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scribed column of about fifteen theoretical plates. Analy-
sis by distillation indicated that, in addition to the com-
pounds reported above, appreciable amounts of silicon
tetrabromide were present in the crude products. The
following table lists the results of five successive runs (the
values of # refer to the formula (CHy),SiBry_a).

CH;Br, Time, Product, Composition (vol. %)

g hr. g ml, n =3 n= n =
1180 118 84 492 18 60 20
1390 119 1021 530 7 35 32
1250 118 962 493 7 38 35
1170 a6 586 249 3 11 33
1710 114 976 488 4 37 33

EouiLiBriuM oF IRON—CARBON ALLOYS WITH GASES

1163

Acknowledgment.—The authors are grateful
to Dr. Earl W. Balis of the Research Laboratory
for the carbon and hydrogen aualyses reported in
this paper.

Summary

Methyltribromosilane, dimethyldibromosilane
and trimethylbromosilane, isolated as products of
the reaction of inethyl bromide with sintered
copper-silicon powder at 300°, have been purified
and characterized.

SCHENECTADY, N. Y, RECEIVED JANUARY 28, 1946
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Equilibrium of Iron-Carbon Alloys with Mixtures of CO-CO, and CH~H,

By RopNEY P. SmiTH

As the consistency and range of the available
data on the equilibrium between carbon dissolved
in iron and definite mixtures of either carbon
monoxide with carbon dioxide, or methane with
hydrogen, leaves something to be desired, and as
accurate information on this matter has consid-
erable practical significance, it was decided to re-
investigate these systems. Accordingly measure-
ments were made of the concentration of carbon,
induced in iron at a nuniber of temperatures
ranging from 750 to 1200°, by contact with each
of a series of ratios of one or other of these pairs of
gases.

The equilibria involved may be represented by
the equations

2H, + C (dissolved in Fe) = CH,:
Pog/Pian = na = K; (1)

CO, 4+ C (dissolved in Fe) = 2CO.
Pio/Peo,a = r2ja = Ky (2)

where P is measured in atmospheres and a is the
activity of dissolved carbon. For either system
in equilibrium at constant temperature and pres-
sure, a given value of the partial pressure ratic »
determines the commposition of the solid phase, or
vice versa, so long as only one solid phase is pres-
ent. In the temperature range considered the
solid phase may be ferrite, a solid solution of car-
bon in e-iron (body-centered cubic), or austenite,
a solid solution of carbon in y-iron (face-centered
cubic), the transition temperature depending
upon the carbon content; accordingly interpreta-
tion of the results to be presented is facilitated by
reference to the pertinent portion of the iron-—
carbon equilibrium diagram represented in Fig. 1,
in which, for clarity, the scale of abscissa for tle
line GP is ten times as large as for the other lines,
If we consider the isothermal line 4, B, C, D it is
evident that for a gas mixture of low carburizing
power the solid phase is ferrite, and as carburizing
power increases each gas ratio produces a sohd
phase of definite composition in the range 4 to

B.! The gas mixture in equilibrium with ferrite
of composition B is also in equilibrium with aus-
tenite of composition C, and the gross composi-
tion of the solid phase may have any value from
B to C depending on the relative amount of the
two solid phases. A further increase in carburiz-
ing power of the gas causes the ferrite phase to
transform completely to austenite, aud the gas
ratio fixes its composition in the range C to D.
The line S’E’ represents the equilibritun of aus-
tenite with graphite; thus the gas ratio, », in
equilibrium with austenite of composition D is
also in equilibrium with graphite, and its value
(r’) at this point gives the equilibrittm coustant Kj
or K, for the reactions

2H, + C (graphite) = CH.: Pog/Ph, =7 = K5 (3)
CO: = C (graphite) = 2CO: PLy/Pro, = 1, = K¢ (1)

The case is siniilar for all temiperatures between
738 and 910° except that, as temperature in-
creases, tlie range of stability of ferrite decreases
aud thiat of austenite increases. For the tempera-
tures 1000 and 1200° and the carbon range 0 to
1.59%, the only solid phases encountered are aus-
tenite and graphite.!

If graphite is chosen as tlie standard state for
carbon, the constants X, K, of equations (1) aud
(2) become identical with the constants Ks, K, of
equations (3) and (4). Equation (1) and (2)
may then be written

1 = ],(‘1{‘/’],}%;«]\_3 =n/K;
G = Po/PeoKe = 1:/K,

(la:

{2a)

where a. is the activity of carbon in iron relative to
graphite, and 7; or r; is the ratio at equilibrium
with carbon dissolved in iron at a concentration
corresponding to the activity a.. Thus 1easure-
ments of these ratios and the corresponding carbon

(1) 1n the case of CO-CO: mixturcs low in carbon monoxide, the
system is complicated by the presence of aun iron oxide phase. The

above statements apply only t.. gaus mixtures which will not oxidize
iron at these temperatures,
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Iron Samples.—Most were of electrolytic
iron®; the others of carbonyl irou.? They
were in the form of strips about 0.2 mm.
thick, I em. wide and 6-15 cm. long, wound
into a loose coil. Each was provided with
an integral hook for convenience of suspen-

1100

ston; this hook was removed before the
sample was analyzed. 'This form of saniple
has the advantages of compactuess with
large surface, and that it is easily prepared
for analysis withont danger of contamina-
tion by carbonaceous material.

Preparation of Constant Gas Mixtures.—
The methods of preparation. purification

/1000

and utilization of flowmeters to produce
CO-CO. mixtures of controlled composition
were exactly as described by Darken and
Ciurry 3 except that the mixture was further
dried by passing it through a tube sur-
roucted by a Dry Ice-acetone mixture,
The +CO12/CO; ratio (r2) as determined by

900

Temperature, °C

analysis of a number of representative sani-
pies checked that calculated from the cali-
bration of the flowmeters within a few parts
it a thousand.

The CH,~-H; mixtures were made from
comnercial hydrogen and either methane
fromn Buttonwillow field, California or com-
mercial methanet; the total impurities in

cither were less than 19 and the purified
mixtures from either source gave the sanmie
result. Pure methane is not stable at temn-
peratures required in the purification train:
therefore primary mixtures containing about
10, 20 and 609 methane were made in hy-
drogen cylinders which were allowed to
staid by a radiator for some months to en-

ustenite Austenite
and
Graphite
£00 L
s/ . .
s/ Iran Graphite Euf_ecfo:d
O Iron,-lron Carbide Eutectoid
0.0l 002
700
(.0 0.5 1.0 1.5

Carbon content, weight Cg.

Fig. 1.—A portion of the iron carbou equilibrium diagramn: @ Smith,
those for graphite solubility: O Mehl and Wells: & Wells:
with carbon fromn
The abscissa for the line GP is ten times that for the other lines.

cquilibrium ® Gurry, cquilibrium

toluene

with graphite;

content permit calculation of the activity of car-
bon and of various other therimodynamic quantities
pertaining to these systems. Equations (la) and
(2a) also give a convenient mneans of comparing
the results obtained with the two sets of gases, pro-
vided consistent values of K3 and A, are available.

The range of composition covered was from
0.0008 to 1.5°% carbou in the iron phase, 0 to 59
methane in mixture with hydrogen, and 0.3 to
279, carbon dioxide niixed with carbon monoxide:
the temperatures were mainly 800 to 1000° but
a few measurements at 750 and 1200° are included.

Experimental

The iron saiuple was suspencded from a plati-
num wire in a vertical porcelain tube, held at
constant temperature, through which passed up-
ward a streain of the fixed gas mixture, and kept
there until equilibrium had been attained. In
some cases equilibritin was approached by car-
burization. i1 others by partial decarburization
of a previously carburized sample. When equi-
libriun1 was attained with the particular gas mix-
ture, the sample was quenched bv raising it into
the upper glass extension of the porcelain furnace
tube; its carbon content was then determined.

sure thorough mixing. These mixtures were
analyzed by combustion over copper oxide
with a reproducibility of about =0.5%, of
the methane present. Subsequent analysis
indicated that these mixtures were uniform.
These primary mixtures were purified by
passing successively through ascarite, ac-
tivated alumina, copper gauze at 450°,
ascarite, activated aluntina, and finally
phosphorus peutoxide: hydrogen was purifiecd by a similar
trainn. The final mixtures were made from these gases by
a flowmeter system sunilar to that used for the CO-CO,
mixtures. From the flowiecter system the gas passed
through a mixing chamnber, entered the furnace tube at its
lower end through a mercury seal and left at atmospheric
pressure through its upper exteusion beyonud the furnace.

The flowmeters for the CH;-H: mixtures were calibrated
by nteasuring the time to deliver a fixed volume: the small
temperature corrections were calculated from the kuown
viscositv® of the two gases. At constant temperature the
flowmeter constant A/ is given by the equation

AP2 + AP/)

C Gurry,

])

where ¢ is the time to deliver a fixed volume of gas, AP the
pressure drop through the capillary. AP’ the back pres-
sure between collecting flask and capillary, and P is one
atmosphere, all pressures being expressed in centimeters

K = tA[’(l +

(2) Anualysis--electrolytic iran: Si, 0.007; Cn, 0.053; Ni. 0.02;
Pn, 0.04; C,0.012: O, 0.02, P, 0.004, 3, 0.003, A1, B, Mn, Ti, Cb,
Mo, Cr, Ge < 0.001. Carbonyl iron: Si, 0,008, Ni. 0.017;
0 0012, Mn, Ti, Co, My, Cr, Ge < 0001, Cn, Al. Pb, B, none
We are indebied to the analyticid department of Cary Works, Car-
negie-1llinuis Steel Corporation, for the spectroscopic analysis of
these metals.

{(3) L. 8. Durken and R. W. Gurry, THls Jourx~aL, 67, 1398
(1045).

(1) From The Matheson Co., East Rutherford, N. J.

(3) “‘International Critical Tables,” Vol. V. McGraw-Hill Book
Co., Inc., New York, N. Y,
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of butyl phthalate. In each case the reproducibility of the
flowmeter constant was better than = 0.59%,; the accepted
value was the average of twenty determinations which
covered a large portion of the possible range of AP. The
ratio of the constant for the hydrogen flowmeter to that
for the mixture flowmeter was about 20: the effect of
change of room temperature on this ratio is negligible so
long as both capillaries are at the same temperature. The
total rate of gas flow to the furnace was sufficient to pre-
vent changes in composition due to thermal diffusion.?

Analysis of the final mixtures by combustion over copper
oxide was cumbersome owing to the large amount of water
produced compared to carbon dioxide. Two mixtures
made from the 109, primary mixture were analyzed: the
result on one was 1.36, on the other 1.469, methane as
determined by the flowmeter calibration combined ‘wvith
the composition of the primary mixture, compared with
1.34 and 1.439%, methane, respectively, as determined by
combustion. Analysis by combustion indicates a slightly
lower proportion of methane in each case; we believe the
result derived from the gage calibration to be more accu-
rate, because of the difficulty inherent in the combustion
method for such a mixture, A further check on the rela-
tive accuracy of the 10 and 609, primary mixtures is given
by the fact that sample b, Table II (0.4849%, C at 800°),
for which the primary mixture was 109, methane, is in
accord with other samples of this series for which the pri-
mary mixture was 609, methane.

Carbon Content of Equilibrated Samples.—Samples
containing from 0.05 up to 1.59, carbon were analyzed
by the usual combustion method: those with less than
0.059%, carbon by the low pressure combustion method, as
described by Gurry and Trigg.t for which the accuracy is
claimed to be (.00079%, and the reproducibility =0.00039%,
carbon. The mean value found for Bureau of Standards
samples 16c and 11d was 1.008 = 0.003 (10 determina-
tions) and 0.202 = 0.001 (4 determinations), respectively,
as compared with the recommended values 1.01 and
0.2029,. The samples. before exposure to the CO-COq
mixtures at 1000 °, were treated with hydrogen to remove
carbon and oxygen, and the carbon content at equilibrium
was determined both by gain in weight of the sample and
by combustion. The maximum difference between these
two methods was 0.004%, carbon: the average for 12
samples was (.001 9, greater as measured by gain in weight
than by combustion. This is the type of difference to be
expected if oxygen from the gas entered the samples: but
the number of determinations is insufficient to render this
result significgnt. .

Temperature Measurement and Control.—The furnaces
and method of temperature control were the same as
described by Darken and Gurry.®? Temperature at the
position of the sample was read after each equilibration
period by a platinum-platinum-rhodium couple and suit-
able potentiometer: this couple was conipared at frequent

intervals with a similar couple certified by the Bureai of

Standards. To preveut contamination of the couple,
the furnace tube was flushed with air, in the case of the
CO-CO, mixtures, and with nitrogen, for the CH,-H,
mixtures, prior to the measurement.

Over short periods the variation of the furnace tem-
perature was less than =0.1°: however, since the action
of the controller was not entirely independent of room
temperature it occasionally varied by as much as =:.0°
in twenty-four hours. Since the latter variation was
always very gradual, it is justifiable to consider that the
equilibrium measured corresponds to the temperature
measured at the end of the period of exposure of the iron
specimen. When the measured temperature differed from
that specified (this difference never being more than 1°),
was corrected correspondingly.

Equilibration Period.—The time required for the samiple
to come to equilibrium with the gas depends upon the
rate at which the gas supplies available carbon to the fur-
nace atmosphere, the rate of transfer of carbon from the

(6) R. W. Gurry and H, Trigg, Ind. Eng. Chem., Anal. Ed., 16,
248 (1944),
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gas through the iron surface, the rate of diffusion of carbon
through iron, and the dimeusions of the sample. For one
0.2 mm. thick, the time required for diffusion is of the order
of a few minutes to about four hours for the temperature
range covered.” If this time is relatively short and if
the surface of the sample is always in equilibrium with the
gas. the period required for the carbon to reach 99.55;, of
its equilibrium coucentration in the irou at the highest
carbon content and for a gas flow of 40 cc. per minute, is
about seventeen hours for the CH4—H, mixture but less
than half an hour for CO-CQO,. The rate of carbon trans-
fer through the surface is not known: but extensive tests
showed that a period of forty-eight hours is ample for
equilibrium under the conditions of this investigation.

The time required for diffusion of oxygen through aus-
tenite is of the order of a thousand times that for carbon®;
therefore the final oxygen content of samples equilibrated
with a CH,—H; mixture will depend upon temperature and
length of exposure. Since each CO-CO, mixture exerts a
definite, though small, oxygen pressure, the final oxygen
content of these samples will be greater than for those
equilibrated with CH4~H: mixtures.

Experimental Results

Equilibrium with Ferrite.—Table I gives the
experimental results for the equilibrium of
CHH, mixture with electrolytic iron at 750 and
800° and with carbonyl iron at 800°. A plot of

TABLE I

EXPERIMENTAL MEASUREMENTS OF EQUILIBRIUM OF
CH,-H: MIXTURES WiTH FERRITE: 7 = P.g,/Pg,,
WHERE P IS IN ATMOSPHERES

Electrolytic Electrolytic Carbonyl
750° 800° 800°
Final Final Final
carbon carbon carbon
content content content
% by %, by %, by
r1 weight *1 weight r1 weight
0.00 0.0040% 0.00 0.0040¢ 0.00 0.0008¢
.0144 . 0090 .00045 .0045¢ .0025 .0027
.0226 .0122 .00092 .0046 .0051 .0052¢
.0295 .0146 .0014 .0051¢ .0065 .0063
.0363 .0168 .0025 .0064a .0114 .0104¢
.0387 .0182 .0033 .0074 L0111 .0103
.0436 .0196 .0050 .0088¢ .0127 .0121
L0529 .0244 .0065 .0100¢
.0540 > .04 . 0066 .0104¢
.0090 .0130
.0091 .0123
.0108 .0146
.0128 .0152¢
.0129 0161
.0138 .0171e
.0141 > .03

@ Equilibrated by decarburization of previously carbur-
ized samples.

71 against carbon content is a straight line, but
intersects the abscissa at 0.0049, carbon for the
electrolytic and at 0.0008%, carbon for the car-
bonyl iron. Similar samples of both irons treated
in either wet or dry hydrogen for periods up to
forty-eight hours likewise analyzed 0.0049 and
0.0008%, carbon, respectively, though the analy-
sis? of either metal shows no appreciable amount
of any element which would form a highly stable
carbide. If the source of this discrepancy were
some hydrocarbon in the hydrogen or a blank

(7) R. W. Gurry, Trans. Am. Inst. Mining Mct. Engrs., 150,

147 (1942).
{8) Brower, Larsen and Schenk, fbid., 113, 61 (1934).
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crror of the analysis train, the residual carbon in
both types of iron should be the saine.

Tlis slight differenice may be ascribed to some
slight difference between the final equilibrated
iron phases—-for example, in extent of distortion of
the uuit cube brought about by iuterstitial solu-
tion of an elemient such as oxygen, or possibly by
prior cold work. With respect to the latter, there
is clear evidence from other sources that a sojourn
of several days at a temperature even of 800° re-
moves only partially the effect of cold work.

Whatever the reason for the difference, the two
sets of measurements at S00° are in good agree-
ment if the appropriate residual carbon is sub-
tracted fromn the experimiental results. Figure 2
sliows a comparison of these two sets. as thus cor-
rected, togctlier with values calculated from the
data of Dinwald and Wagner® for equilibrium
with a series of CO-COs, atmospheres at 800°.

0.015[
.

oo I
S 0010}
z .
2 o
%
4
- 0
=

(1,005

o
0.0 0.005 0.010

Carbon couteut, weight 7.

Fig. 2.—Carbon content of ferrite at 800° in relation to
v = Pcuy/P.: @ Smith, electrolvtic iron: © Smith,
carbonyl iron; O calculated from Diinwald and Wagner
data on r» = P200/Pco,.

At R00°, the transition of ferrite to austenite
occurred when the ratio, 1 was between 0.0138
and 0.0141. If 0.0140 is taken as the limiting
value, the sohibility of carbon in ferrite (line GP
of Fig. 1) at 2007, as read from Fig, 2, is 0.01289,
by weight. The relation between the ferrite and
austenite equilibria at 800° is indicated in Fig, 3.
At 750° the value of »; for this transition was be-
tween 0.053 and 0.055; thie solubility of carbon
in ferrite at r; = 0.054, as read fromn a curve similar
to Fig. 2, is 0.0209;. There are few data with
wliich to conpare these measired solubilities,
which ure abont 3095 lower than those generally
accepted.”  The curve drawn through the tem-

97 Dninwald ard Wagner, Z. gnorg. uligem. Chem., 189, 321 (1931),
The 1ates 71 was calendated from the given ratic 72 by equations (1a)
and ‘2a) and the values of the equilibrium constants K3 and Ky of
Table 1V derived from this invesiigation.

110 Epstein, CAlleys of Carbon and lron,”
Ce.. Inc, New York, N Y, 1936,

McGraw-Hill Book

RopNEY P. SMITH

Vol. 68

perature of tlie a-y transforination' for pure iron,
G, Fig. 1, aud the ahove solubilities intersects
the isothermal line at 723° (P, Fig. 1) at 0.025%
carbon. This is the solubility of carbon in ferrite
at the iron-cementite eutectoid; it commpares
favorably with the value 0.03% carbon found
microscopically by Whitely. "

TapLe 11
EXPERIMENTAL MEASUREMENTS OF LEQUILIBRIUM OF
CHH. MIXTURES WITH AUSTENITE: 7, = P.n/Ph..
WIUERE P 1S IN ATMOSPHERES

800° 1600°

Final Final

carbon content cirbon content

71 1% by weiglit 71 % by weight
0.0159 0. 356G 0.0015¢ (0.326
.0209 454 .00151 .331
. 0228 L4840 00157 .338
L0241 .516° . 00254 .534
L0267 L5679 . 00304 .631
.0316 6549 .00355 729
.0361 733 00462 .880
0367 736" 00512 974
L0396 L790° 00540 1.015
L0410 . 803 0NG4T 1.160
L0438 . 852 00722 1,258
L0444 L8&72 00746 1.274
.0449 877 .00910 1.440
00926 1.476

o Equilibrated by decarburization. ? The primary mix-
ture for this sample was 109, CH,. that for the others at
800° was 60, CH,.

Equilibrium with Austenite.—Table II gives
the experimental results for the equilibrium of
electrolytic iron with various CHy-H, mixtures
for the temperatures 800 and 1000°. The comn-
sistency of these results is illustrated in Fig. 3
where 7, is plotted against observed carbon con-
tent at 300°. For a given carbon concentration
the value of 71 in Fig. 3 is roughly half that given
by Schenk.'? The best curve through these
points intersects the value of rq for the ferrite—
austenite equilibrium at 800° (C, Fig. 1 and 3),
at 0.315% carbon. which is idemntical with the
value determined by Mehl and Wells'® from dila-
tometric measurements. This agreement, though
gratifyiug, is 110t an absolute check on the accuracy
of our results because any consistent error in gas
composition will not affect the carbon coutent at
this intersection.

The consistency of the results at 1000° is similar
to that at 800° shown in Fig. 3. At 1000°, how-
ever, there is a slight reduction of silica in the
furnace tube by the gas, part of the silicon s»
produced vaporizes and is absorbed by the sample.
For samples of about 1,49, carbon the increase in
silicon was about 0.011¢} per day, but the extent
of this reaction is not sufficient to change the gas

(11) J. H. Whitely, J. Iron & Stesl Inst., 116, 203 (1927).

{12) R. Schenk, V. Kurzen and H. Wesslock, Z. anorg. aligem.
Chem., 208, 159 (1932).

(13) Robert F. Mehl and Cyril Wells, Am. Inst, Min. Met. Engrs.,
126, 429 (1937).
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Carbon content, weight 9.

Fig. 3.—Carbon countent of austenite at 800° in relation
tory = PcHy/P,: point C is lower limit of stable aus-
tenite at 800°.

composition appreciably. A few measureinents
were made with CHH, mixtures at 1200° but
they were not continued because the silicon pick-
up proved to be about ten times greater than at
1000°.

Table III gives the experimental results ob-
tained with electrolytic iron and CO-CO, mix-
tures for the temperatures 800, 1000, and 1200°.

A typical examiple of the reproducibility of these
measurentents is illustrated in Fig. 4 where 7 is
plotted against carbou coutent at 1000°. Figure
4 also provides a coinparison of these results with
those of the later previous investigations.® 14.15.16.17
The data of Diinwald and Wagner® are in good
agreement, the others in poor agreement, with the
results of this investigation. The accord with the
data of Diinwald and Wagner is illustrated bet-
ter in Fig. 5, where log 7; for a number of carbou
concentratious is plotted against 1/7T, the recip-
rocal of tlie absolute temperature, for our results
at 800, 1000, 1200° and for theirs at 940, 1000 and
1070°; the values of r, were read from a large
scale graph similar to Fig. 4. In geuneral their
results, for a given carbon concentration and teni-
perature, give a value of 7, slightly higher than
this investigation; the difference could be ac-
counted for by an uncertainty of about 1° in mieas-
ured teniperature. Since tlie variation in teni-

(14) Arthur Bramnley and Harry Dennis Lord, J. Chem. Suc., 16411
(1932).

(15) A. Johansson and R. Von Seth, J. Iron Steel Inst., 411, 205
(1926).

(16) M. L. Becker, ibid., 131, 337 (1930).

(17) G. Takahashi, Science Reports, Tohoku Imp. Univ., 18, 157
(1920).
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TaABLE III
EXPERIMENTAL MEASUREMENTS OF EQUILIBRIUM OF CO-
CO: MIXTURES WITH AUSTENITE: ?» = P}o/Pco,. WHERE
P 1s IN ATMOSPHERES

800° 1000° 1200°
Final Final Final
carbon carhon carbon
content content, content,
%0 by To. by % by
re weight re weight re weight
2.25 0.343 1.98 0.0360 3.75  0.0148
2.46 .356 2.49 .0487 3.80 L0141
2.65 377 3.12 . 0663 5.83 L0217
2.85 .40 4.21 .0740 7.14 L0252
3.11 . 443 7.29 .133 7.23 .0273
3.12 . 453 13.8 .242 12.46 . 0450
3.63 .522 27.4 .455 30.3 . 109
4.21 . 568 43.4 .655 61.4 215
4.50 608 56.2 .810 122.5 416
4.87 647 70.8 963 123.1 .413
5 11 (661 8.1 1.081 243.6 .738
.54 .726 99.4 1.206 352.2 .942
9. 64 726 113.3 1.321
6.07 765 130.2 1.462
6.55 815 131.7 1.466
6.75 831  132.4  1.471°
(.81 . 838°
6.89 .. 836
7.24 875
7.31 .878
7.32 . 898
7.52 911
7.75 .929
797 916

* Carbonyl iron. ¢ Sample ten times thicker and one
half weight of other samples.

1
/

60

r, = P'co/Pco,.

30

[P,

[ e

0 0.4 0.8 1.
Carbon coutent, weight 7.

L6

I'ig. 4.—Carbou content of austenite at 1000° i1 relation
tory, = P2co/Pco.: @ Smith: O Diinwald and Wagner;
@ Bramley aud Lord; ¢ Becker: O Johansson and Von
Seth: ¥V Takahashi.
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2.5

N

2.0

B thermocouple was calibrated from the
melting point of potassium chloride,
such a temperature difference is not
unreasonable.

For samples equilibrated with CO-
CO, mixtures at 800°, the austenite—
ferrite transition occurred at a value
of 7, between 2.18 and 2.25, which

1.5

corresponds to 0.3239, carbon at
point C of Fig. 1. This is slightly
greater than the value (0.315%,) for
the CH,~H, mixtures, also given by
Mehl and Wells.!3

Equilibrium with Graphite; the
Constants K; and K,—The con-

AN A

log P*co/Pco..

N

stants K3 and K¢ at 800 and 1000°
were determined by direct measure-
ment of the equilibrium of graphite
with each pair of gases, and indirectly
from the austenite equilibria and
graphite solubility by the method
outlined in the introduction. For
the direct measurement, the gas com-

1.0

NN

A\

0.5

9

NN

position at equilibrium was deter-
mined graphically from the gain or
loss of weight in unit time, for a
number of gas mixtures at fixed total
rate of flow, of a block of Acheson
graphite impregnated with a small
amount of iron to serve as catalyst.

Graphite
W\0.8%

%
\
\\\

.2%

Qo3% @) 19|

N\ M
Y‘ \\ \ . 7%
.3%

Ferrite

A typical series for each pair of gases
at 1000° is plotted in Fig. 6. There
is a slight scatter, as is to be expected
in such a measurement, but the par-
tial pressure of CO, or CH, at which
the weight remained unchanged can
be determined by interpolation with
a precision of =0.2 at 1000° and

5% 0.6
04% i

=047, at 800°.

-~
0
el

104/7.

Fig. 5.—Plot of log r, agaiust 10/ 7 for even increments of carbon content:

® Smith: O Diinwald and Wagner.

perature of their furnace was =7°, and their

TaBLE [V
VALUES oF Tl1E EQUILIBRIUM CONSTANT K AND K;, WHERE
P 18 1IN ATMOSPHERES

1 2 3 4
From
spectroscopic
and As given
Direct Extrapolation calorimetric by
£, °C. measurement of r ata Chipman
K; = ch‘/f’ﬁ,

800 0.0453 0.0456 0.0469 0.051
1000 0.00962 0.00950 0.00949 0.0102
AH', — 21,000 —21,330 —21.700 —21.850

Ky = Péo/Puos

800 7.33 7.28 7.68 6.22
1000 138.6 137.2 151 117
AH’ 39,900 39.970 40,300 39.830

The indirect determination requires
a knowledge of the carbon content of
austenite in equilibrium with graphite
and a short extrapolation (always less
than 0.06% C) of our austenite equi-
librium data to the carbon content
corresponding to saturation with graphite. The
solubility of graphite in austenite at 800 and 1000°
determined by interpolation of the data given by
Wells!® at 738 and 840°, and by Gurry® at teni-
peratures near 930 and 1100° was 0.887% aud
1.50%, respectively.

Table IV brings together values of the con-
stants K5 and A4 for equilibrium with graphite
at 800 and 1000° derived: (1) from direct meas-
urements of | or 3 in equilibrium with graphite,
(2) by extrapolation of tle experimental curve
for r1 or r, to the carbou content corresponding to
saturation with graphite, (3) by interpolation of
thie recently published constants derived from

10

(18) Cyril Wells, Tyans. Am. Soc. Metals, 36, 289 (1938).
(19) R. W. Gurry, Trans. dm. Inst. Mining Met. Engrs., 150, 147
(1942).
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Fig. 6.—Weight change of a block of Acheson graphite int
relation to the partial pressure of either CO, or CHjy:
@ CO-CO, mixtures, O CH,—H, mixtures.

calorimetric and spectroscopic data.® ({4) fromn
Chipman’s summary of the data then available.*
The agreement between our direct and indirect
measurements (colunins 1 and 2) is excellent;
but it may be noted that this is not an entirely
independent check, since the sanie gas mixtures
were used in both and any error in gas composi-
tion would affect both equally. This table also
includes values of the heat of reaction AH';,
AIl'4 as caleulated frotn each pair of values of K
or Ky at 800 aud 1000°, respectively. The heats
i1 column 3 are in better agreement with those of
columns 1 or 2 than are the equilibrium constants
upon which they are based.

An attempt to make an independent deternina-
tion of this graphite solubility at 1000° by passing
CO~-CO, mixtures, of coinpositions iear that for
equilibrium with graphite, over sawuples of elec-
trolytic iron packed in graphite containing a
small amount of ferric oxide, was not successful;
the carbon content of the sample chauged witlh
chiange inn gas ratio although to a less extent than
when no graphite was preseut. However, the 111-
tersection of the lines obtained by plotting 7,
against carbon content for these results and those
for the austenite equilibritun should give the
graphite solubility; the value thus derived is
1.4979, carbon in good agreenient with that
(1.509,) determined from the direct measure-
ments of Wells and Gurry.

It should be possible to determine graphite solu-
bility, and equilibrium constant, by a methoc
similar to that used to fix the carbon coucentra-
tionr at which ferrite begins to transform to aus-
teuite.

(20) Wagman, Kilpatrick, Taylor,

Standards J. Rescarch, 84, 143 (1945).
(21) Joln Chipmaun, {zd. LEng. Cheor., 24, 1013 (1932).
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1.0
0.8

0.6

to graphite.

Activity of catbon relative

0] 0.02 0.04 .06

Atow fraction carbou.
I'ig. 7.—Activity (a.) of carbou relative 10 graphite
(mecan from two sets of micasurements) at 1000 ° in relation
to atom fraction carbon in iron,

made withh CO-CO. mixtures at 800°, but
the results indicated that the system tends to
follow the metastable austenite equilibrium. For
instance, the samples (Table III) with 0.916 and
0.9299, carbon contain considerably more carbon
than corresponds to the graphite solubility at this
temperature, yet these points are in accord with
the austenite equilibrium. Samples with 0.95
to 0.9759, carbon (analysis by gain in weight)
were in accord with the austenite equilibrium
after being in the gas mixture for 24 hours; how-
ever, after being quenched aud returued to the
furnace the carbon increased as would be ex-
pected if the graphite phase were then present in
the sample.

The Activity of Carbon Relative to Graphite.—
The activity of carbou, at a given concentration,
relative to graphite, may be calculated from the
measurements with eitlier gas mixture by equa-
tion (1a) or (2a) and the data in Tables 11, IIT and
IV. The results of such calculations, based on
values of #; and r, interpolated fromn the experi-
mental curve for regular increments of carbon
content, and of A, or Ay given i colunmn 2, Table
IV, are presented in Table V. Tt is to be noted
that for a given carbon coutent, thie activity of
carbon is only half as great at 1000 as at S00°,
corresponding to the lower saturation coucentra-
tion of graphite in austenite at the lower tempera-
ture; also that at both temiperatures tlie activity
as calculated from sy is greater than that from 7.
These two calculated activities would be ideutical
only if (1) the ratio of the selected values of A
and K, is exact, (2) the measurement of 7. #y and
the carbon content at equilibritin are equally
accurate in both cases, (33) the final iron pliase 1s
identical and coutaius only carbon or, at most.
identical siall ammounts of other elemeuts, (4) the
gases are equally ideal, an assmuption which
seemis unlikely to introduce an appreciable error.
The extent to which tliese conditions were ful-
filled is discussed below.

(1) That the differenice betweent thie two sets
of activities is not entirely due to mutually t1icon-
sistent values of the coustants K3, K, is indicated
by the fuct that thie ratio rp/r, whichh would be
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AcTtiviTy OF CARBON IN AUSTENITE RELATIVE TO GRAPIITE AT 800 AND AT 1000°

Temperature 1000°

Q¢
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TaBLE V
Carhon Temperature 800°
content 1¢
weight %, 7 s r/Ks ro/Ke ra/r1 = K

.1
.2
.3 0.0132 2.04 0.290 0.280 155
.4 .0181 2.80 397 .385 155
.5 .0232 3.61 509 .496 156
.6 . 0287 4.47 .30 614 156
.7 .0344 5.40 753 L742 157
.8 L0405 6.42 . 888 .882 158
.88 L0456 7.28 1.000 1.000 160
.9

1.0

1.1

1.2

1.3

1.4

1.50

the equilibrium constaut, K, for the reaction CO
-+ CH, = 2CO + 2H, shows a regular trend with
carboi content covering a range of about 39 at
800° and 187, at 1000°. In each case this K is
lower tlian that computed froni spectroscopic and
calorinetric data but approaclies it as the carbon
conteunt increases. The agreement between the
two sets of activities is not improved by using the
constants given in column 3, Table IV, instead of
those of column 2.

(2) The values of r; and 7, should be consistent
within a few per cent. The value of »» may have
been somewhat more accurate than that of ~
since the preparation of tlie CO-CO, mixtures
was more direct. The difference between our
two sets of measurements is shown better in the
very sensitive plots (Fig. 8 and 9) of log (¥ m1/ny)
against ng/n,. wliere n,/n1 is the ratio of the uuuber

i
|
2.24 é/
< ] =
AT ; 06 £
N [ &
< / <
212 7 / 00 &
/ 0.6
0 0.01 0.02 003 0.04 0.05
712/’"1.

Fig. 8.—Plot of log (rmm/n:) against n,/n;, the atom
ratio of carbon to iron. for the two sets of measurenients
at 800°.

K X 10-? =

r r2 rn/Ks re/ Ka re/r1 X 1071
0.00047 5.6 0.050 0.041 119
00002 11.1 097 .081 121
00137 17 .4 L 144 L1127 127
00185 23.7 .195 173 128
00235 30.9 247 .225 132
002806 38.7 .301 .282 135
00344 46.8 .362 .341 136
00403 5.7 424 . 400 138
00467 65.0 491 447 139
L0053H 75.0 . 563 .047 140
00607 85.8 634 L6206 141
00684 97.2 720 .709 142
L0766 109.7 . 806 . 800 143
L0RH4 122.8 . 899 . 896 144
00950 137.2 1.000 1.000 144

of atonis of carbon to iron; if they were consistent
over the entire range of carbon content the slope
of both lines in each figure should be the same.
At each temperature the slope of the curve for
CO-CO, mixtures is greater than for the CH+H,
mixtures, but the difference in slope is practically
identical. Anything which would tend to make
the true value of »; smaller (than the analyzed
value of the input gas) at low carbon content, or
that of r, smaller at high carbon content, would
account for the discrepancy between the two sets
of measurements. Since the proportion of meth-
atte is small for samples of low carbon content,
while that of carbon dioxide is small for samples of
higlt carbon content, the discrepancy could be
due to a tiny leak of oxygen into either gas mix-
ture. However, a low value of 7. at high carbon

3.3

———

@

[\
T
|
]

—0.8

—-0.9

w
—

log (P2co/Pco, ny/n).
log (Pcny/P?ay ny/n-).

—-1.0

b e

0.06 0.08

0.04
no/M.

Fig. 9—Plot of log (rmmi/ns) against ny/n;, the atom
ratio of carbon to iron, for the two sets of measurements
at 1000°.
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content would lower K, and K and thus increase
the difference between our results and those
calculated fromn spectroscopic and calorimetric
data. A leak of about 0.019; oxygen into the
CHH, mixtures at 1000° would account for the
difference in slope (oxygen reacts almost exclu-
sively with methane rather than hydrogen) of the
pair of lines of Fig. 9; but, since at 800° the rela-
tive amount of methane is ten times as great as at
1000°, the same proportion of oxygen would pro-
ditice a relatively small effect and hence would
not account for the discrepancy in slope at this
lower temperature. Moreover, in view of the
great pains taken to seeure a tight system, the
hivpotliesis of such a leak does not seem satisfac-
tory unless the data point clearly in this direc-
tion-—which tliey do not.

The accuracy of the carbon deterniination was
tlie sanie in both cases. However, there may be a
difference in the measured equilibrium carbon
content (for a given carbon activity of the gas
phase) if there were appreciable reaction of the
sample with the gas atmosphere during quench,
the CO-CO, 1ixtures then tending to carburize,
and the CH,~H, mixtures to decarburize the speci-
men. Several lines of evidence indicate that the
error from this source is not appreciable, at least
at high carbon content. First a sainple /5,
Table III) ten tintes as thick and half as heavy
as the others gave a concordant result. Secoud,
the agreement of the pairs of values of K; and K,
(Table IV, 1 and 2) is within the expected ex-
perintental error although the type of sample in
the two nieasurements was quite different; more-
over correction for a change in carbon during
quench would bring closer the pair of values of X,
but more apart those of K;. Third, the data of
Diinwald and Wagner,® who weighed the sample
at temnperature on a special balance, are not sub-
ject to this possible error; and Fig. 5 shows that
they agree with the present data better at tlie
ligher temperatures, which is contrary to expec-
tation if reaction during cooling were appreciable.
The small difference between these data and our
measurements at 1000° (Fig. 5) is in the direction
of suclt an error but could be attributed equally
well to othier causes.

(1) The iron samples were iunitially identical,
but when equilibrated, there was a slight diffet-
ence in thie amount of elements other thai carbort,
especially with respect to oxygen, silicon and hy-
drogen.  Thie imtial oxvgen conutent was 0.0297:
for equilibriuin witlh CO-CO. mixtures it is less
thai1 0.016¢° (the agreement of the analysis by gain
inn weight und by comnbustion of previously de-
oxidized samples would indicate that it was cor.-
siderably less than 0.01%, at 1000°); for samples
equilibrated with CHH, mixtures it is 0.0 to <
0.029, (see equilibration period). The silicon
coutent of samples treated with CH,—H, mixtures
may be greater than for those trcated witlhh CO--
CO, mixtures by 0.03% (sce equilibriunt with
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austenite) and their hydrogen content miay be
greater by 0.0006%.22 For liquid iron tlhe sign of
the differential (9ao/09,C)yo is negative,® aq
being the activity of oxygen; if this is assumed
to be likewise true for austenite, the sign of the
differential (09,0/09,C)a, is positive; that is,
increase of oxygen at fixed activity should increase
carbon content at equilibrium. On the other
hand, the presence of silicon would tend to lower
carbont content? at equilibriuni; the decrease in
carbon is, however, only about one-tenth the in-
crease in silicon. Both of these effects are in the
direction of the observed discrepancy; but
since the amount of these elements is always
stnall, it does 1ot seem reasonable that they can
entirely account for it.

The precise source of this lack of complete ac-
cord between the results calculated from different
data is thus still an open question tliat can prob-
ably not be answered except by additional pain-
staking investigations which would require an
effort hardly justified by the importance of the
matter.

Heat of Solution of Carbon in Ferrite.—1If the
activity (a.) of carbon relative to graphite is
known for a number of temperatures in the region
of stability of ferrite, the heat of solution AH, of
graphite in ferrite may be determined by the
equation

AH, = 4.5755 [0 log a./01/1']gc (5)

At 0.019, carbon at 800° a. may be calculated
directly from the data of Table I and the constant
Kj;; at 750° from Table I and a value of K; ex-
trapolated from the results at 800 and 1000°; at
738°, the temperature of the iron—graphite eu-
tectoid (P’, Fig. 1), by extrapolation of the limit-
ing solubility to this temperature and the assunip-
tion that at this low concentration a. is propor-
tional to carbon content. The values of a., at

- 0.019% C, thus obtained are 0.242, 0.365 and 0.454,

respectively. From the slope of the best straight
line on a plot of log ac ws. 1/T, AH, is 20,000 cal.
The result is not appreciably different if Kj, as
derived from spectroscopic mieasurements, is
used in tlie calculation. If it is assumned that tlhe
properties of §-iron and a-iron are similar because
their structure is siuilar, a value of a. in a-iromn at
1490° may be calculated from the equilibriut of
§ with y-iron and liquid iron, as given by Adcock,?
and values of 7, for equilibrium with liquid iron as
given by Marshall and Chipman.”® The value of
All; derived with this additional datin is 26,000
cal.

Heat of Transfer of Carbon from the Gas Mix-
tures to Austenite, and the Heat of Solution of
Graphite in Austenite.—The equilibrium con-

(22) Sieverts, Zapf and Moritz, Z. physik. Chem., A183, 19 (1938).

(23) Shadburn Marshall and John Chipmai, Trans. Am. Soc.
Metals, 80, 69 (1942).

(24) *"Alloys of 1ron and Silicon,"* Griener, Marsh and Stougliton,

McGraw-Hill Book Co., Inc.. New York, N. Y.
{23 VFrank Adcock, J. Iven Steel Inst., 188, 281 (1937),



1172

stants for reactions (1) and (2) niay be written
Kp = 7n/a (6)

where the subscript 72 is 1 or 2 aud a is the activity
of carbon in austeunite at the equilibrium concen-
tration relative to its value at some chosen fixed
concentration. The heat of trausfer of carbon
from the particular gas to austenite of a given con-
centration is given by

— A/, 45705 = 1o log Aw/ot/Tgc =

1o tog rm/0t/Tlgc — [dloga/dl/Tge (7)

wliere the subscript m is 1 or 2. The first term on
the right side of this equation is the heat of trans-
fer of carbon from the gas to austenite at the
fixed concentration, and the second teria that
fromn austenite at the fixed conceutration to aus-
tenite of the equilibrium concentration. If the
latter is smiall comipared to the former, and if
AT, does not change appreciably with tempera-
ture over the temiperature range considered, the
curves obtained by plotting (log 7m)ge vs. 1/T
should be straight lines and the slope should be
the same for all concentrations and equal to
— All,,/4.5755. That these conditions are ful-
filled within the experimental error is illustrated
in Fig. 5. Further evidence that the second term
on the right of equation (7) is small will be given
in the appeudix. The value of All} and A, cal-
culated from our nteasurements is —31,000 cal.
and 29,600 cal., respectively; AIl calculated

from the data of Diinwald and Wagner® is 28,800 .

cal.,, that given by Bramley and Lord" is 29,930
cal.

Likewise tlie licat of reactions (3) and (4) is
given by

— ALl /45755 = d log Kn/d1/T (8)
where the subscript m is 3 or 4. The difference
AIIl, — AIl, is the heat of solution of graphite
in austenite. If AIT,, is taken as the mean of the
values obtained from the equilibriumn measure-
ments (Table IV) and AIl, as given above, the
heat of solutiou of grapliite in austenite from the
measurements with CO-CO, 1ixtures is 10,300
cal. aud that from the CH—H, mixtires is 9,940
cal.
Appendix*

An Approximate Solution Law for Carbon in
a-Iron and the Heat of the a-y Transformation.
—1It seemed desirable to express in analytical
form the results of the foregoing mieasurements
of the activity of carbon in austenite. By
analogy with liquid solutions it miight be guessed,
as a first approximation, that Henry’s law would
be obeyed, that the activity of carbou a. would
be proportional to its atom fraction. However,
it is obvious from Fig. 7 that sucl proportionality
holds, within the experimental error, over a very
limited range; if the proportionality constant is
chosen to satis{fy the measureinents at low con-

(267 This appendix is contributed by Dr. L. 8. Darken and R. P.
Sith.
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centrations, those at higlier coucentrations de-
part from the proportional values by niore than
50%.

An artifice wliich has somtetimes been adopted
to circumvent such departure from the solution
laws is to assume the presence of molecular species;
for instance, austenite has been considered as an
ideal solution of Fe;C in iron,?**¥ whence by cou-
sideration of the honiogeneous equilibrium C +
3Fe = Fe;C the activity of carbon would be pro-
portional to Nye,c/NE., Where eacli N represents
the mole fraction calculated on the above basis.
Actually the data do not fit this proportionality
well either, although the agreement is markedly
better than on the assumption of Henry's law.
It any case this type of treatment is quite unsatis-
factory from: the theoretical viewpoint since 110
ueaning can be attached to molecular species in
a solid solutionr.

A relation which has been found useful for a
variety of binary liquid solutious, sets the loga-
rithin of the activity coefficient of one component
proportional to the square of the mole fraction of
the other (the pure liquid being selected as stand-
ard state)

log v1 = alN;: log y2 = alV?

A variety of derivatious by the methods of sta-
tistical mechanics®-%-31.32.33 reduce to this form
under certain simplifying conditious. The data
of the present investigation fit this type of rela-
tionship quite well; but this representation must
be regarded as entirely empirical in this case since
the statistical derivations are based on comncepts
applicable to the liquid state and to substitutional
solid solutions. It is questionable whether there
is any basis whatsoever for its application to
interstitial solid solutions such as carbon in iron.

It seemed that the type of relation to be antici-
pated, as well as a little insight into the nature of
this solid solution, might be gained irom a consid-
eration of its structure. In austenite the iron
atoms are arranged in a close-packed face-cen-
tered cubic lattice, and the carbon atows occupy a
limited number of the octahedral interstices which
are located at the centers and at the mid-poiuts
of tlie edges of the 1nit cubes—these two positions
being crystallographically equivalent.®! A clearer
picture is obtained fromi the relatiouship to the
sodiumm chloride type of lattice to which a theo-
retical austenite with all interstitial positions
filled would belong. Thus every carbon atom has
as nearest neighbors six iron atous, and the near-
est interstitial sites to it are twelve in nuinber;
the total number of interstitial sites is equal to the
number of iron atoms.

(27) K. K. Kelly, Bureau Mines Bulletin 407.

(28) J. B. Austin, Metals and Alloys, 4, 49 (1933).

(29) Hildebrand and Wood, J, Chem. Phys., 1, 817 (1933).

{30) Scatchard, Chem. Rev., 8, 321 (1931).

(31) Rushbrooke, Proc. Roy. Soc. (London), A166, 206 (1938).

(32) Kirkwood, J. Phys. Chem., 43, 94 (1839).

(33) Guggenheim, Proc. Roy. Soc. (London), A148, 304 (1935).
(34) Petch, J, Iron and Steel Inst,, 145, 110 (1942).
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To derive the isothermal expression for the
free energy of such a system it is convenient to
make use of the partition function f = Zge—«/*,
where g; is the number of distinguishable arrange-
ments of the atoms on the appropriate sites in
such manner that the total energy is ¢;. For the
present purpose the only energy levels considered
for a given atom are those arising from its posi-
tion relative to neighboring atoms, 7.e., each atom
is considered to have the average energy of all
atoms of the same kind which are similarly situ-
ated. Considering a system of #; iron atoms,
ny sites appropriate thereto, and #; interstitial
positions of which n; are occupied by carbon
atoms, it is clear that there is only one distinguish-
able arrangement of the iron atoms, and that the
evaluation of the partition function hinges on a
counting of the number of distinguishable ar-
rangements of the carbon atoms possible for each
energy level. As a direct attack on this problem
appears prohibitively difficult, attention may
first be focused on an individual carbon atam.
Since the position of iron atoms relative to it is
always the same, the only distinguishable differ-
ence in its surroundings depends on whether or
not nearby interstitial sites are occupied by other
carbon atoms——i.e., its energy depends on how
the other carbon atoms are distributed about it.
If we limit our consideration to reasonably dilute
solutions (where the nuniber of carbon atoms hav-
ing more than one nearest neighbor is negligibly
small) and introduce the approximation that the
energy is influenced only by the presence of an-
other carbon atom in one of the twelve nearest
neighbor sites, only two energy levels need be
taken into account—i.e., the given carbon atom
may have no nearest neighbor carbon atom or it
miay have one.

Regarding the alloy as being formed by addi-
tion, one at a time, of carbon atorus to an initially
pure iron, the partition function for each carbon
atom will contain two terms corresponding to the
two ettergy levels—the first involving the number
of ways the atont can be added such that it has
no nearest neighbors (approximately n; — 13
times the number of carbon atoms already pres-
ent) and the second involving the number of
ways it can be added such that it has one nearest
neighbor (approximately 12 times the number of
carbon atoms already present). The partition
function of the first, second, third, and final
(neth) carbon atoms are given approximately by
the following expressions:

fi = mé )
foo= (m — 13)6; + 126, (10)
fo = (m — 26)8, + 246. an
Jur=lm — 13 (n: — D]or + 12 (2 — D)6 (12)
where 6, = e KT and 6, = e~«/*T; ¢ is the
energy to bring a carbon atom to a site with no

nearest neighbor, €, is the energy to bring a carbon
atom into a 1earest neighbor site; £ is the Boltz-
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man constant and T the absolute temperature.
For higher values of n, the value of f,, given by
equation (12) will be too large. The partition
function for the assemblage is f = fi fo fs . . fua/ns!
To establish a standard energy level, we may ar-
bitarily assign the value zero to .. The partition
function for the assemblage then becomes

S =mlm — 13 + 126)(m — 26 + 246.). . . /n.!

_ (13 - 120-_-)112( m ( m 1

nyl 13 — 1202) 13 — 126, )

71
(13 126, 2)
_ Ny n
_ (13 126,) (—-—-————-—13 _.120:)! (13)
m
(13 “ 126, ~ "“) P

or by Stirling’s approximation

K4} n n _
— 126, 13 — 126,

(_L T Y S 1
13— 128, ™ 13 — 126, ”) T e N
(14)

differentiating with respect to #, and dropping
constant terms

1

Inf = n1n (13 — 128,) + 3

ol
( b:zf)m. T v= In [1 — (13 — 1203)ny/m] — In na/my
(13)
= —luns/m — (13 — 120)mp/m — ...
(18)
The Helmholtz free energy, 4, is given by
A= —RTInf
also

(S2)rvn = Gidern -
om) T, V.m _(M)P.T.m -

oluf . -
*RT( “_)T_V-"l =RTlna+1 (17

aﬂg

where a, is the activity of carbon.
(16) and (17) give
I+ Ina = nne/m + (13 — 12000 /m

Equations

(18)
and
I' 4 lu amy/ne =2 (13 — 120)n./n, (199

At 1.5 weight per cent. carbon the second term
in the expansion of In {1 — (13 — 128)ny/m] of
equation (15) is about 209, of the first term;
but the error caused by neglecting it is at least
partly compensated by the fact that f as given by
equation (13) becomes too large as n, increases.

The activity of carbon is proportional (iso-
thermally) to 71 or 7»; therefore if equation (19)
is satisfactory, a plot of In (rimi/n.) or In(rani/n,)
vs. ns/ny should be a straight line with a slope
equal to (13 — 126;) and an intercept equal to
AF°/RT where AF° is the free energy of transfer
of carbon from the gas phase to the metal phase
when all reactants and products are in their
standard state. That equation (19) represents
the equilibrium measurements within the experi-
mental error is illustrated in Figs. 8 and 9. The
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two sets of measurements give an average slope
of 6.3 at 800° and 6.9 at 1000°. The term 6,
of equation (19) was defined as e~*/¥; this may
also be written e~ 4E/RT where AE is the energy
required to bring two gram atoms of carbon into
nearest neighbor sites, and AFE correspondiug to
each slope given above is 1300 and 1700 cal.
Since there is 110 reason to believe that AE should
vary appreciably with temperature over the tem-
perature range considered, in all calculations iu-
volving equation (19) AE will be considered con-
stant and equal to 1500 cal.

If ¢ = e = 0, or 6, = 1, equations (15) and (17)
reduce to the equation In ay = In ne/m1/(1 —ny/ny)
-+ I" mentioned by Diinwald and Wagner? If
this equation were valid throughout the rauge of
carbon content, the slope of the lines in Fig. 8 and
9 would each be 1,2.3 iustead of 6.0 to 7.0 which
reproduces our experimental results.

The product of AE/2 and the fraction of carbon
atoms paired for a given carbon concentration is
approxitately the partial molal heat of carbon
relative to the infinitely dilute solution. The
probability that for a given carbon atom any one
of its 12 nearest neighbor sites is occupied by
another carbon atom is approximately 12n,/
nie~SE/RT.  this is also equal to the fraction
of 7, carbon atonis which are paired. The energy
associated with nearest neighbor pairs per grain
atom of carbon is(l?%e‘AE/RT A{)E IfAEis 1500

1 -
cal. the partial molal lieat of dilution of carbon in
iron at a concentration of 0.9%, carbon is —210
cal. This (divided by 4.575) is an approximation
of the value of the second termn on the right of
equation (7} and is less than the precision of All,
determined from tlic slope of tlie curves of Fig. 3,

Thus tlie qualitative conclusion is reached that
the carbon atowms in austenite may be regarded as
exerting a slight repulsive force on each otlier, so
that thev euter adjacent interstitial positions
only about one third as frequently as would be
the case if their distribution were random;
the change of distribution witlt temperature is
simall.

Heat of Transformation of «-to y-Iron.—With
the aid of equation (18) from the previous sec-
tion and the Gibbs—Duliemn cquation, the activ-
ity of iron in austenite may be evaluated over
tlie compositiou and temperature rauge covered.
As shown in Fig. 1, the temperature rauge of
equilibritn between - and y-iron in the iron-
carbon system extends from 723 to 910°.  Hence
tlie heat of trausformation of a- to y-iron mayv be
calculated if the thermodynanie equilibritnu con-
stant can be evaluated over this range. This mnay
be done from a knowledge of the equilibriuin coni-
positious since tlie activity of iron is now kiiown as
a function of composition. The equilibriun con-
stant for the reaction Fe (a) = Fe (v) is

K: = (20)
where a, and g4 represent respectively the ac-

ity /il
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tivity of iron in austenite relative to its value in
pure y-iron and in ferrite relative to its value in
pure a-iron. The heat of transformation is then

—Rd In K+/d (%)

The activity in y-iron, by equation (19) and the
Gibbs-Duhem equation, is

" 3 — ~AE/RT L\ 2
Inay = — (1) - (we,———)(i”) 22)
/ey - ni/y !

Since the concentration of carbon in ferrite is
always low, the solution may be considered ideal
and therefore

AHs = (21)

—

(23)

From the cotnposition of austenite in equilib-
rium with ferrite, as given by Mehl and Wells
and the corresponding compositions of ferrite from
this iuvestigation, values of In @, and In @, vere
computed, and are given inn Table VI,

Inge = —(n:/M)a

TaBLE VI
EQUILIBRIUM OF a- AND y-IRON

~-iron ce-iron

t,°C. ¢ C ne/ny —In ay % C —Ing, —In K
910 0 . 0 0 0 8] 4]
849 0.135 0.0063 0.0064 0.0069 0.0003 0.0061
842 . 160 0075 .0076 L0077 L0004 .0072
809 . 280 .0131 L0136 L0117 D005 L0131
802 302 L0141 .0148 L0127 0006 L0142
801 310 L0145 0152 L0128 . 0006 L0146
770 .458 L0214 .0230 L0170 . 0008 L0222
765 487 L0227 L0245 L0177 L0008 L0237
Hd RS L0254 L0276 .0193 L0009 L0267
752 L5799 L0271 . 0296 L0198 L0009 L0285
741 6063 L0310 L0343 L0216 L0010 L0332
742 C66GH L0312 L0345 L0214 L0010 L0335
23 .80 L0875 L0423 L0230 L0012 L0411

The heat of transformation of a-iron to y-iron
determined from the slope of a plot of log K5 s.
1/T"is given in Table VII, column 2, aud column
3 is thie heat of transformation as computed by
Austin® by collation of calorimmetric data.

TaBLE VII
AT OF a, v-TRANSFORMATION

L °C. A0 Allgh
001 218
(a10 215

8H0 330 292
200 405 434
TH0 825 (693
23 1000

o Smmith, from equilibrivin measurcments,  © Anstin,

from calorimelric measurements.

‘T'he values at 910° stunmarized by Cleaves and
Thompson®* range from 160 to 375 cal. Of the
values determiined by direct mnieasurement at
910° those of Klinkliardt® aud of Awbery and

(35) J. B. Austin, I'nd. Eng, Chem., 34, 1225 (1932).

(36) ""The Metal Iron,*” McGraw-Hslt Book Co.. New York, N, Y.,
1035,

(37) 1. Klinkhardi, Aun, Physik, ser. 4, 84, 167 (1927),
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Griffiths®® appear to be the best; they give 216
and 218 cal. per gram atom, respectively. The
agreement between these directly determined
values and that computed from the equilibrium
nieasurements is surprisingly good; the discrep-
aticy (shown by Table VII) at the lower tempera-
tures is felt to be due in large part to the great
uncertainty in the heat capacity of the two forms
of iron in this region.

The heat of solution of graphite in y-iron may
also be determined with the aid of equation 19
and the relation

AH, = — 4575 d log as/d (1/T)

where @, is activity of carbon in the austenite in
equilibrium with graphite and is relative to a
standard state such that @, = ny/n; at infinite
dilution. A plot of log as vs. 1/T for the experi-
mentally determined values of the solubility of
graphite is shown in Fig. 10. The slope of this
line corresponds to a heat of solution of 9800 cal.
in satisfactory agreement with the value (10,100
cal.) obtained previously by a different method.

Summary

By determination of the carbon content of an
iron phase which had been definitely equilibrated
with one of a series of gas mixtures, each of con-
stant composition, the following equilibria were
measured: CH-H, mixtures with ferrite at 750
and 800°, with austenite at 800 and 1000°, and
with graphite at 800 and 1000°; CO-CO, mixtures
with austenite at 800, 1000 and 1200°, and with
graphite at 800 and 1000°.

The limiting solubility of carbon in ferrite at
750 and 800° was found to be 0.020 and 0.0123
weight per cent., respectively, both of which are
lower than the data commonly accepted hitherto.
Austenite at its lower limit of stability at 800°
contains 0.319 = 0.0049, carbon, in good accord
with the results of dilatometric measurements.

(38) J. H. Awbery and E. Griffiths, Proc. Roy. Soc. (London), 174,
1 (1940).

POLAROGRAPHY OF URANIUM IN STRONGLY ACID SOLUTION
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Fig. 10.—Plot of logarithm of activity of carbon in
austenite at equilibrium with graphite against 10¢/T.
based on the following solubility measurements: @ Smith,
average value of carbon content, determined from plot of
austenite equilibria, at which #;, = ri’ and rs = nn/: O
Welis: © Gurry, equilibrium with graphite; & Gurry.
equilibrium with carbon from toluene.

The experimental results permitted direct calcu-
lation of the activity of carbon in austenite relative
to graphite as unity and of the heat of solution of
graphite in ferrite and in austenite. There is a
slight apparent difference in activity according as
it 1s calculated from the results with one or the
other pair of gases; its source is still uncertain.

In the appendix an analytic expression, based
on statistical considerations, is developed which
reproduces satisfactorily the measurements of ac-
tivity of carbon in solid solution in y-iron, austen-
ite, as a function of its concentration.
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The Polarography of Uranium. II.

Polarography in Strongly Acid Solution’

By I. M. KoLTHOFF AND W. E. HARRIS

In a previous paper? the polarography of hexa-
valent uranium in 0.01 to 0.2 N hydrochloric
acid was discussed. Two reduction waves were
obtained, the first one corresponding quantita-
tively to the reduction of hexavalent uranium to
the pentavalent state and the second to the reduc-
tion to the trivalent state.

(1) From a thesis submitted by W. E. Harris to the graduate
school of fhe University of Minnesota in partial fulfillment of the
requirements for the Ph.D. degree, June, 1944.

(2) W. E. Harris and I. M. .Koithoff, THIs JoURNAL, 67, 1484
(1945).

Herasymenko? briefly states that a high concen-
tration of strong acid in the uranyl solution
changes the relative magnitudes of the reduction
waves obtained. He attributes this to a de-
composition of pentavalent uranium into hexa-
valent and tetravalent uranium, the hexavalent
uranium formed being reduced at the dropping
electrode. We have made a systematic study of
the effect of acidity on the polarographic waves
of uranyl uranium. The first diffusion current

(3) P. Herasymenko, Trans, Faraday Soc.. 34, 272 (1928).



