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Results of molecular-dynamic simulation of structural changes in the surface layer of a design cell of a
BCC-crystal under short-term high-energy action are presented. A spatial model where the temperature of the
design cell is distributed in accordance with the solution of a linear problem of heat conduction makes it possi-
ble to detect disruption of surface layer continuity, including localization of excess free volumes in the form of
spherical pores. Dimensions of these imperfections and the time of their existence differ during modeling of
laser radiation with different energy density. Conditions are revealed for pore stability during the whole simu-
lation period and a relationship between crystallographic orientation of the “solid — liquid” interphase boun-
dary and sizes of pores formed is determined.
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INTRODUCTION

As a result of action on metal of ultrashort highly power-
ful laser pulses unique physical conditions are created, i.e., a
fast material heating rate and a volumetric mechanism of la-
ser radiation energy liberation. All of this leads to a situation
that a solid body is heated to a temperature exceeding an
equilibrium value for both melting temperature and evapora-
tion temperature. Picosecond laser pulses with respect to
operation duration are comparable with temperatures and
phases for transformations within material. However, the
thermal effect of pulses outside their action zone is at a mini-
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mum. It is undoubted that processes of equilibrium substance
heating during laser treatment are of practical interest and
therefore they serve as an object for various experimental
and theoretical studies [1 — 3].

Material irradiation with high power laser pulses may
lead to melting and melt movement caused by sharp tempe-
rature gradients and pressure relaxation, with subsequent
substance separation from a surface (ablation) that has its
own application in various regions. The phenomenon of ab-
lation by laser is studied successfully by means of molecular
dynamics [4 — 6], although a whole series of assumptions are
made. For example, within the framework of classical mo-
lecular dynamics it is necessary to consider time intervals
corresponding to typical time of electron-phonon relaxation.

Structural changes proceeding within an amorphous
phase in the cooling stage after the end of action undoubtedly
have an effect on the properties of an entirely or partly crys-
tallized structure. In this connection a study of material
amorphous structure subjected to laser action is of practical
interest.
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Fig. 1. Calculated temperature change (solid line) through crystal thickness (y is distance over surface for axis ')
and average layer temperature values of a design cell through 1 psec (@) and 12 psec (b ) of model time. M odeled la-

ser radiation energy density ¢ = 3.5 MW /cm?.

The aim of the present work is to study structural
changes proceeding within material during high-temperature
laser action within the scope of molecular-dynamic modeling.

METHODS OF STUDY

A model has been developed as follows. W ithin a rectan-
gular coordinate system the size of a calculation cell was pre-
scribed in three mutually orthogonal crystallographic direc-
tions coinciding with coordinate axes. Then an experimental
cell was constructed within which particle location corre-
sponded to an FCC lattice. Such cells fill all of a prescribed
volume by translation. A calculation cell is a rectangular
parallelepiped with a side ratio (20 x 100 x 12) x a,, where
a, is metal lattice spacing in an equilibrium condition. Since
it has been proposed to conduct a study on an iron crystal
model then its lattice spacing has been prescribed equal to
2.866 A. The overall number of molecular particles is
48,000. Along the X and Z axes periodic boundary conditions
have been used, and along the Y axis there are free conditions
simulating a crystal surface. The orientation of the calcula-
tion cell within space was selected in order that the X-axis
coincides with the crystallographic direction [100], axis Y
with direction [010], and axis Z with direction [001]. A po-
tential was used as a function of the interparticle reaction
built up by the submerged atom method [7]. In order to inte-
grate movement equations describing behavior of a particle
system a Verlet velocity algorithm was used with a time step
of 1 fsec. Calculations were performed using an XM D pack-
age. Visualization of modeling results was accomplished by
means of an OVITO package [8].

In order to model target heating under action of laser ra-
diation a calculation cell was broken down into ten layers of
equal thickness along axis Y in each of which a specific tem-
perature value was prescribed decreasing on removal from
the surface. During establishment of thermal equilibrium be-
tween electrons and phonons in order to described heat dis-

tribution it is possible to use a thermal conductivity model.
With use of a semicontinuous solid model an analytically
precise solution of the thermal problem may be obtained in-
tegral transformations [9]. In this case if the source intensity
depends on time and physical parameters are constant and do
not depend upon temperature (linear thermal conductivity
problem), then the temperature distribution though a speci-
men thickness in the heating stage is determined as a func-
tion of coordinates as follows (with ¢ < 1):

T(y,t)=ifﬂxierfc(2%J, (1)

where 7 is temperature; y is coordinate; ¢ is current time; 4 is
absorption capacity; ¢ is energy density; A is heat conduc-
tion; a is thermal conductivity thermal conductivity;
a=X%/pC); 1 is radiation action duration.

Function ierfc(x ), present within Eq. (1), is an integral of
the probability interval function:

ierfe (x) = j erfe (x)dx. 2)
After the end of laser activity (¢ < 1) a cooling stage sets

in and temperature distribution is described by an equation

T(y,r):%"x

[\/;x ie;fc[z—j;_tj—wla(t —T)X ierfc[T);_T)ﬂ. 3)

In order to calculate temperature the following parame-
ters were used: A4=0.68; ¢=3.0-6.5mW/cm% A=
80W/m -K;a=2.621x10">m?/sec;t=1x 1012 sec.
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Fig. 2. Change in average temperature (a) and porosity coefficient (b ) of design cell during laser radiation
with different energy density: /) ¢=3.5MW/ecm? 2) ¢g=50MW/cm%; 3) ¢=6.5NMW/cm%;
4)g=3.0NMW/ecm?;5)g=35NVW/ecm?; 6)q=4.0 MW /cm?%; 7) g=4.0 MW /cmZ,

Non-equilibrium heating of a model specimen may lead
formation of a compression region close to its surface propa-
gating inwards in the form of a pressure wave. This wave,
reaching the opposite boundary, with use of free boundary
conditions will cause particle movement. In order to avoid
this in a layer most distant from the model surface, by means
of a thermostatic control procedure a constant temperature of
300 K was maintained and also ductile boundary conditions
were superimposed.

Theoretical curves are provided in Fig. 1 for the change
in temperature within a specimen along axis Y, calculated by
Eq. (1), and values of temperature within separate layers of a
calculation cell. It is seen that for the layers most distant
from a surface the calculated and experimental temperature
values obtained for are different. This is due to use of a ther-
mostatic control procedure described above. In view of this
the structure of lower layers was considered in the work.

RESULTS AND DISCUSSION

The modeling process consisted of two stages. In the ini-
tial stage a calculation cell was subjected to non-equilibrium
heating for 10 psec of model time in accordance with Eq. (1).
After which a second phase follows including nonequilib-
rium cooling for 20 psec, with which the temperature of the
calculation cell was established in accordance with Eq. (3). A
change is given in Fig. 2a for the average temperature of the
calculation cell under action of laser radiation.

After the design cell local temperature in the heating
stage starts to exceed the melting temperature, there is phase
transformation and within a cell a solid and liquid phase in-
terface forms moving into a lower temperature region. The
next increase in temperature leads to a situation that particles
start to separate from the surface of the design cell forming a
cloud of evaporated particles. The cooling stage is accompa-
nied by localization of the rarefaction regions formed in the

preceding heating stage (Fig. 3a), their coalescence and
spherical pores formation (Fig. 36— d).

In order to identify cavities and to evaluate their surface
area in subsequent calculations an algorithm [10] is used
based on the alpha-form procedure of G. Edelsbrunner and
E. Myukke, within which a geometric multiplicity of points
is connected with a surface network by beams of a Delaunay
tetrahedralization and a subsequent smoothing procedure.
Identification of cavities within the volume of a solid is de-
termined by the radius of a virtual sphere which is inscribed
within interatomic space. The radius of this sphere should
exceed to a minimum half the shortest interatomic distance,
otherwise within calculations “artificial” cavities will be in-
cluded. In this work the radius of a virtual sphere equals the
value of the lattice spacing.

During modeling of different radiation absorption den-
sity, achieved by variation of parameter ¢ in Egs. (1) and (3),
structural changes are observed within design cell surface
layers. As a rule for quantitative evaluation of a similar type
of change a velocity coefficient is used expressed in terms of
an amorphous and crystalline structure. In our case a clearer
porosity coefficient 6, determined as the proportion of free
surface created by pores, is within the overall free surface
identified within the calculation cell. Curves are provided in
Fig. 2b for the change in 0 during laser radiation with differ-
ent g obtained by the model proposed.

As follows from Fig. 2b, with ¢ <3.5 mW /cm? cavities
formed with a cell in accordance with the model proposed
are dissolved. With higher ¢ values in the amorphous region
there is formation of extended cavities remaining stable over
the whose extent of modeling. A similar type of defect will
be the object for study by the authors in subsequent work.

The pore dissolution mechanism within a design cell sur-
face layer is a material diffusion viscous flow within a
formed cavity. Irregular occurrence of diffusion processes is
mainly determined by temperature and consequently pore
stability in the second modeling stage will depend upon the
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Fig. 3. Visualization of a free surface formed within a design cell (a fragment is presented), through 11 psec (a),
15 psec (b), 19 psec (c) and 22 psec (d ) of model time. Laser radiation modelled density ¢ = 3.5 MW /em?.

design cell cooling rate. With implementation of cooling
in accordance with Eq.(3) thus rate is evaluated as
3.53 x 1013 K/sec. In order to achieve other rates in Eq. (3)
coefficient (t/t)" is added, where n is an arbitrary rational
number. With variation of n faster cooling rates have been
obtained with which porosity of upper layers is retained.
Modeling results are provided in Fig. 4.

It should be noted that from the point of view of a
quasi-thermodynamic approach for describing new phase
formation within a condensed medium formation of fluctua-
tion by means of pore generation is hardly probable (phase
cavities) with a size exceeding some critical value deter-
mined by specific surface energy. In view of this for homo-
geneous pore generation elastic tensile tresses are required
whose source may be excess vacancies [11]. Another source
of stresses within a solid may be an impact wave [12 — 14].
In our case the stressed state of a design cell is due to nonuni-
form heating and moreover the interface creates the stress
field observed whose value is proportional to free surface en-
ergy v. Free energy of the crystal — melt separation boundary
is anisotropic and it depends upon solid phase crystal orien-
tation [15]. In this case as follows from results in [16] for a
BCC structure anisotropy develops to a much lesser extent

than for FCC. In addition, the authors of [17], making calcu-
lations of iron free surface energy anisotropy by means of
various research methods have obtained results having scat-
ter of the order to 5%. However, if these data are analyzed it

0, %

50
40 -
30

20 "
M

10 A

0 T T -
10 15 20 25 1, psec

Fig. 4. Change in calculated cell strength coefficient 6 in the con-
cluding stage of modeling with a different cooling rate (modeling la-
ser radiation energy density ¢ = 3.5 MW /em?): 1) 3.53 x 1013 K /sec;
2)4.39 x 1013 K/sec; 3) 4.62 x 1013 K/sec; 4) 4.77 x 1013 K /sec.
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Fig. 5. Change in design cell porosity coefficient 6 (a) and proportion of BCC atoms with local FCC-sur-
rounding (b ) in modeling concluding stage with crystallographic orientation of interphase boundary along

(100), (111), (110).

may be concluded that the ratio v,;o <7v1; <709 1S valid.
Consequently, the higher the reticulated surface of a crystal
plane, forming an interface, the lower is the iron free surface
energy.

We have performed modeling of design cells containing
interfaces of different crystallographic orientation. It ap-
peared that the pore dimensions and their time for existence
also vary, although the temperature of the upper layer during
modeling interface boundaries of different crystallographic
orientations changes very little. Results are shown in Fig. 5
for calculation of porosity coefficient in the cooling stage
(within a time section containing the clearest result) analysis
of data in Fig. 5a showed that there is an interconnection be-
tween crystallographic orientation of a boundary and sizes of
the cavities formed, but it only appears clearly in a certain
time interval. Apparently to the least extent the effect of a
boundary starts to appear at that instant when in the process
of its movement in the cooling stage of a design cell it ap-
proaches a vacancy. In this case the interphase boundary ex-
hibiting greatest energy y moves at the fastest rate. As a re-
sult of this densification of a surface layer there is a more in-
tense and a larger amount of free volume localized in the
form of pores and it does not dissolve. In accordance with
this during modeling an interphase boundary with crystallo-
graphic orientation (100) there is formation of larger pores,
but since cooling rate is identical, then in all cases they dis-
solve in approximately an equal time interval. Confirmation
of this mechanism is the fact that proportion of atoms with
local BCC-environment in all three upper layers during mo-
deling an interphase boundary with orientation (100) in the
cooling stage it increases much more rapidly compared with
other boundary mode orientations (Fig. 5b). In this case in
order to conduct structural analysis intensification of the lo-
cal environment of particles is used employing an Ackland—
Jones method of angles and bonds [18].

CONCLUSIONS

Rapidly occurring processes within solids are currently
studied successfully by means of computer modeling me-
thods. In the present work a molecular dynamic model is
constructed for studying processes occurring within material
surface layers with external short-term high-energy action. It
has been detected that within a surface layer after the end of
an external effect the free volume is localized in the form of
groups of pores that dissolve in the shrinkage process. It is
possible to stabilize these pores by increasing the cell cool-
ing rate. The effect of interphase boundary “solid — liquid”
orientation on the pore size formed has also been established.

Research results may find use in studying laser ablation
and surface modification processes.
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