
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=uths20

Journal of Thermal Stresses

ISSN: 0149-5739 (Print) 1521-074X (Online) Journal homepage: https://www.tandfonline.com/loi/uths20

Solid-to-super-critical phase change and resulting
stress wave during internal laser ablation

Yan Li, Chong Li, Wenlong Yao & Xinwei Wang

To cite this article: Yan Li, Chong Li, Wenlong Yao & Xinwei Wang (2018) Solid-to-super-critical
phase change and resulting stress wave during internal laser ablation, Journal of Thermal Stresses,
41:10-12, 1364-1379

To link to this article:  https://doi.org/10.1080/01495739.2018.1490634

Published online: 12 Feb 2019.

Submit your article to this journal 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=uths20
https://www.tandfonline.com/loi/uths20
https://doi.org/10.1080/01495739.2018.1490634
https://www.tandfonline.com/action/authorSubmission?journalCode=uths20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=uths20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/01495739.2018.1490634&domain=pdf&date_stamp=2019-02-12
http://crossmark.crossref.org/dialog/?doi=10.1080/01495739.2018.1490634&domain=pdf&date_stamp=2019-02-12


SPECIAL ISSUE TO COMMEMORATE THE 90TH BIRTHDAY OF RICHARD B. HETNARSKI
AND 40 YEARS OF THE JOURNAL OF THERMAL STRESSES

Solid-to-super-critical phase change and resulting stress wave
during internal laser ablation

Yan Lia,b, Chong Lib, Wenlong Yaoa, and Xinwei Wangb

aDepartment of Mechanical Engineering, Ocean University of China, Qingdao, P.R. China; bDepartment of
Mechanical Engineering, Iowa State University, Ames, IA, USA

ABSTRACT
The phase change, stress wave generation and propagation, and stress-
induced structure damage in a model material (argon) during internal pico-
second laser ablation are studied by molecular dynamic simulations. The
propagation of the stress wave and fluctuations in temperature is periodic
and tightly correlated. The phase-change process from solid to liquid and
supercritical fluid and then back to solid occurs as a coupled consequence
of heat transfer and the tensile stress wave induced by the laser pulse and
the limited internal space. The orientation–radial distribution function is
applied to provide substantial information about the atomic density and
angle distribution of the crystal structure. It reveals the strong material
twisting and permanent damaged region induced by the very high
stress fields.
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Introduction

Pulsed laser ablation leads to very strong local structure change of a material [1, 2]. Lasers with
very short pulse durations in the order of femtoseconds or picoseconds are promising in many
applications [3]. The basic mechanisms of the involved laser–material interaction have been
studied using molecular dynamic (MD) simulations [4, 5]. Picosecond laser processing is charac-
terized by small spatial and temporal scales and by complex processes of thermodynamics, optics,
energy transfer, and mechanics. The thermal and mechanical properties of materials under
extremely high temperatures and pressures are usually unknown. The high energy and short
pulses cause the near-surface area to suddenly become a mixture of vapor and equilibrium liquid
droplets. This process is called phase explosion [6]. Song and Xu [7] used nickel as a specimen to
study the laser fluence threshold of phase explosion. The solid material can be directly heated to
a temperature above the critical temperature, followed by expansion that leads to a thermo-
dynamically unstable region, causing material decomposition [8]. This material decomposition
process from solid to supercritical fluid and then to an unstable region is termed critical-point
phase separation [4]. Experimental and numerical research of the phase-change process during
nanosecond and picosecond laser ablation has been carried out by many groups [5, 7, 9–13]. The
phase-change phenomena induced by femtosecond laser pulses have also been studied, including
the generation of the vapor phase in the superheated liquid and the determination of the transi-
ent temperature and the time required to form the two-phase mixture [14].
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Nanostructure fabrication is a typical application of laser–material interactions. Nanostructures
can be formed inside a photosensitive glass using a focused femtosecond laser [15, 16]. The dis-
covery of long-range, self-organized, periodic planar nanocrack structures in fused silica is an
important development in the field of laser dielectric modification [17]. Techniques for two-
dimensional (2D) or three-dimensional (3D) image engraving inside a crystal have been devel-
oped on the basis of fused silica’s transparency and high refractive index [18, 19]. Ionization
owing to multiphoton and avalanche processes increases the absorption in the localized area of
the optical breakdown [20]. As a result of the laser energy absorption, the matter inside the
breakdown area is heated and the process chain is triggered.

The study of internal laser ablation using MD simulation is relatively rare. The internal abla-
tion process is very difficult to study because many of the experimental techniques cannot reach
the internal material to measure the temperature, stress, and other properties. Experiments and
computer simulations by the Qu�er�e [21] and Bulgakova [22] groups include 3D patterning of the
developing optical breakdown in transparent solids. In their experiments, the subpicosecond evo-
lution of breakdown development is probed using the pump–probe technique. In addition,
internal ablation has very different characteristics from open-space ablation because the material’s
phase change is extremely confined by the solid material surrounding it. The constraint in open
space has been studied by Wang’s group [23–25]. The laser–material interaction in the presence
of ambient gas leads to the formation of a shock wave, which can substantially affect the phase-
change process. Modeling of the plume propagation in a vacuum and background gas has also
been reported systematically [26]. The interaction of the plume with ambient gas significantly
suppresses the void formation and phase explosion. On the other hand, no obvious effect is
observed on the stress wave within the target. Interestingly, secondary stress waves resulting from
redeposition of ablated atoms and void collapse are observed although their magnitude is much
smaller than the direct, laser-induced stress wave [23]. The spatial confinement-induced tempera-
ture rise has been reported earlier [24]. Furthermore, the effect of scanning probe microscopy tip
confinement in nanostructuring has also been studied previously [25]. The dynamics of melting a
surface nanolayer and the formation of thermal and shock waves in metals irradiated by femto-
second laser pulses have been investigated both experimentally and theoretically [27]. A microex-
plosion in a confined domain results in the formation of a submicron cavity. Numerical
simulations have shown that the cavity size is strongly dependent on the parameters of the equa-
tion of state, such as the Gr€uneisen coefficient or the latent heat of sublimation [28]. However,
the solid-to-super critical phase change during the internal ablation confined by the target has
not yet been investigated.

In this study, MD simulations are carried out to investigate picosecond laser ablation inside an
argon crystal of 3,200,000 atoms. Emphasis is placed on understanding the mechanism of the
phase change from a solid to a supercritical fluid during laser ablation inside the target. Laser-
induced heat transfer, stress waves, phase change, and material ablation are studied. The material
undergoes an extremely confined phase-change process, resulting in a maximum temperature that
can exceed the thermodynamic critical point. It is always desirable to simulate a real material that
is used in laser internal ablation, such as Si or SiO2, and compare the results with experimental
data for understanding the mechanism. However, for the target size (108.28� 10.82� 108.28 nm3)
and time duration (1.46 ns) simulated in this study, the simulation of real materials will be orders
of magnitude more time consuming. This will make the work much less feasible. Therefore, we
choose argon crystal to investigate the rapid phase-change process and thermodynamic trajecto-
ries of materials during picosecond laser internal ablation. The parameters relevant to laser abla-
tion, such as the temperature, stress, and volume in the laser ablation process, are studied in
detail. The orientation–radial distribution function (ODF) provides crucial information about the
atomic density and angle distribution of the crystal structure.
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Physical domain construction and modeling

Figure 1a shows the physical model of the simulation domain structure. A circular region with
R¼ 2 nm in the target at z¼ 81.15 nm is ablated by a picosecond laser. The target has dimensions
of 108.28 nm �10.82 nm �108.28 nm (x� y� z). Figure 1b shows the intensity distribution of the
picosecond laser. The full-width at half-maximum of the picosecond laser peaks at t¼ 9 ps. Figure
1c shows the profile of the circular region. The thickness of the simulated system in the y direc-
tion is 10.82 nm, which is relatively small compared with the thicknesses in the x- and z-direc-
tions. This quasi-2D design enables the phase change and stress waves to be studied over a very
long time. Periodic boundary conditions are applied in the x- and y-directions. The boundary
conditions in the z-direction are the absorptive boundary condition at the bottom and the shrink
boundary condition at the top. An effective absorptive boundary condition should accurately
simulate the wave radiation into the exterior while keeping the computational cost low [29–31].
A strong stress wave emerges in the material when a picosecond laser pulse irradiates the material
from the top side. The stress wave then propagates to the bottom boundary of the MD domain,
which results in a strong tensile stress, causing tearing in the material near the bottom boundary.
The treatment using absorptive boundaries has been demonstrated to work well in eliminating
reflection of the shock wave and avoiding undesired material damage in the boundary region. A
10Å-thick region along the z-axis at the bottom of the target is chosen as the absorptive bound-
ary. An external force specified by the earlier study [30, 32] is added to the atoms in this region.
For the shrink boundary condition, the position of the face is set to encompass the atoms in that
dimension (shrink wrapping) irrespective of how far they move. The upper boundary is a shrink
boundary to observe the shift when the atoms move out of the surface. The stress waves are not
absorbed by the shrink boundary and could influence the surface state. The interaction among
atoms follows the Lennard–Jones (12-6) potential, and the laser irradiation in the simulation is
focused on a circular spot with a radius of 2 nm in the target. However, actual illuminated spot
sizes are at least approximately the same as the optical wavelength, which is in the order of 1 lm.
The 2-nm radius of the disk used as the absorptive body in the presented simulations can reduce
the number of simulated atoms while still revealing the mechanism of the internal ablation. A
single 40-ps laser pulse is applied in this simulation, and the laser energy is spatially uniform
over the spot. The laser absorption region is divided into a number of cells with a thickness
Dz¼ 1 nm to ensure that the laser energy absorption obeys the Beer–Lambert law. The absorption

Figure 1. Physical model for simulating the laser internal ablation in nanostructuring process.
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depth is defined as 5 nm in the simulation, which is within the range of the values appropriate
for absorbing molecular solids. The laser beam absorption is achieved by scaling the velocity of
the atoms in the cell while keeping the momentum conserved. The incident laser energy decreases
exponentially after the absorption by atoms in each cell. The details have been documented in the
previously published studies [32, 33].

While at thermal equilibrium, the system is first run for 1.25 ns under a 50K canonical ensem-
ble (NVT) condition and then run under a microcanonical ensemble (NVE) condition for 500 ps.
Different laser energies are tried for the modeling. A cavity is finally formed when the laser
energy is E¼ 13 J/m2, and material is ejected during laser heating when the laser energy is
E¼ 15 J/m2. Therefore, the laser energy of E¼ 10 J/m2 is chosen for the simulation, and the sys-
tem is run under NVE conditions for recrystallization with a 2-fs time step during laser ablation.
For the MD simulations, because of the limited computing power, the number of atoms in the
system has been restricted. To facilitate the simulation, the system that contains a large number
of argon atoms (3,200,000 atoms) with a cubic structure is selected as the material. This system is
easy to model and enables rapid computation while the conclusion does not lose its generality.
The validity of this approach has been demonstrated in the laser–material interaction simulations
of earlier studies [23, 32–36]. The laser absorption process depends on the laser wavelength and
the light absorption characteristics of the material. The Lennard–Jones potential well depth e is
chosen as 0.0103 eV, the equilibrium separation parameter r is 3.406Å, and the cutoff distance is
set to 2.5r. At this distance, the potential is only approximately 1.6% of the well depth. The
atomic distance is compared with rc using the cell structure and linked list method [37]. Unlike
classical continuum modeling, MD simulations do not need mechanical and thermal properties
input and their dependence on temperature and pressure. The system itself directly simulates the
movement of atoms. The macroscale properties of the system such as temperature, stress/pres-
sure, and crystalline structure are directly evaluated based on the microscale properties of atoms
(e.g., potential, velocity, and position). Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) is used for the simulations in this study [38]. Even there are large number of atoms,
the scale of the target is very small, and hence Å (10–10m) and nm (10–9m) are chosen for the
unit of the scale. The pressure of target irradiated by laser is very high, and hence bar (105 Pa) is
chosen for the unit of the pressure.

Phase change and stress-induced structure damages

The incident laser and target material properties strongly affect the internal nanostructures. The
case with a laser fluence is E¼ 10 J/m2 is chosen to obtain the general picture of the laser abla-
tion, stress wave generation and propagation, and recrystallization processes. Figure 2 shows the
atomic snapshots at different times of this case as the laser energy is applied from 0 to 40 ps. The
ablation clearly starts 5 ps. The dark area in the target indicates the destruction of the crystal.
Some destruction is permanent because the destruction region even shrinks at the final state com-
pared with the initial moment after the laser pulse. No voids are observed within the material
during our modeling time.

The thermal expansion duration of material is quite long-time process relative to the very
short duration of the laser pulse. The figures from t¼ 5 to t¼ 100 ps show the thermal expansion
and relaxation of the target. The pictures from t¼ 200 to t¼ 1460 ps show the recrystallization of
the target. The well-arranged crystal structure of the material is distorted by the strong stress
wave in the target. These can be clearly observed in the snapshots at 50, 100, and 200 ps as large
and irregular gray areas emerge surrounding the laser heating region. This is because when the
crystalline structure is distorted, the atomic position becomes very irregular, and the area
becomes gray. The changes in the atomic configuration show that much of the temporary dam-
ages/structure distortion could return to the well crystalline structure after the stress wave passes
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that region. The change of the structure damaged area (gray cloud) varies in space from 50 to
510 ps, reflects and is correlated with the stress wave propagation in space. However, some
destruction is permanent. At the end of the simulation (t¼ 1460 ps), defects in the target (pretty
much the initial laser beam absorption region) are still observed and almost no damage recoveries
are observed over the last 50 ps of the simulation.

Figure 3 shows the stress contour of the system. In the beginning of laser heating, the stress
wave generation and propagation experiences very large magnitude change. The stress refers to
the internal forces that neighboring particles in a continuous material exert on each other and is
calculated as r ¼ ðrxx þ ryy þ rzzÞ=3 for our result’s discussion. Hence, we do not distinguish the
normal stress in different directions although there should be some difference among them.

Figure 2. The snapshots of atomic positions to show the structure evolution induced by stress wave.
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Detailed analysis and discussion of all the stress components (normal and shear stress) and their
generation and propagation in space can be found in the study by Wang [39]. To view the
intense stress change in the beginning of laser heating, we have to use different magnitude scales.
These are shown in the first three figures at 0, 10, and 20 ps. A large compressive stress emerges
inside the solid at the beginning of laser ablation. With the phase change and shock wave propa-
gation, the pressure periodically changes and decreases gradually (30–260 ps). At approximately
t¼ 50 ps, the stress wave reaches the x-boundary and re-enters the domain from the other side
because of the periodical boundary conditions. Then, the stress waves converge in the center of
the x-direction at 90� t� 100 ps, and the pressure decreases at 100 ps. This periodic stress wave
propagation has a period of approximately 80 ps, and the stress wave in the target is very clear.
Our previous study has presented a detailed analysis and discussion of the stress wave in a solid
[34, 40] under laser ablation. The stress wave forms at 10 ps and propagates in the x- and z-direc-
tions. The stress moves from the center to the boundary at the beginning of the process. Before
t¼ 50 ps, the spreading of the stress wave from the center is observed. The stress wave re-enters
from the opposite side to the center at approximately 90� t� 100 ps, which is obvious in the x-
direction because of the periodic boundary conditions. The re-entered stress wave appears at

Figure 3. Stress contours at different times of the process to illustrate the development and propagation of the stress wave.
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approximately t¼ 180 ps and again at t¼ 260 ps. This result reflects the periodic process of stress
wave propagation with a period of approximately 80 ps, as it is also shown in Figure 4. Based on
this time duration, the stress wave speed is calculated as 1354m/s, very close to the local speed of
sound (1275m/s) in argon [41].

Figure 5 shows the temperature contours at various instances. The nonuniform temperature
distribution and its extremely large gradient is the driving force of the stress wave generation.
The laser starts to irradiate the target at t¼ 0 ps when the entire system is in a thermodynamic
equilibrium state at T¼ 50K. Upon laser irradiation, the temperature of the target region under
direct laser irradiation rises rapidly. From t¼ 10 to t¼ 40 ps, the high-temperature region
expands as a result of heat conduction between the heating region and its surroundings, which
results in ablation. The regional temperature then falls during the recrystallization process, as
observed from 40 to 1460 ps. The highest temperature of the target decreases to 102K at
t¼ 220 ps, 87 K at t¼ 440 ps, and 68K at t¼ 1460 ps. The melting temperature of crystalline
argon under normal conditions is 83.95K. The cooling to near the initial temperatures and the
crystallization are the results of the internal energy transfer from the hot spot by heat conduction.
At the end of the simulation at t¼ 1460 ps, the regional temperature decreases to approximately
60K. The temperature fluctuates corresponding to the stress wave. The temperature decreases as
heat conduction occurs but increases slightly when the stress wave (compressive stress) begins to
re-enter. A small region of 20 nm �20 nm (x� z) in the laser irradiated region is chosen to
explain this fluctuation. The center coordinate of this small region is (552.8, 752.8) (x, z).

Figure 4 shows the temperature and stress of this small region at different times. An interest-
ing phenomenon in Figure 4 is that the temperature increases from 80 to 110 ps and from 150 to
180 ps although the overall tendency of the temperature is decreasing. The conduction cooling is
the main mechanism of the temperature decrease. The small fluctuations in temperature mean

Figure 3. (Continued)
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that acoustic heating also affects the temperature, but to a much lower degree than the conductive
cooling. The fluctuation in the temperature is owing to the heating and cooling by the compres-
sion and rarefaction waves. The effect on the local temperature change induced by the coupling
between the temperature and the strain rate is proportional to the local strain rate. These results
confirm the analytical solutions drawn by Wang and Xu [34] that the relationship between tem-
perature and stress is given as

@T
@t

¼ � BbTT0

Bþ 4=3Gð Þqcp
@r
@t

(1)

where B is the bulk modulus, G is the shear modulus, r the stress, the bulk modulus, bT volumet-
ric thermal expansion coefficient, and q the density.

Phase-change characteristics

Figure 6a shows the thermodynamic analysis of atomic groups under a laser energy fluence of
10 J/m2 at 1460 ps. As shown in Figure 6b, all groups have returned to the solid phase at 1460 ps
and remain there. Their thermodynamic trajectories of pressure and temperature during the abla-
tion process are shown in Figure 6b in which the arrows indicate the progress of time. The phase
boundary lines between the solid, liquid, and gas phases are taken from the standard argon dia-
grams. The black solid line is the phase boundary between liquid and gas; the red solid line is the
phase boundary between solid and liquid. The material phase changes of groups 1, 2, 3, and 4 are
shown in Figure 6b. The pressure of the groups suddenly increases over the critical pressure.
Groups 1, 2, 3, and 4 change from solids to liquids; group 4 then returns directly to the solid
phase, whereas groups 1, 2, and 3 turn into supercritical fluids and finally back into solids. In

Figure 4. Temperature and stress of the small region at different times.
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contrast, group 5, which does not contact the solid–liquid phase boundary, does not undergo a
phase change. When the laser irradiates the surface of the target, some groups of the material are
first increased to a temperature higher than the critical temperature and become a supercritical
fluid [4]. After expansion, their temperatures decrease and they enter the unstable zone below the
critical point as phase separation occurs. When the laser irradiates the interior of the target as
studied in this article, the thermodynamic trajectories of the groups suggest that the material can

Figure 6. Thermodynamic trajectories of the atoms groups during laser internal ablation in the P–T diagram.

Figure 5. Temperature contours at different times to illustrate the heating, cooling, and stress wave-induced tempera-
ture change.
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turn into a supercritical fluid and then return to a solid under the laser fluence, which is very dif-
ferent from the laser ablation of the target surface.

In the previous discussion, the overall temperature is defined when the system achieves local
thermal equilibrium, which can be verified by studying the velocity distribution at the location of
interest and comparing it to the Maxwell–Boltzmann distribution. Figure 7 shows the
Maxwell–Boltzmann distributions and the velocity distributions of the atoms in group 2 are
shown in Figure 6a. The solid line is the Maxwellian distribution, and the red dots are the MD
simulation results. The atomic velocity before the laser radiation is observed to closely follow the
equilibrium Maxwell–Boltzmann distribution. During the 40 ps of laser heating, the thermal equi-
librium cannot be fully established. After this point, however, the atomic velocity again follows
the equilibrium Maxwell–Boltzmann distribution. The Maxwellian distribution is fitted using both
the temperature and the velocity to subtract the effects of the macroscopic velocity.

In this internal ablation, the entire process occurs within an extremely confined domain. An
interesting question is: Whether the phase state still follows that of normal argon. This study is
conducted and summarized for group 2 in Table 1. In Table 1, T1 is the temperature of normal
argon defined by the pressure P and specific volume v, which is given by the MD results, and T

Figure 7. Velocity distributions (red dots) compared with Maxwellian distribution (black line) for group 2 in Figure 6a.

Table 1. Comparison of the temperature T1 which is calcu-
lated by state software using parameters P and v and T
which is calculated by MD.

Time (ps) P (MPa) � (106 m3/mol) T1 (K) T (K)

10 322.7 25.79 197 266
20 199.3 43.89 539 521
30 101.3 55.48 455 440
40 53.5 55.71 303 322
60 30.4 53.98 224 208
160 15.9 37.95 149 135
360 30.2 29.90 115 96
440 8.6 29.87 102 82
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is calculated with LAMMPS in the MD simulation. The results indicate that the status of the
argon calculated by MD is approximately consistent with the parameters of the macroscopic sta-
tus points.

Interestingly, as shown in the last line of Table 1, at t¼ 440 ps, from Figure 8, the P–T and P–v
diagrams at a number of time steps show that the argon is solid near the solid–liquid separation
line. This behavior does not follow the status of normal argon. When the P–v diagram is used to
show the status of argon, the boundary line between solid and solid–liquid is approximated by the
line of v¼ 24.72 m3/mol, which can be calculated from the density of solid argon. In the initial
state, the specific volume of the entire target is 23.89 m3/mol, calculated by the lattice constant of
0.5414nm and 4 atoms per atomic cell. At the beginning of the laser radiation, the specific volume
of group 2 is approximately 26 m3/mol, which is greater than the nominal value. The discrepancy
arises because the selected area is 2� 2 nm but the lattice constant is 0.5414nm; thus, some atoms
may not be included in the group, which makes the calculated value of the specific volume higher
than the actual specific volume. As shown in Figure 8, the status point of 440 ps is near the solid–-
liquid boundary but in solid region of the P–T diagram. Given the discrepancy owing to the
chosen small region, the actual specific volume is lower than the calculated volume by approxi-
mately 2–3 m3/mol. The phase of the 440 ps point on the P–v diagram is also in the solid region,
which matches the phase point on the P–T diagram. This observation also explains the discrepancy
between T and T1 in Table 1.

Crystallinity and ODF

Alternative parameters for looking into the material structure have been proposed, including the
local order parameter [42] and the centrosymmetry parameter [43, 44]. In this study, crystallinity is
used to study the material state at the atomic level. This approach is designed to reveal whether the
material is close to a perfect crystalline state. The crystallinity function is defined as follows [35]

/ ri;xð Þ ¼ 1
N

X

i

ej2p 2ri;x=kð Þ
�����

����� (2)

where ri,x is the x coordinate of atom i, N is the number of atoms, and k is the light wavelength
for crystallinity characterization assigned with the lattice constant of b¼ 5.414 Å. If the atoms are
regularly distributed in space with their spacing in the x-direction equal to n(b/2), the function
will be equal to 1. If the material is in an amorphous state, the function will be much <1.

Figure 8. Thermodynamic trajectories of the atoms groups at laser internal ablation in the P–T (a) and P–v diagram (b).
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Figure 9 shows the contour of how the crystallinity changes with time. The entire region is
divided into cubes of dimensions 1� 10.82� 1 (x� y� z) nm3. Some representative time points
are chosen to illustrate the change in the structure. The crystallinity’s value reflects the structure
of the material: values close to 1 indicate a crystal structure close to the original state at t¼ 0 ps,
and low values indicate an amorphous state. The structure adjacent to the melting region is also
destructed as shown over the entire process. In the recrystallization process, permanent defects
can be observed in the laser irradiation spot and are characterized by the low crystallinity value
at t¼ 1460 ps. Compared with the stress distribution graph, the crystallinity decreases drastically
when the stress wave passes through, which is shown by the various light-blue cloud regions at
30–1460 ps. This indicates the structure change resulting from the high compressive stress. Such
structure change is mostly temporary. At 10 ps, the atoms in the irradiation zone experience a
sudden temperature increase because of the high laser fluence. The stress wave travels in the
materials and reaches the center again at t¼ 150 ps, which decreases the crystallinity at that
moment. After the stress wave passes and dissipates, the crystallinity of the damaged zone
increases slowly to 1, which indicates that part of the material recrystallizes after the ablation
(Figure 9) corresponding to 1460 ps.

Figure 9. Crystallinity contours at different times to show the phase-change process.
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Although the destruction of the crystal structure is well illustrated by the crystallinity function,
the question of whether the crystal is partially amorphous or just twisted orientationally remains
unanswered. Under the influence of the stress wave during the ablation process, material struc-
tures could be easily twisted, changing the crystallographic orientation. This change makes the
final spatial structure of the crystal substantially different from the initial crystallographic orienta-
tion. The ODF has been developed to study this problem [35]. The ODF provides information
about the atomic density and angular distribution of the crystal structure.

The 3D image of the face-centered cubic (FCC) structure of the argon crystal is shown in
Figure 10a. As evident in the graph, atoms 1, 2, and 3 are those nearest the origin. In this study,
the atomic distance is calculated from 3D space and the angle is obtained from all the atoms pro-
jected onto the X–Y plane. At the initial state, the nearest atoms are at 0, p/4, p/2, 3p/4, and p in
the ideal situation.

Some defects remain after the cooling process as shown in Figure 9. Three regions as shown
in Figure 10b are chosen to illustrate the relationship of the ODF to the observed defects. Region
1 is the permanent defect and regions 2 and 3 are the areas near region 1. The volumes of the
three areas are the same; thus, they initially have approximately the same number of atoms
(approximately, 58,530 ± 20). The atoms are all perfectly located in their positions according to
FCC structure at the initial state as shown in Figure 10c. The ODF includes information about
the atomic density variation in different angles. Before the laser energy is applied to the materials,
the ODF of the crystal is exactly symmetric, which indicates that the structure of the crystal,
which is free of defects, includes a large number of atoms distributed at certain radii (4.275,
6.525, and 8.325Å). After the laser energy is applied to the material, the atoms are twisted to
other angles, as shown in the ODF at 150 ps. In contrast to the temperature distribution, the
atoms are relocated to their proper positions during the cooling process, and hence introducing
partial defects that must be repaired. Figure 10d,g show that the angles of a large number of
atoms in region 1 are twisted and badly disorganized at 150 and 1460 ps. In contrast, regions 2
and 3 contain only slight defects. As shown in Figure 10e,h,f,i, the atoms in these two regions are

Figure 10. Polar contours of the ODF of different regions at 150 and 1460 ps.
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located almost perfectly around the specific angles at 1460 ps. This observation illustrates well
that the target will be in the solid phase at the end of the process. However, twisted atoms that
result in permanent defects are still present.

Conclusion

In this study, systematic atomistic modeling was conducted to elucidate the phase change, stress
wave generation, propagation, and the resulting structure damage (temporary and permanent)
during picosecond internal laser ablation. Under the investigated conditions, the material destruc-
tion in the internal laser-irradiated region may become permanent. At the end of the simulation
at t¼ 1460 ps, defects were still observed in the target. The propagation of stress waves and fluc-
tuations of the temperature during the recrystallization process were periodic and highly corre-
lated. The initial peak temperature inside the target exceeds the critical temperature, which makes
the solid argon change to a supercritical fluid. However, the supercritical–fluid argon returned to
the solid phase because of the space constraint imposed by the stress and space. This is very dif-
ferent from the ablation of the material surface by the similar laser. The ODF well illustrated that
the permanent defect is owing to atom twisting. Further analysis of the simulation results to clar-
ify the role of the laser radiation and atomic interaction in the form of permanent defects would
be informative.
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