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Nanodiamonds (NDs) manufactured from graphite exhibit superior physical properties that are desired in enor-
mous applications, but the graphite-to-diamond phase transition mechanism in nonequilibrium synthesis is poorly
understood, hindering the optimization and control of the manufacturing process. Herein, in this paper, molecu-
lar dynamics and density function theory simulations were conducted to unravel the graphite-to-diamond phase
transition mechanism in the shockwave-based ND manufacturing process. Our simulations first reveal the syn-
ergistic effect of incident and reflected shockwaves, which stabilizes the positions of carbon atoms, leading to
the formation of the interlayer carbon bonds and diamond phase. Moreover, simulation results exhibit the tiered
movement of the graphite layers and the frequent exchange of kinetic energy between the adjacent graphite lay-
ers, indicating the propagation of the incident shockwaves and the initiation of the reflected shockwaves. Finally,
the simulations shed light on the origin of the byproduct such as amorphous carbon and carbon liquid during
the shockwave-based ND manufacturing. This work advances the fundamental understanding of the graphite-to-
diamond phase transition mechanism and will promote the design and optimization of related manufacturing

processes.

1. Introduction

Diamond nanoparticles, namely nanodiamonds (NDs), containing
two sp3 carbon atoms in its primitive (Bravais) cell, commonly belong
to the face-centered cubic (FCC) crystal system [1]. Its distinct crystal
structure brings exceptional physical properties, such as high hardness,
low thermal expansion coefficient, and high thermal conductivity, lead-
ing to its widespread applications [2]. For instance, as one of the hardest
materials, NDs have been extensively utilized as a wear-resistant coating
for cutting and grinding tools [1-3]. Its advantages of electrical insula-
tion, broad optical transparency and doping capability allow NDs to be
widely accepted as insulators and optical components. In addition, NDs’
truncated octahedral morphology, rich surface chemistry and excellent
biocompatibility allow them to be utilized as bioimaging agents and
drug carriers [1,2,4-8].

Despite their promising properties and broader impacts in appli-
cations, nanomanufacturing of NDs remains challenging. A variety of
nanomanufacturing technologies (equilibrium or nonequilibrium syn-
thesis), have been developed for ND fabrication. The equilibrium high
temperature high pressure (HTHP) synthesis often requires a metal-

* Corresponding authors.

carbon catalytic system, bulky anvils, and a relatively long reaction time
[9,10]. Other equilibrium synthesis method, such as chemical vapor de-
position (CVD), can grow high quality diamond phase from gaseous re-
sources, but it typically requires high vacuum chamber, precise control
of gas, complex pretreatment, and diamond crystals as seeds [5,11-13].
On the other hand, a number of studies have been conducted to de-
velop non-equilibrium processes for ND synthesis directly from graphite.
One widely known non-equilibrium ND fabrication process is shockwave
synthesis (as illustrated in Fig. 1a), where the shockwaves are utilized
to promote the graphite-to-diamond phase transition [7,14-19]. The
shockwave generates a localized HTHP environment in a short dura-
tion to overcome the extra-high activation energy for the graphite-to-
diamond phase transition [7,15-19]. In addition to the phase diagram
shown in Fig. 1a, some previous studies indicate a diamond instabil-
ity zone between 55 GPa and 115 GPa, which requires further study to
confirm. However, this is not in the scope of this study [20,21].

A few nanomanufacturing strategies were developed for generat-
ing the shockwaves towards ND fabrication, such as chemical detona-
tion, ultrasonic cavitation, pulsed laser ablation and among many oth-
ers [22,23]. NDs were first synthesized in 1960s by Soviet scientists us-
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Fig. 1. (a) Nanomanufacturing strategies for ND fabrication [27,28]. (b) Schematic illustration of the graphite-to-diamond transition induced by shockwave propa-

gation and reflection.

ing a detonation method [24]. In these processes, the characteristics of
explosion-induced shockwaves, particularly the shock velocity or dura-
tion, play key roles on determining the graphite-to-diamond transition
phenomena, as illustrated in Fig. 1b. However, previous experimental
observations demonstrated that the yield of diamond phase in the shock-
wave synthesis process is low and related to the propagation direction
of shockwaves. For example, Khachatryan. et al. showed that there is
a high probability to activate the graphite-to-diamond phase transition
only when the ultrasonic cavitation collapse is normal to the graphite
crystal lattices [25]. Despite these advancements, the mechanism re-
sponsible for the shockwave-induced graphite-to-diamond transition is
still vague, especially at the atomic level. Specific scientific questions to
answer include: (i) how the propagation and reflection of shockwaves
in the graphite lattice contribute to the diamond phase initiation; (ii)
how do the shock velocity and shock duration affect the yield rate of di-
amond crystals [26]; and (iii) what are the potential byproducts of these
processes. Although these questions cannot be easily addressed by ex-
periments due to the experimental difficulties particularly at the atomic
level, computational simulation provides a robust tool to pave the way
towards elucidation of the fundamental process mechanism involved in
the shockwave-induced ND fabrication.

In this work, molecular dynamics (MD) simulations were performed
to study the graphite-to-diamond phase transition mechanism in the
shockwave-based ND manufacturing process. It is found the velocity and
duration of incident shockwaves as well as synergistic reflected shock-
waves significantly affect the formation of the interlayer carbon bonds
and diamond phase. Then, ab-initio molecular dynamics (AIMD) were
performed to further study the shock induced diamond phase formation
without using empirical potentials, reconfirming the simulation results,
and decreasing the computational costs. Thus, through MD and AIMD
simulations, we could investigate the role of shockwaves in graphite-
to-diamond conversion at atomic level. In this study, we mainly discuss
the behavior of shockwaves and their influences on diamond formation
based on MD and AIMD simulations.

2. Computational modeling
2.1. MD simulations

To simulate the shockwave propagation in the graphite lattice, we
created a three-dimensional (3D) computational cell (Fig. 2a and 2e)
with the initial supercell size of V, = 2.40 x 2.12 x 14.92 nm® and
9000 carbon atoms in total (45 layers and 200 carbon atoms per layer).
These carbon atoms were assigned with initial velocities according to
a Gaussian distribution at T = 300 K, and then thermally equilibrated

in the isothermal-isobaric (NPT) ensemble at a pressure of 0 MPa for
1 ns and in the microcanonical (NVE) ensemble for 1 ns. The timestep
used for the thermal equilibration was 1 fs. We set periodic boundary
conditions along all axes during equilibration, leading to a nominal bulk
density of graphite p, = 2.343 g/cm? (cell volume 2.42 x 2.10 x 15.06
nm?3). For the shock simulation, the periodic boundary conditions along
the z axis were removed. The shock was generated by a rigid piston con-
stituted by fixed atoms of one layer of graphene and moved at a constant
velocity u, along the z axis. At the opposite side of the piston, two layers
of carbon atoms were fixed to generate the reflected shockwaves. Shock
simulations were conducted in the NVE ensemble with a timestep of 0.1
fs and for a time sufficiently long to ensure the reflected shockwave to
return and affect the atomic structure. To observe the interlayer bonds,
we set the cutoff distance at 1.6 A, which was close to the representa-
tive bond length of sp3-sp3 carbon atoms (1.54 A). The simulations were
performed using the LAMMPS package and the potential file AIREBO-M
[29,30]. The results were analyzed by Ovito and Python [31].

2.2. AIMD simulations

Based on the results of MD simulation, AIMD was applied to
investigate the carbon phase transitions under different shockwave-
compression timesteps. Excluding the first layer of carbon atoms in MD
simulation (the first layer was fixed as piston), the second to fifth lay-
ers were chosen for the AIMD model with 100 atoms/layer. Considering
the inconsistent change of compression rate AV/V,), four initial graphite
structures were selected from different simulation timesteps (0, 1.2, 2.4
and 3.6 ps), during which the position of these carbon atoms were ex-
tracted and replicated in the AIMD model. The NVE ensemble was ap-
plied in these four structures with a timestep of 0.1 fs. The Vienna Ab
initio Simulation Package (VASP) was applied with the generalized gra-
dient approximation (GGA) parameterized by Perdew, Burke, and Ernz-
erhof (PBE) [32] for the exchange-correlation functional and the cutoff
energy of 400 eV for the plane wave basis [33,34]. The k points were
set to 1 because of the model size (12 Ax21Ax13Aato ps). To be
consistent with the MD simulations, the temperatures of the initial four
graphite structures were extracted from MD model at 0, 1.2, 2.4 and
3.6 ps, respectively, and input into the AIMD models. The results were
analyzed by Ovito [31].

3. Results and discussion
3.1. MD simulation of shockwave on graphite

According to prior reports, graphite-to-diamond phase transition can
happen under a broad range of shock conditions, e.g., shockwave veloc-
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Fig. 2. Different timesteps of the front view and the perspective view of graphite model under 2 km/s piston velocity. (a, €)0.0 ps. (b, )1.2 ps. (c, )2.4 ps. (d,

h)3.6 ps. (Unidentified atoms are colored in white.).

ity up to 20 km/s corresponding to 8 km/s for piston velocity in the MD
model [35-38]. As seen below, the shockwave velocity is correlated with
the piston velocity in the linear approximation of the velocity Hugoniot
relationship:

Us=sU,+¢ (e))

Where Us is the velocity of an incident wave, Uy is the velocity of
piston, s is a parameter, ¢y = 1/c;/p, is the sound speed in the unde-
formed mono-dimensional elastic medium (c;; is the Young’s modulus
perpendicular to graphite planes).

Herein, to study the shockwave propagation in graphite lattice and
its impacts on potential phase change, we started the simulation by se-
lecting a piston velocity of 1 km/s and then increased it up to 8 km/s.
Fig. 2 depicts the atoms reconfiguration and layers restructuring in the
graphite model during the 2 km/s piston shock process. As shown, the
layered structure of graphite is preserved in the whole sample before
shock starts (Fig. 2a). Along with the propagation of shockwave towards
graphite, the interlayer spacing decreases following by the formation of
few interlayer bonds as presented in Fig. 2b. In Fig. 2c, it is observed
that an increasing number of interlayer bonds and the cubic and hexag-
onal diamond structures are formed at the simulation time of 2.4 ps,
which implies the sp2 to sp3 transformation of carbon atoms. Further
propagation of shockwaves in Fig. 2d at a simulation time of 3.6 ps
however results in a large amount of disordered and unbonded carbon
atoms, which were considered as amorphous carbon byproduct in previ-
ous studies [4,6]. Though the layered graphite structure collapses, it can
be seen that a certain amount of diamond structures still exist. A clear
visualization of the graphite structure evolution during the shockwave
propagation can be observed in the 3D models in Fig. 2e-h as well.

Noteworthy, to identify whether the carbon atoms are graphite or di-
amond phase in our MD model, the diamond analysis function of Ovito
is operated, applying the Common Neighbor Analysis method (CNA)
[39]. Instead of considering the 1st neighbors of central carbon atoms,
CNA method computes the distance between central atoms to its 2nd
neighbors. When the 2nd neighbors apply to a cubic diamond or hexag-
onal diamond structure, the central, 1st and 2nd neighbor carbon atoms
are identified. This method has been used extensively in previous stud-
ies [38]. However, it overestimates the graphite-to-diamond transition
rate reckoning without 1st neighbor atoms. By considering the interlayer
bonds, we took 1st neighbors into account to solve this problem. Thus,
only with an interlayer bond, the identified atom would be considered
as a cubic or hexagonal diamond atom in this study.

Not only the shockwave propagation but also the shockwave veloc-
ity will have significant impacts on the graphite-to-diamond phase tran-
sition. To study the influence of the shockwave velocities, a series of
models were run in Fig. 3. In these models, different piston velocities at
the same compression rate AV/V, = 0.35 were implemented, while this
volume compression rate is selected based on the shockwave propaga-
tion analysis discussed above. Fig. 3a—c show interlayer spacing almost
equally decreases after shock compression under piston velocities from
1 to 4 km/s, while Fig. 3d, e shows a more compacted structure on the
left side compared with the right side of the model under piston veloc-
ities from 6 to 8 km/s. This can be explained that for piston velocity
u, <= 4 km/s, the shockwave propagates slowly, which would allow
the top layers on the left side to transfer the shock compression to the
bottom layers on the right side. Therefore, each layer of graphite lattice
is almost uniformly compressed leading to the almost equal decrease
of interlayer spacing. The reason we use “almost” here, is because the
shockwave compression is a dynamic process, during which the carbon
atoms and graphite layers are always moving, thereby the interlayer
spacing would not be perfectly equal.

Universally and relative uniformly decreased interlayer spacing
would facilitate the formation of interlayer bonds and diamond phases
throughout the graphite lattice when there is sufficient kinetic energy
input into the carbon atoms. Further investigating Fig. 3a—c, it is found
faster piston velocities of 2 km/s and 4 km/s could generate faster shock-
waves, thus provides higher kinetic energies to the carbon atoms. As
a result, the carbon atoms are incited to vibrate abruptly and thereby
overcome the rigorous lattice structure of graphite, and finally achieve
the formation of interlayer bonds and diamond phases. On the contrary,
in the model with 1 km/s piston velocity, very few interlayer bonds or
diamond phases are observed due to insufficient kinetic energy input.
For high piston velocities u,>= 6 km/s in Fig. 3d, e, top layers tend to
absorb the shock compression instead of transferring it to the bottom
layers. In this respect, strong collisions happen between piston and top
layers, leading to the formation of amorphous carbon and carbon liquid
near the piston area. In addition, the diamond phases are only observed
in the squeezed top layers of the graphite model, and the quantity of the
formed diamond phase decreases along with increasing piston velocity.
This implies one may not be able to obtain high graphite-to-diamond
phase transition rate if an excessively intense shockwave is applied.
To further study the internal structures of formed diamond phases, we
sliced the model from 10~15 A (Fig. 3f-j). Combining the top view im-
ages and the sliced view ones, it is clear to conclude that diamond phases
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Fig. 3. Graphene model (a-e) and its slice(f-j) from 10 ~ 15 A on x axis under different piston velocities (a, f)1 km/s. (b, g)2 km/s. (c, h)4 km/s. (d, i)6 km/s. (e,

j)8 km/s at AV/V,, = 0.35. (Unidentified atoms are colored in white.).

formed during the shockwave compression are three-dimensional crys-
tals. Fig. 3i, j show some diamond crystals still exist under high velocity
piston compression, indicating the distinct mechanical properties of the
diamond.

When studying the effect of piston velocities (Up) on the phase tran-
sition in Fig. 3, intuitively, we think reflected shockwaves will be gen-
erated if the shock compression can be transferred to the bottom rigid
“boundary” in low piston velocity models. The reflected shockwaves
could bring about reverse momentum to the carbon atoms and graphite
layers, interfering with incident shockwaves and thereby affecting the
bonds formation and phase change. The large amount of interlayer
bonds formed surrounding the bottom layer in Fig. 3b and 3c supports
this hypothesis. In addition, the models with piston velocity of 2 km/s
and 4 km/s in Fig. 3b and 3c could acquire the reflected shockwaves
earlier than the one with a piston velocity of 1 km/s in Fig. 3a, due to
faster incident shockwaves. This might be another reason why different
numbers of interlayer bonds are observed in Fig. 3a—c. The synergistic
effect of incident and reflected shockwaves deserves further study by
tracing the movement of carbon atoms in the graphite models in follow-
ing discussion.

To explore the synergistic effect of incident and reflected shockwaves
on the diamond formation, we analyzed the reflected shockwaves under
different piston velocities. We compared the counts of atom velocity on
the z axis under piston velocities from 1 km/s to 8 km/s during the shock
process (Fig. 4a). Vz>=0 means the atom moves towards the piston in-
stead of the bottom of the graphite lattice, and vice versa. Due to the
heat balance, the initial state is at around 4500 atoms. We observed the
crests and troughs of the shockwaves in Fig. 4a. The troughs could be
interpreted as the moment when incident shockwaves dominate; most
of the atoms move towards the bottom of the model. While the crests
could be interpreted as the moment when reflected shockwaves balance
with the incident shockwaves, a relatively small number of atoms still
move towards the bottom in the same direction as the piston, whereas
a lot of them stop or reversely move toward the piston. These atom mo-
mentum changes render opportunities for interlayer carbon atoms to
get close to each other for a prolong time period, thus benefiting the
interlayer bonds formation, e.g., in lower piston velocities of 2 km/s
and 4 km/s. In high piston velocities of 6 km/s and 8 km/s, the inci-
dent wave travels too fast to allow the reflected wave interaction. As
seen in Fig. 4a, only one trend of reflected shockwaves is initiated at
simulation time of 1000-1500 fs, which already induces intensive col-
lision with incident shockwaves as seen in Fig. 3. Experimentally, this
may explain why a large amount of amorphous carbon was formed in

prior studies [3], agreeing well with the shock induced amorphization
in brittle materials.

Besides, in very low piston velocity of 1 km/s, the incident wave trav-
els very slow allowing long enough time to interact with the reflected
shockwaves as shown in Fig. 4a with a series of crests and troughs, which
thereby leading to interlayer spacing uniformly decreased. And until the
simulation stops, the decreased interlayer spacing remains longer than
the critical distance, thus extremely few interlayer bonds are formed.
It is expected with further running the simulation, that is extending
the shock duration time in practical experiments, diamond phase will
be formed in the model later with least amorphous carbon byproducts.
This also well explains previous experimental study [25], in which ul-
trasonic cavitation synthesized diamond particles demonstrated a much
larger size than the laser shock synthesized ones, and we attribute the
reason to much lower shockwave velocity with longer shockwave dura-
tion in the ultrasonic process.

To further review the effect of reflected shockwaves on diamond for-
mation, the unidentified carbon atoms are removed to get a clear view in
Fig. 4b (2 km/s piston velocity model). As seen in Fig. 4b, the diamond
phase appears surrounding the bottom rigid boundary of the model at
1.6 ps, followed by a continuous growth from the bottom to top layers
until 2.4 ps. The growth direction of diamond phase is in the same direc-
tion to the reflected shockwaves, confirming the fact that the reflected
shockwaves stimulate the formation of diamonds. Besides, the gravity
center on Z axis of diamond phase keeps moving up from 1.6 ps to 2.4 ps.
The model also predicts the following decline of the gravity center on
Z axis of the diamond phase in Fig. 4b insets from 2.4 ps to 3.2 ps and
3.9 ps, which is caused by the amorphization of the diamond phase in
the over-compressed model. During this period, the carbon atoms could
absorb more energy to break the sp3-sp3 carbon bonds, thereby become
free to move, causing the collapse of diamond structures. We also can
observe that the diamond phase in the upper layers almost diminish at
3.9 ps, which supports our idea that the further compression destructed
the diamond phase in the model.

In summary of this analysis, it is concluded that the generation of
the reflected shockwaves is significantly affected by the piston velocity
or the “shock/detonation intensity” of the process, which further com-
bines with shockwave duration time to determine the interlayer bonds
formation and graphite-to-diamond phase transition. Thus, in the next
section, we would like to further study the shockwave propagation and
understand how the reflected wave is initiated using the 2 km/s model.

To analyze the propagation of shockwaves, we counted a set of pa-
rameters of 5th layer, 15th layer, 25th layer and 35th layer of the model
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(Fig. 5). By investigating the slope of the curve in Fig. 5a, we observed
that the increasing slope occurs from 5th layer to 35th layer following
the same moving direction of the piston, indicating the propagation of
incident shockwaves. The decreasing slope occurs from the 35th layer
to the 5th layer following the opposite moving direction of the piston,
indicating the propagation of reflected shockwaves. Besides, we also ob-
served two balancing stages in these curves. The duration of 1st balanc-
ing is ~100fs for the 5th layer, while it is ~1000fs for the 35th layer.
Longer duration of balancing in the 35th layer implies the reflected
shockwaves are stronger at the lower layers than the higher ones.

Fig. 5b reports the change of kinetic energy for atoms in each layer.
We applied average velocity at Z axis to represent the kinetic energy of

each layer, which is defined by:

n
Avg Vz= 1 Z \/Vz?
n
i=1

Where i is the atom id, n is the number of atoms in each layer
(in our model, n = 200), Vgz; is the velocity at Z axis for each atom,
Avg Vz is the average velocity at the Z axis of each graphite layer.
The average velocity at the Z axis of each layer further confirms that
the gains of kinetic energy occur from 5th layer to 35th layer fol-
lowing the same moving direction of the piston, indicating the prop-
agation of incident shockwaves. While the losses of kinetic energy
occur from the 35th layer to 5th layer following the opposite mov-
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ing direction of the piston, indicating the propagation of reflected
shockwaves.

Apart from studying a scalar in Fig. 5b, we investigate a vector by
counting the number of non-negative values of atomic velocity at the
z axis for each layer in Fig. 5c. Counts for Vz>=0 drop because of the
compression of the upper layer, indicating the propagation of incident
shockwaves. While the counts rise because of the repulsion of the lower
layer, indicating the propagation of reflected shockwaves. Results from
Fig. 5b, ¢ could further distinguish the compression and repulsion be-
tween layers and the influence of shockwaves. The variations of the
curve are produced by the compression of the upper layer and repulsion
of the lower layer. While the relatively long-term changes come from
the incident shockwaves and the reflected shockwaves as we discussed
above.

We also tracked the volume around the 5th, 15th, 25th and 35th lay-
ers to reveal the effect of incident shockwaves and reflected shockwaves.
As shown in Fig. 5d, when incident shockwaves dominate, the com-
pression happens from top layer to bottom layer. Layer of graphene ab-
sorbs the energy by losing surrounding space, transfers a small amount
of it to a lower layer, and acts like a reservoir in flood times. When
reflected shockwaves balance with incident shockwaves, the volume
around the layer does not change much. Instead, it shows continual vari-
ations on volume, indicating frequent energy exchanges between layers.
In this stage, graphene layers transfer the energy to the lower layer to

Timestep (fs)

avoid further losses of surrounding space. By moving back and forth,
the graphene layer could steadily absorb and release the energy, which
leads to almost equal compression to every interlayer in the model. At
random sites of the graphite lattice, when critical distance between car-
bon atoms is reached under the as-mentioned compression, interlayer
bonds and diamond phase will be formed correspondingly, which is also
discussed in a previous study [40]. On the contrary, this mechanism will
not happen in some high piston velocity models as shown in Fig. 3d, e.
Because of the intensive collision with piston, their layered structure
collapses at the beginning, making it difficult for energy to transfer to
lower layers. Consequently, a large amount of carbon bonds breaks and
amorphous carbon is formed.

To figure out the origin of reflected shockwaves, we traced the same
parameters of layers 41st, 42nd and 43rd in Fig. 6. Note, the layers 44th
and 45th were fixed as rigid boundary herein. Fig. 6a shows the stronger
reflected shockwaves and weaker incident shockwaves bring abrupt
compressions compared with Fig. 5a. Layer 41st achieves a smaller
amplitude of variations of average position at Z axis compared with
layer 42nd or layer 43rd. This emerges that as it propagates into the
model, the reflected wave keeps losing energy to balance with the in-
cident shockwaves. We also observed two peaks in layer 41st (Fig. 6b),
while only one high peak was achieved for layer 42nd and layer 43rd.
The first peak in the curve of layer 41st could be interpreted by the
repulsion of layer 42nd. Thus, it could not be observed in the curves
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Fig. 7. Phase transfer of four trained structures under 2 km/s piston velocity at different times, (a) 0 ps, (b) 1.2 ps, (c) 2.4 ps, (d) 3.6 ps. (Unidentified atoms are

colored in white.).

of layer 42nd and layer 43rd. The second peak of layer 41st is caused
by the reflected wave from layer 43rd which can be identified in the
curves of all 3 layers. The repulsion of layer 43rd is not identified be-
cause it overlaps with the reflected wave from layer 44th. We can also
identify the first and second peaks in Fig. 6¢. A trough at ~2700fs on
the curves of all 3 layers, indicates the incident shockwaves dominate
the bottom layers and balance with the reflected shockwaves immedi-
ately. This result matches the abrupt compression in Fig. 6a. 6d also con-
firms two abrupt compressions of Fig. 6a. The variations on the curves
of Fig. 6b—d show the frequent energy exchanges between these three
layers of 41st, 42nd and 43rd. Note that, in practical experiments, the
graphite crystal boundary may not be as “rigid” as the boundary set in
our MD model, but the energy exchanges surrounding the boundaries
should be similar to cause reflected shockwaves. In addition, this ef-
fect will be more prominent in some synthesis processes with confined
shockwaves.

In this section, we have discussed the origin, propagation, and re-
flection of shockwaves, which affect the formation of diamonds from
graphite lattice. Next, we applied AIMD simulation to verify this phase
transition in the shockwave process.

3.2. AIMD simulation of diamond formation

To confirm the formation of diamonds from graphite lattice, we
trained four structures under O ps, 1.2 ps, 2.4 ps, 3.6 ps with a piston
velocity of 2 km/s (Fig. 7). The mean interlayer spacings, the average
spacing between adjacent layers from the second graphite layer to the
fifth graphite layer for these structures, are 3.357 A, 2.602 A, 2.172 A
and 1.699 A, respectively, indicating a continuous decrease during the
shock compression (Fig. 7a-d). We found a slight decrease in tempera-
ture, from 2150 K to 1971 K, between structure 2 and 3, which could be
explained by the formation of interlayer bonds, supporting the endother-
mic reaction of graphite to diamond transition during the simulation. In
this process, the interlayer bond does not form immediately (Fig. 7a, b)
even though the temperature rises to 2150 K due to the kinetic energy in-
put from the piston. Instead, they form later in the further decreasing of
interlayer spacing, whereas the cubic and hexagonal diamond structures
could be identified. The result shows the graphite-to-diamond transition

140 0ps

1.2 ps
24 ps
3.6 ps
diamond

120 4

100

1.0 15 20 25 3.0 35 4.0 4.5 5.0 35 6.0
Bondlength (A)

Fig. 8. Radial distribution function of diamond and four trained structures at
different times.

is dominated by the decreasing interlayer spacing, rather than by the rise
of temperature. Besides, the sp3-sp® carbon bond could be identified es-
pecially in the top and bottom layers (Fig. 7c) in the AIMD simulation.
Simulation results also show that the further compression would lead
to the formation of amorphous carbon (Fig. 7d). Comparing Fig. 7 to
Fig. 2, in the case of selecting the same simulation times steps, they
present a similar phase transition process, e.g., the diamond structures
were firstly identified at 2.4 ps in MD simulation and AIMD simulation.
Although a small amount of diamond structures still exists in Fig. 2d
while not in Fig. 7d, the difference could be explained by the different
sizes of MD simulation and AIMD simulation. We can also observe that
in MD simulation, these four layers are also distorted, consisting of a
large amount of amorphous carbon atoms at 3.6 ps.

The radial distribution function (RDF) method is well accepted in
analyzing graphite to diamond transition [41,42]. Here to verify the
formation of diamond phase, the method is applied in the four trained
structures above (Fig. 8). We can observe that the 1st or 2nd neighbor
atoms at 0 ps and 1.2 ps (blue and orange lines) are closer to central
atoms compared with that of diamond structure. At 2.4 ps, the leftmost
black peak continually shifts to the right and even overlaps to that of the
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diamond structure (red line), indicating diamond phase forms with the
further decreases of the interlayer spacing, which confirms our results
in Fig. 7. However, the peaks diminish at 3.6 ps as interlayer spacing
further decreases, indicating the random distribution of atoms and the
formation of amorphous carbon. It is also worth to note that, the two
leftmost peaks exist at 2.4 ps, while other peaks diminish, and even fur-
ther, all the peaks completely diminish at 3.6 ps, supporting the idea that
the layered structure of graphite collapses and amorphous carbon atoms
dominated at the structure of 3.6 ps in the AIMD simulation, which fur-
ther supports the relationship of over-compression and amorphous car-
bon atoms as we discussed above.

4. Summary

In this paper, a computational model is developed to elucidate the
graphite-to-diamond phase transition mechanism in the shockwave-
based ND manufacturing process. The modeling results exhibit the tiered
movement of the graphite layers and the frequent exchange of kinetic
energy between the adjacent graphite layers, indicating the propagation
of the incident shockwaves and the initiation of the reflected shock-
waves. Therefore, the synergistic effect of incident and reflected shock-
waves is investigated. The simulation results indicate that given the
shockwave velocity up to roughly 12 km/s, the reflected shockwave
contributes to the stabilization of the positions and energy of carbon
atoms, leading to the formation of the interlayer bonds and the graphite-
to-diamond phase transition. On the other hand, given the shockwave
velocity higher than 16 km/s, the layered graphite structure is destroyed
and the carbon atoms on the upper layers are amorphized, preventing
the energy transferring to the bottom layers. Furthermore, the simula-
tions demonstrate the origin of byproducts of amorphous carbon and
carbon liquid during the shockwave-based ND manufacturing.
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