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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 ~ using an emf method with a molten salt electrolyte. 
Partial and integral values were calculated and compared with 
results from the literature. From the era/ 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 I I B - - V A  
systems are compared and discussed with respect to compound 
formation in the liquid state. 

I n  a series of investigations we have studied the the rmodynamm 
properties of liquid group I I B - - V A  alloy systems 1-5. By  quasi-con- 
t inuous era/ measurements  a significant temperature  depelldenee of 
the rmodynamic  properties was found in several systems 1, 4, 5 which 
had escaped detection by  the more conventional era/ measurements  
of previous investigators. I t  was therefore dee'ded, in spite of numerous 
era/ studies 6-13, to reinvestigate the thermodynamic  properties of 
liquid z inc - -b i smuth  alloys by  earelully and quasi-continuously re- 
cording the era/as a function of temperature.  

The z inc - -b i smuth  phase diagram as compiled by  Hansen and 
Anderko 1~ shows a miscibility gap between 37 and 99.4 at~o Zn with 
a critical point  at  ~ 605 ~ and ~ 84 at~o Zn, a monoteetie temperature  
at  416 ~ and a euteetie point  at  254.5 ~ and 8.1 at~o Zn. The liquidus 
of the miscibility gap is mainly based on the era/ measurements  of 
Kleppa 8, and it has been confirmed by  similar work of Martin-Garin 
et al. 13. 

Thermodynamic  activities of z inc - -b i smuth  alloys have been 
measured by the following investigators with the concentrat ion ranges 
given in parentheses : Kleppa 6 (Nzn = 0.06--0.97), Kleppa and 
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Thalmayer 7 (Nzn : 0 . 7 0 - - 0 . 9 5 ) ,  Lantratov and Tsarenlco s (Nzn ~- 
0.14--0.97), Gluck and Pehlke 9 (Nzn --~ 0.02--0.05), Chiba, 
Matsushima and One 1~ (Nzn : 0.07--0.39), Ptal~ and  Moser 11 (Nzn ---- 
0.05--0.90), Moser 12 (Nzn : 0 . 0 1 - - 0 . 0 7 ) ,  Martin-Garin,  Bedon and  
De, srd 1~ (Nzn ~ 0.02--0.95). Calorimetric determinat ions  of eat- 
halpies of mixing have been reported by Kawa~ami  ~ (NZn ~-~ 0 .17- -  
0.81), by  Wittig, M~Iler and Schilling 16 (Nzn : 0 . 1 0 - - 0 . 9 5 ) ,  and  
by  Gambino 17 (Nzn ---- 0.06--0.94). A consistent set of the rmodynamic  
data  of l iquid z i n c - - b i s m u t h  alloys has been compiled by  Hultgren 
et a l . l r  based o~ published data6, 7, 10-1~, 10 I n  the present  investiga- 
t ion  the em/ between l iquid z i n c - - b i s m u t h  alloys of various composi- 
t ions and  pure liquid zinc with a l iquid KC1---LiC1--ZnC12 electrolyte 
was measured quasi-cont inuously as a funct ion  of t empera ture  from 
about  750 ~ down to the l iquidus curve. 

Experimental Procedure 
The metals, 4 N zinc and 5 I~ bismuth, were purchased from ASARCO 

(l~ew Jersey, USA), the salts, KCI, LiC1 and ZnC12, 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 rag), and the alloys were prepared in the em] cell. The electrolyte, 
a eutectic mixture of KC1 and LiC1 with 0.4 mole~/o ZnCI2, was purified at 
720 K by passing C12 for approximately one hour through the melt, followed 
by Ti-gettered argon. The em] cell and the four capillaries, with Me-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(1)/Zn2+(KCI~-LiC1)(1)/Zn(Nzn)Bi(I~-Nzn)(1). The temperature was 
measured with a chromel-alumel thermocouple calibrated at the melting 
points of 5 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 em] was continuously measured with a voltmeter (2402 A 
Integrating Digital Voltmeter, I-Iewlett Packard, USA) combined with a 
small computer (ttewlett Packard, USA). The cell was operated at a reduced 
pressure of Ti-gettered argon (600 torr at 700 K). The four electrodes were 
inserted into the molten electrolyte and the cell was held at 900 K for several 
hours unti l  the emf became stable. I t  was then heated up to 1,000 K at the 
rate of 6 K per houl ~ 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 heating and on cooling within 
the limits of error. During each run  three heating and three cooling curves 
were taken. The maximum deviation between ~ heating and a subsequent 
cooling curve was 50 to 100 ~V. 

The composition of the alloys after completion of an experiment was 
checked by chemical analysis. The alloys were dissolved in dilute I-INCa, 
the pI-I adjusted to 2, and the bismuth content determined by t i trat ion 
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with a O . 1 N - E D T A  solution using xylenole orange as indicator. The pI-I 
was then changed to 10 and the zinc content also found by titration with 
a 0 . 1 N - E D T A  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 e r ro r  ~Nzn < 0.002. The errors of the tern- 
perature measurements are ~T (abs.)/K = 0.5 and ~T (diff.)/K = 0.2. 

E x p e r i m e n t a l  R e s u l t s  a n d  D i s c u s s i o n  

E r a /  measurements were carried out on alloys of the following 
compositions (in at~o 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 era/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 tern- 
perature and 1,000 K, could therefore be expressed in terms of two 
coefficients, a and b, which are listed in Table 1. 

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

~z~Sn/RT = - -  n F E / R T  - -  in Nzn ---- Cl + c2 ( T o / T  - -  1) (1) 

A H z n / R T  ~ c 2 T o / T  (2) 

S~Sn/R = - -  (Cl - -  c2) (3) 

The coefficients cl and c2 are also listed in Table 1. At the reference 

temperature To = 923.2K we get V ~ ( T o ) / R T o  = el ,  and A Hzn/ 
R T o  = c2. Activities (at 923 K) and partial molar properties of zinc 
referred to liquid zinc 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. 10 and of L a n t r a t o v  

and T s a r e n k o  s deviate significantly from the rest. The solid lines drawn 

through our data points -xs for Szn and A Hzn both show a small bump near 
the critical concentration. The effect, however, is very small, and any 
corre!ation with the critical point is rather tentative. 

Since the e r a / v s .  T-curves show a distinct break at the liquidus tem- 
perature, information about the phase diagram can be obtained from 
e r a / m e a s u r e m e n t s .  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 tangellgs to A G M composition curves. These 
data too are shown in Fig. 3. Points on the liquidus in equilibrium with 
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Fig. 1. Partial excess entropy of zinc of liquid zinc--bismuth alloys: 
-Yc M .  F .  Lantratov and E.  V. Tsarenko s ; ~ y .  Chiba et al. lo ; ~ O. J .  K l e p p a  
and C. E .  Tha lmayer~;  [~ L .  Mar t i n - G ar i n  et a1.13; V O. J .  KteppaT;  

X W. Ptalr and Z.  3/Ioser ~1; (_~ 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 (ls): 

z l l  (s) = Zn (ls) A G = o = a GF + A G ~  = A GF + R T  In a~,~ (4) 
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Fig. 2. Part ia l  enthalpy of zinc of liquid z inc- -b ismuth  alloys : �9 F. E. Wit- 
tit at al. 1o ; other symbols see :Fig. 1 

The free energy of fusion of zinc was ca lcula ted  from the  d a t a  given 
by  Kubaschewski, Evans, and Alcock 19. The results  are included in 
Table  1 and Fig.  3. The d a t a  poin ts  fall wi th  some sca t te r  on a smooth  
curve ind ica t ing  t h a t  the  phase  d iag ram and  the  t h e r m o d y n a m i c  d a t a  
are consistent .  The cri t ical  po in t  was found to be a t  84 a t %  Zn and 
605 ~ The good agreement  be tween our da t a  and  the  resul ts  of Kleppa 6 
and  Martin-Garin et  al. 18 in Fig.  3 is added  suppor t  for the  l iquidus curve 
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Fig. 3. Z inc- -b i smuth  phase diagram : [] L. Martin-Garin et al. 13 ; 
V O. J.  Kleppa 6 ; O �9 3<- present investigation ((~) from breaks in em] vs. T 
curves ; �9 computed from A G M vs. dYz n curves ; aX- computed from Eq. 4) 

selected b y  Hansen 1~. No exp lana t ion  can be given for the  ex t reme  
a s y m m e t r y  of the  misc ib i l i ty  gap r epor t ed  b y  Ptal~ and  Moser n.  

Par t i a l  molar  funct ions  of b i smuth  and  in tegra l  molar  quant i t ies  were 

c~lculated b y  Gibbs-Duhem in tegra t ions  of A Hzn and  ~zn = In Tzn/ 
(1-Nzn) 2. The da ta ,  referred to  l iquid zinc and l iquid b i smuth  as s t a n d a r d  
s ta tes ,  are l is ted in Table  2. The in tegra l  molar  en th~lpy  of mix ing  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 Tsarenlco 8 the 
enthalpy of mixing data derived from em/ measurements are in good 
agreement. Surprisingly the calorimetric values of Witt ig  et al. i6 are 
somewhat less positive then the other data. The slight increase of A H M 

with increasing temperature between 450 ~ and 600 ~ on the Bi-rich side 

I , ~ r _ _ j  I r j I 

0,1 012 0,3 01~ 0,5 0,5 0,7 - 0,8 0,9 
NZn 

Fig. 4. Enth~Ipy of mixing" of liquid zinc--bismuth ~lloys : -X- I]i. E. Lantra. 
toy and E.  V. Tsarenko s ; [. ] L.  Martin-Garin e~ ~l. ia ; �9 F .  E .  Wittig et al. i~ ; 
<~ M.  Gambino (873K)17; ~ 7 0 . J .  Kleppa6;  X W. Ptalc and Z. MoserZl; 

A Y" Chiba et al. io; (~) present investigation 

as observed by Gambino 17 could not be verified since our era/vs .  T 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 I I B - - V A  
systems i, 2, 4, 5 are compared. In  systems with compound formation 
in the liquid state 1, ~, 5 the A SM-parabolas show a significant depression 
which is explained by the existence of compound clusters of the stoi- 
chiometry (IIB)4(VA)3 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. 
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Bedon and Desrd ~~ have measured the density of Bi-rich liquid 
Zn- -Bi  alloys and found at 460 ~ an inflectiolt in the isothermal density 
vs. composition curve close to the eutectie composition. The excess 
volume of mixing of liquid Zn- -Bi  alloys at 460 ~ was found to be 
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Fig. 5. Entropy of mixing of liquid alloys in the systems Cd---Sb ~, Cd--Bi 2, 
Zn--Sb ~, Cd--As 5, and Zn--Bi (present irlvestigation) 

negative for compositions between 0 and 6 a t %  Zn and positive for all 
other compositions 21. Although no correlation could be established be- 
tween the excess volume of mixing and the excess entropy of mixing, it 
was intimated tha t  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 is. Defining an "average 
chemical local order effect" in liquid alloys Bel l i ssent -Funel  and Desrd ~ 

could show tha t  in liquid Zn- -B i  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 1, a, Zn- -Sb  4, and Cd--As 5 alloys at 57 at~o Cd and Zn, resp., 
which have been associated with compound formation in the melts. As 
was the ease with liquid Cd--Bi  alloys 2 replacement of As or Sb by Bi 
greatly diminishes the tendency for compound formation in the alloys. 
The ordering effect observed by Desrd  and coworkers 13, ~0-~2 in Zn- -Bi  
alloys occurs at the eutectie composition (8.1 at~o Zu). I t  is due to 
at tractive interaction between like atoms and is not caused by compound 

formation. The small anomalies in the A Hzn- a n d - ~ s  Szn-eurves (Figs. 1 
and 2) on the Zn-rich side are also thought to be due to attractive 
interaction between like atoms. 
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