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Mechanical properties of low-temperature large area chemical vapor deposited (CVD) transition metal dichal-
cogenides such as MoS; are a function of crystallinity, which tends to deteriorate with the presence of grain
boundaries (GBs) and defects. In this study, we report mechanical properties of polycrystalline as well as single

i/fsﬁcrlflsslclim:amics crystal MoS; containing defects and dopant atoms. To investigate mechanical properties we adopted computa-
Hall-petch v tional approach using classical molecular dynamics (MD) simulation. Our calculated mechanical properties such

as tensile strength, Young’s modulus of single-crystal MoS are in good agreement with the existing literature and
alter with the appearance of GBs and defects. Polycrystalline MoS; samples exhibit GB strengthening i.e., Hall-
Petch effects. A detailed investigation of a specific type of GB tilted sample also shows GBs insensitive fracture
behavior. A small amount of sulfur vacancy and oxygen doping (<2%) exhibit ductility in the sample at the
expense of failure strength. We also notice local plastic deformation which yields ductility in the sample. Our
present study shows the detailed mechanism behind the plastic deformation behavior of single as well as

polycrystalline sample.

1. Introduction

Transition metal dichalcogenide crystal (TMDCs) such as molybde-
num sulfide (MoS;) in two-dimensional (2D) form has attracted
tremendous interest among the scientific community because of their
distinctive electrical [1-5], optical [6,7], catalytic [8,9] and mechanical
[10-13] properties. TMDCs materials has been widely used to fabricate
transistors [14-16], sensors [17-19] and flexible electronics [20,21].
Among other 2D TMDCs, MoS; is the most widely studied material, and
it has three phases namely 2H, 1T and 1T’ phase. Among these three
phases, 2H-MoS; configuration is more common and semiconducting
[22,23] in nature, whereas 1T-MoS, is metallic [22,24-26]. Both
top-down [27,28] and bottom-up [29-31] techniques are widely used
for the synthesis of 2H-MoS,. It is well known that both of these fabri-
cation techniques yield defects such as grain boundaries, vacancy de-
fects, ring defects, etc. [32-35]. These defects and grain boundaries in
MoS; tend to deteriorate physical properties.

Defects and disorder play dominant role in physical properties of
nanomaterials. For example, defect-free graphene and carbon nanotube
(CNTs) has superior mechanical properties, however the inclusion of
defects such as vacancy, different types of ring defects deteriorate its
mechanical properties [36-38]. Similar to graphene and CNTs, pristine
monolayer MoSy processes higher mechanical strength and superior

* Corresponding author.
E-mail address: mah37 @psu.edu (A. Haque).

https://doi.org/10.1016/j.jpcs.2020.109669

electrical properties compared to their polycrystalline counterpart and
defective MoSy [12,39]. Though the mechanical properties are well
known for graphene [40-42] and to some extent for single crystal MoSy
[10,43-45]; however, mechanical properties of polycrystalline as well
as defective and doped 2H-MoS; remain largely unknown. Additionally,
unlike graphene MoS, has ABAB type stacking i.e., Stop-MO-Sbottom
which might also exhibit a different deformation dynamics during me-
chanical straining [46,47]. It is well known that defects in TMDCs such
as MoS; are inevitable and frequently developed during the synthesis.
Thus it is crucial to understand their effects on physical properties. For
example, brittleness in MoS; due to the hydrogenation has been reported
recently [39]. Effects of grain boundaries on mechanical properties of
MoS; using virtual nanoindentation has been also studied recently [33].
Despite a significant amount of effort has been put to investigate me-
chanical properties of MoSs, specific types of defects and their concen-
tration, distribution remains unexplored.

It is well known that oxidation might take place readily in 2H-MoS;
under ambient conditions [48,49]. Alongside oxidation, chemical
functionalization and doping are another viable routes towards modu-
lation of the physical properties of MoS,. For example, recent first
principle calculation shows that oxygen doping might affect electronic,
optical and magnetic properties [7,50,51]. Other studies [52,53] show
that due to the large surface area and active ion adsorption sites MoS;
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could be a promising alternative for hydrogen evolution reaction (HER)
compared to the precious platinum-based noble metal catalyst. How-
ever, previous studies reported inertness of the basal plane of 2H-MoS,
for HER [54]. Both doping and vacancy introduction can overcome this
issue by offering more active sites for ion adsorption and transport [55,
56]. It has been reported that oxygen doping can be a viable solution to
this problem, and can be achieved by treating with oxygen plasma which
readily increases the number of active sites for HER [57]. Though doping
atoms might enhance HER by introducing more active sites, their effects
on mechanical properties are entirely remains unknown.

Due to the advancement in scanning/transmission electron micro-
scopy (S/TEM) a significant amount of effort has been put to identify
defects and GBs in 2D materials [40,58-60]. Additionally, few experi-
mental studies [10,61] reported mechanical properties of monolayer
MoS,. However, exact deformation mechanisms have not been eluci-
dated by the experiments. Thus in our present study, we take the resorts
of atomistic simulations to investigate grain size, GBs, and defects such
as vacancy and oxygen doping effects on the mechanical performance of
the single crystal as well as polycrystalline 2H-MoS,. We adopt a reac-
tive forcefield based computational approach using classical molecular
dynamics (MD) simulation implemented in the LAMMPS [62] simula-
tion package. In the following sections, we will investigate mechanical
properties of monolayer single as well as polycrystalline 2H-MoS,
subjected to unidirectional tensile loading using molecular dynamics
simulations to explore their deformation behavior and failure
mechanisms.

2. Methods

In a classical MD simulation force field is used to define the potential
energy of a system, which subsequently is used to calculate the atomic
forces using Newtonian equation. Thus the choice of an appropriate
forcefield is the key to successful MD simulations. Forcefield could be
either reactive or non-reactive in-nature and they are derived based on
experimental results or ab-initio (first principle) calculations. In our
present study, we used ReaxFF [45] which is reactive in nature and its
system energy terms could be expressed as follows:
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The details of the ReaxFF can be found elsewhere [45]. Initially, we
build 10 nm? single-crystal MoS, sheet to study the mechanical prop-
erties. To investigate mechanical properties of the polycrystalline MoS,,
we choose approximately 3 nm, 4 nm, 6 nm, 8 nm, 10 nm and 15 nm
grain size oriented at 0°, 30°, and 60° as shown in Fig. 1b and marked by
G1, G2 and G3 respectively. Before the tensile loading energy minimi-
zation molecular mechanics using conjugate gradient method was per-
formed on both single and polycrystalline MoS; to obtain a minimum
potential energy conformation. Such energy minimization was per-
formed for all configurations. Next, molecular dynamics runs were
executed using NPT ensemble with a time step of 0.25fs for several
thousand steps at 1 atmospheric pressure and 300 K to achieve initial
stress-free samples before the tensile loading. In our present study 2 x
108 57! strain rate was used during the tensile loading. All molecular
dynamics simulations were performed using open-source LAMMPS [62]
simulation package at room temperature i.e., 300 K.

To determine the mechanical properties, MoS; sheets were strained
in both armchair (X-direction in Fig. 1a) and zigzag directions (Y-di-
rection in Fig. 1a) and the internal stress of the cell was monitored. At
the atomic level, stress can be defined in the form of virial stress as
follows:

2

where the first term is associated with the contribution from kinetic
energy due to thermal vibration and the second term is related to change
in potential energy due to applied deformation. Here, V is the volume of

the simulation cell and V=3 V* , V* is the atomic volume of o;
o

v and VJ‘?' is the i-component and j-component of the velocity of atom

(2)
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1
. F‘i"ﬁ is the i-component of the force between atom « and p and r}"ﬁ is the
j-component of the separation distance between atoms o and p [63].
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Fig. 1. MD simulation model of MoS2 (a) Single crystal, and (b) Polycrystalline sample with 15 nm grain size (Deep green and yellow color indicates Molybdenum
and Sulfur atoms respectively), and (c) perspective view showing rippling in polycrystalline MoS2.
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3. Results and discussions
3.1. Tensile response of monolayer MoS2

In our present study, we investigate tensile response of monolayer
2H-MoS; in the armchair (X-direction in Fig. 1a) and zigzag directions
(Y-direction in Fig. 1a) at 300 K temperature using ReaxFF forcefield.
Recently, mechanical properties of MoS; have been studied using den-
sity functional theory (DFT) [64], experiments [10] and reactive po-
tentials such as reactive empirical bond-order (REBO) [12,44,64] and
ReaxFF [39,65]. The results such as Young’s modulus and tensile failure
strain obtained from all of these studies are in good agreement. Unlike
graphene, MoS; has an ABAB type stacking sequence i.e Stop-M0-Spottom
as shown in Fig. 2¢. Each S atom in MoSy has 3-fold symmetry. This
unique structure plays an important role in the deformation mechanism
of MoS,. Stress-strain plot in Fig. 2h exhibits three distinct regions.
Initially, the curve follows Hook’s law prior to the first Yielding.
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Afterward, the curve goes through the serration region, and finally, a
drop in the stress-strain curve indicates failure in MoS,. Simulation re-
sults as shown in Fig. 2h indicates that loading along armchair direction
yields ultimate tensile strength approximately 24.5 GPa at a tensile
strain of 27%. Calculated Young’s modulus is 232 GPa which is in good
agreement with both experimental [10] and computational [33,45] re-
sults. Our calculation shows first yielding occurs at 5.7% strain and
corresponding Yield strength is 12.9 GPa. Serration in the stress-strain
plot can be explained from the local plastic deformation as observed
during the deformation (Fig. 2a-g). A similar type of plastic deformation
occurs in stainless-steel and known as Liider’s band. To investigate the
detailed deformation mechanism, we track shear strain on individual
atoms as shown in Fig. 2a—g. We have noticed an onset of local plastic
deformation at the first Yield point i.e 5.7% strain. As we increase tensile
strain this local plastic deformation propagates perpendicular to the
loading direction i.e along the zigzag edge as shown in Fig. 2b, and forms
a deformation band (Please see the video
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Fig. 2. Deformation behavior of 2H-MoS, under uniaxial loading at 300 K temperature: (a)-(g) shear strain mapping on Pristine sample, and (h) Tensile response

of 2H-MoS,.
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1). These local deformation bands (Fig. 2e) in the MoS; are respon-
sible for the serrated stress-strain behavior as we have observed in
Fig. 2h. During this entire period of serration, we do not observe any
significant amount of stress increment. However, once the serration
period is over i.e the entire structure full of local plastic deformation
band, tensile stress starts to increase until failure takes place as shown in
Fig. 2f and g. During this local plastic deformation, S-S atoms move
towards each other and form a bond which is shown in Fig. 2d. Mo atom
in MoS, has six co-ordination and unlike Mo atoms S atoms has 3 co-
ordination and thus they are assumed to have more mobility
compared to Mo atoms. The formation of S-S bond is irreversible [45] i.
e., after removal of load they cannot return to their initial position. Local
stress concentration in the MoS, sample is shown in Fig. 2f prior to the
failure. Dark dotted color line in Fig. 2f indicates Mo atomic layer
perpendicular to the loading direction. However, at 25.5% tensile strain
we notice a discontinuity in the Mo atomic plane. Top part of the Mo
atomic layer has larger strain compared to the lower part which leads to
the crack initiation in the sample and eventually sample fails at 27%
tensile strain as shown in Fig. 2g. The crack path follows the zigzag edge
of the MoS; sample. As we change the loading direction from armchair
to zigzag both stress-strain pattern and deformation behaviors change.
Fig. 3 shows the deformation mechanism during the tensile loading
along the zigzag direction.

Unlike armchair deformation behavior, loading in the zigzag direc-
tion yields local plastic deformation band at an angle as shown in Fig. 3a.
We have distinguished this plastic deformation band using shear strain
distribution on each atom as shown in Fig. 3. The onset of local plastic
deformation starts at an angle of 60° as shown in Fig. 3a. Upon the
complete formation of a local deformation band, a new plastic
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deformation band forms along the zigzag edge as shown in Fig. 3b. Due
to this local plastic deformation, we notice a drop in tensile stress as
shown in Fig. 2h. As we continue to increase tensile strain a new
deformation band with S-S bond forms as indicated by Fig. 3b and c. As
mentioned earlier these local plastic deformation bands are responsible
for the serration in stress-strain plot, and at higher strain stress con-
centration along the zigzag edge of the sample is observed (Fig. 3e and
f). Failure initiate at 24.6% strain by forming a void at the same location
where the first plastic deformation occurred (Fig. 3a and f). With further
increment in the tensile strain, crack propagates along the zigzag edge of
the sample as shown in Fig. 3g. It could be concluded that irrespective of
loading direction crack propagates along the zigzag direction which
supports the previous studies [12,59].

3.2. Effect defects and doping on mechanical properties of MoS2

3.2.1. Sulfur vacancy effects on mechanical properties of MoS2

It is well known that defects such as vacancy and doping might
significantly affect the mechanical properties of MoS; [12,33]. Thus to
assess the effect of vacancy defects on mechanical properties of MoS; we
build molecular models with randomly distributed S vacancy (V) de-
fects. In our present study, we randomly deleted 0.6% and 1.3% S atoms
as shown in Fig. 4b. The red color circle indicates the deleted S atoms.
Tensile response along the armchair direction is shown in Fig. 4a. It is
evident that with the increment of the defects concentration both first
Yield strength and strain reduces significantly. Calculated first Yield
stress and strain for pristine MoS, are 12.9 GPa and 5.7% respectively.
However, this yield stress value reduces by 21% and 32% for 0.6% and
1.3% S vacancy enriched samples respectively. Yield strain also shows a

LR ey T

Fig. 3. Deformation behavior of 2H-MoS, under the tensile loading along the zigzag direction at 300 K temperature (scale bar indicates the magnitude of shear strain

in the sample).
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similar pattern and reduces by 15% and 26% respectively for 0.6% and
1.3% S deficient samples. Interestingly we notice that failure strain for
1.3% vacancy enriched sample is slightly higher than the pristine sample
as evident in Fig. 4a. A similar type of vacancy enhanced ductility has
been also observed in thin films [66,67]. To explain our observation we
analyze MD simulation trajectory as shown in Fig. 4c-f. In these figures,
atoms are colored by shear strain on the scale of 0-0.3. We notice
amplified local deformation at the location of the vacancy enriched area
as shown by the dotted red color circle in Fig. 4c. Very similar to the
pristine structure this local deformation extends to form a band and
gradually saturates the entire sample. This amplified strain at the loca-
tion of Vs will develop stress concentration around it as shown by the
dotted dark color circle in Fig. 4d. Though shear strain remains almost
constant along with the deformation band, S vacancy enriched area has
higher shear strain compared to the defect-free region. This local higher
strain may contribute to the enhancement of overall failure strain. A
comparison between Fig. 4c and e indicate the failure initiates from the
same location where the first stress concentration occurred as marked by
a dark color dotted circle in Fig. 4e. At this location bond rotation and
new ring-type defects such as 4|8 ring forms prior to the failure (Fig. 4e).
It is worth mentioning that GBs with 4|8 ring defect has lower energy
compared to 4|6 and 6|8 GB defects [33]. Additionally, 4|8 ring defect is
associated with higher elastic deformation energy due to the larger
Burger vector [68]. These factors might facilitate the formation of 4|8
ring defect at higher strain. However, above failure strain, we notice
crack deflection and crack propagation along the zigzag edge as shown
in Fig. 4f.

3.2.2. Oxygen doping effects on mechanical properties of MoS2

In this section, we have assessed the effect of oxygen (O) doping on
the mechanical performance of the single crystal MoS; as shown in
Fig. 5. Prior to the MD simulations, we optimize O-doped 2H-MoS,
structure using ReaxFF and plane-wave based density functional theory
(DFT). DFT calculation was performed using CASTEP [69] code
considering generalized gradient approximation (GGA) and
Perdew-Burke-Ernzerhof (PBE) function for electron
exchange-correlation. Ultrasoft pseudopotentials were implemented for
electron-ion interaction and a convergence criterion of 10~ eV/atom
with an energy cut-off 340eV was set. Our calculated optimized S-Mo-O
bond angle using DFT (Fig. 5a) and ReaxFF (Fig. 5b) is 74.7° and 72.5°
respectively which is in good agreement with recent DFT study [7], and
comparatively smaller than the pristine S-Mo-S bond angle which is
found to be 80.66° [7]. Reduction in bond angle indicates compression
of O atoms along the basal plane i.e c-axis which is perpendicular to the
sample normal. This reduction in bond angle yields a comparatively
shorter bond length between Mo-O. This shorter bond length can be
explained from the knowledge of electronegativity. Electronegativity of
O atoms is higher than the S atoms, which leads to a shorter bond length
between Mo and O atoms and thus a smaller O-Mo-S bond angle form.
Calculated equilibrium bond length between Mo-O using DFT and
ReaxFF are in good agreement and their numerical values are 2.072 A
and 2.08 A respectively, which is comparatively shorter than the equi-
librium Mo-S bond length i.e., 2.44 A [70]. At this point, we are
convinced that DFT and ReaxFF outcomes are in good agreement, and
we are ready to dope the sample and conduct the simulation using
ReaxFF. In our present MD simulations study, at the beginning, we
randomly replaced 0.6%, 1.3% and 25% sulfur (S) atoms from 2H-MoS;
sheet. Afterward, we minimize the model and equilibrate under NPT
dynamics for several thousand steps before applying tensile load. Tensile
response of the oxygen doped sample alongside pristine sample is shown
in Fig. 5c. We do not observe any significant change in mechanical
properties at low concentration of doping. For example, mechanical
behavior of 0.6% doped sample and pristine samples shows an almost
similar trend. This observation indicates that a very low amount of
doping or oxidation does not significantly change the mechanical
properties of 2H-MoS,;. However, as we increase the doping
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concentration ultimate failure strain increases at the expense of ultimate
failure strength. However, a high amount of doping/oxidation i.e., 25%
significantly alters the mechanical properties and both ultimate stress
and strength are decreased by a significant amount as shown by deep red
color in Fig. 5c. We notice local plastic deformation for all cases of
doping. Observed local plastic transformation behavior is very similar to
the pristine sample. To investigate the enhancement in plasticity at the
expense of strength we have analyzed MD simulation trajectory as
shown in Fig. 5d-g. Mulliken atomic population analysis has shown that
the O atom has a higher atomic population compared to S atoms in MoSz
[71, which stimulate stronger Columbic interaction between Mo and O
atoms. Thus at higher strain O atom can easily move over Mo atoms and
could be trapped between two Mo atoms as shown in Fig. 5d. Thus it
forms a virtual vacancy site at its original position which is very similar
to Vg type vacancy as indicated by dotted dark color circle in Fig. 5d.
This virtual Vg vacancy enhances the plasticity in the sample. Shear
strain analysis in Fig. 5e also supports this hypothesis. During straining it
is also possible that O atoms could leave their original lattice site and
form a new bond with two Mo atoms as shown in Fig. 5f and g. This
atomic bond breaking and formation might help to achieve higher
plasticity. Due to the O atom doping, we notice a decrement in failure
strength by 6.9%, and an increment in failure strain by 12% for 1.3% O
atom doped sample. However, as we increase the O doping failure
strength reduces significantly and for 25% O doped sample ultimate
tensile strength decreased by 8.2% at a tensile strain of 22.4%. Reduc-
tion in tensile strength can be explained from Fig. S5h. We notice that
even at 9% strain O atoms creates a virtual vacancy at their original
lattice position as shown by the dark color dotted circle in Fig. Sh.
However, at higher strain due to the excessive O atom doping voids are
created and sample fails at 22.4% as shown in Fig. 5i. It can be
concluded that O doping and S vacancy has very similar effects on the
deformation behavior of MoSs.

3.3. Mechanical response of polycrystalline MoSz

Synthesis such as large-area chemical vapor deposition (CVD) might
yield polycrystalline MoSy [71,72]. Temperature also plays an impor-
tant role in the growth and crystallinity of 2D materials [73,74]. Unlike
metals, polycrystalline MoS; contains grain boundaries (GBs) with
different types of ring 4|6, 4|8, 6|8 and vacancy V1, Vs, etc. defects [12,
32,75]. These defects could significantly deteriorate the physical prop-
erties of 2D materials [76]. Thus in our present study, we have
attempted to investigate the effects of grain size and GBs on the me-
chanical properties of polycrystalline MoS,. We model 6 different grains
size from 3 nm to 15 nm with 3 number of grains as shown in Fig. 6. We
implied periodic boundary conditions along all directions to avoid
length scale effects. Fig. 6 shows a polycrystalline MoS; with 15 nm
grains size, and atoms are colored by shear strain. In this study we
applied tensile load along X-direction (as shown in Fig. 1a). Similar to
the single-crystal sample we notice local plastic deformation originating
at the GBs and propagating inside the grain boundary as shown by
Fig. 6b (Please see the video 2). This indicates GBs are more vulnerable
to the external load. However, unlike single-crystal these local plastic
deformation bands are not perpendicular to the loading direction, rather
they follow the zigzag edge of the MoS,. Thus instead of a vertical band,
we observe the local plastic deformation band which follows the grain
orientation along the zigzag edge as shown in Fig. 6b. This local plastic
deformation band continues to grow until it reaches the GB as shown in
Fig. 6¢ and gradually saturates the entire sample. As the local plastic
deformation accompanied by S-S bond formation is completed, stress
concentration takes place at the GBs as shown in Fig. 6d by pink color
dotted box. Due to this stress concentration void forms and gradually
grows at the GBs. This void initiates cracking in the sample as shown by
Fig. 6f. Inter-granular crack propagates along with the GB until it rea-
ches the triple point, and afterward, we notice trans-granular crack
propagation as shown in Fig. 6f-h. Unlike single-crystal samples, grains



Z. Islam and A. Haque

Journal of Physics and Chemistry of Solids 148 (2021) 109669

Yield Stress (GPa)

0.2 0.3 04 0.5 0.6
Grain Size, d%5 (nm°-5)

Fig. 6. Tensile response of 2H-MoS, at 300 K: (a)-(h) Tensile response of a polycrystalline MoS, sample at different strain, and (i) Yield strength and grain size

relationship of polycrystalline MoS, samples.

are oriented at different angles in a polycrystalline MoS, sample. It is
noted that in a single crystal sample zigzag edge is the preferred crack
propagation direction in MoS,. Due to this preferred crack propagation
direction, we notice crack deflection during crack propagation in a
polycrystalline MoSy sample. Fig. 6i shows first yield stress variation
with grain size and we observed grain boundary strengthening or
Hall-Petch effects in polycrystalline MoS; sample. GB strengthening ef-
fect has been also observed in nanomaterials [77-80]. This effect can be
explained from our observed local deformation in a single crystal sam-
ple. As the grain size decreases to 3 nm larger amount of force is required
to form a local plastic deformation band, and additionally the number of
the deformation band also reduces due to the physical size of the indi-
vidual grain. This reduced grain size resists yielding and contributes to
the higher Yield strength as shown in Fig. 6i. On contrary to this, due to
the increment in grain size, local plastic deformation can take place at
lower external force and it can accommodate more local plastic defor-
mation band which further reduces the Yield strength. Our calculated
tensile strength and failure strength of a polycrystalline MoS; sample
with grain size 15 nm are 15.7 GPa and 20.3%. Lower tensile strength of
polycrystalline MoS; indicates GBs significantly deteriorates mechanical
properties of MoS,.

3.4. Grain boundary insensitive fracture in MoS2

To assess the effect of GB orientation angle on mechanical properties
of MoS,, we model polycrystalline MoS; sample with different GB angle
namely 5°, 10°, 25°, 30°, 45°, and 60° (with respect to the vertical axis as
shown in Fig. 7b). To build these GBs structure we rotate two supercell
structures with respect to their basal plane i.e., perpendicular to the
sample surface as shown in Fig. 7b. Among these six samples, the
deformation mechanism for 30° and 45° tilt GBs has been discussed in
the following section. Sample with 30° tilt GB contains only 4|8 type
ring defects as marked by pink color dotted ring in Fig. 7b. Thus it makes
highly ordered GB without introducing any additional adatoms, vacancy
or other types of ring (such as 4|6, 6|8, etc.) defects. On contrary to this
sample with 45° tilt GB contains different types of ring defects including
4|6, 4|8, vacancy, etc. Fig. 7f and g shows GB and defects. Dark color
dotted circle in Fig. 7g indicates 4-ring defects adjacent to four 6-rings. It
is obvious that unlike 30° tilt GB, 45° tilt GB does not contain any or-
dered defects. These random defects at the GB might change the
deformation behavior of 45° tilt GB sample compared to 30° tilt GB
sample. Fig. 7a shows the comparison of stress-strain response among
tilted samples and single-crystal MoSy under tensile loading along X-
direction (Fig. 7b). We notice that samples with titled GBs have lower
failure stress and strain compared to the pristine sample, which indicates
GBs no matter what type of defects they contain always deteriorate the
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Fig. 7. (a) Tensile response of a polycrystalline MoS, sample with tilted GBs at 300 K, (b)-(e) tensile loading and GB insensitive failure of 30° titled sample, and (f)-
(h) Deformation behavior of 45° tilted sample (scale bar indicates the magnitude of shear strain in the sample).

physical properties such as strength and fracture toughness. Calculated
tensile strength of 30° tilt GB is 21.8 GPa at a failure strain of 21.4%,
whereas tensile strength of 45° tilt GB sample is 18.6 GPa at a failure
strain of 20.6%. This indicates that ordered GBs such as sample with 30°
tilt GB has better performance in terms of mechanical properties
compared to the sample containing randomly oriented defects at GBs.
During the tensile loading, we also notice local plastic deformation in
the tilted GB samples as shown in Fig. 7c and e. For the 30° tilt GB
sample, angle between loading direction and plastic deformation band is
approximately 60° as shown in Fig. 7c. As we increase the tensile load
local plastic deformation band continues to grow and saturates the
samples (Fig. 7d). Interestingly, during the failure GBs remains intact as

shown in Fig. 7e, which indicates 30° tilt GB sample is insensitive to
fracture (Please see the video 3). Insensitivity to fracture can be
explained from the 4|8 ring structure. In the previous section, we have
shown that crack propagates along the zigzag edge of the sample.
However, for 30° tilt GB we do not have any zigzag edge at the GBs as
shown in Fig. 7c. Shearing strain at the GBs is also lower compared to the
pristine grain interior. Thus stress concentration takes place inside the
grain and the sample eventually fails from the interior of the grain as
shown in Fig. 7e. Unlike 30° tilt GB sample, the sample with 45° tilt GB
has random ring and vacancy defects as shown in Fig. 7f and g. Though
local plastic deformation starts inside the grain, however at higher strain
stress concentration takes place at the GBs, and thus failure initiates at
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the GBs. Besides 30° tilt GB sample, all other types of samples show the
similar pattern, which indicates in a polycrystalline MoS, sample or-
dered 4|8 can resist crack propagation. For both samples, we have notice
crack deflection along the zigzag edge which also supports zigzag edge
as the preferred crack propagation direction in a MoS; sample [59,76].

4. Conclusion

In our present study, we investigate mechanical properties of single
as well as polycrystalline MoS, samples using MD simulations. Our
calculated results are in good agreement with the existing literature.
Studies show that local plastic deformation in a single-crystal MoS;
which further introduces serration in tensile response. We also observe
grain boundary strengthening i.e., Hall-Petch strengthening in poly-
crystalline MoS; samples. Both tensile response and void nucleation and
coalescence at the grain boundaries indicate ductile mode failure in
polycrystalline MoS; samples. This ductile mode failure in the poly-
crystalline MoS, sample is accompanied by both intra- and trans-gran-
ular fractures. Alongside polycrystalline sample characterization, we
also study individual tilt grain boundary effects on the mechanical
response. We notice that grain boundary insensitive fracture in a 30°-tilt
grain boundary sample which contains only 4|8 type ring defects. Our
study predicts that defects such as vacancy inclusion can enhance
ductility at the expense of mechanical strength. We also model oxygen
doping in MoS; to investigate its effects on mechanical properties. Very
similar to S vacancy defects low doping concentration of oxygen atoms
in MoS; exhibits similar behavior. In all cases i.e., both vacancy and
oxygen doping we notice a reduction in Yield strength and strain. In
sum, our current findings will provide insights on defects, doping, and
GB-based engineering of MoS; samples toward the real-world applica-
tions in nanoelectronics as well as in nanoelectromechanical systems.
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