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Abstract : Based on the phase diagrams, measured activities and the annexation principle, calculating models of mass action concentra-
tions for In-Bi-Cu and In-Sb-Cu melts have been formulated. Calculated results not only agree well with practical values, but also obey
the mass action law, showing that the deduced model can reflect the structural reality of given melts and that the annexation principle is
applicable to these two ternary metallic melts. So long as there is one from three binary systems constituting the ternary melts, in which
the activities of one component exhibit positive deviation relative to Raoultian behavior, heterogeous melts inevitably would form, so
heterogeneous calculating model should be used to calculate their mass action concentrations. On the contrary, if all the binary melts are
homogeneous and their activities exhibit negative deviation with respect to the Raoult's law, then the ternary melts formed from them

will certainly be homogeneous,hence single phase model should be applied.
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After understanding of the thermodynamic proper-
ties of binary metallic melts to a certain extent [1-3},in
order to apply the coexistence theory of metallic melts
to practice, investigation on the thermodynamic pro-
perties of ternary metallic melts is an urgent task. Con-
sidering that the study of the binary phase diagrams rel-
evant to two ternary systems In-Bi-Cu and In-Sb-Cu
has reached identity of view [4]; the activities of every
binary melts in them have been amply studied [5-10],
at the same time, the activities a;, of two ternary sys-
tems have been also measured [11]. The above practi-
cal bases render the investigation on the thermody-
namic properties of ternary metallic melts to be realiz-
able. As a part of research works on the thermodynamic
properties of ternary metallic melts, this paper aims at
the formulation of the calculating models of mass ac-
tion concentrations for In-Bi-Cu and In-Sb-Cu melts.

1 In-Bi-Cu melts

1.1 Bi-Cu melts

According to the phase diagram [4], there is an eu-
tectic formed in this binary system. The activities of
these melts exhibit positive nonsymmetrical deviation
with respect to the Raoult's law, in accordance with the
conjecture of reference [1], there should be a meta-
stable compound Cu,Bi; formed in these melts. Hence
their structural units are Bi and Cu atoms as well as
metastable compound Cu,Bi;, and they form two solu-
tions Bi+ Cu,Bi, and Cut+ Cu,Bi;. Assuming the com-

Corresponding author:Jian Zhang E-mail:Zhangjian27@yahoo.com

position of the melts as b =Xxp, a=2Xxc.; the equilibrium
mole fraction of every structural unit expressed by the
composition of the melts as x=xz, y=xc., z=¥cun,; the
mass action concentration of every structural unit as
N=Nsi, Ni= Ncy, N~= Neus,, then in the light of the mass
action law, the chemical equilibrium is:

3Bil|} + 2Cu(1) = Cu;Bi;U) (1)
b=x+3z,a=y+2z, N, =%, N =%,2=KN?N§ )

N1+3KMN§/b=1,Nz+2KzN13M/a=1 (3)
ab(2—N,—N,)=K(3a+2b)NiN; (4)

Equations (3) and (4) are the two phase calculating
model of mass action concentrations for Bi-Cu melts,
in which equation (3) is used for calculation of mass ac-
tion concentrations, while equation (4) for calculation
of equilibrium constants. According to the measured
activities of references [6,8] and calculating by equa-
tion (4) gives K5, = 0.455371 at 1200 K and
Ki.s, =0.485135 at 1 408 K, consequently:

gK.up, = 223302

AG®=4278.416+2.978 5T, J-mol™ (5)

—0.1555  (r=-1.000),

Substituting equation (5) into equation (3) gives the
calculated mass action concentrations compared with
measured activities as shown in figure 1. In the figure,
it is seen that the calculated and measured values not
only agree considerably well, but also obey the mass
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Figure 1 Comparison of calculated mass action concentrations (—) with measured activities (+,0) for Bi-Cu melts.

action law, showing that the model deduced can reflect
the structural reality of these melts.

1.2 Bi-In melts

According to the phase diagram [4], there are three
compounds Biln, BisIn; and Biln, formed in this binary
system, in which Biln and Biln, are compounds with
congruent melting point, while BisIn, is a peritectic. In
accordance with reference [1], these binary melts are
typical homogeneous melts. In general, their structural
units are Bi and In atoms as well as compounds Biln,
Bi:ln, and Biln.. However, owing to the positive devi-
ation of activities of the binary melts Bi-Cu in ternary
melts In-Bi-Cu with respect to th Raoult's law, under
the effect of their annexation, i.e., the phase separation
in these melts caused by the chemically less stable
metastable compound Cu,Bi;, during the formation of
ternary melts In-Bi-Cu, Bi-In melts would transform
into two phase melts, which were otherwise studied.
Here only the thermodynamic parameters obtained ac-
cording to the measured activities from reference [5]
are given respectively as follows:

IgKnin =22522—0.0865,
AG®=—6972.069 + 1.656T, I-mol~' (900-1 200K) (6)
K, = _%_0 4615,

AG®=1912.584+8.84T, J-mol™' (900-1200K) (7)
1.3 Cu-In melts

According to the phase diagram [6], there are com-
pounds Cu,In, CusIn, and Cw,In formed in this binary
system; while in accordance with reference [12], the
formed compounds are Cu,In and Cw,In. After examin-
ation with a number of single phase calculating models,
it was found that the model considering the presence of
Cu,ln and Cu,In gives the best agreement with practice.
However, owing to the positive deviation of the activi-

ties of Bi-Cu melts with respect to the Raoult's law, un-
der the effect of their annexation, during the formation
of the ternary melts In-Bi-Cu, Cu-In melts would trans-
form into two phase ones. After examination of a lot of
two phase models, it was found that the model con-
sidering the presence of compounds Culn, Cu:In and
Cu,In gives the best agreement with practice. Hence the
structural units of these melts are Cu and In atoms as
well as compounds Culn, Cu,In and Cu.n, and they
form two solutions Cu+ Culn +Cu.In+ Cu,In and In+
Culn +Cu,Int Cu.In. Assuming the composition of the
melts as b=Xxc,, a=Lx,; the equilibrium mole fraction
of every structural unit expressed by the composition of
the melts as x=xc, ,V=Xi» Z/=Xcum» Zz=Xcuiny Z5=Xcum; the
mass action concentration of every structural unit as
Ni=Ncs, No= Ni, N7=Ncuns Ni= Newins N5= Newn, then ac-
cording to the mass action law, there are chemical equi-
libria:

N,

Cuy,+Iny,=Culn,,, K, = NN, (8)
2Cu + Iy = Cutglny, Ky = < (9)
3] 1 2 I3 2 NZA[2
_ N
4Cu,, + In, = Cuiln,,, K3=‘N4 (10)
112
mass balance:
b=x+z+2z,t4z,, a=ytz itz +z;, N, :%, N. :%,
21:K,N1N:,ZzszN%N:,ZJZKaNfN: (11)
N1+(K|N1N2+2K2N|2Nz+4K3N14N2)/b: 1 12)
Nz+(K1N|N2+K:MN2+KJN14N2)/G:1 (
ab(z_Nl _Nz) :Kl (a+b)N|N2+K2(2a+b)NilNz+
K;(4a+b)N;N, (13)

Equations (12) and (13) are the two phase calculat-
ing model of mass action concentrations for Cu-In mel-
ts, in which equation (12) is used for calculation of
mass action concentrations, while equation (13) for re-
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gression of equilibrium constants. According to the
measured activities from references [6,7], and regress-
ing by equation (13) gives the thermodynamic parame-
ters respectively as follows:

1gKoun = —492,65 2103046  (=—1.000),
AG®=9417.454—5.835T, J-mol-! (14)
lgK o = 852'T622—o.833 4 (r=1.000),
AG®=—16408.253+15.963T, J-mol"' (15)
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9.
lgK o = 4 17T 77

AG®°=—80061.874+75.116T, J-mol™ (16)

—3.9216

(r=1.000),

Substituting these thermodynamic parameters into
equation (12) gives the calculated mass action concen-
trations compared with the measured activities as sho-
wi in figure 2. It is seen from the figure that the calcu-
lated and measured values not only basically agree, but
also obey the law of mass action, showing that the
model formulated can reflect the structural reality of
these melts.
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Figure 2 Comparison of calculated mass action concentrations (—) with measured activities (*, 0) for Cu-In melts.

1.4 In-Bi-Cu melts

It is clear from the above discussions, that these ter-
nary system are heterogeneous in structure, their struc-
tural units are In, Bi and Cu atoms as well as com-
pounds Biln, Biln,, Culn, Cu,In, Cu,In and Cu,Bi,, and
they form three solutions In+Biln+Biln,+Culn+Cu,In+
CuIn, Bi+ Biln+ Biln,+ Cu,Bi; and Cu+ Culn+Cu,In+
Cun+ Cu,Bi;. Assuming the composition of the melts
as a=%. X, b= xg, c=X xc,; the equilibrium mole frac-
tion of every structural unit expressed by the composi-
tion of the melts as x=x.,, y=xa;, z=Xcy, U1=Xpun, Yo=Xpun,
Us=Xcutns Ys=X(utny Us= Xcwm, Us™ Xcup,; the mass action con-
centration of every structural unit as N= N,,, No=Ng,
N= Neo, Ny =Nagii, N5= Naunz, N6=NCu1n, N7:NCu‘ln, N8=NCu‘ln’
N=Nc.p, then in the light of mass action law, the
chemical equilibria are:

Bi,+Ing, = Biln,,, K, =%,
AG®=—6972.069+1.656T, J-mol” (17)
Bis+2In, = Biln, Ky = 1e

N,
AG®=1912.584+8.84T, J-mol"! (18)
Cu,+In,;, = Culny,, K, =%,

AG®=9417.454—5.835T, J-mol™! (19)

N
2Cu,ytIn, = Cu,ln,,, K, = 1_17\[32

AG®=—16408.253+15.963T, ] -mol™' (20)
Ny

NNy

AG®=~-80061.874+75.116T, J-mol ™" 21

3Bill)+2cu(l) = CuzBiw)’ Ke= %,

AG®=4278.416+2.978 5T, J-mol! (22)

4CU(1)+In([) = ClL;IIlm, K5 =

mass balance is:

a=x+u2urustutus, b=y+u+ut3u,,

c=z+us2u,+H4u+2u;, (23)

N HK NN, +2K, NN, +K N N, +KG N NHK N N a=1
(24)

N, HK N N>, +K,NiN,+3 K N3NDb=1 (25)

N;+(K;N\Ns+2K N, Ni+4K N, Ni+ 2K N3ND/e=1 (26)
Addition of equations (24)+(25)+(26) gives:
abc(3—N, —N,—N,) = c(a+b)K, N, N, +c(a+2b)K, NN, +
b(c+a)K; N, N;+b(c+2a)K, N, Ni+a(c+4a)K;N,Ni+
a(2b+3c)K N3N} (27
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Equations (24), (25), (26) and (27) are the calculat-
ing model of mass action concentrations for In-Bi-Cu
melts , in which equations (24), (25) and (26) are used
for calculation of mass action concentrations, while
equation (27) for regression of equilibrium constants
under condition of known measured activities (N,=a,,
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Using equations (24), (25) and (26) at 1 200K the
calculated mass action concentrations N, are compared
with the measured activities a,, from reference [11] as
shown in figure 3. It can be seen in the figure, that the
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Figure 3 Comparison of calculated NV;, and measured a;, for In-Bi-Cu melts at 1 200 K, (a) Calculated /V,;; (b) measured ai..

agreement between them is satisfactory, in the mean-
time, they obey the law of mass action, showing that
the formulated model can reflect the structural charac-
teristics of these melts. In addition, the mass action
concentrations of Na, and N, have also been evaluated
by the model. However, as there aren't any correspon-
ding measured activities to be compared with, they are
given in the figure as a reference for scholars of same
occupation. From the formulation of the calculating
model of mass action concentrations for these melts,
once again it is seen how the relation of the activity of
binary melts constituting the ternary system with re-
spect to the Raoult's law gives effect to the structure of
the models: although in this ternary system binary mel-
ts Bi-In and Cu-In are all homogeneous in structure, but
owing to the positive deviation of the activities of Bi-
Cu melts with respect to the Raoultian behavior, under
the effect of annexation, i.e., the phase separation in
these melts caused by the chemically less stable meta-
stable compound Cu,Bi;, during the formation of ter-
nary melts In-Bi-Cu, Bi-In and Cu-In melts had to
transform into two phase melts.

2 In-Sb-Cu melts

According to the phase diagrams [4], in all binary
systems constituting this ternary system, there are com-
pounds formed with congruent melting point, hence in
accordance with the classification of reference [1], they
are all homogeneous melts. The model formulation for
these melts begins with binary systems.

2.1 In-Sb melts

It has been discussed in reference [13] about the for-

mation of two compounds InSb and In;Sb in these bi-
nary melts. So the structural units of these melts are In,
Sb atoms as well as compounds InSb and In,Sb. Thus
assuming the composition of the melts as a=Xxy, b=
2 xi; the mass action concentration of every structural
unit after normalization as N\=N,,, N;= Ngo, N5=Niusp, Ni=
Nise, 2= sum of all equilibrium mole fractions, then
according to the mass action law, there are chemical
equilibria:

Tt by, = InSbu, K, = 537, Ny = KN, (28)
N.

3In,,+Sby, = InSbyy, Ko =]T;Vz’ N,=K,NiN, (29)

Making mass balance gives:

Ni+N+K N N,+KNIN, =1 30)

aNl_sz+(a_b)K|N|M+(3a-b)KzMNz=0 (31)
1—(a+1)—(1—-B)N,=K,(a—b+1)N,N,+
K:(Ba—b+1)N}N, (32)

The above mentioned equations (30), (31) and (32) are
the single phase calculating model of mass action con-
centrations for homogeneous In-Sb melts, in which
equations (30) and (31) are used for calculating the
mass action concentrations, while equation (32) for re-
gression of equilibrium constants. Using equation (32)
and the measured activities from reference [9], the re-

gressed relations K-T and AG® are given as follows:
—472.088

g = 208040.9476  (r=1.000),
AG®=9042.655~18.15T, J-mol"’ (33)
IgKus =2 20313174 (-=1.000),
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AG®=-46870.135+33.337, J-mol™’ (34)

Substituting these thermodynamic parameters into
equations (30) and (31) gives the calculated mass ac-
tion concentrations compared with measured activities
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as shown in figure 4. Good agreement between calcu-
lated and measured values as well as their conformity
with the law of mass action shows that the model for-
mulated can reflect the structural characteristics of the-
se melts.

0 02 04 06 08 10
In x5y Sb

Figure 4 Comparison of calculated mass action concentrations (—) with measured activities (¢, 0) for In-Sb melts.

2.2 Cu-In melts

As explained in section 1.3, there are compounds
Cu;In and CwlIn formed in this binary system. Hence,
in case of homogeneous solution, the structural units of
these melts are Cu and In atoms as well as compounds
Cu,In and Cu,In. Assuming the composition of the mel-
ts as a=Xxc,, b=2x,; the mass action concentration of
every structural unit after normalization as N,=N,,, N;=
Necwy Ni=Newms Ni= Newn, Zx= sum of all equilibrium
mole fractions, then in the same way as2.1, the calcul-
ating model of these melts is formulated as

N +N+K, N, NJ+K,N N; = 1

aN,—bN,+(a—2b)K,N,N; =0

1—(a+1)—(1-b)N, =
Ki(a—2b+1)N,N;+K,(a—4b+1)N,N;  (37)
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Regressing by the use of equation (37) as well as the
measured activities from references [6,7] gives the re-
lations K-T as well as AG® as follows:

lgKew, =~ 0220483 1 06533 (r=—1.000),
AG®=19710.953— 12,514, J-mol"' (38)
lgKew, =228 635 (r=1.000),

AG® = —49349.89+31 377T, J-mol "' (39)

Substituting these thermodynamic parameters into
equations (35) and (36) gives the calculated mass ac-
tion concentrations compared with the measured activi-
ties under condition of homogeneous solution as shown
in figure 5. It is seen from the figure that the calculated
and measured values not only basically agree, but also
obey the law of mass action, showing that model for-
mulated can reflect the structural reality of these melts.
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Figure 5 Comparison of calculated mass action concentrations (—) with measured activities (+, 0) for Cu-In melts under condi-

tion of homogeneous solution.
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2.3 Cu-Sb melts

According to the phase diagram [14], there are two
compounds Cu,Sb and Cu;Sb formed in this binary sys-
tem, the former is a peritectic, the latter a compound
with congruent melting point. Hence the structural un-
its of these melts are Cu and Sb atoms as well as com-
pounds Cu.Sb and Cu,Sb. Assuming the compositions
of the melts as a=Xxs,, b=Xxc,; the mass action concen-
tration of every structural unit after normalization as
N=N¢, N== Ng, Ni=Neosy, N=Neosn; Zx= sum of all
equilibrium mole fractions, then in the same way as
2.1, the calculating model of these melts is formulated
as

N +NAK NN, +K,NIN, = 1 (40)

N, —bN,+(2a—b)K, N:N:+(3a—b)K-NIN. =0 (41)
(1=b)N, =K ,(2a—b+1)NiN,+

K.(3a—b+1)N;N, (42)

1 —(a+])—

Regressing by the use of equation (42) and the meas-
ured activities ac, and as, at 1 000 K from reference [10]
gives:  K.,s=23.58 (AG®=-26290.54]-mol™"),
Kwsn =39.067 (AG®=—30490.50)-mol™"). Substitut-
ing the equilibrium constants into equations (40) and
(41) gives the calculated mass action concentrations
compared with the measured activities as shown in fig-
ure 6. It can be seen from the figure that good agree-
ment between the calculated and measured values as
well as their conformity with the law of mass action
show that the model formulated can reflect the struc-
tural characteristics of these melts.
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Figure 6 Comparison of calculated mass action concentra-
tions (—) with measured activities (¢, 0) for Cu-Sbh melts at
1000 K.

2.4 In-Sb-Cu melts

From the discussions in sections 2.1-2.3, it is evident
that three binary melts in these ternary system are all
homogeneous melts, consequently, the ternary melts
consisting of them are also homogeneous melts. Their
structural units are In, Sb and Cu atoms as well as com-

pounds InSb, In,Sb, Cu,In, Cu,ln, Cu.Sb and Cu,Sb.
Putting the compositions of the melts as =Y x,,,
X5, =L Xey; the equilibrium mole fraction of every
structural unit expressed by the composition of the mel-
tS @S X=X )0, Y=Xsty Z5Xcus Ui=Xpuins Us=Xpuin, Us=X i Us=X oin
Us=Xea s, Uoe=Xeusp; the mass action concentration of ever-
y structural unit after normalization as N,= N,,, N.=N,,
Ni=Ney, Ny=Ny, N=N, 55, N=Ney e N=Num N=N, Sba
Ne=Niys; Zx= sum of all equilibrium mole fractions,
then in the light of mass action law, chemical equilibria
are:

N,
I +Sby, =InSba, K =70 =K, 5,
AG®=9042.655—18.15T, J-mol™’ 43)
N; x
3In,+Sby,=1In;Sby,, K’:W, u :Kl(gx)},
AG®=—46870.135+33.33T, ] -mol™’ (44)

2Cu,Hn,,=Cu.In,,,, K, = N’Nl’m KE(Zr)

AG®=19710.953—12.514T, ] -mol™’ (45)

4Cuq; Iy, =Cuiln,, K= 7 N4, =K 5o

AG®=—-49349.89+31.3777, J-mol™ (46)
3 - .}’32

2Cu(|,+Sb(1> CUﬁSb“), K€ N3:Nz’ Us KS(ZX)Z’

Kiuso =23.58 (AG®=—-26290.54]-mol™") 47)

3CU(|>+Sbm Cu;Sby,), K, = ]}ﬂ, A u,=K (;Z)J’

Kius» =39.067 (AG®=—30490.50J-mol™") (48)

mass balance is:

a=x+u3utustu, (49)

b =y+tututustu, (50)

= Z+2u3+4u4+2u5+3 U (5 1)

mass action concentrations are:

X, _
N=soN=v

where x, represents x, y and

(52)

Z, u, represents u,-u.,.

The above equations (43)~(52) are the single phase
calculating model of mass action concentrations for
these melts. The calculated mass action concentrations
Ny at 1000K by the use of this model are compared
with measured activities a,, as shown in figure 7. The
agreement between calculated N,, and measured a,, as
well as their conformity with the law of mass action
show that the model formulated can exactly reflect the
structural characteristics of these melts. In addition, the
calculated mass action concentrations Ny, and N, are
also listed in figure 7 (a). As there aren't any relevant
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measured activities to be compared with, they serve as
reference for scholars of same occupation.

From this example, it is clear that if all the binary
melts constituting the ternary melts are homogeneous
and their activities exhibit negative deviation with re-
spect to the Raoult's law, then the ternary melts formed
from them will certainly be homogeneous.

3 Conclusions

(1) Based on the phase diagrams, measured activities
and the annexation principle, calculating model of
mass action concentrations for In-Bi-Cu and In-Sb-Cu
melts has been formulated. Calculated results not only
agree well with practical values, but also obey the mass
action law, showing that the model deduced can reflect
the structural reality of given melts and that the annex-
ation principle is applicable to these two ternary metal-
lic melts.

(2) The determinative factor of whether the melts are
homogeneous or heterogeous is the relation of the ac-
tivity of their binary melts with respect to Raoult's law:
so long as there is a binary system, in which the activi-
ties of one component exhibit positive deviation rela-
tive to Raoultian behavior, heterogeous calculating
model should be used to calculate their mass action
concentrations. On the contrary, if all the binary melts
constituting the ternary melts are homogeneous and
their activities exhibit negative deviation with respect
to the Raoult's law, then the ternary melts formed from
them will certainly be homogeneous.
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