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Synopsis 
 In this work, the thermodynamic treatment of the equilibrium distribu-

tion coefficient ko in iron base ternary alloys described in the previous 
work"21 was developed for iron base multi-component alloys and the effects 
of solute-interactions on the equilibrium distribution coefficient in multi-
component iron alloys were discussed thermodynamically. A new param-
eter for the evaluation of such effects was introduced. Furthermore, the 
equilibrium distribution coefficients of Cr, Ni, Si, Mn and Mo at various 
compositions in Fe-Cr-Ni base alloys were measured. Small dependence 
of ko of those elements on the concentrations of Cr and Ni in those alloys 
was found and those results were explained by the application of new pa-
rameter.

Key words; equilibrium distribution coefficient; multi-component iron 
alloy; thermodynamics.

I. Introduction 

  Information on the equilibrium distribution coef-
ficients of solute elements between solid and liquid 

phases is indispensable for the analysis of micro-segre-
gation of elements during solidification of iron alloys. 
The values of the equilibrium distribution coefficients 
of solute elements in multi-component iron alloys seem 
to be different from the ones obtained from their 
binary phase diagrams because of the solute-interac-
tions. The influence of solute-interactions on ko, 
however, has not so far been elucidated thoroughly. 
In the previous work,l,2~ the authors derived the ther-
modynamic equation for the change in equilibrium 
distribution coefficient with the solute-interaction in 
the iron base ternary system and discussed the in-
fluence of solute-interactions on the equilibrium dis-
tribution of some elements in the Fe-C, Fe-N, Fe-H, 
Fe-P and Fe-S base ternary systems. 
  The purpose of this work is to develop the thermo-
dynamic treatments of ko in the above iron base ter-
nary systems for those in iron base multi-component 
alloys. Furthermore, the equilibrium distribution 
coefficients of some elements in Fe-Cr-Ni base alloys 
were investigated experimentally and the effects of 
solute-interactions on the equilibrium distribution of 
those elements were discussed thermodynamically.

II. Thermodynamics of the Equilibrium Distri-
   bution Coefficients of Solute Elements in 

   Multi-component Iron Alloys 

  The equilibrium distribution coefficient ka is given 
thermodynamically in the previous work .1,2)

   In ka = (I~IY-fix)/RT +(JGXx,L- 4GXx~s)/RT 

          =(X-X)IRT+InrX-lnrX ...............(1) 

where, X- liX : free energy of fusion of pure element 
x 

        4G x : partial molar excess free energy of 
               solute X 

           Ix : activity coefficient of solute X 
           R: gas constant 

           T: absolute temperature 
  Superscripts L and S : liquid and solid phases, re-

              spectively. 
  In order to calculate ko in multi-component alloys, 

the activity coefficient Tx should be rewritten in terms 
of interaction parameter in the same way that de-
scribed in the previous works.l,2~ Therefore, the ef-
fects of solute elements X, Y, Z, ... on In Ix have to 
be taken into account in this work as follows.

     In rx = In Yx+eX,Nx+sXNY+4NZ+...... 

                                                                                         ........................... (2) 

where, .1V x : mole fraction of solute X 
       Yx : activity coefficient of solute X in infinite 

          dilution 
       EX : self interaction parameter of X 

       eX, 4, . . . : interaction parameter of Y, Z, ... 
          on X. 

  When In rX and in YX calculated from Eq. (2) are 
substituted in Eq. (1), the equilibrium distribution 
coefficient of solute element X in multi-component 
iron alloy ko,M (M: mufti-component) can be ob-
tained from Eq. (3). 

 In ko'M - (l-X-lx)+ln (1x/IX) 
                     X,L X,S X,M L Y,L Y,S Y,M L            m 2x - ~x ko )Nx + (2x - 2x ko )NY 

           +(4 L ~z skz M)NL+...... (3) 

  On the other hand, the equilibrium distribution 
coefficient of solute X in binary iron alloy, ko '2, is 

given by Eq. (4) since JV Y, .Nz, etc. are equal to zero 
in Eq. (3) for binary iron alloys. 

        In ka '2 = (l~X- 4) +ln (1'X / Yx) 

                +(sx L sx skx 2)NL (4) 

  As the third term of Eqs. (3) and (4) has a little 
contribution to ko in both binary and multi-compo-
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nent iron alloys,') the right-hand side of Eq. (4) be-
comes to be nearly equal to the parts from the first 
to the third term in the right-hand side of Eq. (3). 
Then, the following equation is obtained. 

  In (ko ~M/ko '2) 
             Y,L Y,S Y,M L Z,L Z,S Z,M L       _ (ex -ex ko )NY+(ex -ex ko )NZ-.-. 

     _ (1-mko~M)eX~LNY+(l -m'ko,M)rX,Lj%f +...... 

          _ (1-mko 'M)eX~LNY ..............................(5) 

where, m = eV,S/eVV,L 

          m'-ri- r - , ...... 

  The left-hand side of Eq. (5) shows the ratio of the 
equilibrium distribution coefficient of solute X in 
multi-component iron alloy to that in binary alloy, 
and this ratio means the change in equilibrium dis-
tribution coefficient of solute X by the addition of 
alloying elements Y, Z, ... to the binary alloy. That 
is, the ratio ko ~M/ko ,2 indicates the effect of solute-
interaction on ko in multi-component iron alloy. 
Therefore, the authors defined this ratio as Distribu-
tion Interaction Coefficient (DIG) in the previous 
work.2) For example, in case of the Fe-C----X ternary 
system, the change in equilibrium distribution coef-
ficient of solute element X with the concentration of 
carbon is given as follows. 

          In (ko ,3/ka '2) - (1 mk°' 3) eXL Nc ............(6) 

  Figure 1 shows the change in k'3/k'2 of various 
elements in equilibrium of liquid and r phases with 
the concentration of carbon in Fe-C-X ternary alloy. 
In this figure, the values of ko '3/ko ,2 were obtained 
by dividing the experimental results"3-8) of ko ,3 for 
Fe-C-X ternary alloys by the values of ko ,2 listed in 
Table 1.9,10) The dotted lines in Fig. 1 indicate the 
results calculated from Eq. (6) in case of m=1. The 
reason why the value of m is equal to unity was dis-
cussed in details in the previous work.2) The values 
of eX~L used in the present calculation of 1c'3/k'2 are 
shown in Table 1. As the accuracy of the calculated 
results of k'3/k'2 is sensitive to that of ex~L the care-
ful attention should be paid for the selection of the 
data on aX,L. The values of eO,L recommended by 
the 19th Committee of the Japan Society for the Pro-
motion of Science were used in the present work. 

  It is obvious from this figure that the relationship 
between in (ko ,3/ko '2) and carbon concentration clear-
ly shows the effect of carbon on ko of various elements 
in the Fe-C-X ternary systems and also the calculated 
results are in good agreement with the experimental 
ones. In the right-hand side of Eq. (6), the value of 
ko is known to be nearly equal to 0.3.9,10) For the 
elements with positive interaction for carbon, i.e., 
eX,L> 0, for example Sn, Si, Cu, Ni, Co,11 the value 
of the right-hand side of Eq. (6) is positive and this 
means that ko increases with increasing concentration 
of carbon. However, it is reversed for the elements 
having negative interaction for carbon, i.e., r<0, 
for example V, Cr, Mn.ll) Although the values of 
ko"3 are considerably different from those of kon,3 in

Fe-C base ternary alloys,6'8) the values of k"3/k"2 
are nearly equal to those of k'3/k"2 as shown in 
Fig. 1. This corresponds to the fact that both esiL 
and esa in Table 1 show the same values, in other 
words, carbon has the same effect on ko"3 and kon,3 
in Fe-C base alloys. 

  On the basis of Eq. (6) or generally Eq. (5), it is 
possible to predict the effect of solute-interaction on 
the equilibrium distribution of solute element be-
tween solid and liquid phases in multi-component 
iron alloys. In particular, each term in the right-

Table 1. Equilibrium distribution coefficients of solute 

elements in iron base binary alloys and in-

teraction parameters of carbon on some 

solute elements in liquid iron alloys.

Fig. 1. Change in ln (k'3/k") of 
        the concentration of carbon

various elements with 

in Fe-C base alloys.
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hand side of Eq. (5) shows the form of (1-mko'M)sX>~, 
and the sign and the absolute value of this term for 
each alloying element will determine the effect of 
these elements on ko . Therefore, the term (1-
mko7M)e3 is considered as the important parameter 
for the evaluation of the effect of solute-interactions 
on ko in multi-component iron alloys. Then, the 
authors define the term (1-mko~M)sX'L as Distribution 
Interaction Parameter (DIP), o . 

                      oX= (1-mko'M)ej L .....................(7) 

  Equation (5) can be rewritten by the use of [mass 
%] as follows. 

   log (ko'M/ko'2) = (1-mko'M)eX'L [mass%Y}L 

                                                                                   ...........................(8) 

where, eX'L ; interaction parameter of Y on X. 
  For Fe-C base ternary and quarternary alloys with 
high carbon concentration (.'4.3 mass% C), Kagawa 
et a1.4-6) calculated the equilibrium distribution coef-
ficients of solute elements by the use of the equation 
similar to Eq. (3). 

  In this work, the equilibrium distribution of solute 
elements between solid and liquid phases in Fe-Cr-Ni 
base alloys, i.e., the fundamental systems of alloy 
steels, are discussed on the basis of Eq. (8) which 
clearly shows the relation between the change in ko , 
namely ko'M/ko'2 and the solute-interaction, eX~L in 
multi-component iron alloy. 

III. Application of Distribution Interaction Pa-
    rameter for the Analysis of the Effect of 

    Solute-interaction on ko in Fe-Cr-Ni Base 
    Multi-component Iron Alloy 

  In this work, the equilibrium distribution coeffi-

cients of some elements in Fe-Cr-Ni base multi-com-

ponent alloys were investigated experimentally by the 
two methods described below. Then, the effects of 
solute-interactions on ko of solute elements in those 
alloys were discussed by the application of DIP. The 
chemical compositions of the specimens are listed in 
Table 2.

1. Experimental 
1, Solid-Liquid Equilibrium 
  Figure 2 shows the experimental apparatus. After 
the alumina cell containing the specimen was set in 
the furnace, the liquidus temperature was measured 
by the thermal analysis. Then, the specimen was 
held for about 24 h at the temperature of 5'-.' 10°C 
below the liquidus temperature at which the solid 
and liquid phases were coexisting. The specimen in 
the alumina cell was then quenched into water bath. 
After the specimen being cut and polished, the con-
centrations of the solute elements near the solid-liquid 
interface were measured by electron probe micro 
analyzer (EPMA) to determine ko . The conditions 
adopted for the analysis were described in details in 
the previous reports.1,12) 
2, Stationary Interface Method 
  Some difficulties may arise in the above method 
because the difference between solidus and liquidus 
temperature is small in the iron corner of Fe-Cr-Ni 
base alloys. Therefore, the stationary interface meth-
od developed by Umeda et al.3,13) for the determina-
tion of ko was adopted for those kinds of alloys. The 
alumina cell containing the specimen of 12 cm long 
was set in the furnace having a small temperature 
gradient as shown in Fig. 3. After the temperature 
gradient was controlled so as to melt only the upper

Table 2. Chemical 

   Cr, Ni, Si,

compositions of the alloys 

 Mn and Mo in Fe-Cr-Ni

and 

base

experimental results on the 

alloys.

equilibrium distribution coefficients ko of
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part of the rod specimen, it was held for 3 h. Then, 
the specimen in the alumina cell was quenched into 
water bath to fix the solid-liquid interface. From the 

preliminary experiment, it was confirmed that the 
plain solid-liquid interface could be obtained after be-
ing held at that temperature for 3 h. Then, as stated 
in Sec. III. 1. 1, ko was determined by EPMA analysis.

2. Results and Discussion 

  Table 2 represents the experimental results of ko 
of Cr, Ni, Si, Mn and Mo in Fe-Cr-Ni base alloys 
and Figs. 4 to 8 show those results together with the 
values reported by other investigators.l3-1s) Some ex-

perimental results on ko of Si, Mn and Mo shown in 
Table 2 were obtained for the different specimens 
with almost the same Cr and Ni concentrations. 
Therefore, some values of kor and ko' in Figs. 4 and 
5 are the average of the experimental results for those 
different specimens shown in Table 2. The depen-

Fig. 2. Apparatus for 

       ment.

the solid -liquid equi librium experi-

Fig . 3. Experimental apparatus for the stationary interface 

    method.

Fig. 4. Equilibrium distribution coefficient of Cr in F 

       Ni base alloys.

e-Cr-

Fig. 5. Eq 

Ni

uilibrium distribution coefficient of N 

base alloys.

i in Fe-Cr-

Research Article
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dence of ko of each element on the concentrations of 
Ni and Cr is very small in the equilibrium states of 
liquid and o phases and of liquid and r phases. These 
results can be explained by means of DIP as described 
below. As an example for Si, Eq. (8) can be re-
written as Eq. (9). 

        log (kSi'4/kSi'2) 
                        0 0 

         _ (1-mkor'4)esi'L [mass%Cr]L 

             +(l - m'ko i'4) esi'L [mass%Ni] L .........(9) 

where the values11 of esi'L and es 'L are shown in 
Table 3, and also m=m'=1. 

  When the concentration of Si is low, kor'4 and

k"4 may be regarded as kor'3 and ko"3 in the Fe-Cr-
Ni ternary system, respectively. In this work, the 
values of kccr'3 and ko i'3 in Fe-Cr-Ni ternary alloys 
were calculated from the thermodynamic equations 
and data given by Yamada et al.19~ Figure 9 shows 
the calculated results of the dependence of k'4/k'2 
on the concentrations of Ni and Cr. In comparison 
with those of Fe-Cr-Ni base alloys, the calculated re-
sults of koi'4/ko''2 at various concentrations of C and 
Cr in Fe-Cr-C base alloys are shown in Fig. 10. 
The equation similar to Eq. (9) can also be obtained 
for this alloy as shown below : 

        log (kSi'4/kSi'2) 
                          0 0 

          = (1- m1c r'4) esi'L [mass % Cr] L 

              +(1-m'ko'4)es~L [mass%C]L .........(10) 

where the values" of esi'L and e°" are indicated in 
Table 3, and the values of kor'3 and k°'3 in Fe-Cr-C 
ternary alloys calculated by Kundrat et a1.20~ were 
used for the values ofk4 and k'4. 
  As can be seen from Fig. 9, the change in I i with 
the concentrations of Cr and Ni in Fe-Cr-Ni base 
alloys is very small. This conclusion is in good agree-
ment with the results obtained by the above experi-
ments. On the other hand, the dependence of koi on

Fig. 6. Equilibrium distribution coefficient of Si in 

      Ni base alloys.

Fe-Cr-

Fig. 7. Equilibrium distribution 

Cr-Ni base alloys.

coefficient of Mn in Fe-

Fig . 8. Equilibrium distribution 

    Cr-Ni base alloys.

coefficient of Mo in Fe-

Table 3. Interaction parameter used for the 
   tion of k'4/k" in Fe-Cr-Ni base 

   Cr-C base alloys.

calcula-

and Fe--
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the concentration of carbon in Fe-Cr-C base alloys 
is large as can be seen from Fig. 10. Thus, the in-
fluence of carbon on ko can not be ignored in Fe-C 
base alloys. Consequently, DIP and DIC are con-
sidered to be useful for the evaluation of the effects of 
solute-interactions on ko in multi-component iron 
alloys. 
  The advantage of the application of DIP is the sim-

plicity for the evaluation of the effect of solute-inter-
action on ko in multi-component iron alloys. On the 
other hand, since the interaction parameter rX, which 
is generally defined for an infinitely dilute solution, is 
used for DIP, some problems may occur for the ap-

plication of DIP in the higher concentration region of 
Cr and Ni in Fe-Cr-Ni base alloys. Then, ko in 
these multi-component iron alloys was calculated by 
the use of the computer calculation technique recently 
developed for the phase diagram.19,21,22) In this case, 
as the information on the excess free energy G' of 
each phase in multi-component iron alloys has not 
been obtained thoroughly, it is necessary to determine 
G' of each phase by combining the interaction en-
ergy of each binary system which constitutes the 
multi-component iron alloys. Although several equa-
tions23,24) have been proposed to approximate the ex-
cess free energy in multi-component iron alloys, the

simplest equation24) shown in Eq. (11) was adopted 
in this work. This approximation is the simple sum 
of the excess free energy of each binary system pro-

posed by Kaufman and Nesor,25) 

                    G~x = ............(11) 

where, gig, hit; interaction parameter between i and 
              j elements, respectively. 

  The values of gi3 and hid are shown in Table 4,26-31) 
As some of the values of gi; and hi; in bcc or fcc phase 
were not available, the same values in the other solid 

phase were used for the calculation. The data on 
free energy of fusion of pure elements are indicated in 
Table 5.27,28,30,31) The calculated results of ko were 
shown in Table 6. As can be seen from this table, 
the calculated results almost agree with the experi-
mental ones, but on the whole the former shows 
smaller values than the latter except kor and ko' in 
equilibrium of liquid and o phases. Consequently, 
for the more strict discussion on ko in multi-compo-
nent alloys, it is necessary to derive the appropriate 
equation for the excess free energy in those alloys and 
also to take into account a new interaction parameter.

Iv. Summary 

  In this work, the equilibrium distribution of solute

Fig. 9. 

Change 

and Ni

in 

in

k'4/k"    0 0 
Fe-Cr-Ni

with the concentrations 

base alloys.

of Cr

Fig. 10. 

Change in 

Cr and C in

k"4/k"2 with the concentrations of 
Fe-Cr-C base alloys.
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elements between solid and liquid phases in multi-
component iron alloys were discussed thermodynam-
ically. Furthermore, the equilibrium distribution coef-
ficients ko of some elements in Fe-Cr-Ni base alloys 
were determined experimentally and also thermody-
namically. 
  The results obtained are summarized as follows. 

  (1) In order to evaluate the effects of solute-inter-
actions on the equilibrium distribution of solute X in 
multi-component iron alloys, a new thermodynamic 

parameter was introduced and this was defined as 
Distribution Interaction Parameter (DIP) ~X. 

                   oY =:: (1 ._..- mk "M) rY,L                              X -'" o X 

  The effect of solute element Y on ko ~M in multi-
component iron alloys could be determined by the 
sign and the absolute value of the parameter o .

Table 4. Values of g11 and 

The upper values 

The values with *

hi j (J' mol-1). 
are g1 and the lower ones hid 
indicate the same data of the

for each phase. 

other solid phase.

Table 5. Data 

ments.

on free energy of 

 (J. mol-1)

fusion of pure ele-
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  (2) By means of DIP, it is possible to evaluate 
easily the effect of carbon on ko of several elements 
in Fe-C base alloys. 

  (3) Small dependence of ko of Cr, Ni, Si, Mn 
and Mo on the concentrations of Cr and Ni in Fe-
Cr-Ni base alloys was found experimentally and those 
results were explained by the application of DIP.

Table 6. Calculated results on the 

alloys.

equilibrium distribution coefficients ko of Cr, Ni, Si, Mn and Mo in Fe-Cr-Ni base

1) 

2) 

3)

4) 

5) 
6) 

7) 

8) 

9)

10) 

11)
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