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This work presents a comprehensive, comparative study of two primary SiC polytypes, cu-
bic (3C) and hexagonal (6H), using large-scale molecular dynamics simulations powered by a
high-fidelity Machine Learning Interatomic Potential (MLIP) trained on a custom dataset of
5152 first-principles configurations. We present a complete set of thermo-mechanical properties,
including the coefficient of thermal expansion (CTE) and the full elastic tensor (C;;), from 0 K to
2000 K. A crucial finding from the analysis of the uniaxial Young’s modulus is that the 6H poly-
type undergoes thermal softening at a rate of approximately 49 MPa/K, which is almost twice
as fast as the 3C polytype at 25 MPa/K. This pronounced single-crystal anisotropy contrasts
with the behavior of the Voigt-Reuss-Hill averaged polycrystalline moduli, which show similar
softening rates of ~33 MPa/K for both materials. The presented properties are validated against
established experimental and theoretical data, providing a quantitative understanding of ther-
mo-mechanical behavior behavior of SiC and delivering the essential property data needed to
enhance the fidelity of engineering models for SiC components.

Keywords: Elastic Constants, Thermo-mechanical Properties, DFT, Silicone Carbide, Ma-
chine Learning Interatomic Potentials

TemneparypHo-3ajieskHiI TepMoMexaHiuHi BiiacTuBocrti kapoiny kpemuiro 3C ta 6H,
OTpUMAHI 3a JOIOMOrOI ATOMiICTHYHOIO MOJEJIOBAHHS CHCTEM BEJIHKOro mMacumrady
3 BHKOPHUCTAHHAM MIiKATOMHOIO MOTEHI[ia/ly MAIIMHHOTO HABYAHHS, HABYEHOIO HA
maaux DFT pospaxysnkis. O. ITapgvoros, O. Bacusives

IlpencraBmerno KOMILIEKCHE TIOPIBHSAJIBHE [JOCTIIMKEHHS JBOX OCHOBHUX IIOJIITHIIIB
SiC — xyGiunoro (3C) rta rekcaroHamsHoro (6H) — i3 3acTocyBaHHAM MOJEJIIOBAHHS Ha
BEJIMKOMY MaciITabl 3 BUKOPUCTAHHAM MIKATOMHOIO TIIOTEHINAJy MAIIMHHOIO HABYAHHS
BrCOKol TouHOcTi. lloremiiam OyJsio HaBYEHO Ha CHEINAJIBHO CTBOPEHOMY HAO00Opl [TaHUX
i3 5152 womdiryparriii, po3paxoBaHMWX 13 MEPINUX IIPUHIAIIB. Bu3HaYeHO NOBHUI HaOIP
TEePMOMEXaHIYHUX BJIACTUBOCTEH, 30Kpema koedimieHT TerioBoro posmmupenus (KTP)
Ta MOBHUU TEH30P IIPYKHOCTI (Cij)’ B miamasdoni temieparyp Bim 0 mo 2000 K. Kmouosum
pe3yspTaToM € aHasi3 omHoBicHOro moxyss FOHra: BcraHoBieHo, 1o mositun 6H 3asnae
TEePMIYHOr0 PO3M SAKINEHHs 31 mBuakicTio npubimaao 49 MIla/K, mo maiiske BaBidi mepesuiirye
norasuuk mosituiy 3C (25 MIla/K). Taka BupaskeHna aHI30TpOIIsE MOHOKPHUCTAJIB KOHTPACTYE 3
HOBEQIHKOIO IIOJIKPHUCTAIIYHIX MoayJ B (ycepemueHux 3a meromom Doiirra—Poiica—Iimna), axi
JIEMOHCTPYIOTh OJIM3bKI 3HAYEHHS IIBUAKOCTI poaM arimeHHs (~33 MIla/K) s o6ox mosiTuimis.
OTpuMaHi pe3yJIbTATH BAJIJOBAHO IIJISXOM ITOPIBHSHHS 3 HASBHUMHU €KCIIEPUMEHTAJbHUMHA
1 TeopermunmMmu nmanumu. Jlana pobora 3abesmedye KIJIbKICHE PO3YMIHHS TEPMOMEXaHIYHOI
noseminku SiC Ta Hamae HeoOXIOHI MaHI [IJiA INABUINEHHS TOYHOCTI 1HMKEHEPHHUX MOjesIei
KOMIIOHEHTIB 13 Kap0iy KpeMHiio.
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1. Introduction

Silicon Carbide (SiC) has become one of the
leading wide-bandgap semiconductor and ad-
vanced ceramic, known for its exceptional com-
bination of properties including high strength,
hardness, thermal conductivity, and resistance
to chemical and radiation degradation. These
attributes make it an enabling material for ap-
plications in extreme environments where con-
ventional materials fail, such as components
for nuclear reactors [1], thermal protection sys-
tems for hypersonic vehicles [2], and high-effi-
ciency power electronics [3].

One of the defining characteristic of SiC
is polytypism, the ability to crystallize into
numerous distinct structures with different
stacking sequences of Si-C bilayers. Although
there are more than 250 polytypes [4], the cubic
zinc-blende (3C-SiC) and hexagonal (4H- and
6H-SiC) structures are of the greatest tech-
nological significance. These subtle structural
differences result in different electronic and
mechanical properties, so direct comparison of
their behavior is important for material selec-
tion and device design.

For high temperature applications, the
change in mechanical properties with tem-
perature is critical to design. The universal
phenomenon of thermal softening — a decrease
in elastic moduli with increasing tempera-
ture — ultimately limits the operational range
of any component. Although this behavior is
qualitatively understood for SiC, a systematic
and comparative datasets quantitatively de-
scribing the thermoelastic response of differ-
ent polymorphs remain extremely rare in the
literature. These data are necessary to deter-
mine the governing laws of thermoelasticity,
used in finite element models for predicting
the service life and reliability of components
[56]. Furthermore, these fundamental elastic
constants are crucial for a variety of other
physical models, including the prediction of
anisotropic sound velocities, dislocation dy-
namics, and ideal material strength [6, 7].

Molecular dynamics (MD) simulations on
large systems (>1000 atoms) is a powerful at-
omistic tool to investigate the above properties.
However, the accuracy of MD is entirely de-
pendent on the fidelity of the underlying inter-
atomic potential. Although classical potentials
like Tersoff and Vashishta are widely used [8],
they may have limitations in accurately de-
scribing the complex covalent and ionic bonds
in SiC over a wide range of conditions. The re-
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cent advent of Machine Learning Interatomic
Potentials (MLIPs) opens the way to achieving
accuracy close to quantum density functional
theory (DFT) at significantly lower computa-
tional cost [9]. This allows large systems to be
simulated over long periods of time, which is
necessary to obtain statistically reliable ther-
mal and mechanical properties.

In this paper, we train and use the MLIP
model on DFT data to conduct a systematic
comparative study of the thermomechanical
properties of 3C- and 6H-SiC. We calculate the
complete temperature-dependent elastic ten-
sor, engineering moduli, and the coefficient of
thermal expansion for each of these polytypes.

2. Computational Methodology

2.1. Machine Learning Interatomic
Potential (MLIP)

The Machine Learning Interatomic Poten-
tial (MLIP) used in this work was developed
using the NequlP framework [10]. To ensure
high fidelity, the MLIP was trained on a com-
prehensive, custom dataset generated from
first-principles calculations. The final train-
ing set, comprising 5152 configurations, was
formed based on Density Functional Theory
(DFT) calculations performed with the Quan-
tum Espresso package. These calculations em-
ployed the Perdew-Burke-Erzerhof (PBE) ex-
change-correlation functional [11] and Projec-
tor Augmented-Wave (PAW) pseudopotentials
[12] with a plane-wave cutoff energy of 100 Ry
(2.18:10716 J). To enable potential transfer,
the dataset was designed to cover a wide ther-
modynamic range, including structures ob-
tained from variable-cell molecular dynamics
simulations of various key SiC polytypes (3C,
2H, and 6H) at temperatures ranging from
10 K to 2700 K.-

2.2. Molecular Dynamics Simulations

All MD simulations were performed using
the Atomic Simulation Environment (ASE)
framework [13], with the validated MLIP serv-
ing as the force and stress calculator. To mini-
mize finite-size effects and ensure that the sim-
ulation results are representative of the bulk
material, large supercells containing between
2000 and 6000 atoms were constructed for both
the 3C- and 6H-SiC polytypes. A Berendsen
thermostat was employed in all relevant simu-
lations to control the system’s temperature.

The coefficient of thermal expansion (CTE)
was determined from a series of simulations in
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the isobaric-isothermal (NPT) ensemble. The
systems were equilibrated at zero pressure
across a range of target temperatures: 0 K to
1500 K with a step of 50 K. The average equi-
librium cell parameters were recorded at each
temperature to derive the CTE.

The temperature-dependent elastic con-
stants, C;(T), were calculated from simula-
tions in the canonical (NPT) ensemble using
the stress-strain method [14]. For each target
temperature, the zero-pressure volume was
first determined from a preceding NPT run.
A series of small, finite strains (+0.5%, +1.0%
and £1.5%) were then applied to the simulation
box for each required deformation mode. The
average stress tensor was calculated for each
applied strain, and the elastic constants were
extracted from the slope of the resulting linear
stress-strain relationship. In Voigt notation,
the stress and strain tensors are 6-component
vectors (g; and ¢;, respectively), which are re-
lated to each other by elastic constants Cij as
follows: o, = Cé; .

To find all the unknown Cij values, we need
to solve this system of equations by applying
a series of simple, known strain vectors ¢; and
measuring the resulting stress vector o,. The
six independent deformation modes, that were
mentioned earlier, correspond to applying a
small strain, one at a time, to each component
of the strain vector ¢;.

Finally, to supplement and validate our pri-
mary method, additional mechanical properties
were calculated. The uniaxial Young’s modulus
along the c-axis was independently determined
from simulated tensile tests: for each temper-
ature a series of strains (1000 for 1.5% total
strain) was applied and the Young’s modulus
was defined from the slope of the stress-strain
curve. From the full set of single-crystal elastic
constants, the effective polycrystalline Young’s
modulus (F) and bulk modulus (B) were then
derived using the Voigt-Reuss-Hill (VRH) av-
eraging scheme [15, 16] for direct comparison
with engineering data.

3. Results and Discussion

3.1. MLIP

Our initial strategy for developing MLIP
was based on the use of publicly available data,
namely training the potential on a broad set of
calculations from the NOMAD open-access re-
pository. Although the initial MLIP gave sat-
isfactory results in predicting the coefficient of
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thermal expansion (CTE), subsequent validation
simulations revealed a critical drawback: the
calculated mechanical moduli differed signifi-
cantly from the generally accepted experimen-
tal and calculated values given in the literature.
This discrepancy highlighted the need to create
a more specialized and robust training dataset
to accurately reflect the specific interatomic forc-
es governing elastic behavior in SiC.

To address uncertainties in the predicted
mechanical properties, a more comprehensive,
custom dataset was generated using density
functional theory (DFT), as outlined in the
Methodology section.

With this high-fidelity dataset we trained
the final MLIP based on KE(3)-equivariant
graph architecture [10] with a cutoff radius
(rmax) of 4.0 A (410710 m). The convergence
of the process was monitored by measuring the
total losses, mean absolute errors (MAE) of en-
ergy per atom and force components, as shown
in Figure 1. When the validation losses reached
a plateau, the values of MAEs for energy per
atom and force components were 0.5 meV/atom
(810-23 J/atom) and 4 meV/A (6.4-10712 N) re-
spectively, matching the convergence values
during the DFT calculations.

To validate the new trained potential, we
first calculated the ground-state elastic proper-
ties at 10 K and 300 K. As detailed in Table 1,
the MLIP now accurately reproduces the inde-
pendent elastic constants for both 3C- and 6H-
SiC, showing excellent agreement with estab-
lished DFT and experimental values. This fun-
damental verification provides a high degree
of confidence in the ability of the potential to
accurately predict the thermomechanical prop-
erties of SiC at finite temperatures.

3.2. Thermal Expansion

The calculated coefficient of thermal ex-
pansion as a function of temperature for both
3C- and 6H-SiC is presented in Figure 2 (a, b).
In Figure 2a we can see the size effects of the
simulated system. As the temperature increas-
es the fluctuations affect smaller systems more
significantly whereas the much bigger system
1s more resilient to such effects.

Our calculated LTEC values of 5.29-10 6 K -1
for 6H-SiC along c-axisisin good agreement with
experimental measurements [25]. The calcu-
lated value of 6:1078K-1 for 3C-SiC represents
the average over broad temperature region. Tak-
ing into account the LTEC’s strong temperature
dependence [30, 35], high temperature discrete
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Figure 1. MLIP training metrics: learning rate (a), validation energy per atom MAE (b), validation force

MAE (c) and validation loss (d).
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Fig. 2. Calculated rRelative cell length vs temperature along c-axis for 3C-SiC[ (a) and 6H-
SiC (b) with experimental data from [24] and [25] (respectively) given for comparison.

datarepresentsthemorepropercomparisonbasis
with which the calculated value is in very good
agreement. The remaining discrepancy can be
attributed to a known limitation of the PBE
functional, which tends to overestimate lattice
anharmonicity in covalent systems [34], which is
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further corroborated by the DFT data obtained
during the dataset generation (QE in Fig. 2a).

3.3. Temperature-Dependent Elastic
Properties

The full set of calculated independent elas-
tic constants for 3C- and 6H-SiC as a function
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Table 1: Validation structural and elastic properties. Comparison of MLIP predictions with DFT and

experimental data.

Polytype Property MLIP (10 K) DFT (0 K) MLIP (300 K) Exp. (300 K)
385 [17] 390 [18]
C;; GPa 393 382
392 [19] 395+12 [20]
135 [17] 142 [18]
3C-SiC C,s GPa 146 140
134 [19] 132+9 [20]
256 [18]
C,y GPa 249 249 [19] 243
236+7 [20]
501+4 [22]
C;; GPa 503 527 [21] 498
502+20 [23]
111+5 [22]
C,s GPa 98 107 [21] 94
95429 [23]
6H-SiC C,5 GPa 53 56 [21] 53 52+9 [22]
553+4 [22]
Css GPa 574 563 [21] 552
565+11 [23]
163+4 [22]
C,y GPa 176 165 [21] 172
16944 [23]
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Fig. 3. Temperature dependence of elastic constants for single crystals: 3C-SiC compared to the other
simulation by Rabiee (2025) [26] (a) and 6H-SiC compared to the empirical prediction method by Reeber

(2001) [27] (b).

of temperature is shown in Figure 3. Our C;;
results for 3C-SiC (Fig. 3a) are in fairly gooé
agreement with the simulation results from an-
other work [26]. In Figure 3b we compare our
results for 6H polytype to the results from the
other work obtained by empirical prediction
method [27]. Although not a perfect match, it
improves at higher temperatures.
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Using the Voigt-Reuss-Hill (VRH) averag-
ing scheme [15] we can estimate the effective
polycrystal values of Young’s and bulk moduli.
Then the calculated data can be fitted to em-
pirical models, such as the Wachtman equation
[28], to provide a simple analytical expression
for use in engineering simulations:

E(T)=E,—B-T-exp(-T,/T)

Functional Materials, 33, 1, 2026
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Table 2. Wachtman equation E(, B and T, fitted to the calculated Young’s modulus data for 3C- and

6H-SiC.

Polytype E, (GPa) B (MPa/K) T, K)
3C-SiC 441.45 32.97 0*
6H-SiC 509.27 33.45 0*

* — the value does not account for low-temperature quantum-mechanical effects (see discussion in text).
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Fig. 4. Temperature dependencies of the effective polycrystalline 3C- and 6H-SiC: Young’s modulus with
the Wachtman fit compared to experimental by Im (2010) [29] and other simulation by Rabiee (2025) [26]
data (a) and bulk modulus compared to other simulation by Rabiee (2025) [26] (b).
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Fig. 5. Young’s modulus under uniaxial loading along the c-axis for 3C-SiC (a) and 6H-SiC (b).

In Table 2 we provide values for Ej), B and
T, as well as the fitting curves in Figure 4a.

The change of Young (Fig. 4a) and bulk
(Fig. 4b) moduli is approximately linear over
the majority of the temperature range investi-
gated, which is consistent with experimental
observations [30] and theoretical predictions
[31] for SiC. The fitted value of Ty = 0 for both
polytypes is a direct consequence of the clas-
sical treatment of nuclear dynamics in MD
simulations. Path-integral MD would recover
the expected finite T, value as shown in [33],
but requires significant tuning of the MLIP in
the low-temperature region with marginal fi-
delity gains in general. Also from the values of
coefficient B we can see that the softening
rate for both polytypes is approximately the
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same(~33 MPa/K), which is notably higher
than the experimentally measured rate of
~20 MPa/K for polycrystalline SiC [29] and
the ~22 MPa/K obtained by Rabiee [26] using
classical MD with Tersoff potential. The most
probable source of the higher softening rate
in our work originates from the underlying
DFT description (see PBE functional discussion
in 3.2). It should be noted, however, that while
empirically parameterized potentials such as
Tersoff may reproduce certain experimental
properties more closely, the first-principles-
based approach adopted here offers broader
transferability and the ability to capture trends
across polytypes and thermodynamic condi-
tions on equal footing — a capability that will
be further exploited in Section 3.4.,
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3.4. Single-crystal Young’s Modulus

The uniaxial Young’s modulus along the
c-axis was independently determined from
simulated tensile tests. Young&#39;s moduli
for 3C- and 6H-SiC are plotted as a function
of temperature in Figure 5. Our analysis re-
veals a notablestriking difference in high-tem-
perature stability of their values. The cubic 3C
polytype exhibits a markedly superior stiffness
retention, with its Young&#39;s modulus de-
grading at a rate of approximately 25 MPa/K
— nearly half the rate observed for the 6H poly-
type, which softens at approximately 49 MPa/
K. As discussed in Section 3.3, the VRH-aver-
aged polycrystalline estimate yields a common
softening rate of ~33 MPa/K for both polytypes,
masking this direction-dependent anisotropy
— a distinction that underscores the comple-
mentary value of uniaxial and polycrystalline
characterization approaches.

This finding points to a critical trade-off be-
tween thermodynamic stability and mechanical
performance in SiC polytypes. For high tempera-
ture applications hexagonal polytypes are gen-
erally preferred due to their superior thermody-
namic stability. It is well-established experimen-
tally that the cubic 3C form can undergo an irre-
versible transformation to the 6H structure when
subjected to thermal annealing[32]. However, our
results demonstrate a compelling counterpoint:
within its stable operational temperature range,
3C-SiC is mechanically more robust, exhibiting
a significantly better retention of stiffness than
its hexagonal counterpart. This specific conclu-
sion is in agreement with Xu et al.[31] that has
also predicted a more pronounced thermal soften-
ing in the hexagonal polytypes compared to the
cubic form.

4. Conclusion

In this work, we have performed a systemat-
ic and comparative investigation of the thermo-
mechanical properties of 3C- and 6H-SiC using
large-scale molecular dynamics simulations
with a high-fidelity Machine Learning Inter-
atomic Potential trained on custom DFT data.
The potential was rigorously validated against
0 K DFT and experimental data before being
deployed for finite-temperature calculations.

We have successfully calculated the coef-
ficient of thermal expansion, the full set of
temperature-dependent elastic constants, and
the effective polycrystalline Young’s and bulk
moduli for both polytypes from 0 K to 2000 K.
Our results provide a quantitative picture of
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thermal softening, showing a near-linear de-
crease in stiffness with increasing tempera-
ture. A comparative analysis demonstrates a
crucial finding: the Young’s modulus of single-
crystal 6H-SiC decreases with increasing tem-
perature almost twice as fast as that of the 3C
polymorph, highlighting a significant trade-off
between room-temperature rigidity and high-
temperature mechanical stability.

The presented work proposes a validated
computational framework and a self-consis-
tent, high-fidelity dataset of thermo-mechani-
cal properties for two of the most important
SiC polytypes. This data is critical for improv-
ing the accuracy of multi-scale material models
and will aid in the design, analysis, and lifetime
prediction of SiC components for challenging
high-temperature applications. Furthermore,
the large scale of the systems studied here pro-
vides a solid basis for future studies of the in-
fluence of point defects, such as widespread im-
purities or vacancies, on the thermo-mechani-
cal behavior of SiC.
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