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Behavior of the Enthalpy of Formation in the Tin-Antimony System
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Calorimetric studies on the behavior of the enthalpy of formation in the tin-antimony system have been carried
out at five different compositions (43.3—55 at -% Sb). The enthalpy of dissolution has been determined at 796.15 and
768.15 K. The enthalpy of formation is negative and takes a maximum value (2.90610.002 kJ mol™1) at 298.15 K for
50 at-% Sb. The molar enthalpy of mixing is more positive than that of formation. On comparing with partial molar
enthalpy of mixing, the partial molar enthalpy of formation of tin is shifted to more negative values, while that of

antimony to more positive values.

In recent years, the study of thermodynamic proper-
ties of binary systems of metals has attracted much
interest. One such system, namely tin-antimony has
been studied by some researchers eg. phase diagram by
Predel and Schwermann! and heat of mixing by
Wittig and Gehring? and other authors.? Also in this
laboratory, work has been carried out in order to study
the behavior of the enthalpy of formation of the B’-
phase in the tin-antimony system® and to obtain the
ratio of the enthalpies of formation to those of mixing.
This would facilitate interpolation of the behavior of
the enthalpy of formation at positions having indefi-
nite structures.

Experimental

Sample. The metals used were of extra purity grade.
These were procured from Riedel de Haen Co. The alloys
samples were produced in cylindrical forms (¢=4.5—5mm;
h=12—16 mm) by means of a melting device (Fig. 1). By this
melting device, while the clean liquid metal flows down into
the lower tube of quartz, the oxide layer remains apart in the
first one. The mixture of tin and antimony was stirred
mechanically with a stirrer made of ceramic for 30 min at 873
K. In order to reduce the effect of oxidation, argon gas was
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Fig. 1. Melting device.

Table 1. Lattice Constant of the 8’-Phase
in Sn Sb System (Found/Ref.)

Xsb a in A (Found) ain A (Ref.)
0.433 6.118 6.133 6
0.450 6.103 [6.136] 7
0.500 6.116 [6.120] 8
0.525 6.100 [6.136] 8
0.550 6.118 [6.134] 1

The values between the brackets were calculated from
KX. The reported a values for 50 at-% Sb are dif-
ferent. They fluctuate between 6.104 and 6.138 A.

used as a protector during the melting process. The samples
were tempered for 6 h at 673K, 6 h at 623K, and 192 h at
483 K.

The homogeneity of all the composition studied was
established through testing the polished pictures prepared as
described by Czochralski and Przyjemski.® Also X-ray
(powder) photograph of the samples was taken and lattice
constants have been determined (Table 1).

Calorimeter. The calorimeter used was a slightly modi-
fied version of the type described by Wittig and Gehring.?

Theory and Procedure

The enthalpy of dissolution of solid antimony in
liquid tin can be determined at the temperature T,
through the equations

_‘(l_xz) . Sn(l, Tl)—xz . Sb(s, T1)+Sn|—xzsbx2(l, T1)=0,
0]

h*=—(1=x3)  hy(T1)—x2* ho(T1)+hs(T)), (2)

where, h’ is the enthalpy of dissolution of solid anti-
mony in liquid tin, k3 the enthalpy of the alloy at the
mole fraction of antimony x,.

The enthalpy of dissolution has been determined at
796.15 and 768.15 K.

The enthalpy of formation is the special form of the
enthalpy of reaction evolved by the formation of the
substance from the elements. In the case of the tin-an-
timony alloy, the formation reaction is

—(1=x3) - Sn(s, To)—x3- Sb(s, To)+Sni—y, Sby, (s, To)=0, (3)

where, T, is the initial temperature.
The enthalpy of formation is then

RF=—(1=%3) * hy(To)=%" ho(To)+hs(To). €]
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The indices 1, 2, and 3 indicate tin, antimony, and the
alloy, respectively.
Subtraction of Eq. 4 from Eq. 2 yields

R —hF=—(1=x3)  [hy(T1)—hy(To)]—%3[ hp( T1)—hy(To) 1+
[h3(T1)—hs(Ts))- (5)

The term hg(T,)—hs(T.) which appears in Eq. 5 is the
enthalpy difference of the alloy; this was measured
between 298.15 and 768.15 K; between 483.15 and
796.15 K. The enthalpy differences h,(T;)—hy(T,) and
hyo(T1)—hy(T,) are measured accurately (s. Table 3).

This procedure can be illustrated with reference to
the following scheme:

hs
Sn(l, Ty) Sb(s, T1)
hl h3 l’lg
Sn(s) Snsh W Sb(s)

The non-measurable process of the enthalpy of forma-
tion at T, will be substituted by (1) heating of tin and
antimony at T, (2) measurement of the enthalpy dif-
ference of the single miscible phase between T, and T,
and (3) measurement of the enthalpy of dissolution at
T,. Employing the present procedure, the enthalpy of
formation has been experimentally determined at five
different compositions. From the obtained values of
the enthalpy of formation an appropriate polynomial
function is given (Egs. 6 and 7).

Results and Discussion

(i) Lattice Constants. Results of the lattice con-

stant determinations are presented in Table 1 together
Table 2. Experimentally Determined Enthalpy
of Dissolution of Solid Antimony in
Liquid Tin in Jmol-1
M(Sn)=118.7gmol~1; M(Sb)=121.76 g mol -1
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with the values reported by other authors.1:6~8 The
quoted lattice constants of the 8’-Sn Sb vary regularly
with the composition. The a value for 50 at-% Sb is in
agreement with that reported by Osawa,® while those
for other compositions differ 0.245 to 0.59% from ear-
lier ones.

(ii) Enthalpy of Dissolution. Table 2 represents
values of the enthalpy of dissolution of solid antimony
in liquid tin at 768.15 and 796.15 K. The results have
been least squares fitted by a polynomial expression,
with a standard deviation of 0.4% for a single mea-
surement. The enthalpy of dissolution varies regu-
larly with the composition as the associated lattice
constant data do.

(iii) Enthalpies. Table 3 represents values of k-
(T)—h1(298.15 K); hy(T)—h(483.15 K) and hy(T)—h,-
(298.15 K); hy(T)—hy(483.15 K) as determined by the
present study. The average error of the individual
measurement was found to be 0.32%, while the devia-
tion of the single measurement of the earlier reported
data (s. Ref. 9) was estimated to be 1—2%.

Values of h°(768.15 K)—h°(298.15 K) and h°(796.15
K)—h°(483.15 K) of the alloys are collected in Table 4
at five compositions. The deviation is 0.3% for a single
measurement.

(iv) Integral and Partial Molar Enthalpy of Forma-
tion. The integral and partial molar enthalpies of
formation at 298.15 and 483.15 K are illustrated in
Table 5 for five different compositions. The average
error of the individual measurement was found to be
0.41% for T=298.15K and 0.3% for T=483.15 K.

Using the data in Table 5, it was possible to derive
empirically, equations which represent the shapes of
the curves drawn in Figs. 2 and 3 as follows:

Table 4. Enthalpy Difference of the Alloys in J mol~!
M(Sn)=118.7 g mol-1; M(Sb)=121.76 g mol—!

xsp  h°(796.15)—h°(483.15K) h°(768.15)—h°(298.15K)

0.433 23790 28067

Xy 0.433 0450 0.500 0.525  0.550 0.450 23796 28091

s 0.500 23822 28057

h*(796.15K) 7382 7729 8753 9281 9821 0.525 93903 98066

h®(768.15K) 7212 7552 8549 9113 9590 0.550 23816 28040
Table 3. Experimentally Determined Enthalpy Differences of Tin and Antimony

M(Sn)=118.7 g mol—!; M(Sb)=121.76 g mol-!

hi(T)—h1(298.15K)

hi(T)—h1(483.15K)

ha(T)—h2(298.15K) h2(T)—h2(483.15K)

T/K
Jmol—! Jmol—! Jmol-! Jmol—?
298.15 0 — 0 —
400 2850 — 2612 —
500 5820 458 5239 410
505.11(s) 5985 623 — —
505.11(1) 13010 7648 — —
600 15755 10393 7912 3083
700 18617 13255 10670 5841
768.15 20550 15188 12654 7825
796.15 21354 15275 13432 8723
800 21462 16100 13541 8842
900 24309 18947 16552 11723
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Table 5. Enthalpy of Formation of the 8’-Phase in the
Tin-Antimony System in Jmol~!, (Calcd) Found
T=298.15K T=483.15K
x
Y N LY S
(3736) (3960)
0.433 3794 8540 2625 3970 9043 2698
(3541) (3755)
0.450 3549 8851 2950 3741 9316 3042
(2908) (3092)
0.500 2906 9664 3849 3070 10178 3995
(2559) (2726)
0.525 9549 10103 4266 2787 10643 4437
(2189) (2338)
0.550 9900 10563 4662 9394 11130 4856
RT=—5.387—3.606x,+17.12x3; T=298.15 K, (6)
hF=—5.642—3.970x,+18.14x3; T=483.15 K. (7

It is apparent that the enthalpy of formation depends
insignificantly on the temperature (Figs. 2 and 3).

The data in Table 5 clearly indicate that the
enthalpy of formation increased with the increase of
antimony mole fraction. This behavior is expected
due to the charging of the Brillouin zones.

For a heteropolar behavior, a minimum of the
enthalpy of formation is expected to appear at 40 at-%
Sb. This minimum could not be observed in the nor-
mally experimental values. This is due to the fact that
the deformation energy constrains the minimum of the
enthalpy of formation to shift from a stoichiometric
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Fig. 2. Integral and partial enthalpy of formation

in the tin-antimony system at 298.15 K.
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Fig. 3. Integral and partual enthalpy of formation
in the tin-antimony system at 483.15K.

composition to other mole fraction of antimony.
The partial molar enthalpies of formation of tin and
antimony are given by

Ri=h"—x,+ (R /dx)1p, (8)
and
hy=h"—(xy—1)* (Oh"/8x) 1. 9)
Using Eqs. 6, 7, 8, and 9, we have
H=—5.385 —17.12 x§ Hy==48.13—17.12 (x,—1)2
T=298.15 K, (10)
f=—5.642 —18.14 x§ RH5=+8.527—18.14(x,—1)?
T=483.15 K. (11)

The curve in Fig. 3 shows that the partial molar
enthalpy of antimony is positive and shifts to more
positive values at higher composition. This is due to
the insertion of the larger antimony atom in the struc-
ture of Sn Sb which becomes instable at higher mole
fraction of antimony. The structure exhibits a higher
tension resulting from the deformation work which is
associated with the insertion of the antimony atom in
th structure.

The partial molar enthalpy of tin is negative and
becomes more negative at higher composition.

A hypothetical illustration of this behavior is prob-
ably that a poor fraction of tin p-electrons builds a
weak bond with antimony ions. At higher mole frac-
tion of antimony, the equilibrium shifts for the benefit
of the delivery of further electrons on antimony.

On the basis of the above discussion, we come to the
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following conclusion:

(1) The average molar enthalpy of mixing is more
positive than that of formation.

(2) On comparing with partial molar enthalpy of
mixing, the partial molar enthalpy of formation of tin
is shifted to more negative values, while that of anti-
mony to more positive values.
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