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The results of the determination of the thermodynamic properties for ternary

systems Cr�Co�Me (Me = Mo, Al) using a new general solution model for the

predictions are presented in this work. For five sections (with mole ratio Co : Me = 2:8,

4:6, 5:5, 6:4, 8:2) investigated in each ternary system at temperature of 2000 K, integral

molar excess Gibbs energies and partial molar thermodynamic properties of chromium

were calculated.
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Alloys based on the Cr�Co�Me (Me =Mo, Al) systems are of great practical

interest in the production of Ni-based super alloys,1-5 surgical implants,6�8 as well

as heat-resistant and corrosion-resistant protective coatings.9�11

In spite of this fact, thermodynamic analysis of suchmulticomponent systems

has not yet been reported in the literature, while there are a lot of articles dealing

with the thermodynamics of the constituent binary systems.12�18 The reasons are

experimental difficulties, especially the high investigation temperatures required.

Having in mind such problems, it is anticipated that most of the thermody-

namic data of ternary and multicomponent systems will come from theoretical

calculations rather than from direct experimentation. Hence, a new general solution

model for the prediction of the thermodynamic properties of multicomponent

systems from binaries has been presented recently in the literature.19 It is simple,

effective and employs more reliable binary sources that are easily obtained either

experimentally or theoretically.

In order to contribute to a better knowledge of the Cr�Co�Mo and Cr�Co�Al

thermodynamics, the results of the application of the new general solution model

are presented in this paper.
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THEORETICAL BACKGROUND

Traditional predicting models for the representation of ternary thermody-

namic properties, based on the three corresponding binary systems, are classified

according to Hillert20 into two categories: symmetrical (Kohler, Muggianu) and

asymmetrical (Toop, Hillert).

Recently, a general solutionmodelwas suggestedbyChou,19whichbreaksdown

the boundary between the symmetrical and asymmetrical models, which has already

been proved in some practical examples19,21,22 as a correct and accurate model.

In the application of the Chou�s model, first of all, it is neccessary to calculate

the similarity coefficients for three binaries, which are defined as:19

xi(j)
<k> = 

h(ij, ik)
h(ij, ik) + h(ji, jk)

    (i, j, k = 1,2,3, i „ j „ k) (1)

where h (ij, ik) is a function related to the excess Gibbs energy of "ij" and "ik"

binaries:

h(ij, ik) =   

xi=0

xi=1

(DGij
xs - DGik

xs)2 dXi ;  Xi = Xi(ij) = Xi(ik) (2)

and called as the deviation sum of squares. Thus, the selected binary compositions

Xi(ij) can be calculated in terms of the ternary composition xi:

Xi(ij) = xi + xk xi(ij)
<k>

(3)

Fig. 1 shows the selected binary comoposition points of the Chou�s new

model. The major difference between this model and the current models is that, the

selected binary composition points for this new model are closely related to the

ternary system considered and can change within a range depending on the charac-

teristics of ternary system.

So, the integral molar excess Gibbs energy for the ternary system, according

to the Chou�s general solution model, is expressed by:

DGxs = W12DG12
xs + W23DG23

xs + W31DG31
xs (4)

where the probability weightWij is defined as:

Wij = 
xi xj

Xi(ij) Xj(ij)
(5)

Therefore,when the threebinary integralmolar excessGibbsenergies areknown,

onemaycalculate the ternary integralmolarexcessGibbsenergybasedon theequations

given. If the binary integral molar excess Gibbs energy is given in terms of the regular

solution parameters, the above calculation can be simplified to:
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DGxs = x1x2(A12
0  + A12

1 (x1 – x2) + A12
2 (x1 – x2)

2) + x2x3(A23
0  + A23

1 (x2 – x3) +

+ A23
2 (x2 – x3)

2) + x3x1 (A31
0  + A31

1 (x3 – x1) + A31
2 (x3 – x1)

2) + fx1x2x3
(6)

where A
0
ij, A

1
ij, A

2
ij are regular-solution parameters for the binary system "ij"

independent of compositon, depending only on temperature:

DGij
xs = XiXj(Aij

0 + Aij
1(Xi – Xj) + Aij

2(Xi – Xj)
2 +… + Aij

n(Xi – Xj)
2) (7)

where Xi and Xj indicate, respectively, the mole fraction of compoonent "i" and "j"

in the "ij" binary system. The function f is the ternary interaction coefficient

expressed by

f = (2x12 – 1) A12
2  ((2x12 – 1)x3 + 2(x1 – x2)) + A12

1  + (2x23 –1) A23
2  ((3x23 –1)x1 +

 + 2(x2 – x3) + A23
1 ) + (2x31 – 1)A31

2 ((2x31 – 1)x2 + 2(x3 – x1)) + A31
1 (8)

In all the given equations, DGxs and DGij
xs correspond to the integral molar

excess free energies for ternary and binary systems, respectively, while x1, x2, x3

represent the mole fraction of the comoponents in the investigated ternary system.

RESULTS AND DISCUSSION

The thermodynamic calculations in the ternary systems Cr�Co�Mo and
Cr�Co�Al were performed along the lines of a constant Co:Mo and Co:Al mole

ratio, respectively.These ratios for the selected five cross sections in the investigated
systems are given in Table I.

The data necessary for the calculation according to the Chou model19 were

taken from the articles by Kaufman and Nesor.12�14 The binary regular-solution

parameters for the constitutional binaries in the investigated ternary Cr�Co�Mo and

Fig. 1. The selected binary composition points for the Chou�s model
19

.
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Cr�Co�Al systems are presented in Table II, while the calculated values for the

integral excess Gibbs energies for these systems, at the investigated temperature of

2000 K, are given in Table III.

TABLE I. Investigated cross sections in the ternary systems Cr�Co�Mo and Cr�Co�Al

Sections A B X C D

Co:Me, Me = Mo, Al (mole ratio) 2:8 4:6 5:5 6:4 8:2

TABLE II. Binary regular-solution parameters for the constitutional binaries in the ternary systems

Cr�Co�Mo and Cr�Co�Al

Systems i-j Aij
0
(T) Aij

1
(T)

Cr�Co �8368 0

C�Mo 2510 0

Cr�Mo 19037�8.58 T 6485�2.72 T

Co�Al �281347+118.003T 174264+0.379T+0.03612T2

Cr�Al �46442 0

TABLE III. Integral excess Gibbs energies for the constitutional binaries in the investigated ternary

systems at the temperature of 2000 K calculated from the equation:
19 DGxs

ij = Xi(ij)Xj(ij)(Aij
0
(T) + +

Aij
1
(T)(Xi�Xj)), (in J/mol)

xi

System i-j

Cr�Co Co�Mo Cr�Mo Co�Al Cr-Al

0.1 �753 226 94 �27085 �4180

0.2 �1339 402 200 �37927 �7431

0.3 �1757 527 306 �36360 �9753

0.4 �2008 602 400 �26218 �11146

0.5 �2092 628 469 �11335 �11611

0.6 �2008 602 501 4454 �11146

0.7 �1757 527 482 17317 �9753

0.8 �1339 402 401 23418 �7431

0.9 �753 226 244 18923 �4180

Based on these starting data, similarity coefficients were determined fromEq.

(1) and their values are:

�for theCr�Co�Mo system:xCr�Co=0.470,xCo�Mo=0.997 andxMo�Cr=0.004

� for theCr�Co�Al system:xCr�Co= 0.083,xCo�Al= 0.910 andxAl�Cr= 0.522,

which indicates that both in investigated systems are, according to Hillert�s classi-

fication, 20 assymetrical systems.
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Further calculations were carried out for 45 alloys in all of the selected cross

sections in each of the investigated ternary system at the temperature of 2000 K,
according to the fundamentals of the general solutionmodel, as given by Eqs. (6,8).

The results of the thermodynamic predictions for the Cr�Co�Mo and Cr�Co�Al
systems are given in Table IV, while the graphic illustration of the dependence of

the integral excess Gibbs energy on composition, for both investigated systems, is
shown in Fig. 2.

The partial molar excess Gibbs energies for chromium in all the investigated
sections of the Cr�Co�Mo and Cr�Co�Al systems at the temperature of 2000 K

were determined according to the known integralmolar excessGibbs energies using
the following relation:23

GCr
xs = DGxs + (1 – xCr)(¶DGxs/¶xCr) (9)

The calculated values for the chromium partial molar excess Gibbs energies,

activity coefficients and activities, required for a complete thermodynamic description
of the Cr�Co�Mo and Cr�Co�Al alloy systems, are presented in Table V, while the

dependence of the chromium activity on composition is graphicaly presented in Fig. 3.

Fig. 2. The dependence of the in-

tegral excess Gibbs energy on

composition for both the investi-

gated systems at 2000 K.

THERMODYNAMIC PROPERTIES OF Cr�Co�Me SYSTEMS 769



TABLE IV. Integral excessGibbs energies,DGxs

(in J/mol), for the systemsCr�Co�Mo andCr�Co�Al

at the temperature of 2000 K

xCr
Co�Cr�Mo Co�Cr�Al

A B X C D A B X C D

0.1 277 263 �244 112 �231 �31549 �20511 �2548 �762 15226

0.2 192 34 �427 �274 �731 �26272 �19379 �4726 �2456 8792

0.3 139 �150 �548 �563 �1099 �21898 �16651 �6554 �4531 3940

0.4 111 �274 �603 �756 �1334 �18232 �14235 �8053 �5782 502

0.5 99 �342 �589 �854 �1438 �15073 �12019 �9246 �6281 �1694

0.6 95 �359 �503 �860 �1410 �12226 �9890 �10152 �6099 �2818

0.7 91 �328 �341 �776 �1252 �9493 �7735 �10793 �5308 �3039

0.8 79 �255 �101 �603 �964 �6676 �5444 �11190 �3980 �2530

0.9 52 �144 221 �344 �547 �3577 �2903 �11363 �2187 �1460

Fig. 3. The dependence of the chromium activity on composition for both the investigated systems

at 2000 K.
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TABLEV.PartialmolarGibbs energies for chromium,GCr
xs
andGCr

M
(in J/mol), activity coefficients and

activities for chromium in the systems Cr-Co-Mo (a) and Cr-Co-Al (b) at the temperature of 2000 K

� (a): Cr�Co�Mo
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TABLE V. Contd.

� (a): Cr�Co�Mo
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CONCLUSIONS

Based on the obtained results, the following can be concluded:

� For Cr�Co�Mo system:

The integralmolarGibbs excess energies for this ternary systemhave negative

values in the greatest part of the system � only in section A and alloys with low
chromium content (less then 0.2) in the sections B and X are positive values

obtained. This means that the components in the investigated system are well
miscible, except in the part of the system nearer to the chromium�molybdenium

side. This can also be seen from the chromium activity curves. As can be seen from
Fig. 3, the chromium activities for all investigated sections show a negative

deviation from the ideal behaviour, except for section A, where a slight positive
deviation is noticed. This points to the fact that the chromium behaves like a solvent

for the other two components, which is also shown by the values of the chromium
activity, which are less then unity in the greatest part of the system.

� For Cr�Co�Al system:

The integral molar Gibbs excess energies for this ternary system also have
negative values in the greatest part of the system � only alloys with a chromium

molar content less then 0.5 in the section D have positive values. As for the
chromium activity curves, the only positive deviation from the ideal solution law

can be noticed for the alloys with a chromium molar content less then 0.5 in the
section A, while all the other sections show a negative tendency. This fact indicates

that this system has a similar thermodynamic behaviour to the previous one.

The obtained results for the thermodynamic properties in the ternary systems

Cr�Co�Mo and Cr�Co�Al are a contribution to the better understanding of the
thermodynamic behaviour of these alloys, which is very important in the present

day wide field of material designing.

I Z V O D

ODRE\IVAWE TERMODINAMI^KIH KARAKTERISSTIKA SISTEMA

Cr–Co–Me (Me = Mo, Al)PREDVI\AWEMPOOP[TEMMODELU RASTVORA
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Rezultati odre|ivawa termodinami~kih karakteristika ternarnih sistema Cr–
Co–Me (Me = Mo, Al) predvi|awem po op{tem modelu rastvora, predstavqeni su u ovom

radu. Za pet preseka (sa molskim odnosom: Co : Me = 2:8, 4:6, 5:5, 6:4, 8:2) ispitivanih u
oba ternarna sistema na temperaturi 2000 K, prora~unate su vrednosti integralnih

molarnih Gibsovih energija vi{ka, kao i aktivnosti, koeficijenti aktivnosti i

parcijalne molarne Gibsove energije za hrom.

(Primqeno 9. februara, revidirano 22. juna 1999)
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