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Abstract. Today, researchers and industry are faced with the task of improving the physical and mechanical properties of various metal products.

To strengthen the structures, there are various technologies for processing the material surface by high-temperature exposure. At the same time,
the use of laser technologies is of great interest. High-speed local laser heating of the material surface followed by rapid cooling with heat removal
into the volume depth, as well as the absence of mechanical action, allows us to obtain unique nonequilibrium structures with a wide range of proper-
ties. Obviously, the development of these technologies requires deep fundamental research. In this work, the molecular dynamics method revealed
the features of structural changes in the surface layers of an iron crystal under high-temperature exposure. The choice of such a method is due to the fact
that the phenomena under consideration are difficult to study through real experiments and direct observations. Conditions of the computer experi-
ment were set in such a way that after the melting point is reached, a phase transition occurs in the simulated system, during which particles are sepa-
rated from the surface of the liquid phase. As a result of the study, the threshold temperature of particle ejection was estimated and the mechanisms
of particle cluster formation were investigated. When heated, the number of clusters increases, and when cooled, it decreases, but at the same time
their sizes increase, which indicates the implementation of the condensation mechanism of ablation products. Additionally, the influence of external
pressure on the simulated particle system was studied. It is shown that as the pressure increases, the number of clusters decreases.
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AHHOmﬂl{uﬂ. Ha ceropssinuit JACHb Nepea HUCCICAOBATCIIMUA U TIPOMBIIJICHHOCTBIO CTOUT 3aJavya yiny4lICHUs q)I/ISI/IKO-MCXaHI/ILICCKI/IX CBOICTB

Pa3IMYHBIX METAIMYECKHX W3enuil. Jis ynpouyHeHHs] KOHCTPYKIMI CYIIECTBYIOT Pa3IMYHbIe TEXHOIOTHH O0OpabOTKM MOBEPXHOCTH Mare-
pHaia myTeM BBICOKOTEMIIEpaTypHOTO BO3/AEHCTBHUS. BOMNbIION MHTEpeC NpU 3TOM BBI3BIBACT MPUMEHEHHE JIA3EPHBIX TEXHOJOTrUi. Bhicokocko-
POCTHO¥ JIOKAJIBHbIH JIa3epHBIIl HArPEB MOBEPXHOCTU MaTepHalia ¢ MOCISAYIONMM OBICTPBIM OXJIaXKICHUEM IyTeM OTBOJA TeIljia B NIyOb 00beMa,
a TaK)Ke OTCYTCTBHE MEXaHHUECKOTO BO3/ICHCTBUS MTO3BOJISIOT MIOJIyYUTh YHUKAIbHBIC HEPAaBHOBECHBIE CTPYKTYPBI C HINPOKHM HAOOPOM CBOMCTB.
OueBHIHO, YTO Pa3BUTHE ITHX TEXHOJIOTHI TpeOyeT rmiyOokux (yHAaMEeHTaIbHBIX HCCIENOBaHUI. B HacTosimeln pabore METOmIOM MOICKY-
JISPHOM JIMHAMUKH BBISBISZINCH OCOOCHHOCTH CTPYKTYPHBIX M3MEHEHUI ITOBEPXHOCTHBIX CJIOEB KpUCTAJLIa jKelie3a IPU BBICOKOTEMIIEPaTyPHOM
Bo3zeiicTBUU. BBIOOp Takoro Metozia 00yCIOBIICH TEM, YTO pACCMATPUBACMBIE SIBJICHHS 3aTPYIHUTEIBHO H3y4aTh TyTEM PeaibHbIX KCIIEPUMEHTOB
1 NIPSIMBIX HAOIFOACHHUN. YCIIOBHSI KOMITBFOTEPHOTO SKCIIEPHMEHTa OBUIH 331aHbl TAKUM 00pa30M, YTOOBI ITOCIIE TIPOXOXKICHUS TOUKH TEMIIEpaTyphbl
IUIABJICHHSI B MOJEIMPYEMOH CHCTeMe MPOUCXOANI (Pa30BBIi Mepexos, MPH KOTOPOM OCYIIECTBISETCSl OTPBIB YACTUIL] OT MOBEPXHOCTH JKUJIKOH
(azel. B pesynbrare npoBesEHHOIO MCCIIEAOBAHUS BBINOJIHEHA OIEHKA [TOPOTOBOIl TEMIIEpaTypbl 3KEKTHPOBAHUS YaCTHUIl U MPOBEICHO HCCIIe-
JIOBAaHHE MEXaHM3MOB 00pa30BaHUs KIACTEPOB 4acTuil. [Ipy HarpeBe MPOMCXOAUT yBEIMYEHHE KOJIMYECTBA KIACTEPOB, a MPU OXJIAKIACHUH —
€ro YMEHBILICHHE, HO IIPH 3TOM pa3Mephl KJIACTEPOB YBEIMUYMBAIOTCS, YTO CBUICTEILCTBYET O pean3ali MEeXaHn3Ma KOHJICHCAIUU TIPOLYKTOB
aOmsiimu. J{omoNMHUTENBHO MPOBEICHO MCCIISOBAHUE BIMSHKS BHEIIHETO JABJICHHS Ha MOJEIMPYEMYI0 cHcTeMy dacTull. [lokaszaHo, 4to mpu

YBCJIMYCHUU JaBJICHUS KOJIUYCCTBO KJIACTCPOB YMEHbLIIACTCS.
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[ INTRODUCTION

Under the influence of high temperatures, the structure
of the material undergoes changes. Studying the effect
of high temperatures on structural changes in metals in
the field of condensed matter mechanics poses numerous
challenges related to the fundamental properties and struc-
tural transformations of materials. It is worth noting that
there has been growing interest in methods for producing
nanoparticles through material ablation under high-tempe-
rature exposure. Irradiation with ultrashort laser pulses
is of practical interest [1; 2], and both experimental and
theoretical studies have been devoted to this topic [3 — 5].
Currently, theoretical methods are available that are based
on the construction of thermal models [6] and the analysis of
energy balance scattering during laser emission [7]. These
methods allow us to evaluate the effect of laser irradiation
on surface structure modifications. It should be noted that
phenomena characteristic of laser irradiation of materials,
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such as ablation and desorption, have been studied using
molecular dynamics simulations [8; 9]. Applied to solids,
molecular dynamics can reveal the differences between
desorption and ablation, predict the distribution of clusters
in samples [10 — 12], the distribution of particles by radial
and axial velocities, and explain the dependence of abla-
tion on laser properties [13 — 15], such as energy density
and pulse duration [16; 17]. It is known that for many
materials, the ablation process is accompanied by the for-
mation of particle clusters. Mechanisms for their formation
include condensation of the ejected particle cloud, phase
explosion, hydrodynamic spraying, and photomechani-
cal effects [18; 19]. As part of this study, the mechanisms
of particle cluster formation were investigated.

[ RESEARCH METHODOLOGY

To conduct the numerical experiment, the molecular
dynamics method was chosen, which allows for the simu-
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lation of various statistical ensembles of particles, as well
as the comparison of obtained results in real time.

The implementation of the molecular dynamics simu-
lation largely depends on the interatomic potential. For
the potential calculation, the “embedded atom” model
was used, based on the theory of calculating the elect-
ronic structure of many-particle systems in physics.

During the calculation of the particle system mode-
led in the study, metal cells (BCC lattices) with a lattice
parameter of a,=2.855 A, were constructed and trans-
lated along the x, y, and z axes. The resulting simulation
cell imitated an iron crystal and contained 30,000 par-
ticles. The infinite extent of the crystal was achieved using
periodic boundary conditions, and to create the surface
along the y-axis, free boundary conditions were applied.

During the simulation, the computational cell was
divided into regions, each assigned a specific tempera-
ture decreasing with distance from the surface. Using the
semi-infinite solid body model, an analytically exact solu-
tion to the thermal problem can be obtained through inte-
gral transformations [20]. In this case, if the source inten-
sity is constant, the temperature distribution in the depth
of the sample during the heating stage is determined as a
function of the coordinates using the formula:

24q . y
T(y,t) :—\/atlerfc( J, (1)
A 2\ at
where A4 = 0.68 is the absorptivity; ¢=

=3.5+6.5 MW/cm? is the energy density; A = 80 W/(m'K) is
the thermal conductivity coefficient; @ = 2.621-10° m?/s
is the thermal diffusivity; T = 10-107'2 s is the exposure
duration.

The function ierfc(x) is the integral of the complemen-
tary error function:

ierfe(x) = j°° erfe(x)dx. 2)

After the laser exposure ceases, the cooling stage
begins, and the temperature distribution is determined
by the following formula:

Ty, 1) :%{Mierfc(%)/ja_t]_

- a(t—t)ierfc[Lj . 3)

2\Ja(t—r)

[ RESULTS AND DISCUSSION

To identify clusters, the particle system was divided
into separate groups based on a distance criterion, which
was set to be twice the value of the lattice parameter.
A cluster is defined as a group of particles where each
particle is located at a distance no greater than the cut-

Max

a b

Fig. 1. Visualization of identified clusters after 10 (@)
and 18 ps (b) of model time (¢ = 5 MW/cm?,
color visualization matches sizes of clusters)

Puc. 1. Buzyanuzanust uaeHTuUIupyemMbIx Kinactepo depes 10 (a)
u 18 nic (b) monenbHoro Bpemenu (¢ = 5 MB1/em?;
L[BETOBAsI BU3yaJIH3AIlUsI COOTBETCTBYET pa3MepaM KIIacTepOB)

off radius from one or more particles of the same group.
Once the particle clusters are identified, they are colored
according to their size. The color gradient changes from
violet to red as the number of particles in the cluster
increases.

The conducted research demonstrated that during
the heating process, an increasing number of clusters
are gradually identified, which are generally represented
by individual particles (Fig. 1, a). During the cooling
process, the number of identified clusters decreases while
their size increases, meaning that previously ejected par-
ticles start to group together (Fig. 1, ). The condensation
mechanism of ablation products is realized in the consi-
dered model.

a b c

Fig. 2. Visualization of identified clusters after 20 ps of model time
at a laser radiation energy density of 3.5; 5,0 and 6.5 MW/cm? (a — ¢)
(color visualization matches sizes of clusters)

Puc. 2. Buzyanuzauus uiaeHTUQUIIPYEMBIX KiIacTepoB uepes 20 mc
MOJIEFHOTO BPEMEHH IPH IUIOTHOCTH SHEPTHH JIA3ePHOTO
usnydenus 3,5; 5,0 u 6,5 MBt/em? (a — ¢)

(uBeTOBasI BU3yaM3allisi COOTBETCTBYET pa3MepaM KIIacTepoB)
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a b c

Fig. 3. Visualization of identified clusters after 20 ps of model time
at pressures of 1, 2 and 3 GPa (a — ¢) (¢ = 5 MW/cm?;
color visualization matches sizes of clusters)

Puc. 3. Busyanuzauus naeHTUOUIUPYEMBIX KiIacTepoB uepes 20 mc
MOJIeNIbHOTO BpeMeHH rpu nasnennu 1, 2 u 3 I'lla (a — ¢)
(¢ = 5 MBT/cM?; iBeTOBast BU3Yanu3alus COOTBETCTBYET
pa3Mepam KIacTepoB)

N, clust.

t, ps

Fig. 4. Change in the number of clusters during simulation
at different pressures (¢ = 5 MW/cm?)

Puc. 4. VI3meHenue KOJIUYECTBa KJIACTEPOB MIPHU MOJCITUPOBAHUN
[IPU Pa3IMYHOM AaBlieHuH (¢ = 5 MB1/cM?)

Identified clusters at different laser radiation densities
are shown in Fig. 2. A higher laser energy density con-
tributes to the formation of more clusters (for ¢ = 3.5, 5.0,
and 6.5 MW/cm?, the number of clusters is 6, 23, and 38,
respectively).

A study of the effect of system pressure on the num-
ber of forming clusters was also conducted. The barostat
algorithm used in the simulation ensures that the system’s
volume becomes a variable quantity, adjusting to main-
tain constant pressure [20]. Clusters formed under diffe-
rent pressure levels are shown in Fig. 3.
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The number of clusters decreases with increasing
pressure. The change in their number during the simula-
tion process is shown in Fig. 4.

- CONCLUSIONS

As a result of the conducted research, a model was
developed using the molecular dynamics method, which
made it possible to study the laser ablation process occur-
ring under the influence of short pulses with low energy
density. A study of the formation of particle clusters dur-
ing ablation was conducted. A numerical dependence of
the number of formed clusters on the pressure applied to
them was established.
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