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Аннотация. Проведено молекулярно-динамическое моделирование эволюции затравочных трещин в бикристаллах железа с наклонными 

границами зерен при одноосном растяжении. Показано, что процесс эволюции затравочной трещины можно разбить на четыре этапа. 
На первом этапе в интервале упругих деформаций затравочная трещина неподвижна, а напряжения увеличиваются по линейному 
закону, достигая максимального значения ~7,0 ГПа. При этом атомный объем и напряжения в вершине трещины перед ее раскрытием 
растут существенно быстрее, чем в среднем по образцу. На втором этапе трещина начинает распространяться в объем зерна. Процесс 
распространения трещины приводит к скачкообразному сбросу напряжения за счет релаксационных процессов в областях, прилегающих 
к берегам трещины, и эмиссии дефектов из вершины трещины. Достигнув границы зерен, трещина останавливается и затупляется. 
На третьем этапе трещина остается в границе зерен, а напряжения образца испытывают существенные осцилляции, что вызвано эмиссией 
различных дефектов как из границы зерен, так и из других интерфейсов. Эмиссия дефектов из вершины трещины может вызвать локальную 
миграцию границы зерен, которая представляет собой формирование изгиба на изначально плоской поверхности границы зерен. Когда из 
вершины трещины перестают испускаться дефекты, то напряжение и атомный объем в этой области быстро увеличиваются. На четвертом 
этапе трещина начинается распространяться во второе зерно. Обнаружено, что граница с большим углом разориентации зерен является 
более эффективным барьером, сдерживающим распространение трещины. Показано, что инициированию распространения затравочной 
трещины в материале всегда предшествует скачкообразный рост атомного объема и напряжений в вершине трещины. 
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Abstract. Molecular dynamic modelling of seed cracks evolution in iron bicrystals with inclined grain boundaries under uniaxial expansion was carried 

out. The process of seed crack evolution can be divided into four stages. At the first stage, in the interval of elastic deformations, the seed crack is 
stationary, and the stresses increase linearly, reaching a maximum value of ~7.0 GPa. At the same time, the atomic volume and stresses at the crack 
tip before its opening grow significantly faster than the average for the sample. At the second stage, the crack begins to spread into the grain volume. 
The process of crack propagation leads to an abrupt stress release due to relaxation processes in the areas adjacent to the crack banks and the emission 
of defects from the crack tip. After reaching the grain boundary, the crack stops and blunts. At the third stage, the crack remains in the grain boundary, 
and the sample stresses experience significant oscillations, which is caused by the emission of various defects both from the grain boundary and 
from other interfaces. The emission of defects from the crack tip can cause local migration of  the grain boundary, which is formation of a bend 
on the initially flat surface of the grain boundary. When defects cease to be emitted from the crack tip, the voltage and atomic volume in this region 
increase rapidly. At the fourth stage, the crack begins to spread into the second grain. It was found that a boundary with a large grain misorientation 
angle is a more effective barrier restraining crack propagation. Initiation of the seed crack propagation in material is always preceded by an abrupt 
increase in atomic volume and stresses at the crack tip. 
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 Introduction

Numerous studies have been dedicated to  investiga
ting the fracture behavior of iron at the microscopic level. 
The  primary research objective was to  ascertain how 
the  fracture processes in the  material are influenced by 
internal structural features such as defects, nanoparticles, 
and grain sizes [1 – 4], along with the application of vari-
ous loading schemes involving boundary conditions and 
loading rates [5], as well as different interatomic poten-
tials [6]. Grain boundaries (GBs) play an important role 
in initiating and propagating fractures within the  mate-
rial. The  interaction between cracks and grain bounda
ries is determined by several parameters, which can be 
categorized into two groups [7]. The first group encom-
passes the type and rate of the applied load, crack para
meters, in particular, length and distance from the crack 
to the grain boundary, which influence stress concentra-
tion at the  crack tip, serving as a driving force for dis-
location emission and motion. The second group comp
rises grain boundary parameters, defining the  resistance 
level to crack propagation. Two predominant models are 
commonly employed to describe the interaction between 
cracks and grain boundaries. The first model, developed 
and detailed in [8; 9], attributes the resistance of a grain 
boundary to  crack propagation solely to  the  orienta-
tion of  an adjacent grain. This orientation determines 
the  positions of  slip planes in the  second grain and 
the  emission of  dislocations in the  corresponding slip 
systems. In the second model  [10; 11], the slip plane in 
the adjacent grain is considered differently. Specifically, 
the crack must alter the slip plane in the mating grain as 
it crosses the grain boundary. This model introduces two 
additional parameters determining the  resistance value 
for crack propagation: the grain boundary surface energy 
characteristic of different types of grain boundaries and 
the grain boundary tilt angle concerning the surface.

Crack propagation and fracture represent intricate 
phenomena involving the  rupture of  atomic bonds and 
the emission of dislocations from the crack tip. The linear 
theory of elasticity posits that stress fields at the crack tip 
are singular [12]. Atomistic modeling of fracture processes 
offers a way to eliminate singularity and compute accu-
rate stress fields [13; 14]. In the context of brittle material 
under loading mode  I, we utilized molecular dynamics 
to  calculate stresses, local temperature at the  crack tip, 
and the emission of dislocations from the crack. Previous 
works [15; 16] demonstrated that the initiation of partial 

dislocations at the  crack tip under shear load is signifi-
cantly influenced by temperature. Additionally, loading 
modes  I, II, III, or their combinations in an iron single 
crystal markedly affect crack behavior  [13]. However, 
the plasticity at the crack tip is determined by the crystal-
lographic orientation of the sample.

For the  study of  fracture evolution in materials with 
a grain structure, it is crucial to identify specific features 
of  the  interaction between cracks and grain boundaries. 
Experimental investigation of  crack interaction in mate
rials with specific grain boundaries is challenging. Mole
cular dynamics, however, provides an effective method 
for exploring crack interaction with any grain boundaries. 
Despite its efficacy, there are limited studies on iron bicrys-
tals, with the  notable exception of  the  work  [17]. This 
study was devoted to the fracture resistance of symmetric 
tilt grain boundaries in iron bicrystals with a seed crack, 
revealing an inverse relationship between crack delay time 
at the grain boundary and the grain boundary energy.

The  aim of  the  present work is molecular dynamics 
modeling of  the  peculiarities of  interaction between 
cracks propagating in the brittle mode and tilt boundaries 
in iron bicrystals under uniaxial tension. We investigated 
the  influence of grain boundaries on the retardation and 
arrest of propagating cracks, peculiarities of grain boun
dary migration when interacting with the crack, as well 
as the  special features of  changes in the  excess atomic 
volume and stress at the crack tip during its evolution and 
interaction with grain boundaries in iron bicrystals.

 Методы исследования

The  simulated iron bicrystals comprised approxi-
mately 950,000 atoms and exhibited parallelepiped shapes 
with edge dimensions of 27×40×10 nm (Fig. 1). In Fig. 1, 
the edges of the grains on the right consistently followed 
the directions X [1 0], Y [210], Z [001]. Notably, the grain 
on the  left side of  the bicrystal was subjected to  a rota-
tion about the Z-axis, with angles of either 10 or 20°. In 
the  simulated samples, the  initial temperature was set 
at 10 K. Free surfaces were set along the X-axis, and perio
dic boundary conditions were applied along the  Z-axis. 
Non-deformable grips, consisting of three surface atomic 
planes with a normal along the Y-axis, were configured and 
moved in opposite directions along the Y-axis at 2.5 m/s 
each, simulating uniaxial tension in the sample. 

The interatomic interaction in iron was characterized 
by a multiparticle potential developed within the frame-
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work of the Finnis–Sinclair approximation of the embe
dded atom method [18]. The initial distribution of atomic 
velocities in the sample conformed to the Maxwell dist
ribution, with the  initial direction of  atomic velocities 
determined using a random number generator. The inte-
gration step was set at 1 fs. Atomic volumes were com-
puted based on the  construction of  Voronoi polyhedra. 
To identify local structural changes in the loaded sample, 
the  Common Neighbor Analysis pattern for each atom 
was employed [19]. The tilt angle of the local lattice rela-
tive to the axis [100] was determined using the Polyhedral 
Template Matching (PTM) algorithm [20]. Visualization 
of  the  simulated crystallite structure was accomplished 
using the OVITo software [21].

To compute the excess volume at the crack tip, a simu-
lated cylinder with a radius R = 1.2 nm was employed. 
The  crack tip was designated as one of  the  atoms 
on the  crack surface with the  maximum coordinate 
along the  X-axis, and the  cylinder’s axis aligned with 
the Z-axis. To determine the atomic volume at the crack 
tip, the cylinder was systematically shifted along the X- 
and Y-axes, covering a range from –R to  +R relative 
to the crack tip atom, with an increment of 0.1R. The total 
volume of  atoms within the  cylinder was calculated as 
the sum of Voronoi cell volumes, and the maximum value 
was selected. The  excess atomic volume was defined 

as the  disparity between the  Voronoi cell volume and 
the equilibrium atomic volume at the given temperature. 
The average excess volume at the crack tip was computed 
based on the excess volumes of atoms within the cylinder 
with the maximum volume. 

To calculate grain boundary around each atom, the tilt 
angle of  the  local lattice from the  X-axis was deter-
mined using the PTM algorithm. Atoms deviating from 
the chosen axis by more than half the value of the grain 
misorientation angle were considered part of the second 
grain, while the  remaining atoms constituted the  first 
grain. Through the  loading process, atoms transitioning 
from one grain to  another were identified. The  sample 
volume (dV) through which the grain boundary migrated 
relative to its initial position was determined as the total 
atomic volume of  these migrating atoms (Fig. 1, b). 
The parameter for GB migration in the X-axis direction 
was determined using the  formula: LGB = dV/SX where 
SX is the  cross-sectional area of  the  sample deformed 
by the plane perpendicular to the X-axis.

 Results of the crack behavior modeling

The stress-strain dependencies for bicrystals with mis-
oriented grain boundaries of 10 and 20° are presented in 
Fig. 2. Notably, the sample with a 20° grain misorientation 

Fig. 1. Initial structure of a Fe bicrystal with grain misorientation 10° (a) and structure of the sample deformed by 16.3 % (b) 
(green, blue and gray atoms have the nearest neighbors with FCC, BCC and uncertain symmetry, respectively; 

orange – atoms across which the grain boundary passes) 

Рис. 1. Исходная структура бикристалла железа с разориентацией зерен 10° (a) и структура образца, 
деформированного на 16,3 % (b) (зеленым, синим, серым и оранжевым показаны атомы с ГЦК, ОЦК, 

неопределенной симметрией ближайшего окружения и атомы, через которые проходит ГЗ)
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fractures at a considerably higher strain, approximately 
26 %. Despite the difference in fracture strain, the quali-
tative behavior of the curves for these two grain bounda
ries is generally similar. The deformation curves in Fig. 2 
reveal that the  crack propagation process in bicrystals 
unfolds in four distinct stages. Focusing on the detailed 
analysis of the fracture evolution in the sample with a 10° 
grain misorientation, the  first stage occurs in the  elas-
tic deformation range of  0 – 4.8 %. During this stage, 
the  seed crack remains stationary, and stresses increase 
linearly, reaching a maximum value of  around 7.0 GPa. 
The accumulated internal energy in this deformation range 
is sufficient to  rupture interatomic bonds at the  crack 
tip. Moving to  the  second stage, within the deformation 
range of  4.8 – 5.2 %, the  crack initiates propagation in 
the first grain. As the crack advances, a stacking fault is 
emitted from the  crack tip, reaching the  grain boundary 
ahead of  the crack (Fig. 3, а). The dislocation is emitted 
into the second grain from the portion of the grain boun
dary reached by the stacking fault. The process of crack 
propagation results in an abrupt release of  stress due 
to relaxation processes in the regions adjacent to the crack 
edges and the emission of defects from both the crack tip 
and the  grain boundary. Upon reaching the  grain boun
dary, the  crack comes to  a halt and undergoes blunting 
(Fig. 3, b, c). During the  third stage, the  crack remains 
within the  grain boundary, and the  sample stresses may 
undergo significant oscillations. These oscillations are 
attributed to  the  emission of  various defects from both 
the  grain boundary and the  free surface of  the  second 
grain (Fig. 3, c). Notably, the  emission of  defects from 
the crack tip during this stage leads to local grain bound-
ary migration in the  vicinity of  the  crack, as clearly 
depicted in Fig. 3, b and c. During the third stage of crack 

evolution, it is noteworthy that stresses distribute unevenly 
across the sample as interfaces emit a substantial number 
of defects. The overall sample stress tends to decrease with 
increasing strain. However, if defects cease to be emitted 
from the crack tip, the stress in this specific region starts 
to rapidly grow, contrary to the decreasing trend observed 
in the entire sample. The onset of the fourth stage involves 
crack propagation into the second grain (Fig. 3, d), leading 
to an abrupt release of stress throughout the entire sample. 
Importantly, it should be emphasized that a boundary with 
a significant grain misorientation angle acts as a more effec-
tive barrier, restraining crack propagation into the adjacent 
grain and resulting in larger strain values. 

Fig. 2. Stress-strain dependences for the samples  
with misoriented grain boundaries

10° (1) and 20° (2) 

Рис. 2. Зависимость напряжений от деформации  
для образцов с разориентацией границ зерен

10° (1) и 20° (2)

Fig. 3. Structure of the sample with grain misorientation 10° 
at the strains 4.57 (a), 4.83 (b), 8.75 (c) and 16.52 (d) 

(green, blue and gray atoms have the nearest neighbors 
with FCC, BCC and uncertain symmetry, respectively) 

Рис. 3. Структура образца с разориентацией зерен 10° 
при деформациях 4,57 (a), 4,83 (b), 8,75 (c) и 16,52 % (d) 
(зеленым, синим и серым показаны атомы с ГЦК, ОЦК 
и неопределенной симметрией ближайшего окружения 

соответственно)
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The  simulation results demonstrate a clear correla-
tion between changes in crack length and variations in 
stress and volume at the crack tip, as illustrated in Fig. 4. 
The  distinct stages of  crack opening are evident, with 
the crack propagating in discrete steps within the simu-
lated bicrystal. It’s important to  note that the  stress 
release and subsequent increase during the  first stage 
of  crack evolution are associated with the  nucleation 
and growth of a twin at the crack tip. The atomic volume 
experiences a rapid increase during the  first stage, rea
ching an absolute maximum just before the  crack ope
ning (Fig. 4). The  crack opening during the  second 
stage results in a sharp drop in atomic volume and an 
abrupt stress release. In the  third stage, a flat region on 
the curve is observed, reflecting the dependence of crack 
length on stress at a strain of approximately 9.0 %. This 
is associated with the crack opening along the boundary 
of a small twin formed near the grain boundary. Before 
the  onset of  the  fourth stage, both atomic volume and 
stresses at the crack tip increase rapidly and then decrease 
as the crack opens into the second grain. 

The simulation results further reveal that the  interac-
tion of the crack with the grain boundary initiates active 
migration of the latter (Fig. 5). This migration is most pro-
nounced in a narrow strain range from 4.5 to 4.6 %, during 
which the distance between the crack and the grain boun
dary diminishes from several lattice constants to zero. In 
this case, the  grain boundary undergoes substantial cur-
vature, with the portion above the crack plane migrating 
towards the  first grain, while the  part below it shifts in 
the opposite direction (Fig. 1, b). As the strain approaches 
8.5 %, when the crack remains within the grain boundary, 
migration slows down significantly. The  abrupt crack-
ing of  the  grain boundary caused by crack propagation 

at 8.5 % results in the  migration of  the  grain boundary 
back towards its initial position. The  grain boundary 
migration parameter exhibits oscillations, correspon
ding to  the emission of structural defects from the grain 
boundary (Fig. 5). The  growth rate of  structural defects 
is highest when the crack tip approaches the grain bound-
ary in the strain range of 4.0 – 4.5 % (Fig. 6). The grain 
boundary migration induced by the interaction with cracks 
is consistent with experimental findings obtained through 
transmission electron microscopy [22; 23]. 

 Conclusions

The  calculations have revealed that grain boun
daries with a larger angle of  misorientation in the  iron 
bicrystal significantly retard crack propagation, leading 
to  a prolonged presence of  cracks in the  intergranular 

Fig. 4. Dependences of stress (1) and atomic volume (2) 
at the crack tip and length (3) on tensile strain 
for the sample with grain misorientation 10°

Рис. 4. Зависимости напряжения (1), атомного объема (2) 
в вершине трещины и длины трещины (3) 

от величины растяжения для образца с разориентацией зерен 10°

Fig. 5. Dependence of grain boundary migration parameter (1) 
and crack length (2) on strain

Рис. 5. Зависимость параметра миграции ГЗ (1) 
и длины трещины (2) от деформации

Fig. 6. Dependence of fraction of atoms in structural defects (1) 
and crack length (2) on strain

Рис. 6. Зависимость доли атомов, принадлежащих различным 
дефектам структуры (1), и длины трещины (2) от деформации
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region. In a bicrystal with a greater grain misorienta-
tion, the crack propagates a considerable distance along 
the  grain boundary before transitioning into  the  second 
grain. It  was observed that the  initiation of  seed crack 
propagation in the  material is consistently preceded 
by an abrupt increase in atomic volume and stresses 
at  the  crack tip. The  commencement of  crack propaga-
tion invariably results in a sharp decrease in stress and 
atomic volume at the crack tip in the simulated bicrystals. 
Following the arrest of the crack by the grain boundary, 
both atomic volume and stress at the crack tip experience 
a subsequent increase. The  interaction of  the  propagat-
ing crack with the grain boundary induces the migration 
of the grain boundary. Notably, grain boundaries exhibit 
the most active migration when the crack tip region is in 
contact with the grain boundary, particularly in the strain 
range where the crack tip comes in contact with the grain 
boundary. 
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