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INTRODUCTION

Several theories proposing to mathematically describe the
melting process have been developed. The validity of these theories,
additional corrective information, or evidence of their error in
predicting melting curves may be obtained from experimentally
obtained fusion curves of the elements. This particular thesis has
been undertaken to supply additional experimental data towards
obtaining more complete and accurate theories of melting.

Prominent among theories on melting is an equation due to
simon(1). He approached the problem through the methods of low=
temperature physics and developed, somewhat empirically, the
following equation:

log (P+ a) =clog T+#b
T is the melting temperature at the pressure P. The constants
a,b, and c depend on the nature of the material. The constant b is
evaluated by letting T0 be the melting temperature when P equals
zero. (P equals 1 atmosphere which is approximately zero when
compared to the several thousand atmospheres with which we will be
dealing.) Then Simon's equation becomes:

Pl/a = (T/To)¢ - 1
In this equation a is the internal pressure of the crystal due to
lattice forces only (independent of the external pressure), The

constant ¢ has no particular physical significance.

1




Simon's equation was fitted to the experimentally obtained fusion
curves to obtain values for the parameters a and c. A very complete

review of all the available theories on melting can be found in the

Doctoral Thesis of Dudley(z).
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EXPERIMENTAL PROCEDURE (GENERAL)

All of the research reported herein has been done in the high-
pressure, high-temperature laboratory on the Brigham Young University

campus, under the direction of Dr. H. Tracy Hall.

Pressure Equipment:

Pressure equipment consisted of two presses. Both presses are

classed '""Tetrahedral Anvil Apparatus'', (3)

one having a larger sample
volume capacity than the other. The tetrahedral anvil press consists of
four independent, hydraulically-driven rams supported in such a manner
as to all be converging at one point, each along lines normal to the faces
of a tetrahedron. The heads (anvils) of the rams have flat, triangular
faces and are machined such that when all four anvils have been driven

together uniformly, they enclose a tetrahedral cavity. These anvils are

constructed from cemented tungsten carbide.

Sample Holder:

The sample holder is a pyrophyllite* tetrahedron which has an
edge length 25% larger than the edge of the triangular faces of each anvil.
These dimensions are 15/16'" and 3/4'", respectively, on the small press
and 1" and 1-1/4" on the large press.

As a result of the oversized tetrahedron, some of the lava
(pyrophyllite) will be forced out into the narrow places between the anvils
as they are all driven together on the tetrahedron. Lava has a sufficiently

high coefficient of friction so that this excess lava forms a compressible

*Pyrophyllite - A hydrous aluminum silicate also known as grade A lava,
available from American Lava Company, Chattanooga, Tennessee.




gasket. After a small amount of this has '""oozed' out, a very tight gasket
is formed and further travel of the anvils increases the pressure in the
cavity now occupied by the lava sample holder. Figure 3, in which the
gaskets mentioned can be seen, shows a tetrahedron before and after a

run.

Calibration Technique:

It was necessary to calibrate the presses or, in other words, to
determine how much pressure was actually transmitted to the sample inside
of the lava tetrahedron with a certain oil pressure on the rams driving the
anvils.

The presses were calibrated by a technique developed by Dudley(z)
and a detailed description can be found in his thesis. A brief summary
follows.

The known transition points of bismuth and barium which are
24, 800 atmospheres for the Bi I-Bi II transition, and 77,400 atmospheres
for barium, were used as calibration points. These two elements were
each put inside of a tetrahedron in the same position a regular sample
would occupy, then the resistance of the material was measured and
recorded as a function of pressure. A typical curve, resistance vs.
pressure, can be seen in Figure 1. Two or three curves like this were
obtained for each of the elements, bismuth and barium. The transition
point was taken as halfway between the top and bottom of the resistance
drop at the point of steepest slope. These points were then plotted and
a line drawn through them and the origin. This became the calibration

curve for the presses. See Figure 2.
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Methods of Heating the Sample:

Heating of the sample has been accomplished by various, although
similar, techniques. The presses have been constructed in such a way
that each of the anvils is electrically insulated from the press frame itself
and consequently from each other. Two anvils were then wired together
and connected to one side of the power supply and the other two were
wired together and connected to the other side of the power supply. When a
tetrahedron is inserted into the press, having, of course, the proper internal
arrangement, current can pass through one set of two anvils, through the
sample or sample heaters, and back out the other set of two anvils. This
heating method is basic to all the runs made. The only thing that changes
is the means of getting current through the tetrahedron and the type of
sample heating arrangement employed. These various arrangements will

be discussed separately in the section concerned with each specific sample.

Detecting the Temperature of the Sample:

A method has been developed whereby several thermocouple wires
are imbedded in the tetrahedron and run out through the gaskets to a
recorder to measure the temperature of the sample, or, for that matter,
the temperature at any point inside the tetrahedron.

Platinum-platinum 10% rhodium thermocouple wires were used
exclusively in the runs made. Each set of runs employed various
thermocouple arrangements and these will be described in the section
concerning the specific runs. However, the method of bringing the
thermocouple wires out of the tetrahedron through the gaskets is a

technique that has been used exclusively throughout all the runs.
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It was found that unless a small ''protective sheath'' made of lava
was placed around the thermocouple wire, it would invariably break off
right in the gasket area. As the gaskets were being formed by the flow
of the lava tetrahedron under pressure, the thermocouple wires would be
pinched apart. With these protective sheaths in place, the anvils would
clamp down on these sheaths and consequently hold the thermocouple wire
in place while the lava flowed around it to form the gasket. The size of
these sheaths is not extremely critical. They should be .104" thick,
about 3/16'" wide, and 5/16'" long for the large press, and . 080" thick,
3/16" wide, and 3/8' long for the small press.

The above method has proven very dependable. Figure 3 shows
an assembled tetrahedron with these protective sheaths around the
thermocouple wires. In all cases, the thermocouple wires were run
through a reference junction of zero degrees centigrade and all recording

was made on a strip-chart recorder.

A. Before run B. After run

Fig. 3. --Assembled sample holder (tetrahedron).
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EXPERIMENTAL PROCEDURE (SPECIFIC)

LEAD

Sample Geometry:

All of the runs on lead were made in the small press. A drawing
of the tetrahedron prepared to receive a sample can be seen in Figure 4 .
Two opposite ends of the tetrahedron are sliced off and a hole drilled
through the center of the middle piece. (See Figure 4 .) This hole will

contain the sample and its respective heating and temperature detection

devices.
DC A B CD
A = Tantalum tube with thermocouple wires spotwelded to side.
B - Lead sample.
C - Tantalum disk .
D = Nickel end plug.
E - Body of tetrahedron.
F - Steel end tab.
G - Sliced-off edge of tetrahedron.

Fig. 4. - Sample geometry for lead

The successful runs with lead were obtained in the following
manner: The sample, lead, was encased in a tantalum tube, 0.010"
wall thickness and 0. 125" outside diameter. The ends of the tube were
sealed with a thin tantalum disk and a nickel disk, the tantalum being next

to the sample. A platinum-platinum 10% rhodium thermocouple junction
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was previously spot-welded to the side of the tantalum tube. This entire
assembly was then inserted into the hole in the tetrahedron with the
thermocouple wires running out the tetrahedron, perpendicular to the
tantalum tube, through one of the edges of the tetrahedron and through
the protective sheaths described previously. A steel tab (see Figure 4))
was then placed over each end, and the pyrophyllite edges that were sliced
off were glued back in place. Now the heating current will pass through the
two anvils and the steel tab on one end, through the lead and tantalum core
and out the other end through the steel tab and anvils. Since this small
sample has a rather high resistance, it will serve as its own IZR heater.

With this tetrahedron in the press and the thermocouple wires
running through a cold junction to the recorder, we can measure the
temperature inside the tetrahedron as the current through the sample

is increased.

Melting Point Detection Method:

It was possible, with the geometry described above, to observe
a very sudden rise in the temperature of the sample when it melted.
This effect, which can be seen in the reproduction of the strmip-chart
recorder chart in the Appendix, has been explained this way: When the
sample melts, the resistance rises sharply and, since the resistance
of the entire heating circuit was large compared to the sample resistance,
no appreciable change in the total current through the circuit was
effected; however, the IR heating of the sample rose sharply as the
resistance of the sample rose. Consequently, the temperature of the

sample would rise sharply also.
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It was not possible to put the thermocouple junction inside the
tantalum tube in the lead itself, because lead and platinum alloy when
heated, which is why the thermocouple junction was spot-welded to the
outside of the tantalum tube. Since the junction would not measure the true
temperature of the lead inside the tube, it was necessary to correct the
temperature readings that were obtained to indicate the true melting
temperature of the lead. Once again, a technique developed by my
predecessor, Dr. J. Duane Dudley, was employed.

Let t be the temperature of the sample, and t,, be the
temperature measured by the thermocouple at its position on
the outside of the sleeve (tantalum) containing the sample. Let
ty be the ambient temperature outside of the pyrophyllite,
essentially the 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 melting
point) then the heat flow (at equilibrium) from the sample out
to the position of the thermocouple will be proportional to

(t=-tm):

H = Kl (t“tm),

1

and the heat flow from the position of the thermocouple out
to the anvils will be proportional (as a first approximation)

to (tm—ta):

H, = K, (ty - t).

Now if an equilibrium condition exists, these two values of heat
flow must be equal in magnitude, or

K] (t=t) = K, (t_~-t)),
from which
t=tm+ (K /Ky )ty - t)

Denoting the constant KZ/KI as k, the heat correction equation
is obtained.

t=ty+ k(t_-ty)

The constant k is determined by correcting the extrapolated experimental
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curve at zero pressure (one atmosphere) to the true melting point at one
atmosphere. After k has been determined at t; and p,, then the experi-
mental curve can be corrected in its entirety, yielding the melting

curve as a function of pressure.

Results:

Four runs have been individually corrected and then averaged
together and plotted. Figure 5 is a reproduction of this plot. The
melting point of lead increases from 327.3 degrees centigrade at one
atmosphere to 730 degrees centigrade at 105, 000 atmospheres. The
curve seems to rise very smoothly. No transition points appeared.

The results obtained above compare very well with the melting
point of lead obtained by Hoffman and Hudson(6) at General Electric
at 30, 000 kg /cmz, and is 9.2% below the point obtained by Butuzov
and Gonikberg(s}) up to 30, 000 kg/cmz. Both of these points have
been included in the plot of the melting curve of lead in Figure 5.

Simon's equation was fitted to this experimental curve. The
constants a and c are 7, 560 atmospheres and 3. 38, respectively, with

5.7% maximum deviation between the two curves.
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ZINC

Attempts similar to those used in the runs on lead were used in
an effort to detect the melting point of zinc; however, it was found that
the resistance of zinc did not change enough upon melting to cause this
sudden change in IZR heating. Consequently, no change in the temperature
at melting could be seen, as was observed when using the sample geometry
for lead.

Several other methods of detection and sample geometry were
tried to no avail. After some time, however, a satisfactory method was
found which yielded some very good and apparently accurate results;
that is, no temperature correction was necessary as in lead. The thermo-
couple measured the exact temperature at which the sample melted, and

the strip-chart recorded it.

Sample Geometry:

The above method employed detecting the latent heat of melting
in the sample as it was allowed to heat and cool rather rapidly. The
sample was not used as its own heater in this case but, instead, was
heated indirectly. Figure 6 shows the components of the sample. In
this case, the zinc was enclosed in a boron nitride (BN) tube with BN
plugs in the end, so that the zinc was completely enclosed in BN, The
thermocouple wires ran straight through the BN and the zinc, so the
thermocouple junction was in the center of the zinc sample. This
assembly was placed in the hole in the tetrahedron and heated by two
tantalum strips running along the side of the BN tube. With the end

pieces replaced, including the steel end tabs, the current could now pass
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from one set of anvils through the end tab, along the two tantalum

strips and out the other end tab and set of anvils. The tantalum strips
have enough resistance to make very good heaters. Now the zinc sample
was placed inside an oven and insulated from the heating elements by the

BN.

Melting Point Detection Method:

In order to detect the latent heat of melting, it is important that
the sample be heated at a very constant rate. Again the thermocouple
wires were connected to the strip chart recorder and temperature vs.
time was recorded. As the sample was heated linearly with time, latent
heat showed up as a sudden increase in the slope of the time/temperature
curve. A typical chart from the recorder can be seen in the Appendix.
Near linear heating was accomplished by setting the variac on the power

supply (with the power off) at a large enough value that, with the power
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turned on, the heating would be sufficient to raise the temperature above
the melting point of zinc. With the recorder operating, the power supply
was turned on with the variac at this preset value. The temperature of
the sample increased quite rapidly and linearly with time. As the
sample melted, the latent heat showed up on this curveas a somewhat
constant temperature for a short time. The sample was melted two or
three times at each pressure increment in order to assure that the point
observed was the true melting point, confirming it by repetition. Pressure
increments of 500 psi oil pressure were taken. This corresponds to
7000 atmospheres.

It is not possible to get melting points much below 1000 psi oil
pressure because the gaskets are not formed until about 600 psi and, if
the sample is heated before the gaskets are fully formed, it will blow out.
It was necessary in all the runs made to extrapolate the curves obtained
from 1000 psi to 1 psi. In zinc the extrapolation put the melting temp-

erature exactly on the point where it should melt at 1 atmosphere.

Results:

Three runs of zinc have been averaged together and plotted. This
curve can be seen in Figure 6. The temperature increases smoothly from
419.5 degrees centigrade at 1 atmosphere to 670 degrees centigrade at
105, 000 atmospheres. There were no visible transition points.

Butuzov, Ponyatovskii, and Shakhovskoi(7) have measured the
melting temperature of zinc up to pressures of 30, 000 kg/cmz. In this
range the melting point of zinc increased 129°C. Their point, at

30, 000 kg/cmz, is 8.0% higher than the same point obtained herein.
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This point, at 30, 000 kg /c:m'2 has been included on the fusion curve of

zinc in Figure 6.
Simon's equation was fitted to this experimental curve with the
results that the constants a and c are 16,400 atmospheres and 4. 19

respectively, with a maximum deviation of 0.7%.
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APPENDIX

EXPERIMENTAL DATA

The following represents the actual data taken and the temp-
erature corrections made from the experimental runs on lead. Although
pressure increments of 200 psi (ram oil pressure) were taken in the
runs, the corrections below were made only for pressure increments
of 1000 psi (ram oil pressure). The detailed data taken on each of the
runs on lead and zinc can be found in the journal of experimental runs
in the High Pressure Laboratory at Brigham Young University.

As has been previously discussed, the runs on lead had to be
temperature corrected because of the geometric location of the thermo-
couple junction.

Each of the runs were plotted and the curves obtained were
extrapolated from 1000 psi (the lowest ram pressure at which readings
were taken) to zero ram pressure. The temperature corresponding to
this point was taken as tmo. The ambient temperature, tao, was taken
as the temperature to which the thermocouple junction dropped imme-
diately after shutting the heating power off after melting was detected.
Using the values for these temperatures in the heat correction equation

t =t +k(ty,~ta)
along with the normal melting temperature, t, of lead, the constant
k can be determined. The entire experimental curve can then be
corrected, using this value of k.
The following headings will be used in listing the data:

P (psi) Oil pressure in the rams of the small presses, with
8'" diameter rams.

18




P (atm)

t, (mv)

ten (°C)

t,(°C)

t (°C)

19

Corresponding pressure on the sample with the
above pressure on the rams, in atmospheres.

Thermocouple emf at the melting point, in millivolts.

The conversion of the preceding number, tm(mv), to
degrees centigrade.

Temperature to which the junction dropped when power
was turned off right after melting was detected.

Corrected melting temperature, from the equation above.

Lead Sample #2 7/28/60

diameter.

tube.

completely enclosed in tantalum.

P (psi) P (atm)
1000 13500
2000 26300
3000 39200
4000 52200
5000 65500
6000 78500
7000 91800
8000 105000
tmg = 255°C

tn(mv)  t,(°C)

AR R R W W W N

Lead Sample #1 8/5/60

P (psi)

1000
2000
3000
4000
5000
6000

Same geometry as the sample above.

P (atm)

13500
26300
39200
52200
65500
78500

. 60
.20
. 60
. 88
.28
.50
. 69
.85

t

o

331
395
436
465
506
528
547
563

= 359C

t (mv) t (°C)

BB ww N

. 66
.25
. 80
.20
.55
. 84

337
400
457
498
533
562

t_(°C)

35
36
36
36
37
37
38
38

k= .3275

t,(°C)

50
51
60
61
69
74

Lead in a tantalum tube, 0.010" wall thickness, 0.125'" ocutside
Thermocouple spot-welded to the outside of the tantalum

Two end plugs are tantalum and nickel so that the lead is

/
t(°C)
428
513
567
606
660
689
714
735

t(°C)

404
481
549
600
641
675
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Lead Sample #1 8/5/60 (continued) Pl

P (psi) P (atm) t (mv)  t,(°C) t.(°C) HYE)
7000 91800 5.08 586 72 705
8000 105000 5. 30 608 80 731
b B 2759C t, = 50°C k= ,232

o 4o

Lead Sample #2 8/12/60

Same geometry as above.

P (psi) P (atm) t (mv) t (°C) £(°C) t(°C)
m
1000 13500 207 349 42 435
2000 26300 3.22 397 44 502
3000 39200 3.66 443 49 560
4000 52200 4.00 478 50 605
5000 65500 4.28 506 50 670
6000 78500 4.50 528 51 670
7000 91800 no data
8000 105000 4.90 568 53 721
tm, * 260°C ta, = 34°C k= .298

Lead Sample #2 8/17/60

7 . o o
P (psi) P (atm) La(oav)  Ha(°C) ta( C) t(°C)
1000 13500 2.55 326 30 414
2000 26300 3.28 403 34 513
3000 39200 3.80 457 35 582
4000 52200 4.20 498 37 635
5000 65500 4.50 528 39 674
6000 78500 4,77 555 39 708
7000 91800 4.98 577 45 135
8000 105000 5.00 578 50 735
2 o =
tmg = 260°C ty = 34°C k= .298

All of the following runs on zinc have been made in the large

Tetrahedral Press. As discussed earlier, the thermocouple junction
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was right in the sample and measured the true temperature at melting,
so no temperature corrections were made. The following headings will
be used in listing the data:

P (psi) Oil pressure on the 12" diameter rams of the large
press, in pounds per square inch.

P (atm) Corresponding pressure on the sample with the
above pressure on the rams, in atmospheres.

t(mv) Thermocouple emf at the melting point, in millivolts.
t(°C) The conversion of the preceding number to degrees
centigrade.

Zinc Sample #1 1/19/61

Zinc in a boron nitride tube, .175'" outside diameter, .125"
inside diameter, .210" long, with boron nitride end plugs so that the

zinc sample is enclosed in boron nitride completely. The heating arrange-

A4

ment has been described earlier. N
P (psi) P (atm) t(mv) t(°C)

1000 13500 4. 05 483

2000 26300 4,50 528

3000 39200 4.90 568

4000 52200 5,15 593

5000 65500 5. 45 622

6000 78500 5.65 642

7000 91800 5.80 656

8000 105000 5.95 670

Zinc Sample #1 1/21/61

P (psi) P (atm) t(mv) t(°C)
1000 13500 3.97 475
2000 26300 4.48 526
3000 39200 4.88 566
4000 52200 5.15 593
5000 65500 5.38 616
6000 78500 5.62 639
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Zinc Sample #1 1/21/61 (continued) |

P (psi) P (atm) t(mv) t(°C)
7000 91800 5.77 653
8000 105000 5.94 669

Zinc Sample #1 1/25/61

P (psi) P (atm) t(mv) t(°c)
1000 13500 3.85 462
2000 26300 4,32 510
3000 39200 4.70 548
4000 52200 5.00 578
5000 65500 5.40 617
6000 78500 5. 62 639
7000 91800 5.83 659

8000 105000 6.00 675
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Lead (upper) and Zinc (lower).
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ABSTRACT

The experimental fusion curves for lead and zinc have been
obtained to 105, 000 atmospheres. The fusion point in lead was detected
by means of a sharp change in electrical resistance accompanied by
a sharp rise in temperature, using the lead sample as its own heater.

In zinc the fusion points were detected by heating the sample indirectly
and observing latent heat on a temperature vs. time strip-chart recording.
The melting point of lead rises smoothly from the normal value of

327.3°C to 730°C at 105, 000 atmospheres. The melting point of zinc

also rises smoothly from 419.5°C to 670°C at 105, 000 atmospheres.

No phase transitions were observed for lead or zinc.

Simon's equation was fitted to each of the afore mentioned fusion
curves with the results that for lead a = 7,560 atmospheres and c = 3.38.
For zinc a = 16,400 atmospheres and c = 4.19.

The maximum deviation between the experimental curve and the

curve from Simon's equation is 5.7% for lead and 0.7% for zinc.
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