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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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 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, 

such as ablation and desorption, have been stu died 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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Аннотация. На сегодняшний день перед исследователями и промышленностью стоит задача улучшения физико-механических свойств 

различных металлических изделий. Для упрочнения конструкций существуют различные технологии обработки поверхности мате-
риала путем высокотемпературного воздействия. Большой интерес при этом вызывает применение лазерных технологий. Высокоско-
ростной локальный лазерный нагрев поверхности материала с последующим быстрым охлаждением путем отвода тепла в глубь объема, 
а также отсутствие механического воздействия позволяют получить уникальные неравновесные структуры с широким набором свойств. 
Очевидно, что развитие этих технологий требует глубоких фундаментальных исследований. В настоящей работе методом молеку-
лярной динамики выявлялись особенности структурных изменений поверхностных слоев кристалла железа при высокотемпературном 
воздейст вии. Выбор такого метода обусловлен тем, что рассматриваемые явления затруднительно изучать путем реальных экспериментов 
и прямых наблюдений. Условия компьютерного эксперимента были заданы таким образом, чтобы после прохождения точки температуры 
плавления в моделируемой системе происходил фазовый переход, при котором осуществляется отрыв частиц от поверхности жидкой 
фазы. В результате проведенного исследования выполнена оценка пороговой температуры эжектирования частиц и проведено иссле-
дование механизмов образования кластеров частиц. При нагреве происходит увеличение количества кластеров, а при охлаждении – 
его уменьшение, но при этом размеры кластеров увеличиваются, что свидетельствует о реализации механизма конденсации продуктов 
абляции. Дополнительно проведено исследование влияния внешнего давления на моделируемую систему частиц. Показано, что при 
увеличении давления количество кластеров уменьшается. 
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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 а0 = 2.855 Å, 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:

          (1)

where A = 0.68 is the absorptivity; q = 
= 3.5 ÷ 6.5 МW/cm2 is the energy density; λ = 80 W/(m·K) is 
the thermal conductivity coefficient; a = 2.621·10‒5 m2/s 
is the thermal diffusivity; τ = 10·10‒12 s is the exposure 
duration. 

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

     (2)

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

        (3)

 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-

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, b). The condensation 
mechanism of ablation products is realized in the consi-
dered model.

Fig. 1. Visualization of identified clusters after 10 (a) 
and 18 ps (b) of model time (q = 5 MW/cm2; 
сolor visualization matches sizes of clusters) 

Рис. 1. Визуализация идентифицируемых кластеров через 10 (а) 
и 18 пс (b) модельного времени (q = 5 МВт/см2; 

цветовая визуализация соответствует размерам кластеров)

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/cm2 (а ‒ c) 

(сolor visualization matches sizes of clusters) 

Рис. 2. Визуализация идентифицируемых кластеров через 20 пс 
модельного времени при плотности энергии лазерного 

излучения 3,5; 5,0 и 6,5 МВт/см2 (а ‒ c) 
(цветовая визуализация соответствует размерам кластеров)
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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 q = 3.5, 5.0, 
and 6.5 MW/cm2, 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. 

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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