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A B S T R A C T

The thermodynamic conditions defining the spatial extent of a subsurface region affected by the nucleation and
growth of voids in photomechanical spallation of metals is investigated theoretically and in atomistic simula-
tions. A theoretical analysis of cavitation in a surface region of a target melted by laser irradiation suggests a
functional form for the temperature dependence of the cavitation threshold. A series of small-scale molecular
dynamics simulations performed for Al, Ag, Cr, and Ni has revealed the minimum value of the free energy barrier
that results in the onset of cavitation on the timescale of 10s of ps, which is a typical duration of transient tensile
stresses produced by the unloading wave generated in the spallation regime. The predictive ability of the the-
oretical description is verified in large-scale simulations of photomechanical spallation of a Ni target and ab-
lation of an Al target in the phase explosion regime. The temporal and spatial evolution of the free energy barrier
for the onset of cavitation under conditions of short pulse laser processing is shown to univocally define the
region where the nucleation of voids takes place.

1. Introduction

Short (femtosecond and picosecond) pulse laser processing and
ablation of metal targets is widely used in modern applications [1–8]
and provides unique capabilities for modification of material properties
and surface morphology [7–16]. Dynamic relaxation of laser induced
stresses, which are particularly high in the regime of stress confinement
[17–19], can result in the generation of a tensile unloading wave that,
in turn, can lead to the nucleation of voids in the molten surface region
of the target. The voids can subsequently collapse, be trapped by the
resolidification process leading to surface swelling [16,20,21], or grow
and coalesce leading to photomechanical spallation, i.e., complete se-
paration and removal of the liquid layer [17–19]. Although these pro-
cesses have been extensively studied in large-scale atomistic simula-
tions [16,18,19,22–29], realistic description of the spallation process in
continuum-level models remains challenging and requires special con-
sideration. The onset of sub-surface cavitation in one-dimensional (1D)
hydrodynamics simulations of laser spallation has been treated using
the classical nucleation theory [30], as well as with Grady’s criterion
[31] for spallation threshold based on the energy cost of void growth
during the time of tensile loading [21]. The 1D nature of the models,
however, makes it difficult to provide an adequate description of the
initial stage of void nucleation and growth.

Theoretical analysis based on the classical nucleation theory and
atomistic modeling have provided important insights into conditions
leading to the onset of the cavitation in an overstretched liquid and
enabled estimations of the cavitation threshold and void nucleation rate
[32–39]. Most of the atomistic simulations, however, are performed for
systems described by Lennard-Jones interatomic potential, which is
unable to accurately describe the behavior and properties of molten
metals. Moreover, the temperature dependence of the cavitation
threshold is neglected in most of these studies, which are performed
under conditions of constant temperature and constant total volume.
Meanwhile, short pulse laser irradiation produces strong temperature
and pressure gradients and rapidly changing thermo-mechanical con-
ditions in the surface region of the irradiated target [24], which cannot
be approximated without considering the temperature dependence of
the cavitation threshold. In this paper, we suggest a criterion for the
onset of cavitation in a molten metal that accounts for the temperature
dependence of relevant thermodynamic parameters. The criterion is
suitable for predicting the location and size of the subsurface region
affected by laser-induced cavitation as well as the amount of spalled
material. The analytical description is parametrized based on the results
of atomistic simulations and verified against the predictions of large-
scale molecular dynamics (MD) simulations of laser spallation and
phase explosion.
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2. Criterion for the onset of cavitation

The free energy change due to appearance of a spherical cavity of
radius r in a system under tension can be expressed as:

= +G r P r4
3

4 ,
3

2
(1)

where P and are the pressure in the system and the surface tension of
liquid-vapor interface, respectively. Since the magnitude of pressure
variation in a target irradiated under conditions of stress confinement is
usually much larger than the saturated vapor pressure, Pv, in a wide
range of temperatures above the melting point of a target material, the
contribution of the vapor pressure is neglected here to simplify the
analysis. Thus, we consider the regime of photomechanical spallation,
when the dominant driving force responsible for the appearance of the
voids or cavities is the dynamic relaxation of the laser-induced stresses
(see Ref. [18] for the discussion of the terminology used for the de-
scription of this process). As the temperature approaches the critical
point, however, P Pv should be used in the free energy equation in-
stead of P , and the release of the vapor phase can drive the massive
nucleation and growth of the vapor bubbles even in the absence of any
negative/tensile pressure. The conditions when the release of the vapor
phase starts to make the dominant contribution to the material de-
composition and ejection correspond to the transition from spallation to
phase explosion or explosive boiling.

For a spherical cavity generated in the regime of photomechanical
spallation, the critical radius and free energy barrier for the onset of the
cavitation can be obtained from Eq. (1) using a condition of

=d G dr( )/ | 0rc , which yields =r P2 /c and = =G G R P( ) 16 /3c0
3 2

[32–39]. For a system under tension (P < 0), the rate of void nuclea-
tion can then be written as:

= × = ×R R exp G k T R exp P k T( / ) ( 16 /3 ),B B0 0 0
3 2 (2)

where kB and T are Boltzmann constant and temperature. The prefactor
R0 is expressed in units of nuclei per second per cubic meter and can be
estimated as R k T hV/B a0 [36], whereVa is the atomic volume, and h is
Planck’s constant. For a typical metal, this estimation yields R0 on the
order of 1042 [s−1m−3], and a more accurate consideration of the
prefactor accounting for the number of surface atoms in the critical
nucleus [36] increases R0 up to 1044 s−1m−3.

According to a large-scale atomistic simulations of laser-induced
spallation of Ag and Al targets [16,24], the propagation of the un-
loading tensile wave through a molten parts of the targets generates
approximately 100 voids within a volume of about
100×100×50 nm3 during a time of about 20 ps, which suggests a
nucleation rate of R∼1034 s−1m−3. By matching this rate in Eq. (2), a
criterion for evaluation of the temperature dependence of the threshold
tensile pressure for the onset of cavitation in short pulse laser spallation
can be formulated:

=P T
k T

( ) ,th
B

2
3

(3)

where = ln R R16 /3 ( / ) 0.70 is obtained based on the estimation of
the prefactor discussed above, R0∼ 1044 s−1m−3, and the nucleation
rate in the photomechanical spallation regime observed in the atomistic
simulations, R∼1034 s−1m−3. The corresponding threshold value of
the nucleation free energy barrier can be estimated as Gth

0 ∼23 kBT.
The temperature dependence of surface tension of a liquid-vapor

interface can be approximated as:

=T T T( ) (1 / ) ,c
µ

0 (4)

where 0 is a material dependent parameter, Tc is the critical tempera-
ture, and µ can be approximated as 1.26 based on the value of surface
tension critical exponent obtained using the renormalization group

technique [40]. The experimental values of the surface tension at the
melting point and the corresponding temperature slops are available for
a wide range of materials [41,42]. In the following analysis, the values
of Tc, 0, and µ are directly calculated in atomistic MD simulations
performed with Embedded Atom Method (EAM) potential parametrized
for Al [43], Ni [44], Ag [45], and Cr [46] using the test area method
[47] and are summarized in Table 1. The corresponding temperature
dependencies of surface tension are plotted in Fig. 1. It should be noted
that the obtained values of µ are lower than the theoretical prediction
and depend on the interatomic potential, which can be attributed to the
fact that the dependence given by Eq. (4) is derived for temperatures in
the vicinity of the critical point [40], whereas the data provided in
Fig. 1 is fitted for a broader temperature range.

The analytically derived criterion for the onset of cavitation, Eq. (3),
is tested and parametrized in a series of small-scale atomistic simula-
tions performed for several cubic systems consisting of 4000 atoms and
described by different interatomic potentials. In each simulation, the
tensile pressure is kept at a constant level and the temperature is gra-
dually increased with a heating rate of 1 K/ps. The onset of cavitation is
identified by a rapid increase of the system volume. Fig. 2 illustrates the
dependence of the cavitation threshold on temperature for Al, Ni, Ag,
and Cr described by EAM potentials. The functional dependence given
by Eq. (3) is able to describe the simulation results quite well with the
proportionality coefficients equal to 0.61, 0.66, 0.85, and 1.00 for Al,
Ni, Ag, and Cr, respectively, which is close to the value of 0.7 obtained
based on the theoretical consideration and the number of voids gen-
erated in large-scale atomistic simulations of spallation. The corre-
sponding minimum free energy barriers for the onset of cavitation are
27.7, 25.5, 19.7, and 16.8 kBT, for Al, Ni, Ag, and Cr model systems,
respectively. These values of the free energy barrier are distributed
around the value of 23 kBT obtained through the rough order of mag-
nitude estimation discussed above, and the deviation from the esti-
mated value of the threshold pressure does not exceed 20% for all
considered materials.

The nonsphericity of voids was checked in an attempt to explain the
variability of . Analysis of the results of a series of atomistic simula-
tions has suggested that the surface area of voids exceeds the area of the
corresponding spherical voids by 1.47, 1.70, 1.85, and 2.50 times for
Al, Ag, Cr, and Ni, respectively. These values do not show direct cor-
relation with the material dependence of the coefficient , thus sug-
gesting that this dependence cannot be explained by the difference in
shapes of the voids alone.

Additionally, to evaluate the dependence of on the size of the
system used in the parametrization, the simulations of gradual 1 K/ps
heating at constant tensile pressure were repeated for larger cubic
systems consisting of 256,000 atoms. As can be seen from the results
shown by red points and dashed lines in Fig. 2, temperature dependence
of the cavitation threshold can be described well by Eq. (3), albeit with
somewhat lower values of (0.53, 0.52, 0.77, and 0.76 for Al, Ni, Ag,
and Cr, respectively) and higher values of Gth

0 (31.6, 32.2, 21.8, and
22.0 kBT for Al, Ni, Ag, and Cr, respectively). The size dependence of
and Gth

0 can be explained by the lower nucleation rate required for the
onset of cavitation in a large system at the same rate of heating.

Table 1
Parameters of Eq. (4) calculated for Al, Ni, Ag, and Cr described by EAM po-
tentials.

Tc [K] σ0 [J/m2] μ

Al 5800 0.910 1.07
Ni 9170 1.61 1.11
Ag 3380 0.573 1.19
Cr 6140 1.41 1.24
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3. Computational model for simulation of laser interactions with
metals

To verify the applicability of the theoretical analysis discussed
above, we perform a large-scale atomistic simulation of laser spallation

of Ni target. The simulation is performed with a model combining the
classical MD method with the two-temperature model (TTM) [22,24],
which is shown to provide an accurate description of laser-induced
processes at the atomic scale. The computational setup and parameters
of the model are similar to those used in the simulations of laser-

Fig. 1. Temperature dependence of surface tension
calculated for Al, Ni, Ag, and Cr in a series of MD
simulations (red symbols), and fitted to Eq. (4) (solid
lines). The parameters of Eq. (4) obtained by the
fitting are provided in Table 1. The error bars show
standard deviation of the mean and are comparable
with the size of the symbols. The values of equili-
brium melting temperature calculated for the model
materials described by EAM potentials are marked
by vertical dashed lines.

Fig. 2. Temperature and pressure dependence of the
cavitation threshold predicted for Al, Ni, Ag, and Cr
in a series of MD simulations of cubic systems con-
sisting of 4000 atoms (blue points and solid lines)
and 256,000 atoms (red points and dashed lines).
The simulations are performed at constant values of
tensile pressure and heating rates of 1 K/ps. The data
points are fitted to the analytical dependence given
by Eq. (3), and the corresponding functions obtained
for the smaller systems are provided in the plot.
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induced melting and resolidification reported in Ref. [15]. Briefly, the
atomistic part of the TTM-MD model consists of 162 million atoms and
represents the top 150 nm surface region of the target. In the lateral
directions, parallel to the surface of the target, the dimensions of the
computational systems are about 100 nm×100 nm, and the periodic
boundary conditions are applied. At the bottom of the atomistic part of
the model, a pressure-transmitting, heat-conducting boundary condi-
tion is applied to ensure nonreflecting propagation of the laser-induced
stress wave and heat transfer from the atomistic part of the computa-
tional system into the bulk of the target. The heat transfer into the bulk
of the target is represented by conventional TTM equations solved
down to a depth of 2.5 μm. The interatomic interactions between Ni
atoms in the atomistic part of the model are described by the EAM
potential parametrized by Mishin [44].

The applicability of the theoretical cavitation criterion for predic-
tion of the maximum depth affected by the cavitation in a higher-flu-
ence regime of phase explosion is verified using the results of a simu-
lation of Al target irradiated by 100 fs laser pulse at 2000 J/m2. A
detailed discussion of this simulation and all computational parameters
of the model are provided in Ref. [24].

4. Large-scale atomistic simulations of laser-induced cavitation

The process of laser-induced subsurface cavitation is investigated in
a large-scale atomistic simulation of a Ni target irradiated by a 50 fs
laser pulse at 1500 J/m2, which is above the threshold for photo-
mechanical spallation [23]. The temporal evolution of temperature and
pressure in the irradiated target is illustrated in Fig. 3a and b. The fast

laser energy deposition results in the generation of a strong pressure
wave propagating from the surface to the bulk of the target, Fig. 3b.
When the tensile component of the pressure wave passes through the
molten part of the target, the free energy barrier for cavitation drops
down to a minimum value of ∼ k T24.8 B (Fig. 3d), which is below the
cavitation threshold value of k T25.5 B identified in a series of small-
scale atomistic simulations for Ni under well-controlled pressure and
temperature conditions. This drop is sufficient to induce nucleation of
multiple voids in the subsurface region of the target, at depth between
10 and 40 nm below the initial surface (see density contour plot in
Fig. 3c and a snapshot of atomic configuration shown for a time of
100 ps in Fig. 3f). Both the time of the void nucleation and the spatial
extent of the cavitation region are in a good quantitative agreement
with the prediction of the theoretical model. Indeed, the region where
the voids nucleate is the one where the temperature dependent
threshold tensile pressure is exceeded and the free energy barrier for
the cavitation drops below the threshold value (outlined by the purple
dashed line in Fig. 3a–d). As one can see from Fig. 3c, the appearance of
the cavitation region, which shows up as a green (low-density) region
outlined by black dashed lines, can be traced back to the region iden-
tified by the theoretical criterion for the cavitation onset marked by the
dashed pink line.

Note that the use of higher cavitation threshold predicted in simu-
lations of gradual heating under tension performed for larger cubic
systems containing 256,000 atoms (red dots and dashed lines in Fig. 2)
leads to the overestimation of the size of the region affected by the
cavitation. In particular, Gth

0 ∼32.2 kBT obtained in the larger-scale
simulations for Ni predicts the onset of cavitation in a region located

Fig. 3. (a–d) Contour plots of temporal and spatial evolution of temperature (a), pressure (b), density (c), and free energy barrier for the onset of cavitation (d) in a
bulk Ni target irradiated by a 50 fs laser pulse at an absorbed laser fluence of 1500 J/m2, which is just above the spallation threshold. The black solid lines show the
location of the solid-liquid interface. Purple dashed lines outline the region with free energy barrier below 25.5 kBT, where nucleation of voids is predicted
theoretically and observed in the simulation. The region where the void growth is observed is outlined by black dashed lines in (c). (e) The spatial profile of lattice
temperature (red), pressure (blue), and the free energy barrier (green) at the moment when the barrier reaches its minimum level. The scale of the free energy is from
20 to 50 kBT, and a part of the curve for the free energy barrier below the threshold of 25.5 kBT is shown by a thicker line. (f) An atomic configuration at a time of
100 ps, when the cavitation voids are clearly seen. The atoms are colored according to their potential energy, so that atoms in the solid part of the system are colored
blue, atoms in the liquid phase are colored light blue to green, and atoms on free surfaces are colored orange and red.
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between 10 and 60 nm below the original surface, which is wider than
the actual zone of void nucleation observed in the simulation of laser
spallation, Fig. 3c. As can be seen from Fig. 3a,b, the timescale of
heating and tensile loading are both short, ∼20 ps, whereas the heating
from the melting temperature up to the threshold for the onset of ca-
vitation takes, depending on the level of tensile pressure, from hun-
dreds of picoseconds to nanoseconds. The use of the smaller system for
model parametrization reduces the nucleation rate and compensates for
the longer time of heating, thus yielding parameters more suitable for
simulation of the ultrafast heating and mechanical loading conditions
characteristic of femtosecond laser irradiation.

Following the nucleation, the voids grow, coalesce, and eventually
percolate, leading to the separation/spallation of the top liquid layer
from the bulk of the target. It is interesting to note that the depth where
the free energy barrier reaches its minimum value, Fig. 3d, and the
voids nucleate, Fig. 3c, does not coincide with the depth of the max-
imum tensile stresses are generated, Fig. 3b,e. In fact, the depth where
the maximum tensile stresses are observed is below the region where
the theoretical cavitation threshold is reached, and no void formation is
observed at this depth. While the tensile stresses are increasing with
depth and reach their maximum value close to the liquid-solid inter-
face, the temperature decreases with the depth, leading to an increased
ability of the material to support transient tensile stresses. The theo-
retical equation, Eq. (3), accounts for the interplay of these two factors
and predicts the onset of the cavitation at an intermediate depth, where
the free energy barrier reaches the sufficiently low values. This ob-
servation is consistent with the results of earlier MD simulations of
photomechanical spallation of molecular targets [19,48], Ni [18,23], Cr
[28,49], Al [24], and Ag [16,27].

The simple criterion defining the size of the cavitation region in
laser spallation can also be used for evaluation of the maximum depth
affected by cavitation at higher fluences, in the regime where the top
layer of the target undergoes an explosive decomposition into vapor
and small liquid droplets. While the magnitude of the tensile compo-
nent of the laser-induced stress wave is reduced in this case by super-
position with the compressive pressure wave generated by the phase
explosion and ejection of material from the top layer [19,24], the
tensile wave can still induce cavitation in a broad subsurface region. To
illustrate the applicability of the cavitation criterion to this regime, we
consider the results of an atomistic simulation reported in Ref. [24] for
Al target irradiated by 100 fs laser pulse at 2000 J/m2, above the
threshold for the phase explosion. The evolution of free energy barrier
for the onset of cavitation and the propagation of the melting front in
this simulation can be seen from Fig. 4a. Following the laser excitation,
the surface part of the target is rapidly heated and melted down to a
depth of ∼200 nm. Propagation of a tensile wave through the molten
material creates conditions for void nucleation in a region extended
down to a depth of ∼110 nm. The appearance of voids is confirmed by
visual analysis of a sequence of atomistic snapshots adapted from Ref.
[24] and provided in Fig. 4b. In the snapshot shown for 50 ps, the voids
are visible down to the depth of ∼70 nm and are just starting to emerge
in the underlying ∼40-nm-thick layer. This observation is consistent
with application of the theoretical criterion for the onset of cavitation.
Similar to the analysis of the spallation regime illustrated by Fig. 3c, the
black dashed line showing the maximum depth where the voids are
observed in Fig. 4a originates from the region where the criterion for
the cavitation onset is satisfied (outlined by the purple dashed line).
During the following evolution, the voids grow and coalesce, leading to
a gradual decomposition of the foamy liquid structure into individual
liquid droplets, as can be seen from Fig. 4b.

5. Summary

A criterion for the onset of cavitation in a molten metal is revisited,
and a theoretical description of spallation is developed in terms of the

free energy barrier for the onset of cavitation and void nucleation rate.
The comparison of the number of voids generated in large scale ato-
mistic simulations of short pulse laser ablation and the analytically
evaluated nucleation rate has enabled formulation of the temperature-

Fig. 4. (a) Contour plot of temporal and spatial evolution of free energy barrier
for the onset of cavitation in an Al target irradiated by a 100 fs laser pulse at an
absorbed laser fluence of 2000 J/m2, which corresponds to the phase explosion
regime. The black solid line shows the location of the solid-liquid interface.
Purple dashed line outlines the region with free energy barrier below 27.7 kBT,
where nucleation of voids is predicted theoretically and observed in the si-
mulation. The maximum depth where the voids are observed is marked by the
black dashed line. (b) Atomic snapshots demonstrating nucleation and growth
of voids. The atoms are colored according to their potential energy, with atoms
in the solid and liquid phases are colored blue, while small clusters and vapor
phase atoms are green and red. Fig. 4b is adapted from Ref. [24].
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pressure conditions in a region of an irradiated target affected by the
cavitation, =P T k T( ) /th B

2 3 . The analytical description is para-
metrized based on the results of atomistic simulations performed for Ni,
Cr, Al, and Ag, and is shown to be applicable for a wide range of
temperature and pressure conditions. While the value of parameter
exhibits some material dependence, the corresponding variation of the
threshold pressure for the onset of cavitation is found to be less than
20% for all considered metals, and the value of 0.7 obtained analyti-
cally can be used for a reasonably accurate estimation of the spatial
extent of the cavitation region. The results of large-scale atomistic si-
mulations demonstrate the ability of the theoretical treatment to pro-
vide an adequate description of the onset of cavitation in both the
spallation and phase explosion regimes. The cavitation criterion can be
used to predict the onset of spallation in continuum-level models of
laser-materials interaction.
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