED WATER VELOCITY 

A n  e f fo r t  w a s  m a d e  t o  d i s c o v e r  w h e t h e r ,  b y  r e d u c -  

i n g  j e t  v e l o c i t y ,  t h e  e x t e n t  of d a m a g e  t o  t h e  m o r e  

r e s i s t a n t  a l loys  b y  o n c e - t h r o u g h  w a t e r  a t  H a r b o r  

I s l a n d  c o u l d  be  b r o u g h t  i n t o  l ine  w i t h  r e s u l t s  s e c u r e d  

w i t h  r e c i r c u l a t e d  w a t e r  in  t h e  B . N . F . M . R . A .  

L a b o r a t o r y .  D a t a  o b t a i n e d  w i t h  A d m i r a l t y  B r a s s  

a n d  a n  i r o n - m o d i f i e d  9 0 / 1 0  c u p r o - n i c k e l  a l l o y  as  

s h o w n  in  T a b l e  V I I  i l l u s t r a t e  r e s u l t s  of t h i s  se r i e s  

of e x p e r i m e n t s .  

I t  w a s  e v i d e n t  f r o m  t h e s e  r e s u l t s  t h a t  t e s t s  w i t h  
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TABLE VIII.  Impingement attack of condenser tube alloys as tested in several ways 
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Material 

Arsenical Admiralty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
70:30 Cupro Nickel, 0.04% Fe . . . . . . . . . . . . . . . . . . . . . . . . .  
Arsenical Aluminum Brass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
90:10 Cupro Nickel, 1.5% Fe . . . . . . . . . . . . . . . . . . . . . . . . . .  
70:30 Cupro Nickel, 0.4,5% Fe . . . . . . . . . . . . . . . . . . . . . . . . . . .  

15 ft/sec 
B.N.F.M.R.A. 

Lab. 

0.34 
0.11 
0.04 
0.00" 
0.02** 

15 ft/sec 
Once-through 

water in 
England 

0.11 
0.08 
0 .07  
0.10" 
0.09** 

Depth of Impingement Attack (mm) 

15 It/see Once-' 
through water 

at Harbor 
Island 

0.28 
0.23 
0.20 
0.15 
0.10 

15 ft/sec Recir- 
culatedwater 

at Harbor 
Island 

0.28 
0 .14  
0.01 
0 ,02  
0.01 

4 ft/sec Once- 
through water 

at Harbor 
Island 

0.15 

0.01 
0.01 

* 2% Iron. 
** 0.8% Iron. 

once-through water  at Ha rbo r  Island might  be 
brought  into line with those obtained with recireu- 
lated water  in the  B.N.F .M.R.A.  Labora to ry  if the 
jet  velocity at Ha rbo r  Island were reduced suffi- 
eiently, e.g., to 4 f t /sec.  T h a t  such was the case is 
shown by  da ta  for some common condenser tube 
alloys tested with once-through water  at  Harbor  
Island at 4 f t / sec  jet  velocity (Table V I I I ) .  In-  
eluded in this table  for convenient  comparison are 
results for the same alloys as tested in once-through 
water  in England and in recireulated water  at both  
Harbor  Island and the B.N.F.M.R.A.  Laboratory .  
Appearance of specimens after these tests at Harbor  
Island is shown in Fig. 4 which should be compared 
with Fig. 3. 

R E L A T I O N  OF TEST R E S U L T S  TO PERFORMANCE 
IN Sm~VICE 

Results of jet impingement  tests made in the 
laboratory of B.N.F .M.R.A.  have provided a satis- 
factorily reliable guide in establishing relative merits  
of condenser tube alloys under practical  conditions 
in marine and power plant  condensers. For  example, 
they were the basis for commercial  development  of 
Aluminum Brass as a condenser tube alloy having 

resistance to impingement  a t t ack  superior to tha t  
of Admira l ty  Brass. They  also demonst ra ted  the 
advantage  of iron additions to cupro-nickel alloys 
as summarized in a recent paper  (6). ThereforE, 
since the relative performance of materials  in prac- 
tical service seems to be reflected bet ter  by  jet  
impingement  tests at  the level of severi ty obtained 
in B.N.F .M.R.A.  tests with recirculated sea water  
than  b y  more drastic tests with once-through sea 
water  at the same jet velocity (15 f t /sec)  at  Harbor  
Island, it is in order to lessen the severi ty of the 
la t ter  testing conditions either by  reducing jet  
velocity of once-through water  to about  4 f t /sec or 
by  recirculating water  at 15 ft /sec.  Of the two possi- 
bilities, use of once-through water  at  the lower 
velocity might  be preferable since, in ordinary prac- 
tice, sea water  used for cooling passes through heat  
exchanger tubes only once. However,  the final choice 
will he influenced by  additional da ta  to be accumu- 
lated at  Harbor  Island. 

While use of a 15 f t /sec jet  velocity with once- 
through water  at  Harbor  Is land m a y  be too drastic 
to rate  materials  for normal  service conditions, it 
could be of value for qualifying them for exception- 
ally severe conditions. For  example, Fig. 5 shows 
specimens of three alloys tha t  remained free from 
impingement  when tested with once-through water  
at 15 f t /sec at  Harbor  Island. Presumably  these alloys 
will perform well where service conditions are too 
severe for ordinary condenser tube compositions. 

FIG. 5. Alloys resistant to jet impingement attack with 
FIG. 4. Tests at Harbor Island once-through water at 15 ft/sec at Harbor Island. 
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FIG. 6. P i t t i n g  of A luminum Brass  a round  suppor t s  in 
rec i rcu la ted  wa te r  to which  sil t  was added at  H a r b o r  
Is land.  

CAUSES OF DIFFERENCE BETWEEN ONcE-THROUGH 

AND RECIRCULATED WATER AT HARBOR ISLAND 

In  view of difference in behavior of certain alloys 
in once-through and recirculated water as illustrated 
by Table VIII ,  there have been many  speculations 
as to the underlying cause or causes. Measurements 
of pH and the Copper Corrosion Index 2 in once- 
through and recirculated water showed no variations 
in these factors that  would account for the differ- 
ence in results. However, there was a strong feeling 
that  the critical factor was in some way affected by  
biological influence. This would be based on the 
abundance of plankton in the once-through water  
and its scarcity in recirculated water from which 
it settled out in the tests at Harbor  Island or was 
filtered out in tests in the B.N.F.M.R.A.  Laboratory.  
These organisms could exert both  chemical and 
mechanical effects, the latter through abrasive action 
of the animals or their hard skeletons, e.g., the sili- 
cious material in diatoms. At present, there has been 
insufficient opportuni ty to settle the matter ,  but  
experiments at Harbor  Island introducing silt tha t  
had settled from flowing water indicated that  organic 
material in suspension may be important.  A method 
for increasing and controlling the amount  of sus- 
pended mat ter  in recirculated water  has not yet  
given reproducible results. However,  there have 
been strong indications tha t  the presence of sus- 
pended organisms or their skeletons may  make re- 
circulated water as aggressive toward some materials 
as is once-through water. This has been observed 
especially with iron-modified 90/10 cupro-nickel 
alloys. Intensi ty  of a t tack on Admiral ty  Brass has 
not been increased by silt additions, and high-iron 
70/30 cupro-nickel alloy has resisted impingement 
a t tack equally well in the presence or absence of 
added silt. 

2 The  Copper  Corrosion Index  was developed by  Rogers 
(7) as a means  of compar ing  cor ros iv i ty  of different samples  
of sea water ,  pa r t i cu la r ly  as i t  m igh t  be influenced by  
c o n t a m i n a n t s  resu l t ing  from biological  ac t iv i ty .  

Presumably the principal effect of suspended mat-  
ter is to promote removal of protective films under  
action of the jet. In addition, there appear to be some 
chemical effects, principally in the form of severe 
corrosion of Aluminum Brass specimens in crevices 
tha t  exist where they are at tached to their specimen 
holders (Fig. 6). 

The  reason for the anomalous situation tha t  tests 
with recirculated water give bet ter  correlation with 
practical experience than once-through tests may  
be connected with the fact tha t  ships normally 
steam at  full power for long periods only in the 
open sea where there is little suspended matter .  
Occurrence of fine silt and small marine organisms 
capable of causing abnormal corrosive effects may  
be confined mainly to coastal waters. 

Results of all tests given ill this paper were ob- 
tained using clean or relatively clean sea water. 
Very different effects and much more severe a t tack 
have been obtained from t ime to t ime in the 
B.N.F.M.R.A.  Laboratory  using natural ly polluted 
sea water  samples. 

CONCLUSIONS 

Severi ty of jet  impingement tests with once- 
through sea water at Harbor  Island was much greater 
than with recirculated sea water  under otherwise 
similar testing conditions in laboratories of the 
British Non-Ferrous Metals Research Association. 
Materials tha t  were badly at tacked in recirculated 
water were, however, no more severely at tacked in 
once-through water. 

Tests with once-through water  in England gave 
less severe at tack than those with once-through 
water at Harbor  Island, bu t  results otherwise were 
very  similar. 

Under severe impingement test  conditions it was 
not necessary to have air bubbles in the water  for 
a t tack to occur. Air bubbles had more effect in 
recirculated water in the B.N.F.M.R.A.  Labora tory  
than in recirculated water at Harbor  Island. 

Relative behavior of common condenser tube 
alloys when tested at the level of severity provided 
by  tests with recirculated water  at  15 f t /sec in  the 
B.N.F.M.R.A.  Labora tory  was in line with their  
performance under many conditions of practical use. 

Tests at  Harbor  Island can be made to duplicate 
results from the B.N.F.M.R.A.  Laboratory  either 
by reducing jet velocity from 15 f t /sec to about  
4 ft /sec,  or by recirculating the water  at 15 ft/sec. 

The presence of suspended plankton in the water  
at  Harbor  Island is suspected as being the principal 
factor in increasing the severity of tests with once- 
through water. 

The greater severity of the test with once-through 
water  at Harbor  Island should provide a means for 
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qualifying mater ia ls  to resist exceptional ly severe 
conditions of impingement  a t t ack  in pract ical  serv- 
ice. 
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Effect of Rapid Cathode Rotation and Magnetic Fields 
on Crystal Orientation in Electrodeposited Metals 

L~NG YANG 

Metals Research Laboratory, Carnegie Institute of Technology, Pittsburgh, Pennsylvania 

A B S T R A C T  

Crys ta l  o r ien ta t ions  in meta l s  e lec t rodepos i ted  on a ca thode  r o t a t i n g  a t  3000 rpm were 
stud!ed by electron diffraction ; resul ts  were compared  wi th  those on a s t a t i o n a r y  cathode.  
I t  was found t h a t  o r i en t a t i on  could (a) be dest royed,  (b) be changed  to  a n o t h e r  type,  or (c) 
remain  unchanged.  These  observa t ions  were sa t i s fac tor i ly  expla ined  by  consider ing the  
effect of the forced convect ion  of ro ta t ion  on the  na tu re  of the  diffusion layer  su r round-  
ing the  ca thode and,  thus ,  on the  a m o u n t  of hydrogen  codeposi ted,  the  l a t t e r  being 
known as an  i m p o r t a n t  fac tor  cont ro l l ing  the  crys ta l  o r i en ta t ion  in e lec t rodeposi ted  
metals .  Under  b a t h  condi t ions  used in th is  work, presence of a magne t i c  field of 5400 
gauss s t r eng th ,  e i ther  perpendicu la r  or paral lel  to the  cathode,  had  no effect on the  
types  of crystal  o r i en ta t ion  in iron,  nickel,  and  cobal t  deposi ts .  However ,  when  the  
field was perpendicular  to the  cathode,  the  surface of these  deposi ts  became very  rough  
and  covered wi th  pro jec t ions  p ro t rud ing  in the  d i rec t ion  of the  field. A possible ex- 
p l ana t i on  of th i s  obse rva t ion  was given.  

INTRODUCTION 

In previous investigations (1-12) of how various 
factors affect the crystal orientation in electro- 
deposited metals, a t tent ion has chiefly been paid to 
factors normally present during electrodeposition, 
such as bath  temperature,  ba th  composition, and 
current density. I t  seems to be of interest to extend 
the s tudy to factors which are not always present 
but  which are imposed purposely. At tempts  have 
been made to s tudy the effect of two of these fac- 
t o r s ~ i g h  speed rotation of the cathode and the 
presence of a magnetic field. 

EFFECT OF HIGH SPEED ~:~OTATION OF CATHODE 

Experimental 

The cathode was a brass disk 1 mm thick and 
2 cm in diameter. A small brass nut  was soldered to 
the center of one face of the disk, through which 
the disk could be screwed to the axis of the driving 
motor, while the other side of the disk (the working 
side) was polished and degreased. All the metal  
parts in contact  with the electrolytic solution, except 
the working side of the disk, were covered with a 
thin layer of polythene to prevent  deposition. The 
driving motor  was held vertical and the disk cathode 
was screwed to its axis with the polished working 
side downward facing a horizontally disposed sta- 
t ionary anode (5 cm x 5 c m x  1 mm) about  3 cm 
away. The bath  container was a one-liter beaker 
about  three-fourths filled with the desired electro- 
lyre and the cathode was about  5 cm below the 
liquid level. During deposition, the electric connec- 

1 Manusc r ip t  received Ju ly  23, 1953. 
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tion to the rotating cathode was made through a 
slip ring. Motor  speed was 3000 rpm, as measured 
with a Hasler tachometer.  For  comparison, each 
experiment was run twice, one on a rotating cathode 
and the other on a s tat ionary cathode under the 
same bath conditions. 

Crystal orientation in the deposited metal  was 
studied by  electron diffraction for two reasons. 
Firstly, owing to the low penetrat ion of electron 
beam, the structures of the deposit could be studied 
without interference from the substrate. Secondly, 
because of the high intensity of the diffraction 
pat tern  shown on the fluorescent screen, different 
regions of the deposit surface could readily be ex- 
amined by moving the focused beam across it. 

Electrolytic baths were all prepared from chem- 
ically pure reagents and further  purified by  electroly- 
sis. Anodes were all electrolytic metals. Compositions 
of the baths in grams per liter are: (a) nickel, 
NiSO4.7H20 240, H3B03 30, pH = 2.9; (b) iron, 
FeSO4.(NH~)2SO4.6H20 350, H2SO~ 2.5; (c) silver, 
AgCN 35, K C N  37, K2CO3 38; (d) copper1, CuAc2- 
2H20 25, Na2SO~.H20 50, K C N  35, Na2CO~ 10; 
(e) copper2, CuSO4.5H20 200, H2SO4 30; (f) anti- 
mony, SbCI3 200, HC1 (cone) 300 cc. 

Results and Discussions 

In all cases studied (see Table I and Fig. 1 and 
2), orientations of crystals deposited on the rotat ing 
cathode, as compared with those on s ta t ionary cath- 
ode, fall into three categories according to whether  
(a) crystal orientation was destroyed, (b) crystal 
orientation was changed to the type in which the 
most densely packed lattice plane was parallel to 
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TABLE I. Influence of rotation of cathode (3000 rpm) on the 
crystal orientation of electrodeposited metals 

Deposit 

Ni* 
Nil 
Ni* 
Nit 

F e *  
Fe~ 
Fef 

Ag* 
Ag~ 

CUl* 

Cull 
Cu2* 
Cu~t 

Sb* 
Sbt 
Sb* 
Sb? 

Bath temp (oc) 

20 
20 
52 
52 

20 
20 
20 

20 
20 

80 
80 
20 
20 

20 
20 
75 
75 

Current 
density 

(amp/dm~) 

1.25 
1.25 
1.25 
1.25 

3.75 
3.75 
7.50 

3.00 
3.00 

0.75 
0.75 
1.25 
1.25 

0.10 
0.10 
0.65 
0.65 

Curre 
efficie~ (%) 

9C 
45 
9~ 
5~ 

9C 
25 
85 

80 
100 

75 
90 
98 
98 

100 
100 
92 
93 

Orientation 

(110) 
Random 

(lOO) 
Random 

(111) 
Random 

(111) 

Weak (110) 
Weak (111) 

(110) 
(111) 
(110) 
(110) 

Amorphous 
Amorphous 

(lOO) 
(100) 

Note: Deposit thickness, 2.5-5 ~. 
* Deposit on stationary cathode. 
t Deposit on rotating cathode. 

was first postulated by  Nerns t  and later proved 
experimental ly by  m a n y  investigators tha t  a thin 
layer of liquid surrounds the surface of the cathode 
and tha t  ionic concentrations there differ f rom those 
in the bulk of the solution. Replenishment  of the 
ions used up at  the cathode surface mus t  be made 
by  diffusion and t ranspor t  through this layer. Al- 
though this theory has been criticized by  Eucken  
(13), Levich (14), and Agar (15), the idea is still 
useful for the present  quali tat ive explanation of 
results. Based on this theory,  actual concentrations 
of the deposited ions at  the cathode surface are 
therefore determined, on the one hand, by  the rate 
of removing them by  deposition and, on the other 
hand, by  the rate of replenishment through the dif- 
fusion layer. The lat ter  is usually less than  the former  
at the beginning of the deposition, and they do not  

the substrate,  or (c) crystal  orientation was un- 
affected. 

For  all three cases, the type  and the degree of 
the orientation persisted over the whole cathode 
surface. This indicates tha t  at  3000 rpm the influ- 
ence of rotat ion of the cathode on the crystal  orien- 
ta t ion of the deposited crystals could not be due to 
the centrifugal forces produced by  the rotation. I f  
this were the case, observed changes in crystal  orien- 
ta t ion in (a) and (b) would va ry  with the radial 
position of the crystals on the disk cathode. These 
changes, however, were found to be accompanied 
always by  a pronounced change in current efficiency, 
suggesting a modification of the nature  of the diffu- 
sion layer contiguous to the cathode surface by  the 
forced convection introduced by  rotation. This is 
discussed below in the light of examples under head- 
ings of the three above-mentioned cases. 

Crystal Orientation Destroyed 

D a t a  for nickel and iron indicate that ,  where 
rota t ion of the cathode decreases current efficiency, 
crystal  orientation m a y  be destroyed by  rotation. 
Loss of crystal  orientation in these cases is, there- 
fore, probably  due to disturbances caused by  the 
excessive amount  of codeposited hydrogen on the 
rotat ing cathode. 

The relation between current efficiency and rota- 
tion of the cathode can be explained as follows. I t  

FIG. 1. Examples of crystal orientation destroyed by ro- 
tation of cathode. Left hand column, stationary cathode; 
right hand column, rotating cathode, 3000 rpm. Top, nickel: 
sulfate bath, 20~ 1.25 amp/dm 2, 5 x 104 A thick; (a) (110) 
current efficiency 90%; (b) random, current efficiency 45%. 
Center, nickel:sulfate bath, 52~ 1.25 amp/dm ~, 4 x 104 _A 
thick; (c) (100) current efficiency 95%; (d) random, current 
efficiency 55%. Bottom, iron:sulfate bath, 20~ 3.75 
amp/din 2, 5 x 104/~ thick; (e) (111) current efficiency 90%; 
(f) random, current efficiency 25%. 
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to the cathode surface. As a result, hydrogen ion 
concentration at  the cathode surface and the amount  
of codeposited hydrogen increase. Thus,  there is 
increasing disturbance to the growth of deposited 
crystals. When the disturbance is severe enough, 
deposited crystals become randomly disposed. 

If this explanation is true, a higher current  den- 
sity would outweigh the increased rate of diffusion 
of hydrogen ions to the cathode surface because of 
cathode rotation. In other words, increased current  
efficiency may  give oriented deposits even when the 
cathode is rotated. This was the case. Iron deposited 
from the sulfate bath at 20~ and 3.75 a m p / d m  2 on 
a cathode rotat ing at 3000 rpm in randomly ar- 
ranged crystals, the current density being 25 %; by  
increasing current density to 7.50 amp/dmL current  
efficiency increased to 85 % and the deposited crys- 
tals showed (111) orientation. 

FIG. 2. Examples of crystal orientation changed by ro- 
tation of cathode. Left hand column, stationary cathode; 
right hand column, rotating cathode, 8000orpm. Top, silver: 
cyanide bath, 20~ 3 amp/din 2, 3.5 x 104 A thick; (a) weak 
(110), current efficiency 80%; (b) weak (111), current effi- 
ciency 100%. Bottom, copper:cyanide bath, 80~ 0.75 
amp/dmL 2.5 x 104 A thick; (c) (110), current efficiency 75%; 
(d) (111), current efficiency 90%. 

become equal until a steady state has been reached 
in which concentrations of the depositable ions at  
the cathode surface are more or less impoverished 
and give rise to concentration polarization. 

Under conditions such that  hydrogen ions can 
eodeposit with metal  ions, both  types of ions are 
impoverished at the cathode surface, but  the extent  
of their impoverishment may  not be equal. For  
the nickel and iron baths used here, the hydro- 
gen ion is apparently more susceptible to depletion 
than metal  ions, as indicated by the facts tha t  the 
amount  of codeposited hydrogen is decreased by  
increasing the current density, and tha t  the pH 
value of the solution at the cathode surface is so 
high that  basic metal hydroxides are precipitated 
and included in the deposit (16, 17). This low hydro-  
gen ion concentration at the cathode surface lessens 
the amount  of codeposited hydrogen and hence the 
disturbances to the growth of metal crystals. The  
deposit is, therefore, highly oriented. 

However,  if the cathode is rotated at high speed, 
forced convection produced by rotation decreases 
the thickness of the diffusion layer. For  a circular 
disk rotating about an axis passing through its 
center, Levich (18) has shown that  the thickness 
of the diffusion layer is inversely proportional to 
the square root of the speed of rotation. This de- 
crease of thickness of the diffusion layer increases 
the rate of ion supply, particularly hydrogen ion, 

Crystal Orientation Changed 

If rotation of the cathode causes a marked increase 
in current efficiency, deposited crystals may  change 
from the type of orientation characteristic of pre- 
vailing bath conditions on a s tat ionary cathode to 
the type  in which the most  densely packed lattice 
plane is parallel to the substrate. This is illustrated 
in Table I by the cases of silver and copper deposited 
from their cyanide baths. 

This change of orientation can be explained in the 
same way as tha t  in the previous section. In these 
cyanide baths, it is the metal ions which are more 
susceptible to depletion than the hydrogen ion, as 
shown by the fact tha t  current efficiency decreases 
rapidly when current density is increased. Since the 
forced convection caused by  rotation of the cathode 
decreases the thickness of the diffusion layer on the 
cathode surface, the metal  ion concentrat ion near 
the cathode surface is increased, and so is the cur- 
rent efficiency. Decrease in codeposited hydrogen 
diminishes the disturbance to the growth of the 
deposited crystals and, consequently, these crystals 
show a preferred orientation with the most densely 
packed lattice plane parallel to the substrate.  The 
lat ter  is the type  of orientation developed in most  
metals deposited under bath  conditions involving 
little or no disturbance to the growth of crystals. 

Crystal Orientation Unaffected 

If rotat ion of the cathode causes little or no change 
in the current eff• of the deposition, then the 
crystal orientation of the deposit likewise remains 
unchanged, no mat te r  whether the cathode is rotat-  
ing or stationary. This is illustrated by  copper de- 
posited from a sulfate bath  and ant imony deposited 
from a chloride bath,  as shown in Table I. 
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EFFECT OF MAGNETIC FIELD 

Various a t t emp t s  to s tudy the influence of a 
magnet ic  field on the mode of crystal  growth have 
almost  all led to negat ive results. For  example, 
Bergala and Gorskii (19) found tha t  the rates of 
crystall ization of water,  satol, and diphenylamine 
were unchanged by  fields up to 17,000 gauss. Steacie 
and Stevens (20) reported tha t  a field of 5000 gauss 
had no effect on the rate  of crystall ization of sodium 
thiosulfate from its supersaturated solution, but  for 
nickel sulfate a slightly increased rate  was noted. 
Bozorth (2) could not find any  change in the amount  
of crystal  orientation of electrodeposited nickel 
when deposition was carried out in a magnet ic  field 
of unspecified strength.  Cobalt  was electrodeposited 
in a m~gnetic field of several hundred oersted 
s t rength (21) and iron, nickel, and cobalt  were elec- 
trodeposited in a magnetic  field of 12,000 oersted 
s t rength (22), but  the crystal  orientations of the 
deposit were not studied. The purpose of the present 
work was  to find out whether  the presence of a mag-  
netic field of 5400 gauss s trength could modify  the 
crystal  orientation of electrodeposited iron, nickel, 
and cobalt. 

Experimental 

A horse-shoe permanent  magnet  having a field 
s trength of 5400 gauss was used. The  poles were 

FIG. 3. Arrangements for electrodeposition in a magnetic 
field. A--anode ; B--entrance for fresh solution; C cathode ; 
D--tube containing electrolytic solution; E--Bakelite 
frame for supporting electrodes; F--exit for used solution; 
G--arm of Bakelite frame; N, S--poles of magnet; T--ther- 
mometer. 

FIG. 4. Appearance of iron electrodeposited on brass 
from a sulfate bath at 80~ and 3.75 amp/din ~. (a) In the 
absence of magnetic field; (b) specimen surface is per- 
pendicular to the direction of a magnetic field of 5400 gauss 
strength; (c) specimen surface is parallel to the direction 
of the magnetic field. Time of deposition, 10 rain. 15X. 
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circular (diameter 2.0 cm) and the pole gap was 1.2 
cm. The small size of the pole gap limited the di- 
mensions of the solution container which was a 
U4ube  of 1 cm diameter. One of its arms containing 
the electrodes was put  into the pole gap of the mag- 
net. Through the other arm, fresh solution was intro- 
duced slowly, after passing the lower part  of the 
U4ube  immersed in a constant temperature  bath, 
to displace the solution which had been impover- 
ished of the deposited ions (Fig. 3). The electrodes, 
both of which were 0.4 cm x 0.6 c m x  0.1 cm, were 
fixed rigidly on a Bakelite frame, at a distance of 
about  0.4 cm, and one arm of the frame was held 
by  a copper clamp. The cathode was a brass plate, 
polished and degreased, and the anode was a piece 
of electrolytic metal of the kind to be deposited. 
Electrodes were immersed about  1 cm below the 
liquid level and all immersed surfaces of the elec- 
trodes, except the facing areas, were coated with 
collodion. 

Compositions of the nickel and iron baths used 
were the same as described above, while the cobalt 
bath contained 250 g of CoSO4.(NH4)2SO4-6H20 
and 30 g of H3BO3/1 (pH = 3.0). Deposition of 
nickel was carried out at 1.25 amp/dmL 20 ~ and 
60~ that  of iron at 3.75 amp/dmL 20 ~ and 80~ 
and that  of cobalt at 2.50 amp/din  2 and 20~ 

Crystal orientations in the deposits were studied 
by  electron diffraction, but the specimen had to be 
demagnetized before it was put  into the camera 
because of the interaction between the electron 
beam and the magnetic field of the specimen. Each 
experiment was done in three ways: without mag- 
netic field; with field parallel to the surface of the 
electrodes; and with field perpendicular to the 
surface of the electrodes. 

RESULTS 

No change in the types of crystal orientation of 
nickel, iron, and cobalt deposits was observed as a 
result of the presence of a magnetic field of 5400 
gauss. The iron deposit showed (111) orientation 
at 20~ and (110) orientation at 80~ the nickel 
deposit showed (110) orientation at 20~ and (100) 
orientation at 60~ and the cobalt deposit was a 
mixture of face-centered-cubic and hexagonal-close- 
packed forms showing ( l l0)  and (1120) orientations, 
respectively. However, when the field was per~ 
pendicular to the surfaces of the electrodes, the 
deposit surface became very  rough and covered 
with projections protruding in the direction of the 
field. This is evident from Fig. 4(a), (b), and (c), 
showing photomicrographs of the surfaces of iron 
deposited from a sulfate bath  at 80~ and 3.75 
a mp /dm  2 for 10 min, (a) with no field, (b) with a 
magnetic field normal to the deposit surface, and 
(c) with a magnetic field parallel to the deposit 
surface. The deposit seemed to grow predominantly 

on the ridges resulting from the polishing of the 
substrate.  If the deposit was made on an iron sub- 
strate instead of on a brass one, this tendency was 
even more pronounced. No such phenomenon was 
observed, however, for copper deposited from an 
acid sulfate ba th  and ant imony from a chloride 
bath. 

I t  is tenta t ively  suggested that  the effect is due 
in par t  to the magnetic lines of force being more 
concentrated near the projecting parts on the 
surface of the brass substrate after the lat ter  had 
been coated with ferromagnetic deposits. I t  is pos- 
sible tha t  this uneven distribution of field along the 
cathode surface causes an uneven distribution of 
Fe ++, Ni ++, and Co ++ concentrations there, since 
these ions are paramagnetic,  with the result tha t  
metal  ion concentration is higher near these project- 
ing regions and thus facilitates deposition there. The 
fact tha t  the crystal orientation of the deposit is not  
affected suggests tha t  this outgrowth is merely a 
macroscopic phenomenon and that  the tendency of 
the growth of the crystal nuclei in iron, nickel, and 
cobalt deposits is not affected by  a magnetic field 
of the strength used. 

Any discussion of th i s  paper  will appear  in a Discuss ion  
Sect ion to be pub l i shed  in the  June  1955 issue of the  
JOURNAL. 
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Role  of Sulfur in the Luminescence  and Coloration 
of  Some Aluminosi l icates  
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A B S T R A C T  

Certain complex, sulfur-containing sodali te-type silicates, synthesis of which is de- 
scribed, exhibit  under 3650 -~ excitat ion an emission extending from 5000 .~ to beyond 
7000 A, the spectrum varying with composition. The band s t ructure  of this emission at 
-196~  is similar to the emission s tructure shown by a mixture  of Na2S~ and Na2SO4. 
I t  is concluded that  luminescence is due to the presence of Na~S~, which replaces part  of 
the NaC1 normally present in sodalite. 

Synthet ic  sodalites eontainizlg both NaC1 and Na,_,S are tenebreseent ,  coloring purple 
on irradiat ion with 2537 and 3650 ~. ul t raviolet .  

]NTRODUCTION 

The orange-yellow luminescence of certain forms 
of the mineral sodalite has long been known (1). 
The variety of sodalite known as haekmanite is not 
only luminescent, but is tenebrescent as well. I t  
colors rapidly from white to red-purple on exposure 
to a short-wave ultraviolet source (2-4). Visible 
light causes a bleaching of the color. Medved (5) 
prepared sodalite which colored under 2537 
ultraviolet by firing synthetic sodalite in hydrogen. 

The purpose of this investigation was to dupli- 
cate the luminescence and tenebreseence of natural 
sodMite with synthetic products and to obtain 
more information concerning the centers involved. 

Since it is known that sulfur compounds are often 
present in natural sodalite, it was suspected that 
sulfur may play a role in luminescence and tene- 
brescence. 

Gobrecht and Hahn (6), who first reported and 
described the luminescence of polysulfides, pre- 
pared a large number of alkali polysulfides and par- 
tially reduced alkali sulfates by various methods. 
They found in many of the products a red lumines- 
cence under 3650 A excitation and a blue emission 
on exciting with 2537 A radiation. These workers 
ascribe the red emission to the presence of polysul- 
fide ion and the blue to alkali metal activation of 
sulfate. 

The present work confirms some of the results 
obtained by Gobrecht and Hahn and describes the 
preparation and properties of a group of sodalite- 
type compounds which, in some cases, show both 
luminescence and tenebrescence. 

Manuscript  received November  12, 1953. This paper was 
prepared for del ivery before the New York Meeting,  April  
12 to 16, 1953. 
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EXPERIMENTAL METHODS 

Preparation 

Sodalite has the composition 3(Na20-A1203. 
2SIO2)-2NnC1, the natural sulfate analog (the min- 
eral noselite), 3(Na20.AI~O3.2SiQ).Na~SO4. The 
synthetic sodalite-type compounds prepared for 
this work contain, in place of NaC1, combinations 
of NaC1, Na2SO4, and Na2Sx in varying amounts 
such that they have the general composition 
3(Na~O �9 A1203.2SIO2) - XNaCI �9 YNa2S~ - ZNa2SO4, 
where X -+- 2(Y ~- Z) = 2. Thus within the pa- 
rameters of this formula, one Na2SO4 or one Na2S~ 
replaces 2NaC1. 

The following reagents were used in the prepara- 
tions: Linde "A" aluminum oxide, Mallinckrodt's 
Special Bulky grade silicie acid, and the usual 
C.P. grades of sodium carbonate, sodium chloride, 
and sodium sulfate. 

Dry mixing methods were used for the sodalite 
products, since traces of nonvolatile residues intro- 
duced by milling in organic liquids caused some 
reduction of the sulfate on firing, and some of the 
components are water soluble. Desired quantities 
of the starting compounds were mixed by stirring 
together the dry powders, prefiring in silica dishes 
at 750~ in air, and grinding the resulting cake in 
an automatic mortar. Prefiring and grinding opera- 
tions were repeated several times to insure intimate 
mixing and complete reaction. 

When Na2S was to be introduced into the sodalites, 
this was done by hydrogen reduction of the Na2SO4 
which had been prefired into the mixture. 

The final firing, whether in helium, hydrogen, or 
air, was for two hours at 9{)0~ 

Several sodali.te sample series were prepared with 
varying ratios of Na2S/Na2SO4 and of (Na2S + 
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Na2SO4)/NaC1 within the series. Thus,  end members  
of a part icular  series had the composition 3(Na20.  
AI~O3.2SiO2)-XNaC1- YNa2S and 3(Na:O.A12Oa. 
2SiO2).XNaC1.ZNa2SO4. In te rmedia te  members  
were made by  grinding together  the previously 
fired end members  in the desired ratios and firing 
the mixtures in dried helium. Only the end member  
sulfide-containing sodalites fired in hydrogen are 
believed to contain sulfide as Na2S. Products  pre- 
pared by  firing an end member  containing Na2S with 
one containing Na2SO4 are, for reasons s ta ted in 
the discussion section, believed to contain Na2S~, 
where x > 1. Since the amount  of Na~S~ formed is 
not known, compositions given in the text  and figures 
hereafter  will, for simplicity, refer to the mole 
ratio of components  used in the preparat ion and are 
not intended to represent the final chemical com- 
position. 

In  this paper,  the terms "sodalite compounds"  
and "s0dalites" will be used to describe the sodalites 
with sodium sulfate or sodium sulfides subst i tut ing 
part ial ly or completely for sodium chloride. Strictly 
speaking, these are not sodalite, al though they  are 
closely related crystallographically and chemically. 

Sodium polysulfide-sulfate mixtures were prepared 
in a manner  similar to tha t  used by  Gobrecht  and 
Hahn,  i.e., by  heating Na2S203-5H~O or Na2SOa in 
air at  900~ until most  of the polysulfide sulfur 
first produced was oxidized. This state is reached 
when the solidified melt  is translucent,  has a very 
pale yellow color, and shows a yellow luminescence 
under a 3650 A source. The t ime necessary to reach 
this stage depends upon empirical conditions such 
as the amount  of exposed surface and the degree of 
air circulation in the furnace. 

A polysulfide mixture with a red visible emission 
under 3650 * excitation was prepared f rom Na2SO3 
by  the same method,  except tha t  the heating was 
stopped while a large proportion of polysulfide was 
still present in the melt. The resulting solidified 
mixture is opaque yellow in visible light. 

Na2S203 is known to decompose on heating into 
Na2S~ and Na2SO4. Na2SO3 disproportionates on 
heating into Na2SO4 and Na2S, the la t ter  oxidizing 
readily in air to polysulfide and other products, even 
a t  room temperature .  Since the ratio of Na~S~ to 
Na2SO4 in the decomposition products is not known, 
the mixture, for the sake of brevity,  will be designated 
as Na2S~- nNa~SO4. 

All products  made by heating Na2S203 or Na2SO3 
which luminesced either yellow or red gave a posi- 
tive test  for polysulfide with the reagent used by  
Gobrecht  and Hahn.  The format ion of a purple 
color with this complex cobaltic-dimethylglyoxime- 
aniline reagent is claimed by  the discoverers, Beato  

and Brtigger (7) to be a specific test  for the poly- 
sulfide ion. 

Physical Measurements 

Luminescence of the preparat ions was observed 
under  a 100-watt, high-pressure mercury  lamp with 
red-purple Corex -b Corning % 5860 filters unless 
otherwise specified. Emission spectra were obtained 
with an automat ical ly  recording spectroradiometer  
with the above exciting source and filters. 

Exci ta t ion spectra were determined in the usual 
manner  with a Beckman hydrogen lamp and mono- 
chromator .  The  spectra  i l lustrated are corrected 
to equal energy of excitation. 

Tenebrescence was observed after  exposure to  
various sources. 1850 ,~ q- 2537 A radiat ion was 
obtained f rom an unfiltered, low-pressure, silica- 
envelope mercury  arc; 2537 .~ radiation, f rom the 
same lamp with a Corning % 9863 filter. The  3650 
source was the above-ment ioned high-pressure 
mercury  lamp and filters; the soft x-ray irradiation 
used was tha t  f rom a Machle t t  Type  OEG 60 tube  
with a tungsten target .  

Reflection spectra were obtained by  means of an 
automat ica l ly  recording appara tus  described by  
Sehulman and Klick (8). 

Visual observations on the luminescence and 
tenebrescence of the synthetic products  described 
in this paper  are summarized in Tables  I and I I ,  
respectively. 

Exci ta t ion curves for sodium polysulfide-sulfate 
from Na~S203 and all the synthetic sodalite products  
were identical. The relative excitation spectra ex- 
tend f rom 2500 to 5000 ,~ with a single peak  at  4000 
,~ as shown for a typical  sample in Fig. 1. 

TABLE I. Luminescence properties of synthetic sodalites 

Emission color, Color in white 
3(Na20-AI20~-2SiO~_) with: 3650 A excitation light 

NaCI . . . . . . . . . . . . . . . . . . . . . .  
Na2SO4 . . . . . . . . . . . . . . . . . . . .  
Na2S . . . . . . . . . . . . . . . . . . . . . .  
NaC1 + Na:S . . . . . . . . . . . . . .  
Na2SO4 + Na2S* . . . . . . . . . . .  
NaCl + Na2SO4 . . . . . . . . . . .  
NaC1 -t- Na~_S -t- N a 2 S 0 4  ~. : 

NaC1 + Na2SO4 fired in 
sulfur vapor . . . . . . . . . . . . . .  

None 
None 
Noue~ 
None~ 
Orange -yellow 
None 
Orange -yellow 

Orange-yellow 

White 
White 
Gray 
Gray 
White:~ 
White 
White:~ 

White 

* Starting composition. As stated in the text, this 
composition is believed to produce Na2S~ on firing. 

t When ordinary reagent grade aluminum oxide was 
used in place of Linde "A" in the Na2S-containing prepara- 
tions, a weak green luminescence with afterglow was ob- 
servable. This may possibly be the iron activated Na2S 
luminescence described by Tiede and Reinicke (9). 

$ Samples containing both sulfate and sulfide occa- 
sionally had small amounts of blue or green ultramarine 
on the outside of the cake. 
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T A B L E  I I .  Tenebrescence properties of synthetic sodalites 

) (Na~O- AhOy 2SiO~) 
with: 

NaCI 
NaC1, Na~SO~.. 
NaC1, Na2S . . . .  

NaC1, Na2S, 
Na~SOa 

NaC1, Na~SO,.. 

Na2SO4.. 
Na2S. 

Firing X-rays 
atmosphere 

Air 
Air 
H~ 

He  
S v a p o r  

+ He 
Air 
H~ 

+ 
+ 
+ 

+ 

+ 

1830+ 
2537A 

+ 

+ 

+ 
+ 

Radiation 

+ 

+ 

3680~ 

+ 

+ 

Day- 
light 

+ 

+ = purple color after exposure. 
- -  = no color after exposure. 

,oo i f %"~;;~ . . . . . .  "--:;!:.i . . . . . . . . . . . . . . .  ~ .J -  

../il 
..." /" 

"2 ~ j j "  , i , 
50O0 5500 6000 6so0 7000 

WAVELENGTH (~) 

FIG. 2. Emission spectra at 20~ wi th 3650 A excita- 
t ion . . . . . .  3 (Na~O' AI~O3" SiO2) 1.8 NaCI" 0.05Na~S- 0.05Na~- 
SO~ ; . . . . .  3 ( N a ~ O -  A l ~ O  ~. 2 S i O ~ ) ] . 0 N a C 1 . 0 . 2 5 N a ~ S .  0 . 2 5 -  

N a ~ S O ~ ;  - -  - -  - -  3 ( N a ~ O  �9 A ] ~ O  ~. 2 S i O ~ )  0 . 5 N a ~ S .  0 . 5 N a ~ S O ~ ;  

- - - - - N a 2 S z -  n Na~SO~ from Na_.S20~. 

The sodium polysulfide-sulfate prepared from 
thiosulfate or sulfite exhibits, in addition to the 
yellow-appearing, 3650 ,~-excited emission, a blue 
luminescence under 2537 A irradiation. The excita- 
tion peak for the blue emission was found to be at  
2450 ~_, the emission maximum, at 4600 A. These 
results are similar to those obtained for "alkali- 
metal-act ivated" alkali sulfates by  Gobrecht and 
Hahn, who found an excitation band from 2400 to 
2900 A and emission from 3600 to 5150 A, peaking 
at 4300 ,~. This blue emission and its excitation 
band can be found in products prepared by  heating 
Na2S2Oa or Na2SO3 until the solidified melt is white 
and no emission is observable under 3650 A excita- 
tion. The synthetic sodalites do not show this blue 
emission. 

Emission spectra of the synthetic sodalites and of 
Na2S~.nNa2SO4 from the thiosulfate are shown in 
Fig. 2 and 3 for 20~ and -196~  respectively. 
Although the luminescence colors are yellow and 
red at the two respective temperatures,  the emission 

I 0 0  

8O 

w 

- 6(; 

g 
u) 

w 4C 

_1 
t~J 
fig 2E 

I i I 

2 5 0 0  5 0 0 0  5 5 0 0  4 0 0 0  4 5 0 0  5 0 0 0  
EXCITING W A V E L E N G T H  ( ~ )  

FIG. 1. E x c i t a t i o n  s p e c t r u m  o f  3 ( N a 2 0 . A I ~ O . ~ . 2 S i O 2 )  

1.0NaCI- 0.25Na2S. 0.25Na2SO4. 

is broad in both cases, extending from about 5000 
to beyond 7000 -~. Gobrecht  and H ah n  mention the 
yellow emission of the polysulfide-sulfate prepared 
from sodium thiosulfate, but  give no emission spec- 
t rum of this particular material.  

The  small amount  of s tructure shown by the soda- 
lites at room temperature  becomes clearly resolved 
at the low temperature  into a series of maxima spaced 
about  200 .~ apart ;  the observed emission color 
shifts from yellow or orange-yellow to red. At about  
150~ and above the orange-yellow sodalite emis- 
sion color changes to pale yellow. 

I t  will be observed tha t  the progressive substitu- 
tion of I(Na2S + Na2SO4) for 2NaC1 in the sodalite 
compounds shifts the emission maximum to longer 
wave lengths, e.g., when equimolecular concentra- 
tions of Na2S and Na~SO4 are used in a chloride- 
free preparation, the product  at room temperature  
shows a maximum beyond 7000 ~-, as compared to 
peaks at 6150 and 6350 .~ for the high NaC1 com- 
position. 

When the NaC1 remains cons tant  e.g., in the 
series 3(Na20-A1203.2SiO2) I.0NaC1-0.5(Na2S + 
Na2SO4), the emission brightness slowly increases 

sc - ' ""':" / '  - 

6 (  - -  

/ ?,. /  
"- / i ..:--.: 

. . . . .  - " ~ " ~  I I I 

FIG. 3. Emission spectra at -196~ with 3650 A excita- 
tion . . . . . .  3 (Na20. A120 ~- 2SiO5) 1.8NaC1.0.05Na2S. 0.05- 
Na~SO4; 3 (Na~O. AlsO.~. 2SIO2) 1.0NaC1- 0.25Na~S. 
0.25Na2SO4; 3 (Na~O. A120 ~. 2SiO~) 0.5Na2S. 0.5- 
i'~a2SO4; - -  Na~S='n Na2SO4 f r o m  Na2S203. 
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FIG. 4. Emission spectra  of Na2S=.on Na:SO~ from Na2SO:~ 
(early stage of heating) with 3650 A excitat ion.  
20~ - -  __ _ 196oc. 

with increasing Na2SO4/NaeS ratio. Maximum 
brightness was obtained with a starting Na2SO4/Na2S 
mole ratio of 5.7; increase of this ratio to a value 
greater than 7 caused a rapid decrease in brightness. 

In this series, decreasing the Na2S04/Na2S ratio 
to less than one appeared to cause the position of 
the emission maximum to shift toward the red, 
e.g., the emission maximum of the product  wigh 
Na2SO4/Na2S = 0.1 was 50{) A_ farther toward the 
red than that  of the product  with Na2SO4/Na2S = 1. 
This may  be orfly an apparent  shift due to an in- 
ternal filtering effect, since the high Na2S members 
rapidly colored pink under the exciting source. 

Spectrographic analysis of some of the early 
synthetic sodalite products  disclosed the presence 
of traces of several heavy metals. Therefore, an 
a t tempt  was made to determine whether the band 
structure emission of the sodalites was due to the 
presence of metal activators. Emission spectra of 
3(Na20'A12Oa'2SiO2) 0.5 Na2S.0.SNa2SO4 fired 
with mole ratios of 10 -a, 10 -4, and 10 -5 of salts of 
each of the following metals, Mn, Pb, U, Sm, Ce, 
and Eu, were examined. None of these a~tivators 

' , ....... ......................... ..... 

....'" 

% """% ....'" / 
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0. "% ...'* f 

! 
4000 5000 6 0 0 0  7000 

WAVELENGTH (,~) 

FIG. 5. Reflection spect ra  of na tura l  haekmani te  and 
synthet ic  products  af ter  coloring by 2537 ~_ radiat ion.  
. . . . .  Haekmani te  ; - - - - - -  3 (Na20- A12Oa" 2SiO2) 1.8NaC1- 
0.05Na2S. 0.05No,SO4; 3 (Na20' A120 a" 2SiO2) 1.0- 
NaCI" 0.25Na2S' 0.25Na2SO4. 

effected any change in the structure of the emission 
at either 20 ~ or -196~  

Fig. 4 illustrates the emission spectra at 20 ~ and 
- 1 9 6 ~  of the sodium polysultide-sulfate mixture  
formed by  heating Na2SOa for only a short period so 
tha t  little polysulfide oxidation occurs, as described 
in the preparation section. The luminescence ap- 
pears red to the eye, with practically no s tructure 
discernible in the emission spectra obtained by the 
author;  low temperatures cause a shift to longer 
wave lengths with only very  slight resolution into 
band structure. This emission is similar to tha t  
recorded by  Gobrecht and Hahn  for pure polysul- 
tides with the exception that  they found no evidence 
of structure at  either 29 ~ or --180~ 

Reflection spectra for the visible range, as recorded 
for two typieal  tenebreseent synthetic products  and 
for natural  hackmanite, are shown in Fig. 5. These, 
after coloring by ultraviolet,  show only a single 
reflection minimum in the range of 5300 to 5500 A. 
Medved found an absorption maximum at 5300 4- 
50 .~ for natural  haekmanite colored by  exposure to 
2537 A radiation. 

D i s c u s s i o n  

There appear to be two distinct types of 3650 ~_- 
excited luminescence of sodium polysulfides: (a) a 
nearly structureless emission, appearing red to the 
eye and peaking in the infrared; this was obtained 
by  the author  from Na2S~-nNa~SO4 from Na2SOa 
after the early stages of heating, and also by  Go- 
brecht and Hahn  from pure polysulfides; (b) the 
yellow appearing emission with line structure shown 
by sodium polysulfide-sulfate prepared from Na2S2Oa 
and from Na2SOa in the final stages of heating. 
Reasons for this emission difference are not known 
but  may  be related to the Na2S~:Na2SO4 ratio or to 
the value of x in Na2S~, since only the polysulfide- 
sulfate mixtures which are almost completely oxi- 
dized to sulfate have the yellow emission with line 
structure. 

From an inspection of Fig. 3 it can be seen tha t  
the peaks of the band structure of the emission of the 
synthetic sodalite materials and of the NazS~. 
nNa2S04 are nearly identical in spectral position. 
Thus it appears likely that  the luminescence centers 
are the same and tha t  the sodalite luminescence is 
connected with the presence of sodium polysulfide. 
Although the exact nature of the reaction occurring 
when the sodium monosulfide- and the sodium sul- 
fate-sodalites are fired together is not  known, it is 
quite possible tha t  a sodium polysulfide-sodalite 
is one of the reaction products, the Na2SO4 acting 
as an oxidizing agent for the Na2S. 

From Table II  it can be seen tha t  the ability of 
the synthetic sodalites to color under  radiation of 
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2537 A or longer wave length is apparently due to 
the combined presence of Na2S and NaC1 in the 
sodalite-type aluminosilicate lattice. Sodalites con- 
taining only one of these compounds do not color 
strongly under this radiation nor do sodalites con- 
taining only Na2SO4 or Na2SO4 + NaC1. The red- 
purple color of the Na2S-containing sodalites 
bleaches rapidly under a tungsten light source. 

o 

Medved (5) reported formation of 2537 A-sensi- 
tive products by heating NaCl-sodalite in hydrogen 
at 1060~ In trials by the author, sodalite contain- 
ing NaC1 with no sulfur compounds added was 
fired in hydrogen at 900 ~ and at 1060~ The prod- 
ucts were found to give an extremely weak colora- 
tion under 2537 A radiation. I t  is believed by this 
author that these products contained traces of 
sulfur. Medved detected C1- in the effluent gas and 
attributed its presence to replacement by hydrogen 
of part of the chlorine in NaC1 to produce Nai l  and 
HC1. Attempts by this author to duplicate Medved's 
work at 1060~ caused extensive loss of NaC1. 
Thus, a two-hour firing at 1060 ~ in hydrogen resulted 
in a weight loss of 55 % of the contained NaC1, 99 % 
of which could be condensed on a water-cooled silica 
tube. 

It  is not unlikely that sodalites containing Na2SO4 
could be reduced to sodalites with Na2S~ by firing 
in sulfur vapor. Such reduction could not produce 
Na2S as long as excess sulfur is present. Tables I and 
II illustrate that sodalites which contain both NaC1 
and Na2SO4 are neither luminescent under 3650 
nor tenebrescent under 2537 A. When these sodalites 
are fired in sulfur vapor, it .can be seen that they 
are still nontenebrescent under 2537 but have be- 
come luminescent (now contain Na2S~). 

Unlike the luminescence, the tenebrescence of the 
sodalites could not be duplicated by the simple 
salt system without the aluminosilicate lattice. 
Incorporation of the Na2S and NaC1 into the soda- 
lite crystal structure is apparently requisite for the 
color formation. Mixtures of NaC1 and Na2SO4 
fired in graphite crucibles in H2 until all the Na2SO4 
was reduced to Na2S were nontenebrescent under 
ultraviolet. X-raying of these NaCI-Na2S mixtures 

caused only the weak yellow coloration of F-centers 
in NaC1. 

As seen from Table II, sodalites containing 
NaC1 and Na2SO~ colored under x-rays and 1850 A 
ultraviolet. The resulting coloration was bluer and 
bleached much more slowly than that of sodalites 
containing Na2S. 

SUMMARY 

The luminescence emission of a group of sulfur- 
containing, synthetic sodalites exhibits at -196~ 
a series of bands spaced about 200 A apart. These 
bands are similar in spectral position to a previously 
undescribed band emission from sodium polysulfide 
at -196~ leading to the conclusion that  the 
sodalite luminescence is due to the presence of so- 
dium polysulfide. 

When the synthetic sodalites contain sodium 
monosulfide and sodium chloride they are tene- 
brescent, coloring to a red-purple color under ultra- 
violet radiation. 
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Preparation and Properties of Lead Telluride 
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A B S T R A C T  

Single crys ta ls  of lead te l lur ide ,  PbTe ,  have  been p repa red  and  the i r  r e s i s t i v i ty  and  
Hal l  coefficients de te rmined .  B o t h  n- and  p - type  lead tc l lur ide  have  been  produced,  b u t  
they  were not  of h igh  res i s t iv i ty .  Charge  carr ier  concen t r a t ion  in eve ry  case has  been 
1-5 X 1018/cm 3. Hal l  mobi l i ty  of n-  and  p - type  carr iers  was found  to be a b o u t  2240 and  
860 cm~/volt-sec, respect ively .  

Mater ia l  of p - type  was conve r t ed  to n - type  b y  al lowing lead to diffuse in to  the  crys ta l  
a t  500~ The  va lue  of the  diffusion coefficient of Pb  in P b T e  a t  th i s  t e m p e r a t u r e  is 
e s t ima ted  to lie be tween  5.6 X 10 -8 and  9.2 X 10 -8 cm2/sec. 

INTRODUCTION 

In recent years, a great deal of experimental work 
has been done with the series of compounds PbS, 
PbSe, and PbTe, stimulated by the observations 
that these compounds are photoconductive in the 
infrared (1) and that  they exhibit transistor action 
(2, 3). Preparation of these compounds as single 
crystals is described by Lawson (4), and some of 
their electrical and optical properties are reported by 
Smith (1), Chasmar and Putley (5), Gibson (6, 7), 
and Putley (8). The present work had the following 
purposes: (a) determination of the ease of prepara- 
tion of PbTe in pure, stoichiometric form; (b) deter- 
mination of methods of producing p- and n-type 
PbTe at will; (c) measurement of the resistivity, Hall 
effect, and rectification properties of p- and n-type 
PbTe; and (d) obtaining information about the 
chemical stability of PbTe. 

EXPERIMENTAL 

Preparation of Lead Telluride 

Lead telluride was prepared following a modifica- 
tion of the procedure described by Lawson (4). Ele- 
mentary lead and tellurium were weighed with an 
accuracy of about one part in 20,000 to 50,000. The 
lead was spectrographically standardized grade? The 
analysis states that total impurities are less than 
2 X 10 -3 %. The following elements were detected 
spectrographically: bismuth, copper, cadmium, sil- 
ver, calcium, aluminum, and sodium. The bars of 
lead as received are covered with an oxide layer, 
which was removed by electrolytic etching in a mix- 
ture of perchloric and acetic acids. After removal 
from the acid bath, the bar was washed with dis- 
tilled water, dried rapidly with lens paper, and stored 

1 Manusc r ip t  received March  17, 1954. This  paper  was 
prepared for del ivery before the  New York  Meet ing ,  Apri l  
12 to 16, 1953. 

2 Obta ined  from Johnson ,  M a t h e y  and  Company .  
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in a nitrogen atmosphere until weighed. For weighing 
purposes the bar was cut into pieces weighing 50-100 
mg, and the final weight was adjusted by removing 
slivers of lead from the pieces with a scalpel. When 
necessary, the weight could easily be adjusted to 
0.1 mg. Although the surface of the lead must have 
become at least partly oxidized during the weighing 
procedure, there was no observable change in weight 
of the pieces of lead while standing in air for a time 
comparable to that required for weighing. 

Before it was used, the tellurium 3 was distilled in 
vacuum in a three-bulb distillation train, and was 
finally sealed off in vacuum until used. Tellurium 
prepared in this way was p-type and had a resis- 
tivity of 0.4 ohm-cm. Intrinsic tellurium is reported 
to have a resistivity of 0.56 ohm-cm and 0.20 ohm- 
cm, depending on orientation (9), and has a carrier 
concentration of about" 10~6/cm. For use, the tellu- 
rium was broken into pieces weighing 20-50 mg and 
then weighed. Here again, there was no weighable 
oxidation during the weighing procedure. The ap- 
proximate desired quantity of tellurium was weighed, 
and the weight of lead was adjusted to the required 
amount. 

The container for the reaction was either a graph- 

ite cup or a fused quartz tube. Graphite was used to 

eliminate complications from traces of oxygen left 
in the system, since room temperature equilibrium 
conditions for reactions of carbon with oxides of lead 
and tellurium are far toward the side of the fo,zna- 
tion of carbon dioxide accompanied by reduction of 
lead and tellurium. Furthermore, no compounds of 
carbon with lead have been reported. Carbon ditel- 
luride is reported in an electric arc reaction, but 
would not be expected to form under the conditions 
of this experiment. When quartz was used, the tube 
was filled with about 30-35 cm of hydrogen and 
heated to glowing before addition of lead and tellu- 

3 Obta ined  f rom A. D. Mackay ,  Inc. ,  99.9% Te by  com- 
pany  specifications.  
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rium. If  this was not done, lead telluride stuck to the 
quartz tube, and, on cooling, bo th  the tube  and the 
lead telluride cracked badly. 

The  reaction of lead with tellurium proceeds rap- 
idly with evolution of sufficient heat  to mainta in  the 
reaction once it is started, if the reactants  are inti- 
mate ly  mixed. When the reaction is carried out with 
lumps of both  reactants,  pieces of lead swell as the 
reaction takes place and on occasion have cracked 
the graphite crucible. To  avoid this difficulty, the 
tube containing the unreacted lead and tellurium 
was inserted into a furnace a t  a tempera ture  50 ~- 
60~ above the melting point of 905~ All carbon 
cups in which the reaction was carried out were 
heated in a hydrogen furnace at  1100~ prior to use. 
The cup containing the unreacted elements was 
sealed into a fused quartz tube  a t  a pressure of about  
10 -5 m m  after  the system had been pumped at  this 
pressure for several hours. Sometimes the tube was 
sealed with a few centimeters of helium; an est imate 
of the rate of transmission of helium through the 
silica glass indicates tha t  the pressure drops by  about  
a factor of two per day  at  900~ The  est imate also 
indicates tha t  helium pressure in the tube sealed in 
high vacuum will increase to a pressure of about  1 
during the t ime of the experiment.  Permeat ion of 
oxygen through the glass is not fast  enough to be an 
impor tan t  consideration. 

When a carbon cup was not used, the reactants  
were placed initially in the Pyrex arm of a Y- tube  
constructed with one Pyrex  arm and one silica glass 
arm. The Y- tube  was fitted with a ball joint so tha t  
rotat ion about  the joint would cause the reactants  
to drop into the silica glass tube. Hydrogen was ad- 
mit ted to the system at  a pressure of 30-35 cm and 
the silica a rm heated with a torch to a glowing tem- 
perature.  The  line was pumped  out to about  5 X 
10 -5 ram, keeping the tube hot. After the tube had 
cooled, lead and tellurium were transferred to the 
silica a rm by  rotat ing the Y-tube  about  the ball 
joint. The  tube was then sealed off about  two inches 
above the reactants.  In  none of the experiments to 
be described was there any  observable correlation 
between properties of lead tetturide and type  of con- 
tainer used. 

Production of single crystals of PbTe  was accom- 
plished without  difficulty by  lowering the mel t  
through a tempera ture  gradient of about  20~ 
start ing about  50~ above the melting point and 
ending about  50~ below. The  lowering rate was 
1 cm/hr .  The equipment  used is indicated in Fig. 1. 

Before the crystal  was grown, the tube was main- 
tained at a t empera ture  of 955~176 for three or 
four hours to ensure thorough mixing of the contents. 
During this time, the tube was agitated occasionally 
by  moving it up and down inside the furnace. After 

GEAR-,,,~ 

W E I G H T ~  

THERMO 
COUPLES 

To( 
VARIAG 

VAR I AG 

TO I RPM 
TELEGHRON 

'~ MOTOR : GEAR BOX 

:~ j r~ .  GEI~AMIG PLUG 

o 

e \ \  

n ~ 

o~ 
o 

o . \  
= \ . /S IL ICA GLASS o 

TUBE 

t> \ \ Q \ \  

qP"'FURNAGE 

FIG. 1. Apparatus for producing single crystals of lead 
telluride. 

the tube had been lowered about  12 cm (the crystal  
was usually 3-4 cm long), t empera ture  was decreased 
to room tempera ture  over a period of about  eight 
hours to permit  annealing. However,  there was no 
apparent  difference in crystals when the current was 
shut off and the furnace allowed to cool to room tem-  
perature  at  its natural  rate. 

The free volume in all tubes used to prepare crys- 
tals was kept  as small as possible in order to mini- 
mize composition changes due to volati l i ty and par-  
tial decomposition of lead telluride. Vapor pressure 
of PbTe  at  950~ is claimed to be several centime- 
ters (4), al though no accurate measurements  could 
be found in the literature. In  all experiments in 
which a carbon cup was sealed in a silica glass tube,  
lead telluride condensed on the silica. Occasionally a 
small amount  of solid was found in the bo t tom of 
the tube. Evidence for partial  decomposition of P b T e  
is given by  the characteristic yellowish color of tel- 
lurium vapor  observed over lead telluride above its 
melting point. Thermodynamic  da ta  required for an 
est imate of the dissociation constant  are not avail- 
able in the literature. 

Ingots  of lead telluride have a bright,  silvery ap- 
pearance with a large number  of small pits in the 
surface. In  each of these pits there is usually one or 
more flat surfaces, and, if the ingot is a single crystal,  
these are all oriented in the same direction. Reflec- 
tions from these surfaces provide fairly good evi- 
dence tha t  the ingot is composed of a single crystal,  
bu t  this visual indication was checked occasionally 
with x-rays. Lead telluride has the sodium chloride 
s tructure and cleaves fairly easily, bu t  not control- 
labty. For  this reason the mater ial  was difficult to 
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saw to a shape suitable for making electrical meas- 
urements.  Some of the data  reported here were ob- 
tained with rather  irregular samples and therefore 
are not of high accuracy. 

In  order to minimize the effect of surface condi- 
tions on electrical measurements  of semiconductors, 
it is cus tomary to etch the surface to produce a 
smooth bright finish. Various acid and base treat-  
ments  were used on lead telluride without  success. 
Hydrochloric, hydrofluoric, perchloric, and acetic 
acids alone or mixed with each other had no visible 
effect. Dilute nitric acid alone or with other acids 
turned the surface black, and concentrated nitric 
produced a much lighter gray surface and converted 
the black surface to gray. Presumably  the black 
coating is e lementary tellurium which is oxidized to 
tellurium dioxide by  concentrated acid. Tellurium 
dioxide is soluble in a strong base solution, but  a 
bright  surface was not obtained by  dipping the gray- 
coated solid in potassium hydroxide solution. A mix- 
ture of sodium hydroxide and sodium acetate had 
no visible effect on the surface. Electrolytic etching 
in a mixture of concentrated perchloric and glacial 
acetic acid produced a black coating when the lead 
telluride was the anode and no visible effect when the 
P b T e  was the cathode. A bright etch can be achieved 
only by  use of a technique which removes lead and 
tellurium equally rapidly from the surface. Perhaps 
thermal  evaporat ion in vacuum would be successful; 
experiments to be described later indicate tha t  par-  
tial volatilization in a hydrogen atmosphere produces 
a dull gray finish. The surface can easily be polished 
to a mirror finish by s tandard polishing techniques, 
but  an x-ray examination of a polished surface re- 
veals residual irregularities which a properly etched 
surface would not have. No difference in properties 
was observed between crystals with a mirror  polish 
and those obtained with a diamond saw cut. Because 
of the difficulties with the etching procedure, meas- 
urements  reported here were obtained with blocks 
which had a saw-cut surface smoothed with 2 /0  
emery polishing paper.  

Another  procedure often used to minimize the ef- 
fect of surface conditions is to solder electrical con- 
tacts  to the surfaces. I t  was found tha t  a physically 
strong, nonrectifying contact  could be achieved with 
ordinary soft solder by  using a drop of concentrated 
hydrofluoric acid as flux. However,  heating lead 
telluride in air changes its surface properties, and, 
since contacts could be obtained with no difficulty 
by  pressure alone, all electrical measurements  in this 
report  were obtained with pressure contacts.  

Resist ivi ty and Hall  coefficient data  were obtained 
using equipment  and techniques previously described 
by  Dunlap  (10). 

Electrical Properties of Lead Telluride ingots 

When lead and tellurium were mixed in as near ly 
stoichiometric proportions as possible and a single 
crystal  prepared as previously described, the ingot 
was invar iably found to have the following proper- 
ties. Almost  all of the outside surface was n- type,  as 
determined by  a thermoelectric effect probe, but  
over most  of the crystal  the n- type  character  was 
present to a depth of only .002-.010 cm. The  bulk 
of most  of the crystal  was p- type  and only the last  
5-10 % of the crystal  was n- type  throughout .  Typ i -  
cal values of electrical resistivities and Hall  coeffi- 
cients of p- and n- type  mater ial  are presented in 
Table  I, together with the mobilities and carrier 
concentrations calculated f rom these data.  

An a t t emp t  was made to prepare high resist ivity 
lead telluride by  recrystallization of the ingots af ter  
discarding 5-10 % of the crystal  f rom each end. After 
the first recrystallization, the n- type  region at  the 
end of the crystal  was very much smaller than  be- 
fore; the bulk of the crystal  (except for the n- type  
skin) was p- type  with about  the same resist ivity and 
Hall  coefficient as before. Two more recrystalliza- 
tions had very  little effect on the electrical proper-  
ties; resistivity and Hall  coefficient were not  signifi- 
cant ly  different from the values in Table  I. 

F rom an ingot prepared from fresh materials  a 
section was cut out which was n- type  on one face 
and p- type  on the opposite, as determined by  the 
thermoelectric probe. The  resist ivity of this block 
was 0.0147 ohm-em and the Hall  coefficient was 
+4.02.  This resist ivity is about  a factor  of four 
higher than  tha t  of the p- type  samples, a result 
which is to be expected quali tat ively since, in a t  
least par t  of the block, n- type  carriers should balance 
p-type.  The  boundary  between n- and p- types  was 
very  sharp. A region of intermediate  resist ivity could 
not be detected with the thermoelectric probe when 
resist ivity was judged quali tat ively by  the galva- 
nometer  response. 

After each crystallization, small crystals tha t  had 
deposited from the vapor  were collected f rom the 
wall of the quartz tube. These crystals ranged in 
linear dimensions f rom about  0.1 m m  up to 1 to 2 
mm,  were a few hundredths  of a mill imeter thick, 
and were always rectangular  in shape, quite often 
square. These crystals were invar iably n- type  on 

TABLE I. Properties of typical PbTe 

p-type n-type 

Resistivity (ohm-cm) 0. 005 0. 00090 
Hall coef. (cm3/coulomb) +4.2 --2.0 
Mobility (cm2/volt-sec) 840 2220 
Concentration (cm -~) 1.5 X 10 t8 3.1 X 10 TM 
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TABLE II. Effect of hydrogen on electrical properties of lead telluride 

Sample Temp (~ 

500 

845 

60O 
695 

Time heated 
(hr) _ _  Type by thermoelectric effect 

n on one side, p on others 
n, all surfaces 

p, all surfaces 
n, all surfaces 
n, all surfaces 

Hail  coeL 
(cma/coul) 

+4.02 
+3.67; 
}-5.26 

~-2.12 
~3.11 
}-3.3O 

Remalks  

n-Type layer very thin 

Sample completely volatilized 

n-Type layer removed by light sanding 
n-Type layer removed by light sanding 

both sides by  thermoelectric measurements .  The  
n- type character is consistent with the hypothesis 
tha t  the vapor  is par t ly  decomposed at the melt ing 
point and that ,  since tellurium is more volatile than  
lead, the condensate has a stoichiometric excess of 
lead, which furnishes electrons to the crystal, making 
it n- type.  However,  the solid collected from the 
bo t tom of the tube, composed of material  which also 
had come through the vapor  phase, was p- type  on 
the surface in contact  with the quartz tube and 
n- type on the exposed surface. 

Treatment of p-Type Lead Telluride with Hydrogen 

If  p- type lead telluride is t reated with hydrogen, 
the material  will be converted to n- type if the hydro- 
gen can react with and remove p- type  impurities or 
excess tellurium, or if hydrogen can dissolve in lead 
telluride and provide electrons. To discover the effect 
of hydrogen, a number  of experiments were carried 
out in which a block of PbTe  was heated a t  various 
temperatures  in a s t ream of hydrogen. The  tank  hy- 
drogen 4 was passed through a Deoxo unit  and a 
Drierite tube before it came in contact  with the lead 
telluride. Results obtained are listed in Table  I I .  I t  
is apparent  from these results tha t  t r ea tment  with 
hydrogen will convert  p- type  PbTe  to n-type,  but  
tha t  the effect of the hydrogen does not penetra te  
more than  a few mils in several hours at  a tempera-  
ture low enough to prevent  appreciable volatiliza- 
tion of lead telluride. Hydrogen t rea tment  dulled 
the surface of lead telluride considerably, probably  
indicating tha t  some reaction with the surface had 
occurred rather  than  a dissolution of hydrogen into 
the solid. 

Distillation of p-Type Lead Telluride 

Since lead telluride condensed from the vapor  was 
usually n-type,  a vacuum distillation of the p- type  
material  was carried out in order to prepare bulk 
n- type material .  The p- type material  in a carbon cup 
was placed in a silica tube  with the end of the tube  
extending outside the furnace. Pumping  was con- 
tinued while the tube was heated to a final max imum 

4 Produced by the General Electric Company. 

t empera ture  of 980~ which was mainta ined for 
one-half hour. The  solid which condensed on the 
cooler portion of the tube was ahnost  black and was 
n- type  thermoelectricMly. A port ion of this solid was 
placed in ~ silica tube  and about  10 em of hydrogen 
admi t ted  to the system. When  the tube was heated,  
the color of the solid changed from black to the 
silvery gray characteristic of the bulk ingots. The  
line was pumped  out and the heating with hydrogen 
repeated. The line was again pumped  out and the 
usual procedure for producing a single crystal  fol- 
lowed. This crystal  was p - type  everywhere, including 
the surface. Hence, the sublimation procedure seems 
useful for producing small flat n - type  crystals, bu t  
does not seem promising as a means of obtaining a 
quant i ty  of n- type lead telluride which can be re- 
crystallized to an n- type  ingot. 

Diffusion of Lead Into Lead Telluride 

I t  is welt known tha t  lead sulfide containing excess 
lead is an n- type  semiconductor,  while with excess 
sulfur it is p- type  (11). Similar observations have  
been reported for lead selenide (12) and lead tel- 
luride (4). Anderson and Richards (12) have meas-  
ured the diffusion coefficient of lead in powdered, 
pressed lead sulfide and report  tha t  the diffusion 
coefficient, D, is given by  

D = (1 .38) (e  -42,~176176 cm2/sec 

At 500~ this equation gives D = 2.2 X 10 -'5 
cm2/sec. Since tellurium ions are considerably larger 
than  sulfide ions, one would expect the act ivat ion 
energy of the diffusion of lead in lead telluride to be 
lower than  in lead sulfide and the value of D corre- 
spondingly greater. Hence it seems feasible to con- 
ver t  p- type  lead telluride to n- type  by  allowing lead 
to diffuse into it at  a modera te  tempera ture  for a 
few hours. 

To  test  this point, a disk cut f rom a single crystal  
of p- type  lead telluride was heated in vacuum be- 
tween two disks of lead for 6.5 hr  at  a t empera tu re  
of 290~ After this period, the three disks had not  
changed in weight, and the lead telluride was still 
p-type.  
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FIG. 2. Disk oflead telluride after diffusion oflead 

The tempera ture  was maintained below the melt-  
ing point of lead in order to minimize solubility of 
lead telluride in the lead. At the melt ing point of 
lead, 327~ the solubility of tellurium in lead is re- 
ported to be about  0.05 % (13). Since no effect was 
observed at  290~ a similar experiment was carried 
out at  500~ In  this experiment,  the same disk of 
lead telluride was placed above a lump of spectro- 
graphic lead in a small carbon cup. Enough lead 
was used to ensure contact  of the whole area of the 
flat surface of lead telluride with lead, so tha t  dif- 
fusion through lead telluride would be uniform. 

The silica glass tube containing the carbon cup 
with the lead telluride and lead was evacuated (to 
about  0.05 ~) and heated to 500~ After 40 min at  
this temperature,  a dark deposit was observed on 
the cooler parts  of the tube. To reduce evaporat ion 
and consequent changes in composition, the tube  
was filled with 35 cm of helium and the tempera ture  
maintained at  500 ~ 4- 5~ for a total  of 7 hr (includ- 
ing the t ime in vacuum).  At the conclusion of the 
experiment,  the disk of lead telluride could not be 
easily removed from the lead. Separation of the two 
was accomplished by  heating in a helium atmosphere 
with the lead resting on a nichrome grid. Above the 
melting point of the lead-tellurium solution (almost 
that  of pure lead) the solid and liquid phases sepa- 
rated easily. No measure was obtained of the com- 
pleteness of separation, but  there was a thin fringe, 
apparent ly  most ly  lead, projecting f rom the edge of 
the disk, and the surface of the disk which had been 
in contact  with the lead was shiny and irregular. 
The top surface was somewhat  duller, but  there was 
no major  change in appearance. Several measure- 
ments  of the thickness of the disk averaged to 0.326 
cm, whereas the initial thickness had been 0.305- 
0.310 em. 

From the phase diagram, the solubility of tellu- 
rium in lead at 500~ is est imated to be 1%. Since 
the weight of lead taken  was 7.05 g, the solubility of 
tellurium would be about  0.070 g, corresponding to 
0.184 g of lead telluride. The original weight of the 
lead telluride was 2.124 g, large enough so tha t  the 
amount  of lead telluride dissolved would be only a 

small fraction of the total. The  solid phase in equi- 
l ibrium with liquid at  500~ is reported to contain 
25 weight % (34 a tom %) tellurium, and lead should 
diffuse into the stoichiometric lead telluride until  
this composition is reached. At  equilibrium, a total  
of 1.05 g of lead would have  diffused into the lead 
telluride. 

All exposed surfaces of the disk had changed to 
n-type,  including the top, which had had no direct 
physical contact  with the lead. The disk was sawed 
perpendicular to the top surface and the freshly ex- 
posed face probed with a thermoelectric-effect needle 
in a micromanipulator .  The n- and p- type  character  
of the exposed face is indicated in Fig. 2. I t  is seen 
tha t  the lead had penetrated sufficiently deeply into 
the lead telluride to convert  most  of it to n- type.  
Surface diffusion or deposition of lead f rom the vapor  
phase was rapid enough to convert  the whole sur- 
face to n- type and to penetrate  about  0.01 cm into 
the interior. 

An est imate of the diffusion coefficient of lead in 
lead telluride can be obtained from the da ta  indi- 
cated in the figure. The solution of the diffusion 
equat ion for one-dimensional diffusion with the 
boundary  conditions of the present  si tuation is given 
by (14): 

C(x,t)  = Co 1 V / ~ o  e -y' dy , 

in which C(x, t) is the concentration at  the distance 
x and the t ime t, Co is the constant  concentrat ion a t  
x = 0, and D is the diffusion coefficient. In  the pres- 
ent problem, Co is taken to be the difference in con- 
centration (atoms/cc)  between solid lead telluride 
sa turated with lead at  500~ and stoichiometric lead 
telluride. The  distance x is taken to be the fur thest  
distance f rom the boundary  surface at  which con- 
version to n- type  has occurred, and t is the t ime of 
heating at  500~ The  concentration, C(x, t), is more 
difficult to est imate.  I t  mus t  be at  least equal to the 
concentration of p- type  carriers in the original mate -  
rial, and m a y  be a good deal higher. The  diffusion co- 
efficient will be calculated on the assumptions tha t  
C(x, t) is roughly equal to the original hole concen- 
tration, and tha t  it is roughly ten times greater.  The  
correct value of the diffusion coefficient should lie 
between these two values. 

Since no data  are available for the density of lead 
telluride sa tura ted  with lead, it is assumed tha t  the 
density is equal to tha t  of the stoichiometric com- 
pound. With  this assumption, Co equals 3.5 X 1021/ 
cm 3. A reasonable value for the hole concentrat ion 
is 3.5 X 101S/cm 3. Rearranging the diffusion equa- 
tion, one can obtain:  

2 [ =/2~/Dt C 1 
e -~dy  = 1 - - -  = 1 - 0.999 Io Co looo 
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Tables  of the error function (the left side of the above 
equation) give a value of: 

X 

2x/D-t - 2.326 

The  depth  of penetrat ion,  x, equals about  0.175 cm 
after  correction is made for the lead telluride tha t  
dissolved in the lead, and t -~ 7 hr = 2.52 X 104 
sec. When the above equation is solved for D, a 
value of D = 5.61 X 10 -s cm2/sec is obtained. When 
a ratio of c/co = 0.01 is assumed as a reasonable up-  
per limit, a value of D -- 9.15 X 10 -s cm2/sec is ob- 
tained. This range of values for the diffusion coeffi- 
cient of Pb  is considered to be of a reasonable order 
of magnitude.  I t  is seen tha t  they are 2.5 X 104 -- 
4 X 104 times greater than  the value for the diffu- 
sion coefficient of lead in lead sulfide. 

The  foregoing discussion is all based on the as- 
sumption tha t  the substance which diffuses into the 
lead telluride is excess lead. There is no proof tha t  
lead is responsible for the conversion to n- type;  one 
of the impurities present in the spectrographic lead 
m a y  have caused the change. I f  this were the case, 
the diffusion coefficient would be of the order of 102 
to 103 times greater than  tha t  cMculated above. 

When the hot point of the thermoelectric probe 
rested in contact with an n- type  region, the poten- 
t iometer  deflection decreased in a few minutes, often 
changing sign. This effect was observed over almost 
M1 of the n- type surface. The  region closest to the 
lead did not change sign but  only exhibited a change 
in magnitude.  During a period of about  1.5 hr of 
standing in air a t  room temperature ,  about  two- 
thirds of the n- type surface had changed to p-type,  
and after about  three hours only a small fraction of 
the surface remained n-type. The  original pa t te rn  
was recovered, however, by  light sanding with fine 
emery paper. Changes in type are almost  certainly 
associated with oxidation of the surface. When a 
s t ream of oxygen was directed on the surface, the 
rate  of change from n- to p- type  was increased con- 
siderably. With  a s t ream of hydrogen on the surface 
an entirely different effect was obtained; the initial 
contact  of the probe with the surface was p- type  and 
remained p- type  as long as the s t ream of hydrogen 
was maintained.  On removal  of the hydrogen, the 
surface reverted to n-type.  

An a t t empt  was made to observe rectification 
across the n-p barrier  in the lead telluride. One elec- 
trical contact  was made with a small a luminum vise 
used to hold the sample, which was in contact  with 
both  n- type flat surfaces. The  other contact  was es- 
tablished with the p- type region of a freshly sanded 
surface, by  use of a brass probe. With  the probe in 
very  light contact  and with a potent ial  difference of 
1 v, slight rectification was obse rved- -apparen t ly  all 

associated with the probe contact,  since an increase 
in pressure caused the oscilloscope trace to become 
ohmic in character.  Since the conduct ivi ty of the 
mater ial  is so high and the n-p  boundary  so sharp,  
the potential  drop across the n-p  boundary  m a y  ex- 
ceed the Zener breakdown potential .  

When an ohmic trace was obtained and the lead 
telluride surface il luminated with the light f rom a 
flashlight, the current through the solid increased 
significantly. No quant i ta t ive  measurements  were 
obtained. 

Nonstoichiometric Lead Telluride 

Lawson (4) has reported tha t  lead telluride pre- 
pared f rom the pure elements will always be p- type  
even when 2-5 % excess lead is used, unless the reac- 
tion tube  is t reated with hydrogen and the reactants  
melted in hydrogen before reaction. His technique 
leads to an indeterminate  but  p robably  small loss of 
tellurium before reaction. Lawson 's  procedure was 
modified somewhat  in an a t t emp t  to simplify the 
procedure and avoid loss of tellurium. The  equip- 
men t  consisted of the Y-tube  with one silica glass 
a rm previously described and preparat ions were 
made as described. 

After prepara t ion of the ingot, a block was sawed 
from the middle portion, and resistivity and Hall  co- 
efficient measurements  made.  In  the samples con- 
taining excess lead, it was found tha t  the port ion 
of the ingot tha t  crystallized last was invar iably  
n- type  (as was the surface) and tha t  the thickness of 
the n- type  region was 1 to 2 ram. Samples contain- 
ing excess tellurium showed no n- type  regions any-  
where. Results of electrical measurements  are pre- 
sented in Table  I I I .  

Considering the irregularities in the samples due 
to cleavage during sawing, results are considered to 
be identical within the limit of accuracy of the meas-  
urements.  The  bulk of each of the samples is p- type,  
even with 2 % excess lead, just  as Lawson observed. 

TABLE III .  Electric properties of nonstoichiometric 
lead telluride 

% 
0.5 Te 
0.1 Te 
0.1 Pb 
0.5 Pb 
0.5 Pb* 
1.0 Pb 
2.0 Pb 

Resist ivi ty  Hal l  
Sample (ohm<m) coefficient 

(cmS/coul) 

0.00493 
0.00379 
0.00726 
0.00468 
0.00553 
0.00475 
0.00380 

+4.16 
+3.46 
+5.93 
+5.47 
+[-4.26 
+3.78 
+2.81 

;obility 
n2/volt - 
seE) 

845 
914 
817 
170 
773 
795 
740 

1.50 
1.81 
1.05 
1.14 
1.47 
1.65 
2.22 

Carrier  
concen- Thermo- 
trat ion electric 
(1/cm ~) type 
(X 10 ~8) 

* Sample crystallized in 20 em helium. All others in 
vacuum. 
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Lattice spacings in the samples containing 0.5 % 
excess tellurium and 0.5% excess lead have been 
determined. 5 Results obtained were 6.4579 • 0.0030 

and 6.4576 • 0.0019 A, respectively. The differ- 
ence, of course, is not significant. The literature value 
is 6.453 A. I t  is believed that the value obtained here 
is more accurate than the literature value. 

DISCUSSION 

The study of electrical properties of lead telluride 
is hindered by its chemical behavior and by limita- 
tions of measuring methods; no volumetric or gravi- 
metric measuring technique is adequate to prepare a 
mixture of the two components in exactly stoichio- 
metric ratio. Furthermore, no adequate means of 
ensuring sufficient purity in the initial reactants is 
available, necessitating purification of the compound 
after formation. Recrystallization from the melt, a 
technique that produces adequate purity in elemen- 
tary semiconductors, is complicated by relatively 
high vapor pressure and partial decomposition of the 
compound at its melting point, so that loss of mate- 
rim and change of composition must be minimized 
by operating in a closed system with a free volume 
as small as possible. With these restrictions, recrys- 
tallization as carried out in the present experiments 
leads either to ineffective rejection of impurities or 
to a nonstoichiometric compound, or to both. 

The p-type character of most of the lead telluride 
(all but about the last 10 % to crystallize) indicates 
that the solid phase of PbTe is not in equilibrium 
with a liquid of exactly the same composition, and, 
indeed, there is no reason to expect such a condition 
to exist. If it is assumed that the solid is in thermal 
equilibrium both with empty lead sites and empty 
tellurium sites, it seems reasonable that the concen- 
tration of empty lead sites should be greater than 
that of empty tellurium sites, since the energy re- 
quired to create an empty lead site is undoubtedly 
considerably less than that required for a tellurium 
defect. Electrical neutrality in the crystal can be 
maintained, by assuming either that excess tellurium 
is zerovalent (or monovalent) or that excess telluride 
ion is balanced by the abstraction of electrons from 
divalent lead. Any description in terms of a purely 
onic lattice, however, is certainly an oversimpli- 

fication. 
Therefore, in the usual case, crystallization from 

the melt is expected to lead to a nonstoichiometric 
compound, although in principle the composition of 
the melt could be adjusted so that the solid phase 
would have the desired composition. In general, this 
would require extremely delicate control not only of 
the liquid phase composition, but also of all other 

5 By Mrs. B. F. Decker. 

variables affecting the solid phase, such as crystal 
growth rate and thermal environment. 

Since the presence of impurities cannot be distin- 
guished from deviations from stoichiometry by ex- 
periments of the type described here, it is impossible 
to decide definitely at present which of these sources 
of donors and acceptors is responsible for the elec- 
trical properties. However, it is believed that devia- 
tions from stoichiometry are probably responsible 
for the electrical behavior of the ingots prepared in 
the present work. 

Another aspect of the chemical behavior of lead 
telluride which contributes to the difficulties of mak- 
ing significant reproducible electrical measurements 
is its reactivity with oxygen. The change of an n-type 
surface to p-type when exposed to air at room tern- 
perature indicates that the compound should be han- 
dled at all times in an inert atmosphere. 

Properties of the material obtained in the present 
research confirm results obtained with the material 
prepared by Lawson. In his paper on the absorption 
spectra of lead sulfide, selenide, and telluride, Gibson 
(7) reports carrier concentrations of 1 X 10 TM to 
2 X 10 is for p-type lead telluride and 1-6 X 10 TM 

for n-type, essentially identical with those obtained 
here. However, Gibson has worked with lead tel- 
luride containing only 5 X 1016 carriers/era a (6). 
Putley (8) reports the best values of hole mobility 
and electron mobility at 290~ to be 840 cm2/volt - 
see and 2100 cm2/volt-sec, respectively. Values ob- 
tanned for the room-temperature mobilities of holes 
and electrons in the present research were 860 cm2/ 
volt-see and 2240 cm2/volt-sec. 
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Crystal Structure and Thermodynamic Studies on the 
Zirconium-Hydrogen Alloys I 

EARL A. GULBRANSEN AND KENNETH F. ANDREW 

Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 

ABSTRACT 

T he  phase  d iag ram of z i r con ium-hydrogen  alloys was s tud ied  on alloys p repa red  a t  
low t em pe r a t u r e  and  for alloys in  the  composi t ion  range  of ZrH0,025 to ZrH1.96a. Decom- 
pos i t ion  pressure s tudies  were made  over  the  composi t ion  range  and  for a series of 
t empera tu res .  Resul t s  of these  measu remen t s  were in complete  agreement  wi th  crys ta l  
s t r uc tu r e  s tudies  on the  ma jo r  phases.  

Resul ts  show presence of two ma jo r  hydr ide  phases,  namely ,  the  ~- and  e-phases as 
descr ibed by  I-I~gg, No evidence was found  for e i the r  the  -y- or ~-phases  of Hi~gg, a l t h o u g h  
the  l a t t e r  phase  was found  only  a t  h igh  t empe ra tu r e  by  Hggg. The  e-phase was found to 
have  a wide range of homogene i ty  f rom ZrH~.ge5 to a b o u t  ZrH1.65. The  a-phase was 
found  to have  a composi t ion  near  ZrH1.59 and  a range  of homogene i ty  f rom ZrH~.4 to 
ZrHI.58. 

A new minor  t r ans i t i ona l  phase  was found  hav ing  the  face-centered  t e t r agona l  s t ruc-  
tu re  and  exis t ing only in the  presence of a -Zr  and  ~-phases. I t  has been des igna ted  as 
the  - / -phase  since i ts  composi t ion is p robab ly  nea r  t h a t  of H/~gg's 7-phase.  

The  free energy of fo rmat ion  of the  ~-phase in con tac t  wi th  a -Zr  con ta in ing  hydrogen  
was de te rmined  f rom decomposi t ion  pressure  da ta .  

INTRODUCTION 

The reaction of zirconium with hydrogen has 
been the subject of a number of experimental 
studies. The literature was reviewed by Smith (1) 
in 1948 and more recently by Gulbransen (2) in 
1953. An analysis of the literature shows some con- 
fusion concerning the phases present in the zir- 
conium-hydrogen system and in the interpreta- 
tion of the absorption isotherms. 

Since hydrogen has been found to embrittle 
zirconium under certain conditions for concentra- 
tions as low as 10 ppm (3) and since zirconium is 
rapidly becoming an industrially important metal, 
it is of interest to reexamine the role of hydrogen in 
the metal. 

This communication will present both thermo- 
dynamic studies on the formation of hydrogen 
alloys from the metal and crystal structure studies 
of these Mloys. Studies are made for Mloys prepared 
at temperatures below 300~ and for compositions 
of ZrH0.025 to ZrH1.965. 

It  has been known for a long time that zirconium 
can absorb considerable quantities of hydrogen and 
still show a metallic appearance. Winkler (4, 5) 
first observed the large capacity of zirconium for 
absorption of hydrogen and proposed that definite 
gaseous and solid hydrides were formed. Gaseous 

1 Manuscript received March 19, 1954. This paper was 
prepared for delivery before the Chicago Meeting, May 
2 to 6, 1954. 

hydrides were not confirmed by Wedekind (6), nor 
by Schwarz and Konrad (7). The formation of the 
hydride ZrH2 was suggested by Weiss and Neumann 
(8) and Wedekind (9) from studies of the absorption 
of hydrogen by zirconium. 

Smith (1) has designated zirconium as belonging 
to the class of exothermic oecluders. These metals 
absorb hydrogen in large quantities, form alloys of 
greater complexity, exhibit solid solution phenom- 
ena, and form one or more secondary phases. 

Absorption isotherms.--Sieverts and Roell (10) 
first studied absorption isotherms on samples of 
metal powders containing 91% zirconium at 800 ~ 
and 1100~ and an absorption isobar at 760 mm of 
Hg hydrogen pressure. Consistent results were 
difficult to attain by their methods. 

Hall, Martin, and Rees (11) recognized the role 
of surface contamination and eliminated surface 
oxide by heating to high temperature in vacuo 
before studying the absorption of hydrogen. Ab- 
sorption isotherms show strong "kinks" for com- 
positions between ZrHI.0 and ZrH1.4 and the shapes 
of the curves show a resemblance to those found for 
the palladium-hydrogen system where a two-phase 
region has been noted. Hall, Martin, and Rees 
(11) interpret the shape of the curves in terms of 
two solution processes occurring together, only one 
of which is rate-determining. 

Crystal structure studies.--H~gg (12) has studied 
zirconium-hydrogen phases on specimens prepared 
at high temperature and cooled to room tempera- 

474 
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TABLE I. Crystal structure data on Zr-H system 

Atom % H Lattice structure and dimensions Reference 
kX units 

0 a - p h a s e  13 

Transition 
temp, ~ 

0 H-phase 
0-5 

20 

33 

50 

66.7 

66.0 

h.e.p.; a = 3. 228 
c = 5.140 
862 ~ • 5~ 

b.c.e. ; a = 3.61 at 900~ 
a-phase ; h.e.p. 

a .... = 3. 247 
c ..... = 5.173 

H-phase ; f.c .c. 
a = 4.66 

7-phase; h.c.p. 
a = 3.335-3�9 
c = 5.453-5.455 

~-phase ; f.c.c. (fluorite) 
a = 4.765-4.768 

~-phase; f.c. tetrag. 
a = 4.964 
c ~ 4.440 

c/a = 0.894 
~-phase; f.c. tetrag. 

a = 4.87 
c = 4.58 

12 

15 

ture. Although no details of his preparation pro- 
cedures are given, many of the samples were pre- 
pared above the a-~ transformation temperature 
for zirconium, the existence of which H/igg was 
probably unaware. Five phases were noted by Hiigg 
(12), including the fl-phase Zr4H which is stable 
only at high temperatures. 

Table I shows a compilation of crystal structures 
of the two zirconimn phases and the several zir- 
conium-hydrogen phases. Data  for pure metal 
phases are averaged values of the published litera- 
ture given by van Arkel (13). The dimensions of the 
unit cells are given in kX units. A value of 1.00202 
has been set (14) as the conversion factor for kX  
units into Angstrom units. Criticism has been raised 
by Smith (1) concerning the existence of some of 
Hi~gg's phases on the grounds that  stresses were 
set up in the sample on cooling through the transi- 
tion temperature and that  inhomogeneities might 
occur in the method of preparation. Hi~gg probably 
realized many  of these difficulties and has not 
suggested that  the work was complete. 

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

Vacuum microbalance.--A vacuum microbalance 
and associated apparatus is used for preparing all 
specimens and for studying decomposition pressures 
of these specimens. The construction and use of the 
microbalance has been described (16). 

Specimens are sheets of zirconium 0.0125 em 
thick. For  convenience two sizes are used. The first 
size weighs 0.05 g and has an area of 1.25 em 2. 
These specimens are used for preparing and studying 

TABLE II. Analyses of zirconium samples 

Foote Zr 
Typical 

Si 
Fe 
A1 
Cu 
Ti 
Mn 
Ca 
M g  

Pb 
Mo 
Ni 
Cr 
Sn 
W 
N 
O 
H 

C 
Hf 

.01 
�9 04 
.01 

< .01 
.03 

< .  001 
.01 

<.  003 
<.  001 
<.  001 

.01 
�9 001 
�9 0 0 1  

<. 001 
< .01 
< .01 
< .02 
<. 001 
2.40 

hydrogen alloys of compositions above ZrH0.10. The 
second size weighs 0.50 g and has an area of about  
12 cm 2. They are used for preparing and studying 
hydrogen alloys below ZrH0.~0. 

The sensitivity of the balance was 0.79 ug/divi- 
sion (0.001 cm) and the weight change was esti- 
mated to 1/~ of a division or (0.20 X 10 -6 g). 
Vacuum sys tem.- -Vaeuum and reaction systems are 
of critical importance in studying reactions of 
highly reactive metals such as zirconium. The 
vacuum system used in this s tudy is of all glass 
construction and can be evacuated readily to pres- 
sures considerably lower than 10 -6 mm of Hg. A 
mullite furnace tube (17) which contains the speci- 
men is sealed directly to the Pyrex apparatus.  
Previous studies (17) have shown that  pressures less 
than 10 -8 mm of Hg can be achieved in this system 
with the furnace tube at 900~ after pumping over 
night. 
Preparation of gases.--Pure hydrogen is prepared 
by diffusing purified electrolytic hydrogen through a 
hot palladium tube. Experience has shown that  
gas purity is also a critical factor in the s tudy of the 
zirconium-hydrogen reaction. Reproducible results 
are obtained only with the purest preparations of 
hydrogen. 
Samples and sample preparation.--High puri ty  
iodide process zirconium is used for all experiments. 
Spectrographic and chemical analyses are givei~, 
in Table I I .  The largest impuri ty is 2.4% of haf- 
nium. 

All specimens are abraded starting with 1/0 
polishing paper and finishing with 4/0. The last two 
papers are used with purified kerosene. Samples 
are then cleaned successively with soap and water, 
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distilled water,  petroleum ether, and absolute 
alcohol. After  a prel iminary weighing, specimens 
are placed in a desiccator until ready for use. 
X-ray diffraction apparatus.--An iron target  x-ray 
tube was used as a source of x-rays. The x-ray beam 
was monochromat ized to give FeKa radiation. A 
9-cm Unicam powder camera was used to record 
reflections. I lford x-ray film was used in the camera.  

To  reduce the background the camera was evacu- 
ated to 0.01 m m  of Hg pressure. An exposure t ime 
of one day  was used to bring out the weak lines of 
minor phases present in some samples. 

A pure NaC1 specimen was used for calibrating 
the camera a t  a 2 0 value of 90~ 

METHOD 

Preparation of samples.--The vacuum microbal- 
ance was well suited for the prepara t ion of hydrogen 
alloys of definite composition. The  weighed sample 
was placed on the support ing wire and suspended 
from one end of the balance beam. After closing 
off the system, the appara tus  was part ial ly evacu- 
ated and the liquid nitrogen t rap  put  in place. 
The  evacuat ion was now completed and the system 
pumped  for 16 hr or longer at  a pressure below 
10 -6 m m  of Hg.  

To  remove the room tempera ture  oxide a fur- 
nace at  700~ was placed around the furnace tube 
for 2 hr, af ter  which the sample was cooled to the 
reaction tempera ture  in vacuo to prepare the par-  
ticular hydrogen alloy. During this heating cycle 
some pick-up of gases f rom the vacuum system would 
be expected to occur. This  was found to be of the 
order of 2 to 3 tLg or less which was negligible for 
our purposes. To assure homogene i ty  the specimen 
was homogenized for 20 hr or longer a t  the prepara-  
tion temperature .  For  specimens prepared above 
150~ this t r ea tment  appeared to give a uniform 
composition throughout .  Weight changes occurring 
during this t rea tment  were 2 to 3 ~g or less. 

Decomposition pressure studies.--Zirconium re- 
acts with hydrogen to form at  least two stable 
hydrides in addition to the a-phase  of zirconium 
containing hydrogen. The  phase d iagram of the 
zirconium-hydrogen system can be determined b y  
measuring decomposition pressures at  a series of 
temperatures  over the complete composition range. 
Decomposi t ion pressure was determined by  closing 
off the sample from the vacuum pumps  and reading 
the hydrogen pressure by  means  of a calibrated 
McLeod gauge. Readings were made on both  the 
decomposition (heating) cycle and on the absorp- 
tion (cooling) cycle. In  this way true equilibrium 
values could be obtained. Ext reme care was used 
to avoid contaminat ion.  I f  contaminat ion occurred, 
readings were erratic and nonreversible. 

Crystal structure studies.--Special samples were 
made  for x-ray diffraction analyses following the 
method  described above (Vacuum microbalance).  
Bri t t le  specimens were ground to a powder and 
placed in a 0.3 m m  glass capillary having a wall 
thickness of 0.01 mm.  Strips were cut f rom the 
ductile specimens of 0.013 X 0.05 X 1.0 cm size. 
X- r ay  diffraction pa t te rns  were made  directly on 
these samples. 

Since the absorption coefficient of the Ka iron 
x-ray radiation by  Zr was large, the outer surface 
of the specimen contributes main ly  to the x-ray 
diffraction pat tern .  This  makes  it  possible to test  
the presence of surface contaminat ion or inhomo- 
geneities in the specimen b y  the use of etching 
processes. Thus,  some of the specimens were etched 
in a mixture of 1 cc conc. HNO3, 10 cc of 48 % HF,  
and 90 ec of H~O. The  etching process required 5 
to 30 sec time, the 30-sec etch removing about  50 % 
of the material .  

RESULTS AND DISCUSSION 

Decomposition Pressure Studies 

Twenty-one  compositions were prepared and 
studied in the range of ZrH0.025 to ZrHlv4. De- 
composition pressures were measured in the tem-  
pera ture  range of 325 ~ to 550~ directly after  prepa-  
rat ion to avoid contaminat ion.  

Fig. 1 to 4 show typical  results. Decomposi t ion 
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pressures are plotted on a logarithmic scale against 
1/T. Fig. 1 shows a plot of results for the composi- 
tion ZrH0.99. A reversible process was noted. Since 
the total  quant i ty  of hydrogen was small for the 
0.05 g samples, the composition of the alloy changes 
for pressure readings above 10 -2 mm of Hg. For  
Fig. 1 this change in composition has no effect on 
the straight line character of the plot at this point. 
This suggests that  the composition ZrH0.99 is in a 
two-phase region where the pressure is independent 
of composition. This can be seen in Figure 5. 

Fig. 2 shows a similar plot for the composition 
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FIG. 5. Decomposition pressure ZrIt~ 

ZrH] a,. This plot also shows a reversible character  
and individual measurements are nearly identical 
with those for the composition ZrH0.99. The  straight 
line character of the curve persists above 10 -~ mm 
of Hg which suggests tha t  the composition ZrtI l .~ 
is also in a two-phase region. 

Fig. 3 shows the plot for the composition 
ZrHI.~I. Here, a break occurs in the plot between 1 
and 2 • 10 -2 mm of Hg. Decomposition pressure is 
dependent upon the composition which suggests a 
single-phase region. 

Fig. 4 shows a similar type  of plot for the com- 
position ZrH1.74. This composition is also in a single 
phase region. 
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TABLE III .  Summary of x-ray data (25~ 

Exp. No. T ~ p ,  

63-17 100 
63-16 125 
63-15 150 
63-9 150 
65-11 150 
65-12 250 
65-15 150 
63-10 200 
63-14 225 
63-13 225 
63-6 175 
63-12 225 
64-45 225 
64-41 225 
64-17 230 
64-46 250 
64-47 250 
64-34 250 
64-35 270 
63-18 275 
63-11 225 
63-21 225 
62-52 150 
63-4 200 
63-2 225 

"Homogenized. 

Preparation 
time, min 

10 
10 
12 
45 
81 

48 
13 
8 

15 
165 
38 
51 
65 

1 
27 
29 
48 
51 
23 
57 
82 

558o 
3OO 
180 

Compn. 

ZrH0 m 1 0  

Z rHo. 15 
ZrH0.24 6 
ZrH0.4s 
ZrH0.52 
ZrH0.52 
ZrH0.53 
ZrH0.5~ 
ZrHo.~55 
ZrHo .s~ 
ZrHl.lo5 
ZrH1 .~ 
ZrH~.,4 
ZrH~., 
ZrH~.~ 
ZrH~.~ 
ZrHt.~6 
ZrHl.~0 
ZrH~. ~ 
ZrH~.~ 
ZrH~. ~4~ 
ZrH~.~, 
ZrH~ .s, 
ZrH~.~ 
ZrH~.~ 

Treatment 

Homy 100~ 21 hr 
Hom. 125~ 20.5 hr a 
Hom. 150~ 20 hr a 
Hom. 150~ 20 hr 
Hom. 250~ 19 hr a 
Prep. from ~-phase a 
Direct, no hom. a 
Hom. 200~ 20 hr 
Hom. 225~ 20 hr 
Hom. 225~ 20.3 hr a 
Hom. 175~ 15.5 hr a 
Hom. 225~ 20.5 hr 
Hom. 325~ 18 hr a 
Hom. 225~ 19 hr a 
Heated to 500~ hom. 200~ 63 hr 
Heated to 375~ horn. 325~ 19 hr 
Prep. from ~-phase (fast) a 
Prep. from ~-phase (fast) 
Hom. 250~ 18 hr 
H2 quenched 
Hom. 225~ 19.5 hr 
Hom. 225~ 19 hr 
H2 cooled 
Hom. 175~ 15 hr 
Hom. 200~ 19 hr 

Results 

+ 8 + tr 3/ 
4- a + tr ~' 
+ a + t r v '  
+ 8 + s .a .  ~' 
+ a + tr ~' 
+ a q- s.a. ~' 
+ a + s .a .  7' 
+ a + t r T '  
+ a + tr 7' 
+ a + tr  7 ~ 
+ a + s .a .  7' 
+ 5 -{- tr T' 
+ tr T' 
+ tr ~' 

+ t r e  

~+tr~ 
5b 

E 

E 

Not in agreement with other observations. 
tr--Trace. 
s.a.--Small amount. 

Fig.  5 shows a summary  of the  decomposit ion 
pressures at  500~ on a logari thmic scale, together  
with room tempera tu re  crysta l  s t ruc ture  studies of 
the  phases. These studies will be discussed later.  
Fig.  5 suggests the  following conclusions a t  500~ 
(A) The e-phase has a range of homogenei ty  ex- 
tending from ZrH1.9~5 to a composit ion near  ZrHI.~4. 
(B) The f-phase has a range of homogenei ty  from 
about  ZrHL4 to ZrHL56. (C) A two-phase region 

+ ~ m a y  exist between ZrHL~ and ZrHL64 al- 
though this has not  been proved.  (D) A two-phase 
region consisting of a- and &phases was found to 
exist between ZrH0,0~ to ZrHL40. (E) Below a com- 
posit ion of ZrH0.04 a single phase region of a -Zr  
wi th  hydrogen in solid solution was found to exist. 

Crystal Structure Studies 

A summary  of the results are shown in Table  I I I  
and  in a graphical  form in Fig.  5. Thermodynamic  
studies at  500~ are in essential agreement  wi th  
crysta l  s t ructure  studies made on specimens pre- 
pared a t  t empera tures  of 300~ and lower. One 
exception is to be noted.  This is the  presence in 
the  crystal  s t ruc ture  studies of a minor  t ransi t ional  
phase. The existence of this phase now designated 
as the ~ ' -phase in the  z i rconium-hydrogen sys tem 
was first recognized by  Jack  (19) in a pre l iminary 

x-ray s tudy  of our specimens. I t  was also suggested 
by  Jack  (19) t ha t  this  phase is a t rans i t ion  phase 
between the hexagonal  a -Zr  phase and Hi~gg's 
face-centered cubic f-phase. I t  is present  only in 
small  or t race  amounts  together  wi th  the  a-  and 
f-phases. 

The evidence for the existence of the ~/-phase is 
ra ther  strong, as can be noted in Table  I I I ,  since 
lines associated with  this  phase were found on m a n y  
samples both  etched and unetched.  No  evidence 
was found for this  phase from the decomposi t ion 
pressure studies at  higher temperatures .  

Fig.  6 shows a microphotometer  t race of an x-ray 
diffraction pa t t e rn  of a ZrH0.52 composi t ion pre- 
pared from e-phase by  heat ing in vacuo. Three  
definite extra  reflections are noted in the  pa t te rn .  
Calculat ions show these reflections fit a face-centered 
te t ragonal  cell with la t t ice parameters  given in 

FIG. 6. Evidence for v' phase 



Vol. 101, No. 9 479 CRYSTAL S T R U C T U R E  OF ZrH ALLOYS 

TABLE IV. Comparison lattice parameters zirconium hydride phases 

Phase 

a 
t 

3' 

Composition 

Z r H 1 . 9 6 5 -  Z r H ] . 6 4  

ZrH1.44- ZrHI.~ 
ZrH= 

Structure 

Face-centered tetragonal 

Face-centered cubic 
Face-centered tetragonal 

Lattice parameters 

Present work 

a = 4.97 + 0.01 
c = 4.48 q- 0.01 

a/e = 1.11 4- 0.01 
a = 4.78 4- 0.01 
a = 4.61 4- 0.01 
e = 4.975 • 0.01 /~ 

a/c = 0.926 • 0.003 

H~igg 

a = 4.974A 
c = 4.440/~ 

a/c = 1.118 
a = 4.778/~ 

TABLE V. Calculated patterns 

a-Zr phase a-Phase 7 '  Phase 

hk dhkl(~) 

2.726 
2.488 
2.304 

111 
0O2 
200 
2O2 1.691 
220 1.629 
113 1.478 
311 1.398 
222 1.363 
004 1.244 
400 1.152 

313\ 109  
2041 
331 1.061 
402 1.046 
420 1.031 

hkl dhkl (h) 

111 
2OO 
220 
311 
222 
400 
331 
420 
422 

511/ 

2.75 
2.384 
1.687 
1.438 
1.376 
1.192 
1.094 
1.066 

.973 

.921 

f.c.t, f.c,c. 
a = 4.61 A a = 4.78/~ 

a/c = 0.926 

Table IV. The theoretical pat tern based on this 
structure is shown in Table V and compared with 
the calculated patterns for the a-Zr and ~-phases. 
With the exception of the three observed reflections, 
the other lines are masked by lines from the a- and 
6 -phases. 

Thermal properties of this new phase have not 
been investigated. I t  appears to form by  direct 
preparation in the a + a region of composition or 
by removal of hydrogen from the e-phase. The 
composition of this phase has not been determined. 
However, a plot of the volume of the several hydride 
phases in Fig. 7 suggests a composition near ZrH0.5 
or the same composition as H/~gg's hexagonal 7-phase 
which we have not observed in this study. 

Table IV shows a summary of crystal structure 
data on the several phases formed in the zirconium- 
hydrogen system with the alloys being formed at 
low temperatures. Averaged lattice parameters 
are also given in Table IV. The a-phase was studied 
by direct hydriding to the given composition and 

112 

108 

10'4 
V 
03 
A 

I00 

96 a~f.~c_~c ' 
920  0.25 

t 

f c t  I 

h.?p. 

0.50 

_.L f 

f.cc. 

o 7 5  I.oo L25 
H/zr 

o 

f.c.c, f.c.t 

1.50 

THIS 
WORK 
HAGG 

THIS 
WORK 

HAGG 

1.75 2.00 2.25 

FIG. 7. Volume Zr and ZrH= structures 

also by removal of hydrogen from E-phase prepara- 
tions until the proper composition was achieved. 
Results were in complete agreement with one 
possible exception noted in Table I I I .  

Free Energy of Formation of the Delta Phase 

The decomposition pressure of the a-phase in Fig. 5 
at 500~ was found to be dependent upon composi- 
tion. However, in the two-phase region, the de- 
composition pressure of the a-phase is the same as 
that  for the a-phase saturated with hydrogen. 
Therefore, over the composition range of ZrH0.04 
to ZrHi.40 a constant pressure is observed at 500~ 
I t  is, therefore, of interest to determine the free 
energy equation for the a-phase in contact with the 
a-phase saturated with hydrogen. For  purposes of 
calculation a composition of ZrH1.5 for the a-phase 
is taken. 

Consider the equation 

Zr(s) + 3/4H~(g) ~ ZrHL~(s) (I) 

The equilibrium constant  K is given by 

K -3/~ = p ~  (II)  

The standard free energy of formation AF ~ is given 
by 

AF ~ = + 3 / 4 R T  In p ~  ( I I I )  

Here, R is the gas constant, T the temperature,  
and p the pressure in atmospheres. 
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TABLE VI. Decomposition pressure ZrH~.5 
with a-Zr) 

(in contact 

t - AFO avg T in P 

673.1 -15.84 
698.1 -- 14.05 
723.1 --12.90 
748.1 - 11.84 
773.1 -- 10.80 
798.1 --9.87 
823.1 --9.18 
848.1 -8 .35  

400 
425 
450 
475 
500 
525 
550 
575 

15,820 
14,603 
13,820 
13,300 
12,600 
11,750 
11,230 
10,520 

AH0 ~ is f o u n d  equa l  to  - -34 ,930 c a l / m o l e  whi le  t h e  
a v e r a g e d  va lue  for  I = 43.88. 

T h e  final s emi -empi r i ca l  e q u a t i o n  for  r eac t i on  (I)  
is 

A F  0 = - -34 ,930  --  2.25 T in T + 43.88 T ( I X )  
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T a b l e  V I  gives a s u m m a r y  of d a t a  a n d  ca l cu la t ed  
va lues  for  t h e  free ene rgy  of f o r m a t i o n  of ZrH1.5 in 
con t ac t  w i th  a -Zr .  

T h e  free ene rgy  as a func t ion  of t e m p e r a t u r e  can  
be o b t a i n e d  f rom the  r e l a t ion :  

A F  ~ 
0 - -  

T A H  ~ 
- ( i v )  

OT T 2 

where  

�9 T 
AH~ = A H ~ 1 7 6  A C p d T  (V) 

Here ,  AH ~ is the  s t a n d a r d  hea t  of r eac t ion  a t  t em-  
p e r a t u r e  7', AH~ is the  s t a n d a r d  h e a t  of r eac t ion  
a t  0~ AC, is the  difference in h e a t  capac i t i e s  of 
p r o d u c t s  and  r eac t an t s .  

U n f o r t u n a t e l y ,  h e a t  c a p a c i t y  d a t a  a re  no t  ava i l -  
ab le  on ZrH15 a n d  on ly  a semi -empi r i ca l  equa t ion  
can  be der ived .  K u b a s c h e w s k i  and  E v a n s  (18) 
sugges t  t he  use of an  a p p r o x i m a t e  va lue  for  ACp 

for reac t ions  of this  t y p e  of A C ,  = 2.25. Subs t i -  
t u t i ng  in equa t ions  (IV) and  (V) a n d  i n t e g r a t i n g  

A F  o = A H  ~ -- 2.25 T i n  T + I T  ( V I I )  

Here ,  I is t h e  conven t iona l  i n t e g r a t i o n  c o n s t a n t  
and  ~H~ is d e t e r m i n e d  f rom a c o n v e n t i o n a l  t h e r m o -  
d y n a m i c  p lo t  of Z aga ins t  1 / T .  Here ,  

X - AH~ + I ( V I I I )  
7' 

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 
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Determination of Barrier Layer Thickness of Anodic 
Oxide Coatings' 

M. S. HUNTER AND P. FOWLE 

Aluminum Research Laboratories, Aluminum Company of America, New Kensington, Pennsylvania 

A B S T R A C T  

A novel me thod  is described for measur ing the th ickness  of a bar r ie r  typ~ anodic 
oxide coat ing or the  barr ier  layer  por t ion  of a porous type  anodic oxide coating. This  
method  is used to follow the evolut ion of the  barr ier  layer  dur ing  the  ear ly  stages of 
the  fo rma t ion  of a porous type  coat ing on a luminum and  to es tab l i sh  cer ta in  dimen-  
sions of the  fundamen ta l  oxide cells which comprise th is  type  of coating. 

INTRODUCTION 

The virtues of the durable, protective anodic 
oxide coatings applied to aluminum have long been 
known and appreciated, but only recently have the 
submicroscopic features and dimensions of these 
coatings been established (1). Anodic coatings may 
be either porous or nonporous, depending on the 
electrolyte in which they are formed, but all have 
one feature in common, a zone of nonporous oxide 
or "barrier layer" adjacent to the metal. This paper 
describes a method for measuring the thickness of 
this barrier oxide layer, and demonstrates the manner 
in which this method may be applied to the investi- 
gation of the characteristics of oxide coatings on 
aluminum. 

BARRIER LAYER 

The barrier layer and forces that govern its forma- 
tion and determine its behavior have been the sub- 
] ect of extensive research by many investigators. The 
primary forces governing formation of the coatings 
are believed to be ionic in nature, as indicated by 
Mott (2), Haring (3), Charlesby (4), and others. 
These investigators have stated that the barrier 
layer represents the distance through .which a metal 
ion can penetrate a layer of its oxide under the 
influenee of an applied potential. As such, the thick- 
ness of this layer is a function of the applied voltage, 
which is the driving force behind the metal ion. In 
the ease of aluminum, Hass (5) has shown that 

o 

barrier layer coatings form to a thickness of 14 A per 
volt of applied potential. 

When aluminum is made the anode in an electro- 
lyte that can furnish oxygen-containing ions, com- 
bination between aluminum and oxygen occurs to 
form on the metal a continuous film composed 
principally of aluminum oxide. The nature of this 
film is such that it opposes the movement of ions and 

Manusc r ip t  received April  26, 1954. This  paper  was 
p repared  for del ivery before the  Chicago Meet ing ,  May  
2 to 6, 1954. 
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electrons which is necessary for continued oxide for- 
mation and coating growth as long as the aluminum 
remains the anode. If the aluminum is made the 
cathode, however, the oxide film offers practically no 
resistance to the movement of electrons, and ap- 
preciable current can flow. This behavior is respon- 
sible for the rectifying action characteristic of 
anodically-formed oxide films on aluminum. 

In the absence of solvent action by the electrolyte, 
the oxide layer formed anodically reaches a limiting 
thickness, at which point it becomes an effective 
barrier to further movement of ions and electrons, 
and current flow substantially ceases. The thickness 
of film required to block current flow effectively is a 
linear function of the applied voltage and, once the 
barrier layer has been completely formed, increases 
in thickness can be e~ected only by increasing the 
applied voltage. In this case, the entire coating 
constitutes the barrier layer (Fig. 1), and the thick- 
ness of the barrier layer in Angstrom units is 14 
times the applied voltage. When the barrier layer has 
reached its limiting thickness, only a very low leakage 
current persists. This leakage current is substantially 
current flow through regions in the metal that  con- 
tain constituent particles on which a complete 
barrier type of coating does not form and, conse- 
quently, differs for various alloy compositions. 

In electrolytes that  have the ability to dissolve the 
oxide, the effect of solvent action is superimposed on 
the oxide formation process, with the result that a 
somewhat different situation exists. The electro- 
lytic cell continues to form oxide as long as the bar- 
rier layer corresponding to the applied voltage is not 
complete. Solvent action, however, prevents the 
barrier layer from reaching its limiting thickness. 
Under these conditions, current continues to flow, a 
porous oxide structure is created, and relatively 
thick oxide coatings are formed. As oxide continues 
to form, there remains between the metal and the 
base of the pores a thin layer of barrier oxide which 
restricts, but does not block, current flow. AlthOugh 



482 JOURNAL OF THE ELECTROCHEMICAL SOCIETY September 1954 

FIG. 1. Barrier layer of anodic oxide coatings 

all the oxide formed was at one time in the barrier 
layer, this thin layer of oxide at the base of the pores 
is considered to be the barrier layer portion of the 
porous type of oxide coating (Fig. 1). The thickness 
of this layer in Angstrom units is 14 times the applied 
voltage times a factor having a value less than one. 
The actual value of this factor is determined by the 
electrolyte. 

BARRIER LAYER DETERMINATION 

The thickness of barrier layer coatings and the 
barrier layer portion of porous oxide coatings is 
highly significant in terms of the characteristics and 
behavior of the coatings. In the case of barrier type 
coatings, where the entire coating constitutes the 
barrier layer, a fairly good approximation of coating 
thickness can be made from the interference colors, if 
the coating is greater than about 300 ]t in thickness, 
or by microscopic examination if the coating is 
thicker than about 2000 A. With the porous type of 
coating, which has a layer of porous oxide above the 
barrier layer and has only a very thin barrier layer 
because of the relatively low voltages used, these 
methods are not practical. The electron microscope 
has indicated the presence of the barrier layer portion 
of porous coatings (6), but present replica methods 
are not adequate for precise measurement. 

A method has been developed bywhich the thick- 
ness of a barrier layer coating or the barrier portion 

of a porous type of coating can be determined with 
substantial accuracy. This method is based on oxide 
forming characteristics in electrolytes that do not 
dissolve the oxide. Here, oxide forms anodically to 
the 14 A/v value, and thickness can be increased 
only by increasing voltage. By the same token, if any 
anodic voltage less than the formation voltage is 
applied, only leakage current will flow. If gradually 
increasing voltage is applied to this nonporous barrier 
type of coating in an electrolyte which does not 
exert significant solvent action, values up to and 
including the forming voltage will produce only 
leakage current. Any value above the formation 
voltage will produce current flow greater than the 
leakage value, as the coating tends to form to the 
thickness corresponding to the higher voltage. 

The s~me principles hold with the barrier layer 
portion of the porous type of oxide coating. With 
this type of coating, however, the barrier layer forms 
to a thickness of some value less than 14 A/v as in- 
dicated by the fact that current greater than leakage 
continues to flow. As a result, current higher than 
the leakage value will flow at some voltage below the 
formation voltage. The voltage at which current flow 
equals the leakage value is a measure of the thick- 
ness of the barrier layer portion of the coating. 

An approximation of barrier layer thickness on an 
oxide coated sample may be made by observing cur- 
rent flow with increasing voltage in an electrolyte 
that forms a barrier type of coating. As voltage is 
increased, the leakage current rises very slowly until 
the voltage corresponding to the thickness of the 
barrier is approached. Once appreciable current 
starts to flow, small voltage increments produce 
large increases in current. The approximate thickness 
in Angstrom units of the barrier layer is 14 times the 
highest voltage that does not produce a pronounced 
rise in current flow. With reasonable care, it is pos- 
sible to determine this voltage for coatings formed 
on high purity aluminum to within less than 1 v, 
which corresponds to a barrier thickness of about 4- 
14 A. The value determined in this manner is always 
low, however, because the leakage current for the 
particular material has not been considered. 

A more accurate value for the thickness of the 
barrier layer may be determined by taking into 
account the leakage current for the material under 
investigation. First, the approximate barrier voltage 
is determined as closely as possible in the manner 
described above. Then, the leakage current for the 
material under investigation is determined at this 
approximate voltage. This determination is made by 
applying the particular voltage to a freshly cleaned 
sample of the material and observing the final, 
steady leakage current after the barrier type of coat 
ing is completely formed. Finally, the voltage re- 
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FIG. 2. Electrical arrangement for determining barrier 
layer thickness. 

quired to produce this current flow with the un- 
known barrier layer is determined. This permits 
determination of the actual barrier layer voltage to 
within ~ 0.1 v for coatings formed on high purity 
aluminum, which means that the barrier layer thick- 
ness can be found within about 3 A. 

In the case of coatings formed on high purity 
aluminum, leakage current varies only slightly over 
a rather wide range of voltages so that further 
measurements of leakage current and barrier layer 
voltage are not necessary. In the case of aluminum 
alloys that have higher leakage current and show 
greater variations in leakage with changing voltage, 
such additional measurements are frequently justi- 
fied. 

Excellent results can be obtained with this method 
using the simplest of equipment. All that is required 
is a variable direct current source, an accurate 
voltmeter, and a sensitive milliammeter. The ar- 
rangement used to make the barrier measurements 
discussed in this paper is shown by Fig. 2. To deter- 
mine the barrier layer thickness, the specimen is 
made anode in an electrolyte that does not exert 
significant solvent action on the oxide. A freshly 
cleaned cathode of the same material is used to 
avoid potential differences between the two elec- 
trodes. Current readings are then made at increasing 
voltages and plotted as described above. In the work 
described in this paper, the electrolyte used was a 3% 
tartaric acid solution adjusted with ammonium 
hydroxide to a pH of 5.5, although any other electro- 
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FIG. 3. Determination of barrier layer thickness 

lyte having similar characteristics should be satis- 
factory. The electrolyte was maintained at 75~ 
(24~ during the measurement. 

The manner in which barrier layer thickness 
values are obtained is illustrated in Fig. 3. Here, the 
current values for increasing voltage are plotted for 
two 15-v anodic coatings applied to 1 in. 2 (0.065 
dm 2) samples of high purity aluminum. One of these 
is a barrier type of coating formed in the ammonium 
tartrate electrolyte, and the other is a porous type of 
coating formed in a 15% sulfuric acid electrolyte 
at 70~ (21~ Also, the steady current value repre- 
senting leakage for these aluminum samples in the 
neighborhood of 15 volts is indicated. 

In the case of the 15-v barrier type coating, the 
lowest voltage value to produce significant current 
flow was 14.0 v which gives an approximate barrier 
thickness value of 196 A. The steady leakage current 
measured for the high purity aluminum sheet speci- 
mens of the particular area used was 0.1 ma in the 
range of 10 to 15 v. The intersection of the voltage- 
current curve with the line representing this current 
value occurs at exactly 15 v. This was the voltage 
used to form the coating and represents a barrier 
layer thickness of 210 A, which is the maximum 
thickness of barrier coating that can be formed on 
aluminum by 15 v of applied potential. 

With the porous type of coating, the barrier layer 
thickness must be less than the 14 A/v  value as dis- 
cussed earlier. In the case of the coating formed in 
15% sulfuric acid at 70~ (21~ (Fig. 3), the ap- 
proximate barrier layer thickness, as indicated by the 
voltage required to produce appreciable current 



484 JOURNAL OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

flow, is 133 .~. The intersection of the voltage-cur- 
rent curve with the leakage line occurs at 10.7 v, 
which shows that  the actual barrier layer thickness 
is 150 .~. Thus, in the 15 % sulfuric acid electrolyte 
at 70~ (21~ the barrier layer forms at  a rate of 
10.0 A/v.  The term "uni t  barrier thickness" will be 
used to describe the thickness of barrier layer 
formed per volt of applied potential. 

A P P L I C A T I O N S  

The determination of barrier layer thickness may  
be used to establish many facts concerning the 
formation and behavior of anodic oxide coatings. 
For instance, it is possible to establish changes in 
barrier layer thickness which accompany current 
fluctuations observed during the initial stages of the 
formation of the porous type of oxide coating. Inns- 
much as the barrier layer constitutes the principal 
resistance across the Voltage source, a decrease in 
current  indicates tha t  barrier layer thickness is in- 
creasing and, conversely, an increase in current in- 
dicates a decrease in barrier layer thickness. In 
electrolytes tha t  do not dissolve the oxide appreci- 
ably, current is initially high but  decreases rapidly as 
barrier layer thickness increases. In a relatively 
short time, current reaches a low, s teady leakage 
value, at which point the barrier layer has at tained 
its limiting thickness of 14 A/v.  

In the case of electrolytes tha t  dissolve the oxide, 
solvent action combined with coating formation 
produces a more complex situation. As in the case of 
the barrier type  of coating, current flow is initially 
high and decreases with time as barrier layer thick- 
ness increases. With the porous type of coating, how- 
ever, decrease in current is not as rapid because of 
solvent action which tends to reduce the thickness of 
the barrier layer. After a short time, current flow 
reaches a minimum value and then starts to rise as 
solvent action, which is increasing, first equals and 
then exceeds coating formation. Current  flow be- 
comes steady when formation and solution of oxide 
reach a balance, at which point barrier layer thick- 
ness becomes constant. 

As an illustration of the evolution of the barrier 
layer portion of a porous type of oxide coating, 
changes in barrier layer thickness tha t  occurred 
during the formation of a coating in a 15% sulfuric 
acid electrolyte at 70~ (21~ using a potential  of 
15 v are presented. As shown by Fig. 4, the thickness 
of the barrier layer increased rapidly at first but  as 
solvent action began to have an effect, the rate of 
increase of the barrier layer diminished. After about 
5 sec, solvent action began to exceed the rate of oxide 
formation and barrier layer thickness decreased. 
After about 18 sec, oxide formation again exceeded 
solvent action and barrier layer thickness increased 
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slightly. Finally, after about 25 see, the balance be- 
tween oxide formation and solution of oxide at the 
base of the pores was reached and the barrier layer 
thickness became constant. No fur ther  change in 
thickness was observed up to a t ime of 45 min. The  
rapidity with which the initial fluctuations in cur- 
rent occur and the time required to reach equilib- 
rium thickness are a function of the current ca- 
pabilities of the voltage source. As a result, t ransient  
barrier layer thickness values shown apply only un- 
der the particular conditions of this experiment. 

The method was also applied to sulfuric acid coat- 
ings sealed in boiling water to determine whether the 
hydrated  oxide formed within the pores during seal- 
ing would interfere with the measurement of barrier 
voltage. If this hydrated oxide did interfere with the 
measurements, an apparent  increase in barrier layer 
thickness with sealing would be noted. Measure- 
ments indicated, however, tha t  the barrier layer 
thickness decreased with sealing time. Thus, the hy- 
drated oxide produced during sealing does not inter- 
fere with this measurement.  Therefore, the method 
can be applied to water-sealed as well as unsealed 
oxide coatings. 

This decrease in barrier layer thickness observed 
on sealing in boiling water was investigated further  
to determine the actual effect of such sealing. I t  was 
found that  barrier layer thickness was reduced by 
about  4 A for each ten minutes of sealing, which 
indicates tha t  prolonged sealing t reatments  in boil- 
ing water may  be detrimental.  

Determinations of unit barrier layer thickness have 
been made in four electrolytes used to make porous 
type  anodic coatings inasmuch as barrier layer 
thickness is one of the impor tant  dimensions of the 
oxide cell. Electrolytes selected were those used in 
previous work on the dimensions of anodic oxide 
coatings. Unit  barrier thickness was found to be 
practically independent of forming voltage but  varied 
appreciably among the four electrolytes, as was the 
case with cell wall thickness. Also, variations in unit  
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barrier thickness and unit  wall thickness were in the 
same order in the four electrolytes, al though the 
unit  barr ier  thickness was greater  by  a factor  of 
about  1.2. The  unit  barrier thickness values from 
this work and the unit  wall thickness and pore diam- 
eter values from previous work (1) are given in 
Table  I.  These values along with forming voltage 
establish the dimensions of oxide cells of coatings 
formed in these electrolytes. 

TABLE I. Basic dimensions of oxide cells 

Electrolyte 

4% Phosphoric acid, 75~ (24~ 
2% Oxalic acid, 75~ (24~ 
3% Chromic acid, 100~ (38~ 

15% Sulfuric acid, 50~ (10~ 

Barriel 
A/volt 

].1.9 
11.8 
12.5 
10.0 

Wall 
A/volt 

10.0 
9,7 

10.9 
8.0 

Pore 
diameter, s 

330 
170 
240 
120 

Barrier layer thickness determinations,  in com- 
bination with determinat ions of oxide cell size by  
electron microscopic examinations of cell base pat-  
terns, m a y  be used to obtain an approximat ion of 
the formation voltage of an unknown anodic coating 
made in any  of these four electrolytes and the par-  
ticular electrolyte in which it was formed. From 
previous work (1) 

C = 2 W E  + P (I) 

where C is the size of the individual oxide cells, W 
is unit wall thickness (the thickness of oxide in the 
cell wall per volt  of forming potential),  E is forming 
voltage, and P is pore diameter.  Also, 

T = B E  (II)  

where T is total  barrier  thickness, B is unit  barrier  
thickness, and E is forming voltage. Inasmuch  as 
unit barrier  thickness is approximate ly  1.2 t imes 
unit wall thickness, equation (II)  m a y  be wri t ten as 

T = 1.2 W E  ( I I I )  

Combining equations (I) and ( I I I )  gives equat ion 
(IV) which defines pore diameter  in te rms of cell 
size and total  barr ier  thickness. 

P = C - - 1 . 6 7 T  (IV) 

C can be determined f rom measurements  of the cell 
base pa t te rn  of the unknown coating, and T carl be 
found from barrier  layer thickness determinations.  
As a result, pore diameter  can be calculated and, if 
the electrolyte was one of the group which has been 
investigated, the part icular  electrolyte can be 
established. Uni t  barrier  thickness and unit  wall 
thickness are then known and either equation (I) or 
(II)  may  be solved to establish forming voltage. 

The  examples which have  been presented are but  
a few of the m a n y  ways in which the determinat ion 
of barrier  layer thickness m a y  be applied to the in- 
vest igat ion of anodic oxide coatings. These measure-  
ments  have revealed m a n y  interesting and unusual  
facts relating to the format ion of these coatings and 
have been useful in establishing the electrolyte type  
and forming conditions used to produce coatings 
having certain desirable characteristics. Determina-  
tion of the barr ier  layer thickness m a y  be used to 
establish the effect of various t rea tments  or environ- 
ments  on anodically formed oxide, to invest igate the 
nature  and characteristics of the natural  oxide film 
on aluminum, and to explore other phases of anodic 
coating format ion and behavior,  the scope of which 
is limited only by  the imagination of the investigator.  
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The S ;derberg Self-Baking Electrode' 
M. O. SEM 

Elektrokemisk A/S, Oslo, Norway 

A B S T R A C T  

The  paper  discusses the  difference between electrode pas te  as used for p rebaked  elec- 
t rodes  and  SSderberg electrodes. Baking  condi t ions  in  a self-baking electrode are de- 
scribed.  The qua l i ty  depends on the  calcining t empe ra tu r e  of the  dry  mater ia l .  New 
equ ipment  giving improved  bak ing  condi t ions  for the  electrode is described. 

INTRODUCTION 

Consumption of SSderberg electrodes in the 
United States totals approximately 300,000 tons per 
year, while another 1.80,000 tons are consumed 
annually in Canada. Most of this is consumed in 
furnaces for the production of aluminum. Lately, 
however, a number of large carbide furnaces in the 
USA have been provided with S6derberg electrodes 
so that  its use is now considerable in smelting 
fllrnaces. A discussion of conditions existing in the 
S6derberg electrodes is, therefore, of considerable 
interest. 

SODERBERG ELECTRODE PASTE 

Carbon electrode paste is made of material like 
calcined anthraci te  alone, or with petroleum coke 
or pitch coke mixed with a carbonaceous binder 
such as a medium pitch. Exact  composition of the 
paste depends on the product of the electric furnace, 
i.e., in aluminum pots the paste must be made from 
petroleum coke or pitch coke in order not to intro- 
duce impurities into the produced metal. In most 
other cases, calcined anthracite is used predomi- 
nantly. When first developed, the paste for SSder- 
berg electrodes in Norway was made as closely as 
possible to the paste used for prebaked carbon 
electrodes. The latter are pressed from a rather dry 
paste in heavy hydraulic presses, or by  other high 
pressure means. This could not easily be applied to 
the S6derberg electrode since it is made up in 
place over the furnace in which it is used. I t  was 
generally believed that  it would not be possible to 
make in this way an electrode which would compete 
successfully with prebaked electrodes. During the 
first tests it became evident tha t  conditions pre- 
vailing in the S6derberg electrodes during baking 
differ radically from those of prebaked electrodes. A 
much softer paste is required in order to at tain 
satisfactory operation. The production of a self- 

i Manusc r ip t  received March  12, 1954. This  paper  was 
prepared  for del ivery before the  Chicago Meet ing,  May  2 to 
6, 1954. 
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baking electrode is an art  which cannot be under- 
stood from the previous procedure. 

Actually, it was found that  S6derberg electrodes 
were highly improved in quality with increase in 
binder. The reason is that  the baking zone in the 
electrode during its use is more or less horizontal, 
moving slowly upward as the electrode is lowered 
into the electric furnace to make up for electrode 
consumption. The soft paste in the upper part  of 
the electrode rests with its weight on the baking 
zone and settles as the first volatiles are driven off 
during baking. Volatiles cannot rise in the electrode, 
but  must escape downward through the pores of the 
already baked electrode and out the casing. This 
part  of the electrode is incandescent (800 ~ 900~ 
and descending tar  vapors passing through the 
carbon are cracked, leaving a considerable amount  
of carbon in the pores. This condition is illustrated 
in Fig. 1 and 2 which apply to a S6derberg electrode 
in a closed steel furnace and in an aluminum furnace, 
respectively. 

Cracking of the volatiles can be studied easily in 
the laboratory by  passing tar vapors slowly through 
a porous carbon electrode at temperatures between 
600~176 Results of such experiments (Table I) 
show a decided improvement in the quality of the 
electrode paste with higher carbon deposition. Thus, 
2 -3% carbon increases the crushing strength by  
more than 150 kg /em 2. 

Evidently,  the quality of a S6derberg electrode 
depends on the amount  of tar  fumes forced through 
the porous part  of the baked electrode. Actually, the 
content of binder in the electrode paste is made as 
high as pract icable--under  ordinary conditions, 
4-10% more than in a paste used for prebaked 
electrodes. The actual content of binder in the paste 
depends on conditions and must  be adjusted to the 
raw material of the electrode as well as to circum- 
stances prevailing in the electrode while it is in use. 

This condition may  be illustrated by  saying tha t  
there is no upper limit to the amount  of binder 
tha t  may  be used in the S6derberg paste, but  there 
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FIG. 1. Temperature zones in a S6derberg electrode in a 
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FIG. 2. Temperature zones and baking zone in a S6der- 
berg aluminum anode. 

is a decided lower limit, which is sufficiently high to 
render this paste useless in prebaked  electrodes. 
Ordinarily, 18 % binder is minimum.  

O N  C A L C I N I N G  OF A N T H R A C I T E  AND 

P E T R O L E U M  C O K E  

These materials  are calcined prior to use in the 
S6derberg electrode paste because volatile ma t t e r  
must  be driven off, and shrinking of materials  
during calcination finished, before the binder is 
mixed in. I f  not, the electrode will crack during 
operation because volatiles of the binder are driven 
off at a lower tempera ture  than  the last fraction of 

TABLE I 

Temp, ~ 

No gas passed 
700~ 
700~ 
800~ 

Increase in 
weight 

7% 
3.2% 
2.3% 

ohms/m/mm2 

128 
106 
94 

105 

Apparent 
density 

1.38 
1.38 
1.42 
1.43 

Crushing 
strength 
kg/cm~ 

203 
290 
363 
348 

TABLE II 

Baked Sample Anthracite i Electrode Paste 

~, �9 ] Binder [ Loss in 
Type _ _  ~ % _ _  ohr~m~s:me ~ m . . . .  tent baking 

A 810 ] 21 14.7 
B 1280 [ 19 / 12 

Crushing 
El. resist, strength 

3hms/m/mm2 kg/m/cm 2 

102 152 
104 254 

volatiles contained in the dry materials.  Shrinking 
takes place at tempera tures  where volatiles have 
been evaporated.  

For these reasons it is necessary to calcine raw 
materials at about  1200~ or more. The higher the 
calcining temperature ,  the more complete the 
shrinking and the higher the absolute density of the 
material .  I t  has been found, however, tha t  it is 
impor tan t  not to calcine at a higher tempera ture  
than  necessary. The higher the calcining tempera-  
ture the more binder is needed for production of an 
electrode paste of a certain viscosity at, operating 
temperatures.  M a n y  laboratory tests have been 
carried out showing tha t  wetting the surface of the 
raw materials requires more binder, the higher the 
calcining tempera ture  (Table I I ) .  

This table shows tha t  an anthraci te  with higher 
resistance because of bet ter  wett ing produces a 
much stronger electrode of approximately  the same 
electrical conductivity.  

These experiments show the importance of carry- 
ing out calcination under strictly controlled con- 
ditions. Actually, the best temperatures  mus t  be 
ascertained for each type  of carbon material .  
Previously, calcining furnaces used for anthraci te  all 
over the world were electric shaft  furnaces through 
which anthraci te  passed vertically. The  mater ial  so 
produced has been found to be heterogeneous after  
calcination because electric current in the anthra-  
cite or coke concentrates in certain paths by  vir tue 
of the increase in conduct ivi ty  with temperature .  
The calcined anthraci te  produced in these furnaces 
would therefore tend to be overheated along the 
center par t  of the furnace, while materials  passing 
down the furnace walls would not be fully cal- 
cined. For petroleum coke, a gas- or oil-fired ro- 
ta t ing kiln has been adopted to advantage.  A higher 
tempera ture  must  be used for anthracite.  
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In order to calcine under fully controlled, even 
conditions an improved electric calcining furnace 
has been developed? It is a rotating tube furnace, 
a part of which is provided with graphite electrodes. 
These are used to pass electric current through the 
anthracite, and temperature can be increased under 
strictly controlled conditions. Volatiles are burned 
and used to preheat the charge before it enters the 
heating zone at 600~176 The power consump- 
tion of such a furnace is only 300-500 kwhr/metric 
ton of calcined anthracite. In comparison, the previ- 
ous electric shaft furnace ordinarily consumed about 
1000-1.100 kwhr/metric ton. A furnace of about 50 
tons of calcined anthracite per day is now operating 
in Norway. 

SELF-BAKING OF ELECTRODES 

The quality of the baked SSderberg electrode, 
produced from a given electrode paste, is governed 
by the rate of baking and the efficiency of pyrogenie 
cracking of volatiles in pores of the electrode during 
the baking process. This is considered more fully in 
terms of conditions prevailing in a smelting furnace 
such as a carbide furnace. 

Descent of the electrode into the smelting fur- 
naee depends on the electrode consumption, which 
again is dependent on the particular process carried 
out in the furnace. Ordinarily, dimensions of the 
electrode are determined by conditions existing in 
the furnace. It  is therefore not possible to control 
electrode consumption in inches per day. Consump- 
tion, however, is practically even during operation 
of the furnace, which is continuous. The baking 
process progressing through the electrode during 
the operation is, however, not only governed by 
electrode consumption per day, but also to a large 
extent by slipping of the electrode through the 
water-cooled electrode holder. The baking condi- 
tions will be very different if the electrode is slipped 
through the holder frequently in short lengths or 
seldom, but farther each time. In ordinary smelting 
furnaces the baking zone in the electrode is found 
inside the water-cooled electrode holder in such a 
way that the electrode is ready baked in the lower 
part of the holder but unbaked in the upper part of 
it. Thus, the electrode takes the shape of the holder, 
and a good electrical contact is obtained. I t  is easy 
to determine the shape and place of the baking 
zone by introducing a long rod through the soft 
green paste in the upper part of the electrode. 

Ordinarily, electrode consumption in furnaces 
for the production of carbide and ferrolloys, as 
well as in steel furnaces, amounts to approximately 
4-20 in./day, according to conditions. Slipping 

2 Through cooperation between Elektrokemisk A/S and 
F. L. Smidth & Co. A/S, Copenhagen. 

electrodes weighing 15 tons or more through the 
holder has always been an awkward operation. The 
ordinary practice has been to slip the electrode at 
least 4-10 in. at a time. As seen from the baking 
zone, Fig. 1, every slip moves the baking zone 
downward in relation to the holder. After each slip- 
ping, the baking proceeds rapidly until the baking 
zone has again reached the starting position, where 
the cooling effect of the electrode holder reduces the 
baking rate strongly. After each electrode slip tar 
vapors in the baking zone are driven off very fast, 
and more violently the farther the electrode is 
slipped at each time. Since tar vapors must escape 
downward from the baking 
part of the electrode, such 
volatiles may easily result 
pressure in the electrode 
proceeds too fast. 

zone through the baked 
violent development of 
in accumulation of gas 
whenever the baking 

At first it was the practice to make holes in the 
electrode casing in order to let tar vapors escape as 
easily as possible. This has disadvantages because 
the vapors condense on the electrode holder where 
they mix with dust and disturb the electrical con- 
tact. The most important drawback to this practice 
is that the tar vapor is not broken up sufficiently 
in the electrode pores. Thus, it has been found 
better to use a gas-tight electrode casing whereby 
the tar vapors must pass through a large part of 
the incandescent baked electrode. The baked elec- 
trode ordinarily has a porosity of 25% or more so 
that it is easy for gas to escape through this part of 
the electrode, provided it is developed rather 
evenly. If baking does not proceed slowly and 
evenly, gas pressure in the electrode may make it 
swell, and perhaps burst. (Fig. 3) 

The paste swells between about 300 ~ 400~ de- 
pending markedly on rapidity of the temperature 
rise. Under ordinary conditions it does not affect 
the quality of the electrode. Best baking conditions 
are obtained if the electrode can slide continuously 
through the water-cooled electrode holder. For 
practical reasons this cannot be effected satisfac- 
torily. I t  is necessary to let the electrode slide 
through the holder at intervals. However, baking 
of the electrode progresses more evenly, the shorter 
the slipping. Therefore, the equipment used for 
slipping should be remotely controlled by hy- 
draulic, pneumatic, or similar means. 

ELECTRODE HOLDER 

Details of the electrode equipment must vary 
for different furnaces according to conditions. One 
of the most difficult applications is to tilting fur- 
naces. S6derberg electrodes have been adopted in 
such furnaces in some important installations in 
Norway, Sweden, Finland, France, and Italy. How- 
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FIG. 4. Automatic slipping device 

ever, conditions prevailing in these furnaces have 
presented particular difficulties for the following 
reasons: 

1. Electrodes are ordinarily tilted with the fur- 
nace, which increases strain on the electrode. 

2. Operation is batch type. There is little op- 
por tuni ty  of resetting the electrode holder during 
heats. 

3. Electrodes are ordinarily lengthened outside 
the  furnace. Operation is therefore semicontinuous. 

APPLICATION TO MELTING- FURNACES 

Electrode holders generally used in electric steel 
furnaces in Europe consist of 3 parts, one fixed and 
two gripped closely around the electrode like 
hinged jaws. The jaws are operated by  means of a 
tangentially arranged screw. Ordinarily the holder 
is reset after each tapping during which the elec- 
t rode is allowed to rest on the charge or on the 

furnace bottom. Conditions can be improved by  
operating the jaws by  pneumatic or hydraulic pres- 
sure. However,  it is difficult to use these means 
during operation and to control slipping as desired 
unless the electrode is allowed to rest on the charge 
or the furnace bottom. 

In order to obtain good baking conditions in the 
electrode, a hydraulic or pneumatic device has been 
developed 3 which allows perfect control of slipping 
by simply turning a valve. The holder (1) is shown 
in Fig. 4. The hinged jaws have been maintained, 
but  the tangential screw has been replaced by  a 
spring-operated pressure device which clamps the 
jaws onto the electrode. The spring pressure may  be 
released for slipping by  applying compressed air or 
fluid pressure. 

The slipping length is controlled by an automatically 
operated stopping device arranged on the electrode 
at the top of the holder. The stopping ring is like 
the holder except that  ordinarily it has no current 
supply and is situated lower on the electrode. I t  is 
clamped around the electrode by fluid-operated 
springs exactly like those of the holder. I t  controls 
slipping by being clamped on to the electrode dur- 
ing the slipping. The electrode is stopped as soon as 
the ring hits the top of the holder. I t  is connected 
to and engages the holder with vertically arranged 
springs. These springs are compressed during slip- 
ping so that  they automatically return the stopping 
ring to the initial distance above the holder as soon 
as the ring is released. During regular operation 
both holder and stopping ring clamp on to the elec- 
trode at the correct distance. 

Ordinarily a slippage of 1-2 in. at a time is per- 
mitted. This insures a very smooth and safe move- 
ment under conditions which allow favorable baking 
of the electrode. The whole process is carried out by 
operating a couple of valves connected with the 3 
electrode holders of the furnace. 

Fig. 5 shows an electrode holder as installed in a 
40-ton steel furnace of Christiania Spigerverk at 
Oslo. The holder has been tried out for more than 
31/~ years and has now been adopted for other 
furnaces in Norway and Sweden. I t  has contributed 
very much toward improving operating conditions 
in steel furnaces. In  Scandinavia, where the choice 
is between graphite electrodes and SSderberg elec- 
trodes, consumption of the SSderberg type is some- 
what  less than  twice tha t  of graphite electrodes, 
while the cost of SSderberg electrodes is only about  
I~ ~ the cost of a graphite electrode. This applies 
to electrodes of 600400  mm diameter. Actual 
electrode consumption in a 25-ton furnace of 
Christiania Spigerverk has been about  6-7 kg /  
metric ton of steel (cold charge). 

3 By Elektrokemisk A/S. 
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FIG. 5. Steel furnace electrode holder with automatic 
slipping device. 

Fro. 7. Electrode with mantle as Fig. 8 

FIG. 6. Automatic slipping device for larger electrodes 

APPLICATION TO SMELTING FURNACES 

The slipping arrangement described above has 
also been successfully applied to S6derberg elec- 
trodes in furnaces for calcium carbide, ferro-alloys, 

FIG. 8. Cross section of a baked S6derberg electrode 
under oxidizing conditions. 

and the like. Electrodes in such furnaces are ordi- 
narily larger (up to 40-60 in. diameter). Details 
have been changed to meet the requirements of 
these big electrodes. Ordinarily, they are carried by  
an electrode holder which is suspended by  a per- 
manent  iron casing surrounding the electrode for 
protection against dust and excessive heat (no 
baking is wanted above the electrode holder). This 
arrangement is shown in Fig. 6. The stopping ring 
is arranged at the top of the permanent iron casing 
and is designed for remote handling hydraulically. 
This makes possible a simple and perfectly con- 
trolled slipping process. Previously, slipping was 
controlled by  applying Wisdom ribbons which were 
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FIG. 9. New electrode man t l e  for steel furnace electrodes 
(Chr is t iania  Spigerverk) .  

welded to the electrode casing and consumed with 
the electrode. 

The electrode holder has also been changed to 
hydraulic or pneumatic operation. This has greatly 
improved safety factors. At the same time, these 
electrode holders have been arranged inside a water- 
cooled, cylindrical casing which allows extension of 
the holder into the furnace through the furnace 
roof. Thereby the length of electrode from the 
lower end of the holder has been reduced, improving 
the electric conditions and simultaneously reducing 
strain to the electrode. 

By slipping the electrode as described here, it has 
proved possible to simplify design of the iron casing 
with ribs which are filled with the electrode paste. 
The shape of the casing should be decided upon in 
each individual case. In melting furnaces a great 
deal of work has been done to improve the shape 
of the casing ribs also. 

TH E  ELECTRODE CASING 

The iron casing of the SSderberg electrode as 
described originally (2) is used in most furnaces all 
over the world. I t  insures good operation in most 
cases, but it has the drawback that the ribs form 
slots in the electrode periphery. This is a disad- 
vantage if the furnace atmosphere is somewhat 
oxidizing, as in a steel furnace. In such a case, the 
lower part of the electrode may take on the shape 
shown in Fig. 7. Similar conditions are met in 
FeMn furnaces owing to O2 development. This no 

3 
E 

3 
r ' -  

F--  

- 3 
r - - -  

FIG. 10. Ano the r  me thod  to avoid lengthwise  slots  in  the  
baked  electrode in steel furnaces  (Sandviken) .  

doubt weakens the electrode and increases electrode 
consumption. 

Fig. 8 shows an arrangement of ribs whereby 
continuous lengthwise slots have been avoided. 
Fig. 9 shows an electrode of this type in a steel 
furnace of Christiania Spigerverk. 

A somewhat different arrangement has been 
developed by Sandvikens Jernverk in Sweden 
(Fig. 10). Even here the ribs form no slots in the 
periphery of the electrode, and they have been 
interconnected in such a way as to strengthen the 
electrode in the direction of tilting. 

Both of these casing shapes are used in steel fur- 
naees, but from operating results it has not yet been 
possible to decide which shape is better. 

�9 This paper has dealt mostly with electrodes in 
smelting and melting furnaces. Their use in alu- 
minum furnaces is so different that it would re- 
quire a separate paper. I t  has therefore been 
necessary to leave out this interesting application. 

Any discussion of th is  paper  will appear  in  a Discuss ion  
Section to be publ i shed  in the  June  1955 issue of the  
JOURNAL. 
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Some Exper iments  with Scale Models of  Electrothermic  
Furnaces I 

OLUF CHR. BOCKMAN 

Elektros A/S, Oslo, Norway 

A B S T R A C T  

Reproduc t ion  of t empera tu re  d i s t r ibu t ion  in furnaces of different size is shown, by 
dimensional  analysis ,  to require  direct  p ropor t iona l i ty  be tween  power input  and  l inear  
dimensions  of the  furnace,  if t r ans fe r  of hea t  by  conduct ion  is a control l ing  factor .  Ex- 
pe r iments  wi th  scale models indica te  the  impor tance  of correct  t empe ra tu r e  gradients  as 
a cr i ter ion of s imilar i ty .  A 1:5 l inear  scale model of an  indus t r i a l  furnace for calcining 
a n t h r a c i t e  has  been successfully run  according to th is  cr i ter ion.  The  pr inciple  has been 
extended to electric smel t ing furnaces wi th  good results .  

INTRODUCTION 

Several authors (1-6) have compared the size of 
industrial electrothermic furnaces, especially the 
size of the electrodes, with the power input to the 
furnace at normal operation. Industrial furnaces are 
designed and operated to give the best operating 
and economic conditions, which conditions are in- 
cidentally carried into the comparison. The range 
of furnace sizes compared is relatively narrow, as 
the comparison natural ly is limited to existing 
industrial furnaces. 

In this paper, a different point of view is adopted. 
For  research and development on electrothermic 
processes and furnaces, it is advantageous to per- 
form experiments on small scale apparatus. The 
aim, therefore, is a drastic reduction of furnace 
size and a method of operating the furnace as a 
true model of an industrial furnace. 

According to the established theory of models 
(7-9), physical and chemical processes taking place 
in the industrial furnace, the prototype,  must be 
reproduced in the model. Usually it is not possible 
to reproduce all processes taking place in the pro- 
totype,  if processes of inherently different nature 
are involved. This is certainly true in the case of 
many electrothermic furnaces. I t  is then necessary 
to evaluate the over-all importance of the different 
physical and chemical processes, in order to find 
the rate-determining or controlling factors. 

Disregarding for the moment  all other factors, it 
seems natural to concentrate at tention on the 
evolution of heat. Obtaining high temperatures is 
essential to all electrothermic processes, which 
usually are sensitive to even small changes in the 
temperatures reached. Moreover, the temperature  
of an industrial furnaee is not uniform within the 

~Manuse r ip t  received M a r c h  12, 1954. This  paper  was 
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reaction zone, but  usually large temperature  dif- 
ferences may  be set up, which, in turn, impose 
definite conditions of the reaction zone. Thus it is 
necessary to reproduce not only the maximum 
temperature obtained in the prototype but,  more 
significantly, the temperature distribution of the 
reaction zone. 

Temperature  differences are set up by  the evolu- 
tion and flow of heat. Evolution of heat may  be 
controlled by the power input to the furnace. The 
flow of heat does not lend ifself so readily to any 
control, except by  deliberate design of the furnace 
and mode of operation. 

In the reaction zone of an industrial furnace heat 
transfer by convection probably is insignificant. 
Radiant  heat transfer may  be important  in some 
processes (2). I t  is felt, however, tha t  heat transfer 
by  conduction through the furnace charge and 
through the walls of the furnace is most important  
as far as temperature distribution of the reaction 
zone is concerned. I t  is assumed that  reproduction 
of flow of heat by conduction is essential to the 
correct functioning of the model. 

The correctness of this assumption may be tested 
for the simple case of a furnace where processes  
other than heat conduction are unimportant .  Elec- 
tric shaft furnaces for calcining anthracite are espe- 
cially well adapted for this demonstration. 

In more complex cases, e.g., electric smelting fur- 
naces, other physical processes or even chemical 
reactions m ay  to some extent become controlling 
factors. The over-all rate of the process may  de- 
pend on diffusion of gases, e.g., diffusion of carbon 
monoxide for the reduction of metallic oxides. 
Diffusion in slag and /or  metal may  also be im- 
portant ,  e.g., for reduction of metallic oxides in the 
slag by solid carbon, or reactions between slag and 
metal such as desulfurization of pig iron. Such dif- 
fusion processes usually are speeded up by  any 
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turbulence set up by  flow of the fluids, and so the 
pat tern of gas flow or any stirring of liquid phases 
may  be of importance. Even secondary physical 
processes may  be important  and, therefore, of a 
controlling nature. Thus, separation of metal and 
slag may be slow, or gas velocities may  be high so 
as to nearly lift the burden. And any chemical reac- 
tion may become a controlling factor if the rate of 
the purely chemical reaction is low_ 

The importance of reproducing flow of heat by  
conduction even in these more complex cases may be 
demonstrated by the successful operation of models 
of smelting furnaces according to this criterion. 

DIMENSIONAL ANALYSIS 

The total power to a furnace is dissipated in the 
following three ways: (a) heating the charge to 
reaction temperature;  (b) supplying energy to match 
the heats of chemical reactions; and (c) heat losses. 
Or 

P = q l +  q2 + q.~ 

where P = power input and the q's are heat terms. 
The energy balance of a correct model must  

show the same distribution of the power input to 
the three heat absorbing items as is found in the 
prototype. Thus, the ' ra t ios  q~/P, q2/P, and q.~/P 
must attain the same values in the model as in the 
prototype.  

The parts of the power input qt required to heat 
up the charge, and q~ to match the heats of chemical 
reactions are necessarily proportional to the rate of 
feed, w. Heat  losses to the surroundings by eotiduc- 
tion through the furnace charge and walls must  
set up in the model the same temperature differ- 
ences in the reaction zone as are found in the pro- 
totype. This implies tha t  temperature gradients in 
the model are larger than those in the prototype 
by the ratio of linear dimensions of prototype to 
model, since the same temperature  difference shall 
be set up in the correspondingly shorter distance. 
By Fourier 's equation for the conduction of heat, 

d T  1 / D  q~/ A = k ~ N 

the flow of heat per unit area is directly propor- 
tional to temperature gradient. D is taken as a 
representative linear dimension, e.g., the diameter 
of the furnace pot. If thermal conductivity, ]c, of 
furnace charge and walls are equal for corresponding 
points in model and prototype, the flow of heat per 
unit area is inversely proportional to linear dimen- 
sions of the furnace. The total heat losses by con- 
duction dissipated from the surface of the furnace 
are then found by multiplying with area, or 

q~ "~' A / D  ~ '  D 

The model law then becomes 

P ~ - ~ w ~ - ~ q . ~ , ~ D  

The same results are obtained by  a formal dimen- 
sional anMysis of the problem, which shows that  
the dimensionless groups we~leD (Graetz), h D / k  
(Nusselt), and a special dimensionless group P / k D T  
must at tain the same values in the model as in the 
prototype.  Here, c is the specific heat and h is the 
heat transfer coefficient. From the constancy of 
these groups is directly read 

w ~ D  

h ~ q~/A ~,~ 1 / D  

P ~ D  

If Ohm's law is applicable, and if electric resis- 
t ivi ty of the furnace charge is equal for model and 
prototype,  the ohmic furnace voltage will be equal 
for the two furnaces. This is seen from the con- 
stancy of the dimensionless group P p / D E  2, with 
E = ohmic furnace voltage and p electric resistivity. 
If the power input to the model is not made strictly 
proportional to the linear dimensions, or if electric 
resistivity of model furnace charge differs from tha t  
of the prototype,  the furnace voltage will be given 
by 

E ~ ~ P p / D  

DISCUSSION O/~" 1V[ODEL LAWS 

The following consequences may be deduced from 
these model-to-prototype relationships: 

1. The linear velocity of any stream of materials 
is inversely proportional to linear dimensions of the 
furnace. 

2. The time necessary for a particle to pass 
through the furnace is proportional to the square 
of linear dimensions of the furnace. 

3. The electric current density (e.g., in the elec- 
trodes) is inversely proportional to the linear 
dimensions of the furnace. 

If  all extensive properties (mass, quant i ty  of 
heat,  electricity, etc.) are considered proportionM 
to the cube of linear dimensions, the three points 
may  be stated collectively by  saying that  the t ime 
scale is proportional to the square of linear dimen- 
sions. By  heating or cooling of solids, temperature  
distribution is known to be a function of the Fourier 
number, lcO/p~D 2, which clearly points out this 
relationship between time and linear scales. 0 is 
time, and p is density. 

If  no other process than heat conduction is rate- 
determining, operating conditions of the pro to type  
will be completely reproduced in the model by  this 
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arrangement.  If all parts of the system are reduced 
to scale, viz., lump size of the furnace charge re- 
duced to scale, any diffusion process in the proto- 
type will be reproduced in the model, which is seen 
from the formal correspondence between thermal 
and material diffusion. In addition, if gas velocities 
are low, the pat tern of gas flow will be reproduced 
in the model, because the modified Reynolds num- 
ber, based on particle size, will attMn the same 
value in prototype and model. 

Two factors of practical importance may, how- 
ever, upset this simple relationship between proto- 
type and model, viz., rapid flow of gases and slow 
chemical reactions or changes of physical structure 
within the reaction zone. 

In a 1:5 linear scale model, the velocity of any 
gas stream is five times the velocity of the corre- 
sponding gas stream in the prototype.  The ratio of 
velocity pressures is correspondingly 25:1. If the 
velocity pressure of gas flow is important  in the 
prototype,  the model will not function correctly in 
this respect when the operation of the model is 
based on the criterion of equal temperature  dis- 
tribution. This is the ease when appreciable amounts 
of gases are evolved by the process. In the model, 
the velocity pressure of gas streams may  then be- 
come exceedingly large, to the effect of lifting the 
burden of the furnace. I t  is impossible to reproduce 
correctly in the model" both temperature distribution 
and velocity pressure, and a compromise must be 
made between the two conflicting demands. 

The reduced time scale of the model requires, for 
the correct functioning of the model, tha t  any 
ehemicM reaction or change of physical structure 
that  takes place in the prototype shall occur in the 
model in a correspondingly shorter time. This is 
possible only if chemical reactions or changes of 
structure are sufficiently rapid to be no rate-deter- 
mining step, even on the shorter t ime scale of the 
model. Fortunately,  this requirement seems to be 
met in many  cases, but  in other cases the reactions 
obviously are too slow, and a compromise must be 
made between the conflicting demands. 

PRACTICAL APPLICATIONS 

The theory has been applied to the operation of 
models of electric shaft furnaces for calcining 
anthracite and to models of electric smelting fur- 
naces for the production of pig iron. 

Fig. 1 shows the principle of the furnace for cal- 
cining anthracite. Raw anthracite is fed to the top 
of the furnace; on descending it is heated to cal- 
cining temperature by  passage of electric current 
between top and bot tom electrodes, and finally 
discharged at the bottom. 

In calcining anthracite only small volumes of 

]PIG. 1. Pr inciple  of the  furnace for calc ining a n t h r a c i t e  

T A B L E  I. Operation of a 1:5 linear scale model of 
calcining furnace 

Power  inpu t ,  kw . . . . . . . . . . . . . . . .  
Rate of feed, kg/h . . . . . . . . . . . . . .  
Furnace voltage, v . . . . . . . . . . . . . .  
Energy consumption, kwhr/kg.. 
Temperature of discharge, ~ 
Electrical resistivity of product 

~2 mm2/m . . . . . . . . . . . . . . . . . . . . .  

Prototype Model 

735 112 
640 94.3 
54 50 

1.15 1.19 
380 325 

450 500 

gases are evolved, and the velocity pressure of gas 
flow is unimportant  even in the model. By  cMcina- 
tion, the anthracite is changed from an electrically 
nonconductive material to a conducting substance 
by  the expulsion of volatiles and change of physical 
structure, reactions which are very  rapid. If the 
theory developed is sound, it should be possible to 
reproduce the process correctly in a model. 

A 1:5 linear scale model of a 750 kw industrial 
furnace was built and operated according to the 
theory. The correct flow of heat through the furnace 
lining was obtained by  water-jacket cooling of the 
furnace steel shell. 

Table I shows the corresponding figures for pro- 
to type and model. The voltage used for the opera- 
tion of the model was slightly less than  required 
by  theory, because the transformer used could not 
give the correct voltage. Correspondingly the power 
input is somewhat less than required by  theory.  If 
the formula E 2 ,~  P p / D  is used, observations cheek 
with theory on the assumption of 13 % higher re- 
sistivity of model charge. The smaller burden 
weight in the model may  reasonably count for this 
effect. 

Measurements of temperature  distribution of 
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TABLE II .  Operation of a 1:4 linear scale model of one 
electrode of a three-phase 7500 kva pig iron 

Power input, kw. . . . . . . . . . . . . . .  
Ohmic voltage, electrode to 

hearth, v . . . . . . . . . . . . . . . . . . . .  
Energy consumption, kwhr/kg. .  
% FeO in slag . . . . . . . . . . . . . . . . . .  
% C in pig . . . . . . . . . . . . . . . . . . . . .  
% Si in pig . . . . . . . . . . . . . . . . . . . . .  

Prototype 

6000 

65 
2.5 
1-2 
3-4 
1-2 

'urnace 

Model 

500 

60 
2.51 
2-4 
3-4 
1-2 

FIG. 2. 50O-kw mode| 

FIG. 3. 6000-kw prototype 

p r o t o t y p e  and  mode l  check well, and  the  q u a l i t y  of 
the  p r o d u c t  is well  r ep roduced  as i n d i c a t e d  b y  the  
m e a s u r e m e n t s  of e lect r ica l  res i s t iv i ty .  

T h e  ope ra t ion  of a 1 :4  l inear  scale m o d e l  of one 

e lec t rode  of a t h r ee -phase  7500 k v a  p ig  i ron  fur-  
nace  was u n d e r t a k e n  to  t es t  t he  t h e o r y  for  t he  case  
of a smel t ing  process .  T a b l e  I I  shows t h a t  obse rva -  
t ions  check r e a s o n a b l y  well  w i th  t h e o r y  even  in  
th is  m o r e  c o m p l i c a t e d  sys tem.  O p e r a t i o n  of t h e  
fu rnace  was  s o m e w h a t  difficult ,  obv ious ly  caused  b y  
the  inc reased  ve loc i ty  of t he  gas flow. M e t a l l u r g i c a l  
condi t ions  of t h e  p r o t o t y p e  were,  however ,  wel l  
r ep roduced ,  as i n d i c a t e d  b y  the  ana lyses  of s lag 
and  m e t a l  p roduced .  R e p r o d u c t i o n  of specific 
ene rgy  c o n s u m p t i o n  is of special  in te res t ,  b ecause  
energy  c o n s u m p t i o n  of a process  u s u a l l y  is of pr i -  
m a r y  i m p o r t a n c e .  O p e r a t i o n  of th i s  mode l  on a 
v a r i e t y  of r aw  m a t e r i a l s  has  shown r e m a r k a b l e  
co r respondence  to  the  ope ra t i on  of i ndus t r i a l  fur-  
naces  on the  same  t y p e s  of r aw  mate r i a l s .  

T h e  conclus ion is t h a t  i t  is poss ib le  to  s i m u l a t e  
ope ra t ing  cond i t ions  of i ndus t r i a l  sme l t ing  fu rnaces  
b y  use of scale models .  

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 
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The pH in Chlorine-Caustic Electrolysis by the Mercury 
Cell Process' 

LARS BARR 

Division of Applied Electrochemistry, Royal Instilule of Technology, Stockholm, Sweden 

A B S T R A C T  

Anolyte  composi t ion in mercury  cells for chlor ine-caust ic  electrolysis  is ca lcula ted 
as a func t ion  of pH. and  the  re la t ion  between anodic cur ren t  loss and  the  anolyte  p i t  is 
derived.  React ions  be tween  anodic and  cathodic  by-produc ts  and  dependence  of the  
ca thodic  cur ren t  loss upon the  anoly te  pit are also discussed. :Finally, cer ta in  com- 
ponen t s  of the  feed br ine  which affect pH of the  anolyte  are examined.  I t  is demon- 
s t r a f ed  t h a t  op t imum cur ren t  efficiency wi th  respect  to b o t h  chlor ine and  caust ic  can- 
no t  be reached if pH of the  anoly te  is g rea te r  t h a n  3, t h a t  s t i r r ing  the  ca thode  film, e.g., 
by  solid part icles  on the  mercury  surface,  decreases cur ren t  efficiency, and  t h a t  a lka-  
l in i ty  of the  feed brine,  which mus t  no t  exceed a cer ta in  value,  is made  up of the  fo l low 
ing concen t ra t ions  : 

[og-] + 2[co~1 + [HCO~] + [ClO-]. 

INTRODUCTION 

Several investigations have been carried out on 
the influence of various process variables on cur- 
rent efficiency in chlorine-caustic electrolysis by 
both the mercury and diaphragm cell processes. 
Thus, in a number of laboratory experiments, 
Taussig (1) estimated cathodic current efficiency 
in the mercury cell process as a function of amal- 
gam concentration, current density, temperature, 
and salt concentration, i.e., brine flow. Johnson (2) 
measured anodic current loss as a function of cur- 
rent density, temperature, and salt concentration. 

However, no investigation seems to have been 
published concerning the influence of pH of the 
electrolyte. 

The mercury process is run in various ways, 
owing to brine purification methods, material 
problems, etc., with good results; consequently 
the question of pH may seem to be of minor im- 
portance, and the allowed pH range compara- 
tively wide. 

The purpose of the following calculations is to 
demonstrate more exactly the pH range suitable 
for the mercury cell process. 

ELECTROLYTE EQUILIBRIUM COMPOSITION 

Besides Na+C1 -, H20, and its ions, the follow- 
ing substances may occur in brine because of 
chlorine dissolution and anodic reactions: C12, 
Cl~, HC10, C10-, and C10~ (3-5). In practice, the 
anode material is graphite; therefore, the system 
CO2 - H20 is also present. Activities of these 
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particular substances in equilibrium will now be 
calculated as functions of hydrogen ion activity 
{H30+}, at 25 ~ and 60~ and total pressure of 
1 atm. 

The chlorine system is defined by the following 
equations, in which braces, {}, denote the activity 
in mole/l and "(aq)" means that the substance is 
dissolved in water: 

{H30 +} {C1-} {HC10} = K~{HzO}~ ~ K1 [1] 
{ Cl~(aq) } 

and 

{I-I~0+}6{C1-} 5{C107} K' 
{C12(aq)}3 - 2{H20}" ~'~ Ks [2] 

both involving electron exchange, and 

{ HaO + } { C10-- } = Kt{ H20  } ~'~ K ,  [31 
{HCIO} 

involving proton exchange. 
The carbonic acid system is defined by the fol- 

lowing equations, both involving proton exchange: 

{ H~O + } { HCO; } 
= K;~{H~0}  ~-; K , ,  [41 {H~C0~} 

and 

{H~O +} {COY} = K',2{H20} ~'~ K,2 [5] 
{HCO~} 

If the water activity is assumed to be constant, 
which is all approximation, the right hand sides of 
equations [1-5] will be constant. 

From investigations of Jakowkin (3) and Sand 
(4, 6), equilibrium constants of the chlorine sys- 
tem can be calculated. Jakowkin investigated the 
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HC10 equilibrium, equation [1], at  various tem-  
peratures between 13.4 ~ and 57.5~ while Sand 
studied the chlorate equilibrium, equation [2], a t  
20 ~ and 70~ and the protolysis of HC10, equation 
[3], at  17 ~ and 70~ 

If  concentrations of the diluted systems studied 
are assumed to be identical with activities, the 
following values are obtained: pK~ (25~ = 3.35; 
pK2 (25~ = 11.24; pK~ (25~ = 7.36; pK~ 
(60~ = 3.02; pK2 (60~ = 11.04; pK+ (60~ = 
7.09; where p = --log. 

MacInnes  and Belcher (7, 8) est imated the 
values of K,~ and K+2 at  25 ~ and 38~ which give: 
pK+~ (25~ = 6.34; pK,2 (25~ = 10.25; pK,~ 
(60~ = 6.26; pK,2 (60~ = 10.12. 

The following equation was used for interpola- 
tion or extrapolat ion which had to be carried out 
to 25 ~ and 60~ 

d i n  K AH ~ 
- [6] 

dT RT ~ 

in which T = absolute temperature ,  R = the gas 
constant,  and AH ~ = s tandard enthalpy change. 
The lat ter  was considered constant  within the  
interval  concerned. 

As a general condition, it is now assumed tha t  
C12(aq) and H2CO3 activities are constant  at  con- 
s tant  chlorine and carbon dioxide pressures, re- 
spectively, and at  constant  temperature .  Since in 
this case ac t iv i ty  is defined with reference to an 
infinitely dilute solution, it cannot  be considered 
equal to the part ial  pressure of the gas, but  only 
proport ional  to this pressure. 

Provided the  gas phase is ideal, the following 
equation concerning the chlorine sys tem is ob- 
tained : 

{Cl~(aq)} = K~,c~2.~ct2 [7] 

in which ~ is the pressure in atmospheres and K1 
the thermodynamic  solubility constant  in mole/1 
atm. Kt,c12 was calculated by  Whi tney  and Vivian 
(9) in the t empera tu re  range 10~176 the ac- 
t iv i ty  coefficients being assumed equal to unity.  

At  25~ the value of the constant  pKLcI: (25~ 
is 1.21. I f  their  figures a t  20~176 are extrapolated 
to 60~ with pKl,c~2 as a linear function of 1/T, 
the value pK~.ct2 = 1.92 is obtained. Since such a 
long extrapolat ion is compara t ive ly  unreliable, the 
60~ figure has also been calculated from an old 
investigation by  Gay-Lussae (10), who measured 
the solubility of chlorine in water  at  various tem-  
peratures between 0 ~ and 100~ After correction 
for the HCIO format ion according to equation [1] 
and with the act ivi ty  coefficients equal to uni ty ,  
the figure pKl,c12 (60~ = 1.82 is obtained, which 
value is used here. 

I n  the same way, the CO2 sys tem is defined by  
the equat ion:  

{ n ~ c 0 ~ }  = K, ,~176 [8] 

PK~.co2 was calculated f rom the absorpt ion co- 
efficient of C02 in wa te r  at  25 ~ and 60~ (11). 
After  correction for HCO7 format ion  according to 
equat ion [4] and with ac t iv i ty  coefficients equal to 
unity,  the following values were obtained:  pKl.co2 
(25~ = 1.47 and pKl,eo= (60~ = 1.80. 

A mercury  ceil is generally operated in the con- 
centrat ion range, 250-310 g/ l  NaCI,  so the equi- 
l ibrium calculation will be carried out for both  250 
and 310 g/1 NaC1. 

I f  ac t iv i ty  coefficients of the univalent  ions are 
assumed to be 0.9 (12) at  both  salt concentrat ions 
and both  temperatures ,  which is an approximat ion  
due to rapid al terat ion of the coefficients in this 
concentrat ion range, the following chloride ion 
activities are obtained:  p{ C1-} (250 g/1) = - 0 . 5 8 ;  
p{C1-}(310 g/l)  = - 0 . 6 8 .  Approximate  mean  
value = --0.6. 

The  gas phase composit ion is characterized by:  

~C12 -Ji- ~002 -}- ~)H2 -Ji- ~I-I20 = 1 a t m  [9] 

in which ~s~o = 0.025 a tm  at  25~ and 0.16 at  
60~ (13). 

I f  the dried chlorine gas contains, for example,  
1.0% CO2 and 0.5% H2, ~)c1~ (25~ = 0.96 a tm,  
~Cl~ (60~ = 0.83 a tm,  ~co~ (25~ = 0.010 a tm,  
and Vco2 (60~ = 0.0084 a tm.  

F rom equations [7] and [8] the C12(aq) and H2COa 
activit ies are: p { C12(aq) } (25~ = 1.23; p { H2COa } 
(25~ = 3.47; p{Cl~(aq)} (60~ = 1.90; 
p{H2C03} (60~ = 3.88. 

According to Sherrill and Izard  (5), C12(aq) in 
concentrated NaC1 solutions forms Cl{ ions to 
such a great  extent  t ha t  they  cannot  be neglected. 
The  equilibrium constant  { CI{}/{ C1-}~0cl, is 
0.01 a t m - l a t  25~ and hence p{Cl{} (25~ = 1.4. 

F rom equations [1-5] logari thms of the activi-  
ties of the substances can be obtained as functions 
of p{H~O+}, i.e., of p H :  

p{HCIO} = - p H  -- p{C1-} 

+ p{C12(aq)} -F pK~ (from [1]) 

p{C10-} = - 2 p H  -- p{C1-} + p{C12(aq)} 

+ pK~ + pK~ (from [1] and [3]) 

p{C10;} = - - 6 p H  - 5p{C1-} 

+ 3p{Cl2Caq)} + pK2 (from [2]) 

p{HC03-} = - p H  -F p{H2CO3} 

+ pKsl (from [4]) 
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Temp 

NaC1 conc 250 g/ l  

5.16 
12.52 
17.83 
9.81 

20.06 

TABLE 

25~ 

310 g/ l  Mean 
va[tle 

5.26 5.2 
12.62 12.6 
18.33 18.1 
9.81 9.8 

20. O6 20.1 

250 g/1 

5.50 
12.59 
19.64 
10.14 
20.26 

60~ 

310 g/1 

5.60 
12.69 
20.14 
10.14 
20.26 

Mean 
value 

5.6 
12.6 
19.9 
10.1 
20.3 

2 - 14, 

., ": /' / V  

, .  ;7/ 
P 

\ 1  z i 

17," / 
-'7 >\ /7 
- ,  

2 ~" 6 8 /0 /g 
pH 

[Fm. 1. Logarithms of activities in mole 1 -~ for the sub- 
stances considered "~s a function of pH at 25~ 

p{C07} = - - 2 p H  q- p{H2COa} 

-t- pK~ + pK~2 (from [4] and [5]) 

I f  the constant  terms of modified equations 
[1-5] are combined, we obtain:  

p{HCIO} = - - p H  + a 

p{C10-} = - 2 p H  + b 

p{C10~} = - 6 p H  + c 

p{HCOT} = - - p H  q- d 

p{COT} = - - 2 p H  + e 

The values of the constants are given in Table  I.  
In  practical operation, uncer ta in ty  of a p H  

measurement  appears  in the first decimal and, 
according to Table  I,  the influence of decreasing 
salt concentrat ion during electrolysis is of the 
same order of magni tude  as uncer ta in ty  of a meas- 
ured p H  value. Therefore, a mean  value has also 
been tabulated,  which will apply  to the whole 
concentration range of a cell. 

Table I shows tha t  chlorate act ivi ty  will be 
most ly  influenced by  a tempera ture  change, and 
tha t  all activities of the chlorine and carbon di- 
oxide systems will decrease with increasing tem-  
perature  at  constant  pH.  

Fig. 1 and 2, giving the logari thm of the ac t iv i ty  
of each dissolved substance vs. pH,  were drawn 

_l / # 

ore-2 
\ /ac,  // CN/ 5," 

- / \ N  
s ~ 6 8 Io 

pH 

L /  
/ /  

/, 
A /  
77 

12 

FIG. 2. Logarithms of activities in mole 1-* for the sub- 
stances considered as a function of pH ~t 60~ 

using mean  values of the constant  terms a t  25 ~ and 
60~ respectively. 

The Cl[  line of Fig. 2 is drawn with the assump- 
tion tha t  the relation {C17}/{C12(aq) } is constant  
between 25 ~ and 60~ Then p{C17} (60~ = 
2.1. 

In  the figures the O H -  ion ac t iv i ty  was drawn 
as calculated from the equation: 

p{OH-}  = - - p H  + pKv [10] 

in which pK~ (25~ = 14.00 and pK~ (60~ = 
13.02 (14). 

A Practical Equilibrium Diagram 

The alkaline par t  of the Figures 1 and 2 can 
evidently never become actual,  since [Na +] ~'~ 
[C1 ] and the solution mus t  be electrically neutrM 
at  a sufficient distance from the electrodes. (Square 
brackets indicate concentration in mole/l .)  

Fig. 3 was drawn using concentrations instead 
of activities at 60~ I t  was then assumed tha t  
act ivi ty coefficients of the ions are constant  within 
the pt:I range and equal to 0.9. This figure is ap- 
proximate  and was extrapolated from a d iagram 
applying a t  25~ (12). According to an investiga- 
tion of the solubility of chlorine in various salt 
solutions at  room tempera tu re  (5), the ac t iv i ty  
coefficient of Cl2(aq) is about  4 in this concentra- 
tion range. This value was also used at  60~ in 
Fig. 3 for bo th  C12(aq) and HCIO, which also eon- 
sti tutes an approximation.  

In  Fig. 3, the p H  range greater than  5 and less 
than  1 was excluded, as well as substances whose 
concentrations are smaller than  1 mmole/1 a t  
p H  1-5. The  water  concentration was also cal- 
culated f rom specific gravi ty  of the solution a t  
60~ 1.150 with 280 g/1 NaC1 (15). The equations 
belonging to Fig. 3 are: 
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2 

TABLE I I  

logCl~ (active) . . . . . . . .  ] --2.07 -1.78 [ -1.51 

4.45 

-1.49 

- 2  

- -3  

C 

\ 

r 

I 2 3 ~- E 
pH 

Fro. 3. Logarithms of concentrations in mole 1 -~ for t 
substances considered as a function of pH at 60~ 

p[H30-~] = p H  + log 0.9 ~ p H  

p[C1-] = - 0.6 + log 0.9 ~ - 0.6 

p[CI2(aq)] = 1.9 -1- log 4 --~ 2.5 

p[Cl~] = 2.i + log 0.9 ~ 2.1 

p[HC10] = - p H  + 5.6 -I- log 4 ~ - p H  + 6.2 

p[C1Oa-] = - 6  p H  ~- 19.9 

-t- log 0.9 ~ - 6 p H  + 19.9 

1150 -- 280 
p[H20] = - l o g  18 ~ -- 1.7 

Furthermore,  the figure contains a curve giving 
the concentrat ion of "ac t ive  chlorine," defined by  
the expression: 

[C12(aetive)] = [C12(aq)] 
[11] 

+ [cl~] + [I~ClO] 

The curve obtained for active chlorine agree s 
very well with an experimental ly determined curve 
giving the concentration of active chlorine as a 
function of p H  in concentrated,  chlorine-saturated 
NaC1 solutions. This agreement  decreases the un- 
cer ta in ty  introduced by  use of approximate  ac- 
t iv i ty  coefficients and the { CI~} / { C12(aq) } relation 
at  60~ Thus, Bri~nnland (16) obtained the values 
shown in Table I I  at  65~ 0.995 a tm  total  pres- 
sure, and 310 g/ l  NaC1. 

I f  sodium ion concentrat ion is known, elec- 

t rolyte  composition and p H  are defined by  the 
condition of electrical neutral i ty:  

[Na +] -I- [HaO +] = [C1-] ~- [Cl~] -t- [C10~] [12] 

Fig. 3 shows tha t  the chlorate equilibrium con- 
centrat ion increases great ly with increasing pH.  At  
p H  values greater than  3.3 this chlorate content  is 
so great tha t  solid phases will form (17). If, for 
example, the process is operated at  p H  4, chlorate 
ions cannot be in equilibrium with other chlorine 
components of the brine, and chlorate will form 
continuously. 

Chlorate Formation Rate 

The rate of chlorate formation from dissolved 
chlorine is comparat ively  slow. I t  has been investi- 
gated by  Foerster (18), and according to his re- 
sults chlorate formation follows the reaction: 

2HCIO + CIO-  -t- 2H20 
[13] 

ClO~ + 2H~O + -t- 2C1- 

The  chlorate format ion ra te  is then proport ional  to 
the square of HCIO concentrat ion and to the C10-  
concentration: 

d[Cl07] _ k[HC10]2[CIO ] [14] 
dt 

in which lc is the rate  constant  and t the time. 
Foerster gives the value of 1/t log [ClO~]~/[ClOa]t 

rain -~ at  19.5 ~ 35 ~ and 49~ and various HC10 
concentrations. Since, after having been trans-  
formed into the natural  logari thm system, this 
expression is equal to k[HCIO] 2 in equation [14], 
the rate  constant  can be calculated: k(19.5~ = 
0.974, k(35~ = 3.72, and k(49~ = 13.8 12/ 
min mole 2. By  means of graphical extrapolat ion 
with log lc as a function of l /T ,  the value lc (60~ = 
39 12/rain mole 2 is obtained. 

In  a mercury  cell, chlorate m a y  also be formed 
electrochemically at  the anode and reduced at  the 
cathode. Mur ray  and Kireher (19) analyzed the 
anolyte and anode gas of American diaphragm cells 
and calculated various components of the anodic 
current loss. They  reported tha t  the electrochemical 
chlorate formation below p H  4 is of the same order 
of magni tude as the  chemical one expressed in 
reaction [131 at  the same pH.  According to Foerster  
(20), the reaction mechanism of electrochemical 
chlorate formation implies C10-  discharge and 
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oxygen formation at the anode. This type of chlorate 
formation increases with increasing pH, but  not  
so much as the chemical one (reaction [13]) which 
predominates at pH values greater than 4 (19). 

Since anode reactions are the same in diaphragm 
and mercury cells, Murray  and Kircher 's  results 
are applicable also to the latter.  

Fig. 2 shows that  {HCIO} = 2.5 X 10 =a and 
{ClO-} - 2.5 X 10 -7 at pH 3 and 60~ If these 
values are substituted for the corresponding con- 
centrations in equation [14], the chlorate formation 
rate d[ClOT]/dt = 6 X 10 -u mole/1 min is ob- 
tained at pH  3. At pH  4 and pH  5 the value is 
6 X 10 -7 and 6 X 10 -~ mole/1/min, respectively. 

Thus, the chlorate formation rate is significant 
only at pH  values above 4, because of the small 
content of the chlorate forming substances, HCIO 
and C10-, at lower pH values. 

According to Sand (4) the chlorate decomposition 
follows the reaction: 

CIO~ + 2HaO + + 2C1- 
[15] 

--+ 2HCIO + C10- + 2H20 

which is evidently the invm>e reaction to tha t  
which Foerster (18) proved for chlorate formation. 
Sand reported the rate constant of the reaction at 
70~ = 0.56 )< 10 -a min -* 

If  the rate constan~ is assumed to be increased 
2.5 times by  a temperature rise of 10~ and if the 
values of Fig. 2 for C107, HaO +, and CI- at pH 3 
are used, the decomposition rate of C107, - d  
[Cl07]/dt, is 4 X 10 -~ mole/1 min at  60~ This 
decomposition rate is of the same order of mag- 
nitude as the above calculated chlorate formation 
rate at pH 3, i.e., the chlorate concentration is in 
equilibrium, which agrees with the equilibrium 
diagrams constructed above. 

Contrary to chlorate formation, acid formation 
occurs instantly (4), and probably the equilibrium 
concentrations of HC1 and HCIO are reached even 
at the first anode which the brine touches. 

The result of these calculations of electrolyte 
composition is verified in the investigations by  
Murray  and Kircher (19). 

ANODE PROCESS AND p H  OF THE BRINE 

Only the substances included in Fig. 3 will be 
considered. 

The desired anode reaction may be separated 
into an "electrochemical" part :  

2C1- --+ C12(aq) + 2e- [16] 

and a "physicM" part:  

Cl:(aq) -~ C12(g) [17] 

in which (g) means tha t  the substance is gaseous. 
With reference to combined reactions [16] and 

[17], the anode potential  is: 

o RT { Cl2(g) } 
eo = el + ) g l n  {Cl_}~ +k(i) [18] 

in which e~ is the standard potential  of reaction [16] 
and [17], F the Faraday  constant, and f / i )  the cur- 
rent  density dependent chlorine overvoltage. 

Anodic current loss is represented by  a number of 
reactions, which may  be divided into two groups: 
(a) "water  eleetroIysis": 

6H20 --+ 02(g) + 4HaO + -t- 4e- [19] 

or with graphite oxidation included: 

C(s) + 6H20 --~ COs(g) + 4HaO + + 4e- [20] 

in which (s) means that  the substance is solid, and 
(b) "chloride electrolysis": 

CI- + 2H20 ~ HC10 + HaO + + 2e- [21] 

C1- + 9H20 --* C107 + 6HaO + + 6e- [221 

In the first group of side reactions, irreversible 
reaction [20] predominates, since the anode gas 
generally contains about 1% CO2 and small quan- 
tities of O5 as well as air. This reaction causes not  
only current loss but  also graphite loss. 

The anode potential  e~ is, according to reaction 
[19]: 

0 IeT {02(g)}{H~O+} 4 
e,=e2 + ~ . -  in {H20}6 + f2(i) [23] 

in which e~ is the standard potential  of reaction 
[19], and f2(i) represents the current density de- 
pendent  polarization. 

e~ is fixed by  equation [18], and is evidently in- 
dependent of pH of the solution. Since {H~O} is 
constant, the following equation is obtained at  
constant current  density and temperature,  pro- 
vided that  f~ is independent of variations in brine 
composition: 

d log {02(g)} = 4 d p g  [24] 

As {02(g)} is proportional to Vco~ in the gas 
phase, carbon dioxide content of the anode gas 
and graphite loss of the cell increase with pH  ac- 
cording to the equation: 

d log ~0o2 = 4 d pH [25] 

In the "chloride group" current loss can be 
par t ly  recovered as chlorine gas by brine dechlorina- 
tion after electrolysis. Furthermore,  since no graph- 
ite loss or contamination of the gas phase is caused 
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T A B L E  I I I  

pHof anolyte 

3.0 
3.5 
4.0 
4.5 

Anodic current loss, 
sa% 

1.8 
2.6 
5.1 

15.8 

log (sa -- 1.5) 

--0.5 
+0.1 
+0.6 
+1.2 

by this group of reactions, it may be regarded as 
less harmful than the former. 

By forming corresponding expressions for e~ for 
reactions [21] and [22], and by keeping all quan- 
tities constant except {HC10 }, { C10~ }, and { H30+}, 
the following relations between these variables are 
obtained: 

d log {HC10} = d pH [26] 

and 

d log {CIO~- I = 6 d pH [27] 

These equations have already been derived in 
equilibrium calculations above. It  has also been 
shown that chlorate formation will not always reach 
equilibrium in the cell. 

If the logarithm of equation [1.4] is taken and 
p[HC10] and p[C10-] vs. pH inserted, the following 
expression is obtained: 

d[C1O~] _ 4pH + a constant [28] og 

and after differentiating: 

d log d[C10~] _ 4 d pH [29] 
dt 

Evidently, the chlorate formation rate increases 
with pH in a similar way as equilibrium activities. 

The above calculations demonstrate that anodic 
current efficiency increases with decreasing pH of 
the anolyte. Composition of the latter is given by 
the equilibrium diagram in Fig. 3. This result is not 
affected by mechanisms of the particular reactions, 
e.g., if hypochlorite and chlorate are formed "chemi- 
cally" through internal electron change or "electro- 
chemically" through electron delivery to the anode. 

This result is also confirmed by Murray and 
Kircher (19). Under constant experimental condi- 
tions, they obtained the relation shown in Table III  
between anodic current loss, s~, and pH of the 
anolyte. 

Current loss due to the anolyte content of C12(aq) 
and CI~, which are entirely lost in the diaphragm 
process, and current loss due to sulfate content of 
technical brine are both independent of pH. If 1.5 % 
is subtracted from total current loss as a correction 
for pH independent current losses, the logarithm of 

the remaining pH dependent current loss will be- 
come a linear function of pH, which actually satis- 
ties relations derived above between losses and pH. 
This is demonstrated in the last column of Table 
III. 

In the above derivation of equilibrium composi- 
tion of the electrolyte, certain constant chlorine 
and carbon dioxide pressures in the gas phase were 
assumed. Composition of the latter is, of course, 
changed with the current efficiency, but at a moder- 
ate change of current efficiency, change of chlorine 
pressure is not so great that derived equilibrium 
diagrams are affected. As to the carbon dioxide 
system, it has been shown that its presence in the 
electrolyte may be neglected. 

CATHODE PROCESS AND pH oF THE B R I N E  

Since, in dilute mercury solutions, sodium is 
probably dissociated into sodium ions and free 
electrons, the desired cathode process implies 
merely a phase boundary passage by sodium ions: 

Na+(aq) --~ Na+(Hg) [30] 

Simultaneously, the mercury cathode is supplied 
with electrons externally: 

e- --~ e- (Hg) [31.] 

in which (Hg) means that the substance is dis- 
solved in mercury. 

According to this way of regarding the reactions, 
which was used by Br6nsted (21) in studies of reac- 
tion mechanism for dissolution of metals in acids, 
sodium ions participate only in a "physical" reac- 
tion at the cathode, which is probably completely 
reversible. Since other current efficiency decreasing 
cathode reactions also take place, reaction [31] 
must occur a little faster than reaction [30]. The 
rate difference is defined by loss reactions, which 
may be divided into two groups as for the anodic 
ones, "water electrolysis": 

2e-(Hg) + 2H20 --~ 2OH- -~ H2(g) [32] 

and "chloride electrolysis": 

2e-(Hg) -~ C12(aq) --~ 2C1- [33] 

2e-(Hg) + C10- -~ H20 
[34] 

--~ C1- + 20H-  

6e-(Hg) + ClO~ -~ 3H20 
[35] 

--~ C1- -~ 60H-  

Cathode reactions are written in alkaline form, 
as the liquid film near the mercury is alkaline, 
which may be calculated from the hydrogen over- 
voltage and the electrode potential electrolyte/ 
amalgam. 
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The cathode potential, ek, is -1 .8  volts under 
conditions prevailing in a mercury cell operated 
with 30 amp/din 2 (22). With reference to reaction 
[32] it may be written: 

o R T  { H 2 0 }  ~ 
e~ = e3 + 2F- In -- f3(i) [36] {OH-}2{H2(g) } 

in which e~ is the standard potential of reaction [32] 
and f~(i) the hydrogen overvoltage. 

According to Glasstone (23), hydrogen over- 
voltage is independent of the pH of the solution. 
Tafel (24) reported that overvoltage increases with 
current density according to the formula f3(i)  = 
a + b In i, a and b being constants. If the cell gas 
contains, for example, 0.5 % H2 and the cell is operated 
with 30 amp/dm 2 of mercury surface, the current 
density of the hydrogen discharge is about 1.5 ma/  
cm 2. With this current density the hydrogen over- 
voltage should be 0.9-1.0 volt at room temperature 
according to Knobel (25). Glasstone (23) reported 
that hydrogen overvoltage on mercury decreases 
with increasing temperature, 2.1 mv/~ so the 
lower figure is assumed to apply at 60~ It  is also 
assumed to apply to mercury containing a little 
sodium. 

The standard potential ea ~ is -0.83 volt at 25~ 
(26), and, after correction for temperature change 
of the water constant K+ (14), a value of --0.86 is 
obtained for 60~ 

If hydrogen is assumed to be discharged as gas 
bubbles on mercury, and if {H2OI -- 1, the follow- 
ing equation is obtained at 60~ from equation 
[36]: 

- -  1.8 --- -- 0.86 + 0._066 log _ _ 1  0.9 
2 {014 - t  ~- 

which gives the result p{OH-} ----- 0, or at 60~ 
pH ~-~ 13. 

The value is, of course, very uncertain, since 
uncertainty in overvoltage and probably also in 
cathode potential amounts to some tenths of a volt. 

However, it may be concluded that the cathode 
film of a mercury cell is more alkaline than the 
bulk of the electrolyte, which is represented in Fig. 
3, and that pH of the film is certainly greater than 
7. Moreover, the value changes along the perpendic- 
ular through the cathode film to the mercury 
surface, and is therefore dependent on the point of 
the cathode potential measurement. 

In a series of kinetic studies on decomposition of 
sodium amalgam in various solutions, Br6nsted 
and Ross Kane (21) found that the decomposition 
rate increased greatly with decreasing pH. The 
amalgam contained 0.055% Na, and the lowest 
pH was 7.5, under which value the reaction rate 
was too fast to be measured reliably. This agrees 

i I 

Electrolyte Na + C1- Ch(aq) Ch- C10~- I HC10 HsO + H20 acid ] 
/ 

Cathode film Na + Cl- Ch(aq) CI~- CIO3- [ CIO- H~O OH- base~[ 

M e r c u r y  N a  + e -  H g  [- I L- 

FIG. 4. S k e t c h  of t h e  c o m p o s i t i o n  of t h e  bu lk  of t h e  
e l ec t ro ly t e ,  t h e  c a t h o d e  film, a n d  t h e  m e r c u r y  phase .  

with the above estimation of alkalinity of the 
cathode film. 

As with the anode, the following equation is ob- 
tained by differentiating equation [36] with all 
variables constant, except {OH-} and {H2(g)}: 

dlog {H2(g)} = 2 d p  {OH-} 
[37] 

- 2 d p H  

Reactions [34] and [35] also become faster as pH 
of the cathode film decreases, while reaction [33] 
which implies that the desired anode product is 
consumed at the cathode is independent of pH. 

The discussion shows that cathodic current 
efficiency increases with increasing pH of the 
cathode film. 

INTERACTION BETWEEN ANODIC AND 

CATHODIC LOSS REACTIONS 

Owing to alkalinity of the cathode film and high 
hydrogen overvoltage on mercury, reaction [30] 
predominates over reaction [32], and the mercury 
process is rendered possible. The process may con- 
sequently be disturbed by substances which neu- 
tralize the cathode film or catalyze hydrogen dis- 
charge by decreasing hydrogen overvoltage. Among 
other substances, vanadium, chromium, and molyb- 
denum belong to this latter group (27). However, 
such contaminated systems are outside the scope 
of this investigation. 

I t  has been shown that a certain alkalinity of the 
film near the mercury is essential for the process. 
At pH values between that of the bulk of the elec- 
trolyte and that of the cathode film, HC10 is pro- 
tolyzed to C10-. A qualitative representation of the 
composition of the acid electrolyte, the alkaline 
cathode film, and the mercury is given in Fig. 4. 

Since in the electric field OH- ions migrate from 
the cathode film, and HaO + ions migrate toward 
the cathode film, OH- ions of the film thus lost 
must evidently be replaced. This is done according 
to reaction [32] or by chlorine reduction as in reac- 
tions [34] and [35]. The resulting current loss can 
never be avoided, and consequently current effi- 
ciency can never reach 100%. 

With a knowIedge of migration rate, the mag- 
nitude of this current loss can be estimated. If a 
diaphragm between the acid electrolyte and alkaline 
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cathode film is imagined, [OH-] .u_ .X mole O H -  
ions/see migrate through 1 dm 2 of the diaphragm, 
and in the opposite direction, [H30+].u+.X mole 
H~O + ions/dm 2 sec, in which u is the ionic mobili ty 
in dm/sec at the field strength 1 v / cm and X is the 
field strength in v/era.  At 60~ the mobility of 
O H -  ions is 33 • 10 -~ dm/sec v /cm,  and that  of 
Ha0 + ions 52 X 10 5 din/see v / c m  (28). These 
ionic mobilities must be corrected because viscosity 
of the salt solution is higher than tha t  of pure water. 
According to Angel (29), the change is defined by 
the formula: 

~2 = Ul(~l/~2) m [38] 

in which m is a constant = 0.614 for H~O + ions 
and 0.718 for O H -  ions, and ~ the viscosity. If  the 
viscosity of water at 60~ 0.469 centipoise (30), is 
inserted for w and the viscosity of a 25% NaC1 
solution at the same temperature,  1.11 eentipoise 
(31), for ~2, we obtain for OH-,  u_ = 18.10 5 d m /  
sec v/cm,  and for H30 § u+ = 31 X 10 -5 dm/sec 
v/cm.  The specific conductivity of the salt solution 
at 60~ is 0.43 ohm -~ cm -~ (15). With the current 
density i a mp /dm ~ the field strength X is i/43 
v / e r a .  

The pH of the alkaline side being assumed = x, 
tha t  of the acid side = y, and the current loss 
caused by these ion migrations = sk, the following 
equation is obtained, since i a m p / d m  2 corresponds 
to i/96500 moles of electrons sec-~dm 2 and since 
pK~(60~ = 13 (14) (provided that  the act ivi ty 
coefficients = 1) : 

i. sk/96500 = (i-18. l0 -~. 10~-13/43) 
[39] 

+ (i.31.10 -5.10-~/43) 

This formula gives the minimum cathodic cur- 
rent loss for different pH values of electrolyte and 
cathode film at 60~ It is independent of current 
density. 

For example, pH 3 and pH 11 inserted in equation 
[39] give sk = 0.5%, pH 3 and pH 10 give sk = 
0.i %, etc. 

By stirring the electrolyte, more acid than that 
corresponding to these electrolytic migration rates 
may penetrate into the cathode film. It is evidently 
important that the streaming state of the cathode 
film should be laminar. Turbulence of the cathode 
film decreases current efficiency since alkali neu- 
tralized thereby must be re-formed. Furthermore,  
chlorine diffuses more easily into the cathode film 
and reacts according to equations [33-35]. Solid 
particles floating on the mercury act as stirrers on 
the cathode film and thus interfere with the process. 

This effect may  possibly be the reason why the 
vertical cell built by  the Germans during World 

War I I  in order to save floor space never gave the 
same current  efficiency as the traditional horizontal 
cell (32). 

According to Fig. 4, the acid/base couple H C 1 0 /  
C10- is present at the boundary  between elec- 
trolyte and cathode film. HC10 is instantly pro- 
tolyzed to C10- at a p H  between that  of the 
electrolyte and that  of the cathode film. Owing to 
the stirring influence of the anode gas bubbling 
around the anodes at only a few millimeters distance 
from the cathode film, HC10 may  easily reach the 
reaction zone. If the effect of HaO + migration 
toward the cathode in the electric field is neglected, 
HC10 should decompose the cathode film in the 
same manner  as H30 +. 

Consequently, cathodic current efficiency de- 
creases both with increasing H~O + and increasing 
HC10 concentration in the electrolyte. According 
to Fig. 3, concentration of (HaO + ~ HCIO)reaches  
a symmetrical minimum at pH 3. Provided tha t  
a certain HC10 concentration in the electrolyte has 
about the same neutralizing effect on the cathode 
film as a like concentration of HaO +, which has 
been only argumentat ively derived above, the 
cathodic current efficiency reaches a symmetric 
maximum at about pH 3. 

This pH value, at which the acid concentration 
reaches its minimum, only changes by a few tenths 
of a unit within the generally applied temperature  
range, which is shown by a comparison of Fig. 1 
and 2. 

Since anodic current efficiency decreases with 
increasing pH, the pII  of the electrolyte should not 
exceed this value, p i t  3, by very  much. 

Unfortunately,  this result cannot be illustrated 
by any electrolysis experiments, but  it is known 
from practical experience that  H2 content of the gas 
generally increases with both exceptionally high 
alkalinity and acidity of the feed brine. However,  
the scientific basis is lacking, since these mat ters  
have been investigated very  little. Probably,  
catajytic phenomena also have an influence. 

At pH 3 and 60~ the equilibrimn value of log 
[C10~-] is - 1 . 9 ,  i.e., the chlorate concentration is 
1.3 g/1 NaC1Q. Under these conditions chlorate 
formation and decomposition rates are small. 
Above pH 4 in the electrolyte, chlorate formation 
begins to be very  strong, which has been shown in 
calculation of the electrolyte composition above. I t  
is known practically tha t  if mercury cells are sup- 
plied with alkaline brine, chlorate may  accumulate 
in the system, unless a special device for chlorate 
decomposition is installed. This was the case in the 
so-called IG process (33). Chlorate is not harmful 
to the process, but, since chlorate accumulation in 
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the brine must be prevented, construction and 
operation costs of the plant are increased if the 
brine supplied is alkaline. Because of chlorate 
formation, pH of the brine should consequently 
not exceed pH 4, which is reconcilable with the 
condition that due to other current losses pH of the 
electrolyte should not exceed pH 3 very much. 

DISCUSSION OF MOST SUITABLE COMPOSITION 

FOR FEED BRINE 

According to the foregoing discussion, feed brine 
ought to have such a composition that pII of the 
bulk of the electrolyte, which in this case may be 
represented by the depleted brine, is less than pH 3. 
As demonstrated by the reaction formulas, anodic 
current loss implies acid formation, and the cathodic 
one alkali formation. Composition of feed brine is 
consequently dependent on all factors which affect 
current efficiency when a certain pH of the elec- 
trolyte is desired. 

Experience shows that, in general, depleted brine 
has more than 1 g/1 chlorine and pH 4 when the 
feed brine is "soda alkaline." In most eases it is 
sufficient to lower pH of the feed brine, after the 
precipitation of CaCOa and Mg(OH)2 in alkaline 
solution, to about 7 in order to obtain less than 
1 g/1 chlorine and pH 3 in the electrolyte. 

It  should be noted that not only OH- but all the 
basic components of the feed brine, which consume 
protons during the pH decrease which occurs during 
the saturation with chlorine in the cell, define the 
alkalinity of the brine. 

If, for instance, composition of the feed brine is:0.10 
g/1 chlorine, 0.30 g/l Na2CO3, 0.040 g/l NaOH, 
then at 25~ and pH 11 the molar concentrations 
are: [CIO-] = 0.0014, iCOn] = 0.0028, [OH-] = 
0.0010, and the total alkalinity = [C10-] + 2[CO7] 
+ [OH-] = 0.0080 mole/1. This corresponds to a 
chlorine and carbon dioxide free solution with pH 12 
at 25~ 

This explains why hydrogen content of the gas 
generally increases with increasing chlorine concen- 
tration in the feed brine, when it is alkaline. 
Chlorine content in the brine increases alkalinity 
which might previously have been near the allow- 
able limit. 

If the process is operated at p t I 3  under constant 
experimental conditions with good results, and if 
the feed brine is becoming more acid, then acid 
formation at the anode decreases, and base forma- 
tion at the cathode increases, which reactions both 
counteract the effect of the decreasing pH of the 
feed brine. If, on the other hand, the brine is getting 
more alkaline, acid formation at the anode increases, 
and also base formation at the cathode, because 

then the HC10 concentration of the electrolyte in- 
creases. In this case it is evidently not certain that 
the influence of change in brine composition is 
counteracted by the cell. If OH- formation at the 
cathode should predominate over H30 + formation 
at the anode, HC10 content of the electrolyte 
would increase and loss reactions "catalyze" them- 
selves, until the extreme case is reached, in which 
the cell works as a chlorate or hypoehlorite cell and 
the gas phase contains hardly any chlorine and only 
hydrogen and carbon dioxide. Therefore, too al- 
kaline brines may seem to be more hazardous than 
too acid ones. 

In a plant with brine purification it is thus neces- 
sary to be sure that the sum [OH-] + 2[CO7] + 
[HCOu] + [C10-] is not too great in the purified 
solution which is supplied to the eleetrolysis system. 

On the other hand, in a plant which is operated 
with pure salt and no unit processes other than 
electrolysis and resaturation, Fig. 3 is applicable. 
I t  is then necessary to be sure only that chlorine 
and chlorate concentrations are below a certain 
limit. If this is exceeded, hydrochloric acid should 
be supplied to the system. If pH of the solution 
should become too low, the necessary quantity of 
alkali is produced in the cells. 

SUMMARY 

1. In chlorine-caustic electrolysis the following 
substances and ions, belonging to water, chlorine, 
and carbon dioxide systems, cannot be neglected in 
study of the electrolyte: H20, H~O +, C1 , Cl:, CIT, 
HC10, arid CLOT. 

2. Concentration of active chlorine in the brine 
is the sum of C12, C13, and HC]O concentrations. In 
this sum, Cl~ concentration predominates below 
pH 4, and HC10 concentration above pH 4. The 
former is independent of pH of the electrolyte, and 
constant at a given temperature and chlorine pres- 
sure. The latter concentration increases with in- 
creasing pH. Equilibrium concentrations are reached 
instantaneously. 

3. Concentration of acid in the brine is the sum 
of H,O + and HC10 concentrations. The HaO + con- 
eentration predominates below pI-I 3, and the HCIO 
concentration above this value. The sum of these 
concentrations reaches a minimum at pH 3. Equi- 
librium concentrations are reached instantaneously. 

4. Chlorate equilibrium concentration of the 
brine increases greatly with increasing pH. Equi- 
librium concentration is not reached instantaneously. 
Above pH 3.3, it is so high that the system becomes 
heterogeneous at the high NaC1 concentration of a 
mercury cell. The chlorate formation rate increases 
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with increasing p H  bu t  does no t  become noticeable 
until  p H  4. T he  chlorate decomposi t ion ra te  in- 
creases with decreasing p H  at  a given chlorate  
concentra t ion,  and  is slight in the  electrolyte.  

5. Anodic  current  efficiency increases wi th  de- 
creasing p H  of the  electrolyte.  

6. T h e  ca thode  film near  the m e rc u ry  is alkaline, 
i.e., its p H  is greater  t han  7. 

7. Cathodic  current  efficiency increases wi th  
increasing p H  of the  ca thode film. 

8. Cathodic  current  efficiency cannot  reach 100 % 
owing to  reactions between the  acid electrolyte  and  
alkaline ca thode  film. 

9. Agi ta t ion  of the ca thode film interferes wi th  
the process. 

10. Cathodic  cur rent  efficiency passes a m a x i m u m  
at  p H  3 of the  electrolyte.  

11. Highes t  possible current  efficiency wi th  re- 
spect to chlorine and caustic is no t  obta ined if p H  
of the  bulk  of the  electrolyte exceeds 3. 

12. All bases in the  feed brine which are pro-  
to lyzed dur ing p H  decrease in the  cell define proper  
composi t ion of the  feed brine. The  sum of the  con- 
centra t ions  of these bases (OH- ,  C0~ ,  HCO~,  and  
C10-)  should no t  exceed a certain value. 
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Some  Observat ions  on the Krol l  Process  for Titanium' 
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ABSTRACT 

A series of small-scale I/:roll process reduct ions ,  carr ied to va ry ing  degrees of comple- 
t ion,  were opened and  examined to ob ta in  in fo rmat ion  concerning the  mechan i sm of 
the  reduct ion.  Expe r imen t s  made to de te rmine  the  cause of zonal  va r ia t ions  of hard-  
ness in the  crude sponge made  by  the  Krol l  process ind ica te  th is  effect is due largely to 
impur i t i es  in the  magnes ium.  

INTRODUCTION 

Since the first appearance in this country of a 
published description (1) of the method of pro- 
ducing ti tanium by magnesium reduction, the proc- 
ess has been actively investigated (2-8). As a result, 
a number of modifications to the process as orig- 
inally described have been developed or suggested. 
Two of these (3, 4) are: (a) elimination of the 
molybdenum lining for the reaction chamber, as 
large molybdenum-lined reactors would have been 
prohibitively expensive; and (b) provision for re- 
moval of the by-product  magnesium chloride dur- 
ing and immediately after reduction to facilitate 
the rate of reduction, obtain up to 90% of the 
magnesium chloride in pure concentrated form, and 
simplify later purification of the product of reduc- 
tion. 

OUTLINE OF THE PROCESS 

The technique now in use at the pilot plant oper- 
ated by the Bureau of Mines is described here 
briefly. 

The requisite quant i ty  of magnesium ingots, 
previously pickled and dried, are placed in an 
empty  reaction c, hamber  made of mild steel; the 
lid is sealed in place by a weld having only slight 
penetration. Then  the chamber is placed in the 
furnace, the various supply lines are attached, and 
the air in the reaction chamber is replaced with 
helium. Finally, after the temperature  of the fur- 
nace has been raised to 850~ and held there long 
enough to melt the magnesium, a stream of liquid 
t i tanium chloride is allowed to fall on the hot mag- 
nesium until enough titanic chloride has been 
added to react with about 85% of the magnesium 
according to the equation: 

TIC14 (1) + 2Mg (1) 
= 2MgC12 (1) + Ti (s) (I) 

1 Manuscript received January 25, 1954. This paper was 
prepared for delivery before the Chicago Meeting, May 2 to 
6, 1954. 

The reaction is strongly exothermic and the 
temperature  in the reaction zone is held at  900 ~ 
1050~ by  suitable adjustment of the fuel input to 
the furnace and the rate of adding titanic chloride 
to the reactor. At intervals magnesium chloride is 
drawn off in a molten form; 85-90% of the total 
amount  formed is removed in this manner.  After 
reduction has been completed and the reaction 
chamber has been cooled to room temperature,  
the cover is removed by  grinding off the weld, and 
the product is removed by mounting the open 
chamber in a large lathe and boring out the reac- 
tion mass. A 0.5-in. thick layer is always left on the 
wall and bot tom of the chamber to serve as a pro- 
tective lining. The opened reaction chamber must  
be handled in a room with a very dry  atmosphere 
to lessen absorption of moisture by the hygroscopic 
MgC12 left in the mass. The water would react with 
the t i tanium when it, was heated in later steps of 
the process. Chips of impure titanium, obtained by  
the boring, are loaded into retorts and heated at 
900~ in a high vacuum to volatilize the residual 
magnesium and magnesium chloride, leaving the 
pure titanium, in the form of spongy lumps, as a 
residue. 

OBSERVATIONS ON THE MECHANISM OF 
TITANIUM REDUCTION 

Two interesting phenomena were observed when 
this operating technique was used: (a) t i tanium was 
obtained in a connected mass, with a spongelike 
appearance, which was at tached to the walls of the 
reactor; and (b) the hardness of the metal  in the 
mass of sponge produced by  reduction varied ac- 
cording to its position in the mass. 

Titanic chloride is introduced into the reaction 
chamber as a free-falling liquid from a pipe directed 
downward above the center of the bath. Observa- 
tion has confirmed the probabili ty tha t  at least 
part  of the liquid actually reaches the surface of 
the bath. Ti tanium has a density considerably 
greater than either magnesium or magnesium 
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Fro. 1. Bisected chamber after 5% reduction. Left, un- 
distilled segment; right, distilled segment. 

FIG. 3. Bisected chamber after 40% reduction. Left, un- 
distilled segment; right, distilled segment. 

FIG. 2. Bisected chamber after 30% reduction. Left, un- 
distilled segment; right, distilled segment. 

chloride, and magnesium and titanic chloride are 
known to be in contact at the center of the surface 
of the bath.  Therefore, it seems strange that, they 
would not react to form t i tanium in granular or 
powder form which, because of its density, might  
be expected to sink through the ba th  and be found 
in a heap on the bo t tom of the reaction chamber.  

A series of seven small reductions was made in an 
a t t empt  to find an explanation for the apparen t ly  
anomalous position of the deposit. The reaction 
chambers were each 25.4 em in diameter  by  25.4 
cm high, with a vertical inlet pipe 5 em in diameter  
by  91.4 cm long, welded into the center of the cover. 
They  were sand-blasted and par t ly  outgassed by  
heating in a vacuum for several hours a t  900~ 
The apparatus  was quite similar to tha t  shown in 
a previous paper  (2). 

The magnesium charge ia each r u n  was ap- 
proximately 5.7 kg, the tempera ture  at the begin- 
ning of the reduction was 800~ and the rate  of 
addition of t i tanic chloride after  the initial inhibi- 
tion period was 75 g/min.  Thus, the apparatus ,  
operating technique, and physical conditions were 
as much alike as possible in the different runs. The 
only variable was the total  amount  of t i tanic 
chloride added, which was 5, 10, 20, 30, 40, 50, and 
60%, respectively, of the amount  theoretically 
equivalent to the magnesium added to each run. 
After each run had been carried to its predeter-  
mined degree of completion, it was held at tempera-  

FIG. 4. Bisected chamber after 60% reduction. Left, un- 
distilled segment; right, distilled segment. 

ture for 1 hr and then allowed to cool. The lid was 
removed from the cold chamber,  and the lat ter  was 
divided by  a vertical cut through the center, so as 
to expose a cross section of the contents of the 
chamber.  After photographing the exposed face of 
one half, samples were taken  from selected areas 
for chemical analysis. The locations from which 
the samples were taken are indicated by  appro- 
priate numerals  on the  photographs of the cross 
sections. The other halves were placed in a retort ,  
and the volatile constituents such as magnesium 
and magnesium chloride were removed by  vacuum 
distillation. The location of the residual deposit of 
t i tanium was recorded by  a photograph.  Some of 
the deposits before and after  distillation are de- 
picted in Fig. 1 to 4, and the corresponding analyses 
are given in Table I. 

In  Fig. 1, vir tually all of the t i tan ium is in the  
form of a ring at tached to the wall of the reactor 
and extending upward from the point initially 
marking the juncture of the upper  surface of the 
magnesium with the wall. Analyses show only a 
little t i tanium in the magnesium, and after  distilla- 
tion only a small amount  of fine, dark powder was 
found on the bot tom.  With increasing additions of 
titanic chloride, the ring of deposited metal  con- 
tinued to extend farther  up the wall and also out- 
ward toward the center. At some point between 
30 and 40 % utilization of magnesium, the spongy 
t i tanium formed a layer tha t  bridged completely 
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TABLE I. Composition of various portions of deposit 

Analyses, % by weight Location of sample 
% Mag- 

n e s m m  
reacted 

30 
30 
30 

40 
40 
40 
40 

60 
60 

60 
60 

65 
92 
96 

48 
60 
67 
0.8 

17 
49 

32 

Mg Ti 

40 38 

94 2.0 
97 1.0 
0.2 0.08 

28 
3 
4 

32 
34 
25 
0.008 

39 
43 

46 
0.03 

0.8  
0.6 

98.0 

7 
tr. 
tr. 

16 
7 

66 
94.0 ! 

4O 
t r .  

18 
98 

Num- 
MgCh ber on 

print 

22 1 

Description 

Growths on wall above 
liquid level 

Dense metal at top 
Dense metal at bottom 
MgC12 phase 

Metal just under surface 
Metal at bottom 
Metal surrounded by 

MgCl2 

Metal at surface 
Metal 2" below surface 
Metallic vein in MgC12 
MgCI~ phase 

Metal above surface 
Metal in lower part of 

metallic layer 
Metallic vein in MgC12 
MgC12 phase 

across the reactor. F rom this stage on, the unused 
magnesium was held in the pores and interstices of 
the sponge tha t  had already deposited, rather  than  
in a distinctly separate pool. Fur ther  growth of the 
spongy deposit was evidenced by  a thickening of 
the whole layer, with some tendency to formation 
of a prominence immediate ly  under the end of the 
feed pipe. h i  all tests, only a small amount  of dark- 
colored, fine-grained metal  was found on the bo t tom 
after  distillation. The  major  port ion of the weight 
of the metal  produced was in the deposit a t tached to 
the walls. 

To throw more light on this mode of deposition, 
another  run was made using only 5 % of the mag- 
nesium. I t  differed from the first in tha t  short 
lengths of iron rod 1.27 cm in diameter  were welded 
to the bo t tom and top of the reaction chamber so 
as to extend perpendicularly into the reaction space. 
Of the two welded to the bot tom,  one extended 
1.27 cm above the surface of the magnesium and 
the other 3.82 cm above the surface. The  three 
welded to the underside of the top terminated 
1.27 cm, 2.54 cm, and 3.82 cm, respectively, above 
the initial level of the free surface of the mag- 
nesium. As will be seen from Fig. 5, t i tanium de- 
posited on the two bars  tha t  extended up through 
the bath,  just as it did on the walls. The three bars 
tha t  extended down from the top remained clean. 

If  deposition of sponge on the walls had been 
due either to mechanical splat ter  or to deposition 
from a vapor-phase reaction, then metal  should 
have been deposited on the bars extending down 

FIG. 5. Cross sect ions of chamber  a f te r  5% reduct ion.  
Bars were attached to bottom and top. Left, undistilled 
segment ; right, distilled segment. 

close to but  not touching the surface of the mag-  
nesium. As metal  was deposited only on surfaces 
tha t  passed up through the magnesium, it seems 
likely tha t  the deposits on the bars extending up 
through the ba th  and on the walls were due to a 
reaction between titanic chloride vapor  and a film 
of magnesium formed on the vertical surfaces by  
wett ing and capillary action. This hypothesis is 
supported by  the known physical properties of the 
system. Nei ther  magnesium nor ti tanic chloride is 
appreciably soluble in magnesium chloride. There-  
fore it is postulated tha t  when the titanic chloride 
first comes ill contact  with the free surface of the 
magnesium some reaction occurs and some mag- 
nesium chloride is formed. This forms a film on the 
surface tha t  tends to inhibit further reaction. The  
protect ive action of such salt films is known and 
used in the technology of melting, refining, and 
casting magnesium. On a vertical surface it m a y  
be supposed tha t  gravi ta t ion causes the magnesium 
chloride to drain away at least partially,  and thus 
afford bet ter  oppor tuni ty  for contact  between 
titanic chloride and magnesium. This hypothesis 
m a y  serve as the basis for some interesting predic- 
tions concerning the suitabil i ty of specific tech- 
niques for conducting the reduction. For  example, 
it m a y  be predicted tha t  bringing the two raw 
materials into contact by  allowing droplets of mag-  
nesium to fall through the vapor  of titanic chloride 
would not be sat isfactory since the droplets would 
become inactive because of format ion of an en- 
veloping film of magnesium chloride. 

The tendency to react on vertical ra ther  than  
horizontal surfaces is probably  fundamental ,  bu t  
the nature  and location of the deposit formed is 
affected b y  the size of the reactor and variat ions in 
the manner  of operation. For  example, Fig. 6 is a 
view of a reaction mass, contained in a thin iron 
crucible and cut through the vertical axis. This 
small reduction run was made for several reasons, 
one of which was to determine the effect of adding 
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longer available to support the bridge of spongy 
titanium. Since facilities large enough to section and 
distill large reaction chambers with their contents 
in place were not available, photographic evidence 
of the behavior of these large masses cannot be 
offered. 

FIG. 6. Cross section of small reaction mass, made to 
show feasibili ty of thin disposable liner, mult iple addi- 
t ions of magnesium, and t'~pping of molten magnesium. 

the magnesium in increments during the run rather 
than all at once at the beginning. 

About one-fifth of the magnesium was placed in 
the pot initially, and the rest was added in four 
increments during the run in the form of small 
pieces contained in a rubber bag attached to an 
opening in the top of the reactor. As indicated by  
the arrows at the right of Fig. 6, the five portions of 
magnesium resulted in the formation of five sepa- 
rate layers of sponge. These are exposed promi- 
nently, because this reaction chamber was removed 
from the furnace and laid on its side when the re- 
duction was completed. The side at the left then 
became the bottom, and the still fluid magnesium 
chloride flowed to the position shown. 

If the magnesium chloride had been drawn off 
so as to keep the zone of reaction at approximately 
the same level during the reduction, there would 
have been only a single, dense, thick layer of sponge. 

In larger reactors making 91 kg or more of sponge 
per charge, there is a similar tendency to form a 
bridge extending upward from the level tha t  origi- 
nally marked the upper surface of the magnesium. 
With the greatly increased span, the mechanical 
strength of the spongy layer is not adequate to 
allow bridging, and the whole mass collapses to 
the bottom, particularly when the magnesium 
chloride is tapped off and its buoyant  effect is no 

OBSERVATIONS ON THE SEGREGATION OF 
IMPURITIES DURING REDUCTION 

Usual practice at tile pilot plant operated by the 
Bureau of Mines was to mount  the opened reaction 
chamber in a lathe and remove the mass of crude 
t i tanium sponge by turning. The chips obtained in 
this way were treated at 900~ in a high vacuum; 
as a result of this t reatment,  hydrogen, magnesium, 
and magnesium chloride were largely removed by  
volatilization, and purified spongy t i tanium re- 
mained as the residue. As previously noted, if 
chips fl'om various parts of the reaction mass were 
kept segregated during purification, metal  produced 
from chips that  came from the center of the reaction 
mass was freer from impurities and softer than that. 
made from chips tha t  came from the outside and 
bottom. 

Discovery of the cause and a remedy for this 
condition was of practical importance for several 
reasons. Variations in hardness and composition 
of sponge in the same lot introduced difficulties in 
sampling and testing. Compacts made from such 
material by powder metallurgy techniques were 
not uniform in composition and properties. Finally, 
it was considered desirable to have the best possible 
quality of primary metal, consistent with reasonable 
costs of production, in order to allow use of larger 
quantities of scrap, such as turnings and off-grade 
sponge, in making new ingots. 

Two hypotheses were advanced to explain this 
tendency to zonal segregation of impurities in the 
reaction mass: (A) during reduction, gases present 
in the atmosphere around the reaction chamber 
diffused through the hot mild-steel walls of the 
chamber and dissolved in the t i tanium lying closest 
to the wall on the inside; (B) the first t i tanium 
formed during the reduction served as a "ge t te r"  of 
the impurities present in the magnesium and on 
the walls of the reactor and in doing so became 
hardened. As shown above, the first t i tanium made 
is deposited on the walls of the reactor. 

The hypothesis that  the zonal hardness variations 
were due to diffusion through the walls of the reac- 
tor was tested in two ways. Several types of empty  
reaction chambers were heated to operating tem- 
perature and held there while a slow stream of 
helium was passed through one side of an electrical 
thermal conductivity meter, then through the hot  
chamber, and finally back through the other  side 
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of the meter.  After the initial period of outgassing, 
no contaminat ion of the helium was indicated. 
Also, small reaction chambers were packed with 
high grade t i tanium sponge, outgassed, filled with 
helium, and then heated for several hours at  about  
800~ After the chamber had cooled, it was opened 
and the sponge removed.  While being unloaded, 
the sponge was segregated into various portions 
according to position in the chamber during heating. 
Each portion of sponge was sampled and the sample 
melted into a small ingot on which the hardness 
was measured. The hardness of the sponge lying 
next to the walls of the reactor was not noticeably 
greater than  tha t  of sponge in the center. This also 
suggests tha t  the zonal variations in hardness were 
not due to diffusion of gases through the walls of 
the reactor. 

Evidence bearing on the "ge t te r"  theory was 
obtained b y  making three separate 90-kg Krotl re- 
ductions, runs No. 402, 403, and 404, each as nearly 
alike as possible except in the manner  of adding 
the magnesium. A different reduction chamber was 
used for each run. Each had been used several 
t imes before and had been cleaned and wire-brushed 
to remove all residues from previous runs. Each 
pot  was finally sealed and treated on the inside 
with moist  hydrogen while at operating tempera-  
ture. Before cooling, the hydrogen was replaced 
with helium or argon, and the inert a tmosphere  
was maintained through all subsequent operations 
until the reduction had been finished and the 
chamber cooled to room temperature .  This pre- 
vented readsorption of nitrogen, oxygen, or water  
vapor  on the inner walls of the chamber.  

In  addition to a variat ion in the method of adding 
the magnesium, the technique used in making these 
three reductions differed in two other ways from 
tha t  previously described (4). First, the t i t an ium 
tetrachloride was fed through two s ta t ionary  pipes 
introduced into the 5.08 = cm pipes normally used 
for poking to break up the surface crust on the reac- 
tion mass, and the revolving feeder was not used. 
Second, a long thermocouple with iron protection 
tube was introduced through a packing gland in 
the top of the column cover. As the couple could be 
moved up and down in the packing gland, the tem- 
perature could be measured at different levels in 
the reaction chamber.  This was done every half 
hour until about  half of the magnesium had been 
used. The rate  of addition of t i tanium tetrachloride 
was adjusted to hold the max imum tempera ture  in 
the reaction chamber between 950 ~ and 1050~ 
The protection tube in moving up and down peri- 
odically also took over the function normally per- 
formed by  the poking rods. 

The  magnesium used for these three reductions 
was s tandard commercial-grade electrolytic mag-  
nesium cast in cylindrical billets approximate ly  
40.7 cm long b y  10.7 cm in diameter .  A typical  
chemical analysis in percent by  weight follows: 

Fe . . . . . . . . . . . . . . . . . . .  0.05 Mn . . . . . . . . . . . . . . . . . . .  0.06 
S i  . . . . . . . . . . . . . . . . . . .  0.003 Al . . . . . . . . . . . . . . . . . .  trace 
Ni . . . . . . . . . . . . . . . . . . .  0.002 C . . . . . . . . . . . . . .  0.005-0.12 
C I  . . . . . . . . . . . . . . . . . . .  0 . 0 2  

The billets were cut into three or four pieces and 
cleaned by  pickling, drying, and buffing before use. 

In  the first run, all the billets were put  in the 
reaction chamber and completely melted before 
any  ti tanic chloride was added. In  the second run 
about  one-fourth of the billets were introduced and 
melted before s tar t ing to feed the t i tanic chloride. 
The rest were added at  intervals through a lock in 
proport ion to the ra te  a t  which t i tanic chloride 
was run in. In  the third run the charge of clean 
billets first was melted in a separate  chamber  under  
an inert a tmosphere  and held molten for several 
hours to allow the solid impurities to settle as 
much as possible. Then the liquid metal ,  protected 
by  an inert atmosphere,  was siphoned over into the 
reaction chamber.  I t  was necessary to let the mag-  
nesium solidify before the chamber  could be dis- 
connected from the siphon and placed in the 
furnace, but  the whole charge was mel ted again 
before the reduction was started. 

The three reductions were completed and cooled, 
and the product  was recovered by  boring and puri- 
fied by  distillation, as described above. In  boring, 
the charge was divided into four lots, approximate ly  
as indicated in Fig. 7, and during vacuum distilla- 
tion each lot from each of the three runs was kep t  
separate.  

In  studying the da ta  derived from these three 
reductions as shown in Table  I I ,  two points are to 
be noted particularly.  First, the product  obtained 
from runs No. 402 and 404 in which all of the mag-  
nesium was added and melted before the reduction 
star ted shows very definitely the zonal distribution 
of hardness and impurities. In  contrast,  the product  
of run No. 403 to which magnesium was added in 
increments during the run shows little var ia t ion 
between the different fractions other than  what  
might  be ascribed to normal  variat ions in testing 
and analysis. Second, the product  of run No. 404 
in which the magnesium was settled and decanted 
is noticeably softer than  the product  of run No. 402 
in which the commercial billets were prepared only 
by  cleaning the surface. 

By  inference, these facts lend strong support  to 
the hypothesis tha t  the zonal variat ions in hardness 
are due to the first t i tanium formed acting as a 
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FIG. 7. Sectional diagram showing position of lots 1, 2, 3, 
and 4 in reaction mass. 

ge t te r ,  s ince t h e y  are  to  be a n t i c i p a t e d  on the  basis  
of th is  hypo thes i s .  T h e  first  t i t a n i u m  is depos i t ed  
on the  wal l s  of the  reac t ion  chambe r  ju s t  a b o v e  
the  u p p e r  surface of the  magnes ium,  and  m a g n e s i u m  
fed b y  cap i l l a ry  ac t ion  to  the  zone of r eac t ion  as i t  
rises up  the  wal l  and  out  over  t he  b a t h  m u s t  pass  
t h rough  or over  th is  me ta l .  A n  excel lent  o p p o r t u n i t y  
is thus  af forded for r emova l  of impur i t i e s  in t he  
magnes ium.  W h e n  magnes ium is a d d e d  dur ing  the  
run,  i t  is a l r e a d y  a t  the  surface,  is in the  r eac t ion  
zone, and  does no t  have  to  pass  t h r o u g h  the  m e t a l  
p rev ious ly  depos i t ed .  Consequen t ly ,  the  pu r i fy ing  

ac t i on  does  no t  t a k e  place,  and  al l  t he  m e t a l  t e n d s  
to  be  of a b o u t  t h e  same  grade .  

Th i s  s ame  effect m a k e s  i t  diff icult  to  p r o d u c e  
a l loys  of t i t a n i u m  of un i fo rm compos i t i on  b y  a d d i n g  
the  a l loy ing  e l emen t  t h r o u g h  the  m a g n e s i u m ,  if 
al l  t he  m a g n e s i u m  is p laced  in the  r eac t i on  c h a m b e r  
before  s t a r t i n g  t h e  reduc t ion .  I n  one tes t ,  an  a t -  
t e m p t  was  m a d e  to  m a k e  a t i t a n i u m  a l loy  c o n t a i n -  
ing 1% a l u m i n u m  b y  a l loy ing  the  necessa ry  
a m o u n t  of a l u m i n u m  wi th  t he  m a g n e s i u m  before  
c omme nc ing  the  r educ t ion .  M o s t  of the  a l u m i n u m  
wen t  in to  t h e  t i t a n i u m ,  which  h a d  been  d e p o s i t e d  
first, and only a trace was found in the metal from 
the center of the reaction mass. 

Consideration of the data in Table II also leads 
to the conclusion that a considerably better grade 
of titanium could be produced by the Kroll process 
if magnesium of much higher purity were available 
in large ingots so as to reduce the amount of im- 
purities both dispersed through the body of the 
ingot and on the surface. Fraction 1 of run No. 404 
indicates the improvement to be expected by this 
means .  

F u r t h e r  i n spec t ion  of T a b l e  I I  shows t h a t  i ron,  
manganese ,  and  oxygen  a re  t he  p r inc ipa l  i m p u r i t i e s  
which  would  r e m a i n  a f te r  t he  sponge  h a d  been  
m e l t e d  to  fo rm an  ingot .  To  ob t a in  some idea. as to  
how these  i m p u r i t i e s  affect  the  ha rdness  of t i t a n i u m ,  
th ree  series of a l loys  were  made ,  and  the  r e l a t ion  

TABLE II.. Data obtained from three special 200-1b reduction runs 

Run No. and description 

402. Magnesimn in form 
of commercial billets, 
all added and melted 
before starting reduc- 
tion. 

Weighted averages 
403. Magnesium in form 

of commercial billets, 
one-foUrth added and 
melted before starting 
reduction, rest added 
during run. 

Weighted averages 
404. Magnesium melted, 

settled, and siphoned 
before use to remove 
some of suspended im- 
purities 

Weighted averages 

Lot 

1 
2 
3 
4 

Total 

1 
2 
3 
4 

Total 

1 
2 
3 
4 

Total 

K g  

Analyses, % by weight 

Mn Ti 

36.7 o.o31o.o5 0.0'4 0.03 99.9 
30,4 0.04 0.06 0.03 0.06 99.8 
26.7 0.19 <,04 0 ~,3 0.20 99.5 
14.1 0.13 0.23 0. 4 0.04 99,8 

107.9 

30.8 
28.6 
27.2 
17.2 

0.086 0,074 
0.13 0.06 
0.12 0,14 

0.07 
025 

0.16] 
0.19 

0.12 

0.092. 0.100 
I 

0.035 0.082 - -  
0.03 0.13 99.7. 
0.03 0.11 99.2 
0.04 0.08 99.7 
0.0,3 0.02 99.5 

0.03~ 
0.03 
0.04 
0.03 
0.03 

0.032 0.073 ! 

103.8 
0.093 - -  
0.04 99.9 
0.06 99.4 
0.09 99.6 
0.11 99.3 

29.5 
26.3 
26.3 
24.0 

106.1 

0.003 0.112 0,0026 
0.003 0.132 0.0034 

0.0036 0.086 0.0023 
0.002 0.051 0.0016 
0.002 0.062 0.0015 
0.002 0.055 0.0022 
0.002 0.074 0.0018 

0.002 0.059 0.0018 
0,002 0.039 0.0006 
0.003 0.052 0.0008 
0.003 0.058 0.0017 
0.002 0.070 0.0014 

0.0025 0.054 0.0011 

Total of 
deter- 

C1 mined 
impur- 

ities 

0.06 0.28 
0,04 0.31 
0.05 0.62 
0.11 [ 0.69 

0.058] 0.427 
0.09 [ 0.49 
0.10 I 0.57 
0.12 / 0.53 
0.22 0.79 

I 
0.122 0.572 
0.08 I 0.31 
0.09 0.48 
0.07 0.42 

0 L 
0. 0.445 

I 

Brineli 
hardness 

110 
133 
158 
162 

135 
125 
129 
123 
135 

127 
98 

117 
127 
153 

122 
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FIG. 8. Graph showing effect of oxygen, iron, and manga- 

nese on the hardness of titanium. 

between amount  of impuri ty and hardness of the 
as-melted ingot was determined. Electrolytic tita- 
nium 2 was used as the base, and the alloy additions 
were high grade commercial transformer iron, 
electrolytic manganese, and purified t i tanium 
dioxide. The alloys were made up by weight from 
the raw materials, but the actual composition of 
the melted ingot was determined by chemical 
analysis. Data  obtained are shown in Fig. 8. The 
effects of all these elements as alloying additions to 
t i tanium have been studied before, but  available 
data for iron and manganese did not indicate clearly 
the effect of such small amounts as are studied 
here. In  the previous work on ti tanium-oxygen 
alloys (9-11), the oxygen content of the final alloy, 
on which hardness measurements were made, was 
not determined directly, and there was no assurance 
that  the value taken was correct. 

The curves show that  the amount of manganese 
ordinarily present in commercial-grade sponge 
has little effect on the hardness, the iron content 
has more effect, and the oxygen most of all. 

In  the ease of the various lots of sponge for 
which data are given in Table II ,  if separate in- 

crements of hardness due to manganese, iron, and 
oxygen by reference to Fig. 8 are estimated, it will 
be found that  the sum is less than the amount  the 
hardness of the batch exceeds that  of pure titanium, 

2 Elect rolyt ica l ly  purified in a small cell using a fused 
salt  electrolyte.  The purification was done in this  
laboratory.  

about 60 BHN. This indicates, therefore, tha t  the 
many  other impurities present in very small 
amounts taken together also contribute signifi- 
cantly to the total hardness. 
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Factors Affecting the Formation of Anodic Oxide Coatings' 
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ABSTRACT 

The effect of variations in electrolyte and forming conditions on the formation of 
porous type anodic oxide coatings on aluminum are discussed, with particular reference 
to the manner in which these variables control oxide formation, pore development, and 
the thickness of the barrier layer. Formation and solution rate data are applied to show 
that, during the formation of a porous type coating, conditions at pore bases are vastly 
different from those existing in the main body of the electrolyte. 

INTRODUCTION 

It  has been known for many years that charac- 
teristics of the porous type of anodic oxide coating 
applied to aluminum are determined by the elec- 
trolyte used in its formation and by conditions 
under which it is formed. As a result, the structure 
of these coatings and factors that control their 
formation have been the subject of much discussion 
and investigation (1-7). Recently, structural fea- 
tures of the cells and pores comprising these coat- 
ings have been revealed, and methods have been 
developed for determining their dimensions (7, 8). 
The present paper establishes the effect of elec- 
trolyte and forming conditions on formation of the 
porous type of anodic oxide coating through the 
use of barrier layer thickness measurements (8), 
and presents a new concept of conditions that may 
exist at the bottom of the pores during the forma- 
tion process. 

When anodic oxide coatings are formed on 
aluminum, the chemical action of the electrolyte on 
the oxide governs the type of coating which results. 
If the electrolyte has no appreciable solvent action 
on the oxide, a thin nonporous barrier type of 
coating is formed. If, however, the electrolyte has 
appreciable solvent action, pores develop in the 
oxide, and the porous type of coating is produced. 
This latter type of coating is characterized by a 
thin nonporous barrier layer of oxide next to the 
metal and a relatively thick porous layer of oxide 
situated above the barrier layer. The entire coating 
is at one stage barrier layer oxide; the porous layer 
is barrier layer oxide, which contains tubular pores 
developed by solvent action of the electrolyte. The 
barrier layer at the bottom of the pores is impor- 
tant, because it constitutes an effective barrier 
between the metal and its environment during 
service. 

Manuscript received April 26, 1954. This paper was 
prepared for delivery before the Chicago Meeting, May 2 to 
6, 1954. 
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In the formation of the porous type of oxide 
coating, oxide production proceeds in an orderly 
fashion and at a relatively constant rate, once the 
initial fluctuations which attend the start of this 
process have subsided. This constancy of barrier 
layer thickness indicates that a balance has been 
attained between the rate of oxide formation and 
factors controlling solvent action. Inasmuch as 
the thickness of the barrier layer is the net result 
of these competing actions, a change in this balance 
will be reflected in a change in thickness of the 
barrier layer. Consequently, changes in barrier 
layer thickness as a result of changes in electrolyte 
and forming conditions are an indication of the 
effect of these factors on formation of anodic oxide 
coatings. 

FACTORS AFFECTING BARRIER LAYER 

THICKNESS 

The balance between formation and solution of 
oxide is of a rather compiex nature, because at 
least six major variables are involved: electrolyte 
type, electrolyte concentration, bath temperature, 
voltage, current density, and time. Electrolyte 
type, concentration, and temperature, along with 
current density and voltage, are interdependent, 
with the result that no variable may be changed 
without effecting a change in at least one other. 

Considering the effect of the six major variables 
on barrier layer thickness, time is not a factor be- 
cause it has been shown that barrier layer thickness 
remains constant with time, once the balance be- 
tween formation and solution of oxide has been 
established (8). Further simplification may be 
made by considering first a single concentration of 
a specific electrolyte. An electrolyte containing 
15% by weight of sulfuric acid was arbitrarily 
chosen as a starting point in this investigation. 

With regard to the three remaining variables, 
voltage, current density, and bath temperature, it 
is found that they also are interdependent, and that 
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FzG. 2. Effect of voltage and temperature on unit barrier 
thickness for coatings on 99.99% aluminum formed in 15% 
sulfuric acid. 

a change in one will be reflected in a change in one 
or both of the others (Fig. 1). Thus, if both tempera- 
Lure and forming voltage are chosen, current den- 
sity is automatically established. Consequently, 
only the effects of forming voltage and bath  tem- 
perature on barrier layer thickness need be con- 
sidered initially. 

The combined effect of these two variables on 
the unit barrier thickness (thickness per volt of 
forming potential) of coatings formed in the 15 % 
sulfuric acid electrolyte is shown by Fig. 2. I t  is 
apparent  tha t  forming voltage in the range in- 

vestigated had no effect on unit barrier thickness. 
Therefore, while forming voltage controls the total  
thickness of the barrier layer, it has no bearing on 
unit barrier thickness. Temperature,  however, does 
have an effect on unit barrier thickness, and de- 
creasing temperature  results in greater unit barrier 
thickness. From the trend observed, it appears tha t  
at very low temperatures the unit barrier thickness 
will approach the 14 A value characteristic of elec- 
trolytes tha t  do not dissolve the oxide. This is not 
surprising, because solvent action of electrolytes 
generally decreases with temperature. 

The effect of current density on unit barrier 
thickness m ay  now be established by  considering 
the interrelationship between this variable, forming 
voltage, and bath temperature.  From Fig. 2, it is 
apparent tha t  forming voltage did not affect unit  
barrier thickness. From Fig. 1, it is evident tha t  for 
any given bath  temperature the voltage range 
covered involved a wide range of current density 
values. Inasmuch as voltage had no effect on unit  
barrier thickness, it is apparent tha t  current density 
also does not influence unit barrier thickness. 

Having shown that  voltage, current density, and 
time do not affect unit barrier thickness, it is pos- 
sible to establish the effect of electrolyte concentra- 
tion on unit barrier thickness by  fixing bath tem- 
perature. For  this part  of tile investigation, coatings 
formed at 15 volts in sulfuric acid electrolytes 
operated at 21~ were used. In the course of deter- 
mining the relationship between barrier layer thick- 
ness and electrolyte concentration, it was observed 
that, at constant voltage, pronounced changes in 
current density occur with variations in sulfuric 
acid concentration (Fig. 3). The shape of the curve 
is similar to that of the curve for the conductivity 
of sulfuric acid solutions (9) (Fig. 3), although the 
highest current densities did not correspond to the 
maximum conduetivities. Also, current densities 
were extremely low at both very low and very high 
acid concentrations. 

Pronounced but not unexpected changes in unit 
barrier thickness were found to occur with varia- 
tions in sulfuric acid concentration as shown by 
Fig. 4 and 5. As concentration was decreased to very 
low values (Fig. 4), the barrier approached the 14 
A/volt value characteristic of electrolytes that do 
not dissolve the oxide. This indicates that at very 
low concentrations the ability of the electrolyte to 
dissolve the oxide and develop pores decreases to an 
exceptionally low value. As concentration was in- 
creased in the range of 25-65% acid (Fig. 5), the 
unit barrier thickness did not vary appreciably, 
but at about 90% acid concentration and above, 
unit barrier thickness became practically zero. At 
these very high acid concentrations, no coating at 
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all was formed, apparently because there was in- 
sufficient water present to ionize the electrolyte 
and form coating. 

The effect of electrolyte type on unit barrier 
thickness was investigated by  making barrier 
thickness determinations in 3 % chromic acid, 4 % 
phosphoric acid, and 2 % oxalic acid electrolytes. In  
each of these electrolytes, unit barrier thickness 
changed appreciably with the bath temperature 
but did not change with variations in current den- 
sity, voltage, and time, as was the ease with the 
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Fro. 7. Effect of voltage and temperature on unit barrier 
thickness for coatings on 99.99% aluminmn formed in 3% 
chromic acid. 

sulfuric acid electrolyte. Also, at any given tempera- 
ture, different unit barrier thickness values were 
observed for the four electrolytes. The interrelation- 
ship between current density, voltage, and bath 
temperature, and the variation in unit barrier 
thickness with temperature for the 3% chromic 
acid electrolyte are shown by Fig. 6 and 7. 

In summary, voltage, current density, and time 
control the amount  of anodie oxide coating tha t  
forms, but  these factors have no effect on unit bar- 
rier thickness. Unit barrier thickness is determined 
by electrolyte type, electrolyte concentration, and 
bath temperature. 

FACTORS AFFECTING PORE FORMATION 

Inasmuch as formation of the porous type of 
oxide coating involves a balance between oxide 
formation and solution, coating may  form only as 
fast as solution occurs at the bases of the pores. In  
contrast to the formation of oxide which is an elee- 
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trochemical process, solution of the oxide is pri- 
marily a chemical process. Of the six major variables 
under discussion, time may be eliminated by con- 
sidering the rate of solution. Since the solution of 
oxide is a chemical process, current density will 
not have a direct effect but will affect solution rate 
only insofar as it may affect temperature. Voltage 
also will not affect solution rate directly but will 
influence the rate of solution insofar as it affects 
current density and temperature. Thus, the solution 
rate is defined in terms of electrolyte type, elec- 
trolyte concentration, and bath temperature, which 
are the same factors ~hat control unit barrier thick- 
ness. In this investigation, only the effect of varia- 
tions in concentration and temperature of sulfuric 
acid electrolytes has been investigated compre- 
hensively, although preliminary work with other 
electrolytes has shown that electrolyte type has a 
pronounced effect on solution rate. 

Solution rates were determined by immersing 
sulfuric acid anodic coatings in various concentra- 
tions of sulfuric acid at various temperatures with- 
out applied voltage. The reduction in thickness of 
the barrier layer resulting from immersion was 
then used to calculate linear solution rates in 
Angstrom units per minute. 

Considering first the 15 % sulfuric acid electrolyte 
that is used extensively in commercial applications, 
it is found that solution rate and temperature bear 
a logarithmic relationship (Fig. 8). Solution rate is 
doubled for every 8.6~ increase in temperature 
and is increased tenfold for every 28.3~ rise in 
temperature. These results are similar to those 
obtained by Hass (6) for the solution rates of 
barrier type oxide coatings in similar electrolytes. 
This relationship may be expressed more precisely 
by the equation 

log R = 0.0196T -- 1.45 
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FIG. 9. Re la t ion  be tween  so lu t ion  ra te  and  sulfuric acid 
concen t r a t i on  at  100~ 

where R is the linear rate of solution in Angstrom 
units per minute, and T is temperature in degrees 
Fahrenheit. 

The specific effect of electrolyte concentration on 
solution rate was determined by measuring the de- 
crease in thickness of the barrier layer portion of 
coatings formed in 15 % electrolyte during exposure 
to electrolytes of other concentrations. At each 
concentration, the same logarithmic relationship 
was observed between temperature and solution 
rate. Thus, the plots of solution rate against tem- 
perature for various concentrations form a family 
of parallel lines on a semi-logarithmic plot. Solution 
rate varied somewhat with electrolyte concentra- 
tion at all temperatures, but the effect of concen- 
tration was much less than that of temperature. 
Solution rate reached a peak in the range of about 
12-25 % acid. A typical curve showing the relation 
between concentration and solution rate is shown 
in Fig. 9. The sharp decrease in solution rate at 
very low concentrations is in keeping with the high 
unit barrier thicknesses observed at these concen- 
trations. 

From these relationships, it is apparent that  
temperature and electrolyte type and concentra- 
tion control solution rate at the bases of the pores. 
Temperature is the dominant factor, and even 
relatively small changes in temperature result in 
pronounced changes in solution rate. Electrolyte 
concentration also affects solution rate, but rather 
large changes in concentration are required to pro- 
duce significant changes. 

CONDITIONS EXISTING AT PORE BASES 

If formation rates and solution rates are con- 
sidered further, an interesting hypothesis is evolved 
concerning the situation which may exist at the base 
of the pores during formation of the porous type of 
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oxide coating. In the case of a coating formed in a 
15% sulfuric acid electrolyte at 21~ using a ear- 
rent density of 12 amp/ f t  2 (1.29 amp/din2), oxide is 
formed at the rate of about 0.00088 in./hr, which 
amounts to 3725 A/rain. Inasmuch as the barrier 
thickness remains constant once the initial balance 
between formation and solution is established, the 
linear rate of solution at the base of the pores must 
also be 3725 A/min. From data already presented, 
however, the linear rate of solution in 15 % sulfuric 
acid at 21~ is only 0.84 _~/min. This difference 
in rate of over 4000:1 indicates tha t  the electrolyte 
eonditions at the base of the pores cannot be the 
same as those in the body of the electrolyte. 

The conditions tha t  probably exist at  the base of 
the pores can be established from the solution rate 
data. From the solution rate formula given above, 
the 3725 A/min  rate which must exist to maintain 
constant barrier thickness corresponds to an elec- 
trolyte temperature of about 124~ for the 15% 
electrolyte. This is much higher than the boiling 
point of this electrolyte, and indicates that  the 
electrolyte is probably of a concentration greater 
than 15 %. Referring to the boiling points of sulfuric 
acid solutions (10) (Fig. 10), it is found that  124~ 
corresponds to the boiling point of 50% sulfuric 
acid. Thus, as a first approximation, the operating 
electrolyte at the base of the pores is boiling 50% 
sulfuric acid during the formation of this particular 
coating. Extension of this reasoning to cover the 
solution rate of the 50% acid instead of the 15% 

acid which could not develop the required solution 
rate brings about  only a small change. The  final 
determination indicates tha t  the electrolyte at  pore 
bases is probably boiling 51% sulfuric acid. 

Consideration of other relationships tha t  apply 
to the formation of anodic oxide coatings can be 
used to estimate the temperature  and concentration 
of sulfuric acid which is operative at pore bases 
under any combination of forming conditions. The  
amount  of coating formed is a function of current 
density and time in accordance with Faraday 's  
law. The rate of formation, therefore, is a function 
only of current density. Consequently, other vari- 
ables can affect the rate of formation only insofar 
as they affect current density. Also, rate of solution 
must equal rate of formation because the barrier 
thickness remains constant once the initial balance 
is established. Therefore, rate of solution also may  
be treated as a function of current density. Based 
on known rate of formation data, solution rate may  
be expressed by  the equation: 

R = 310 C 

where R is linear rate of solution in Angstrom units 
per minute, and C is current density in amperes 
per square foot. 

As an example of the manner  in which conditions 
existing at pore bases may  be estimated, assume 
that  a coating is to be applied in a 15% sulfuric 
acid electrolyte at 43~ using a potential  of 10 
volts. From Fig. 1, the current density correspond- 
ing to this voltage and temperature  will be about  
17 amp/ f t  ~ (1..83 amp/din2). Rate  of solution will 
be 310 times this value or about 4960 A/rain. F rom 
Fig. 8, a temperature of about 128~ is required to 
obtain this solution rate. This, in turn, corresponds 
to the boiling point of 53 % sulfuric acid. Therefore, 
the electrolyte at pore bases under these conditions 
is approximately 53 % acid at  its boiling point of 
128~ 

Fur ther  consideration of these various relation- 
ships reveals additional interesting information 
regarding the electrolyte operative at pore bases. 
The 15% sulfuric acid electrolyte has a solution 

o 

rate of about 620 A/min  at its boiling point of about  
103~ This corresponds to a current density of 
about 2.0 amp/ f t  2 (0.22 amp/dm~). At current 
densities below this value, the electrolyte at pore 
bases will be substantially 15 % acid but  will be at  
a temperature  sufficient to give a solution rate 
corresponding to the particular current density 
value. At current densities above 2.0 a m p / f t  2 
(0.22 amp/dm2), the electrolyte will be at its boiling 
point and will be of a greater concentration and at 
a higher temperature  to develop the solution rate 
required. 
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The existence of pronounced temperature and 
concentration differentials between the electrolyte 
at pore bases and in the body of the electrolyte 
emphasizes the importance of agitation in the anodic 
coating process. Movement of the electrolyte in 
and out of the pores is a very important factor in 
removing heat from the base of the pores where it 
is generated. Also, mixing of the electrolyte will 
tend to decrease the concentration gradient between 
the pore bases and the remainder of the eleetrolyte. 
Thus, agitation becomes a very important factor in 
the formation of the porous type of coating. 

CONCLUSION 

Consideration of the effects of the many variables 
which have been discussed emphasizes the fact 
that the formation of the porous type of oxide 
coating is a complex process and that, while forma- 
tion is proceeding at a uniform rate, a delicate 
balance exists between formation and solution of 
oxide. Formation rate is primarily a function of 
current density and is affected by other factors 
only insofar as they may affect current density. 
Solution rate, on the other hand, is a chemical 
process and is determined by electrolyte type, 
concentration, and temperature. The barrier layer 
at the base of the pores, which is the net result of 
the balance between formation and solution, has a 
thickness which is apparently controlled by these 
same three variables--electrolyte type, electrolyte 
concentration, and bath temperature. 

Application of the barrier layer measurement 
method to the anodic coating process shows that 

the conditions existing at the base of the pores are 
vastly different from those existing in the body of 
the electrolyte. Conditions at pore bases are char- 
acterized by high temperatures and high electrolyte 
concentrations, both of which are necessary to ac- 
count for the relatively rapid rates at which these 
coatings can be formed. 
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A B S T R A C T  

Chloral  h y d r a t e  gives one a p p a r e n t l y  dif fusion-control led wave (E~/~. ~bout  -- 1.4 v vs. 
S .C.E.) ,  d ich loroace ta ldehyde  two k ine t ic -cont ro l led  waves (--1.0 and  --1.7 v) ,  and  
ch loroace ta ldehyde  two k ine t ic -cont ro l led  waves (--1.1 and  - 1 . 7  v).  The  chloral  
h y d r a t e  wave is ac tua l ly  control led by  a composi te  of diffusion and  k inet ic  processes. 
Coulometr ic  and  polarographic  da ta  show t h a t  chloral  hyd ra t e  is reduced to d ichloro-  
ace ta ldehyde  h y d r a t e ;  the  l a t t e r  dehydra tes ,  and  the  u n h y d r a t e d  molecule is reduced 
to ch loroace ta ldehyde ,  which  is then  reduced  to ace ta ldehyde ;  finally, the  l a t t e r  is re- 
duced to e thy l  alcohol or 2 ,3 -d ihydro•  or bo th .  Th i s  over-al l  r educ t ion  process 
forms only one wave;  the  ace ta ldehyde,  whose reduc t ion  should  resu l t  in a second wave,  
is formed in such a smal l  amoun t  t h a t  the  wave is c lear ly demarca t ed  in ammonia  buf-  
fers only. Dich lo roace ta ldehyde  is reduced to ch loroace ta ldehyde ,  which in t u r n  is re- 
duced to ace ta ldehyde  wi th  the  fo rmat ion  of one wave;  ace ta ldehyde  reduc t ion  accounts  
for the  second wave.  Chloroace ta ]dehyde ' s  first wave is due to reduc t ion  to aceta lde-  
hyde ;  the  second due to  reduct ion  of ace ta ldehyde .  

INTRODUCTION 

Previous work on the electrochemical reduction of 
polyhalogenated compounds, particularly where 
more than  one halogen is present on the same carbon 
atom, has indicated a general step-wise removal of 
halogen atoms (1-10). With a compound such as 
tr ibromoacetic acid, the first bromine comes off more 
readily than the second one, which in turn comes off 
more readily than the third. Of the three polaro- 
graphic waves produced by tribromoacetic acid, the 
two more negative ones correspond to the two waves 
of dibromoacetic acid; the most negative wave cor- 
responds to the one wave of bromoacetic acid. 

In aqueous solutions, chloral hydra te  gives one 
wave of E1/2 about --1.4 v (an additional wave at 

- 1.7 v is observed in ammonia buffers), and dichlo- 
roacetaldehyde and chloroacetaldehyde each give 
two waves at about -- 1.0 and - 1.7 v, and - 1.1 and 
- 1.7 v, respectively. Since these results do not show 
the expected pattern,  a complete s tudy of the chlo- 
roacetaldehydes was made. 

Reference to chloral hydra te  is made throughout  
this paper since chloral exists as the hydra te  in 
aqueous solutions. A few runs made with chloral 
(anhydrous before dissolution) gave polarograms 
similar to those of chloral hydrate.  

EXPERIMENTAL 

Stock aldehyde solutions (10 raM) were prepared 
from U.S.P. chloral h y d r a t e /  a redistilled research 

Manusc r ip t  received April  20, 1954. 
z Merck  and  Company,  99.5% pure.  
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sample of dichloroacetaldehyde, 3 a research sample 
of chloroacetaldehyde 4 [40.0% solution by weight; 
composition was checked by specific gravi ty measure- 
mea t  (11), sp gr 25/25~ 1.194], and acetaldehyde. 5 
Nitrogen used for deoxygenating was purified and 
equilibrated by  bubbling through sulfuric acid, an 
alkaline pyrogallol solution, water, and a portion of 
the test solution. Buffer solutions (Table I) were 
prepared from C.P. chemicals. 

A Sargent Model X I I  Polarograph in connection 
with an external potent iometer  and a Leeds and 
Nor thrup  Type  E Electro-Chemograph were used. A 
Beckman Model G pH Meter  was used for pH meas- 
urement.  All items of measuring apparatus were cali- 
brated. A thermostated H-cell (12) employing a 
saturated calomel reference electrode was used. All 
potentials are referred to the saturated calomel 
electrode (S.C.E.) unless otherwise stated. The  drop- 
ping mercury electrodes were prepared from Coming 
marine barometer  tubing; the m and t values (open 
circuit, distilled water  at 25~ 60 cm head) for the  
capillaries used were: (a) 1.011 rag/see and 5.0 sec 
(chloral hydrate) ;  (b) 1.249 rag/see and 4.6 sec 
(dichloroacetatdehyde); (c) 1.672 mg/sec and 4.0 
sec (chloroacetaldehyde); and (d) 0.916 mg/sec and 
5.6 sec (all three compounds). The coulometric runs 
using a stirred massive mercury cathode were made  

Westvaco  Chemical  Divis ion  of the  Food M a c h i n e r y  
and  Chemical  Corpora t ion ,  b.p.  87~ a t  740 ram. n~ 5 1.4512. 

4 The  Dow Chemical  Company.  
s E a s t m a n  Organic  Chemicals .  
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TABLE I. Buffer solutions 

Buffer pH 

1.4 
4.1-5.7 

5.4 

7.0 

8.3-9.6 
9.2 

9.8 

10.5 

12.3 

Composition 

0.5M KC1 with added HC1 
0.5M NaOAc with added HOAc 
0.112M Na~HPO4.12H~.O, 0.044M citric 

acid mouohydrate, and 0.198M KC1 
0.164M Na~HPO4.12H20, 0.0176M 

citric acid monohydrate, and 0.073M 
KC1 

0.5M NH4C1 with added NH~ 
0.082M Na2B4Owl0H~O and 0.32M 

KCt 
0.082M Na.~B4OT.10H20, 0.285M KC1, 

with added NaOH 
0.163M Na~HPO4.12H,_,O with added 

NaOH 
0.105M N:~._,HPO4.12H20 with added 

NaOH 

in a modified Lingane (13) apparatus maintained at 
25 • 0.1~ 

The test solutions (ionic strength of 0.45 in all 
cases), prepared by mixing measured volumes of the 
stock and buffer solutions, had essentially the same 
pH as the buffer used. Five minutes was used for this 
operation. The test solution was deoxygenated for 
five minutes and then electrolyzed (ten minutes) ; the 
nitrogen atmosphere was maintained throughout  the 
electrolysis. 

] ) I S C U S S I O N  

Using a fritted glass disk electrode, Neiman (7) 
reported the E~/2 of chloral hydrate  to b e - 0 . 8  v in 
0.1N KC1 (the reference electrode was not indi- 
cated); no interpretation of the wave was made. 

After the present s tudy was under way, Federlin 
(14) reported no reduction of dichloroaeetaldehyde, 
one wave for chloral hydrate  (E~/2 of about - 1.6 v) 
and two waves for chloroacetaldehyde (--1.1 and 
- 1.8 v) with an additional wave appearing at - 1.6 v 
at high pH values. He also found two waves for 
bromal ( - 1 . 3  and - 1 . 8  v), two waves for dibromo- 
acetaldehyde (-- 1.2 and -- 1.8 v), and two waves for 
bromoacetaldehyde (15) (--0.4 and - 1 . 8  v), with 
an additional wave appearing at --1.6 v at high pH. 
The chloral wave was ascribed (14, 16) to a diffusion- 
controlled process involving reduction of the hy- 
drated molecule to dichloroacetaldehyde, which was 
nonreducible; the first wave of chloroacetaldehyde 
was ascribed to a kinetic-controlled process involving 
reduction of the unhydrated molecule to acetalde- 
hyde, and the second wave, to reduction of acetalde- 
hyde. The additional wave which appeared only at 
high pH was ascribed to reduction of glycolic alde- 
hyde (hydroxyacetaldehyde), the hydrolysis prod- 
uct of chloroacetaldehyde. Since reduction of 
dichloroacetaldehyde was not obtained, and since the 
explanation of the electrode process for chloral hy- 

TABLE II. Variation of current with drop time 
and temperature 

Chlor'd hydrate 

Dichloroacetal- 
dehyde 

Chloroaeetal- 
dehyde 

Buffer 
),To, 

4 
5 
4 
5 
4 
4 
5 

pH 

9.1 
9.2 
9.1 
9.8 
8.3 
8.9 
9.2 

Ratio of current 
at  two heads 
of mercury a, b 

W~ve Wave 
II 

1.65 
1.70 
1.04 1.06 
1.0 
1.18 1.09 
1.24 1 .12  
1.11 

Temperature 
coefficients c 

W~ve Wavei[ 

2.4 
2.2 
7.6 8.1 
8.1 
3.4 3.5 
3.6 3.7 
7.3 

Corrected for back pressure by use of relation, hb,ck = 
3.1/m1/at~/~. 

b With the following capillaries and the heads used, 
theoretical values for different current controlling processes 
~re : 

Diffusion Adsorption Kinetic 

(a) chloral hydrate 1.43 2.05 1.0 
(b) dichloroacetaldehyde 1.23 1.51 1.0 
(d) chloroacetaldehyde 1.23 1.51 1.0 

Calculated from the compound interest formula, 

(T2) q = (T~) i~ (1 + temp coeff.) (T2-- T~) 

drate is inadequate, the work here reported was 
continued. 

The chloroacetaldehydes were found to possess a 
very complex electrochemical reduction pattern. For  
example, variations of current with drop-time, i.e., 
head of mercury, and temperature (Table I I )  indi- 
cate tha t  a diffusion process may control the one 
chloral hydrate  wave, while kinetic processes control 
both waves of dichloroacetaldehyde and of chloro- 
acetaldehyde. 

The Ilkovic equation, when applied to chloral 
hydrate  data  (Table I I I ) ,  indicates tha t  about two 
electrons /molecule are consumed in the reduction 
process. Since an over-M1 two-electron transfer did 
not seem reasonable for chloral hydrate,  and since 
the Ilkovic equation cannot be applied to kinetic- 
controlled processes, coulometric electrolyses were 
made on all three aldehydes to aid in establishing the 
electrode reactions. 

In  order to clarify the apparently unconnected 
behavior observed, the following discussion of 
polarographic and coulometric behavior of chloro- 
acetaldehydes utilizes some of the conclusions sub- 
sequently summarized in the section on nature of the 
reduction process. 

Polarographic Behavior 

Polarographic data for the chloroacetaldehydes 
are given inTables I I I ,  IV, and V. Apparent  diffusion 
current constant values ([  = i~/C m ~/~ l 1/6) were cal- 
culated in the case of chloral hydrate  to facilitate 
current comparison. Where the limiting current is 
not largely diffusion-controlled, it is designated as it. 
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TABLE I I I .  Effect of pH, concentration, drop time (head 
of mercury), and temperature on polarographic behavior 

of chloral hydrate 

B u f f e r  c 
N o .  

3 a 0.25 

4 e,J 0.25 

4 o,s 1.0 

u 1.0 
4 1.0 
4 ~ 1.0 
4 b i. 0 

5 1.0 
5 1.0 
5 ~ 1.0 
5 b 1.0 

5 1.0 
5 1.0 
5 b 1 . 0  

6 1.0 

6 1.0 

40 1.42 

40 1.34 

60 1.32 

40 1.32 
80 1.36 
80 
8O 1.45 

40 1.42 
80 1.45 
80 
80 1.51 

40 1.65 
80 1.67 
80 1.51 

i d  a i a 

0.86 2.60 0.35 

1.15 3.48 0.31 

0.34 4.23 

3.60 3.64 0.32 

5.94 4.98 0.32 

No wave detected 

3.33 2.79 0.29 

3.04 3.07 0.29 

5.18 4.34 0.37 

No wave detected 
3.00 2.51 0.29 

2.56 2.59 0.25 
3.84 3.22 0.32 
3.18 2.66 0.33 

5.0 

n r 5.0 

1.4 
1.0 

1.9 

80 I Wave too small to measure 

80 I No wave detected 

1.9 
2.6 

1.4 

1.6 
2.2 

1.3 

1.3 
1.7 
1.4 

The ie for chloral hydrate is pseudodiffusion-controlled 
and does not  give true I and n values (see Discussion). The 
diffusion coefficient used was 1.0 X 10 -5 cm 2 /sec [ap- 
proximated from the value for tr iehloracetic acid (3) 
since the two compounds have similar molecular weights]. 

b Temperature  was 0 ~ C in these runs; it was 25 ~ in all 
other  runs. 

0 These runs were made 24 hr after mixing chloral 
hydrate  and buffer. 

Capil lary c was used for these runs. 
Capil lary d was used for this run; capillary a was used 

in other runs. 
/ A second wave of E~/2 about --1.66 v was observed in 

ammonia buffers (see Fig. 1 and Discussion). 

V a l u e s  of a w e r e  c a l c u l a t e d  f r o m  t h e  s lope  of t h e  w a v e  

b y  t h e  r e l a t i o n ,  a = 0.056/(E~/4 - E3/4) a t  25 ~ T y p -  

ica l  p o l a r o g r a m s  of  c h l o r o a c e t a l d e h y d e s  a r e  s h o w n  in 

F ig .  1, t h e  c u r r e n t  vs .  p H  r e l a t i o n s h i p s  in F ig .  2, a n d  

t h e  E~/2 vs.  p H  r e l a t i o n s h i p s  in  F ig .  3. 

Chloral . - -One c a t h o d i c  w a v e  (E1/2 a b o u t  - - 1 . 4  v )  

was  o b t a i n e d  fo r  ch lo ra l  h y d r a t e  in  t h e  p H  r a n g e  of 

7.0 to  9.1 w i t h  an  a d d i t i o n a l  w a v e  a p p e a r i n g  a t  

- 1 . 7  v in  a m m o n i a  buf fe r s  (Fig.  1); a n e w  w a v e  d u e  

t o  r e d u c t i o n  of  c h l o r o f o r m  ( p r o d u c e d  b y  t h e  h a l o -  

f o r m  r e a c t i o n )  a p p e a r e d  a t  - 1.65 v in b o r a t e  bu f f e r  

a t  p H  9.8. T h e  c h l o r o f o r m  w a v e  d i s a p p e a r e d  a t  

h i g h e r  p H  as a r e su l t  of i ts  f a s t e r  f o r m a t i o n  a n d  sub-  

s e q u e n t  d i s a p p e a r a n c e  d u r i n g  d e o x y g e n a t i n g  d u e  t o  

i t s  v o l a t i l i z a t i o n  a n d  poss ib le  h y d r o l y s i s .  N o  w a v e  

w a s  d e t e c t e d  in buf fe r  1 d u e  t o  t h e  p r io r  h y d r o g e n  

d i s c h a r g e  w a v e .  I n  buf fe r  2, a w a v e  b e g a n ,  b u t  t h e  

h y d r o g e n  w a v e  a p p e a r e d  b e f o r e  i ts  c o m p l e t i o n .  

3.0 ~k 

z 

LO 
e r  

5.0 

f 

f 

CHLOROACETALDEHYDE 

S 

DICHLOROACETALDEHYDE 

J 

1.0 CHLORAL HYDRATE 

0.8 ,.0 ,12 ,.4 ,16 ,.e 
- I : ' ,v .  

F]G. 1. Tracings (average current) of polarograms of 
1.00mM solutions of chloral hydrate  and chloroacetalde- 
hyde, and a 0.99raM solution of dichloroacetaldehyde in 
ammonia buffer at pH 8.9 (60 cm mercury  head, 25~ 
capil lary d). 
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z 5D I.tJ n- 
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FIG. 2. Var ia t ion  of the reduction current of the cbloro- 
acetaldehydes with pH. TCAc indicates chloral hydra te ;  
DCAc and dashed lines indicate wave I of dichloroacetalde- 
hyde;  and MCAc indicates wave I of ehloroacetaldehyde.  
A represents data  in ammonia buffers and B in borate  
buffers. Magnitude of the currents can be compared only 
qual i ta t ively  since different capillaries were used. 

D a t a  a r e  in su f f i c i en t  for  a n y  v a l i d  c o n c l u s i o n s  con-  

c e r n i n g  t h e  e f fec t  of p H  on E1/2. T h e  c u r r e n t  a t  p H  

9.1 is g r e a t e r  in  a m m o n i a  buf fe r  t h a n  in  b o r a t e ;  t h i s  

is p r o b a b l y  due ,  as wi l l  be  s h o w n  l a t e r ,  t o  t h e  g r e a t e r  

c u r r e n t s  of  d i c h l o r o - a n d  c h l o r o a c e t a l d e h y d e  in 



Vol. 10t, No. 10 P O L A R O G R A P H Y  OF C H L O R O A C E T A L D E H Y D E S  523 

1.80 

1.60 

1.40 

u.I 
i 

120 

�9 TCAc 

o DCAr 

M C A r  

Ac 

, , i i 

/ 0  

~O 
.O" 

O J 
n 

,o 
i 

g 

~ o I o .6 - -o  

I ~00 

o.--'~o" 

3'.o 51o zlo 91o ,,',o 
p H  

Fro. 3. Variation of E~/~. with pH for chloral hydrate 
(TCAe), diehloroacet,ddehyde (DCAc), chloroaeetaldehyde 
(MCAe), and aeetahlehyde (Ae). The precision of the 
Ej/~ values is about 4- 0.02 v. 

ammonia buffer which add to the over-all chloral 
hydrate  wave. 
Dichloroacetaldehyde.--In ammonia buffer two di- 
chloroacetaldehyde waves (E,/2 about  - 1 . 1  and 
- 1 . 7  v) were obtained; the shift of the second wave 
to - 1 . 5 4  in phosphate buffer (pH 10.4) is probably 
due to the reduction of glycolic aldehyde and glyoxal. 
Glycolic aldehyde may  be formed at the electrode 
by hydrolysis of chloroaeetaldehyde produced by 
dichloroacetaldehyde reduction, while glyoxal is 
formed by complete hydrolysis of diehloroaeetalde- 
hyde itself. The one wave at pH 12.3 evidently re- 
sults from reduction of glyoxal (17). Only the first 
wave of dichloroacetaldehyde is observed in buffers 2 
and 3 as the second wave is masked by  buffer dis- 
charge. 

E~/2 for the first diehloroacetaldehyde wave in- 
creases slightly with pH except in ammonia buffers 
where a decided shift occurs (Fig. 3). The lat ter  is due 
not only to pH change, but  also to the increased for- 
mation of ehloroacetaldehyde whose reduction still 
further enlarges the wave. Since E~/2 of ehloroaeetal- 
dehyde is slightly more negative than tha t  of the 
diehloroacetaldehyde, such increase causes the 
midpoint of the composite wave to shift to a more 
negative potential. 

Chloroacetaldehyde.--Two chloroacetaldehyde waves 
were obtained at about - 1.1 and - 1.7 v in buffers 4 
and 5; an additional wave appeared at - 1 . 5 5  v at  
pH values of 9.8 and greater. At pH 12.3, only the 
latter wave is observed; this wave is ascribed to re- 
duction of glycolic aldehyde (14), the hydrolysis 
product  of chloroacetaldehyde. 
Acetaldehyde.--A few acetaldehyde runs were made 
in order to determine its E1/2 in various buffer solu- 
tions. E1/2 values found were - 1 . 6 7  v in ammonia 
buffer at pH 9.1, -- 1.75 v in borate at  pH 9.1, -- 1.77 
v in borate at pH 9.8, and - 1 . 8 l  v in phosphate at 
pH 10.5. An imine wave (18, 19) was observed at 
- 1.35 v in ammonia buffer at pH 9.1. 

Coulometric Behavior 

Results of simple coulometrie reduction of ehloro- 
acet, aldehydes cannot be used as entirely conclusive 
evidence for the electrode process due to accompany- 
ing chemical processes; the data  and their limita- 
tions will be discussed. Conclusive evidence for the 
nature of the electrode process was obtained by 
polarographieally examining the solution at various 
stages in the coulometrie reduction of chloral hydrate.  
Behavior in ammonia solution.--In ammonia buffer, 
ehloroacetaldehyde gave at - 1 . 2 5  v and pH 8.4 
values of 1.78 and 1.80 electrons per molecule, di- 
chloroacetaldehyde (at - 1 . 2 5  v) 3.14 (pH 8.4) and 
3.16 (pH 9.1.), and chloral hydra te  (at --1.40 v and 
pH 8.4) 5.45 and 5.63 electrons per molecule. Results 
are difficult to interpret  since carbonyl compounds 
generally react with ammonia to form reducible 
imines (18, 19); high, low, or " t rue"  values could 
be obtained if such compounds were formed, e.g., 
(A) if the products obtained from carbon-halogen 
bond fission would form reducible imines, high 
values would be obtained; (B) if imines were formed 
from the original chloroacetaldehydes, in whieh both 
entities (carbon-chlorine bond and imine group) 
were nonreducible, low results would be obtained; 
(C) if the imine bond were reducible while the earbon- 
chlorine bonds were nonreducible in the imines 
formed from the original chloroacetaldehydes, low 
results would be obtained with chloral hydra te  and 
diehloroacetaldehyde (polyhalogens, one imine group 
per moleeule) while correct values would be obtained 
with chloroacetaldehyde. 

The applied potential  in chloral hydra te  reduction 
is sufficient to reduce the imine of acetaldehyde if it 
were produced. The current of the first wave of 
diehloro- and ehloroacetaldehyde is considerably 
higher in ammonia than other buffers; thus, imine 
reduction may be occuring at  the potential  needed 
for carbon-halogen bond fisson. 

The three ehloroaeetaldehydes chemically decom- 
pose to form products which are reduced only at  more 
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F~G. 4. Tracings of polarograms showing various stages 
in the coulometric reduction at --1.4 v of chloral hydrate 
in ammonia buffer of pH 8.4: I, before reduction; II, after 
a short period of reduction; III, after additional reduction. 

negative values than the applied potentials used; 
this factor would tend to make observed coulo- 
metric values lower than true value. Decomposition 
is a major  problem since electrolyses of these com- 
pounds generally require 10-15 h r / run  because of the 
kinetic-controlled electrode processes; a diffusion- 
controlled process usually requires 1-2 hr for a two- 
electron reduction. 
Behavior in borate and phosphate solutions.--In borate 
buffer (pH 9.2, - 1 . 5 5  v), the value of 2.5 electrons 
obtained for chloral hydra te  is low since, upon stand- 
ing for the same length of t ime with no electrolysis, 
the concentration of chloral hydrate  decreased to 
about one-third of the original amount.  Kinetics of 
the processes involved are so complicated that  no 
approximation of the true number of electrons trans- 
ferred could be made by  calculating the concentra- 
tion actually reduced from the rate constants of the 
chemical and electrochemical reactions. Dichloro- 
and chloroaeetaldehyde runs were not made in 
borate buffer due to the problem of chemical de- 
composition. 

In McIIvaine buffer (pH 8.0, -1.50 v), chloral 
hydrate gives a value of about two electrons which 
is probably low due to observed chemical decomposi- 
tion and to a possible interaction between chloral 
hydrate and the phosphate species present. Chloro- 
ethanol undergoes such a reaction (20), as apparently 
does trichloroethanol (21) ; due to its gem-diol struc- 
ture, chloral hydrate may behave similarly. 

Runs on chloroacetaldehyde (--1.20 v, McIlvaine 
buffer, pIl 8.0) gave i.I and 1.2 electrons per mole- 
cule; these values are probably low due to similar 

observed chemical decomposition and reaction with 
phosphate. 
Nature of partially reduced chloral solutions.--As 
mentioned, conclusive evidence for the nature  of the 
electrode process was obtained by  examining chloral 
hydra te  solutions polarographically at various 
stages in their coulometric reduction. The same type  
of behavior was observed in all three buffers used 
(McI1vaine, ammonia, and borate). Results obtained 
in ammonia buffer are illustrated in Fig. 4; waves are 
clearly delineated and can be compared to those of 
chloroaeetaldehydes in ammonia buffer (Fig. l).  Be- 
fore reduction began, one large wave at  -- 1.35 v and 
a small wave at - 1 . 6 5  v was observed; after a short 
period of reduction, an additional wave appeared at  
- 1 . 0 4  v (corresponds to E1/2 of dichloro- and 
chloroacetaldehyde) and the - 1 . 6 5  v wave (cor- 
responds to Eln of acetaldehyde) increased in size; 
after additional reduction only the waves at - 1 . 0 4  
and --1.65 v remained. The wave at - 1 . 6 5  v de- 
creased upon standing and stirring. 

I t  should be noted that  chloroform, which may be 
produced by the haloform reaction, shows polaro- 
graphic behavior similar to tha t  of acetaldehyde. 
However,  the height of this wave during and after a 
coulometric electrolysis is much higher than would 
be expected from ally chloroform produced by the 
haloform reaction. Therefore, the major  portion of 
the wave must  be due to the electrochemical reduc- 
tion product  which is believed to be acetaldehyde. 

Nature of the Reduction Process 

ChloraL--The observed behavior of chloral hydra te  
is explicable by the reaction scheme shown in Fig. 5, 
which is based on chemical, polarographie, and 
coulometric characteristics of the compound. Ob- 
servation of only one wave for chloral hydra te  in 
buffers 3 and 5 is due to chloral existing only as the 
hydra te  in aqueous solution. The lat ter  is reduced to 
dichloroacetaldehyde hydra te  which is in equilib- 
rium with the ui lhydrated molecule. The  unhy-  
drated dichloroaeetaldehyde is reduced to chloro- 
acetaldehyde which is then further  reduced to 
acetaldehyde; the latter, in turn, is reduced (22-24) 
to ethyl alcohol, 2 ,3-dihydroxybutane,  or both. 
Since dichloroacetaldehyde and chloroacetaldehyde 
are reducible at about  -- 1.1 v, which is more positive 
than E1/2 for chloral hydrate,  and since neither com- 
pound is present at the electrode until  after reduc- 
tion of chloral hydrate,  the dichloro- and chloro- 
acetaldehyde waves merge into the wave of chloral 
hydrate.  

An acetaldehyde wave is not observed in chloral 
hydra te  reduction in buffers 3 and 5, since formation 
and reduction of dichloro- and chloroacetaldehyde 
involve kinetic processes, and the concentration of 
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W a v e  c o n t i n u e s  W a v e  c o n t i n u e s  
a t  -- 1.4 v a t  - 1.4 v --  1.7 v 

2e 2e 2e or le 
C I ~ C - - C H O  C 1 2 C H - - C H O  21-I+ ~ C 1 C H 2 - - C H O  ~+--~ C H a - - C H O  211+---~ 

H201 Hd) ] Kinetic }~II20 ]Ki etie H=O ~Kinetie 
,~ ~ p  . . . . . .  ~ p  . . . . . .  .~]p . . . . . .  

2e 
C l a C - - C H ( O H ) ~  --~-~-+----> C 1 2 C H - - C H ( O H ) , ,  C 1 C H ~ C H O H  C H a - - C H ( O I I ) 2  

\ 
- 1.4 v ~ O 

D i f f u s i o n  p r o c e s s  
C 1 C H 2 C H O H  

Fro .  5. R e a c t i o n  s c h e m e  for t h e  e l e c t r o r e d u c t i o n  of ch lo ra l  h y d r a t e  a n d  r e l a t e d  c o m p o u n d s  

C H a C H 2 O H  

a n d / o r  

C H , ~ C H O H  
I 

CHa C H O H  

T A B L E  IV.  Effect of pH, drop time (head of mercury), 
and temperature on polarographic behavior 

of dichloroacetaldehyde ~ 

Buffer 
No. 

2 
2 
2 
3 
4 

4 ~ 
4 
4 

4 
4 
5 
5 
5 
5 

pit 

4 .1  
5 .4  
5 . 7  
7 .0  
8 .4  
8 .9  
9 .1  
9 .1  
9 .1  
9 .6  
9 .2  
9 .8  
9 .8  
9 .8  

10.5 
10.5 
10.5 
12.3 

Wave I Wave II 

ttg 

0.08 0 .36  

o2, 
0 .10  
0 .16  0 .37  
0 .85  0 .49  ,68 0 .29  0 .86  
1.58 0 .46  ,68 0 .55  1.1 
2 .18 0 .42  7 0  0 .49  1.1 
2 .33 0.41 70 0.51 1.1 
0 .35  70 0 .07  
2 .15  0 .46  72 0 .68  1.1 
0 .39  0 .33  
0 .28  0 .36  
0 .28  0 .40  
0 .04  

Hydrolysis wave 
0.27 0 .34  1.54 0 .15  0.53 
0 .26  0 .34  1.54 0 .16  0 .65  
0 .05  1.54 0.03 0 .65  

fh'st w a v e  1.61 0 .12  

T h e  c o n c e n t r a t i o n  was  0.99 m M  in  all  r u n s .  
b T h e  t e m p e a t u r e  was  0 ~ C in  t h e s e  r u n s ;  i t s  was  25 ~ in  

all  o t h e r  r u n s .  
C a l c u l a t i o n s  were  n o t  m a d e  s ince  t h e  w a v e  was  p o o r l y  

def ined .  
e C a p i l l a r y  d was  u s e d  for t h i s  r u n ;  c a p i l l a r y  b for  all 

o t h e r  r uns .  

acetaldehyde produced is insufficient to cause an 
observable wave. In ammonia buffer, larger amounts 
of dichloro- and chloroacetaldehyde are reduced 
(Tables IV and V) which in turn produce acetalde- 
hyde in sufficient amount  to cause an observable 
~vave .  

The Ilkovie equation indicates a two-electron 
process for reduction of chloral hydra te  (see Table 
I I I )  since the slow kinetic processes involved main- 
tain the concentration of the reducible species 
formed at such a low level tha t  their reduction adds 
little to the over-all wave height. Consequently, 
height and temperature  coefficients (Table II)  indi- 

care a diffusion-controlled process, although the cur- 
rent is actually controlled by  a combination of 
diffusion and kinetic processes. 
Dichloro- and chloroacetaldehydes.--The reaction 
scheme of Fig. 5 also accounts for the observed be- 
havior of dichloroacetaldehyde. The first wave is due 
to reduction to chloroacetaldehyde which, in turn, is 
reduced to acetaldehyde at a close enough potential  
so that  only one wave is observed. The  second wave 
corresponds to acetaldehyde reduction. Likewise, the 
first wave of ehloroaeetaldehyde is a t t r ibuted to 
carbon-chlorine fission and the second wave to alde- 
hyde reduction. 

Dichloroacetaldehyde is more strongly hydra ted  
than chloroacetaldehyde as indicated by the smaller 
current produced by its first wave; under diffusion- 
controlled conditions, the first wave of dichloro- 
acetaldehyde (two carbon-halogen bonds are re- 
duced) would be approximately twice the height of 
the first wave of chloroacetaldehyde. Since E1/2 of 
dichloroacetaldehyde is much closer to E1/~ of chloro- 
acetaldehyde than expected, the dichloro species 
which is reduced in aqueous solutions is probably 
intermediate in structure between a hydra te  and a 
free aldehyde. 

Absence of the usually observed step-wise reduc- 
tion pat tern  for carbon-chlorine bond fission in the  
chloroacetaldehydes accordingly results from the 
fact tha t  different chlorinated species are being re- 
duced. Actually, step-wise reduction does occur 
(Fig. 5) although only one halogen wave is observed 
for each of the three compounds. 

Federlin's (14) failure to observe reduction of 
diehloroaeetaldehyde may  have been dub to his 
experimenta,1 conditions. He used lithium chloride 
as the electrolyte, and ran in unbuffered medium and 
in buffered solution at pH 5.0 and 10.0. As shown in 
Fig. 2, the waves obtained for diehloroacetaldehyde 
at these pH values are quite small; therefore, at low 
instrument  sensitivities, it is possible tha t  a wave 
would not be observed. 
Bromoacetaldehydes. Federlin's interpretat ion of the 
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T A B L E  V. Effect of pH, drop time (head of mercury), and temperature on polarographic behavior of chloroacetaldehyde ~ 

Buffer 
No. 

2 
2 
3 
3 
3 
3 
4 ~ 
4 ~ 
4b, 

4 
4 ~ 
4 ~ 
45c 

4 
5 
5 r 
5 ~ 
5 ~ 
5 
6 
6 

pH 

5 .3  
5 .3  
5 .4  
5 .4  
7 .2  
7 .2  
8 .3  
8 .3  
8 .3  
8 .4  
8 .9  
8 .9  
8 .9  
9 .1  
9 .2  
9 .2  
9 .2  
9 .2  
9 .8  

10.5 
12.3 

Head 
cm 

40 
60 
40 
60 
40 
70 
60 
90 
60 
40 
60 
90 
60 
40 
40 
60 
90 
60 
40 
40 
4O 

Wave I Hydrolysis wave Wave II 

- -E~ iL a - -E~ i~ a - -E~ h 

0 .98  
0 .99  
1.00 
1.01 
1.03 
1.01 
1.06 
1.06 
1.10 
1.06 
1.11 
1.12 
1.15 
1.09 
1.07 
1.07 
1.08 
1.05 
1.08 
1.13 

0 .35  
0 .42  
0 .28  
0 .29  
0 .59  
0 .66  
0 .89  
1 .05  
0 .39  
1.06 
1.89 
2 .35  
0 .79  
2.33 
0 .95  
0.81 
0 .90  
0 .14  
1.17 
0.91 

0 .45  
0 .45  
0.51 
0 .48  
0.43 
0 .48  
0 .46  
0 .45  
0 .50  
0 .58  
0 .53  
0 .49  
0 .49  
0 .56  
0 .49  
0 .52  
0 .49  
0 .40  
0 .52  
0 .37  

1.55 
1.59 
1.64 

0 .10  
1.26 
1.09 

0 .96  
1.1 

1.64 
1.65 
1 .65  
1.66 
1.68 
1.68 
1.69 
1.64 
1.78 
1.76 
1.77 
1.74 
1.77 

0 .55  
0 .60  
0 .23  
0 .77  
1.35 
1.52 
0 .55  
1.69 
0 .67  
0 .36  
0 .43  
0 .10  
0 .77  

1.1  
0 .94  
1 .0  
1 .2  
1 .1  
1 .1  
1 .2  
1 .2  
0 .71 
0 .83  
0 .78  
0 .68  
0 .63  

a T h e  c o n c e n t r a t i o n  was  1.0 m M  in  all r u n s .  
b T e m p e r a t u r e  was  0~ in  t h e s e  r u n s ;  i t  w a s  25 ~ in all  o t h e r  r u n s .  
c C a p i l l a r y  d was  u s e d  for  t h e s e  r u n s ;  c a p i l l a r y  c for  all o t h e r  r u n s .  

reduction mechanism of bromoacetaldehydes con- 
sists of the statement that the first wave is due to 
halogen reduction and the second wave to aldehyde 
reduction. This statement, although probably cor- 
rect, does not account for the fact that only one 
halogen wave is obtained for each of the three com- 
pounds and does not explain the species involved in 
earbonyl reduction. He reported diffusion-controlled 
reductions of bromal and dibromoacetaldehyde 
which he attributed to reduction of the hydrated 
molecules. On the basis of the Ilkovie equation, he 
calculated the first wave in each compound to be a 
two-electron reduction process. 

By reference to the present study of ehloroacetalde- 
hydes, reduction of the bromo analogs can be ex- 
plained using Federlin and eoworkers' data (14-16). 
Apparently, dibromoaeetaldehyde hydrate is re- 
duced to bromoaeetaldehyde hydrate; the latter 
then dehydrates, and the unhydrated bromo- 
acetaldehyde is reduced to acetaldehyde at ap- 
proximately the same potential so that only one 
wave is observed. The s.eeond wave corresponds to 
acetaldehyde reduction. Insufficient data were re- 
ported for bromal hydrate to envisage precisely the 
reduction process; probably, however, bromal hy- 
drate is reduced to dibromoaeetaldehyde hydrate 
which is then reduced to bromoaeetaldehyde hy- 
drate; the latter dehydrates, and the unhydrated 
bromoaeetaldehyde is reduced to acetaldehyde 

which subsequently is reduced to ethyl alcohol, 2,3- 
dihydroxybutane, or both. 
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Evolution of Stibine at Antimony Cathodes 

H. W. SALZBERG 2 AND A. J. ANDREATCH 

Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

The formation of stibine at antimony cathodes was studied by absorbing the cathode 
gas and analyzing the solution for antimony. The parameters studied were pH, salt 
concentration, temperature, and current density. 

Results indicated that stibine was formed by the electrochemical discharge of a water 
molecule upon an antimony atom which was in contact with either two adsorbed hydro- 
gen atoms or an adsorbed hydrogen molecule. Rate of the reaction was found to depend 
upon the voltage difference between electrode and solution. The stibine formed was 
inert to acid, but was readily decomposed by alkali. Stibine is probably formed by dis- 
charge of a water molecule on two adsorbed hydrogen atoms or a hydrogen molecule. De- 
creased rates of stibine formation in highly acid solution are thought to mean that high 
voltages, and, therefore, high overvoltages are not associated with hydronium ion dis- 
charge, but with water discharge. 

INTRODUCTION 

This is a report of an experimental investigation 
into the evolution of stibine at antimony cathodes. 
It was undertaken in continuation of work already 
performed in these laboratories which has indicated 
that water is reduced at platinum (i) and lead (2) 
cathodes at current densities above 10-60 ma/cm 2, 
even in fairly strong acid. Previous reports on stibine 
formation were contradictory (3, 4) and were felt 

to be unreliable. 

EXPERIMENTAL TECHNIQUE 

Method 

This  was in  principle very  simple. The  mix tu re  of 

cathode gases was swept  out  of the  appa ra t u s  and  
in to  an  absorp t ion  t ube  by  means  of a s t ream of 
finely divided hydrogen  bubbles .  The  absorb ing  

solut ion was t hen  analyzed for a n t i m o n y .  
I n  pract ice there were several difficulties. Quan t i -  

ties of s t ib ine  were so small  t h a t  a microanalys is  
had  to be performed.  The  gas is so uns t ab le  t h a t  
rapid f lushing of the  electrolytic cell was necessary,  
wi th  care be ing taken ,  however,  no t  to sweep the  

gas th rough  the  absorp t ion  tube .  Also, p H  changes 
a round  the cathode affected the  observed rates.  
F ina l ly ,  the  react ion is vol tage  dependen t  and  
therefore sensi t ive to  small  a m o u n t s  of impur i t ies .  

Apparatus 

T h e  cell was a large U- tube ,  equipped  wi th  a 

s t anda rd  t aper  g round  glass j o in t  a t  each end, wi th  

a f r i t ted glass gas inle t  near  the  b o t t o m  of the  

1 Manuscript received NIay 18, 1953. This paper was pre- 
pared for delivery before the Chicago Meeting, May 2 to 
6, 1954. 

2 Present address: 171 East 90th Street, New York, N. Y. 
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cathode limb. This fritted glass inlet served to break 
the incoming stream of gas into small bubbles which 
would stir and scour the solution more effectively. 

Ground glass fittings provided suitably gas-tight 
connections without the use of rubber or cement. 

Electrodes were mounted in glass caps sealed to 
ground glass joints which fitted into the ends of the 
U-tube. Each cap had a gas outlet. The outlet on 
the cathode cap was a glass tube of 7 mm inner 
diameter which terminated in another ground glass 
jo int .  

The  anode was a strip of b r igh t  p l a t i n u m  approxi-  
ma te ly  6 cm 2 in area connected  to a p l a t i n u m  wire 
sealed in to  the cap. The  cathode was an  a n t i m o n y  
cyl inder  m o u n t e d  on the  end of an  i ron shaft  en-  
closed in  a Teflon sleeve. The  shaft  was m o u n t e d  in  
a glass rod sealed into the glass cap. The space 
between the wall of the glass and the Teflon was 
filled with polyethylene to prevent gas leaks. The 
space between the antimony cylinder and the Teflon 
sleeve was also covered with polyethylene to prevent 
contact between solution and iron shaft. The fiat 
bottom of the cylinder was covered with poly- 
ethylene, leaving as the working surface of the 
cathode a ring of antimony between the two poly- 
ethylene surfaces. This, it was felt, would maintain 
an approximately uniform current density over the 
electrode surface. 

The absorption tube was a glass bubbler 
with a ground glass tip on the inlet which fitted 
into the joint on the outlet of the cathode cap. 
The absorbing solution was about 40 cm from the 
cathode. 

Current was obtained from the power line, regu- 
lated with a Variac-rectifier and measured with a 
precision ammeter. Time was measured with a 
stopwatch. 
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Materials 

All solutions were made from C.P. analyzed 
chemicals. The  scouring gas was t ank  hydrogen 
passed over hot  copper to remove oxygen. The ab- 
sorbing solution used was 6 % mercuric chloride in 
6N HC1. 

The an t imony used was C.P. analyzed grade, 
containing no more than  0.04% of arsenic and 
0.0005% of iron. The  electrode was cast in glass 
and machined down to proper dimensions, which 
were, finally, 0.77 cm diameter  and 1.27 cm in 
height. After machining, the electrode was cleaned 
repeatedly by  etching with HC1, HNO3, and hot 
fresh aqua regia. This etching process was repeated 
frequently during the course of these experiments 
and check runs were made before and after cleaning 
to minimize the effect of impurities depositing out 
during the runs. 

Procedure 

After introducing the electrodes and the solution 
into the cell, the solution was scoured with hydrogen 
for 5 min to remove as much dissolved oxygen as 
possible. The  absorption tube was then inserted 
and current was started. Amounts  of stibine ob- 
tained were linear with t ime and the t ime of current 
passage was therefore varied from run to run so as 
to obtain op t imum amounts  of absorbed stibine for 
analysis. All results have been calculated on a 5-min 
t ime interval  basis. 

After cutt ing off the current, the cell was flushed 
five more minutes  before removing the absorption 
tube. This removed all stibine f rom the gas space 
over the electrode and the electrolytic solution. The 
cell was also flushed for 2-3 min between runs to 
remove any  oxygen which might  have diffused over 
f rom the anode limb. 

No provision was made  to flush out the anode 
compar tment .  The  small amount  of oxygen which 
could diffuse the 5 cm from the anode through the 
unstirred anolyte to the bend in the U-tube,  in the 
short t ime of the experiment,  would be flushed 
rapidly away by  the hydrogen stream. Any small 
amount  eventual ly reaching the surface of the 
cathode should have little effect at  these high 
current densities. In  retrospect, this is a potential  
source of error and, in future  work, both  limbs will 
be flushed or separated with a diaphragm. 

The absorbing solution was about  97-98% effi- 
cient, as determined by  inserting a second bubbler  
in series with the first. The flow rate  was set a t  about  
200 cc of gas /min  and regulated with a flow meter  
and valve. 

Analysis was made by  the s tandard Rhodamine-B 
method,  which is accurate and precise to less than  a 
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FIG. 1. pH effect, 25~ 
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microgram. This precision is far greater than  t ha t  of 
the over-all experimental  results. 

Some solutions were used for individual runs, 
others for a whole series. There  were frequent  
checks run, some after  several months,  to see if the 
results were reproducible from day  to day  and solu- 
tion to solution. 

EXPERIMENTAL RESULTS 

Results are shown in Fig. 1 to 4. These give the 
amounts  of stibine detected as micrograms per 
square centimeter of cathode surface per 5-rain 
interval,  or as current passed, plot ted against  current  
density. These indicate the following: 

1. Stibine evolution increases with current  densi ty 
at  a greater  than  linear rate. 

2. M a x i m u m  amounts  of stibine detected were 
produced in neutral  solutions buffered with am-  
monium ions (to minimize p H  changes a t  the 
cathode). Buffered solutions show an increase in 
rate  up to at  least p H  5, while unbuffered solutions 
show a max imum at  about  p H  2.6 to 3. 

3. Increasing acidity or alkalinity in the cell 
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lowers the amount  of stibine absorbed in the bubbler,  
alkaline solutions showing lower amounts  of stibine 
than  acid solutions of the same concentration.  

4. Higher salt concentrations in the cell gave 
smaller amounts  of stibine in the bubbler,  except 
for unbuffered solutions at  high current  densities. 
In  this case, more concentrated solutions had lower 
rates than  more dilute ones at  low currents only 
and had higher rates at  higher current  densities. 
This crossover m a y  be due to experimental  error. 

5. There  is no appreciable t empera ture  effect 
in the range f rom 5 ~ to 35~ in buffered neutral  
solutions and in acid solutions. 

6. Amounts  of stibine actually absorbed are 
very small, being at  most  about  a mill igram per 
square centimeter  per five minutes  of current  
passage. 

7. At higher current  densities in the unbuffered 
neutral solutions there is a decrease in the amount, s 
of stibine absorbed. 

Fur ther  quali tat ive observations which are not 
shown in the graphs are as follows: 

8. Variations in rate  of flow of the flush gas in 
neutral  and acid solutions had no effect on the 
amounts  of stibine absorbed in the receiver. No 
flow rate  variat ions were run in alkaline solutions. 

9. A black powdery an t imony  precipi tate  formed 
on the walls and in solutions with alkaline solutions, 
as reported by  Sand and coworkers (3, 4), bu t  not  
with acid solutions. 

10. Traces of lead, added as the acetate,  resulted 
in great ly increased stibine production. 

11. Allowing metallic an t imony  to contact  the 
surface of a mercury  cathode which was evolving 
hydrogen at  about  80 m a / e m  2 resulted in the forma-  
tion of very large amounts  of stibine. 

12. In  the absence of oxidizing agents, stibine 
was not absorbed when bubbled through solutions 
of N / 1 0  acid, N / 1 0  alkali, distilled water  or neutral  
salt. Some was absorbed by  40 % KOt t .  

DISCUSSION OF RESULTS 

In  the following discussion, it is necessary to 
remember  tha t  the graphs do not show amounts  of 
stibine actual ly produced, but  only amounts  of 
stibine absorbed in the receiver, this being the 
difference between rates of product ion and of 
decomposition. 

In  the case of acid and neutral  solutions, however,  
decomposition apparent ly  does not take place during 
the short t ime the stibine remains in the cell. This  
is indicated by  points 8 and 9 above. I f  stibine were 
being decomposed in the cell, a slower gas flow 
would lower the amounts  received in the bubbler  
and also result in some an t imony  powder being 
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found in the cell. This does not occur in neutral or 
acid solutions. 

Absence of an appreciable temperature  coefficient 
also indicates tha t  there is no decomposition in 
neutral or acid solutions. For  the difference between 
production and decomposition of stibine to be 
independent of temperature  when the rate of removal 
of undecomposed stibine from the cell is constant, 
as in this case, rate of decomposition must  be equal 
to rate of formation, as can be shown mathemati-  
cally. This means, however, tha t  no stibine would 
be detected in the bubbler. Therefore, there should 
be no stibine decomposition in solutions in which 
there is no appreciable temperature  coefficient of 
stibine detection. 

Absence of a temperature  effect must  then be 
explained on the basis of the rate of production being 
relatively temperature  independent.  The likely 
reason is that  the production rate obeys an equation 
similar to Tafel 's equation for hydrogen overvoltages, 
such as: 

d(stib.)/dt = k exp -- (F* + a~?~)/RT 

In this equation, F* is the activation energy re- 
quired and 77 is the overvoltage, T is absolute 
temperature,  f is the faraday, and a is a constant. 
As the temperature is increased from 25 ~ to 35~ 
the overvoltage (of hydrogen since it is being 
evolved) decreases by about  8%. If this decrease 
compensates for the temperature  increase (~ is 
negative), the rate would be temperature  independ- 
ent. In retrospect, it is unfor tunate  tha t  tempera- 
tare  coefficients were not determined for alkaline 
solutions, where decomposition was observed to 
occur. 

Loss of stibine in the alkaline solutions would 
then come about by  reaction between the stibine 
and alkali, and not by  thermal decomposition. Low 
rates and visible precipitate show tha t  this a t tack 
is rapid. The fact, however, tha t  stibine did not 
decompose in bubbling it through N/IO NaOH 
indicates tha t  the solution immediately adjacent 
to the cathode would have to be very  strongly 
alkaline. The apparent  falling off in rate observed 
in neutral unbuffered solutions at high current 
densities seems to be due to increased hydroxyl  
ion concentrations in the vicinity of the cathode. 

The  mechanism of formation of stibine is not 
likely to be by  the direct union of three hydrogen 
atoms and an ant imony atom, but  probably by  
electrochemical reduction of either a water  molecule 
or a hydronium ion. 

For  the rate-determining step to be a combination 
of neutral atoms, the reaction rate would be in- 
dependent of potential but  dependent on current, 

i.e., hydrogen a tom concentration, since the amount  
of stibine produced is negligible in comparison to 
the hydrogen evolved. Neither  of these conditions is 
fulfilled. In acid and buffered solutions, ra tes  are 
not  the same at  equal current densities, and it  has 
been observed tha t  anything which increases the 
potential  (decreased current density, high over- 
voltage impurities, contact  with a mercury cathode) 
also increases the rate of stibine evolution. If the 
rate-determining step were combination, it could 
be expressed as: 

r = k H ~ ( D  

where r is the rate, lc is the specific rate constant,  H 
is the concentration of hydrogen atoms, and n 
is an integer, either 1, 2, or more probably 3. Since 
stibine evolution is negligible in comparison with 
tha t  of hydrogen, using Tafel 's equation, 

i = /c 'H 2 ( I I )  

Combining these two gives: 

r = M'i ~/2 (III)  

Experimental  results do not fit this type of equa- 
tion. 

The potential dependence of stibine formation 
indicates the electrochemical reduction of either 
water or hydronium ion. Attempts  made to measure 
potentials to correlate with rates were, however, 
useless, due to indeterminate IR  drops at  high 
current densities and low concentrations. 

From the decrease in rate at high acidities, coupled 
with the stability of stibine in acid, it appears 
either tha t  hydronium ion is not discharged in the 
course of this reaction or tha t  its discharge takes 
place at potentials too low for the formation of 
stibine. Consequently, it is presumed stibine is 
formed by water discharge, because the latter occurs 
at high potentials. This opinion is supported by  Fig. 
2, which shows higher rates at higher water activi- 
ties. The rate equation for stibine is therefore prob- 
ably 

r = /oH 2 exp -- a~F/RT (IV) 

o r  

r = ]oH2 exp -- a~F/RT (V) 

depending on whether the reaction requires two 
adsorbed atoms or an adsorbed molecule. Here, 
is the fraction of the overvoltage which operates 
between the initial and the activated states. 

The results do not agree with those of Sand and 
eoworkers (3, 4). However,  the inability of Sand, 
Grant,  and Lloyd (3) to duplicate the work of Sand, 
Weeks, and Worrel (4), plus their use of a porous 
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porcelain pot as a cell and their use of rubber and 
cement, suggests that both their results are in- 
correct, probably due to the presence of impurities. 
Also, the use of a gravimetric technique requiring 
two weighings of each of three absorption tubes, to 
determine quantities which were reported to be at 
most about 20 mg is not conducive to accuracy. 

CONCLUSIONS 

Stibine is formed at antimony cathodes in very 
small amounts increasing with increasing current 
densities up to at least 500 milliamp/em 2. Stibine 
is formed from adsorbed hydrogen and water. The 
reaction depends upon voltage to a considerable 
extent. Increased acidity lowers the rate of stibine 

evolution, probably through decreasing the voltage 
at the cathode. This indicates that water discharge 
is associated with higher cathode voltages and, 
therefore, with high hydrogen overvoltages. 

Any discussion of th is  paper  will appear  in a Discuss ion  
Sect ion to be pub l i shed  in the  June  1955 issue of the  
JOURNAL. 
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Lead-Acid Storage Batteries 

B a r i u m  S u l f a t e  a s  a P o s i t i v e  P l a t e  C o n t a m i n a n V  

J. F. DITTMANN AND ~I. R. I~ARNER 

Eagle-Picher Company, Joplzn, Missouri 

Bar ium sulfate in f rac t iona l  percentages  is regular ly  used in the  act ive ma te r i a l  of 
nega t ive  plates  in  lead-acid s torage ba t te r ies .  At  t imes,  in prepar ing  plates ,  some 
nega t ive  paste  is acc identa l ly  mixed in to  posi t ive  paste ,  thus  c o n t a m i n a t i n g  the  posi t ive  
pas te  wi th  t races  of b a r i u m  sulfate.  Rap id  fai lure due to shedding has been t r aced  to 
th is  ba r ium sulfate  con tamina t ion .  Sys temat ic  tes ts  show t h a t  as l i t t le  as 0 0005% 
prec ip i t a t ed  ba r ium sulfate  in posi t ive  pas te  marked ly  increases shedding on deep- 
cycling bench hfe tests .  On the  o ther  hand ,  as much  as 0.1% had  no ev iden t  effect in 
overcharge bench  tes ts ,  or in ac tual  car service.  

INTRODUCTION 

The most widely used laboratory tests for storage 
ba t te ry  durability, or life, involve successive cycles 
of fairly complete, or "deep",  discharges followed by 
complete recharge. The test specified by the S.A.E. 
is of this type. I t  is widely used both as a laboratory 
tool for studying experimental batteries and as a 
a procurement specification. In the latter case, 
batteries must  yield at  least a specified minimum 
number of cycles on the test to be considered accept- 
able. 

Occasionally, a ba t te ry  or group of batteries tha t  
should easily meet the test requirements fails pre- 
maturely due to excessive positive plate shedding. 
In many  instances, the active material from the 
positive plates of these failing batteries has been 
subjected to spectrographic analysis. Usually, 
barium has been found as a contaminant  in these 
positive plates. Since barium sulfate as precipitated 
blanc fixe is a usual consti tuent of paste for negative 
plates, finding barium in the positive active material 
is evidence of contamination of the positive paste 
with negative paste at some step in plate prepara- 
tion. Since the same equipment is used alternately 
in many plants for manufacturing both positive and 
negative plates, it is surprising tha t  such contamina- 
tion is not more common. 

In  view of the fact tha t  there is always this danger 
of contamination, it was considered most desirable 
to define more clearly the effect of barium sulfate as 
an impuri ty in positive paste, not only in deep 
cycling tests where the effect was first noted, bu t  
also in actual car service and in overcharge type  
tests. 

Manusc r ip t  received May  7, 1954. This  paper  was pre-  
pared  for del ivery before the  Bos ton  Meet ing ,  October  3 
to  7, 1954. 
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EXPERIMENTAL 

Nine lots of positive plates were prepared from 
nine carefully compounded batches of positive paste. 
The only known variable in the nine batches was the 
amount  of barium sulfate as precipitated blanc fixc 
tha t  was added, and which varied from none in the 
control mix to 0.10% as a maximum. The positive 
plates used 9 % antimonial lead grids 1.72 mm thick. 
They  were assembled into 15 plate elements with 
stock negative plates pasted in the same type grids. 
This assembly is rated at  85 amp-hr at the 20-hr rate 
and is intentionally deficient in positive active 
material. Forty-five batteries were prepared, nine for 
each of the three bench tests and eighteen for auto- 
mobile service testing. In assembling the latter 
eighteeu, positive plate groups from three different 
paste batches were assembled in each bat tery,  i.e., 
formulas l, 4, 7 in one bat tery,  formulas 2, 5, 8 in 
the next, etc. By this means each positive formula 
was tested in six cars instead of only two, exposing 
it to a wider range of conditions of use. 

Life Tests Used 

S.A.E. cycling test.--This test (1) was developed 
shortly after 1930 and was later adopted as s tandard 
by the Society of Automotive Engineers. I t  is of the 
deep cycling type, subjecting the batteries to 4 
cycles/day, each cycle comprising 40 amp-hr of dis- 
charge and 50 amp-hr of recharge with the batteries 
held at 110 • 5~ Each week a capacity test 
determines ba t te ry  condition. 

Emark life test.--This test (2) was developed to 
simulate one type of automobile service-- that  of a 
taxi or delivery car. I t  is of the "shallow-cycling" 
type in tha t  a discharge of 300 amp for 5 sec is given, 
followed by 6 min 30 sec of recharge at 10 amp, then 
a rest of 3 rain 25 sec, after which the cycle is re- 
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T A B L E  I. Effect of barium sulfate in positive plates on battery performance under various conditions of test 

 aSO, cootoot,% j o . o o o o l o . o o o , [  ooo, 10003  ooo, o.oo,, o.o,o 1 o.o,o o.,oo 

Battery Initial Capacity 

Temp Cycle Ra te 

5 
300 

5 

80~ amp hr  
0~ min 

80~ amp hr  

84 
4.6 

85 

84 
4.4 

85 

84 
4.4 

85 

86 
4.7 

87 

86 
4.3 

87 

87 
4.4 

89 

86 
4.4 

87 

86 
4 .4  

88 

87 
4.3 

87 

Battery Se~-Discharge on 28Day Stand at 80 ~ F 

In i t i a l  acid g rav i ty  .. 1.279 1.280 1.282 1.274 1.278 1.277 1.278 1 282 1.283 
Fina l  acid g rav i ty  1.241 1.237 1 237 1.239 1.238 1.237 1.240 1.242 1.242 

decrease ..  0.038 0.043 0.045 0 035 0.040 0.040 0.038 0.040 0.041 

Life on "Deep-Cychng" S.A.E. Life Test 

Yield cycle 32, amp hr  
Yield cycle 84, amp hr  
Yield cycle 188, amp hr  

E s t i m a t e d  life, cycles 
% Rela t ive  life 
% Pos. shed cycle 188 

67 
67 
58 

250 
100 

5 

67 
64 
49 

210 
84 
20 

67 
64 
38 

175 
70 
30 

67 
57 
32 

150 
60 
35 

65 
56 
35 

145 
58 
40 

66 
54 
32 

140 
56 
45 

65 
50 
20 

110 
44 
55 

63 
42 
20 

90 
36 
60 

49 
25 
10 

50 
20 
75 

Life on "Shallow-Cycling" Emark Life Test 

Yield cycle 860, amp hr  
Yield cycle 6951, amp hr  
Yield cycle 8468, amp hr  

E s t i m a t e d  life, cycles 
% Pos. shed cycle 8468 

78 
41 

8 

6960 

78 78 79 79 79 80 80 
40 40 43 42 40 40 43 

9 8 7 6 6 6 14 

6950 6950 7000 6975 6950 6950 7000 
M a x i m u m  es t ima ted  shedding  5 % - - N o  sys temat ic  differences. 

78 
39 

5 

6900 

Life on S.A.E. Overcharge Test 

Yield af ter  1 week, rain .. 
Yield af ter  3 weeks, min  . . . . . .  
Yield af te r  4 weeks, min  . .. 

8 .0 
3.9 
0.65 

8.2 8.2 7 .5  8.4 8.3 8.5 8.1 
3.3 3.2 4.1 3.3 3.5 3.2 3.1 
0.40 0.60 0.70 0.30 0.25 0.40 0.25 

M a x i m u m e s t i m a t e d s h e d d i n g 5 % - - N o s y s t e m a t i c d i f f e r e n c e s .  

8.0 
2.8 
0.45 

% Pos. shed, 5 weeks..  

L~fe in Automobile Starting and Lighting Service 

Yield af te r  18 months ,  amp hr  . . . . .  65 74 52 65 75 40 64 75 42 
% Pos. shed, 18 m o n t h s  . . . .  6 5 14 7 5 14 8 5 13 

100 

9C 

8 0  

70 
,.i 

60 

,.z, 5o 

3O 

2 0  

L• RELATIVE LIF:E ON' $ A.E LIFI#TEST 
PERCENTAGE POSITIVE SHEDDING 

AT 188 CYCLES 

.OOOl .ool .Ol 
PERCENT BARIUM SULFATE IN F~)SITIVE PASTE 

FIG. 1. Effect of b a r i u m  sulfate  con ten t  of posi t ive  p la te  
act ive mate r ia l  on b a t t e r y  per formance  on S.A.E. life test .  

p e a t e d .  D u r i n g  t h e  w e e k  t h e  b a t t e r i e s  a r e  h e l d  i n  a 

w a t e r  b a t h  a t  100 4- 5~  A s  i n  t h e  c y c l i n g  t e s t ,  t h e  

c a p a c i t y  t e s t  is i m p o s e d  o n c e  a w e e k  t o  d e t e r m i n e  

b a t t e r y  c o n d i t i o n .  

Overcharge tes t . - -This  t e s t  (1) is t o  p r o v i d e  d a t a  a s  

t o  t h e  l i fe  of p o s i t i v e  g r i d s  a n d  of s e p a r a t o r s .  S i n c e  

t h e s e  a r e  m a j o r  c a u s e s  of f a i l u r e  i n  a u t o m o b i l e  u se ,  

t h i s  t e s t  is  a u s e f u l  one .  T h e  b a t t e r i e s  o n  t e s t  a r e  

c h a r g e d  c o n t i n u o u s l y  fo r  110 h r  a t  9 a m p ,  t h e n  a l -  

l o w e d  t o  s t a n d  fo r  48  h r  o n  o p e n  c i r c u i t  b e f o r e  re -  

c e i v i n g  t h e  w e e k l y  c a p a c i t y  t e s t  cyc le .  D u r i n g  t h e  

t e s t ,  t h e  b a t t e r i e s  a r e  h e l d  i n  a w a t e r - b a t h  a t  100 • 

5~  

Automobile  service t e s t . - - B e c a u s e  of t h e  g r e a t  

v a r i a t i o n  i n  t h e  c o n d i t i o n s  of use ,  m a n y  t h o u s a n d s  of  

b a t t e r i e s  m u s t  b e  t e s t e d  f o r  d e f i n i t i v e  r e s u l t s .  E x c e p t  

i n  a l i m i t e d  w a y  i t  is, t h e r e f o r e ,  of l i t t l e  u s e  fo r  

l a b o r a t o r y  b a t t e r y  ser ies .  I n  t h e  p r e s e n t  case ,  m a n y  
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possible auto test  conditions were excluded by  select- 
ing the group of 18 test  cars f rom among those owned 
by  laboratory personnel. All were being used in the 
same kind of service and receiving similar mileage 
in the order of 10,000 miles/yr .  

In  addition to the above life tests, one set of the 
batteries was examined for self-discharge differences 
by  being allowed to stand on open circuit for 28 days  
a t  80~ 

Pert inent  data  have been summarized and  are 
presented in Table  I.  

DISCUSSION 

Barium sulfate had no detr imental  effect on the 
initial capacity of the batteries.  In  fact, there is a 
t rend to slightly higher 20-hr-rate yields with in- 
creasing bar ium sulfate content. Unless verified by  
additional testing, this cannot  be considered sig- 
nificant since the variat ion is within possible experi- 
menta l  error. 

There was no effect on self-discharge. The decrease 
in electrolyte specific gravi ty  was of the same order 
for all cells and displays no trend. 

No trend was shown on the E m a r k  type life test, 
on the S.A.E. overcharge test, or in actual  car 
service. Differences found in the batteries after car 
service were due to operating conditions of the car 
and not to formulation. The significant finding was 
tha t  all batteries were still operat ive after  18 months  
in cars. 

Quite a different story developed from the S.A.E. 
life test .  The significant data  are plotted in Fig. 1. 

The  life in cycles is an inverse function and the 
positive plate shedding a regular function of the 
logari thm of the percentage of bar ium sulfate in the 
positive plate active material .  

F rom the above findings, the following conclusions 
m a y  be drawn: 

1. Bar ium sulfate contaminat ion up to 0.1% of 
positive plate active mater ial  does not  detract  from 
the performance of bat teries on noncycling tests  or 
in average automobile use. 

2. Bar ium sulfate contaminat ion of positive plate  
active mater ial  is seriously detr imental  to the life of 
batteries tested by a "deep-cycling" procedure and 
m a y  be expected to be equally detr imental  to the 
life of batteries used in "deep-cycling" service such 
as in ba t t e ry  propelled vehicles. 

The  only explanation for this harmful  effect of 
bar ium sulfate is based on the theory tha t  on "deep- 
cycling" the bar ium sulfate crystallites serve as 
nuclei for large lead sulfate crystals. Large lead 
sulfate crystals could then disrupt the bonding 
structure of the positive plate causing disintegration 
and shedding of active material .  

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 
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The Role of Inverse Segregation and Redistribution of Solute 
Atoms in the Freezing of Hypoeutectic Lead-Antimony Alloys' 

A. C. SIMON AND E. L. JONES 

Naval Research Laboratory, Washington, D.C. 

ABSTRACT 

Inverse segregation has been found to occur in the lead-antimony alloys of the range 
of concentration used for battery grids. Because of the possible harmful effects of such 
large concentrations of antimony at the surface of the battery grid a study has been 
made as to the cause of this phenomenon. The extent of the antimony dispersion in the 
surface layer has been found to be larger than can be explained by any one of the exist- 
ing theories of inverse segregation. The effect appears to be caused by an interden- 
dritic flow of still molten alloy of near eutectic compositlon into the gap left between 
the semisolid crust and the mold face during the solidification contraction. The diffi- 
culty of inducing the nucleation of antimony produces a condition of supersaturatmn 
for the ~ phase in this layer while the lead continues to crystallize out at temperatures 
below the normal eutectic. The continually increasing concentration of antimony 
added to the decrease in temperature eventually brings a limit to supersaturation, 
whether or not nucleation is promoted by the mold face. The antimony present in ex- 
cess of the eutectic concentration then forms primary dendritic crystals which grow 
until the eutectic composition is again reached, at which point eutectic crystallization 
occurs. The result is a surface film of antimony far in excess of the distribution found 
within the ingot. 

INTRODUCTION 

When a hypoeutectic lead-antimony alloy casting 
is examined a great deal more ant imony is found in 
the surface layer than would be expected from the 
alloy composition. As the composition of the alloy 
approaches that  of the eutectic the surface layer be- 
comes almost entirely ant imony instead of the ex- 
pected eutectic. This effect is a factor of importance 
in the casting process and in the subsequent use of 
the alloy material. In  the use of lead-antimony as a 
bat tery grid material this unequal distribution of 
ant imony at and near the surface may  be a factor 
in the adherence of the active material, as well as an 
influence on the rates of corrosion and growth. The 
presence of large amounts of ant imony in the surface 
layer definitely influences the structure of the initial 
corrosion product that  is formed and contributes to 
the deposition of ant imony at the negative plate. 

The present paper deals only with the investiga- 
tion of inverse segregation itself. The effect of in- 
verse segregation on bat tery  grid performance will 
be reported at a later date. 

The phenomenon of inverse segregation (decreased 
concentration of the solute constituent toward the 
center of the casting, with abnormally high con- 
centration at, or near, the surface) is well known and 
has been reported in many  alloy systems. Excellent 
reviews (1-3) include most of the literature on this 
subject prior to 1950. These analyze the existing 

' Manuscript received June 10, 1954. This paper was 
prepared for delivery before the Boston Meeting, October 
3 to 7, 1954. 

theories of inverse segregation in a critical manner  
and contain excellent bibliographies of prior papers 
on inverse segregation. 

Two forms of inverse segregation have been re- 
ported:  (a) a gradual decrease in the low melting 
point constituent toward the center of the casting, 
detectable only by chemical analysis; and (b) exuda- 
tions at the surface of high concentration of eutectoid, 
rich in the low melting point constituent, which may  
or may  not be accompanied by a gradual internal 
change of composition. The inverse segregation ob- 
served in the lead-antimony alloys conforms to type  
(b), except that  the surface is covered with pr imary 
crystals of ant imony rather than an ant imony-rich 
eutectic. 

None of the theories of inverse segregation ade- 
quately explain the extent of ant imony segregation 
found at the surface of the lead-ant imony alloy 
castings nor do any of them explain the pr imary 
crystallization of the f~ phase in the surface layer. 
Fur ther  investigation of this phenomenon therefore 
seemed advisable. 

EXPERIMENTAL t)ROCEDURE 

Both chill and slowly cooled castings were pre- 
pared from a series of lead-antimony alloys con- 
taining 1, 3, 5, 7, 9, 11, and 13% antimony,  re- 
spectively. A microscopic examination was made of 
the surfaces and cross sections of the ingots. Since 
inverse segregation appeared principally as a surface 
exudation of the antimony-rich material there was 
little of value obtained from cross-sectional examina- 

536 
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tion and the principal reliance was laid upon surface 
examination. Surfaces were examined in the as-cast 
condition; the castings were then etched with acetic 
acid-hydrogen peroxide solution (2 ml of 30% 
Superoxol to 48 ml of glacial acetic acid) and again 
inspected. This etch dissolves the lead and the lead- 
rich solid solution but  does not appreciably a t tack 
ant imony or the ~ phase. The ant imony present in 
solid solution is precipitated as a very finely divided 
black soot-like film only upon the surface of the lead 
against which larger particles of ant imony stand out 
brilliantly. There is, therefore, no difficulty ex- 
perienced in differentiating between lead and anti- 
mony  in the surface layer. The black film which 
obscures the surface of the lead-rich areas can be 
readily rubbed off, although it cannot be removed 
by  washing. Rubbing, however, distorts the surface 
structure of the soft lead matrix. Scotch tape applied 
to this surface and gently pressed (but not rubbed) 
into contact with the surface by means of a very  soft 
pencil eraser or other soft rubber pad was found to 
be very effective in removing this black deposit. If 
the etch is prolonged slightly, the thin surface layer 
of antimony is undermined and can be transferred 
intact  to the Scotch tape. Thus, both sides of the 
ant imony film can be examined as well as the new 
surface of the ingot revealed by the removal of the 
antimony. In one case this stripped film was sub- 
jected to x-ray analysis and identified as ant imony 
as a check on other observations. Repeated etching 
and stripping in this manner revealed the structure 
to a considerable depth below the original surface. 

On another series of castings, heavily plated with 
copper, taper sectioning (4) was employed to ob- 
serve the structure of the very thin surface layer. 
Taper  sectioning caused an apparent  increase in the 
sectional thickness of the surface layers while the 
copper preserved the original surface contours. 

Still another series of castings were made in a 
special mold, the two opposite sides and bot tom of 
which were composed of aluminum while the other 
two sides were of transite. The top was left open to 
the air. Such a mold design insured very rapid chill 
casting at  the cold aluminum faces and a progressive 
growth of the dendrites into the much more slowly 
cooled interior and provided a means of studying the 
effects of unequal freezing. All castings were ap- 
proximately 1~.~ in. high, 1 in. wide, and 1/~ in. thick. 

OBSERVED SURFACE STRUCTURE 

Examination revealed tha t  ant imony appeared at 
the surface in excessive amounts  under all the con- 
ditions that  were investigated. The excess ant imony 
that  appeared on the surface increased as the anti- 
mony concentration in the alloy increased but  to a 
greater proportional extent. Thus, an alloy that  had 

contained 10 % ant imony in the liquid state showed 
a surface after  freezing that  appeared to be almost 
entirely ant imony.  

For  equal amounts  of antimony,  the alloys chili 
cast very suddenly showed the least amount  of 
exudation of ant imony on the surface and the surface 
structure agreed with the internal structure.  Alloys 
cooled very slowly (less than l~  appeared to 
show no exudations but  closer inspection revealed a 
high concentration of ant imony at the bot tom of the 
ingot (which was also the last portion to cool). The  
dendritic s tructure of the ingot was clearly revealed 
elsewhere on the surface by a withdrawal of the low 
freezing constituent,  but  at  the bot tom surface and 
a short distance up the sides the surface was smooth 
as if all the low freezing consti tuent had drained to 
this area. Alloys that  were cast in a mold with un- 
equal cooling of the mold faces gave the greatest 
evidence of exudations at  the surface. Here also the 
greatest amount  of exudation appeared at the more 
slowly cooled face and the surface structure was 
quite different from that  found in the interior of the 
ingot. 

For  the alloys of low ant imony content  the surface 
ant imony was concentrated at  interdendrit ic and 
grain boundaries in a continuous layer tha t  had no 
similarity to eutectic crystallization (Fig. 1). 

As the amount  of ant imony in the alloy was in- 
creased the antimony-rich layer was found to cover 
the whole surface. This film, apparent ly continuous 

FIG. 1. Appearance of the vertical surface of chill cast 
lead-antimony ingot containing 2% antimony after an etch 
with acetic acid-hydrogen peroxide solution. Inverse 
segregation is indicated by excessive antimony (lightest 
areas) at interdendritic and intergranular extrusions. 300X. 
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FIG. 2. Appearance at vertical surface of chill cast lead- 
antimony ingot after etch with acetic acid-hydrogen per- 
oxide solution. Antimony (light areas) covers almost the 
entire surface and shows primary crystallization although 
representing only 5% of the total alloy. 500X. 

before etching, was found after etching to present a 
dendritic structure in which the ant imony appeared 
as the primary crystallization and in amounts far in 
excess of the lead (Fig. 2). When this surface film 
was removed, a second layer was revealed which had 
the appearance of a true eutectic crystallization and 
in which the proportions of lead and ant imony ap- 
peared to be normal. Beneath this second layer the 
true dendritic structure of the alloy was found. 

For castings in which unequal cooling had oc- 
curred the still molten metal from the warmer 
regions was found to have flowed into the space be- 
tween the frozen crust and the chill wall of the colder 
portion, forming a second antimony-rich film on top 
of that  which had been formed by flow through the 
interdendritic channels (Fig. 3). The path of this 
flow was often plainly marked by the difference in 
crystal appearance and the fact tha t  the frozen wave 
was actually visible, arrested by the freezing process 
before completely covering the original surface (Fig. 
4). 

Where the surface layer was thick, as in the case 
where flow had occurred from one area to another 
along the mold face, the surface was characteristically 
covered with tetrahedral crystals originating in the 
primary crystallization of antimony. Examination 
showed that  while these crystals showed primary 
dendritic crystallization of ant imony and a surface 
layer that  was essentially ant imony there appeared 
beneath the surface a layer of eutectic crystallization 

FIG 3. Surface area from vertical wall of unequally 
cooled lead-antimony ingot containing 2% antimony. 
Original surface containing a few interdendritic and inter- 
granular extrusions of antimony has been overrun by a 
molten stream of antimony-rich material originating at a 
mold face of lesser chill Last formed film can be distin- 
guished by its disregard for grain boundaries and other 
crystal structure. (Acetic acid-hydrogen peroxide etch.) 
300X. 

FIG. 4. Surface area from unequally cooled lead-anti- 
mony ingot containing 4% antimony showing crest of 
secondary wave of antimony-rich alloy (left) frozen in the 
process of covering the original surface film (right) of anti- 
mony-rich alloy. (Unetched specimen.) 150X. 
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FIG. 5. Surface appearance of chill cast lead-antimony 
alloy with 9% antimony. (a) Before etching; (b) after etch- 
ing with acetic acid-hydrogen peroxide solution and subse- 
quent stripping of the surface fihn of antimony with Scotch 
tape. The subsurface layer here shown consists of an eu- 
tectic mixture of lead and antimony. 150X. 

which nevertheless conformed to the general shape 
of the crystal (Fig. 5). 

Taper  sectioning confirmed the observations made 
at  the ingot surface. A columnar dendritic growth 
was revealed a short distance inward from the ingot 
surface, separated from the surface by a layer of 
eutectic structure, while at the surface there ap- 
peared a very thin layer of antimony. 

The appearance of the surface as viewed under the 
microscope left no doubt  that  the original frozen 
surface had withdrawn from the mold face through 
shrinkage of the ingot surface layer, expansion of 
the mold, or both. This space then appeared to have 
been filled by  stil! molten material that  flowed to the 
surface through interdendritic chamlels or flowed 
along the mold wall from regions still molten. The 
surprising feature is tha t  the liquid metal  flowing to 
the surface did not appear to have frozen instantly. 
Equally surprising is the fact that,  when freezing did 
begin, pr imary crystallization of ant imony should 
first occur, and to such an extent. 

Discuss ion  

The type of inverse segregation tha t  causes exuda- 
tions of a low-melting point constituent at  the sm'face 
is common in binary till bronzes, phosphorus-tin 
bronzes, zinc-tin bronzes, leaded bronzes, leaded gun 
metals, and aluminum-copper alloys. For  all of these 
alloys there are certain factors in common from which 
the following significant observations have been 
made (1, 3). 

(A) hlverse segregation occurs only in alloys with 
a considerable freezing range. 

(B) The exudation type of segregation is ob- 
served with alloys in which there separates a low- 
melting point constituent during solidification. 

(C) hlverse segregation occurs only in alloys that  
contract  during solidification. 

(D) The  presence of gas absorption tends to in- 
crease the effect. 

(E) Inverse segregation increases with increasing 
rate of solidification with the exception tha t  very  
rapidly chilled thin sections fail to exhibit this effect. 

(F) Inverse segregation is favored by the forma- 
tion of coarse columnar grains. 

On the basis of these observations a comparatively 
simple explanation of inverse segregation is possible. 

Redistribution of Solute Atoms during Freezing 
At the instant a melt  is poured into a mold a t  

lower temperature there is formed a surface of in- 
tense supercooling and heat  begins to flow from the 
interior of the liquid, through the interface, and into 
the mold. Immediately after contact  is made, the 
region of supercooling or chill is confined to a very  
thin section of the melt, parallel to the chill wall, and 
the balance of the melt is essentially without a ther- 
mal gradient (5). After a brief interval a thermal  
gradient is set up that  extends into the interior. When 
a thermal gradient is established, dendritic growth 
will proceed simultaneously from a great many  points 
along the dendritic arms tha t  first developed in the 
undercooled layer (Fig. 6). This secondary dendritic 
growth will extend along the thermal gradient toward 
the interior of the melt and the growth rate will de- 
pend upon the steepness of the thermal gradient. The  
steepness of the thermal gradient depends upon the 
thermal properties of the mold wall, the liquidus to 
solidus range of the alloy, conductivity of the 
solidifying metal, and the temperature  level of 
solidification (6). 

This growth produces a series of parallel dendritic 
arms extending from the surface layer well into the 
interior of the ingot. The spacing of these parallel 
dendritic arms has been shown (7) to increase with 
increasing concentration of the solute atoms and 
with deceleration of growth, and also to vary  in the 
same manner as the ratio of the heat of fusion to the 
thermal diffusivity. These interrelating factors indi- 
cate that  each growing dendritic arm of the crystal 
is surrounded by thermal  and concentration gradi- 

FIG. 6. Dendritic growth from mold wall into interior of 
melt (a) Initial nucleation in the supercooled layer of melt 
next to the mold wall; (b) rapid dendritic growth parallel 
to mold wall to remove initial condition of supercooling in 
this layer; (c) dendritic growth toward the interior of the 
melt following the establishment of a temperature gradient. 
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ents tha t  extend for considerable distances into the 
surrounding melt. 

For  the purpose of illustration the space occupied 
by  the growing crystal may  be considered as made 
up of an assemblage of cells (parallelograms) of 
practically uniform size with a growing dendritic 
arm occupying the longitudinal axis of each. Di- 
mensions of the cells (spacing of the dendritic arms) 
are determined by the concentration and thermal  
gradients set up at the time that  the dendritic arms 
were embryonic. Subsequent radial growth of each 
dendritic arm is restricted to the confines of the 
original cell because of the presence of surrounding 
cells. Conditions existing at  successive stages of 
growth are therefore not exactly as depicted in 
Fig. 6 because the dendritic arms would not have a 
uniform thickness throughout  their length, as shown, 
but. would also grow in diameter as solidification 
proceeds. 

Nmznally, in the case of diffusion to an expanding 
surface, the area of the diffusion field would increase 
continuously, but  under the conditions outlined 
above the area of the diffusion field cannot increase. 
The concentration gradient will change continuously, 
however, affected by the concentration changes at  
the boundaries of the other cells. 

The extent of dendritic growth for any instant  
can be calculated, if it is assumed tha t  equilibrium 
conditions exist, by reference to the equilibrium 
phase diagram and application of the lever rule. The 
calculation can also be made for nonequilibrium 
conditions, if the assumption is made that  diffusion 
into the solid is negligible while diffusion throughout  
the liquid is complete (8). Conditions applying for 
equilibrium and extreme nonequilibrium can then 
be compared graphically. All actual freezing condi- 
tions will occur somewhere between these extremes. 

How this would affect dendritic growth is shown 
graphically in Fig. 7 for an alloy of 1% ant imony in 
lead. The figure represents three stages in the growth 
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FIG. 7. Graphic representa t ion  of growth of parallel 

dendri t ic  arms toward the interior of a melt  under the in- 
fluence of a tempera ture  gradient.  - - - -  Solidification 
under  equil ibrium condit ions;  . . . .  solidification under  
nonequil ibrium condit ions;  -[ ]- percentage solidified at 
given temperature .  

of two dendritic arms, parallel to a thermal gradient, 
as the temperature  of point x varies from 320.5 ~ to 
250.5~ (608.9 ~ to 482.9~ As the temperature  of 
point x drops there will be a progressive solidifica- 
tion of the remaining liquid portion upon the den- 
dritic a im that  includes point x, and the latter will 
progressively become thicker. At the same time 
there will be a progressive increase in the ant imony 
concentration of the still liquid portion surrounding 
point x. The numbers in brackets indicate the per- 
centage solidification at  the indicated temperatures,  
while the unbracketed numbers represent the con- 
centration of the melt  at  the solid-liquid interface. 
The dendritic arms are assumed to have equal growth 
rates and to be surrounded by  others with similar 
conditions of growth. 

For  equilibrium conditions (solid line), with a 
temperature  gradient as shown, the advancing 
boundary of solidification would assume in cross 
section the form indicated by the line ABCDE,  and 
the boundaries AL and E R  would be in contact  with 
neighboring dendritic arms. The entire solidification 
of the dendritic arms would take place in the tem- 
perature interval between 320.5 ~ and 314~ (608.9 ~ 
and 597.2~ with the composition of the melt  at  
the beginning being 1% and increasing to 2 % just  
prior to final solidification. The composition of the 
solid would approach 1.0 % as a limit and at  the 
moment  of final solidification would have a uniform 
composition of 1.0%. At 314~ (597.2~ there 
would be no gap remaining between the dendritic 
arms. 

The boundary condition between solid and liquid 
metal for conditions of extreme nonequilibrium 
(broken line) are represented by  the line LMBOP-  
DQR. Solidification in this case begins at the same 
temperature  but  extends over a much larger interval, 
reaching the eutectic temperature  of 2520( ̀  (485.6 ~ 
F). The melt  also varies in composition along the 
interface, approaching the eutectic composition of 
11.2% ant imony just prior to final solidification. 
With a considerable gap still remaining between 
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FIG. 8. Graphic representation of change in interden- 
dritic channels for increase in ant imony concentra t ion.  
- -  Solidification under  equil ibrium conditions ; . . . .  
solidification under nonequil ibr ium conditions.  
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the dendritic arms even at the eutectie temperature,  
there is a definite possibility of interdendritic flow 
through the porous surface crust. 

The  space remaining between solidifying dendritic 
arms at the entectic temperature increases as the 
amount  of ant imony in the alloy is increased (Fig. 
8). This is true not only because of the decreased 
solidification taking place but  also because the 
spacing increases with increasing concentration of 
the solute atoms (7). The length of the dendritic 
arms as compared with their thickness is dependent 
upon the steepness of the temperature gradient so 
tha t  in chill casting quite long dendrites are possible 
before the surface layer is completely frozen. Fig. 
7 and 8 are two-dimensional graphic representations 
of a three-dimensional effect. For  any actual cross 
section the total  solidification would therefore 
appear  greater and the liquid layer surrounding 
each dendrite would actually appear thinner than 
represented here. 

The assumption that  diffusion in the liquid layer 
is complete, used here in the calculation of non- 
equilibrium conditions and previously by  others 
(9-12), has been at tacked (13) on the grounds that  a 
diffusion coefficient of 1-10 cm2/day for liquid metals 
(14, 15) would be entirely inadequate to insure uni- 
form composition of the melt during freezing. Tha t  
the entire melt is not  of a uniform composition is 
undoubtedly true, as witness the concentration 
gradient that  exists between the tip and base of a 
growing dendritic arm. If the diffusion coefficient 
was sufficiently high, there would be diffusion 
from regions of higher concentration to lower with 
uniform solidification and elimination of dendritic 
growth. For  actual dendritic growth, however, 
where the mass of liquid metal is, figuratively speak- 
ing, divided into many  small cells in which diffusion 
distances are small, the assumption can be made 
without  serious error tha t  complete diffusion has 
occurred in the liquid cross section under considera- 
tion. Spacing between dendritic arms has been 
measured to be about  0.001 mm for cubic metals 
(7) and a large portion of this pace is filled with 
solidified metal in the first part  of the freezing 
interval when there is but  slight change in the liquid 
concentration. In the final part  of the freezing inter- 
val when concentration gradients are large, the dif- 
fusion would be operating through such short dis- 
tanees tha t  the diffusion coefficient of 1 to 10 em2/ 
day would seem adequate. 

However, if the above rate of diffusion is not suf- 
ficient to produce uniform concentration in the re- 
maining molten layer, the argument is not basically 
altered. The effect of an inadequate diffusion rate 
would be to pile up an excess of solute atoms at  the 
solidifying interface. This, in turn, would result in a 

lower percentage of solidification at  a given tempera- 
ture and result in a larger space between dendritic 
arms when the eutectic temperature  was reached. 
The net effect would be to push nonequilibrium 
conditions to a greater extreme than discussed above 
and thus increase the possibility of interdendritie 
channels in the outer crust. 

Inlerdendritic Flow 

While the interdendritic flow theory now seems 
to be generally accepted, the exact reason for an 
outward flow of metal  between the solidifying den- 
drites has been the subject of some dispute. I t  has 
been suggested (16) that ,  as solidification proceeds, 
dissolved gases become increasingly concentrated 
in the residual liquid until  the saturation point is 
exceeded, whereupon the gas is liberated and forces 
the liquid metal  along the interdendritic passages 
toward the ingot exterior. Exudat ion in an 11% tin 
bronze does not  occur when melting is performed in 
an oxidizing atmosphere, but  becomes very notice- 
able in a reducing atmosphere (17, 18). Inverse 
segregation is greatest under atmospheres of hydro-  
gen, water vapor, hydrogen sulfide, or methane (19). 
Similar results have been found for aluminum alloys 
(20). This evidence suggests tha t  dissolved hydrogen 
causes severe segregation. 

However, gas is not the sole factor or even a ne'ces- 
sary one as demonstrated by  experiments which 
show that  inverse segregation can occur in alloys 
melted in a vacuum (21-25). 

Lead reportedly dissolves less than 0.1 ml of 
hydrogen per 100 g of lead when near the melting 
point of the liquid metal  (26). For oxygen a solu- 
bility of 0.2 ml per 100 g of lead has been reported 
(27), with a marked decrease in solubility for in- 
creasing additions of antimony. This volume of gas, 
while small, nevertheless constitutes bet ter  than 1% 
of the alloy by  volume so tha t  its liberation in the 
later stages of freezing could have an appreciable 
effect. However, it has been shown (25) tha t  inverse 
segregation occurs in lead-antimony even when 
vacuum cast. One alloying consti tuent has been 
experimentally substi tuted for another in the inter- 
dendritic channels of a semisolid metal  (28) thus 
proving tha t  interdendritic flow is possible when 
motivated by  purely gravitational forces. In  the 
present investigation no internal porosity was found. 
Such porosity would be expected if gas was the 
motivator  of interdendritic flow to the surface. The 
behavior of very slowly cooled ingots in which the 
low melting constituent withdrew from between the 
pr imary lead dendrites at  the side surfaces and 
concentrated at the bot tom surface of the ingot 
indicated an interdendritic flow caused by hydro-  
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static pressure of the still molten metal and the 
simple effort of a liquid to seek the lowest level. 

In the case of steels cast in chill molds an air gap 
has been found to form between the mold wall and 
the frozen crust of the alloy (5). Microscopic ex- 
amination of the surface of the lead-antimony alloys 
indicates that a gap is formed in this case also. 
Whether the gap was formed due to shrinkage of the 
original dendritic crust or expansion of the mold 
was not determined. Both factors probably occur 
to some extent and reinforce each other. Existence 
of an actual air gap such as occurs in steel appears 
to be unlikely. Instead the gap is probably filled 
continuously as it is produced by an inflow of molten 
metal. Whether or not the supercooled conditions 
survive long enough to cause complete filling will 
depend upon the conditions at the mold surface. 

From the foregoing discussion it may be seen that 
no special force is necessary to cause interdendritic 
riow of metal after a gap is formed. The melt re- 
maining between the solidifying dendrites will be 
near the eutectic composition. As this metal is 
forced into the gap by the hydrostatic pressure of 
the liquid interior, that portion of the liquid moving 
toward the surface from more remote regions will be 
brought to the eutectic composition. The metal 
flowing to fill the gap would therefore be expected 
to have essentially eutectic composition, whatever 
the composition of the original hypoeutectic melt. 

Primary Crystallization of Antimony 

Presence of a surface layer of antimony-rich 
phase in which lead appears as only a minor con- 
stituent is surprising. From the foregoing discussion 
a eutectic composition would be expected at the 
surface, but the interdendritic flow theory is in- 
adequate to explain a structure in which antimony 
is plainly far in excess of the eutectic amount. In 
addition, antimony shows unmistakable evidence of 
primary dendritic crystallization and has the same 
crystal structure as it exhibits in the hypereutectic 
alloys where primary crystallization of antimony is 
to be expected. 

Primary crystallization of antimony could occur 
in either of two possible ways. Either primary 
crystallization of antimony has occurred at the mold 
surface at the moment of initial chill or antimony 
has formed primary crystals from the eutectoid 
solution that flows into the air gap subsequent to 
the initial freezing at the mold face. 

Primary crystallization of antimony at the sur- 
face in the initial chill could only occur by some 
process of phase inversion whereby the antimony 
crystals were momentarily precipitated before the 
expected and usual crystallization of lead crystals. 
Such a condition might be brought about by the 
extreme condition of chill and resultant super- 

cooling produced at the moment of first contact of 
molten metal with mold surface. This would imply 
a change in the liquid prior to solidification. Theories 
of this type have been advanced and were consid- 
ered as a possible cause of the primary crystalliza- 
tion of antimony. 

Re-examination of Smith's theory of mobile 
equilibrium (29), Benedick's theory of the Ludwig- 
Soret effect (30), Hanson's (31) and Johnson's 
(32) theory of undercooling, and Ubblohde's (33) 
theory of minimum volume change do not suggest 
any mechanism that would so completely invert 
the normal order of precipitation as to allow primary 
crystallization of antimony prior to the solidifica- 
tion of the ~ phase crystals. In addition, the above 
theories have been more or less discredited either 
because of lack of favorable evidence or actual 
conflict with observed phenomena. Recent demon- 
strations (34-36) that metals can undergo extensive 
supercooling in the absence of nucleating agents, 
however, suggest a possible mechanism of phase 
inversion. If the molten metal were to be heated to a 
temperature sufficient to destroy all nuclei for lead 
nucleation but insufficient to destroy those effective 
for antimony, then the liquidus curve for the hy- 
pereutectic alloys could conceivably be extended 
into the hypoeutectic region, provided the lead 
remained supercooled and did not precipitate. 
Primary crystallization of antimony could then 
occur in regions where lead would normally be ex- 
pected to appear. 

Careful investigation, however, leads to the con- 
clusion that antimony crystals were formed sub- 
sequent to the formation of the metal crust of pri- 
mary lead crystallization and not at the instant 
that the molten metal first contacted the mold face. 
This conclusion is based upon the following con- 
siderations. 

(A) In alloys of low antimony concentration, 
primary crystals of antimony (surface film) did not 
completely cover the surface but were concentrated 
at grain boundaries and interdendritic boundaries. 
If initial precipitation of antimony (inverse chill) 
occurred at the mold face, the distribution of the 
primary crystals would be expected to be random. 
Concentration at grain and dendritic boundaries 
indicates prior formation of a primary lead dendritic 
structure. 

(B) The greater the differential between mold 
temperature and alloy freezing point the less the 
amount of antimony film present at the surface. 
Extremely rapid chill produced practically no 
exudations in alloys with low concentration of an- 
timony. This is the opposite effect to that expected 
from an initial freezing of antimony due to surface 
chill. 

(C) In the ingots that were adjusted for conditions 
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of unequal cooling, the greatest exudation of an- 
timony and the appearance of well-formed tetra- 
hedral crystals of antimony occurred at the face of 
lesser chili which is likewise contrary to a concept 
of surface chill. 

(D) In very slowly cooled ingots, exudations oc- 
curred as a result of drainage, and primary antimony 
crystals were present only at the bottom of the mold 
which was also the last surface to cool (mold heated 
from below). In such slowly cooled ingots (mold 
and melt both originally above the freezing point 
of the melt) surface chill should be absent and the 
presence of primary crystallization of antimony 
at the warmest point of the mold suggests the al- 
ternate mechanism. 

(E) In those cases where visible flow of metal 
could be traced across the original surface, the 
number, size, and perfection of the antimony crystals 
was greater on the secondary surface than on the 
primary. 

(F) If primary crystallization of antimony is due 
to supercooling of lead at the initial chili surface, 
then the presence of nuclei for the crystallization of 
lead should prevent this supercooling and lead 
should precipitate first, in the normal manner. The 
ability of solid metal or metal powder to promote 
homogeneous nucleation of its own melt has been 
demonstrated (37). Castings made in a lead mold, 
however, continued to show primary crystallization 
of antimony at the surface. 

(G) It  has been demonstrated (36) that the more 
complex type of crystal structures show a greater 
tendency to supercool and that antimony shows a 
greater tendency to supercool than lead. Consider- 
ing also that at the moment of initial chill large 
masses of metal are involved, it does not seem likely 
that lead could be supercooled to any such extent 
that  antimony would first precipitate. More logi- 
cally, antimony could be expected to supercool in 
the solution of eutectic composition that is extruded 
at the surface. In such a solution most of the hetero- 
geneous nucleating agents would have been filtered 
out by passage through the narrow channel between 
solidifying dendrites. The mass of metal would also 
be separated into small droplets, a necessary condi- 
tion for extreme supercooling (36). Due to a dif- 
ference in crystal structure and lattice spacing the 
lead could not act as a nucleating agent for the an- 
timony (37). Primary crystallization of lead could 
continue upon existing lead surfaces until the an- 
timony became sufficiently supercooled to precipitate 
or until the molten solution was brought into con- 
tact with the mold face where nucleating agents 
might be present. 

The primary crystallization of antimony is there- 
fore considered to take place as a consequence of 
interdendritic flow of a melt of practically eutectic 

FIG. 9. A port ion of the field of view to the  left  of the 
center of Fig. 4, considerably magnified. The te t rahedral  
shape of the individual  crystals and the nature of the 
dendritic structure indicate oriented pr imary growth of 
ant imony in the surface layer 300X. 

composition into the gap left by the cooling of the 
metal. Lack of nucleating agents produces super- 
cooling of the antimony while the lead continues 
to precipitate with consequent enrichment of the 
remaining metal in antimony. The primary dendritic 
crystallization of antimony apparently occurs at 
the colder mold surface, and dendritic arms extend 
through the still liquid melt filling the gap to the 
original metal crust. The observed appearance of 
small tetrahedra in the new surface with the den- 
dritic arms extending along the tetrahedra edges in 
the [100] directions (Fig. 9) agrees with the report that  
surface crystals of castings of rhombohedral metals 
usually have a preferred orientation with the [111] 
direction normal to the cold surface (38). Solidifica- 
tion of the antimony in the layer brings the re- 
maining melt to the eutectic composition and 
eutectic crystallization occurs within the primary 
antimony dendritic structure. Continued solidifica- 
tion of the liquid eutectic causes a volume decrease 
and the metal recedes from the mold face and the 
sides of the tetrahedra so that they become exposed 
in relief at the surface. 

SUMMARY AND CONCLUSIONS 

Iaspection of commercially cast lead-antimony 
battery grids revealed the same phenomenon of ex- 
cessive antimony at the surface as was found in all 
laboratory experiments. Laboratory experiments 
show that the excess amount of antimony in the sur- 
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face layer increases with increasing ant imony con- 
tent  of the alloy and decreases with increasing chill. 
The observation tha t  exudations decrease with in- 
creasing chill does not appear  to check with previous 
reports. However,  the terms slow chili and fast chili 
are relative. Castings referred to herein were made 
in small molds, of which a t  least two sides were 
aluminum, while some of the previous work is based 
on very large ingots cast in sand molds. Exudat ions 
observed on the very slowly cooled ingots (in metal  
molds) al though highly localized in one port ion of 
the casting probably  represented as great a degree of 
segregation as did the more uniformly distr ibuted 
(and much more noticeable) exudations of the more 
rapidly cooled specimens. Unequal cooling at  various 
mold faces appeared to be as impor tan t  a factor 
on inverse segregation behavior  as was rate of chill. 

Whether  considered to be beneficial or harmflfl, 
inverse segregation in the lead-ant imony alloys is a 
factor of importance.  For  some applications, inverse 
segregation m a y  have advantages.  Improved  bright- 
ness and tarnish resistance result from the presence 
of a surface layer of ant imony,  and the effect of the 
phenomenon is to seal off and prevent  any  surface 
appearance of shrinkage cavities (except on the last 
surface to cool, which acts as a feeder). Whether  
such a layer would contribute to the physical proper- 
ties of the alloy is problematical.  The ant imony 
layer is very thin and would not be expel'ted to con- 
tr ibute material ly to hardness or wear resistance, 
but  the layer of eutectic material  beneath it m a y  
reach a considerable thickness. Interdendrit ic flow 
of still molten alloy into the cavi ty  left by  shrinkage 
of the original frozen crust makes  possible close cast- 
ing tolerances and undoubtedly is in par t  responsible 
for the onetime belief tha t  lead-ant imony alloys 
expanded during freezing. 

Inverse segregation m a y  prove detr imental  in 
applications involving corrosion resistance, such 
as storage ba t t e ry  grids. Preferential  leaching out of 
ant imony from the surface of lead-ant imony alloys 
when subjected to anodic corrosion in sulfuric acid 
has been previously reported (39). Such action will 
have a twofold effect: (A) the surface ant imony and 
eutectic s t ructure extend f rom the surface into the 
interior of the casting along the interdendritic 
channels so tha t  a penetrat ing type  of corrosion 
m a y  occur; (B) if the ba t t e ry  paste is applied to the 
as-cast surface, subsequent forming will remove the 
thin ant imony layer and the exposed an t imony in 
the surface eutectic so tha t  poor electrical conduc- 
tance and poor adherence of the active mater ia l  
would seem likely. Since the resulting surface will 
be much rougher, however, the active mater ial  
m a y  tend to adhere more firmly. Which effect pre- 

dominates  remains to be determined f rom future  
investigation. 

The  effect of inverse segregation on casting should 
also be pointed out. As already stated,  fo rmat ion  of 
a second surface film tends to cover over any  defects 
in the original frozen surface so tha t  sound, pore- 
free castings of close dimensional tolerance are pos- 
sible when the tempera tures  at  the various mold 
faces are properly regulated and a proper  feeding 
head of molten meta l  is provided. I f  all mold faces 
are equally chilled, however, then internal  porosi ty  
should result. 

The phenomenon of inverse segregation appears  
to be int imately associated with dendritic growth.  
Factors  tha t  tend to prevent  dendritic growth 
should also tend to eliminate inverse segregation. 
While there is a possibility tha t  supercooling of the 
euteetie and pr imary  crystallization of the an t imony  
could be prevented by  the use of proper  nucleating 
agents incorporated in the mold facing (37) or in 
the melt,  there would still be a layer of euteetie 
s t ructure and composition formed at  the surface. 

In  some eases where excess an t imony at  the sur- 
face m a y  be detr imental ,  as possibly for b a t t e r y  
grids, the simplest solution would appear  to be the  
removal  of the surface film by  chemical or electro- 
chemical means before subsequent  operations are 
under taken.  

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL 
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Electroluminescence with Nonsinusoidal Fields' 

SOL ~UDELMAN 2 AND FRANK MATOSSI 

U. S. Naval Ordnance Laboratory, White Oak, Maryland 

A B S T R A C T  

Electr ic  fields in the  form of square  or r ec tangu la r  waves,  saw- too th  waves, and  ex- 
ponent ia l  waves were appl ied to an e lec t ro luminescent  phosphor .  The  l ight  o u t p u t  
conta ined  green and  blue luminescence bands ,  which  were examined  separa te ly  by  
means of filters, a photomul t ip l ie r ,  and  an  oscilloscope. Square wave fields produce 
luminescence peaks whenever  the  field is changing,  followed by a decline in lumines-  
cence when  the  field is s teady.  Peak  heights  increase p ropor t iona l ly  to abou t  the  four th  
power of the  field s t r eng th .  They  decrease wi th  increas ing  f requency for the  green 
band,  while for the  blue band  they  first increase up to about  2000 cps and  
then  decrease. The  decay obeys power laws wi th  different exponents  before and  af te r  a 
cri t ical  t ime of abou t  0.7 msee. A rec tangu la r  field pulse of grea ter  dura t ion  t h a n  the  
cri t ical  t ime produces,  in the  green band ,  peaks  of equal  t o t a l  i n t ens i ty  a t  the  field re- 
versals ;  in the  blue band ,  the  same exci ta t ion  produces  peaks  wi th  equal  changes in 
in tens i ty .  Other  field shapes produce peaks  of luminescence  whose heights  and  shapes 
depend on field shape and  dura t ion  of the  s teady  field before i t  is changed.  Addi t iona l  
peaks in the  green b a n d  appear  whenever  the  field begins  to decrease. 

Observa t ions  are i n t e r p r e t ed  by  using the  following assumpt ions :  exc i ta t ion  is due 
to collision processes of accelera ted e lect rons;  green luminescence involves  t r ans i t i ons  
to the  conduct ion  b a n d  and  to t raps ;  blue luminescence is caused by  t r ans i t i ons  wi th-  
in  a luminescence center ;  t he  effective field changes in t ime  because o[ the  develop-  
men t  of polar iza t ion  charges.  Addi t iona l  peaks in the  green b a n d  are due to r ecombina-  
t ion processes of the  polar iza t ion  charges. 

INTRODUCTION 

In  general, experiments on electroluminescent 
phosphors have been conducted with d-c or sinusoi- 
dally varying electric fields. These investigations have 
already offered valuable information and have led 
to conjectures on the mechanisms involved in electro- 
luminescence (1). Additional information on the 
fundamental  processes can be expected from applica- 
tion of nonsinusoidal field changes, particularly in 
the form of square waves, since in these cases all 
effects related to duration of the field show up more 
clearly, and the influence of the field as such can be 
bet ter  separated from the influence of the manner  
of its application. Here, therefore, fields have been 
applied in the form of square pulses, saw-tooth 
waves, rectangular pulses variable in width and 
repetition rate, and exponential waves to an electro- 
luminescent ZnS : Cu, Pb-phosphor. 3 I t  was necessary 
to make the observations separately for the green 
and the blue luminescence bands (2) of this phos- 

1Manusc r ip t  received M a r c h  8, 1954. This  paper  was 
presen ted  at  the  meet ings  of the  Swiss and  G e r m a n  Phys ica l  
Societies in Lugano,  Switzerland,  Sep tember  5, 1953, and  
Innsbruck ,  Austr ia ,  September  20, 1953, respect ive ly ;  and 
at  the  Chicago Meet ing  of The  Elec t rochemica l  Society 
May  2 to 6, 1954. 

Also a t  the  Unive r s i ty  of Mary l and ,  College Park ,  
Mary land .  

a Sylvania  Elect r ic  P roduc t s  Inc. ,  Bayside,  N. Y. 

phor since characteristic differences in the electro- 
luminescence properties of these two regions were 
found. 

Quanti tat ive measurements with respect to field 
dependence, frequency dependence, and decay laws 
were made on the electroluminescence pat terns  
[brightness waves (3)] obtained by  using square 
wave electric fields. For  other field shapes only 
qualitative observations are reported. 

Work related to this has recently been published 
on the influence of step functions on the time-aver- 
age light output  (4), on oscillograms obtained with 
trapezoidal waves (5) and other field shapes (6). 

Although a complete and quanti ta t ive interpreta-  
tion of every experimental detail is as yet  impossible, 
sufficient information seems to be available to jus- 
t ify a discussion of some mechanisms contributing 
to electroluminescenee in the light of the present 
observations. Other workers have suggested basic 
mechanisms that  are relevant to some of the results 
of this s tudy (1-3, 7-11). These proposals, either in 
their original or in a modified form, are incorporated 
with those given here in order to obtain an in- 
tegrated picture. 

546 

EQUIPMENT AND PROCEDURE 

The fields were produced by  using generators 
giving a var ie ty  of signal wave shapes. The genera- 
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tors for square waves and saw-tooth waves were 
variable from 10 to 10,000 cps, while a pulse genera- 
tor variable in pulse width and repetition rate had a 
range of 100-1000 cps. A direct coupled amplifier 
with a rise time under  load of less than 10 #sec 
supplied an output  peak to peak voltage of 0-320 
volts. Exponential  wave shapes were obtained by  
feeding a square wave into a square wave amplifier 
with a large RC time constant in its output  circuit. 
This unit had a rise time under load of 250 #sec, 
which could be increased still more by appropriate 
condensers. I t  supplied a continuously variable 
peak to peak voltage of 0-4000 volts. 

Light output  from the phosphor was observed by  
a 1P21 photomultiplier tube followed by  a direct 
coupled oscilloscope. In  general, data  were obtained 
by taking pictures of the signal trace on the oscil- 
loscope, then reading these films with an optical 
comparator.  

The electroluminescent phosphor investigated 
was in the form of a cell containing a ZnS:Cu,  Pb- 
phosphoP exhibiting predominantly green light at 
excitation (12). Different samples of these green 
cells gave essentially equal results. In order to sepa- 
rate observations for the blue and the green lumi- 
nescence band of this phosphor, a Wrat ten  filter 
No. 21, which transmits wave lengths above 5300 

o 

A, or No. 36, which transmits between 3700 and 
o 

4600 A, was used. 

EXPERIMENTAL RESULTS 

Square waves.--When a square pulse of about  
10 #sec rise time is applied to the electroluminescent 
phosphor, the light output  exhibits sharply rising 
peaks at the time of every field change. The peaks 
are followed by decreasing light output  or "decay" ,  
which generally does not have time to reach zero 
light output  before the appearance of the next peak. 
The resultant luminescence pat tern contains, there- 
fore, a varying component or "ripple" superimposed 
on a steady background. All measurements of 
luminescence intensity, as peak heights or decay 
curves, are taken from the level of zero light output  
("reference level"), which corresponds to the oscil- 
loscope trace obtained without field. 

For the same potential  difference, the luminescence 
pat tern is generally the same, whether the field is 
reversed in direction or simply applied and then re- 
moved. 

Fig. 1 is a reproduction of an oseillogram made 
with three exposures for different field strengths. 
Besides illustrating the general peak pat tern  ob- 
tained with square wave fields, this figure also shows 
that  with increasing field it takes less time for the 
luminescence to reach the maximum of the peak. 

Dependence of height of luminescence peaks on 

the repetition rate of square pulses is shown in Fig. 
2. As the frequency increases, green peaks decrease 
in height, while blue peaks increase to a maximum 
value, then decrease. Experiments with manually 
switched D. C. indicate, however, tha t  green peaks 
also decrease at extremely low frequencies, i.e., 
below about 2 cps. Voltage at  the cell was maintained 
constant for these measurements.  

The frequency dependence of the peak heights 
can be described empirically by  a formula like 

Ip = A + B l o g f  

over the frequency range 10-10,000 cps for the green 
peaks, and up to about  2000 cps for the blue peaks. 
Ip is peak height, f, frequency; A and B are con- 
stants. 

Dependence of the steady background on repeti- 
tion rate is also shown in Fig. 2. These curves appear 
to have some of the characteristics of the curves 
shown by Waymouth (2), obtained for the time- 
average light output with sinusoidal fields. There, 
too, the green electroluminescence increases with 
frequency from zero to a steady maximum value in 
the vicinity of 1000 cps, while the blue intensity is 
still growing in a nearly linear manner  at  about  2000 
cps; but, in addition, a decrease is found in the mag- 

) -  
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Z 
UJ 
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T IME 
FIG. 1. Triply exposed oscillogram for blue electro- 

luminescence, square wave fields, 90 cps, 250 #sec rise time. 
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FIG. 2. Peak and s teady background heights  vs. repeti-  
t ion rate.  Curves for green luminescence not drawn to same 
scale as for blue luminescence. Ordinates are measured from 
the reference ordinate for zero light output .  

nitude of the steady background for both blue and 
green luminescence at sufficiently high frequencies. 
The analogy to Waymouth's results is understand- 
able since the time-average light output is deter- 
mined, to an appreciable extent, by the steady back- 
ground. 

Dependence of the height of the luminescence 
peaks on the field strength is shown in Fig. 3. Green 
and blue peaks grow with increasing field strength, 
although the green peaks do so at a more rapid rate. 
The curves of Fig. 3 may be described by power laws 
in the form Ip = A E " ,  except for the low field region 
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FIG. 3. Peak height  vs. applied voltage. Curves for green 
luminescence not  drawn to same scale as for blue lumi- 
nescence. 

of the curves for the blue peaks. The values of n 
obtained are 4.3 and 3.8 for the green and blue peak 
heights, respectively. I t  is also possible to represent 
the curves by a law of the form Ip -- aE  2 exp ( - b / E )  
as is found also by Destriau (3), with the exception 
that at frequencies higher than about 100 cps experi- 
mental curves of the blue luminescence depart from 
this relationship. 

Fig. 4 shows decay curves ill semi-log or log-log 
representation. Since the longest linear region ap- 
pears in the log-log representation, it is preferable 
to describe the electroluminescent decay by power 
laws of the form I = A t - ' .  Furthermore, the 
early "linear" region of the semi-log plots is still 
more complex when observed with an enlarged time 
scale. 

"Natural  decay" was obtained after exposing the 
phosphor to weak radiation from an Argon lamp. 
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FIG. 4. Decay  curves, 10 cps, 250# sec rise t ime. (A) 
Green luminescence, semi-log; (B) blue luminescence,  semi- 
log; (C) blue luminescence, log-log. 



Vol. 101, No. 11 N O N S I N U S O I D A L  F I E L D  E L E C T R O L U M I N E S C E N C E  549 

The  natural  decay curve for the blue luminescence 
appears  to be strictly exponential, while tha t  for the 
green band is more complex. The blue natural  decay 
is much faster  than  decay of the blue electrolumin- 
escence, while the natural  decay curve for the green 
band declines at  a slower rate than  the corresponding 
electroluminescence decay. 

Slopes of the decay curves vary  somewhat  with the 
field. This is part icularly noticeable in Fig. 4c for 
the late decay of the blue band. However,  for higher 
frequencies and for decay curves of the green lumi- 
nescence in general, there is much less change, if 
any, of the slopes. There is also a var ia t ion of the 
slopes with frequency for constant  field strength, 
part icularly for the late decay of the blue lumines- 
cence where, for example, values of m va ry  from 
about  0.72 at  10 cps to 0.95 at 90 cps (at about  800 
volts) (l 3). I f  the rise t ime of the field was changed, 
there was again a distinct change of m. Similar re- 
marks  would apply to the constants of an exponen- 
tial decay law. 

Rectangular pulses.--When fields of rectangular  
pulses like those indicated in Fig. 5 are applied to 
the phosphor, with different times t~ and t.~, observa- 
tions reveal a marked quali tat ive difference between 
the green and the blue luminescence. 

The significant features are: if t~ is larger than  
about  0.7 msec, the blue electroluminescence peak 
increments, P t  and P2 in Fig. 5, are about  equal, 
while for the green luminescence the heights H1 
and H2 are of about  the same magnitude.  I f  tt is 
decreased to less than  about  0.7 msec, the incre- 
ment  P2 of the blue peaks becomes smaller. This 
critical t ime is of the same order of magni tude as the 

+E 

- E  

"'1 t~ i~ t2 :i 

---II I 

RIPPLE P A T T E R N - B L U E  

c 

RIPPLE P A T T E R N  - GREEN 

FIG. 5. Luminescence patterns for rectangular wave 
shapes. 

transit ion t ime observed between the two linear 
decay regions in Fig. 4c. 

Also, H2 of the green luminescence begins to 
change its value if tl becomes smaller than  the critical 
time. The complex quant i ta t ive  details of the elec- 
troluminescence observed at  small pulse t ime are 
the subject of a separate  investigation and are not  
relevant  to the discussions of this paper.  

The pat terns  i l lustrated in Fig. 5 were produced 
by  electric fields of 10 #sec rise time. Fields with 
longer rise t imes give similar results al though they 
are not as well defined. 

Exponential and saw-tooth fields.--Fig. 6, 7, and 8 
are examples of oscillograms taken with a dual 
beam d-c oscilloscope showing a var ie ty  of electric 
field wave shapes and corresponding electrolumi- 
nescent patterns.  These oscillograms have peaks 
labeled by  different letters. General observations 
pertaining to these peaks are as follows. 

The A and B peaks begin to grow whenever the 
applied field starts  to grow from zero. The  A peaks, 
observed at  sudden field reversals, have the same 
appearance as peaks  for square wave fields. D peaks 
are essentially identicM with A peaks, except tha t  
they occur on sudden field removals. 

The C and C'  peaks appear  when the applied field 
starts  to change from some steady value. They  exist 
in the green band only and are observable only on 
relatively slow field changes since, for rapid field 
changes, A peaks would hide the C peaks. (7 peaks 

G. d. 

FIG. 6. Exponential fields, 500 cps, reversed and uni- 
directionally pulsed. (In the oscillograms in Fig. 6, 7, and 
8, pictures a and c refer to green luminescence; b and d to 
blue luminescence. In each picture, the upper curve shows 
the ripple pattern; the lower curves, the corresponding 
applied fields.) 
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FIG. 7. Saw-tooth  fields. (a) 100 eps; (b) 250 eps; (e) 
modified saw-tooth,  rise t ime,  2.8 msec;  (d) rise t ime,  2 
msee. 

occur when the field starts to decrease, while C' peaks 
appear when the field starts to rise in the case of uni- 
directional pulsing. 

C and C' peaks decay rapidly compared with the 
corresponding B peaks. The C' peaks become smaller 
relative to the B peaks at lower frequencies. If the 
field strength is raised, the B peaks grow faster than 
the C peaks, indicating that B peaks are sensitive 
to the rate of growth of the applied field while C 
peaks are not. 

Zalm and coworkers (5, 6) also report the appear- 
ance of C-like peaks under similar circumstances. 

Intensity of the peaks seems to depend on the 
rate of growth of the field and on the time of steady 
field before or after field reversals (A' and B' peaks). 

At very high frequencies (higher than the recipro- 
cal of the critical time) still more complicated details 
appear, in particular a general decrease of the height 
of succeeding peaks in the green band as long as 
field reversals are going on (Fig. 8). This is much 
more conspicuous at still higher frequencies. 

Finally, it should be pointed out that the patterns 

A ,1A A 

FIG. 8. I n t e r r u p t e d  saw- too th  fields. (a) 1000 cps; (b) 
1100 cps. 

obtained for square pulses may be considered as 
simplifications of those described here inasmuch 
as only A-type peaks would be present. 

Extinguishing effect.--If the cell is first exposed to 
near ultraviolet radiation and then, in addition, is 
placed under the influence of an electric field that  
is too weak to produce electroluminescence, the 
luminescence excited by ultraviolet radiation is 
diminished (14). The behavior resembles that ob- 
served for a long decay noneleetroluminescent ZnS: 
Cu-phosphor (15). This extinguishing effect seems 
to exist only in the green band. I t  appears with 
fields produced by potential differences as low as 2 
volts. 

INTERPRETATION 

Basic assumptions.--A satisfactory basis for an 
interpretation must include, even if only in general 
terms, a description of the excitation mechanism, 
the luminescence, processes for green and blue 
emission bands, and the properties of the effective 
internal field as distinguished from the applied ex- 
ternal field. 

Although there is no general agreement on a defi- 
nite solution of the problem of the excitation mecha- 
nism, it is reasonable to assume some collision process 
between electrons accelerated by the field and lumi- 
nescence centers. The details of such collision excita- 
tion are irrelevant as far as these considerations are 
concerned. The picture proposed by Curie (7) and 
Piper and Williams (11) (field excitation of donors, 
creating conduction electrons being accelerated to 
impact ionize or excite activators) may be accepted 
readily. In any ease, the assumption of collision 
processes certainly implies that excitation must de- 
pend on the field strength, the number of electrons 
available for acceleration in the conduction band, 
and the number of centers available for excitation. 

The rapid natural decay of blue luminescence, 
which can be described by an exponential law (Fig. 
4), suggests the assumption that the blue lumines- 
cence is probably due to excitation of electrons from 
the ground level to some excited level within the 
same center, followed by an almost immediate direct 
transition to the ground level. Decay of the phos- 
phor's green luminescence, however, is much slower 
and follows a more complicated law. The green 
luminescence, therefore, is probably due to some 
phosphorescence process with a delaying mechanism 
such as traps or metastable states and with transi- 
tions involving the conduction band. Similar assump- 
tions are made by Burns (8). Also, the strong ex- 
tinguishing effect observed for green luminescence 
only is evidence that electrons excited from green 
centers reach the conduction band where they can 
be removed by the field and made ineffective by 
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nonradiative transitions as considered in another 
case (16). 

I t  is further assumed that  green centers are excited 
with high efficiency, so tha t  the number of excitable 
green centers strongly depends on the rate at  which 
they are refilled. The efficiency of exciting blue 
centers may  or may not  be high. Ill any case, the 
number of excitable blue centers will remain prac- 
tically unchanged because of the fast rate of refilling 
indicated by fast natural decay. The term "excitable 
center"  shall indicate tha t  the total  number  of 
centers may  be much larger, but  that  for every field 
strength there may  be a certain limit as to how many  
centers can be excited out of the total. This limit 
may  be related to the energy level of the center. 

The effective field strength in a semiconducting 
particle embedded in a dielectric material between 
metal electrodes may be expected to be different from 
the field applied to the electrodes. At any one instant, 
the effective field may  be different in various regions 
of the phosphor particle, since strong fields are 
probably concentrated near the surface. One should 
also expect tha t  the effective field changes in time 
as space charges or polarization charges build up. 
Thus, the field in the interior of the particle will 
diminish because of the polarization charges drawn 
to the surface by the field. If the applied field is 
suddenly removed after the polarization charges 
have accumulated, these charges themselves should 
create a field whose strength would decrease as the 
charges flow back to a neutral distribution. There- 
fore, if the applied field is removed or reversed faster 
than the polarization charges would disperse, one 
would expect an effective field with a maximum 
value shortly after application of the field reversal 
or removal. For slower changes of the external field, 
this maximum would shift to longer times. The rates 
of change of field and accumulation and dispersal 
of space charges, therefore, determine the growth and 
decay of the internal field. 

This picture is essentially identical with ideas 
proposed by Kallmann (10) to explain photoconduc- 
t ivi ty experiments. He infers from his observations 
that  at  least some par t  of the polarization charge is 
t rapped so that  a quasi-persistent polarization of 
the phosphor particle is produced, which builds up 
and decays very slowly. Waymouth  and Bit ter  (4) 
arrived at similar conclusions from electrolumines- 
cence experiments. 

If the field is only removed or diminished and not 
reversed, the polarization charges not only provide 
the effective field at the removal time, but  also act 
as an additional supply of electrons released for 
recombination with holes. 

There is evidence tha t  electroluminescence is 
restricted to small regions of the phosphor particle 

(6, 17). The discussion applies to this sensitive 
region only. However  the variation of luminescence 
in time is of more concern than its location. 

General discussion.--The basic assumptions enu- 
merated above appear sufficient to account for most  
of the observations, at least qualitatively. The 
general mechanism responsible for the production of 
peaks like those in Fig. i may  be described as follows. 
At the time the field is suddenly applied or reversed, 
electrons in the conduction band are accelerated by  
the field and excite luminescence centers by  some 
collision process. In due time, conduction electrons 
pile up near one surface, weakening the effective 
field in the interior of the particle (or its sensitive 
region) with a corresponding decrease of the phos- 
phor light output.  The break in decay curves at  the 
critical time of about  0.7 msec indicates two polariza- 
tion processes, a fast one and a slow one which may  
be identified with the piling up of electrons held 
either in the conduction band by the field alone or 
in traps producing the "persistent" polarization. 

At removal of the field, the polarization charges 
for some time provide the field necessary for occur- 
rence of the peaks. Similarly, at field reversals the 
effective field is, for the first moment,  the sum of the 
applied field and the field of the polarization charges, 
after which the effective field decays again. 

I t  is easily understood that  the shape of the 
luminescence peaks depends on the manner  of 
growth and decay of the internal field which itself 
is determined by the wave shape of the applied 
field. Therefore, the B peaks and D peaks in Fig. 6 
to 8 are considered generally to be of the same 
origin as the A peaks, the difference in shape being 
due only to the difference in field shapes. 

Results obtained with rectangular field pulses 
(Fig. 5) furnish further  information tha t  shall be 
used to specify the model presented here in some 
respect and to test  its applicability. 

Events  leading to the blue curve of Fig. 5 may  be 
described as follows. At some field reversal, blue 
centers are excited, but  the excited electrons return 
almost immediately to their ground levels so tha t  
there is always a sufficient number of excitable 
centers. Decay of the blue liminescence must, there- 
fore, be considered as being due to decay of the effec- 
tive field, although the intensity may  not be a direct 
measure of the field strength. If the field is reversed 
again, the situation is the same as before: a sufficient 
number of excitable centers and an effective field 
tha t  decays from a maximum value at the time of 
reversal. Therefore, an intensity increase equal to 
tha t  observed before is found. 

For  intervals shorter than the critical time, 
polarization charges apparently do not have sufficient 
time to accumulate so that  the effective field con- 
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t r ibuted by  these charges at the time of reversal 
is smaller than it would have been for longer time 
intervals, with a corresponding decrease of the 
light output  so that  P2 decreases as it is observed. 

The typical green curve of Fig. 5 can also be under- 
stood on the basis of these general assumptions. The 
centers excited at  some field reversal are refilled 
relatively slowly since the green luminescence in- 
volves trapping. A subsequent field reversal, there- 
fore, does not find the same number of excitable 
centers as before, but, because one assumed the field 
excitation of green centers to be very efficient, all 
the refilled centers will be excited again. This brings 
the number of empty centers, the number of excited 
electrons, and the luminescence intensity to the 
same absolute value as at the previous field reversal. 

While the effective field lasts, i.e., within the crit- 
ical time, green decay is much faster than natural  
decay. This indicates an additional loss of electrons 
from the conduction band caused by the field. This 
may  be due to the same kind of "field-induced non- 
radiative transitions" that  had to be introduced 
(16) for the interpretation of the quenching effect 
of the field on a phosphor during ultraviolet excita- 
tion, but  there may  be still another mechanism in- 
volved. During the short time of excitation by  the 
field pulse, the traps, which are essential for the 
slow natural  decay, may not fill as completely as 
in the case of the continuous ultraviolet excitation; 
but, in any case, the quenching effect, for whose ex- 
istence there is independent evidence, should be 
a contributn~g factor. 

The critical tmle, interpreted here as the time 
necessary to pile up polarization charges, is of the 
same order of magnitude as the lifetime of an elec- 
tron in the conduction band as determined by  
Curie (18). This is plausible since, on the one hand, a 
much shorter lifetime would make it impossible to 
collect a sufficient number of electrons in the cloud 
of drifting polarization charges; and since, on the 
other hand, a much longer lifetime would leave so 
many electrons in the conduction band that  polar- 
ization charges could not be restricted to a relatively 
small region near the surface. In order tha t  phe- 
nomena as described above can be observed, the 
indicated relation between lifetime and piling-up 
time should, therefore, be obeyed in the particular 
phosphor. 

As pointed out further above, the dependence of 
C and C' peaks on field strength is different from 
tha t  observed for B peaks. The mechanism for C 
and C' peaks should, therefore, be of a different kind. 
I t  is assumed that  recombination of excess electrons 
released whenever the external field is diminished 
after polarization charges had time to pile up is 
responsible for the appearance of C peaks. Polariza- 
tion charges flowing back during a time of "field 

off" will be stopped suddenly when the field is ap- 
plied again before they have been neutralized. T h e y  
will then have an additional change of transitions, 
which may  produce the C' peaks. At low frequencies, 
these peaks should disappear, as is observed, since 
the flow of the polarization charges has ceased 
before renewed field application. Both  C and C' 
peaks should be absent for the blue band since the 
blue luminescence does not involve transitions 
from the conduction band. 

The foregoing discussion provides an adequate  
description of the more important  quali tat ive fea- 
tures of the electroluminescence patterns.  Fur the r  
details are considered below. 

Details.--The difference between A and A'  peaks 
in the green band is assumed to be due to the dif- 
ference in numbers of excitable centers at  the respec- 
tive times of field reversal. For the A'  peaks there is 
much more time for centers to be filled before the 
field is reversed than for the A peaks. Consequently,  
A'  peaks are larger. There is no corresponding 
phenomenon for the blue peaks since the blue centers 
are filled much faster. 

The pat tern of Fig. 8 can be understood as being 
due to a combination of the effects previously c.on- 
sidered, but  already, wi thout  any reference to a 
mechanism, one should expect a decrease of the 
heights of subsequent B peaks in the green band 
since the green B peaks, according to experience, 
need a relatively hmg time to develop up to their  
maximum. Tliis time is cut short while the high 
frequency field reversals are going on. The height 
of the B' peak, however, is normal again since 
there is sufficient, t ime available. 

The frequency dependence of the peak heights 
shown in Fig. 2 may also be understood on the basis 
of the picture developed here. Sin('e, with increasing 
frequency, fewer electrons get back to the green 
centers before the beginning of the next. half period, 
the number of electrons available for acceleration 
at  this moment  increases. Therefore, peaks of the 
blue luminescence should grow initially with fre- 
quency because of the increase in the number  of 
accelerated electrons, but  eventually the influence 
of the decrease of the effective field at field reversal 
because of the decrease of the number of polarization 
charges piled up during one half period must  prevail. 
For  the heights of the green peaks, it is necessary to 
take into account the fact tha t  the number of filled 
green centers decreases with increasing frequency. 
This effect becomes unimpor tant  only at  extremely 
low frequencies. The fact tha t  the frequency de- 
pendence follows empirically a logarithmic law is not  
yet  understood. I t  may  be purely fortuitous. 

Finally, the general features of the electrolu- 
minescence patterns obtained with silmsoidal fields 
should also be governed by the processes consid- 
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e red  here.  I n  pa r t i cu l a r ,  one would  expec t  C-l ike 
a n d  B- l ike  peaks ,  which  m a y  be d i s t o r t ed  and  
sh i f ted  because  of t he  different  t ime  cha rac te r i s t i c s  
of the  fields. I ndeed ,  the  usua l ly  obse rved  two peaks  
pe r  half  per iod  m a y  be ident i f ied  w i th  such peaks .  
T h e  " i n - p h a s e "  peaks  cor respond  to B peaks ,  t he  
" o u t - o f - p h a s e "  peaks  are  equ iva l en t  to  C peaks .  A 
s imi la r  i n t e r p r e t a t i o n  has  r ecen t ly  been  given b y  
Cur ie  (18). 

T h e  discuss ion a b o v e  co r robora t e s  and  supple-  
m e n t s  the  genera l  p i c tu re  out l ined  in the  p rev ious  
sect ions,  a l t hough  no t  eve ry  de ta i l  has  been  t r ea t ed .  
Thus ,  genera l  a spec t s  of the  obse rved  e lec t ro lu-  
minescence  p h e n o m e n a  can  be u n d e r s t o o d  in t e r m s  of 
a few p laus ib le  a s s u m p t i o n s  on exc i ta t ion ,  lumines-  
cence processes,  and  in t e rna l  field. 
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Measuring Problems and Techniques at A-C Furnace Arcs' 

W. E.  SCHWABE 

National Carbon Research Laboratories, Cleveland, Ohw 

ABSTRACT 

A quant i ta t ive  invest igat ion of an a-c electric furnace arc is dependent  upon meas- 
urement  of the true arc voltage. The electrical resistance of an a-c arc is a funct ion of 
many variables including current ,  arc length,  electrode composit ion,  furnace atmos-  
phere, and temperature .  Exper imenta l  procedures specially adap ted  to arc voltage 
measurement  have been evolved and are described, together  with a unique circuit which 
automatical ly  compensates an inherent  measurement  error. 

INTRODUCTION 

The electric arc furnace and its power supply 
circuit form a costly tool of production and must  be 
constructed with the rugged simplicity necessary 
to continuous trouble-free operation. Such construc- 
tion does not  provide for the wide variation of circuit 
parameters desirable from a research viewpoint. 
In a three-phase furnace, electrophysical investiga- 
tions of the arc are further complicated by the in- 
teraction of the three phases. 

To facilitate a practical small-scale approach to 
fundamental  investigations of the electric furnace 
arc, a laboratory size, single-phase experimental 
arc furnace was constructed. The furnace is rated 
at  100 kva and was built  for operation with two 
graphite electrodes permitting a steel capacity of 
250 lb. However, to permit a more accurate control 
of arc length, the furnace has been adapted to single 
electrode operation for electrodes up to three inches 
in diameter. The electrical circuit is completed to 
the furnace shell by means of a bot tom electrode. 
An independent electrode-positioning mechanism 
permits push-button control of the arc length. 
Power is supplied from a 440-v a-c line through a 
100-kva power transformer tapped and regulated to 
provide a continuous variation of secondary voltage 
up to 280 v. Current  limitation is accomplished with 
a number of variable resistance and inductance 
elements, which may be connected individually or in 
combination to provide the ballast desired. Fig. 1 
is a schematic diagram of the experimental arc 
furnace circuit. 

In  addition to a variety of conventional electrical 
meters, special photographic and high-speed record- 
ing equipment is used in studies of the arc. 

An extremely important  parameter  in an a-c 
electric arc furnace circuit is the arc voltage, i.e., 

1 Manuscr ip t  received March 1, 1954. This paper  was 

prepared for delivery before the Chicago Meeting,  May 2 
to 6, 1954. 
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the voltage drop between the electrode tip and the 
melt  surface. 

Measuring the arc voltage is a problem from both 
a technical and physical viewpoint. I t  is the objec- 
tive of this paper to describe problems associated 
with the measurement  of arc voltage, to discuss 
measuring techniques together with experimental 
results, and to propose a standard terminology for 
certain electrical quantities heretofore classified as 
arc voltage. 

MEASUREMENT OF A-C ARC VOLTAGE 

Measurement errors may  be roughly divided 
into two groups as follows: 

(a) external errors-- introduced by  the inclusion in 
the measurement of arc voltage, unwanted voltage 
drops across circuit elements adjacent to the arc; 
such elements include the electrode, the melt, and 
the furnace shell; 

(b) internal er rors- -due to the electrophysicaI 
characteristics of arc conduction. 

External errors.--An ideal measurement  of arc 
voltage would be accomplished by  connecting the 
leads of a suitable measuring device to the terminal 
points of the arc, the so-called anode and cathode 
spots. From a practical viewpoint such direct meas- 
urements are impossible, due to the high tempera-  
ture existing inside the furnance, particularly in the 
arc zone. Even probe measurements,  normally re- 
stricted to a short t ime interval, may  not  be applied 
because of the erratic travel  of anode and cathode 
spots, characteristic of an open arc. Fig. 2 is a se- 
quence of three photographs taken at  an open arc 
and shows the successive half cycle locations of the 
arc stream occurring during each film exposure of 
approximately 1/30 sec (four electrical half cycles 
based on 60-cycle supply frequency). 

In order to permit  practical arc voltage measure- 
ments, meter  connections have been established at  
the electrode clamp and on the arc furnace shell. 
Such measurements include the unwanted series 
voltage drops previously described. 
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FIG. 1. Schematic diagram of experimental circuit 

I t  is well to point out that  in submerged arc fur- 
naces the problem of measuring the arc voltage is 
further complicated by the contact between charge 
and electrode which forms parallel current paths 
shunting the arc, and so increasing the current 
through the series elements. The author 's  investiga- 
tions have dealt primarily with the open arc, ex- 
cluding detailed studies of the parallel resistance 
effect. 

FIG. 2. Arc in a melting furnace. Three consecutive 
frames of a movie taken at a speed of 16 frames/sec. 

The magnitude of the inherent series error has been 
determined for the author 's  circuit by  lowering the 
electrode into the melt and measuring the short- 
circuit current as well as the voltage drop across the 
included circuit elements. 

Fig. 3 is an oscillogram taken from such a test. 
One cycle of short-circuit current and the associated 

FIG. 4. Oscillogram of arc current I and arc voltage E, 
including I-r  drop. 

voltage drop are plotted vs. time on the screen of a 
cathode-ray oscilloscope. One scale division repre- 
sents 100 amp and 5 v. Peak values are 780 amp and 
12 v, respectively. 

An arc is established by raising the electrode from 
the short-circuit position, this operation being 
characterized by a decrease in current from its short- 
circuit magnitude to a value governed by the arc 
length and the parameters of the external circuit. 
Fig. 4 illustrates one cycle of current with the uncor- 
rected arc voltage, which includes the drop previ- 
ously discussed. The voltage trace is a combination 
of a square and a sinusoidal wave. 

The error made by including the series I . r  drop 
may be eliminated through a tedious point-by-point 
subtraction based on a knowledge of the instan- 
taneous values of I and R. To overcome the necessity 
of such an operation, however, a relatively simple 
circuit arrangement has been developed which 
automatically eliminates the unwanted I . r  drop 
from the recorded values of arc voltage. Both the 
arc and the electrode-melt-shell combination are 
considered to be purely noninductive resistance 
elements, and each in simple series circuit with the 
arc. Therefore, if a voltage equivalent to tha t  across 
these elements, but of opposite polarity, be impressed 
in the metering circuit, the error is automatically 
canceled at every instant. The necessary voltage 

FIG. 3. Oscillogram showing the current I and the as- 
sociated voltage drop I . r  of an electrode being short cir- 
cuited with the melt. 

FIG. 5. Negative feedback circuit applied to measure- 
ment of arc voltage. 
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FIG. 6. Oscillograms of short  circuit current  and I . r  
voltage drop Left, I . r  drop cancelled; rzght, I . r  drop 
present  as shown in Fig. 3. 
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FIG. 8. Dis turbance  of the arc voltage during mel t -down 
of steel. Upper  half-cycles:  melt  = ca thode,  lower half- 
cycles graphi te-electrode = cathode.  

drop is readily obtained from a noninductive shunt  
in series with the are, and the reversal of polar i ty  
is accomplished with a t ransformer.  Fig. 5 illustrates 
the essential features of such a negative feedback 
circuit2 

The negative feedback circuit is very easily cali- 
bra ted by  establishing a short circuit between elec- 
trode and melt,  and adjusting the potent iometer  to 
precisely compensate the inherent I . r  drop. Fig. 6 
illustrates one cycle of short-circuit current and the 
compensated I . r  drop. For purpose of comparison, 
the short, circuit current and uncorrected I .  r traces 
of Fig. 3 are also shown. 

Fig. 7 is an arc voltage and current  trace in which 
the I .  r drop has been compensated by  the negative 
feedback circuit. The uncorrected trace of Fig. 
has been inserted for comparison. Note  tha t  the 
sinusoidal cap on the voltage trace of Fig. 4 has 
been eliminated with the negative feedba(,k circuit, 
and tha t  the voltage trace of Fig. 6 now approaches 
a square wave. Other changes in the voltage and 
current wave forms of the two oscillograms are at-  
t r ibuted to changes in the arc during the t ime elapsed 
between the two photographs.  

I t  is of interest at  this point to call a t tent ion to 
the fact  tha t  in Fig. 7 peak values of both  voltage 
and current differ in each half cycle, the voltage 
reaching peak values of 33 and 25 v, respectively, 
with current peaks of 660 and 630 amp,  respectively. 
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FIG. 7. Oscillograms of current  I and arc voltage.  Left, 
corrected arc voltage; rzght, uncorrec ted  are voltage as 
shown in Fig. 4. 

2 I t  is conceivable tha t  this circuit  be modified to 
compensate  the true impedance drop given by [ .z ,  where 
z = ~ / r 2 +  xc 2, in cases where the induct ive component  
assumes significant proportions.  

This effect is pr imari ly due to differences between 
the cathode behavior  of graphite  and iron, as the 
polar i ty  reverses with the al ternat ing current.  
During the first half cycle when the graphi te  is 
cathode, a be t ter  arc conduct ivi ty  is shown by  the 
higher current  and lower arc voltage. During the 
succeeding half cycle the converse is true. 

The arc studied in Fig. 4 and 7 was struck between 
a graphite electrode and a slag-covered melt.  Pres- 
ence of a slag on the surface of the mel t  has a smooth-  
ing effect on the arc voltage wave form. In  the 
case of an arc between a graphite electrode and 
liquid meta l  in the absence of slag, the arc vol tage 
wave form is distorted by  an erratic high-frequency 
disturbance in the half cycle during which the mel t  
is cathode. This disturbance also deforms the current  
trace. The oscillograms of Fig. 8a and b were taken 
at an arc struck directly to liquid steel and illus- 
t ra te  the effect of this disturbance on the arc voltage 
wave forms. 

Finally, it should be ment ioned that ,  as an al- 
ternate  source, the opposing voltage for the negat ive 
feedback circuit m a y  be obtained from the secondary 
circuit of a current  t ransformer  connected in the 
furnace circuit, and tha t  a calculation of the re- 
quired opposing voltage m a y  be made if the circuit 
parameters  are known. Such a calculation eliminates 
the necessity of conducting a short-circuit  test.  

This negative feedback principle is readily adapt -  
able to measurements  of arc power and resistance 
and m a y  find application in the precise determina-  
tion of max imum arc power occurring a t  op t imum 
current  as well as in au tomat ic  electrode regulating 
systems. 

Internal errors.--Having eliminated external errors 
with the negative feedback circuit, calculations of 
arc power based on independent  measurements  of 
arc voltage and current  are still in error by  a vary ing  
positive quant i ty .  Through  an oscillographic analysis 
of individual half cycles of arc voltage and current,  
it was concluded tha t  conventional  vol tmeters  in- 
dicating either rms or average values receive a 
positive influence f rom a port ion of each half cycle 
of voltage which does not contr ibute to arc power, 
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so tha t  arc power computat ions based on independ- 
ent voltage and current  measurements  are neces- 
sarily in error. 

Each half cycle of arc voltage is characterized by  
an initial period during which the open-circuit volt-  
age rises to the value necessary to re-ignite the arc. 
As soon as the arc strikes, the voltage drops sud- 
denly to a relatively constant  value for the remainder  
of the half cycle. Compared with submerged arc, 
the open arc of an electric steel furnace is subject 
to a more rapid heat  dissipation accompanied by  a 
more rapid cooling of both  anode and cathode spots, 
and so necessitating a relatively higher ignition 
voltage in each half cycle. The t ime delay until  
this ignition voltage is reached varies with the 
nature  of the circuit. In  a circuit containing little 
reactance, the t ime delay between zero voltage and 
ignition voltage is increased, whereas the phase dis- 
placement  between current and voltage due to the 
inductance in a conventional arc furnace circuit 
promotes  arc re-ignition by delivering an additional 
voltage of self-induction, L di/dl, which reaches its 
max imum when the current is near zero. 

The oscillograms of Fig. 9 were taken  a t  an arc 
circuit containing very little inherent reactance and 
demonstra te  two extremes of ignition peak and cor- 
related t ime delay. Fig. 9a shows the arc voltage and 
current  at the beginning of a half cycle. The arc 
was struck between a graphite electrode and a slag- 
covered melt. Some t ime elapses before the current  
increases; this represents the ignition delay and, 
in this case, m a y  be expressed as approximate ly  five 
electrical degrees. Fig. 9a was taken at  a short  arc, 
the graphite electrode having been cathode in this 
part icular  half cycle. When the input  voltage, gov- 
erned by its sinusoidal variation, reaches the arc 
ignition value of approximately  15 v, a current  
flows. 

In this ease of short arc, there is no clearly defined 
ignition peak, and the arc voltage actual ly rises 
from its igmtion vslue to ren, ain almost constant  
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FIG. 9. Osc i l lograms showing  p a r t s  of one half -cycle  of 
arc cu r r en t  I and cor rec ted  arc vo l tage  Ea. Left, sho r t  arc, 
cu r r en t  flow s t a r t s  immed ia t e ly ;  right, long arc, cu r r en t  
flow delayed.  

at  twenty  volts. This phenomenon is a t t r ibuted  to 
the superior conduct ivi ty of the short arc. In  Fig. 9b 
the arc length has been increased, the other circuit 
parameters  having been unchanged. In  this case, 
the ignition delay is a lmost  45 electrical degrees, 
and the current  flows only when an ignition voltage 
of about  90 v is reached. When the current flow is 
established, the voltage drops from its ignition value 
to 60 v and remains almost  constant.  

The t ime port ion of the arc voltage from its inter- 
section with the zero axis to the ignition peak is 
essentially the open-circuit voltage, and does not 
contribute significantly to the power of the arc. For  
this reason, it  is referred to as the passive arc volt-  
age. The t ime port ion of the arc voltage during 
which a current  flows has been designated the active 
arc voltage. 

I t  is apparen t  tha t  a eonventionM vol tmete r  
responds to the passive as well as to the act ive are 
voltage and tha t  its over-all indication is higher 
than  it should be. Are power computat ions  based on 
independent measurements  of arc voltage and 
current are, therefore, in error by  this varying posi- 
t ive value. 

I t  should also be noted tha t  in the ease of pro- 
longed ignition delay, the current  does not reach its 
max imum at  90 electrical degrees as with a sine 
wave, but  somewhat  later. Although Fig. 9a and b 
illustrate the usual extremes of ignition delay, 
occasional delays of 55-60 electrical degrees have 
been observed. 

Fig. 10 is a simplified reconstruction of another  
arc voltage trace. The input  voltage in this ease is 
50 v rms (70.7 v peak).  The  ignition delay is 30 elec- 
trical degrees, and the ignition voltage is 35 v. The 
active are voltage is 23.3 v and remains constant  
from 30 electrical degrees to 160 electrical degrees 

707 �84 / ~  
VOLT6  / ~ \  

60 \ -  
/ /  %, 

50 ,," - -  \ \ \ \  

4O 
35 V/ 

30  - - / ~  \\'~\ 

,o [3 

~ 0  .'5 30 45 60 7"5 90 /05 /20 /35 /50 [ ,'65 /BO 
PASSIVE - ~ ACTIVE EL DEGREES ~ .  PASS ~'~ 

FIG. ]0 R e c o n s t r u c t i o n  of a typ ica l  are vo l t age  ha l f -  
cycle. Areas  A and  C are pass ive ;  area  B is act ive.  Calcu-  

t o ~  ARC la ted  me te r  r ead ings  of r m s  and  average  va lues :  
Apparent 

Active arc arc voltage 
Meter type Indication voltage (B) (A + B ~- C) Error % 

D y n a m o m e t e r  R M S  19.3 21.8 q-13 
or t he r mo .  

Rectif ier  Avg 16.4 19 3 + 1 8  
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at  which point  it breaks down to zero. Areas A and 
C are passive, only area B being active in contr ibut-  
ing to arc power. 

The average and rms values for the entire voltage 
curve as well as for the active portion have  been 
calculated. Both sets of calculations are based on a 
full half cycle (180 electrical degrees). The results 
of the calculations are listed in the table of Fig. 10 
and indicate errors of + 1 3  and + 1 8 %  in the con- 
ventional meter  readings of rms and average arc 
voltage, respectively. The error values calculated 
in this part icular  case are only indicative, since they 
apply only to the part icular  half cycle in question, 
al though they do demonstra te  the existence of a very 
considerable error. 

MEASUREMENT OF ACTIVE A - C  ARC VOLTAGE 

I t  is apparent  from the foregoing discussions tha t  
the active arc voltage for any  short period m a y  be 
measured by  oscillographic means, provided tha t  the 
negative feedback principle is applied. A much more 
desirable ar rangement  would provide a continuous 
rms meter  reading of the active arc voltage. An inter- 
mediate solution m a y  be based upon the ratio of 
watts  to rms amperes to give the effective rms volt- 
age. I t  can be assumed tha t  the arc is a pure resist- 
ance, so tha t  the power factor is unity.  A major  
disadvantage of this wa t tme te r - ammete r  method 
lies in the fact  tha t  two simultaneous readings are 
necessary. These readings are difficult to obtain, 
especially at  melting furnaces during the mel t  
down period, when current  and arc power fluctuate 
rapidly. 

To overcome the necessity of making two simul- 
taneous readings, it is conceivable tha t  the wat t -  

a 

Tr 

A ........... APPARENT 

/i ACTIVE 
C /,/.,,,t" ~ , , , , ,  \,, 

FIG 11. Schemat ic  definit ion of gross, apparen t ,  and  
ac t i r e  a-c voltage. 

meter  and ammete r  indications might  be combined 
in a single ins t rument  so calibrated tha t  its resul tant  
continuous indication is w a t t / a m p ,  or active rms  
are voltage. Such a circuit has not been developed. 
A relat ively simple electronic circuit is also conceiv- 
able, by  means of which the vol tmeter  circuit is 
only closed when current  is flowing. 

The ratio of the active par t  of the are voltage to 
the apparen t  arc voltage expressed as a percentage 
m a y  be designated an arc form .factor. Having  meas-  
ured the active and apparent  arc voltage by  means  
of the previously described w a t t m e t e r - a m m e t e r  
method and an e lec t rodynamometer  vol tmeter ,  
respectively, arc form factors of 80-90 % at  an open 
arc between a graphite electrode and steel have  been 
determined. 

Lower values between 60 and 70 % were found a t  
arcs with a more pronounced rectifying effect. 

I t  is essential to keep in mind tha t  such me te r  
readings average the conditions of both  half waves.  

DISCUSSION 

As previously stated,  electrophysical investiga- 
tions of the electric furnace arc conducted a t  produc- 
ing installations have m a n y  practical  l imitations.  
Therefore,  small-scale investigations utilizing an 
experimental  furnace have been under taken in 
prel iminary studies of this impor tan t  arc. 

In  the past ,  a considerable obstacle to the efficient 
collection of comparison data  has been a certain am- 
biguity of terms commonly used in reference to the 
electrical operat ing characteristics of industrial arc 
furnaces. Clarification and s tandardizat ion of these 
terms is considered to be of importance with respect  
to continued investigations of the complex physics 
of the electric furnace arc. 

I t  is pointed out tha t  the indications or react ions 
of m a n y  conventional electrical or electromechanical 
devices depend to some degree on the arc vol tage 
as an act ivat ing impulse, and are positively in- 
fluenced by both  external and internal errors as 
described in the foregoing sections. The following 
definitions of terms related to a-c arc voltage are 
offered as a step toward a more thorough under-  
standing of the electric furnace arc. 

1. Gross A-C Arc Voltage 
The al ternat ing potential  difference existing be- 

tween the two nearest  convenient points of the arc 
furnace circuit including the arc. This includes the 
voltage drop between the anode and cathode spots 
as well as tha t  across resistance elements external 
to the arc, e.g., the potential  difference between 
electrode clamp and furnace shell as measured by  a 
vol tmeter  indicating rms or average values (see 
Fig. 11 a). 
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2. Apparent A-C Arc Voltage 
The al ternat ing potential  difference existing be- 

tween the anode and cathode spots of an a-c arc. 
This can be measured either by  connecting adequate  
probe contacts  directly to the anode and cathode 
spots or, more practically, by  making  connections 
at  external points and correcting the indication by  
means of a feedback circuit (see Fig. l lb) .  

3. Active A-C Arc Voltage 
Tha t  port ion of each individual half cycle of ap- 

parent  arc voltage contr ibuting to arc power. The  
rms value of active arc voltage can be calculated 
f rom simultaneous wa t tme te r  and ammete r  readings 
(see Fig. l lc ) .  

4. Arc Form Factor 
The per  cent ratio between the act ive and the 

apparen t  arc voltage. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 
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ABSTRACT 

Kinet ics  of the react ion of zirconium with  pure hydrogen and deuter ium was s tudied 
for 60~176 H.. pressures of 1.1-5 0 cm Hg, and composit ion range Zr-ZrH~ 70, using a 
vacuum microt)alance method  The reaction was shown to be diffusion-controlled with 
diffusion occurring from a surface of cons tant  concentra t ion into a heterogeneous sys- 
tem. 

The diffusion equat ion was solved for these conditions using the method originally 
developed by Neuman and recently applied by Wagner to this type of problem. Aver- 
age concentra t ion according to this view is given by 

DI/~ tl/2 
= 2 8 4 5 - -  

h 

where D is diffusion coefficient in cIn2/sec, t is t ime in seconds,and h is specimen thick- 
ness in centimeters.  

Plots of C vs t ~/2 show this relat ionship to hold over wide var iat ions in t ime, tem- 
perature,  pressure,  and specimen thickness.  Diffusion coefficients were calculated and 
when p lo t ted  against 1 / T  on a logari thmic plot  gave a heat  of ac t ivat ion of 11,400 cal/  
mole. The corresponding en t ropy  of ac t ivat ion was 2 7 e a l / m o l e / ~  

The following equa tmn expresses data  for diffusion of hydrogen in zirconium: 

D = 1.09 X 10 -~ e -H'4~176 em=/sec 

For the composit ion range of Zr to ZrH~ 6, experimental  data  fit the proposed ex- 
planat ion for the reaction At higher composit ions,  deviat ions were observed. 

Diffusmn of deuter ium m zirconium was also s tudied and da ta  found to fit the equa- 
tion : 

DD e = 0 73 X 10 -3 e - I I ' 4~176  cm2/see 

The relat ionship between the diffusion coefficient of hydrogen and deuter ium was found 
to be 1.5 The theoret ical  value should be ~/2. 

The diffusion mechanism proposed was verified by exper imental  results.  

INTRODUCTION 

Much of the work on the reaction of zirconium 
with hydrogen was reviewed by  Smith in 1948 (1) 
and by  Gulbransen in 1954 (2). Two studies have 
been made  of the kinetics of the reaction with hy- 
drogen. Gulbransen and Andrew (3) studied the 
rate of hydriding between 200 ~ and 300~ using 
high pur i ty  metal  and a source of highly purified 
hydrogen. Although some kinetic da ta  were ob- 
tained, the rate of reaction was difficult to repro- 
duce and appeared to be sensitive to p re t rea tment  
and to surface films. Since the initial surface oxide 
film was not removed and its importance  was not 
recognized at  tha t  time, these kinetic results must  

1 Manuscr ip t  received March 29, 1954. This paper  was 
prepared for delivery before the Chicago Meeting,  May 
2 6, 1954. 
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be interpreted in te rms of an oxide-contaminated 
surface. 

Bernstein and Cubicciott i  (4) studied the permea-  
tion of zirconium by  hydrogen at  545~176 
Again, results were difficult to reproduce, and 
evidence for a eontaminat ing film was observed in 
all experiments.  

Recent  studies by  Gulbransen and Andrew (5) 
showed tha t  the room tempera tu re  surface oxide 
film has a remarkable  inhibiting effect on rate  of 
hydriding. Unless great  care was taken  to remove 
the initial oxide film and to purify the hydrogen,  
the rate of hydriding was limited by  a surfaee re- 
action. 

Since the mechanism of hydriding of zirconium 
m a y  involve one or more diffusion processes, precise 
information on the phase diagram of zirconium- 
hydrogen alloys is required. Although H~tgg (6) 
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studied the system earlier and showed the existence 
of several hydride phases, the ranges of homo- 
geneity of these phases were not established. 

To  supplement  this work, Gulbransen and An- 
drew (7) determined ranges of homogenei ty  of 
several phases from thermodynamic  studies and 
from x-ray diffraction studies. In  brief, for tempera-  
tures below 500~ the e-phase of H~igg was shown 
to have a composition range of ZrH1 96~ to ZrH1 64, 
while the &phase has a range from ZrHt.56 to 
ZrH140. A two-phase region of a- and f-phases 
exists for all compositions between zirconium sat- 
urated with hydrogen in solid solution and ZrH1 4o. 
At 250~ the max imum tempera ture  used in this 
work, the solubility of hydrogen in zirconium cor- 
responds to the composition ZrH0 001 (8). 

With  this new information on the phase diagram, 
and with techniques available for removing the 
initial surface oxide film and for purifying hydro- 
gen, it was possible to s tudy the mechanism of the 
reaction of pure hydrogen with a clean zirconium 
surface. 

ANALYSIS OF DIFFUSION I)ROBL~MS 

Wagner (9) has discussed the general problem of 
diffusion in binary systems of more than  one phase. 
F rom a mathemat ica l  point of view this problem 
was similar to tha t  of melting or solidification in 
which one substance changes into another  with 
emission or absorption of heat. The  common feature 
of these problems was the existence of a moving 
surface of separat ion between two phases, at  which 
material  or heat  was being transferred. The original 
solution of the heat  problem was due to Neuman  
and was presented in a book by  Carslaw and Jaeger 
(10). 

GS 

GO 

GII, z 

, +  8 
PHASES 

f 
a - Z r  

X - ' 4 "  

FIG. 1. Diffusion picture, hydrogen in zirconium (after 
Wagner). t > 0; c~ = ZrH~ 96~; cii. i = ZrH, ,~: c.. = ZrH0 00, 
~t 250~ 

G e n e r a l  p i c t u r e . - - F i g .  1 shows the analysis given 
by  Wagner  (9) for diffusion f rom a surface into a 
heterogeneous system for a fiat plate, c8 is the sur- 
face concentration at  x = o, co is the concentration 
a t  t ime t = o, and cn.~ is the concentrat ion in phase 
I I  a t  the interface ~ with phase I.  Diffusion pro- 
ceeds from the surface in the homogeneous phase 
I I .  At  t ime t the region of phase I I  extends from 
x = o t o x  = ~. 

Since hydrogen reacts wi th  zirconium to form 
two hydride phases in addit ion to dissolving in 
a-zirconium, the val idi ty of the diffusion picture 
shown in Fig. 1 m a y  be questioned. However,  the 
e and f hydride phases for mos t  purposes can be 
considered as one phase, since their  ranges of homo- 
geneity are nearly continuous (7) and since their 
crystal  s tructures are similar. The  effect of solution 
of hydrogen in the meta l  is negligible since the 
solubility a t  250~ is of the order of ZrH0 001 (8). 

G e n e r a l  s o l u t i o n . - - T h e  following equation governs 
the diffusion process: 

Oc 0 ~ c 
- D -  ( I )  

Ot Ox 2 

Here the diffusion coefficient, D, is assumed to be 
independent  of concentration. The  boundary  con- 
dition is 

c = c o a t x  = o a n d t  > 0 ( l I)  

At  the interface x = } the concentrat ion of dif- 
fusing species in phase I I  is tha t  relating to the 
equilibrium value between phases I and I I .  

c -- ciI,i at  x = ~ ( I I I )  

When the interface is displaced by  d~ for a t ime dr, 

the quant i ty  [cm~ - col d~ of hydrogen mus t  be sup- 
plied from the region x < ~. Thus,  

C c) [cn,i  - -  c~] d}  --  D d t  Ox ~-o 

A part icular  solution of equation (I) for boundary  
condition (II)  is 

c = c~ -- B e  , for o < x < ( (V) 

Here,  B is a constant  and err  is the error function. 
Wagner  (9) assumes as does Neuman  (10) tha t  

the plane of discontinuity is shifted proportional  to 
t 1/2. Thus,  

Here, ~, is a dimensionless parameter .  
Substituting, one obtains 

c~ - c . , ~  = B e r r  (~ )  (vn) 
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B 
cH.~ - co = ~r exp ( - T  ~) (VIII) 

Eliminating B, one has 

c, -- c,i.i _ V/~ veV~ err T (IX) 
CII,I - -  Co 

can be found from equation (IX) and B from 
equations (VII) and (VIII).  

D is usually found by observing the displacement 
and by the use of equation (VI). However, if the 

reaction is followed by a weight gain method, D 
must  be obtained from the average concentration 
in the sample as a function of time. 

Solution for weight gain method.--Let ~ be the 
average concentration in phase II, o < x < ~. Then, 

lfo  = ~ c(x, t) dx 

lfo~ I x 1 - } c, - B e r f 2 ~ t t  dx (X) 

Integrating, 

B 
= c~ - B e r f v  + ~ ( 1  -- e -~ )  (XII) 

This shows that  e is independent of t. 
Substituting (VII) and rearranging, 

e - cml 1 - e ~2 
(XIII)  

c. - cH.~ - v V ' ; "  e r r  ~ 

Using this analysis, equations (IX) and (XIII)  
are plotted as a function of % From the plot of 
equation (IX) a value for ~, is obtained and from a 
plot of equation (XIII )  and this value of % a value 
for 

(~ - -  cH,~) 

( C s  - -  C,I,I) 

can be obtained. 
From these plots -~ = 0.425 and 

- -  C I I ' I  - -  0.485 
C s  - -  C I I , I  

Now an expression can be written for the average 
concentration C over the whole specimen: 

C ~  = e} + co - ~ ( x I v )  

Here, hi2 is the half thickness and co the solubility 
of hydrogen in a-Zr. For  temperatures of 250~ 
and lower, Co has a value of 0.001 or less in terms of 
the ratio H / Z r  and is, therefore, negligible. 

Substi tut ing equation (VI) and (XIV) and the 
values for 3' and ~, 

D1/2 tl/2 
= 2 . 8 4 5 -  (XV) 

h 

For  the 0.0127 cm specimens, this equation becomes 

C = 224 D1/2t 1/2 (XVI) 

and for the 0.0508 cm specimens, 

= 56 D1/2t 1/~ (XVII)  

In deriving equation (XV) from (XIV) it is assumed 
tha t  c, is constant and independent of pressure. 
Phase diagram studies by Gulbransen and Andrew 
(7) show that  c~ has a value of 1.965 in terms of 
the ratio H /Zr ,  and for temperatures  of 250~ and 
lower, c, is independent of pressures of the order of 
1 cm Hg and higher. 

Testing of the mechanism of the reaction.--The 
reaction mechanism upon which equation (XV) is 
based can be tested experimentally. First, plots of 
C vs. t '/: can be used to test the square root of t ime 
relationship. Second, use of different thicknesses of 
samples tests the validity of equation (XV). Third,  
use of both hydrogen and deuterium having dif- 
ferent diffusion coefficients gives an additional way 
of testing equation (XV). Fourth,  the analysis as- 
sumes a constant value for c,. The  effect of pres- 
sure, therefore, should be negligible. Fifth, a plot 
of log D vs. I / T  should give a straight line and a 
reasonable heat of activation. Sixth, the entropy 
of activation of the diffusion process should have a 
value near zero or slightly positive. 

EXPERIMENTAL 

A vacuum microbalance was used to determine 
the rate of reaction of hydrogen with the metal. 
I ts  construction and use has been described in previ- 
ous publications (11, 12). The  sensitivity of the 
balance was 1.25 divisions (0.00125 cm) per micro- 
gram for the 0.05 g sample, and the weight change 
was estimated to }~ of a division (0.20 X 10 -6 g). 

A mullite furnace tube sealed directly to the 
Pyrex glass system contained the specimen. The  
vacuum behavior of this system has been described 
(13). Special precautions necessary for the s tudy of 
zirconium have also been described (5). In all ex- 
periments described here, the system and specimen 
were pumped for at least 15 hr to minimize con- 
tamination of the gas atmosphere by  degassing of 
the walls of the vacuum system. 

Specimens were sheets of zirconium 0.0127 and 
0.050 cm thick. Two weights of specimen were 
used, 0.0486 g or 0.4995 g. The  larger specimens 
were used for experiments at  60~176 where the 
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TABLE I. Analysis of zirconium samples 

F o o t e  Z r  
t yp i ca l  
wt % 

Si 
Fe 
A1 
Cu 
Ti 
Mn 
Ca 
Mg 
Pb 
Mo 
Ni 
Cr 
Sn 
W 
N 
O 
H 
C 
Hf 

0.01 
0.04 
0.01 

<0.01 
0.03 

<0.001 
0.01 

< 0.003 
<0.001 
<0.001 

0.01 
0.001 
0.001 

<0 .00 l  
<0.01 
<0.01 
<0.02 
<0.001 

2.40 

amount  of reaction was small, while the smaller 
specimens were used where a large reaction with 
hydrogen was expected. 

Pure hydrogen or deuter ium was prepared by 
diffusing the purified electrolytic hydrogen or high 
pur i ty  grade of deuter ium (99.66 % D.~) through a 
palladium tube (1l). To  minimize contaminat ion 
the gas was prepared immediately  before use. 

High pur i ty  iodide zirconium was obtained from 
Foote  Mineral Company.  The analysis is given in 
Table  I. All specimens were given an abrading and 
cleaning t r ea tmen t  as previously described (5). They  
were placed in turn  on the balance, and the tube 
sealed off. The  specimen and vacuum system was 
pumped for 15 hr or longer. Before reacting with 
hydrogen, each sample was heated to 700~ in 
high vacuum for 1-2 hr. 

RESULTS AND DISCUSSION 

General 

Fig. 2 shows a series of weight gain vs. t ime 
curves for the hydriding of zirconium at  150~176 
and for a hydrogen pressure of 5 cm Hg. A new 
specimen was used for each experiment.  For  the 
area and weight of the specimens, a weight gain of 
about  715 gg/cm:  corresponds to a concentration of 
ZrH~ 965. In  several of the experiments shown in 
Fig. 2, this concentration was achieved. No  visual 
evidence was found for the presence of an oxide 
film after concluding the experiment. 

Fig. 3 shows a similar series of curves for 60 ~ 
125~ The  curves were of similar shape to those of 
Fig. 2. However,  the max imum concentration at-  

rained in these experiments for one hour of reac- 
tion was ZrH0.~. 

There  is no evidence of an induction period which 
suggests tha t  the surface was free of oxide film and 
tha t  the reaction is diffusion-controlled. Previous  
studies (5) have  shown tha t  very  thin oxide films 
(a) exert a strong inhibiting influence on the hy- 
drogen reaction, (b) were responsible for the ob- 
served induction period of the reaction, and (c) ex- 
plain m a n y  of the supposedly inert  characteristics 
of the meta l  to reaction with hydrogen. 

Rate law correlalion.--To test  the mechanism of 
reaction, the average concentration C was plot ted 
against  the square root of t ime according to equa- 
tion (XV). Fig. 4 shows this type  of plot for the 
250 ~ and 175~ experiments. The  250~ data  follow 
a s traight  line relationship up to a concentrat ion 
corresponding to an H / Z r  ratio of 1.60 or the limit 
of the two-phase region. The  175~ data  show a 
s traight  line relationship to the concentrat ion limit 
of the experiment,  namely,  a value of H / Z r  of 0.86. 

Fig. 5 shows similar plots for the 60 ~ and 100~ 
experiments.  Although only the initial stage of the 
reaction was studied, s traight  line relationships were 
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FIG. 2. Effect of t empera ture  on hydr iding zirconium. 
Curve A, 250~ 5 cm of Hg of H2; curve B, 225~ 5 cm of 
Hg of I-I2; curve C, 200~ 5 em of Hg of H~; curve D, 175~ 
5 em of Hg of H.% curve E, 150~ 5 em of Hg of It2. 
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FIG. 3. Effect of t empera ture  oil hydr id ing  zirconium. 
Curve A, 125~ 2.3 em of Hg of H2; curve B, 100~ 2.4 cm 
of Hg of H2; curve C, 80~ 2.4 cm of Hg of H2; curve D,  
60~ 2.4 cm of Hg of H2. 
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Fro. 4. Effect of temperature on hydriding zirconium. 
Curve A, 250~ 5.0 cm of Hg of H2; curve B, 175~ 5.0 
cm of Hg of H... 
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FIa. 5. Effect of temperature on hydriding zirconium. 
Curve A, 100~ 2.4 cm of Hg of H..; curve B, 60~ 1 4 cm 
of Hg of Ho. 

found.  T h u s  equa t ion  (XV) a d e q u a t e l y  descr ibes  
the  t ime  behav io r ,  inc lud ing  the  a s s u m p t i o n  m a d e  
b y  W a g n e r  on the  m o v e m e n t  of t he  in te r face  be- 
tween  phases .  

Effect of pressure.--Fig. 6 shows C vs. t '/2 p lo t s  of 
the  d a t a  for two expe r imen t s  a t  225~ in which 
the  pressure  was va r i ed  f rom 1.1 to  5.0 cm of Hg.  
Slopes of the  two  p lo t s  were ident ica l .  T h e  differ-  
ence be tween  the  curves  was due  to  the  fac t  t h a t  
the  b u o y a n c y  cor rec t ion  2 was no t  app l i ed  to  the  
da t a .  Hence  the  effect  of p ressure  on the  r a t e  of 
h y d r i d i n g  was negl igible ,  a n d  the  surface  concen-  
t r a t i o n  c~ was essen t ia l ly  ZrHL965. Th i s  conclus ion 
was also s u p p o r t e d  b y  t h e r m o d y n a m i c  ev idence  (7). 

Effect of sample shape.--According t o  equa t ion  

This correction was a result of thermal convection cur- 
rents set up in the furnace tube. I t  could be evaluated from 
the final vacuum reading. 

(XV)  the  s amp le  th ickness ,  h, affects  t he  s lope of 
t he  C vs. t ~/-" p lo t  b y  the  f ac to r  1/h. Fig .  7 shows a 
c o m p a r i s o n  of th is  t y p e  of p lo t  for  two  th i cknesses  
of me ta l ,  0.0127 and  0.0508 cm. T h e  effect  of h on 
the  p lo t s  was  t h a t  p r e d i c t e d  b y  e q u a t i o n  (XV) .  

Calculation of Diffusion Coeflfcients 

E q u a t i o n  (XV) was  used  to  ca lcu la te  d i f fus ion  
coefficients f rom the  (~ vs. t lj2 p lo ts .  These  are  sum-  
m a r i z e d  in T a b l e  I I .  F ig .  8 shows these  d a t a  on 
log D vs. 1 /T  plot ,  and  f rom the  s lope a h e a t  of 
a c t i v a t i o n  of 11,400 c a l / m o l e  was  ca lcu la ted .  D a t a  
for  s amples  of d i f fe ren t  th icknesses  were inc luded .  

Do was ca lcu la t ed  f rom the  e q u a t i o n  

D = Do e -~'~*/Rr X V I I I )  

Here ,  Do was t h e  v a l u e  of D a t  inf in i te  t e m p e r a t u r e ,  
and  AH* was  the  h e a t  of a c t i v a t i o n  of diffusion.  
T h e  va lues  of Do were  t a b u l a t e d  and  an  a v e r a g e  
v a l u e  of 1.09 X 10 ~ was  ca lcu la ted .  T h e  d a t a  
could  be r ep re sen ted  b y  

D = 1.09 X 10 -3 
X e -n '4~176  cm2/sec ( X I X )  

T h e  va lue  of 11,400 c a l / m o l e  for  t he  h e a t  of 
a c t i v a t i o n  of diffusion for  h y d r o g e n  in z i r con ium 
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:FIG 6. Effect of pressure on hydriding zirconium. Curve 
A, 225~ 5 cm of Hg of H2; curve B, 225~ 1.1 cm of Hg 
of H... 
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:FIG. 7. Effect of sample thickness on hydriding zirconium. 
Curve A, 0 0127 cm thick, t50~ 2.4 cm of Hg of H2; curve 
B, 0.0508 em thick, 150~ 5 0 cm of Hg of H2. 
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TABLE II  Diffusion data hydrogen *n zirconium 

t~ 

60 
80 

100 
120 
125 
150 
175 
200 
225 
250 

1/T X 10 a 

3 0021 
2.832 
2 680 
2.544 
2 512 
2 360 
2.232 
2.114 
2 008 
1.912 

D~vg 
cm2,'sec 

4 60 X 10 -n  
7.09 X 10 -~ 
2.54 X 10 -1~ 

3.25 X 10 -1~ 
6.43 X 10 lO 
1,625 X 10 -9 
2.470 X 10 -9 
6.02 X 10 -9 

1 . 3 3  X 10 8 

2 215 X 10 -8 

LOO 

appears  to be reasonable  since vMue heats  of ac- 
t i v a t i o n  of 5,740-10,100 ea l /mole  have  been  ob- 
served (14) for the diffusion of hydrogen  in  
pa l lad ium.  The  most  reliable work on diffusion of 
hydrogen  in  pa l l ad ium gave a va lue  of 5,740 cal /  

mole (15, 16). 

Calculation of En t ropy  of Act ivat ion 

One of the best  ways  to check on diffusion results  
is to make  an  approx imate  cMculat ion of the en- 
t ropy  of ac t iva t ion  using the classical theory  of 
diffusion as res ta ted  by  Zener  (17). According to 
this theory,  Do is g iven by  the expression 

Do = ga2ve as*/R (XX)  

Here, a is the dis tance between sites for diffusion, 
v is the f requency  of v ib r a t i on  along the pa th  of the 

iO -7 

iO-e 

"• IO "~ 

o 

iO"IO 

IO'" 

Do ~1~ 
cmZ/sec 

=1~ o.8o 
1 341 X 10 -3 
0 784 X 10 a _o 

1.178 X 10 -~ 
0.705 X 10 a o O.SO 

1.144 X 10 -3 o 

1.26 X 10 -3 ~ 0 4 0  
0.876 X 10 -a < 

1.099 X 10 a 
1 33 X 10 -~ 
1.217 X 10 -a 0 2o 

avg 1 09 X 10 -a 

oi 
0 

H 2 

/f/ 
/ 7  

O 0. OI27cm SPECIMEN H 2 _  

A O 050~lcm SPECIMEN H 2 _  

v O OI27cm SPECIMEN DEUT 

3.2 3 0  2 8  2,6 2 4  2 2  2 0  L !a 
~ X I03 

FIG 8. D vs. 1/T log plot (60~176 AH = 11,400 
cal/mole; P = 1.1-5 0 cm of Hg of gas 

I 2 3 4 5 
v ~  ( M I N )  

F~G 9 Comparison of reaction of hydrogen ~nd deu- 
terium with zirconmm Curve A, H2, 225~ 1 1 cm of Hg; 
curve B, D._,, 225~ 1.8 cm of Hg 

TABLE III .  Dzffuston data deuterium ~n zzrconium 

I~ 

100 
150 
175 
225 

I / T  X I0 a 

2. 680 
2 360 
2.232 
2 008 

D, cm2,/sec Do, cm2/sec 

1 62 X 10 ~o 7 5 X 10 4 

7 70 X 10 -~~ 6 0 )4 10 -4 
1 64 X 10 ~ 5 8 X 10 ~ 

1.023 X 10 -s 10 0 X 10 -4 
Do avg = 73 X 10 -4 

diffusion, A S* is the en t ropy  of ac t iva t ion  of dif- 
fusion, and  g is a cons t an t  de t e rmined  by  the  geom- 
e t ry  of the pa r t i cu la r  processes of diffusion. 

I n  m a n y  diffusion problems the  exper imen ta l ly  
de t e rmined  va lues  inc lude  e n t r opy  and  hea t  of 
ac t iva t ion  te rms  for the process of forming  the  
defects by  which diffusion occurs. For  the  case of 
hydrogen  in  metals ,  such as z i rconium, the t e t ra -  
hedrM sites in  the hydr ide  s t ruc tures  are a l ready  

avai lab le  for diffusion. Therefore,  diffusion of hy-  
drogen in the  hydr ide  s t ruc tures  should invo lve  
only  the  e n t r opy  and  hea t  of ac t iva t ion  t e rms  for 
diffusion. According to theory,  the e n t r o p y  of 
ac t iva t ion  should have  sl ightly posi t ive values.  

The  f requency  of v ib ra t i on  of hydrogen  a toms  in  
the equa t ion  has been evMuated  from e n t r o p y  of 
so lu t ion  da t a  which  will be discussed in  a fu tu re  
paper.  A va lue  for v of 4 • 1013 v ib ra t ions / sec  was 
found.  The  d is tance  a be tween  t e t r ahedra l  sites in  
the &phase was 2.39 A. 

To  eva lua te  the cons t an t  g, the  diffusion of hy-  
drogen a toms  or ions is assumed to occur t h rough  
the m o v e m e n t  of unoccupied  t e t r ahedra l  sites, g is 
eva lua ted  by  calcula t ing the p robab i l i t y  P ,  of a n  
unoccupied  site occurr ing next  to a pa r t i cu la r  hy-  
drogen a t o m  or ion. The  p robab i l i t y  var ies  f rom a 

2 -  1.965 
va lue  of a t  the surface to a va lue  of 

2 



566 JOURNAL OF T H E  E L E C T R O C H E M I C A L  S O CIETY  November 195~ 

2 - -  1.4 
- -  at the interface cH.~. The geometrical mean 

2 
of these values is 0.072. Since g =- ~'6 ~ P,,  g = 
0.012. Substituting the values of Do, g, a 2 and v, 
AS* = +2.7.  This value is in agreement with 
theoretical predictions of Zener (17). 

Diffusion of Deuterium 

The diffusion of deuterium in zirconium was 
studied at  100 ~ 150 ~ 175 ~ and 225~ Weight 
gain vs. time curves were similar to those seen in 
Fig. 2 and 3. Fig. 9 shows a comparison of C vs. 
t ~/2 plots for hydrogen and for deuterium diffusing 
into the metal at 225~ A straight line relationship 
was found for both gases. 

Diffusion coefficients are summarized in Table 
I I I  and plotted in Fig. 8. Although the data  were 
somewhat scattered, the temperature dependence 
was the same as tha t  found for the case of hydrogen, 
so the heat of activation for the diffusion process 
was the same for both gases. Calculated Do values 
for hydrogen and for deuterium were 1.09 )< 1 0  - 3  

and 7.3 X 10 -4, respectively. Therefore, the ratio 
of D~I2,/DD2 was independent of temperature  and 
approximately equal to 1.5. 

Jost and Widman (15, 16) observed a ratio of 
1.3 for D~:DD~. Using the transition state theory 
of diffusion, they show that  the effect of the mass 
of the diffusing specie was in the frequency term in 
the expression for the diffusion coefficient, the fre- 
quency of vibration being proportional to 1,/~r or 
l / x / 2 .  Thus, the simple theory gives a ratio of 
D~JDD.~ of 1.41. This compares with the experi- 
mental  value of about 1.5. 

A similar analysis could be made using the classi- 
cal theory of diffusion as expressed in equation 
(XIX).  The major effect appears to be that  of mass 
on frequency of vibration along the path for reac- 
tion. Considering the scattering of experimental 
results, the diffusion of deuterium in zirconium is 
adequately explained by equation (XV) with the 
effect of mass on the frequency of vibration of the 
particular diffusing specie explaining the ratio of 
DK~/ DD~. 

Limit of Application of Diffusion Equation 

Equat ion (XV) was derived on the basis of the 
diffusion of hydrogen from the surface through the 

and ~ hydride phases to form new ~-phase. I t  was 

assumed in the derivation that  the plane of dis- 
continuity was shifted proportional to t l/2. At some 
value of the average concentration C, the planes of 
discontinuity meet at the distance h/2. Equat ion  
(XIV) was used to calculate C for this condition, 
and a value of 1.67 was obtained. Fig. 4 shows a 
plot of C vs. t 1/2 for the hydrogen reaction at a 
temperature  of 250~ A straight line was found 
for concentrations up to 1.6-1.7. This agrees with 
the prediction of the equation. 

ACKNOWLEDGMENT 

The authors wish to express their appreciation 
to Dr. C. Zener and Dr. G. Comenetz for their  
helpful suggestions on the solution of the diffusion 
equation. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 issue of the 
JOURNAL. 

REFERENCES 

1. D. P, SMITH, "Hydrogen in Metals",  The University of 
Chicago Press, Chicago (1948). 

2. E. A. GULBRANSEN, Chapter in book, "Zirconium and 
Its Alloys", to be published. 

3. E. A. GULBRANSEN AND K. F. ANDREW, J. Metals, 1, 
515 (1949). 

4. R. B BERNSTEIN AND D. CUBICCIOTTI, J. Phys. and 
Colloid Chem., 55,238 (1951). 

5. E. A, GULBRANSEN AND • F ANDREW, J. Electrochem. 
Soc, 101,348 (1954) 

6. G. HXGG, Z. physik. Chem, 11,439 (1930). 
7. E. A. GULBRANSEN AND K. F. ANDREW, J. Electrochem. 

Soc,, 101,474 (1954). 
8. E. A. GULBRANSEN AND K. F. ANDREW, To be published 

by AIME. 
9. C. WA~NER, quoted by W. Jost, "Diffusion in Solids, 

Liquids and Gases", Academic Press, Inc., New 
York (1952). 

10. H. S, CARSLAW AND J. C, JAEGER, "Conduction of Heat 
in Solids", Clarendon Press, Oxford (1947). 

11. E. A. GULBRANSEN, Trans. Electrochem. Soc., 81, 327 
(1942). 

12. E. A. GULBRANSEN, "Advances in Catalysis", 120-174, 
Academic Press, Inc., New York (1953). 

13. E. A. GUL]3RANSEN AND K. F. ANDREW, Ind. Eng. 
Chem., 41, 2762 (1949). 

14. R. M. BARRER, "Diffusion in and Through Solids", 
Cambridge University Press, Cambridge (1951). 

15. W. JOST AND A. WIDMAN, Z. physik. Chem., B29, 247 
(1935). 

16. W. JOST AND A. WIDMAN, Z. physik. Chem., B45, 285 
(1940). 

17. C. ZENER, J. Applied Phys., 22,372 (1951). 



High Temperature Crystal Structure of Thorium 
I:)REMO CHIOTTI 

Ames Laboratory, Atomic Energy Comrmsswn, Iowa State College, Ames, Iowa 

ABSTRACT 

High tempera ture  x-ray diffraction pa t te rns  and electrical res is t ivi ty  measurements  
show tha t  thor ium of 99.8% pur i ty  t ransforms from face-centered cubic to body-cen- 
tered cubic on heat ing to 1400 4- 25 ~ C. At 1450 ~ C the lat t ice constant  of body-centered  
cubic thor ium is 4.11 • 0 01 ~.. The extrapolated latt ice constant  of face-centered cubic 
thor ium at the same tempera ture  is 5.180 4- 0.005 A. The lat t ice constant  of the metal  
used is 5.089 4- 0.001 ~ at room temperature .  The t ransformat ion  tempera ture  is rap- 
idly increased as the amount  of carbon in the metal  is increased. Zirconium has the 
opposite effect in t ha t  small amounts  of it  are very effective in lowering the tempera-  
ture at which the t ransformat ion  begins. 

INTRODUCTION 

Thor ium at  ordinary temperatures  has a close- 
packed face-centered cubic structure.  In  an earlier 
investigation (1) some resistance measurements  on 
thor ium in the tempera ture  range between 750 ~ 
and 1700~ gave evidence of a possible allotropic 
t ransformation.  At about  the same time, an inves- 
t igation of the thorium-zirconium system by  Carlson 
(2) indicated tha t  a complete series of solid solutions 
is formed between these two elements a t  elevated 
temperatures .  Since zirconium is body-centered 
cubic a t  temperatures  above 865~ the results ob- 
tained by Carlson can be explained more satisfac- 
torily on the supposition of the existence of a body- 
centered cubic form for thorium. In  order to resolve 
this question, further  resistance measurements  were 
made and x-ray diffraction pat terns  were taken in 
the tempera ture  range in question. 

EXPERIMENTAL METHODS 

The change in electrical resistance with tempera-  
ture of thorium was measured over a tempera ture  
range of 750~ to its melting point. The method em- 
ployed and appara tus  used have been described in 
detail elsewhere (3). In  this method,  a specimen 
approximately  a quarter-inch in diameter  and four 
inches long is clamped between two water-cooled 
copper electrodes and is heated under vacuum or 
in an inert a tmosphere to various temperatures  by  
passing a 60-cycle al ternating current  through it. 
Two thin thorium wires are spot welded one centi- 
meter  apar t  near the middle of the bar  where the 

1 Manuscr ip t  received May 28, 1954. This  paper was pre- 
pared for delivery at the Chicago Meeting, May 2 to 6, 
1954. Contr ibut ion No. 330 from the Ins t i tu te  for Atomic 
Research and Depa r tmen t  of Chemistry ,  Iowa State Col- 
lege, Ames, Iowa. Work was performed in the Ames Lab- 
oratory of the Atomic Energy Commission. 

567 

t empera ture  is reasonably uniform. The  potent ia l  
developed between these two leads is balanced 
against  the output  of a current  t ransformer  whose 
p r imary  is connected in series with the specimen. 
Since the output  of the current  t ransformer  is pro- 
portional to the current  through the pr imary,  and 
the potent ial  developed across the one-centimeter  
length of the specimen is the product  of the same cur- 
rent  and specimen resistance, the change in resistance 
with tempera ture  is measured directly. Essentially,  
this is an al ternat ing-current  potent iometr ic  null- 
point  method.  In  order to balance one al ternat ing 
voltage against  another,  it is necessary tha t  the two 
voltages be of identical wave form and 180 ~ out of 
phase. These conditions can be met  quite closely 
in the method described. However,  Corbino (4) 
has shown that ,  on heating a metal  fi lament by  
means of an al ternating current, a second harmonic 
is introduced due to small variat ions in resistance 
with temperature  in the course of current  reversal. 
This effect could not be readily detected with an 
oscilloscope in the present  investigation and was 
considered negligible as far as the quali tat ive course 
of the resistance vs. t empera ture  curve of thorium 
is concerned. Tempera ture  measurements  were ob- 
tained by  focusing a disappearing-fi lament type  
optical pyrometer  onto a small hole drilled into the 
middle of the specimen. 

X- r ay  diffraction da ta  were obtained with a 
Nor th  American Philips Company  high angle goni- 
ometer  diffractometer which was adapted  for high 
tempera ture  investigations (5). A sketch of the 
goniometer specimen holder and furnace developed 
for this purpose is shown in Fig. 1. Both  the base and 
furnace cover are water-cooled. The incident and 
diffracted x-rays pass through a 2.5-mil a luminum 
window which extends over a 180~ arc on the fur- 
nace cover. The furnace is evacuated through a 
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FIG 1. Isometric projection of furnace and specimen 
holder attachment for x-ray diffraction goniometer. 

hollow stainless steel shaft which extends through 
the goniometer. 

Two types of specimens were used. One consisted 
of a thor ium bar approximately  g16 x 3{6 x 31/2 in., 
held in place by  the clamp shown on the left side 
of the furnace base in Fig. 1. The other consisted of 
a smaller piece of thorium, }~ x 3~ x 34 in., supported 
in an appropriate  slot on a t an ta lum bar, the bar  
being held in place by  the same clamp mentioned 
above. No appreciable reaction between the t an ta lum 
and the thorium was observed at  temperatures  up 
to 1575~ The lat ter  arrangement  proved more 
satisfactory since thorium bars were found to sag 
when heated to this temperature .  

Samples are heated by  means of a tan tMum sheet 
resistance element. Radiat ion shields surround the 
heating element to reduce radiation losses. The speci- 
men is heated by  radiation from the heating element 
and does not make direct contact with it. Tempera-  
ture measurements  are made by  sighting an optical 
pyrometer  on a small hole (No. 65 drill) drilled into 
the side of the specimen. The hole in the specimen 
is so arranged tha t  it can be viewed through a glass 
window sealed onto the furnace cover and through 

1 / - a , 8-1n. hole drilled through the radiation shields. 

EXPERIMENTAL RESULTS 

The first evidence for a t ransformation in thor ium 
was obtained from electrical resistance measure- 
ments.  Results of measurements  on a thor ium speci- 
men taken from cast metal  are shown in Fig. 2. 
The resistance is seen to rise rapidly in the tempera-  
ture range of 1425 ~ to about  1525~ The average 
heating rate through this tempera ture  range was 
1.6~ There is evidence of a second break in the 
curve at  1700~ which is believed to be due to 
incipient fusion; however, the bar  did not melt  in 
two until  heated to 1740~ Similar runs on other 
bars cut from east metal,  bars made from pressed 

metal  powder, and on Westinghouse metal,  all gave 
a sharp increase in resistance a t  1400 ~ 4- 25~ 
The range of t empera ture  over which this increase 
takes place is evidently related to the impurities in 
the meta l  and to some extent  to tempera ture  gradi- 
ents in the specimen. Carbon is very  effective in in- 
creasing the tempera ture  a t  which the t ransforma-  
tion begins. Metal  containing as little as 0.2 wt  % 
carbon along with the usual impurities no longer 
gives any  definite indication of a t ransformation.  

X- r ay  diffraction data  confirmed the existence of 
a t ransformat ion in thorium. The  metal  t ransforms 
from face-centered cubic to body-centered cubic on 
heating to above 1400~ Copper radiation and a 
nickel foil filter placed in the receiving slit were used 
in s tudying the transformation.  In some cases where 
the alpha peaks were part icularly strong, the cor- 
responding beta peak was not completely suppressed. 
The scanning speed in each ease was two degrees 20 
per minute.  Fig. 3 shows the diffraction peaks of a 
sample which initially contained approximate ly  345 
p p m  carbon, 195 p p m  nitrogen, 1000 p p m  oxygen, 
and 1200 p p m  metallic impurities.  At  1375~ the 111 
face-centered cubic peak was very  strong. The  
tempera ture  was then increased to 1415~ The  
range f rom 26 ~ to 33 ~ 20 was immediate ly  scanned. 
As m a y  be seen from this figure, a new peak identi- 
tied as the 110 body-centered cubic peak appeared.  
This region was then rescanned and the diffraction 
peaks up to 116 ~ 20 recorded. The possible identifica- 
tion of the peaks is shown on the figure. The  pressure 
in the sys tem during the run was mainta ined between 

FIG. 2. Temperature dependence of the electrical re- 
sistance of thorium. 
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FIG 3. Diffraction patterns of thorium contaminated 
with ThO2 

2.0 X 10 -+ to 7.0 X 10 -5 m m  of Hg. The missing 
body-centered cubic peaks and the peculiar relative 
intensities of the peaks observed is believed to be due 
to excessively large grains and grain orientation. 

Fig. 4 shows the nature  of a thorium specimen 
surface after being heated for about  six hours at  
temperatures  between 1200 ~ and 1500~ during the 
course of x-ray diffraction studies. The large dark 
spots are believed to be oxide particles in the meta l  
initially. The fine structure is probably  due to con- 
taminat ion by  oxygen or other gaseous impurit ies 
during the heating operation. Large recrystallized 
grains and the outlines of the old grains are evident. 

Fig. 5 shows the front reflection peaks obtained 
with a sample of iodide crystal bar  thor ium of un- 
known puri ty.  At  1440~ only one face-centered 
cubic peak and two body-centered cubic peaks are 
present. At  1505~ only two body-centered cubic 
peaks remain;  however, these two peaks are not the 

FIG. 4. Surface of thorium sample after about 6 hr at 
temperatures between 1200 ~ and 1500~ unetched 100)<. 

same as the body-centered peaks present  a t  1440~ 
A possible explanation for this observat ion is tha t  a 
change in orientation of the grains results as the 
t ransformat ion goes to completion. Absence of 
thor ium oxide peaks is noted. 

Both t an ta lum and niobium lower the tempera ture  
at  which the t ransformat ion begins to approximate ly  
1375~ The lowering of the t ransformat ion  tempera-  
ture m a y  be due to solubility of these metals  in 
body-centered thor ium or due to removal  of im- 
purities which normally increase the stabil i ty of the 
face-centered modification. Tan ta lum,  when added 
to thor ium in small amounts,  effectively removes 
carbon from solid solution to form insoluble TalC.  
In  this case the thorium matr ix  can be dissolved 
with nitric acid leaving the insoluble carbide as a 
residue. Niobium presumably does likewise. The  
extent  of solid solubility of either niobium or tan ta-  
lum in body-centered thor ium is uncertain,  but  from 
atomic size considerations it is expected to be small. 
Zirconium, however, is very effective in lowering the 
t empera tu re  at  which thor ium transforms.  Diffrac- 
t ion peaks obtained from a sample containing i wt  % 
each of niobium and zirconium are shown in Fig. 6. 
I t  is evident  from this figure tha t  some of the body- 
centered phase is present a t  1340~ and that, the 
face-centered cubic phase has disappeared at, 1375~ 

Small var iat ions in al ignment of the specimens 
along with the effects of orientat ion resulted in a 
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FIG. 6. Diffraction patterns of thorium containing 1 
wt % each of niobium and zirconium taken at 1340 ~ and 
1375~ 

much greater variation in peak position than is 
normally obtained with well-aligned samples with 
small, randomly oriented grains. Nelson and Riley's 
(6) extrapolation method was used in determining 
the lattice constants. Individual peaks were also 

scanned at one-fourth degree 20/min to obtain better 
resolution of the peaks. The uncertainty in the ex- 
trapolated value of the lattice constant of the body- 
centered thorium was found to be rather large due to 
the fact that  the well defined peaks usually occurred 
only in the front reflection region and the total 
number of peaks was generally limited to five or less. 

CONCLUSIONS 

As a result of a large number of x-ray diffraction 
measurements on thorium metal containing ap- 
proximately 345 ppm carbon, 195 ppm nitrogen, 
1000 ppm oxygen, and 1200 ppm metallic impurities, 
it may  be concluded that  this metal transforms from 
face-centered cubic to body-centered cubic at  1400 
• 25~ The lattice constant of the body-centered 
metal at  1450~ is 4.11 • 0.01 A, and the extra- 
polated lattice constant of the face-centered cubic 
modification at the same temperature is 5.180 • 
0.005 A. At room temperature the lattice constant  
of the metal used was 5.089 • 0.001 A. 

Some contamination of the specimen surface by  
carbon on heating at 600 ~ and 900~ was observed. 
This was probably because of outgassing of rubber 
vacuum seals or the Apiezon wax used to seal the 
aluminum window. Prolonged heating ill this range 
usually resulted in the appearance of extraneous 
peaks which could be indexed as face-centered cubic 
thorium carbide. At temperatures above 1000~ no 
difficulty in this respect was observed, possibly be- 
cause of the rapid diffusion of carbon into the metal. 
Possible variation of the carbon content on the sur- 
face of the specimens due to these effects probably 
contributed to the observed variation in the lattice 
constants. 
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Anodic Behavior of Copper in HC1 
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ABSTRACT 

Anodic behavior of copper in 2N HC1 has been studied by both electrical and optical 
methods The temporal behavior of current and voltage have been found, as well as the 
current vs. voltage characteristics. The anode surface has been observed both visually 
and photographically with the aid of conventional microscopes, and the anolyte has 
been photographed cinematographically using a sehlieren microscope. 

When the current is turned on, a layer, probably CuC1, starts to form at random nu- 
cleation spots on the anode. This grows until the whole anode is covered, at which time 
the current drops abruptly. Up until this time the anolyte becomes less concentrated, 
but the concentration may increase again after the current has become low. 

The anode-calomel voltage may be written as V = e(i) + i t ,  where e(i) becomes con- 
stant at high current densities. The values of e(i) have been found by both the inter- 
ruption and the direct method, and there appear to be at least four of physical signifi- 
cance These values are --0.35, --0.27, -0.05, and +0.11 v. 

In general, the current drops twice before reaching its minimum value. If t I is the 
time from the make to the first drop, and if Q = ]to1 i dt, and if io is the "ini t ial"  cur- 
rent after the make, then empirically Q = 24(io - 0.70) -0 53, where io is in ma. 

The anode layer is about 3 ~ thick in the steady state. When the circuit is broken, r 
and e change rather rapidly (in about 0.1 sec), but the layer dissolves off slowly. 

INTRODUCTION 

I n  an  e n d e a v o r  to  f u r t he r  the  u n d e r s t a n d i n g  of 
e l ec t rochemica l  phenomena ,  such as ove r shoo t  and  
osci l la t ions,  which  occur  in  b io logica l  sys tems ,  
B a r t l e t t  (1) s t ud i ed  the  anodic  b e h a v i o r  of i ron  in 
aqueous  H2SO4 wi th  special  a t t e n t i o n  to  va r ious  
k inds  of t r a n s i e n t  p h e n o m e n a  which  m a y  arise 
when  the  a p p l i e d  vo l t age  is changed .  T h e  work  was  
con t inued  b y  B a r t l e t t  and  S t ephenson  (2) w i th  
emphas i s  now on the  s t e a d y - s t a t e  b e h a v i o r  of 
pass ive  a n d  ac t ive  iron, and  on the  t r a n s i e n t s  
r e su l t ing  f rom brief  i n t e r r u p t i o n s  of t he  ac t ive  
s t e a d y  s ta te .  Mic roscop ic  o b s e r v a t i o n  of t he  anode  
i n  s i tu  r evea l ed  t h a t  evo lu t ion  of h y d r o g e n  caused  
d i s r u p t i o n  of t h e  l aye r  which  t e n d e d  to  form, so 
t h a t  th is  i n t r o d u c e d  an  uncon t ro l l ab l e  v a r i a t i o n  
w i th  resu l t ing  l ack  of r ep roduc ib i l i t y .  T h e  conclus ion 
was r eached  t h a t  the  F e  I H2SO4 s y s t e m  is an  un-  
des i rab le  one to  use for  the  s t u d y  of l a y e r  fo rma t ion ,  
which  seems to  be  bas ic  for a n y  ana lys i s  of over-  
shoot  and  osci l la t ion.  

F o r t u n a t e l y ,  o the r  sy s t ems  do  exh ib i t  these  
t r a n s i e n t  p h e n o m e n a ,  and  these  are  m u c h  more  
r e p r o d u c i b l e /  B a r t l e t t  and  S t ephenson  dec ided  to  

1 Manuscript received December 9, 1953. This paper sums 
up investigations which have been reported at the Phila- 
delphia Meeting, May 4 to 8, 1952, the Montreal Meeting, 
October 26 to 30, 1952, and the New York Meeting, April 
12 to 16, 1953. 

~Present address: California Research Corporation, 
La Habra, California. 

3 The high degree of reproducibility in the system re- 

i nves t i ga t e  t he  s y s t e m  cons i s t ing  of a copper  a n o d e  
in  aqueous  HC1. Th i s  is a d m i r a b l y  su i t ed  for  
t he  s t u d y  of l aye r  f o r m a t i o n  because  of t he  fo l low- 
ing p rope r t i e s :  (a) Cu  is a t t a c k e d  on ly  v e r y  s lowly  
b y  2 N  HC1; (b) t he  anode  l aye r  which  is f o r m e d  is 
r e a d i l y  d e t e c t e d  b y  s imple  op t i ca l  means ;  (c) r a t e s  
of r eac t i on  are  such t h a t  the  t r a n s i e n t  p h e n o m e n a  
can  be fo l lowed eas i ly ;  (d) compos i t i ons  of t he  l a y e r  
and  the  so luble  a n o d e  p r o d u c t  a re  known;  and  (e) 
no  u n d e s i r a b l e  p r o d u c t s  a re  f o r m e d  d u r i n g  elec- 
t ro lys is .  T h e  pu rpose  of t he  p r e s e n t  p a p e r  is to  
r e p o r t  on va r i ous  phys i ca l  changes  which  t a k e  p lace  
a t  t he  surface  of a copper  a n o d e  i m m e r s e d  in HC1, 
and  on changes  occur r ing  in  t he  d i f fus ion  l aye r  nex t  
to  th i s  anode .  T h e  work  m a y  be  r e g a r d e d  as  a 
t heo re t i c a l  c o n t r i b u t i o n  to  t he  b e h a v i o r  of m e t a l  
e l ec t rodes  covered  wi th  p r e c i p i t a t e d  sal t ,  as  f o u n d  
in corros ion reac t ions .  

Procedure  

T h e  e x p e r i m e n t s  to  be  descr ibed  fal l  i n to  two  
m a i n  ca tegor ies :  e lec t r ica l  and  op t ica l .  T h e  e lec t r ica l  
e x p e r i m e n t s  i nvo lve  s tud ies  of t e m p o r a l  b e h a v i o r  
of c u r r e n t  a n d  vo l tage ,  and  of the  c u r r e n t  vs.  
v o l t a g e  charac te r i s t i c s .  T h e  op t i ca l  e x p e r i m e n t s  
consis t  of b o t h  v i sua l  and  c i n e m a t o g r a p h i c  o b s e r v a -  
t i on  of the  anode  surface  w i th  c onve n t i ona l  mic ro -  
scopes,  a n d  of c i n e m a t o g r a p h i c  s tud ies  of t h e  
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ported on here is evident from Fig. 5-8, 13, and 14, where 
each point represents one run only and is not an average of 
several runs. 
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anolyte using a schlieren microscope. The optical 
experiments are carried out in conjunction with the 
electrical experiments  so tha t  accurate correlation 
of all related phenomena is possible. 

Apparatus 

Cell.--The circuit employed in these experiments 
is shown semipictorially in Fig. 1. The electrolytic 
cell consisted of a rectangular box made of glass 
with an optical window of glass 0.1 m m  thick in one 
face to permit  microscopic observation of the anode 
in situ. The inside dimensions of the cell were 2.5 
x 7.5 x 7.5 cm. The cell contained 110 ml of an 
aqueous solution of hydrochloric acid, into which 
were placed two working electrodes and a reference 
electrode. Unless otherwise noted, the acid concen- 
t ra t ion was 2 moles/1 (2N) and the tempera ture  was 
25~ Prel iminary experiments were carried out in 
both  air-saturated and oxygen-free solutions in 
order to determine the effects of dissolved oxygen 
on the phenomena to be observed. No differences in 
the transient  behavior  were apparent ,  and micro- 
scopic observations failed to show any changes in 
the anode film due to dissolved oxygen. Conse- 
quently,  the more convenient air-saturated solutions 
were used. Because of physical l imitations imposed 
upon the structure and the orientation of the anode 
by  the microscopic experiments and the schlieren 
experiments, it was decided to conduct all experi- 
ments  with a vertical anode and to permit  free 
convection of the anolyte. The anode s t ructure  
consisted of a vertical brass rod with a 1 cm length 
of ~ 14 (1.63 m m  diameter) copper wire (Anaconda) 
soldered horizontally into its lower end. Picein 1054 
covered the entire assembly except for the end cross 
section, A, of the copper wire, which consti tuted 
the anode surface. Filed anodes were prepared using 
a Nicholson "Mill  Smooth"  file. Electropolished 
anodes were prepared by  mechanical polishing down 
to 4/0  polishing paper  (Norton) followed by  electro- 
polishing in 50 % orthophosphoric acid. The cathode, 
K,  was a 0.005 in. thick platinized pla t inum sheet, 
3.0 x 3.3 cm, supported by  a brass rod which was 
covered with Picein. A 0.1N calomel half-cell was 
used as the reference electrode. Provided the 
distance between the anode and the cell walls was 
a t  least 2 mm,  the transient behavior  was found to 
be independent of cell geometry (2). 

The potential  measurement,  source of emf, 
recording of current and voltage, and interrupt ion 
techniques were as described in a previous paper  
(2). In  addition, a Brown recording potent iometer  
(0-10 my)  was used to record slow transients (i.e., 
those lasting longer than  about  20 sec). The external 

4 Obtained from E. H. Sargent Company, Chicago, 
Illinois. 

FXG. 1. Basic circuit P, potential divider; R, 200 ohm 
hclipot; VTVM, vaeuum tube voltmeter; A, 0.021 em 2 
copper anode; C, 0.1N calomel reference electrode; K, 10 
em ~ platinized cathode ; re, current resistor. 

TO DUAL-BEAM 

circuit resistance was controlled by  a 200 ohm 
helipot, R. 

Microscope and accessories.--For visual observa- 
tion of the anode surface, a microscope was provided 
with a special mechanical  stage to hold the electro- 
lytic cell, electrodes, etc. For  most  work, a 16 m m  
(10X) objective having a numerical  aper ture  of 
0.25 and a working distance of 6 m m  was used, 
together  with a 10>< eyepiece. The anode was 
i l luminated obliquely to obtain max imum contrast.  
A 35 m m  Prakt iea  F X  single-lens reflex camera 
was used to obtain photomicrographs.  

Cinematographic microscope.--Cinematography of 
the anode surface was accomplished with a con- 
ventional 8 m m  home movie camera,  Bell and 
Howell Model 134-V. The  camera lens, an f /1.9 
Super Comat ,  was removed from the camera and 
mounted backward (in order to preserve the 
conjugate relationship for which the lens was 
corrected) on a short extension tube. This arrange- 
ment  provided an excellent c inematographic micro- 
scope having a p r imary  magnification of 3.4 di- 
ameters.  An auxiliary lens and 45 ~ prism were 
mounted  in the side of the extension tube to permit  
simultaneous recording of the current  and voltage 

FIG 2. Cinematographic microscope 
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deflections on the oscillograph screen. Fig. 2 shows 
the principal features of this apparatus.  

Schlieren photography.--Information about  the 
diffusion layer was obtained by  using a specially 
constructed schlieren microscope (3). This is an 
optical ins t rument  in which the intensi ty of light 
incident on the photographic film at  a certain point 
is a linear function of the gradient of the index of 
refraction at  the corresponding point in the object 
space. Even  though this method has not yet  been 
made quant i ta t ive  at  concentration gradients as 
high as those occurring in the present  work, it still 
is very  helpful in furnishing a general picture of 
what  is occurring. Schlieren motion pictures of the 
diffusion layer  were taken with the aid of the 8 m m  
camera used for microphotography.  

~ { A K E  T R A N S I E N T S  

General nature o.f transicnls.--If  a freshly filed 
anode is placed in the solution and the circuit is 
then closed, the nature of the ensuing current vs. 
t ime curve (here designated as a "make  t ransient")  
will depend on the external emf E and the external 
resistance R (1). 

The complete circuit will be considered as con- 
sisting of two parts,  the internal par t  and the 
external part .  The internal par t  is defined as tha t  
par t  which extends in the cell f rom the anode metal  
to the t ip of the calomel clectrode. I t s  resistance 
will be denoted by r. The external par t  of the 
circuit is tha t  par t  which metallically connects the 
anode to the cathode, plus the par t  f rom the cathode 
to the calomel electrode tip. I t s  resistance will be 
termed R. I f  i is the total  cell current  measured in 
the external circuit, the anode-calomel voltage V is 
given by  

V = E -- iR  (I) 

I f  E and R are held constant, i can still vary,  but  
V will also vary.  In  the i-V plane, the above equation 
will be represented by a straight line, which will be 
called the load line, in analogy to vacuum tube 
terminology. (The resistance R consists mainly of 
the resistance of the heiipot, and we shall regard as 
negligible the resistance of the leads, of the potential  
divider circuit, and of the solution between cathode 
and calomel, because these total  approximate ly  1.5 
ohms, or only 1% of the min imum resistance 
employed in the present work.) 

A typical  make transient  for medium R (140 
ohms) and high final voltage V is shown in Fig. 3a. 
At the very beginning, there is a spike (not shown) 
lasting about  10 -5 or 10 -4 see. The current then falls 
rapidly from the "init ial" value i0 and becomes 
approximately  independent of time. This  region will 
be called the first plateau. The  current  actual ly goes 

- -  i i l l  I 

FIG. 3. Make transients. E = +0.50 v, R = 140 ohms. 
a, Left, freshly filed anode; b, right, electropolished anode. 

through an inflection point, ii, decreasing more or 
less slowly. After  a ra ther  ab rup t  drop to a second 
plateau (current in) ,  the current  drops again, then 
varies slowly. For  the case shown in the figure, i t  
goes through a min imum i ... .  and then rises to the 
s teady s tate  value i~. If, however, i0 is sufficiently 
high, such a min imum is not observed and the 
current  will fall continually until i~ is reached. 
The  current  m a y  overshoot one or more t imes 
before settling down to the s teady value, 1.7 ma.  
This is i l lustrated in the semilogarithmic plot  of 
Fig. 4. 

Electrode potential and resistance.--If an ap- 
preciable current  flows, the anode-calomel voltage 
will, in general, differ from the reversible value, 
V ..... The overvoltage is defined as the difference 
between the observed voltage (at a given current)  
and the reversible value. I t  is regarded as composed 
of three distinct contributions:  resistance over- 
voltage V,. = it, concentrat ion overvol tage or 
polarization V,, and "ac t iva t ion"  overvoltage V+ 
(4). 

The anode-calomel voltage m a y  then be wri t ten 
a s  

~ = ~rev  -4- ~ra ~- ~ ,  ~- Pr = ~ .Af_ Jr. (II) 

The quant i ty  e = V .... + Va + V, will be te rmed 
the electrode potential  for present  purposes. I f  this 
is constant  for a certain set of circumstances, the 
locus of i vs. V will be a straight  line with intercept  
e and slope 1/r. This determinat ion is called the 
direct method (5) of obtaining e and r. Another  

S 
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~ o ' ~  
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FIG. 4. Make transient for freshly filed anode. The 
horizontal line at 1.7 ma represents the steady-state cur- 
rent E = +0.50v, R = 140 ohms. 
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FzG. 5. Characteristic curves for the Cu I HC1 (2N) 
system at 25~ with a freshly filed anode having an area 
of 2.1 mm *. 

method which m a y  be used to check or complement  
this is the interrupt ion method.  This consists in 
breaking the circuit and observing V before and 
after, as well as i before, the break. Then e = Vr 
and r = (Vo~ - V o , ) / i .  Both methods were used, 
and they agree in all cases where they are applicable. 
The interruption method will not be suitable if the 
recording appara tus  is not sufficiently fast, for a 
rapid decay of e may  escape detection. Even  where 
this decay is observed, one must  extrapolate back to 
t = 0 in order to find the value of ~ a t  the t ime of the 
break. The  results of Hickling and Salt (6), based 
on extrapolation, were criticized adversely by  
Frumkin  (7). 

For  high current densities, the value of E is 
constant  in the steady state (8) and a t  certain 
critical points (for the system Cu I HCI) ,  as will 
now be shown. These critical points occur when i is 
equal to i0, Q, and ill, respectively. As m a y  be seen 
from Fig. 5, the loci (V0, i0), (V~, ix), and ( V , ,  ill), 
which shall be called " c h a r a c t e r i s t i c s " ,  become 
straight, mutua l ly  parallel lines above approxi- 
mate ly  1 ma. (Similar behavior has been found for 
the steady state, for Hickling (8) s ta ted tha t  " there  
is a fairly general tendency for the overvoltage to 
approach a constant  max imum value"  at  high 
current densities.) The reciprocal of the common 
slope of the characteristics equals the resistance, 
and is 12 ohms for the system (Cu ] 2M HC1). 
Thus,  the cell's internal resistance does not  change 
appreciably until  after the second plateau has been 
reached. 

The values of ~ determined by  this direct method 
are e0 = --0.35 v, e~ = - 0 . 2 7  v, and e I I =  +0.11 v. 
In  other words, at  high current densities these 
experiments show tha t  the overvoltage (excluding 
tha t  due to ohmic resistance) has one constant  
value for i0, another  for i~, and another  for i . .  

Two of the above values of e were confirmed by 

interrupt ion experiments,  which resulted in e0 = 

--0.35 v and ~i = --0.27 v. However ,  when the 
current  during the second plateau and later is 
interrupted,  the value of V after  10 -4 sec is e H =  
- 0 . 0 5  v. This is reconcilable with the result of the 
direct method if i t  can be assumed tha t  there is a 
rapid decay ( < 1 0  -4 sec) from e H =  +0.11 v to 
E ' ,  = - 0 . 0 5  v. (The recording appara tus  used in 
the present  experiments was relatively slow, being 
incapable of detecting decay constants appreciably 
smaller than  10 -4 sec.) The value of e = 0.11 v 
does seem to have physical significance (cf. "Break  
Transients") .  

Typical  curves showing the var ia t ion of e and r 
with t ime as determined by  the interrupt ion method 
are given in Fig. 6. D a t a  were obtained for freshly 
filed anodes with E = +0 .20  v and R = 140 ohms, 
and are plotted on the assumption tha t  the entire 
voltage change a t  the break is due to an i r  drop. 

On open circuit, the potential  of the copper 
electrode is e~0 = --0.44 v (with respect to 0.1N 
calomel). Immedia te ly  after  the circuit is closed, 
the potent ial  jumps  to ~0 = - 0 . 3 5  v, as is evidenced 
by  a small dot on the film. (The switch contact  
S~ [Fig. 1] bounced for about  10 -3 sec af ter  closing, 
and thus provided sufficient break to observe this 
value of e.) The  potent ial  then rises less rapidly to  
er = - 0 . 2 7  v. I t  s tays at  this value unti l  the end 
of the first plateau,  when it changes ab rup t ly  to  

"i i,,~ 
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FIG. 6. Temporal behavior of E and r following make. 
E = +0 20 v, R = 140 ohms. 
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, ' ~  = --0.05 v, the potential  of the second plateau, 
where it remains for the rest of the transient.  

The resistance r remains essentially constant  at  
its initial value, r0 = 12 ohms, until the end of the 
first plateau. Then, soon after the ~ jump,  it increases 
abrupt ly  to a max imum value and decreases slowly 
toward its s teady-state  value r , ,  e s taying practically 
constant  5 a t  - 0 . 0 5  v. 

I f  one now re-examines the i vs. t curve with an 
eye to stat ing on what  portions ~ varies and on what  
portions r varies, the following conclusions are 
reached : 

1. The  drop in current from i0 to ix and the drop 
f rom i~ to iH are due primari ly to changes in e, 
while the drop from iH to i ..... is due primari ly to a 
change in r. In  the case of electropolished anodes 
where the transit ion from ix to i ..... is relatively 
smooth, it is presumed tha t  the changes in e and r 
occur almost  simultaneously. 

2. Variations of the cell current subsequent to 
the current drop are due primari ly to changes in r, 
for ~ remains approximately constant  a t  ~ = 0.11 v. 

Durations of plateaus.--The durat ion of the first 
plateau is found to depend on i0. Let  t~ be the t ime 
from the make  to the inflection point at  the drop 

f0 +' from ix to ill, and let Q = i dt. Then empirically, 

Q ~ i~t~ = 24 (+0 - 0.70) -05+ ( I I I )  

(This is shown in Fig. 7.) I f  E and R be given, then 
i0 and ix can be found from the intersection of the 
load line with the characteristics. Then,  from 
equation ( I I I ) ,  t~ can be estimated. I t  will decrease 
as i0 increases. The value 0.70 in equation ( I I I )  
corresponds to the s teady-state  current on the lower 
plateau (see below). 

The  durat ion of the second plateau appears  to be 
affected by  the condition of the anode surface, 
being a max imum for a filed surface and a minimum 
for an electropolished surface. Indeed, with an 
electropolished anode the second plateau is some- 
times entirely absent, its expected location being 
marked only by  a slight discontinuity in the slope 
of the i vs. t curve (Fig. 3b). 

Prediction of general features of a make transient.- 
Once the "characterist ics",  i.e., the straight lines 
associated with the critical points, have been found, 
it is an easy mat ter ,  knowing equat ion ( I I I ) ,  to 
give the main features of a t ransient  corresponding 
to any  values of E and R. 

5 Under  similar circumstances,  the potent ia l  drop across 
the diffusion layer has been deduced to be negligible. See 
reference (9). 

O 

EO O &  O~ 

'; ~ g ,; " ~o'3'o2o',;o"~ 
io-.70 (milliom peres) 

FIG. 7. Q as a funct ion of io  for bo th  freshly filed and 
electropolished anodes, Q = 24 ( io  - 0.70) -0 53 

I f  equations (I) and (II)  are solved for i, the 
result is 

E - -  e 
+ - ( I V )  

R + r  

One can subst i tute  in the values of E and R, set 
r = 12 (the value of the solution resistance), and 
the values +0 and e~, to obtain i0 and Q. Alternatively,  
these can be found graphically by  letting the load 
line intersect the characteristics corresponding to 
+0 and e~, respectively. The values of V are dependent  
on those of i by  equation (I). 

Once i0 and i~ are known, t~ can be obtained from 
equation ( I I I ) ,  so tha t  the main features of the make  
transient  up to the t ime tha t  the current first drops 
can be given beforehand. Thus  it is seen tha t  the 
characteristic lines, which m a y  be obtained quite 
easily, are extremely useful in prediction. 

The current minimum.--In m a n y  cases the 
current passes through a min imum shortly after  the 
final current drop. For  currents up to 15 ma,  imi. 
is found to depend mainly upon i0, as i l lustrated in 
Fig. 8. There  is also a dependence of i ...... on the 
condition of the anode surface, it being smaller for 
electropolished anodes than for ground anodes. 

Schlieren study of the anolyte.--The quali tat ive 
nature  of changes occurring in the diffusion layer 
a t  the anode was determined with a schlieren 
microscope. The  pictures shown in Fig. 9 were 
taken  using a freshly filed anode, with E = 0.50 v 
and R = 140 ohms. The schlieren knife edge was 
adjusted to show positive and negative gradients 
with equal clarity, and so oriented with respect to 
the anode (which appears  in silhouetted profile 
a t  the left of the photographs)  tha t  bright  regions 
corresponded to a refractive index (and concentra- 
tion) which was increasing toward the anode, and 
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dark regions corresponded to a refractive index 
(and concentration) which was decreasing toward 
the anode. 

At t = 0, immediately  before closing the switch, 
the anolyte is seen to have a uniform concentration 
throughout  the region in which the diffusion layer 
is expected to develop. The bright line outlining the 
face of the anode is due primari ly to diffraction 
(10), but  m a y  be enhanced somewhat  by  the 
presence of products from the acid's slow a t tack on 
the anode. After electrolysis has proceeded for 0.7 
sec, a dark region is observed extending out from 
the anode into the solution approximately 0.15 m m  
(measured at  the center of the anode). Since the 
refractive index is decreasing toward the anode in 
this region, it can only be a region in which the HC1 
concentration is decreasing toward the anode; 
i.e., C1- is being consumed at  the anode-solution 
interface. (Some of the photographs show a bright- 
ening of the anolyte nearest the anode which lasts 
for about  one-third the duration of the first plateau. 
This is as yet  not explained, and is not relevant  to 
the present discussion.) At 1.3 see and 2.0 sec the 
HCl-depleted region has advanced to approximately  
0.27 m m  and 0.33 mm, respectively. Comparing 
the photographs taken at  2.0 sec (near the end of 
the first plateau),  at  2.1 sec (on the second plateau),  
and at  2.2 sec (near the current minimum),  it is 
seen tha t  no change whatever  occurs in the diffusion 
layer when the current drops. After 4 sec have 
elapsed, the HCl-depleted region has nearly reached 
its max imum extent of about  0.48 ram, the reduced 

densi ty of this region being evidenced by  the fact  
tha t  it is carried upward by  convection. At  the same 
t ime it is observed tha t  a bright region, corre- 
sponding to a refractive index which increases as 
the anode is approached,  has begun to form at  the 
face of the anode. At  6 sec the current has reached 
its min imum (Fig. 4), the HCl-depleted region has 
advanced to its max imum extent, and the mater ia l  
of the bright region of the anode product  has begun 
to s t ream from the bo t tom of the anode, showing 
tha t  its density is greater  than  tha t  of 2N HC1. 
After 10 sec have elapsed, the current has begun to 
rise toward its s teady-sta te  value, the HCl-depleted 
layer has begun to recede, and the anode product  
has established a s teady downward flow which 
tends to counteract  the upward convection previ- 
ously established by  the HCl-depleted layer. A t  
300 sec the current has reached its s teady-s ta te  
value. The  HCl-depleted region is not only ap- 
preciably reduced in extent, but  is now being swept  
downward by  the anode product.  

The anode reactions.--Since, when current flows, 
C1- disappears f rom solution and C12 is not observed 
to be liberated, the CI-  mus t  be consumed by  some 
reaction involving the oxidation of copper. The  
resulting products  are at  least two in number,  for 
it is observed tha t  a layer forms on the anode and a 
viscous s t ream pours down from it af ter  the layer 
has been completed. 

Some evidence as to the nature of' the anode 
reactions is furnished by  the existence of the two 

FIG. 9. Schlieren stud)" of the anolyte following make. 
E = +0.50, R = 140 ohms. 
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electrode potentials, e~ = - 0 . 2 7  v and e~H -- 
- 0 . 0 5  v. The former is observed when at least part  
of the anode surface is exposed to the solution, 
while the latter potential  corresponds to the surface 
being completely covered with the above-mentioned 
layer. As will be seen below, E~ differs from e0 because 
of concentration polarization. The potential e0 is 
characteristic of the anode before much layer has 
had time to form. The anode potential e~ is practically 
constant  until the sudden transition to ell, or in 
other words is almost uninfluenced by  the layer 
formation until the layer is about  complete. 

I t  is necessary, then, to postulate one type of 
reaction for the bare surface and another  for the 
covered surface. According to Ga t t y  and Spooner 
(11), "At the moment  of immersion of a Cu electrode 
in aqueous aerated solution, the electrode is covered 
with a film of Cu~.O. In concentrated acid chloride 
solutions, (this) film is readily broken up, (and) the 
electrode potential  will be close to tha t  of the 
anodic field of bare metal. The electrode tends to 
establish the Cu ] CuC1 I C1- electrode potential, 
CuC1 being the least soluble of the copper chlorides. 
Complex ion formation takes place between the 
anodically formed CuC1 and the halide in solution." 
The picture which the authors have developed, and 
which is consistent with all the known facts, is as 
follows: (A) the initial reaction is between chloride 
ions in solution and copper metal, resulting in the 
formation of CuC1 layer on the anode; the potential 
e, is then associated with the reaction 

Cu + C1- --+ CuC1 + e- (V) 

(B) when the surface is covered, this reaction is 
supplanted by another, to which the potential eH 
corresponds, According to Wagner (t2) "depletion 
of chloride ions will yield a rather  well-defined 
electrode potential  corresponding to a copper 
electrode in a solution saturated with CuC1 in the 
absence of excess electrolyte, especially HCI."  This 
reaction may be 

Cu --+ Cu + + e- (VI) 

Cuprous ions can diffuse through the CuC1 layer 
until they meet with chloride ions, and then one 
may  have the reaction 

Cu + + C1- --~ CuCI (VII) 

Also, CuC1 is known to react with excess C1- to 
form the soluble, colorless complexes CuCI~ and 
CuCI~ (13-16). I t  is assumed tha t  the removal 
reaction is 

CuC1 + C1- --+ CuC17 (VIII) 

Layer thickness.--If the anode reaction is as 
deduced above, then a knowledge of Q affords a 

convenient means for estimating the thickness of 
the anode layer at the time the current drops. 
Assuming tha t  Faraday 's  laws apply, Q/zF is the 
number of moles of CuC1 formed up to tha t  time. 
Assuming further  tha t  a negligible amount  of CuCl 
is dissolved before the current drops, the thickness 
of the layer is given by ~ = QM/zFd, where M is 
the gram-molecular weight of CuC1, zF = 96,500 
coulombs/mole, A is the anode area, and d is the 
density of CuC1. Taking, for example, the value 
Q = 10.5 millicoulombs (for i0 = 5.6 ma) it is found 
tha t  ~ = 1.5 X 1 ~  4 cm. (Clearly, the CuC1 layer 
cannot be expected to appear in the photos of Fig. 
9, for its thickness is far beyond the limit of resolution 
of the schlieren microscope.) 

I t  is also possible to estimate the thickness of the 
layer in the steady state by breaking the circuit and 
observing how long it  takes for the layer to he 
removed completely. The rate of removal after  
interruption is assumed to be the same as the rate 
of formation in the steady state, namely i~/zF 
moles/sec. The thickness of the steady-state layer 
will therefore be given by ~ -- i ,Mt/zFAd,  t is the 
time required for removal. With the aid of a micro- 
scope equipped with circularly polarizing film to 
improve image contrast,  visual observation of the 
anode revealed tha t  the time required for complete 
removal of the layer depends upon the value of V~ 
at the time of interruption, typical values of t and 

calculated from them being as follows: 

V. (v) t (sec) ~ (,,) 
+0.20 9 6(4-0 8) 2.3(-4-0.2) 
+0.80 14.9(4-1 0) 3 3(4-0.2) 
+1.40 18.0(4-1.6) 3.5(4-0.3) 

These values for ~ indicate tha t  the steady-state 
layer thickness is probably of the same order of 
magnitude as tha t  found when the current drops 
from ii to imin. 

Layer growth.--Moving pictures of the anode 
surface taken at  64 frames/sec show that  the layer 
begins to form at many randomly distributed points 
as soon as electrolysis begins, and that  the growth 
from these nuclei takes place in a sideways manner. 
The current drops immediately after the pores of 
the nearly completed layer have been so reduced in 
size tha t  they are no longer resolvable on the film 
(i.e., diameters reduced to roughly 5 t~ or less). 
Fig. 10 shows a series of photomicrographs of the 
anode face taken during the initial transient whe~l 
E = +0 .70  v and R = 140 ohms. Fig. 10(a) shows 
the eleetropolished anode immediately before 
electrolysis begins. Because of the oblique illumina- 
tion employed, a t ruly specular surface would be 
completely dark. The bright spots which are 
observed are due to t iny pits left by eleet ropolishing 
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FIG. 11. Po ten t i a l  decay following in te r rupt ion  of the  
s teady-s ta te  current ,  shown for various s teady-s ta te  con- 
ditions. 

FIG. 10 Photomicrographs  of the anode. (a) Before 
electrolysis;  (b) midway on the first p la teau;  (c) a t  current  
minimum; and (d) s teady state.  E = +0.70 v; R = 140 ohms. 

(17) and to a slight amount  of etching which takes 
place while the microscope is being focused upon the 
immersed electrode. 6 Fig. 10(b), taken approxi- 
mately midway on the first plateau, shows that  the 
free surface (dark areas) is greatly reduced by the 
sideways growth of the layer although no appreciable 
change in the cell current has occurred up to this 
time. Approximately 5 sec after the current drops, it 
reaches a minimum. At this point, the completed 
layer appears as in Fig. 10(c). The current then 
rises until  the steady state is reached (after about 
5 min of electrolysis) and then the layer appears as 
shown in Fig. 10(d). 

BREAK TRANSIENTS 

Dependence of potential decay on steady-state 
voltage.--Events subsequent to current interruption 
yield information on the layer removal process 

6 It  was found tha t  the undesired e tching could be in- 
hibi ted by making the electrode cathodic while the neces- 
sary optical ad jus tments  were being made (cathodic cur- 
rent  dens i ty  approximately 1 ma/cm2). However,  this 
method was not employed. 

alone, thus enabling one to separate this from tha t  
of layer formation. The  curves in Fig. 11 show how 
the potential  V varies after the break has been 
made, for different initial s teady-state voltages V~. 
For  values of V~ greater than approximately 0 v, 

drops quickly to - 0 . 0 5  v, 7 remains approximately 
constant for a brief t ime depending on V~, and then 
drops suddenly to ~ -~ --0.27 v. The potential  vs. 
t ime curve has the same shape for passive iron 
(Fig. 12) in H2SO4 as it does for copper in HC1, 
which may indicate tha t  similar mechanisms are 
operative in the two cases. The make curve for the 
transition from active iron to passive iron has been 
interpreted in terms of the formation of a layer, 
and now it is seen tha t  the break curve for the 
passive-active transition resembles the break curve 
in copper, where it  is known tha t  there is a layer 
present. The evidence for a layer on passive iron is 
thus made stronger than ever, and it now remains 
to identify positively the reactions by which it is 
formed and removed. 

In  copper, for V~ < - 0 . 0 5  v, the potential decay 
is somewhat like an exponential from V~ to e~. 
From e~ on, the potential  falls slowly to e00 = 
--0.44 v, this process lasting many  minutes (see 
Fig. 13). Although this method of recording does not  
indicate tha t  anything special occurs at e0 = - 0 . 3 5  v, 
still one observes tha t  stirring right after interrupt ion 
does reduce the potential  immediately to this value 

7 I t  has already been supposed tha t  this is really com- 
posed of two drops, wi th  ~ = 0.11 v as the in te rmedia te  
value. The value -0 .05  v is presumably  the t rue electrode 
potent ia l  (i.e., wi thout  overvoltage) of the completed layer.  
The value ~i = --0.27 v agrees with the potent ia l  of Cu in 
2N HC1 sa tura ted  with CuC1 (R. S. CoopeR, pr ivate  com. 
munication).  
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FIG. 12. B r e a k  t r a n s i e n t  for  p a s s i v e  i r on  

of --0.35 v. This suggests tha t  the difference between 
~0 and ~ is due to concentration polarization. 

The durat ion of the break plateau (~ = - 0 . 0 5  v) 
depends linearly upon V=. (The durat ion is defined 
arbitrari ly as the t ime from the interruption until 
the midpoint  ~ = - 0 . 1 6  v is reached, and will be 
denoted by  hi2.) Fig. 14 is a plot of the durat ion tl/2 
against V~. I t  is a straight line which has an intercept  
of .1.0.11 v on the V-axis. This is regarded as evidence 
tha t  e = .1.0.11 v is the potential  of the completed 
layer, as is also found from the characteristic 
curves. Below .1.0.11 v, the layer is not complete, 
so tha t  there is no prepara tory  t ime necessary to 
make par t  of the surface bare. 

Temporal behavior of ~ and r . - -F ig .  13 shows the 
temporal  behavior  of e and r following interruption 
of an arbi trar i ly chosen s teady-sta te  condition, 
V .  = .1.0.75 v and i .  = 1.6 ma. To  obtain these 
data,  the s teady-s ta te  current was in terrupted for a 
predetermined length of time, at  the end of which 

,0 
0 

1 
I n ~ 4  Od s 

,5" ,6 = 15 = ,d' 
0 , , , 

~.= 
? 

i t i i i I 
I 0  " t  I ( ) '  I 0  O I 0 '  I 0  | I 0  = 

O F F - T I M E  (SeConds1 
o 0 | 

I 0  I 0  I 0  I0 = 

FIG. 13 T e m p o r a l  b e h a v i o r  of ~ a n d  r fo l lowing  i n t e r -  
r u p t i o n  of t h e  s t e a d y  s t a t e .  V = +0 .75 ,  i~ '=- 1.6 ma .  

.10 

r 
'11 
c 
0 r 
o 
( / )  

"~.05 

0 

O 

O O 

O 

0.5 1.0 
Voo (Volts) 

FIG. 14. t i vs .  V 

the circuit was closed again. The electrode potential,  
E, was taken  to be the value of V immediate ly  before 
the circuit was closed, since equation (II)  becomes 
V = E when the current is interrupted. The resistance 
r is determined by  measuring Vo~ = ~ -t- ir just  
before the circuit is broken, or just after it is made,  
and also measuring Vof[ = e just  af ter  the circuit is 
broken, or just  before it is made. El iminat ing E and 
solving for r it is seen tha t  in either case 

r = (Vo, - V o , ) / i  (VI I I )  

With  the appara tus  at  hand it was not possible to 
obtain off-times shorter than 0.005 sec. The  dashed 
line at  r = 400 ohms represents the value of r a t  
the instant  of interrupt ion (calculated on the basis 
tha t  e = EII = -4-0.11 v). 

The  da ta  show tha t  the abrupt  drop in e does not  
begin until the decay of r is more than  96 % complete. 

Schlieren study after b reak . - -When  the s teady- 
s tate  current  is interrupted,  fairly rapid changes in 
the anolyte seem to occur, bu t  whether  or not  they 
correspond to the sudden drop in e cannot as yet  be 
stated with certainty.  The schlieren photographs in 
Fig. 15 show tha t  10 sec after interruption the C1- 
gradient is nearly erased, while the s t ream of anode 
product  continues almost  unaba ted  as the layer 
continues to dissolve. After 20 sec the C1- gradient 
can no longer be detected and the CuCI~- gradient  
has begun to iron out, all of the layer having been 
removed at  this time. After 40 sec the CuCl~- is no 
longer streaming f rom the anode, and by  the t ime 
60 sec have elapsed the anolyte has almost  regained 
the composition of the main body of solution. F r o m  
Fig. 13 it can be seen tha t  the t ime required for 
erasure of the concentration gradients is about  the 
same as the t ime required for decay from e~ = 
- 0 . 2 7  v to e0 = - 0 . 3 5  v. This is consistent with 
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FIG. 15. Schlieren s tudy  of the  anolyte  following inte  
rup t ion  of the s teady s ta te  V = + 0 2 5 v ,  z~ = 1 .8ma.  

the previous hypothesis tha t  the difference in these 
two potentials is to be a t t r ibuted to concentration 
polarization. 

D i s c u s s i o N  

The present work has demonstra ted  the nature 
of the processes associated with tha t  portion of the 
make transient  up to the current minimum. The  
early layer growth starts  f rom randomly distributed 
nuclei on the anode surface and proceeds radially so 
tha t  little knobs are formed. When these have 
grown sufficiently, they touch each other. The anode 
will then have a thin continuous layer upon it, and 
this needs (18) to be only a few molecules thick 
(i.e., of the order of 10 -7 cm) in order to establish 
the potential  characteristic of a copper electrode 
covered with CuC1. I t  was found (Fig. 8) tha t  
m a y  increase suddenly without  a corresponding 
change in r, indicating tha t  the portion of the layer 
responsible for the increase must  have negligible 
resistance and, consequently, be very thin. The 
subsequent increase in r indicates the completion of 
a relatively thick layer, because it exhibits a large 
resistance. I t  should be emphasized tha t  no sharp 
distinction or boundary  is imagined to exist between 
the thin e-layer and the thick r-layer. Both are 

imagined to grow simultaneously during the course 
of a t ransient  and to be completed a t  ve ry  nearly 
the same time, completion of the r- layer usually 
lagging, but  never preceding tha t  of the e-layer. 

A kinetic explanation will be achieved when one 
can predict  quant i ta t ive ly  how the electrode 
potential  e and the resistance r will va ry  with time. 
At  the end of the first plateau,  e changes rapidly, 
and this m a y  indicate the rate at  which the surface 
becomes covered (3). F rom the beginning of the 
second plateau,  however, e is nearly constant,  so 
tha t  the current  changes are due to changes in the 
resistance r. The  detailed mechanism of how these 
changes occur is still obscure, bu t  it m a y  be possible 
to learn more about  it by  suitable make and break 
experiments.  In  particular,  da ta  are needed for 
the var ia t ion of r with t ime when the s teady s tate  
is in terrupted for times less than  0.01 sec. 

SUMMARY 

When the circuit is closed in the Cu I 2N 
HCl(aq)  [ H2(Pt) system, the current  exhibits a 
very  brief initial spike. The anode-calomel potent ial  
m a y  be represented a t  all t imes > 1 0  -5 sec by  
V = ~ + i t ,  where E, the electrode potential,  has no 
noticeable dependence on i at  high currents, and r, 
the resistance within the cell between anode and 
calomel, is ohmic in nature. The open circuit vol tage 
is - 0 . 4 4  v, and has four characteristic values 
thereafter.  Immedia te ly  after  the spike, e = e0 = 
- 0 . 3 5  v. The current drops from i0 to an approxi-  
mate ly  constant  value ii (first plateau),  and 
becomes e~ = --0.27 v. (This change is a t t r ibuted  
to concentration polarization.) The  charge Q which 
mus t  flow before the current completes its drop to 
a new constant  value iH (second plateau) is con- 
nected with i0 by  the empirical relation Q -- 
24(i0 - 0.70) -0 ~3. The value of e l i  as determined by  
extrapolat ion of the (VH, in) plot is eH ---- +0.11 v; 
the value found from interrupt ion experiments is 
dH = --0.05 v. This could be accounted for by  an 
overvoltage te rm with a decay t ime of 10 -5 sec or 
less. The value of r is constant  up to the second 
plateau,  and corresponds to the resistance of the 
solution. The  second plateau has a durat ion which 
is shorter, the smoother  the surface. I t  is followed 
by  a rapid drop in i and the associated rapid increase 
in resistance. A slower change then occurs, and the 
current  m a y  go through a min imum value imp. 
before reaching the s teady state i~. 

From the momen t  electrolysis begins, an anode 
layer grows sideways, s tart ing a t  m a n y  randomly  
spaced points. I t  is probably  composed of CuC1, 
formed by  the reaction Cu + C1- --~ CuC1 + e- 
and removed by  the reaction CuC1 + C1- --~ CuCl~.  
When the anode has become completely covered, 
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the layer is of the order of 10 -4 cm in thickness. At  
this point an abrupt  drop in i occurs (due to the 
sudden e change). This is followed by a rise in 
resistance, which occurs when the pores are closed, 
and only slightly more CuC1 is deposited than that  
necessary to cause the e change. During the period 
when the high current was flowing a steep C1- 
gradient was established. The quick drop in i does 
not affect the over-all diffusion layer, and so the 
Cl-  continues to diffuse slowly toward the anode, 
building up the concentration. This will reduce the 
resistance of the layer, for it is more soluble in 
higher concentrations of C1-. In  the steady state 
the layer formation reaction proceeds at the same 
rate as the layer removal reaction, the net reaction 
being Cu q- 2C1- --~ CuCl~- q- e-. 

When the steady-state current is interrupted (V~ 
assumed to be greater than ell), V drops instantly 
from V~ to eii (an i r  drop) then decays very rapidly 
to e = - 0 . 0 5  v (an overvoltage decay) where it 
remains relatively constant. At the interruption r 
begins to decrease rapidly, presumably due to C1- 
at tack on the outer part  of the anode layer. When 
the decay of r is approximately 96 % complete, the 
inner part of the layer apparently ruptures and 
drops abruptly from - 0 . 0 5  v to --0.27 v (e~). After 
several seconds, depending on the value of V~ before 
interruption, the layer, whose thickness was of the 
order of 10 -4 cm before interruption, is completely 
dissolved. As the concentration gradients in the 
anolyte gradually disappear, e drops from ei to e0. 
Thereafter e continues to drop slowly until it 
eventually reache~ e00. 
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Reaction of Thallium with Oxygen and Moisture 
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ABSTRACT 

Reactions of thallium with water vapor and air were investigated in the range 25~176 
to throw light on the mechanism of atmospheric corrosion. It  was deduced on the basis 
of changes in the rate laws, and confirmed by x-ray diffraction, that the principal re- 
action product changes from T120 to T1OH as the relative humidity of air increases. 
Parabolic and cubic laws, as well as a new growth law, were observed. Effects of carbon 
dioxide and of preformed sulfide films were also studied. The tentative x-ray structure 
of T1OH is presented. 

INTRODUCTION 

Atmospheric a t t ack  on thall ium is relatively slow 
(1), the observed initial penetrat ion ra te  being 2-  
10u/day depending on the aggressiveness of the 
environment.  

Several investigations have been made of the dis- 
solution of thal l ium in mineral  acids (2-8), bu t  
only two of them (4, 5) contain information which 
may  be applied to atmospheric  corrosion. P lank and 
Urmanczy  (4) concluded tha t  the reaction between 
thallium and water  is determined by  hydrogen 
overvoltage, and tha t  dissolved oxygen has a strong 
effect on the reaction a t  25~ For  example, cor- 
rosion of thall ium occurs 1.4 t imes as fast  in air- 
saturated water  as in hydrogen-saturated water;  
with oxygen-saturated water  the reaction takes 
place 12.2 times as rapidly. In  a later  paper  (5) they  
present evidence tha t  thal l ium does not react with 
water at  25~ in the absence of oxygen. F rom these 
data the rate is probably  less than  3 m g / c m " / h r  at  
25~ 

The da ta  of this paper  are divided into five 
groups; (a) oxidation of thall ium in dry oxygen and 
dry air; (b) effect of humidi ty  and t empera tu re  on 
the change of mechanism;  (c) x-ray s tudy of prod- 
ucts formed under different conditions; (d) effect of 
a preformed sulfide film; and (e) a brief evaluation 
of the effect of carbon dioxide. Surprisingly, the 
cubic growth law was observed in addit ion to the 
more usual parabolic one. A hi ther to unreported 
t ime dependence (growth law) was observed, and it 
plays an impor tan t  role in the over-all picture of 
corrosion of this metal.  

EXPERIMENTAL DETAILS AND RESULTS 

High pur i ty  thall ium meta l  was rolled to form 
2-mil and 20-mil foils, then stored in mineral  oil. 
Before use, the meta l  foil was degreased with pe- 
t roleum ether and immersed in a warm perchloric 
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acid solution (11% by  volume) to remove surface 
oxide. The  metal  remained bright when stored in 
the cold acid. 

At the beginning of each run, samples were cut to 
the desired size, immersed in acid, then washed with 
alcohol, acetone, and finally with ethyl  ether. They  
were pu t  in numbered  porcelain crucibles which 
were placed in desiccators containing different sat- 
urated salt solutions. The salt solutions were se- 
lected to mainta in  certain constant  humidit ies 
throughout  the run. The desiccators and their con- 
tents  were then placed in constant  t empera tu re  
ovens. For  runs in which a gas other than air was 
used, the desiccator was purged for 10 min before it 
was returned to the oven. Periodically, the samples 
were removed for weighing. The crucible and speci- 
men were weighed together on an Ainsworth Type  
F D J  microbalance.  After weighing, the specimen 
and crucible were returned to the desiccator, and the 
desiccator was again purged. 

In  a few additional runs, samples were weighed 
by  measuring the extension of silica helixes from 
which samples were suspended within the corrosive 
medium. Thus,  samples were not  exposed to air  
during weighing. This technique did not yield re- 
suits significantly different f rom those obtained by  
the microbalance technique; however, due to certain 
inherent features of the silica helix method,  the da ta  
showed more scat ter  than  did those obtained with 
the microbalance.  Since the value of the silica helix 
da ta  lies only in showing tha t  significantly different 
products  were not formed when air was excluded 
during the weighings, these da ta  are not included 
here. 

Test  periods during which weighings were carried 
out lasted from 210 to 240 hr. Specimens for x-ray 
work were repeatedly examined for periods up to 
750 hr without  detectable change in ident i ty  of the 
products. Although these are ~lot long-term experi- 
ments  when compared with collventional weathering 
tests, it was felt tha t  observations were continued 
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TABLE I. Reaction parameters for dry oxygen 

Run No. 

13 
14 
21 
23 
19 
20 
17 
18 

Temp,  ~ 

38 
38 
57 
57 
75 
75 
38 
38 

Gas present 

oxygen 
oxygen 
oxygen 
oxygen 
oxygen 
oxygen 
air 
air 

Time slope, 

0.56 
0.58 
0.53 
0.53 
0.66 
0.76 
0.59 
0.59 

Rate  con- 
s tant ,  kn  

2.82 
2.97 
1 . 7 7  
1.77 
2.81 
0.93 
2.06 
1 . 6 5  

8 

6 

4 

2 W 
r 
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z 8 

6 

z 

t,. 
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I 

ELAPSED TIME IN HOURS 

FIG. 1. GraphicM summary illustrating the effect of the 
moisture content of air on the corrosion rates and the rate 
laws. 

TABLE II. Effect of relative humidity on rate constants and 
time dependences at 38~ 

Run No. 

11 
12 

1 

2* 

15 
16 
5 
6 
7 
8 

Relative 
humlt i ty  

2 
2 

30 

30 

30 
30 
46 
46 
90 
90 

Gas present 

air 
air 
air 

air 

helium 
helium 
air 
a i r  

air 
a i r  

Time slope, Rate  con- 
~t stant,  kn 

0.31 4.38 
0.25 4.34 
0.33 6.25 

;0.46 fs.40 
lo.84 \1.7o 
0.36 5.24 
0.36 5.24 
0.76 7.2 
0.78 4.1 
0.70 13.2 
0.70 13.2 

* Two values of n and k occur successively during this 
run as shown in Fig. 2. 

long enough to give a reasonable idea of corrosion 
behavior. 

X-ray  diffractometer patterns of the fresh metal 
surface were taken with a General Electric X R D - 3  
instrument. After exposure the samples were again 

examined. X- ray  spectra of pure compounds were 
obtained wherever possib]e. 

Treatment  of  Da ta  

Experimental weight gains, w, were plotted on 
log-log coordinate paper as ~g /cm 2 vs. elapsed time, 
t, in hours. When a straight line results, one may  
conclude that  the corrosion reaction follows a rate 
law such as 

W = k~t" (I) 

On such a log-log plot the slope of the lille is 
equal to n, and the rate constant, kn, is equal to the 
weight gain at the end of 1 hr. Values of n and k~ 
are tabulated and discussed for each run. Exponents 
are, respectively, one-half and one-third for the 
parabolic and cubic laws (9). 

Reaction with D r y  Oxygen and D r y  A i r  

Rate parameters of metal specimens exposed to 
oxygen in contact with dry P205 are listed in Table 
I. The time dependence is quite different from 
average values observed for tests with water present, 
especially at lower temperatures. 

In  addition, several runs were made in air dried 
with MgC104 for x-ray work. Reliable weight gain 
data could not be obtained in these cases because 
oxide was lost occasionally during the frequent 
manipulation necessary-to align the specimen in the 
x-ray diffractometer. 

Reaction with Moi s t  A i r  

In  contrast to the parabolic time dependence ob- 
served with dry oxygen, the cubic law is followed at 
low relative humidities and temperatures. However, 
a new rate law was obtained under more aggressive 
conditions. This observation led to the conclusion 
that  a change in mechanism was involved. Much of 
this report is devoted to clarifying what reactions 
are involved. 

The bulk of the da ta  relating to the effect of 
humidity was obtained at 38~ This temperature is 
a practical upper limit for atmospheric corrosion 
tests. Some of the data  are presented graphically in 
log-log form in Fig. 1. Values of n and k~ for each 
run were calculated from the lines shown in Fig. 1 
and are listed in Table II .  

Curves in Fig. 1 show that  two different average 
slopes are needed to describe the whole set of data. 
Table I I  shows that  the slopes, n (time dependences) 
are generally greater at  higher humidities. At  lower 
humidities (runs 1, 2, 11, 12, 15, 16) the average 
value 2 of n is 0.34, whereas n increases to an average 
value of 0.74 for higher humidities. This observa- 
tion suggests that  the mechanism changes signifi- 
cantly in the vicinity of 30 % relative humidity.  
The amount  of metal consumed after 200-hr ex- 

2 Excluding the second higher n value for run 2. 
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posure to low humidities is significantly less than  if 
the 4/3 law had been followed for the same period. 
Clearly, then, moisture  increases the rate of a t tack.  

At higher temperatures  the t ime dependence in- 
creases at  30% relative humidity.  Corresponding 
rates and t ime dependences for tempera tures  be- 
tween 38 ~ and 75~ are listed in Table  I I I .  

These data  suggest tha t  nucleation and growth of 
the hydroxide are more rapid as the t empera ture  
increases, despite a lower degree of supersaturation.  
The  equilibrium pressure, as shown in Appendix A, 
corresponds to 8 and 11% relative humidi ty  at  57 ~ 
and 75~ 

Significantly the t ime dependences in runs 3 and 
4 changed from 0.814 and 0.805 to 0.3 and 0.35, re- 
spectively, at about  40 hr. This phenomenon is 
illustrated in Fig. 2. Cubic rate constants are 35 and 
28, respectively. At  39 hr, corroded specimens had 
changed color from rust to chocolate brown. The  
rust  color was commonly observed in tests made a t  
low humidities. 

On the basis of x-ray studies, it is probable tha t  
the high values of n for 75~ are due to formation 
of TI~O.~ from T1OH. 

Rate of Hydration 

To substant ia te  the deduction tha t  the 4/3-law, 
which is dominant  at  higher humidities, corresponds 
to the reaction of the oxide (already formed) with 
water  vapor,  the rate  of hydrat ion of thallous oxide 
was studied directly. A specimen of metal  was con- 
ver ted to oxide by  exposing it to dry oxygen at  
75~ The oxide sample was exposed to air contain- 
ing 30% relative humidi ty  at  35~ and weight 
changes were determined by  the microbalance teeh- 
nique. 

The resulting t ime dependence was 0.75 and the 
rate constant  was 1.2, based on the area of the meta l  
specimen. These rate parameters  are in reasonably 
good agreement  with results shown in Table I I I ,  
and in part icular  with the values n = 0.84 and 
/% = 1.7 found in run 2 (for 38~ 

Dissolution in Boiling Water 

Two tests were run in vigorously boiling water.  
The  flask containing the specimens was equipped 
with a reflux condenser which was loosely stoppered. 
Reasonably  large quantit ies of thall ium dissolved 
despite the reduced oxygen content of the boiling 
water.  In  the first case, 0.57 m g / c m  2 dissolved in 
4.5 hr. In  the second, 6.3 m g / c m  2 dissolved in 2 hr. 
However,  in the second run, the ra ther  adherent  
hydroxide was removed from the specimen before 
weighing. Assuming tha t  a linear rate law was fol- 
lowed, these da ta  compute to 130 and 3100 ug/  
cm2/hr for 92~ These rates are very large in corn- 

T A B L E  I I I .  Effect of temperature on rate constants and time 
dependences at 30% relative humidi ty  

Relative Gas present Time slope, Rate con- 
Run No. humidity u stant, kn 

1 

2 

15 
16 
3 
4 
9 

10 

38 

38 

38 
38 
57 
57 
75 
75 

air 

air 

helium 
helium 
air 
air 
air 
air 

0 . 3 3  
0.46 
0.84 
0.36 
0.36 
0.81 
0.80 
0.95 
0.95 

6.25 
f8.40 
\1 .70  

5.24 
5.24 
5.87 
4.80 
7.98 
7.98 

io', 

2 

g 8 
z_ 6 

" I 

I0 

4 I 

2 r _ ~ , _ _ _  

' l '  ' 

/ ) -  

I " I I I I 

I 2 ~1 6 I0  2 4 6 I 

E L A P S E D  T I M E  IN H O U R S  

FIG. 2. Unexpla ined  decrease in t ime dependence  wi th  
increasing t ime.  Possibly  i t  indie,'ttes a change to oxide 
format ion.  

parison with those shown in Table  I I .  Certainly the 
dissolution of thall ium proceeds rapidly in the pres- 
ence of very little air. 

X-Ray Studies 

Posit ive identification of products  was hampered  
by  a lack of published x-ray diffraction da ta  for the 
hydroxide. Some prepara t ive  chemistry was neces- 
sary to connect observed pa t te rns  with this product .  
The crystal  s t ructure  of T I O H  was determined 
during this investigation. 

Two pieces of thal l ium meta l  were exposed to 
dry air at 35 ~ to 70~ in desiccators containing 
MgC104. Periodically x- ray  diffractograms were 
taken.  The resulting pa t te rns  agree quite well with 
regard to the line positions reported by  Halla,  
Tompa ,  and Z immerman  (10) for thallous oxide. 
However,  significant differences in line intensities 
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TABLE IV. Effectiveness of sulfide films in reducing corrosion 

Run No. Te~p, 

30 38 
31 38 
32 

Gas present 

oxygen 
oxygen 
helium 
heliu:n 

Relative Time Rate con- 
humidity sloge, n stant, k,, 

P~O~ I 0.35 15.4 
1)20 :, 0 35 12.2 

30 ' 0.81 3.2 
I 30 / 0.78 / 4 . 5 5  

TABLE V. Rate parameters .for attack by ntoist and dry 
carbon dioxide 

Run No. Relative Rate constant, 
humidity Temp, kn 

23 
24 
25 
26 
27 
28 

P205  

P20~ 
30 
30 
30 
3O 

38 
38 
38 
38 
38 
38 

~ Time slope, 

0.41 
0.41 
0.18 
0.18 
0.02 
0.03 

5.40 
5.40 

27.0 
27.0 
53.0 
36.8 

were noticed, a A very plausible explanation is tha t  
the oxide pa t te rn  formed on the heavily rolled (and 
thus strongly oriented) meta l  was itself strongly 
oriented. Such orientation alters the relative in- 
tensities f rom those observed for a random powder 
sample. Fur ther  investigation of the orientation 
relationship has been deferred. 

Because the equilibrium pressure of the thallous 
hydroxide-oxide reaction varies from 10 to 30% 
relative humidi ty  over a range of temperatures ,  as 
shown in Appendix A, x-ray diffraction pat terns  of 
corrosion products formed at  two temperatures  
were studied using humidities above and below this 
equilibrium value. In  agreement  with conclusions 
drawn from reaction rates, T120 is formed in dry air 
and T1OH is formed in high-humidi ty  air. 

Several diffraetometer traces were made of a 
specimen exposed to 50 % relative humidi ty  a t  70~ 
The changes in pa t te rn  strongly suggested tha t  
T1Ott was being oxidized to T12Oa as t ime increased. 
After 233 hr exposure, when the product  was mainly  
T1203, the specimen was placed in dry  air a t  70~ 
Diffraetograms indicate tha t  T1OH was converted to 
T120 and tha t  T12Oa was unaffected. 

To confirm this deduction, the specimen, which 
had been exposed only to dry  air a t  70~ and which 
exhibited a t  T120 pat tern,  was placed in a desic- 
cator containing air of approximate ly  20 % relative 
humidi ty  at  70~ After 10 hr exposure, the x-ray 
diffractogram indicated format ion of T1OH plus 
some T120~. Fur the r  exposure indicated the growth 
of T12Oa. 

a In addition, there was some evidence to indicate that 
line positions changed slightly with time in such a way as 
to suggest a decrease in cell size. 

Sulfide F i lms  

Gibney (11) suggested tha t  since thal l ium is 
somewhat  similar to lead in its behavior  and bo th  
readily form sulfides, a thin coating of thal lous 
sulfide might  be protective.  In  order to invest igate  
this possibility, samples were dipped into a s trong 
ammonium polysulfide solution for several minutes  
until a uniform thin coating of the sulfide had 
formed. The  specimens were then washed, dried, and  
t reated as described previously. I t  was found tha t  
the corrosion rate  apparent ly  increases in the  pres- 
ence of the sulfide film. Ult imately,  in d ry  oxygen it 
would appear  to be advantageous  to use sulfide 
films since the cubic growth law corresponds to a 
protect ive film more than  does the parabolic law 
(n = }~). Table  I shows tha t  the parabolic law is 
characteristic of the reaction with d ry  oxygen. How-  
ever, the benefits of using such sulfide films are 
slight at  best (Table IV). 

Reaction with Carbon Dioxide  

Thal l ium carbonate was found in corrosion prod-  
ucts which had been allowed to stand in the labora- 
tory  for years. To  ascertain whether  carbon dioxide 
was contributing to atmospheric  a t tack ,  tests  were 
run in dry  and in moist  carbon dioxide (Table V). 
Aside from water  and unintentional  impurities,  the 
gas was ] 00 % carbon dioxide. 

Samples used in four runs with moist  carbon 
dioxide showed very  little increase in weight af ter  
the large initial increase which had occurred by  the  
end of 1 hr. Inasmuch  as the meta l  samples were not  
consumed during exposure, it appears  tha t  a t t ack  is 
vir tual ly  s topped by  a protect ive film formed af ter  
the initial rapid at tack.  

The  t ime dependence observed in runs 25-28 ap- 
pear  sufficiently different f rom 0.34 and 0.74 to 
justify the conclusion t h a t  carbon dioxide is not  
contr ibuting significantly to the corrosion mecha-  
nism in laboratory  atmospheres.  

However,  0.41 lies between the values of 0.33 and 
0.50 which are characteristic of low humidit ies and 
dry air. The ra te  constant  5.40 for carbon dioxide 
in contact  with phosphorus pentoxide, is larger than  
those shown in Table  IV  for phosphorus pentoxide- 
dried oxygen. Thus,  it is possible t ha t  carbon 
dioxide might  contr ibute  to weight gain in the low- 
humid i ty  region. The  rate  constant  for approxi-  
ma te ly  100% carbon dioxide is only 35 % greater  
than  tha t  for runs in air (n "~ 1/~) extrapolated to 
zero humidity.  Considering tha t  the carbon dioxide 
content  of air is seldom greater  than  a few percent,  
i t  is reasonable to conclude tha t  direct reaction of 
the meta l  with carbon dioxide f rom labora tory  
a tmospheres  is p robab ly  unimpor tant .  One cannot  
conclude tha t  its reaction with the oxide is of neg- 
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ligible influence on the over-all reaction kinetics. In 
fact, it is very  difficult to prepare carbonate-free 
thallous oxide by wet chemical methods. However,  
x-ray patterns of the two specimens exposed to 
laboratory air contained no lines which could be 
at t r ibuted definitely to thallium carbonate. 

When one of these specimens was subsequently 
exposed to 50% relative humidity at  35~ it ex- 
hibited several unidentified lines and gave off gas 
when immersed in 10 % by volume perehloric acid. 
These observations suggest thallous bicarbonate 
may  form from the hydroxide. 4 

DISCUSSION 

The principal conclusions of this paper were de- 
duced from rate data  confirmed by x-ray diffraction. 
The corrosion product  is mainly thallous oxide or 
hydroxide depending on humidity.  

On the basis of rate parameter  data, the effects 
of humidi ty  can be explained if one of the two reac- 
tions: 

2T1 + H20(g) -~ T120 + H:(g) (II) 

4T1 + O2(g) --~ 2T120 (III)  

occurs in the low-humidity range and if either 

2T120 zr H20(g) --~ 2T1OH (IV) 

2T1 -t- 2H20(g) --~ 2TIOH + H2(g) (V) 

occurs in the high-humidity range. Although Plank 
and Urmanczy (6) state tha t  reaction (II) will not 
occur in the absence of oxygen, data  to the contrary 
have been presented here. 

Runs 15 and 16, made in moist helium, show that  
direct reaction with water to form thallous oxide 
occurs at 38~ in the absence of oxygen. Similarly, 
oxidation of thallium by boiling water occurs in the 
vir tual  absence of dissolved oxygen. The rate of 
reaction with water is small in comparison to the 
rates Plank and Urmanczy initially observed in 
aerated solutions (4) and the limit (ca. 3 ug/cm2/hr 
at  25~ set later by  how much thallium they could 
detect by  t i t rat ion does not seriously disagree with 
rates from Tables 11 and III. 

The effect of dissolved oxygen is probably one of 
depolarization rather than direct reaction. Hence, 
their statement that rate is strongly dependent 
upon oxygen content is correct, but the statement 
that reaction will not occur in the absence of oxygen 
is in contradiction to the present data, and a slow 
reaction cannot be excluded by their experiment. In 
experiments using silica springs, reaction occurred, 
although oxygen was carefully excluded. 

One may estimate the depolarizing effect of aera- 

4The x-ray pattern for TIHCOa is apparently not 
known. 

t ion by comparing the average value of k~ for runs 
1 aud 2 and for runs 15 and 16. The ratio is 1.4 in 
agreement with the figure cited by  Plank and 
Urmanczy (4). 

I t  is interesting to note tha t  at lower humidities 
(runs 1, 2, 11, 12, 15, and 16) the average value 5 of 
n is 0.34, whereas n increased to an average value s 
of 0.74 for higher humidities. This observation sug- 
gests tha t  the mechanism changes significantly 
around 30% relative humidity.  The rate constant,  
lc~, is roughly proportional to the relative humidity.  
A line drawn through lc~ values for n = 0.74 passes 
close to the origin. In contrast,  the few values avail- 
able for the cubic law (n ---~ 1/~) extrapolate to k,~ 
4 at 0 % relative humidity.  

I t  was not clear from da ta  in Tables I I  and I I I  
whether the reaction to form hydroxide proceeded 
by steps, such as reaction (II) followed by  reaction 
(IV), or by the over-all reaction (V). Thus  the hy- 
dration reaction (IV) was studied by  using a speci- 
men of thallous oxide. The resulting t ime 
dependence and rate constant were almost equal to 
the average values found for high-humidity runs. 
One might note tha t  the weight change accom- 
panying formation of hydroxide from a given 
amount  of metal  is 2.13 times as great as tha t  for 
oxide formation. Thus, the hydrat ion reaction would 
appear to be dominant  and rate-controlling in the 
over-all reaction, even if the rates for reaction (II) 
and (IV) were approximately equal. 

Since the t ime dependence of reaction (III) ,  n 
~/~, is different from that  observed at low humidity,  
n ~ 1/.~, it is concluded that  reaction (II) is domi- 
nant. The hydrat ion reaction (IV) has a t ime de- 
pendence of n = 3/~, which is in agreement with that  
found in the high-humidity range. Therefore, it was 
concluded tha t  the sequence of reactions, ( i I I )  plus 
(IV), accounts for the over-all behavior represented 
by equation (V). 

The equilibrium water pressure of a thallous- 
oxide-hydroxide mixture amounts  to a relative 
humidi ty  of 5 % or more at 38~ as shown in Ap- 
pendix A. Thus,  the change from reaction (III)  to 
reactions (III)  plus (IV), as relative humidi ty  is in- 
creased, is consistent with the change in thermo- 
dynamic stability. As humidi ty  is decreased from 
30 %, it becomes less likely tha t  the hydroxide prod- 
uct is formed by  reaction (III)  plus (IV), and in 
dry  air this over-all reaction would nearly cease as 
evidenced by  /c~ approaching zero. At low humidi- 

5 Excluding the second higher n value for run 2. 
6 In 8 of 26 runs, n was found to be in the range 0.70 to 

0.84 and to have a mean value of 0.74. To the best  of the 
authors '  knowledge, such a t ime dependence has not been 
previously reported.  Al though no theoreticM just if icat ion 
for this t ime dependence or slope is readily evident ,  its 
use appears to be empirically justified. 
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ties, however, a different reaction is responsible. 
Even at 30 % relative humidity the product is ap- 
parently mainly the compound T120. 

It  appears that since 30 % relative humidity is 
substantially greater than 5.5% (the equilibrium 
water pressure estimated from Appendix A at 38~ 
one might expect the change in mechanism to occur 
at somewhat lower humidities. Undoubtedly the 
formation of TIOH does occur occasionally at 
humidities near 15 or 20%. The limiting factor is 
nucleation of the hydroxide. 

As Langmuir (12) pointed out, heterogeneous 
chemical reactions can occur only at the interface 
between two reacting phases. Numerous examples of 
hydration and decomposition reactions have sup- 
ported this hypothesis. Thus nuclei of the hydroxide 
must either be present or be formed before reaction 
(IV) can continue. 

It  is well known that large supersaturations are 
required to nucleate heterogeneous reactions. One 
such reaction, a phase change, is formation of drops 
of moisture from water vapor. The AH of formation 
of the hydroxide from the oxide is balanced by the 
energy required to form the oxide-hydroxide inter- 
face. With the heat of formation (13.6 kcal) having 
the same magnitude as the latent heat of condensa- 
tion of water (10.6 kcal/mole), it might be expected 
that a large degree of supersaturation would be re- 
quired to nucleate the hydroxide. Of course, for this 
argument it is assumed that the magnitude of 
surface energy at the solid interface is comparable 
to that of the steam-water interface. Experience in- 
dicates that solid interfacial energies are large. 
Thus, a reasonable explanation appears to be that 
the hydroxide does not form below 30% relative 
humidity because it cannot be nucleated easily in 
this humidity range. The rate of formation of hy- 
droxide in comparison with that of the oxide would 
probably be slow until supersaturation became rela- 
tively large. 

During run 2, made at 30% relative humidity, 
the time dependence changed abruptly from 0.46 to 
0.84. A reasonable explanation is that the hydroxide 
was locally nucleated and spread rapidly across the 
specimen surface. 

CONCLUSION 

In the corrosion of thallium the observed change 
in growth law from the cubic to the 4/.j-power time 
dependence as the relative humidity is increased is 
associated with a change from formation of thallous 
oxide to formation of the hydroxide as the principal 
product. The reaction of thallium with water vapor 
in the low humidity range, and the hydration of 
thallous oxide in the higher humidity range are con- 
eluded to be the dominant reactions. 
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A P P E N D I X  A 

Equilibrium Decomposition Press~f~re of Thallous 
Hydroxide 

The equil ibrium pressure of water  vapor over a mixture  
of thal lous oxide and hydroxide has been s tudied by Bahr  
(13). His da ta  are p lo t ted  bo th  as the pressure in milli- 
meters  of mercury and as relative humidi ty  vs. the  recip- 
rocal absolute tempera ture .  From such a slope, since the 
equil ibrium constant  is propor t ional  to pressure for such a 
heterogeneous reaction, one calculates AH for the react ion 

2T1OH -~ ThO + H:O(g) (VI) 

to be 13.64 keah Heats  of solution have been de termined 
by De Forcrand (14) to be 28.327 kcal and 25.210 kca] for 
2T1OH. The difference, 3.117 kcal, is the heat  of react ion 
using liquid water .  Employing the  la tent  heat  of vaporiza- 
t ion of water  at 10~ as 10.627 kcal/mole,  the  difference, 
3.02 kcal, is the heat  of reaction using liquid water .  Tha t  
is, the  heat  change for the react ion 

2T1OH -+ T120 + H20(1) (VII) 

is 3.02 determined from vapor  pressures and 3.117 deter-  
mined calorimetrically.  The two values agree well enough 
to jus t i fy  the  conclusion tha t  the  line represent ing the  da ta  
in Fig 3 is correct. The AH from this graph is the average 
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FIG. 3. Variat ion in equil ibrium decomposi t ion pressure 
of thal lous hydroxide wi th  temperature.  These  pressures 
correspond to the indicated equivalent  relat ive humidi t ies .  

de t e rmined  for the  range  60~176 and  has  no t  been  cor- 
rec ted  to 10~ T h e  effect of ACp, as can be seen f r o m  the  
s l ight  d o w n w a r d  concav i ty  of the  da ta ,  wou ld  be to  in- 
crease the  difference s l igh t ly  and  to b r ing  it  in to  b e t t e r  
ag reement .  

A P P E N D I X  B 

Crys t a l  la t t ice  p a r a m e t e r s  and  the  space g roup  of tha l -  
lous hydroxide  have  been de t e rmined  by  Singer  (15) f r o m  
Weissenberg  p a t t e r n s .  

The  cell is hexagona l  w i th  t he  p a r a m e t e r s  

c = 3.90 k x  

a = 9.72 k x  

c / a  = 0.402 

and  con ta ins  6 molecules  per  un i t  cell w i th  the  Laue  s y m -  
m e t r y  6 / m .  T h e  space group  is C 6 3 / m .  T h e  six t h a l l i u m  
ions are a t :  

x, y, ~ ~ , ~ , � 9 0  
~, x - -  y ,  ]/~ y ,  y - -  x ,  3/~ 
y - -  : c , 2 , 1 / ~  x - -  y , x ,  3/~ 

wi th  x = 0.312 4- 0.001 and  y = 0.350 4- 0.001. 
T h e  oxygen  ions are in the  same  sixfold set ,  n ame ly  6h. 

Here  the  p a r a m e t e r s  are x = 0.165 4- 0.004 and  y = 0.530 4- 
0.004. The  T I - O H  dis tance  is 2.65 4- 0.05 ]cx. 

Some re f inement  in p a r a m e t e r s  m a y  occur  in the  course  
of f u r t h e r  deta i led  Fom' ie r  analys is .  
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A B S T R A C T  

Effects of u l t rasonic  waves on the  e lect rodeposi t ion of copper have  been de te rmined  
at  frequencies of 200 and  1000 kc /sec  w i th  acid-sulfate  p la t ing  b a t h s  of var ious  concen- 
t ra t ions .  Po la r iza t ion  measu remen t s  indica te  t h a t  u l t rasonic  waves produce a marked  
decrease in polar izat ion,  while x-ray diffraction s tudies  ind ica te  t h a t  u l t rasonic  waves 
increase the  t endency  for preferred  or ienta t ion .  These  effects are cor re la ted  wi th  dis- 
rup t ion  of concen t ra t ion  gradients  at  the  electrode surface by  u l t rason ic  waves. 
Schlieren pho tographs  of the  gradients  suppor t  these  conclusions.  Mic roag i t a t ion  as- 
sociated wi th  modera te ly  in tense  ul t rasonic  waves seems considerably  more effective 
t h a n  ordinary  mechanica l  s t i r r ing  in b reak ing  up concen t r a t ion  grad ien ts  at  an  electrode. 

INTRODUCTION 

Various workers (1-9) have reported 5 the effects 
of ultrasonic waves on electrodeposition of metals. 
These effects extend from the improvement  of the 
metal  structure (3-5) to formation of colloidal sus- 
pensions of the metal  instead of coherent deposits 
(7, 8). Relatively little specific information is avail- 
able, however, with the exception of the work of 
Roll (5, 6) as to the effects of ultrasonic waves on 
polarization and structure of electrodeposits, par- 
ticularly under controlled acoustical and electro- 
chemical conditions. 

As part  of the present investigation, effects of 
ultrasonic waves on electrodeposition of copper have 
been ascertained in terms of polarization measure- 
ments and x-ray diffraction data. Copper has been 
chosen for this s tudy because the activation polari- 
zation is small, simultaneous deposition of hydrogen 
is minor, and concentration polarization is signifi- 
cant in determining properties of the deposit. Micro- 
agitation associated with moderately intense ul- 
trasonic waves (1 wa t t / cm 2) should be effective in 
disrupting concentration gradients normally present 
adjacent to the cathode surface. 

EXPERIMENTAL TECHNIQUES 

Measurements have been made with ultrasonic 
waves at frequencies of 200 and 1000 kc/sec, with 

1 Manusc r ip t  received March  11, 1954. This  paper  was 
prepared  for del ivery before the  Mon t r ea l  Meet ing ,  Octo- 
ber  26-30, 1952. 

2 Work par t ia l ly  suppor ted  by  the  Office of N a v a l  Re- 
search. 

3 Present  address:  Exper imen ta l  S ta t ion ,  E. I. du Pon t  
de Nemours ,  Wilmington,  Delaware.  

4Presen t  address:  Research  I n s t i t u t e ,  Un ive r s i t y  of 
Arkansas ,  Fayet tev i l le ,  Arkansas .  

5 For  a review of the  electrochemical  appl ica t ions  of 
ul t rasonic  waves,  see reference (9). 

590 

most of the research at  the latter. The  acoustical 
system used for the work at  1000 kc/sec is shown in 
Fig. 1. A circular, X-cut,  quartz plate of 3 in. diam- 
eter was used to convert  electrical energy from a 
1000-watt, radio-frequency generator to acoustical 
energy. The quartz transducer was mounted in an 
underwater  housing which permit ted propagation of 
ultrasonic waves horizontally into the 80-gal, glass, 
thermostat ic tank  (Fig. 1). A similar arrangement  
was used for the measurements at 200 kc/sec. 
Acoustical intensities of as much as 20 wa t t s / cm 2 
were available directly in front of the quartz trans- 
ducer, provided the water in the tank was relatively 
air-free and the unidirectional flow of the water  
associated with acoustical streaming was not  im- 
peded. Otherwise, gas-type cavitation bubbles 
would accumulate in the sound field and limit the 
intensity of ultrasonic waves which could be prop- 
agated a few centimeters to a few wat t s / cm 2 or 
less. Water  in the glass tank was partially degassed 
by  boiling under reduced pressure in a separate 
steel tank then pumping into the tank under  a 
layer of oil to retard resaturation by air. 

For  part  of the work, a reflector was placed at  an 
oblique angle in the tank  at  the end opposite the 
transducer.  This prevented formation of standing 
waves and greatly reduced complications associated 
with reflections from the back of the tank. 

Electrochemical measurements were made in the 
glass cell shown in Fig. 2. This cell was located in 
the tank  so tha t  the cathode-containing section was 
in the ultrasonic field at  a distance of 10 cm or less 
from the surface of the quartz transducer. Glass 
walls of the bulb containing the cathode were of the 
order of 10 -3 in. in thickness, and hence did not 
scatter or reflect ultrasonic waves to any appreciable 
extent.  A fr i t ted glass plug was sealed into the bot- 
tom of the cell in order tha t  the solutions might  be 
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saturated with hydrogen gas when desired. The 
cathode surface was normally oriented at an angle 
of approximately 15 ~ with respect to the wave front  
in order to avoid formation of standing waves. In 
addition, with the 15 ~ angle, gas bubbles resulting 
from gas-type cavitation did not accumulate on the 
cathode surface but  were swept away by unidirec- 
tional flow associated with ultrasonic waves of 
appreciable intensity. 

Acoustical intensities have been calculated ~ from 
pressure amplitudes as determined with a barium 
t i tanate hydrophone (10). 7 Prior to electrochemical 
measurements, transmission characteristics of the 
glass bulb were checked by  pressure amplitude 
measurements both inside and in front of the cell 
when it was filled with solutions similar to those 
used in actual electrodeposition. These data per- 
mit ted calculation of acoustical amplitudes in the 
cell from acoustical measurements outside the cell. 
During electrochemical measurements, acoustical 
amplitudes were determined by moving the hydro- 
phone momentari ly to a point directly in front of 
the cell in the ultrasonic field. As a check, the hy- 
drophone was placed in the cell in the position 
normally occupied by the cathode after electro- 
chemical measurements had been completed. Re- 
sponse of the hydrophone was measured with a 
Ballantine vacuum tube voltmeter,  Model 304. The 
hydrophone was calibrated by means of radiation 
pressure measurements over the range of acoustical 
parameters involved in the experimental work. This 
calibration was subsequently checked at intensities 
below cavitation levels against a similar hydrophone 
which had been previously calibrated by the U.S. 
Na vy  Underwater Sound Reference Laboratory at 
Orlando, Florida. 

Absolute accuracy of the pressure amplitude 
measurements at or near the cathode surface for in- 
tensities of the order 1 wat t /era  2 or less was limited 
to a probable error of :i: 15 % because of nonhomo- 
geniety of the acoustical field as a result of refrac- 
tion and diffraction effects as well as the gas-type 
cavitation bubbles which formed in the cell. At 
higher intensities the absolute accuracy became 
progressively less because of acoustical complica- 
tions associated with pressure amplitude measure- 
ments in the presence of gas-type cavitation 
bubbles. 

Polarization measurements were made by  the 
direct method. The Luggin capillary was introduced 

8 The  acoustical  in t ens i ty  (I) is re la ted  to the  rms pres- 
sure (po) by the  equa t ion  I = (po)2/pc where p and c are the  
dens i ty  and the  veloci ty  of sound in the  solution.  

7 For  details  concerning cons t ruc t ion  and per formance  
character is t ics  of th is  type  of hydrophone,  see reference 
( 1 0 ) .  
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FIG. 2. Aeousto-e leet roehemieal  cell. A - - L u g g i n  capil-  
lary;  B - - h y d r o g e n  gas; C- - fo r  filling capi l lary  t ube ;  D - -  
solut ion br idge;  E - - a sbes to s ;  F - - c a t h o d e  lead;  G - - c l a m p ;  
H - - a n o d e ;  I - -g lass ;  J - -g l a s s  0.001 in. wall;  K - - c a t h o d e ;  
L - -Luc i t e ;  M- -g l a s s  fr i t .  

through a hole in the back of the cathode in such a 
fashion tha t  the tip was flush with the cathode 
surface (Fig. 2). This avoided acoustical complica- 
tions which would have arisen if the Luggin capil- 
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I o ,b ~o io 4'o 
TIME in minutes 

FIG. 3. Effect of ultrasonic waves on polarization as a 
function of time. Electrolyte:  0.17M CuSO4 + 0.02M 
H~SO4; current density:  8 ma/cm2; temperature:  25 ~ C; 
ultrasonic frequency: 1000 kc/sec; acoustical intensi ty:  0.8 
wat t s /cm 2. Curve A: preplate below limiting current den- 
si ty;  curve B: preplate above limiting current density�9 

lary had been placed in front of the cathode. From 
the Luggin capillary extended a solution bridge 
which connected with a saturated mercurous sulfate 
reference electrode. The part  of the solution bridge 
adjacent to the Luggin capillary was filled with the 
plating solution, while the section of the bridge lead- 
ing to the reference electrode was filled with a sat- 
urated potassium sulfate solution. A constricted 
capillary containing asbestos fiber was used to 
separate the two sections of the solution bridge as 
shown in Fig. 2. Apparent  surface area of the copper 
cathode was 1 cm 2 for all measurements. The ar- 
rangement shown in Fig. 2 permit ted removal of 
cathodes from the plastic holder for x-ray diffraction 
examination. 

The copper anode used in polarization measure- 
ments was located in the neck of the glass cell as 
shown in Fig. 2. A voltage-regulated power supply 
(300 volts) was used as a source of current with a 
large resistance in series with the cell. Current  was 
determined in terms of the I R  drop across a stand- 
ard 10-ohm resistance in series with the cell. Poten- 
tial differences between the cathode and the 
reference electrode were measured with a Leeds and 
Northrup potentiometer,  Type  K-2. A Brown 
Electronik recording potentiometer  with a response 
time of 2 sec for 90 % deflection was used to follow 
small changes in voltage of the polarized cathode as 
a function of time. 

Prior to each series of measurements, the copper 
cathode was polished with 2/0, 3/0, and finally 4 /0  
emery paper. In the polishing process the glass end 
of the Luggin capillary was also polished flush with 
the metal surface. The cathode was then placed in 
approximately 1N nitric acid for 60 sec. A preplate 

was deposited at  a current density of 16 m a /cm 2 for 
15 min in the solution subsequently used for polari- 
zation measurements. This current density was less 
than the limiting current density for all acid-sulfate 
plating baths used with the vertical cathode. Unless 
otherwise stated, polarization measurements were 
generally made with increasing current density by  
recording the potential  approximately 30 sec after 
adjustment  of the polarizing current to a specific 
value. This was immediately increased to a higher 
value and the procedure repeated. 

One of the criteria for successful polarization 
measurements is reproducibility. Consistently lower 
and more reproducible polarization values were ob- 
rained with hydrogen-saturated solutions than with 
air-saturated solutions. Hence, subsequent measure- 
ments were made with hydrogen-saturated solutions. 
Hydrogen was purified by  passing it through a 
conventional purification train. 

EXPERIMENTAL RESULTS 

Data  presented in Fig. 3 were obtained with 
ultrasonic waves at  a frequency of 1000 kc/sec and 
an intensity of 0.8 w a t t / cm  2. The apparent  current  
density was 8 m a / c m  2, while the solution was 
0.17M CuSO4 and 0.02M I-I2SO4. Curves A and B 
differ in tha t  the former is for a cathode prepared in 
the manner  described previously, while the lat ter  is 
for a cathode prepared with part  of the preplate a t  
30 m a / c m  2 for 10 min, then 16 m a / c m  2 for 15 min. 
The ratio of true to apparent  surface area for the 
cathode represented by curve B was probably much 
greater than for tha t  represented by curve A, since 
deposition above the limiting current density favors 
a porous, relatively high area deposit. 

The  immediate effect of ultrasonic waves in both 
cases was an almost instantaneous decrease in 
cathode potential. This initial change occurred so 
quickly that  the recording potent iometer  could not 
follow it. The  rapid decrease in polarization results 
from disruption of concentration gradients by the 
ultrasonic waves. 

Subsequent changes in cathode potential after  
the initial decrease are a t t r ibuted to changes in the 
effective surface area of the cathode in both cases. 
Even in the absence of ultrasonic waves, the cathode 
polarization represented by  curve A showed a 
slight tendency to decrease, while tha t  represented 
by curve B tended to increase with time. These 
trends appear to be promoted by ultrasonic waves 
with both curves approaching some limiting value. 
Similar effects, al though less marked, could be pro- 
duced by  ordinary agitation of the solution near the 
cathode. 

In Fig. 4 data are presented for polarization im- 
mediately after  introduction of the ultrasonic waves 
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FIG. 4. Dependence of polarization on acoustical in- 
tensity and current density. Electrolyte: 0.17M CuSO4 -4- 
0.02M H2SO4; temperature: 25 ~ C; ultrasonic frequency: 
1000 kc/sec. Current densities: curve 1, 25 ma/cm~; curve 
2, 20 ma/cm~; curve 3, 14 ma/cin2; curve 4, 8 ma/cm% 
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not be determined with sufficient certainty at higher 
intensities (e.g., 4 wa t t s /cm 2) because of gas-type 
cavitation bubbles. Similar results have been ob- 
tained with solutions of both higher copper sulfate 
concentration and lower pH. Polarization is most 
marked with solutions of lowest concentration, i.e., 
the solution represented in Fig. 4. 

Fig. 5 represents polarization at various current 
densities in a 0.17M CuSO4, 0.02M H2SO4 solution 
with ultrasonic waves (curve C), without ultrasonic 
waves (curve A), and with ordinary unidirectional 
flow of solution (curve B). The latter polarization 
measurements were made with a flow of approxi- 
mately 1 m/sec parallel to the cathode surface in a 
specially constructed cell described elsewhere (11). 
While the effects of stirring and of ultrasonic waves 
are comparable, it is apparent  tha t  the ultrasonic 
waves are more effective in the present case. 

The graph in Fig. 6 represents the effects of ultra- 
sonic waves on polarization in a more concentrated 
solution: 0.86M CuSO4 and 0.02M H2SO4. Polariz- 
ing as well as depolarizing effects of ultrasonic 
waves are less in the case of this solution than that  
represented in Fig. 5, as might be anticipated on the 
basis of concentration polarization. I t  is interesting 
to note that,  in the case of curve C in Fig. 6, for the 
range 30-100 m a / c m  2 the polarization is a reasona- 
bly linear function of the logarithm of cu r ren t  
density with a Tafel slope of approximately 0.08. 

In Fig. 7 effects of ultrasonic waves (1000 kc/sec) 
on polarization are compared in hydrogen-saturated 
solution (B) and in degassed solution (A) in which 
there was insufficient dissolved gas to support gas- 
type cavitation. While there was appreciable de- 
polarization in the degassed solution, the effect was 
greater in the hydrogen-saturated solution, particu- 
larly at high current densities. Thus, gas-type 

-0 5 I0 15 20 25 30 

CURRENT DENSITY in ma/cm 2 

FIG. 5. Polarization at various current densities without 
ultrasonic waves (curve A), with ultrasonic waves at 1000 
kc/sec and 4 watts/cm 2 (curve C), and with directional 
flow past the cathode surface (curve B). Electrolyte: 
0.17M CuSOa + 0.02M H2SO4; temperature: 25 ~ C. 

(1000 kc/sec) as a function of acoustical intensity. 
Results in this graph as well as those in all subse- 
quent graphs were obtained with a cathode pre- 
plated at current densities below the limiting value. 
The approach of the polarization to a limiting value 
with increasing acoustical intensity probably in- 
dicates that  almost all of the concentration polariza- 
tion has been removed. The evidence is not com- 
pletely conclusive, however, inasmuch as intensity 
of the ultrasonic waves at the cathode surface could 
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FIG. 6. Polarization at various current densities without 
ultrasonic waves (curve A) and with ultrasonic wuves at 
frequency of 1000 kc/sec and 0.9 watts/cm 2 (curve B) and 
4 watts/cm 2 (curve C). Electrolyte: 0.86M CuSO4 + 0.02M 
H2SO4; temperature: 25 ~ C. 
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FIG. 7. Polarization at various current densities with 
ultrasonic waves in degassed solutions (curve A) and in 
hydrogen saturated solutions (curve B). Electrolyte: 
0.17M CuS04 + 0.02M H2SO4; temperature: 25 ~ C; ultra- 
sonic frequency : 1000 kc/sec; acoustical intensity : 4 watts/ 
e n l  2. 

TABLE I. Crystal lographic  results  

Condition 

Static* . . . . . . . . . . . . .  
Stirred . . . . . . . . . . . . .  
Ultrasonies~ . . . . . . .  

Static . . . . . . . . . . . . . .  
Stirred . . . . . . . . . . . . .  
Ultrasonics . . . . . . . .  

Static . . . . . . . . . . . . . .  
Stirred . . . . . . . . . . . . .  
Ultrasonics . . . . . . . .  

Static . . . . . . . . . . . . . .  
Stirred . . . . . . . . . . . . .  
Ultrasonics . . . . . . . .  

Solution concen- Current 
tration: molarity density 

0.17 0.02 8 80 

0.02 

o.o  2 0  

0. 0 - = L  ................ - -  

Time of 
deposition 

rain 

Relative 
orienta- 

tion 

* No stirring or ultrasonic waves. 
t Acoustical intensity: approximately 2.5 watts/cm~; 

frequency 1000 kc/sec. 

FIG. 8. X-ray diffraction patterns of copper deposits. 
Electrolyte: 0.17M CuSO4 + 0.02M H2SO4; current den- 
sity: 20 ma/cm~; plating time: approx. 70 min. Pattern a 
(left),  with quiescent solution; pattern b (center), with 
stirring; pattern c (right),  with progressive ultrasonic 
waves (1000 ke/sec, 4 watts/cm~). 

cavitation contributes appreciably to depolariza- 
tion. The smaller, but  nevertheless appreciable, de- 
polarizing effect observed in the degassed solution 
can be explained at least partially in terms of unidb 
rectional streaming effects associated with intense 
sound waves. 

A sufficient number of polarization measurements 
also have been made with ultrasonic waves at  a fre- 
quency of 200 kc/sec to establish that  ultrasonic 
effects at  this lower frequency are substantially 
the same as at  1000 kc/sec with respect to order of 
magnitude. At  the lower frequency, however, the 
wave length was comparable to the cathode dimen- 
sions; hence, the associated acoustical diffraction 
effects rendered the quanti tat ive aspects of the 
measurements somewhat questionable at 200 kc/sec. 

Polarization measurements support the conclusion 
that  the predominate effect of the ultrasonic waves 
is disruption of the concentration gradients. If this 

FIG. 9. Schlieren photographs of concentration gradients 
at copper cathode. Electrolyte: 0.86M CuSO4 + 0.02M 
H2SO4; current density: 25 ma/cm 2. Fig. 9a (left):  vertical 
cathode without ultrasonic waves. Fig. 9b (center) : vertical 
cathode with progressive ultrasonic waves (1 watt/cm ~ at 
1000 kc/sec). Fig. 9c (right) : horizontal cathode with stand- 
ing waves (= 0.1 watt/cm ~ at 1000 kc/sec). 

is the case, changes in crystallographic properties of 
the electrodeposits should be comparable to those 
produced by  ordinary mechanical agitation or stir- 
ring. A typical set of x-ray diffraction pat terns of 
deposits with and without ultrasonic waves (1000 
kc/sec) and with stirring are shown in Fig. 8a, b, 
and c. A glancing-beam technique similar to tha t  of 
Hume-Rothery  (12), and Wyllie (13) was used to 
obtain these diffraction patterns. In  this part  of the 
work, stirring was accomplished by passing a stream 
of hydrogen bubbles past the cathode in the cell 
shown in Fig. 2. I t  is apparent  tha t  both ultrasonic 
waves and stirring favored the preferred orientation 
of the 110 plane parallel to the electrode surface, s 
Grain-size changes were minor. In  Table I, changes 
in the tendency for preferred orientation are com- 
pared on a relative basis in terms of an arbi t rary 
scale extending from 1, for the least tendency for 
orientation, to 5 for the maximum tendency ob- 
served. From Table I it is evident, tha t  the ultra- 
sonic waves produced an appreciable increase in the 

s Other x-ray diffraction patterns, together with addi- 
tional polarization data, are presented in reference (17). 
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tendency for preferred orientation only in the most 
dilute solutions in which concentrat ion polarization 
was most marked. Furthermore,  the effects of the 
ultrasonic waves and the unidirectional stirring on 
the preferred orientation are comparable. 

Fig. 9 shows Schiieren photographs which in- 
dicate directly the effect of ultrasonic waves on the 
concentration gradient adjacent to the cathode 
surface. These photographs were obtained by  optical 
techniques similar to those described by Bar t le t t  
(14). The darkest area in each photograph repre- 
sents the cathode. The light region adjacent to the 
cathode surface in Fig. 9a is associated with the 
concentration gradient. The absence of this region 
in Fig. 9b demonstrates the effectiveness of ultra- 
sonic waves at  cavitation levels in disrupting con- 
centration gradients. The Schlieren technique as 
used in this work was probably sufficient to reveal a 
diffusion layer of the order of 0.001 cm in thickness. 
Fig. 9 indicates the action of low intensity ultrasonic 
waves on the concentration gradients in a standing 
wave with the cathode surface perpendicular to the 
wave front. Experimental  work in progress indicates 
tha t  the regions of demarcation between the light 
and black areas in Fig. 9c probably correspond to 
the pressure loops or displacement nodes of the 
standing waves in the solution. This effect can be 
used to explain the half wave length ripples obtained 
by Young and Kersteu (15) on the surfaces of 
metals electrodeposited in a standing wave. 

The effects of ultrasonic waves on the electro- 
deposition of copper were examined at acoustical in- 
tensities as high as 100 wat t s /cm 2 in a converging 
sound field from a focusing type transducer. At 
these intensities, copper was not deposited in a 
coherent plate; rather  a colloidal suspension of 
copper was produced. Even the base plate was ap- 
preciably eroded. 

SIGNIFICANCE OF RESULTS 

On the basis of experimental results previously 
described, the following conclusions were reached 
concerning copper deposition in the presence of 
ultrasonic waves: 

1. The depolarizing action of ultrasonic waves is 
primarily associated with the interaction of acous- 
tical waves with concentration gradients at  the 
cathode surface. 

2. Ultrasonic waves at cavitation levels seem con- 
siderably more effective than conventional mechan- 
ical agitation in breaking up these gradients. 

3. Structural  changes at intensities of the order 
of a few wat t s / cm 2 or less generally reflect acous- 
tically produced changes in concentration gradients 
at the electrode surface. 

The effectiveness of ultrasonic waves in disrupt- 
ing concentration gradients may  be explained, at  
least in part ,  in terms of a microagitation effect. 
Conventional stirring can be used to reduce the ef- 
fective thickness of the concentration gradient to 
10 -3 cm. Surface conditions at  distances less than 
10 -3 cm are relatively unchanged even in the case of 
high speed unidirectional flow. Disturbances are pro- 
duced at  the electrode surface by ultrasonic waves, 
however, as the acoustical waves encounter a phase 
discontinuity and are largely reflected. Cavitation 
phenomena right at  the electrode surface are par- 
ticularly significant. As a result, the effective thick- 
hess of concentration gradients is reduced to a value 
considerably smaller than tha t  obtained with 
stirring. 

An accurate prediction of concentration polariza- 
tion even in unstirred solutions is not readily made 
because of convection currents associated with the 
vertical cathode and because of edge effects. These 
convection currents were very  evident in Schlieren 
photographs of the concentration gradients at  the 
top and bot tom of the cathode. On the basis of 
simple equations (16) for diffusion and electrolyte 
transport ,  the limiting current density in the un- 
stirred solution represented in Fig. 5 should be 
approximately 15 m a /cm  2, whereas the actual value 
was approximately 30 m a /cm  2. Thus, it is not pos- 
sible at  this time to compare the depolarizing ac- 
tion of ultrasonic waves with the concentration 
polarization in a quanti ta t ive fashion. 

While not likely, it is possible tha t  the relatively 
large depolarizing effect of ultrasonic waves may  
not be entirely associated with concentration polari- 
zation; some decrease in activation polarization may  
occur. At higher current densities in more dilute 
solutions, there also may have been some IR  drop 
included in polarization measurements even with 
this type of Luggiu capillary. Preliminary measure- 
ments by  the commutator  technique with elec- 
trodes of similar construction and solutions of com- 
parable concentrations lead to the conclusion tha t  
IR  drop was not  more than a few millivolts in 
dilute solutions. 

Ultrasonic or sonic waves may have possible ap- 
plication in specialized plating processes where 
ordinary stirring is not sufficiently effective in 
breaking up concentration gradients. Such might be 
the case with small objects of irregular contour. 
The best way to introduce sound waves would prob- 
ably be to drive the whole object being plated at  a 
sonic or ultrasonic frequency. Ultrasonic waves 
should also prove significant in laboratory investi- 
gations of electrode processes where it is desirable 
to minimize the effects of concentration gradients. 
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Kilogram Scale Reduct ions  of  Vanadium Pentox ide  to 
Vanadium MetaV 

ARTHUR P.  BEARD AND DONALD D .  CROOKS 

Knolls Atomic Power Laboratory, General Electric Company, Schenectady, New York 

A B S T R A C T  

The  reduct ion of V205 wi th  calcium to give 750-1000 gram b u t t o n s  of massive  duct i le  
vanad ium has been accomplished.  Using an iodine igni te r -boos ter  and  an op t imum 
amount  of excess calcium, the  au thors  ob ta ined  84% yields of meta l .  In  th i s  process 
oxygen impur i ty  seems to be the  ma in  embr i t t l i ng  agent ,  while silicon impur i t y  up to 
0.2 wt ~/o has no appa ren t  effect on the  vanad ium.  

INTRODUCTION 

The production of vanadium metal by reduction 
of vanadium pentoxide with calcium, as reported 
by McKechnie and Seybolt in earlier work (1), was 
undertaken in order to provide material of sufficient 
purity and ductility for use in studies of its reac- 
tions with gases (2), methods of fabrication, and 
physical properties. In addition, it was desirable to 
determine if product purity could be retained in 
reactions yielding 750 to 1000 grams (instead of 
125 g) and if yields could be increased substantially 
above the 74 % value reported earlier. 

EXPERIMENTAL PROCEDURE 

Equipment.--In the small scale bomb reductions 
of vanadium pentoxide with calcium, using an 
iodine igniter-booster charge, McKechnie and Sey- 
bolt obtained small, ductile buttons of about 125 g 
(74% yield). The steel container, lined with a 
magnesia crucible, was 4 in. in diameter, 11 in. high, 
with a/~ in. wall. This reaction vessel was made 
tight by compression of a steel cover on an an- 
nealed copper gasket. It  was found that yields of 
about 270 g (about 78 % of theoretical) of massive 
metal could be obtained by taking a reaction charge 
of 600 g V~Os, 1057 g calcium, and 300 g iodine, 
pressing the mixture into 3 in. diameter disks with 
80 tons pressure, and performing the reduction in 
the described bomb. The amount of excess calcium 
needed to give ductile metal was also decreased 
from about 60 % to about 53 % excess. However, the 
frequency of explosive burnouts of the steel bombs 
increased when using this technique. 

A new reduction vessel was designed and fabri- 
cated for producing vanadium. I t  was made from 
steel pipe, 6.6 in. 0.D., with about 7~6 in. wall, and 
was about 20 in. tall. Six 1/~ in. diameter bolts were 

1Manusc r ip t  received September  17, 1953. This  paper  
was prepared  for delivery before the  New York Meet ing,  
April 12 to 16, 1953. 
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used to compress the steel cover on an annealed 
copper gasket to make the bomb tight. A flare fit- 
ting was brazed in the cover for flushing the bomb 
with dry inert gas. 

A tapered magnesia liner, 5 in. at the top, 41/~ in. 
at the bottom, 18 in. high, with 1~ in. wall was 
slipped into the steel container. Coarse grained 
magnesia was used between the liner and inside of 
the bomb for centering and support of the crucible. 
This type of liner proved to be quite successful 
since it could be removed easily from the steel 
bomb after a reduction was made. Liners formed 
directly in the bomb were unsatisfactory. 

A 15-kw, 10,000 cycle, motor generator was used 
as the source of power for heating the bombs. An 
optimum heating rate of 50~-60~ was used 
until the rapid temperature rise caused by reaction 
inside the bomb was detected by a thermocouple on 
the outside of the bomb. This temperature rise 
generally was noticed after about 12 min of heating. 
The maximum temperature reached on the outside 
of the bombs, in reductions using iodine boosters, 
was around 900~ about 19 min after the start of 
heating. 

Chemicals.--The high purity vanadium pentoxide 
used in this work was obtained from the Electro 
Metallurgical Division of Union Carbide and 
Carbon. A typical analysis (figures are weight 
percentages) is given in Table I. Before being used 
in a reduction, the oxide was dried in air at 200~ 

Calcium, similar to that used by McKechnie and 
Seybolt (1), was used in this work. Iodine, used as 
an igniter-booster, was Elmer and Amends C. P. 
grade. 

A series of reductions were made, varying the 
amounts of V205, excess calcium, and the iodine 
igniter-booster, in order to determine the optimum 
charge for the designed bomb. The V205, magnesia 
liner and cover, coarse magnesia grain and steel 
bomb were air-dried at ~200~ After the liner had 
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TABLE I. Analysis of high purity V205 

Element Weight % 

C 0.003 
H~ 0.047 
N2 0.0114 
Si 0.30 
Be <0.0005 
Mn <0.005 
A1 <0.1 
Mg 0.003 
Pb <0.05 
Cr 0.05 
Ca <0.1 
Sm <0.02 
Mo <0.02 
Co <0.04 
Fe 0.08 
Cu 0.0005 
Na 0.05 
Zn <0.1 
Ni <0.01 
Ti 0.02 

Remarks 

Chemical analyses 

Spectrographic analyses 
are approximate and may 
be in error by a factor of 3. 

FIG. 1. Vandium button produced by bomb reduction of 
V~O5 with calcium. 

cooled, it  was filled with a well-mixed composition 
of calcium, iodine, and V205, and placed in the steel 
bomb. Coarse magnesia grain was jolted into the 
space between the bomb wall and liner. The space 
above the magnesia cover of the liner was also filled 
'with magnesia grain. The steel lid was bolted down 
with six ~ in. diameter  bolts by  means of a torque 
wrench to insure uniform pressure on the copper 
gasket. After being evacuated and flushed several 
times with argon or helium, the reaction vessel was 
sealed under an atmosphere of inert  gas. I t  was then 

heated by  induction behind a concrete wall which 
was a safety shield for the experimenter.  

RESULTS 

In preliminary work on making large scale re- 
ductions, a number  of a t tempts  were made to form 
dense magnesia liners in the bomb. Reductions,  
using these liners, resulted in slag absorption from 
the reduction to such an extent  tha t  the molten 
vanadium but ton  would wet and react with the 
liner. The dense, high-fired preformed magnesia 
crucibles absorbed some slag but  a layer always sepa- 
rated the conglomerated metal  from the liner 
proper. Also, as mentioned previously, this type of 
liner facilitated the removal of the reaction products  
after a reduction. 

Pressed charges of 2180 g of V205, 3840 g of Ca, 
and 1090 g of I2, and unpressed charges of 1635 g 
of V20~, 2880 g of Ca, 818 g of Is were found to be 
opt imum for the bomb size and heating cycle em- 
ployed. An excess of calcium of 53-54 % resulted in 
an opt imum yield of metal of 84 %. At 40 % and 
60% excesses the yields dropped 10% to 5%, re- 
spectively. Below about  40% excess calcium, the 
amount  of oxygen in the vanadium but ton  increases 
to more than 0.05 wt  %, thus embritt l ing the metal  
beyond cold workability. The effect of changing the 
amount  of iodine booster-igniter was not  as ap- 
parent.  Using half the amount  considered opt imum 
decreased the yield of about  4 %. Using twice the 
amount  influenced the yield very  little. 

The  vanadium but tons obtained in this process 
are 770-1020 g, depending on size of charge used. 
The metal  conglomerated quite nicely as shown in 
Fig. 1. Slag inclusions however were present and 
could not  be completely leached out of the as- 
reduced button.  The latter can be cold-rolled down 
to sheet without annealing. Comparison of typical  
analysis of vanadium produced in this work with 
other reported materials is given in Table II .  

No direct correlation of oxygen content  of the 
vanadium but tons with Vickers Hardness Number  
was found (2). This is understandable considering 
the variance in carbon, nitrogen, and silica contents 
of the buttons.  All of these and other elements could 
influence the hardness. However,  oxygen content  
above about  0.05 % generally rendered the vanadium 
too brittle for cold working. This was first observed 
by McKechnie  and Seybolt. 

Some visual evidence of the consti tuent present 
at the grain boundaries of as-reduced vanadium is 
shown in Fig. 2, 3, and 4 as being carbide. 

The silicon content  of most of the metal  produced 
in this work ran higher than in metal  reported by  
McKechnie and Seybolt  (1). I t  was thought  tha t  it 
could cause embrit t lement,  but  up to concentrations 
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Reported by 

McKechnie  and Seybolt  (1) 

Kinzel  (3) 

Gregory,  Li l l iendahl ,  and  
Wrough ton  (4) 

Beard  and Crooks, th is  paper  

Oxygen 

% 

0.031 
0.017 

0.05-0.12 

0.1-0.25 

0.028 
0.033 

* Spectrographic  analyses of calcium 

Nitrogen 

% 

0.016 
0.013 

O. 02-0.04 

0.01-0.015 

0.005 
0.013 

Hydrogen 

% 

0.005 
0.002 

0.001-0.004 

0.001 
0.002 

Carbon 

% 

0.21 
0.20 

O. 03-0.07 

0.05 

0.126 
0.102 

are approximate  and may  be in error  by  a fac tor  of 3. 

Iron 

% 

<0.01 
<0.01 

0.01 

Silicon 

% 

0.04 
0.001 

0.065 
0.04 

Calcium 

% 

0.023 
0.014 

0 .05  

< 0 . 1 "  
< 0 . 1  

Fro.  2. As-reduced vanadium.  % oxygen = 0.047, % 
n: t rogen ~ 0.009, % carbon = 0.092, and VHN = 134. 
E t e h a n t  10% hydrochloric  acid. 250)< B.F.  before reduct ion 
for publ ica t ion .  

FIG. 3. As-reduced vanadium.  % oxygen = 0.047, % 
ni t rogen = 0.009, % carbon = 0.125, and  V H N  = 136. 
E t c h a n t  10% hydrochloric  acid. 250)< B.F. before reduct ion 
for publ icat ion.  

of 0.2 wt % no correlation between silicon concentra- 
tion and increased hardness of the vanadium could 
be found. This silicon impurity was traced directly 
to the V205. The amounts of nitrogen in various 

FIG. 4. As-reduced vanad ium.  % oxygen = 0.0,i9, % 
ni t rogen = 0.009, % carbon = 0.175, and  Y H N = 131. 
E t c h a n t  10% hydrochlor ic  acid. 250)< B.F.  before reduc- 
t ion  for publ ica t ion .  

buttons were found generally to be less than one 
half that expected from analyses of the starting 
materials. 

CONCLUSIONS 

The feasibility of producing 750-1000 gram 
buttons of vanadium by reduction of V205 with 
calcium, using an iodine igniter-booster, and still 
retain the purity found in material produced on a 
125 g scale by McKechnie and Seybolt has been 
shown. The percentage yield of massive metal has 
been increased from 74% to 84%. The amount of 
excess calcium necessary to give highest yield of 
ductile metal was reduced from about 60 % to 54 %. 

Oxygen impurity in vanadium seems to be the 
main embrittling agent in this process. Silicon im- 
purity up to 0.2 wt % does not seem to cause 
embrittlement of the vanadium. 
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Iner t -Gas  F o r g i n g  1 

CARL L.  KOLBE 

Research Laboratory, General Electric Company, Schenectady, New York 

ABSTRACT 

Apparatus has been designed and operated to enable a metal  specimen to remain in 
argon gas during an entire heating and forging operation. A furnace capable of operat ing 
to 2500~ is coupled to a 250-1b pneumatic  air hammer, so that  materials  may be forged 
at extremely high temperatures with a minimum of oxidation. Molybdenum and tungsten 
alloys have been forged between 1750 ~ and 2200~ without  visible surface oxidation. 
A t i tan ium alloy was forged at 1500~ 

With this equipment there can be less diffusion of gases into the material ,  minor 
slippery oxide films, less surface cracking, easier deformation at higher forging tem- 
peratures than ever before possible. 

INTRODUCTION 

To obtain the best mechanical properties of a 
metal, deformation by forging, rolling, swaging, or 
extruding is usually required. These operations 
generally involve heating in air or in some protective 
atmosphere, followed by deforming in air. However, 
metals and alloys which have a great affinity for 
gases at high temperatures are now being fabricated 
and, as a result, new methods must be employed to 
reduce successfully the harmful effects obtained 
from heating or forging in air, hydrogen, or nitrogen. 
Pure beryllium, titanium, zirconium, and uranium 
may be deformed at moderately low temperatures 
and rolled in steel packs. These packs are excellent 
for keeping the material hot and reducing oxidation. 
However, this method has disadvantages. The work- 
ing range is limited to a temperature below the 
melting point of the sheathing material; the material 
being worked is hidden from view; there is a proba- 
bility of welding and sticking to the sheath material; 
and the cost of fabrication is high. Inert-gas forging 
helps eliminate these problems. 

Refractory metals are being considered as base 
materials for high temperature applications, so it 
seems reasonable that higher forging temperatures 
will be needed if these materials are to be deformed 
successfully. Inert-gas forging can help protect 
metals from gross oxidation while at high tempera- 
tures, thereby reducing scaling and the loss of 
valuable material and ductility by oxidation. 

EXPERIMENTAL PROCEDURE 

Apparatus.--The apparatus included a forging 
hammer (250-1b Nazel pneumatic air hammer 
capable of 210 strokes/min), a furnace (with a 
graphite tube as the heating element and powdered 

1 Manuscript  received September 14, 1953. This  paper 
was prepared for delivery before the New York Meeting, 
April 12 to 16, 1953. 
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graphite as insulation), and metal work chamber. A 
3000 cycle, 100 kw induction coil was used to induce 
temperatures to 2500~ The graphite tube had an 
inside diameter of 10.3 cm and was 91.5 cm long. 
The entire furnace was placed in a gas-tight alu- 
minum box (Fig. 1). The work chamber connected 
the hammer to the furnace, so that the three pieces 
of equipment became an integral unit. In order that 
the hammer could be operated in its usual manner, 
the hammer die and anvil were connected to the 
chamber with rubber bellows (Fig. 2). The front of 
the work chamber had a partial glass top section so 
that the interior could be observed. The bottom of 
the front section consisted of a rubber apron and 
rubber bellows-type gloves for manipulation of the 
material from the furnace to the hammer. An 
additional chamber small enough to be flushed 
clear of air in a short time was used to introduce or 
remove specimens or equipment from the work 
chamber after the regular operation began. A 
molybdenum boat was placed in the furnace and 
could be shoved in and out with a molybdenum 
poker. The specimens could be placed on the boat for 
heating to temperature. In case of danger of reaction 
with the boat, a stabilized zirconia block or a pure 
magnesia block was used between the specimens 
and the boat. In all of the work described here, 
welding-grade argon was used. No further attempt 
to purify the gas was made. Argon was introduced 
through the rear of the furnace and out into the 
work chamber where it was intermittently removed 
through a valve whenever pressure on the rubber 
apron became too high. 

Material.--Table I gives complete information 
on materials used and their conditions and tempera- 
tures of forging. 

Procedure.--After the equipment was assembled, 
a Freon-gas detector was used to reveal leaks. The 
whole unit was partially evacuated and filled with 
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FIG. 1. Induc t ion  furnace detai ls  

FIG. 2. Schemat ic  drawing of the  work chamber  at-  
t ached  to the  forging hammer  and  induc t ion  furnace. 

T A B L E  I 

M a t e r i a l  C o n d i t i o n  F o r g i n g  t e m p  ( ~  

M o  

Mo-2.66Ti-0.084C 
Mo-0.85V 
W-30Mo-1.5Th 
Ti  ~lloy 

Arc-cast  
Arc-cast  
Arc-cast  
Sintered 
Arc-cast  

1775 
1750, 1830, 1920 
1800, 1920 
2100, 2200 
1500 

argon. This operation was repeated three times. As 
the argon gas was being admit ted for the final 
flushing t rea tment ,  the furnace was heated to 
temperature.  Readings were taken from the furnace 
wall with an optical pyrometer.  Specimens to be 
forged were placed directly on the molybdenum boat  
or on a ceramic slab and heated to temperature.  
The molybdenum boat  was pulled forward in the 
furnace so tha t  the specimen could be gripped with 

a pair  of tongs and placed under the hammer.  This 
final operation had to be performed quickly, since 
heat  loss can be very  great at  such high tempera-  
tures. 

EXPERIMENTAL RESULTS 

A high degree of success was obtained in working 
all of the materials studied, but  molybdenum-base 
alloys gave the best results. Pure molybdenum 
reduced to test-specimen size without  any difficulty. 
Mo-Ti  alloys could be reduced from 1.27 cm: to 
6.4 mm 2 in one heat  af ter  some initial working. 
Weight losses on these small specimens were less 
than 0.5% when worked in argon atmosphere.  
Specimen surfaces were still bright, showing these 
losses were not caused by  oxidation, but  by small 
sections breaking off. 

Mo-V alloys required temperatures  above 1800~ 
for best results. Original work at  1800~ produced 
some edging cracks, but  after  these cracks were 
ground out  and the tempera ture  raised to 1920~ 
no further  edge cracks appeared. Some of this 
material was later reduced between 1200 ~ and 800~ 
to 3.2 mm wire, which did not fracture after  a 180- 
degree bend. This same alloy was later forged in air 
between 1800 ~ and 2035~ with a 12 % loss due to 
oxidation. Tensile tests showed no appreciable dif- 
ference between the two materials. The  W-Mo-Th 
alloy was forged from a 8.0 mm 2 sintered bar  to a 
flat sheet 1.8 mm thick by  3.18 cm wide. This piece 
was later rolled in air to a sheet 0.36 mm thick by 
3.8 cm wide with great difficulty and much edge 
cracking. Despite its reduction, the sheet was very  
brittle and could not  be bent  without  heating. 

An arc-cast bu t ton  of Ti  alloy was forged at  
1500~ from 6.35 mm to 1.5 mm for tensile specimens 
and metallographic examination. At tempts  to work 
this material in air previously had not  been suc- 
cessful. 

Temperatures  reported throughout  this paper 
must  be considered as maximum temperatures,  with 
the working range at the higher temperatures  
varying as much as 300~176 For  example, an 
alloy being reduced as much as 75 % in one heat  
f rom a temperature  of 18300C may drop to a 
tempera ture  as low as 1400~ before this operation 
is completed. 

The atmosphere obtained during this work was 
inert  enough to keep molybdenum alloys from 
oxidizing, but  t i tanium alloys were slightly dis- 
colored. 

Whenever possible, molybdenum alloys were 
forged as squares ra ther  than the generally rec- 
ommended octagons. The usual difficulty of devel- 
oping a diamond shape during deformation was not  
encountered. 
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CONCLUSIONS 

With the equipment described, materials can be 
worked at very high temperatures without the usual 
gross oxidation. For some alloys, this means less 
diffusion of gases into the material, minor slippery 
oxide films, less surface cracking, and easier deforma- 
tion at higher temperature. Consequently, increased 
material recovery and improved forgeability are 
obtained. 
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A B S T R A C T  

Deve lopment  of the  effort to find room- tempera tu re  duct i le  chromium is reviewed. 
P repa ra t ion  and some mechanica l  proper t ies  of duct i le  ch romium are described,  as are 
techniques  of mak ing  br i t t l e  chromium duct i le  by  removal  of surface layers.  Reasons  
for the  duct i l i ty ,  or lack of i t ,  are advanced  on the  basis  of exper iments  showing the  effect 
of cer ta in  impuri t ies ,  mechanica l  working,  and  hea t  t r e a t m e n t .  No clear exp lana t ion  
for the  surface phenomenon  was obta ined.  Possible fu ture  uses of ducti le  chromium arc 
discussed. 

INTRODUCTION 

The search for room-temperature ductile chromium 
has involved many investigators whose efforts have 
been summarized recently (1). Results of these 
investigations, until quite recently, were uniformly 
unsuccessful in obtaining room-temperature ductile 
metal. 

Recently, room-temperature ductile sheet was 
produced from arc-melted electrolytic chromium 
(2) by a process described by Greenaway (3). Simul- 
taneously, it was independently discovered at this 
laboratory that swaged chromium rod, pointed by 
an electrolytic etching process was ductile (4), and 
that ductility was dependent on removal of certain 
surface layers from the chromium. 

Preparation and some mechanical properties of 
ductile chromium are the subject of the present 
paper. "Ductile" implies room-temperature ductility, 
unless otherwise specified. 

PREPARATION OF DUCTILE METAL 

Preparation of ductile chromium has depended on 
at least two factors: production of metal of high 
purity, particularly with regard to oxygen, and dis- 
covery of certain techniques in hot and cold working 
of the metal. 

Although first indications of ductility were ob- 
served in chromium produced by magnesium reduc- 
tion of chromium chlorides, two other methods may 
be depended on for more certain results. One method 
is electrolysis of high purity chromic acid under 
special conditions of bath temperature and current 
density to produce electrolytic plate of very low im- 
purity content--especially oxygen. This method has 
been described by Blum (5) and Greenaway (3, 6). 
Certain modifications in the method were developed 

M a n u s c r i p t  received June  14, 1954. This  paper  was 
p repared  for del ivery before the  Chicago Meet ing,  M a y  
2 to 6, 1954. 

2 Presen t  address  : D e p a r t m e n t  of Chemis t ry ,  Un ive r s i ty  
of Oregon, Eugene,  Oregon. 
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at this laboratory (4) to enable greater production, 
since the electrolytic method suffers from a very low 
efficiency. 

The second method is to reduce residual oxygen in 
commercial electrolytic chromium with hydrogen. 
A listing of the many earlier investigations of this 
method has been published (7). 

The hydrogen reduction apparatus described in 
reference (8) has allowed production of chromium 
sufficiently pure to be made into ductile metal. In 
this process, powdered chromium metal is deoxidized 
with high purity hydrogen at 1200~ for 16 hr. Hy- 
drogen is purified by a system using a cold trap, 
phosphorous pentoxide, and a zirconium getter. 

Of the two methods, electrolysis gives the purer 
product; indeed, electrolytic plate made by this 
method, arc-melted and sheath-rolled at 850~ 
has given indication of ductility even without special 
surface preparation. 

The hydrogen treatment method, however, lends 
itself to production of larger amounts, and, in addi- 
tion to lowering the oxygen content, simultaneously 
lowers nitrogen, sulfur, and carbon contents. 

One other method of production of chromium 
metal, the iodide dissociation method (9), should 
probably furnish ductile metal, although so far only 
individual grains have been reported as possessing 
ductility. The extreme difficulty of producing sig- 
nificant amounts of chromium metal by the iodide 
process seriously limits the usefulness of the tech- 
nique. 

Since the chief impurity remaining in electrolytic 
chromium is oxygen, purification attempts neces- 
sarily have revolved around removal of this element. 
In addition to the problem of removal, a reliable 
analysis for oxygen was sought. The method of 
Adcock (10), in which chromium is dissolved in 
hydrochloric acid and the residue considered to be 
the oxide, has been the standard method of oxygen 
analysis. For the lowest oxygen ranges, however, 
neither vacuum fusion nor the method of Adcock 
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give reliable results, and for the present work the ap- 
pearance of the microstructure of a specimen of arc- 
melted chromium was used as the criterion of oxygen 
content. 

Except  where noted, all chromium tested in this 
work was purified by hydrogen t rea tment  of com- 
mercial electrolytic chromium. 3 Purities have been 
bet ter  than 99.9 % and usually bet ter  than 99.95 %. 

MECHANICAL WORKING 

Techniques of working chromium from powder 
compacts have been described previously (7). The 
present investigation indicates tha t  ductile sheet 
may  be made by powder metallurgy, but  with some- 
what  more difficulty than the arc-melting process 
(8). In general, hot work at a temperature  of II00~ 
is necessary while handling the arc-cast metal. After 
reductions of a minimum of 50 %, cold work in the 
region of 800~ is required. As more cold work is 
done, the recrystailization temperature  steadily de- 
clines so that  final passes in swaging or rolling should 
be done from a furnace at less than 700~ 

SWAGING 

The following procedure has been used to produce 
0.125 in. diameter rods from 2 in. diameter ingots 
by sheath swaging. Swaging unsheathed has been 
generally unsuccessful. 

1. A 2 in. diameter arc-melted ingot was sheathed 
in stainless iron and swaged to 1 in. diameter at 
temperatures starting at 1100 ~ and finishing at 
900~ 

2. Recrystallization was accomplished by heating 
the swaging to 1200~ in hydrogen. 

3. The swaging was resheathed in mild steel and 
swaged at 800~ to 0.5 in. diameter.  

4. This was followed by recrystallization at 1200~ 
in hydrogen, resheathed, and swaged at 700~ to 
0.125 in. diameter. 

The as-swaged 0.125 in. diameter rods produced 
in this fashion are quite brittle to rapid bending at 
room temperature,  although it was found tha t  all 
would bend at very low strain rates. Typical  ex- 
amples of swaged rod are shown in Fig. 1. 

Rolling 

Attempts  have been made in the past to roll 
powder-compacted chromium in air directly. These 
a t tempts  failed. All successful rolling was done with 
mild-steel sheathing which protected the chromium 
powder compacts from the chilling effect of the rolls 
and from air contamination. With the production 
of dense metal from the arc-melting precess, pro- 
tection from the atmosphere was not so crucial. In 

3 Purchased from Electro Metallurgical Company. 

FI6. 1. Swaged rods 

addition, with higher pur i ty  chromium, the brittle- 
to-ductile transition temperature  was lowered so 
tha t  rolling could safely proceed at lower temper-  
atures; consequently the chilling effect was not  so 
pronounced. 

For  preparation of thin, ductile sheet, rolling un- 
sheathed with the resultant  close control on dimen- 
sion, surface finish, and extent  of work, was a neces- 
sity. 

Good quali ty sheet was prepared by the following 
procedures: 

1. The  arc-cast ingot, after a stress-relief anneal 
of 1200~ in hydrogen, was quartered longitudinally 
and hammer- or press-forged at l l00~ Quartering 
of the ingot was found to eliminate a tendency of 
ingots to center burst on forging. Upset forging of 
arc-cast ingots has shown promise of being superior 
to the quartering method. Press forging was pre- 
ferred for the smaller sizes. 

2. The forging was recrystallized by heating to 
1200~ in hydrogen. Again it was sheathed in mild 
steel and rolled at 700 ~ 800~ to a reduction of about  
50 % in thickness. The chromium at this stage was 
very  sensitive to surface chilling, hence the sheath 
was retained for the initial rolling step. 

3. After desheathing, the sheet was rolled directly 
in air from an 800~ furnace to any thickness desired. 
The rolling temperature  was gradually decreased so 
that  final passes were made at  an est imated sheet 
temperature  of 400~ 

Reductions in rolling were moderate,  of the order 
of 10 %/pass initially, ending with 2 %. Chromium 

FIG. 2. Air-rolled sheet 
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sheet as thin as 0.01 in. thickness was made by  this 
procedure. Thinner  sheet may  be made by  pack- 
rolling. Fig. 2 shows specimens of sheet rolled in air. 

Wire Drawing 

Chromium wire has been drawn at 600~ using 
swaged rod as starting material, and as low as room 
temperature  on small wire diameters. Reductions 
in area per pass were of the order of 6 % at  a starting 
size of 0.25 in. diameter  using tungsten carbide dies 
in a lead-antimony bath. The smallest finished wire 
made by drawing had a 0.025 in. diameter. The 
following procedure has been found to produce con- 
sistent success in drawing wire: (A) the as-swaged 
rod at a starting size of about 0.25 in. is reerystallized 
by heating to 1200~ in hydrogen;  (B) the rGd is 
then drawn at  350~176 in a lead-antimony 
eutectic bath using Oildag 4 as a die lubricant. 

Extrusion 

Hot  extrusion of 2 in. diameter ingots has proved 
successful. The  ingots were sheathed in mild steel. 
Five ingots were extruded at 1100~ and all showed 
excellent results. Reductions in area were of the order 
of 80 %. The grain size of these extrusions after re- 
crystallization was much smaller than tha t  in swaged 
rods of equal reduction. Extruded material  has been 
processed to ductile wire. Extrusion shows much 
promise in tha t  extruded rods may  be worked at  
lower temperatures on larger diameters;  thus it 
offers hope for larger sections having ductility. 

SURFACE PHENOMENON 

As noted above, removal of the surface layers of 
a swaged rod resulted in a remarkable increase in 
ductil i ty of the specimen. I t  was soon established 
tha t  the same technique applied to sheet and drawn 
wire as well. 

The effect was first noticed while tipping rods for 
wire drawing in which a 250 g/1 chromic acid-2.5 g/1 
sulfuric acid solution was used as an electrolyte. 
Chromium was made the anode and a strip of copper 
served as cathode. A current of 5-10 amp was passed 
through the cell for perhaps half a minute,  or until  
a sufficient amount  had been removed, sometimes 
as little as 0.002 in. in depth. Usually 0.005-0.01 in. 
on the diameter was removed. 

The mode of removal of the surface layer does not  
appear to be significant. Mechanical, chemical, and 
electrolytic methods all confer the beneficial effect. 
However, electrolytic etching was found to give su- 
perior results, as well as the smoothest, brightest 
surface, so this method was usually employed. 

Wain and Henderson (2) have reported ductil i ty 
in chromium sheet as a result of chemical etching of 

4 Produced by Acheson Colloids, Port Huron, Michigan. 

FIG. 3. Cold ductile wire, rod, and sheet 

the surface, and their results have been confirmed 
here using hydrochloric acid as the etchant.  Me- 
chanical removal of metal  by  use of polishing papers 
also serves to induce ductility, bu t  it is somewhat  
less effective than chemical or electrolytic t rea tment .  
Fig. 3 shows typical  specimens of room-temperature  
ductile chromium rod, wire, and sheet. 

The  phenomenon of dependency of ducti l i ty in 
chromium on the removal of certain surface layers 
has been anticipated in a British pa ten t  (11) ob- 
tained for a method of rendering brit t le tungsten 
ductile by  electrolytic removal of the surface layers. 
Short ly thereafter,  this laboratory made tests on 
chromium sheet using conditions stated in the pa tent  
with entirely negative results. 

Annealing appeared to improve bendabil i ty of 
unetched sheet slightly, but  all test specimens an- 
nealed above 500~ broke at  the slowest strain rate 
available. The etched specimens, however, continued 
to show excellent ducti l i ty in exploratory tests 
through 600~ when the number  of reverse bends 
before failure began to fall off, until  a specimen which 
had been heated to 900~ then etched, could be bent  
only 10 times before failure. Since the recrystalliza- 
tion temperature  was found by  x-ray examination 
to  be between 700 ~ and 800~ it was evident  tha t  
chromium sheet may  show some ducti l i ty in the 
recrystallized condition. Curiously, ducti l i ty in the 
recrystallized state could be produced in sheet, bu t  
not  in wire. 

Transition Temperature 

The  transition tempera ture  of ductile wire was 
found to be in the range of 0 ~ to - 10~ as tested in 
bending with a ram speed of 60 in . /min and as low 
as - 6 6 ~  when tested with a r a m  speed of 0.079 
in. /min.  
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Tensile Tests 

The tensile s t rength of electrolytic chromium at  
room tempera tu re  has been reported (15), as has 
tha t  of sintered powder compacts  (1), and of wrought  
and reerystallized chromium (16). 

Room- tempera tu re  tensile tests were made on 
etched drawn wire in various conditions of heat  
t rea tment .  A test  of surface-treated wire was also 
carried out at  240~ Specimens were prepared for 
testing by  an initial etch of the entire wire, then the 
grip-ends were s topped off, and a center gauge sec- 
tion was reduced by  fur ther  etching to insure fracture 
occurring in the gauge length. Specimens were held 
in Templin  grips or modified Jacobs chucks. The  
loading rate  was 0.02 in. /min.  

~r TESTING 

The effect of t empera ture  and pur i ty  on ductil i ty 
and other properties of brit t le chromium has been 
summarized for tests carried out exclusively on 
sintered powder compacts  (1). High porosi ty of such 
test  specimens leads to serious doubt  of the val idi ty 
of results recorded for mechanical  properties as de- 
termined by  bend, impact,  and tensile tests. The 
present investigation gave quite different results, 
and the differences m a y  be ascribed, in par t  at  least, 
to the use of wrought  chromium ra ther  than  sintered 
powder compacts,  somewhat  purer  chromium, and 
surface preparation.  

Bend Tests 

Bend tests were made using equipment  previously 
described (14) for testing britt le chromium to find 
the ductile-to-brit t le transit ion temperature .  One 
bender consisted of a simple two-point  suspension so 
arranged that a manually depressed ram would 
strike the center of the test coupon or wire and 
rapidly bend or break it. The other bender operated 
in a similar fashion except that the rate of ram ad- 
vance was adjustable by means of a variable speed 
drive mechanism. 

A further  test  was frequently employed on thin 
specimens as a criterion of ductil i ty:  the number  of 
times a specimen could be reverse bent  rapidly by  
hand, before failure. 

Results of bend testing air-rolled chromium sheet 
at  room tempera ture  (25~ are shown in Table  I. 
One sample as-rolled was shown to be bendable, but  
only a t  a slow strain rate. The  same sheet after  re- 
moval  of 0.003 in. f rom each surface still had not 
broken after  50 reverse bends. After subsequent dis- 
covery of the present  conditions for ductility, the 
t rea tment  recommended in the pa ten t  was repeated 
and this t ime found to give full ductility. The  ex- 
planation mus t  be tha t  the earlier chromium did not 

TABLE I. Bend testing of Cr sheet S-1 

Condition of sheet  

~ 
As-worked (0.013 

in. thick) 
200 Anneal 
300 Anneal 
400 Anneal 
500 Anneal 

600 Anneal 
700 Anneal 
800 Anneal 
900 Anneal 

in/in/so 

12.8 

24 
24 

<7 
12.6: 

<2.9 
<2.9 
<2.9 
<2.9 

Max. 
strain Knoo] 
rate* hardne '5 

10 5 

255 

261 
255 
255 
246 
271 
252 
243 
181 
157 

Thickness Reverse  bends 
af ter  before failure 

pickling 

0.007 in. >50 times 

Not determined 
Not determined 
Not determined 
Not determined 

0.0075 55 
0.007 33 
0. 008 22 
0. 005 10 

* Maximum strain rate for successful bending. 
t On bend after bending. 

have proper  characteristics for being made ductile, 
since careful etching to various depths did not  pro- 
duce ductile sheet. No specimen of the older chro- 
mium could be made ductile regardless of the extent  
of surface removal.  This  indicated t ha t  improved 
techniques for producing purer  meta l  and for me- 
chanical working to suitable s t ructure  were re- 
sponsible for the improvement  necessary to reach full 
ductility. 

Fur ther  indication of the surface removal  effect 
has been noted for beryll ium and vanadium.  Kauf-  
man,  Gordon, and Lillie (12) reported tha t  hot  
ductil i ty in beryll ium was improved by  deep etching. 
Kinzel (13) noted the necessity for quite drast ic 
surface removal  to obtain vanad ium sufficiently 
ductile for cold rolling. 

The  full explanation for the phenomenon of duc- 
t i l i ty obtained by  surface removal  techniques is 
lacking. Two possible causes are suggested im- 
mediately:  contaminat ion during the mechanical  
working steps, and /o r  a surface s t ructure  condition 
which m a y  contain microcracks as a result of work-  
ing. Fig. 4 shows on the left an as-drawn wire speci- 
men which was deeply etched on one half and was 

FIG. 4. Etched and bent wire on left (5X), arrow points 
to same zone in photomicrograph on right. 150X before 
reduced for publication. 
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bent cold. The arrow points to the boundary between 
the etched and unetched portions. The micro- 
structure of the region indicated by the arrow is 
shown on the right. While the unetched zone in- 
dubitably shows a more strongly worked structure, 
the difference appears to be only a mat ter  of degree. 
Hardness values taken across this specimen from 
outside edge to center showed that  the average 
hardness (Knoop) in the edge region was 308 and 
the average for the interior was 246. No indication 
of a particular inclusion was visible. 

As-worked.--The increased ductility of molyb- 
denum and tungsten as a result of cold working is well 
known. Significant tensile test results are given in 
Table I I  and are plotted in Fig. 5 to show the effect 
of increasing cold work on the tensile properties of 
chromium wire. The results show that  chromium 
work hardens to some extent, and that  the rate of 
work hardening increases slightly with increased 
working beyond 80% reduction in area. However, 
wires drawn at 350~176 to result in a reduction 
in area of 95 % without intermediate heat treatment,  
have very good bending properties in the as-worked 
conditions. The per cent elongation showed a varia- 
tion which is to be expected considering the differ- 
ent diameters used and the short gauge lengths. 
However, a general lowering of per cent elongation 
with increase in work was indicated. 

Two different types of fractures were exhibited 
by the as-worked specimens. There was the brittle, 
flat-granular failure which showed zero elongation, 
and there was a cup-cone fracture for the ductile 
failures. Test number 6 gave a 25 % elongation and 
failed with a double cup-cone fracture as illustrated 
in Fig. 6. 

Annealed. - -The effect of heat t reatment  on the 

TABLE II. Tensile strength of cold* worked chromium 
Load rate = 0.02 in./min. 

0.223 
0.216 
0.216 
0.223 
0.223 
0.216 
0.232 
0.223 
0.223 
0.223 
0.216 
0.216 
0.232 

Diameter  Diameter  of %Red 'n  in 
Tes t  No. a t  s tar t  test  sample area from 

(in.) (in.) drawing 

5 0. 062 92.1 
26 0.062 91.8 
27 0.062 91.8 
4 0.078 87.8 

20 0. 078 87.8 
14 0. 078 86.9 
8 0.105 79.6 
3 0.105 78.1 

19 0.105 78.1 
18 0.135 63.5 
12 0.135 60.8 
23 0.135 60.8 
6 0.180 39.7 

Ult. str.  
1000 psi 

100.6 
100.6 
98.2 
97.4 
97.2 
94.0 
85.8 
85.6 
87.5 
75.8 
76.6 
78.3 
70.4 

Elongation 
% in 
1 in. 

3t 
2~ 

10 
9 
7 
8 

10 
15 
12 
16 
24 
14 
25 

Fro. 5. Effect of cold work on ultimate strength 

tensile strengths of 0.060 in. diameter wires was 
noted by comparing the as-worked wires with those 
annealed at 700 ~ 800 ~ and 900~ The 700~ 
annealing was to represent stress relief, the 800~ 
anneal was to represent recrystallization, and the 
900~ was to represent recrystallization and slight 
grain growth. All annealing was done in purified 
hydrogen or helium atmosphere. Since tensile 
strength of individual wires varied somewhat, 
annealed wires were compared with other portions 
of the same wire when possible. Results of these 
tests are given in Table I I I  and show tha t :  (A) an- 
nealing }~ hr at  700 ~ appears to reduce the ult imate 
strength by about  15% and correspondingly in- 
creases the elongation; (B) recrystallization by 
heating for 3/~ hr at  800~ embrittled the specimens 
to the extent tha t  they could not be held in the ten- 
sile grips to obtain a test. 

Test at 240~ as-worked specimens were 
tested in tension at 240~ and the results compared 
with those tested at room temperature. Table IV 

* Cold working was by drawing at 400~ 
Broke outside gauge length; elongation due to "neck- 

ing" not included in elongation values. 
FIG. 6. Cup-cone tensile failure. 10X before reduced 

for publication. 
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TABLE III.  Tensile strength of as-worked and annealed wires 

Load rate 0.02 in./min. 

Tes t  No. Material  Condition Test  diam. (in.) Ult. str.  1000 psi Elong. % in 1 in. Remarks  

32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

45 

46 
47 
48 

W-28 
W-28 
W-32 
W-32 
W-32 
W-38A 
W-38A 
W-38A 
W-38A 
W-38A 
W-38A 
W-38A 
W-38A 

W-38A 

W-38B 
W-38B 
W-38B 

As-worked 
700~ hr 
As-worked 
As -worked 
700~ hr 
As-worked 
As-worked 
As-worked 
700~ hr 
700~ hr 
800~ hr 
800~ hr 
900~ hr 

900~ hr 

As -worked 
700~ hr 
700~ hr 

0.062 
0.062 
0.062 
0.062 
0.062 
0.062 
0.062 
0.062 
0.062 
0.062 
0.062 
0.062 
0.062 

0.062 

0.062 
0.062 
0.062 

100.6 
85.5 

100.6 
98.2 
85.5 

112.1 
106.1 
106.9 
91.7 
90.0 

Broke 

3 "  

6* 
2* 

10 
7* 
7 

10 
9 

12 
12 

in grips 
Broke in grips 
Broke in grips 

Broke in grips 

100.8 8 
95.3 0 

Broke in grips 

Recrystallized 
Recrystallized 
Recrystallized 

grain growth 
Recrystallized 

grain growth 

with slight 

with slight 

* Broke outside of gauge length; elongation due to "necking" not included in elongation Value. 

shows test results. Fracture of the 240~ tests were 
typified by smoother "necking" and a definite silky 
cup-cone failure. The ultimate strengths were 
lowered by 5-10% with some reduction in corre- 
sponding elongations. 

I m p a c t  Tests 

Chromium has been reported to have extremely 
low impact values (1). This also is a matter  of com- 
mon experience to those who have at tempted to 
work chromium cold. At temperatures up to 325~ 
values did not exceed 0.5 ft lb, and at 700~ the 
values were only about 8 ft lb, so that  chromium 
was considered to lack toughness even at tempera- 
tures well above the transition temperature. 

While not a test of ductile chromium, data on a few 
specimens of as-cast chromium are included to show 
that  above the transition temperature of about 350~ 
chromium displays excellent impact strength. 

Tests were made on unnotched Charpy specimens 
to compare better with other values (1). The 400~ 
test was made by removing the specimen from a fur- 
nace slightly above the test temperature and quickly 
placing it in the impact machine. Data  are shown 
in Table V. 

Room temperature impact values on as-cast mate- 
rial were so low as to be scarcely measureable. 
Results at a nominal 400~ however, showed the 
large value of 118 ft lb. The specimens did not frac- 
ture, so a valid test was not obtained. 

Lack of a suitable impact testing procedure for 
the smaller ductile rods and wires prevented inclu- 
sion of comparable data on ductile material. 

TABLE IV. Tensile strength of wire at 240~ 

Material  

W -29 
W-29 
W-29 

Tes t  diameter  U. T,  S. 1000 psi Elongation % in 1 in. 

. . . .  240~ 25~ 240~ 25~ 

0.135 79 71 16 16 
O.lO4 86 [ 78 [ lO / 7 
0.078 / 9 3  [ 8 8  I 8 / 5 

TABLE V. Impact test on as-cast chromium 

Specimen Number  Impac t  f t  lb 

_ TemP,400400400Room~ (Nominal) 1.5 
119~ 
128~ Avg. 118 
106) 

Torsion Test 

No values for torsional strength of chromium 
have been noted in the literature. Excellent duc- 
tility in tension contrasts strongly with lower re- 
sistance to impact. Light peening with a hammer  on 
ductile wire is sufficient to cause the wire to crumble. 
For  tha t  reason, behavior of ductile wire in torsion 
was of some interest. 

A small torsion testing apparatus was constructed 
having a variable speed mechanism arranged to 
turn a chuck at a prearranged rate. Specimens were 
prepared by etching chromium wire which had been 
drawn as described, and all were in the as-worked 
condition. The specimen was placed between this 
chuck and another which was prevented from rotat- 
ing by a lever arm with a weight attached. From the 
angle and weight needed to counterbalance the for- 
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TABLE VI. Torsion test 

Mean Gauge Ult. Ult. strain 
Run No. diameter length strength rev,/in. 

(in.) (in.) ps~ (gauge) 

T-2 
T-3 
T-4 
T-6 
T-10 

0.055 
0.051 
0.051 
0.051 
0.051 

2.75 
2.50 
2.88 
1.75 
3.00 

92,200 
93,000 
95,100 
94,800 
92,400 

9.35 
10.4 
20.5 
19.0 
23.4 

sion the torsional strength was computed. All tests 
were at 25~ Results of the tests are shown in Table 
VI. A typical torsion failure is shown in Fig. 7. 

The results show an unexpected strength and duc- 
ti l i ty in torsion. A maximum ult imate strength of 
about 95,100 psi and a strain of 23.4 turns to the 
inch was obtained. 

Creep Rupture 

A creep rupture value for vacuum-cast  electro- 
lytic chromium has been recorded at 1 rain for 20,000 
psi and 871~ (17). 

A single creep rupture test was carried out on a 
recrystallized specimen of high puri ty  chromium 
swaged rod. The load was initially 10,000 psi at  a 
temperature  of 500~ No creep was noted over a 
period of one week, so the load was raised to 15,000 
psi. The  specimen had 0.01 in. elongation in 1.53 
in. at the end of 1000 hr when the test  was discon- 
tinued. 

EFFECT ON DUCTILITY OF ADDED IRON OR 

NICKEL 

Regarding the effect of added elements on transi- 
tion temperatures  of chromium, it has been re- 
ported tha t  iron and particularly nickel raise it (1). 

To test  the effect of added iron and nickel in 
making alloyed chromium wire using production 
techniques known to produce ductil i ty in chromium 

Fla. 7. Torsion failure. Protuberances are lead- 
chromium compound remaining from incomplete etching. 
10X before reduced for publication.. 

alone, 1% alloys each of iron and nickel were made 
with high pur i ty  chromium. The powders were 
mixed, pressed into bars, sintered in hydrogen, 
and consumable arc-melted. The  ingots were 
sheathed and swaged at  1000~ The 1% nickel 
addition was found to be unusually hard in the as- 
cast condition (Rb88, while pure as-cast chromium 
is about  Rb55) and shattered badly upon swaging 
at  1000~ Remelt ing and reswaging of this ingot at  
1250~ showed little improvement.  

The case with the 1% iron alloy was different. 
Working to finished wire was accomplished with 
little difficulty, and the wire was ductile after  sur- 
face removal. Hardness of the 1% iron alloy 
was about  the same as tha t  of pure chromium, 
i.e., about  Rb55. One per cent iron increased the 
work hardening during wire drawing. Permissible 
reduction in area with the iron alloy during wire 
drawing at  400~ was about  one-half tha t  allowed 
with pure chromium, or about  45% and 95%, 
respectively, before annealing at  1200~ 

EFFECT OF DIFFERENT GASES ON BENDING 

OF WIRE 

As has been noted, chromium wire (hot worked 
from high puri ty,  arc-melted ingots) in the as- 
worked condition is brit t le at room temperature.  
Removal  of a very  thin surface layer renders the 
chromium ductile. The question was raised whether  
the embrittl ing was due to contamination of the 
surface by gases during processing and working. 
Hydrogen,  oxygen, and nitrogen were encountered 
in the normal processing of ductile wire or sheet. 
Samples of ductile chromium wire were t reated at  
various temperatures  for 1 hr in the various gases 
including helium as a control. After heat  t rea tment ,  
the specimens were bent  manually to tes t  for duc- 
tility. 

Three or four etched wire specimens, each about  
2 in. long and about  0.040 in. in diameter,  were 
placed in a closed end Pyrex tube which was evacu- 
ated to less than i ~ and backfilled with purified 
gas. 5 This was repeated twice, then the tube con- 
taining specimens was drawn off and inserted in a 
furnace at  the desired temperature.  After heat  treat-  
ment  the ampoule was broken open and the wires 
tested. Results of the tests with the different gases 
at the different temperatures  are given in Table  
VII  and show that :  

5 Cylinder nitrogen was purified by passing the gas 
through pyrogallol absorbers followed by a phosphorus 
pentoxide dryer. Cylinder oxygen was treated by passing 
the gas through a train consisting of 0.2N KMnO4, 0.1N 
KOH, and a phosphorus pentoxide dryer. Helium and 
hydrogen were both purified by passing through a Zr-Ti 
getter furnace at 850~ 
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T A B L E  VII.  Effect of different gases on ductility 

Run 

0-1 
0-4 
0-2 
0-3 
N-4 
N-5 

N-3 

N-1 

N-6 
N-7 
N-8 
V-1 

Ingot  
wlr~ 

SA45 
SA50 
SA45 
SA50 
SA50 
W-23 

W-24 

W -24 

W -29 
W -29 
W-36 
W -36 

Diam 

0.051 
0. 051 
0. 051 
0.051 
O.O54 
0.052 
0.036 
0.057 
0.036 
0.057 

0.052 
0.052 
0.052 
0.057 

Gas ~eI~l~ 

02 700 
O~ 600 
02 500 
02 400 
N2 600 
N2 500 

N2 400 

N~ 400 

Cyl. N2 400 
Cyl. N2 400 
Cyl. N2 700 
Vacuum 700 

rime 
(hr) 

4~ 

Color 

Scaly and  green 
Scaly and  green 
Scaly and  green 
Sl ight  green 
Black  and  t an  
Blue and  t an  

Sl ight ly  spo t ty  

Spots  of pale 
blue 

None 
Slight  t an  
Gray  and b lack  
Meta l l ic  gray 

Duct i l i ty  as t reated 

Br i t t l e  
Ben t  
Ben t  
Ben t  
Br i t t l e  
Br i t t l e  

Ben t  and  broke  

Ben t  and broke  

Ben t  
Ben t  
Br i t t l e  
Br i t t l e  

Diam- 
eter  
as 

etched, 
in. 

0.035 

0.034 
0.045 

0.040 

0.045 

0.048 
0.045 

Ductility as etched 

Ben t  

Ben t  
Ben t  

Ben t  and  broke  

Ben t  and  broke 

Bent 
Bent 

Remarks 

Bad sample  
Bad sample  

1. Oxygen became harmful somewhere between 
600 ~ and 700~ 

2. Nitrogen became harmful somewhere between 
400 ~ and 500~ 

3. Hydrogen and helium gases gave inconclusive 
results since observations indicated that the em- 
brittling effect may have been due to traces of nitro- 
gen. 

4. Only one sample 6 was tested in vacuum. An- 
nealing at 700~ for 1 hr resulted in a surface dis- 
turbance which rendered it unbendable in the as- 
annealed surface condition. 

5. Oxidation at 700~ seemed to be more pene- 
trating than nitriding at 700~ due possibly to the 
nature of the surface layer, the oxide being rather 
scale like and nonadherent as compared to the 
nitrided layer. 

6. Metallographic examination of four other 
samples 7 showed that there was no perceivable 
difference in nature or depth of the corrosion layer. 

Gaseous exposure tests indicated that  the in- 
fluence of nitrogen might bear more attention, and 
attempts were made to compare nitrogen contents 
in the surface layer and the body of the material. 
In one ease, the surface layer of a 0.250 in. diameter 
swaging was turned off and its nitrogen content com- 
pared with the interior of the swaging. 

R-1040 body 
R-1042 outer layer 

0.002 % N 
O.O2 % N 

In the other case, ductile 0.052 in. diameter wire was 
exposed to cylinder nitrogen at 700~ for 6 hr. The 
thickness of removal required to render it bendable 
again was estimated to be 0.00175-0.0015 in. Know- 

(V-l),  Vycor  enclosed. 
7 O-1, O-5, N-5, and  N-3, Table  VI I I .  

ing this, the entire sample was sent for nitrogen 
analysis and compared with nitrogen content of 
another section of the same wire which was not ex- 
posed to nitrogen. The discolored layer (0.00075 
in.) was removed before sampling. 

R-1086 nonexposed 0.0228 % N 
R-1087 entire exposed wire 0.0298 % N 

By calculation, concentration of nitrogen in the 
brittle layer was found to be approximately 0.1%. 

DISCUSSION 

Previous attempts to explain the brittle-ductile 
phenomenon in chromium have relied to a large 
extent on the presence of certain impurities, prin- 
cipally oxygen since it is usually the impurity present 
in largest amount. Pursuit of the highest purity 
chromium possible was a logical approach to the 
question of ductility in chromium, but as purer 
metal was made, it became apparent that purity 
was not the whole story. Kind and extent of de- 
formation were found to play a role. I t  has been 
asserted that oxygen has relatively little influence 
on the transition temperature (1), and the theory 
has been advanced that iron on the surface of chro- 
mium obtained from the steel sheath in rolling 
operations may be the cause of the brittleness (2). 
This is supported by investigators who found that  
iron raised the ductile-to-brittle transition tem- 
perature (1). 

Results of the present investigation do not agree 
with these findings concerning oxygen and iron. 
I t  is agreed that  oxygen may not be the sole cause of 
brittleness, but it is considered to be a contributing 
factor. The fact remains that to date the only room- 
temperature ductile chromium has also been low 
oxygen chromium. It  is possible that iron in high 
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concentration on the surface, as from sheath rolling, 
m a y  contr ibute to the  brittleness, but  the present  
experiment with a 1% iron alloy appeared to give 
mater ial  as ductile at  room tempera tu re  as pure 
chromium. 

Exper iments  with various gaseous atmospheres  
and the influence on the ductil i ty showed several 
unexplained features. Oxygen was not  found to be 
injurious up to 600~ while hydrogen, helium, and 
vacuum gave results similar to nitrogen. From 
appearances of the specimens it was suspected tha t  
traces of nitrogen present in the other gases m a y  
have been the embrit t l ing agent. The concentration 
of nitrogen in the britt le layer was found to be about  
0.1%, considerably higher than  expected. At  tem- 
peratures below 800~ (approximate  recrystalliza- 
tion temperature)  all specimens were ductile after  
etching, and oxygen specimens were ductile below 
700~ without  etching. Specimens heated in air to 
600~ however, were britt le before etching. 

No explanation for the brit t le behavior can be 
advanced on the basis of the present  work. A cold- 
ductile wire can be made brit t le by  heating in get- 
tered hydrogen to 600~ By removing as little as 
0.002 in. f rom the radius, the wire can be made com- 
pletely cold-ductile again. These results suggest tha t  
britt leness in chromium m a y  be due to any  one or a 
combination of several factors. Impuri t ies  such as 
oxygen, nitrogen, and nickel are considered to have 
possible influence, and the extent of cold work m a y  
be a factor. Cold-ductile wire heated above the re- 
crystallization tempera ture  is completely and per- 
manent ly  embrit t led.  However,  one sample s showed 
an elongation of 25 % after only a 40 % reduction in 
area, and a port ion of the worked area was removed 
by etching. So it was apparent  tha t  a completely 
cold-worked structure was not absolutely necessary 
for max imum cold-ductility as was considered previ-  
ously. 

Possible uses for fully ductile chromium will cer- 
tainly be in the field of heat  engines, where as an 
alloying agent  its properties of heat,  corrosion, and 
wear resistance are already utilized. Full use of the 
pure meta l  will not be possible, however, until the 
impact  s t rength at  room tempera ture  is increased. 
Nevertheless,  in view of the present relative ease of 
hot-forgeabil i ty and the good hot impact  strength,  
a possible use is for turbine-bucket  material .  

Potent ial  electronic uses for ductile wire are antici- 
pated where the high vapor  pressure at  temperatures  
above 800~ would not be a disadvantage.  Use as 

s Tensile test No. 6, Table II .  

a thermocouple element m a y  be possible. The  ex- 
cellent oxygen gettering p roper ty  would be of ad- 
vantage  for some uses. 

The  achievement  of room-tempera ture  ductile 
chromium leads to the confident expectat ion t ha t  
fur ther  investigation m a y  unlock all the secrets of 
ductil i ty dependence, not only for chromium, but  
for other body-center  cubic metals as well. 

ACKNOWLEDGMENT 

Acknowledgment  is made to W. J. K n a p p  who 
designed and carried out the torsion tests,  and to 
R. G. Nelson who reviewed the manuscr ipt .  

Acknowledgment  is also made to A. U. Seybolt  
and C. E. Lacy of Knolls Labora to ry  who performed 
the hot-extrusion of chromium. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 JOURNAL. 

R E F E R E N C E S  

1. A. H. SULLY, E. A. BRANDES, AND K. W. MITCHELL, 
J. Inst. Metals, 81, 585 (1953). 

2. H. L. WAIN AND F. HENDERSON, Proc. Phys. 
Soc. (London), 66, 515 (1953). 

3. H. T. GREENAWAY, "Pure Chromium, Its Production 
and Freezing Point," Report SM 163, Department 
of Supply, Aeronautical Research Laboratories, 
Melbourne, Australia, January 1951. 

4. G. ASAI AND H. JOHANSEN, "Massive Chromium,"  
Final Report  to Army Ordnance Corps, Watertown 
Arsenal Laboratory,  Watertown, Mass., September 
15, 1953. 

5. W. BLUM, Trans. Electrochem. Soc., 90, 87 (1946). 
6. H. T. GREENAWAY, S. T. JOHNSTONE, AND M. K. 

McQUILLAN, J. Inst. Metals, S0, 109 (1951). 
7. W. J. KROLL, W. F. HERGERT, AND L. A. YERKES, 

This Journal, 97, 258 (1950). 
8. H. L. GILBERT, H. A. JOHANSEN, AND R. G. NELSON, 

J. Metals, 5, 63 (1953). 
9. H. B. GOODWIN, R. A. GILBERT, C. M. SCHV~rARTZ, AND 

C. T. GREENIDGE, This Journal, 100, 152 (1953). 
10. F. ADCOCK, J. Iron Steel Inst., 115, 369 (1927). 
11. F. G. VaN DEN BORSCH, D. J. C. PURSER, D. S. B. 

SHANNON, AND VACUUM SCIENCE LTD., Brit ish Pat .  
554,829, November  1941. 

12. A. R. KAUFMAN, P. GORDON, AND D. W. LILLIE, Trans. 
Am. Soc. Metals, 42, 785 (1950). 

13. A. B. ]~INZEL, Metal Progr., 58, 315 (1950). 
14. H. L. GILBERT, I-I. A. JOHANSEN, AND R. G. NELSON, 

"Malleable  Chromium and Its Alloys,"  U. S. Bur. 
Mines Rept .  Invest .  4905, September 1952. 

15. A. BRENNER, P. BURKHEAD, AND C. JENNINGS, J. Res. 
Nat. Bur. Standards, 40, 31 (1948). 

16. It.  A. JOHANSEN, t'I. L. GILBERT, R. G. NELSON, AND 
R. L. * CARPENTER, "Tensile Properties of Pure Chro- 
mium at Elevated Tempera tures ,"  U. S. Bur. Mines 
Rept .  Invest.  5058, May 1954. 

17. R. M. PARSE AND F. P. BENS, "Chromium Base Alloys,"  
Symposium on Materials  for Gas Turbines,  ASTM, 
Nov.,  80 (1946). 



The Role of the Electric Arc Furnace in Utilizing Some 
Strategic Off-Grade Ores 

LLOYD H .  BANNING 

Ferrous Metals Branch, Region II ,  U. S. Bureau of Mines, Albany, Oregon 

ABSTRACT 

A dry-top, arc-resistance, electric smelting technique for recovering strategic nmtals 
from off-grade ores is described. Advantages of using a bulky form of reductant  such as 
hogged wood waste in the furnace charge are pointed out. Smelt ing test  data  on nickel 
ores, a siliceous manganese ore, off-grade chromite concentrates,  a fine grained chromite 
ore, and aluminmn silicates are presented. The relationship between a theoretical  smelt- 
ing efficiency and slag-to-metal  ratio is shown. The possibil i ty of applying this dry- 
top, arc-resistance, electric smelting technique to other  ores is indicated. 

INTRODUCTION 

I t  has been estimated that the United States con- 
sumed 2,300,000 short tons of manganese ore, 
1,334,000 tons of chromite, 106,000 tons of nickel, 
and 6,000,000 tons of bauxite in 1953 (1). Un- 
fortunately, our country is largely dependent on 
foreign sources for these vital ores. Approximately 
7 % of the manganese ore, 4 % of the chromite, and 
28% of the bauxite was produced from domestic 
deposits. About 1% of the nickel consumed in the 
country was produced as a by-product of the do- 
mestic copper refining industry. Stockpiling programs 
for manganese and chromite have materially in- 
creased the domestic production of these ores in the 
last two years. Domestic nickel production will also 
be increased when the Hanna Nickel Smelting Com- 
pany starts operation of their new electric ferronickel 
smelter near Riddle, Oregon, late in 1954. Since 
1947 the domestic production of bauxite decreased 
from 39% to its estimated present proportion of 
28 % of domestic consumption. 

There are many known off-grade deposits of 
nickel, chromium, manganese, and aluminum ores 
in continental United States which are not amenable 
to conventional mineral dressing and chemical treat- 
ment processes. The Bureau of Mines began in- 
vestigations several years ago to determine the 
feasibility of treating some of these off-grade ores 
by electric smelting processes. Ravitz and coworkers 
at the Intermountain Experiment Station, Salt Lake 
City, Utah, have published results of some of the 
Bureau's early smelting investigations on smelting 
off-grade nickel ores (2, 3). Torgeson and coworkers 
at the Boulder City, Nevada, station, have published 
results of matte smelting tests on Chamberlain, 

1 Manuscript  received April 9, 1954. This paper was pre- 
pared for delivery before the Chicago Meeting, May 2 to 6, 
1954. 
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South Dakota, manganese nodules (4). Batch smelt- 
ing tests on Mount, Montana, and Coquille, Oregon, 
chromite concentrates have been described by Wessel 
and Rasmussen (5). The practicability of using 
hogged fuel in electric smelting charges when smelt- 
ing Pacific Northwest ores was pointed out by 
Rasmussen (6). Cremer's report oil nickel smelting 
investigations at the Northwest Electrodevelopment 
Laboratory was released in January 1954 (7). 

Electric smelting research is being continued at 
the Northwest Electrodevelopment Laboratory, 
Albany, Oregon, on "selective reduction" operations 
where only part of the metal oxides are reduced to 
metal, on "nonselective reduction" operations where 
almost all of the metal oxides are reduced to metal, 
and on "complete reduction" operations where all 
of the oxides charged to the furnace are reduced and 
no slag is produced. This paper describes these 
various smelting techniques. 

FUNDAMENTALS OF ARC FURNACE SMELTING 

In arc furnace smelting operations carbon is added 
to the charge only to reduce the oxides to metal. The 
degree of reduction is dependent on the quanti ty of 
reductant in the charge. The heat for the reduction 
reaction is generated either by arcing on the molten 
bath, or by passage of the current through the molten 
slag, or by a combination of both. When an arc is 
maintained between the molten bath and the elec- 
trodes the operation is usually referred to as arc- 
resistance smelting; when the electrodes contact the 
slag the operation is referred to as slag-resistance 
smelting. Both roofed furnaces and open-top furnaces 
are used. Most of the smelting research at Albany 
has been carried out in open-top furnaces using a 
dry-top, arc-resistance, smelting technique. 

In dry-top, arc-resistance smelting operations 
reductants and usually fluxes are mixed with the 
ore and charged to the furnace. The reductant may 
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be coke, charcoal, sawdust, hogged fuel, metallic 
reductants such as ferrosilicon, or mixtures of these 
materials. When fluxes are used, fluxing reagents such 
as limestone or quartz are mixed with the charge so 
that the resulting slag will be fluid enough to tap 
from the furnace. When the furnace is operating 
normally, the charge is kept at a uniform thickness; 
the electrodes extend through the charge, and the 
useful heat for conducting the smelting is generated 
by arcing from the electrode tips to the molten bath 
and by the current passing through the slag; gas 
produced by the reaction escapes through the porous 
charge as it feeds continually into the smelting zone. 
Metal and slag are tapped from the furnace at regular 
intervals. 

The most noteworthy feature of the smelting 
method employed at Albany, Oregon, is the use of 
hogged fuel in the charge. Hogged fuel, a by-product 
of Oregon's.extensive lumber industry, is a mixture 
of wood chips, splinters, and sawdust resulting from 
feeding slabs, edgings, and other saw mill wastes 
through a machine called a "hog." Some advantages 
of using hogged fuel in the furnace charge are: (A) 
it forms a porous charge through which gases can 
readily escape and prevents crusting of the charge; 
(B) a hogged fuel charge serves as a heat insulating 
roof over the smelting zone; (C) the electrical con- 
ductivity of the charge is low; (D) vaporization and 
dust losses are minimized; and (E) the temperature 
of the smelting zone may be varied by adjustment 
of the proportion of hogged fuel to other reductants 
in the charge. 

When analyses of the charge materials are known, 
flux, carbon, and electric energy requirements for 
conducting any electric smelting operation can be 
calculated. Three reasons for using fluxes are: (a) 
to control slag melting temperature; (b) to prevent 
corrosion to furnace refractories; and (c) to improve 
recovery of the metallic constituents. The natural 
slag melting temperature can be determined with the 
aid of slag-phase diagrams (8). The amount of neces- 
sary fluxes to be added to the furnace charge for 
producing a fluid slag can be determined by the same 
means. Furnace charges that produce acid slags are 
usually smelted in carbon lined furnaces; however, 
such linings cannot be used when carbon is deficient 
in the charge as in the selective reduction of low- 
carbon ferronickel from siliceous nickel ores. Usually 
a high-iron slag is produced and, although the slag 
is acid, a basic magnesite lining is used because of 
its resistance to high iron slags. Enough limestone 
could be used to make the slag basic, but it is gener- 
ally good practice to keep the slag volume to a 
minimum. 

Carbon requirements may be calculated from 
molecular weights of the reactants and the equation 

for the reaction. An example of a carbon calculation 
is shown below: 

NiO q- C q- heat = CO q- Ni 

Therefore, 12.01 (mole wt C) lb C are required 
per 58.69 (mole wt Ni) lb Ni reduced, or 0.204 lb C 
are required per lb Ni reduced. 

In reducing a metal from its oxide it is assumed 
that the electrical energy required for the reaction 
is the same quantity as that liberated when the metal 
is oxidized. When calculating the efficiency of elec- 
trical energy utilization in the electric furnace the 
only energy coDsidered useful is that  required for 
this reaction. The change in heat content (electrical 
energy) of a given reaction, AH, is obtained by sub- 
tracting the heats of formation of all the reacting 
materials from the heats of formation of all the prod- 
ucts (9). An example of a calculation for determin- 
ing the theoretical electrical energy for reducing Ni 
from NiO is as follows: 

NiO -t- C -~- heat = CO ~ Ni 

- 57.8 kcal (NiO heat of formation per mole) -~- O = 
-26 .4  kcal (CO heat of formation per mole) q- O 

AH for producing one mole Ni from NiO = ( - 2 6 . 4  
q- O) -- (--57.8 q- O) = 31.4 kcal 

AH for 58.69 g Ni (one mole) = 31.4 kcal 

AH for 1 g Ni = 31.4/58.69 = 0.535 kcal 

AH for 1 lb Ni = 0.535 X 453~59 = 242.7 kcal 

1 kcal = 0.0011628 kwhr 

Therefore, 242.7 X 0.0011628 = 0.282 kwhr of 
electrical energy is the theoretical quanti ty re- 
quired to reduce 1 lb of Ni from NiO. 

The calculated carbon and energy requirements 
for producing metal from the ores discussed in this 
paper are: 

Ni Fe Mn Cr Ti AI Si 

L b  of C / l b  . . . . . . . .  0.20410.215 0.218 0.346t0.501 0 .668 0 .856 

K w h r / l b  . . . . . . . . . .  10.28210.35510.71710.95211.70 L3.03 12.so 

Slag-to-metal ratio, carbon specification for metal, 
slag conductivity, charge conductivity, and desired 
smelting temperature are most of the factors that  
determine the proper voltage-current relationship 
to use in a particular electric smelting operation. 
Although an exact formula for determining this re- 
lationship has not been developed, sufficient data 
are available to indicate certain operating principles. 
A comparatively high voltage-current relationship 
is employed where there is a high slag-to-metal ratio. 
This is especially true when it is desired to produce 
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a low-carbon metal  such as ferronickel from siliceous 
nickel ores. Slags produced when smelting these ores 
have comparatively high resistances. Contaminat ion 
of the metal with carbon and high electrode con- 
sumption is prevented by using a voltage-current 
relationship high enough to prevent  the electrodes 
from contacting the slag. Low-carbon ferronickel can 
also be produced from ferruginous nickel ores. Slags 
produced from these ores have a lower electrical 
resistance, due to the presence of iron oxide in the 
slag; a lower voltage-current relationship is used. 

In operations where no slag is produced, such as 
the production of aluminum-silicon alloys, a low 
voltage-current relationship is employed. In this 
case, it is also impor tant  to use a charge having a 
low electrical conductivity. If either the voltage- 
current relationship or the charge conductivi ty is too 
high, current flows through the charge causing the 
charge to heat above the smelting zone, the electrodes 
to rise, and the smelting zone to cool. A continuation 
of these conditions usually results in an inoperable 
furnace. Generally these conditions can be corrected 
by increasing the current to the furnace. However,  
the current at  which the maximum heating occurs 
is not necessarily the maximum current at  which the 
furnace will operate. The current  at  which the maxi- 
mum heating occurs may  be called the opt imum 
current. Optimum current in an electric arc furnace 
can be determined by  a method described by Cochran 
(10). Optimum current differs for each voltage tap 
in steel-making furnaces; in smelting furnaces, opti- 
mum current may  differ for each ore being smelted 
as well as for each voltage tap. 

DESCRIPTION OF SMELTING FURNACES 

Two 3-phase, cylindrical, s tat ionary,  pit-type, 
electric arc furnaces are available for making con- 
tinuous experimental smelting tests at  the Northwest  
Electrodevelopment Laboratory.  The large furnace, 
designated ESB, using 8-in. or 6-in. graphite elec- 
trodes has a shell 96 in. in diameter  and 78 in. high. 
Diameter  inside the refractory is 67 in. ; the height 
is 58 in. The small furnace designated ESA, using 
either 3-in. or 4-in. graphite electrodes, has a shell 
50 in. in diameter  and 55 in. high. Diameter  inside 
the refractory is 32 in., and the height is 39 in. Carbon 
brick or magnesite brick are used for furnace linings. 
Furnace hearths are usually rammed with carbon 
paste or periclase. Both  furnaces are used as open4op 
furnaces; however, provisions have been made for 
using a roof on the smaller furnace. 

The electrode clamp arm assemblies are cable- 
suspended with provisions for readily changing 
electrode spacing. Graphite electrodes are placed 
at  the corners of an equilateral triangle. Electrode 
current is automatically controlled by  a balanced- 

beam type  regulator. Ei ther  furnace when in use is 
connected to a 1000-kva Westinghouse t ransformer 
which has six voltage taps. The secondary busses 
of the transformer may be connected in series or 
parallel; when connected in series the voltage is ap- 
proximately twice the parallel connection voltage. 
The open circuit phase-to-phase voltage ranges from 
38 to 106 volts on the parallel connection and from 
80 to 220 volts on the series connection. 

SELECTIVE REDUCTION SMELTING TECHNIQUES 

Selective reduction smelting techniques have been 
employed to recover low-carbon ferronickel from 
off-grade nickel ores, high-purity iron from high- 
phosphorous iron ore, and to remove iron from man- 
ganese slags. The selective reduction technique is 
best illustrated by the results of a few of the tests 
on nickel ores. Table I shows the results of two 
smelting tests on Riddle ore from Douglas County,  
Oregon, two smelting tests on Cle Elum ore from 
Kit t i tas  County,  Washington, and one on Red Flat  
ore from Curry  County,  Oregon. All ores were t reated 
under dry-top smelting conditions. In addition, open- 
arc smelting was employed in one test on Riddle ore. 
In this test  the molten pool between electrodes was 
never allowed to become covered with raw charge. 
Also, a roofed furnace was used in one test  on Cle 
Elum ore. In this test coke was the only reductant .  

A cooperative agreement for conducting smelting 
research on Riddle nickel ore was entered into by 
the M. A. Hanna  Company and the Bureau of Mines 
in 1951. Smelting tests on Riddle ore, discussed in 
this paper, were made while the cooperative agree- 
ment  was in effect. Although the results were promis- 
ing, the Hanna  Nickel Smelting Company chose 
another  process for ferronickel product ion at  their  
new plant. 

Examinat ion of Table I indicates tha t  higher pro- 
portions of carbon are required in the charge when 
smelting an ore high in iron. Only 3.92 times the 
carbon required to reduce the nickel oxide in the ore 
was used in the test  on Riddle ore. The alloy product  
contained about  twice as much iron as nickel. In  the 
test  on Red Fiat  ore, 12.8 times the stoichiometric 
proportion of carbon was used to produce an alloy 
containing about  8.5 times as much iron as nickel 
and, in the test  on Cle Elum ore to produce a similar 
alloy, 32.5 times as much carbon was added to the 
charge as was theoretically required to  reduce the 
nickel in the ore. Par t  of the carbon was undoubtedly  
consumed in reducing the Fe203 to FeO. Analyses 
indicate tha t  more nickel is lost in the slag when a 
higher grade nickel metal  is produced. The  calculated 
nickel recovery for the tests on Red Flat  and Cle 
Elum ore were both  higher than the recovery on 
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T A B L E  I. S e l e c t i v e  r e d u c t i o n  t e s t s  o n  n i c k e l  o r e s  

Type of smelting 

Ore ana lyses ,  % 
Ni  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Fe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C,* ra t io  to s toich,  p rop  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Lb of l imes tone/100 lb of ore . . . . . . . . . . . . . . . . . . . . . . . . .  

Time  of t es t ,  h r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Feed  ra te ,  lb o r e / h r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Elec t r ica l  cond i t ions  : 
Vol tage,  p h a s e - t o - p h a s e  . . . . . . . . . . . . . . . . . . . . . . . . . .  

Cur ren t ,  a m p  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
K w  inpu t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

K i l o w a t t - h o u r s  : 
Pe r  ton  dry  ore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Pe r  lb of Ni in me ta l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Per  lb of meta l ,  

Theore t i ca l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Actua l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Efficiency, o70 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
E lec t rode  c o n s u m p t i o n ,  l b / t o n  d ry  ore . . . . . . . . . . . . . . .  
S l ag - to -me ta l  ra t io  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
T y p i c a l  me ta l  ana lys i s :  

Ni,  % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Fe,  % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C ,  ~o . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Slag analys is ,  % 

Ni  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Fe  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ni  r ecovery  in meta l ,  % t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Dry- top 

1.5 
15.2 
3.92 

None  
88 

471 

205 
400 
206 

875 
47.9 

0.34 
15.4 
2.18 

12.2 
15.9 

32.2 
69.2 

0.05 

0.22 
15.0 
83.3 

Riddle 

Open-arc 

1 . 5  

15.2 
3.92 

None  
2O 

343 

158 
700 
197 

1145 
67.0 

0.32 
23.6 

1.37 
32.0 
19.5 

35.2 
63.1 

0.05 

0.21 
15.7 
83.4 

Cle Elum 

Dry-top 

1.19 
45.9 
46.7 
12.0 
27 

460 

120 
1600 
300 

1335 
72.1 

0.35 
5.7 
6.17 
9.2 
6.3 

7.85 

0.05 

0.04 
39.8 
96.2 

Roofed 

1.19 
45.9 
32.5 
12.0 
53 

266 

120 
1000 
2OO 

1580 
84.5 

0.35 
9.4 
3.68 

18.4 
9.6 

11.12 

0.10 

0.05 
42.5 
96.0 

Red Flat  
Dry-top 

0 . 7 4  

28.2 
12.8 

None  
72 

409 

200 
653 
225 

1072 
88.1 

0.34 
13.2 

2.57 
10.5 

' 1 4 . 9  

10.8 
86.8 

0.06 

0.08 
33.0 
87.1 

* C a r b o n  requ i red  for  NiO oifly. 
t Recove ry  figures based  on we igh t s  and ana lyses  of s lag and me ta l  p r o d u c t s .  

Riddle ore mainly because lower grade ferronickel 
alloys were produced. 

The highest voltage tap was used in the tests on 
Riddle and Red Flat  ores. Lower voltage was em- 
ployed in tlle tests on Cle Elum ore. The operation 
indicated that  the high-iron slag from the Cle Elum 
ore was a bet ter  conductor of electricity than the 
slags produced from Riddle and Red Flat  ore. There- 
fore, to maintain stable arcs in the furnace, a lower 
voltage was employed. 

Calculations indicate tha t  higher efficiencies were 
obtained at  higher kilowatt inputs. Electrode con- 
sumption appeared to be inversely proportional to 
kilowatt input. Results also indicate tha t  efficiency, 
which is the percentage relationship between the 
theoretical electrical energy requirement and the 
actual requirement, increased as the slag-to-metal 
ratio decreased. Perhaps, the most significant figure 
in Table I is the kilowatt hour consumption per 
pound of nickel recovered. This figure, inversely 
proportional to the nickel content of the ore, varied 
from 47.9 for 1.5 % Ni Riddle ore to 88.1 for 0.74 % 
Ni Red Flat  ore. 

NONSELECTIVE REDUCTION SMELTING 

Nonselective reduction smelting may  be defined 
as smelting operations in which no a t t empt  is made 
to prevent  small amounts  of carbon, silicon, and other 
impurities from reducing into the metal  product.  The 
quant i ty  of carbon added to the charge is not  as 
critical as in selective reduction smelting or in com- 
plete reduction smelting, and the slag-to-metM ratio 
is much lower than in selective reduction smelting. 
Typical  examples of nonselective smelting operations 
are the production of pig iron, high-carbon ferro- 
chrome, and silicomanganese. 

Smelting Tests on a Siliceous Manganese Ore 

Present  General Service Administrat ion stockpile 
specifications limit the SiO2 plus A1203 content  of 
manganese ores to 15 %. Smelting tests at  the North-  
west Electrodevelopment  Labora tory  have shown 
tha t  this l imitation on Si02 and A1203 has little bear- 
ing on the usefulness of manganese ore for the manu- 
facture of silicomanganese. Table I I  shows the re- 
sults of four dry- top smelting tests on a siliceous 
manganese ore, rhodonite, from southern Oregon, 
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T A B L E  II .  S m e l t i n g  t e s t s  o n  a s i l i c e o u s  m a n g a n e s e  o r e  

Furnace used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Ore analysis, % 
M n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Si02 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C,* ratio to stoieh, prop . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Lb of limestone/lO0 lb ore . . . . . . . . . . . . . . . . . . . . . . . . .  
Time of test, hr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Feed rate,  lb ore /hr  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Electr ical  conditions : 
Voltage, phase-to-phase . . . . . . . . . . . . . . . . . . . . . . . . .  
Current,  amp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Kw input  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Kilowatt-hours  : 

Per ton ore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Per lb metal  
Theoretical  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Actual  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Efficiency, % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Electrode consumption, lb 

Per ton ore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Per ton metal  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Slag-to-metal  ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Metal  analysis, % 
M n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

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

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

Slag analysis, % 
M n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

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

SiO~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C a O  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

MgO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Basicity of slag** . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Mn recovery in metal,  % t  . . . . . . . . . . . . . . . . . . . . .  . . . . . .  

T e s t  No.  

71-1 68 1 68-3 5-3 85 2 

Small 

24.8 
2.06 

45.5 
1.43 

12 
7.8 

239 

124 
870 
190 

1,610 

1.04 
5.43 

19.1 

23.0 
148.4 

3.80 

64.7 
8.6 

19.3 

15.6 
0.25 

52.3 
12.5 

1.2 
0.29 

52.0 

Small  

24.8 
2.06 

45.5 
1.38 

23 
8.6 

210 

110 
1,000 

200 

2,000 

Small 

24.8 
2.06 

45.5 
1.20 

36 
11 

191 

110 
1,0O0 

200 

2,040 

Large 

27.2 
2.1 

45.2 
1.34 

42 
8.5 

471 

124 
2,300 

5OO 

2,080 

1.05 1.03 
5.11 4.13 

20.5 24.9 

37.0 37.0 
134.0 134.0 

3.31 2.96 

65.9 63.8 
8.5 7.7 

19.5 19.6 

12.2 8.4 
0.33 2.0 

51.2 48.0 
22.3 30.0 

1.81 2.77 
0.52 0.76 

62.0 71.4 

1.07 
2.94 

36.4 

23.6 
80.8 

2.01 

66.3 
6.9 

20.2 

6.8 
0.4 

46,0 
33,4 

1.3 
0.82 

86.1 

Small 

32.4 
3.2 

40.7 
1.20 

42 
6.6 

167 

120 
960 
200 

2,460 

0.96 
3.53 

27.2 

35.6 
110 

2.14 

73.7 
6.0 

14.8 

4.1 
0.70 

40.0 
40.0 

4.2 
1.24 

89.2 

* Theoret ical  carbon required to produce silicomanganese. 
** Basicity is the mole ratio of the basic const i tuents  to the acid consti tuents.  
t Manganese recovery based on weights and analyses of metal  and slag products.  

b- 
T h i s  ore  c o n t a i n e d  m o r e  t h a n  45 % sil ica.  T h e  f i f th  z 

t e s t  was  m a d e  oil  a s i nk - f loa t  c o n c e n t r a t e  f r o m  t h i s  o ,r 
s a m e  ore. T h e s e  p a r t i c u l a r  s m e l t i n g  t e s t s  w e r e  se- " '  

l e c t e d  to  s h o w  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  b a s i c i t y  

of t h e  s lag a n d  t h e  m a n g a n e s e  r e c o v e r y  in t h e  s i l ica-  " Ul 

m a n g a n e s e  p r o d u c t .  L i m e s t o n e  w a s  u s e d  in  a l l  t h e  > 
o 

t e s t s  for  c o n t r o l  of b a s i c i t y .  O n e  of t h e  t e s t s ,  5-3, w a s  ,,, 

c o n d u c t e d  in  t h e  l a rge  f u r n a c e ,  t h e  r e m a i n d e r  b e i n g  

c o n d u c t e d  in  t h e  s m a l l  f u rnace .  C a r b o n  v a r i e d  be-  

t w e e n  1.30 a n d  1.43 t i m e s  t h e  s t o i c h i o m e t r i c  p r o p o r -  z w 

t ion ,  t h e  h i g h e s t  p r o p o r t i o n  b e i n g  u s e d  in  t h e  t e s t  o 

in  w h i c h  t h e  s m a l l e s t  a m o u n t  of l i m e s t o n e  w a s  a d d e d  

t o  t h e  cha rge .  T h e  h i g h e s t  m a n g a n e s e  r e c o v e r y  w a s  

m a d e  on t h e  s ink - f loa t  c o n c e n t r a t e .  T h e  r e l a t i o n s h i p  

b e t w e e n  t h e  b a s i c i t y  of t h e  s lag a n d  t h e  m a n g a n e s e  

r e c o v e r y  is p l o t t e d  in F ig .  1. 

9 0  

8 0  

7 0  

6 0  

/ 

o/ 
o Tests in Small Furnace 

�9 Tes~'s in Large Furnace 

5 o  I ( 
o.z5 0.50 o.~,5 ,.oo 

SLAG BASICITY 

FIG. 1. Relat ionship between slag basicity and manga- 
nese recovery. 
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R e s u l t s  of s m e l t i n g  t e s t s  s h o w  a m o r e  e f f i c ien t  u se  

of  e l e c t r i c a l  e n e r g y  a n d  e l e c t r o d e s  in  t h e  l a rge  f u r n a c e  

t h a n  in  t h e  s m a l l  f u r n a c e .  T h e  c a l c u l a t e d  e f f i c i ency  

w a s  u p  t o  36.4 % for  t h e  t e s t  in  t h e  l a rge  f u r n a c e  a n d  

v a r i e d  b e t w e e n  19 a n d  27  % for  t e s t s  in t h e  s m a l l  
f u rnace .  

S m e l t i n g  T e s t s  o n  O f f - g r a d e  C h r o m i t e s  

R e s u l t s  of t w o  s m e l t i n g  t e s t s  e a c h  on o f f -g rade  

c h r o m i t e  c o n c e n t r a t e s  f r o m  M o u a t ,  M o n t a n a ,  a n d  

C o q u i l l e ,  O r e g o n ,  a n d  one  t e s t  on I r o n  K i n g ,  G r a n t  

C o u n t y ,  Oregon ,  c h r o m i t e  o re  a r e  s h o w n  in  T a b l e  

I I I .  Q u a r t z  was  t h e  o n l y  f lux u s e d  in  t h e  f u r n a c e  

cha rges .  H o g g e d  fue l  a n d  coke ,  c o r r e c t l y  p r o p o r -  

t i o n e d ,  w e r e  t h e  r e d u c t a n t s .  T h e  use  of h o g g e d  fue l  

m a d e  i t  p r a c t i c a l  to  s m e l t  t h e  c h r o m i t e  c o n c e n t r a t e s  

w i t h o u t  p r e v i o u s  a g g l o m e r a t i o n .  

F o u r  of t h e  f ive  s m e l t i n g  t e s t s  on c h r o m i t e ,  s h o w n  

in  T a b l e  I I I ,  w e r e  m a d e  in t h e  s m a l l  f u r n a c e .  O n e  

of the tests on Coquille concentrates was made at 
a phase-to-phase voltage of 158, the other three tests 
were made at a voltage of 200. The kilowatt input 
varied between 185 and 280, and was highest at the 
higher voltage. Electrode consumption was less and 
the reductant requirement was more when operating 
at the high voltage. 

One smelting test on Mount chromite concentrates 
was made in the large furnace. Results again indi- 
cated a more efficient use of electrical energy in the 
large furnace. Average calculated efficiency was 
higher for the chromite smelting tests than for the 
siliceous manganese smelting tests. The lower slag- 
to-metal ratio and the higher kilowatt input were 
factors contributing to the higher smelting efficiency. 

The smelting test on Iron King chromite ore is 
noteworthy. The ore contained only 26.2 % Cr20~ 
and the slag-to-metal ratio was approximately twice 
as high as when smelting concentrates, but the kilo- 

TABLE I I I .  S m e l t i n g  tests  on  o f f -grade  c h r o m i t e s  

H e a d  s a m p l e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  M o u a t  conc. Coqui l le  conc. I ron  K i n g  ore 

T e s t  N o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  124 

Furnace used . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ore analysis, % 

Cr~O~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
F e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S i O 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

M g O  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A120, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Lb of quartz/100 lb ore . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C,* ratio to stoich, prop . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Time of test,  hr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Feed rate, lb ore /hr  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Electr ical  conditions 
Voltage, phase-to-phase . . . . . . . . . . . . . . . . . . . . . . . . . .  

Current ,  amp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Kw input,  avg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Kilowatt-hours  : 
Per  ton ore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 123 

Large Small 

36.4 36.4 
18.1 18.1 
7.7 7.7 

16.0 16.0 
22.9 22.9 
20.8 22.0 

1.29 1.81 
73 101.6 

487.6 279.5 

153 200 
1800 900 
450 280 

1848 2007 

91 122 

Small Small 

33.6 33.6 
17.7 17.7 
3.0 3.0 
9.4 9.4 

25.2 25.2 
20.0 20.0 

1.41 1.82 
25 137 

168 237 

158 200 
700 900 
185 255 

2200 2155 
Per  lb Cr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Per  lb metal  

Theoret ical  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Actual . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Efficiency, % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Electrode consumption, lb 

Per ton ore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Per lb of Cr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Slag-to-metal  ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Metal  analysis, % 

C r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

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

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

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

Slag analysis, % 
C r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Fe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Cr recovery in metal ,  %t  . . . . . . . . . . . . . . . . . . . . . . . . . .  

4.33 

0.766 
2.15 

35.6 

39.1 
0.092 
1.41 

49.8 
36.0 

5.90 
6.53 

2.64 
2.67 

93.0 

4.53 

0.698 
2.24 

31.2 

11.6 
0.026 
1.34 

49.4 
37.4 

3.38 
6.70 

3.15 
2.44 

92.1 

4.81 

0.726 
2.40 

30.2 

55.1 
0.120 
1.38 

49.9 
34.6 
4.58 
7.04 

2.78 
1.50 

92.9 

4.53 

0.718 
2.19 

32.8 

23.5 
0.049 
1.08 

48.3 
34.9 
4.82 
7.37 

3.59 
2.41 

92.5 

Small 

26.2 
9.58 

16.8 
21.6 
12.0 
17.0 

1.65 
40.7 

309 

200 
900 
248 

1610 
4.50 

0.758 
2.65 

28.6 

10.5 
0.029 
2.55 

54.8 
32.5 
4.35 
7.13 

3.57 
3.31 

87.2 

* Percent of theoret ical  C required to reduce Cr and Fe in charge. 
t Cr recovery based on weights and analyses of metal  and slag products.  
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TABLE IV. Corn 

Furnace used 

Materials charged, lb: 
Clay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Quartz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Ferrochrome . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C, ratio of stoich, prop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Time of test, hr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Feed rate, lb ore/hr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Electrical conditions : 

Voltage, phase-to-phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Current, amp .......................................... 

Kw, input .............................................. 

Kilowatt-hours : 

~lete reduct ion  smel t ing  

Aluminum-silicon alloy Chrome silicide 

Small Small Large Large 

1.02 ~ 
72 
53 

100 

52 
1600 
135 

74 
26 

0 
102 
50 

38 

2100 
140 

.95 c 

100 
55" 

1.02 d 
91.5 

154 

42 
5000 
350-400 

100 
55 ~ 
0.97 ~ 

94.4 
190 

54 
4500 
420 

Per ton ore ................. ............................ 

Per ib of alloy, 

Theoretical ........................................... 

Actual ................................................ 

Efficiency, % ............................................ 

Electrode consumption, lb 
Per ton ore . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Per lb of alloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Alloy analysis, % 
A1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Si . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

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

Ti . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5080 

2.67 
7.1 

37.6 

115 
0.16 

46 
43 

5.8 
3.2 

5560 5000 ~ 

150 

2.62 2.80 
6.7 7.34 f 

39.1 38.1 

51.3o 
0.18 0.067 h 

33 
55 44.9 

- -  28.3 
8 22.1 
3 

- -  0.04 

4321" 

2.80 
5.38/ 

52.0 

55.14o 
0.063 h 

47.1 
30.9 
17.0 

0.035 

Mouat ferrochronm. 
b Iron King ferrochrome. 

Theoretical carbon required to reduce the SiO2 and A120~ in the charge. 
d Theoretical carbon required to reduce only the S iQ  in the charge. 
e Kilowatt-hour consumption per ton of quartz in the charge. 
] Kilowatt-hour consumption per pound of silicon produced. 
g Electrode consumption per ton of quartz in the charge. 
h Electrode consumption per pound of silicon produced. 

w a t t - h o u r  c o n s u m p t i o n  pe r  p o u n d  of c h r o m i u m  re- 
covered  in t h e  f e r r o c h r o m e  p r o d u c t  was  a b o u t  t he  
same  as  when  sme l t ing  the  h igher  Cr203 c on t e n t  
concen t ra tes .  E i g h t y - s e v e n  per  cent  of t h e  c h r o m i u m  
was  r ecove red  in t h e  m e t a l  p r o d u c t ,  wh ich  was  on ly  
5 % lower  t h a n  t h e  r e c o v e r y  o b t a i n e d  when  sme l t ing  
concen t ra tes .  

COMPLETE REDUCTION SMELTING 

P r o d u c t i o n  of a luminum-s i l i con  a l loys ,  si l icon, 
ch rome si l icide,  and  fer ros i l icon  a re  examples  of com- 
p le te  r educ t i on  sme l t ing  processes.  I n  these  opera-  
t ions ,  all  oxides  cha rged  to  t he  fu rnace  are  reduced .  
N o  s lag is t a p p e d  f rom the  fu rnace  unless  t h e r e  is a 
def ic iency of r e d u c t a n t  in  t h e  sme l t ing  charge .  E lec-  
t rodes  arc  d i r e c t l y  on t h e  m o l t e n  m e t a l  b a t h  a n d  a 
m u c h  lower  vo l t age  is used  t h a n  when  conduc t i ng  
a smel t ing  o p e r a t i o n  in which  s lag is p r o d u c e d .  Use  
of hogged  f u e l  in t he  charge  is e spec ia l ly  benef ic ia l  
iu  con t ro l l ing  the  feed r a t e  to  t h e  sme l t ing  zone 
and  m a i n t a i n i n g  a con t inuous  sme l t ing  ope ra t ion .  

T e s t s  on the  p r o d u c t i o n  of a l u m i n u m - s i l i c o n  a l loys  
con ta in ing  f rom 33 to  46 % a l u m i n u m ,  a n d  on the  
p r o d u c t i o n  of ch rome  si l icide a re  shown in T a b l e  IV.  
Tes t s  on p r o d u c t i o n  of a l u m i n u m - s i l i c o n  a l loys  were  
m a d e  in t he  smal l  f u rnace ;  t hose  on p r o d u c t i o n  of 
ch rome  si l icide were  m a d e  in t h e  la rge  furnace .  

T e s t s  o n  A l u m i n u m - S i l i c o n  A l l o y  

T h e  first  r esearch  p r o g r a m  on p r o d u c t i o n  of a lu-  
minum-s i l i con  a l loys  was  c o n d u c t e d  in  coope ra t i on  
w i t h  t he  A p e x  S m e l t i n g  C o m p a n y  of Chicago .  I t  
was  du r ing  th i s  sme l t i ng  c a m p a i g n  t h a t  hogged  fuel  
was  f irst  used  in fu rnace  charges .  P r o m i s i n g  t e s t  re- 
su l t s  o b t a i n e d  a t  t h a t  t i m e  h a v e  led  to  commerc ia l i za -  
t i on  of t h e  a luminum-s i l i con ,  3 -phase  e lec t r ic  fu rnace ,  
sme l t ing  process  b y  t h e  N a t i o n a l  M e t a l l u r g i c a l  
C o r p o r a t i o n  a t  Spr ingf ie ld ,  Oregon.  

P r o d u c t i o n  of a l u m i n u m - s i l i c o n  a l loy  in an  e lec t r ic  
a rc  fu rnace  is p r o b a b l y  the  m o s t  diff icult  s m e l t i n g  
o p e r a t i o n  c o n d u c t e d  a t  t h e  N o r t h w e s t  E l e c t r o -  
d e v e l o p m e n t  L a b o r a t o r y .  T h e  cor rec t  q u a n t i t y  of 
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reductants properly proportioned is necessary to 
maintain a continuous smelting operation. A de- 
ficiency of carbon results in a selective reduction of 
silicon from the aluminum silicates and formation 
of a slag high in alumina. Unless tapping temper- 
atures are extremely high, this slag cannot be drained 
from the furnace. An excess of carbon in the charge 
promotes formation of carbides which accumulate 
on the furnace hearth causing the electrodes to rise 
and eventually prevents t~pping of the furnace. Da ta  
presented in Table IV indicate tha t  an almost 
stoichiometric proportion of reduetant  was used. 

In one test, only calcined clay and reductant  were 
used in the furnace charge and a phase-to-phase 
voltage of 52 was employed; in the other test, quartz 
was mixed with the charge and the voltage was re- 
duced to 38. The lat ter  test was the easier operation. 
The difficulty of smelting aluminum silicates in- 
creases as the aluminum content of the charge in- 
creases. Efficiencies for these tests were considerably 
higher than for nonselective reduction smelting 
tests. 

Tests on Production of Chrome Silicide 

The silicon content of the chrome silieide product  
may  be controlled by  proportioning of quartz and 
ferrochrome in the charge. Standard grades of chrome 
silicide contain from 42 to 49 % silicon, 34 to 41% 
chromium, and not  over 0.05% carbon. Chrome 
silicide products containing less silicon usually ex- 
ceed the maximum specifications for carbon. 

Both  chrome silicide smelting tests were conducted 
in the large furnace. The proportion of reductant  
used is comparable to that  used in the production 
of aluminum-silicon alloys. Voltages used and elec- 
trical energy consumption per ton of oxides re- 
duced were also comparable, although electrode con- 
sumption was considerably less. Results of these 
tests are shown in Table IV. 

EFFECT OF SLAG-To-METAL RATIO ON 

SMELTING EFFICIENCY 

Efficiencies of all smelting tests presented in this 
paper are shown in the tables. These efficiencies have 
been calculated from theoretical electrical energy 
requirements and actual electrical energy require- 
ments for production of the various alloys. For  
example, the theoretical electrical energy require- 
ment  for the production of ferrochrome from Iron 
King ore, shown in Table III ,  is calculated as follows: 

54.8 (Cr content) X 0.952 
(kwhr for production of 1 lb Cr) = 0.521 

32.5 (Fe content) X 0.355 
(kwhr for production of 1 lb Fe) = 0.115 

4.35 (Si content) X 2.80 
(kwhr for production of 1 ib Si) = 0.122 

Theoretical kwhr requirement per lb alloy produced 0.758 

50 
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FIG. 2. Relationship between slag-to-metal ratio and 
smelting efficiency. 

The actual electrical energy requirement for the 
production of 1 lb alloy was 2.65 kwhr. Using these 
data  the efficiency of utilization of electrical energy 
is calculated to be 28.6 %. 

The relationship between the efficiency of electri- 
cal energy utilization and the slag-to-metal ratio 
for tests described in this paper is plot ted in Fig. 2. 
The curves show how the efficiency of an electric 
smelting operation increases as the slag-to-metal 
ratio decreases, and indicate tha t  this relationship is 
not materially affected by  the type  of material  being 
smelted. Admittedly,  other  factors effect the ef- 
ficiency of electrical energy utilization, for instance, 
the curves indicate tha t  the efficiency is higher in a 
large furnace than in a small furnace. In  one test  
on production of chrome silicide in the large furnace, 
the efficiency was calculated to be 52 %. This ef- 
ficiency is believed to be comparable to tha t  a t ta ined 
in many  commercial furnaces. 

CONCLUSIONS 

Smelting research in electric arc furnaces has in- 
dicated that  some off-grade ores are amenable to 
t rea tment  by  smelting processes for the product ion 
of strategic metals. These investigations have led to 
some commercial developments.  The  Nat ional  
Metallurgical Corporation has begun product ion of 
aluminum-silicon alloys in an electric are furnace at  
Springfield, Oregon. These alloys will be used to 
supply silicon for, and supplement a luminum in, 
commercial aluminum alloys. The  Hanna  Smelting 
Company plans to s tar t  production of ferronickel 
in electric arc furnaces near Riddle, Oregon, late 
this year. Previous to  the initiation of these enter- 
prises, the Bureau of Mines at  Albany, Oregon, had 
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conducted smelting tests in cooperation with both 
companies. 

Smelting tests have shown that  a commercial 
grade silicomanganese can be produced from a 
siliceous manganese ore containing over three times 

the SiO~ plus Al:O~ content acceptable under GSA 
stockpile specifications. Smelting tests oil chromites 
have indicated that  concentrates can be smelted 
without agglomeration and that  a high recovery of 
chromium can be made by smelting a fine-grained 
chromite directly. These results indicate that  pro- 
duction of silicomanganese from off-grade manganese 
ores, and ferrochrome and chrome silicide from off- 
grade chromites is commercially feasible. 

Results of these tests indicate tha t  the efficiency 
of electrical energy utilization is mainly dependent 
on the slag-to-metal ratio. A method has been de- 
scribed for determining this efficiency. Also, methods 
used in determining flux requirements, reductant 
requirements, and in selecting the proper electrical 
conditions for smelting operations have been de- 
scribed. These methods may be applied in selecting 

the proper conditions for carrying out electric smelt- 
ing operations on ores other than those reported. 

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 JOURNAL. 
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A New Furnace  for P r o d u c t o n  o f  Calc ium Carbide and 
Other Produc t s  I 

M A R V I N  J .  U D Y  

546 Portage Road, Niagara Falls, New York 

ABSTRACT 

A new type of furnace has been developed for the manufacture of calcium carbide 
and high melting metals, alloys, and metallic carbides. The furnace is designed to move 
under the electrodes continuously, thus removing products as they are made. A large 
pilot plant furnace is needed to determine fully its advantages or disadvantages. 

I N T R O D U C T I O N  

The manufacture of CaC2 had its beginning at the 
turn of the century, and many  pert inent  patents  
were issued between 1898 and 1908 (1-9). 

Most  early furnaces utilized single-phase power 
with top and bot tom electrodes or with two sus- 
pended electrodes. Two of the most successful 
furnaces produced by  these early workers were the 
continuous Horry  furnace (1), and one presented by  
Leleux (6). 

The Hor ry  furnace, in operation at Niagara Falls 
during the period 1910-1915, was a ro tary  type,  
using single-phase power with two electrodes. The 
electrodes were suspended in a cast iron receptacle 
tha t  moved away from the electrodes on the circum- 
ference of a vertical rotating wheel. To remove the 
carbide formed, segments on the circumference of 
the receptacle were  removed when the carbide was 
cool enough. The segments were then used to extend 
the section of the receptacle around the electrodes, 
thereby forming a new section into which the charge 
was fed. Considerable early success was at tained 
with this furnace as well as with the batch-type 
furnace. 

The common drawback of all these early furnaces 
was the use of single-phase power, and this fact  
alone made it necessary to operate in small multiple 
units. Operating and maintenance costs were 
generally high. I t  was logical, therefore, tha t  as the 
demand for calcium carbide grew, furnaces designed 
to use three-phase power were necessary. By  1915, 
or soon after, practically all CaC~ was being produced 
in three-phase tapping furnaces. 

In the operation of a three-phase tapping furnace 
for making CaC2, there are difficulties in operation 
that  have never been overcome, although calcium 
carbide furnaces have been increased in size to as 
much as 30,000 kva. A s tudy of the melting point 

1 Manuscript received March 19, 1954. This paper was 
prepared for delivery before the Chicago Meeting, May 2 
to 6, 1954. 

Pure  
Seventy 
1780~ 
1800~ 

diagram of CaC2 (10) will show clearly the reason 
for such difficulties in spite of furnace size, excellent 
electrical equipment  and refractories, and greater 
technological skill. 

Melting Point of Calcium Carbide and Its Effect on 
Furnace Operation 

CaC2 melts at approximately 2300~ 
per cent CaC2 melts at  approximately  
and 35% CaC2 melts at  approximately  

The general practice today is to operate as close 
to 85 % CaC2 as possible, because this is the highest 
grade tha t  can be successfully tapped from the 
furnace. Actually, commercial carbide averages 
about  80% CaC2. Operating tempera ture  of the 
present carbide furnace is, therefore, somewhat 
higher than  2100~ The nominal 85% grade of 
CaC2 yields 4.7 f t  ~ C2H2/lb CaC2. U. S. specifications 
are as follows: 

Minimum average volume of 
Size designation acetylene gas evolved per lb at  

60~ and 30 in. barometric pressure 

L u m p  

E g g  

Nut 
�89 by~4 

by 3{2 
Rice 
14 ND 

4 .5  
4 .5  
4 .5  
4 .5  
4 .5  
4 .3  
4 .3  
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Rarely, however, does CaC2 reach the customer with 
a yield as high as 4.7 ft3/lb CaC2. Large producers 
are now making and selling acetylene directly to the 
user. However,  carbide of less than 4.7 ft~/lb 
increases the ul t imate cost. 

Due to the high melting point  of 85% CaC2, 
operating problems are severe. Because there is 15 % 
excess lime in 85% CaC2, the problem of carbon 
balance is of prime importance. When the furnace is 
over-coked and purer  carbide made, difficulty 
immediately results from higher conduct ivi ty  of the 
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charge resulting in loss of control of electrode 
position. This difficulty usually shows itself in 
higher positions of electrode tips in the furnace and 
frozen CaC2 on the bottom. Careful weighing of 
both carbon and lime is absolutely necessary. 
Segregation often takes place in getting the charge 
to the furnace, and unless the lime is really hard 
burned, lime air slakes, producing excessive dust. 
This inability to maintain proper carbon balance 
results in additional coke or lime being added from 
the working floor of the furnace. If the electrodes are 
high, lime is added, and if the electrodes are low, 
coke is added. In some cases, it has been the custom 
to add as much as 30 % of the lime at the furnace 
working floor to keep the electrode tips in proper 
working position, in order to tap the carbide 
properly. This is quite a burden on the operators 
and demands considerable skill on their part. In 
some cases, 15% or more of the lime has been 
wasted as dust blown from the furnace. Electrode 
tip position in the charge is affected by the size of 
the lime and coke. Also, when a higher gas yield 
carbide is produced, tapping difficulties result. 

Tapping of Calcium Carbide 

Molten CaC2 usually is tapped into cast metal 
molds or cars. While 85 % CaC2 chills rapidly on the 
surface, there is, nevertheless, considerable wear 
and tear on the molds. This comes chiefly from 
impurities like ferrosilicon which is reduced from 
silica in the lime and coke. The investment in molds 
for carbide is high. There has been some change in 
recent years, and some of the larger companies are 
now using casting wheels and casting into thinner 
ingots; however, casting wheels are expensive and 
require considerable maintenance. On larger furnaces 
when continuous tapping is approached, and on 
smaller furnaces where intermittent tapping is 
practiced, higher labor and maintenance costs are 
involved. 

DEVELOPMENT OF NEW PROCESS AND 
NEW TYPE FURNACE 

Operational difficulties of a CaCe furnace and 
increasing labor costs led to re-examination of 
furnaces for the manufacture of calcium carbide. 
From a careful study of the CaC2 production process 
and application of accumulated experience, an 
improved furnace, which seems feasible for com- 
mercial purposes, has been developed on a laboratory 
scale. 

I t  appeared from a study of the melting point 
diagram for CaC2 and lime that CaC2 should be 
made readily at temperatures below the melting 
point of 85 % CaC2, or even down to 1800~ I t  
was reasoned, therefore, that high purity CaC2 

could be made directly in ingot form at a tempera- 
ture below the melting point of 100 % CaC2. Also, if 
a furnace could be designed to use three-phase 
power, and at the same time operate with a carbon- 
to-lime ratio to produce high purity CaC~ using 
100 % of the CaO present in the lime, the control of 
the carbon balance would be less critical. In addition, 
each unit of pure CaC2 should be made with little 
or no increased power cost over the standard carbide 
made today. Dust losses could be reduced if the 
charge around the electrodes were reduced to a 
minimum. 

In order to operate with the slight excess of coke 
required to make CaC~ from 100% of the CaO, 
calcium carbide should be removed immediately 
from the vicinity of the electrode as fast as it is 
formed. This immediate removal of carbide would 
also remove excess coke, which in a normal furnace 
affects the position of the electrodes. In the proposed 
furnace, excess coke would have little effect on the 
electrode position. Also, less energy would be 
required since the CaC2 would not need to be super- 
heated for tapping. In addition, carbide is produced 
in ingot form continuously and is automatically 
removed from the furnace. This reduces labor costs 
in tapping. Furthermore, the furnace adapts itself to 
a low chargehead around the electrodes. Because of 
lower pressure in the low chargehead, dust losses are 
minimized. Under these conditions of lower pressure 
and lower temperature above the charge, a simple 
roof construction for recovery and control of fumes 
is possible. Early experimental work gave proof 
that these surmises were true and indicated that  
100 % CaC~ can be made in place with little, if any, 
increased power cost per unit of pure CaC2 over 
that required for the usual 85 % max. CaC2. 

EXPERIMENTAL FURNACES 

Two experimental furnaces using 150 kva were 
built, 2 one of the horizontal moving type and one 
of the vertical moving type in which the carbide 
was formed in place and removed as made. The 
horizontal type furnace differs radically from any 
previous furnace for CaC2 production. Both furnaces 
show definitely that heat transfer from the ares to 
the carbide and to the charge can be accomplished 
in very thin layers of charge (6-12 in.) above the 
tips of the electrodes. Reduced dust losses and 
cleaner carbon monoxide were observed. In the 
horizontal moving type, the electrode tips may be 
carried at the same level or at different levels. In the 
vertical type furnace, the electrode tips are at a 
constant level with the furnace moving down as the 

2 The  work was carr ied out  at  Ba t te l le  Memor ia l  In-  
s t i t u t e  for the  Research  Deve lopmen t  Corpora t ion  of 
Hami l ton ,  Ontar io ,  Canada .  
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FIG. 1. Staggered electrode position of horizontal-type 
furnace. 

CaC: is formed, thus removing the finished carbide 
out of the smelting zone. 

The small horizontal laboratory furnace uses two 
1/~-in. graphite electrodes placed at  different levels 
and spaced so tha t  the active areas around the 
electrodes do not quite touch. Under these con- 
ditions, the electrodes maintain their relative 
vertical position when on the automatic regulators. 
If spacing is too close, the electrodes take the same 
vertical position, the furnace is required to move 
faster, and the ingot of CaC2 has less depth. Suf- 
ficient work has not been done to determine the 
relative values of these two types of operation. 

Fig. 1 illustrates the electrode position and 
direction of movement  of the car or furnace, also 
the different levels of the electrodes in the horizontal- 
type furnaces. This furnace body moved approxi- 
mately 1/~ in./min. The voltage was 45-52 volts, 
electrode to ground. 

In the vertical version, the furnace moves down 
away from the electrode. This furnace body moved 
at approximately 3/~ in./min. In application, the 
furnace would be made of short vertical sections 
which would be removed from the ingot and returned 
to a position at top of the furnace around the 
electrodes. 

Fig. 2 is an ingot of carbide produced in the 
horizontal furnace. I t  shows the beginning of the 
test  run with the ingot coming up to approximately 
1 ft in depth and then maintaining this depth until  
the test was stopped. The carbide averaged well 
above 5 ft  3 C2H2 per lb. 

One example of the vertical-type furnace is shown 
in Fig. 3. In this version, the short section of the 

FIG. 3. Vertical furnace with reciprocating movement 

furnace would be given a short reciprocating up and 
down movement  to keep the ingot of CaC2 free so 
that  it can be lowered slowly. 

Fig. 4 is an artist 's  drawing of a proposed 3000 kva 
horizontal furnace. 

In general, it is believed at this time tha t  for large 
furnaces of the order of 3000-30,000 kva, the 
horizontal version as shown in Fig. 4 will probably  
prove best from an engineering, cost, operating, and 
safety standpoint.  The  vertical furnace definitely 
has possibilities in smaller scale operations such as 
silicon carbide, aluminum carbide, ferrocarbo t i tan-  
ium, t i tanium carbonitride, calcium silicate, zir- 

FIG. 2. Photograph of an ingot of calcium carbide pro- 
duced in the horizontal continuous-ingot furnace. (Ingot 
was moved from right to left under the electrodes.) FIG. 4. Sketch of proposed 3000 kw furnace 
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FIG. 5. Relationship of electrical energy consumed to 
acetylene yield of calcium carbide produced in laboratory 
furnace. 

conium carbide, barium oxide, silicon metal, and 
other carbides, nitrides, and metals produced at  high 
temperatures.  Most of these products have already 
been made experimentally in the furnace. 

Power Consumption Expected 

The relationship of electrical energy consumed to 
acetylene yield of the carbide produced in the 150 
kva furnaces is shown in Fig. 5. These data  are 
based on short experimental runs. Conditions of 
starting and stopping undoubtedly influenced the 
results. Both furnaces would show greater efficiency 
when operated continuously, 24 hr /day .  

With the 150 kva ingot furnace, the power con- 
sumption for CaC2 yielding 4.7 ft~/lb was indicated 
at about  3600 kwhr/ ton,  and for carbide yielding 
5.6 ft3/lb, the power consumption was indicated at 
about  4200 kwhr/ ton.  The high yield carbide was 
made from Mississippi lime and petroleum coke. I t  
utilized 100% of the CaO present. A yield of 5.6 
ft  3 acetylene/lb CaC~ is approximately 19% more 
gas than obtained from the usual 85 % CaC2. 

In any electric furnace sealed up from 150 kva to 
3000-6000 kva or more, a decrease of 25 % in power 
consumption can be expected. This would indicate 

about  3140 kwhr / ton  CaC2 having a 5.6 gas yield 
or a little more power than required in the present 
carbide furnace making CaC2 with a gas yield of 
only 4.7 ft3/lb. 

Likewise, with 3600 kwhr for 80-85 % CaC2, one 
should expect a 25 % decrease in power or approxi- 
mately 2700 kwhr / ton  of 80-85 % CaC2. However,  
these projected estimates of power consumption in 
large continuous ingot furnaces require substantia- 
tion in a pilot plant. I t  is felt tha t  power consumption 
will be less per pound of acetylene than in present 
furnaces. 

Dust  losses are greatly reduced since the electrode 
tips are never submerged more than 6-12 in. in the 
charge. Under these conditions, carbon monoxide is 
freely evolved, eliminating formation of high pressure 
areas under the electrodes which causes blowing 
with resultant heavy dust losses. 

In summation, the proposed furnaces appear to 
have a place in the manufacture  of calcium carbide 
and allied products. Fur ther  development  of the 
continuous-ingot type of furnace should result in a 
process with lower operating costs including less 
power consumption, lower labor costs, be t te r  op- 
crating conditions, easier material supply, mini- 
mized dust hazards, less air pollution, simpler roof 
construction, simplified gas collection, and possibly 
other advantages. 

Any discussion of this p'~per will appear ill a Discussion 
Section, to be published in the June 1955 JOURNAL. 
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Explosive Limits of Hydrogen-Chlorine Mixtures l 

A. W. UMLAND 

The Dow Chemical Company, The Texas Division, Freeport, Texas 

A B S T R A C T  

The  lower explosive l imi t  concen t ra t ion  of hydrogen  (with upward  flame propaga t ion)  
in mixtures  of chlorine con ta in ing  oxygen, n i t rogen,  and  carbon dioxide in p ropor t ions  
typica l  of e lectrolyt ic  chlorine were de te rmined  at  pressures  f rom 0 to 135 psig. The  ex- 
plosive l imit  was found to be qui te  sensi t ive  to va r i a t ions  of pressure and  composi t ion.  
I t  var ied  from abou t  3.1 to abou t  8.1% hydrogen depending  on pressure  and  chlor ine 
concent ra t ion .  

INTRODUCTION 

In the production of chlorine by  the electrolysis 
of salt there are always a few per cent of other gases. 
These gases are made up of leakage air plus small 
amounts  of hydrogen, oxygen, carbon dioxide, and 
carbon monoxide formed by secondary reactions oc- 
curring at  the anodes and diaphragms. In  a chlorine 
consuming process, as the chlorine is removed, these 
gases remain and increase in concentration. Ulti- 
mately  the hydrogen concentration may  increase 
until the mixture becomes potential ly explosive. 
Therefore, in the interest of safety, it is desirable 
tha t  explosive limits of hydrogen be accurately 
known in atmospheres of chlorine containing the 
usual impurities in the ratios present in cell gas at  
various pressures. 

There have been few papers (1-5) published on 
the explosive limits of hydrogen and chlorine mix- 
tures. Weisweiler (2) gives some explosive limits for 
pure hydrogen and chlorine. Lindeijer (3) gives the 
explosive limits with downward flame propagation 
at  atmospheric pressure for three component systems 
of hydrogen and chlorine with nitrogen, carbon di- 
oxide, oxygen, air, carbon monoxide, and nitric 
oxide. Since there has been no previous work pub- 
lished on the explosive limits of hydrogen in chlorine 
containing the usual impurities in cell gas at various 
pressures this work was undertaken. 

The direction of flame propagation has a very  
marked effect upon explosive limits. Limits obtained 
when the column of gas is ignited at  the bot tom of 
the column allowing the flame to travel  up (upward 
flame propagation) are less than those obtained with 
downward propagation. In fact, a downward limit 
mixture of some gases will give a severe explosion 
with upward flame propagation. Consequently,  limits 
determined in this work are for upward flame propa- 
gation. 

i Manusc r ip t  received May  5, 1954. This  paper  was 
p repa red  for del ivery before the  Chicago Meet ing,  May  
2 to 6, 1954. 

The definitions in the l i terature of explosive limits 
have been quite varied. A number  of criteria have 
been proposed, among these are per cent combustion 
of gases, presence of flame, pressure rise, and velocity 
of flame propagation. The most acceptable definition 
is the lowest concentration of the gas in which a flame 
will continuously propagate through the entire 
volume of gas. The  definition used for this work is 
the lowest concentration of hydrogen tha t  will give 
an appreciable pressure rise. This was adopted be- 
cause a flame can seldom be seen in a near limit ex- 
plosion of a hydrogen-chlorine mixture even in a 
darkened room. 

To obtain satisfactory explosive limits the experi- 
mental  apparatus must  meet  certain requirements. 
The bomb should have an inside diameter  of at  least 
5 cm (6, 7) to minimize wall effects. The source of 
ignition must have sufficient energy for positive igni- 
tion of the gases yet  not  high enough to cause dis- 
ruptive effects in the bomb or give a partial  ignition 
in the immediate vicinity of the ignitor (8). 
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EXPERIMENTAL 

Explosive limits were determined in a stainless 
steel bomb having an inside diameter of 5 cm and 
a length of 20 era. The volume of the bomb was 432 
ml. A cross section of the bomb is shown in Fig. 1. 
The bomb was closed at one end with a high-pressure 
sight glass to permit  visual observation of the de- 
termination. The  opposite end was closed with a 
piece of 0.003 in. thick brass shim stock to serve as 
a safety rupture disk. A magnetically driven stirrer 
was provided for mixing the gases in the bomb. The  
stirrer was essentially a small centrifugal blower 
drawing the gases downward through the bomb and 
discharging into a 1 cm x 2 cm duct  extending along 
one side of the bomb to the top of the bomb, thus  
providing positive circulation of the gases in the 
bomb. 

A modified "spark plug" with a variable spark gap 
was provided for igniting the gases. The high voltage 
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FIG. 1. Cross section of the bomb used for the determina- 
tion of explosive limits. 

electrode was fixed and used Teflon insulation. The  
other electrode was an eccentric meta l  plate  on the 
shaft  of the stirrer. The  spark gap was varied by 
turning the stirrer shaft. 

The  assembled bomb was mounted  vert ical ly be- 
hind a heavy  wood shield. A mirror  was provided for 
viewing the bomb through a safety glass window in 
the shield. 

A Foxboro recording pressure gauge with a range 
of 0-150 psi and having a 24-min clock was provided 
for recording the pressure wave of an explosion. 

A high-pressure measuring buret  was provided for 
measuring the volume of hydrogen added. This  con- 
sisted of two graduated  tubes, connected a t  the 
bot tom,  containing a confining liquid (hexachloro- 
butadiene).  By  proper  sett ing of the valves a t  the 
top of the buret ,  hydrogen can be added to one tube  
to force the hydrogen in the  other tube  into the bomb 
as shown in Fig. 2. The  connecting tubing between 
the bomb,  gauges, etc., was made  of ~ in. O.D. 
copper capillary tubing. 

The  electric spark for ignition was supplied by  a 
high voltage power supply consisting of two model 
"T" Ford coils having their  secondary windings in 
series feeding a rectifier doubler. The  output  of the 
power supply was 35,000 v D.C. A ba t t e ry  of 12 500 
mmfd  25,000 v condensers were connected in ser ies- -  
parallel with the output  of the power supply by  a 
switch giving five steps of capacitance vary ing  f rom 
250 to 1500 mmfd.  This provided a means of varying 
the intensi ty or energy of the spark. 

The  gas mixtures tested were mixed f rom com- 
mercially available gases. First,  a stock gas contain- 
ing the desired proport ion of oxygen, nitrogen, and 
carbon dioxide was prepared.  From this stock gas, 
mixtures containing approximate ly  5, 10, 20, 30, 40, 
and 50 % chlorine were prepared.  The  lower explosive 

EQ ~S 
RESSUR t ~GAUGES]~ 

VACUUM 

VENT 

/ 
/ / 

H 2 
IN 

H 2 
MEASURING 
MANOMETER 

FIG. 2. Schematic diagram of the apparatus 

limits of these mixtures with hydrogen were deter-  
mined a t  pressure increments of 20 psi. 

A gas mixture  to be tested was placed in the bomb 
at  the desired pressure (the bomb  was first thor-  
oughly evacuated) .  The  valve a t  the bomb was 
closed, and the connecting tubing was evacuated  and 
then  filled with hydrogen to the same pressure. A 
measured volume of hydrogen a t  this same pressure 
was added to the bomb and mixed for ten minutes.  
The  mixture  was sparked,  and any  pressure rise 
f rom an explosion was recorded on the pressure re- 
corder. 

The  per cent hydrogen added was calculated f rom 
the volume added using the ideal gas equat ion by  
the following equat ions:  

H ,  
% Hydrogen - B + H1 X 100 

H1 = V1 - V - (L + M + G - -  V 1 )  

( B + L + M  + G -  V _ 1)  
- 4 - L A - M  + G  V1 

I f  more than  28 ml of hydrogen was required, then:  

% Hydrogen = B "~-H1 -I- H~ 100 

B -t-H2 

H2 = V 1 -  V 2 -  [ L g - M g - G + -  V2- -  T] 

[ B + L + M + G -  T + V ~  
+ L + M  + G -  T +  V~ 

(M + G -  T +  V ~ ) ( T -  2V~)K 1 
(B + L + M W G - T ---~ V2)P1-- , , . J  

K 
- [M + G - T --t- VI] [T - 2Vx] p--~ 

B = Volume of bomb = 432 ml. 
L = Volume of connecting tubing and gauges = 42 ml. 
M = Volume of dead space above graduation of buret 

= 6 ml. 
P = Initial pressure of charged gas in bomb psia. 

P1 = Pressure of gas after addition of hydrogen from side 
1 of buret, psia. 

P2 = Pressure of gas after addition of hydrogen from side 
2 of buret, psia. 
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h = Height of calibrated portion of buret = 6.75 in. 
G = Volume of buret at top graduation = 28 ml. 
V = Initial reading of buret 1. 

V1 = Reading of buret after addition of hydrogen from 
side 1. 

V2 = Final reading of buret 1 after addition of hydrogen 
from side 2. 

T = Total volume of liquid in buret. 
S = Specific gravity of seal liquid = 1.664. 

Sh 
K - - 0.01448. 

27.7 G 
H1 = Volume of hydrogen added to bomb from side 1 of 

buret. 
H2 = Volume of hydrogen added to bomb from side 2 of 

buret. 

RESULTS 

Approx ima te ly  1800 ind iv idua l  runs  were made  to 
de te rmine  the lower explosive l imits  wi th  upward  
flame p ropaga t ion  of hyd rogen  wi th  30 mix tures  of 
chlorine,  oxygen, n i t rogen,  and  carbon  dioxide a t  
pressure inc remen t s  of 20 psi up to abou t  135 psig. 
These results  are t a b u l a t e d  in  Tab le  I and  are shown 
p lo t ted  vs. the pressure in Fig.  3, 4, 5, and  6. Each  
po in t  shown is the resul t  of f rom four to t en  or more  
ind iv idua l  runs.  The  s t a n d a r d  dev ia t ion  of a single 
r un  is abou t  0 .1%;  consequent ly ,  the  p robab i l i t y  of 
the  error of a single po in t  be ing no t  greater  t h a n  
•  % is abou t  90-95 %. 

The  effect of pressure on explosive l imits  varies 
with each gas mix tu re  and  is unpred ic tab le .  Com- 
pa ra t ive ly  small  changes in pressure or composi t ion  
of the gas m a y  make  marked  changes in the explosive 
l imi ts ;  consequent ly ,  ex t rapo la t ion  or in t e rpo la t ion  
from the  observed da t a  can lead to large errors. 

The  effect of va r i a t ion  of chlorine concen t r a t i on  
on the explosive l imit  of a typica l  cell gas mix tu re  is 
shown in Fig. 7. The  explosive l imit  reaches a maxi-  
m u m  be tween  10 and  30 % chlorine. This  indica tes  
t ha t  explosions wi th  low chlorine concen t ra t ions  are 
p r imar i ly  hydrogen-oxygen  explosions. Th e  high 
heat  capac i ty  of the chlorine tends  to increase the  
l imi t  un t i l  the  chlorine concen t r a t i on  is high enough 
for the  "mass  ac t ion"  to shift to a hydrogen-ch lor ine  
explosion. 

Inc reas ing  the  t e m p e r a t u r e  of the  gas in  general  
lowers the explosive l imit ,  while decreasing the  tem-  
pera tu re  raises the  l imi t  (Fig. 8). The  explosive l imi t  
decreases wi th  increas ing  oxygen concen t r a t i on  

(Fig. 9). Replac ing  pa r t  of the  n i t rogen  of air  wi th  

carbon  dioxide raises the  explosive l imit .  

Fig. 10, 11, 12, and  13 give ca lcula ted  curves for 

ob t a in ing  the  safe opera t ing  l imi ts  of a chlorine con- 

suming  process. F ina l  chlorine c o n c e n t r a t i o n  is 

p lo t ted  vs. in i t ia l  hydrogen  concen t r a t i on  for var ious  

in i t ia l  chlorine concent ra t ions .  For  a g iven in i t i a l  

chlorine and  hydrogen  concen t r a t i on  the  curve gives 

the final chlorine concen t r a t i on  a t  the  explosion 
l imit .  All po in ts  to the  left of the  in i t ia l  chlorine con- 

TABLE I. Typica l  results ~ 

Composition of the gas mixtures before addition of H2 
and the % H2 at the lower explosive limit with upward 
flame propagation : 

Gas No. % C12 Balance 

1 
10 
12 
13 
14 
15 
17 

0 
11.1 
29.8 
5.7 

19.1 
40.4 
52.5 

A mixture of : 
46.5% N2 
32.5% CO2 
21.1% Or 

Pure Chlorine Gas No. 1 Gas No. 10 

% H: psig % H~ 

3.2 127 6.0 
3.2 106 5.9 
3.7 85 5.9 
3.6 64 5.8 
4.0 43 5.4 
4.1 21 5.3 

11 5.3 
1 5.4 

psig 

103 
81 
61 
41 
21 

1 

psig 

135 
127 
107 
86 
64 
43 

)sig % H2 

35 5.6 
27 5.8 
07 6.7 
86 6.7 
64 6.9 
43 6.6 
22 6.4 

1 5.8 

Gas No. 12 Gas No. 13 Gas No. 14 

psig % H~ psig % H~ % H_~ 

6.6 
6.4 
6.9 
6.2 
5.8 
6.2 
5.8 
5.2 

6.4 
6.5 
6.4 
6.0 
6.0 
5.8 
5.4 
6.0 

138 
128 
107 
86 
64 
44 
21 

1 

138 
128 
106 
85 
64 
43 
21 

1 

Gas No. 15 Gas No. 17 

psig 

134 
124 
103 
82 
62 
42 
21 

1 

psig % H2 

135 5.0 
126 4.8 
104 4.8 
84 4.8 
63 4.8 
43 5.0 
22 5.2 

1 5.6 

psig 

139 
130 
108 
87 
65 
44 
22 

1 

% H2 

4.4 
4.6 
4.2 
4.2 
4.4 
4.2 
4.6 
5.0 

7.3 
8.1 
7.8 
7.3 
7.8 
7.9 
7.2 
6.8 

cen t r a t i on  l ine are safe mix tu res  while po in t s  to the  
r ight  of the  l ine are explosive. 

DISCUSSION 

Typ ica l  da t a  for d e t e r m i n a t i o n s  of explosive 
l imi t s  are g iven in T a b l e  I I .  A n  ind ica t ion  of the  pre-  

2 An extended version of this table has been deposited 
as Document 4400 with the ADI Auxiliary Publications 
Project, Photoduplication Service, Library of Congress, 
Washington 5, D. C. A copy may be secured by citing the 
Document number and by remitting $1.25 for a photoprint 
or for a 35-mm microfilm. Advance payment is required. 
Make check payable to: Chief, Photoduplication Service, 
Library of Congress. 
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FIG. 3. Effect of pressure on the lower explosive limit 
of l~:-Cl: mixtures. Analysis of the gases before the addition 
of Hz was: - -@--  0.0% Cl~; - - X - -  5.7% Cl~; A - -  11.1% 
Cle; - - ~ - -  19.1% CI:; --(D-- 29.8% CI~, - - ~ - -  40.4% Cl.~; 
- - [~- -  52.5% Cl~; - - ~ - -  100% Cl~; balance' a mixture of 
46.5% N2, 32.5% CO~, and 21.1% O2. 
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FIG. 4. Effect of pressure o11 the lower explosive lilnit of 
H~-CI: mixtures. Analysis of the gases before the addition 
of H~ was: - -@--  0.0% CI~; - - X - -  5.2% CI~; - - A - -  11.1% 
CI~; - - ~ - -  17.3% Cle; - - O - -  29.8% Cle; - -E]--  41.2% C12; 
- - ~ - -  53.9% Cl:; - - ~ - -  100% O~; balance a mixture of 
79.1 N~ and 20.9% Oe. 
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F ~ .  6. Effect of pressure on the lower explosive limit 
of H~-CI~ mixtures. Analysis of the gases before the addition 
of H~ was: - - @ - -  0.0% Cl~; - - X - -  3.9% Cl:; - - ~ - -  9.4% 
CI:; - - ~ - -  19.5% Cl~; - - O - -  29.1% Cl~; - - ~ - -  40.1% Cl~; 
- - ~ - -  49.0% Cl~; --r 100% Cle; balance of 38.3% CO~, 
14.3% O~, and 48.4% N~. 
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FIG. 7. Effect of chlorine concentration on the lower 
explosive limit: - - [3 - -  130 psig; - - ~ - -  90 psig; - - X - -  40 
psig; - - O - -  0 psig. The inert gas contained 46.5% N~, 
32.5% CO~, and 21.1% O~. 
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FIG. 5. Effect5 of p r e s s u r e  on t h e  l ower  explosive l i m i t  of 
H2-CI2 mixtures. Analysis of the gases before the addition 
of H2 was: - - e - -  0.0% C12; - - X - -  4.8% C6; - - A - -  8.9% 
C12; - - I - -  21.8% C12; - - O - -  29.3% C12; - - A - -  40.4% C12; 
--[D-- 54.0% C12; - - ~ - -  100% C12; balance a mixture of 
34.7% C02, 30.6% O2, and 34.7% N2. 
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FIG. 8. Effect of temperature on the lower explosive limit 
at various pressures. Analysis of ghe gases before the addi- 
tion of H~ was: - - •  0.0 psig, 0.0% C12; - - $ - -  40 psig, 
0.0% C12; - - A - -  90 psig, 0.0% C6; - - I - -  130 psig, 0.(1% 
C12; - - A - -  0 psig, 10.4% C12; - - O - -  40 psig, 10.4% C12; 
- - D - -  90 psig, 10.4% C12; balance a mixture of 46.5% N2, 
32.5% CO2, and 21.1% O2. 
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FIG. 9. Effect of oxygen concentration on the lower ex- 
plosive limit of a mixture of 10% CI2, 30% CO2, bMance N~ 
with upward flame propagation: - -O- -  0 psig, - - A - -  40 
psig; - - ~ - -  90 psig; - -X- -  130 psig. 

6O 

~so 
0 

IJJ 
Z 

~~ 

SAFE 

o 

b _ z - - I O - - ~  

0 

I I I I I 
INITIAL CHLORINE CONCENTRATION 

0.2 0 .3  0 . 4  o .s  0 .6  0 .7  0 .8  0 .9  ,.0 

INITIAL HYDROGEN CONCENTRATION-% 

FIG. 12. Safe operat ing range for a chlorine consuming 
process at 90 psig. Analysis of the inert  gas was 46.5% 
nitrogen, 32.5% carbon dioxide, and 21.1% oxygen. 
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FIG. 10. Safe operating range for a chlorine consuming 
process at 0 psig. Analysis of the inert gas was 46.5% nitro- 
gen, 32.5% carbon dioxide, and 21.1% oxygen. 
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FIG. 11. Safe operating rango for a chlorine consuming 
process at 40 psig. Analys i s  of the  inert  gas was 46.5% 
nitrogen,  32.5% carbon dioxide,  and 21.1% oxygen.  
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FIG. 13. Safe operat ing range for a chlorine consuming 
process at 130 psig. Analysis of the inert  gas was 46.5% 
nitrogen, 32.5% carbon dioxide, and 21.9% oxygen. 

cision of the determinations was obtained by plotting 
the hydrogen concentration vs. the pressure rise 
for individual runs. A statistical analysis of this plot 
was made by calculating the "least squares" regres- 
sion line of the data  (ignoring those points tha t  had 
no pressure rise) and determining the s tandard error 
of the intercept on the hydrogen concentration axis. 
The standard error was found to range from 0.05 to 
0.1%. Therefore reasonable confidence limits (90- 
95 %) of a determination would be 4-0.2 % hydrogen. 
Since the values reported in this paper were the 
lowest values at  which an explosion occurred, the 
distribution of errors will be somewhat skewed. The 
probability tha t  the true value is less than the ob- 
served value is somewhat less than the probabil i ty 
of it being greater than the observed value. The larger 
standard errors were found with the gas mixtures 
which gave the smaller change in pressure rise with 
change in hydrogen concentration. This was caused 
by errors in the observed pressure rise from damp- 
ing, friction, hysteresis, inertia, etc., in the pressure 
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TABLE II.  Typical data 

Initial 
Run No. pres. 

psig 

Gas No. 2: 
558 80 
559 80 
560 80 
561 80 
562 80 
563 80 
564 80 
565 80 

Gas No. 4: 
1395 130 
1396 130 
1397 130 
1398 130 
1399 130 
1400 130 
1401 130 
1402 130 
1403 130 
1404 130 
1405 130 

Gas No. 31: 
1469 20 
1470 20 
1471 20 
1472 20 
1473 2O 
1474 20 
1475 20 
1476 2O 

Final I 
pressure / 

after adding[ 
H~ psig I 

I 

84 
84 
84 
85 
85 
84 
84 
84 

138 
139 
140 
139 
139 
139 
139 
138 
139 
139 
139 

23 
22 
22 
22 
22 
22 
22 
22 

Vol. H~ 
dded ml 

20.0 
24.0 
25.0 
28.0 
26.0 
25.0 
24.0 
24.5* 

30.0 
34.0 
38.0 
35.0 
36.0 
35.5 
35.0 
33.0 
34.0 
34.5* 
34.0 

36.0 
35.0 
34.0 
33.0 
31.0 
31.5 
32.0 
32.5* 

% 
H~ 

4.0 
4.8 
4.9 
5.5 
5.1 
4.9 
4.8 
4.9* 

5.9 
6.7 
7.4 
6.9 
7.0 
7.0 
6.9 
6.5 
6.7 
6.8* 
6.7 

7.1 
6.9 
6.7 
6.5 
6.1 

6 . 2  
6.3 
6.4* 

Pressure 
rise 
psi 

0 
0 
6 

24 
9 
4 
0 
5 

0 
0 

>20 
0 

>20 
>20 
>20 

0 
0 

15 
0 

* Explosive limit. 

recorder .  T h e s e  er rors  p r o b a b l y  could  h a v e  been  
min imized  b y  us ing  a s t r a in  gauge  on t h e  b o m b  w i t h  
a su i t ab l e  h igh  speed r eco Ide r  for  t h e  p re s su re  re- 
corder .  

E x t r e m e l y  e r ra t i c  resul t s  were  o b t a i n e d  on the  
first  d e t e r m i n a t i o n s  on th is  p ro j ec t .  These  were  found  
to  be caused  b y  poor  gas mix ing  a n d  i m p r o p e r  igni-  
t ion.  T h e  ign i t ion  p r o b l e m  was  so lved  b y  inc reas ing  
the  v o l t a g e  of t h e  power  supp ly .  T h e  first  b o m b  used  
was  p r o v i d e d  w i th  a swinging  m e t a l  vane  ins ide  t h e  
b o m b  for mix ing  the  gases.  T h e  v a n e  was  m o v e d  b y  
rock ing  the  bomb .  Th i s  wou ld  no t  g ive  s a t i s f a c t o r y  
mix ing  of t he  gases in a n y  r ea sonab le  t ime .  A new 
b o m b  was  m a d e  of s ta in less  s tee l  a n d  h a d  a m a g -  
ne t i ca l ly  coupled  s t i r rer .  Th i s  s t i r re r  h a d  t h r e e  p ro-  
pel lcr  b l ades  on a single shaf t  a n d  could  be  o p e r a t e d  
a t  3000 r p m  for 30 min  w i t h o u t  h a v i n g  s a t i s f a c t o r y  
mixing.  F o r  example ,  ana lyses  of successive s amples  
t a k e n  f rom a m i x t u r e  t h e o r e t i c a l l y  con ta in ing  10 % 
h y d r o g e n  v a r i e d  f rom 7 to  12 %. T h e  final des ign  of 
t he  s t i r re r  gave  s a t i s f a c t o r y  gas  mix ing  a f t e r  10 min  

TABLE III .  Check analyses on hydrogen 
addition and mixing 

Initial pres. Final pres. Vol. I-I2 Calc. % 
N2, psig after addition added, % H~ 

of H~, psig ml H~ analyzed 

100 
100 
130 
60 
10 

107 
104 
143 
68 
13 

35 
22 
50 
50 
50 

6.9 
4.4 
9.6 
9.6 
9.7 

7.0 
4.5 
9.6 
9.5 
9.6 

Hydrogen was added to nitrogen in the boulb and mixed 
for 10 nfin. Analyses were made using a mass spectrometer. 

a t  3000 rpm.  T a b l e  I I I  g ives  some check a n a l y s e s  on  
h y d r o g e n  a d d i t i o n  a n d  mix ing .  H y d r o g e n  was  a d d e d  
to n i t rogen  in t h e  b o m b  a n d  m i x e d  for  10 min .  A n a l y -  
ses were  m a d e  us ing  a m a s s  s p e c t r o m e t e r .  T h e  a n a l y -  
ses check  the  c a l c u l a t e d  c o n c e n t r a t i o n  of h y d r o g e n  
w i t h  t he  e x p e r i m e n t a l  e r ror  of t he  ana lyse s  ( •  
h y d r o g e n ) .  

Some  of t h e  po in t s  on t h e  c a l c u l a t e d  curves  on 
Fig .  7, 8, a n d  9 a p p e a r  incons i s t en t .  T h e s e  e r ro r s  
were  caused  b y  the  neces s i t y  of i n t e r p o l a t i n g  b e t w e e n  
some of t h e  o b s e r v e d  d a t a  in o rde r  to  h a v e  t h e m  a t  

t h e  s ame  pressure .  T h e  d a t a  in  F ig .  8 showing  t h e  

effect of t e m p e r a t u r e  on the  explos ive  l imi t s  do  n o t  

have  t h e  p rec i s ion  of t he  o t h e r  d a t a  in th i s  p a p e r .  

T h e y  were  o b t a i n e d  as  an  a f t e r t h o u g h t ,  a n d  t h e r e  

was n o t  enough  gas for  t h e  des i red  degree  of r ep l i ca -  

t ion  of t he  d e t e r m i n a t i o n s .  Also,  t h e  t e m p e r a t u r e s  

v a r i e d  • 10~ f rom t h e  des i r ed  va lue .  

S ince  t h e r e  h a v e  been  no pub l i shed  d a t a  com-  

p a r a b l e  to  m o s t  of t h e  d a t a  p r e s e n t e d  in th i s  p a p e r ,  

t he re  can  be  no c o m p a r i s o n  of resu l t s  w i th  t hose  ob-  

t a i n e d  b y  o thers .  H o w e v e r ,  t h e  explos ive  l i m i t  of 

h y d r o g e n  w i th  a i r  (4 .1% H2) d e t e r m i n e d  in th i s  

p a p e r  checks  w i t h  t h e  v a l u e  o b t a i n e d  b y  o the r s  (7). 

Any discussion of this paper will appear in a Discussion 
Section to be published in the June 1955 JOURNAL. 
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Discussion Section 

THE REACTION OF SILVER ALLOYS W I T H  SU L F U R  
IN M I N E R A L  OIL 

11. E x a m i n a t i o n  o f  R e a c t i o n  F i l m s  a n d  M e c h a n i s m  
o f  R e a c t i o n  

It .  O. S p a u s c h u s ,  R.  W. t l a r d t ,  a n d  R.  T.  F o l e y  
(pp. 6-9) 

J. T. WABER~: The authors have presented a very in- 
teresting paper. There is, I believe, an alternate mecha- 
nisin which might be proposed which will lead to a linear 
growth law. When the surface reaction is slow in com- 
parison with diffusion, a constant reaction rate will 
obtain. Recent detailed theoretical calculations briefly re- 
ported by Williams and Wallace 2 showed that at tempera- 
tures below 135~ the rate of formation of chloride ions 
at the silver chloride-solution interphase was slow in com- 
parison with the rate of arrival of Ag ions. 

In  the case of the alloys at hand, there can be changes 
in the concentration and mobility of free electrons due to 
the presence of alloy atoms dissolved in the sulfide film. 
Such a change in the availability of electrons would affect 
the rate of sulfide ion formation and, hence, an effect on 
the linear rate would be expected. If such a mechanism 
does operate, the ,'ate law will change to a parabolic one 
at moderately higher temperatures. 

A strained sulfide layer of constant thickness next to 
the metal was proposed to account for the linear law. Pre- 
sumably this layer restricted diffusion so as to be rate- 
controlling: it was not clear from the presentation whether 
x-ray changes attributed to strain were not due to shifts 
in the lattice parameter which, in turn, were due to alloy 
atoms dissolved in the Ag2S. 

R. T. FOLEY: If a boundary reaction as described by 
Williams and Wallace 2 were the rate-deterinining step, the 
linear rate behavior would be accounted for. The case 
discussed involves silver chloride which is almost a pure 
ionic conductor. Thus, electronic conductivity would con- 
trol the reaction rate. 

On the other hand, silver sulfide is an N-type semicon- 
ductor. We ,nay assume that lattice defects consist of 
metal ions and quasi-free electrons. [There are reports in- 
dicating a sulfur excess (silver deficit), but  in view of sev- 
eral recent studies/ this does not appear reasonable.] 
Solution of a divalent or trivalent cation sulfide in the 
silver sulfide would tend to increase the number of free 
electrons and decrease the number of silver ions. The con- 
centration gradient and, thus, the reaction rate would be 
decreased. This has been shown, in an earlier paper/  to 

This Discussion Section includes discussion of papers 
appearing in the JOURNAL OF THE ELECTROCHEMICAL 
SOCIETY, 101, No. 7-12 (January-June 1954). 

Los Alamos Scientific Laboratory, Los Alamos, N. 
Mex. 

2WILLIAMS AND WALLACE, J .  Chem. Phys. ,  21, 1294 
(1953). 

3 M. H. HEns, J .  Chem. Phys. ,  20, 185 (1952). 
4 See Fig. 3, R. T. FOLEY, M. J. BOLTON, AND W. ]~Oa- 

RILL, This  Journal,  100, 538 (1953). 

be the case qualitatively. The authors contend that  the 
alloying sulfide in solution is concentrated in the first 
formed film. Thus, the observed rate is linear because the 
controlling step is diffusion through a layer of constant 
thickness rather than an increasing thickness of reaction 
product. 

We do not believe that  the strains arise from coherency 
stresses. One would expect the same stresses in silver, 
silver-thallium alloys, and silver-cadinium alloys. Only the 
latter gave appreciable distortions and lowered reaction 
rates. 

The explanation for the lower rate must be based on a 
difference on valency. 

The authors thank Dr. Waber for his stimulating sug- 
gestions. 

TI lE  E L E C T R O L Y T I C  P R E P A R A T I O N  OF 
M O L Y B D E N U M  FROM F U S E D  S A L T S  

II .  P r e p a r a t i o n  o f  R e d u c e d  M o l y b d e n u m  H a l i d e s  

S e y m o u r  S e n d e r o f f  a n d  A b n e r  B r e n n e r  (pp. 28-30) 

A. C. LOONAM5: How much of the molybdenum gets 
through the diaphragm and is oxidized at the anode? 

S. SENDEROFF: In  preparing K3MoCI~ by electrolysis of 
a solution of K2MoOs in strong hydrochloric acid, followed 
by precipitation of the salt with HC1 gas, an over-all yield 
of 70% was obtained. While sonle of the loss was due to 
solubility of the KsMoCIG, most of it was probably the 
result of loss of molybdenum through the diaphragm. 
However, no attempt was made in this work to minimize 
this loss by iinprovement of the diaphragm. Undoubtedly, 
a thicker diaphragm with finer pores would reduce the 
loss of molybdenum to the anolyte. Further, it should be 
noted that the anolyte remaining at the end of a run can 
be added to the catholyte of succeeding runs to recover 
the molybdenum which passes through the diaphragm. 

M. A. STEtNBEaGG: Can you describe the type of Mo 
crystals produced? 

S. SENDEROFF: The type of crystals produced varies 
with current density, temperature, and other operating 
conditions, as described in the first paper in this series/ 
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S e y m o u r  S e n d e r o f f  a n d  A b n e r  B r e n n e r  (pp. 31-38) 

M. A. STEINBERGS: 1. What is the cathode material for 
coherent Mo deposits at 600~ 

2. How do you visualize the transport of oxygen ions 
to the cathode in oxygenated salt baths? 

S. SENDEROFF: 1. For the deposit shown in Fig. 9 of an 

5 70 East 45th Street, New York 17, N. Y. 
Horizons, Inc., Cleveland, Ohio. 

7 S. SENDEROFF AND A. BRENNER, This  Journal ,  101, 16 
(1954). 

s Horizons, Inc., Cleveland, Ohio. 
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earlier paper, 7 the cathode was a silver-plated steel tube. 
A tungsten cathode was used for the deposit shown in 
Fig. 7 and 8? 

2. One need not consider the oxygen or oxygen-contain- 
ing ions as involved in electrical t ransport  at  all. Most 
of the current through the bath is probably carried by the 
potassium and chloride ions. Since both the oxygen and 
molybdenum in the bath  probably are contained in com- 
plex ions of low mobili ty and low concentration, the trans- 
fer of both the oxygen and the molybdenum to the cathode 
is probably governed by  diffusion and not greatly depend- 
ent upon the charge of the ions in which they appear2 

L. M. Liwzl~ I t  is of interest to note in connection with 
your emf measurements in molten salts certain measure- 
ments reported by Rempel and Ozeryanya. n These authors 
used the reversible chlorine electrode and obtained the 
following potentials in equimolar NaCI-KCI baths con- 
taining 0.1M concentration of the metal chloride at 690~ 
Zn, 1.883; Fe, 1.582; Co, 1.514; Cu, 1.414; Pb, 1.390; 
Ag, 1.287; Bi, 1.181; Ni, 1.179. The position of Ni in this 
series is particularly interesting. 

S. SENDEROFF: We have not measured the potential of 
nickel under the conditions described in Table I, but  pre- 
liminary experiments on electrochemical replacement in- 
dicate that  nickel has a potential in this system close to 
that  of silver. Verdieck and Yntema ~2 also found that  
nickel is more noble than copper in molten A1C13-KC1- 
NaC1. 

MORRIS EISENBERG13: Dr. Senderoff's choice of Ag/AgC1 
as a reference electrode is certainly a wise one. However, 
this raises a few questions. 

1. What  is the potential of this reference electrode rela- 
t i re  to the normal hydrogen electrode? 

2. What  is the temperature coefficient of the Ag/AgC1 
reference electrode in this temperature range? 

3. How significant are the liquid junction potentials in 
your baths? 

S. SEXDEROFF: 1. I don' t  know. An approxinmte value 
of this potential may be obtained by measuring the poten- 
tim of a chain of cells with progressively lower-melting 
electrolytes with molten AgC1 at one end and aqueous HC1 
at the other, but  such a value would have little or no ther- 
modynamic significance. 

2. Again, I don' t  know. If the reference electrode is kept 
at the same temperature as the electrode under study 
during potential measurements, the temperature coeffi- 
cient of the potential of the reference electrode is not 
needed for thermodynamic calculations. Furthermore, the 
temperature coefficient of a half-cell is not determinable 
by strictly thermodynamic measurements. 

3. In  the systems under study, the current across the 
boundary of the liquid iunction is probably carried largely 
by potassium and chloride ions. This situation is analogous 
to the use of a KC1 bridge when measuring potentials in 
aqueous systems. We believe, therefore, that  the liquid 

9 C. WAGNER, This Journal, 101,181 (1954). 
1o National Carbon Company, Cleveland, Ohio. 
11 REMPEL AND OZERYANYA, Z. Fiz. Khim., 25, 1181 

(1951). 
12 VERDIECK AND YNTEMA, J.  Phys. Chem., 48,268 (1944). 
~3 Stanford Research Institute,  Menlo Park, Calif. 

junction potentials are small enough to be ignored in the 
experiments we have described. 

F. TRUMBORE 14 ANn G. C. FRYBURG15: The s ta tement  of 
Senderoff and Brenner that  nickel may be more noble than 
copper in tile KC1-LiC1 system was of especial interest to 
us. A few years ago at the Lewis Flight Propulsion Labo- 
ratory we were engaged in an a t tempt  to determine the 
therinodynanfic properties of the copper-nickel alloy sys- 
tem by the emf method and found that  cells of the type  

N i / N i  ++ (in fused KC1-LiC1)/Cu-Ni alloy 

gave voltages opposite in sign to that  expected and showed 
very erratic behavior. I t  was noticed that  the alloy elec- 
trode lost copper during tile course of an experiment and 
became coated with small crystals of nickel. Moreover, 
cells of the type 

Cu/Cu + (in fused KC1-LiC1)/Cu-Ni alloy 

gave reasonable voltages of the expected sign. These facts 
indicated a reversal or near reversal of nobili ty of the two 
metals in going from the aqueous to the fused salt system. 
In connection with these and other studies conducted by 
one of us at  the Bell Telephone Laboratories a number of 
crude experiments were performed to get some idea of the 
relative nobilities of various elements in the KC1-LiC1 
system. These experiments consisted simply of adding a 
given metal  to a solution of the chloride of a second metal  
in KC1-LiC1 and observing the presence or absence of dis- 
placement of the second metal from the solution. These 
experiments indicated the following "nobil i ty" series (ele- 
ments to the left of > will displace those to the right):  

(Li, K) > (Mg, A1) > Zn > (Ge, Cd, Fe, Si) > Cu 
> (Pb, Sn) > (Co, Ni) > (Sb, Ag) 

This series is, of course, qualitative and may not represent 
the true order of the standard electrode potentials be- 
cause of the various ion species, activities of the ions in 
the melts, etc. However, the relative positions of Zn, Fe, 
Cu, and Ag agree with those of Senderoff and Brenner. 

Quantitat ive data  on standard electrode potentials of 
other metals in the KC1-LiC1 and other fused salt systems 
should be of considerable value to workers in the emf field. 
The stabil i ty of emf cells of the type mentioned above 
depends to a large degree on the difference in nobility of 
the two metals because the magnitude of this difference 
determines the equilibrium constant of the exchange 
reaction 

Ni + 2Cu + ~ 2Cu + Ni ++ 

(in the copper-nickel case), and may  control the rate of 
transfer of the metals between the electrodes. Statements 
have appeared in the literature that  in order for the emf 
method to be applicable to a given alloy system the nobil- 
i ty differences based on the emf series in aqueous solutions 
should be on the order of 0.2 volt ~6 to 0.7 volt27 Such 

~4Bell Telephone Laboratories, Inc., Murray Hill, 
N . J .  

~5 National Advisory Committee for Aeronautics, Lewis 
Flight Propulsion Laboratory, Cleveland, Ohio. 

,6 N. W. TAYLOR, J. Am. Chem. Soc., 45, 2865 (1923). 
17 O. KUBASCHEWSKI AND O. VON GOLDBECK~ Trans. 

Faraday Soc., 45,948 (1949). 



634 J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  December 195~ 

statements neglect the possibility that  considerable 
changes may occur in the relative values of electrode po- 
tentials in going to fused salt electrolytes, as indicated 
above in the qualitative series. Furthermore, simple con- 
sideration of the equilibrium constant for the exchange 
reaction shows that,  in certain cases, even if the two 
metals have the sanie standard electrode potential  in the  
fused salt system it should be possible, by proper choice of 
the concentration of the ion of the less noble metal  and of 
other conditions, to minimize metal transfer t o  the extent 
that  reliable data  could be obtained. Thus, da ta  on elec- 
trode potentials in fused salt systems might show tha t  
certain alloy systems could be studied for which the emf 
method was formerly thought to be unsuitable. 

S. SENDEROFF: Since making the measurements de- 
scribed in the paper, we have done some calculations 
which indicate tha t  the inversion of the positions of copper 
and nickel in the emf series should not have been so sur- 
prising to us and to others who have observed it. We calcu- 
lated the equilibrium constants, K, at  730~ for the reac- 
tion, MCI,, + n/2H2(g) ~ M + nHCl(g) from Brewer's 
thermodynamic data  for the metal halides at  elevated 
temperatures. When log K thus calculated was tabulated 
for about a dozen metals, a list was obtained which is 
equivalent to the idealized emf series to be expected at  
that  temperature, since log K for the reaction is propor- 
tioned to E ~ against a hypothetical hydrogen electrode at  
that  temperature. Negative values of log K would cor- 
respond to the "active" metals above hydrogen, and posi- 
tive values to the "noble" metals below hydrogen. I t  
turns out that  on the basis of this strictly thermodynamic 
calculation, Cu + and nickel are both below hydrogen, and 
nickel is below copper. Some other metals whose poten- 
tials have been measured fall in the correct order. 

While we have not carried this further as yet, it  seems 
that  as more thermodynamic data at  high temperatures 
become available, it  will be interesting to compare such 
calculations with potential measurements to throw light 
on the state of the electrolyte in molten salts, and to judge 
the reversibility of electrode systems. 

A N O D I C  B E H A V I O R  OF A L U M I N U M  A N D  I T S  
ALLOYS IN S U L F U R I C  A C I D  

E L E C T R O L Y T E S  

R a l p h  B .  M a s o n  a n d  P h y l l i s  E.  F o w l e  (pp. 53-59) 

R. C. SI~OONER~S: The authors are to be congratulated 
on a clear and interesting presentation of their investiga- 
tion of conditions governing the anodizing of aluminum 
and its alloys. I t  is regretted that  the paper does not dis- 
cuss in detail the voltages required under the various con- 
ditions employed, since this information is essential for 
consideration of the coating formation mechanism. 

The coating ratio-metal loss curves in Fig. 2 and 3 at  
72 amp/f t  2 which ti l t  upward are of special interest. 
Their shape is at t r ibuted to a decreased rate of solution 
of the coating at  the bot tom of the pores because of a 
build-up of solution products within the pore channels. 
Later in the paper, the possibility is mentioned that  the 

lS Chemical Division, Aluminium Laboratories Ltd.,  
Kingston, Ontario, Canada. 

"pores are fewer in number because of a higher voltage 
across the primary or barrier layer." In  view of the noted 
abnormal increase in voltage accompanying rises in coat- 
ing ratio, this suggests that  the larger ratios may be due, 
in par t  at  least, to a reduction in the number of pores so 
lowering the surface area exposed to electrolyte a t tack  and 
thus decreasing the amount of coating dissolved. 

The authors '  comments would be appreciated on the 
following two queries: 1. Did the proport ionately large 
edge effect with the small panels employed at  the higher 
current densities (e.g., 2 i n / a t  72 amp/ f t  2) cause "burn-  
ing"? 2. What  was the effect on the voltage required for a 
fixed current density of the addition of 2% oxalic acid to 
the 12% sulfuric acid solution? 

RALPH B. MASON AND PHYLLIS E. FOWLE: 1. No trou- 
ble with "burning" was encountered with the small alu- 
minum samples at  the high current densities except in the 
case of 24S-T at  a temperature of 34~ In this case i t  was 
not possible to use a current density higher than 24 a m p /  
ft ~. In  the oral presentation of the paper it  was pointed 
out that  it  is usually impractical to use current densities 
as high as 48 or 72 amp/ f t  2. In  the laboratory, small sam- 
ples can be readily coated provided there is adequate  
cooling and agitation of the electrolyte. 

2. There was no significant change in voltage when 2 % 
oxalic acid was added to the 12% sulfuric acid solution. 
I t  is to be regretted tha t  certain papers discussing the 
mechanism of coating formation have overstressed the 
importance of voltage. In  the case of the sulfuric acid 
electrolytes, the voltage data  and theory will not s tand up 
under a rigid analysis. 

E X T R A C T I V E  M E T A L L U R G Y  OF Z I R C O N I U M  B Y  
T H E  E L E C T R O L Y S I S  OF F U S E D  S A L T S  

II .  P r o c e s s  D e v e l o p m e n t  o f  t h e  E l e c t r o l y t i c  
P r o d u c t i o n  o f  Z i r c o n i u m  f rom K~ZrF6 

M. A. S t e inbe rg ,  M. E. S i b e r t ,  a n d  E.  W a i n e r  
(pp. 63-78) 

N. F. McRPHY19: Did the graphite electrode give off 
powdered graphite to the melt which would codeposit with 
the zirconium? Did the graphite porosity decrease on pre- 
baking? 

M. E. SIB~RT: There was no evidence of any loss of 
graphite fronl the graphite anode. The only carbon con- 
tamination encountered has resulted from accidental  
breakage of the protecting graphite sleeve on the cathode 
support rod. 

There is no notable change in porosity of the graphite  
regardless of treatment.  Leakage develops after a number 
of runs when the crucible becomes saturated with salts. 

MORRIS EISENB~RO~~ DO you need a protective at-  
mosphere for the storage of the zirconium powders? 

M. E. SIBERT: A protective atmosphere is not required 
for storage of this electrolytic zirconium powder. We have 
had no instances of spontaneous ignition of this powder 
when stored in air. Apparent ly either a protective oxide 
film is formed in the aqueous recovery procedure, or the 

19 Virginia Polytechnic Inst i tute,  Blacksburg, Va. 
20 Stanford Research Insti tute,  Menlo Park, Calif. 
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hydrogen content is appreciably less than those powders 
which are subject to this hazard. 

C O R R O S I O N  I N H I B I T I O N  IN ACID SOLUTION 

Cecil V. King  and  Edward  t l i l l n e r  (pp. 79-83) 

A. C. MAKRmES2~: The experiments reported by the au- 
thors are interesting in more than one connection. I t  ap- 
pears from their results that  complexing or chelating 
agents are excellent inhibitors of the dissokltion of iron 
under strongly oxidizing conditions. This suggests that  the 
mechanism by which organic inhibitors function is not 
"poisoning" of hydrogen evolution as proposed by Elze 
and Fischel a2 and by  Bockris and Conway. ~ These same 
compounds have no effect or actually accelerate dissolu- 
tion of zinc (with the exception of sodium gluconate which 
shows about 50% inhibition). This further suggests that  
inhibition by  organic compounds is directly related to the 
stabili ty of the adsorption complex formed between the 
metal and the inhibitor, and the consequent decrease in 
dissolution rate of the surface layers of the metal, rather 
than to any mechanical blockage of hydrogen ion dis- 
charge. As pointed out elsewhere 24 recent theories of chemi- 
sorption on metals lead to the prediction that  chemisorp- 
tion of such compounds would be stronger on iron, which 
has d-bond character, than on zinc. 

Inhibition by K2Cr207 is known to be dependent on the 
pH of the solution. 25 The pH of the reference corroding 
solution was about 1.7; addition of the complexing agent 
generally raised this by 0.4, or more, pH units. The ob- 
served increase in effectiveness of inhibition by K2Cr207 
in these solutions could, therefore, be caused by the 
higher pH. In  two cases out of three where the pH of the 
solution was adjusted to 1.7, or close to this, after addi- 
tion of the complexing agent, the complexing agent ap- 
pears to have decreased rather than increased the inhibi- 
tion effectiveness of K:Cr=07. ~ I t  would be helpful in the 
interpretation of results to know if this point has been 
checked by the authors. 

C. V. KING AND E. HILLNER: Essentially Dr. Makrides 
raises three pertinent questions. They are: 

1. Do complexing agents in general inhibit iron dissolu- 
tion (in the reference solution with no dichromate), and 
is the inhibition due to adsorption? 

2. Do most complexing agents accelerate the dissolu- 
tion of zinc in the same solution? 

3. Is the main effect of the complexing agents on di- 
chromate inhibition due to raising the pH? 

These questions can be answered as follows: 
1. The inhibition by  glueonie and citric acids and by 

2~Department of Chemistry, University of Texas, 
Austin, Texas. 

22 j .  ELZE AND F. FISCHER, This Journal, 99,259 (1952). 
23 J. O']~/[. BOCKRIS AND B. E. CONWAY, J. Phys. & Col- 

loid Chem., 53, 527 (1949). 
24 N. IIAcKEI~MAN AND A. C. MAKRIDES, Ind. Eng. Chem., 

In press. 
25 See, for example, G. G. BERWICK, Chemistry & In- 

dustry, 1953, 408. 
2r See Table I I I ,  Zinc and EDTA, and Table IV, Iron 

and citric acid, C. V. KING AND E. HILLNER, This Journal, 
101, 79 (1954). 

E D T A  may  be due to adsorption on iron; no experimental 
evidence is available. I t  is certainly not due to blocking or 
"poisoning" hydrogen evolution, but  may be due to block- 
ing the formation of atomic hydrogen, or some step in the 
reduction of nitrate. We now have evidence that  other 
chelating agents are poor inhibitors without dichromate, 
and that  neoeupferron, which forms insoluble chelates 
with ferrous and ferric ions, inhibits, but  not by  adsorp- 
tion. 

2. The dissolution of zinc appears to be diffusion con- 
trolled in all the solutions without dichromate. Gluconate 
lowered the rate because the molecular acid diffuses more 
slowly than hydrogen ion. E D T A  increased the rate be- 
cause of the extra acid present (molecular acid as well as 
hydrogen ion). Citric add ,  as reported, seemed to have 
little effect because less HO1 was present; the diffusion 
coefficient of citric acid is smaller but  it  dissolves more 
equivalents per molecule. These effects are independent of 
pH within wide limits. 

3. The pI-I of the reference solution is 1.8 rather than 
1.7; the activi ty coefficient of HC1 at  these ionic strengths 
is very close to 0.80. Actually only one case is shown 27 
where corrosion is smaller (at the same or a lower pH) than 
in the reference solution. The effect of dichromate should 
have been shown at several HC1 concentrations to cover 
the pH range, or it  should have been stated tha t  dichro- 
mate enhances inhibition by  the complexing agent, at  the 
same pH. Actually, later experiments show more conclu- 
sively that  these and other complexing agents do enhance 
dichronmte inhibition at the reference pH. 

THE PROTECTIVE ACTION OF PIGMENTS 
ON STEEL 

M. J.  Pryor  (pp. 141-148) 

U. R. EVANS28: Dr. Pryor's study of aqueous extracts 
of lead and zinc pigments is most welcome, and adds 
greatly to our knowledge. Where it overlaps with earlier 
work, the facts are in general accord. It must, however, be 
remembered that the poor showing of red lead in aqueous 
extract is no argument against red lead paints, where in- 
hibition is largely due to the degradation products of lead 
soaps--many of which have been identified and estimated 
in this laboratory by van Rooyen and Mayne; ~ they are 
mostly salts of dibasic organic acids. However, even in 
red lead oil paints, the addition of litharge consistently 
improves performance, as shown in the seven-year out- 
door tests organized from Cambridge/~ 

Earlier laboratory tests 31 showed clearly that, in the 
absence of oil, litharge is highly superior to red lead. The 
following are the losses of weight (in units of 10 -4 grain) 

27 See Table I I I ,  Iron, C. V. KING ANn E. HILLNER, 
This Journal, 101, 79 (1954). 

2s Department of Metallurgy, University of Cambridge, 
Cambridge, England. 

29 D. VAN ROOYEN AND J. E. O. ~V[AYNE, J. Appl. Chem., 
London, 4, 384 (1954). 

30 S. C. BRITTON AND U. R. EVANS, J .  Soc. Chem. Ind., 
London, 58, 90 (1939). 

3l K. G. LEWIS AND U. R. EVANS, J.  Soc. Chem. Ind., 
London, 53, 25T (1934). 
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obtained when steel (or iron) specimens are rotated for 
20 hr at 25~ in tubes partly filled with liquid, with or 
without pigment, but also containing air or oxygen. 

In  the oxygen experiments, pure litharge was used; in 
the air experiments, pigment-type litharge or red lead was 
used. The numbers for percentage areas visibly corroded 
are also shown. Each experiment with pigment is the mean 
of two measurements; those for experiments without pig- 
ment are mostly the mean of 3 or 4 measurements. The 
specimens were rectangles of sheet measuring 3 x 1 cm. 

molecules are continually attaching and detaching them- 
selves, and it is unlikely that  protection can be explained 
by assuming that the whole metallic surface becomes cov- 
ered with attached litharge molecules; there will always 
be some gaps. Oxygen at high pressure will arrive quickly 
enough to build a passivating film; but at low pressure it 
will not arrive quickly enough to prevent iron entering 
the liquid at sensitive spots as cations, electrical neu- 
trality being maintained by the cathodic reduction of oxy- 
gen on the area between the sensitive spots. If, however 

Material 

Steel MS2 . . . . . . . . . . . . .  
Steel MS2 . . . . . . . . . . . . .  
Steel MS2 . . . . . . . . . . . . .  
Steel MS2 . . . . . . . . . . . . .  
Electrolytic Iron . . . . . .  
Steel H33 . . . . . . . . . . . . .  
Steel P1 . . . . . . . . . . . . . .  

Gas 

Air 
Air 
Air 
Air 
Oxygen 
Oxygen 
Oxygen 

Liquid 

Distilled water 
0.0015/[ NaC1 
0.0015/[ Na:SO4 
Sea water 
0. 0015/[ Na2SO4 
0.0015/[ Na~SO4 
0. 001Y[ Na2SO~ 

Weight loss 

No 
pigment 

44 
45 

122 
124 
78 

206 
117 

Percentage of area visibly corroded 

Litharge 

1 
1 
4 

16 
0 
4 

10 

Red 
Lead 

9 
21 
52 
38 

No 
pigment 

17 0 
10 0 
29 1 
80 2 
17 0 
65 0 
20 3 

Red 
Litharge Lead 

3 
5 
6 

35 

The tentative explanation offered in 1935, emphasizing 
p H  values and the basic character of inhibitive pigments, 
was not very unlike Dr. Pryor's theory which emphasizes 
reserve alkalinity. Neither seems entirely satisfactory to- 
day; one would like to know whether a buffer system of 
the same reserve alkalinity, based on soluble salts, would 
inhibit corrosion to the s'mm extent in presence of chlo- 
rides. 

Without finally rejecting reserve alkalinity as an ex- 
planation, it is well to explore alternatives. The rise of po- 
tential with time, which is attributed by Dr. Pryor to 
litharge acting as an anodic inhibitor, could also be at- 
tributed to an increase in rate of supply of oxygen per unit  
area of bare metal (an increase which is to be expected if 
a film is gradually spreading over the surface). I t  is well 
known that increased oxygen supply, whether obtained by 
increased pressure or by movement of the liquid, will ren- 
der the cathodic polarization curve less steep, and thus 
raise the value of the potential at which it intersects the 
anodic curve. Furthermore, the increased oxygen supply 
improves the chance of obtaining passivity instead of 
corrosion. 

If, in completely stagnant liquid, a metal surface is 
completely covered with a film except for small gaps of 
radius r and area a, separated by distances large compared 
to r, the rate of arrival of oxygen is approximately propor- 
tional to a 1/2 so that the rate per unit  area of bare metal 
is proportional to a -t/2. As the area of the gaps becomes 
small the supply per unit  area of gap becomes better, al- 
though (for a fixed number of gaps per unit, area) the sup- 
ply per unit  area of specimen becomes worse/2 

If we postulate that litharge is adsorbed on metal, but  
not on iron oxide, the facts are easily explained. Adsorbed 

32 It is assumed that the oxygen is used up on arrival, so 

that the rate of arrival is C D /  dr /2r r  2 = 2rrCDr = 

27r~CDa ~/~ where C is the oxygen concentration in the 
body of the liquid and D the diffusivit, y. 

1 
there is adsorption of litharge molecules (however partia 
and transitory), the increased rate of arrival of oxygen at 
points where it is required may suffice to cause film build- 
ing to predominate over film breakdown, and since lead 
oxide is postulated to be not adsorbed on iron oxide, the 
final film will be iron oxide free from lead. 

NI. J. PRYOR: Dr. Evans'  comments and his experimen- 
tal data are greatly appreciated. I t  is agreed that the rela- 
tively poor showing of a red lead in these experiments does 
not necessarily imply that it is a poor paint pigment since, 
if vehicles of the linseed oil type are used, inhibiting lead 
soaps can be formed. This probably applies also to basic 
lead carbonate which had no detectable inhibitive action 
in the form of an aqueous extract. The usefulness of these 
pigments in paint systems is affected by such factors as 
the nature of the vehicle and the geometry of the pigment 
particles which were not considered in this investigation. 

Dr. Evans raises the question of whether a buffer system 
of similar reserve alkalinity based on soluble salts inhibits 
corrosion to the same extent in the presence of chlorides 
as the aqueous pigment extracts under similar conditions. 
Chlorides break down the protection afforded by aqueous 
pigment extracts relatively easily, and similar buffer sys- 
tems based on soluble salts are generally more effective 
inhibitors in chloride containing solutions. Since buffering 
action is presumably required mainly at the small anodie 
areas rather than in the bulk of the solution, the rate of 
transport of the ions responsible for buffering to the anodie 
areas is clearly important. I t  is reasonable to suppose that  
soluble anions would migrate to the anodie areas more 
rapidly than colloidal or massive lead hydroxide or a posi- 
tively charged Pb(OH) + ion of presumably low transport 
number and thus provide better buffering at the points 
where this property is most urgently required. 

The alternative explanation of the mechanism of inhibi- 
tion by litharge extracts advanced by Dr. Evans is a rea- 
sonable one but  falls somewhat outside the scope of present 
experimentM work. For instance, the writer's investiga- 
tion was mainly an at tempt to clarify some of the macro- 
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chemical reactions occurring during interaction of aqueous 
pigment extracts and steel. However, such detailed con- 
sideration of inhibitor mechanisms is clearly in order and 
the theory of reserve alkalinity can be extended as follows 
to provide such a picture. The potential of steel in a 
litharge extract is a mixed polarized potential and it can 
be determined from the Nernst equilibrium potentials of 
the individual anodic and cathodic reactions that  very 
high polarization of both reactions occurs. High polariza- 
tion of the cathodic reaction is normally observed on steel 
in somewhat alkaline solutions, but  a high degree of anodic 
polarization is dependent on the presence of an inhibitor. 
The structure of many passivity films formed in anodic 
inhibitors has been shown to be duplex 33, 34 and to consist 
of small inclusions of corrosion product in a matrix of 
"y-Fe2Oa. According to the concepts of Mfiller/~ anodic 
polarization is dependent on the resistance and, hence, 
on the size of these pores in the oxide film. If  the pores 
(which are filled with corrosion product) are very small, 
the anodic polarization and thus the potential will be very 
high and the rate of corrosion very low whereas, if the 
pores are larger, the anodic polarization and the potential 
will be lower. In  inhibitor solutions a localized production 
of hydrogen ions at  the anodic areas occurs due to the 
formation of hydrated oxide. If  the solution in the region 
of the anodic areas is unbnffered, the pH will fall and low 
pH values are detrimental to the formation of protective 
fihns of oxide and corrosion product; consequently, the 
size of the anodic areas will tend to increase. If, however, 
the solution at  the anodic areas is buffered, protective 
fihns of oxide and corrosion product may form at these 
points and the size of the anodic areas will tend to remain 
small. This also implies that  buffering action at  the small 
anodic areas is more important  than buffering action in 
the bulk of the solution. 

At the present time, there appears to be insufficient 
direct experimental evidence to distinguish between these 
views. Thus Dr. Evans '  comments emphasize the need for 
further experimental s tudy of these points. 

D I A P I I R A G M  TYPE AMALGAM CAUSTIC- 
CHLORINE CELL 

C h a s .  P o t t e r  a n d  A.  L.  B i s i o  (pp. 158-161) 

RALPH M. HUNTER36: A study of the construction of 
this cell would lead one to suspect that  the lower voltage 
could have been caused by  a current leak between the 
cathode lead and the anialgam. Such leak could give the 
authors the benefit of the amalgam decomposition poten- 
tial. Are they sure that  this did not happen? 

A. L. BIsIO AND C. POTTER: The lower voltage is caused 
by operation of the cell as a Sorensen cell, amalgam de- 
composition occurring as a result of a local cell set up be- 
tween the amalgam and the graphite. We doubt whether 
any leakage of current occurred. 

~3 j .  E. O. MAYNE, J. W. MENTER, AND M. J. PRYOR, O r. 
Chem. Soc., 1950, 3229. 

34 M. J. PAYOR, M. COI-IEN, AND F. BROWN, This Journal, 
99,263 (1951). 

35W. J. MttLLER, Trans. Electrochem. Soc., 76, 167 
(1939). 

3G Dow Chemical Company, Midland, Mich. 

E F F E C T  OF C H A I N  B R A N C H I N G  ON E L E C T R O -  
C H E M I C A L  C A R B O N - H A L O G E N  B O N D  F I S S I O N .  

P O S S I B L E  M E C H A N I S M  F O R  T H E  P R O C E S S  

P h i l i p  J.  E l v i n g ,  J o s e p h  M.  M a r k o w i t z ,  a n d  
I s a d o r e  R o s e n t h a l  (pp. 195-202) 

GARRETT W. THIESSEN37: In  the macroelectrolysis ~8 of 
a-bromopropionic acid, (watery solution, K-salt) the main 
yield appears to be ethylidene bromide, i. e., 1,2-dibromo- 
ethane. This is (R § Br) if the acid is R.  COOH, and an 
unusual result. Identification has been handicapped by  
(a) decomposition with evolution of HBr on distilling; 
(b) lack of existence of a suitable derivative in literature. 
The constants agree approximately, most significant be- 
ing density greater than that  of concentrated H~SO4. Br 
analysis close, but  not quite high enough. 

No unsaturation was found in the escaping electrolysis 
gases. 

PHILIP J. ELVING, JOSEPH M. MARKOWITZ, AND ISA- 
DORE ROSENTHAL: The result described by Dr. Thiessen 
is most interesting, and, as he implies, quite unexpected. 
I t  would seem that  any mechanism which could be con- 
trived to account for his result would necessarily involve 
decomposition of the carboxylate group. 

Of course, there is no necessary relation between this 
result and the result of the polarographic reduction of 
2-bromopropanoie acid. Dr. Thiessen describes his experi- 
mental conditions as "macro-electrolysis" (with plat inum 
electrodes). One assumes that  he did not control the cath- 
ode potential, but  used constant current. Consequently, 
a variety of products might be formed at potentials much 
greater than those encountered in polarographic work. 

I t  is virtually certain that  no ethylidene bromide is 
produced in the polarographic reduction of 2-brolnopro- 
pionic acid. The former substance has a half-wave poten- 
t ial  of -1 .31 v vs. S.C.E. at  25 ~ in 0.5M NH3-NH4C1 
buffer at pH 8.3. Under the same conditions, 2-bronio- 
propanoic acid exhibits only one wave with a half-wave 
potential of - 1.14 v. If  ethylidene bromide were a product, 
a second wave would appear when 2-bromopropanoic acid 
is electrolyzed under these experimental conditions; such 
a wave is not observed. 

P R E P A R A T I O N  A N D  E X A M I N A T I O N  OF 
B E R Y L L I U M  C A R B I D E  

M.  W. M a l l e t t ,  E. A.  D u r b i n ,  M.  C. Udy, 
D. A.  V a u g h a n ,  a n d  E.  J .  C e n t e r  

(pp. 298-305) 

J. A. UPPER~9: In  this paper under Hardness Measure- 
ments, it  was stated that  "Readings of 2678, 2520, and 
2613 were obtained with a 50-gram load and 2740 with a 
25-gram load. I t  appears that  the hardness of Be2C is 
greater than that  of silicon carbide and approaches the 
hardness of boron carbide." These statements were made 
regarding Knoop hardness measurements made on a TR- 
kon hardness tester. 

37 Monmouth College, Monmouth, Ill. 
38Unpublished research at Monmouth College; P t  

electrodes. 
29 Norton Company, Niagara Falls, Canada. 
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Regarding the above statements, we would like to sub- 
mit the following information. 

From observations made in the Norton Research Labo- 
ratory in Worcester, Massachusetts, it does not appear 
that Be~C is as hard as silicon carbide. Typical Knoop 
hardness data for the very hardest materials are: 

Knoop hardness 
Material (lO0-gram load) 

B~C 2800 
B 2500 
SiC 2500 
TiC 2500 
Be2C 2300 
ZrC 2100 
A1203 2050 
WC 1900 

The Knoop hardness determinations set forth above 
(excepting Be~C) were obtained from a paper by Thi- 
bault and Nyquist. 4~ Values for Be2C were more recently 
obtained. 

The paper under discussion also quotes Knoop hard- 
ness readings obtained at both 50- and 25-gram loads on 
the Tukon tester. In  the paper by Thibault  and Nyquist 4~ 
it is pointed out that the Knoop numbers obtained at dif- 
ferent loadings are not directly comparable. In  order to 
obtain comparable data, all tests must be conducted at a 
common load. The cause of the variation of the measured 
Knoop hardness with indenting load is discussed in a 
paper by Tarasov and Thibault. 41 

~V[ANLEY W. MALLETT: We wish to thank Mr. Upper 
for drawing our attention to the fact that Knoop hardness 
numbers based on indentations made by a 25- or 50-gram 
load are not directly comparable with numbers determined 
from indentations mad~ at higher loads. Accordingly, we 
should revise our statement on the hardness of Be2C to 
read that it lies between those of zirconium carbide and 
silicon carbide. 

THE NATURE OF THE ZINC-CONTAINING ION IN 
STRONGLY ALKALINE SOLUTIONS 

T h e d f o r d  P. D irkse  (pp. 328-331) 

J. J. LANDER42: The author is probably aware that, be- 

40 N. W. THIBAULT AND H. L. NYQUIST, "The Measured 
Knoop Hardness of Hard Substances and Factors Affecting 
Its Determination," 28th annual convention, American 
Society for Metals, Atlantic City, November 1946. 

41 L. P. TARASOV AND N. W. THIBAULT, paper delivered 
at 28th annual convention, American Society for Metals, 
Atlantic City, November 1946. 

42 Naval Research Laboratory, Washington, D. C. 

cause x and y are known with certainty, perhaps z might 
be determined by a plot similar to that with which the 
value of y was determined, i.e., by graphing Ezn -0.0295 
y log aOH- VS. log a ~ o  and determining the slopes of 
the resultant curves at several values of Mzn. The results 
should be interesting, because if the experimental data 
are of sufficient precision, they should show whether z 
has an integral value or whether it varies over a rather 
wide range of a O H - .  Thus his data itself might possibly 
determine whether or not degree of hydration can be ex- 
pressed exactly. Evidently, determination of z has been 
ruled out on the basis of a priori considerations, which, 
even if based on previous experimental evidence, do not 
necessarily apply to this work which seems to be of high 
quality. 

W. P. DIRKSE: A plot such as that suggested by Dr. 
Lander can be prepared from the data used in the paper 
referred to. Using two different concentrations of zinc such 
a plot gives reasonably straight lines (see accompanying 
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graph). The two lines are parallel and the slope of each 
is 0.114. This is reasonably close to 0.118 which corre- 
sponds to a value of four for z. I t  is striking that there is 
a regularity of behavior and that the plot gives an integral 
value for z. I t  is possible that  this indicates that  four water 
molecules are specially bound in each zinc complex al- 
though there is a tendency at present to discount the sig- 
nificance of such hydration numbers. 



Feature Section 

Coulometry Related Phenomena of Electrolysis 
and Current-Sweep Polarography 

N .  H o w e l l  F u r m a n  ~ 

I n t r o d u c t i o n  

For several recent years, a number of new or modified 
aspects of electroanalyticaI methods have been studied in our 
laboratories. Recently, emphasis has shifted to the determina- 
tion of substances in the milligram range and lower, down 
even to the submicrogram range. Our first war-time research 
in 1942 evolved a procedure that  consisted in the electrolysis 
of traces of metals such as copper, lead, cobalt, cadmium, iron, 
nickel, zinc, etc., into a small mercury cathode, followed by  
removal of the mercury by  distillation and polarographic or 
spectrophotometric examination of the residue (1). During 
war-time, it  was not possible to explore other techniques for 
estimating the metals that  were present in the mercury 
cathode. I t  was recognized that ,  without exceedingly careful 
technique and proper admission of air (oxygen) during the 
distillation, the more volatile metals such as cadmium might 
be lost. Subsequently, Cooper (2) investigated the determina- 
tion of other metals amalgamated with mercury by making 
the amalgam the anode in a capillary dropping assembly and 
taking polarograms. This technique gave good quali tat ive 
information and semiquantitative results, even on five-com- 
ponent mixtures. The results with simpler amalgams appear 
to be of interest in connection with the determination of the 
diffusion coefficients of metals in mercury as solvent medium 
(3). 

Recently, Rogers and coworkers (4) and Cooke (5) have 
had good success in using coulometric or polarographic tech- 
niques of combined methods in estimating submicrogram 
amounts of metals electrolyzed into mercury. 

Schmidt (6) has found tha t  controlled potential electrolysis 
of a dilute amalgam as anode permits one to electrolyze out 
and determine elements such as copper, lead, cadmium, and 
zinc, whereas the passive metals, cobalt and nickel, in pres- 
ence of excess of iron do not electrolyze out. He has demon- 
strated that  amounts of the first four metals ranging from a 
few micrograms up to several milligrams may be removed 
from the mercury and then estimated polarographically. 
Presumably the passive metals may then be recovered by  
distillation of the mercury and estimated by polarographic, 
spectrophotometric, or other methods. 

The developments thus far mentioned have been concerned 
primarily with electrolysis and polarography. The present 
paper is concerned primarily with coulometry. 

G o u l o m e t r y  

Coulometric methods have been open for development since 
the publication by Faraday  of his fundamental laws of electrol- 
ysis. For a great many years, the classical coulometric method 
with cells in series has been studied in courses in physical 
chemistry, or for fundamental standardization purposes (7). 

1 Palladium Medal Address delivered at the Wrightsville 
Beach Meeting, September 15, 1953. 

2 Princeton University, Department of Chemistry, Prince- 
ton, New Jersey. 
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The technique has been advocated for the precise determina- 
tion of equivalent weights (8). Recently there has been a 
very decided increase in interest  in various coulometric 
methods for analytical  and other purposes. 

Controlled potential  electrolysis in conjunction with series 
oxyhydrogen coulometers has been developed by Hickling 
(9) and by Lingane (10). 

A fundamental idea that  is essential to a number of modern 
developments in coulometry for analytical purposes is tha t  of 
the addition of a substance to a solution for the purpose of 
generating therefrom at  100% current efficiency a reagent to 
carry out a definite chemical reaction, thus dispensing with 
the necessity of preparing and storing standard solutions. 
This mode of approach seems to be due to Szebelledy and 
Somogyi (11) who studied brominations and neutralizations 
in this fashion. They did not  appear to realize the full ad- 
vantages and simplicity of the approach since they used 
indicators to detect end points and a series silver coulometer 
for current integration. They achieved a high degree of pre- 
cision. 

I t  is of interest tha t  some of the present populari ty of the 
coulolnetric method is due, in part  a t  least, to early studies on 
surface coatings and corrosion films. Among the earliest of 
modern studies along this line is one by Grower (12) on the 
thickness of t in coatings on copper wires. His apparatus  is 
represented schematically in Fig. 1. He was able to differenti- 
ate between the pure t in layer and the underlying layer, and 
also visually when the intermediate layer of copper-tin alloy 
was dissolved and the pure copper color appeared. Gas 
coulometers were used for the quanti tat ive measurements. 

A very significant development is contained in a s tudy by  
Campbell and Thomas (13) on the thickness of experimental 
corrosion or tarnish films of oxide of sulfide or mixtures of 
oxide and sulfide on pure copper or silver foils. This paper  
clearly demonstrates the principle of electrolysis at  constant  
current with simple measurement of t ime to a potentiometrie 
end point or a succession of such points. This type  of s tudy  
has recently been repeated by  Alien (14) who found tha t  
purest copper, after cleaning b y  electrolytic polishing and 
transfer to a system tha t  could be evacuated, developed a 
film of cuprous oxide of average thickness of 6.5 A, whereas 
exposure to air from 0.5 hr typically developed a 15 .~ film, 
whereas after several hours in dry air the films grew to 20-25 

thickness. The effect of different techniques of washing 
after polishing could be clearly examined. 

The anodic stripping of electrolytic coatings by a constant  
current to a potentiometric cutoff point was developed by  
Francis (15) as a convenient method for estimating the th ick-  
nesses of electrodeposited coatings of one metal on another. 

The evolution of the modern application of the coulometric 
method to general classes of reactions in solution received its 
major recent advance from the extensive series of researches 
by Swift and his associates (16) who have given the name 
"coulometric t i t rat ion" to the process of development of a 
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reagent at constant current to a determinable end point. 
Other similar developments that should be mentioned are by 
Trishin (17) who measured amounts of dissolved metals in 
mercury at constant current by time measurement to a 
determinable cutoff point. Epstein, Sober, and Silver (18) 
neutralized acids to an end point by generating alkali from 
potassium bromide at constant current. Trishin has used the 
name electrochronometric analysis for the constant-current 
process with measurement of time to an end point. This name 
covers both titrations of soluble systems as well as the de- 
oosit on, or removal from, electrodes at constant current. 

Our own contributions to the field have included the de- 
velopment of a convenient electronic apparatus for providing 
constant current (19) and an exploration of the electrogenera- 
tion of ferrous (20) or ceric (21) ion. In these studies po- 
tentiometric technique with a vacuum-tube voltmeter or a 
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FIG. 1. Grower's thickness tester. Oxyhydrogen coulome- 

ter, [1], is in series until the anode Cu-Sn is electrolyzed away 
until its surface is substantially different from that of the pure 
tin indicator electrode, Sn. Relay, [A], then throws couloIneter 
[2], into the circuit. The current is stopped when the copper-tin 
surface of electrode Cu-Sn changes visually to pure copper. 
The circuit is opened nlanually. 

pH meter was used to detect the end point. In  the course of 
this work it was realized that the amperometrie technique 
with polarized electrodes, used by Swift and associates, was 
more sensitive and that  a compensated potentiometric end 
point or titration to a suitable potential of a potentiometric 
system might be adaptable to work in the low microgram 
range. 

This sensitive compensated end point (22) was applied to 
the estimation of vanadium (V) in presence of uranium (VI) 
by electrolytically generated ferrous ion in the vanadium 
range 400 down to 2 micrograms in the presence of a large 
excess of uranium (23). In  the range from 20 to 2 micrograms, 
the average error was about 1%. 

When applied to the coulometric determination of uranium 
that had been reduced to the quadrivalent state by cadmium 
amalgam coulometric titrations with electrolytically generated 
eerie ion (24) in sulfuric acid medium, the errors were larger 

and of the order of 2.6% in the estimation of 10 micrograms 
of uranium or 4.8 % (avg) when 5 micrograms were estimated. 

Thus far the most sensitive method that  we have tested has 
consisted in the coulometric estimation of permanganate 
(25). This process as used probably consisted in the storage 
of a slight amount of pregenerated ferrous ion in the ferric 
reagent, reaction of the ferrous with the added permanganate, 
and restoration of the ferrous ferric equilibrium that existed 
prior to addition of the permanganate. The average error in 
estimating 0.1 to 0.2 micrograms of manganese in this fashion 
was 3.5% (9 determinations). In  the range from 0.08 down to 
0.01 microgram, the average error was not appreciably larger, 
but  fl'om 0.08 down to 0.003 microgram the average error 
was 9%. 

The indication in all these sensitive determinations is 
essentially amperometric in character with a passage of the 
galvanometer through zero current reading at the end point. 
This research indicates that the concentration range that is 
accessible for titrations by essentially the classical compen- 
sated end point (equal and opposite potential to indicator 
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FIG. 2. Coulometric circuit with electrometric indicator. 
A constant current from the current source and the precision 
electric time clock are thrown into the circuit simultaneously 
by the switch, iS], electrode, [1], is sheltered from the solution 
by a porous diaphragm, and the reagent is generated at elec- 
trode, [2]. The electrodes [3], [4] serve to indicate the end point 
either by potentiometric, amperometric, or other feasible type 
of indication. St. represents a stirrer bar driven by a magnetic 
stirrer. 

system) of Mfiller (26) is very far down in the micro region, 
and it is probable that with an adequate microburet the lower 
range of titrations could be extended appreciably. 

The maior limitations to the extension of the coulometrie 
ti tration process to the submicrogram range seem to lie in 
kinetic factors at extreme dilutions, slow electrode processes, 
and adsorption phenomena. Our observations appear to in- 
dicate that the slow approach toward equilibrium that  one 
encounters wherever intermittent potentiometric balancing is 
practiced is largely eliminated by allowing the indicator 
electrode to take up or deliver an infinitesimal continuous 
current near the end point. 

In  the majority of applications that have been made with 
e]ectrolytically generated eerie ion, the precision and accuracy 
appear to be less satisfactory than with processes in which a 
reversible system is involved in the final part of the titration. 
An interesting feature of these sensitive methods is that no 
elaborate temperature control nor very exacting experimental 
conditions have been involved. Purity of reagents and re- 
moval of dissolved air (oxygen) have been important. 

When oxidation by eerie ion is applied to organic sub- 
stances, it is necessary to use fresh cerous solution for each 
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determination, whereas in many inorganic estimations small 
samples can be added to the solution and t i t ra ted without 
adding a fresh generating solution. Hydroquinone has been 
t i t ra ted successfully with errors averaging 0.5% in the range 
100--300 micrograms of hydroquinone, 2 % in the 12-90 micro- 
gram range, and 3 % in the 1-3 microgram range (27). 

Determinations with photometric indication in the ultra- 
violet range have been made by J. W. Handleman (unpub- 
lished) for the bromination process. The coulometrie generator 
electrodes were inserted in the solution that  was contained in 
the speciall cell described by Bricker and Sweetser (28). The 
bottom of this cell was of dimensions to fit the 1-cm compart-  
ment of the Beckman DU spectrophotometer. Brominations 
of 60-80 micrograms of resorcinol gave an average error of 
0.4%. These studies make it apparent that  one might com- 
bine all the advantages of photometric estimations with the 
coulometric determination principle, such as generation of 
successive known amounts of reagent beyond the end point. 

Current-Sweep or Potent iometr ic  Polarography 

Polarization curves on background medium and medium 
plus reagent are useful in eoulometry as well as in various 
eleetrometric methods. I t  was found profitable to build a 
number of resistor decades of such characteristics that  
current could be increased by definite increments. Current 
voltage curves were then taken by reading emf between 
reference electrode and generator electrode positioned to 
avoid or minimize IR drop (29). Later, a continuously vari- 
able current was applied more conveniently with the aid of a 
triode, the grid of which was varied in voltage to give an 
essentially linear current in the plate circuit. The actual 
electrode and cell to be used in a coulometric process could 
be thus used to deternfine current efficiency for the genera- 
tion of a reagent. This procedure gives a conservative estimate 
of the permissible conditions for generation with substantially 
100% efficiency. A comprehensive discussion and analysis 
of the utilization of polarization curves in analytical electro- 
chemistry has recently appeared from the Ecole Superieure 
laboratory in Paris (30). 

In sweeping the current it  was observed that  polarograms 
could be constructed manually at rotating plat inum electrodes 
with less tendency to form time maxima or rounded humps 
at  the usual point where maxima are apt  to occur when the 
voltage is increased point by point. Later  experiments (un- 
published) with automatic current-sweep were disappointing 
with solid electrodes, but  preliminary observations indicate 
tha t  there may be desirable features in the current-sweep 
idea as applied to the dropping capillary mercury electrode. 
These possibilities are being explored further by R. N. Adams. 

Other Coulometr ic  Techn iques  

The coulometric t i t rat ion technique may obviously be 
utilized with any valid type of end-point indication. Various 
potentiometrie, amperometrie, and photometric procedures 
have been tested and there are many other possibilities which 
have already been used or will lend themselves to give auto- 
matic end points, actuate control devices, etc. Carson has 
developed automatic devices (3l) and has used the derivative 
polarographic idea (32) in good advantage for indication 
when the solution must be heated during coulometric t i tra- 
tion. 

Automatic methods.--Analysis and probably control of 
gas or liquid streams is possible by mixing sample and reagent 
in a fixed ratio by a proper pump or other mixing device. 
The current that  is needed to keep the mixture continually 
t i t rated to a definite index point may be calibrated in terms 

of concentration of the substance t i trated. The general form 
of apparatus is indicated schematically in Fig. 3. This type of 
coulometric application was first described by  Shaffer and 
coworkers (33). 

Automatic t i t rat ion to an end point is possible in batch 
operations, and a suitable analytical system has been de- 
scribed by Carson (34). 

Coulometric generation of standard solutions.--It is possible 
to generate certain solutions coulometrically at  constant cur- 
rent in a portion of the apparatus that  is externM to the solu- 
tion to be t i trated. DeFord and associates (35) have demon- 
strated the desirabili ty of this procedure by generating alkali 
from sodium sulfate, the cathode and anode process being 
separated by a diaphragm of glass wool in an inverted U-tube 
with inlet tube at  the bot tom of the U. This mode of procedure 
obviously is capable of extension through many branches of 
volumetric analysis. The resultant change in volume of the 
solution t i t ra ted is a possible unfavorable factor for micro 
applications. 
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FIG. 3. Coulometrie indication in testing flow systems. The 
indicator circuit activates the current control so that  the mix- 
ture of reagent and test solution or gas is t i t rated constantly 
to maintain a predetermined value of the indicating system. 

The constant current-time principle has been used from 
time to time to generate hydrogen or oxygen to be added as 
a known component of a gasous mixture, to prepare dilute 
standard solutions of various sorts, and probably for other uses. 

This review has not been designed to be all-inclusive but  
rather to describe some recent developments that  have made 
coulometry of increasing analytical usefulness. The major i ty  
of papers that  have not been mentioned here can be readily 
located through the papers cited or through a review paper 
that  appeared recently (36). 

A c k n o w l e d g m e n t  

This award of the Palladium Medal is obviously in recog- 
nition of a long-continued group effort involving colleagues 
and students. I t  is a pleasure to acknowledge the writer 's 
thorough training in research in analytical electrodeposition 
under the guidance of the late Professor L. W. McCay,  and 
the excellent instruction in electrochemistry, especially 
potentiometry,  conductometry, and classical eoulometry 
that  was given by Professor Emeritus G. A. Hule t t  in his 
graduate laboratory course. This instruction led to association 
with Dr. !. M. Kolthoff in the authorship of "Potentiometrie 
Titrations." With  few exceptions, the doctoral theses of the 
writer 's graduate students have been in the field of electro- 
chemical studies as applied in chemical analysis. A number of 
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undergraduate researches of supervisees have also been in 
this field, and a number of these have been published. These 
various efforts have served as the basis for the award. 
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Nathanie l  H o w e l l  Furman T h e  Man and His W o r k  
R .  M .  B u r n s  1 

I can think of no more agreeable way to end a vacation in 
Maine than to fly down here today to tell you what I know 
about the 1953 Palladium Medalist. I first met Howell Fur- 
man in 1919 upon my return to Princeton from the war. He 
too was out of uniform and had joined the Princeton faculty 
as assistant professor after having taught at Stanford Uni- 
versity. A native of New Jersey, his trip to California had 
impressed him with the wild and Gargantuan qualities of the 
West. He has been satisfied ever since to live in the East. 

Our medalist's choice of New Jersey as a state in which to 
be born may be considered as very early evidence of prophetic 
vision, for New Jersey with its billion dollar chemical industry 
leads the nation in chemical manufacture and in number of 
chemists. The village of Lawrenceville, near Princeton, has 
the distinction of c]aiming him as a native son. Here as a 

1 Bell Telephone Laboratories, Inc., Murray Hill, New 
Jersey. 

boy, he worked summers in his father's old fashioned general 
store, the town's  headquarters, which also housed the post 
office. An additional source of income was the sale of lost golf 
balls which, in spare moments, he hunted on the Lawrenceville 
School golf course across the street from his home. No doubt 
it was this early acquaintance with golf balls that  led to his 
later addiction to the game. Not  that  he has ever let golf 
seriously interfere with chemistry. Indeed he originated the 
saying that:  "He who shoots 100 has no business playing 
golf; he who shoots 80 has no business." I am not sure where 
this leaves President Eisenhower. 

To go back to Lawrenceville, it was natural  that  he should 
go to the well-known boy's school there and on to Princeton. 
At the latter, he impressed both teachers and members of 
the class of 1913, and was thought likely to succeed. 

Another important vital statistic concerns Lawrenceville, 
for there lived in that town the attractive Hannah Henderick- 
son, sister to Furman's  close companion at Lawrenceville 



Technical Review ,@ 
The  Problem of Correct Thermal  Insulation of Bot tom 

Linings of A l u m i n u m  Furnaces 
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Introduction 

Designers of aluminum furnaces are well aware that the 
thermal insulation of bottom linings for almninum furnaces 
must be adjusted to the intended operating conditions of 
the furnaces, viz., current density of the anode, furnace 
voltage, and the distance between the anode and the metal 
bath acting as cathode. In this paper, a theoretical analysis 
of the problem is attempted, based on some measurements 
on operating furnaces and on thermochemical data for the 
reduction of alumina to aluminum metal. 

Stating the Problem 

The main characteristics of furnace operation are: (a) 
furnace voltage, in this paper designated E;  (b) total direct 
current I, and the current density of the anode I / A ;  (c) 
distance between the anode and metal bath, designated d; 
(d) current efficiency, designated s; (e) specific energy con- 
sumption, expressed in kwhr/kg metal produced, desig- 
nated r. 

These five quantities are naturally interrelated and their 
relationships involve certain electrochemical and physical 
quantities: (f) heat of reaction, or change of enthalpy, of the 
cell reaction 

A1203 + xC ~ 2Al -k anode gases 

(g) change of free energy, or equivalently, the equilibrium 
decomposition voltage of A1203 under operating conditions; 
(h) effects of irreversibilities, or overvoltage; (i) different 
ohmic voltage drops: in the outer circuit (bus bars), in the 
anode and cathode, and in the electrolytic bath between the 
anode and cathode; (j) heat generation accompanying these 
different ohmic voltage drops; and (k) different heat losses of 
the furnace: heat conducted through the furnace bottom 
lining, through the anode, radiant heat losses from the 
bath especially when charging the alumi~a, and the heat 
content of anode gases and metal produced. 

Two main aspects of the problem have to be discussed: 
(A) the energy balance Of the furnace, and (B) actual voltage 
drops. 

While a knowledge of the actual voltage drops is required 
to arrive at a true picture of the electrolytic process, the 
problem of correct heat insulation is solved mainly by proper 
application of the energy balance. 

Heat losses represent a waste of energy, and any reduction 
in the heat losses per kg metal produced naturally turns out 
to be a gain in the energy efficiency of the process. By in- 
creasing the thermal insulation, heat losses may be reduced. 
However, the practical operation of the furnace imposes 
certain limitations as to the amount of insulation that may 
be applied. 

A reduction in heat losses requires an equivalent reduction 

A/S Norsk Aluminium Company, Oslo, Norway. 
Elektrokemisk A/S, Oslo, Norway. 

145C 

in heat generation in order to maintain the correct tempera- 
ture of the bath. Generation of heat may be regulated mainly 
by regulating the distance between anode and cathode, and 
by regulating the total current, or, equivalently, the current 
density of the anode. 

With a given current density, the effect of a reduction of 
heat generation by reducing the anode-cathode distance is 
complicated by a second phenomenon, viz., the current ef- 
ficiency will simultaneously be reduced, especially at low 
values of anode-cathode distances. A reduction in current 
efficiency naturally will result in an increase in specific 
energy consumption. 

Thus we find that two effects are opposed: when reducing 
the anode-cathode distance, the heat generated is reduced, 
which permits an increase in thermal insulation, but, at the 
same time, the current efficiency is reduced. I t  will be demon- 
strafed that minimum specific energy consumption is ob- 
tained when these two opposing effects are properly balanced. 
Calculation of the conditions for the propel' balancing of the 
two opposing effects provides means for the determination of 
the correct thermal insulation of almninum furnaces. 

In the discussions to follow, actual voltage drops will be 
calculated to arrive at a true picture of the process. Aspects 
of current efficiency have then to be considered, and lastly 
an energy balance will be set up to demonstrate the condi- 
tions for the minimum specific energy consumption. 

Actual Voltage Drops 

Actual voltage drops of a number of 33-kamp and 18-kamp 
furnaces have been determined in the following manner. 

By constant current the anode is lowered successively until 
complete short-circuiting and the furnace voltage at different 
positions of the anode is noted. I t  is presumed that measure- 
ments are carried out so rapidly that the cell does not change 
its temperature during measurements. Measurements of dif- 
ferent furnaces, all of them operating at the same current 
density, show a remarkable conformity. A good average of 
the measurements is given in Fig. 1. 

I t  is seen that at first the furnace voltage decreases along a 
straight line as the anode is lowered. At a certain point, a 
sudden voltage drop of about 1.6 volts is observed. By 
further lowering the anode, a slight decrease in furnace 
voltage is noted until a constant value of about 1.4 volts is 
obtained. 

This voltage characteristic of the furnace may be explained 
by assuming that direct contact between the anode and the 
metal bath at first is obtained in a single point, or at least in 
a restricted area. When this contact is established, electrolysis 
is interrupted and the voltage drop observed corresponds 
roughly to the decomposition voltage of the electrolysis. 
Complete short-circuiting is obtained when the total working 
surface of the anode is in direct contact with the metal bath, 
this condition being established by further lowering of the 
anode. The short-circuiting voltage of the furnace thus pro- 
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Energy Balance 

When setting up an energy balance with the aim of pro- 
viding means for calculating the conditions of minimum 
specific energy consumption, three main groups of energy dis- 
sipations must be distinguished. 

Heat of Reaction 

Energy consumed by the electrode reaction is equivalent 
to the heat of the net cell reaction 

Al:O3 + xC ~ 2A1 + anode gases 

The heat of reaction depends on the composition of anode 
gases. With a gas composition of 65% COs and 35% CO, 
the authors have calculated the heat of reaction at 1000~ 
to be 276.0 kcal/gram mole of alumina (7). This corresponds 
to 5.94 kwhr/kg A1. The sensible heat content of anode 
gases and of produced metal is a permanent loss and may 
logically be added to the heat of reaction. This addition 
amounts to 0.73 kwhr/kg A1 under the assumed operating 
conditions, giving a total of 6.67 kwhr/kg A1. 

For any furnace operating under these conditions, the 
energy consumed by the electrochemical reaction may be 
found by multiplying the number of kg metal produced with 
6.67 kwhr/kg A1. To be correct, for furnaces operating under 
other conditions, viz., with other anode gas compositions, a 
slight correction of this value has to be introduced. This 
correction, however, is so small that  in this paper it is neg- 
lected. 

Actual decomposition voltage, multiplied by total direct 
current through the furnace, and by current efficiency, may 
be interpreted as the power input to the furnace directly con- 
verted to chemical energy. This power input may, by dividing 
with the metal production, be expressed as a specific energy 
consumption, and gives the figure 4.77 kwhr/kg At. This 
figure, being less than the energy requirements of reaction, 
shows that a part of the energy requirements of the reaction 
must be supplied from other sources. Assuming that the 
power input associated with the current losses is fully re- 
covered as useful heat and a current efficiency of 85%, which 
gives an additional energy supply, corresponding to 0.83 
kwhr/kg, we get a total of 5.60 kwhr/kg. Even this figure is 
less than the energy requirements of the reaction. The dif- 
ference, or 1.07 kwhr/kg, must then be supplied by heat 
generated by ohmic resistance, mainly in the bath. 

This comparison of energy requirements of the reaction 
with actual decomposition voltage is demonstrated in Fig. 2. 

Generation of "Useless Heat" 

The power input to the furnace, not required for covering 
the heat of reaction and the sensible heat of anode gases and 
metal produced, is dissipated to the surroundings as heat 
losses. The power input, which corresponds to the voltage 
drops in the anode and cathode, in part contributes toward 
heating the electrolytic bath, and in part it is generated where 
it may be considered to be of no use. The short-circuiting 
voltage of the furnaces measured is 1.4 volts, which corre- 
sponds to the combined voltage drops of anode and cathode. 
Of this, we may estimate that 0.4 volt will contribute to the 
heating of the bath and 1.0 volt generates useless heat. 

For measured furnaces we get the power input generating 
useless heat by multiplying this 1.0 volt by the total current. 

Generation of "Useful Heat" 

Total power input to the furnace may be calculated by 
multiplying the total furnace voltage by the totM furnace 
current. By subtracting from the total power input the items 

calculated under heat of reaction and generation of useless 
heat, we get the heat generation necessary to maintain the 
correct temperature of the bath. This power input is dis- 
sipated as heat losses from the furnace bottom by heat con- 
duction through the furnace lining and by radiant heat losses 
from the bath, especially during the charging of alumina. 

The heat generation equivalent to this power input may be 
called the generation of "useful heat," as this heat generation 
is effectively utilized in keeping the bath at correct tempera- 
ture. 

I t  will be seen that we now have arrived at a quantity very 
important for our reasoning. By using data from furnaces in 
actual operation, the generation of useful heat may be cal- 
culated for this particular installation and operating con- 
ditions. We may then calculate the effect of changing the 
operating conditions, or of changing the heat insulation of 
the furnace bottom on the specific energy consumption. 

Specific Energy Consumption 

The following data serve as basis for our calculations. 
A number of 33-kamp furnaces of the same design operating 

under the same conditions have for a long period of operation 
produced metal with a specific energy consumption of 19.1 
kwhr/kg, as calculated from the weight of metal produced 
and the readings of the kwhr-meter of the series. Unfortu- 
nately, no kamp hr- or kvolt hr-meter were used, but fre- 
quent readings of the total series current and voltage estab- 
lished a reasonable value for the current efficiency to be 
83.0%. 

I t  may be shown that current efficiency s, specific energy 
consumption r, and furnace voltage E are related to each 
other by the equation 

E = 0.3354.r.s 

when E and r are expressed in volts and kwhr/kg, respectively, 
and s is given as a fraction. The measured values given above 
then correspond to an average furnace voltage of 5.31 volts, 
which checks well with the average voltage of the series ac- 
cording to the frequent readings. 

These figures, by the nature of their derivation, include the 
time when anode effects occur. During the anode effects the 
power input to the furnace is greatly increased, which, to a 
large extent, is converted into useful heat. For our purpose 
then it seems logical to include the time when anode affects 
occur, and the figure 5.31 volts will be used as an average 
furnace voltage. 

According to the voltage characteristic of the furnace 
(Fig. 1), this average furnace voltage corresponds to an 
average distance between anode and cathode of 3.75 cm. This 
checks well with actual measurements of this distance for the 
furnaces in question as measured by lowering of the anode 
until the first contact with the metal bath. 

I t  is not quite correct to use the average furnace voltage 
in combination with the voltage characteristic of Fig. 1 since 
the former includes anode effects and the latter is based on 
the normal operation of the furnaces. The main purpose of 
our investigation is, however, to demonstrate the effect of 
changing the operating conditions on specific energy con- 
sumption. I t  is felt that, although theoretically not correct, 
this simplification does not invalidate our conclusions as to 
the effects of changing the operating conditions. I t  must be 
stressed, however, that  the actual figures given refer to this 
particular installation and the general methods of attendance 
used. For other installations and methods of attendance, 
other figures will result. I t  is thought, however, that  the trend 
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of the figures may be more generally valid. To demonstrate 
this trend is the main purpose of our investigation. 

We then arrive at the following fundamental data for the 
furnaces measured : 

Furnace voltage, E . . . . . . . . . . . . . . . . . .  5.31 volts 
Current, I . . . . . . . . . . . . . . . . . . . . . . . . . .  33.0 kamp 
Current density, I / A  . . . . . . . . . . . . . . . . .  0.9l  amp/era ~ 
Current efficiency, s . . . . . . . . . . . . . . . . . .  83.0 % 
Specific energy consumption, r . . . . . . . . .  19.1 kwhr/kg 
Average anode-cathode distance, d . . . . .  3.75 cm 

By using these data and the furnace characteristic shown in 
Fig. 1, together with the relationship found between current 
efficiency and anode-cathode distance, we may construct 
lines showing the specific energy consumption at different 
total currents, or, equivalently, at different current densit!es. 
Thermal insulation is supposed to be unaltered. To maintain 
the correct temperature of the bath, the change in total cur- 
rent has to be compensated for by an equivalent change in 
anode-cathode distance, to give a constant generation of 
useful heat. 

Suppose the thermal insulation is changed to give a different 
loss of heat at correct temperature of the bath. We may then 
repeat our calculations with the new value for the generation 
of useful heat. 

In  the calculations to follow, the 33-kamp furnaces, which 
have supplied the fundamental data, are supposed to operate 
at different operating conditions and with different thermal 
insulation of the furnace bottom. Similar calculations may be 
performed using data obtained from the operation of furnaces 
of other designs and of other sizes, generation of necessary 
useful heat being naturally dependent on furnace design and 
on furnace size as well as on the method of furnace attendance. 

To carry out these calculations, we must first determine 
the generation of useful heat with the normal heat insulation 
os the fm'nace. This is done in the following manner: 
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Fin. 3. Voltage characteristics of different current' densi- 
ties, corrected zero point. 

Furnace current 
Current efficiency 
Metal production 33.0 kam:~.0.83.0.3354 kg/ 

kamp hr 
Heat of reaction 9.18 kg/h.6.67 kwhr/kg 
"Useless heat" generation 1.00 volt.33.0 

kamp 

33.0 kamp 
= 83.0% 

= 9.18 kg/hr 
= 6 1 . 1  kw 

3 3 . 0  k w  

By addition 
Furnace voltage 
Total power input 5.31 volts-33.0 kamp 
Useful heat generation 133" difference 175.2 

- -  94.1 

94.1 kw 
= 5.31 volt 
= 175.2 kw 

8 1 . 1  k w  

Specific energy consumption 175.2 kw/9.18 
kg/h = 19.1 kwhr/kg. 

Our calculations are carried out for five different cases: 
(A) The insulation of the furnace bottom is reduced, neces- 

sitating 40% increase in the generation of useful heat, or a 
total generation of useful heat of 81.1.1.40 = 113.7 kw. 

(B) 20% increase of said heat generation, or 81.1.1.20 = 
97.4 kw. 

(C) Normal insulation. 
(D) 20% reduction of said heat generation by properly in- 

creased insulation, giving 81.1.0.80 = 64.9 kw. 
(E) 40% reduction of said heat generation, giving 81.1- 

0.60 = 48.7 kw. 
The voltage characteristic is naturally influenced by the 

eat'rent density of the electrolysis. The observed voltage 
characteristic, at a current density of 0.91 amp/cm 2, there- 
fore has to be transformed to voltage characteristics at other 
current densities. 

This transformation raises the l)roblem of the choice of 
correct zero point for the (tistance between the anode and 
the metal bath. Obviously, the first point of contact is not 
the correct zero point because this point indicates the min- 
imum distance which is less than the average distance. 

A reasonable correction for the zero point may be obtained l I 
. [ J," [ _~-5.~7-t--F - 
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viz., anode-cathode distance, 
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Fro, 5. Comparison of useful heat generated ~nd heat losses 
from'.bottom lining. 

in the following manner. The short-circuiting voltage may be 
considered as representing the voltage drops in the current 
supply under normal operating conditions. By adding the 
actual decomposition voltage, we arrive at  1.4 + 1.6 = 3.0 
volts, which should be the furnace voltage at  zero distance 
just before contact between anode and metal is obtained, 
assuming plane surfaces. By extrapolating the straight line of 
the voltage characteristic (Fig. 1) down to 3.0 volts, we ar- 
rive at  a zero point correction of 0.75 cm. This correction is 
applied in nil the later calculations. 

The voltage characteristics at  different current densities 
are given in Fig. 3. I t  may be seen from this figure that  the 
short-circuiting voltage too is influenced by a change in cur- 
rent density. I t  is assumed that  a constant proportion of the 
short-circuiting voltage is contributing to the generation of 
useful heat. 

The current efficiency at  different distances between the 
anode and metal bath  with zero point correction introduced 
is given diagrammatically in Fig. 4. 

By repeating the calculation of useful heat  generation, as- 
suming different current densities and different anode-cathode 
distances, we arrive at  Fig. 5. From this graph, the correct 
anode-cathode distance may be found for different values of 
useful heat generation, corresponding to different thermal 
insulations of the furnace. 

In  this manner, an energy balance is set up for every hypo- 
thetical operation of the furnace indicated by the circles of 
Fig. 5. For  the same hypothetical operating conditions, the 
specific energy consumption is calculated as given by the 
open circles in Fig. 6. The dotted lines indicate the current 
densities. 

For  each current density and furnace insulation (Fig. 5) 
the correct anode-cathode distance giving the correct genera- 
tion of useful heat  is noted and these values are in t roduced 
into Fig. 6, black circles. The circles representing the same 
furnace insulation are connected by fully drawn lines. These 

FIG. 6. Specific energy consumption at different current 
densities and different heat losses from furnace bottom. 

lines then represent the actually possible operating conditions 
of the furnace without altering the insulation. 

The operating conditions of the furnaces tha t  have pro- 
vided the fundamental data  are represented in Fig. 6 by the 
black circle marked A. 

D i s c u s s i o n  

From Fig. 6 it  may be seen how the two opposing effects 
act. At small distances between the anode and the metal  bath  
the specific energy consumption increases rapidly with a 
decrease in this distance. This effect is caused by  the rapid 
decrease in current efficiency with a decrease in the anode- 
cathode distance a t  low values of this distance. 

On the other hand, specific energy consumption increases 
but  slowly with an increase in the anode-cathode distance 
above 6-7 cm, at  constant insulation. 

I t  may be seen further that  an increase or a decrease in the 
amount of insulation applied imposes a change in operating 
conditions with accompanying changes in specific energy 
consumption. An increase in furnace insulation generally 
tends to reduce specific energy consumption. This increase in 
furnace insulation has to be compensated for by  a decrease in 
anode-cathode distance or in current density. If  the anode- 
cathode distance, however, turns out to be small, the in- 
creased insulation may result in an increase in specific energy 
consumption, as indicated by the left side of Fig. 6. This fact 
points to the danger of overinsulating the furnaces. 

For  a given installgtion, ~ change in current density results 
in a change in metal production. When considering the ap- 
plication of the relationship given in Fig. 6 to an installation 
actually operating, the problem of total  metal  production 
must be paid due attention. 

When planning new installations, however, the relation- 
ships given may serve as a guide in the choice of proper 
operating data. With a given total  metal production, the 
choice of current density will influence the linear dimensions 
of the furnaces, and consequently the installation costs. A 
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balance must  here be struck on economic considerations of 
installation cost, viz., cost of operation. 

Results of this analysis may, naturally, be anticipated by  

common sense and practical experience. I t  is thought, how- 

ever, to be of some value to give a quanti tat ive evaluation of 

the relationships to supplement the qualitative reasoning of 

common sense and practical experience. 
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Report  of the Chlor-Alkal i  Commit tee  of the Industrial 

Electrolyt ic  Div is ion  for the Year 1953 
W i l l i a m  C e c i l  G a r d i n e r  ~ 

P r o d u c t i o n  C a p a c i t y  

The last report of this committee was on May 5, 1952 so 
this report covers events of 1952 and 1953. The estimated 
capacity at the end of 1951 was 7200 tons of chlorine per day, 
but at the end of 1953 it was 9800 tons. This capacity was 
0.8% by the nitrosyl chloride process, at one plant, 6.5% 
from sodium cells, at four plants, 16.0% from mercury cells, 
at eleven plants, and the remaining 76.7 % from diaphragm 
cells. There are now 63 operating chlorine plants with two 
more to be completed soon. 

Caustic soda production capacity at the end of 1953 was 
estimated to be 12,155 tons, of which 18.5% was by the lime- 
soda process and the rest electrolytic. 

Actual chlorine production was 2,517,913 tons in 1951, 
2,608,690 tons in 1952, and 2,794,320 tons in 1953 or 6900, 
7100, and 7640 average daily tons, respectively. Production 
averaged 7450 tons per day in January 1953, increased to 
7840 tons per day in June. In December, production de- 
creased to a daily average of 7330 tons. 

N e w  F a c i l i t i e s  

Expansions started in the past two ycars were all completed 
by the end of 1953 except the Wichita, Kansas, plant of 
Frontier Chemical Company, the Montague, Michigan, plant 
of Hooker Electrochemical Company, and the Brunswick, 
Georgia, plant of Hercules Power Company. These should be 
in operation in 1954. This expansion has been with seven 
mercury cell plants using three types of cells, 17 diaphragm 
cell plants using four types of cells, and two chemical chlorine 
processes. 

The following new electrolytic chlor-alkali plants have been 
completed in this period: 

Allied Chemical d: Dye Corporation, Solvay Process Division, 
Moundsville, W. Va. (Solvay mercury cells) 

Frontier Chemical Company, Wichita, Kans. (moved Hooker 
cells from Pittsfield, Mass., also expanding) 

Mathieson Alabama Chemical Corporation, McIntosh, Ala. 
(Mathieson mercury cells) 

North Carolina Pulp & Paper Company, Plymouth, N. C. 
(deNora mercury cells) 

Pennsylvania Salt Manufacturing Company, Calvert City, 
Ky. (deNora mercury cells) 

Monsanto Chemical Corporation, Muscle Shoals, Tenn., and 
Anniston, Ala. (deNora mercury cells) 

Expansions have been completed at the following: 
Allied Chemical & Dye Corporation, Hopewell, Va. (oxida- 

tion of by-product NOC1 to release Cl.~ and regenerate 
HNO:~) 

Allied Chemical & Dye Corporation, Soh,ay Process Division, 
Baton Rouge, La. (diaphragm cells), Syracuse, N. Y. 
(mercury cells) 

Divisional Editor, Industrial Electrolytic Division. Math- 
ieson Chemical Corporation, Niagara Falls, New York. Pre- 
pared for delivery before the Chicago Meeting, May 2 to 6, 
1954. 

Brown Company, Berlin, N. H. (Hooker diaphragm cells) 
Columbia-Southern Chemical Corporation, Barberton, Ohio, 

Corpus Christi, Texas, Lake Charles, L a ,  and Natrium, 
W. Va. (Hooker diaphragm cells) 

Diamond Alkali Corporation, Houston, Texas, Painesville, 
Ohio, and Pine Bluff, Ark. (Diamond diaphragm cells) 

Dow Chemical Company, Freeport, Texas, and Midland, 
Mich. (Dow diaphragm cells) 

Hooker Electrochemical Company, Niagara Falls, N. Y., and 
Tacoma, Wash. (Hooker diaphragm cells) 

Niagara Alkali Company, Niagara Falls, N. Y. (Niagara 
Alkali round type diaphragm cells) 

Velsicol Corporation, Memphis, Tenn. (Hooker diaphragm 
cells) 

Wyandotte Chemical Corporation, Wyandotte,  Mich. 
(Hooker diaphragm cells) 

A sodium plant under construction at Ashtabula, Ohio, for 
National Distillers was stopped because a major customer 
changed plans. 

Two Canadian plants, previously announced, are producing. 
The Marathon Paper Company built a plant at Marathon, 
Ontario, using deNora mercury cells and Western Chemicals 
Ltd. built a plant at Duvernay, Alberta, using Hooker Type 
S diaphragm cells. 

An interesting process development to watch will be the 
Hercules Powder Company's plant at Brunswick, Georgia. 
The process is licensed from Dow and Grosvenor Labora- 
tories for the indirect oxidation of HC1 in a ferric oxide-ferric 
chloride mass. HC1 is a by-product of toxaphene manufacture. 

The Muscle Shoals plant operated by Monsanto for the 
U. S. Corps of Engineers has been kept in stand-by condition. 
Late in 1953 it was offered for lease by private industry. 

The new mercury cell plants have been felt in the mercury 
market. The 1953 industrial consumption of mercury rose 
23% above 1952 largely because three mercury cell plants 
were opened and capacity at another was expanded. Mercury 
was returned to the market from a plant closed down in 
Jersey City, New Jersey. In spite of this, mercury prices 
dropped during 1952 from $217-219 to $187-189 per flask 
($2.85-$2.88 to $2.46 $2.49 per lb). Annual mercury con- 
sumption by the chlor-alkali industry in 1949 was 755 flasks. 
This increased to 2507 flasks in 1952 and 2378 in 1953. This 
last figure was 4.5 % of the U. S. consumption. 

C h l o r i n e  En d  U se  

The estimated end use of chlorine is as follows: 

Solvents 
Plastics and fibers 
Pesticides and herbicides 
Pulp and paper 
Automotive fluids 
Refrigerants and propellants 
Sanitation 
Miscellaneous 

% 
25 
15 
15 
14 
13 
1] 
4 
2 

100 
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F u t u r e  O u t l o o k  for  C h l o r i n e  

Considering the broad and expanding end uses of chlorine, 
the yearly chlorine consumption is expected to show an an- 
nual incre'~se of 7 9% up to 1960. 

The chlorinated solvents, carbon tetrachloride, chloroform, 
methylene chloride, trichloroethy]ene, perchloroethylene, etc., 
should remain over the next ten years as the major outlets 
for chlorine. 

The growing acceptance of fibers and plastics derived fl'om 
chlorine will make a major contribution to chlorine expansion. 
Foremost are vinyl chloride and vinylidene chloride polymers 
used in household floor tile, curtains, seat covers, etc. Phenol- 
ics for foundry shell molds and for bonding wood waste will 
show conservative gains. Chlorine use in phenolics will be 
limited by the competition of the Raschig process to make 
phenol (benzene, HC1, and air) with the chlorination of 
benzene process. Likewise the meteoric rise in ethylene 
glycol-terephthalates and acrylonitrile for synthetic fibers will 
augment chlorine consmnption only where the chlorohydrin 
process is used to make ethylene oxide. Kel-F growth is a 
certainty. The rising acceptance of the silicones will reflect in 
turn a greater need for methyl chloride. 

Indications are that  the herbicide 2,4-D demand will level 
off and 2 ,4 ,5 -T  will continue to grow at its current rate. The 
phenomenal rise in the use of chlorinated insecticides (BHC, 
DDT,  chlorodane, aldrin, and toxaphene) will be difficult to 
match in the future. Lindane, the 100% gamma isomer of 
BHC, in currently the fastest growing. Pentachlorophenol, 
mainly used as a wood preservative, should show gains over 
its past record. 

Pulp and paper requirements for chlorine are expected to 
remain at about the present ]eve] over the next few years. 

Growth in automotive fluids, ethylene glycol, and tetra- 
ethyl lead will increase the chlorine demand moderately 
Chlorine for manufacture of glycol will be limited to the 
chlorohydrin process. TEL fluid contains or requires for its 
production ethyl chloride and ethylene dichloride. The greater 
number of automobiles and the trend toward higher compres- 
sion engines tend to increase the use of TEL and glycol. The 
shift to jet  engines for aircraft and the increasing use of 
aromatics offsets this trend somewhat. Milder winters and 
the suggestion (by car manufacturers) to use glycol antifreeze 
for several winters are affecting the market. 

The market for ethylene glycol is growing outside its use as 
antifreeze. Chemical Week reports that  over 70 % of the glycol 
produced in the past few years has gone into such end uses as 
plasticizers and synthetic rubber. The trend toward direct 

oxidation of ethylene rather than the chlorohydrin process to 
obtain ethylene oxide means that  chlorine requirements will 
not keep pace with these new glycol outlets. 

Refrigerants and propellants consisting of du Pont 's  Freons 
and General Chemical's Genetrons, a series of fluoro-organics, 
should maintain their annual growth. Methyl  chloride used as 
a refrigerant should bolster chlorine consumption in this 
application. 

T h e  C a u s t i c  S o d a  P i c t u r e  

The growth curve for chlorine consumption has been at  a 
faster rate than for caustic soda. At  this time, electrolytic 
caustic soda capacity comes very close to being able to supply 
the market.  Lime-soda plants make up the difference. Favor-  
able location and high quali ty of product provide outlets for 
some lime-soda producers even when electrolytic caustic is 
difficult to sell. This causes a prospective chlorine producer to 
s tudy well how new caustic soda is to be handled. 

Use of by-product HC1 from the chlorination of organics is 
a growing factor in balancing the chlorine-caustic soda situa- 
tion. Some of the means being used or considered are: 

1. The conversion of by-product  HC1 to chlorine. Hercules 
is building a plant  for doing this at  its Brunswick, Georgia, 
toxaphene plant. 

2. The Raschig process makes phenol from benzene, HC1, 
and air in competition with the direct chlorination of benzene. 

3. The manufacture of ethyl and vinyl chloride from eth- 
ylene-HC1 and acetylene-HC1, respectively. 
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The Utility of Thermodynamic Interpretation 

of Polarization Curves 
M a r c e l  P o u r b a i x  ~ 

Abstract  

A description is given of several principles related to the thermodynamic interpreta- 
tion of polarization curves: reaction potential, equilibrium potential, affinity, overvolt- 
age, direction in which an electrochemical reaction occurs, and polarization curves of an 
electrochemical reaction. 

Applications to some particular cases are given: (a) experimental determination of 
the thermodynamic equilibrium potential of an irreversible reaction; (b) determination 
of oxidation reduction catalysts; (c) prediction of conditions of corrosion and passivity 
of metals and alloys; behavior of mild steel in a bicarbonate medium; behavior of stain- 
less steel in acetate buffer, influence of chlorides; action of chlorides on the corrosion of 
iron and the remedy for this action; prevention of localized corrosion. 

Principles  

Reaction potential and equilibrium potential, a y~nity, over- 
voltage, direction in which an electrochemical reaction occurs, 
and polarization curve of an electrochemical reaction ( 1 ) . -  
The direction in which a thermodynamically possible elec- 
trochemical reaction, r, occurs at the interface between a 
metal and an aqueous solution is determined by relative 
values of the reaction potential E'  of the metal surface and of 
the equilibrium potential E~ of the reaction. When the po- 
tentiM E'  of the metallic surface is higher than the equi- 
librium potential E~ of the reaction, this reaction can be 
brought about only in the direction of an oxidation; when the 
potential E'  is lower than the equilibrimn potential E~, the 
reaction can be brought about only in the direction of a re- 
duction. 

I t  should be understood th~ *, these potentials are both 
computed with respect to the sam~ reference electrode and are 
related to the same physicochemical state of the substances 
taking part in the reaction; that is to say, particularly to the 
same conditions of temperature, fugacity (for the gaseous re- 
action products), and activity (for dissolved reaction prod- 
ucts). Reaction potentiM E' can be measured experimentally 
according to the classical method of Haber and Luggin) 
utilizing a siphon whose capillary extremity dips into the 
solution in the immediate proximity of the metallic surface; 
equilibrium potential E~ of the reaction can be calculated 
thermodynamically.a 

1 Belgian Center for the Study of Corrosion, University of 
Brussels, Brussels, Belgium. Paper prepared for delivery before 
the Philadelphi~ Meeting, May 4 to 8, 1952. 

2 Haber (2) seems to have been the first to recognize, in 
1898, the great importance of electrode potential on the course 
of electrochemical reactions; Haber, in collaboration with 
Luggin in 1900 (3), has indicated a method for the measurement 
of this potential. 

3 If one takes arbitrarily as equal to zero the equilibrium 
potential of the electrochemical reaction of the reference 
electrode (e.g., I-I: = 2H+~q + 2e- in the case of the hydrogen 
electrode) and the free energies of formation of H2 st one 
atmosphere and H+~q at pH = 0, the equilibrium potential E~ 

If one uses for electrochemical reactions the relation of de 
Donder (5) 

A . V > O  

which relates the direction of the reaction (determined by 
the sign of the rate V) to the sign of its affinity A, one ob- 
tains the relation (6) 

(E' - E~).i ,  > 0 

where the difference E '  - Er between the potential E '  of 
the metallic surface and the equilibrium potential Er of the 
reaction is in quant i ty  and in sign the affinity divided by n 
Faradays or the overvoltage ~ of this reaction on this surface; 
the reaction current it, which measures, according to Fara- 
day's law, the rate of reaction r is to be considered as positive 
in the case of oxidation and as negative in the case of reduc- 
tion. Relation (E' - Er) . i t  > 0 states, in short, that  the 
rate of an electrochemical reaction is always either zero or 
of the same sign as its overvoltage. 

The characteristics of irreversibility of an electrochemical 
reaction brought about at the interface between a metal and 
an aqueous solution can be represented by a polarization 
curve E'  = f(i~). This curve expresses in short the relation 
E '  - E~ = ~(i~) between the affinity E '  - E~ and the rate 
ir of the reaction, if this curve is determined by avoiding 
any concentration polarization, i.e., if the equilibrium po- 
tential E~ of the reaction is maintained practically at the 
same value for the different reaction rates i~ (this can then be 
the case generally only when experiments are made in solu- 
tions which are sufficiently agitated and buffered). 

If one plots positive potentials in ordinates upward and 
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in volts of an electrochemical reaction of the type Z~M A- 
he- = 0, of which the constituents M have free energies of 
formation tt (in calories), has the value: 

E Z~# [see (4)] 
23,060 n 

4 Thus defined, the overvoltage corresponds to the "Fehl- 
spannung," an idea proposed by Lunge and Nagel in 1937 (7). 
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FIG. la and lb. Types of polarization curves. Fig. la, left, 
reversible reaction in the two directions; Fig. ]b, right, ir- 
reversible reaction in the two directions. 

, ~  ~'~'~- 

FIG. 2a, 2b, and 2c. Polarization curves and behavior of iron. 
Fig. 2a, left, polarization curves, curve a, H2 = 2H + + 2e-, 
curve b, 2H20 = O2 + 4H § + 4e-, curve c, Fe = Fe ++ + 2e-; 
Fig. 2b, center, behavior of iron electrode in a solution initially 
free from hydrogen and oxygen; Fig. 2c, right, action of in- 
creasing quantities of oxygen on the behavior of electrically 
insulated iron. 

the positive currents, or rates of oxidation, in abscissas toward 
the right, polarization curves are, according to relation 
(E ~ - E~).i,  > 0, ascending from left to right and intersect 
the axis of ordinates at a point corresponding to the equilib- 
rium potential E,  of the reaction (Fig. 1). 

According to this method of representation, in the case of 
reactions which are reversible in both directions (Fig. la), 
for which a small affinity E '  - E,  (positive or negative) is 
sufficient in order to bring about an appreciable rate (in the 
direction of oxidation or reduction), the polarization curve 
intersects the axis of ordinates at a point where E '  = E,  
(equilibrium potential of the reaction). In  this case, an elec- 
trode in contact with the oxidation-reduction system acquires 
the equilibrium potential; the value of this potential is the 
thermodynamic equilibrium potential. This equilibrium po- 
tential is measurable, e.g., Pt in the presence of Fe+%q/ 
Fe++%q, platinized Pt  in the presence of H2/H%q, T1 in the 
presence of TI%q. 

In  the case of reactions which are practically irreversible 
in both directions (Fig. lb), rate of reaction remains prac- 
tically zero for measurable values of the affinity (positive 
and negative), the polarization curve coincides practically 
with the ordinate axis on each side of the point representing 
the equilibrium potential E~. The curve departs from this 
axis only when the overvoltage exceeds in absolute value a 
certain critical value which measures the potential barrier 
or the "activation overvoltage" relative to the reaction. 
There exists, then, according to definitions proposed by Van 
Rysselberghe (8), an oxidation potential above which the 
reaction actually occurs in the direction of oxidation, and a 
reduction potential below which the reaction occurs in the 
direction of reduction; the potential E~ corresponding to 
thermodynamic equilibrium of oxidation-reduction is situated 

E ~ 

r 

/ 
I 

I 
I 

I " \  

I 
I 
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Fro. 3. Catalysis of electrochemical reaction 

between these two potentials. In  the case of such irreversible 
reactions, one electrode placed in contact with the oxidation- 
reduction system shows a potential generally unstable which 
can vary between the oxidation potential and the reduction 
potential; the equilibrium potential is not experimentally 
measurable directly (e.g., Pt  in the presence of O~/H20). 

In  the very frequent case of simultaneous electrochemical 
reactions occurring on the same metallic surface, analysis of 
the complex phenomena which result may be generally ef- 
fected in a sufficiently approximate manner by means of a 
simple superposition of polarization curves corresponding to 
each of the reactions. Fig. 2, on the subject of which discus- 
sion appears elsewhere (l), illustrates an example of the use 
of polarization curves in the behavior of iron. The classical 
work of Evans in the use of polarization curves in the study 
of "local elements" in corrosion (9) may be considered as the 
basis of the science of corrosion of metals in aqueous solutions. 
Wagner has shown in a fundamental treatment of the corro- 
sion of zinc amalgams (10) that the method of superposition 
of polarization curves is applicable even in the absence of 
local action. Pourbaix has applied this method in the study 
of different electrochemical phenomena related in particular 
to the corrosion of iron (11) [see also Reference (1), p. 471]. 
Bonhoeffer has demonstrated experimentally the validity 
of this method of superposition of polarization curves in the 
corrosion of iron in the presence of H2SO4 (12). 

A p p l i c a t i o n s  

Four cases in which the thermodynamic interpretation of 
polarization curves has been useful are discussed. 

Experimental Determination of Thermodynamic Equilibrium 
of an Irreversible Reaction 5 

I t  is well known that polarization curves generally follow 
Tafel's law, E '  = a + b log i, where i is the absolute value 
of the reaction current. 

In  the case of the reaction 02 + 4H + + 4e- = 2H20 on 
Pt and on Au, Hoar (13) observed that, if one extrapolates 
logarithmically according to Tafel's law, the oxygen polariza- 
tion curve 2H20 ~ O2 + 4H + + 4e- and that  related to the 
reduction 02 + 4H + + 4e- ~ 2H20, these curves intersect 
at the thermodynamic equilibrium potential of the reaction 
(Fig. 3). Bowden and Agar (1.4) have suggested a eonsidera- 

5 See Reference (1), p. 14. 
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FIG. 4a and 4b. Polarization curves and electrochemical 
catalysis of chemical reaction. Fig. 4a, left, catalysis; curve a, 
2H~ = 4H + + 4e-, curve b, 2H~O = O~ + 4H + + 4e-; Fig. 4b, 
right, no catalysis; curve a, 2H~ = 4H + + 4e-, curve b, 2H~O = 
O~ + 4H + + 4e- .  

tion of the two reaction currents thus extrapolated at the 
equilibrium potential as a measure of the catalytic activity 
of the electrode for the reaction. In  the case of the reaction 
0~ + 4H + + 4e- = 2H~O studied by Hoar, this current was 
from 10 -~a to i0 -~ amp/em ~. 

Prediction of Oxidation-Reduction Catalysts ~ 

When, for a same metallic surface, two polarization curves 
related, respectively, to (a) an oxidation reaction, e.g., 
2H~--*4H + + 4e-, and (b) a reduction reaction, e.g., 
0~ + 4H + + 4e- ~ 2H~O, are such that  values of the po- 
tential exist for which both reactions take place with meas- 
urable rates (Fig. 4a), it follows ~ that the metallic surface is 
likely to catalyze electrochemically the resulting chemical 
reaction (2H~ + 0~ ~ 2H~O) if the reaction medium con- 
tains simultaneously the oxidant (O~) and ~ the reducing agent 
(H~). The metal then acquires, if electrochemically insulated, 
the potential at which the two reaction currents are equal in 
absolute value. This value of the current measures the rate 
of the over-all catalyzed reaction. On the other hand, when 
polarization curves are such that there is no potential at which 
both reactions occur with a measurable rate (Fig. 4b), the 
metal surface is not likely to catalyze the resulting reaction. 
As far as is known, this interpretation has not yet been the 
obiect of any experimental work. 

Prediction of Corrosivity and Passivity of Metals and Alloys s 

Here again are given, with some modifications and de- 
velopments, considerations previously presented in collabora- 
tion with Van Rysselberghe (16), with the object, in part, of 
determining under what conditions a particular metal or alloy 
is corroded or not corroded by a given solution, and also of 

See Reference (1), p. 466. 
Unpublished discussion among J. Weydema, W. G. Burgers, 

and M. Pourbaix. 
s Assume that there is immunity, or cathodic protection, of 

a metal when this metal, although presenting a real metallic 
surface, is thermodynamically stable; all corrosion of the metal 
is then thermodynamically impossible. Consider that there is 
passivation when the surface of the metal is not really metallic, 
but is covered by a film or deposit of oxide, salt, or some 
extraneous material. Consider that there is passivity when, 
although thermodynamicMly unstable, the metal does not 
corrode practically; there is passivity by inertia when the 
absence of corrosion is due to irreversibility of the corrosion 
reaction, as could be the case with zinc and nickel; there is 
passivity resulting from coating when the absence of corrosion 
is due to a passivation, by the formation of a film or deposit 
of an oxide or salt or extraneous material (15). 

. . . . . . .  Ji,.d. 
FIG. 5. Apparatus 
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FIG. 6. Behavior of mild steel in a solution of NaHCO3 0.10 
mole, pH 8.6. Left, degassed solution; center, solution satu- 
rated under 1 atm; right, polarization curves, curve a, H2 = 
2H + + 2e-, curve b, 2H20 = O~ + 4H + + 4e-, curve c, Fe = 
Fe ++ + 2e- 

determining which modifications in the composition of an 
alloy or metal or solution may prevent corrosion. Three cases 
will be given as examples. 

Behavior of mild steel in a bicarbonate solutiong.--By means 
of the experimental arrangement shown in Fig. 5, an ordinary 
mild steel electrode, previously descaled, is polarized cathod- 
ically and anodically and placed in a solution of NaHCOa 
0.1M of pH 8.6 strongly stirred and rendered free of oxygen 
by degassing under vacuum. The electrolysis curve shown on 
the left side of Fig. 6 is obtained. The anodic curve is composed 
of two stable branches, one at a low and the other at a high 
potential. If the same electrode placed in the same solution 
saturated with oxygen at a pressure of one atmosphere is 
polarized, electrolysis curves shown in the center of Fig. 6 
are obtained. 

Knowing the pH of the solution (8.6), one is able to deter- 
mine easily the points A and B of the right part of Fig. 6 
which correspond, respectively, to the equilibrium potential 
of the reaction H2 = 2H + + 2e- ( -0 .51  v) and to the equi- 
librium potential of the reaction 2H~O = 02 + 4H + + 4e- 
(+0.72 v). In  the case of a solution practically free from iron, 
the equilibrium potential C relative to the reaction Fe = Fe ++ 
~- 2e- is about --0.60 v. I t  is now easy to trace the polar- 
ization curves of these three reactions (right part of Fig. 6). 

See Reference (16), p. 220. The author's experiments 
mentioned in (1) and (2) were made in August 1949 in the 
laboratories of the National Bureau of Standards, with the 
collaboration of I. A. Denison, B. J. Malt, and W. J. Schwerdt- 
fcger. 
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F~s. 7. Behavior of 18/8 stainless steel in degassed solution 
of CH~COOI-I + CHaCOONa, 0.10 mole (pI-I = 4.9) in absence 
of NaC1 and in presence of NaC1. Left, solution without chloride; 
center, solution with chloride, right, polarization curves ; curve 
a, H~ = 2H + + 2e-; curve b, 2H~O = O~ + 4H + + 4e-; curve 
c, Fe = Fe ++ + 2e-. 
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FIG. 8a, 8b, and 8c. Influence of chloride on the behavior of 
mild steel in a solution of NaHCOs, 0.10 molar (pH 8.4) in 
absence of oxygen (degassed solutions). 

The result shows tha t  if the passive film which is formed 
at  point P prevents completely corrosion (which, in a solu- 
tion free from any trace of reducing agent, is shown by the 
absence of any stable anodic current between the points P 
and B), the corrosion of steel is possible only for potentials 
between C and P; corrosion is impossible for potentials below 
C, in which case there is immunity or cathodic protection; 
corrosion is impossible for potentials above P. These general 
conditions of corrosion hold whatever the reason for which 
a metal  acquires any particular potential. 

I t  is easy on this basis to determine the conditions under 
which differential aeration occurs (as elucidated by  Evans),  
to explain the activating or passivating effect of oxidizing 
inhibitors (17), and, in a general way, to predict the t reat-  
ments to be employed to protect mild steel in bicarbonate 
solutions. 

Behavior of "stainless steel" in acetic solution--influence of 
chlorides~O.--If 18-8 stainless steel is polarized cathodically 
or anodically, as indicated above, in a solution of acetic 
acid and sodium acetate of pH 4.9, strongly stirred and de- 
gassed, electrolysis curves shown on the left side of Fig. 7 are 
obtained. The anodic curve presents only one stable branch 
which is observed at  potentials more positive than the 
equilibrium potential (+0.94 v) of an oxygen electrode 
immersed in the solution (reaction 2H20 = Oe + 4H + + 4e-). 
As a result, no oxidation is possible in t he  potential range 
(below +0.94 v) exhibited by electrically insulated steel. 
This steel is therefore corrosion resistant under these condi- 
tions. 

If  the same electrode is polarized in the solution obtained 

i0 See Reference (16), p. 227. 
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FiG. 9a, 9b, and 9c. Influence of chloride and of phosphate 
on the behavior of mild steel in a solution of NaHCOs, 0.10 
molar in absence of oxygen (degassed solution). 

by the addition of sodium chloride to the acetic solution 
above, the anodic polarization curve instead of being located 
entirely above the equilibrium potential of the oxygen elec- 
trode is located below this potential.  This indicates an oxida- 
tion of the metal and a high corrosion rate. When the polariza- 
tion curve at  increasing current densities is determined, 
irregularities connected with the local formation and destruc- 
tion of a film which leads to localized corrosion are observed. 
Such tests readily show tha t  18-8 steel, which does not cor- 
rode in pure acetate solutions, is strongly corroded by  acetate 
solutions containing chlorides. 

Action of chloride on the corrosion of iron and remedy for 
this action.--In collaboration with Feron, the author investi- 
gated, by means of the above-mentioned method, the influ- 
ence of chlorides on the electrochemical behavior of mild 
steel in degassed solutions 0.10M of sodium bicarbonate 
(18). Results obtained are shown on Fig. 8. 

In  the absence of chloride, the anodic polarization curve 
shows two stable branches represented in Fig. 8a. One of 
these branches, in the range of potentials between the equi- 
librium potential of the metal  C (about -0 .60  v), and its 
passivation potential,  P ( - 0 . 3 5  v), corresponds to the corro- 
sion of the metal. The other branch, at  potentials above the 
equilibrium potential of the oxygen electrode, B (+0.72 v), 
corresponds to the evolution of oxygen without corrosion. 
Corrosion of the metal  is, therefore, possible only between 
-0 .60  v (C) and -0 .35  v (P); below -0 .60  v, the metal  is 

cathodically protected; above -0 .35  v the metal  is protected 
by passivation. 

Incorporation of increasing quantities of chloride in the 
solution (Fig. 8b and 8c) does not modify the circumstances 
of cathodic protection nor the value of the passivation po- 
tential  P, but  the result is tha t  it  permits the flow of more 
and more current between the passivation potential  P and 
the potential  of the oxygen electrode B. This is related to 
the appearance of strong local corrosive attack. 

Consequently, it  is among the anions likely to stabilize the 
protective oxide film with the formation of slightly soluble 
ferric salt that  a remedy for the act ivi ty  of chlorides may be 
discovered. Furthermore, the effectiveness of this remedy will 
be such that  all current between potentials P and B will be 
suppressed and tha t  the type of anodic polarization curve 
existing in the absence of chloride (Fig. 8a) is again observed. 
This remedy will be completely effective if i t  enables one to 
obtain polarization curves similar to those in Fig. 7a, i.e., 
oxidation curve which presents only one branch located en- 
tirely above the potential  B of the oxygen electrode. In  this 
case, no corrosion is possible and the remedy is perfect. 

Preliminary experiments were carried out on the effect 
of the addition of increasing quantities of disodium phosphate 
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in degassed solutions of 0.10M sodium bicarbonate and 
0.010M sodium chloride. I t  was observed that,  for additions 
at  least 0.07M in Na2HPO,, the anodic polarization curve 
corresponds to the above condition (Fig. 9c). All corrosion is 
avoided, at least by potentials above the passivation poten- 
t ial  P ( - 0 . 3 5  v). 

Consider the fact that  cathodic polarization of iron in such 
solutions reveals an activation of the metal below the passiva- 
tion potential. I t  seems, therefore, that  even in the absence 
of phosphate (19) the protective oxide film is dissolved by 
reduction at such potentials. I t  has not yet  been determined 
whether phosphate also protects the metal in these reducing 
conditions and it is possible that  danger of corrosion exists 
under these conditions. In  the present state of these studies, 
it seems that,  in order to protect iron and unalloyed steels 
completely by passivation in the presence of chloride solu- 
tions, it  is necessary to use mixed inhibitors containing a 
substance like phosphate which prevents all oxidation current 
at  potential higher than the passivation potential, and an 
oxidant (chromate, nitrite, etc.) preventing the existence of 
potentials below the passivation potential. 

Since chlorides do not modify the potential at  which iron 
is protected cathodically, cathodic protection of iron and 
ordinary steel is possible in the presence of, as well as in the 
absence of, chloride, provided that  in both cases the potential 
be decreased below a well-defined value ( - 0 . 6 0  v for pH 
below 10). 

P r e v e n t i o n  of  L o c a l i z e d  C o r r o s i o n  

One important  question concerning the protection of iron 
and nonalloyed steel remains unsolved, tha t  is, how to avoid 
localized corrosion due to chlorides and to unsafe inhibitors 
(pitting). 

This pitting seems to be caused in the major i ty  of cases by 
phenomena of differential oxidation which, as Evans has 
shown in the case of oxygen, result in local currents between 
cathodes (where the potential is higher than the passivation 
potential and at  which the oxidizing agent is reduced) and 
anodes (where the potential is below the passivation poten- 
tial and at which the metal  corrodes). 

Two groups of remedies are possible for this type of corro- 
sion. Cathodic protection can be applied by bringing the 
potential of all parts of the surface below -0 .60  v (for pH 
below 10); or mixed inhibitors can be used, for instance, the 
mixture of phosphate and oxidant mentioned above, which 
prevents any oxidation of the metal  below the equilibrium 
potential of the oxygen electrode. Systematic researches con- 
cerning the determination and thermodynamic interpretation 
of polarization curves are likely to lead to a satisfactory solu- 
tion of this problem. 
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