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Paper presents the results of the in-silico experiments concerning simulation of the tension and failure
dynamics of two-dimensional (2D) titanium carbide Ti2C under different types of tensile loading. The be-
havior of 2D nanosheet was studied within classical molecular dynamics (MD) methods. Two different
loading methods, namely axial displacement and uniform tensile strain were considered in experiments.
The first loading method consists in a consecutive shift of atoms in the right edge of the sample along the
x-axis while atoms in the left edge of the sample are held fixed. The uniform tensile strain was performed
by shifting left and right parts of the sample in opposite directions. During the simulations, atomistic con-
figurations of the 2D Ti2C nanosheet at different strain values were built for both loading methods. As it
follows from the obtained data, different loading procedures lead to different fracture dynamics and crack
formation in the studied sample. As calculated atomistic configurations show, in the case of axial displace-
ment the fracture begins from the formation of cracks at the lateral edges of the sample. Cracks appear
along the layers of constrained atoms at both fixed and shifted edges of the nanosheet, while at uniform
tensile strain TizC sample undergoes uniform stretching up to the critical strain where the crack starts to
form. The strain-stress curves for both axial displacement and homogenous strain were calculated through
the virial theorem. Strain-stress dependencies obtained for different loading procedures for Ti2C sample
overlap in the area of elastic deformation. Calculated data also show that plastic deformation and following
destruction of the Ti2C sample occur at strain ¢ > 0.04 for both methods of loading.

Keywords: Two-dimensional material, Molecular dynamics, Simulation, Fracture, Strain.

DOT: 10.21272/jnep.12(4).04005

1. INTRODUCTION

Two-dimensional (2D) materials attract much at-
tention of many scientists nowadays. Among the men-
tioned materials is 2D titanium carbide TizC —- one of
the so-called MXenes. MXenes are novel nanomaterials
with general chemical formula M + )X where M rep-
resents the transition metal, and X can be either car-
bon or nitrogen [1]. Due to their unique structure, 2D
MXenes have promising electrochemical properties and
thus a wide area of potential applications, such as Li-
ion batteries, supercapacitors, hydrogen storage and
other [2-6]. Besides this, due to excellent physical prop-
erties and sheet-like structure they can be used as res-
onators in various nanoelectronic devices similarly to
other 2D materials [7-9]. Ti2C has a thickness of three
atomic layers and hexagonal structure [1] where the
plane of carbon atoms separates two planes of titanium
as it is shown in Fig. 1.

Other distinguishing features of the MXenes are ex-
cellent mechanical properties, namely relatively high
Young modulus [1]. However, information concerning
mechanical properties of 2D carbides was mainly ob-
tained by computational methods, as the experimental
study of mechanical properties of nanomaterials is a
very complicated task (see, for example, [10]). In the
proposed paper, we report the results of the investiga-
tion of the failure dynamics of 2D titanium carbide
Ti2C within classical molecular dynamics (MD) meth-
ods. In this study, we aim to investigate the cracks
formation and failure of the sample under two different
loading procedures.
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Fig. 1 — Atomic structure of 2D Ti2C

It is worth to mention that elastic properties of 2D ti-
tanium carbides were studied by MD simulation for the
first time in [11]. However, in [11], a single type of ten-
sile load was used, and the study was focused on elastic
properties and failure dynamics of three different sam-
ples Tin+1Cn with n =1, 2, 3. Also, a preliminary study of
the deformation of Ti2C under uniform tension was re-
ported in [12]. In this paper, we report the failure dy-
namics of 2D Ti2C under two different methods of tensile
loading and compare the fracture evolution. Also, in this
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study, we compare the strain-stress curves obtained for
both tensile methods and estimated values of critical
strain and yield stress.

2. SIMULATION SETUP

Tension and failure dynamics of 2D Ti2C was stud-
ied on a sample with lateral sizes equal to 38 x 33 nm
that was placed in the Cartesian coordinate system as it
is shown in Fig. 1. Visual Molecular Dynamics software
(VMD) [13] was used to build the atomistic configura-
tions of the studied system. Interactions between atoms
in the studied sample were calculated with the use of
previously developed computer code for parallel compu-
ting [11]. Full description of the MD model of Ti2C sam-
ple and simulation scheme are given in [11, 12], here we
will only refer the interatomic potentials for MD simu-
lations that were used in the model. To describe the me-
tallic type of chemical bonding between titanium atoms
the embedded atom method (EAM) [14] was used. Inter-
actions between carbon and titanium atoms were de-
scribed by combination of Lennard-Jones and Axilrod-
Teller potentials as in [15]. System temperature was
maintained at 300 K by the Berendsen thermostat [16].

3. RESULTS

Tensile loading of 2D materials in MD simulations
can be implemented in several ways (see, for example,
[17, 18]). In this work, we consider two different ways
of stretching of the material (Fig. 2). First, we imple-
ment an axial displacement loading method that was
applied to 2D graphene nanoribbons [17]. To imple-
ment mentioned procedure, Ti and C atoms in the first
five layers of the left edge of the sample were held fixed
during the simulation, while the first five atomic layers
in the opposite part of the sample were constantly
shifted in the x-direction. The displacement magnitude
was set to provide a constant strain rate of 0.4 ns-—1.
Schematic of the axial displacement tensile loading is
shown in Fig. 2.

Obtained atomic configurations of the Ti2C sample
under axial displacement loading are shown in Fig. 3
and Fig. 4.
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Fig. 2 — Schematics of the Ti:C sample under axial displace-
ment procedure of tensile loading (top panel) and uniform
tensile strain (bottom panel)
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Fig. 3 — Fracture dynamics of the Ti:C sample under axial
displacement procedure of tensile loading (top view) at a strain
of 0.025 (top left), 0.05 (bottom left), 0.06 (top right) and com-
plete destruction of the sample at a strain of 0.1 (bottom right)
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Fig. 4 — Fracture dynamics of the Ti2C sample under axial
displacement procedure of tensile loading (side view) at the
same strain values as in Fig. 4 (from top to bottom)

As can be seen from the figures, the fracture begins
from the formation of cracks at the lateral edges of the
sample. Cracks appear along the layers of fixed atoms
at both fixed and shifted edges of the nanosheet. At
larger strain, cracks in the stretched area of the sample
grow in sizes and propagate along the shifted layers of
atoms. At the same time, free edges of the fractured
parts of the sample are folding with the formation of
additional cracks in the central area of the nanosheet.

As the strain increases, similar fracture mechanism
is observed in the opposite edge of the sample, along the
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layers of fixed atoms. As a result, at strain higher than
0.1, Ti2C sample becomes completely separated from the
edges with fixed atoms and loses its 2D sheet-like form.
Thus, axial displacement loading method leads to com-
plete fracture of the central part of Ti2C sample from its
edges with following folding and fracturing.

An alternative way of tensile loading of the sample
in MD simulation is uniform tensile strain that is ap-
plied by displacement of the atoms located in the oppo-
site parts of the TizC sample in +x and — x directions,
respectively (see bottom panel in Fig. 2). This proce-
dure was also applied to the Ti2C sample under inves-
tigation with the same strain rate as in the previous
case of axial displacement.

Atomistic configurations of the studied sample that
show the cracks formation are illustrated in Fig. 5 (top
view) and Fig. 6 (side view).

At this type of tension, the sample undergoes uni-
form stretching up to the critical value of deformation
where the crack starts to form. As the strain grows,
small cracks occur in the center of the sample along the
border between two parts shifted in opposite directions.
At higher strain, formed cracks aggregate into bigger
fractures which lead to a complete destruction of the

sample.
Fig. 5 — Fracture dynamics of the Ti:C sample under uniform
tensile strain (top view)

At both methods of tensile loading mechanical
stresses in the sample were calculated through the
virial theorem [19, 20] as:

11y,
— I J Ay 0,0
Gij —\7 2_1(5 ﬂé_l I‘aﬂ fzzﬂ —-m Vi Vj j, (1)

where « and g are the indices of the atoms separated

by distance r,, and the force f), between them, i, j are

the components of Cartesian coordinates, m is the mass
of the atom, and V'is a volume of the sample.

The strain-stress curves for both axial displacement
and homogenous strain computed via equation (1) are
presented in Fig. 7.

As can be seen from the figure, the strain-stress
curves obtained from different loading methods overlap
in the area of elastic strain. Both methods give close
values of failure strain. At the same time, yield stress
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estimated from simulation with homogeneous strain
loading method has higher magnitude, most likely due
to the larger number of atoms involved in tensile strain.
At the strain £ = 0.07 both obtained dependencies start
to decrease very fast due to the progressive destruc-
tions of the sample.
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Fig. 6 — Fracture dynamics of the Ti2C sample under uniform
tensile strain (side view)
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Fig. 7 — Obtained strain-stress dependencies of the studied Ti2C
sample for uniform tensile strain and axial displacement

4. CONCLUSIONS

The behavior of the 2D Ti2C sample under tensile
deformation by two different methods of tensile loading
was investigated by classical MD simulations. Atomic
configurations of the studied sample at both stretching
procedures were calculated at different strains to track
the differences in failure dynamics. Calculated atomic
configurations and strain-stress curves suggest that
plastic deformation and following destruction of the
Ti2C nanosheet under investigation occur at strain
£ >0.04 for both methods of loading. At the same time,
different loading methods lead to different cracks evo-
lution and failure dynamics.
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MopemoBaHHS ITUHAMIKN PYHHYBAHHA JBOBUMipHOro kapoiny turany TizC
Npu Pi3HUX TUIAX HABAHTAKEHHA PO3TATY

B.M. Bopuciox

Cymcoruti Oepacasruil ynisepcumem, 8ysi. Pumcorozo-Kopcakosa, 2, 40007 Cymu, Yipaina

¥ poborti mpencraBieHl pe3yJIbTATH KOMII'IOTEPHOTO MOJEJIIOBAHHS AUMHAMIKYM PO3TSATHEHHS Ta PYHHY-
BaHHA ABoBUMIpHOro (2D) kapbiny turany Ti:C mpu pisHHX mpolieypax HaBaHTaMeHHs po3Tary. [loBemin-
Ky 3pas3ka 0yJIo JOCIIIKEeHO B paMKaxX METOMIB KJIacudHol mMoJiekyssapHol muaamiku (MJI). B excrepumen-
Tax 0yJI0 PO3IJVISHYTO IBa PI3HI CIIOCOOM HABAHTAKEHHS, a CaMe OChOBE 3MIIEHHS Ta PIBHOMIPHE PO3TATY-
BauHdA. [lepmmit coci6 3aBaHTAYKEHHS IIOJIATAE B IIOCITOBHOMY 3MIIIEHH] aTOMIB, 10 3HAXOAATHCS y IIpa-
BOMY Kpai 3pa3ka B3JI0B3K OCi X, 34 YMOBH III0 ATOMH B JIIBOMY Kpai TPUMAIOTHCA HEPyXOMUMU. PiBHOMIpHAM
po3TsAr 0yJIO peasi30oBaHO IIISIXOM ITOCTYIIOBOTO 3MIIIEHHS JIIBOI T4 IIPABOI YaCTHH 3pPasdka B IIPOTHUJIEIKHUX
HanpamMeax. 11 yac MojgesmoBaHHA O0ysy m00yI0BaHI aTOMICTHYHI KOHDIryparrii JeoBuMipHoro apaska TizC
pY Pi3HUX 3HAYEHHAX JedopMariii 1y 000X METO/(iB HABAHTAXKeHHs. {IK BUIIMBAE 3 OTPUMAHUX JAHUX,
Pi3HI Ipolleypy HABAHTAKEHHS ITPU3BOIATH JI0 PidHOI JUHAMIKY PyHHYBaHHA Ta yTBOPEHHS TPIIWH Y J0-
cmigaoMy 3pasky. ObumcseHi aToMicTHYHI KOHQITYpAIil MOKa3yoTh, 0 ¥ Padl 0CbOBOTO 3MIIEHHSA PYHHY-
BaHHS [IOYHMHAETHCS 3 YTBOPEHHS TPIIIWH HA OIYHUX Kpasx 3paska. TpIIuHN 3'SBIISIOTHCS B3/IOBXK IapiB
HEPYXOMHX aTOMIB IK Ha (PIKCOBAHOMY Kpalo, TAK 1 Ha Kpamw, 110 3MIIIyeThesa. B Toll 4ac AK mpu piBHOMIp-
HOMY HaBaHTAKeHHI IBOBUMIpHMH 3pa3ok Ti2C 3a3Hae pIBHOMIPHOIO PO3TSTYBAHHS JI0 KPUTHYHOTO 3HA-
YeHHs JedopMarrii, KoJii MOYNHAE YTBOPIOBATHCA TpilpHa. KprBl HaBaHTAKEHHS JIJIs OCBOBOTO 3MIIIEHH ST
Ta PIBHOMIPHOTO PO3TATyBaHHS OysIu 00YMCIIEHI 3a JOIOMOIOI TEOpPeMH Bipiaiy. 3asesKHOCTI HAIpPy:KeHb
Bix medopmalriit, OTpUMAaHI [JIA PISHUX MPOIEAyP HABAHTAYKEHHS 3pa3Ka, IIePeKPUBAIOTLCA B 00J1aCTI IIpy-
skHOI medopmarrii. OGumcsIeHi JaHl TAKOK IMIOKA3YIOTh, IO IJIACTUYHA AeopMAallia Ta HACTYIIHI PyHHYBAHHA
nBoBuMipHOro 3paska Ti:C BigOyBatoTses mpu medopmaririi € > 0.04 i1 060X METOIB HABaAHTAKEHHSI.

KmiouoBi cnosa: JIsoBumipHmit marepian, Mouekyaspaa puHamika, MopgemoBanasa, PydHyBaHHS,
Jledopmanrris.
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