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Pressure Effect on the Concentration
Fluctuations for Liquid Na—Ga and

Na—Cd Mixtures with S-Shape
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and

H. ENDO
Department of Physics, Kyoto University, Kyoto 606, Japan

(Received October 5, 1981)

Measurements of the electromotive force (EMF) for liquid Na-Ga and Na—Cd mixtures have
been made up to 630°C and 700 bar by using S-alumina as a separator. The pressure variations
of thermodynamic quantities, such as free energy, enthalpy and entropy, etc., are obtained. The
concentration variation of the molar volume of mixing is deduced from the relative partial
molar volume determined directly from the pressure derivative of the EMF. The concentration
fluctuations for both mixtures are large in the Na-rich concentration range and diminish con-
siderably by a slight application of pressure. The difference of the pressure effect on the concen-
tration fluctuations between the liquid Na-Ga and Na-Cd mixtures is discussed.

1 INTRODUCTION

The studies of the pressure effect on the two-phase region in liquid binary
mixtures'™ revealed that the two-phase region disappears under high
pressure and there appears the S-shape liquidus curve. Some recent in-
vestigations®*~!! have directed attention towards the thermodynamic pro-
perties of liquid metal mixtures with the S-shape liquidus curves.

In previous paper'? we reported the pressure effect on the electromotive
force (EMF) of the liquid Na-Ga mixture, in which the S-shape liquidus
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curve appears'® in the concentration range between Na and the stable
stoichiometric compound Nas;Gag (m.p. 556°C) at atmospheric pressure.
It was found'? that the concentration fluctuations, S.(0) for the liquid
mixture along the S-shape liquidus curve are much larger than that for ideal
mixture as if a miscibility gap is submerged just below the liquidus curve and
diminishes remarkably by a slight application of pressure.

In the liquid Na-Cd mixture the S-shape liquidus curve also appears in
the Na-rich concentration range. This S-shape liquidus curve!* ends in the
vicinity of the concentration corresponding to the stable stoichiometric
compound NaCd, (m.p. 384°C). The large concentration fluctuations along
the S-shape liquidus curve are considered to be related to the immiscible
nature between Na and the stable stoichiometric compound NaCd, .

In this paper, we report the results of the EMF measurements under
pressure for the liquid Na—Cd mixture together with the liquid Na-Ga
mixture over the wide concentration range. The pressure variations of the
thermodynamic quantities, such as free energy, enthalpy, entropy, etc., are
studied. The concentration variation of the volume of mixing is deduced
from the relative partial molar volume determined directly from the pessure
derivative of EMF, (0E/0P);. From these results we discuss the difference of
the pressure effect on the concentration fluctuations between the liquid Na-
Cd and Na-Ga mixtures.

2 EXPERIMENTAL PROCEDURE

The electromotive force (EMF) of a concentration cell was measured by
using as a separator the solid superionic conductor -alumina, in which Na™*
ions diffuse rapidly. The cell used was:

Mo-wire, Na(L)/f-alumina/Na M _ (L), Mo-wire,

where M is Cd or Ga, x the atomic fraction of sodium and L denotes liquid
state. For the liquid Na-Cd mixture the stainless steel wire was also used.
The cell assembly developed for the present high pressure measurement is
described elsewhere.!? A mixture of Ga (99.999%, purity) and Na (99.9%,
purity) or a mixture of Cd (99.999 9 purity) and Na was contained in a closed
end f-alumina tube (10 mm in outer diameter, 6.5 mm in inner diameter
and 70 mm in length) and was connected to Mo-wire whose position was
settled by fired pyrophyllite block. The §-alumina tube was dipped into a
liquid Na in a stainless steel vessel. The f-alumina tube was fixed on the
outer alumina tube by glass frit. The whole cell was set in an internally
heated autoclave and heated up to 630°C. Pressures up to 700 bar were
generated by using argon gas as pressure transmitting medium. The EMF
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was measured to +2 uV with a digital voltmeter. The results obtained on
heating and cooling agreed satisfactorily. The concentration of Na in the
mixture was both established and measured by coulometric titration. The
error of pressure was less than 3 9. The error of temperature was less than
2°C. The error of concentration, x was within 0.003.

3 RESULTS AND DISCUSSION

Figures 1 and 2 show the pressure variations of EMF, E(x, T, P) for the
liquid Na—Ga mixture at 570°C and those for the liquid Na—Cd mixture at
400°C, respectively. For both mixtures E changes almost linearly with
pressure. For the liquid Na—Ga mixture the values of E obtained by ex-
trapolating the curves in Figure 1 to P = 0 are slightly large compared to
the results at atmospheric pressure determined by Tamaki and Cusack®
using the -alumina as a separator. The values of E obtained at P = 0 for the
liquid Na—Cd mixture are in fairly good agreement with those at atmospheric
pressure in the Na concentration range x 2 0.3 by Bartlett et al.!® using the
borosilicate glass as a separator. In the concentration range x < 0.3 the
agreement between our results and theirs is not satisfactory.

In Figure 3 the concentration variations of the pressure derivative of E,
(0E/0P)y. , are shown for the liquid Na-Ga and Na-Cd mixtures at 570°C
and 400°C, respectively. It is found that (0E/0P);, , is positive over the whole
concentration range and becomes small with increasing Na concentration.
It should be noted that there appear discontinuities in the concentration
dependence of (0E/OP); , around x = 0.7 for the liquid Na-Ga mixture
and x = 0.65 for the liquid Na—Cd mixture.

Figure 4 shows some results of the temperature variation of E for the
liquid Na-Ga and Na-Cd mixtures at P = 1 bar and 500 bar, respectively.
For the liquid Na-Ga mixture with x = 0.113 at 1 bar E decreases with
increasing temperature and the rate of decrease becomes small at high tem-
peratures. At 500 bar E decreases almost linearly with temperature. For the
mixtures with x = 0.530 and 0.730 the slope (OE/0T)p , is positive and little
pressure dependent in contrast to the mixture with x = 0.113. Similar be-
haviors are seen for the liquid Na-Cd mixtures with x = 0,120, 0.510 and
0.750.

Figure 5 shows the concentration variations of the temperature derivative
of E, (OE/0T)p,  at 1 bar for the liquid Na-Ga and Na—Cd mixtures at 570°C
and 400°C, respectively. For the liquid Na-Ga mixture (0E/0T); , in the
Na-rich concentration range is positive and shows a maximum around
x = 0.53. In the concentration range x < 0.44 (0E/0T)p_, becomes negative
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FIGURE 1| EMF vs, pressure for the liquid Na,Ga, _, mixture at 570°C at different concen-

trations,
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FIGURE 2 EMF vs. pressure for the liquid Na,Cd, _ . mixture at 400°C at different concen-
trations.

and shows a minimum with a large negative value around x = 0.17. Interest-
ingly, there appears a slight discontinuity in the concentration dependence of
(0E/dT)p, , around x = 0.7 where the anomaly is observed for the concentra-
tion dependence of (OE/OP)r .

For the liquid Na-Cd mixture (0E/0T)p, , changes sign around x = 0.24
and there appears a slight discontinuity in the concentration dependence of
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FIGURE 3 Pressure derivative of EMF, (3E/0P)y,, vs. atomic fraction of Na for liquid

Na,Ga, _, mixture at 570°C and for the liquid Na ,Cd, _, mixture at 400°C.

(OE/0T)p, . around x = 0.65 at which the anomaly is found for the concen-
tration dependence of (OE/0P)r . The behaviors at 500 bar for both mixtures
are nearly the same as those shown in Figure 5.

The relevant thermodynamics is straightforward.’® The relative partial
molar thermodynamic properties of Na can be calculated from E using the
following relations:

AGNa = "FE

o0E
ASy, = F[ 2
SNB F(aT)P, x

— OE
AR, = F[T(ﬁ)ﬁx - E]

AVNa =

OE
—F|Z
(aP)T,x,

¢y
@

©))

@

where AGy,, ASx,, AHy, and AV}, are the relative partial molar Gibbs free
energy, entropy, enthalpy and volume of Na, respectively; F is the Faraday
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FIGURE 4 EMF vs. temperature for the liquid Na,Ga,_, mixture and for the liquid
Na,Cd, _, mixture at different pressures.

constant and the valency of sodium ion is taken to be one. The activity of
Na, o\, (x, T, P) in the liquid mixtures is given by
—~FE = RT In o/, )

where R is the gas constant.
The corresponding functions for Ga or Cd are obtained from the ex-

pression like
~ AGy, x *I' AGy,
AGpy = — — N _—oNa
Gea + L [(1 ) dx, (6)

where the integral is evaluated graphically. From the relative partial thermo-
dynamic functions the integral values are calculated with expressions as
follows:

AG,, = xAGy, + (1 — X)AGcq. 0)
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FIGURE 5 Temperature derivative of EMF, (8E/0T);, . vs. atomic fraction of Na for the
liquid Na,Ga, _, mixture at 570°C and for the liquid Na ,Cd, _ , mixture at 400°C at atmospheric

pressure.

The calculated values of AG,,, AH,,, AS,, and the heat capacity of mixing,
AC}7 at P = 1bar and 500 bar are presented in Table I for the liquid Na—-Ga
mixture at 570°C and in Table II for the liquid Na-Cd mixture at 400°C.
The values of AG,, and AH,, for both mixtures are negative over the whole
concentration range and become small with increasing pressure. The values
of AS,, for both mixtures show maxima with positive values in the Na-rich
concentration range and minima with negative values in the Na-poor con-
centration range. For both mixtures AS,, decreases with increasing pressure.

The long wavelength limit of the concentration-concentration correlation
5..(0) of liquid binary mixtures gives the concentration fluctuations and is

defined as follows:'®
S..0; x, T, P) = N{(Ax)*) = RT(3*AG,, /0x*)7 p

1 @ -1
- -0y ) ®

T, P

The values of S,.(0) are deduced graphically from the results of «/y, using
Eq. (8). In Figure 6 the concentration variations of S,,(0) at different pressures
are shown for the liquid Na-Ga mixture at 570°C and in Figure 7 for the
liquid Na-Cd mixture at 400°C. The values of S, (0) for both mixtures in the
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FIGURE 6 Zero wavenumber component, §..(0) of concentration-concentration correlation
in the liquid Na,Ga, _, mixture vs. atomic fraction of Na at 570°C at 1 bar and 500 bar. The
dotted curve denotes the value for ideal mixing.

Na concentration range x > 0.5 show positive deviations from the value of
8% = x(1 — x) for ideal mixing. In the range x < 0.5 S,(0) for both mixtures
show negative deviations from S2..

For the liquid Na-Ga mixture S (0) at atmospheric pressure shows a
prominent peak around x = 0.72 with its height nearly 4. This indicates a
tendency for Na and Ga atoms to cluster separately from one another. The
values of S,(0) in the Na-rich concentration range decrease considerably with
increasing pressure, but there is little change in S, (0) with pressure in the
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FIGURE 7 Zero wavenumber component, S..(0) of concentration-concentration correlation
in the liquid Na,Cd, _, mixture vs. atomic fraction of Na at 400°C at 1 bar and 500 bar. The
dotted curve denotes the value for ideal mixing.

Ga-rich concentration range including the compound NasGag. It is noted
that the peak position of §,.(0) is shifted slightly to lower Na concentration
by applying pressure. For the liquid Na-Cd mixture S,(0) at atmospheric
pressure shows a peak around x = 0.68 with its height nearly 0.8. In the
Na-rich concentration range S.(0) decreases with increasing pressure and
its peak position is shifted appreciably to higher Cd concentration by apply-
ing pressure. In the Cd-rich concentration range including the compound
NaCd, the pressure variation of S (0) is small.

The excess molar Gibbs free energy, AG?” is evaluated by the following
expression'®

AGEF = AG,, — RT[xInx + (1 — x) In(1 — x)]. C))

Figure 8 shows the concentration variations of AGE for the liquid Na-Ga
mixture at 570°C and Na-Cd mixture at 400°C at different pressures. The
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FIGURE 8 Excess molar Gibbs free energy, AGE* vs. atomic fraction of Na for the liquid
Na,Ga, _, mixture at 570°C and for the liquid Na,Cd, _, mixture at 400°C at different pressures.

positive deviation from the ideal Gibbs free energy in the Na-rich concentra-
tion range for the liquid Na-Ga mixture is much larger compared to that for
the liquid Na-Cd mixture. This may suggest that an immiscible tendency
between Na and Na Ga, in the liquid state is larger than that between Na and
NaCd,. The values of AGE* for both mixtures decrease with increasing
pressure. Therefore, S.(0) for both mixtures diminish by application of
pressure. The pressure derivative of AGE® for the liquid Na-Cd mixtures
around the concentration where the stable stoichiometric compound NaCd,
is formed is about 4 times larger than that for the liquid Na-Ga mixture
around the concentration where the stable stoichiometric compound
Na;Gayg is formed. It is considered that the large pressure shift in the peak
position of §,(0) for the liquid Na-Cd mixture is associated with the large
pressure change in AG; around the concentration corresponding to NaCd, .

From the data for the pressure variations of EMF, the relative partial
molar volume of Na, A¥,, for both mixtures can be calculated by using
Eq. (4). The values of AV, are negative over the whole concentration range
and almost pressure independent. They become small with decreasing Na
concentration for both mixtures. Following equations (6) and (7) the excess
molar volume of the mixture

AV =V — Va (10)

can be deduced,!® where V,, is the molar volume of the mixture and V;; the
volume for ideal mixing. In order to determine V,, at atmospheric pressure
the density data for Na'®, Cd'® and Ga?° are used. Figures 9 and 10 show the
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FIGURE 9 Molar volume of mixing, ¥, vs. atomic fraction of Na for the liquid Na,Ga, _

mixture at 570°C at atmospheric pressure. The dashed curve denotes the volume for ideal
mixing.

concentration variations of V,, at atmospheric pressure for the liquid Na-Ga
mixture at 570°C and for the liquid Na-Cd mixture at 400°C, respectively.
The values of V,, are compiled in Tables T and 11, together with the values of
the volume fraction of Na, ¢y, which is defined?! as x¥4,/V,,. Here, W, is
the partial molar volume of Na.

The values of V,, show negative deviation from the ideal behavior; that is,
the volume contracts by mixing the component atoms. The volume con-
traction AVE/V,, is estimated to be as a minimum value about —15%
at 400°C around the concentration corresponding to NaCd, and about
—169%; at 570°C around the concentration corresponding to NasGag.

From Eq. (8) the pressure derivative of S..(0) is given as follows:

380\ _  [G.0)*](0*V,
(), [ 15): &
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FIGURE 10 Molar volume of mixing, V,, vs. atomic fraction of Na for the liquid Na,Cd, _,
mixture at 400°C at atmospheric pressure. The dashed curve denotes the volume for ideal
mixing.

Since the signs of (62V,,/0x?)r are positive over the whole concentration
range from Figures 9 and 10, the signs of the pressure derivative of S, .(0)
for both mixtures are negative from Eq. (11). This is consistent with the
observed pressure variations of S_(0).

It is interesting that the discontinuities of (JE/0P); , in Figure 3 and
(OE/0T)p, . in Figure 5 are observed around the concentrations at which
there appear peaks in S, (0). This evidence means that the large concentra-
tion fluctuations give considerable effects on the concentration dependences
of ASy, and A¥,, since the concentration derivatives of ASy, and AV, are
related to (0*°AG,, /0x*)r p.

Acknowledgements

The authors are grateful to Mr. S. lijima and the Research Division of the NGK Spark Plug
Co. Ltd., Japan, for supplying f-alumina tubes.



08:50 28 January 2011

Downl oaded At:

342 H. HOSHINO AND H. ENDO

References

1

R R SV YNNI

17.

18.
19.

20.
21,

. H. Endo, H. Hoshino, K. Tamura, and M. Mushiage, Solid State Commun., 32, 1243
(1979).
. K. Tamura, H. Hoshino, and H. Endo, Ber. Bunsenges. Phys. Chem., 84, 236 (1980).

. M. Mushiage, K. Tamura, H. Hoshino, and H. Endo, J. Phys. Soc. Japan, 48, 1702 (1980).

M. Mushiage, H. Hoshino, K. Tamura, and H. Endo, J. de Physique, 41, C8-569 (1980).

K. Ichikawa, S. M. Granstaff, Jr., and J. C. Thompson, J. Chem. Phys., 61, 4059 (1974).

S. Tamaki and N. E. Cusack, J. Phys., F9, 403 (1979).

A. B. Bhatia and N. H. March, J. Phys., F5, 1100 (1975).

. F. E. Neale, N. E. Cusack, and A. Rais, J. Phys., F11, L 201 (1981).

. M. J. Huijben, W. van der Lugt, W. A. M., Reimert, J. Th. M. de Hosson, and C. van Dijk,
Physica, 97B, 338 (1979).

. S. Tamaki, Y. Tsuchiya, N. E. Cusack, Y. Waseda, and K. T. Jacob, J. Phys., F10, L109
(1980).

. P. Gray, J. de Physique, 41, C8-577 (1980).

. H. Hoshino and H. Endo, Solid State Commun., 36, 423 (1980).

. P. Feschotte and E. Rinck, Comptes Rendus, 243, 1525 (1956).

. C. H. Mathewson, Z. anorg. allegm. Chem., 80, 171 (1906).

. H. E. Bartlett, A. J. Neethling, and P. Crowther, J. Chem. Thermodynamics, 2, 523 (1970).

. L. S. Darken and R. W. Gurry, Physical Chemistry of Metals (McGraw-Hill, New York,

1953).

The values of the heat capacity of mixing, AC, are calculated using expressions described

in Ref. 8.

A. B. Bhatia and D. E. Thornton, Phys. Rev., B2, 3004 (1970).

R. C. Weast and S. M. Selby (ed), Handbook of Chemistry and Physics (54th Edition, Division

of the Chemical Rubber Co., CRC Press, 1973-74).

A. S. Basin and A. N. Solovev, Zh. Prikel. Tekh. Fiz., 83 (1967)

J. H. Hildebrand and R. L. Scott, The Solubility of Non-electrolytes (Reinhold Publishing

Company, New York, 1950).



