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INTERACTION COEFFICIENTS IN MULTICOMPONENT METALLIC SOLUTIONS
AT CONSTANT ACTIVITY AND CONSTANT CONCENTRATION

WEI Shoukun

University of Science and Technolegy Beijing, P. R. C.

Synopsis: Determination of interaction coefficients of solutes in metal melt with the solubility measurements by two
ways of evaluation, namely, the logarithm formulation and the solubility equation, was studicd. The interaction
coefficients of Ca in the Mn-Ca-Cr system were calculated as an example. It has been found that with the same
experimental data the two ways of evaluation give quite different results, although the values are of the same order of
magmtude. Determination of interaction coefficients in metailic melt by four kinds of equilibrium methods, namely,
the gas-metal equilibrium. the electrochemical equilibrium, the gas-liquid dissolution equilibrium and the distribution
equilibrium, was discussed. It has been ascertained that through change in condition of treatment of =xperimental
data, interaction coefficients either at constant concentration or at constant activity can be evaluated, a general
relationship berween the two ways of evaluation being derived. Corract use of Wagner's for 1 as regards the
conversion of interaction coefficient at constant activity to that at constant concentration was emp
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L Introduction

Interaction coefficients of elements in multicomponent mezallic solutions are wideiy uscd in making
:hemmodynamic analysis of the relevant metallurgical reactions. Various experimental methods of determination of
*he interaction coefficients have been derived. But discrepancy and scatter of results for the samne system from
different sources have often been met in the literature. Different ways of approach in the elaboration of the same
:xperimental data for the same system, arisen cither frem different ways of calculation or rom conceptional
=onfusion or misunderstanding might be a main cause for this inconsistency. [tis the purpose of this naper 1o make 2
study on this aspect, the two ways of evaluation by the solubility method at constant activity, as well as the
cvaluation by the equilibrium methods at constant concentration and at constant activity being investigated.

11, The solubility methed at constant activity

The solubility method has been used for determination of interaction coefficients in the systems Fe-C-j [1-5], Mn-
C-j [6], Ni-C-j [6], Co-C-j [6], Fe-H-j {7-8], Fe-N-j [9- 10}, Fe-Ca-j {11] and Mn-Ca-j [12). From the effect of the
3rd element j upon the change in the solubility of the solute i in the metal melt Me, two ways of evaluation of the
interaction coefficients at constant activity, namely, the logrithm formulation and the solubility equation, are
prevalent in the literature.

2-1 The logarithm formulation

In the sysiem Me-i-j, the solubility of i in the metal meit Me is measured in and without the presence of the 3rd

element j. [n these saturated solutions, a; = constant.

a =¥ N; = il
in which v{, v, represent the activity coefficient of i in the binary and ternary system respectively, with pure

substance as the standard. And N;, Ni represent the solubility of i expressed in mol fraction for the binary and

ternary system respectively.
The effect brought by the presence of j upon i is designated as




By plotting lny.j or ln]‘\«J Ni against N;, the slope at Nj-» O is the interaction coe(ﬁciemﬁf , the asterisk being used to

designate the value at constant activity,
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Usually, regression analysis is carried out with abandonment of those points deviating much from the linear
relationship. The regression equation takes the form of

CON L
i
lnY1!=lnhT~i =N It
Equ. I might be called as the logarithm formulation for the evaluation of ’é’l . The corresponding equation for the wt.

% concentration is:

1sf] - 1g 2k - o) @

2-2 The solubility equation

It has been well known [13-14] that the change in solubility due to the presence of the 31d element j is directly
proportional o the amount of j:

AN = Nj- Ny~ m N €)
in which mis the proportional constant. ?:: is related with mby:
8- (4)

m
N,
i

Equ. 3 might be named as the solubility equation and has been used by Schenck and his associates [3-6] _for
calculating the interaction coefficients of the Me-C-j systems. The corresponding equations for the wt. concentration
and the 1 wt. % solution standard are:

19i] - (%] = m'{%}) ®
8- sy ®
2.3 The 2nd order interaction coefficients
According to Lupis [15] the logarithm formulation is written as:
oyl =8 N+ BN m
The cocfficients t:: and p]; can be found by the regression analysis.

The solubility equation could be written as:
(8)
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Similarly, for the 1 wi. % solution standard, the logarithm formulation is:

tafl = & 193]+ [9512 (n
For the solubility equation,
{%1] - [%i} = m[%j] + I[%j}? {12
Ye o T am
ﬁ=_ﬁm+ﬁ[ﬁ%ﬂz (14)

Derivation of Equ. 9, 10, 13 and 14 have been given elsewhere [16].

2-4 Conversion formulae

The conversion between ‘é‘i and ‘:')i is exactly the same as ejl and eji (at constant ¢ tion) with the folk
formulae:
d_5a0 Mg, MM /
g=230 Ma* Tk (15)

The conversion formula between bji and

s given by Lupis {15} :

2300002 1« MMM, - SMi0tMED? N, - Sovpn?

B} = (16)

(M-, (M -M)IM,

In the above formulae, M, M, and M; represent the molecular weight of the solvent, solute and the 3rd element
respectively.

The conversion from the interaction coefficient at constant activity to that at constant concentration has been studied
by Fuwa and Chipman [1], Mori et al [17], Schenck etal [4) and Lupis [15], who gave the following formulae:

deotiy
L+ F’iiNi+ Zpii(N;)z an
- W
J o
Pi= N EiiN; R Zpii(Nvi)z 18)
With neglect of terms of higher orders, Equ. 17 becomes:
d-dmdn) "

which is the same formula atready derived by Mori [17], Schenck [4] and their associates. The corresponding
formula on the wt. % basis is accordingly:



L1+ 2.30 ¢ [%iD)

RE,,

(20)

. . . . . i i . B :
Obviously, in case that the self interaction coefficient gj ore; = 0, or the concentration for the binary system is

extremely small, then e: = e“i or ej‘ = éj‘ .

2-5

Numerical calculation

The experimental data for the system Mn-Ca-Cr (Table 1 [12] } has been used as an example for calculation. The
first order interaction cocfficients Eg ) ’ég; are given in Tab. 2 [16] ), and the 2nd order interaction coefTicients bg; .

=Cr

[Pt

in Tab. 3 [16}).

Table . Effect of Crupon the solubility of Cain Ma at 13502C

% Ca Neca % Cr Ner
0.15 0.002053 0 0
Q.13 0.002054 0.88 0.009288
0.14 0.001915 2.59 0.027310
0.12 0.001640 4.28 0.045091
0.12 0.001635 9.48 0.099582
0.098 0.001334 1102 0.115668
0.084 0.001143 13.40 0.140468

Table 2. ist order interaction coefficients of Cr upon Ca in Mn at constant activity at 1350°C

a) Mole fraction basis

Logarithm formulation
Iy} = bN;

Iy = 3.644TNg, (r = 0.95)

Sojubility equation
N;-N, = mNj

Ne, - N, = - 0.006011Ng, {r = 0.96)

b) wt. % basis

Logarithm fermulation
teff = b19%j]
1805 = 0.016381%Ct] (r=0.95)
& - 0016
By conversion with Equ. (15),
¥Cr _
£ca=3-6
a

Solubility equation
[%i] - [%i]' = m’[%j]

[%Ca) - [%Ca] = - 0.004551{%Cr]  (r=0.96)

M 0013
Ca ~2.30{%Cal
By conversion with Equ. {15),

eCr _
€Ca =29




Table 3. 2nd order interaction coefficients of Crupon Ca in Mn at constant activity at 1350°C

a) Mole fraction basis

Togarithm formulation Solubility equation

j 2
ln\)i=ij»cN? Ni- X = mNj+ IN]

. 2 =
v, = 2.1998Nc, + 122333N%, (1 = 0.96) Nea - N, = - 0.005349Nc, - 0.005607NZ, (x = 0.96)
W om o
=22 o
Ca

P =122

J.ogarithm formulation Solubility equation )
d_ b (%] + (%R [%i] - [%i] = m'[%3] + 11%;]
Iy~ o131 04} 196Ca] - [9%Ca} = - 0.004016[%Cr] - 0.000047[3%C]2
1S = 0.009814[%Cr] + 0.000582[%Cxl (¢ = 0.96) ) (r=0.99
«Cr m -
48 = 0.0098 €ca ™ " F30[%Cay - 0012
#Cr _ I Ly m 2
YS! = 0.00058 TCa™ " T30%CaT 360 [%CaT | ~0-000%°
By conversion with Equ. (15) and {16}, By converston with Equ. {15) and {16),
G xCr _
te, =22 B =26
C Cr
B =121 b =61

It has been shown that from the same experimental data of the solubility measurements, the two ways of evaluation,
namely, the logarithm formulation and the solubility equation for lating the in ion coefficients give quite
different results, although the values are of the same order of magnitude. To avoid the discrepancy arising from
different ways of evaiuation, it would be preferable to choose 2 standard way of evaluation. It might be

recommended 1o choose the logarithm formulation as the standard way of evaluation because of its direct refationship
with the definition of the interaction coefficient.

1. The equilibrium methods

3-1 The gas-metal chemnical equilibium
Th]c Fe-5-j system is taken as an example. A mixture of HyS and H; gas was equilibrated with [S) in liquid iron [18-
20].

Ho+[S]=HoS

PHys )0 1 PHas ] .
K=" 22 ' 222 (21)
{ PHy } rs%sI { PHz }fsi%S]
The prime refers 1o the binary system. *
PHas T 1 PH3s 1
Let Kbin=[ p—;zv }W and K"m=[ TZZ }IWS] (22)

Kis found by extrapolating the curve of Kpin vs. {%5] to zero concentration.

i fs _ Keem
fi=== 23
5 ('S Kpir




For a cenain value of [%5], Koy is calculated from the experimentai data, while K, for the same valuc of S can be
read from the curve of Kpin plotted against [%S]. The value fé thus found is at constant concentration of S. By

plotting lgf’s against [%j], the slope at [%]] = 0 equals the interaction coefficient ejs. Usually regression analysis

through those points pertaining to the linear relationship is made:
lgfls = bl%;jl
and “)s = b. The regression line passes naturally through the origin. Recommended values ofeg (z’i) as given in the

literature [21-24] are supposed to be the conventional interaction coefficients at constant concentration.
Should the evaluation of fji (an asterisk being added for distinction) is required, then ag = ag

f
F T%S] (24)
S

Since f; and fg can be calculated from the experimental data, curves of ag against [%S3] for both the binary and
ternary systems can be drawn. For a certain value of temary [%S], the corresponding value of binary [%S] at
constant activity can be read from the activity curves. Thus different values of }JS are calculated, and é’s will be

evaluated as usually.
From Equ. 21, it can be shown that for constant activity,

PHys )" _ [ PHgs
PHy Puy
So the evaluation of interaction coefficient at constant activity is really based on the performance of the equilibrium
experiment al constant gas pressure ratio, Furthermore, from Equ. 21,

Prys )7 [ Pias
D5y Py,

By comparson with Equ. 23,

i
g (25)
Equ. 25 s the general equation for caleulating .
At constant concentration,
i K a
j o Ktem _ 85
fs- Koin 8 23
At constant activity,
i A%SI
fs = %9 - (24)

Therefore with the experimental data from both the binary and the ternary systems, by change in condition of
treatment of data, either the interaction coefficient at constant concentration ot at constant activity can be evaluated.

3-2 The electrochemical equitibrium
For the determination of the interaction coefficient of Nb in the Fe-Nb-Mn system with the solid electrolyte cel]
technique, the following cell assembly is used:
MolMo, MoO21Z:02(MgO)[Nb], NbO Mo, Mo-cermet
The overall reaction is:
[Nb] + 2[0] = NbOo(s)



1
K= ﬁ = ;2
Nb "o ANbRg
K is found by extrapolation at zero concentration of Nb. Due to the smail content of [0] in the melt, the effect of tﬁb
is neglected.

2

a2 [%NbY .
Mn_ "0 ANy [%Nb) (26)
M RN ey, [Nl

Eaqu. 26 is similar to Equ. 25, and evaluation of e} and &y [25, 26] as well as et and &5 127] have been reported

elsewhere.

3-3  The gas-liquid dissolution equilibrium
For dissolution of a monoatomic gas, Henry’s law holds true.

Mg} ~[M]

U ¥ Y|
Y PM
Pm

K is really the Henry's constant and can be found by extrapolation as usually. In the same way as the chemical
equilibrizm,

i _rl%MD s d%M
T = BRI~ agl96M] @

For dissolution of a diatomic gas, Sievert's law holds true, and derivation leads to the same Equ. 27. The latter is
similar to Equ. 25 for calculation of%d and qvx The isopiestic methods [28, 29] belongs to this category.

3-4 The distribution equilibrium

Since Fe and Ag are insoluble in the molten state, distribution equilibrium of a certain element i which is both
soluble in Fe and Agis often used to study the actjvity of i. If a third element j which is soluble in Fe but not in Ag,
the distribution equilibrium can be used to evaluate the interaction coefficient of j upon i. Usually, this method is
used to evaluate the interaction cocfficient at constant activity, but that at constant concentration could also be
calculated as well.
For the Fe-Si-C [30, 31],

[Silag = [Silge
_ fsieol%Silee _ fsipal%Silge
Suagl%SiTag ~ fsiagl% S,

Since the solubility of Si in Ag is rather small, it might be assumed that fSi(Ag) = f5itag) = 1- The true equilibrium

constant K is found by plotting [%Si]' g, / 1%5iY ; against {%Si]g, and extrapolating to zero concentration of Si in
Fe.

i Asiam %S Re  agro[%Si)
j ,aS‘IAE)[ 1 Fe _ 2si(Fy) Fe
T8t ™ gl %SiT e akpel %5Si]r, @8

Equ. 28 is similar to Equ. 25. Hence, it might be concluded that for the different equilibrium methods, be they
physical or chemical, both the interaction coefficients at constant concentration and at constant activity could be



evaluated. As lhe Wagner‘s formallsm [32] is used conventionally at constant concentration, there would be no
y for the m coefTicients at constant activity by the equilibrium methods.

IV. Restriction of the constant-activity evaluation
4-1 The gas-metal chemical equilibrivm

For the reaction [C] + CO; = 2CO, should the equilibrium be operated under constant e, / Peo,: then the

condition for evaluating the interaction coefficient at constant activity is warranted. Table 4 is quoted from Schenck,
Steinmetz and Rhee [33} with some additional calculations made by the present author. It is (o be noted that:

(1) The experiments were conducted at constant Pco, {pco* Pco, =1t atm.), hence péo/pcoz being constant.

(2) No experiments of the binary system were conducted. For conversion with Equ. 19, EE = 11.5 being taken
from the literature.
(3) 1n the calculation cfec , Do VC was used, only the experimental data of the temary system being used. A
regression line of

-InNc=a+bNgy

was calculated. The slope b, which equals -0lnN¢/ON -, is the E%' and the intercept equals ’I"N.C' This is due to

the fact that since 61ny& JONg, = 0, therefore dlnyc/ 0N, =0 lr1yCr /0N¢r. Because of consiant activity, Slnyg = -
Cr ¢/ ONee C c

JlnNc.

(4) For every isoactivity line of -IiN¢ = a + bNg, . there is a definite value of £

(5) This constani-activity evaluation is subjected to the restriction that a great number of expcriments should be

performed, each of the different ’f(,g wvalues should be converted into e%r separately, and these :(ér values should be

finally averaged.

Table 4. ¢ 'cr for the Fe-C-Cr system at constant activity
1, oC Pco; ay, Regression line o Ne Cr
am 4nNc =a+ bNe, i (Ng,=0) e
1600 4.6x10-5 37.8 Saturated solution - -1.36 0.210 -4.64
1600 0.0022 0.78 -InN¢ = 3.6266 - 3.10N¢, -3.10 0.0266 -4.05
1600 0.0043 0.40 -baNG = 4.1792-4.26N¢, -4.26 0.0153 -5.00
1600 | o.oogs | 0.20 nN = 4.8469 - 7.36Ney -7.36 0.0078 -8.02

4-2 The distribution equilibrium
In the Jiterature the distribution method is often used for evaluation of interaction coefficient at constant activity
with only the experimental data of the ternary system. For the Fe-Si-j system,

l(=y. e iV SitFeui

YsiagNsiag
Since the concentration of the Ag bath is kept constant, agi(ag) = asiFe-j) = constant. The concentration Ngj(re.j) can
be changed by adding different amount of j in the Fe bath, and regression analysis of the isoactivity line -InNg;=a +

bN; was made, its slope being equal to 535‘, and its intercept equal to lnN F.’ should be converted into t-:’ with



N' ; for the binary system and ags {rom the literature. To insure the reliability of the averaged ej ; » @ great number of

experiments have to be done. So for the Fe-Si-C system, 13 experiments by Schroeder and Chipman [30] and 19
expetriments by Murakami, Ban-ya and Fuwa [31] have been reported.

V. Discussion

Since the interaction coefficients at constant concentration and at constant activity for the same system are guite
different in magnitude, it would not be justifiable 1o list these values from different sources together for comparison,
as occurred sometimes in the literature. As Wagner's formalism is originally justified for application at constant
concentration, no interaction coefficients at constant activity should be introduced into the Wanger's formalism
before being converted into ‘hosc at constant conccnlmnon
As already ioned for the di with the Ag bath, a great number of experiments giving more

isoactivity lines, and the conversion from E’~ into e’ , should be accomplished. But in some recent papers using the

distribution equilibrium to evaluate the interaction coefficients at constant activity for the systems Fe-Si-C (34}, Fe

Cr-C [35), Fe-Ti-C [36] and Fe-Ti-C-i [37), two important points have escaped the notice of the original authors:

(1) The distribution equilibrium in the Ag bath was carried out with only 2 or at most 4 experiments. With these

few =xpenm=nls no reliability of the results could be credited.

(2) Thei mlexa;non coefficients ;;1 constant activity were directly introduced into the Wanger's formatism for fucther
ion without

Because of these, their results are doubtful and might not be accepted.

V1. Concluding remarks

Attention should be paid to avoid ional confusion and misund ding between i
constant concentration and at constant activity.
Excep!mg the solubility method for the i fhici
to d i
convcrsmm

coeflicients at

at constant activity, it would be always
the i ion coefficient at constant concentration, in order to save the trouble of

For the solubility method of saturated sofution, it might be suggested to adopt the logarithm formulation for
Teulati gw inimizing the di

For unsatumted sol\mon should any melhod at constant activity, for instance, the distribution cqulhbnum be used
or & the care should be taken to perform a great number of experiments in order to
insure the reliability of the results.
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