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Molecular dynamics simulations using the Tersoff bond-order potential are employed to study the ef-
fects of temperature and grain size on mechanical properties of nanocrystalline silicon carbide. In this
work, the simulated nanocrystalline SiC samples have a mean grain size varying from 2.5 to 5 nm and con-
tain about 105 atoms in the model system. Tension tests with periodic boundary conditions and engineering
strain rate of 10-4 ps-1! are simulated, which result in the stress-strain curves of the single- and nanocrys-
talline SiC in terms of the average virial stress and true strain. The elastic moduli of the single- and nano-
crystalline silicon carbide are determined from fitting the stress-strain curves. In this work, the Young’s
modulus of nanocrystalline SiC is compared with those of the monocrystalline SiC for different tempera-
tures in the range from 300 K to 3000 K. The numerical results show that the temperature has an obvious
effect on Young's modulus, which is attributed to the large volume fraction of grain boundaries in nano-
crystalline samples. With increasing temperature, the nanocrystalline SiC shows a brittle-to-ductile tran-
sition at temperatures above 600 K. In addition, the reduction in Young’s modulus of the nanocrystalline
SiC with increasing temperature exhibits a nonlinear trend. It is found that the plasticity of the nanocrys-
talline SiC samples sharply increases at temperatures above 2000 K. This effect was explained by a de-
crease in the melting point of the nanocrystalline materials in comparison to monocrystalline solids. The
grain size dependence of elastic modulus of nanocrystalline SiC only becomes distinct at high temperatures
and at a grain size greater than about 3 nm, while at room temperature elastic properties are almost in-
variant with the change of grain size. We expect that the quantifications of temperature and grain size de-
pendence of mechanical properties will have implications in the development of nanocrystalline silicon car-

bide nanostructured materials for high performance structural applications.
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1. INTRODUCTION

Recently, nanostructured materials are the basis for
a whole range of industries, including microelectronics,
optoelectronics, power engineering, military industry,
etc. On the other hand, due to their unique electronic,
optical, photo- and thermoelectric, magnetic, mechani-
cal properties [1-5], nanostructured materials have also
attracted considerable attention for modern material
science.

Nowadays, nanomaterials that are used in extreme
conditions at high temperatures, pressures and mechan-
ical loads have become important. These materials in-
clude the structures based on silicon carbide. Silicon
carbide has a set of unique physical and chemical prop-
erties, such as high hardness and mechanical stability at
high temperatures, excellent thermal conductivity and
low coefficient of thermal expansion, high resistance to
corrosion and oxidation, wide bandgap and others [6].
SiC based materials have been widely used for a variety
of applications in the automotive and aerospace indus-
tries, in high power electronic devices and bulletproof
vests [7, 8]. Silicon carbide nanostructured ceramics and
nanocomposites attract the greatest attention due to
their unusual mechanical characteristics [9, 10]. In par-
ticular, it has been found experimentally that the hard-
ness for nanosized SiC films with a grain size of 5-20 nm
is higher than that for monocrystalline silicon carbide
[11]. Using computer simulations it has been shown that
nanoparticles of silicon carbide as inclusions in compo-
site materials can significantly increase mechanical
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strength [12]. However, the study of the SiC based mate-
rials is far from complete, and the physical mechanisms
of changing their mechanical properties in a nanostruc-
tured state are not well understood.

An important tool for understanding the physical
properties of nanomaterials at the atomic level is the
computer modeling methods, among which an important
role in modern physics and materials science plays the
molecular dynamics. In particular, by using the molecu-
lar dynamics, the deformation process of SiC nanoparti-
cles was investigated and the possibility of structural
transformation in the process of their loading was shown
[13]. The nonlinear dependence of elastic modules on the
volume fraction of SiC in nanocomposites was revealed
[14]. The mechanical properties of nanoscale silicon car-
bide with different microstructures were analyzed [15].

In this work, the molecular dynamics method has
been used to study the mechanical properties of nano-
crystalline silicon carbide (nc-SiC). The process of uniax-
ial tension of nanocrystalline silicon carbide with differ-
ent sizes of nanocrystals is simulated in a wide tempera-
ture range. From the calculated stress-strain curves, the
Young's modulus of the material is determined and its
temperature and size dependencies are shown/plotted.

2. SIMULATION MODEL AND METHODS

Three-dimensional (3D) nanocrystalline SiC sam-
ples (Fig. 1) have been constructed by a computer code
Atomsk [16] using the Voronoi tessellation method. Each
3D nanocrystalline sample is cubic in shape and consists
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of a certain number of grains. The mean grain size d is
found to vary from 2.2 to 5 nm. In this study, molecular
dynamics simulations of mechanical properties of the
nanocrystalline SiC are performed using the Largescale
Atomic/Molecular =~ Massively  Parallel ~ Simulator
(LAMMPS) open source code [17]. Periodic boundary
conditions were applied in three dimensions to mimic the
situation that is deep within the bulk of a larger sample.
A timestep of 1 fs is used with the velocity-Verlet integra-
tion algorithm in order to provide a good compromise
between efficiency and accuracy.

In this paper, the interactions between the Si-Si, C-C
and Si-C atoms were simulated using Tersoff potential
[18], which can accurately reproduce the lattice and elas-
tic constants of SiC and is generally used in the molecu-
lar simulation community. The Tersoff potential com-
putes a 3-body potential U for the energy of a system of
SiC atoms as

U=23 1 p[faC) +bifarp]. @
J#l

where r; is a distance between the atoms i and j, fcis a
smooth cutoff function, fr is a repulsive two-body term,
while f4 is an attractive three-body term managed by the
b; bond function. The term b; is the strength of each
bond, it depends on the local environment and is lowered
when the number of neighbors is relatively high.

Fig.1 - An example of the nanocrystalline SiC structure.
Atoms are colored according to a crystalline structure. Intra-
granular phase, which is pristine diamond lattice, is repre-
sented by yellow (Si) and gray (C) atoms, whilst grain bounda-
ries are mainly shown in white

As the first step of the molecular dynamics simula-
tions, the atomistic model nc-SiC constructed above is
equilibrated by minimizing the total energy of the SiC
system, allowing unfavorable configurations in the grain
boundaries to relax. After equilibration process, nano-
crystalline samples are relaxed to equilibrium configura-
tions at a given pressure of 0 bar by using a Nose-Hoover
type equation of motion sampled from isothermalisobaric
(NPT) ensemble. Simulation times of 0.5 ns are found to
be adequate for such relaxations.
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To study the size and temperature dependence of the
mechanical properties of nanocrystalline SiC, a series of
tension simulations were performed. Uniaxial tensile
deformation along z-axis was simulated at a strain rate of
10 ps~! until the strain increases up to 20 %. Mechani-
cal properties, such as Young's modulus, were calculated
from engineering stress-strain curves. The average
stresses in the atomistic nc-SiC systems were calculated
using the virial theorem as follows:

N N
2 MO 2 rkifkj
k=1 =

i % v |
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where N is the total number of atoms in structure, mr is
the mass of atom %, vri is the i-th component of velocity
vector of the atom &, rx is the i-th component of position
vectors of the atom &, fii is the i-th component of intera-
tomic force exerted on atom k&, and Vis the total volume.

3. RESULTS AND DISCUSSION

Reliable force fields are very important for molecular
dynamics simulations of mechanical properties of nano-
crystalline solids. Currently, there are many types of
force fields available, which have been parameterized to
describe a variety of multicomponent systems, including
silicon carbide. In this paper, two potentials are consid-
ered to compare their performance for reproduction of
mechanical properties of SiC. The first of them is the
most widely used to study physical properties of solids
with MD simulations Tersoff potential [18], and the se-
cond one is the Vashishta potential, recently parameter-
ized for SiC system [19]. In order to begin examining
these potentials we present a comparison of the mechan-
ical properties predictions of Tersoff and Vashishta po-
tentials for monocrystalline silicon carbide because their
parameters are well known in the literature [20].

Fig. 2 depicts the typical strain-stress curves of a
monocrystalline SiC in uniaxial tensile tests for the two
considered potentials at 300 K. At the initial stage, the
value of each stress-strain curve increases linearly but
with different slopes. This behavior corresponds to the
purely elastic region, when the mechanical stress o and
strain ¢ are in accordance with Hooke's law o=FE¢,
where E is the Young's modulus. After elastic region
both the Tersoff and Vashishta stress-strain curves dis-
play a plastic-elastic response up to a maximum stress
which is called tensile strength, followed by an abrupt
drop of stress, resembling the brittle fracture.

We estimate the Young's modulus E from the slope
of a stress-strain o(¢) curves, presented in Fig. 2, in the
elastic deformation range. The value of E resulting
from Tersoff calculations for monocrystalline SiC was
found to be about E =430 GPa. On the other hand, the
Vashishta potential gives the value £ = 303 GPa. Com-
paring these values with the experimental Young's
modulus of SiC, which is found to be in the range of
392-694 GPa [20], we conclude that the Tersoff poten-
tial gives better agreement. Therefore, further research
in our work was carried out only with the use of the
Tersoff empirical potential.
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Fig. 2 — Computed stress-strain curves for uniaxial tension of
single-crystal SiC for Tersoff (curve 1) and Vashishta (curve 2)
potentials

Fig. 3 shows the calculated stress-strain dependen-
cies o(¢) for the uniaxial tensile process of nanocrystal-
line silicon carbide with a mean grain size d = 2.5 nm
at various temperatures. It is noticeable that an in-
crease in temperature leads to a decrease in the slope
of linear region of o(¢) curves, indicating a decrease in
the Young's modulus of the material. In addition, an
increase in temperature leads to a decrease in the
strength of the structure and to the transformation of
the general form of the stress-strain curve. The stress-
strain curve at a temperature of 300 K has a sharp
decline at the tensile strength point, which is a brittle
failure. With the temperature increase to above 600 K,
the stress shows a smooth curve before failure, which
means a brittle-to-ductile transition. The plasticity of
the nc-SiC sharply increases at temperatures above
2000 K. It should be noted that in the same tempera-
ture range of 300-3000 K the o(¢) curve for monocrys-
talline SiC has a constant shape, which is characteris-
tic for brittle failure.
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Fig. 3 — Calculated stress-strain curves for nc-SiC with mean
grain size of 2.5 nm at different temperatures from 300 K to
3000 K
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From the obtained stress-strain curves (Fig. 3), we
have calculated the Young's modulus E of the material
in the temperature range of 300-3000 K. The corre-
sponding dependencies E(7) are shown in Fig. 4 for
mono- and nanocrystalline silicon carbide. The Young's
modulus of monocrystalline SiC decreases linearly as
the temperature increases from 300 to 3000 K due to
the softness of the material. It is seen that when the
temperature increases tenfold (from 300 K to 3000 K),
the Young's modulus E of SiC varies from approximate-
ly 450 to 400 GPa, i.e., the relative change AE is about
11 %. For nc-SiC, the dependence E(7T) becomes sub-
stantially nonlinear with increasing temperature, and
the decrease in the Young's modulus with temperature
is much faster. In the temperature range from 300 K to
3000 K, the relative change in the Young's modulus is
AE = 83 % for nc-SiC with a mean grain size d = 2.5 nm
and AE = 75 % for the structure with d = 5 nm.

An increase in the plasticity of nc-SiC with temper-
ature increase can be explained by the presence in the
structure of a significant volume fraction of disordered
atoms on the grain boundaries. These atoms have
higher energy in comparison with atoms in the volume
of nanocrystals, making it easier to form torn bonds
when heated nanocrystalline sample, which causes
plasticization of the material. The change in the slope
of the E(T) curve in the temperature range above
2000 K is associated with a decrease in the melting
point of the nanocrystalline materials. It is known that
for a monocrystalline SiC T = 3103 K [20], while for
ne-SiC the value of T varies inversely with respect to
the mean grain size. As a result, significant plasticiza-
tion of nanocrystalline material will occur at lower
temperatures than for a monocrystalline SiC.

In the next step, we investigated the effect of the
grain size of nanocrystals on the value of Young's mod-
ulus of ne-SiC. For this purpose, we generated 11 mod-
el cells of the same volume 10 x 10 x 10 nm3 with dif-
ferent number of nanocrystalline grains in the range of
sizes d = 2.5-5 nm. For each structure, we calculated
the o(¢) curves at two boundary temperatures of 300 K
and 3000 K. From the obtained stress-strain curves, the
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Fig. 4 — Temperature dependence of the Young’s modulus of

bulk SiC (curve 1) and nanocrystalline SiC with mean grain
size d = 5 nm (curve 2) and d = 2.5 nm (curve 3)
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Fig. 5 — Size dependence of the Young's modulus for nanocrys-
talline SiC samples at temperatures 7= 300 K (curve 1) and
T =3000 K (curve 2)

Young's modulus E for structures with different grain
sizes d was calculated. The corresponding dependencies
E(d) are shown in Fig. 5.

As seen, at room temperature the Young's modulus
of the nc-SiC does not show a clear dependence on d for
the studied range of mean grain sizes of nanocrystals
(curve 1 in Fig. 5). The value of Young's modulus oscil-
lates within 400-440 GPa and is close to the corre-
sponding Young's modulus of monocrystalline SiC. At
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MopenmoBanusa MexaHIYHMX BJIACTUBOCTEN HaHOKpHcTaidyHoro SiC
METOA0M MOJIEKYJIAPHOI JUHAMIKHI

AM. Kypuiwok, K.B. Masorsax, B.B. Kypmiok

Kuiscoruli nauyionanvrutl yrisepcumem im. T. Illesuenka, ays. Bonodumupcora, 64/13, 01601 Kuis, Ykpaina

MeTomoM MOJIEKYJIAPHOI TUHAMIKY 3 BUKOPHCTAHHAM IOTEHIAIy MixaToMHOI B3aemosmil Tersoff mociri-
JIPKEHO BILIUB TeMIIepaTypH 1 po3Mipy 3epeH Ha MeXaHIYHI BJIACTHBOCTI HAHOKPUCTAJIYHOIO Kapbiay KpeM-
mio. CepenHi po3Mipu 3epeH MOIEJIBOBAHUX 3pasKiB HaHOKpucTaiuaoro SiC cranoBuim 2.5-5 HM, a Kijib-
KIiCTh aTOMIB y CTPYKTYpi jocsrasia 0ausbkro 105. JIyisa mOCHiIKyBaHUX CTPYKTYP PO3PaxOBYBaJIMCh KPHUBI
HAIpyKeHHA-TedopMallisi B pe3yJibTaTl MOJEIIOBAHHS OJHOBICHOIO PO3TATY 3pas3KiB 31 IIBUAKICTIO 1edop-
marrii 10-4 e -1, [lissxom JHHIAHOI anpoKCHUMAIlil HOYATKOBOI JUISHKN KPUBUX HAIPY KEeHHS-IedopMarrisa
OyJI0 PO3PaxX0OBAHO IPYHKHI MOMIYJI JJIT MOHO- 1 HAHOKPHUCTAJIYHOrO Kapdimy kpemuio. IIpoemeno mopis-
HAHHS BeamauHu Moyt FOHra nms moHo- 1 HarHokpuctasgiyaoro SiC B intepsasi temmepatyp 300-3000 K.
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Pesysbraru po3paxyHKY IIOKa3ymTh, 0 MoAy b JOHra HaHOKPHUCTAIIYHUX 3Pa3KiB CYTTEBO 3MIHIOETHCS 3
POCTOM TeMITepaTypH, IO IIOSICHEHO CYTTEBOI0 YACTKOI ATOMIB HA T'PDAHMIAX 3ePeH B HAHOKPUCTATIIHOMY
SiC. Berauositeno, 1o 3 pocrom temmeparypu Buie 600 K BinbGyBaeThest mepexiy BiJf KPUXKOTO JI0 B'SI3KOTO
pyHHYBaHHS HAHOKPHUCTAJIIYHUX 3pas3kiB. KpiMm Toro, mokasaHo, 1Mo 3meHmeHHs Moy FOHra maHoKpwuc-
TAJIYHOTO KapOily KPEMHI 3 POCTOM TeMIEepaTypy Mae HeJNHIUHUN xapakrep. BusBiieHo, 1mo mpu mepe-
BumenHi Tremueparypu moraa 2000 K, mnacruunicts Hanokpucramivaoro SiC pisko 30LibmryeThesi. Brasa-
HUY edeKT MOB’SI3yeThCA 31 3MEHIIeHHSM TEeMIIePATYPH ILJIABJICHHS HAHOKPUCTAIYHUX 3PAa3KIB y IOPIB-
HauHl 3 MoHokpucTasgom SiC. [Tokaszamo, 10 BIUIMB pO3MIpy 3epeH HA MOIYJIb MPYKHOCTI HAHOKPHCTAJIIY-
Horo SiC Mae wmicrie JIuIe TPy BUCOKUX TEMIIEpaTypax 1 poaMipax 3epeH BHINE 3 HM, TOJl K IPU KIMHATHIN
TeMIepaTypl IPysKHI BJIACTUBOCTI He 3aJIesKaTh BiJ po3MipiB HaHOKpHUCTATIB. [lepenbauaerbes, 1m0 oTpuMa-
HI pe3yJIbTATH 3 TEeMIIEPATYPHUMH Ta PO3MIPHUMH 3AJIEKHOCTAMHU MEXaHIYHUX XapaKTePUCTUK HAHOKPUC-
TAJIYHOTO KapOiy KPeMHII0 MOKYTh OyTH BHKOPHCTAHI IIPO PO3POOIll HAHOCTPYKTYPOBAHKMX MaTeplasiB Ha
#0T0 OCHOBI JIJIsT BUCOKOE(PEKTUBHUX KOHCTPYKIIMHUX 3aCTOCYBAHb.

Knrouosi ciosa: Kap6in kpemnito, Hanoxpucras, ledbopmairisa, MosekyisspHa quaamika.
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