A Re-examination of the Thermodynamics of
the Proeutectoid Ferrite Transformation in

Fe-C Alloys
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Three models of the statistical thermodynamics of interstitial solid solutions have been
used to reevaluate the thermodynamics of the proeutectoid ferrite reaction. The models
of Kaufman, Radcliffe and Cohen and of Lacher, Fowler and Guggenheim, which were em-
ployed in a previous study of this type, together with the model recently developed by
McLellan and Dunn are used in conjunction with the extensive experimental data of Ban-ya,
Elliott and Chipman, of Lobo and Geiger and of Dunn and McLellan on the activities of
carbon in austenite and ferrite. Application of the McLellan and Dunn model and that of
Lacher, Fowler and Guggenheim to carbon in austenite yields activities of carbon which
are numerically indistinguishable and activities of iron which are mathematically identi-
cal. However, the new activity data have revealed important differences between the pres-
ent calculations and those of Aaronson, Domian and Pound. An average carbon-carbon
repulsion energy in austenite of 1925 cal/mole (8054 J/mole) was determined from the
CO/CO. data of Ban-ya et al. However, the C-C interaction energy in ferrite was found

to be opposite in sign but exhibited erratic variations with temperature despite the large
amount of activity data available. The ¥/(a + ¥) phase boundary calculated from the new
data differs significantly, at lower temperatures, from the best curves reported by Aaron-
son et al. The calculated a/(a + y) phase boundary also differs appreciably from the pre-
vious results and exhibits only limited agreement with the experimentally determined
phase boundary. Calculation of the free energy change associated with the proeutectoid
ferrite reaction and Tp-composition curves differs little from previous results; internal
agreement among the new sets of curves, however, is much improved.

IT has been over a decade since Aaronson, Domian
and Pound (ADP)' employed several models of inter-
stitial solid solutions in their study of the thermody-
namics of the proeutectoid ferrite reaction in Fe-C
alloys. At that time formalisms due to Zener,*
Kaufman, Radcliffe and Cohen (KRC),** Darken and
Smith,® and Lacher® and Fowler and Guggenheim
(LFG)" were analyzed comparatively; the experimental
data for the activities of carbon in austenite and in
ferrite were limited to the exceptionally well regarded
CO/CO; data of R. P. Smith.? These data, however,
are adequately complete at only three temperatures,
The present investigation, like that of ADP, was mo-
tivated in part by the negd to predict thermodynamic
properties of the proeutectoid ferrite reaction in
ranges of composition and temperature where equili-
brium data cannot be obtained. Such thermodynamic
information constitutes a fundamental requirement for
the interpretation of transformation kinetics studies
performed in these temperature-composition ranges.
1t is also intended to establish a basis for future
studies of the thermodynamics and kinetics of the
proeutectoid ferrite reaction in Fe-C-X systems.

The statistical thermodynamics of interstitial solid
solutions has been an area of much theoretical activity
since the work of ADP, particularly on the part of
R. B. McLellan and coworkers.”™® Of the many models
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considered by MeLellan for binary interstitial solid
solutions, the widely used first order quasichemical
treatment developed by McLellan and Dunn (MD)" is
the most rigorous approach which they subsequently
extended to encompass the statistical thermodynamics
of Fe-C-X alloys and hence is the one which will be
employed here. Concurrently with these theoretical
studies, the base of data on the activity of C in y and
in « has been markedly expanded in the last decade.
The data of Ban-ya, Elliott and Chipman (BEC)'®*° on
the activity of carbon in austenite, a,, of Dunn and
McLellan®® on the activity of carbon in ferrite, a,, and
of Lobo and Geiger?'’** on both a.,, and a, now provide
extensive coverage of both the y and the @ regions of
Fe-C alloys. This confluence of new theoretical and
experimental studies both invites and requires a re-
examination of the thermodynamics of the proeutectoid
ferrite reaction in Fe-C alloys at this time. The quasi-
chemical treatment of MD will be compared with the
two most useful thermodynamic analyses previously
employed by ADP, namely KRC and LFG, making full
use of the activity data which has recently become
available.

The KRC approach’® considers an interstitial atom
to exclude from occupancy by other interstitial atoms
a number of nearest neighboring interstitial sites.
This model was selected for reconsideration here
primarily because of the algebraically simple form
taken by the thermodynamic relationships of interest.
The LFG treatment®” represents a more refined ap-
proach aimed at resolving the problem of overlapping
exclusion regions of nearby interstitials. Although the
thermodynamic relationships derived from this model
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are considerably more complex and must often be
analyzed by a trial and error procedure, the LFG
formalism was concluded by ADP to be the best avail-
able at that time.

Aaronson, Domian and Pound' pointed out that the
LFG treatment does not give the correct expression
in the limit of infinite pairwise interaction energy be-
tween carbon atoms in austenite (wy). An improve-
ment over the LFG model offered by the quasichemi-
cal model of McLellan and Dunn is that the resultant
expression for the relative partial molar free energy
of the solution corresponds correctly to that for com-
plete blocking of neighboring interstitial sites at in-
finite C-C interaction energies.’' As will be demon-
strated, despite this significant theoretical refine-
ment, application of the MD model to Fe-C alloys,
where w., is relatively small, yields results identical
to those for the LFG model. This is an unexpected
outcome, particularly in view of the mathematically
dissimilar forms of the interstitial {carbon) activity
expressions of the two models. Accordingly, the main
thrust of the present investigation cannot be directed
toward a comparative examination of the LFG and MD
models. Instead, emphasis will be placed upon making
full use of the expanded base of activity data to com-
pare present results with the best of those from ADP’s
work based upon the activity data of R. P. Smith.?

SUMMARY OF THE STATISTICAL
THERMODYNAMIC MODELS

KRC considered the composition and temperature
dependence of the activity of carbon in austenite, ay,
in terms of a temperature mdependent number of ex-
cluded sites.® Darken and Smith® on the other hand,
allowed the number of excluded sites to vary with tem-
perature, yielding the following relationship:

Xy AH., — ASST
Inay, =1n

+
1- (14— 127wy RT )y RT
(1]

where x, = mole fraction of carbon in austenite, Wy
= pairwise interaction energy between adjacent car-
bon atoms in austenite, R = the gas constant, T = abso-
lute temperature, and AH, and ASYS = the partial
molar enthalpy and the partial molar nonconfigura-
tional entropy of solution in austenite, respectively.
The quantity (14 — 12exp (—w /RT)) represents the
temperature dependence of the number of excluded
sites.

A similar expression can be obtained for the activity
of carbon in ferrite, ay:

o , AHy - ASEST

_ Se'wa/RT)xa RT

Inay, =In
3-1(12
2]

where xq, w,, AH, and ASY® are as defined above, but
now for ferrite.

The expression for the activity of carbon in austenite
obtained from the LFG formalism was presented by
ADP as:

_ 2x. Gwv
lna,}, 5111_3,_'! a
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}[1-2(1«»2‘77)xy + (1 +8L)E " - 1 + 3x,

[1—2(1+2Jy)xy +(1+ 8J.),)oﬁy]”2 +1-3x,
o _ AGXS
+,——AHY R;Sy T (3]

where J,, = 1— e®y/RT, The corresponding equation

for the activity of carbon in ferrite is:
[9—6x, (2T + 3)
lnaa=31n—3———£§£+4wa 4 ’_____0‘__‘1__

Xo RT [9—6xy (2T +3)
+(9+1674,)%5 ' — 3 +5x4 +AI_1_(¥—A§’&ST (4]
+(9+ 16T 05 12 + 3 —5x4 RT

where J, = 1~ eWa/RT,

MecLellan and Dunn (MD)} have developed a further
refined model! based upon the first order formalism
of Guggenheim23 in which the partial molar free energy
of solution is related to the pairwise interaction
energy, w, between nearest neighbor interstitials.

For the activity of the interstitial solute they write:

/8 e(AEi-A§xST)/RT

"1-96/8
8/8 N(1=6/8~ o\\** LwiRT
{<1—9/B>( 6/B— & e 5]
where
1-{1-4(1-e*®T)g/p(1— 6/p}"

¢ 2(1 —e™W /RT)
and 6 is the ratio of the number of moles of solute
atoms to solvent atoms. In this equation 8 is the ratio
of the number of interstitial to substitutional sites and
z is the coordination number of the solvent lattice.
Here, Eq. [7] of Ref. 11 has been altered to incorporate
molar quantities and (AH — AS*ST) has been substituted
for AG,, the relative partial molar free energy of a
solute atom in solution with respect to the pure solute.
Making the substitution 6 = x/ (1—x) and noting for a
fce lattice that 8 = 1 and z = 12, Eq. [5] can be rear-
ranged to express the activity of carbon in austenite
in a form similar to that of Eq. [3]:

1-2%, 6w, [1—2(1 +2J))xy
lna,y=11 h’lT +—§T + 61ln

[1-2(1+2Jy)x,

+(1+ 8J7)x§,]”2— 1+ (1+2J)x, . AH, - A§§ST

RT ‘

+(1+ 87,05 o= 1+ 20, + (1- 40, )xy

6]

Similarly, for the activity of carbon in ferrite {8=23,
z = 8):

3—4xa+

4w, [9 — 6x4(3 + 2J,)
lnaa=7ln X, -ﬁ-}ﬂ}ln)——»————

[9-6xy(3+2T,)

+x5,(9 + 1617 — 3+ x4 (3 + 20,) —AE{,‘[ST.

22,9+ 1674) 12— 3+ 674 + x4 (3—8J ) RT

(7]

METALLURGICAL TRANSACTIONS A



. x10284‘ LFG/MD LFG 1
=TTV gl Xy=0.05 “MD
£
4 &8
g a7x103 LFG/MD LFG
8 871 X’[: 0.01 ~MD 1
b 0477- _LFG/MD ALFG 1
S Ay xl Xy = ~-M
2% 76k 7 =0.001 D 1
2
g 1O§76F ~LFG/IMD _LFG 4

Ay X = ~

7 75l X']-0,000‘I MD
1 1 1 1 -t 1 1
0] 10 20 30 5 40 50 60 70 80
u/7x1O, cal per mole
Fig. l—w-y vs . Comparison of Eq. [3]-LFG and Eq.

[6]-MD for various values of Xy .

Figure 1 compares the activities calculated from
the expressions of LFG and MD (Eqs. [3] and [6]) as a
function of w,. Although this is surely not apparent
from a visual comparison of Eqs. [3] and [6], these re-
lationships are found to be numerically the same for
small values of w,. At large values, e.g., wy = 30,000
cal/mole when %y = 0.0001, the activity calculated
from the MD expressions begins to fall while that of
LFG remains essentially constant. The value of Wy
at which the two relationships initially diverge in-
creases with increasing solute concentration. How-
ever, the carbon-carbon interaction energy in Fe-C
austenite is more than an order of magnitude smaller
than this value. Hence the LFG and MD models should
yield identical results,

INTERACTION ENERGIES IN AUSTENITE

The procedure for determining the interaction ener-
gies of carbon in austenite entails plotting 1n
vs the %y and w,, dependent portions of the right hand
side of Eqs. [1], [3] or [6]. The best estimate of this
energy is arrived at by changing ., in small incre-
ments until a least squares slope of unity is obtained.
Values of w., were secured in this manner for each

-4 T - T T T
b EQN. (1); KRC |
r
5 2t BEC, 1000°C )
_1 - -
~LG, 800°C
a
O i 1 "

0 -1 -2 -3 -4 5 6
f‘(X?f)

temperature at which sufficient activity data were
available. Figures 2(a) and (b) show typical plots
constructed from the data of Ban-ya, Elliott and
Chipman® at 1000°C and from that of Lobo and Geiger™
at 800°C for each of the three models. Interaction
energies, temperatures and the sources of the data
are summarized in Table I for the KRC model and in
Table II for the LFG and MD models. All values of
w,y, are seen to be positive, indicating a repulsion
energy between carbon atoms in austenite, in agree-
ment with previous results.’® From Tables I and II
two important features should be noted concerning
inconsistencies in the results obtained from the two
data sources: the data of Ban-ya, Elliott and Chipman,
established by equilibrium with CO/CO, mixtures,
yield values of w,, and wy/ T significantly greater
than those calculated from Lobo and Geiger’s CH4/H,
data; and while w,, and w,/T do not seem to be inde-
pendent of temperature they do not show any syste-
matic temperature dependence. ADP noted similar
though smaller differences separating the w,’s deter-
mined from the two different gas equilibria and con-
cluded that the CO/ CO, data may be more accurate.
The present results from the CO/CO, data are signi-
ficantly higher than the values determined by ADP
from the CO/CO:; data of R. P. Smith.® The average
values of w, for the KRC and LFG/MD models are
1405 and 1925 cal/mole (5878 and 8054 J/mole) re-
spectively for the CO/CO; data compared with 375 and
415 cal/mole (1569 and 1736 J/mole) for the CHy/H;
data. These values are so clearly incompatible that
the results from each body of data must hereafter be
analyzed separately.

DETERMINATION OF AH, AND AS’S

The intersection of the least squares lines (e.g.,
Fig. 2) with the In a, axis represents the last term in
Eqs. [1], [3] and [6] and thus values of AH., and AS}S

-4 T T T — T
EQNS. (3,6); LFG/MD |
?_2 BEC, 1000 C— |
-1 = P
2| G, 800°C
b
o . —

¢} -1 -2 -3 -4 -5 -6
fo( X'I)

Fig. 2—Variation of activity of carbon in austenite with carbon conient at 1000 and 800°C. Experimental data taken from Ban-ya,
Elliott and Chipman (BEC)?® at 1000°C and Lobo and Geiger (LG)% at 800°C.

(@) f1(%y) = In{wy /(1 — (14 = 1272y /RT) . 1},

(1 = 2( + 2dy)my + (1 +8T) 22112 = (1 + 3x)%1 = 2 ) Wy /RT

(b) f aluy) = 1n¥

for LFG, and

(1 -2(1 +2Jy)x, + (L + 8 )2 )+ 1~ 3x,) %,

I -2(1 +2J,)%, + (L + 8J.y)x,)2/]1/2 -1+ + sz)xy)s(l - 2xy)lleswy/RT

Sfaxy) =In

for MD, where J,, =1 ~ e~wy /RT
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Table I. Evaluation of w,, From Eq. [1] (KRC)

Table 11. Evaluation of w, From Egs. [3, 6] (LFG/MD)

Source of Source of
4, Data, Timp, Gas Source of a,Data, Temp, Gas Source of
Ref. No. C Mixture w, w,-o¢ w,to w,/T Constants Ref. No. °C  Mixture w, w,-o w,ta w,/T Constants
20 1300 CO/CO, 1565 1320 1825 0.995 Present 20 1300 CO/CO, 1960 1600 2375 1.246 Present
Investigation Investigation
19 1150 CO/CO, 1310 1210 1410 0.920 Present 19 1150 CO/CO, 1965 1825 2110 1381 Present
Investigation Investigation
20 1000  CO/CO, 1355 1240 1475 1.064 Present 20 1000 CO/CO, 1915 1735 2110 1.504  Present
Investigation Investigation
20 900 CO/CO, 1395 1245 1560 1.189  Present 20 900 CO/CO, 1860 1635 2120 1.586 Present
Investigation Investigation
8 800 CO/CO, 1060 1000 1120 0.988 ADP 8 800 CO/CO, 1310 1215 1410 1221 ADP
8 1000 CO/CO, 1250 1200 1300 0982 ADP 8 1000 CO/CO, 1695 1590 1805 1332 ADP
8 1200 CO/CO, 1405 1040 1770 0954 ADP 8 1200 CO/CO, 1615 1195 2030 1.096 ADP
22 848 CH4/H, 302 265 350 0272 Present 22 848 CH,/H, 335 285 385  0.299 Present
Investigation Investigation
22 813 CHs4/H, 390 355 425 0359  Present 27 813 CH,/H, 430 390 475 0396 Present
Investigation Investigation
22 800 CH4/H, 345 325 365 0322 Present 22 800 CH,/H, 380 355 405 0354 Present
Investigation Investigation
22 783 CH./H, 455 425 485 0432 Present 22 783 CH4/H, 515 480 555 0.488 Present
Investigation Investigation
8 800 CHs/H, 960 905 1020 0363 ADP 8 800 CH,/H, 960 905 1020 0.895 ADP
8 1000 CH./H, 1370 1335 1405 0418 ADP 8 1000 CH./H, 1370 1335 1405 1.076 ADP
can be solved for simultaneously from the intercept
?.t any two temperaturejs. Avextage values are included Table 1. Evaluation of AT and A S
in Table III together with previous results. In most
cases, the values of AH,, and Asis from the present Equation
investigation for each model and gas mixture are in Defining Source of S ]
ood agreement with their counterparts re db @y Vs X Gas _ - 2, Data, ource 0
g & . s qs . pa portg y Relations}dp Mixtures AH. AS Ref. No. Constants
ADP. Both studies indicate higher values of AH, and i i
AS§ S for the CO/CO, data than for the CH./H, data. [3] LFG CO/CO, 10525  -234 8 ADP
Also, application of the new activity data in the pres- [3,6] LFG/IMD  CO/CO, 9213 3.22 19, 20 Present
ent investigation yields values nearly identical to Investigation
those previously obtained for a given type of gas mix- (1] KRg gg?ggl lg‘;gg g'ig 13 " l‘}rle):;m
ture, particularly CO/COsz. [1] KR : ' ’ Investigation
[3,6] LFG/MD  CH,/H, 8465 1.89 22 Present
Investigation
INTERACTION ENE E E
0 RGIES IN FERRITE [1] KRC CH,/H, 8535 1.90 8 ADP
Equations [2], [4] and [7] have been applied to the [1] KRC CHyH, 8365 179 22 freseﬂf i
experimental data of Dunn and McLellan'® and Lobo nvestigation
and Geiger®' on the activity of carbon in ferrite at a
total of fourteen temperatures ranging from 575 to
848°C to determine w,, in the same manner used to v tion of w.. From Eq. [2] (KRC)
establish w.. Negative values of w,, indicating an Table [V. Evaluation of w, From E4-
attractive interaction energy between nearest neigh- Source of
boring carbon atoms in ferrite resulted at each tem- a, Data, Temp, Source of
perature for which a least squares slope of unity was Ref. No. °C We wolT Constants
attained. The inability to obtain the correct theo?etical 5 825 16130 14.69 Present Investigation
slope at somg temperatures may besdue to the ‘inter- 15 200 ~11245 10.48 Present Investigation
cept effect’’ investigated by Smith.*® Table IV lists 8 800 -9605 895 ADP
~ A P tl tigation
*This effect results from plots of CH4/H, ratio against chemically analyzed 21 zig _322(5) ; zé Arlgifn nvestigd
weight percent carbon which are straight lines that intersect the abcissa at some 2 735 13090 12'99 Present Investigation
positive rather than zero wt pct C. The intercept is then subtracted from each 121 727 6465 6'47 Present Investigation
measured pct C. The ratio of the intercept to the measured pct carbon is often b 700 14235 14.60 Present Investigation

substantial as a result of the greatly limited solubility of carbon in ferrite.
values of w, at seven temperatures including those de-
termined by ADP using the KRC model (Eq. [2]). Simi-
lar results were obtained for the LFG/MD formalisms.
Due to the very wide range and irregular variation
with temperature of the w, values, a single plausible
one which could be incorporated in Eqs. [2], [4] and

[7] for subsequent use cannot presently be suggested.
Using the data of Smith® for a, at two temperatures
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ADP were also unable to arrive at a single value of
wy . To circumvent the problem of determining wg,
the following approximation for the activity of carbon
in ferrite is used:

26,800;7}2.29 T 8]

Inay =lnxy +
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The constants now used in this equation are the AH,
and ASES values obtained by Lobo and Geiger® from
their a, data at eight temperatures.*

*The authors wish to thank Dr. T. Wada of Climax Molybdenum Co. for
bringing to their attention an error in the original version of equation [8] .

DETERMINATION OF ape,,

KRC® derived the following expression for the

activity of iron in austenite, aFey:

1 1-2z.x
- (2 i
Z'Y_ —xy
where z, = 14 — 12¢7%v/RT,

By applying the Gibbs-Duhem relationship to the
LFG model, Eq. [3], ADP obtained:

In aFey

(9]

1-x«

1- 27, + (47 - Lxy —

the average values of w,, from each source of activity
data. These phase boundaries, labeled accordingly,
are shown in Fig. 3. Also included in Fig. 3 is the ex-
perimental Ae3 from Hansen.?® Nearly all of the cal-
culated curves are in good agreement with the ex-
perimental Ae3. At lower temperatures, where a direct
comparison with experiment is not presently feasible,
however, the calculated curves increasingly diverge
from one another, exhibiting differences greater than
a factor of three at 200°C. Because the LFG/MD
analysis can accommodate overlap of carbon repulsion
shells, which becomes important at the high carbon
concentrations of the Ae3 when extrapolated to low
temperatures, whereas that of KRC cannot, the former
is preferred. As previously indicated, the ., ob-
tained from the CO/CO, data of Ban-ya ef al appears
more accurate than the much lower value calculated

[1-2(1 +27,)x, + (1 +87,)25 )% [10]

_ Y
In aFey =51n (——1_ 2xy) + 61n

In the Appendix, the Gibbs-Duhem equation is applied
to the MD model. Unexpectedly, the result obtained is

identical in all respects to Eq. [10], further illustrating

the similarity of the LFG and the MD models.

THE y/a + ¥ OR Ae3 PHASE BOUNDARY

The v/(a + y) or Ae3 phase boundary may now be
calculated for the KRC and LFG/MD models based
upon the equality of the partial molar free energy of
Fe at the o/(a + 7) and y/(a+ ) phase boundaries,
i.e., F%V = FY%* | Writing the partial molar free

€y Fe'y

energies in terms of activities and setting aO‘FW; =1
gives:® o
y—a Y
AFFe RT In (455

Replacing x,, in Egs. [9] and [10] by xJ*, the Ae3 com-
position, and substituting these expressions for Ing?%
in Eq. [11], x}® may be calculated as a function of * ¥
temperature for each of the models.

For the KRC model (Eq. [9]):

(11]

2J,),(2xy - 1)

from that of Lobo and Geiger, hence the BEC-based
LFG/MD Ae3 should be more nearly correct. Note
that the increase in w. from the 1500 cal/mole com-
puted by ADP from the activity data of R. P. Smith®
to the 1925 cal/mole which characterizes the con-
siderably more extensive activity data of BEC de-
creases the value of the extrapolated Ae3 at 200°C

by ca. 4.5 at. pct C. In view of the exponential de-
pendence of the diffusivity of carbon in austenite upon
carbon content, such a difference will clearly result

in a major effect upon calculations of the growth
kinetics of bainite.

THE «/a +y PHASE BOUNDARY

Of particular importance to studies of the mecha-
nism of the bainite reaction is the estimation of the
maximum metastable equilibrium proportion of carbon
in ferrite formed at temperatures below the eutectoid
temperature. At equilibrium the partial molar free
energies of carbon in ferrite at the a :v boundary and
of austenite at the 7 : ¢ boundary are equal, i.e., F{%
= Fgg. Therefore the o/ (o + ¥) phase boundary com-

Ay = I;M 2] position, x%&7, may be calculated for each model by
By — e? equating Eq. [8] to the appropriate expression for
where In a, (Eq. (1], [3] or [6]) into which the correct value
(2., — DAFY — @ of x¥% has been substituted for Ky Based upon the
¢ =t Fe [12a] Darken and Smith® form of the KRC relationship for
RT ay, Ea. [1)
and z,, is defined in Eq. [9a]. 1- e® (AH, — 26,800) — T(AS}® — 12.29)
ADP applied the same approach to the LFG for- Inx%Y = s + BT
malism, deriving the following equation which they e®(zy = 1) [14]
solved for xzo‘ by trial and error:
[0 1/2
A =RT[5m<1 %Y ) w6 Ly 4, = Dy~ [1- 201+ 20y + (1 + 87)3 ” (1]
Fe 1-— 2xza 2Jy(2xy -1)

Equation [13] also applies to the MD model as the G

expressions for the LFG and MD approaches are v

identical. The values of AFY, ™ “used in Egs, [12]
and [13] are calculated from an empirical relation-
ship®™ based upon data tabulated by Fisher.*
Equations [12] and [13] have been used to calculate
Ae3 curves for the KRC and LFG/MD models using

METALLURGICAL TRANSACTIONS A

where z., and ¢ are defined by Egs. [9a] and [12a].
From the LFG activity expression, Eq. [3],

Yo _ Yo

ay 1—2x, 0 1+3xy
Inxg? =561In Yy +6In{ —
Xy 6+1—-3x¥a
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. (AH, — 26,800) — T(ASS — 12.29) + 6w,
RT

(15]
2
where 8 = [1-2(1— 27,)a)% + (1 + 87, )Y 2. [16]
Similarly, from the MD equation for a,, Eq. (6],
1- Zx%,/a
Inx%Y =11 In——
XY

Y
5—1+(1+ 2Jy)xy°‘

+ 61n ya
6—1+2JY+(1—-4Jy)xy

. (AH.,, — 26,800) — T(AS¥S — 12.29) + 6w,

RT
[17]

Values of AH, and AS¥S listed in Table III for the
present investigation and average values of wy for
Lobo and Geiger and BEC data from Tables I and II
have been used in Egs. [14], [15] and [17] to calculate
x&?Y over the same range of temperature as was used
for Y% (Fig. 4). Also included in Fig. 4 are the ex-
perimentally determined a/ (@ + v) phase boundary
from Hansen®® and the curve calculated by ADP from
the LFG formalism using a constant value of J,,

= 0.474. Over much of the temperature range all four
of the curves for the present investigation are found
to lie at lower carbon contents than the experimental
curve and also that calculated by ADP. The curves
computed using the constants derived from the activity
activity data of BEC are shifted downward relative to
the other two curves, in only slightly poorer agree-
ment with the experimental results. The maximum
value of x  for each of the phase boundaries is seen
to fall in the range of 600 to 650°C. The curve cal-
culated by ADP is in very good agreement with the
experimental results. However, the choice of an
averaged, temperature independent value of

Jy (Jy =1 — exp (~wy/RT)) for this calculation, while
necessary when sufficient reliable data on the activity
of carbon in austenite were unavailable, no longer
seems appropriate. Hence the acquisition of better
data appears to have exposed the limited accuracy of
the available theories.

THE FREE ENERGY CHANGE OF THE PROEUTEC-
TOID FERRITE REACTION, AFY ™ ®* 71

This approach is based upon the standard chemical
thermodynamic expression:

ar® ave

v Fe-y
AF = RT| %y In —— + (l—xy)ln
Oy aFey

(18]

Appropriate lna expressions are now substituted into
this relationship. For KRC the free energy expres-
sion obtained by ADP is:
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1-e?)(1- zyxy)]
(zy = 1)(xye4’)
(1- x.y) (1- xy)e¢
* @y - 1) ln[l_zvxv ]}
where ¢ and z,, are as defined for Eq. [14]. For LFG

the corrected version of the equation written by ADP
is:

AFY™" @71 < RT{xy[ln

[19]

AFY T @M1 o RT{xy<5 ln[-—;—

a- 2x7a)xy:| e m[(qa — 143095y + 1~ 3xy)]>

(1- 2xy)xza

(6y — 1+ 3x,)(8Y* + 1~ 31)%)

[20]

(1— xY)1 - 2x.) (1-2J, + (4, — )x¥% - 6%“)(2:]7(29@, —1))
+(1—x7)(51n[ Y ]+61n[ Y ] .
(1-27, + (4], — Dx,, — 67)(2Jy(2x¥°‘ - 1)

(1-x))(1 - 2:7%)
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Likewise for MD the free energy of the proeutectoid
reaction can be written as:

AFY™@*V1 = RT{xy(ll m[——
(1- 2xy)xﬂy/°‘

(1- Zx;“)xy] e 1n[(-1 + 2T L+ 20,) + YNy — 1+ w0y (1= 4T)) + 5y)])

1+ x,(1+27)+5,)(2], -1+ xzo‘(l —4J,) + Oza)

(- 7)1 - 2x,) (1= 27, + (47, - DY — 57°)(2J, (22, — 1))
+(1-x,) (51n[ Y ]+61n[ ])} [21]

1- 2y N1 — sza)

Here Gza is given by Eq. [16] and 6, is obtained from
the same equation by substituting x, for x}*.

The free energy changes calculated from Eqgs. [19]
to [21] at x,, = 0.02, a representative carbon content,
are shown as a function of temperature in Fig. 5. Note
that the AF values calculated during this investigation
fall largely below those reported by ADP, at the lower
temperatures, by amounts which increase with de-
creasing temperature. These differences become ap-
preciable despite the fact that the presence of the
solute concentration terms in logarithmic form con-
siderably reduces effects from any source upon AF, In
the concentrations of phase boundaries, on the other
hand, the presence of exponentials in the controlling
equations considerably magnifies the influence of any
differences.

AFY™"® AND THE Ty TEMPERATURE

Following the procedure of KRC and ADP the free
energy of the ferrite phase of composition Xy can be
written as:

F® =RT[xg Inxg + (1 - x5) In (1~ x,)]
+ x5, (FG + 26,800 ~ 12.29T) + (1 — x4 )Fg, [22]

where FG = free energy of pure graphite and F%.
= free energy of pure a-iron at temperature T. For
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LFQG) for comparison.
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Fig. 6-T, for transformation of austenite to ferrite of the
same composition as a function of mole fraction of carbon.
Equation [35] of ADP, via LFG, included for comparison.

the Darken and Smith form of the KRC model the free
energy of austenite of composition x,, is given by:

T

FY :—25;_—1[(1—zyx7)1n(1—— zyy) = (1= )

X In (1~ xy) + %y (2, = 1) lnxy]

+ xy(&H, — ASEST + FS) + (1— x,)FY, (23]

where FWI",e = free energy of pure y-iron at temperature

T and AH, and AS? are taken from Table III. For the
LFG formalism:

FY =5RT[(1- x,) In(1 - %y) = (1 = 2x,) In (1 — 2x,)

Oy — 1 + 3xy
1-2J, + (4, — 1)x, — &
Y Y Y Y
+(1- xy)ln( )]
2J7(2xy— 1)

+ %y (AH, — ASEST + 6wy, + FS) + (1 - %, )FFe
(24]

and for the MD model:
FY = RT[—llx.y Inx, + (16x, — 5) In(1 - 2%,)
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o, — 1+ x,(1—4J.) + &
_nyln( y y y

y)+ 5(1 - x,)
-1+ xy(l + ZJV) + 3y

X In(1 - xy) + 6(1 — xy)

i 1-2J, + (47, — 1)x, — 5,
?..Jy(2xy - 1)
+ % (AH, — ASEST + 6wy + FS) + (1 — xy)F Y, . [25]

The T, temperature is that temperature at which
ferrite and austenite of the same composition, x, are
in unstable equilibrium {.e. AFY "% = F& _ FY = Q,
From the KRC approach, this free energy change is:

RT
zy——l

X In(1 - 2x)] + x[(26,800 — AH,)

AFY™@ <

[2y(1 - %) In(1 - x) — (1 - 2x)

—_

— (12.29- ASYS)T | + (1 — x)AFg

(26]

For LFG the corrected free energy equation given by
ADP is:

—a (3 + 1— 3x)
AFY & —RT{G ].n[—————(a_ T+3x0 ]
1-2J,+ (4, — 1)x~ 5
—6(1—x)1n[ LA A ]
27 (2x - 1)
—4(1—x)

XIn(l-x)+ 51~ 2x)In(1— 2x)f

+ x[(26,800 — AH,) — (12.29 — ASES)T

— 6w, |+ (1 - x)AF "2, [27]
And for the MD model:

AFY—C - RT312x Inx — 4(1 - x)In(1 - x)

1- 27, + (47, - Dx - a]

_6(1_")1“[ 27, (2x — 1)

27y —1+x(1-4J,) + 5]
—-1+x(1+ 2Jy) + 5

- (16x - 5)In(1 — 2x)2 + x{(26,800 — AH,)

— (12,29 — ASYS)T - 6w, |

+(1— x)AF%" @, [28]

T, — x curves were obtained for each model by setting
Egs. [26] to [28] equal to zero and solving for x as a
function of temperature by trial and error. All four

of these curves, plotted in Fig. 6, follow similar paths,
but lie somewhat below that of ADP. At a composition
of about x, = 0.035 this difference becomes more pro-
nounced with further increases in carbon content.

+ 6xln[

DISCUSSION

The distinguishing feature of the quasichemical
statistical thermodynamic description of interstitial
solid solutions developed by McLellan and Dunn®*
relative to that of Lacher® and Fowler and Guggen-
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heim’ is that it produces the correct expression, cor-
responding to complete blocking of all nearest neigh-
bor interstitial sites, in the limit of an infinite pair-
wise repulsion energy between solute atoms. How-
ever, it has been shown here that application of these
two models to solutions of carbon in iron, where the
interaction energies are relatively small, yields
numerically identical results. An appreciable dif-
ference between the values of the activity of carbon in
austenite calculated from these two models is found
only for values of the interaction energy, Wy, orders of
magnitude greater than the best available estimate.

It must be mentioned that Alex and McLellan have
extended the first-order approach to include the ef-
fects of second'” and third'® nearest neighbor solute
interactions. They have shown that at high tempera-
tures even strong interactions of these types have
negligible effect on the partial configurational entropy
and only a somewhat larger influence upon the partial
enthalpy. On this basis, consideration of second and
third order solute interactions is expected to have no
significant effect upon the present results.

The a, vs x, data of Ban-ya, Elliott and Chipman'®*
obtained by means of CO/CO; equilibria and those of
Lobo and Geiger®? determined from CHs/H; gas mix-
tures were applied to the LFG/MD model to secure
essentially temperature-independent average values of
w., of 1925 and 415 cal/mole. The 1925 cal/mole re-
sult is in very good agreement with that of 1970 cal/
mole (8242 J/mole) obtained by Dunn and McLellan*®
from the Ban-ya et al***® data using a different tech-
nique. Their w, was also found to be effectively tem-
perature independent. Both results are in reasonable
agreement with, though surely an improvement upon,
the w,, = 1500 cal/mole (6276 J/mole) reported by
ADP from application of the LFG treatment to the
more limited CO/CO, data of R. P. Smith.® The much
lower w,, obtained from the CH,/H, data of Lobo and
Geiger®® again supports the view"® that results ob-
tained from this gas mixture are subject to greater
inaccuracies than those derived from CO/ CO; mix-
tures.

Comparison of the calculated Ae3 using w, = 1925
cal/mole with that reported by ADP for the LFG model
demonstrates clearly the importance of the ca. 400
calories per mole (1674 J/mole) difference in Wy, par-
ticularly at lower temperatures, where the carbon
concentration of the Ae3 is lowered as much as 4,5 at.
pct at 200°C. This change will markedly affect the
interpretation of growth kinetics studies performed
at such temperatures.

Efforts to determine a temperature independent
interaction energy between carbon atoms in ferrite,
w,, were unsuccessful, thereby paralleling the ex-
perience of ADP despite the markedly increased
amount of data on the activity of carbon in ferrite now
available. However, the conclusions that w, is a bind-
ing energy’*"/*® was strongly supported. The diffi-
culty may now be tentatively suggested to be in the in-
ability of the various models employed to cope with
an attractive interaction between adjacent interstitial
atoms. The inability to arrive at a satisfactory esti-
mate of w, may be responsible to a large extent for
the disturbing lack of agreement between the calcu-
lated and experimental o/ (@ + 7) phase boundaries
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which the present investigation has demonstrated.

An improved estimate of the free energy change
attending the proeutectoid ferrite reaction as a func-
tion of temperature has been obtained and compared
with the values reported by ADP. The free energy
change calculated during this study has been shown to
fall increasingly below that of ADP with decreasing
temperature.

Good agreement has been demonstrated among the
four T,-composition curves calculated during this in-
vestigation. The compatability of these results based
upon differing models and a broad range of inter-
action energies firmly establishes a quite accurate
T,-composition curve. Differences between these and
the previous results of ADP may be due largely to
their need to use a temperature independent optimum
value of J = 1 — e™®/RT = 474 as a consequence of
the limited amounts of reliable activity data then
available.

CONCLUSIONS

The thermodynamics of the proeutectoid ferrite re-
action have been reevaluated as a result of the recent
availability of new data on the activity of carbon in
austenite and ferrite and more sophisticated thermo-
dynamic models of interstitial solid solutions. In par-
ticular the McLellan and Dunn (MD) quasichemical
model is compared with the results from the Lacher
and Fowler and Guggenheim (LFG) treatment reported
in a parallel study in 1966 by Aaronson, Domian and
Pound (ADP).

1) Although the activity expressions for the LFG and
MD models are quite different in appearance, the
activity of carbon in austenite evaluated in either ap-
proach is numerically the same until w,, exceeds an
unreasonably high value, e.g. at w,, = 30,000 cal/mole
(125,520 J/mole) when %y = 0.0001. In austenite w., is
less than 2000 cal/mole (8368 J/mole), hence in its
present application the new model of McLellan and
Dunn becomes numerically indistinguishable from the
older LFG formalism.

2) Application of the Gibbs-Duhem relationship to the
MD expression for the activity of carbon in austenite
yields an equation for the activity of iron in austenite
mathematically identical to that derived by ADP for
the LFG model,

3) For determination of the interaction energy in

0+ 2J,6—1—2J + x,, + Bx.
+ 6 y y Xyt 8xydy } dx — 6;
61+ x, + 2%y + B)
where J,, = 1— ¢@/RT anq
5= [1-2x,(1+2,)+5(1+8J,)"" [A3]

Rearranging the first term on the right hand side of
Eq. [A2] and multiplying each term on this side by
xy/(l - x,) gives:

-5 6

6—46Jy—1~-2J.>,+xy+8Jyx.y

austenite, the CO/CO, data of BEC were concluded to
be the more reliable of those which have been re-
cently reported; from these data a value of w., = 1925
cal/mole (8054 J/mole) was secured, significantly dif-
ferent from the 1500 cal/mole (6276 J/mole) ADP ob-
tained using the more limited CO/CO:; data of R. P.
Smith.

4) Despite the availability of much more data on the
activity of carbon in ferrite, values of the interaction
energy between C atoms in ferrite, w,, were obtained
which varied markedly and irregularly with tempera-
ture. As ADP previously reported this is an attrac-
tive energy; however, it is now suspected that this er-
ratic behavior may be due more to the inadequacies of
the models when applied to an attractive interaction
energy than to deficiencies in the activity data.

5) Calculated values of the y/ {a + ) phase boundary
compositions using the LFG/MD formalisms and .,
= 1925 cal/mole were found to differ significantly from
the best results of ADP, particularly at lower tem-
peratures. In the case of the a/(a + y) boundary dif-
ferent results were also obtained but these were due
primarily to a more accurate method of calculation
allowed by the greater amount of experimental data
now available. Agreement between the calculated and
measured Ae3 curves continues to be very good; in
the case of the o/(a + y) curve, agreement has be-
come slightly worse.

6) The free energy change associated with the pro-
eutectoid ferrite reaction and the T ,-composition
curves calculated in the present analysis differed lit-
tle with respect to those obtained by ADP. However,
internal agreement among the present results is bet-
ter than that obtained in the earlier investigation.

APPENDIX

The Gibbs-Duhem relationship between the activi-
ties of iron and of carbon in austenite is written:
X
Y

maFe7=—f1_xydlna,y [A1]

where Ina, for the McLellan and Dunn** model is
given by Eq. [6]. After considerable manipulation
d Ina, for this model can be expressed as

1

dx, [A2]

5(2Jy — 1 + 2y — dx,J, + 0)

62y (5 + 2J0 — 1 — 27, + 2y + 8%yJ )

Inare, =~ J [(1 X I—2x,)  (T=x%)1=2%)"

B Bxy (6 — 46Ty — 1 — 2 + %y + &Iyxy)] .
ye

(1- xy)6(2Jy—‘ 1+ xy — 4x .y, + 5)
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(1—x))8(=1+ 2y + 2%\ + 5)

[A4]
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A common denominator is then found for the last three
terms of Eq. [A4]; after much additional manipulation
the equation is reduced to:

5 6
In =— -
Fe, J [ T %) - 2x,) " 51— zxy)} iy
The first term of this integral can be integrated di-
rectly as:
2(x.y -1)
2x.y -1

51n

The second term is in the form

dx
-6
/ WX

where
v=1-2x,
and
X =1-2(1+2J))x, + (1 +8J,)x

and upon integration becomes:

4-8J, + 4%, (4], — 1) +4[1-2(1 + 2J,))x,, + (1 + 8J,)x5 '

—61In .
1-2x,
Therefore, Koy = %y
2(x,, — 1) 487, + 4x, (47, — 1) + 4[1 — 2(1 + 2. )x., + (1 +8J, )% '
Ina,. =|5lm—"'—" _§ln LA Al vy vy } [A6]
Fe,, 2x, -1 1-2x,
x'y =0
Applying the limits, this relationship becomes upon
rearrangement:
_ 1-20, + (&7, — Dx, — [1 = 2(1 + 27.))x,, + (1 + 8J, )%
nag, :51n11 2x7+61n 24 Y v v/ Xy v xy % (A7]
Y T aXy 2Jy(2xy -1)
Equation [A7] is identical to Eq. [10] which ADP de- 6. 3. R. Lacher: Proc. Cambridge Phil. Soc., 1937,vol. 33, p. 518.
7. R. H. Fowler and E. A. Guggenheim: Statistical Thermodynamics, Cambridge

rived' using the a, expression of the LFG forma-
lism.%” Complete details of the present derivation
can be obtained from the authors.
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