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The calculation of the driving force, T, and the free energy change associated with the
martensitic transformation, AG”Y™?, in Fe—C given by Hsu is used to obtain M, (tem-

perature at which AG”~M = Q) values by combining various expressions for AG®;™®

with

evaluations of AGY~* from Fisher, Kaufman, Guggenhiem and others. A combination

of the Lobo—Fisher—Guggenhiem model with AGE; ¢

values from Mogutnov, and of the

Hsu model (A) with AG? . * values from Kaufman and co-workers are in good agreement
with experimental values of M,. Hsu’s model, however, is much simpler. Experimental M,
values for Fe—C are well represented and the M, temperature with X, = 0.06 determined
by Greninger, seem too high. The calculated driving force not only depends on the model

adopted for AG” ¢ evaluation but also mainly on the values of AG};”® and M.

itis

probable that values of driving force increase continuously with carbon content.

1. Introduction

The free energy change associated with the
martensitic transformation in Fe-—-C may be
expressed by

AGYM = AGTT U 4 AGHNM (1)

M, may be defined as the temperature at which
AGY”M =0, Traditionally, T in Fe— Cis defined
as the equilibrium temperature of o' phase and
austenite, i.e. the temperature at which AG“’_"" =
AGY™® 4 AG*~% =0, in which AG®™% (some-
times designated as AG *) is the free energy change
accompanying the ordering of carbon atoms in the
« phase. In line with present ideas about partial
ordering in virgin martensite, Hsu [1] has defined
T, as the temperature at which AGY~®=0 and
neglected AG™. There exist various values of
AGES® [2-5] and models for evaluation of
AGY”Y; for example those of Fisher [6],
Bhadeshia [7], Kaufman er al [8], Lacher [9],
Fowler and Guggenhiem [10] and Hsu [1], In pre-
vious work the driving force at M, AG*®) ™M o

— AGY ™) can only be determined from exper-
imental M values, whereas Hsu has calculated M,
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directly by thermodynamic methods:

AGY™M = 503 +217 calmol ™
ok, =

where gy (in kgmm™) is the yield stress of
austenite at M,. AG is in units of calmol™ and can
be converted to Jmol™ by multiplying by 4.19.
Many expressions are currently available for the
free energy accompanying the transformation in
pure iron (Equations 8 to 11). This paper com-
pares the M, values obtained by various combi-
nations of models for evaluating AGY™® with
expressions for AGg. %, and compares the results
with experimental values. Additionally, new accu-
rate values of M for Fe—C alloysare also presented
and the driving force for the martensitic trans-
formation in Fe—C is discussed.

(2)
13 + 280X, + 0.02(M, — T) (3)

2. Formulation of AG¢,

In the *60’s and ’70’s, Kaufman et al. [2], Orr and
Chipman [3], Mogutnov et al. [4] and Agren [5]
revised the earlier values of AGye & as follows
below.
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Let the change in heat capacity at constant
pressure, ACJ % of pure iron be AC,=c+
2dT+ 6eT? where T is the temperature. Then
¢, d and e are constants and we have

AGYT* = [ ac~e ar—r [ (acy~omyar
AHR, —TASL, +cT —cT
xInT—dT? —eT? 4

where AHP, and AS2. are AH and AS for the
transformation y = & of pure iron at QK respec-
tively. Since AS >0 as T—0K, ¢ may become
zero and at low temperatures we have

AGE. ¢ = AHY, —dT? —eT?

I

®)

Various authors have expressed AGg. *; Equations
8 to 10, for which the data below 500K are
unavailable. We need to extend ACJ™ “ to lower
temperatures and obtain AHg, ® by integration.

AHYT® = j ACY”®dT = I, —143T

+0.00187? (6)

When 7 =500K, AHZ,*=—1855calmol™!
{3] and we obtain [; = — 1590. From

e AHE.®
AGLT = ~T | 72— dT

= I,LT—0.0018T%— 1590 + 143TIn T

N

and AGge *=—870calmol™ at T= 500K [3],

we obtain [, =—6.55calmol™. So AGE.(T)
can be obtained at 200<T<500K. AGg, ™
from Kaufman ez al. [2] is given by

= —1303 —17.778 x 107*T*
+28.667 x 107672 — 4.889 x 1078 1*
7 <300
684.58 — 7993.65 x 1072T
—290.818 x 107*T% + 9.449
x107T* +14361TIn T
300 < T< 700

AGES

AGES® =

4887.74 — 11184.235 x 1072T
—~116.526 x107*T? + 17.1592TIn T
700 < T < 1000 ®)

AGRE® =

AGZe ® from Orr and Chipman [3] is given by

AGEs % = —1590 — 6.55T — 0.00187T?
+143TIn T 200 < T'< 500
AGYS ¢ = —1661.59 —530.8 x 1072T
—16.92x107%T2 +1.245TIn T
500 < T'< 800
AGE. ¢ = 4983.576 —11146.1 x 1072T
—110.665 x 1074T? + 17.0045TIn T
800 < 7T<1100
9
AGE.® from Mogutnov et al. [4] is given by
AGET® = — 1413+ 2.69 x 107°T?
+19.59x 107873 —3.78 x 10787*
T<300
AGES® = 146227 — 106.988T — 0.0364T*
+11.213 x10797% + 18.957TIn T
300 < T <700
AGE. % = —2640.74 + 84557 —9.52 x 1074T?
—0.715TIn T 700 < T<1100

(10)

The data from Agren [5] is close to that of
Orr and Chipman [3]. The results from Equations
8 to0 10 as a function of temperature are shown in
Fig. 1, and are nearly equal to the data published
from the other authors which are also shown.
Fig. 1 shows that at temperatures below 600K,
values of AGg. * from the various authors
became more divergent with the fowering of tem-
perature.

3. Calculation of V;

Fisher’s [6] initial model in which the change in
the chemical potential of carbonin vy = a, AuE™°,
is the only function of temperature was revised by
Bhadeshia [7] using the activity data of carbon
from Lobo and Geiger’s [11, 12] experiment at
848 to 682°C. In the modified Fisher model,
Au&” ® not only depends on temperature but also
on the atomic fraction of carbon, X¢, and may be
expressed in calmol (1 cal = 4.19Jmol ™) as
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Figure 1 AGg:a(T) from various authors. —-— Kaufman
et al. {2]; —— Orr and Chipman [3], — Mogutnov et al.
[4].
Apg” % = RTIn (v&/r3)
= 18404 —10.46T — (40418
——28.77T)XC (i1)

where vg and v% are the activity coefficients of
carbon in ferrite and austenite respectively. In the
Fisher model, Ty is defined as the temperature at
which

AGY?Y = AGTT® 4 AG* = 0
(12)

Yo

AGY7TY = XoApd % + (1~ X¢)Atpe

and

where Apj,  is taken from the geometric model:

RT 38X 1—6X,

A A el 31 P etal AN PO el *)

Hre s 1730 xg) 1 —Xg
(13)

and AG* is the Zener ordering term taken from
Fisher’s [6] initial work. Substituting Equations
11 and 13 into Equation 12 yields AGY™%
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Noting that

AGY™Y = AGYTY 4 AG* (14)

and making Equation 14 = 0, we obtain Ty. Sub-
stituting Equations 2, 3 and 14 into Equation 1
and making Equation 1 =0, we obtain M, as a
function of X for different values of AGg, ©,as
shown in Fig. 2, in which the experimental values
of M of Greninger [13], Kaufman et al. (KRC)
[8] and the present work are also shown.

Fig. 2 shows that if the Fisher model is applied
to evaluate AG7YT® it is necessary to take
AGYS® from Orr and Chipman [3] in calculations
of M.

In the KRC model (8], T, is defined by the
Fisher model and AG” ™ ¢ is defined by Shiflet er
al. (SBA) [14] may be expressed in calmol™ by

AGY = RT
13 — 12 exp (— 1405/RT)

x] ([14 —12 exp (—1405/RT)]
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Figure 2 Calculated values of Mg using the Fisher model.
—-— Kaufman et al. [2]; —— Orr and Chipman [3]; —
Mogutnov et 4l. [4}; o, Kaufman ef al. [8]; », Greninger
[13]; o, present work.



X (1 ‘—Xc)ln(l _Xc)
—{1—[14—12
% exp (—1405/RT)]Xc}n {1 —[14

—12exp (— 1405/RT)]XC}\’

+ X [18404 — 10.46T — (40418
—28.77T)Xc] + (1 — Xo)AGE @
(15)

If we make Equation 15 =0, we obtain T,. By
application of Equations 1, 2, 3 and 15, M, is
obtained as shown in Fig. 3, revealing that as the
KRC model is applied to evaluate AGY™ ¢, it is
better to take Orr and Chipman’s AGg, %

The thermodynamic formalisms of Lacher [9]
and Fowler and Guggenhiem [10] (referred to as
LFG) were revised and first applied to steel by
Aaronson and co-workers: SBA [14] and ADP
[15]. Bhadeshia [16] recently found the inter-
action energy of C—C to be 48570Jmol™?

T
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Figure 3 Calculated values of Mg using the KRC model.
For key to symbols see Fig. 2 caption.

0.04 0.06

(11608.51 calmol ™) instead of the negative value
in the SBA model, and derived an explicit but very
complex expression for AGY™ ¢, In this modified
LFG model, AG* is also applied. The result of cal-
culating M with the LFG mode! and various values
of AGEe ® is shown in Fig. 4, revealing that
Mogutnov’s values of AGge ¢ fit the LFG model
very weil.

Hsu [1] has suggested that AG™ may be neg-
lected and has taken

RTIn (v&/yL) = 9320 —2.71T  (16)
and Aul.® as defined by Equation 13 (Hsu
model (A)). Substituting Equations 13 and 16 into
Equation 12 yields AGY™% M, is obtained by
application of Equations 1, 2,3 and 8 as shown in
Fig. 5. It is clear that AGge & values of Kaufman
et al. [8] give the best fit for the Hsu model (A).
In the Hsu (B) model (modified Fisher—Bhadeshia
model), Apt™® is taken from Equation 11 and
AG* is also neglected. The calculated values of M,
with the various models and the experimental
values of M, are within the range of predictions of
the Hsu (A) and Hsu (B) models, as shown in
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Figure 4 Calculated values of Mg using the LFG model.
For key to symbols see Fig. 2 caption.
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Figure 5 Calculated values of M using the Hsu (A) model.

For key to symbols see Fig. 2 caption.

Fig. 6, in which AGZ, * values from Mogutnov
et al. [4] are used. Analogous results will also be
obtained as other AGZ, * are applied.

4. Experimental values of V/;

M, in Fe—C alloy with X =0.0115,0.02,0.034,
0.041 and 0.049 were determined by means
of thermal analysis in the present work. Pure iron
was used and the content of impurities was less
than 0.02 (wt%) and silicon less than 0.03 wt %.
Due attention was paid so as to keep constant
austenite grain size of ASTM no. 5, and minimize
the precipitation of proeutectoid product. The
cooling from the austenitizing temperature was
conducted by hydrogen blasting. The experimental
M, values obtained in the present work are shown
in Fig. 7. These are in good agreement with those
detected by Kaufman et al. [8] who did not state
their experimental procedure in detail. The M
value of the alloy with X = 0.06, as extrapolated
from this work, is approximately 378K, being
37K lower than that of Greninger [13]. The M,
value of the alloy with X = 0.06 from Greninger
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Figure 6 Calculated values of Mg using the various models
with AGL.® values from Mogutnov et al. [4]. — Hsu
(A)—Hsu model; —~ LFG-Hsu model; —-— KRC—Hsu
model; ---- Fischer—Hsu model; ~ — Hsu (B)—~Hsu model;
o, Kaufman et al. [8]; @, Greninger [13]; o, present work.

seems too high, probably owing to too low a
cooling rate with helium, which may have led to
the precipitation of some cementite.

5. Driving force

Using calculations of the driving force at M of
Fe—C with AGY™® from various models, AG, *
from Kaufman et al [2] and experimental M
values from Greninger [13], Bhadeshia [7] recently
concluded that at higher carbon contents (X¢ >
0.04), the driving force decreases, and for X<
0.04, the driving force is less sensitive to variations
in the carbon content. In his work, the results
from both Fisher’s and the LFG model exhibit the
same trends, but a minimum in the driving force is
obtained in the LFG treatment. The author
believed that the results of the LFG model are
more reasonable than the results of the Fisher
treatment in which the driving force decreases con-
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Figure 7 Experimental values of My obtained in the pres-
ent work.

tinuously with the increase in carbon content
when X is above 0.04.

The present work repeated the calculation of
driving force with known M; values and the results
obtained are shown in Figs. 8 and 9. In Fig. 8, the
Fisher—Kaufman and LFG-Kaufman treatments
are analogous to that of Bhadeshia but the Fisher—
Mogutnov curve is considerably different from the
Fisher—Kaufman curve. Fig. 9 shows the results of
combining the LFG treatment with AGge  values
from Kaufman and M; values from Greninger [13],
AGES* values from Mogutnov with M, values
from Kaufman et ol [8] and M, from this work.
The latter two curves show quite different trends
from Bhadeshia. For X values greater than
0.04, the M, values of Greninger seem too high, as
stated above, and lead to a maximum driving force
at Xo=0.04. The LFG-—Mogutnov—Kaufman
et al. curve shows the same trend as the LFG—
Mogutnov—present work curve (Fig. 9) showing
an increase in driving force with carbon content

200} -
1 . ]
T
°
E ')
8300} \ .
w (v]
3
5
8
[
& | J
g
S
a5
a00l- .
1 1 1 | 1 I
0 0.02 0.04 0.06

X
Figure 8 Calculated values of driving force using M values
of Greninger [13]. e, the Fisher model with AG'Y_W
values from Kaufman et al. [2]; ¢, the LFG model Wlth
Gye ® values gom Kaufman et al. [2]; o, the Fisher
model with AGFe values from Mogutnov et al. [4].

which is consistent with the results of predictions
given by Hsu [1]. The calculated driving force thus
not only depends on the model used to evaluate
AG77% but also on the AGE.® and M, values
adopted.

6. Conclusion

Combination of the LFG treatment with AGfe
values from Mogutnov and the combmatlon of
Hsu’s model (A) with AGZ.  values from Kauf-
man et al. [2] give good agreement with the exper-
imental M, values. Although the LFG treatment
represents a more rigorous approach and AG%: @
values from Mogutnov were obtained by a refined
derivation, the LFG formula seems unnecessarily
complex. The Hsu model (A) is much simpler and
more convenient for M, calculation. It is likely
that the driving force increases with the increase in
cartbon content, contrary to some recent sug-
gestions made by Bhadeshia [7].

Yy
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Figure 9 Calculated values of driving force using the LFG
model with Mg values from various authors. e, AGFe
values from Kaufman et al. [2] and M, values from
Greninger [13]; AGFe % values from Mogutnov etgé
[4] and M values from Kaufman et al. [8]; o, AGFe
values from Mogutnov et al. [4] and My values from the
present work.
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