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SURFACE TENSION OF LIQUID Cd-Zn-Sn ALLOYS

NAPIECIE POWIERZCHNIOWE CIEKEYCH STOPOW Cd-Zn-Sn

A model predicting the surface tension of multicomponent solutions from the
knowledge of thermodynamic properties, densities and surface tensions for limit-
ing binaries has been proposed. The model was tested for the surface tension of
Cd-Zn-Sn alloys, which were determined by the maximum bubble pressure method.
Surface tension and density data of Cd-Sn and Zn-Sn alloys were acquired from
literature. A fairly good agreement between predicted and experimental data was
obtained for Cd-Zn-Sn.

W pracy zaproponowano model do obliczania napiecia powierzchniowego wielo-
sktadnikowych roztworéw w ktérym wykorzystuje sie znajomos$¢ wlasnosci termo-
dynamicznych, gestosci i napiecia powierzchniowego dla granicznych roztworéw po-
dwéjnych. Model wykorzystano do obliczenia warto$ci napiecia powierzchniowego
stopéw Cd-Zn-Sn, ktdre réwniez zmierzono metoda maksymalnego ci$nienia w pe-
cherzykach gazowych. Wartosci gestoéci, napiecia powierzchniowego oraz wtasnosci
termodynamicznych dla granicznych ukladéw podwdjnych zaczerpnieto z litera-
tury. Uzyskano dosy¢ dobra zgodno$¢ miedzy wartoSciami obliczonymi z modelu,
a danymi eksperymentalnymi.

1. Introduction

The investigation of the physical properties such as surface tension, density
and viscosity is of great importance from theoretical and practical point of view.
These properties in conjunction with thermodynamic data can provide better
understanding of processes occurring in extractive metallurgy. The surface ten-
sion is the property that influences the reaction rates taking place on interface of
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phases because of adsorption phenomenon which is related to the surface tension.
The paper presents the results of surface tensions measurements for Zn-Cd-Sn
alloys as well as a model which attempts to describe the surface tension of multi-
component solutions from the knowledge of thermodynamic properties, densities
and surface tensions for limiting binaries.

2. The surface tension measurements of Cd-Zn-Sn alloys

The surface tension of Cd-Zn-Sn alloys has been measured with the maximum-
bubble pressure method. The experimental set up used during these measure-
ments has been described in paper [1]. This experimental set up is shown in
Fig. 1. The apparatus consists of furnace, gas train, capillary, graphite container
with investigated alloy placed in crucible, bellows system and micrometer screw.
In order to limit evaporation of cadmium and zinc from the Cd-Zn-Sn alloy, the
crucible contained the sample was placed in graphite container with lid wherein
a hole for capillary introduction had been made.
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Fig. 1. Experimental apparatus
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A sample of the investigated alloy was placed in the furnace which was then
closed. Next the gas-train was switched on and purified argon was passing through
the system for about 24 hrs. After flushing the system, the furnace was switched
on to have the furnace heated up to the desired temperature. Then the capillary
was immersed at one of three chosen depths. The maximum pressure required for
forming and detaching several bubbles was measured. The bubble rate formation
was about 60 seconds. The average value of these measurements was taken for
surface tension computation, and the first approximation of the surface tension
was determined with the equation:

i
0 = 57+ Pnax, (1)

2
where: o is the first approximated value of the surface tension, r is the capillary
radius (r &~ 1.5 mm), Ppax is the maximum pressure required for forming and
detaching a bubble. The real value of measured surface tension was obtained

with Sugden’s corrective procedure [2]. Investigated alloys were prepared from
Cd-99.999%, Zn-99.999%, and Sn-99.99% purity.

Results obtained for Cd-Zn-Sn alloys are enclosed in Table 1, and graphically
illustrated in Fig. 2.
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Fig. 2. Temperature dependence of the surface tension for Cd-Zn-Sn alloys

For all investigated alloys, the surface tension varies linearly with temperature
despite the fact that surface tensions of zinc [3] and cadmium [1] show curvilinear
dependencies vs. temperature.
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TABLE 1

Dependence of surface tension of Cd-Zn-Sn alloys on composition and temperature.
For all alloys Xzn/Xsn =1

T 643 662 669 691 697 721 734 745 755 773 785 825
(K]
Xca=09 =
o 591 592 591 591 590 578 586 596 590 583 583 586
[mN/m] '
T 629 679 721 741 751 788 815
. (K]
Xca =038
o 583 583 581 581 581 581 577
[mN/m]
T 628 646 665 671 695 715 727 759 770 788 815
(K]
Xca =07
o 574 572 577 574 572 574 570 574 574 574 570
[mN/m]
T 630 651 677 700 734 763 796 817
(K]
Xca =0.6 -
o 562 567 567 562 565 565 557 557
(mN/m]
I3 608 614 638 645 668 673 700 709 734 751 756 781 783 815 819
(K]
Xca =05
o 559 565 559 564 561 556 559 552 549 554 549 554 547 551 546
[mN/m]
T 653 663 675 700 707 734 745 757 770 785 797
(K]
Xca =03
o 555 547 555 554 547 546 547 551 545 548 547
[mN/m)]

3. The model
3.1. Surface tension of binary mixtures

The relation between the surface tension and the activities of component “i”

in bulk and surface phase for a mixture is expressed by the equation [4]:
OAO RT . a%
1

(
ia, T4 m (2)

where ags), a,,gb) are the activities of component “s” in the surface and bulk phase

respectively, A? is the molar smface of pure component “i”, A; is the paltial
surface area of component “/”, o? is the surface tension of pure component “”
This equation was for the ﬁ1st time developed by Butler [5].
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It has been suggested [1, 6, 7] that the activity coefficients in the surface phase
for binaries solutions can be written as follows:

) = const- £i(X{*), (3)

In-y;
where f; is the same function, which describes the activity coefficient of the
component “s” in the bulk phase:

| oy = fi(x®). (4)
It should be mentioned that in our model “const” does not represent a fraction
of ¢ — j bonds of i-th atom in surface phase in comparison with i-th atom in
the bulk phase. To reach the surface i-th atom has to gain an extra energy, and
therefore energy bonds in the surface phase would be much weaker than in the
bulk phase. Therefore in our model “const” is rather related to ¢ — j pair energies
in surface and bulk phases.

61(-’8]-) - ( (s )+6 )/2 = const - [ (b]) ( (®) —I—a]]) /2] (5)

Some of the atoms would acquire such energy that can leave also the surface and
pass to the gas phase. Because of it, thermodynamically this solution should be
close to ideality, and hence “const” value should be closed to zero. It is under-
standable that there is also decrease of i — j bonds of i-th atom in the surface
phase.

Taking into account “i” and “;” (i # j) components of the binary mixture
and using equations (2) - (4) one can obtained the following equation:

o049 — 00 A%9);
RT

+0;m XY~ X® + 0, £(x) - fi(xP) =
O X — In X[ + const- [@ijfj(Xl(cS)) = fi(X}SS))] ; (6)

where ©;; = A;/A;, A; = Vi/7, V; is partial molar volume of component “:”, 7 is
assumed thickness of the surface phase- we usually assume a monolayer surface
phase. Equation (6) can be solved numerically for chosen “constant” value which
“best” fits the Eq. (2) to experimental data. In Fig. 3, a flow chart for calculating
the surface tension is presented. The constants as well as the surface compositions
for Zn-Sn and Cd-Sn alloys were estimated with this algorithm. The experimental
data for these systems were acquired form literature [1, 3].

The surface tensions of Zn-Cd system were measured by Ptak and Kuchar-
ski [8], however their data were obtained at an intensive zinc and cadmium
evaporation. Measurements of the surface tension of the metals possessing high
vapour pressure can give false results if equilibrium between the vapour and the
liquid did not prevailed [9]. An attempt to describe these data by Eq. (2) shows
rather poor fit. The surface tension from equation (2) for these systems was
computed utilising the estimated data. Comparison between the experimental
data and those computed from Eq. (2) are shown in Figs. 4 and 5.
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Fig. 4. Comparison between measured values of surface tension and values calculated with Eq. (2)

with constzn,sn = —0.03 for Zn-Sn alloys. Experimental data were taken from literature (3]
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3.2. Surface tension of multicomponent mixtures

Let us assume that our mixture is formed from n-components. According to
Eq. (2), surface tension of the mixture, can be expressed by the n-relations:

A RT. o
_ 0“1 1
i i i ™ lnagm *

0 A3 | BT | o)

O =g, v a4, e
AY RT. o
o =2 ——In-2o_ (7)
Az Az (b)
0 A RT aﬁ{q)
c=0,—"+—In '
A, Ay aslb)
where: agb), agb), agb), - a%b) and ags), a(;), ags), - agf) are activities of the
solution components in bulk and surface phase respectively, Ay, As, As, ..., Ap
are partial molar surface of the solution components, A9, A9, A3, ..., A% are
molar surface of pure components, o9, 09, 03, ..., 00 are surface tensions of pure

components.

By combination of these equations one can obtained (n —1) independent
non-linear equations: ‘

J?A? — ogAg@lg
RT
~ A (xP, XD, XO) = Ol X — In X ¥

+ 0 R (X, x, L xE) - x®), xP) L xh,

n g eeey n

+ 01 XY —n x4 0, F(xP, xP) . xO)

1 n

U?A(lJ _— UgAg@w

BT 4+ O131n Xéb) — lanb) + @13F3(X§b), Xéb), X Xflb))
— R(xP xP L X®) =013l x{ — In x¥
+ O F(x x{ L x®y - m(x ) x$), L xe), (8)

U(I)A(IJ — USA%@ln
RT
~Rx® xP L xP) =0, x® —nx®

+ O, Fo (X x§ L x) — m(x$, x{), ., x19),

n

+ 0, XY X + 01, F (X, xP, .. x®)
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In order to solve this set of equations, the model utilising thermodynamic
properties of limiting binary systems [10] was used to describe activity coefficients
of the components in bulk and surface tension phases. The excess free energy of
mixing according to this model is expressed by the equation:

GF = (1-y) [GE(yl)] ,2+y2(1_y3) [GE(yl)]1‘3+---+92y3---yn—1 [GE(?/l)] +

1 1.n
n—1 n
X.
> > (Xi+X5)? [GE (—’ )} , 9
i=2 f=itl &+ ij

where [GZ(y1)]1 is the excess free energy of the limiting binary 1 — i mixture,

. f - X,

{G A (—7—>] is the excess free energy of the limiting binary i — j mixture
X+ Xj i

(¢>2;j >14+1), Xy; X; are the mole fractions, and

Xo+ Xs+ ...+ X,
y1 = =1-X,
B+ Xt Xy

. Xs+X4+ ..+ X,

= , 10
SIS . AR A (1]
y == XTL
ot Xn—l + Xn
are independent variables.
The relations express partial molar free energies of mixing:
0GE
Gf =GP -y
oY1
OGE 0GE
GE = gE 4 95~ _ 1 9C7 (11)
oy 1 9y
0GE 1—yy 0GE 1—y; OGP 1—yn— 0GE
Gf _ G1E+ i Y2 + Y3 P Yn—1 .
oy vi Oy2 vy Oys Y1Y2y3.--Yn—2 OYn-1

Thermodynamic properties for limiting binary systems of Zn-Cd-Sn alloys were
taken from literature [11-13], and according to equations (11), the partial free
energy of Zn in Zn-Cd-Sn alloys was computed (Zn = 1, Cd = 2, Sn = 3). The
calculated values are compared with the experimental data [14] as can be seen
in Fig. 6.

As can be easily seen the computed values are in a quite good agreement with
the experimental data.
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To solve the set of equation (8), the following assumptions have been made:
e The excess free energy of mixing for the “surface phase” is expressed by the
equation:

GP) = (1 - y3") [const1 26" (11")],, +

s (1 - ¢$) [constl‘sGE(s)(ygﬂ)L gt

yés)ygs)...ygs_)l [constl‘nGE(s)(ygs))] +

1n
n-1 n 9 X(s)
Z Z (Xi(s) +X](-s)) consti,jGE(s) g L ®) , (12)
i=2 j=i+1 X7+ X5 i
where consty o, consty 3, ..., const; , are constants estimated for 1 — ¢ binary

systems, const; ; are constants estimated for ¢ — j binary systems (i # j, j # 1)
are independent parameters for the “surface phase”.

e Mathematical form of the [GE(S)JIC ; functions is identical with those for the

bulk phase of the & — [ binary systems {GEJk ’
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Utilising Eq. (12), the partial molar free energies of mixing for “surface phase”
can be estimated:

E(s s saGE(
GEO) — GEG) _ o)

b

591

Bis) | 0GEW i) aGEe)
T Y
................................ (13)
9GZ) 1y 9GP | 1y 9GE)

PY0) OIS RN ON O RPN

1 Y1 Y2 Y1 Y2 Y3

3

1-— yﬁls)l AGE(s)

Yyl 0, gyl

+

The set of equation (8) can be solved through Egs. (11) and (13) providing that
all consty; were determined from experimental data for £ — [ binary systems. In
case of Zn-Cd-Sn alloys constzy sn = —0.03 and constcg sy = 0.23 were estimated.
The value of constz, cq was assumed to be 0.2 or —0.2. Using these data two
independent equations (8), which may be derived for Zn-Cd-Sn alloys were solved.
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From this computation value y§s) and ygs), and then surface tension of this system
were calculated. Comparison between computed and experimental values is shown
in Fig. 7.

As it can be seen in Fig.7 a fairly good agreement between predicted and
experimental data was obtained for Cd -Zn-Sn alloys.

4. Conclusions

The surface tension of Zn-Cd-Sn alloys was measured by the maximum bubble
pressure method over temperature and composition range. For the alloys with
Xzn/Xsn = 1, and varied Xc¢q, surface tension shows a linear dependence with
temperature within experimental range.

A new predictive model for surface tension of multicomponent solutions was
put forward. The model is capable to predict surface tension of multicomponent
mixture from the knowledge of experimental data for limiting binary solutions.
This model was tested for Zn-Cd-Sn alloys and a reasonable agreement between
the values calculated from the model and measured data were observed.
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