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Melting temperature of diamond and cubic boron nitride at 15 gigapascals
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The melting temperature of diamond has not yet been experimentally measured under static pressure and
these data for cubic boron nitride (cBN) are scarce. This lack of information is understandable due to the
difficulty of heating optically transparent diamond via absorption of intense laser radiation in a diamond anvil cell
and obtaining a high temperature with traditional resistance heating methods in a large-volume, multiple-anvil
apparatus. Here, we report the melting temperature of diamond (5968 £ 457 K) and ¢cBN (5689 411 K) at
a pressure of 15 GPa based on a two-stage multiple-anvil apparatus coupled with a so-called flash-heating
method and show that the previous theoretical predictions underestimate the melting points of these two
superhard materials. Our results indicate that diamond has the highest melting point in nature, and strengthen
our understanding of the melting behavior of those two superhard materials.
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I. INTRODUCTION

Diamond, the hardest known natural material and a well-
known gemstone, is the main carbon form at high pressure
and has attracted attention from physics, geology, materials
science, and astrophysics researchers [1-5]. Diamond also has
the highest reported thermal conductivity of all the natural
materials because of its extremely strong covalent bond-
ing between carbon atoms. Cubic boron nitride (cBN) has
a crystal structure analogous to that of diamond, so these
two materials have many similar properties, such as high
hardness and melting points. Nonetheless, the melting points
of diamond and cBN at static pressure are still a mystery
because diamond and cBN are difficult to melt due to their
high atomic density and strong covalent bonds. Although
many papers have presented theoretical investigations on the
melting line of diamond and cBN at ultrahigh pressure [6—10],
experimental data are scarce as a consequence of the difficulty
of reaching the extreme temperature required to melt diamond
and cBN at high pressure in both a diamond anvil cell (DAC)
and a large-volume, multiple-anvil apparatus with traditional
heating methods.

Attempts have been made to determine the melting point of
diamond and cBN at high pressure, but most of these attempts
have only melted diamond without obtaining the exact melting
temperature. Bundy [11] reported melting diamond, which
was directly converted from well-crystallized graphite in a
boron-doped graphite rod, employing a flash-heating method
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in a “belt” apparatus. Gold et al. [12] reported optical and
scanning electron microscopy (SEM) images of a portion of
a melted diamond anvil heated by a YAG laser. Togaya [13]
investigated the melting behavior of diamond by heating
boron-doped semiconducting diamond samples using flash
heating with a bank of capacitors. Recently, Eggert et al. [14]
revealed the melting curve of carbon at pressures in the range
of 0.6-1.1 TPa generated by an OMEGA laser with 1-ns
pulses and up to 3-kJ-driven shock compression. Moreover,
the high sound velocities collected by Shaner et al. [15]
associated with the insulating diamond phase determined by
Mitchell et al. [16] indicated a positive dP/dT slope for the
diamond-liquid phase line, which is opposite to the previous
negative results by analogy with the melting curves of Si and
Ge. Zerr and Boehler [17] measured the melting temperature
of cBN at a pressure of 10 GPa, which combined the use of a
CO;-laser-heated DAC and in situ visual observation of large
increases in temperature near the melting point of cBN, and
the melting temperature is 3600 £ 100 K in their results.

II. EXPERIMENTS
A. Sample preparation

Diamond and cubic boron nitride (¢cBN) powders with a
grain size of 6—8 um and 5—6 um, respectively (>99.9%
purity, Zhongnan Jiete Superabrasives Co., Ltd., Zhengzhou,
China) were used as the sample materials.

B. Flash-heating circuit and data collection

To reach the temperature required to melt diamond and
cBN at 15 GPa, we used a high-purity spectroscopic graphite
tube as a heater and heated the tube with a so called “flash-
heating” method, which involved discharging a bank of capac-
itors (0.1 F) though the tube (Fig. 1). The heating energy was
inserted in the graphite heater in less than 10 ms at a voltage
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FIG. 1. Flash-heating circuit used in all of our experiments.

of 175 V and in less time when the voltage was lower. The
flash-heating circuit includes three parts. First, the left partis a
charge circuit, which is used to insert energy into the capacitor
(0.1 F; in the middle) and reach the set voltage of the direct-
current main (left; maximum voltage of 400 V). Then, the
middle part is a discharging loop, which is used to transfer the
energy from the capacitor to the graphite heater within 10 ms,
and in this part, Ry represents the graphite heater, while G
represents a thyristor. Finally, the right part is a control switch,
which means the thyristor could be triggered by the current
(0.2 A) produced by the right part to conduct and will continue
to conduct until the current in the middle part decreases below
the “holding current,” approximately 13 A in our experiments.

A digital oscillograph, DL850E, produced by Yokogawa
Electric Corporation was used to collected the voltage-time
and current-time curves at various flash-heating voltages,
and then, the resistance-time and inserted energy-time curves
could be calculated by

U; o,
R, = T and E(t) = / [I°(t)R(t)]dt.
1 0

The frequency of the digital oscillograph is 10 MHz, which
allowed the current and voltage data to be recorded with an
interval of 0.1 us, i.e., far faster than the flash-heating period
(5-10 ms in our experiments).

C. High-pressure generation assembly

A two-stage multiple-anvil (Fig. 2) apparatus based on
the DS6x8 MN cubic press developed at Sichuan University,
including an anvil of tungsten carbide cubes with a truncation
edge length of 4 mm, was used to generate the high pressure.
The pressure was calibrated by the well-known pressure-
induced phase transitions of Bi, Tl, Ba, ZnTe, and ZnS at
room temperature, and a 10-mm MgO octahedron was used
as the pressure medium. A high-purity spectroscopic graphite
tube with an approximately 2.1-mm internal diameter and
3-mm outer diameter was used as the heater and surrounded
by ZrO,;/18 mol% CaO. The samples were precompressed
into rods with approximately 2.1-mm diameter and 6-mm
length inside the graphite heater. Two graphite wafers, acting
as electrodes, were loaded at each end of the graphite heater,
and the pressure fluctuation during flash heating was within
0.4 GPa (Appendix C).

D. Raman test

A custom-built Raman system was used to collect Ra-
man scattering spectra under normal conditions [18,19]. The

FIG. 2. The anvil of tungsten carbide cubes and sketch of the
assembly.

system used a triple-grating monochromator (Andor Sham-
roch SR-303i-B, EU) with an attached EMCCD (Andor New-
ton DU970P-UVB, EU) and a solid-state laser (532 nm, RGB
Laser System, Germany), and the Raman laser beam focused
within ~5 um on the sample surface.

III. RESULTS AND DISCUSSION
A. Melting diamond and cubic BN at high pressure

After flash heating at various voltages, the samples were
examined with a scanning electron microscope (SEM). At
relatively low voltages, such as 133 V [Fig. 3(a)], the diamond
grains displayed a tendency to crack and fragment, and the
grains displayed fracture rather than elastic deformation due
to the deviatoric or shear stress in each individual grain
derived from the high stress in the grain-to-grain contact areas
under 15 GPa. Nevertheless, when the voltage was increased
to a relatively high value, such as 220 V, the periphery of
the diamond sample in direct contact with the graphite heater
formed a significantly different microstructure. The diamond
grains with an initial size of 6-8 pum underwent a grain-size
reduction, which resulted in an average grain size of 100—
200 nm. The grains were visually checked in the amplified
image of the sample [Fig. 3(b)]. Nanocrystallization could be
attributed to recrystallization from liquid diamond because the
quenching rate in a flash-heating cycle is slower than that in
a nucleation process [20] but comparable or even faster than
that for grain growth. Thus, the onset of nanocrystallization
was used as a criterion of diamond melting. This method
was proven by Hrubiak et al. [21] by analyzing x-ray diffrac-
tion patterns of crystalline molybdenum quenched below and
above its melting point. The continuous Debye diffraction
rings were treated as evidence of newly crystallized fine
grains in the sample when the temperature was above the
melting point, while the presence of large diffraction spots
signified a large-grained microstructure when the tempera-
ture was below the melting point. The flash-heating duration
is essentially the same or even shorter than that for the
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FIG. 3. SEM images of diamond and cBN after flash heating under 15 GPa. The flash-heating voltage is (a) 133 V and (b) 220 V for
diamond and (c) 135 V and (d) 196 V for cBN; the nanocrystallization of diamond (b) and cBN (d) is used as evidence of melting. (e) A series
of flash heating applied to diamond and cBN with a variety of voltages; the half-filled circles represent that a reduction in the grain size was
not found in the sample, while the solid circles correspond to the appearance of nanocrystallization. Raman spectra for (f) graphite and (g)
diamond; voltages of 175 V and 220 V were sufficient for diamond melting. SEM image (i) of the graphite heater with a flash-heating voltage
of 166 V shows a smaller grain size and radial trace of the crystal structure compared with the SEM image of the heater with 0 V (h) and

identified the melting history of graphite.

laser-heating DAC pulse (5-20 ms), and so the effects
of chemical reactions between the molten sample and the
graphite heater are probably minimal or nonexistent; we can
see this from the full Raman spectra and XRD pattern of
graphite recovered from 15 GPa and 220 V (Figs. 4 and 8).
Figure 4 shows the full Raman spectra of graphite recovered
from 15 GPa and 220 V and the initial graphite. The identi-
fication of the D, G, D', and G’ bands is by comparing the
Raman spectra of our work and Pimenta’s work [22]. The peak

recovered from 15GPa, 220V
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FIG. 4. Full Raman spectra of initial graphite heater and recov-
ered from 15 GPa and 220 V.

with an asterisk (¥) comes from the Raman mode of N, gas
present in the air surrounding the sample; we can see that the
Raman feature remains constant. The peak in the recovered
sample becomes broader compared with the initial one; we
attributed this change to the residual stress in the graphite
heater resulting from high-pressure experiments.

Additionally, the grain sizes of cBN with flash-heating
voltages of 135 V [Fig. 3(c)] and 196 V [Fig. 3(d)] were the
same as those observed in diamond. In short, the changes that
occurred in the microstructures of diamond and cBN revealed
the melting behavior during a flash-heating period under
15 GPa. The results for a series of flash-heating voltages
applied to these two materials are displayed in Fig. 3(e), which
shows that the voltage required to melt diamond and cBN is
174 £ 1 V and 164 +£ 2 V, respectively.

B. Evidence of no phase transition in graphite
heater after flash heating

Raman scattering spectra [Fig. 3, panels (f) and (g)] of the
diamond and graphite heater after flash heating with voltages
of 175 V and 220 V were collected under normal condi-
tions. Phase transition did not occur in either the diamond or
graphite Raman spectra even though the temperature reached
the melting point of diamond under 15 GPa. The reason for
the absence of this phenomenon, i.e., the direct conversion of
well-crystallized graphite into diamond discovered by Bundy
[11], is assumed to be the difference in the graphite, which
was molded by compressing the graphite powder used in our
experiments. The residual stress in the graphite resulted in
the G band shifting to a higher frequency and the D and G
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FIG. 5. Raman spectra of diamond quenched after flash-heating
experiments at 220 V at four test spots.

bands broadening, and the linewidth significantly increased
with the increase in pressure and showed large hysteresis
after the pressure was released [23]. Additionally, an apparent
increase in the intensity ratio Ip /I of the D band and G band
was observed, and an increase in the ratio is an indicator of
a reduction in the graphite grain size and an increase in the
number of crystallite edges the laser can reach [24]. These
indications, such as the change in the grain size, agreed with
the changes observed in the SEM images of the graphite
subjected to flash heating with 0 V and 166 V in Fig. 3,
panels (h) and (i). When the voltage was 166 V, a decrease in
the direction and appearance of the radial trace of the crystal
structure in the center was observed compared with that
observed with 0 V. Bundy [25] observed the same radial trace
in a melted graphite rod at high pressure. Thus, the graphite
heater must go through a melting process before melting the
diamond and cBN. The peak collected from diamond after
220-V flash heating shifting to lower frequency is attributed
to size reduction of diamond [26], which is consistent with
the SEM results.

All four or five test spots were conducted on graphite and
diamond. The Raman spectra of the graphite and diamond,
quenched from the flash-heating experiments with a voltage of
220 V (Figs. 5 and 6), from those test spots were unanimous
in their agreement.

In the time-resistance curve in Fig. 7(c), we found that the
curve at 127 V is the same with that in Bundy’s flash-heating
experiments [Fig. 7(b)] in which a flash-heating method com-
bined with a spectroscopy graphite rod was used to explore
the melting energy of graphite under high pressure, and the
curve at 127 V is totally different from Bundy’s other work,
which indicated an irreversible graphite-to-diamond transition
at about 12.5 GPa and 3000 K (produced by a flash-heating
technique). This transition induced a rapid upward trend at
the end of the time-resistance curve [Fig. 7(a)] and reached an
open circuit. Actually, in all of our flash-heating experiments,
we did not find the rapid upward trend at the end of the
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FIG. 6. Raman spectra of the graphite heater quenched after
flash-heating experiments at 220 V at five test spots.

time-resistance curve (Fig. 9). On the contrary, the resistance
of the graphite heater at the end of the flash heating is lower
than the initial one at each flash-heating voltage. The absence
of the graphite-to-diamond transition in our opinion is because
of the difference of the graphite: a well-crystallized graphite in
Bundy’s experiment but molded by compressing the graphite
powder in our experiment. The graphite-to-diamond phase
transition happening at different pressure and temperature
also could be found in the shock-induced graphite-to-diamond
phase transition for pyrolytic, Ceylon natural, and synthetic
graphite [27].

Figure 8 shows the XRD pattern of the graphite heater
recovered from high-pressure and high-voltage heating exper-
iments, while the inset shows the XRD pattern of the initial
graphite heater; there is no sign of the occurrence of diamond
or another phase, such as hexagonal graphite. Actually, there
is a set of living examples which show nonequilibrium phys-
ical pathways because of the ultrafast heating time: (1) For
graphite, slow heating of the solid can only sublime into the
gas phase but not the liquid state at ambient pressures, but
the liquid phase can be reached at ambient pressure by using
short-pulse laser or flash heating with a discharge of a bank
of capacitance [28-31], which allows for rapid heating of the
solid phase. (2) The formation of diamond on the laser-driven
shock experiment happened above 55 GPa due to a density
jump [32] and 30 GPa on the explosive shock experiment
[33], which is far beyond the graphite-diamond equilibrium
boundary. (3) The pressure and temperature of the experiment
on the ultrafast melting of carbon induced by intense proton
beams could be up to 60 GPa and 20000 K [34], which is in
the liquid diamond region in the equilibrium carbon diagram.
(4) By flash heating, graphite was melted in the diamond
stable P-T field under 15 GPa [35].

C. Graphite resistance

The relationship between the resistance of graphite and
time during a flash-heating cycle with a variety of voltages
is illustrated in Fig. 9, and each curve includes the first 35 ms
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FIG. 7. (a) The time-resistance curve for spectroscopic graphite bar at 13 GPa in Bundy’s work [11]. (b) The time-resistance curve for the
initial 100-V flash heat on spectroscopic rod graphite at 4.8 GPa in Bundy’s work [25]. (c) The time-resistance curve for the molded graphite
by compressing the graphite powder in our work when the flash-heating voltage is 127 V and the pressure is 15 GPa.

of the flash-heating cycle. Compared with Bundy’s work [25],
the resistance curve evolved as the voltage increased, and sev-
eral stages of the evolution of the resistance are evident from
the curves. First, the resistance normally decreased at voltages
of 56 V and 79 V as the traditional heat was conducted to
the graphite heater at high pressure. Following that, the ap-
pearance of a slight increase after the first decrease indicated

initial graphite heater
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0 20 40 60 80 100
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FIG. 8. XRD pattern of graphite heater recovered from 15 GPa
and 220 V of flash heating and the initial graphite heater.

that between a voltage of 93 V and 106 V, graphite entered a
stage between the end of the first decrease and the beginning
of the break point, R, caused by the graphite melting. After
that, the beginning sign of melting was observed at voltages
of 108 V and 119 V as a second decrease in the resistance, and
the signal for the maximum amount of graphite melting was
observed at a voltage of 127 V. Finally, the resistance curves
for voltages 131 V and 175 V represent the continuation of
heating after the graphite is totally transformed into the liquid
phase. Furthermore, when the voltage was 131 V and 175V,
the resistance of graphite decreased slowly from approxi-
mately 4 or 10 ms, and this decrease could be attributed to
the quenching of liquid graphite but not the phase transition
from a solid to liquid, such as the transition in the curve at
127 V. The rate at which the energy is conducted into the
graphite heater will increase followed by an increase in the
voltage before reaching a plateau, which could be observed
in the energy versus time curve (Fig. 10). The value of Ry,
consequently, in the resistance curves of 131 V and 175 V was
earlier than that in the 127 V curve. To sum up, the graphite
heater melted from 107 &= 1 V to 129 & 2 V, which is below
the voltages needed to melt diamond and cBN.

D. Melting-temperature determination

Materials, including NaCl, KCI, Al,O3, and MgO with
melting temperatures at a pressure of 15 GPa of 1992 £+
62 K [36], 2800 +40 K [37], 3290+ 120 K [38], and
4150 &+ 255 K [39], respectively, were selected for a tem-
perature calibration to establish the relationship between the
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FIG. 9. Curves of time versus resistance of graphite with differ-
ent voltages at a pressure of 15 GPa.

flash-heating voltage and the temperature in the periphery of
the sample (7p). The melting temperature of KCl was deduced
from the data reported by Boehler with the Simon equation
[40] (Fig. 11) (Appendix B), because the minimum pressure
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FIG. 10. Curves of time versus inserted energy of graphite with
different voltages at a pressure of 15 GPa.
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FIG. 11. Melting temperature of KCIl reported by Boehler in
1996 [37] (green solid circle) and Pistorius in 1965 [65] (brown solid
circle).

data in that work is 17.8 GPa. The melting temperature
of MgO, worth mentioning particularly, is an elusive and
controversial topic because of the significant discrepancies
between the published experimental data [39,41-43] and com-
putational data [44—47]. A set of recent experimental studies
[39,41,43] showed a higher melting temperature than the first
experimental value reported by Zerr et al. [42] (Fig. 12), and
recent shock compression experiments [48] show consistency
with the high melting slope of experimental and theoretical
results but not the results of Zerr and Boehler’s experiments.
We chose the value reported by Kimura et al. [39] who
pointed out that the misjudgment existed in earlier work that
underestimated the melting temperature of MgO based on an
analysis of the microtexture of quenched samples, which is
similar to the means used to judge melting in samples in our
experiments, but the error range used in our fitting is +255 K,
not the 200 K of Kimura’s work, because we considered the
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FIG. 12. Melting-temperature data obtained from results of dif-
ferent experiments and computations.
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FIG. 13. A series of flash heating was conducted with NaCl, KCl,
Al,O3, and MgO samples at a pressure of 15 GPa. Shots with melted
sample are shown as solid circles, and half-filled circles represent
unmelted samples after flash heating. This study determined that the
voltage required to melt NaCl, KCl, Al,O3, and MgO was 29 + 2V,
49+£2V,62+2V,and 90.5 £ 2.5V, respectively.

discrepancy of melting temperature at 15 GPa between the
theoretical data and Kimura’s data.

A series of flash-heating experiments were conducted, and
the results are shown in Fig. 13. The method used to judge
melting in a selected material after each shot with a given
voltage was previously described, i.e., the first appearance of a
grain size reduction or nanocrystallization in the SEM images.

Based on the obtained data on the required melting voltage
for four materials (NaCl, KCIl, Al,O3, and MgO) and their
melting points at a pressure of 15 GPa, five points, including
the starting point at 0 V and 300 K, were used to fit the linear
relationship between V3 and Tp (Fig. 14), and we treated Tp
as a free parameter to fit our voltage data. As convective heat
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FIG. 14. The relationship between V¥* and temperature at the
periphery of the sample (7p) and the predicted melting temperature
of diamond and cBN under 15 GPa.

transfer is the dominant form of heat transfer in liquid and
gas, so heat conduction and thermal radiation are considered
to be the main forms of heat transfer through the boundary
between the graphite heater and the samples. This relationship
can be used to quantitatively assess Tp when the voltage is
below the melting voltage of MgO and to appropriately esti-
mate the temperature associated with a given voltage below
the voltage (107 = 1 V) that initiates graphite melting. The
graphite melting region was determined by an analysis of
the time-resistance curve. More importantly, the resistance of
the graphite heater remained relatively constant before and
after melting according to the resistance-time curve at 175V,
which is presented in Fig. 9. Consequently, we introduced the
same relationship observed below the graphite melting region
when the voltage was above the graphite melting region. The
melting point illustrated in the graphite melting region was
obtained by extrapolating the melting curves measured by
Bundy (green points) [49] and Togaya (blue points) [50] up to
15 GPa. Similarly, the melting lines determined by those re-
searchers were also obtained by flash-heating a spectroscopic
graphite rod at high pressure, and the unanimous agreement
of the melting temperature of graphite and 7p in the graphite
melting region in our fitting curve could be a sign that the
linear fit between Tp and V3/4 is reasonable.

IV. CONCLUSION

The results show that previous estimates of the melting
points of diamond and cBN from theoretical calculations
[6-8,10] are too low at a pressure of 15 GPa (Fig. 15).
Likewise, the disagreement between the experimental data
and the values calculated with density functional theory or the
effective medium approximation for the melting temperature
at high pressure was also observed in other studies [43,51].
Zerr’s work [17] for the melting temperature of cBN under
10 GPa is also shown in Fig. 15. Some factors, including
premelting of the sample and laser heating under extreme con-
ditions, could affect the accuracy of the melting-point value,
resulting in an underestimate of the melting temperature like
what happened in MgO [43].

The melting points of not only diamond and cBN but also
most high-melting-point materials (crystalline and insulative)
within the pressure range of a multiple-anvil apparatus can be
measured by the approach described in our paper. The melting
points of diamond and cBN were experimentally obtained at
15 GPa, and this information could be used as a reference
point for evaluating thermodynamics and calculating the melt-
ing points at high pressure. Furthermore, the results also have
implications for the development of the carbon and boron
nitride phase diagrams. Further work is still needed as the
error range of the data in our work is large, and the data only
cover one pressure point.
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FIG. 15. The melting temperatures of diamond and cBN at a
pressure of 15 GPa were determined to be 5968 + 457 K and 5689 £+
411 K, respectively, in our experiments, and these values are approxi-
mately 1000 K higher than the theoretical simulation value published
by Wang [8] and Correa [6] for diamond and approximately 1400 K
higher than the value calculated by de Koker [10] for cBN.

APPENDIX A: MELTING HISTORY OF THE SAMPLES

After each flash-heating experiment, we chose the sample
located exactly in the middle of the graphite tube for SEM
examination. After each sample was quenched from the flash-
heating cycle, SEM was utilized to carefully examine the
periphery of the sample, and these microstructure images
were used to judge sample melting by the means described
in the article. In addition, the development of the sample
morphology with the increase in the voltage can be observed
in Fig. 16.

APPENDIX B: DETERMINATION OF THE MELTING
TEMPERATURE OF KCl at 15 GPa

As shown in Fig. 11, because the minimum pressure of the
measured data is 17.8 GPa in Boehler’s work [37], we fitted
the melting-temperature data of KCl reported by Boehler with
the Simon equation [40]:

P 1/B
T, = TO(K’” + 1) ,

where Tj is the melting temperature at zero pressure, P, is the
corresponding pressure, and A and B are constants. We ob-
tained A = 0.0895 and B = 4.923. We found the fitting curve
in excellent agreement with the data measured by Pistorius in

a piston-cylinder apparatus to 41 kbar, and agreement is also
found with Boehler’s paper. Then we obtained the melting
temperature of KCl1 at 15 GPa from the fitting curve and the
error was induced from the error existing in Boehler’s data.

APPENDIX C: CALCULATION OF THE PRESSURE
FLUCTUATION DURING FLASH HEATING

As the graphite is heated by the flash-heating method
rapidly, it transforms to a liquid state and leads to a volume
expansion. The assembly of the experiment can be found in
Fig. 2. The volume fractions of ZrO, + CaO, the sample,
graphite, and MgO are 9.5%, 4.4%, 5%, and 81.1%, respec-
tively. The bulk moduli of these materials are 189 + 15 GPa
(unpublished data), 443 GPa (when the sample is diamond)
[52], 36.5 GPa [53], and 177 + 4 GPa [54], respectively, and
then we arrive at an average bulk modulus of the whole assem-
bly of about 182.8 GPa. The volume change of graphite from
the solid state to the liquid state is unknown. But we know the
thermal expansion of graphite during melting at low pressure
(about 5.4 GPa) was less than 24% [55], and the greater
the pressure, the graphite expands less during melting [56].
We chose the density of liquid graphite at 15 GPa from
simulation results with quantum molecular dynamics [57];
the value is 2.4 g/cm®. The density of solid graphite under
15 GPa was calculated from the initial density combining
the Birch-Murnaghan equation [58,59]. Finally, a 6% volume
change of graphite from the solid to liquid state at 15 GPa was
calculated. According to the average bulk modulus and the
volume change of graphite when it melts at high pressure, we
adopt the Birch-Murnaghan equation to estimate the pressure
change when graphite melting is at 15 GPa, and then we arrive
at a pressure change of about 0.4 GPa when graphite melting
is under 15 GPa. As the thermal expansion of graphite [60]
is less than the volume change during melting, the pressure
change before and after flash heating is less than 0.4 GPa.

APPENDIX D: HEAT TRANSFER IN DIFFERENT
SAMPLES (DIAMOND, cBN, and MgO)

The classical Fourier heat transfer equation can be written
as

T <32T 0°T 82T) 0

R — —t — - -
ar N\ o2 0y = 0z2 pc o

T  (9°T 19T  19°T N 0°T L@
o \ar2  rar rrag> 372 oc’

where T is the temperature, a = k/pc is the thermal diffusiv-
ity, p is the mass density, and c is the heat capacity of the
material.

Because of the symmetry of the cylindrical assembly
(Fig. 17) and that we neglect the heat conduction in the axial
direction, the temperature 7 is defined here as a function of
T (r,t). Then T (r, t) can be expressed as

T 19T | a,
a —_— p— J—
or?

ror pc’
Here, the increasing of the graphite temperature is a time-
and power-dependent quantity. The solution of this issue is

T
ar
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FIG. 16. Micromorphology of diamond (a), cBN (b), and MgO (c) after flash heating at various voltages under a pressure of 15 GPa. The

changes can reveal the melt history of them.

remarkably difficult, so we treat the graphite temperature as
a constant average value and the duration is 3 ms. The time
of the increase of the temperature can be read from the time-
resistance curve; actually, the increasing-temperature time is
less than 3 ms when the voltage is higher, but we neglect the
time change and treat it as the same.

So the Fourier heat transfer equation we adopt in our

calculation is
oT 3’T 14T
— =al—+-—). D1
ot a(8r2+r8r> ®h

FIG. 17. Schematic diagram of the calculation of heat transfer in
different samples.

The initial condition yields
T (r7 t)lt:o = TO'
The boundary conditions are adiabatic as

MOl _o g G 2700

= Tw - T r=ri»
ar .o ar o elr=n

r=ry

where « is the rate of the heat exchange between the sample
and graphite heater, T,, is the temperature at the boundary
between the sample and graphite heater, and 7, is the tem-
perature of the graphite.

Then, the solution of Eq. (D1) with initial and boundary
conditions can be written as

oo
2
=2 @t
n=1

0 T-T,
Wherego = o = %TYZ,

the characteristic equation

sin W, cos ;R
M + SIN [, COS Ly,

F = ‘r’—lé,R = ﬁ,Bi = %, and B; meet

B ctgu.

B;
Wy, (n=1,2,3,...) is the nth root of this equation. As the
sample is impinging on the graphite heater and the distance
between them is tiny, we can assume that the rate of the heat
exchange between them is infinite, so B; is tending to zero.
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TABLE I. Thermal parameter of diamond and MgO used in our
heat transfer calculations.

Material Parameter Value Reference
Diamond  Heat capacity ¢ (J/Kkg) 2000 [61]
Coefficient of heat conductivity 551 [62]
k (W/mK)
Density p (kg/m?*) 3500
MgO Heat capacity ¢ (J/Kkg) 1250 [63]
Coefficient of heat conductivity 15 [64]
k (W/mK)
Density p (kg/m?) 3580

Then we can obtain the ratio between Q; and Q, where Q
represents the heat transfer to the sample from¢t =0to? =i
while Q is the total heat from ¢ = 0tot = oo.

Thermal parameters used in our calculation can be found
in Table I; our result is that the ratio of Q; to Q is 12.3% when
the sample is diamond and 6% when the sample is MgO. The
temperature in the sample center remains unchanged in both
of these conditions.

So it seems that the total transferred heat in diamond is 6%
higher during the temperature-increasing process. If we also
adopt 6% heat loss in the diamond sample, then the melting
voltage of diamond should be 168 V, which is only 6 V lower
than the 174 V determined in our experiment. Since there
are some assumption (we adopt no temperature-dependent
heat capacity and coefficient of heat conductivity, we do not
consider the effect of the grain boundary in the coefficient of
heat conductivity, and so on), we do not add this correction
in our melting voltage for diamond, but demonstrate that the
difference is negligible. Since the coefficient of heat conduc-
tivity of cBN is lower than diamond, the difference between
c¢BN and MgO is lower than 6%.
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