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The density and heat capacity of liquid Li/Na alloys 

J Jost, D Heydt, J Spehr and H Ruppersberg 
Fachbereich Werkstoffwissenschatien und Fertigungstechnik. Universitiit des Saarlandes, 
Saarbriicken, Federal Republic of Germany 

Received 20 August 1993 

Abstract Liquid Lima exhibils a miscibility gap with a critical temperature E = 577 i I K 
and a critical composition r, = 36 f 1.5 at.% Na. A1 temperatures up to about 900 K we 
observed for the single-phase liquids an ideal behaviour of the molar volume with resped to 
variations of T and x .  We studied the shape of the miscibility gap and observed a critical 
exponent 0 = 0.50 i 0.015 in the range 5 x < (Tc - T)/T,  < 2 x IO@ At xc the heat 
capacity cn increases on approaching & with a critical exponent ol = 0.32 & 0.07 which was 
observed in the range 4 x c (T - Tc)/Tc c 0.44 

1. Introduction 

Very little information is available on the thermodynamic properties of metallic systems with 
a miscibility gap in the liquid phase. Until now the variation of the heat capacity cp with 
temperature T was determined at the critical composition xe only in a semi-quantitative way 
for one single alloy, namely GafHg. For E = (T  - Tc)/Tc in the range 5 x IO-’ < E < 0.02 
Schiirmann and Parks [ 11 observed a critical behaviour of cp according to [2] 

(1) cp = c: + ( A / L I ) ~ G ~ - “  

with a critical exponent [Y = 0.3 + 0.1, which considerably exceeds the values of 0.125 
and 0.1 10 expected according to the 3D king model and the Landau-Ginzburg-Wilson 
formalism [2]. The classical Landau value is LI = 0. A is the critical amplitude. 

In this paper we present c,(T) data for liquid Li/Na at xc = 35 at.% Na and at 20 at.% 
Na. cp was obtained according to an indirect method, proposed by Lewis and Randal1 [31 
and based on the equation 

cP = T(Ap/AT)s(dV/dT)p (2 )  

allowing c,, to be obtained from the adiabatic variation of T with the pressure p and from 
the thermal expansion coefficient. 

The phase diagram for Lima was evaluated by Down er al [4] from electrical resistivity 
data and thermal analysis. The authors confirmed the shape x ( T )  of the miscibility gap, 
which was earlier observed by Kanda et al [5] and by Schiirmann and Parks [6]. Practically 
the same shape was found by Feitsma er al [7] who fitted the x ( T )  data with a polynomial 
of the order of 7, thus obtaining the following relation between T (“C) and x (at.% Na): 

T = 101.15 + 28.6376~ - 1.7972’2~~ + 6.37593 x 10-*x3 - 1.355 154 x w 3 x 4  

+ 1.701 280 x 10-5x5 - 1.161 235 x IO-?x6 + 3.28902 x 10-’0x7 ( 3 )  
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which yields Tc = 303.2"C and x, = 35.9 at.% Na. 
In addition, the latter authors [7] observed a divergence of the temperature derivative 

of the electrical resistivity at x, on approaching Tc. An explanation of this effect in terms 
of critical exponents was given by Ruppersberg and Knoll [8] in a paper dealing with 
the distance correlation of concentration fluctuations in liquid L f l a  calculated from a 
combination of small- and large-angle neutron diffraction investigations. 

The shape of the miscibility gap is related to E by [2] 

Ax = B@ (4) 
where Ax is the difference between the concentrations of the coexisting phases. According 
to the 3D king and Landau-Ginzburg-Wilson formalisms the critical exponent f l  has values 
of 0.312 and 0.325, respectively. The classical Landau value is 0.5. B is the critical 
amplitude. 

For liquid Li/Na the molar volume V(x, T), the heat capacity c,, and the critical 
exponents 01 and p have not yet been determined. 

2. Experimental procedures 

The preparation of the samples from then 3N pure metals and the experimental investigations 
were performed inside a glove box in a current of continuously purified argon. The 
composition of the alloys was checked by chemical analysis. Care was taken to obtain 
complete mixing of the two liquid phases before studying an alloy in the homogeneous 
liquid region. 

The density was measured using the maximum bubble pressure method. An alloy with 
96 at.% Na and alloys in nominal steps of 10% from IO to 90 at.% Na were investigated 
according to the method which we described in a previous paper [9]. The bubble pressures 
were in these cases measured at constant temperatures for different positions of the pressure 
tube, which were changed by hand. 

For the investigation of pure liquid Li and Na and of the alloy with xc = 35 at.% 
Na an automatized and fully computer controlled technique was used with slowly varying 
temperature of e.g. 0.5 K min-' , T and p were controlled every 10 s and 50 ms, respectively. 
After eight bubbles, which correspond to about 2 min. the height of the bubble tube was 
varied with a step motor. Its position was controlled with a digitized insbument of 50 mm 
maximum amplitude and 1 fim resolution. The reproducibility of the results obtained with 
this technique were much better than with the former method. 

Figure 1 shows the V(T) points obtained for the pure components and for xc = 35 at.% 
Na in single automatized runs, and for the other compositions the points obtained in 
the discontinuous version. The figure also indicates the temperature ranges which were 
investigated. The molar volumes V(x) observed at 700 K and their temperature derivatives 
(dV(x)/dT)p are given in figure 2. Following a proposition by Kanda et al [IO] we also 
determined as a function of T the densities p ( T )  of both liquid phases which coexist below 
Tc. These values allow the evaluation of the binodal x ( T )  if V(x, T )  is known. Figure 3 
shows typical results for p ( T )  observed on cooling in the continuous mode and starting 
from a homogeneous alloy of critical composition. 

For calculating cp according to equation (2) we require in addition to (aV/aT)p the 
values for ( A p / A T ) s .  Our apparatus for measuring the variation of T during loading and 
unloading with argon has been described in a previous paper [ 1 I]. This apparatus is now 
computer controlled and equipped with a stirring mechanism for accelerating the mixing of 
the two phases which would otherwise be very slow. A p  was chosen at about 7 bar, which 
yields a AT of the order of 50 mK. 
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Figure 1. Experimentally obtained clouds of V ( T )  points obtained for three compositions by 
the computer-controlled maximum bubble pressure procedure during continuous variation of T .  
The data were obtained during a single run at the given composition. The c w e s  for the other 
compositions were obtained with discontinuous experiments. 

3. Results and discussion 

In the homogeneous liquid phase an ideal behaviour, with no indication of any critical 
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effects, was observed for the variation of the molar volume with x and T: 

V(x, T) = (1 -x/lOO)[Vz+ (dVb/dT)(T - T z ) l +  (X/lOO)[V,",+ (dVNa/dT)(T - T",)] 
(5 ) 

with x given in at.% Na. Least-square fits of the experimental results for the automatized 
measurements, which are partly shown in figures 1 and 2, yield: (dVti/dT) = (3.1 f 

13.45 & 0.09 ml mol-' and V g  = 24.62 f 0.09 ml mol-' at the respective melting points 
T{ = 453.6 K and TG = 370.9 K. These values are fairly wefl confirmed by the results 
from discontinuous measuremen& with respect to their increased error range. Equation (5) 
together with 

0.2) X ml mol-' K-', (dVN./dT) = 7.64 X IOm3 zk 0.07 ml mol-' K-', V z  = 

v(x,  T) = (l/P(T))[(X(T)/lOO)MNa + (1 -x(T)/1oo)MLil (6) 

yields x ( T )  of the binodal if the atomic weights M of the two components and the 
experimentally observed density p ( T )  are inserted. The results are shown in figure 4 
together with the full curve calculated from equation (3). With the exception of the region 
at large x, the agreement is excellent. Using the same polynomial as Feitsma ef ~l [7] we 
obtain, instead of equation (3): 

T =  119.7+25.112x- 1.537x2+5.36278x lO-'x'- 1 . 1 2 3 7 9 2 ~  IOm3x4 

+ 1.387 888 x 10-5x5 - 9.27378 x 10-8x6 + 2.547 94 x 10-10x7 (7) 

which yields Tc = 303.6"C and xc = 36.4 at.% Na. 
We preferred, however, to evaluate a cubic spline through the experimental points for 

calculating the average x ( T )  values, which then yield the Ax values to be inserted into 
equation (4). An estimation of the relative error I(Ax/x)l of the x ( T )  data obtained in  this 
way yields 1.4,2.6 and 3.5% at x = 5,45 and 85 at,% Na, respectively. Figure 5 then shows 
a plot of log(Ax) versus log(16 1) according to equation (4). For 5 x c 161 < 2x lo-' we 
observe a critical amplitude of B = 224k5 and a critical exponent p = 0.5 hO.015. These 
values are seen to change at larger 6. p = 0.5 corresponds to the classical Landau value. A 
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Table 1. The critical exponents c1 and 8: theoretical values and our experimental data. 

LilNa 
Landau 30 lsing Landau-Ginsburg-Wlson this study 

rz 0 0.125*0.020 0,110*0.005 0.32 
B 0.5 0.312f 0.002 0.325 f 0.002 0.5 

similar behaviour was deduced by Egelstaff and Ring [12] for GalHg and A l h  alloys from 
the coexistence curves which they evaluated from the experimental data of Predel [13,14]. 
For GaRb and Gfl they found p = 0.3 and 0.35, respectively. Schiirmann and Parks 
[I51 on the other hand found for the G a g  system a value for p = 0.335 in the range 
IO-' c 161 c lo-*. As mentioned above, 0.32 corresponds to the predictions of the modern 
theories, whereas p = 0.5 is the value for the classical Landau behaviour. 

Figure 5. Plot of log(Ax) obtained from 
a cubic spline of the points given in 
figure 4 versus log(jsl). The slope yields 
8 according LO equation (4). 

The values for cp versus T which we obtained at xc are shown in figure 6. The full 
curve corresponds to a plot according to equation (1). c:(T) was calculated according to 
the Neumann-Kopp rule from c,(T) of the pure components. A least-square fit in the range 
3.9 x rc E < 0.44 yields A = 1.25 i 0.08 J mol-' K-', T, = 576.1 i 0.7 K and 
01 = 0.32 & 0.07. The latter value agrees with the 01 which was observed by Schiirmann 
and Parks [l] for liquid GalHg and therefore exceeds to the same significant extent the 
theoretical predictions. 
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Figure 6. Full circles, e,,(r) obtained 
with an alloy of the criliwl composition 
x. = 35 a.% Na; full curve, fit 
according to equation (1); open circles, 
c,(T) obtained for an alloy with 20 at.% 
Na. 

We also investigated cp for an alloy with 20 at.% Na. The results are given as open 
circles in figure 6. Here again an increase was observed when the binodal was approached 
from higher temperatures. A divergence of cp is evidently observed only at the critical 
composition. 

The theoretical predictions for the critical exponents 01 of the heat capacity and ,9 for 
the shape of the miscibility gap are summarized in table 1. The right-hand column contains 
our experimental observation for the LiMa system. 
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