Carbon 167 (2020) 140—147

journal homepage: www.elsevier.com/locate/carbon

Contents lists available at ScienceDirect

Carbon

Shear-induced diamondization of multilayer graphene structures: A

computational study

Check for
updates

Shiddartha Paul ¢, Kasra Momeni > > ", Valery . Levitas ¢

2 Department of Mechanical Engineering, Louisiana Tech University, Ruston, LA, 71272, USA

b Institute for Micromanufacturing, Louisiana Tech University, Ruston, LA, 71272, USA

¢ Department of Mechanical Engineering, University of Alabama, Tuscaloosa, UA, 35487, USA
d Departments of Aerospace Engineering and Mechanical Engineering, lowa State University, Ames, IA, 50010, USA

ARTICLE INFO ABSTRACT

Article history:

Received 25 March 2020
Received in revised form

30 April 2020

Accepted 14 May 2020
Available online 19 May 2020

Diamond is the hardest superhard material with excellent optoelectronic, thermomechanical, and
electronic properties. Here, we have investigated the possibility of a new synthesis technique for dia-
mane and diamond thin films from multilayer graphene at pressures far below the graphite — diamond
transformation pressure. We have used the Molecular Dynamics technique with reactive force fields. Our
results demonstrate a significant reduction (by a factor of two) in the multilayer graphene — diamond

transformation stress upon using a combined shear and axial compression. The shear deformation in the
multilayer graphene lowers the phase transformation energy barrier and plays the role of thermal
fluctuations, which itself promotes the formation of diamond. We revealed a relatively weak temperature
dependence of the transformation strain and stresses. The transformation stress vs. strain curve for the
bulk graphite drops exponentially for finite temperatures.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Diamond has unique properties such as ultra-hardness, reflec-
tivity [1], high piezo-luminescence capacity [2], and high thermal
conductivity [3]. Formation of atomically-thin diamond films from
bi- and multi-layer graphene structures with unique thermophys-
ical properties have recently been reported [4]. It has opened new
doors to synthesize atomically-thin, low-dimensional devices for
electromechanical and optoelectronic applications [5]. However,
large-scale synthesis of these structures is hindered by the high
pressures needed to initiate the graphene — diamond phase
transformation [6,7]. Engineering the phase transformation Ki-
netics can improve efficiency and reduce the costs for the synthesis
of these materials. Different methods have been adopted, e.g.,
application of shear among the graphene layers [8], the saturation
of the graphene layers by radical groups [4], and metallic catalyst
[9,10].

Various theoretical and computational methods are utilized to
study synthesis of 2D materials [11—15], specifically the
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diamondization process, e.g., Molecular Dynamics [7], DFT [4], and
ab initio. [11,12] Among these methods, Molecular Dynamics has
been widely used to study the phase transformation and surface
effects in materials [17—24]. The solid-solid phase transformation,
including the graphene — diamond transformation, is a compli-
cated procedure. It depends on various parameters like defect
quantity in the parent solid-phase, the direction of the compression
with respect to the basal plane, local stress state, intermediate
amorphous states, and surface energy [25—29].

A mechanism for the conversion of the hexagonal graphite to
the diamond considering the martensitic nucleation under static
compression has been proposed [30]. The formation of the cubic
diamond was explained via a pole mechanism, i.e., the slip of
transformation dislocations around the axial dislocation. A
comparative study on the martensitic phase transformation of
graphite-like structure, such as hexagonal boron nitride, has also
been conducted under different loading schemes, i.e., static, hy-
drostatic, non-hydrostatic compression and shear-induced
compression [31—-35]. A pressure-induced phase transformation
of multiwalled carbon nanotubes (MWCNT) to diamond has been
reported [36], where stabilization of the formed diamond was
investigated by applying shear stress via rotating one of the anvils.
The activation of the phase transformation process in the unstable
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region, which results in the formation of a diamond phase, was
demonstrated. Shear-driven phase transformation of glassy carbon
to hexagonal diamond (HD) has recently been investigated [37],
Fig. 1(a). Fig. 1(b) shows the formation of two regions of graphite
and HD, which are separated by a region with a mixed composition
of these two phases [37]. Shear driven synthesis of diamond using a
rotating diamond anvil cell (RDAC) at subgigapascal pressure has
been reported [16], Fig. 1(c—f). The formation of the cubic diamond
(CD) was revealed, Fig. 1(c), while the presence of different struc-
tures (diamond and graphite) has been confirmed by Electron En-
ergy Loss Spectrum (EELS), Fig. 1(d). The crystal planes and d-
spacing of these planes are visible under high-resolution TEM
(HRTEM) analysis in Fig. 1(e), and the presence of cubic diamond
has been confirmed using the fast Fourier transformation (FFT),
subfigure of Fig. 1(e). Formation of the orthorhombic diamond is
visible along with the plane spacing under HRTEM, Fig. 1(f), and
with selected area electron diffraction (SAED) and FFT analysis. The
transformation stress of the cubic diamond formed under shearing
DAC was reported to be lower than any other diamond phase.
Despite the recent success in lowering the graphite — diamond
transformation pressure by applying shear during the experimental
synthesis process, a fundamental understanding of the mecha-
nisms governing this lower pressure transformation is still missing.
Here, we have used Molecular Dynamics method with the Long-
range Carbon Bond Order Potential (LCBOP) reactive force field to
understand the atomistic mechanisms governing the phase trans-
formation. We have investigated the effect of loading dynamics,
thickness, and the surface on the kinetics of diamondization from
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multilayer graphene and graphite structures. We also considered
the diamondization under axial compression for comparison. Our
results demonstrate that introducing shear during the compression
can reduce the critical phase transformation strain by up to 40%.

2. Computational model

The bulk graphite and different multilayer graphene structures
are studied. The initial interlayer distance between graphene layers
is assumed to be the length of the w-bond between carbon atoms in
adjacent graphene layers, i.e., 3.4 A [38]. We placed one graphene
layer on top of the other layer while shifting the second layer by
1.41 A, i.e., length of the C—C bond, to form the ABAB stacking
where carbon atoms in one layer are in the middle of the hexagonal
carbon ring of the adjacent layer. The structure, crystallography
directions, and coordinate axis are shown in Fig. 2. The crystal-
lography axis are a; = a(v3 /2, — 1/2,0), a; = a(v3 /2,1/2,0),
a; =c(0,01), where |a;| = |a,| =a =2.46A,and |a3| =c =6.71A.
The coordinate axis are x = (ay + ay)/|ay + ay|, y = (ay —
a,)/|la; — aq|, and z = as.

Interatomic Interactions Model — Different interatomic poten-
tials, e.g., AIREBO [39], LCBOP [40], and ReaxFF [41], are developed
to reproduce the mechanical properties of all forms of carbon al-
lotropes [42—44] that match the experimentally reported values.
Among the aforementioned interatomic potentials, only the LCBOP
[40] potentials could pass our test cases. The other two potentials
incurred unphysical instability problems during our first test sim-
ulations. Thus, we performed our studies using the LCBOP [40]
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Fig. 1. Formation of diamond under combined compression and shear. (a) Schematic of the experimental setup; (b) SEM image of the mixed graphite and HD phases after
compression in the DAC; (c) TEM image of a nanocrystalline CD; (d) intensity spectrum comparison of graphite and formed diamond; (e) HRTEM image of the cubic diamond
nanocrystal and FFT analysis showing crystal planes; (f) HRTEM of an orthorhombic diamond along with the FFT (upper right) and SAED (lower left) analysis. (a—b) Reprinted from
Ref. [37] with permission from Elsevier; and (c—f) Reprinted from Ref. [16] with permission from Elsevier. (A colour version of this figure can be viewed online.)
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Fig. 2. Structure and configuration of the modeled system. (a) Top view of the multilayer graphene structure with ABAB stacking along with the crystallography (ay, a3, as) and
coordinate system (x,y,z) directions. (b) Different stackings of multilayer graphene structures, where the ABA stacking is considered for our studies. (A colour version of this figure

can be viewed online.)

potential. LCBOP is considered as a powerful potential for carbon,
which captures chemical and physical phenomena not only in the
bonded interaction like covalent bond with various hybridizations
but also the long-range non bonded interactions such as those
between graphene layers. Also, this potential has successfully been
used to study high-pressure phases of carbon [45]. The slipping and
shearing phenomenon of graphene layers have been successfully
described by this LCBOP [46] and its derivative potentials [45]. This
potential can capture the nonbonded interactions between the
graphite layers, as well as a hybridized covalent bond. These ca-
pabilities qualify this potential to implement in our study.

The binding energy E between two carbon atoms for the LCBOP
potential is defined as

2 thot 2 Z(fcyv +s VLR), (-l)

where V! is the total interatomic interaction which is the sum of

short—range V2R and the long-range V?R interactions. The fcu is a

smooth cutoff] function and Sj; is a switching function. VSR is the

function of attractive and repulsive pair potentials and contains the

bond order B;; parameter

SR

Vi = Vr(rj) — ByVa(ry)- (2)
The attraction and the repulsion interaction term have been

obtained by fitting binding energies, lattice constants, and isotropic

elastic properties for various polytypes of carbon.

Vr(r) =Ae™"; (3)

Va(r)=Bie f1" 4 Byefor, (4)
The B;; parameter dependents on the bond angle and conjuga-
tion effect in the bond interaction.

By~ % [bij +le 4 Feonj (N N]nNicjonjﬂ ’ (5)

where bj; is the angular dependent term and Fcom is the conjugation
part of the bond order. The LCBOP potential includes the dihedral
terms along with van der Waals’s long-range interaction, which

will correctly maintain the stacking sequences of graphene layers
even during graphene shearing and the phase change from gra-
phene to diamond. Moreover, it captures the sp? to sp> hybridiza-
tion phenomena, therefore, bond breaking and formation that’s
involved with the graphene to diamond phase transformation.

Using the LCBOP potential, we studied diamondization of
multilayer graphene and bulk graphite systems under axial
compression and combined axial/shear loading. Details of setting
up the associated simulations are elaborated below. We considered
an ABAB stacking sequence of graphene layers, Fig. 2(b).

In our study, we have taken the transformation stress data when
at least 10% graphene/graphitic structure has transformed into a
diamond. The Cauchy stresses reported in this study were calcu-
lated by the virial stress theorem as follows [47,48].

1 j
9= ga Zm“v“ + Z rﬁfaﬂ . (6)

B=1,n

Here i and j denote indices in the Cartesian coordinate system; «
and @ are the atomic indices; m* and »# denote the mass and ve-
locity of atom «; rog is the distance between atoms « and §, and Q is
the atomic volume of atom «. For virial stress calculations, we have
used the total atomic volume of the system. For strain calculation,
we have used the summation of atomic strains. The compressive
and transformation stress and strain tensors are designated with
subscript ¢ and superscript t, respectively. Here we have used the
per atomic stress for calculating transformation stress, and we have
used VMD [10] to get the exact atomic strain for all the simulations.

Multilayer graphene — A simulation cell of 56.54 x 26.41 A in the
plane of graphene layers is considered to model multilayer gra-
phene structures. We applied a non-periodic and moving, i.e.,
shrink-wrapped, boundary condition in the direction normal to the
graphene’s plane with empty spaces of 10A in thickness on top and
bottom surfaces. We considered two loading scenarios for com-
parison: (i) axial compression, and (ii) combined compression and
shear. For the case of axial compression, an interactive wall po-
tential could be applied. However, because of the limitation of the
interactive wall for applying shear loads, we did not use it for
investigating either axial compression or the shearing process.
Instead, we added two extra layers of graphene on each of the top
and bottom sides and applied compression by moving the top
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graphene layer downward while keeping the bottom layer fixed.
The combined loading was performed through a sequence of
compression and shearing, where shearing of the sandwiched
graphene layers is achieved by moving the top graphene layer in its
plane. All the analysis and calculated properties are for the gra-
phene layers sandwiched between the two top and bottom gra-
phene layers.

For axial compression loading, we relaxed the structure for 80ps
after every step of compression. The compression step was 0.3A for
initial steps and reduced to 0.01A, when strain in the z-direction
(see Fig. 2) reaches 16% to avoid the unwanted atomic collision
between the layers. For the combined compression with shear
loading, the structure has been relaxed for 8ps after each
compression, and then we displaced the top layer by 2.45A, i.e., the
furthest C—C distance, in 10 steps. After each shearing step, the
structure was relaxed for 10ps. The stability of the formed diamond
was investigated by removing the compressive stress while moni-
toring any phase transformations. This was achieved by moving the
top graphene layer up to its original position. All the loading and
unloading processes are performed under the NVT ensemble.

Bulk graphite — We further studied phase transformation for the
bulk graphite to understand the surface effects on the nucleation
and growth of diamond. A graphite structure with nine layers (9L)
of graphene is considered with simulation cell dimensions of
1412 x 12.76 x 30.60 A with periodic boundary conditions in all
directions. We compress the structure by deforming the simulation
box in the z-direction at a strain rate of 1A/fs. For shearing the bulk
graphene structure, we took different compressed structures and
sheared them at a rate of 0.02 A/ps in the x-direction (Fig. 2) for
300ps. We performed all the loadings under the NPT ensemble.

3. Result analysis and discussion

The energy of bulk graphite as a function of shear strain for
different compressive stresses at zero and a finite temperature
(600K) is plotted in Fig. 3. The results show the formation of the
first diamond structure at ~15% shear strain and 26.4% compressive
Lagrangian strain. This condition corresponds to the first drop in
the energy curve. The formed diamond structure vanished upon
applying further shear, which accompanies an increase in the en-
ergy of the system. When the graphene layers come in a proper
stacking orientation with the help of applied shear, then diamond
forms, and as the shear goes further, the structure loses its favorable
stacking condition for diamond formation. Comparing Fig. 3(a) and
(b) reveals that the phase transformation energy is temperature-
dependent. The energy landscape for 1200K is also given in the
Supplementary Information, which indicates the increase in the
transformation energy by increasing temperature.

We have included the energy vs. strain plot for at 0K and 600 to
emphasize the variation of the shear strain and energy relation
with the temperature. The phase transformation occurs at a larger
compressive strain at elevated temperatures. The increase in the
transformation energy, which indicates the increase in the phase
transformation energy barrier [27], as well as an increase in the
transformation strain, could be interpreted by the thermal strains.
A larger compressive strain is needed to overcome the excess
thermal expansion strains in addition to the phase transformation
strain. Fig. 3(a) indicates that the phase transformation energy,
which is equivalent to the drops on the energy curve, remains
relatively constant by increasing the compressive strain, although
the total energy of the sample increases.

The energy vs. shear plot at OK, Fig. 3, reveals a sawtooth shape,
which transforms into a smooth curve at 600K. At higher temper-
atures, the degree of disordering increases, which is a prime factor
for increasing its lubricity [49]. The viscosity or lubricity of the

graphene-like structure is one of the dominating factors for their
smooth shearing, which explains the smooth energy transition at
600K. Fig. 3(a) shows an even distribution trend, as the diamond
fraction is almost constant after transformation under different
shear loadings, Fig. 3(c). The diamond fractions have been identi-
fied and calculated by the OVITO [50] visualization software. The
energy vs. shear plot for a finite temperature shows ascending or
descending trends depending on the transformation energy
released during each graphene — diamond phase transformation,
Fig. 3(b). During the simulation of the lowest compressed structure
(29.00% strain), the diamond percentage becomes very low in the
final steps of shearing simulation, Fig. 3(d). Therefore, the energy
required to shear graphene layers decreases as there are not many
interlayer covalent bonds to break. For shearing of the graphene
layers, only the van der Waals attraction needs to be overcome for
this structure compressed with a 29% strain.

In Fig. 3(a) for OK temperature, simulations are performed for
compressive strains which are very close to each other because the
structure compressed less than 26.4% strain did not form any dia-
mond upon the shearing and the structure compressed with a
higher strain beyond 26.50% had been partially transformed to the
diamond without applying shear. For the 600K, we have chosen
these particular compressive strains so that we can show the en-
ergy variation during the shearing of the phase transformation.
Beyond the 30%, the structure transformed to diamond, and
beneath 29% compressive strain, we have not seen any diamond
formation even after applying the shear.

We further studied the graphene — diamond phase trans-
formation in the bulk graphite, Fig. 4, to understand the effect of
surfaces on the thermodynamics and kinetics of this phase trans-
formation. Our results on axial compression simulations of the bulk
graphite show that 90% of the graphite structure transformed to the
diamond at 35% compressive strain, which is observed as a jump in
the stress-strain curve Fig. 4(a). To study the effect of shearing on
the phase transformation Kinetics, we compressed the bulk
graphite structure at various temperatures and used the com-
pressed structures at different stages before the nucleation of the
diamond as the initial structure for shearing simulations. Here, the
transformation stress is defined as the stress required to transform
at least 10% of the sample to diamond. Results presented in Fig. 4 (b)
revealed that increasing the shear stress will exponentially reduce
the transformation stress until it reaches a constant value. The
applied shear load reorients the covalent bonds and thus makes
them weaker, resulting in a phase transformation. The atoms at 0K
have specific positions due to lacking any thermal vibrations. As a
result, nucleation is barrierless at the lattice instability conditions.
The diamond structure showed up when the convenient atomic
orientation comes due to the continuous shear and vanishes all of a
sudden when the atomic orientation gets missing. Therefore, we
have seen a sudden drop in the energy curve of the OK in Fig. 3(a).

On the other hand, at nonzero temperatures, thermal fluctua-
tions cause thermally-activated nucleation before lattice instability
is reached. Breaking and formation of symmetry are based on the
average position of atoms, and that is why we have seen a gradual
change in the diamond fraction during the simulation of non-zero
temperature rather than jump-like complete phase transformation.
Therefore, we observed continuous energy changes for 600K in
Fig. 3(b). For the OK, red hexagonal dots in Fig. 4(b), the effect of
shear stress in the reduction of transformation stress is negligible.
Furthermore, the transformation stress increases by increasing
temperature up to 600K, where it drops and then starts to increase
again as temperature increases. This complex response can be
interpreted using the competition between the increase in thermal
expansion and a reduction in the energy barrier for the phase
transformation. For the initial increase in temperature, thermal
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Fig. 3. Energy of graphite as a function of shear strain at different compressive strains for an 8L graphene system at OK (a) and 600K (b); The energy values are normalized
(shifted with respect to the minimum global energy) over per-atom energy value. (c), and (d) represent the structure corresponding to the selected points in the plot (a) and (b). (A

colour version of this figure can be viewed online.)
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Fig. 4. Bulk graphite simulation results. (a) Stress-strain curve for axial compression loading. Transformation strain is detectible as a jump in the stress-strain curve, at ~35% for 0K
temperature. (b) Transformation stress vs. shear stress for bulk graphite for various temperatures. Transformation stress is defined as the stress required to transform at least 10% of
the sample to diamond. Transformation stress reaches a plateau by increasing shear stress. It also increases by increasing temperature, while it has a maximum at 600K. (A colour

version of this figure can be viewed online.)

expansion of the structure results in the need for an increase in the
critical pressure for initiation of the phase transformation, i.e.,
transformation stress. However, in an opposite effect, higher tem-
perature increases the contribution from thermal fluctuations and
reduces the pressure required for initiating the phase trans-
formation. The reduction in phase transformation due to the
contribution of thermal fluctuations will be dominant at elevated
temperatures.

We further investigated the phase transformation stress and
strain as functions of temperature and number of graphene layers,
Fig. 5. Here, we have considered phase transformation stresses and
strains as the ones at which 10% of the sample transformed into a
diamond. Our results indicate a direct correlation between the
transformation stress and temperature. The exceptions to this rule
are the 3L and 5L structures at 0K, where the added thermal fluc-
tuations were enough to overcome the phase transformation
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Fig. 5. Variation of the transformation stress and strain as a function of temperature under axial compression for multilayer graphene systems. (a) Transformation stress and
(b) transformation strain for the graphene — diamond phase transformation. The phase transformation is defined as the stress and strain at which 10% of the sample transforms to
diamond during axial compression. While the transformation stress is directly correlated with temperature, transformation strain is only a weak function of temperature. (A colour

version of this figure can be viewed online.)

barrier, while the additional thermal strain was minor. The
compressive transformation stress for the 6L structure fluctuates
with temperature variations at 600K and 1500K, where the dia-
mond concentration can explain it. In the case of 600K and 1500K,
the diamond percentage jumps up to 75% and 90%, respectively,
right after the transformation.

On the contrary, for other temperatures, the phase trans-
formation to diamond seems more gradual, and diamond fraction
goes to 20—30% initially after transformation. Therefore, we have
seen a sudden drop in the transformation stress in the case of 600K
and 1500K temperatures. The transformation stress is also a strong
function of the number of the graphene layers, and increases with
the number of the layers, except for the 4L structure, which has the
highest transformation stresses in the modeled multilayer gra-
phene systems. The volume fraction of diamond in the 4L structure
does not increase gradually and instead jumps to 70—80%, which
explains its very high transformation stress. Our results, Fig. 5(b),
indicate that the transformation strain is a weak function of tem-
perature, which is consistent with the experimental measurements
[51]. The transformation strain increases with the layer number,
except for the 3L structure, which has the largest transformation
strain due to the dominant surface effects.

Variation of transformation stress and strain as functions of
temperature are shown in Fig. 6 for multilayer graphene structures
for combined compression and shear loading. Here, the structure
was compressed in the z-direction incrementally, where after each
compression step, the structure was sheared in the x-direction for
one unit cell. The reported transformation stresses and strains
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correspond to the values of stress and strain, were at least 10% of
the model material transformed to diamond. Our results indicate
that the transformation stress reduces by a factor of two compared
to the axial compression, Fig. 5(a). Thus, shear in the plane of gra-
phene layers facilitates slipping of the graphene layers to a
configuration that helps the formation of the interlayer C—C bonds
at lower compressive stress.

Furthermore, the transformation stress has a direct correlation
with the temperature. The variation of transformation strain as a
function of temperature for the combined shear and compression
loading is shown in Fig. 6(b). These results indicate that the
transformation strain under combined loading decreases by ~10%
over the temperature of 1400K, and it increases with the number of
layers for systems with an odd number of graphene layers. For the
systems with an even number of layers, we could not detect a clear
pattern, which could be explained by the fact that a single diamond
unit cell requires at least three graphene layers to form. Thus, the
formation of an integer number of diamond unit cells is not feasible
for systems with an even number of graphene layers, which hinders
the gradual formation of the diamond and detection of a pattern.
This condition cannot easily be required to form the fact that a
diamond unit cell. Comparing the reduction of the transformation
stress under shear loading in the bulk graphite (Fig. 4(b)) and
multilayer graphene (Fig. 6(b)) reveals that this reduction is more
significant for the multilayer graphene system. Thus, the surface
effects have a significant role in the graphene — diamond phase
transformation.

Experimental investigations reported a reduction in the
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Fig. 6. Transformation stress and strain as a function of temperature under combined compression and shear loading. Transformation stress (a) and transformation strain (b)
for the graphene — diamond phase transformation under the combined compression and shear. The structure was compressed and sheared at the same time. The reported values
are the transformation stress/strain at a minimum shear, which results in the formation of at least 10% diamond. The results indicate a reduction in the transformation stress by a
factor of two when shear applies. (A colour version of this figure can be viewed online.)



146 S. Paul et al. / Carbon 167 (2020) 140—147

transformation stress to 0.7 GPa at 300K [16], which is smaller than
what we revealed using the Molecular Dynamics simulations. This
difference could be due to differences in the number of layers,
surface conditions such as lack of atomically flat surfaces on the
diamond anvils, and ambiguity in the critical volume fraction of
diamond used to determine the transformation pressure. Further-
more, in our simulations, we only consider diamond formation if
the atoms satisfy the exact symmetry and bond distances of a
diamond phase. This assumption is in contrast to experimental
measurements that report the formation of diamond based on the
aggregated symmetry of a transformed volume and are less sen-
sitive to the bond distance. Also, preventing any contamination
from presenting in the experiments is not practically viable, which
can further reduce the barrier for the transformation of graphite to
diamond. A similar issue of having a higher phase transformation
stress in simulations compared to the experiments have also been
reported for the bulk graphite — diamond phase transformation
[16,52]. Particularly DFT simulations have also reported a reduction
in the transformation stress when shear forces are applied, which is
consistent with presented results [16]. Getting the full picture of
the reason behind this discrepancy requires further investigation
and close collaboration  between  theoreticians and
experimentalists.

4. Conclusion

We have investigated the effect of the superposed shear stress
on the thermodynamics and kinetics for the transformation of
graphite and multilayer graphene to diamond, using the Molecular
Dynamics technique with reactive force fields. Specifically, the ef-
fects of loading type (axial compression or compression with
shear), temperature, and thickness of the multilayer graphene
structure are studied. Defining the phase transformation stress and
strain as the values in which at least 10% of the material transforms
to diamond, we revealed that the transformation stress normal to
the plane of graphene layers can be reduced by a factor of two by
superposing a shear force for bulk graphite and multi-layered
graphene structures. We revealed that the transformation stress
normal to the graphene planes, ¢¢, reduces by increasing the
applied shear stress, and shows a weak dependence on tempera-
ture. The transformation strain is also a weak function of temper-
ature, which is consistent with previous reports [7].

We discovered that transition from a jump-like phase trans-
formation of bulk graphite to the diamond at OK, to a continuous
phase transition at finite temperatures, which was associated with
the transition from barrierless to thermally-activated nucleation.
This study of shear driven phase transformation from multilayer
graphene and graphite structures to diamond can guide the syn-
thesis of stable diamine and thin diamond films at industrial scales
with implications in electronics, defense, and coating industries.
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