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Thermodynamic properties of liquid Zn—Bi alloys were
investigated between 5 and 95 at%, Zn from the liquidus curve to
750 °C using an emf method with a molten salt electrolyte.
Partial and integral values were calculated and compared with
results from the literature. From the emf data the liquidus
curve was calculated. The thermodynamic data of the Zn—Bi
system are well established and consistent with the phase
diagram. The entropies of mixing of various group IIB-—VA
systems are compared and discussed with respect to compound
formation in the liquid state.

In a series of investigations we have studied the thermodynamic
properties of liquid group ITB—VA alloy systems!—®. By quasi-con-
tinuous emf measurements a significant temperature dependence of
thermodynamic properties was found in several systems! 4 5 which
had escaped detection by the more conventional emf measurements
of previous investigators. It was therefore decided, in spite of numerous
emf studies$-13, to reinvestigate the thermodynamic properties of
liquid zine—bismuth alloys by carefully and quasi-continuously re-
cording the emf as a function of temperature.

The zinc—bismuth phase diagram as compiled by Hansen and
Anderko'* shows a miscibility gap between 37 and 99.4 at9, Zn with
a critical point at ~ 605 °C and = 84 at%, Zn, a monotectic temperature
at 416 °C and a eutectic point at 254.5 °C and 8.1 at%, Zn. The liquidus
of the miscibility gap is mainly based on the emf measurements of
Kleppa®, and it has been confirmed by similar work of Martin-Garin
et al. 13,

Thermodynamic activities of zine—Dbismuth alloys have been
measured by the following investigators with the concentration ranges
given in parentheses: Kleppa® (Ngzn = 0.06—0.97), Kleppa and
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Thalmayer? (Ngy = 0.70—0.95), Lantratov and Tsarenko® (Ngy =
0.14—0.97), Gluck and  Pehlke® (Nu = 0.02—0.05), Chiba,
Matsushima and Onol® (Ngzy = 0.07—0.39), Ptak and Moser't (Ngy =
0.05—0.90), Moser? (Ngp = 0.01—0.07), Martin-Garin, Bedon and
Desré’®  (Nzy = 0.02—0.95). Calorimetric determinations of ent-
halpies of mixing have been reported by Kawakami's (Nzy = 0.17—
0.81), by Wittig, Miller and Schilling'® (Ngp = 0.10—0.95), and
by Gambino'” (Nz, = 0.06—0.94). A consistent set of thermodynamic
data of liquid zine—bismuth alloys has been compiled by Hultgren
et al.1¥ based on published data® 7 10-12, 16 Tn the present investiga-
tion the emf between liquid zinc—bismuth alloys of various composi-
tions and pure liquid zinc with a liquid KCl—LiCl—ZnCly electrolyte
was measured quasi-continuously as a function of temperature from
about 750 °C down to the liquidus curve.

Experimental Procedure

The metals, 4 N zinc and 5 N bismuth, were purchased from ASARCO
(New Jersey, USA), the salts, KCl, LiCl and ZnCls, were p. A. products of
E. Merck (Darmstadt).

The metals were further purified by melting under vacuum and filtering
through quartz wool. The metals were weighed on an analytical balance
(- 0.05 mg), and the alloys were prepared in the emf cell. The electrolyte,
a eutectic mixture of KCl and LiCl with 0.4 mole%, ZnCls, was purified at
720 K by passing Cly for approximately one hour through the melt, followed
by Ti-gettered argon. The emf cell and the four capillaries, with Mo-wire
sealed into them, were made of quartz. The cell had a thermocouple well in
the center and was sealed on top with a brass head. The cell arrangement
was Zn(l)/Zn2+(KCl—LiC)(1)/Zn(Nzy)Bi(1-——Nzn)(1). The temperature was
measured with a chromel-alumel thermocouple calibrated at the melting
points of 8 N Cd, Zn and Sb. The cell was heated in a metal block furnace
made of antimagnetic stainless steel which was heated by three separate
electric circuits. The uniformity of temperature within the cell was better
than 0.1 K. The emf was continuously measured with a voltmeter (2402 A
Integrating Digital Voltmeter, Hewlett Packard, USA) combined with a
small computer (Hewlett Packard, USA). The cell was operated at a reduced
pressure of Ti-gettered argon (600 torr at 700 K). The four electrodes were
ingerted into the molten electrolyte and the cell was held at 900 K for several
hours until the emf became stable. It was then heated up to 1,000 K at the
rate of 6 K per hour and cooled at the same rate. Readings were taken
every 1 K, and at approximately every 50 K the cell was held at constant
temperature and the emf measured as a function of time. These isothermal
measurements agreed with those determined on beating and on cooling within
the limits of error. During each run three heating and three cooling curves
were taken. The maximum deviation between a heating and a subsequent
cooling curve was 50 to 100 uV.

The composition of the alloys after completion of an experiment was
checked by chemical analysis. The alloys were dissolved in dilute HNOs,
the pH adjusted to 2, and the bismuth content determined by titration
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with a 0.1N-EDTA solution using xylenole orange as indicator. The pH
was then changed to 10 and the zinc content also found by titration with
a 0.1N-EDTA solution with buffer tablets (E. Merck, Darmstadt) as indi-
cator. Since the change in the composition of the alloys was within the
limits of error of the chemical analysis, the nominal composition was taken
as actual composition with the error 8Nzn < 0.002. The errors of the tem-
perature measurements are 87 (abs.)/K = 0.5 and 37" (diff.}/K = 0.2.

Experimental Results and Discussion

Emf{ measurements were carried out on alloys of the following
compositions (in at%, Zn): 16.72, 32.21, 40.45, 50.25, 52.10, 56.93, 59.67,
65.23, 75.17, 84.86, 89.88, and 95.05. For all alloys the emf data showed
very little scatter (10 to 15 V) and varied linearly with temperature
within the precision of the measurements and the temperature range
studied. The experimental points, about 100 per 100 K for each experi-
mental composition in the temperature range between liquidus tem-
perature and 1,000 K, could therefore be expressed in terms of two
coefficients, @ and b, which are listed in Table 1.

Consequently simple relationships exist between the emf E and the
partial excess thermodynamic functions shown by the following equa-
tions.

uE [RT — — 0 FE/RT —In Nzn = ¢1 + g (To/T — 1) (1)
A Hgy/RT = ¢3To/T (2)
8B /R = — (01 — c2) (3)

The coefficients ¢; and cg are also listed in Table 1. At the reference

temperature 7o = 923.2K we get u3(To)/RTo =c¢i, and A EZ,,/
RTy = ¢g. Activities (at 923 K) and partial molar properties of zinc
referred to liquid zine as the standard state are given in Table 1. The
partial molar excess entropy of zinc is shown in Fig. 1, and the partial
molar enthalpy of zinc in Fig. 2. In both figures the results of other
authors who have studied a major part of the concentration range are
plotted for comparison. The agreement between the various sets of data
is generally very good. Only the results of Chiba et al.19 and of Lantratov
and T'sarenko?® deviate significantly from the rest. The solid lines drawn

through our data points for 8% and A Hyzy both show a small bump near
the critical concentration. The effect, however, is very small, and any
correlation with the critical point is rather tentative.

Since the emf vs. T-curves show a distinet break at the liquidus tem-
perature, information about the phase diagram can be obtained from
emf measurements. The liquidus temperatures thus obtained are given
in Table 1 and plotted in Fig. 3. The phase boundary of the miscibility
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gap was also calculated at various temperatures by finding the points
of contact of the common tangents to A G¥ composition curves. These
data too are shown in Fig. 3. Points on the liquidus in equilibrinm with

- 2,0
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——
NZn

Fig. 1. Partial excess entropy of zinc of liquid zine—bismuth alloys:

¥ M. F. Lantratov and E. V. T'sarenko®; <> Y. Chibaet al.19; A 0. J. Kleppa

and C. E. Thalmayer®; [ L. Mortin-Garin et al.¥®; J O. J. Kleppa?®;
X W. Ptak and Z. Moser'; () present investigation

solid zinc were obtained from the thermodynamic data of the liquid
alloys (Table 1) and of pure zinc by graphically solving the equation for
the equilibrium transfer of one gramatom of zinc from the solid state {s)
into the liquid solutions (Is):

Zn(s):Zn(is)AG:O;AGF+A@1ZSHZAGF+RT1na3an 4)
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aHj leal.g~ ator}

Fig. 2. Partial enthalpy of zinc of liquid zinc—bismuth alloys: @ F. E. Wit-
tig et al.1%; other symbols see Fig. 1

The free energy of fusion of zinc was caleulated from the data given
by Kubaschewski, Evans, and Alcock®. The results are included in
Table 1 and Fig. 3. The data points fall with some scatter on a smooth
curve indicating that the phase diagram and the thermodynamic data
are consistent. The critical point was found to be at 84 at%, Zn and
605 °C. The good agreement between our data and the results of Kleppa®
and Martin-Garin et al.® in Fig. 3 is added support for the liquidus curve
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Fig. 3. Zinc—bismuth phase diagram: [ L. Martin-Garin et al.'3;
V 0.J. Kleppa®; () @ ¥ present investigation () from breaks in emf vs. T'
curves; @ computed from A GM vs. Nz, curves; % computed from Eq.4)

selected by Hansen'*. No explanation can be given for the extreme
asymmetry of the miscibility gap reported by Ptak and Moser!™.
Partial molar functions of bismuth and integral molar quantities were
calculated by Gibbs-Duhem integrations of A EZn and azn = In yzn/
(1-Ngy)2. The data, referred to liquid zine and liquid bismuth as standard
states, are listed in Table 2. The integral molar enthalpy of mixing is
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shown in Fig. 4, and the integral molar entropy of mixing in Fig. 5.
With the exception of the results by Lantratov and Tsarenko® the
enthalpy of mixing data derived from em/ measurements are in good
agreement. Surprisingly the calorimetric values of Wittig et al.1® are
somewhat less positive then the other data. The slight increase of A HM
with increasing temperature between 450° and 600 °C on the Bi-rich side

aM(calg-aton?)

1 H ! L 1 . 1

Ld L1 [
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Fig. 4. Enthalpy of mixing of liquid zinc—Dbismuth alloys: 3% M. F. Lantra-

tov and K. V. Tsarenko®; [} L. Martin-Garin et al.1%; @ F. E. Wittig et al.1®;

& M. Gambino (873 K)¥?; 7 O.J. Kleppa®; X W. Ptak and Z. Mosert!;
A Y. Chiba ot al.3%; (O present investigation

as observed by Gambino'” could not be verified since our emf vs. 7' curves
were linear. Only C) measurements on liquid alloys could tell whether
the effect is real or whether it might have been caused by slow equilibra-
tion close to the miscibility gap. In Fig. 5 the entropies of mixing close
to the liquidus temperature of liquid alloys of the various group II1B—VA
systems!: % 4 5 gre compared. In systems with compound formation
in the liquid state®: 4, 5 the A SM_parabolas show a significant depression
which is explained by the existence of compound clusters of the stoi-
chiometry (ITB)4(VA)s in the melt. The curves for Cd—Bi and Zn—Bi
alloys are parabolas showing no signs of compound formation in the
liquid state. In all five systems the A SM.parabolas are more positive
than the curve for the ideal entropy of mixing.



1446 E. Hayer et al.:

Bedon and Desré?® have measured the density of Bi-rich liquid
Zn—Bi alloys and found at 460 °C an inflection in the isothermal density
vs. composition curve close to the eutectic composition. The excess
volume of mixing of liquid Zn—Bi alloys at 460 °C was found to he
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Fig. 5. Entropy of mixing of liquid alloys in the systems Cd—8b?, Cd—Bi?2,
Zn—S8b*, Cd—As®, and Zn—Bi (present investigation)

negative for compositions between 0 and 6 at%, Zn and positive for all
other compositions?!, Although no correlation could be established be-
tween the excess volume of mixing and the excess entropy of mixing, it
was intimated that the inflection in the partial excess entropy of Zn and
the negative values of the partial excess volume of Zn for Bi-rich alloys
could point to an ordering effect; in these alloys!®. Defining an “average
chemical local order effect” in liquid alloys Bellissent- Funel and Desré??
could show that in liquid Zn—3Bi alloys the maximum of the “average
chemical local order” occurs close to the eutectic composition.
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The partial and integral thermodynamic properties of lqiuid Zn—Bi
alloys did not exhibit any of the anomalies previously observed in
Cd—Sb* 3, Zn—=S8b*4, and Cd—As? alloys at 57 at%, Cd and Zn, resp.,
which have been associated with compound formation in the melts. As
was the case with liquid Cd—Bi alloys? replacement of As or Sbh by Bi
greatly diminishes the tendency for compound formation in the alloys.
The ordering effect observed by Desré and coworkers!s: 20-22 jn Zn—Bi
alloys occurs at the eutectic composition (8.1 at%, Zn). It is due to
attractive interaction between like atoms and is not caused by compound

formation. The small anomalies in the A Hyn- and 82 -curves (Figs. 1
and 2) on the Zn-rich side are also thought to be due to attractive
interaction between like atoms.

Acknowledgment

The authors gratefully acknowledge the financial support of this
investigation by the ‘“Fonds zur Férderung der wissenschaftlichen
Forschung” under grant No. 1611.

References

1 R. Geffken, K. L. Komarek, and E. Miller, Trans. Met. Soc. AIME 239,

1151 (1967).

K. L. Komarek and. G. Stummerer, Mh. Chem. 104, 32 (1973).

G. Schick and K. L. Komarek, Z. Metallkde. 65, 112 (1974).

I. B. Rubin, K. L. Komarek, and E. Miller, Z. Metallkde. 65, 191 (1974).

K. L. Komarek A. Mikula, and E. Hayer, Ber. Bunsenges. (submitted for

publication).

0.J. Kleppa, J. Amer. Chem. Soc. 74, 6052 (1952).

0.J. Kleppa and O. E. Thalmayer, J. Phys. Chem. 63, 1953 (1959).

M. F. Lantratov and E. V. Tsarenko, Russ. J. Appl. Chem. 33, 1107

(1960).

J. V. Gluck and R. D. Pehlke, Trans. Met. Soc. AIME 233, 233 (1965).

10 Y. Chiba, T. Matsushima, and K. Ono, Daigaku Senko Seiren Kenkyusho
Tho, 21, 15 (1965); Chem. Abstr. 67, 57747.

1 W. Ptak and Z. Moser, Arch. Hutn. 11, 207 (1966).

12 Z. Moser, Arch. Hutn. 14, 371 (1969).

3 L. Martin-Garin, P. Bedon, and P. Desré, Bull. Soc. Chim. France 1973,
1533.

14 M. Hansen and K. Anderko, Constitution of Binary Alloys. New York:
McGraw-Hill. 1958.

15 M. Kawakami, Sci. Repts. Tohoku Imp. Univ. 19, 521 (1930).

16 F. E. Wittig, E. Miiller, and W. Schilling, Ber. Bunsenges. 62, 529 (1958).

17 M. Gambino, Univ. Provence, private communication.

'8 R. Hultgren, P. D. Desai, D.T. Howkins, M. Gleiser, K. K. Kelley, and
D. D. Wagman, Selected Values of the Thermodynamic Properties of the
Elements and of Binary Alloys. Ohio: ASM Metals Park. 1973.

Monatshefte fiir Chemie, Bd. 107/6

;o W e

o o

@©



1448 E. Hayer et al.: Thermodynamic Properties of Liquid Zinc—Bismuth

19 0. Kubaschewskr, . Ll. Evans, and C. B. Alcock, Metallurgical Thermo-
chemistry, 4th ed. Oxford: Pergamon Press. 1967.

20 P. Bedon and P. Desré, C. R. hebdomad. Sé. Acad. Sci. Paris C 274, 40
(1972).

2t 7,. Martin-Garin, P. Bedon, and P. Desré, J. Chim. Phys. 1973, 112,

22 M. O, Bellissent- Funel and P. Desré, Physics Lett. 51 A, 111 {1975).

Correspondence and reprints:
Prof. Dr. K. L. Komarek
Institut fir Anorganische Chemie
Uniaversitit Wien

Wihringer Strafe 42

A-1090 Wien

Awustria



