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ABSTRACT

In our earlier papers, we have presented a new
method, named the mass triangle model, for calculating
physicochemical properties in the ternary system within
a limited solubility area. This model was shown to be
superior to traditional geometrical models in the
computation of ternary data from the known data for the
corresponding binaries. In the present paper, the authors
extend this method to a ternary system where the entire
compositional area inside the ternary ftriangle is
homogeneous. The successful application of this new
method to the estimation of surface tension and density
has been demonstrated in the case of the system Ni;S,-
FeS-Cu,S at 1473K with mean square root error of
+1.83%, +4.33% respectively, compared with the
experimental results.

Keywords: geometrical models, thermophysical
properties, ternary system

1. INTRODUCTION

During the past decades, geometric models /1-17/,
such as Toop model /1/, Hillert model /2/, Kohler model
/3/, Muggianu model /4/, Chou model /7/, new general
solution model put forward by Chou ef a/ /10/ have met
with different degrees of spccess in predicting
thermodynamic properties and calculating phase
diagrams for ternary and multicomponent systems. This
is attributed to the simplicity and effectiveness of such
an approach. Further, the calculations require

information only from the binary systems, which is
relatively easy to obtain. It is to be noted that the
reliable application of these models is limited to
homogeneous ternary systems. If the systems exhibit a
partial solubility area, this kind of calculations is found
to introduce considerable errors, especially when the
solubility area is so small that this homogeneous phase
field cannot intersect with binary edges in a composition
triangle. In order to solve this problem, successful
attempts have been made in our previous papers /18-20/,
in which a new model, named the Mass Triangle Model,
has been presented to calculate the physicochemical
properties for a small solubility area in a ternary system
where such calculations cannot be carried out by a
traditional geometrical model. Good agreement between
the calculation results and the experimental data
presented in these publications demonstrated that this
new model was significant for evaluating properties in a
ternary system with a limited solubility area. Based on
these successful applications in limited solubility area, it
was felt necessary to test the performance of this model
in the case of a system with complete solubility area and
compare with the result obtained from tradition
geometrical model. If successful, the Mass Triangle
Model would prove to be a valuable unified
thermodynamic tool that can be applied to both
homogeneous as well as multiphase ternary systems
works. With the advancements in the modeling of
metallurgical processes, the property measurements are
extended to thermophysical properties such as
viscosities, surface tensions and densities. In the present
paper, the new model is applied to predict the surface
tension and density in the case of the ternary test system
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Ni;S;-FeS-Cu,S at 1473K from the experimental data
corresponding to the binaries.

2. THEORETICAL ANALYSIS

For a ternary system 1-2-3 with a complete
solubility, the ternary properties can be calculated
through a combination of three binary properties in
combination with weight probability values assigned at
selected binary points. According to the method of
selecting binary points suggested by Chou /10, 18/, the
three binary compositions are chosen in terms of the
following procedure:

Through the ternary composition point O (Fig. 1)
three straight lines are drawn parallel to three binary
composition lines 23, 31 and 12 respectively, i.e. OA,
OB and OC in the figure. These three lines intersect
binary edges at points A, B, C respectively. Thus, the
composition relationships between point O and three
points A, B, C can be expressed as follows:

— o= S
Xp =Xy, xg-xg, Xp =Xp )

Fig. 1: Schematic diagram of mass triangle model in
ternary system

If the calculated property is surface tension, the
equation for the ternary surface tension according to
mass triangle model can be expressed as follows

Jo =WAO'A+WBO'B+WCo'C (2)
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where 05, og, and oc , denote the surface tensions at
points A, B and C respectively, while W4, Wp and W,
are the respective weight factors. The symbols of
Saosc s Saocas Saosp and Spypc represent the

areas of friangles AOBC, AOC4, AOAB and adBC
respectively. The weight factors of W,, Wg and W-

can be calculated in the following way

W4 =Saosc ! SaaBc ' (3)
Wp = Saoca ! Saasc 4)
We =Sao048 ! Saasc Q)

Since the area of the triangle can be expressed in
terms of the coordinate of mole fractions of
corresponding components 1, 2, 3,the probability weight
at points A, B, C can be expressed as follows

0 0 OxA A

R S S
Wy= x‘B xf xy |/ x]B xf x3B (6)
C G IC‘ C C

C 3C/ B B B %)

0] 0] A A

xWoxy x| X' xy x;

|4 A A B B B
We =ix" x3 x3|/lx) x5 x3 (8)

3. APPLICATION

Knowledge of the surface tensions and densities of
sulphide liquid mattes containing Cu,S, FeS, Ni;S; is a
prerequisite to understand flash smelting and converter
processes for the production of nickel and copper.
However, the literature data of surface tension and
density for the systems mentioned above are scattered
and insufficient. To the best knowledge of the present
authors, the only systematic measurement of surface
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tension and density of molten Ni;S,-FeS-Cu,S mattes is 065 o oo 65
due to Kucharski et al. /21/. These authors have taken o.wL —?j';{uch.rski 460
extreme precautions in their experiments for the 055 | v Byeney, I'kebe . 1 55
measurements of the above-mentioned properties along _ osof I oy /v//l ° /: 450
pseudo-binary lines at 1473K. The maximum bubble 5 oss | g _— -~ E Jus g
pressure method was employed by these authors with a T i ] r

o4l oY * 440
deviation of £2.5% between independent measurements. o5 ;/F.‘L::’/ o
In order to evaluate the accuracy of their data, . —=— Kucharski
comparisons of the values reported by Kucharski et al.

with other literature data /22-29/ have been carried out
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by the present authors and the comparison results are FeS NLS
illustrated in Fig. 2. In the case of the system FeS-Ni;S,, Mole fraction of Ni,S, e
the surface tension values reported by Kucharski et al. (a) FeS-Nis;S,
/21/ are in reasonable agreement with the values
reported by Byerley and Takabe /22/. The same is true 080 — 6
in the case of the densities in these systems. In the case 055 ‘ )— o . - r ]
a
of the binary system Cu,S-Ni,S;, the values for both N ™ 9 ° )9 5
surface tension as well as densities reported by L : ° E 1 .
Kucharski et al./21/ can be seen to be in agreement with AN (R . ,/-/ 44 §
p E I e >
those reported by Byerley and Takabe /22/ except at the z . B a
high Ni;S; end. In the case of the system FeS-Cu,S, the ¢ o densiy el 12
surface tension values reported by Kucharski et al. /21/ —o~ :u%hars:i S o :;“?If'o‘;’::‘i'
: 025 | v Byerley, Take| ,
deviate from the reported results of both Tokumoto et s gﬁ‘ N
: : s * Elliott, Mouni
al. 123/ as well as Vanyukov /24/. The different density e S e
g 015 L L " L L 1 1
measurement results by these two groups also exhibit a dos 02 0.4 08 08 KT
difference. The estimation of the ternary properties of k Mole fraction of NS, i
the ternary system Ni;S,-FeS-Cu,S from the binaries (b) Cu;S-NiS
. . u,S-Ni
requires a mutual consistency between the data for the SR e
three binaries involved. Thus, the present authors found . "
the best choice of binary date for the estimations of (€) surface tension density
surface tension and density by the mass triangle model T s P il  E
in the case of the ternary system Ni;S,-FeS-Cu,S was to 4 Vamyukov(1373K) v Kakra, Togurl.? ]
- : ! 050 | 50 .
utilize the corresponding binary data reported by . £
< v
Kucharski et al. /21/. E oul S s Jas 3
-~ o
In analogy with thermodynamic calculations, even in ° L2 V/ N
. . 0.40 ) 4 40
the case of thermophysical properties such as surface [ 3 — =
tension or density, the excess properties can be ol 4 # a, . {35
expressed by the difference between real properties and
ideal properties in a binary system. In the application of o Fo'% 0z 04 08 08 o o0
. . " . e CuS
mass triangle model in a composition triangle, two types Mote fraction of Cu_S “

of calculations were employed in the present work, viz.:
; ] ; (c) FeS-Cu,S
one is based on excess surface tension on binary

boundary, and the other on the actual surface tension of
three binaries. In the present paper, the results of both

kinds of calculations have been performed.

Fig. 2: Comparison of surface tension and density of
three binary systems at 1473K.
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3.1 Calculation in terms of excess property

Based on the experimental data reported by

Kucharski et al. /21/, the excess surface tensions ot

and excess densities pE of three binaries in Ni;S,-FeS-
Cu,S at 1473K were calculated as shown in Fig. 3 a,
ot and b, pE . It is easily found that the deviations of
the excess properties in Ni;S,-FeS binary are different
from the other two binaries Cu,S-FeS, Ni;S,-Cu,S. In
the case of surface tensions, the FeS- Ni;S; system
shows an irregular pattern with the increasing of FeS. In
the case of excess density, on the other hand, the values
show a positive deviation. In order to describe the
of and pE  of three binaries by mathematical
formulae, the power series regression was adopted in
the present work fit the excess property data for three

binary systems,. The coefficients thus evaluated are
listed in Table 1 and Table 2.

Table 1
Power series regression coefficients for excess surface
tension of Cu,S-FeS, FeS-Ni;S,, Ni;S,-Cu,S at1473K

binary XiXj xiXj(X;) xiXj(X; % R?
Cu,S-FeS  -0.05078 -0.06596 -0.05696 0.99875
FeS-Ni;S, -0.231837 0.712514 -0.64168 1

Ni3S;-Cu,S  -0.497057 0.976394 -0.58056 1

Table 2
Power series regression coefficients for excess density
OfCU2S-Fes, FeS-Ni;Sz, NigSz'CUzS atl473K

binary XiX; XiX;(X;) xx(xi?) R?
Cu,S-FeS -0.098 -0.06146 -0.01424 1
FeS-Ni;S; -0.036 0.035417 -0.16042 1
Ni;S;-Cu,S  -0.154  0.197917  -0.14514 1

With the excess properties along the binary
boundaries, the surface tension and density of the Ni,S,-
FeS-Cu,S at 1473K are calculated for the whole
composition triangle and are presented in Fig. 3 together
with experimental results reported in literature.
Considering the experimental error of +2.5%, one may
conclude that the model evaluation is in reasonably
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good agreement with the experimental results. With the
excess properties along the binary boundaries, the
surface tension and density of the Ni;S;-FeS-Cu,S at
1473K are calculated for the whole composition
triangle, which are presented in Fig. 4 together with
experimental results reported in literature. Considering
the experimental error of +2.5%, one may conclude that
the model evaluation is in reasonably good agreement
with the experimental results.
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Fig. 3: Excess properties of the Ni;S-FeS, FeS-Cu,S,
Cu,S-Ni;S, binaries at 1473K.
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(a) .

Calculated curves
e Experimental data

® = = Experimental data
-—— Calculated curves

(b) iso-density

Fig. 4: Calculated properties in molten Ni;S,-FeS-
Cu,S system at 1473K from excess boundary.

3.2 Calculated from real data of surface tension
and density in binaries

As mentioned above, for the mass triangle model, it
also can be applied in terms of the actual property data
from three binary boundaries directly. Figure 5§
illustrates the calculated results in terms of real binary
properties for surface tension and density in Ni;S,-FeS-
Cu,S system at 1473K respectively, along with the
experimental data measured. In these calculations, the
spine interpolate function is used.

High Temperature Materials and Processes

(a) ! « Experimental data
—— Calculated curves

X( NiS,)

(a) is-surface tension

{b) 52 e Experimental data

Calculated curves

X (Ni,0,)

(b) iso-density

Fig. 5: Calculated properties in molten Ni;S,-FeS-
Cu,S system at 1473K from actual properties.

4. DISCUSSION

In order to evaluate the validity of the mass triangle
model for the ternary system with complete solubility,
nine experimental points along three pseudo-binary
lines were picked up for comparison. It is also of
interest to know which of the two boundary data, excess
or the actual property, would give better results. The
detailed comparisons are listed in Table 3.
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Table 3
Comparison of the calculation results with the experiments
Composition in mole Experimental Results /21/ Surface tension / Density /
fraction N-m' g cm?

Ni;S, FeS Cu,S c/N-m plg: cm” By excess By real By excess By real
0.2 0.16 0.64 0.385 5.08 0.381 0.381 4.89 49
0.5 0.1 0.4 0.398 5.1 0.404 0.406 5.04 5.02
0.8 0.04 0.16 0.424 52 0.429 0.432 5.16 5.17
0.2 0.4 0.4 0.366 4.82 0.369 0.367 4.59 4.65
0.5 0.25 0.25 0.409 5.0 0.403 0.398 4.83 4.93
0.8 0.1 0.1 0.433 5.15 0.437 0.442 5.06 5.12
0.2 0.64 0.16 0.357 4.62 0.358 0.361 428 4.53
0.5 0.4 0.1 0.409 4.95 0.403 0.397 4.63 4.84
0.8 0.16 0.04 0.443 5.19 0.444 0.444 4.96 5.13

Relative difference (x %) 2.5 2.5 1.09 1.83 4.33 2.11
It is clear from Table 3 that the relative errors of the xlo Xg xg’
mass tnangl-e model, wh?n apphec.i t(.) the calculz?tlon of oo J3 xlB XZB x;f /4
surface tension and density, are within the experimental c
error of 2.5%, except in the calculation by using excess RN (10)
density, where the errors were as high as 4.33%. In view ’10 0 xg)
of.' this, it should be reasonable to.expect that the m:ass 4| o 0o l—xzo 4= \/?;xloxzo /4
triangle method can be applied for calculating 0 0
physicochemical properties for ternary systems with a I=x] 3
completely homogeneous area.
It is found that, if the binary points are selected by x? x5 x?
using thfe methf)d sugges.ted t.>y Chmf /10,18/, the m(.)del Saoca = NG xlc xzc x3c /4
calculation will be simplified since the relations v,
between A, B, C and point “O” are straight-forward, S ST an
from which one can find a simple fornula to calculate xlO xg) xg)
the triangle areas. This can be represented as - Bh- % 0 0l/4= \/—xz Ny
0 _.0
x]l_ x; Xj‘ xl 1 xl O
SasBC =3 xlB xf xy|/4
v 2 R
xooxy X A G
o 0 SAOAB a= \/3 xl x2 x3 /4
x| 1-x 0 B B
= Xl x2 X3
=J3l 0 x¥ 1-xD|/4 © o (12)
1-x2 o x? I S
B o / =3[0 1-x2 0 [14=Bx0x0 /4
= x0x9 + x9x0 +x0x 4
3005 + 5% + x5 x0) 0 K 1-x0
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Thus the probability weight will be reduced to:

Wy =x9x§ 1(x0x9 + x5 x5 +x0x9) (13)
N N N

We =x9x0 1(x0x5 + x5 x5 +xFx0) (14)

Wer = xPx0 1(x0x8 + 3950 +x0x0) (15)

As we discussed in the previous section, there are
two methods used for calculating the physico-chemical
properties in the mass triangle model: one is based on
the actual property and the other is on the excess
property. Comparing the results in Figs. 4 and §, it can
be seen that the two methods have very similar tendency
for both surface tension and density. of this system at
1473K, though there is still a slight difference with
respect to the absolute values. Surface tension increases
with the increase of Ni;S, content, and decreases with
the addition of FeS. In view of the fact that only one
ternary system has been tried in the present work,
however, it is hard to judge which kind of boundary
data, excess or actual property will be more appropriate
for such calculations in general. Considering ohly the
simplicity of calculation, the actual property boundary
will definitely be advantageous in data treatment.

There are two methods that can be used to calculate
the physicochemical properties -for a solution: these are
the general geometrical model /16-17/ and the mass
triangle model /18/. It has already been found that the
former is suitable for the solution with completely
homogenous area, while the latter is suitable for a
solution with a limited solubility. Our calculation in this
paper shows that the mass triangle model is working
very well even for the calculation of surface tension and
density in the Ni;S,-FeS-Cu,S system, which exhibits a
complete solution in liquid phase at 1473K. Thus, the
mass triangle approach provides a generalized approach
towards the computation of thermophysical properties
of ternary and higher order system.

5. CONCLUSION

It has earlier been proved that the mass triangle
model had been successfully used to treat the

High Temperature Materials and Processes

calculation of properties in the system with a limited
solubility area. In this paper, we have further proved the
possibility of extending this method to ternary system
where the whole system is homogeneous. The
application of the mass triangle model to the calculation
of surface tension of the Ni;S,;-FeS-Cu,S mattes at
1473K showed that this method can obtain good results
in comparison with the experimental data.
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