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Abstract

Nanodiamonds (NDs) have been widely explored for applications in drug delivery, optical
bioimaging, sensors, quantum computing, and others. Room-temperature nanomanufacturing of
NDs in open air using confined laser shock detonation (CLSD) emerges as a novel
manufacturing strategy for ND fabrication. However, the fundamental process mechanism
remains unclear. This work investigates the underlying mechanisms responsible for
nanomanufacturing of NDs during CLSD with a focus on the laser-matter interaction, the role of
the confining effect, and the graphite-to-diamond transition. Specifically, a first-principles
model is integrated with a molecular dynamics simulation to describe the laser-induced
thermo-hydrodynamic phenomena and the graphite-to-diamond phase transition during CLSD.
The simulation results elucidate the confining effect in determining the material’s responses to
laser irradiation in terms of the temporal and spatial evolutions of temperature, pressure,
electron number density, and particle velocity. The integrated model demonstrates the capability
of predicting the laser energy threshold for ND synthesis and the efficiency of ND nucleation
under varying processing parameters. This research will provide significant insights into CLSD
and advance this nanomanufacturing strategy for the fabrication of NDs and other
high-temperature-high-pressure synthesized nanomaterials towards extensive applications.

Keywords: nanodiamond, confined laser shock detonation, first-principles modeling,
molecular dynamics simulation, graphite-to-diamond transition
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1. Introduction

Nanosized diamond particles, namely nanodiamonds (NDs),
have drawn enormous attention in recent years due to their
remarkable mechanical and optical properties, high biocom-
patibility, rich surface chemistry, wide bandgap, and high field
emission [1-4]. NDs have been extensively studied for wide-
spread applications in drug delivery [5], optical bioimaging
[6], sensors [7], quantum computing [8], etc. However, man-
ufacturing NDs is difficult, costly, and energy intensive. To
synthesize NDs, existing methods often promote the graphite-
to-diamond phase transition through a high-temperature-high-
pressure (HTHP) chemical detonation process [9, 10], which
suffers from poor controllability and significant safety issues.
Furthermore, chemical explosives and dynamic shock com-
pression induced by high-energy pulsed lasers have been
employed recently for nanomanufacturing of NDs [11, 12].
Specifically, an intense ultrashort pulsed laser beam is applied
to trigger the instantaneous vaporization and ionization of
graphite, leading to the formation of plasma with a peak pres-
sure of tens of GPa and a maximum temperature of thousands
of K [13, 14]. The subsequent expansion of laser-induced
plasma drives a shockwave into the material favoring the
graphite-to-diamond phase transition. In the work of Kraus
et al [12], two nanosecond high-energy pulsed laser beams
were focused onto a pyrolytic graphite bulk, leading to a max-
imum shockwave pressure of 228 GPa for ND fabrication.
The in-situ x-ray diffraction characterization indicated that
the graphite-to-diamond transition occurred at 20 GPa and
the transition rate increased with the increase of peak pres-
sure/laser energy. However, the applied pulsed laser energy
(=32 kJ cm~2 per pulse) is dramatically higher than that in
other laser-based processes [15—17] (tens of J cm™? per pulse),
which induces the air breakdown phenomenon [18]. There-
fore, a tightly controlled vacuum system and intensive laser
power energy are required, leading to a complex experimental
apparatus and tedious procedures.

To realize scalable nanomanufacturing of NDs in the ambi-
ent environment, a simple, cost-effective approach, called
confined laser shock detonation (CLSD), was developed in
recent years [19]. It is hypothesized that by taking advant-
ages of the confining effect, which restricts the hydrodynamic
expansion of laser-induced plasma in laser shock processing
[20, 21], amoderate-energy laser pulse can be applied to intro-
duce the localized HTHP condition that triggers the graphite-
to-diamond transition under room-temperature, non-vacuum
processing. The experimental investigations in our previous
work [19] demonstrated the feasibility of CLSD for nano-
manufacturing of NDs. Given the confining effect introduced
by two pieces of tightly clamped transparent BK-7 glasses,
NDs with a diameter of tens of nanometers were success-
fully manufactured using CLSD with a laser influence as low
as ~100 J cm~2 per pulse. The experimental investigations
demonstrated that the growth of NDs during CLSD is dom-
inated by the plasma dynamics attributed to the laser-matter
interaction. However, due to the complexity and limitations of
in-situ characterization of laser shock processing, a compre-
hensive investigation on the plasma physics responsible for the

graphite-to-diamond transition remains a challenge. Particular
scientific questions to be answered include: (a) how the con-
fining effect alters the laser-matter interaction in terms of tem-
perature and pressure evolutions; (b) how the spatial and tem-
poral variations of plasma/shockwave characteristics affect the
nucleation and growth of NDs; and (c) how the graphite-
to-diamond transition rate is affected by CLSD processing
conditions.

In order to elucidate the underlying mechanisms respons-
ible for ND formation, in this work, a physics-based
modeling framework is developed by integrating a first-
principles model describing the laser-matter interaction with a
molecular dynamics (MD) simulation predicting the graphite-
to-diamond transition. The material responses to laser irradi-
ation including the temporal and spatial evolutions of temper-
ature, pressure, electron number density and particle velocity
are investigated. The confining effect on the laser-matter
interaction, plasma characteristics, and shockwave generation/
propagation is elucidated. The crystallography changes of car-
bon structure as affected by thermal and pressure loadings are
analyzed. The graphite-to-diamond transition rate subjected to
CLSD processing parameters is studied. We envision that the
knowledge gained in this work will advance the design and
optimization of CLSD for scalable nanomanufacturing of NDs
towards extensive applications.

2. Experimental design

CLSD experiments were performed using the setup shown in
figure 1(a). A 50 pm-thick graphite layer was spray coated
onto a BK7 glass (McMaster-Carr), using a commercially
available graphite lubricant (Asbury Carbons Inc.). After dry-
ing, another BK7 glass was placed on top of the graphite layer
where it acted as a rigid transparent confinement to maxim-
ize the confining effect. A Surelite III Nd-YAG laser (Con-
tinuum Inc.) with a wavelength of 1064 nm and a pulse dur-
ation of 7 ns was used as the laser source. The laser beam
size at the graphite surface was controlled by an F-theta lens.
After laser processing, the material within processed area was
collected and dispersed into toluene for further analysis. The
microstructural characterization was carried out by a Titan
80-300 kV environmental electron microscope. Figure 1(b)
presents the bright field high-resolution transmission electron
microscopy image of the sample processed with a laser flu-
ence of 200 J cm—2, which reveals a few laser-fabricated
nanocrystals (<10 nm in diameter, marked by white arrows)
that possess lattice structures that differ from the surround-
ing graphite. The higher-magnification image and lattice pro-
file inset, as shown in figure 1(c), demonstrate an inter-planar
spacing of 0.253 nm of the nanocrystals, which matches the
(220) d-spacing of the diamond structure [22, 23]. Figure 1(c)
inset also shows the corresponding fast Fourier transform pat-
terns, indicating a high crystal quality of CLSD-fabricated
NDs. These experimental investigations confirm the feasibil-
ity of our CLSD setup for achieving the graphite-to-diamond
transition with a low laser energy (200 J cm~2), as compared
to that (>32 kJ cm~?2) used in Kraus’s work [12].
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Figure 1. (a) Schematic illustration of CLSD experimental setup.
(b) Bright field HRTEM image of CLSD-processed area, with NDs
marked by white arrows. (c) Enlarged HRETEM image of selected
NDs, with lattice profile and FFT pattern inserted.

3. Computational modeling

A theoretical model integrating a first-principles model with
MD simulations was developed to elucidate the process mech-
anism. We employed the first-principles model to describe the
laser-matter interaction and the thermo-hydrodynamic phe-
nomena during the CLSD process. The outputs of the first-
principles model in terms of the thermal and shock loadings
were used as input variables for MD simulations. The MD sim-
ulations were carried out to simulate the carbon bond recon-
figuration and correlate the graphite-to-diamond transition rate
with laser processing parameters.

3.1 First-principles modeling of laser-matter interaction

In the CLSD process, the absorbed laser energy is first redis-
tributed among the free electrons by electron-electron col-
lisions and then thermalized into electron gas within the
femtosecond regime, and, later on, transferred to the ions via
electron-phonon collisions within picosecond regime [24, 25].
Given a high laser energy input, only a small portion of energy
is used to heat the target material above the critical temperature
to form plasma. The rest of laser energy is absorbed by plasma
via the inverse Bremsstrahlung or photoionization process,
depending on the target material and the laser wavelength [26].
To describe the laser-matter interaction, a series of conser-
vation laws was employed for predicting the thermodynamic
and/or hydrodynamic characteristics of the laser-irradiated
material, including temperature, pressure, electron number
density, and particle velocity. The first-principles modeling

framework capable of describing the laser energy absorption,
plasma formation and expansion during pulsed laser shock
processing was developed in our previous work [27].

The formation of laser-induced plasma due to laser energy
absorption was considered using the energy conservation
equations, also known as the two-temperature model which
describes the thermal diffusion of electrons and ions as [27]:
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where C. and C; are the specific heat capacities, T. and T;
are the temperatures, k. and k; are the thermal conductivities,
E. and E; are the specific internal energies, and p. and p; are
the energy densities. The subscripts ‘e’ and ‘i’ represent the
parameters for electrons and ions, respectively. In addition, ¢
is the time, V is the specific volume, and I'; is the electron-
phonon coupling constant that describes the energy exchange
rate between electrons and ions. The radiation absorption Raps
and emission Rgp;s caused by the high-temperature plasma are
considered as [28]:
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where g is the frequency group index, Ng is the number of
frequency groups, & is Planck’s constant, c is the speed of light,
w is the angular frequency, ER , is the radiation energy density
of the groups, and O'gPA and ogP E are Planck mean opacities
for absorption and emission, respectively. The incident laser
pulse can be given by [29]:

S=a(l = R)I(H)e 2 /m ez, (4)

where R is the reflectvitiy of material to laser, /() is the laser
intensity as a function of time, r( is the radius of the laser
beam, r. is the radial coordinate, z is the depth measured from
the target surface, and « is the absoprtion coefficient. The
term e~ ** represents the energy attenuation as the laser beam
travels inwards into the material. In this model, when a high-
energy beam is irradiated onto the target surface and instant-
aneously form a layer of plasma, the laser energy absorbed by
the plasma plume is determined by an inverse Bremsstrahlung
model, where the absorption coefficient can be written as [30]:
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where n. is the electron number density, e is the electron
charge, m, is the electron mass, Z is the mean plasma charge,
wp is the plasma frequency, and wy is the laser frequency.
Accordingly, the absorption coefficient a increases with the
increase of electron number density n.. However, as the n,
increases to a critical value n.., where the local plasma fre-
quency is equal to the laser frequency (w, = wy), reflection
occurs. As a result, laser energy that passes beyond a critical
surface is ignored in this model, and the critical number dens-
ity can be calculated by [31]:

e = 1.1 x 101 (A" em ™3, (6)

where A is the wavelength of laser beam in pm.

Furthermore, the hydrodynamic expansion of laser-induced
plasma can be analyzed in Lagrangian coordinates, where the
spatial grids move with the plasma plume without varying the
mass of each volume element. Therefore, the mass conserva-
tion equation can be given as [28, 30]:

%V Sy ()
t 8m0

where u is the particle velocity and my is the Lagrangian mass
variable. The mass density is calculated at each time step using
the updated velocities. The momentum conservation equation
can be solved using one-fluid approximation, which assumes
electrons and ions flow together [28, 30]:

ou 0

e A
at amo( +CI)+ u, (8)

where P is the total pressure contributed from ions, electrons,
and radiations, ¢ is the von Neumann artificial viscosity, and
Au is the velocity change due to momentum exchange from
decelerating fast particles. By solving the major equations (1),
(7) and (8), the material responses as functions of time and
space during and after the irradiation of an ultrashort laser
pulse can be obtained. The detailed formulations of various
coefficients/material properties and the applied finite differ-
ence method can be found in prior reports [27, 30].

In this work, a 1-D radiation-magnetohydrodynamics code
(HELIOS-CR) developed by MacFarlane er al was used as a
computational platform to perform the first-principles model-
ing. The material properties in the current study were based on
PROPACEOS tables [30]. We focused on the study of CLSD
using a nanosecond pulsed laser that has a Gaussian beam
profile, with a wavelength of 1064 nm, a pulse duration of
5-25 ns, and a laser fluence of 100-1400 J cm—2. Since the
applied pulse duration is much longer than the ion heating
time via electron-phonon collisions, it is reasonable to assume
that the local thermal equilibrium (7; = T.) can be instantan-
eously reached during CLSD. In addition, the laser beam size
is typically much larger than the thermal penetration depth,
thus, the model can be re-established with one-dimensional
approximation. Figure 2 illustrates the modeling configura-
tions used in this work, including cases of LSD without con-
finement and CLSD for comparison purposes. A 100 pm-thick
graphite layer was placed on top of a 3 mm-thick SiO, glass.

X Zhang et al
(a) (b)
Laser ‘ Laser
Z (um)
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-100 |-
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Figure 2. Configurations of first-principles model: (a) LSD without
confinement, and (b) CLSD.

The pulsed laser was irradiated onto the graphite top surface
at z = 0 um (figure 2(a)). For the simulation case of CLSD,
the second 3 mm-thick glass was placed on top of the graphite
to investigate the effect of a rigid confinement on the plasma
plume, which resembles our CLSD experimental setup.

3.2. MD simulation of carbon phase transition

With the thermal and shock loading inputs from the first-
principles modeling, MD simulations were performed to
simulate the carbon bond reconfiguration for the graphite-to-
diamond phase transition. The Large-scale Atomic/Molecu-
lar Massively Parallel Simulator (LAMMPS) package was
employed for MD simulation [32]. Firstly, the graphite struc-
ture was created in x, y, and z-directions with 1200 atoms in
six layers and confined in a rigid simulation box with a size
of 25.0 x 22.0 x 20.0 nm?. Periodic boundary conditions
were applied in all three directions to approximate the beha-
vior of macro-scale systems and minimize the edge effect.
The resulting graphite structure was subjected to the sys-
tem’s temperature and pressure, corresponding to the thermal
and shock loadings obtained from the first-principles model.
Finally, the reconfiguration of carbon bonds and restructur-
ing of the graphite crystallography structure under various
laser processing conditions were extracted and analyzed. To
describe the movement of carbon atoms, we applied a pre-
viously developed adaptive intermolecular reactive empir-
ical bond order potential (AIREBO), composed of covalent
bonding REBO interaction, Lenard-Jones (L-J) intermolecu-
lar potential, and torsion interaction. By using the AIREBO
potential, the conjugation effect between the different atoms
was accurately handled by correcting the bond order term,
which accounts for the sp3 carbon bonds; introducing L-J
interaction can correctly describe the compressed graphite
structure [33]. To obtain reliable and repeatable results, all
samples were relaxed at 300 K and were traction free for
4.2 ns MD time based on a non-equilibrium MD simulation
[34]. Three different system temperatures of 2500, 3500, and
4500 K (approximately 0.21, 0.30, and 0.39 in the unit of eV)
were applied by manually adding kinetic energy into carbon
atoms to study the effect of activation energy on the carbon
phase transition in the CLSD process. No higher system tem-
perature was applied to keep the material in solid state accord-
ing to the carbon phase diagram. Five different system pres-
sures of 11, 22, 33, 44, and 55 GPa (selected on basis of first
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principal model outputs corresponding to varying laser energy
inputs), were manually controlled to investigate the carbon
atoms’ relocation and carbon bonds’ reconfiguration. All of
the MD snapshots and videos were visualized using OVITO
[35]. A pair distribution function g(r), which describes the
probability of identifying two carbon atoms separated by a
specific distance r, was applied to evaluate the atomic struc-
ture change during phase transition [36].

4. Results and discussion

4.1. Thermo-hydrodynamics during LSD without confinement

To understand the confining effect during CLSD, LSD without
confinement (figure 2(a)) was first studied, with a focus on
the laser-induced thermo-hydrodynamic phenomena. Given a
laser fluence of 400 J cm™2, a pulse duration of 10 ns, and
a delay time of 5 ns, the contour plot of the first-principles-
simulated temporal and spatial evolution of temperature is
shown in figure 3(a). When the pulsed laser energy irradiated
the target, the surface material experienced an instantaneous
increase in temperature (up to tens of eV), leading to mater-
ial ablation and plasma formation. The temperature (7T') rises
to a maximum value of 49.8 eV at t = 6.7 ns, shortly after the
laser energy reaches its peak value at 5 ns. It was observed that
due to lack of confining effect, the high-temperature region
(>45 eV) was located within the free space (z > 0 um) rather
than at the graphite surface (z = 0 ym), where the initial laser-
matter interaction occurs and, later, expanded away from the
solid graphite. On the other hand, an insignificant temperature
rise was found at the graphite layer (z < 0 pm) during LSD.
Figure 3(b) demonstrates the detailed temporal evolutions of
temperature at different locations near the initial graphite sur-
face. Atz =250 pm (in the free space), the temperature rapidly
increased to a maximum value of 45 eV and cooled down at a
slower rate. The tail shows that the temperature at this location
stayed around 5 eV for over 200 ns, which is much longer than
the laser pulse duration of 10 ns. Additionally, it was found
that the maximum temperature reduced when moving toward
the graphite layer. At z = 50 pm, the temperature reached its
peak value of 5.5 eV at t = 20 ns. At the top surface of the
graphite (z = 0 pm), the temperature slowly increased to 3 eV
at t = 200 ns. At z = —2 pm (underneath the graphite top sur-
face), the temperature increased but did not exceed 1 eV. The
shift of temperature peaks is caused by the heat transfer from
the higher temperature region to the lower ones.

Figure 3(c) captures the electron number density (r.) evol-
ution near the graphite’s top surface, where a recessed inter-
face (marked by white dashed line) between non-vaporized
and vaporized/ionized graphite can be identified. Such reces-
sion is caused by laser ablation and compression of graph-
ite layers. Above this interface, n. gradually decreased with
increasing z due to the plasma plume expanding into the free
space. The detailed spatial distributions of #. at different time
steps are depicted in figure 3(d). The right inset figure mag-
nifies the n. evolution above the initial graphite surface at
0 pm < z < 50 pm, where the critical surface with an elec-
tron density of 1.1 x 10?! em™3 (ne. calculated according to

equation (6) can be located in the plasma plume. This critical
surface shielded the material from later beam irradiation after
plasma formation. Thus, the transportation of later absorbed
energy to regions underneath the critical surface (including
dense regions of plasma plume within which n. > n.. and
the non-vaporized graphite) is mostly achieved by thermal
conduction. Furthermore, it appears that the critical surface
swiftly advanced towards the free space as the laser-matter
interaction proceeded due to the continuously free expan-
sion of the plasma plume, resulting in the highest-temperature
regions rapidly escaping away from the initial graphite sur-
face. Consequently, only a limited amount of heat transferred
to the graphite via thermal conduction, and the temperature
rose to only a few eV within a thin graphite layer, as shown
in figures 3(a) and (b). The left inset figure in figure 3(d)
details the n. evolution underneath the initial graphite sur-
face at —70 pym < z < 0 pum. It is found that n. of some non-
vaporized graphite layers slightly increased, which could be
attributed to the compression of volume elements. Such a com-
pression effect represents the shockwave being driven into the
graphite as a consequence of plasma expansion, and the shock-
wave front can be determined at the locations where n, ceases
to increase, i.e. —36 yum att = 6 ns and —50 pym at = 9 ns.
From figures 3(c) and (d), the shockwave propagating inside
the material can be clearly observed and its front velocity can
be calculated accordingly.

Moreover, the evolutions of pressure and particle velocity
can be predicted via the first-principles model. Figure 4(a)
plots the temporal and spatial evolution of pressure with a
maximum value of 4.5 GPa at t = 6.7 ns, given LSD pro-
cessing parameters of 400 J cm~? laser fluence, 10 ns pulse
duration, and 5 ns delay time. Due to the ejection of ionized
particles into the free space and the resulting reaction force on
the graphite layers, two pressure peaks travelling in opposite
directions can be observed at both sides of the initial graphite
surface. The one travelling in the free space indicates plasma
expansion and the other one travelling in the non-vaporized
graphite indicates shockwave propagation. Figure 4(b) shows
the spatial distribution of pressure at different time steps. It
can be observed that the plasma peak pressure was lower than
the shockwave peak pressure. Overtime, the shockwave peak
pressure shows a smaller reduction of magnitude and a slower
propagation rate due to the presence of the solid material. By
comparing figure 4(a) with figure 3(a), it can be concluded
that the high-pressure shockwave had a much higher penet-
ration depth and larger traveling velocity in the graphite than
the heat conduction. For example, at + = 20 ns, the graphite
layer at z = —50 pm reached a maximum pressure of 2.9 GPa
and still remained at room temperature. Figure 4(c) shows the
temporal and spatial evolution of particle velocity during LSD
without confinement, which has a similar shape to the plasma
pressure distribution. The particles ejected into the free space
reached the highest velocity at the same location in the plasma
pressure peak, with the lowest velocity (close to z = 0 um)
at the graphite surface. In addition, the particle velocity
peak advances towards the free space and its value gradually
decreases as time passes due to the free expansion, as shown in
figure 4(d).
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Figure 3. Simulated evolutions of temperature (7') and electron number density (n.) during LSD without confinement (400 J cm™? laser
fluence, 10 ns pulse duration, and 5 ns delay time): (a) temporal and spatial evolution of temperature; (b) temporal evolution of temperature
at different locations; (c) temporal and spatial evolution of electron number density; and (d) spatial evolution of electron number density at

different time steps.

4.2. Thermo-hydrodynamics during CLSD

To investigate the thermo-hydrodynamic phenomena as
affected by the confining effect, CLSD with a rigid con-
finement (figure 2(b)) was simulated and compared to the
results in section 4.1. Given the laser processing paramet-
ers of 400 J cm~2 laser fluence, 10 ns pulse duration, and
5 ns delay time, the material responses as functions of time
and space are plotted in figure 5, showing near-symmetrical
shapes. Figure 5(a) indicates the temperature evolution with
a maximum value of 26 eV at t = 6.7 ns. The high tem-
perature region (>25 eV) is located near the initial graph-
ite surface. Additionally, the temperature can reach 10 eV
at z = —40 pum when ¢ = 50 ns, indicating a much higher
thermal penetration depth as compared to LSD without con-
finement. Figure 5(b) shows the electron number density dis-
tribution, where the recessed interface reaches a depth of
7= —60 um at t = 50 ns, demonstrating a high level of abla-
tion and compression effects. The presence of the rigid bound-
ary significantly restricted the expansion of the plasma plume,
leading to an increase in the electron number density and a
decrease in the laser absorption region (. < 7ec), as com-
pared to LSD without confinement. As a result, a relatively
lower temperature was observed due to the enhanced laser
energy reflection. Furthermore, the shockwave pressure was

significantly enhanced, with a maximum value that increased
by 455% from 4.5 to 25 GP, as shown in figure 5(c), due to
the restricted expansion of each volume element. Moreover,
the particle velocity can further indicate the confining effect
on enhanced shockwave pressure, as shown in figure 5(d).
When the ejected ionized particles hit the top rigid bound-
ary, the particles bounced back towards the graphite layer
with the same magnitude of velocity, leading to localized high
particle velocity and density conditions which significantly
improved shockwave pressure as compared to LSD without
confinement.

The above results indicate that the HTHP condition during
CLSD with a laser fluence of 400 J cm™—2 meets the require-
ments for the graphite-to-diamond phase transition, i.e. tem-
perature above 2000 K (0.17 eV) and pressure above 10 GPa
[19]. However, temperature and pressure vary rapidly across
spatial locations and time frames, significantly affecting ND
formation. To further analyze the potential site and time win-
dow for the ND nucleation and growth, detailed temperature
and pressure histories at different graphite layers are presen-
ted in figures 5(e) and (f). At the initial graphite surface
where z = 0 um (figure 5(e)), the temperature and pres-
sure as functions of time show a similar trend. Upon heat-
ing, the temperature reaches a few eV, indicating that the
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Figure 4. Simulated evolutions of pressure and particle velocity during LSD without confinement (400 J cm ™2 laser fluence, 10 ns pulse
duration, and 5 ns delay time): (a) temporal and spatial evolution of pressure; (b) spatial evolution of pressure at different time steps;
(c) temporal and spatial evolution of particle velocity; and (d) spatial evolution of particle velocity at different time steps.

graphite is vaporized/ionized, and thus it is impossible to form
long range ordered diamond structure at this stage. During
the cooling stage, the pressure decreases synchronously with
the temperature. At t = 60 ns, when the pressure decreased
to 5 GPa, far below the critical value for ND formation,
the temperature was still above the melting point of graphite
(0.43 V). Therefore, the graphite-to-diamond phase transition
was difficult to initiate at the initial graphite surface. On the
other hand, at the newly exposed graphite surface (figure 5(f)),
below which the graphite layers stayed in solid-state dur-
ing CLSD, the temperature rose above 0.17 eV at 9 ns and
remained at ~0.41 eV for over 100 ns. The pressure rapidly
increased to 24 GPa at 7 ns and decreased to 10 GPa at 23 ns.
Clearly, such HPHT condition within the time domain 9-23 ns
(marked by the red area) might be favorable to ND formation.
Consequently, the graphite-to-diamond phase transition was
expected to occur at the region underneath the initial surface
where the target material remained solid state due to a relat-
ively low temperature while the propagated shockwave pres-
sure exceeded the critical value. Additionally, the nucleation
and growth of NDs during CLSD may only last for a few ns,
which is beneficial to control the ND size distribution. The
nucleation of NDs will be investigated via MD simulations in
section 4.4.

4.3. Shockwave pressure as affected by processing
parameters

The temporal and spatial evolutions of temperature and pres-
sure play two key roles in determining the effectiveness and
efficiency of ND fabrication using CLSD. Assuming that
the graphite-to-diamond transition mainly takes place near
the newly exposed graphite surface where the temperature
remains slightly lower than the melting point of graphite
(0.43 eV), the laser fluence and pulse duration significantly
affect the shockwave peak pressure during laser processing.
The simulation results in figure 6 indicate that the peak pres-
sure generally increased with the increase of laser fluence
or the decrease of pulse duration for both LSD and CLSD.
However, CLSD with a rigid confinement shows a signi-
ficant enhancement of peak pressure, as compared to LSD
without confinement. Such enhancement induced by the con-
fining effect is more significant with the increase of laser flu-
ence or the decrease of pulse duration. For instance, given
a laser fluence of 600 J cm~2, the peak pressure increased
by 556% from 5.67 to 37.2 GPa after applying the rigid
confinement, while a higher laser fluence of 1000 J cm—2
achieved a greater enhancement of the peak pressure (635%)
from 6.64 to 48.84 GPa. This trend indicates that CLSD is
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Figure 5. Thermo-hydrodynamic simulations of CLSD with a rigid confinement (400 J cm ™2 laser fluence, 10 ns pulse duration, and 5 ns
delay time): temporal and spatial evolutions of (a) temperature, (b) electron number density, (c) pressure, and (d) particle velocity. The

temperature and pressure evolutions at (e) the initial graphite surface (

highly efficient in fabricating NDs when increasing the laser
energy. More importantly, the utilization of moderate laser
energies to induce high pressure makes CLSD more practical
for obtaining NDs under ambient conditions. It is also pos-
sible to generate extremely high pressure using picosecond
or femtosecond pulsed laser and promote the graphite-to-
diamond transition [37, 38], which we will explore in a future
study.

z =0 pm) and (f) the newly exposed graphite surface.

4.4. MD simulation of ND nucleation

MD simulation were carried out to investigate ND formation
under varying HTHP conditions during CLSD. A graphite
structure confined in a rigid simulation box was subjected to
the system temperature and pressure as two independent laser-
induced plasma variables, and the resulting reconfiguration of
carbon bonds was extracted and analyzed. Figures 7(a)—(d)
show the front and perspective views of the graphite structure
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Figure 7. (a) The front view and (b) the perspective view of initial graphite layered structure. (c) The front view and (d) the perspective view
of graphite structure after applying an HTHP condition (0.39 eV, 44 GPa), indicating the formation of a diamond-like structure. The g(r)-r
plots demonstrate the effect of plasma pressure (11-55 GPa) on the carbon bonds’ reconfiguration at different temperatures: (e) 0.21 eV,

(1) 0.30 eV, (g) 0.39 eV.

before and after applying an HTHP condition (0.39 eV and
44 GPa). A number of vertical carbon bonds formed across
the graphite layers, and the positions of the carbon atoms relo-
cated. The movement of the carbon atoms activated by the
input kinetic energy formed the sp® bond and diamond-like
structure. The bond reconfiguration from sp? to sp® was further
confirmed by analyzing the interatomic distance, as demon-
strated by the g(r)-r plot in figures 7(e)—(g). The marked pl
peak at r = 1.34 A stands for the probability of the remaining
sp*—sp? carbon bonds, and the p2 peak at r = 1.50—1.54 A rep-
resents the probability of sp>—sp? and sp>—sp® bonds formed

during CLSD. The ratio of p2/p1 can be used to evaluate the
phase transition rate.

Both temperature and pressure have significantly impact
ND formation. Typically, a higher temperature or pressure
leads to a higher p2 peak, indicating more sp> carbon bonds are
formed. However, given a temperature of 0.21 eV (figure 7(e)),
the height of p2 peak is low even with a high system pressure of
55 GPa, showing a relatively low phase transition rate. On the
contrary, when the system temperature increased to 0.30 eV
(figure 7(f)) and 0.39 eV (figure 7(g)), the p2 peaks are clearly
observable at a lower system pressure. This can be explained
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by the fact that a higher system temperature provides suffi-
cient activation energy to promote the movement and reloca-
tion of carbon atoms. In addition, the simulations at a pres-
sure of 11 GPa with different temperatures all show low p2
peaks due to the lack of energy for bond reconfiguration. Based
on these observations, it can be concluded that the temperat-
ure and pressure during CLSD must exceed critical values to
achieve a massive phase transition. It is also worth mentioning
that figure 7(g) shows the g(r)-r in full range (0 A-8 A) to con-
firm the long-rang ordering crystallography structure of car-
bon phases even under a high temperature of 0.39 eV, imply-
ing that few or no amorphous phases formed. Future work will
focus on extending the integrated model to large scales to pre-
dict the size of as-fabricated NDs under various CLSD pro-
cessing parameters.

By integrating the first-principle model with MD simula-
tion, the laser fluence threshold for ND nucleation can be
estimated, as shown in figure 8(a). The fairly low p2 peak
emerging at 11 GPa in figure 7 indicates that such a pressure
condition is the approximate minimum requirement for ND
formation, which can be realized using CLSD with a laser flu-
ence of ~90 J cm~2. In contrast, using LSD without confine-
ment requires a much higher laser fluence of ~3000J cm~2 to
achieve a similar pressure. These estimations were calculated
within reasonable ranges by comparing them to experimental
reports [12, 19, 22, 39-42]. Especially for CLSD, most exper-
iments were carried out near the predicted threshold, despite
the use of different confining media. For the LSD experiments
without confinement, the applied laser fluences were much
higher than the estimated threshold, as the researchers aimed
to produce pressures higher than 100 GPa. Moreover, the car-
bon phase transition rate (or efficiency of ND nucleation) as
affected by CLSD processing parameters can be quantitatively
evaluated, as depicted in figure 8(b). It can be observed that
the transition rate of a graphite layer with a temperature above
0.21 eV significantly increased as the laser fluence increased.
For instance, given a temperature of 0.30 eV, the phase trans-
ition rate increases from 1.4% and 5.6% to 16.2% as the laser

fluence increases from 100, 5701400 J cm—2. This model can
be used to predict the fraction of transformed graphite under
different CLSD processing parameters, and the size distribu-
tion of as-formed NDs will be reported in our future efforts
by large-scale simulations. Moreover, the understanding of
laser-matter interaction from this work will provide insights
for advanced materials fabrication using pulsed laser energy
[43-45].

5. Conclusion

This study investigated the underlying mechanisms respons-
ible for nanomanufacturing of NDs during CLSD. A physics-
based computational model integrating first-principles model
with MD simulation was developed to describe the laser-
induced thermo-hydrodynamic phenomena and the resultant
carbon bond reconfiguration. The effects of laser processing
parameters on ND formation were analyzed. The major con-
clusions are summarized as follows:

(a) The results reveal that confinement during CLSD signific-
antly influences the material responses to laser irradiation,
including the temporal and spatial evolutions of temperat-
ure, pressure, electron number density, and particle velo-
city, due to the presence of rigid boundaries which restrict
plasma expansion. Compared to LSD without confine-
ment, the shockwave pressure propagating in the graphite
increased by roughly one order of magnitude, which pro-
motes the ND nucleation.

(b) The formation of NDs tends to occur at the graphite lay-
ers beneath the initial surface where the material remains
solid. This is because the extremely high temperature
near the initial graphite surface causes material vaporiz-
ation/ionization, preventing the solid-state carbon phase
transition. Moreover, the ND nucleation and growth is pre-
dicted to last for only a few ns, which contributes to a syn-
thesized particle size in a few to tens of nanometers.
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(c) The laser fluence thresholds for ND synthesis were pre-
dicted and compared with experimental data. It was found
that a minimum laser fluence of ~90J cm~2 for CLSD and
~3000 J cm~2 for LSD is required to trigger the graphite-
to-diamond transition during laser processing. In addition,
the transition rate increases with increasing the laser flu-
ence or decreasing the pulse width due to the enhanced
shockwave pressure.

This study elucidates the fundamental mechanisms
involved in CLSD. The knowledge gained in this work
provides important insights and guidance for CLSD process
design, control and optimization, leading to the scalable nan-
omanufacturing of NDs and other HTHP synthesized nano-
materials towards extensive applications.
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