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Аннотация. Проведено молекулярно-динамическое изучение механизмов миграции наклонных симметричных границ ∑5(210)[001] 

и ∑5(310)[001] в бикристаллических образцах Fe – 10Ni – 20Cr при радиационном облучении. Плотность радиационных дефектов растет 
достаточно быстро вплоть до дозы ~0,02 сна и затем выходит на насыщение. Это обусловлено уравновешиванием скоростей генерации 
и аннигиляции радиационных дефектов. Показано, что на ранней стадии облучения границы зерен начинали стохастически отклоняться 
от исходных положений вследствие взаимодействия с каскадами атомных смещений и поглощения дефектов структуры. В процессе 
облучения область границ зерен утолщалась и становилась шероховатой. С ростом дозы облучения увеличивались размеры кластеров 
точечных дефектов (тетраэдов дефектов упаковки и дислокационных петель). Взаимодействие с крупными кластерами точечных дефектов 
привело к образованию изгибов на изначально плоских поверхностях границ зерен. При малых расстояниях между границами высокая 
движущая сила между изогнутыми поверхностями существенно увеличивала скорости сближения границ зерен. Показано, что средние 
скорости миграции границ зерен до их непосредственного взаимодействия друг с другом составляли примерно 0,8 м/с. В результате 
сближения границы зерен аннигилировали, потенциальная энергия образца скачкообразно уменьшилась, и зерна объединились. Для 
аннигиляции границ зерен ∑5(310)[001] потребовалась в два раза большая доза облучения по сравнению с границей зерен ∑5(210)[001]. 
Непосредственное взаимодействие границ зерен друг с другом скачкообразно увеличивает скорости их миграции из-за возникновения 
движущей силы со стороны изогнутых участков поверхностей границ зерен. Изучено влияние дозы радиационного облучения на особен-
ности деформационного поведения образцов при одноосных растяжениях. Показано, что с ростом дозы облучения предел упругости 
быстро понижается и выходит на насыщение при дозе облучения ~0,01 сна. 
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миграция межзеренных границ
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Abstract. Mechanisms of ∑5(210)[001] and ∑5(310)[001] symmetrical tilt grain boundaries migration in bicrystall Fe – 10Ni – 20Cr samples under irra-

diation were investigated by means of molecular dynamics method. The density of radiation defects grows quite quickly up to a dose of ~0.02 dpa 
and then reaches saturation. This is due to balancing of the radiation defects generation and annihilation rates. It is shown that at the early stage of 
irradiation, grain boundaries began to deviate stochastically from their initial positions due to interaction with cascades of atomic displacements and 
absorption of structural defects. During irradiation, the grain boundary region thickened and became rough. With an increase in the radiation dose, 
size of the clusters of point defects (tetrahedrons of stacking faults and dislocation loops) increased. Interaction with large clusters of point defects 
led to the formation of bends on initially flat surfaces of grain boundaries. At small distances between the boundaries, the high driving force between 
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 Introduction

One of effective ways to enhance radiation resistance 
of materials is to form various kinds of interfaces [1 – 3]. 
The interfaces such as grain boundaries can accumulate 
a considerable part of defects generated during irradia-
tion. Irradiation of nanocrystalline Ni and Cu samples 
showed that their grain boundaries are the main sink for 
radiation defects, which significantly reduces the den-
sity of structural defects compared to coarse-grained 
analogs [4]. The authors of [5] applied the molecular 
dynamic approach to show that grain boundaries actively 
absorb interstitials generated by atomic displacement 
cascades, and a significant number of vacancies remain in 
the bulk. Later, the excessive interstitials leave the grain 
boundaries, returning to the bulk where they enhance 
the recombination with vacancies. The experimental 
study of the ion-irradiated nanocrystalline gold revealed 
thermal instability of the generated defects caused by 
a high density of grain boundaries [6]. The works [7; 8] 
investigated the peculiarities of grain boundaries interac-
tion with radiation defects at the microscopic level. It is 
noted that grain boundaries segregate in their region their 
own interstitials, which are characterized by higher mobi-
lity compared to vacancies and pores. However, the issues 
related to the grain boundaries absorbing defects with 
low mobility require additional research.

High-temperature heating of materials in the nuclear 
reactor zone significantly accelerates the recrystalliza-
tion process based on the migration of boundaries [9; 10]. 
To contain this process, it is important to investigate 
the mechanisms of interaction of radiation-induced struc-
tural defects with moving grain boundaries. The grain 
boundary migration controls the evolution of the mate-
rials microstructure. The driving forces behind grain 
boundary migration can have different physical nature, 
which can be related to the anisotropy of elastic energy, 
inhomogeneous density of defects and impurities, tem-
perature gradient, and curvature of the grain boundary 
surface [11]. These driving forces are often considered 
in experimental and numerical studies of grain boundary 
migration and recrystallization of polycrystalline mate-
rials [12 – 14]. 

Bicrystalline samples are a reasonable alternative 
for investigating the behavior features of individual 
grain boundaries under various types of external influ-
ences, both in experiments and in simulations [15 – 18]. 
In the absence of external influences and internal 
energy gradients, the migration of grain boundaries 
has the nature of random walk [18]. The effect of irra-
diation on the mobility of grain boundaries is a scientific 
challenge, which should be addressed to reveal the mech-
anisms of radiation-stimulated grain growth.

We investigated the mechanisms of grain boundary 
migration in bicrystal Fe – 10Ni – 20Cr samples with 
∑5(210)[001] and ∑5(310)[001] symmetrical tilt grain 
boundaries during irradiation and also the effect of radia-
tion dose on the nucleation and development of plasticity 
in these samples under uniaxial tension.

 Research method

The simulated Fe – 10Ni – 20Cr alloy samples con-
tained two ∑5(210)[001] or ∑5(310)[001] symmetrical 
tilt grain boundaries and were parallelepiped-shaped with 
ribs sized at 12×24×12 nm. The gamma-surface minimi-
zation algorithm [19] was used to determine the optimal 
configuration of the grain boundary. The initial temper-
ature of the samples was 950 K. The interatomic inter-
action in the material was described by the many-body 
potential, which enables to correctly simulate atomic 
displacement cascades in the sample [20]. The atoms 
velocity distribution in the initial samples corresponded 
to the Maxwell distribution, and their initial direction was 
set using a random number generator. To speed up the cal-
culation, the integration step was changed dynamically, 
the maximum atom displacement not exceeding 0.5 pm. 
The integration step for given loading conditions and tem-
perature varied between 2·10–18 and 3·10–16 s. To simulate 
irradiation, a sequence of atomic displacement cascades 
was generated in the samples with the primary knocked-
on atom energy of 10 keV. The primary knocked-on atom 
and the initial direction of its displacement were chosen 
using a random number generator. The primary knocked-
on atom was always an iron atom. To estimate the accu-

the curved surfaces of grain boundaries significantly increased the rates of their approach. The average migration rates of grain boundaries before 
their direct interaction with each other were approximately 0.8 m/s. As a result of their approach, the grain boundaries were annihilated, the potential 
energy of the sample decreased abruptly, and the grains merged. The annihilation of ∑5(310)[001] grain boundaries required twice the radiation dose 
compared to the ∑5(210)[001] grain boundaries. The direct interaction of grain boundaries with each other abruptly increased the velocity of their 
migration due to the emergence initiation of a driving force from the curved sections of the grain boundary surfaces. Influence of the radiation dose 
on deformation behavior features of the samples under uniaxial strains was studied. With an increase in the radiation dose, the elastic limit decreased 
rapidly and reached saturation at an irradiation dose of ~0.01 dpa. 
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mulated radiation dose in the approximation of NRT 
theory, the threshold displacement energy was set equal 
to 40 eV, which is commonly used for iron and iron-based 
alloys [21]. After generation of the atomic displacement 
cascade, the system was relaxed for 10 ps and cooled 
by the thermostat to the initial temperature for 5 ps before 
generation of the next atomic displacement cascade. 
Mechanical loading was set by tension perpendicular 
to the grain boundary plane at a constant velocity of 5 m/s 
by scaling the atomic coordinates and the size of the sim-
ulated cell. As for the other directions, the system was 
deformed so that zero pressure could be maintained in 
each of these directions. Periodic boundary conditions 
were modeled in all directions. The simulation was per-
formed using the LAMMPS computational package [22]. 
To identify local structural changes in the loaded sample, 
the Common Neighbor Analysis pattern for each atom 

was used [23]. The OVITo software was used to visualize 
the structure of simulated crystallites [24].

 Calculation results

With the onset of irradiation, the simulated samp le starts 
accumulating radiation-induced damage of the structure. 
The number of radiation defects grows quite rapidly 
up to a dose of ~0.02 dpa and at this value the radia-
tion defect density reaches saturation. During irradiation, 
the growth of the potential energy of interatomic interac-
tion gradually slows down (Fig. 1). At doses higher than 
0.02 dpa, the rates of generation and annihilation of radi-
ation defects equalize and the curves in Fig. 1 reach satu-
ration. During irradiation, the grain boundaries grow 
thicker, and their initially flat surfaces develop roughness 
and curves. Fig. 2 presents the results of calculations 

Fig. 1. Potential energy vs radiation dose for the samples with different grain boundaries

Рис. 1. Изменение потенциальной энергии образцов с различными границами зерен в зависимости от дозы облучения

Fig. 2. ∑5[210](001) (1) and ∑5[310](001) (2) grain boundary location vs radiation dose

Рис. 2. Изменение положения границ зерен ∑5[210](001) (1) и ∑5(310)[001] (2) в зависимости от дозы облучения
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Fig. 3. ∑5[210](001) grain boundary and radiation defects for different radiation doses 
(atoms with hcp and uncertain local structure are marked in red and grey, respectively; other atoms are invisible) 

Рис. 3. Границы зерен ∑5(210)[001] и радиационные дефекты для различных доз облучения 
(красным и серым цветами показаны атомы с ГПУ и неопределенной структурой 

ближайшего окружения соответственно, остальные атомы невидимы)

of grain boundary positions in the simulated bicrystals. 
We can clearly see that the grain boundary movement is 
of a stick-slip nature. In addition, the curves presented in 
Fig. 2 feature irradiation intervals when grain boundaries 
moved both towards each other and in the opposite direc-
tion. At the same time, the trend towards their mutual 
approach is obvious. The impact of such processes as 
the generation and development of atomic displacement 
cascades, the cascades distance from grain boundaries, 
thermally activated defect diffusion, and the interac-
tion of grain boundaries with various radiation defects 
in the structure, on the migration of grain boundaries 
accounts for these features [25]. 

The evolution of the unirradiated sample for more than 
200 ns at a temperature of 950 K shows that the grain 
boundaries do not shift. This indicates that the rate 
of thermally activated migration of grain boun da ries in 

the sample is significantly lower than that of the radiation-
stimulated one. Irradiation of the sample causes radia-
tion-stimulated migration of grain bounda ries, du ring 
which their structure changes, which can be clearly seen 
in Fig. 3. The structure of the grain boun daries alters 
due to the interaction and absorption of vario us radia-
tion defects. Fig. 3 shows the structure of grain boundaries 
and large clusters at different radiation doses. The majo-
rity of large clusters represent tetrahedrons of stacking 
faults. At a radiation dose of 0.129 dpa (Fig. 3, a), grain 
boundaries slightly shifted from the initial position, but 
their initially flat surfaces locally curved due to the inter-
action with large clusters located nearby. Fig. 2, a shows 
that the distance between the boundaries could both 
increase and decrease during irradiation. The direc-
tion of grain boundary displacement was determined 
by attraction to large clusters formed randomly on one 
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or the other side of the grain boundary surface. Note 
that elastic forces acting between the clusters of point 
defects and grain boundaries account for mutual attrac-
tion between them [26]. At a radiation dose of 0.290 dpa, 
the surfaces of the grain boundaries curved locally 
toward each other due to the joint attraction to a large 
cluster formed in the region between the grain bounda-
ries (Fig. 3, b). The distance between the curved surfaces 
became sufficient for the grain boundaries to interact and 
rapidly approach each other (Fig. 3, c). The calculations 
showed that the average migration rates of grain boun-
daries before their direct interaction with each other were 
approximately 0.8 m/s. The interaction of the curved 
surface regions boosted the rate of the grain boundary 
migration by about an order of magnitude. After the grain 
boundaries approached and merged, they annihilated 
(Fig. 3, d), which caused a drastic fall in the potential 
energy of the simulated sample (Fig. 1). 

The calculations showed that the mechanisms of grain 
boundary migration changed during irradiation. Thus, at 
an early stage, up to a radiation dose of about ~0.01 dpa, 
grain boundaries increased their mobility compared 
to unirradiated ones due to the interaction with atomic 
displacement cascades and absorption of radiation 
defects. At this stage, migration manifested by chaotic 
oscillations of grain boundary surfaces. As the radiation 
dose increased, larger and larger clusters began to form 
in the sample, interaction with which led to accele-
rated migration of grain boundaries. At the same time, 
the migration rate of grain boundaries accelerated and 
they shifted further relative to their initial positions. 
In this interval of radiation doses, the grain boundary 
migration transformed from chaotic oscillations of local 
surface areas into displacement of surfaces as a whole. 
As a result, the grain boundaries deviated significantly 
from their initial positions. When the distance between 
grain boundaries became less than 4 nm, the grains began 
to interact directly with each other. At the same time, 
the rate of their migration spiked due to the high driv-
ing force from the curved surfaces of grain boundaries. 
A bicrystal with ∑5(310)[001] grain boundaries behaves 
similarly under irradiation. However, in this case, twice 
the radiation dose was required for grain boundary anni-
hilation (Fig. 2). 

We investigated the behavior features of samples 
irradiated to different doses under uniaxial tension. 
The calculations showed that the mechanical properties 
of the sample, to a large extent, depend on the radia-
tion dose, which determines the degree of the sample 
radiation-induced damage. The deformation behav-
ior showed the following general trend: the growth 
of the radiation dose was accompanied by rather rapid 
decrease in the samples elastic limit (Fig. 4, a), the value 
of which reaches saturation at doses exceeding 0.01 dpa 

(Fig. 4, b). At the given radiation dose, the density and 
sizes of the formed radiation defects minimized the value 
of energy barriers for the emergence and propaga-
tion of stacking faults – the main carriers of plastic defor-
mation in the simulated material. Note that the elastic 
limit reaches saturation at a lower radiation dose than 
that at which the processes of generation and annihila-
tion of radiation defects reach balance. Deviations from 
the elastic limit average value at higher radiation doses 
were caused by peculiarities of the internal structural 
changes, primarily related to changes in the configura-
tion and distribution of the large clusters and disloca-
tion loops. These changes in the defect system were sto-
chastic in nature (Fig. 4, b). 

Fig. 4. Stress-strain dependence under uniaxial tension for different 
radiation doses for the sample with the ∑5(210)[001] grain 
boundary (a). Elastic limits vs radiation dose for samples 

with different types of grain boundaries (b):
1 – before radiation; 

2 – 6 – 10, 50, 100, 150 and 250 cascades, respectively; 
7 – ∑5(310)[001] ; 8 – ∑5(210)[001] 

Рис. 4. Зависимости напряжений от величины деформации 
при одноосном растяжении для различных доз облучения образцов 
с границами зерен ∑5(210)[001] (а); зависимость предела упругости 
от дозы облучения для образцов с различными границами зерен (b):

1 – до облучения; 
2 – 6 – 10, 50, 100, 150 и 250 каскадов соответственно; 

7 – ∑5(310)[001] ; 8 – ∑5(210)[001]
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 Conclusions

The simulation results showed that the migra-
tion mechanisms of symmetrical tilt grain bounda-
ries in Fe – 10Ni – 20Cr bicrystal change during irra-
diation. At low radiation doses, the migration of grain 
boundaries is manifested by stochastic deviations from 
the initial positions. This is attributed to the interac-
tion of grain boundaries with atomic displacement cas-
cades and absorption of mobile defects in the structure. 
Higher radiation doses cause formation of large clusters, 
interaction with which boosts the migration rate of grain 
boundaries and enhances local curvature of their sur-
face. The driving force behind the migration of grain 
boun daries is their elastic interaction with large clusters. 
As the radiation dose increases further, grain boundar-
ies tend to approach each other even more, which results 
in their annihilation. The migration rate spikes when 
the boundaries start interacting with each other. The dri-
ving force behind the migration is attributed to the strong 
mutual attraction between the nearby curved regions 
of the grain boundaries.

The calculations showed that the elastic limit 
of the simulated alloy drops rather rapidly, as the radia-
tion dose grows up to 0.01 dpa, and then reaches satu-
ration. With further irradiation, the elastic limit slightly 
deviates from the mean value. It is found that the elastic 
limit reaches saturation at a lower radiation dose than that 
at which the density of surviving radiation defects reaches 
saturation. This is because the lower radiation dose mini-
mizes energy barriers required for the nucleation and 
development of plastic deformation in the material under 
study.
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