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Melting of Sodium Chloride at Pressures to 65 kbar*
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The melting curve for sodium chloride has been determined to 65-kbar. The present curve is in close agree-
ment with those of Clark and Pistorius. The melting relation proposed by Kennedy has been examined in
the light of the new melting data. The plot of melting temperature versus compression is slightly concave
towards the AV/V axis at higher compression. This phenomenon may be due to a pressure dependence of
the Griineisen constant, but may also be due in part to possible uncertainties in the compression.

INTRODUCTION

HE melting temperature of sodium chloride has
been determined by Clark! to 18 kbar and by
Pistorius? to 40 kbar in a piston-cylinder apparatus.
Kormer et al.2 have reported data on melting and com-
pression of NaCl at pressures of 540 and 700 kbar from
shock-wave experiments.

A number of workers have reported on the com-
pressibility of sodium chloride using a variety of
methods. Bridgman* determined the compressibility of
sodium chloride by static measurements up to 100 kbar.
Dynamic measurements of the compressibility of NaCl
have been made by Christian,® Al’tschuler et al.,% and
Kormer.? Decker? has derived an equation of state for
sodium chloride using a Born-Mie lattice model, and
Keeler® has evaluated and reduced the shock-wave
Hugoniot to the 25° isotherm.

The use of sodium chloride for high-pressure calibra-
tion has been proposed by some authors. Drickamer
et al.® have expressed the compression of some metals
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and compounds on an NaCl pressure scale. McWhan®
studied the lattice parameters of quartz as a function of
pressure using NaCl as an internal pressure standard.
No phase change takes place in NaCl until circa 250
kbar. Probably a continuous single-valued PVT rela-
tion and melting curve for NaCl extends to very high
pressures. Recent works by Bassett and Takahashi' and
by Jamieson'? and others shows that the low-pressure,
20-kbar transition in sodium chloride suggested by some
authors does not exist.

In this investigation, the melting curve of sodium
chloride has been extended up to 65 kbar using single-
stage piston-cylinder apparatus. The melting relation
proposed by Kraut and Kennedy*® has been examined in
the light of the new melting data.

Experimental Method

The experiments were carried out in a piston-cylinder
apparatus previously described by Cohen ef al.l4
Haygarth and Kennedy's have shown that the crushing
strength of a cemented tungsten carbide piston in-
creases as the unsupported piston length decreases. In
order to achieve the amount of piston travel necessary
to generate the required pressure and at the same time
to control the length of the unexposed piston, the piston

©D. G. McWhan, J. Appl. Phys. 38, 347 (1967).

11 W, A. Bassett and Taro Takahashi, in American Society of
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York, 1965), pp. 444 and 595.
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was fitted with a sliding binding ring in such a way that
the binding ring splits the unsupported length of the
piston into two segments. By this means, the piston is
able to withstand higher stresses, and the available
travel of the piston is not hampered in any way, because
the piston can move through the sliding binding ring
after the ring meets the face of the pressure vessel. The
sliding binding ring as well as the stationary binding
ring were made of Vascomax 300 steel. These were fitted
to the piston with 29, interference. With this new
modification pressures up to 80 kbar are achieved in the
piston-cylinder apparatus; however, in the present ex-
periments, pressures were limited to 68 kbar because at
pressures above this and at the melting temperature of
NaCl, rapid breakup of the carbide pressure vessel takes
place.

The pressure vessels used in this study in the range
10-40 kbar were of carbide with 139, cobalt binder,
Carboloy 55A. The pistons were of Carboloy 883. At
pressures above 40 kbar the pressure vessels were
carbide with 6%, cobalt binder, Carboloy 883, and the
pistons were of Carboloy 999 with 3%, cobalt binder. It
was found that at very high pressures the 883 cores have
about ¥y the maximum enlargement of the bore that
was observed for the 139, cobalt (Carboloy 55A) cores
at the maximum pressure. The 999 pistons have a
higher crushing strength than the 883 pistons and suffer
less radial deformation.

The assembly used in the present experiments (Fig. 1)
differs slightly from the conventional type. Talc changes
to enstatite 4+ quartz and dehydrates at high tempera-
ture. The liberated water generally attacks the thermo-
couples and the metal capsule, and in order to avoid this
a Pyrex glass tube was inserted between the outer talc
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F1c. 1. Furnace assembly.
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tube and the graphite furnace. Boron nitride filled the
graphite furnace. The boron nitride parts were fired at
480°C for 48 h to free them of ammonia and water.

Capsules were made out of tantalum, nickel, and
niobium. Nickel capsules apparently contaminated the
Na(Cl and the melting temperatures in them were found
to be lower by 5-10°C than those obtained in other
capsules.

The sodium chloride used in these experiments was of
99.9999, purity and was supplied by Research Organic
and Inorganic Chemicals Co. The 1-atm melting point
obtained from the present experiments is 800.6°C,
whereas the reported 1-atm melting point is 800.5°C.
The sodium-chloride crystals were crushed to fine
powder and dried at 400°C for 24 h before use.
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F1c. 2. Melting curve of sodium chloride.

The temperatures were measured with Pt-Pt 10%, Rh
thermocouples. The melting and freezing at different
pressures was detected by differential thermal analysis.
The rate of heating and cooling used in the present
experiments ranged from 6 to 10°C/sec. At a given
pressure the melting and freezing signals were observed
at least four times with a typical reproducibility of 41
to 2°C. Some 120 determinations of the melting tem-
perature were made.

The assembly was initially compressed to the maxi-
mum pressure planned for the experiment. The tem-
perature was then taken up to the melting temperature.
The melting and freezing temperatures were determined
at intervals of 4 kbar on a decompression cycle and on a
subsequent compression cycle.

The compression melting curve and the decompression
melting curve were separated by ~2-4 kbar. The fric-
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TaBLE I. Parameters of the melting curve of NaCl in the equation
t=to+b1P~4-boP?4-bs PP H-byP?,
together with the derivation of values of b; from thermodynamic data.
Std.
2o b1 by bs by dev.
(°C) (°C/kbar) (°C/kbar?) (1078 °C/kbar3) (107 °C/kbar%) (°C)
Clark 799.6 23.44 —0.383 4.928 4.3
Pistorius 802.5 21.61 —0.201 0.576 2.7
Present work 800.6 21.155 —0.03736 —10.4 24 3.4
AS AVy AV/ASy by
(cal/mole °C) (cc/mole) (°C/kbar) (°C/kbar)
6.32 7.55 29¢ 23.4
6.70 7.55b 27 21.6
6.244 7.01e 26.8t 21.2

s F, D. Rossini, S. S. Wagman, N. H. Evans, S. Levine, and I. Jaffe, Natl. Bur, Std. (U. S.) Circ. No. 500 (1952).

b H, Schinke and F. Sauerwald, Z. Anorg. Allgem, Chem. 287, 313 (1956).
o C. W. F. T. Pistorius, J. Chem. Phys. 45, 3513 (1966).

d A, S. Dworkin and M. A. Bredig, J. Phys. Chem. 64, 269 (1960).

e I, Spindler and F. Sauerwald, Z. Anorg. Chem. 335, 267 (1965).

t C, W. F. T. Pistorius, J. Chem. Phys. 47, 4870 (1967).

tion was assumed to be symmetrical and the pressure
obtained by interpolation. The final pressures are be-
lieved to be accurate to within 0.5 kbar.

The effect of pressure on the emf of the Pt-Pt 109, Rh
thermocouples is large around 1000°C and above. This
effect also depends upon the difference between the seal
and the sample temperature. A separate experiment
was conducted using the same type of assembly with a
dummy capsule to determine the difference between the
seal and the sample temperature. Between 1000 and
1500°C the difference ranged from 830 to 1270°C. The
value for the pressure effect on the thermocouples as
given by Hanneman and Strong!®!” is approximately
+55° at 1500°C and 60 kbar. However, we have used
the corrections as determined in this laboratory which
suggest an effect only about one-half as great. The
correction!8 for the effect of pressure on thermal emf is
4°C at 1000°C and 10 kbar and 26°C at 1530°C and 65
kbar. In Fig. 2 both corrected and uncorrected melting
data are presented.

EXPERIMENTAL RESULTS

The present experimental results are presented along
with those of Clark and Pistorius in Fig. 2. The agree-
ment between the two sets of results is good. At 40 kbar,
Pistorius’s maximum pressure, his curve lies 2°C above
ours.

The curve for the melting temperature was calculated
from the equation

t=totb1P+bo P24-b:P%+ - - -
fitted to the 120 experimental values by least squares.

16 R. E. Hanneman and H. M. Strong, J. Appl. Phys. 36, 523
(1965).

17 R. E. Hanneman and H. M. Strong, General Electric Techni-
cal Information Series Report No. 65-RL-4033X, 1965 (un-
published).

18], C. Getting and G. C. Kennedy (to be published).

The parameters for the fifth-order polynomial are
presented in Table I. The standard deviation for the
higher-order polynomials did not show substantial
change.

The melting temperatures are given in Table II. The
initial slope of melting is 0.0212°C/bar. The value
calculated from the Clausius-Clapeyron equation dT//dP
=AV/AS is 0.028°4-0.001°C/bar.

In our experiments the suggested transition at 10-20
kbar was not observed. This result is in accordance with
that of Bridgman,* Bassett and Takahashi,!! Jamieson,'?
Johnson," Perez-Albuerne, and Drickamer,? and Pisto-
rius.? Johnson! has pointed out that the x-ray diffraction
lines attributed to high-pressure phases of NaCl by
Evdokimova and Vereschagin? were probably due to

TasLE II. Melting points of NaClL

T Th
Pressure ° (°O
(kbar) (Uncorr.) (Corr.)
0 800.6 800.6
5 904 906
10 1000 1004
15 1085 1090
20 1158 1165
25 1219 1227
30 1273 1283
35 1320 1332
40 1362 1377
45 1403 1419
50 1440 1458
55 1474 1494
60 1504 1527
65 1530 1556

19 Q. Johnson, Science 153, 419 (1966).

2 . A. Perez-Albuerne and H. G. Drickamer, J. Chem. Phys.
43, 1381 (1965).

2V, V. Edmokimova and L. F. Vereschchagin, Zh. Eksperim. i
Teor. Fiz., 43, 1202 (1963) [English transl.: Soviet Phys—JETP
16, 855 (1963)].
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the intrusion of a lithium plug contaminated with its
hydroxide into the x-ray beam.

Volume Compression and Melting

Kraut and Kennedy® showed that the melting tem-
perature T, and the compression of the solid phase
AV/V,e at the same pressure can be correlated in
accordance with the equation

Tw=T0(1+Ci|AV/ Vo)), (1)

where T, and V, are the melting temperature and
specific volume of the solid at 1 atm. The melting Eq.
(1) seems to describe approximately the compression
and melting data on several metals, alkali halides,® and
solidified gases.?? Furthermore, by combining the Linde-
mann equation 62V?3=C,KT,, and the Griineisen rela-
tion y=0 In6/d InV, the constant C; in Eq. (1) can be
shown to be equal to 2(y—%).22 Equation (1) can
therefore be rewritten as

Tw=Tu"[1+2(v—%)|AV/V,|]. 2)

Using the available data on metals, alkali halides, and
solidified gases, Eq. (2) is shown to agree with the
thermal value of v, i.e.,

y=Va/KzCy, 3)

where V is the specific volume, o is the coefficient of
volume thermal expansion, and Kz is the isothermal
compressibility. Recent determinations of melting of
alkali metals to 80 kbar,® silver halides,?® and the
present paper of sodium chloride, have been made to
examine this relationship more closely.

In contrast, the Simon equation

(P—Po)/a=(T/To)",

which is traditionally used to represent melting at high
pressure, does not give a good fit of the experimental
data over an extended pressure range, and the values of
the constants ¢ and ¢ cannot be satisfactorily related to
measurable physical quantities.

The compression values of NaCl from Bridgman’s*
static experiments to 100 kbar, Keeler’s® shock-wave
data to 200 kbar, Decker’s? calculations based on the
Born-Mie equation of state, and Jeffery’s x-ray results
are represented in Fig. 3. Bridgman’s and Keeler’s com-
pression values agree within 19, at 100 kbar, whereas
Decker’s values are higher by about 109,. Bassett
et al.’” and McWahn!? have pointed out that Decker has

12926'17' D. Grace and G. C. Kennedy, J. Phys. Chem. Solids 28, 977
( 23 J.) .Gilvarry, Phys. Rev. Letters 16, 1089 (1966).

. N. Vaidya and E. S. R. Gopal, Phys. Rev. Letters 17, 635
(1966; ; J. Phys. Chem. Solids 28, 1074 (1967); Cryogen1cs6 372

19

2% H. D. Luedemann and G. C. Kennedy, J. Geophys. Res. 73,
2795 (1968).

26 J. Akella, S. N. Vaidya, and G. C. Kennedy, J. Appl. Phys.
(in press).

27 W. A. Bassett, Taro Takahashi, Mao Ho-Kwang, and ]J.
Scott Weaver, J. Appl. Phys. 39, 319 (1968).
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possibly overestimated the compression values. Decker
used in his calculation an initial compressibility of
(4.2740.04)X 1078 obtained by measurement of echo-
travel-time method.?® The revised value from ultrasonic
interferometry obtained by Slagle and McKinstry® is
4.21X 1078 kbar. This reduction in K, from 4.27 to
4.21X 1073 reduces Decker’s values by about 3%, above
200 kbar. We have used a different approach to place
Decker’s values on the recently revised pressure scale.
Jeffery et al.3® have used Decker’s equation to determine
pressures at the Bi I-IT, Bi III-V, and Ba I-II transi-
tions simultaneously with x-ray compression values for
NaCl. The transition pressure determined in these ex-
periments were 24,8408 kbar for the Bi I-IT transition,
73.84-1.3 kbar for the Bi ITI-V transition, and 53.84-1.2
kbar for the Ba I-II transition Kennedy and La Mori’s®
value of the Bi I-II transition pressure measured in
rotating piston apparatus is 25.38. Hydemann?® found
the Bi I-II transition pressure equal to 25.499 kbar in a
piston-cylinder apparatus with a dead-weight piston
gauge for pressure measurement. Recently, Bi III-V and
Ba I-II transition pressures have also been determined
by observing the discontinuity in electrical resistance of
a sample wire embedded in AgCl pressure medium. The
pressure of the Bi ITI-IV transition determined from
these experiments is 77.540.5 kbar,® and that of
Ba I-II transition is 554=0.5 kbar.** Using the revised
values of the transition pressures, and the values of
compressions AV /V at the transition as determined by
Jeffery et al.*® we have replotted the x-ray values of
their work (Fig. 3). These x-ray compression values
are higher than the shock-wave or the Bridgman values
by about 6%, at 100 kbar.

The plot of melting temperature of NaCl versus the
compression values of Bridgman, Keeler, and Decker
are shown for the corrected melting temperatures in
Fig. 4. The plots are linear at low compressions and
begin to curve down towards the AV/V, axis at high
compressions. The curvature is more pronounced for
Decker’s compression values. The plot of the corrected
values of T',, versus the compression values of Bridgman
shows only a small curvature at high pressures.

The value of v obtained from the initial slope of T'»
versus Bridgman’s AV /V, values is 2.78. The value of v
calculated in this manner is too high because AV/V,
values at room temperature were used in Eq. (2). To
correct for the compressions measured at room tempera-

28 R. A. Bartels and D. E. Schuele, J. Phys. Chem. Solids 26, 537
(1965).
2 Q, D. Slagle and H. A. McKinstry, J. Appl. Phys. 38, 437

effery, J. T. Barnett, H. B. Vanfleet, and H. T. Hall,
J. Appl Dhys. 37, 3172 (1966).
( G) C. Kennedy and P. N. La Mori, J. Geophys. Res. 67, 851
1962

2P, L. M. Heydemann, J. Appl. Phys. 38, 2640 (1967).

3 J. C. Haygarth, H. D. Luedemann, I. C. Getting, and G. C.
Kennedy (to be published).

3 J. C. Haygarth, I. C. Getting, and G. C. Kennedy, J. Appl.
Phys. 38, 4557 (1967).
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ture we adopt the following scheme.? Since vy is very
nearly independent of temperature,

v=(Va/KzCy)rr= (Va/KzCv)r,,.

Furthermore, variation in Cy is only a few percent;
hence (Kr)r,,= (aV)r,/(@V)rr(Kr)rr in other words,
|AV/V,| in Eq. (2) should be replaced by [(aV)r,/
(@V)rr]|AV/V,|. When this correction is applied using
the thermal-expansion data of Enck et al.,3° y=1.77 is
obtained. This is in agreement with the thermal value of
vy=1.74%

DISCUSSION

The T,-versus-AV/V, plot of NaCl shows curvature
towards the compression axis at high pressure (Fig. 4).
This behavior has also been noticed in lithium, po-
tassium, indium, and in some other cases. A possible
explanation of this curvature is that it results from the
volume and temperature dependence of ¥ in Eq. (2).
The Griineisen constant at pressure P and temperature
T can be written as

dy dy
v=70+(—) AV+(——
aV/y oT

where 7o is the Griineisen constant at temperature 7,0
and volume ¥V, of solid.
This can be rewritten as

>V(T"‘"T”‘°) ,

dlny AV 9dlny Yo
Y=Y0t+70 } m—T'm®)—
dlnV Vo' o6InT T,?
or
dlny AV dlny AV
Y=Yo+70 ——=2v0(vo—%)a T —. @
InV Vo InV V,

3% F. D. Enck, D. G. Engle, and I. I. Marks, J. Appl. Phys. 36,
839 (1965).
(1“90 6§:) M. Kachhava and S. C. Saxena, J. Chem. Phys. 44, 986

PRESSURE (kbar)

Anderson® has shown that [Eq. (14) of his paper ]
d1lny/d InV=06r—Br+1,

where or= (l/aﬁr)(aﬁr/aT)p, BT(P,T) =BT(O,T)+BTP,
and Br= (Kr)™! is the isothermal bulk modulus. Using
Anderson’s Eq. (2), namely, §7~8r, a relationship which
he has shown holds for many solids, we obtain

dlny/d InV=1.
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From Eq. (4),
T=v0t+v0(1—2(v0—%$)aTx") (AV/V). ®)

a is typically ~1075/°C and T\»~10® °C, so that the
second term is very small as compared to the first term.
As was mentioned earlier, the temperature derivative of
v, namely, 9 Iny/d InT~T,0%, is indeed very small as
compared with the volume derivative 9 Iny/dInV,
which is nearly equal to 1. This has also been found
experimentally by Anderson. Leaving out the second
term in Eq. (5) we have

Y=y (1+AV/Vo), ; ©
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which on substitution in Eq. (2), gives
To=T[1=2(e—%)(AV/Vo)—2vo(AV/V)2]. (7)

Using the present melting data on NaCl and Bridgman’s
AV/V, values, a plot of (Tw—Tx0)/T2(AV/V,) was
made in accordance with Eq. (7), and is shown in Fig. 5.
The plot is linear, and the value of v, obtained from its
slope is 3.15. When the correction for conversion of
AV /V, values from room temperature to T, is applied,
v=1.08 is obtained. This is much smaller than the
thermal value of y=1.74.36

In conclusion, the plot of T, versus AV/V, is linear
to moderately large compressions and the value of v,
obtained from the initial slope of this plot agrees with
the value obtained from thermal data. The curvature in
Tm versus the AV/V, plot at high pressure can be
accounted for by taking into consideration the pressure
dependence of the Griineisen constant. This gives the
correct sign for the effect, though the magnitude is
different from the observed value. It seems that there
are some other factors which influence the quadratic
term in Eq. (7). The present experimental data may
also not be as reliable as their precision suggests insofar
as the calculation of this curvature goes. The compres-
sion values for NaCl still may have substantial un-
certainties, and the accuracy in T, is limited by the
uncertainties in applying the correction for the pressure
effect on the thermocouples.
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