
DUDL-JD 60-0108 
~+~.~_~ ~~~~~~'~'~ __ ~~~~~~~~4'~~'~'~~~~~~~~~~~~~~~~~~1 

large Ik I, 
pIe shape, 

;:;th of the 
ice modes 
e at both 

i cosaJ, as 
)5e surface 
ne pole at 
lOt. 
case where 
comes im-
1ge energy 
Ie problem 
\:i ttel and 
of a given 
if an addi­
; a measure 
;/1 2

• Thus, 
waves, the 
in the fre­
+Ck2) and 

in Fig. 2. 
)andp= Oj 
her waves, 
k" so that 

rrturbation. 
mdary con-
1 Rado and 

e existence 
ortance in 
~ance line­
• known to 
, ts.6,s 

i25 (1950). 
1558 (1955); 

lr, Phys. Rev. 

pHYSICAL REYIEW VOLUME 118. NUMBER S JUNE 1. 1960 

Experimental Fusion Curves of Indium and Tin to 105000 Atmospheres*t 
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The experimental fusion curves of indium and tin have been determined to a pressure of 105000 atmos· 
pheres. The melting point was detected at various pressures by means of a sharp increase in the electrical 
resistance of the sample, which gave rise to a sudden increase in the sample temperature. The melting 
temperature of indium was found to rise smoothly from a normal value of 156°C to a value of 417°C at 
105000 atm. The experimental data are fitted very well by the Simon equation P/a=(T/To)<-l, with 
a= 15 000 atm, c=4.34, and To=429°K. No evidence of polymorphism is observed. A phase transition is 
found for tin, with a triple point on the fusion curve at 38 000 atm, 318°C. The melting temperature for the 
first phase rises smoothly from its normal value of 232°C to the triple point, and the data are fitted very well 
by the Simon equation with a=7400 atm, c=11.3, To=505°K. The melting temperature for the second 
phase rises smoothly from the triple point to a value of 500°C at 105000 atm, and the data are fitted very 
well by the Simon-type equation (P-38 000)/21800= (T/591)5 .2S-1. The uncertainty is estimated to be 
approJ..'imately ±5% in the measured melting temperature, ±5% in the pressure calibration, ±20% in 
the Simon coefficient a, and ±2% in the Simon exponent c. 

INTRODUCTION 

SEVERAL attempts have been made in the past to 
theoretically predict the nature of fusion curves at 

high temperatures and pressures. The most notable have 
been those of Lindemann,' Lennard-Jones and Devon­
shire,2 Domb,3 de Boer,4 Salter,5 and Gilvarry.6 Of par­
ticular interest in the foregoing treatments are their 
theoretical justifications of a semiempirical fusion curve 
first proposed by Simon,7 which has had remarkable suc­
cess in fitting the experimental data of a wide variety of 
substances. This curve takes the form P/ a= (T/To)<-1, 
where T is the melting temperature at pressure P, To is 
the intersection of the fusion curve with the temperature 
axis, or essentially the normal melting point, and a and 
c are empirical constants, taken to be closely related to 
the "internal pressure" and interatomic forces, respec­
tively. The Simon equation was originally thought to be 
valid only for the frozen inert gases, but recent experi­
mental work with metalsS- IO has clearly demonstrated 
its validity in this area as well. 

With the development of a new super-pressure ap­
paratusll capable of generating pressures in excess of 
100 000 atmospheres simultaneously with temperatures 
up to about 3000°C, it was 'felt that significant contribu-
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tions could be made to the problem of fusion curves of 
metals. Indium and tin were chosen for the first experi. , 
ments because of their relatively low normal melting 
points, malleability, low reactivity, and (in the case of 
tin) promise of interesting behavior with respect to 
polymorphism. This paper presents the detailed data of 
these experiments. 

APPARATUS 

The tetrahedral·anvil apparatus, which was used in 
these experiments, has been adequately described with 
photographs and diagrams in other papers.ll,12 In es­
sence, four cemented-tungsten-carbide anvils, with equi­
lateral triangular faces, are driven simultaneously 
against the four faces of a pyrophyllite13 sample-holder 
shaped in the form of a regular tetrahedron (see Fig. 1). 
The edge length of the pyrophyllite tetrahedron is 25% 
greater than the edge length of the triangular face of 
each anvil (being a in. and i in, respectively, in the 
experiments described below). Because of this, some of 

FIG. 1. Pyrophyllite sample-holder and assembly. 

U H. T. Hall, Sci. American 101, 61 (November, 1959). 
13 This is a hydrous aluminum silicate, Ah03' 4Si02 • H 20, some­

times known as Tennessee Grade-A Lava. 
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FIG. 2. Detail of sam­
ple assembly, without 
graphite heating tube. 

the pyrophyllite is forced to flow into the space between 
adjacent anvils when they are driven together, thus 
forming a compressible gasket. The pyrophyllite has 
sufficient internal and surface friction to do this, and 
yet not so much as to be unsuitable in its pressure-

. transmission properties. The surface friction of the 
pyrophyllite, which is particularly important for the 
formation of a gasket that will hold in place between 
adjacent carbide faces without blowing out, is enhanced 
by painting the outside surface of the tetrahedron with 
red iron oxide powder. The gasket thus formed, in a run 
up to 105 000 atmospheres, is about t in. in width and 
0.020 in. in thickness. 

The sample itself is in the form of a small cylinder, 
t in. long and i in. in diameter, aligned through the 
center of the pyrophyllite sample-holder, coaxial with a 
line joining the mid-points of two opposite edges. As 
shown in Fig. 2, the sample S is simply placed into a 
cylindrical hole drilled in the pyrophyllite, and bounded 
on the ends by mild steel plugs D, which are 1\ in. thick 
and l2 in. in diameter. (These were found to effectively 
prevent extrusion of the sample through the ends of the 
container.) Electrical connections are made to the sam­
ple through O.OOS-in. metal "contact tabs" G, and 
thermal insulation is provided at the ends of the sample 
container by the pyrophyllite prisms C. The metal tabs 
G from the ends of the sample each make contact with 
the faces of a pair of anvils which bring in the ac heating 
current. 

It has also been found advantageous to place triangu­
lar steel "clamping tabs" (cut from O.OOS-in. shim stock) 
over the two edges containing the removable pyro­
phyllite prisms (see Fig. 3). When the anvils are just 
being driven in against the pyrophyUite tetrahedron, 
particularly before the gasket is formed, there is a 
tendency for the edge assembly on each end of the sam­
ple to become misaligned, sometimes allowing the 
sample to extrude. These steel tabs seem to prevent this 
problem by holding the assembly in place during the 
formation of the gasket. When significant pressures are 
applied, the pyrophyllite breaks through the tab and 
forms a normal gasket, so that the clamping tab does 
not interfere with a symmetrical load being applied to 
the sample. 

The temperature of the sample is measured by means 

of a platinum-platinum+ 10% rhodium (P-PR) thermo­
couple, the hot junction of which is embedded directly 
in the center of the sample at T. The wires, each 0.010 
in. in diameter, are fused together at the hot junction. 
The cold junction is maintained at DoC in an ice-water 
bath outside the apparatus, and the thermal emf is re­
corded automatically on a strip-chart recorder. The 
leads from the hot junction are brought out through 
opposite edges of the pyrophyllite tetrahedron, through 
the gaskets formed between adjacent anvil faces. It was 
found that with this arrangement, the sample had a 
tendency to flow out along the thermocouple leads upon 
melting, thus short-circuiting the thermocouple. (This 
effect was particularly pronounced with the indium, 
which is the more fluid of the two substances investi­
gated. In some cases, the flow was of such magnitude 
that indium could be found out at the edges of the 
tetrahedron following a run.) This would cause the 
thermocouple to read some kind of an average tempera-

THERMOCOUPLE 
WIRE 

PROTECTIVE 
SHEATHS 

FIG. 3. Assembled sample, showing protective 
sheaths for thermocouple. 

ture over the short-circuited region, which would in­
troduce error by yielding a temperature reading con­
siderably lower than the sample temperature. In at­
tempts to eliminate this source of error, two other types 
of sample assemblies were used. In one case, the sample 
was contained in a Nichrome sleeve, of i in. outside 
diameter and O.OOS-in. wall thickness, containing end 
caps, with the thermocouple junction spot-welded to the 
outside of the sleeve. The other assembly contained the 
sample in a graphite sleeve of i-in. o.d. and about 
O.OU-in. wall thickness, bounded by i2-in. graphite end 
plugs (as shown in Fig. 1), with the thermocouple junc­
tion embedded in the pyrophyllite just outside and ad­
jacent to the sleeve. (In both of these arrangements, 
assembly was effected by using two pyrophyllite half­
tetrahedrons, such that the axis of the sample lay in the 
dividing plane.) All three types of sample assembly were 
used with each of the materials investigated. 

In order to prevent the thermocpuple leads from being 
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pinched off during the formation of . the gasket, it was 
found necessary to use protecting sheaths of pyrophyl­
lite. (See Fig. 3.) When these sheaths, each of thickness 
0.040 in., are placed on each side of a thermocouple lead 
where it enters the pyrophyllite tetrahedron, the in­
coming carbide anvils clamp down on the sheaths before 
the gaskets are formed, and the securely .held sheaths 
prevent undue flowing of the pyrophyllite adjacent to 
the thermocouple wire. It was found possible to keep a 
thermocouple intact in this manner over the entire 
pressure range, as long as the pressure was increasing. 
However, the thermocouple would invariably break as 
the pressure was being released, indicating that con­
siderable flowing of the pyrophyllite was taking place 
as the pressure was decreased . 

The measurement of the sample temperature depends 
upon the reliability of the P-PR thermocouple over the 
entire pressure range. Strong9 reports tha t in the General 
Electric Researcn Laboratories, several different ther­
mocquples were compared on the "Belt" apparatus over 
a wide pressure and temperature range. It was concluded 
there that the handbook tables for P-PR probably agree 
with the true high-pressure calibration to within ± 10%. 
Further details on these tests are given in a later paper.lO 
In a previous experiment at General Electric, Halll 4 had 
compared a P-PR thermocouple with a chromel-alumel 
thermocouple up to 100 000 atmospheres and lO00°C, 
and found agreement within 0.3% over the entire range. 
The question still seems to be largely unse ttled. 

As in the "Belt" apparatus, the pressure cannot be 
measured directly, but must be determined in terms of 
the applied load from a previous calibration of the ap­
paratus. The pressure chamber can be calibrated by 
means of certain elements which undergo sharp resist­
ance changes at certain fairly well-known pressures. 
These elements, for which the transitions and pressures 
at which they occur were measured by Bridgman,15 are 
Bi (24800 atm), TI (43000 atm), Cs (53500 atm) , and 
Ba (77 400 atm) . Because of the difficulty encountered 
in working with cesium (extremely reactive, spontane­
ously igniting when exposed to air, and a liquid above 
28.S 0 C), and because of 'some uncertainty in the tran­
sition pressure of thallium, only the bismuth and bariu~ 
transitions were used for calibration purposes. The cali­
bration curve is plotted in Fig. 4. The pressure calibra­
tion is thought to be accurate to ±5% . 

. and about EXPERIMENTAL PROCEDURE 

. graphite end .' At a given pressure, thl'! melting temperature is de-
ocouple junc- tected essentially by means of an electrical resistance 
ltside and ad- change in the sample. The resistivity of molten indium, 
rrangements, for example, is about three times that of the solid, and 
phyllite half- liquid tin has a resistivity of about four times that of the 
pie lay in the solid. (See International Critical Tables, Vol. 1, pp. 103-
-sembly were 104.) In an experimental run, the heating power is 
cd. I 

. ds from being . 14 H. T. Hall (unpublished). . __ 
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FIG. 4. Calibration curve for tetrahedral-anvil apparatus. 

increased very slowly as the melting point is approached, 
in order to approximate a condition of equilibrium as 
far as heat flow and temperature distribution are COIl­

cerned. Under this condition, the maximum temperature 
of the sample should occur at its center, near the ~hermo­
couple junction. As the melting temperature is attained 
at this hottest point, the sample begins to melt at its 
center, and increases in resistance. Now the resistance 
of the entire sample is a fairly small fraction of the total 
resistance in the leads, connections, etc., in the heating 
circuit, so that even though the sample resistance may 
increase by several times its initial value, the effect on 
the total circuit resistance is small. This means tha t the 
current remains nearly constant as the sample melts, 
while the voltage drop through the sample increases 
significantly. Hence, as the sample begins to melt, .the 
heating power is sharply increased in the molten portl~n, 
and the temperature accordingly undergoes a sharp Ln­

crease. This effect causes the entire sample to quickly 
melt from the center outwards, in a sort of "avalanche 
effect," and the strip-chart recorder indicates a sharp 
increase in the thermal en'u, corresponding to a jump of 
about 55°C in indium, or about 85°C in tin. (See Fig, 5.) . 
The melting temperature is taken to be the thermo­
couple-recorded temperature at which the "avalanche" 
begins; that is, the \"alue of the temperature at the 
initial point of its sudden increase . 

The lowest pressure at which melting point measure­
ments were made wa:; about 6500 atmospheres. Read­
ings at pressures below this point were found to be 
inconsistent and inaccurate. Gasket formation takes 
place from about 3000 to 5000 atmospheres, and evi­
dently pressure is not effectively transmitted from the 
anvils in to the sample until the gaskets are fully formed . 
The melting temperature was usually measured at about 

l 
,IS P. W. Bridgman, Proc. Am. Acad. Arts SCI. 81, 16.) (19.)2). 
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FIG. 5. Typical strip-chart record of melting. 

every 6500 atmospheres, although on some runs meas­
urements were made at about every 1300 atmospheres. 
(The 6500-atmospherc increment corresponds to an in­
crement of 500 psi in the oil pressure of the hydraulic 
rams. This means that measurements were made at 
every 500 psi up to a maximum of 8000 psi, which 
corresponds to 105000 atmospheres.) 

Considerable variance existed in the measured fusion 
curves for a given substance, due to the difference in 
heat loss of the various samples. For example, out of the 
fusion curves that were measured for indium (three with 
graphite sleeves, two with Nichrome sleeves, and two 
without any sleeves, the sample being placed directly in 
the pyrophyllite with the thermocouple junction in the 
center of the sample), the measured melting tempera­
tures at about 80000 atmospheres were as follows: for 
the three with graphite sleeves, 335°C, 329°C, and 
301 °C; for the two with Nichrome sleeves, 308°C and 
303°C; and for the two without sleeves, 336°C and 
259°C. This represented a spread of about 25%, com­
pared to the average. 

In order to correct for this heat loss (due in this case 
to thermal conduction radially outwards from the mid­
point of the sample), the following first-approximation 
correction formula w'as used: 

(1) 

where t is the corrected temperature at the center of the 
sample where melting begins, 1m is the measured tem­
perature recorded by the thermocouple, and ta is the 
ambient temperature of the anvils, taken to be the 
temperature to which the thermocouple immediately 

. drops just when the power is shut off after detection of a 

.. " 9 

melting point. The proportionality constant k for a given 
sample was determined by extrapolating the fusion 
curve for that sample into the temperature axis, com­
paring the extrapolated value of the normal melting 
temperature with its known value, and using Eq. (1). 
The gratifying and rather astonishing result of applying 
this temperature correction to the measured fusion 
curves of both indium and tin was a very close corre­
spondence of the corrected curves in each case oyer the 
entire pressure range. For example, the total spread 
in the corrected values of the melting temperature for a 
given pressure was less than 4% of the average. (Com­
pare this to 25% for the uncorrected values.) 

The largest source of error in the corrected values of 
melting temperature was considered to be the extra­
polation involved in the temperature correction. This 
involved a rather arbitrary extension of the measured 
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FIG. 6. Fusion curve of indium. 

fusion curve from a pressure of about 6500 atm down 
to zero, where the variation of reasonably extrapolated 
values (in the case of indium) was as great as ±6% 
from the value finally used. This variation led to un­
certainties of up to ±4% in the corrected temperatures, 
and it is estimated that the total uncertainty in cor­
rected temperatures, taking into account the extrapola­
tion, heat loss through the thermocouple wires, un­
certainty in temperature readings at the beginning of 
the melting "avalanche," etc., is about ±S%. 

RESULTS AND CONCLUSIONS 

The experimental fusion curve for indium is shown in 
Fig. 6. It is found to rise smoothly with increasing 
pressure from the normal melting temperature of 156°C 
at atmospheric pressure to about 416°C at 105 000 
atmospheres. The curve is normal' in the sense of Bridg­
man over the entire pressure range; it is concave towards 
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the pressure axis, with no observable tendency to ap­
proach either a maximum or a horizontal asymptote. 
No indication of polymorphism is observed. The data 
~an be fitted very well by the Simon fusion equation: 

P/15 000 atm= (T/429°K)4.34-1, (2) 

the corrected melting temperatures never varying more 
than 1% from this curve. The values of the constants 
in Eq. (2) were determined by the method of least 
squares. In order to estimate the uncertainty in these 
values, the Simon equation was also fitted by the method 
of least squares to the maximum and minimum curves, 
which were drawn through the extremities of the range 
of uncertainty for the measured melting temperatures. 
The results indicated that a could vary as much as 
±20%, while c changed only by ±2%. 

By way of comparison, Butuzov and Ponyatovskiil6 

-
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FIG. 7. Fusion curve of tin. 

found a nearly linear change up to a melting point of 
280°C at 30000 kg/Cr.p2, with a mean increase of 
4.13X 10-3 deg/kg/cm2. The curve obtained here shows 
definite curvature in that range, exhibiting a melting 
temperature of 275°C at 30000 kg/cm2 (29000 atm), 
with a mean increase of 3.96X 10-3 deg/kg/cm2. The 
values are in agreement to well within the experimental 
uncertainty. 

The experimental fusion curve for tin is shown in 
Fig. 7. A phase transition is indicated, with a triple 
point at about 38 000 atm and 318°C. The curve of the 
first phase rises smoothly from the normal melting tem­
perature of 232°C at atmospheric pressure to the triple 
point, where a discontinuity in slope occurs. (This dis­
continuity was found to be reversible, and occurred 

11 V. P. Butuzov and E. G. Ponyatovskii, Kristallografiya 1, 
736 (1956). 

consistently at the same pressure for all samples.) The 
fusion curve of the second phase rises smoothly from 
the triple point to a melting temperature of about 500°C 
at 105000 atm. The curves of both phases seem to be 
normal in the sense of Bridgman (with the exception, 
of course, that the curve of the first phase does not 
continue indefinitely). The data for the first phase can 
be fitted well by the Simon equation: 

P/7400 atm= (T/505°K)I1.L 1, (3) 

and the data for the second phase by the equation: 

(P-38 (00)/21800= (T/591)5.2L 1, (4) 

where To in the transformed Simon equation for the 
second phase is taken to be the triple-point temperature, 
or 591°K. The percentage uncertainties in the Simon 
coefficients and exponents are about the same as those 
for the corresponding values in the indium equation. 

These results can be compared to those of Butuzov 
and Gonikberg,17 who reported a melting temperature 
of 309°C at 30000 kg/cm2 (29000 atm) for tin. The 
value indicated at that pressure by the data of this 
experiment is also 309°C. Butuzov and Gonikberg only 
carried their experiments to 34000 kg/cm2 (32 900 atm), 
and hence did not detect the phase change to a higher 
pressure modification. 

An experimental attempt was also made to determine 
the phase structure of tin below the fusion curve, with­
out complete success. The electrical resistance of the 
sample was determined as a function of temperature 
(at constant pressure) up to the melting point for each 
of the pressures at which the melting temperature was 
measured, and consistent discontinuities in these curves 
were sought. There was some indication (by a change in 
slope of the resistance vs temperature curve, which 
seemed to appear fairly consistently over a certain 
pressure range) that a phase transition-equilibrium line 
might exist as shown by the dashed line in Fig. 7. There 
is considerable uncertainty in the exact position and 
curvature of the line, which may of course be partly due 
to a possible tendency of the lower temperature phase 
to superheat into a region of instability and therefore 
not consistently indicate a phase transition at the point 
of equilibrium. No consis,tent indications of phase tran­
sitions were detected at pressures below those covered 
by the dashed line of Fig. 7, and the phase structure in. 
the neighborhood of the triple point on the fusion curve 
is uncertain. It was concluded that new and more refined 
experimental techniques would be necessary to deter­
mine this phase structure, and this will probably be 
taken up as a later project. 

The rather outstanding success of the Simon equation 
in fitting the experimental data of not only indium and 
tin but also the Group VIII metals investigated by 

lTV. P. Butuzov and M. G. Gonikberg, Doklady Akad. Nauk 
S.S.S.R. 91, 1083 (1953) (English translation NSF-tr-I44, De­
cember, 1953). 
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Strong and Bundy would seem to indicate that the 
equation has real physical validity. However, it would 
seem equally clear that the physical nature of the Simon 
constants is not as yet understood. Simon sought to 
·relate the coefficient a to the "internal pressure" by the 
relationship a=till/V where t:..E is taken to be approxi­
mately equal to the heat of vaporization or sublimation, 
and V is the atomic volume. Using the values tlE= 57.5 
kcaljg-atom, V=15.7 cm3/g-atom for indium, and 
till=70.0 kcaljg-atom, V=16.3 cm3/g-atom for tin,1s 
one obtains a= 151000 atm for indium and a= 177 000 
atm for tin, which are not even of the same order of 
magnitude as the experimental values. Also, the rela­
tionship c= (6-r+l)/(6y-2) between the Simon c and 
the Gruneisen 'Y, which was derived by both SalterS and 
Gilvarry,6 gives values of c· considerably too low for 
any of the metals. On the other hand, the value of c 
determined for tin comes very close to the smooth curve 
through the points representing the alkali metals and 
the Group VIn metals on the c-'Y plot of Strong and 
Bundy.lo This corroborates their suggestion that some 
definite functional relationship exists between c and 'Y. 
The point representing indium, however, falls in the 
neighborhood of the rhodium point, far from either 
curve. Of course, the calculated value of the Gruneisen 
constantl9 may well be in error because of its dependence 
upon the compressibility and the thermal expansion, 
both of which are evidently quite difficult to measure 
in the case of indium. 

It would seem rather significant that the Simon equa­
tion can be applied equally as well to both phases of tin. 
In considering its application to the high-pressure phase, 
it becomes rather difficult to give the constant a any 
physical meaning, since the curve extrapolates to a 

18 J . H. Hildebrand and R. L. Scott, Tire Solubility of NOllelec­
trolytes (Reinhold Publishing Corporation, New York, 1950), 
3rd edition, p. 323. 

19 See E. Gruneisen, Halldbuclt der Physik (Verlag Julius 
Springer, Berlin, 1926), VoL 10, pp. 1-59. 

temperature of absolute zero on the pressure axis at a 
positive pressure of 16200 atm. It would be interesting 
to see if the Simon equation fits the fusion curves of 
other high-pressure phases of polymorphic substances, 
such as those of bismuth. All in all, it begins to appear 
that the Simon relationship may be some sort of an 
inherent fundamental property of fusion curves, in addi­
tion to having validity as an interpolation formula. 

One other question which arises in connection with 
the ultimate behavior of any fusion curve is that of the 
possible existence 'of a liquid-solid critical point, analo­
gous to the gas-liquid critical point. Such a point would 
necessarily be characterized by the vanishing of both the 
latent heat of fusion and the volume change of the sam­
ple in melting. No indication either in favor of or against 
such a phenomenon was indicated by these experiments. 
With this particular experimental arrangement, it was 
impossible to make measurements of either changes in 
sample volume or latent heat of fusion. The relatively 
small volume change of the sample upon melting was 
evidently absorbed by the large volume of compressible 
pyrophyllite in the tetrahedral sample-holder, and the 
heat loss through the large anvils was great enough to 
effectively mask any latent heat effects. (For example, 
when the sample was melted, and the heating power 
suddenly cut off, the temperature dropped very fast to 
the ambient level, without a break in the cooling curve.) 
Therefore, the only indication of approaching a critical 
point that would be given by this experiment would be 
a lessening of the "avalanche effect" on the tempera.ture 
as the sample is melted. (Even this would be incon­
clusive, since it could conceivably be affected by volume 
change and latent heat in such a way as to compensate 
for the effect of the resistance change.) However, such 
an indication was not given in this case, with either the 
indium or the tin. With both metals, the percentage in­
crease in temperature upon melting was approximately 
constant over the entire pressure range. 
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