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Thermal Equation of State of Cubic Silicon Carbide at High

Pressures

Artem Chanyshev,* Naira Martirosyan,”’ Lin Wang,” Amrita Chakraborti,”
Narangoo Purevjav,” Fei Wang,” Eun Jeong Kim,” Hu Tang,”” Timofey Fedotenko,®
Shrikant Bhat,”™ Robert Farla,” and Tomoo Katsura™

We have performed in situ X-ray diffraction measurements of
cubic silicon carbide (SiC) with a zinc-blende crystal structure
(B3) at high pressures and temperatures using multi-anvil
apparatus. The ambient volume inferred from the compression
curves is smaller than that of the starting material. Using the
3"“order Birch-Murnaghan equation of state and the Mie-
Griineisen-Debye model, we have determined the thermoelastic
parameters of the B3-SiC to be K,=228+3 GPa, K,,=4.4+04,
g=0.27+0.37, where K, K, and g are the isothermal bulk

1. Introduction

Silicon carbide SiC is a high hardness compound at ambient
conditions. SiC has a wide range of industrial applications due
to its unique properties and low cost of production. Moreover,
SiC is used to modify properties of other materials via the
formation of composite materials, such as diamond/SiC!"?
carbon nanotubes/SiC.*¥ Due to high hardness and abrasive
resistance, SiC and SiC-based materials are used as abrasive
materials, cutting tools, and drilling bits in manufacturing.”
These materials are exposed to extreme conditions, and there-
fore it is vital to investigate SiC properties at high pressures and
high temperatures.

The natural SiC is termed moissanite and it is not a common
mineral, although there are rare findings on the Earth.”'¥
However, SiC may be the dominant phase in the deep interiors
of carbon-rich extrasolar terrestrial planets,™'® and therefore
control the structure and dynamics of these planets. Hence, the
high-pressure investigation of SiC is important for planetary
science.
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modulus, its pressure derivative and logarithmic volume
dependence of the Griineisen parameter, respectively. Using
the 3"-order Birch-Murnaghan EOS with the thermal expansion
coefficient, the thermoelastic parameters have been found as
K,=221+3 GPa, K/, = 5.2 0.4, a;=0.90+0.02-10°-K", where
a, is the thermal expansion coefficient at room pressure and
temperature. We have determined that paired B3-SiC - MgO
calibrants can be used to estimate pressure and temperature
simultaneously in ultrahigh-pressure experiments up to 60 GPa.

SiC has a large number of polymorphs."” At high pressures,
a polytype with a zinc-blende structure (B3) is the most
studied."™® A pioneering experimental study showed that at
room temperature, it transforms into a high-pressure modifica-
tion with a rock-salt structure (B1) at a pressure of about
100 GPa."” However, recent experimental and computational
studies revealed that this transition occurs between 60 and
80 GPa at room temperature.”*?! At high temperatures, the
transition occurs at nearly the same pressures as determined at
room temperature, leading to an almost zero Clapeyron slope
(dP/dT).

The pressure-volume equation of state (EOS) of the B3-SiC
was investigated by Raman®?' and Brillouin®®® spectroscopies,
as well as by in situ X-ray diffraction (XRD).?>*! Thermal EOS of
the B3-SiC was determined up to 60 GPa and 3300 K using
laser-heated diamond-anvil cell (DAC)***" and up to 8.1 GPa
and 1100 K using multi-anvil apparatus.”® However, the tem-
peratures in the laser-heated DAC experiments fluctuate by
more than 4100 K which leads to pressure fluctuations of +1-
2 GPa. Therefore, obtained EOS using laser-heated diamond-
anvil cell experimental data®?” could be inaccurate. Multi-anvil
apparatus experiments provide a much more stable temper-
ature field with fluctuation +£5 K leading to pressure fluctua-
tions only £0.1-0.2 GPa. However previous experimental data
were obtained in very limited pressure and temperature
ranges.”™ Therefore, the thermal EOS of the B3-SiC should be
re-investigated with more accurate pressure and temperature
measurements over wider pressure and temperature range.

The precise determination of the EOS of the B3-SiC is
valuable not only for material and planetary science but also for
high-pressure technology development. In multi-anvil experi-
ments, sample temperature is usually measured with a
thermocouple, which can cause various problems. First, the
thermocouple can be easily broken mechanically during sample
compression. Second, it tends to be oxidised or react with cell

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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assembly/sample materials during heating. Third, it may cause
temperature heterogeneity. Finally, thermocouple elements
may contaminate the sample at high temperatures. Therefore,
an alternative method to determine sample temperature with-
out a thermocouple should be developed. One solution is to
measure volumes of two standard materials with different
thermal expansion coefficients by means of in situ XRD, which
gives us pressure and temperature simultaneously.”” Although
this method requires synchrotron radiation, it would still be
useful for the development of multi-anvil technologies, espe-
cially for ultra-high pressure generation, in which the limited
space in the cell assembly makes the accommodation of a
thermocouple difficult. Paired standard materials for this
method should satisfy the following conditions:
1. Their thermal expansion coefficients and bulk moduli are
distinctively different.
2. They do not react with each other or with surrounding
materials (e.g., cell assembly materials).
3. Their crystal structures should be cubic for precise volume
determination.
4. They should have high melting temperatures.

The B3-SiC - MgO pair is a good candidate for satisfying these
conditions up to 60 GPa. The thermal expansion coefficient at
ambient pressure and 1200K of B3-SiC®” and MgO®" are
0.50x10° K' and 1.55x107° K™, respectively. Their bulk mod-
ulus coefficients are 222-228 GPa™ and 162.8 GPa"? for B3-SiC
and MgO, respectively. Moreover, B3-SiC and MgO do not
appear to form any intermediate compound, have cubic
structures and have high melting temperatures, around 3100%%
and 3125 K,”¥ respectively, at ambient pressure. Therefore, the
thermal EOS of the B3-SiC should be carefully re-determined
using reliable MgO as a pressure marker and precise thermo-
couple readings. The importance of carefully determining the
equation of state of materials for use as pressure calibrants has
been shown in plenty of studies.**=>¢

In this study, we have determined the thermal EOS of the
B3-SiC using a multi-anvil apparatus in combination with in situ
synchrotron XRD. We have applied our data to assess the
suitability of the B3-SiC — MgO pair calibrants to simultaneously
determine experimental pressures and temperatures.

2. Methods

The starting material was pure synthetic B3-SiC (Alfa, purity
99.8%). Reagent-grade MgO mixed with a diamond (10:1
weight %) to prevent grain growth at high temperatures was
used as a pressure marker. Both sample and pressure marker
were sintered at 2 GPa and 1000 K for 1 h also using the Kawai-
type multi-anvil apparatus at the Bayerisches Geoinstitut,
University of Bayreuth.

In situ XRD experiments were conducted using a 3x5-MN
six-axis multi-anvil apparatus, Aster-15, installed at beamline
P61B at the German synchrotron radiation facility, DESY.®” This
apparatus is equipped with an energy-dispersive XRD system
with a Ge solid state detector (SSD) and a 4096-channel digital
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Table 1. Comparison of the unit cell volumes of B3-SiC under ambient
conditions

Data Source Method Vv, A2
Ref. [53] DFT (FP-LMTO?) 80.34
Ref. [54] DFT (PW°) 80.62
Ref. [55] DFT (PPW°) 81.97
Ref. [56] DFT (LAPW®) 82.88
Ref. [57] Ab initio pseudopotential (TEP®) 82.94
Ref. [58] DFT (NFP!) 81.56
Ref. [19] Experimental (DAC) 82.92
Ref. [26] Experimental (DAC) 82.96
Ref. [27] Experimental (DAC) 82.80
Ref. [28] Experimental (Multianvil) 82.85(1)

°Full-potential version of the linear-muffin-tin-orbital approach by Ref. [53]
°Pseudopotential plane-wave frozen phonon approach by Ref. [54]
‘Pseudopotential plane-wave linear response approach by Ref. [55]

dLinear augmented plane-wave pseudopotential linear response approach
by Ref. [56]

Total-energy pseudopotential approach by Ref. [57]

*New full-potential linear muffin-tin orbital approach by Ref. [58]

analyser (MCA) and with an sCMOS camera and GGG:Eu
scintillator (40 um) for radiographic imaging. The incident X-
rays collimated 50 um horizontally and 250 pum vertically were
directed at the sample through the gaps between the second-
stage anvils. The SSD-MCA was calibrated using the y-ray lines
of ¥Co and '®Ba at the beginning of the beam time. The
diffraction angle, 26, was calibrated before each experiment
with a precision of 0.0001°, using MgO as a standard.

Two different types of cell assemblies were used in this
project. Both had boron-doped diamond (BDD) heaters but
with different geometry. The first type had a strip-type BDD
heater, modified from Ref. [38] This cell assembly consisted of a
7-mm MgO+ Cr,0; octahedral pressure medium, BDD heater,
tetragonal MgO prism with round corners, MgO sleeve to
prevent direct contact between BDD strips and MgO + Cr,0,
pressure medium, and TiC electrodes (Figure 1A). The temper-
ature was measured using a W,,Re;-W,sRe,; thermocouple
located at the centre of the furnace between the pressure
marker and sample disks. The thermocouple, sample and
pressure marker were isolated from the BDD stripes with the
MgO prism. The second type of cell assemblies included a
cylindrical BDD heater isolated from the MgO + Cr,O; pressure
medium with an MgO sleeve (Figure 1B). The temperature was
also measured using a Wy,Re;—W,;Re,s thermocouple located at
the centre of the assembly. The sample was isolated from the
BDD heater with another MgO sleeve, whereas the pressure
marker was in direct contact with the heater. The thermocouple
was separated from the heater with Al,O; tubes. In both types
of assemblies, we isolated the BDD heater from the MgO+
Cr,0; pressure medium with MgO sleeves to prevent the
reduction of Cr from Cr,0;, since this Cr may attack the heater
as well as create direct contact between the heater and
thermocouple. The resistance between the heater and thermo-
couple was carefully monitored before and after heating to
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(A) Strip-type
1. Side view

(B) Cylinder-type
1. Side view

2. Top view

2. Top view
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Figure 1. High-pressure cell assembly used for experiments. (A) modified cell assembly with strip-type BDD heater described in Ref. [38] (B) cell assembly with
cylindrical BDD heater.
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Figure 2. (A) Diffraction patterns collected during cooling from 2168 to 333 K (from 2100 to 330 K before temperature correction) at 200 bars. (B) Shifts of 220
peaks of B3-SiC and MgO during cooling from 2168 to 333 K (from 2100 to 330 K before temperature correction) at 200 bars. The numbers above the peaks
indicate the Miller indices of B3-SiC (black), MgO (green) and diamond (blue). MgO peaks are from MgO sleeve and diamond peak is from BDD heater. The
fluorescence lines of Pb Ka and Kp are shown by the Siegbahn notation.
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confirm the reliability of the temperature measurements. The

E . § | E pressure effect of the thermoelectromotive force of the
g 2 § 9 -] thermocouple was corrected using the equations determined
by Ref. [39] after the experiments.
_ The cell assembly was compressed to the desired press load
:':: < |s g’: g and then heated to 2100 K. After reaching this temperature, the
& RIS sample was slowly cooled to 300 K with a 200-K step, collecting
an XRD pattern at every step (Figure 2). In a few runs, XRD
= patterns were also collected during heating every 200 K. XRD
g o = g patterns of the pressure marker were collected before and after
E’ % 5 g E the sample at a constant temperature. The accumulation times
of XRD-pattern collection were 300-600 and 200-600 sec,
respectively, for the sample and pressure marker. The press was
N N :‘T: oscillated around the vertical press axis between 0° and 6°
% ‘g § 2 % during the collection to suppress intensity heterogeneities of
e e the diffracted peaks. After cooling, the press load was
decreased and the heating-cooling cycles were repeated at
N 'g‘ lower pressures. In total, 3 runs were conducted in the pressure
é g S Fj and temperature ranges of 1.4 to 29.7 GPa and 300 to 2100 K
(2213 K after the temperature correction), respectively.
_ The MgO and SiC diffraction peaks were fitted with a
:ﬁ: =g g g pseudo-Voigt profile function to obtain the peak positions. The
& 21d 8 F defined peak positions were then used to refine the unit cell
parameters using the UnitCell software.*” The pressures were
. . determined from the MgO unit cell volumes and pressure-
8|8 2 =) corrected temperatures using the EOS proposed by Ref.?
2 S8 ] ¢ based on the third-order Birch-Murnaghan and Vinet EOS. The
% :%: o MgO unit cell volumes were calculated using seven diffraction
£ f,,“a & . peaks (111, 200, 220, 222, 400, 420, and 422) for precise
° % 2 s |8 % E pressure determination. B3-SiC unit cell volumes were calcu-
SLER|F R G lated using five diffraction peaks (111, 200, 220, 311, and 400).
g A 3%order Birch-Murnaghan®*" (3BM) and (b) Vinet“**
% S _ equations of state were used to fit the pressure-volume data at
£ |9 2 e room temperature. To express the P-V—T relationship of B3-SiC,
§ E £ = ® 2w the Mie-Griineisen-Debye”” (MGD) and the Holland-Powell
g ég - thermal pressure™® (TP) model were used. A detailed descrip-
E g E’E g - @ tion of the EOS models is given in supplementary materials.
£ 2523|388 ¢S
§ = &E m W —
i 5 3. Results and Discussion
2 332 S
2 s g S £ 3.1. Room temperature EOS
£ 823 |g=3|2
s 2% :q:j =9z & ;i; The unit cell volume (V,) of B3-SiC under ambient conditions in
g —TF 7| T T g the literature ranges from 80.34 to 82.96 A* (Table 1). Our V,
= = obtained by averaging several measurements under ambient
£ £ § conditions after experimental runs was 82.6140.01 A*. We used
ﬁ E E § this V, to determine the compressibility parameters of the B3-
ué_ é g = g SiC using the pressure-volume data. We fitted the data obtained
E g g“c; % = @ ; before and after heating separately, since these two sets are
E § £ 2|8 < =) § inconsistent with each other, especially at high pressures
2 TEE e T = (Figure 3). The temperatures after heating were slightly higher
é '5* than 298 K due to the residual heat. The pressure-volume data
S ¢ < before heating (cold compression data) gave the bulk modulus
I § ~ 3 % and its pressure derivative as K,=171+3 GPa and K,’=6.6 +
a 2 4 "5% g 2 0.5, respectively (Figure 3). These parameters were after heating
- Ia il R K,—161411GPa and Ky=11.942.1 (Figure 3). These K,’ are
ChemPhysChem 2024, 25, e202300604 (4 of 10) © 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 3. Comparison of the experimental data and calculated compressibility curves for data obtained before and after heating. A brown triangle indicates
experimentally measured unit cell volume V,. Data before and after heating are shown as dark red squares and black circles, respectively. Solid dark red and
dotted dark red curves are compressibility curves calculated for the data obtained before heating without and with the fitting of the V,, respectively. The
open dark red triangle is fitted V,. Thin solid black and dash-dotted black curves are compressibility curves calculated for the data obtained after heating
without and with the fitting of the V,, respectively. The open black triangle is fitted V.

anomalously too large, especially obtained using data after
heating, and therefore V,, was included in the fitting parameters.
In this refinement, the data before heating (cold compression
data) gave V,=82.44+0.06 A%, K,=190+3 GPa, and K,’=5.0+
0.8 with ¥2=1.26, where x2 =value of the Chi-square parameter
from Chi-square distribution. Those after heating yielded V,=
82.26+0.05 A’, K,=216+6GPa, and K,/=6.11.0 with y2=
0.70 (Table2). To compare compressibility parameters from
different approximations, we constructed confidence ellipses of
the datasets (Figure 4).* We have also included data from
previous studies in this figure. Calculated ellipses do not
coincide with each other (Figure 4). We suppose that the low
compressibility of SiC requires heating for releasing residual
stresses. Therefore, we used parameters obtained only from the
data after heating in the subsequent discussion. The deter-
mined bulk modulus K,=216 +6 GPa is comparable with those
determined by Ref.[23,26] as 218-224 GPa. Other studies
showed higher K,=237-260 GPa."**?® Qur determined K, =
6.1+£1.0 is higher than those determined in previous

ChemPhysChem 2024, 25, e202300604 (5 of 10)

studies."”?*%%8 |n previous studies using DAC, P-V data were
obtained during compression, and therefore some residual
stress may remain, resulting in incorrect EOS. The refined V,=
82.26+0.05 A% is smaller than that from the previous exper-
imental studies (82.80 to 82.96 A%, but it is within the range of
V, from the computational studies (80.34 to 82.94 A% (Table 1).

3.2. Thermal EOS

In total, 65 data points collected during cooling from 2200 to
300K in the pressure range 1.4-29.7 GPa were used to
construct the MGD and TP models. In Table 3 the results of the
fitting for both models are summarized. For the MGD model
two data sets originate from fitting of P-V-T data using the
experimentally measured unit cell volume (V,=82.61+0.01 A%
and the value after fitting the room-temperature data (V,=
82.26+0.05 A%. The Debye temperature @ and Griineisen
parameter y were fixed at 1200 K and 1.06, respectively.®**"

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 4. Comparison of compressibility values for the B3-SiC in K, and K," parameter space. For our data, confidence ellipses for a 68.3% confidence level are
constructed. Data before heating are shown in brown, and data after heating are shown in black. The error bars correspond to the 16 uncertainties on each of
the individual parameters. Y93 is from Ref. [19], M18 is from Ref. [23], Z13 is from Ref. [26], N17 is from Ref. [27], W16 is from Ref. [28]

Table 3. Thermal EOS for the B3-SiC fitted with the MGD and TP models.
Data source This work This work This work Ref. [23] Ref. [23] Ref. [27] Ref. [28]
EOS model MGD MGD P MGD P MGD BM*
# data points 65 65 65 105 105 26
Vo (A3 82.61(1)* 82.26(5)* 82.26(5)* 82.80 82.80 82.80 82.85(1)
K, (GPa) 164(5) 228(3) 221(3) 228(7) 224(2) 241, 242,243+5 237(2)
Ky 11.5(0.9) 4.4(0.4) 5.2(0.4) 3.9(0.3) 4.1(0.14) 2.84,2.85,2.68+0.21 4.0*
T Debye (K) 1200* 1200* 1200* 1200*
v0 1.06* 1.06* 1.06* 1.06*
q —0.12(0.55) 0.27(0.37) —1.3(0.5) —0.77,0.74,
1.35£0.27
0 (1075 K™ 0.90(0.02) 0.62(0.11) 12
T Einstein (K) 976.2* 976.2* 12
a(K")=a+bT
a 5.77(1)
b 1.36(2)
(dK/dT)p, GPa K™ —0.037(4)
(dK/dT);, GPa™' K", 1077 —6.53(64)
* Parameters are kept fixed.
" Modified high-T Birch-Murnaghan EOS (truncated to third order).

Fitting the current data with experimentally determined V,=
82.61+0.01 A° yielded K,=164+5 GPa, K,’=11.5+0.9, and g=

ChemPhysChem 2024, 25, e202300604 (6 of 10)

—0.124+0.55 with ¥2=4.20, where q is the logarithmic volume
dependence of y (Figure S1, Table 3). Fitting the current data
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with the V, obtained after fitting the room-temperature data
yielded K,=228+3 GPa, K,/=4.4+£0.4, and g=0.27 £0.37 with
%2=3.33 (Figure 5, Table 3). The K,=228 4+ 3 GPa is comparable
with that determined by Refs. [23,27,28] whereas the K,’=5.3 +
0.4 is higher than that determined by Refs. [23,27] (Table 3). On
the other hand, our g=0.27 £ 0.37, is positive, disagreeing with
Ref. [23], which gave a negative value of g=-1.3+05. A
negative g may be possible, but it is unrealistic for solid

ChemPhysChem 2024, 25, e202300604 (7 of 10)

materials.”? Ref.?” gave g between —1.25 and 0.67, depending

on the selected EOS and the pressure marker. The negative
value —1.25 is also unrealistic. We suppose that the thermal
EOSs previously obtained by Ref. [23,27] using laser-heated DAC
may contain substantial errors, probably because these studies
collected the XRD data during heating, leading to the
inaccurate volume parameters due to residual stress, or because
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of the large uncertainties in temperature and pressure determi-
nation.

Since the pressure-volume data before and after heating are
inconsistent with each other, the pressure-volume data were
compared at high temperatures to find at which conditions
they are consistent. The inconsistency decreased with increas-
ing temperature, and the pressure-volume relationships became
consistent above 1500 K (Figure 6). Therefore, the residual
stresses should be released up to 1500 K. In a previous study
performed in multi-anvil apparatus, P-V-T data were obtained
only to 1100 K Therefore, their EOS (Table 3) may also
contain substantial errors.

Using the 3™-order Birch-Murnaghan EQS with the TP
model, we fixed the Einstein temperature 6, calculated from
the Debye temperature (0;=6,-0.806). This procedure yielded
K,=221+3 GPa, K,,=52+04, and 0,=0.90+0.02-10°-K""
with ¥2=2.35, where «, is the thermal expansion coefficient
(Table 3). Among the previous experimental studies, only
Ref. [23] used this model. Our bulk modulus is essentially the

ChemPhysChem 2024, 25, e202300604 (8 of 10)

same as theirs, whereas their pressure derivative and the
thermal expansion coefficient at ambient pressure are smaller.

3.3. Paired calibrants

The determined EOS of B3-SiC can be applied for the
simultaneous pressure and temperature estimation in in situ
experiments by combining it with the second calibrant of MgO.
To evaluate the applicability of this method with these
materials, we recalculated pressures and temperatures for each
experimental point using the current 3BM + TP model for B3-SiC
and 3BM+MGD model for MgO,*? and compared them with
the thermocouple temperatures and the MgO pressures based
on the thermocouple temperatures (Figure S2). The observed
discrepancies are within 3 GPa and 500 K. However, the majority
of data points are within 1 GPa and 200 K (Figure S2). The
pressure and temperature estimation uncertainties of the paired
calibrant method are relatively large, up to +1.6 GPa and
+250K due to relatively large errors in the B3-SiC (up to
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+0.16 A%) and MgO (up to +£0.14 A% volumes determination in
our experiments (Figure 7). In the idealized conditions, where
the errors of the B3-SiC and MgO are close to 0.01 A% the
pressure and temperature estimation errors are much smaller,
and for the experimental pressure and temperature range (1-
30 GPa and 300-2200 K), the errors values are +0.07-0.13 GPa
and +14-25K. At around 60 GPa and 3000 K, assuming the
similar errors for the B3-SiC and MgO volumes, the calculated
pressure and temperature errors are about +0.17 GPa and
+32 K. These errors are estimated as satisfactory for ultra-high-
pressure experiments in multi-anvil apparatus, and therefore
the B3-SiC - MgO pair could be used as paired calibrants to
determine experimental pressures and temperatures simulta-
neously.

4. Conclusions

Polycrystalline SiC with a zinc-blende structure (B3) has been
tested at high pressure and temperature using in situ synchro-
tron radiation. From the refinement of the XRD patterns, the
unit cell volumes were obtained. Fitting the P-V-T data results
in the thermal EOS of B3-SiC. Only the data obtained during
cooling were adopted to build the thermal EOS due to
significant residual stresses which are released only at around
1500 K. Previous studies determined the thermal EOS of B3-SiC
should contain substantial errors since their P-V-T data were
collected during heating or at lower temperatures. Defined
compressibility parameters (K,=22143 GPa, K,,=5.31+0.4) are
consistent with previous data, whereas the determined thermal
expansion  coefficient at high pressures a,=0.90+
0.02-107°-K™" is 1.5 times higher than previously found. This
finding enables accurate prediction of SiC's behavior at high
pressures and high temperatures.
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