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Abstract—Molecular dynamics simulation of the changes in a α-Fe surface layer during short-time high-
energy action is performed. The developed model enables us to reveal the continuity violation of the surface
layer, which consists in excess free volume localization in the form of spherical pores. The sizes of these
imperfections and the duration of their existence are substantially dependent on the radiation energy density
and the deformation of a calculation cell.
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INTRODUCTION

The irradiation of a metal with ultra-short super-
power laser pulses creates unique physical conditions,
such as a high material heating rate and a volumetric
mechanism of releasing laser radiation energy. As a
result, a condensed medium is heated to temperatures
higher than the equilibrium melting and vaporization
temperatures. The time of action of picoseconds laser
pulses is comparable with characteristic times of ther-
malization and phase transformations in a material,
but, in this case, the thermal effect behind the treat-
ment zone is minimal. Doubtlessly, the processes of
nonequilibrium heating of a substance during laser
irradiation are of a practical interest and, thus, they are
objects of various experimental and theoretical studies
[1–4].

Irradiation with high-power laser pulses can lead to
substance melting and melt motion caused by sharp
temperature gradients and the relaxation of pressure
with subsequent separation (ablation) of a substance
from its surface, which is used in various areas [5–9].
The rate of these processes can be so high that it does
not allow direct studies of them. In this case, it is most
rational to use computer simulation methods, which
allows a consideration of complex systems due to the
increasing computational power of modern comput-
ers. Laser ablation has been successfully studied by
molecular dynamics method [10–12], although a

number of assumption is used [13, 14]. Therefore, for
example, it is necessary to consider, in terms of the
classical molecular dynamics, the time intervals corre-
sponding to the characteristic electron–phonon relax-
ation time.

The structural changes occurring in an amorphous
phase at the stage of cool-down after the end of irradi-
ation undoubtedly influence the physical and geomet-
rical characteristics of a completely or partially crys-
tallized structure and, as a result, the formation of the
material surface. Taking into account the abovemen-
tioned, the study of the amorphous structure of a
material subjected to laser irradiation is of practical
interest. In this work, the structural changes taking
place in a material during high-temperature irradia-
tion are studied by molecular dynamics simulation.

MODEL

The model was constructed as follows. In a rectan-
gular coordinate system, the calculation cell sizes were
set in three mutually orthogonal crystallographic
directions coinciding with the coordinate axes. Then,
a unit cell was formed: the arrangement of atoms in it
corresponded to bcc lattice with an equilibrium
parameter a0 and all the prescribed volume was filled
with such cells via translation. The calculation cell was a
rectangular parallelepiped with a side ratio of 3 : 4 : 25
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containing 48000 atoms. Since we assumed to conduct
studies on an iron crystallite model, the lattice param-
eter was taken to be 2.866 Å.

Along axes X and Z, periodic boundary conditions
were used; along axis Y, free boundary conditions imi-
tating the crystal surface were used. The calculation
cell was oriented in the space so that axis X coincided
with crystallographic direction [100], axis Y, with
direction [010], and axis Z, with direction [001].

A potential constructed using the embedded-atom
method was used as a function of the interparticle
interaction [15]. The equations of motion describing
the behavior of a system of particles were integrated
using the velocity Verlet algorithm at a time step of
1 fs. The calculations were carried out with the XMD
software package [16]. The visualization of the simu-
lation results was performed using the OVITO visual-
ization package [17].

To simulate the heating of the target under laser
radiation, the calculation cell was divided into 10 lay-
ers of the same thicknesses along axis Y, in each of
which we prescribed a certain temperature decreasing
with the distance from the surface. As there is heat
equilibrium between electrons and phonons, heat
propagation can be described by a heat conduction
model. For a half-infinite solid body, an analytical
exact solution to a thermal problem can be obtained by
integral transformations [18]. In this case, if the source
intensity is independent of time and the physical
parameters are constant and independent of tempera-
ture (linear thermal conduction problem), the tem-
perature distribution over the sample thickness at the
heating stage (at t < τ, where τ is the irradiation time)
is determined as a function of coordinates as follows:

(1)

where A is the absorption capacity, q is the energy den-
sity, λ is the thermal conductivity, and α is the thermal
diffusivity.

Function ierfc(x) entering into Eq. (1) is the inte-
gral of an additional probability integral,

(2)

After the end of laser irradiation (t > τ), a cooling
stage takes place, and the temperature distribution is
determined as follows:

(3)

The temperature was calculated using the following
values of the parameters corresponding to the simu-
lated material and picosecond laser pulses: A = 0.68,
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q = 3.0–6.5 MW/cm2, λ = 80 W/(m K), α = 2.621 ×
10–5 m2/s, τ = 10 × 10–12 s.

Nonuniform heating of the simulated sample can
lead to the formation, near the surface, of a compres-
sion region propagating to the depth in the form of a
pressure wave; as it reaches the opposite boundary in
the case of free boundary conditions, it can favor atom
ejection. To avoid it, the temperature in the layer far-
thest from the simulated surface was maintained at
300 K using a thermostating procedure; in addition,
viscous boundary conditions were imposed.

The simulation process consisted of two stages. At
the initial stage, the calculation cell was subjected to
nonuniform heating in 10 ps of the simulation time
according to Eq. (1). Then, during the second stage,
the calculation cell was cooled in 20 ps, and its tem-
perature was established according to Eq. (3).

The structural changes in the near-surface layers of
the calculation cell were quantitatively estimated using
porosity coefficient θ determined as the fraction of the
free surface formed by voids to the total free surface
identified in a calculation cell.

Biaxial crystal deformation was induced by a
change in the interatomic distance in the calculation
cell along axes X and Z.

RESULTS AND DISCUSSION

Figure 1 shows the theoretical curves of the tem-
perature distribution along axis Y calculated by Eq. (1)
and the averaged temperatures of the selected layer of
the calculation cell at a laser radiation energy density
q =3.5 MW/cm2. According to these data, the tem-
perature of the layer farthest from the surface does not
correspond to the calculated values, which is due to
the application of the thermostating procedure. Tak-
ing this fact into account, we do not consider the
structure of the lower layer in this work. Figure 2
shows the change in the average temperature of the
calculation cell during the simulation.

After the local temperature of the calculation cell at
the heating stage becomes higher than the melting
temperature, a phase transition occurs and the inter-
face between the solid and liquid phases shifting to the
region of lower temperatures forms in the cell. The
successive increase in the temperature leads to the fact
that atoms start to be detached (evaporated) from the
surface of the calculation cell, forming a cloud. The
cooling stage is accompanied by the localization of
the low-density regions formed at the previous heating
stage (Fig. 3a), their coalescence, and the formation of
spherical pores (Figs. 3b–3d). Note that the formation
of nanopores in the surface layer during laser irradia-
tion was also observed in [19].

To identify the voids and to estimate their surface
area, we used the algorithm [20] based on the Edels-
brunner and Mücke alpha-form method, in which a
geometric set of points is jointed by a surface mesh
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using the Delaunay tetrahedrization with the subse-
quent smoothing procedure. The identification of the
void in the solid body volume is determined by the
radius of a virtual sphere that fits into interatomic
spaces. The radius of such a sphere should be at least
larger than half the shortest interatomic distance;
alternatively, “artificial” voids are included into the
calculations. In this work, the virtual sphere radius is
taken to be the lattice parameter.

When simulating various densities of the absorbed
radiation energy reached by varying parameter q in
Eqs. (1) and (3), we observe various structural changes
in the near-surface layers of the calculation cell. For
example, at q ≤ 3.5 MW/cm2, the voids formed in the
cell are dissolved during simulation (Fig. 4). At larger

q, we observe the formation of extended voids, which
are stable during the entire simulation, in a amorphous
region (such defects are the objects of future studies).

The mechanism of dissolution of pores in the sur-
face layer of the calculation cell is a diffusion-viscous
flow of the material into the void formed. The diffu-
sion process rate is mainly determined by temperature
and, therefore, the pore stability at the second simulation
stage will be dependent on the cooling rate of the calcu-
lation cell. This value is estimated at 3.53 × 1013 K/s for
cooling according to Eq. (3). To reach other rates, we
added coefficient (τ/t)n in Eq. (3) (where n is an arbi-
trary rational number). By varying n, we obtained
higher cooling rates, at which the porosity of the upper
layer is retained. Figure 5 shows the simulation results.

As concentrated energy sources act on a material
locally, high-gradient temperature fields leading to the
development of various deformation appear inevitably
[21, 22]. In this connection, it is interesting to study
the evolution of the pores having formed in the surface
layer of a crystal subjected to deformation. For the
porosity coefficient to characterize pore development
more clearly, we cut off small void sizes by doubling
the radius of the virtual sphere used for their identifi-
cation.

Figure 6 shows the results of calculation at various
strains. From these data, it follows that tensile defor-
mation favors the formation of coarser pores in the
surface layer and also stabilizes them; as a result, pores
are retained for a longer time as compared to the pores
in the undeformed crystal. Conversely, compression
of the calculation cell favors fast dissolution of pores,
and a further increase in the strain prevents their for-
mation.

Fig. 1. (Solid line) Calculated change in the temperature vs. the distance from the crystal surface and (markers) averaged tem-
perature of the selected layers of the calculation cell after (a) 1 and (b) 12 ps of model time (q = 3.5 MW/cm2).
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Fig. 2. Time dependences of the average calculation cell
temperature at various laser radiation energy densities.
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Fig. 3. Visualization of the free surface having formed in a calculation cell (its fragment is shown) after (a) 11, (b) 15, (c) 19, and
(d) 22 ps of model time (q = 3.5 MW/cm2).
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Fig. 4. Time dependences of the porosity coefficient of a
calculation cell at various laser radiation energy densities.
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Fig. 5. Time dependences of the porosity coefficient of a
calculation cell at the finishing simulation stage and vari-
ous cooling rates (q = 3.5 MW/cm2).
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CONCLUSIONS

An external high-energy action on the solid body
surface, for example, by ultrashort superpower laser
pulses, can lead to phase transitions, the results of
which are radical changes in the surface structure. The
similar fast processes in solids are successfully studied
by computer simulation methods. In this work, we
constructed a molecular dynamics simulation for
studying the processes proceeding in the surface layers
of a material under external short-time high-energy
irradiation. After the end of an external action, the free
volume in the surface layer was found to be localized
as a group of pores, which dissolve during shrinkage.
These pores can be stabilized by increasing the cooling
rate of a calculation cell or by creating tensile deforma-
tion. On the other hand, compression of the calcula-
tion cell allows one to exclude pore formation com-
pletely. The results of this study can be used for study-
ing the processes of laser ablation and surface
modification.
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