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Coefficients for equilibrium partition of a
third element between solid and liquid in
iron—carbon base ternary alloys and their
relation to graphitization during iron—carbon

eutectic solidification
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During iron—carbon eutectic solidification, the coefficients for partition of a third
element between the eutectic liguid and its solid were evaluated thermodynamically.
The coefficient kf/- for the equilibrium partition of the third element (M) between
austenite and liguid iron largely depended on the interaction between carbon and the
third element and a simplified method for the evaluation of k£ was introduced. The
coefficients, KS and KM, for the partition of the element between the eutectic liquid
and its solid in the stable and metastable eutectic solidification, respectively, were also
calculated from k&' and the coefficient k4” for the equilibrium partition of the ele-
ment between cementite and austenite. It was indicated by the thermodynamics of the
free energy forthe co-existing phases that the effect of a third element on graphitization
occurring during eutectic solidification was related quantitatively to the value of AK
which was represented by K5 — KM _ The effect of a third element on the difference
between the stable and metastable eutectic temperatures and on the carbon activity of
liquid iron was closely related to AK or the equilibrium partition coefficient, kYA .

1. Introduction

Despite of the importance of the coefficients
for partition of solute elements between liquid
and solid in cast iron and steel in relation to the
formation of a solidification structure and the
development of segregation, there is limited
information on the partition coefficients in
the eutectic solidification of cast iron. In pre-
vious work [1,2], we determined the partition
coefficients of silicon and chromium on the
solidification of iron—carbon—silicon and iron—
carbon—chromium eutectic alloys by a zone
melting method. In addition, thermodynamic
calculation of the partition coefficients was
performed to examine the validity of the experi-
mental values. Measurement of the coefficients
using the zone melting method was, however,
laborious and, furthermore, its application would
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be restricted because the method is unsuitable
for the determination of partition coefficients
of volatile and gaseous elements. In this work,
the partition coefficients were evaluated by
calculation for a third element in the iron—carbon
base ternary systems and, for simplicity, a modi-
fied calculation method was presented. From the
results, the effect of alloying elements on the
graphitization of iron-—carbon base ternary alloys
was appreciated and factors influencing the graph-
itization were examined on the basis of the thermo-
dynamic stability of the phases concerned.

2. Calculation of the coefficients for
partition of alloying elements between
the eutectic liquid and its solid

On metastable eutectic solidification, three kinds

of equilibrium for an alloying element should be
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established between the phases concerned, that is,
between eutectic liquid and austenite, between
eutectic liquid and cementite, and between cemen-
tite and austenite, and hence the three equilibrium
partition coefficients are defined as kf/~ = (%M)*/
(@MY, KT = (BM)CHAHMYY, and kA = (BM)°]
(%M)*, respectively, where (%M) is the weight per
cent of the alloying element M, and the superscripts
L, A, and C denote eutectic liquid, austenite, and
cementite, respectively. On stable eutectic solidifi-
cation, alloying elements equilibrate only between
eutectic liquid and austenite because of a negli-
gibly small solubility of the elements in graphite.
The coefficients for partition of the alloying
elements between the eutectic liquid and its solid
on the stable and metastable eutectic solidifi-
cations, K5 and KM, respectively, defined as the
ratio of weight per cent of each element in the
solid to that in the liquid, are represented using
the equilibrium partition coefficients, kﬁ/ L kﬁ/ L
and k{4 as follows:

KS
KM

= g2 kf/" )
= eIy + (1 ™) K"
= [g% + (1 —gM) A2 )

where g® and gA' are the weight fraction of

austenite in the stable and metastable eutectic
solids, respectively. Thus the values of K5 and
K™ are evaluated from kfy/Y and k2. Calcu-
lation of the equilibrium partition coefficient,
k{2, was described in detail by Ko eral [3].
Hence only the equilibrium partition coefficient
k3™ is calculated in this paper.

The equilibrium condition for an alloying
element (M) partitioned between austenite and
liquid iron is represented by:

g+ RTInvyi X% = oy + RT In v X5

(3)

where fiy is the chemical potential of the ele-
ment in a standard state, R the gas constant, T
the temperature at which the phases concerned
are in equilibrium, -y the activity coefficient
for the element, and Xy the molar fraction of
the element in the phase concerned. From Equa-
tion 3, we obtained,

L /. A L oA
(VM/VM)eX (#M #M) (4)

kAL =
M F RT

where

_ (BFe)" Wre + (B0 We + (M) Wy
(%Fe)* Wre + (FCY W + (MY Wy

)

and (%i) and W; denote weight per cent and
atomic weight of the element i, respectively. For
carbon, graphite is taken as the standard state,
and hence @5 = 8. We obtained the following
equation for.carbon:

(6/78)

kgt = 7

(6)

In the calculation, the activity coefficients for
carbon given by Chipman [4] for liquid iron and
by Ban-Ya efal. [5] for austenite were adopted.
The activity coefficient in Equation 4 is expressed
in terms of the interaction coefficient:

™ = Tm exp (e X¢ + eMXym) N

where 9y is the activity coefficient at infinite
dilution of the element M, ef; and eM are the
interaction coefficient between the element M
and carbon and the self-interaction coefficient
of the element M, respectively, X and Xy are
the molar fractions of carbon and the element
M, respectively. Equation 4 is then rewritten for
dilution of the element M: :

F RT
x exp (e§f "X ¢ — e A X&)  (8)

. _ (AR (ﬁ{‘a—ﬁf&)
4L =

The equilibrium partition coefficients for both
carbon and element M were determined by solving
the simultaneous Equations 6 and 8. The thermo-
chemical data used for the calculation of k¥ are
given in Table I and the results are shown in Fig. 1.
In the figure, the values obtained experimentally
by other workers are also plotted for comparison.
In the calculation, it is assumed that the inter-
action coefficient between carbon and an alloying
element is independent of the molar fraction of
carbon, because of the small dependence of the
coefficient on the molar fraction for the iron—
carbon base ternary system [6—8]. In the wide
range of molar fraction of carbon up to eutectic
composition, the calculated partition coefficients
are in good agreement with experimental values.
The equilibrium partition coefficient for the
Fe—M binary system, (kiy“)* is given as follows.
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TABLE I Thermochemical properties used for the calculation of kﬁ/ L

In (4G,/78) = 3.83 —1577/T—0.3305 In T [9, 10]

L A
uCrRT“C—‘ = 1173 + 160/T + 5.9 X 10~ T— 179 In T'[9, 11]
el = 2.58 —12670/T [12]
eS8 A = 22,58 —38750/T [13]
Mn In (Yin/7e) = 0.382 —670/T [10, 14]
. L oA
__““MnRT“M“ = 16.8 + 250/T + 8.96 X 10T —1.115 X 10~ T — 2.5 In T {9, 11]
™ = 4.42 —11980/T [15]
e A = 4930/T [16]
Ni- In (WRy/¥Rp = 0327 —1259/T + 4.61 X 10~ T— 1.964 X 10~ T* [17]

i — AR
TN - 2063/T—1.194

RT /T 194 [11]
Ni,L
€Cc
Ni,A
€C

8750/T —1.59 [12]
4640/T + 0.65 [18]

Co In (78o/78) = 055 —550/T— 251 X107+ 5.2 X 10 T* [17]
RT
&l = 4380/T7-0.58 [12]

SoA = 262 —410/T [19, 20]

= 1862/T—1.053 [11]

NT *kR™™* = exp 1672/T —1.69) [21, 22]
log flf = (280/T —0.055) (%O)™ + 0.005{(%C)} [21]
log & = (395/T —0.183) (%C)™ [23]

si *&™* = 0.5 [24]
e2MH = 18800/T—0.353 [10]
e2hA = 17000/T —0.163 [15]

Cu &&= 0.88 [24]
Sl = 12900/T—1.727 [12]
eSWA = 11930/T—1.597%

Mo K™ = 0.6 [24]
el — 7,88 —21880/7(12]
edorA = 576 — 21 880/T [26]

w Y = 05124
et = —11988/7[27]
cq® = _7885/T [28)
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TABLE I (continued)

Ti *k{* = 03125]
eaPl = 42.84 —94884/T [12]
eav® = 39.63 —87768/TH

P *&y* = 0.06 [24]
el = 10466/T [27]
ew® = 8305/7%

S ®&M* = 0.02 [24]
el = 7922/T + 7554 [12)
eFA = 7328/T + 6.987F

B *A™* = 0.05 [25]
2L = 4680/T[29]
e2A = 4330/7%

R = RN s i
¥Estimated from the relation ¢’ = 0.92 ¢ L c M
§ For the interaction coefficient el(\;/I in the calculation of kﬁ/ , Wagner’s relation [30], ey = e , was used.

(ALY = (v /741 v — fid © kY = (k™)* x exp (e XE — eG4 X %)
Mo T F RT )
(10)
Equation 8, therefore, becomes: In this equation, the exponential term expresses
1.7¢ experimental calculated / 1
L Ni @ [31,35] . |
Co © [33] —_— /
1.5F Mn A [3233]  ----- / -
croa [2,54] o /
F N [36] I b T

L ° S
A/L / ——””’ C
kM 10 L4 "A

[ T BRI gy
i R g Y DL LT . M -n---—- P
L /' ............... e { -
0.5} /- Cl’ "“..-.AA -------------- A s a 4
0.3 - ‘ | A
. "o 010 015  eutectic
Xc

Figure 1 The coefficient kﬁ/L for equilibrium partition of a third element between austenite and liguid iron in Fe—C
base ternary alloys containing a small amount of the third element.
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Figure 2 Factors influencing the equilibrium partition coefficient kg

the interaction between element M and carbon.
To examine how the interaction term influences
the equilibrium partition coefficient, k&Y, the
values of the two terms in Equation 10 for chrom-
ium and nickel are illustrated as a function of the
liquidus temperature in Fig.2. In this case, an
increase in the liquidus temperature corresponds
to a decrease in the carbon content. The result
shows that the interaction term plays an important
role in the temperature dependence of the equi-
librium partition coefficient in the ternary system
and that the term (kiy'Y)* varies little in the
temperature range studied. It is assumed that
the equilibrium partition coefficient (k§/™)* is
independent of temperature. Because of limited
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information on the interaction coefficients for
austenite, and for simplification of the calculation,
the relation between the interaction coefficients
of element M against carbon for liquid iron and
for austenite was examined. Fig.3 shows the
relation between both interaction coefficients
at 1473, 1573 and 1673 K from the literature
[12, 14, 17, 27]. A linear relationship exists and
is represented by the same equation after Morita
and Tanaka [31], ed'® =092 ed'", in the tem-
perature range. From Wagner’s equation e ~ e,
the relationship is given by e5¢® = 0.92 e{¥. The
equilibrium partition coefficients for several
elements were calculated using this relationship,
as shown in Fig. 4, with some experimental data
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Figure 3 Relationship between the inter-
action coefficients e{‘é" and e}‘;"' .

® 1473K gMA

| 1573K ¢

A 1673K st

101 s
N'f//e" AL EM'L
o E-092¢!
N . Co . ;
-20 -0 10 20
We Mn Shc"'L

from the literature. A good agreement between
the calculated partition coefficients and experi-
mental ones was observed even at the eutectic
composition, showing that the simplified method
is useful for the evaluation of the equilibrium
partition coefficients at the eutectic temperature.
The calculated values of k#/™ at the eutectic
temperature and those of KS and K™ evaluated
from Equations 1 and 2 are given in Table II with

the values of k5{* at the eutectic temperature
for some alloying elements given by Ko er al. [3].

3. Effect of alloying elements on the
graphitization of iron—carbon base
ternary alloys

The partitioning behaviour of alloying elements

between cementite and austenite has been dis-

cussed in relation to the graphitization of cast

20 T

L calculated
L = Si [32,37)

e Cu [38]

15 4 Mo [33,39]

L ow [33]

oTi [33]

T T

0 005

Figure 4 Equilibrium partition coefficient kﬁ/ L

calculated by the simplified method.
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iron. Carbide stabilizing elements tend to con-
centrate more in cementite than in austenite,
while graphitizing elements are enriched more
in austenite than in cementite. From the viewpoint
of free energy of the phases concerned, this
appears to be valid. Graphitization of cast iron
on eutectic solidification has also been debated
in terms of the effect of alloying elements on
the iron—carbon binary eutectic temperature
[41—43] and on the carbon activity of liquid cast
iron {44]. The former has more direct meaning
in indicating which of the stable and metastable
eutectics is preferably formed, while the meaning
of the latter is indistinct. Since graphitization must
be explained in terms of free energy of the phases
concerned, the theoretical grounds for the points
mentioned above will be deduced below.

The free energy of mixing for both austenite
(A) and cementite (C) is given by:

Gh = DupXF, + ApdXE + Aup X4t
= RT(X& Inad, + X4 Inad + X{i Inaf))
(11)
Ga = AufecVfe + Mufz,c Yy (12)

where Ay; is the partial molar free energy of
mixing for the element i; A, =RTIn zzﬁ«‘e,
Apd =RTnad, and Aufy =RTlnafy; X, the
molar fraction of the element i, g; the activity of
the element i, A,uge30 and Aug{sc the free energy

of formation of Fe;C and M;C, respectively, and
YS. and Y are given by the equations; Y§, =
Xfel(XFe + X31), Yiz = Xt /(X5 + X§p).

The free energy of mixing, G and GM, of the
eutectic liquids which equilibrate with austenite
and graphite, and with cementite and austenite,
respectively, are expressed as follows:

G% = GAn® +GE(1 —n?)
= RTnA (X2 Inad, + X3 Inad + X{} Inafy)
M = GAn® +GS(1 —n?) (13)
= RTn® (XA Inad, + X Inad + X{ nafy)
+ (1= ™) (Ao oY e + Mtk oY AD)
(14)
where n® and n® are the molar fractions of

austenite in the graphitic and ledeburitic eutectics,
respectively. Pure elements are taken as standard
states, i.e. free enmergy of mixing for graphite,
G% =0, in Equation 13. From the condition for
equilibrium between cementite and austenite,

Aufe.c = 0ufe + 5AuS

and = RT@G Inap, +inad) (15)
Aufic = 3oufy + houd

= RTGInady +3lnad) (16)

Substituting Equations 15 and 16 into Equation

austenite

cementite

Free energy ——>

graphite

0 eutectic

X,

C

Figure 5 Schematic illustration of the free energy curves for the co-existing phases in the stable or metastable eutectic

solidification in the equilibrium condition.
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14, the free energy difference Z(=GM —G5),
illustrated in Fig. 5, is obtained: :

Z = [01—X&)E* —n® +31—n®)RT naf,
+ [X40X —n®) + 41 —n®)| RT In a8
+ XA X —n8) + (1 —n®) XEEEA]

X (RT In afy —RT In af,) (17)

For dilution of the element M, the third term in
this equation, which represents a contribution
of the element M to Z, AZy;, becomes:

AZy = [X(™ —n®) + (1 —n®) X{k§A]
X RT In (af} (a8,) (18)

Employing the coefficients for partition between
eutectic liquid and its solid for both the stable
and metastable systems, PS and PM, respectively,
which are defined as the ratio of molar fraction
of the element M in eutectic solid to that in
eutectic liquid, the following equations similar
to Equations 1 and 2 are obtained.

PS = nhpylt (19)
PM = [n¥ + (1 —n®)piA 1Y (20)
where p#i/Y and p${* are the equilibrium partition

coefficients represented in molar fraction. These
partition coefficients are approximately equal to
those represented in weight per cent for dilution
of the element M; pﬁ/,L o kﬁ/ L pf,[/A o~ kS/A and
since n® ~g® and n®~g®, PS~K® and PM~
KM . Hence, from Equations 19 and 20, Equation
18 is rewritten:

AZy =~ RT(KM —KS) X% 1n (afh/at)
= (KM —K®)p
8 = RT X3} In (apg/aze)

In Equation 21, (afy/af,) <1 for dilution of the
element M, and thus, 8 <0, which means that the
sign of AZy depends on the term (K™ —KS),
The values of AK (=K™ —K%) are shown in
Table II. A positive value of AK for an element
corresponds to a negative value of AZy;, resulting
in a decrease in the free energy difference Z,
which means that the element tends to stabilize
the eutectic melt in equilibrium with austenite
and cementite. On the other hand, the negative
value of AK for an element causes an increase in
the free energy difference Z and the element acts
as a graphitizer.

From Equations 1 and 2, the value of AK is

€3y

where
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given as follows:

AK = [(g®* —g*) + (1 —g™) kA ki ™
(22)

The values of g* and gA’ are approximately given
from the equilibrium phase diagram.

From the iron—carbon phase diagram, gA' ~0.5
and gA =1 and thus, Equation 22 becomes:

AK =05 kM kA —1) (23)
Since kay/¥ >0, a positive value of (k™ — 1),
that is, kf{A> 1, has the same meaning as a
positive value of AK and vice versa.

According to Lupis [45], when an element
is added to a binary eutectic, the derivative of
the binary eutectic temperature with respect
to the concentration of the element, m, is formu-
lated as a function of the partition coefficient, K,
of the element to be taken between eutectic
liquid and its solid as follows:

m = —RT2(1 —K)/H; 29
where R is the gas constant, Ty the eutectic
temperature of the binary eutectic, and H; the
heat-of-fusion of the eutectic. Equation 24 is
rewritten, using the values, HY = 8677 J mol™
[46] and T§ = 1426 K [47] for the stable system,
and HM = 8936 I mol™ [46] and TY =1420K
[47] for the metastable system.

mS = —1949(1 —KS) for the stable system
(25)
mM = —1877(1 —K™) for the metastable
system (26)

The calculated values of m® and m™ from Equa-
tions 25 and 26, using the equilibrium partition
coefficients in Table 11, are listed in the same
table. A positive value of Am (=mS —m™) for an
element means that the element increases the
difference between the stable and metastable
eutectic temperatures and elements with negative
values of Am decrease it. From Equations 25 and
26, Am « AK. Thus, the effect of alloying ele-
ments on the difference of two eutectic tempera-
tures of the iron—carbon binary system has the
same meaning as that of the partition coefficient
k$i* and the AK value from the view point of
the thermodynamical stability of the phases
concerned.

On eutectic

solidification, the equilibrium



partition coefficients kf}}/ L and k52 are expressed

by the interaction in Equation 10 and by the
following equation [3], respectively.

C/A
kf,{A exp (AM/

RT

AW = AGHC + Qfem — Ofienm

+ ef,;AX%) 27

(28)

where AGA; © is the free energy difference between
the free energy of formation for Fe;C and that
for MsC, Q8. and Qe are the interaction
energies between iron and the element M in
austenite and in (Fe, M);C, respectively. As
already mentioned, the equilibrium partition
coefficient, kay/™, strongly depends on the inter-
action between carbon and the element M in
liquid iron and in austenite. The equilibrium
partition coefficient, k${A, given by Equation 27
is also considered to be influenced by the inter-
action between carbon and element M in austenite
and in cementite, because the standard free energy
of the reaction to transfer element M from cemen-
tite to austenite, denoted by AGA, is related to
the interaction between carbon and element M
through the first term AG# € in Equation 28. This
term is expressed as:

AGHC = 4(AuFe,c — Auizc)  (29)

The free energy of formation for FesC and M;C,
Augesc and A#ﬁ[ac, arises from the interaction
between carbon and iron and between carbon and
element M, respectively. These values at 1423 K
are given in the literature [48] for manganese and
nickel as follows:

Aufec = 4.1kImol™
Apifin,c = —12.1 kI mol™
AuRic = 23.8kImol™

Thus, the AG4 C value reflects the free energy of
formation for M;C, that is, the interaction between
carbon and element M, predominantly because of
the small value of Augeac. The value of (e —
QS.) may be small relative to AG{C. Hence,
a correlation between A${* and the interaction
coefficient eI is observed, as shown in Fig. 6.
The relations between k4" and ef'" and between
K/ and €X' are shown in Fig. 7. From the
relations in Fig. 7, the partition coefficient k't
is shown to be inversely proportional to the
partition coefficient k$g/#, although exceptions
are included for some elements with small solu-
bilities in the phases concerned, such as phos-
phorus, sulphur, boron and nitrogen. Therefore,
it is concluded that the effect of alloying elements

A
Ay

(kJ mol*")

cr 5¢

20t

Figure 6 Relationship between the standard
free energy of the reaction to transfer the
element M from cementite to austenite, 4
and the interaction coefficient e¢ ™.
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Figure 7 Changes in the equilibrium partition coefficients kﬁ/ Land kS{ A with the interaction coefficient e’é”’L.

on the carbon activity in liquid iron, as well as
the equilibrium partition coefficient, kA, and
the values of AK and Am, is one of the parameters
indicating which mode of stable or metastable
eutectic solidification preferentially occurs. Fig. 8
illustrates the relationship between the value of
Am and the graphitization ability for alloying
elements in cast iron [49]. The graphitizing
ability of alloying elements was measured by a
chill test, given by the normalized addition of
each element required for increasing or decreasing
by a given chill depth. A linear relationship exists
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between those quantities, although some elements
(silicon, aluminium and titanium) which have
strong affinity for nitrogen, deviate significantly
from the line. It is noted that strong graphitizing
tendency of these elements might superpose, for
example, the behaviour as a scavenger of nitrogen
on the intrinsic nature of the elements.

4. Conclusion

In iron—carbon base ternary alloys, the validity
of the thermodynamic evaluation of the equi-
librium partition coefficient of the third element



Figure 8 Relationship between graphitiza-
tion ability and the quantity Am.
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between eutectic liquid and austenite, kf,‘[/ L and effect of the element on the difference between

between eutectic liquid and its solid, K Sand K M,
for the stable and metastable eutectic solidifi-
cations, respectively, was examined and compared
with the experimental data given in the literature.
From analysis of the parameters influencing
k'Y, it was indicated that the interaction
between carbon and the third element had a
predominant effect on kf/"“ and a simplified
method for the evaluation of kﬁ/ L was introduced
for those elements for which knowledge was
lacking of thermochemical properties. It was con-
cluded that the thermodynamic calculation was
useful for the evaluation of those equilibrium
partition coefficients. On the other hand, para-
meters influencing graphitization during eutectic
solidification of iron—carbon base ternary alloys
were deduced from the thermodynamic stability
of the phases concerned. It was verified that the
difference AK (=KS —K™) in the equilibrium
partition coefficients of an alloying element,
the coefficient k§f* for equilibrium partition of
the element between cementite and austenite, the

the stable and metastable eutectic temperatures,
and that on the carbon activity of liquid iron,
relate to one another and have similar effects on
graphitization during eutectic solidification. Com-
paring these parameters with the graphitizing
tendency of alloying elements measured by a
chill test of the elements, a fair agreement was
observed except for the nitride-forming elements
such as silicon, aluminium and titanium, which
had larger graphitizing tendencies than expected.
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