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Molecular dynamics simulations are performed to clarify the extreme strain rate and temperature
dependence of mechanical behaviors of nano silicon nitride thin layer in basal plane under tension.
It is found that fracture stresses almost no change with increasing strain rate. However, fracture
strains decrease gradually due to the appearance of additional NZ-Si bonds breaking defects in the
deformation process. With increasing loading temperature, there is a noticeable drop in fracture
stress and fracture strain. In the low temperature range, the roughness phases can be observed
owing to a combination of factors that configuration evolution and energy change.

1 Introduction

The effort for hunting the materials with outstanding structural
stability and remarkable mechanical properties is a task of
scientific and technological interest. Recent achievements in
nanomechanical experiments are demonstrating superior
mechanical properties of nanosized ceramics and wishers, which
are distinct from their bulk counterparts.'? Stirred by the surge
and the discovery of the superelastic and spring properties of
SisN, microcoils,*” the synthesis of silicon nitride in nanoscale,
such as nanowire,® nanorod,” and nanobelt,® has swallowed great
efforts and been a subject in a majority of experimental studies.
Simultaneously, considerate sweats have also been devoted to
investigate their microscopic properties using first-principles and
molecular dynamic (MD) methods with satisfactory results.”'
Vashishta investigated dynamic fracture in nanophase Si;N,
using 106-atom molecular-dynamics simulation and showed that
intercluster regions are amorphous and they deflect cracks and
give rise to local crack branching.'* Ching investigated a model
of Y-doped intergranular glassy film in Si;N, ceramics by large-
scale ab initio modeling and concluded that this microstructure
has a complex nonlinear deformation under stress and Y doping
significantly enhances the mechanical properties.'®

The preparation and comprehension of stimuli-responsive
materials are concerned predominantly because they provide a
mechanism for designing nanoscale devices and for improving
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the performance of devices. Moreover, the mechanical control of
nanomaterials and nanosystems is emerging as a fascinating
means for exploring the unique properties and potential
applications of nanoscale materials.'™'® However, for the
mechanical properties of nano B-SizN, thin layer, the absence of
the samples of nano-sized crystals used in experimental
measurements with perfect crystal configuration does not
currently allow a direct observation of the different mechanical
behavior during loading. This encouraged us to explore the novel
mechanical responses of B-SisN, under various conditions in
nanometer range. In the previous work, we conducted uniaxial
tension of B-Si;N, thin layers in basal plane by atomistic
simulations and concluded that the deterioration in mechanical
properties derives from the N°v-Si bonds where the fracture is
initiated.'”” The objective of current work in this paper is to
investigate extreme strain rate and temperature dependence of
mechanical properties of nano 3-SizN, thin layer under tension by
molecular dynamics. Stress-strain relations are calculated in
terms of different tensile strain rates and temperature, and
changes in the atomic structure of nano thin layers are analyzed
by bonding and structural correlations.

2 Computational details
2.1 The interatomic potential

It is crucial to employ accurate interatomic potentials illustrating
a wide range of experimental properties in order to clarify
materials’ properties and atomic processes quantitatively. From
empirical potential models available for covalent systems, the
interatomic potential used here in all simulations is the effective
potential proposed by Tersoff.?>?' The potential is based on a
proven expression that embodies two- and three-body
interactions. The two-body terms are composed of steric
repulsion among atoms, a charge-dipole interaction that involves
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the large electronic polarizability of nitrogen, and a screened
coulomb interaction owing to charge transfer between Si and N.
Three-body interactions consist of covalent effects through bond-
bending and bond-stretching terms. This expression has been
parameterized and employed successfully to research a wide
range of carbides and nitrides.?*?* In the case of SisN, studied
here in this paper, this robust potential is parameterized to match
the bulk modulus and elastic constants of SizN4 to experimental
values.

2.2 Simulation setup and details

We carry out MD simulations of a theoretical tensile experiment
under different conditions on B-SizN, thin layers in basal plane,
illustrated in Fig.1. B-Si3N,, classified as hexagonal, possesses
two formula units (14 atoms, as indicated by brown solid line)
and can be built as a stacking of the idealized Si-N layer in an
ABAB... sequence. All the Si atoms are equivalent (6h sites,
light blue atoms), but there are two inequivalent nitrogen sites
that N°® atoms (navy blue atoms) in a planar geometry with three
nearest Si neighbors and N® atoms (light green atoms) in slight
puckered sites surrounded by three Si atoms, simultaneously, Si
atoms are at the center of slightly irregular tetrahedron bonded
with one N*® atom and three N°" atoms. The thin layer model is
approaching square with the thickness of 0.291 nm and side
length of about 15.21 nm. Zigzag and armchair edges are oriented
along the x and y directions, respectively. The software package
Lammps and visualization program Atomeye are employed for
the MD simulation. No periodic boundary conditions are applied.
Prior to loading, the initial thin layer configuration structures are
fully optimized to an equilibrium minimum energy using the
steepest descent algorithm so as to obtain stable configuration
and then thermally equilibrated to different temperature using
Nose-Hoover thermostat ensemble with a time step of 0.5 fs.
After equilibration, the uniaxial tensile loading is applied at both
ends with various strain rates in the x direction. The simulated
elongation steps are repeated until the thin layers are fully
ruptured and well separated.

x(zigzag)

y(armchair)

=N
S

95

3 Results and discussion
3.1 Extreme strain rate dependence of Si;N, thin layer

To clarify the strain rate dependence and influence mechanism,
we investigate the mechanical behaviors of SizN, thin layer
subjected to uniaxial tension with different extreme strain rates.
In this case, the length of the square SizNy thin layer is around
L=152.1 A in the loading direction. Fig.2 indicates the simulated
stress-strain curves for the Si3;N, thin layer in zigzag direction.
Note that the strain is defined as the percentage of extension of
the entire thin layer in the loading direction. The fracture stress is
determined as the peak stress and the corresponding strain is the
fracture strain. From product data in Fig.2, it is found that the thin
layers display nonlinear (€<0.05), linear response (0.05<e<0.08),
and nonlinear (¢>0.08) stress-strain relationships until fracture
occurs. The fracture stresses almost no change accompanying the
increasing of strains, illustrating that the strain rate has no
obvious effect on the fracture stress. However, the fracture strains
decrease gradually from 0.118 to 0.112 when the strain rate
increases from 2.6x10° to 5.3x10%s". The strain rate dependence
of fracture strain can be illustrated in Fig.3 and 4, as follows.

9.1
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Fig.2 Stress-strain curves of B-SizN4 thin layer under tensile loading with

different extreme strain rates in the x (zigzag) direction

Fig.1 The simulation bonding configuration of B-SizNy thin layer Si: light blue atoms; N*°: navy blue atoms; Nt light green atoms
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In order to take an insight into the deformation mechanism and
fracture details of thin layers responsible for the strain rate
dependence and to visualize the process of tensile deformation,
we consider the typical snapshots of the atomic arrangements of
thin layers with strain rates of 2.6x10° and 5.3x10° s,
respectively. For the former at a strain of 0.061 (shown in Fig.3
(a)), the initial N®"-Si bond breaking defect on the top edge of
thin layer can be observed as indicated in brown box. Fig.3 (b)
displays the evolution configuration at a strain of 0.068. It is
clearly found that the number of N®"-Si bond defects comes to
three. When the thin layer is elongated to a strain of 0.080 (see
Fig.3 (c)), the number of defects distributed in two lines increases
to fifteen or so and then the formation and propagation of crack
are present, and the thin layer begins to fracture. As the thin layer
breaks into two parts completely, the strain comes to 0.121, as
illustrated in Fig.3 (d). The above-mentioned analysis shows that
the deterioration in mechanical property derives from the N*"-Si
bonds where the fracture is initiated and subsequently spreads in
all directions. For the latter at strains of 0.061 and 0.068
(indicated in Fig.4 (a) and (b)), the initial bonding breaking defect
and evolution configuration are similar with those occurred in the
former. When the strain arrives to 0.080 (see Fig.4 (c)), not only
NS but also N**-Si bonds breaking defects can be observed in
the top edge of thin layer, as shown by red dashed box, which
contributes to the spread of crack. When the strain rates are in the
range of 2.6x107 to 2.6x10", the final fractures all occur in the
top of thin layers, similar to that described above.
Simultaneously, it is worth noting that the bonds breaking defects
are also present in the lower edge. In the course of subsequent
fracture, the N®"-Si and N**-Si bonds breaking defects, acting as a
major role, are conductive to the start and rapid expansion of
cracks, in combination with the bonds breaking defects located at
lower edge, together leading to the appearance of low fracture
strain of 0.112. As the evolution of thin layer elongation, the two
separated portions can be obtained at a strain of 0.113. Therefore,
the extreme strain rate dependence of fracture strain can be
attributed to the appearance of the additional N*°-Si bonds
breaking defects and the assistant role of defects located at lower
edge.

3.2 Temperature dependence of Si;N, thin layer

To further clarify the relationship between the mechanical
properties and loading temperature, the mechanical behaviors of
Si3;Ny thin layer under uniaxial tension in zigzag direction with
various temperatures are researched and plotted in Fig.5. It can be
seen that the stress-strain curves mainly consist of linear and
nonlinear phases under the conditions of 100K, 300K and 500K.
The fracture stresses, sensitive to the temperature, decrease
gradually from 20.4 to 14.3 GPa with increasing loading
temperature. When the strains exceed 0.6, 0.8 and 0.9,
respectively, the toughness phases can be observed. For the other
curves at temperatures of 700K, 900K and 1100K, respectively,
the typical nonlinear phases are not present in the stress-strain
curves, indicating that thin layers exhibit brittle fracture
behaviors in the course of uniaxial tension loading. The fracture
stresses drop from 15.3 to 8.6 GPa when the loading temperature
increases to 1100K. The results reveal that there is a noticeable
drop in both the fracture stress and fracture strain with increasing
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loading temperature. Simultaneously the roughness phases are
present in the temperature range of 100K to 300K and disappear
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Fig.5 Stress-strain curves of B-SizN4 thin layer under tensile loading with

different temperatures in the x (zigzag) direction

in the range of 700K to 1100K, which is maybe attributed to the a
combination of factors that configuration evolution and energy
change, as described below.

The configuration evolution affects the behavior response
mentioned above, and further causing the resulted stress-strain
curves. We take representational snapshots of thin layer under
tensile loading with different strains at 500K and 700K,
respectively, for the purpose of capturing the origin, as shown in
Fig.6. It can be seen from Fig.6 (a) and (b) that N®™-Si bonds
breaking defects are visible at strains of 0.063 and 0.067,
respectively, in the beginning phase of stretch. The number of
defects increases by degrees with the elongation of thin layer.
When the strain comes to 0.084 (see Fig.6(c)), the number of
defects remarkably increases to around 10 at the top edge of thin
layer. It is interesting to note that single N atom defect can be
seen at the bottom edge of thin layer as the red circle points to.
Taken together, the structure of thin layer has almost no change at
€<0.090. However, the configuration deviates from the origin
structure as the strain goes into the toughness interval described
in Fig.6 (d). Apart from the original N®-Si bonds breaking
defects, the newly emerging Si-Si-N* bonds breaking defects are
visible both at the top edge and middle of thin layer when the
strain is 0.101, resulting in the formation of similar layered
structure. With the process of tensile loading, other new defects
that N?°-Si bonds breaking appear at a strain of 0.122 in Fig.6 (e).
The number of N*-Si bonds breaking rapidly increases and
reaches dozens or so, which leads to the formation of complete
layered and chain structure at a strain of 0.155 (see Fig.6(f)) as
displayed in both the red boxes. When the strain increases to
0.163, the initial crack of thin layer is present shown in Fig.6 (g).
With the propagation of crack and energy release, the initial
network structure can be achieved again in the area near the crack
at a strain of 0.167, as depicted in Fig.6 (h). Finally, the thin layer
is divided into two parts demonstrated in Fig.6 (i). Based on the
above, the formation of major single N atom, lots of N°™-Si and
N?°_Si bonds breaking defects are conductive to the occurrence of
roughness phase. On the contrary, the layered and chain
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Fig.6 Snapshots of
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Fig.7 Snapshots of B-Si3Ny thin layer under tensile loading at 700K with strains of (a ) 0.084, (b ) 0.089, (¢ ) 0.102,(d ) 0.110
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configuration can not be observed for the thin layer under tensile
loading in the snapshots at 700K, as indicated in Fig.7. Similar to

the fracture behavior at 500K in the beginning phase, the N*-Si
and Si-Si-N* bonds breaking and can be seen at strains of 0.084
and 0.089 (see Fig.7 (a) and (b)), respectively, as mentioned
above. When the thin layer is stretched to a strain of 0.102, the
initial crack occurs. Unlike the previous fracture process, the
chain configuration is not present although the presences of
individual N atoms and N?-Si bonds breaking defects, as
10 displayed in Fig.7 (c) by red circles and triangles, causing the
brittle fracture behavior of thin layer. The ultimate fracture
snapshot is illustrated at a strain of 0.110 in Fig.7 (d).
Simultaneously, it is found that the fracture strain is less sensitive
to temperature in two ranges that 100-500K and 700-1100K in
conjunction with Fig.5.

In addition to the reason of configuration, energy evolution is
another factor that is responsible for the fracture behavior. Fig.8
shows the strain-total energy curves for thin layer under tensile
loading with various temperatures. It can be clearly seen that total
20 energies firstly increase and then drops with increasing strains.

For thin layer at temperatures in the range of 100 to 500K, the

maximum values of total energies are about -7.1x10™°J, which

are notably higher than that obtained for thin layers at
temperatures in the range of 700 to 1100K. Combined with the

»s configuration evolution demonstrated in Fig.7 (e-f), the higher
total energies provide the energy required for the formation of
major single N atom, lots of N®"-Si and N**-Si bonds breaking
defects, leading to similar layered and chain structure. In which,
for the red and light blue of atoms, the corresponding color

3 spectrum representing energy distribution'""'? also indicates the
thin layers exhibit higher energies and larger tensile deformation,
which are also in accordance with the results in Fig.5. Relatively
speaking, the maximum energies in later three curves are lower
and can not meet the requirement for chain structure, resulting in

ssthe drop of fracture stress and fracture strain and the
disappearance of toughness phase.
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with different temperatures in the x (zigzag) direction

4 Conclusions

¢ In summary, we conduct the study on the extreme strain rate and
temperature dependence of mechanical properties of nano silicon
nitride thin layer in basal plane under tension by molecular
dynamics simulation. The results demonstrate that the fracture
strains decrease gradually from 0.118 to 0.112 when the strain
6s rate increases from 2.6x10° to 5.3x10%s™", Fracture stresses almost
no change with increasing strain rate. With increasing loading
temperature, there is a noticeable drop in fracture stress and
fracture strain. There are two groups of curves of the
temperature dependent stress-strain data, group 100K-500K
70 and group 700-1100K. Consequently, there is a critical
temperature point around 600K. In the low temperature range,
the roughness phases can be observed when the strains exceed
0.6, 0.8 and 0.9, respectively. One reason is that the formation of
major single N atom, lots of N®"-Si and N**-Si bonds breaking
75 defects are conductive to the occurrence of roughness phase.
Another reason is that higher total energies provide the energy
required for the formation of bonds breaking defects, leading to
similar layered and chain structure. Thus, configuration and
energy evolution are all responsible for the presence of toughness
so phase. The above results suggest that the nano silicon nitride thin
layers are suitable for nanodevices employed in severe
environments. Capturing a ceramic with outstanding toughness
properties is a dream for ceramic researchers. The insight on the
various mechanical behaviors of thin layer is illustriously
ss meaningful and this will be our future research subject.
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