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ics study of the trans-grain
extension behavior of crack tips under synergistic
effects

Jinjie Zhou, *ab Tianyu Zhangab and Jinchuan Shenab

In this paper, the trans-grain extension behavior of crack tips is investigated. The crack propagation

mechanism of BCC-Fe model of single and combination orientation under type I loading was studied by

molecular dynamics method. It is found that crystal orientation has an important effect on the activation

and evolution of crack growth. The propagation mechanism of each orientation in the combination

model works together to control the propagation behavior of the crack. The results show that the

combination of brittle cleavage and grains with weak ductility exhibits better ductility expansion. For the

combination of strong ductility and weak ductility, the ductility behavior decreases, which will seriously

harm engineering safety. The limiting effect of combination orientation can enhance the toughness of

crack propagation. Stress concentration and shear bands are easy to form along the single layer twin,

and the formation of slip bands in the weak toughness orientation reduces the crack propagation

toughness behavior of the combined model.
1. Introduction

Steel material, with its excellent mechanical properties and cost
effectiveness, occupies an irreplaceable position in modern
industry. Steel plays a crucial role in the construction of
building structures, bridge engineering, mechanical
manufacturing, and transportation, all of which are indis-
pensable for modern infrastructure. However, iron and steel
materials will inevitably suffer from various external loads and
environmental factors during use, which may lead to cracks
inside the material. The initiation and propagation of cracks is
one of the main forms of material failure, which poses a serious
threat to the safety and service life of structures. The crack
propagation behavior can measure the fracture behavior of the
metal to a large extent, especially the deformation mechanism
of the crack tip region.

As commonly used structural materials, metal components
oen face large deformation or serious corrosion in the service
environment due to high pressure and temperature, resulting in
deformation and fracture. Crack generation and propagation is
one of the main forms of material failure, which poses a serious
threat to service safety. Many scholars have studied the fracture
behavior of body-centered cubic metals, so industrial pure iron
as a typical body-centered cubic metal has been widely studied.
Tomoki Shinko1 extended a discussion of the experimental
iversity of China, Taiyuan, 030051, P. R.

ment Technology in Harsh Environment,

, China

34213
results and literature on the effect of high-pressure gaseous
hydrogen on crack growth in industrial pure iron. The results
show that, at low DK values, it is characterized by slow crack
growth enhancement and an almost complete intergranular
pattern. In the high acceleration state, the quasi-cleavage failure
mode is characterized by the formation of thick stripes.
Mughrabi2 conducted TEM characterization of the deformed
single crystal Fe and observed the dislocation wall and cell
structure dominated by edge dislocation. Cooper et al.3 studied
the crack growth form of polycrystalline pure iron. They found
that microcracks were generated at the slip zone, and the frac-
ture form was trans-granular fracture when the plastic strain
amplitude was lower than 5 × 10−4. The fracture form is
intergranular fracture when the plastic strain amplitude is
higher (>5 × 10−4). Yanagimoto et al.4 showed that the local
stress during crack propagation remained unchanged even
under different applied stress, crack velocity and temperature
conditions. This provides experimental evidence that local
fracture stress can properly express cleavage crack propagation
resistance. Yuhei Ogawa5 used multi-scale observation tech-
niques to study the effect of hydrogen on the plastic deforma-
tion behavior of pure iron near the fatigue crack tip. The
analysis results show that the addition of hydrogen greatly
reduces the evolution of dislocation structure around the frac-
ture path, and the plastic ow in the crack tip region tends to be
localized.

There have been a lot of studies on the microstructure of
dislocation, macroscopic stress and strain, and fracture
behavior of industrial pure iron aer deformation and fracture,
but there are still insufficient studies on fracture mechanisms at
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the microscopic level. In many previous studies, a large number
of studies have been conducted on different length scales to
explore the path of crack growth and the damage mechanism.
Many methods based on continuum mechanics, such as the
nite element method (FEM)6,7 and the extended nite element
method (XFEM),8,9 have been used to understand crack propa-
gation on a microscopic or macroscopic scale. For example,
G. V. Stepanov et al.10 used a regular nite element model to
study the development of central cracks in tension metal rods.
The results show that this method can qualitatively track crack
development and represent some experimentally observed
effects, such as progressive crack development in metals. Ma
et al.11 carried out nite element analysis on the tensile test of
metal materials with holes and defects based on the exponential
CZM method. The results show that the bonding zone model
(CZM) can effectively avoid the singularity problem of crack tip
stress, clearly show the crack growth path, and get the crack
growth rule under constant load. Vatne et al.12 have carried out
a quasi-continuous simulation of three-dimensional edge
cracks in single crystal BCC-Fe. The effects of thickness and
crystal orientation on edge crack growth under I, II, and III
loading modes were investigated. It is observed that the prop-
agation type of crack depends on the loading mode and crystal
orientation, and the crack propagation mechanisms include
twin, BCC-FCC phase transition, hole formation, and disloca-
tion emission. However, the method of continuum mechanics
cannot satisfy the observation of fractures at the atomic scale,
nor is it suitable to solve the microscopic mechanism of crack
propagation. As a result, molecular dynamics (MD) has become
one of the most widely used methods for studying the funda-
mental mechanisms of material deformation, damage, and
fracture behavior at the atomic scale.

It has been observed experimentally that the {100} plane
cracks most oen, while the {110}, {112}, and {123} planes
crack.13 Many researchers have used the molecular dynamics
method to explore the relationship between crystal orientation,
crack propagation path, and mechanism of the BCC-Fe single
crystal. Vatne et al. studied the fracture behavior of BCC-Fe
through multi-scale simulation. The results show that the
crack propagation mechanism and the critical stress intensity
factor KIC are very sensitive to crystal orientation and boundary
conditions.14 Prahl et al.15 conducted fracture experiments on
four kinds of Fe–3wt%Si samples at room temperature and
simulated the crack growth process of BCC iron crystal orien-
tation and edge cracks bymolecular dynamics. The results show
that the deformation of Fe–3wt%Si single crystal mainly occurs
in the h111i {112} system twin and dislocation slip. Guo et al.16

used molecular dynamics simulation to study the crack growth
behavior of BCC-Fe at different strain rates and temperatures.
The crack tip will undergo phase transition and recrystallization
when there is a sufficiently high stress concentration. The
mechanism of nucleation and phase transition of new crystals
is discussed. For {110} h110i and {111} h110i cracks, a phase
transition from the BCC structure to the typical close-packed
hexagonal structure was observed, and new grain nucleation
was formed at the crack tip.17 Ersland et al.18 used the molecular
dynamics method to conduct an atomic simulation of coin-
© 2024 The Author(s). Published by the Royal Society of Chemistry
shaped embedded cracks in BCC iron. The results show that
the original circular crack geometry changes gradually aer
loading, which is related to the crystal orientation. This new
geometry generally favors the emission of dislocation rings
rather than unstable fractures. Paul et al.19 used the molecular
dynamics method to conduct an atomic simulation of four
different orientation cracks in body-centered cubic single
crystal iron. The results show that the crystal orientation has an
important inuence on the activation and evolution of the crack
growth mechanism. Kryzhevich20 used the molecular dynamics
simulation method to study the localization of the excess
atomic volume region in the process of edge crack propagation
with different orientations in a BCC iron single crystal under
uniaxial tensile conditions. The results show that the crack tip
always forms a region with excess atomic volume, and the
behavior of this region is not the same when it is brittle and
ductile. Zhao21 used molecular dynamics simulation and stress
analysis to study the asymmetric propagation mechanism of
cracks in BCC-cast iron. The results show that the slip charac-
teristics of atoms on both sides of the same crack tip are
different due to the asymmetric distribution of atoms. Similarly,
many researchers have explored the behavior of crack growth at
the interface between grain boundaries and cracks. Zhao et al.22

studied the atomic-scale behavior of crack growth in nano-
crystalline BCC iron by molecular dynamics. The results show
that cracks rather than grain boundaries play a major role in the
engineering stress–strain behavior, and the crack propagation
of nanocrystalline BCC iron is dominated by asymmetric
behavior. Zhao23 observed grain boundary elimination before
the crack tip of two BCC iron twin crystals under type I loading
by molecular dynamics simulation. According to the mecha-
nism of grain boundary elimination, the conditions of grain
boundary elimination were proposed, and all special grain
boundaries were obtained. Zhao24 studied the effect of the
orientation of BCC iron along symmetrically inclined coherent
and non-coherent S3 grain boundaries (GBs) on intergranular
fracture behavior. The results show that the intergranular crack
on eutectic S3 GBs is mainly ductile propagation, while the
intergranular crack on non-eutectic S3 GBs is mainly brittle
propagation. Kedharnath25 studied the interaction between
cracks and grain boundaries in a-Fe. The results show that the
S3 grain boundary conguration has higher tensile strength
and the S11 grain boundary conguration has lower tensile
strength.

Cracks in components are oen accumulated from the
nanometer level to the micron level, until the millimeter level
can be effectively monitored. The crack size in the late stage of
crack propagation is much larger than the grain size of the
material, which is a serious hidden danger to the safety of the
project. Crack propagation occurs in a variety of ways across
several grains in the material. Examples include ductility
patterns due to cavity nucleation, growth, and coalescence,
brittleness patterns due to cleavage, or mixed brittleness and
ductility patterns. The geometric evolution of the trans-granular
crack tip and the mechanism of crack growth are the focus of
this paper. Therefore, in this paper, the crack growth behavior
of four orientations in BCC iron is compared by molecular
RSC Adv., 2024, 14, 34202–34213 | 34203
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dynamics method, and four different crystal orientations are
considered: (010) [101], (1�10) [001], (011�) [011], and (010) [001].
Considering that the grain environment at the crack front is not
uniform, combination models are established on the basis of
single crystal crack propagation. The synergistic effect of grain
orientation on crack propagation was studied. The crack
geometric evolution and crack propagation of different combi-
nations are the main research directions of this work.
2. Model and method

All MD simulations in this paper were carried out in LAMMPS,26

and the EAM potential function given by Liyanage et al.27 was
selected for the interaction between iron atoms. In this study,
for BCC iron single crystals with different orientations, the
initial size is selected as 400 Å × 200 Å × 40 Å, where the lattice
constant is 2.855 Å. The box contains about 300 000 iron atoms.
The initial crack length is 30 Å and the width is 14 Å. For the
selection of boundary conditions, free boundary conditions are
selected for the X direction (crack propagation direction), and
periodic boundary conditions are selected for the Y direction
and the Z direction.28,29 Four crack growth models with different
crystal orientations were established, namely: (010) [101], (1�10)
[001], (011�) [011], and (010) [001]. The BCC iron single crystal
model is referred to asModel-1, Model-2, Model-3, andModel-4,
respectively, and the combined model is referred to as Model-
12, Model-13, Model-14, Model 23, Model-24, and Model-34,
respectively, as shown in Fig. 1. In order to study the syner-
gistic effect of different crystal orientations on the crack prop-
agation mechanism of BCC iron single crystal, four basic
orientation models were arranged and combined.

The conjugate gradient method (CG) was used to minimize
the energy of the initial structure of the BCC iron single crystal
and the combined model. The velocity Verlet algorithm30 was
used to integrate the motion equation, and the time step was 1
fs. In order to obtain a stable structure, the BCC iron single
crystal model and the combined model were relaxed at
a temperature of 300 K by 20 ps and 40 ps, respectively. Aer
relaxation, the BCC iron single crystal and the combined model
undergo uniaxial deformation at a constant strain rate of 108

s−1 in the y direction.31–33 The NVT ensemble was used to
simulate the crack propagation of the BCC iron single crystal
and the combined model. The CNA method34 is used to visu-
alize defects in the crystal phase. In this study, face-centered
cubic atoms (FCC), body-centered cubic atoms (BCC), and
Fig. 1 (a) Schematic diagram of the BCC iron single crystal model; (b) s

34204 | RSC Adv., 2024, 14, 34202–34213
other atoms (usually present at the interface or at the disloca-
tion core) are painted green, blue, and white, respectively.
Visualization tool (OVITO)35 for visualization and analysis of
deformation mechanisms (dislocation and twin types). The
atomic strain is done by the Atomic strain36 option in OVITO,
and then the computed shear strain is colored as input using
the Color coding option. To identify the types of dislocation
lines and Burgers vectors during microstructure evolution, the
dislocation analysis (DXA) option in OVITO was used to deter-
mine the dislocation lines within the crystals37 and their
Burgers vectors.
3. Results and analysis
3.1 Crack propagation behavior of four basic models

The crack growth of Model-1 on the {001} plane as shown in
Fig. 3(a). The stress–strain curve of Model-1 during the crack
growth process is shown in Fig. 2. Before the yield point is
reached, the stress–strain curves show a linear relationship, and
elastic deformation occurs in the model. The model reaches the
yield point when the strain is 5.17%, and the stress suddenly
drops aer reaching the maximum. At this time, a plastic zone
appears at the crack tip, as shown in Fig. 4(b). The region with
the highest stress concentration at the crack tip transforms to
FCC structure when Model-1 reaches yield stress. Cells in the
catalytic cracking region are shown in Fig. 3(a). For the initially
arranged BCC, the out-of-plane vector is [101], and for the FCC
region, the out-of-plane vector is [001]. The CNA showed that
FCC structure appeared at the crack tip, and the angle from the
crack plane was about 35.3°. A rapid twin transition occurs in
the plastic zone when the strain is 5.49%, as shown in Fig. 4(c).
Twinning occurs in the (121) plane, which is consistent with the
expected twin/slip plane of BCC. The cracks propagate along the
twin boundary, while the twin layer undergoes expansion as the
strain increases. Therefore, the rapid transition and continuous
expansion of twins are the main reasons for the crack propa-
gation mode. The crack breaks along the boundary of the model
when the strain is 31.4%, as shown in Fig. 4(d). The results show
that the crack growth of Model-1 is brittle cleavage, which is
determined by the twinning mode under this orientation.

Model-2 crack growth was observed in the {011} plane as
shown in Fig. 3(b). The elastic stage of the stress–strain curve of
crack growth in Model-2 is similar to that of Model-1, but the
stress rapidly decreases to zero aer yielding, as shown in Fig. 2.
The microscopic evolution process of crack growth is shown in
chematic diagram of the BCC iron single crystal combination model.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Close-up of crack tips of four single crystal models.

Fig. 2 Stress–strain curve of single orientation.

Fig. 4 Crack propagation process of Model-1. The color of the atoms is
and white is the atom of unknown structure.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5. Before and during the crack extension, there appeared
FCC regions nearly perpendicular to the crack surface, which
was caused by the stress relaxation at the crack tip. The FCC
zone rst appears when the pre-yield strain is 4.99%, as shown
in Fig. 5(a). The plastic zone of the crack tip increases when the
strain is 6.41%. The crack tip expands rapidly, and the stress–
strain curve decreases rapidly when the strain is 6.99%, as
shown in Fig. 5(c). Themodel breaks along the cleavage of plane
(1�10) as the loading continues when the strain is 7.49% as
shown in Fig. 5(d). The results show that Model-2 is character-
ized by brittle cleavage without dislocation emission and twin
formation during crack propagation.

Model-3 crack growth is observed on the {001} plane as
shown in Fig. 3(c). The stress of Model-3 crack propagation does
not suddenly decrease aer yield but gradually decreases during
twists and turns, as shown in Fig. 2. The characteristics of the
stress–strain curves show that the crack propagation mode in
this orientation is ductile. The orientation is associated with the
{112} h111i orientation, known as the hard or anti-twin
made up of CNA, where blue is the BCC atom, green is the FCC atom,

RSC Adv., 2024, 14, 34202–34213 | 34205
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Fig. 5 Crack growth in Model-2. The color of the atom is made up of CNA, where blue is BCC, green is FCC, and white is an unknown structure.

Fig. 6 Crack growth in Model-3. The color of the atom is due to CNA, where blue is BCC, green is FCC, and white is an unknown structure.
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orientation. Cracks at the tip emit a 1/2h111i edge dislocation
and move along the {112} plane when the yield strain is 9.49%,
as shown in Fig. 6(c). The dislocation is continuously annihi-
lated and formed during the progression of plastic deformation,
corresponding to the observed bending trend in the stress–
strain curve. The crack tip begins to passivate when the strain is
11.9%, as shown in Fig. 6(d). Dislocation [100] appears directly
below the crack, accompanied by crack propagation in the Y
direction when the strain is 20.49%, as shown in Fig. 6(c). The
continuous formation and annihilation of the dislocation away
from the crack tip corresponds to the large uctuation of the
stress–strain curve as the loading continues. Thus, the crack tip
passivates in the X direction but expands in the Y direction, as
shown in Fig. 6(h).

Model-4 crack growth is observed on the {010} plane as
shown in Fig. 3(d). In the crack propagation of Model-4, two
obvious plastic platforms appear aer yielding, and the link
between the two plastic platforms is a sudden drop in stress, as
shown in Fig. 2. The crack growth process of Model-4 is shown
in Fig. 7, where a plastic zone appears in the 45° plane of the
crack tip, that is, the {011} plane. Due to the gradual formation
of the plastic deformation region, the propagation of the crack
tip in the X direction is inhibited, corresponding to the yield
step of the stress–strain curve. As plastic deformation prog-
resses, partial dislocations occur at the crack tip, which refers to
the initial parallel displacement of two rows of atoms. Subse-
quently, a plastic zone with a face-centered cubic (FCC) struc-
ture forms ahead of the crack tip. When the strain is 6.49%
(Fig. 7(c)), the plastic zone penetrates the model and gradually
expands. Then the right side of the crack tip expands rapidly
along the plastic zone, corresponding to the stress drop phase
34206 | RSC Adv., 2024, 14, 34202–34213
in the stress–strain curve, as shown in Fig. 7(d) and (e). The
crack propagation on the le side of the crack tip is the same as
that on the right side. The plastic region rst increases and then
expands rapidly, corresponding to the plastic plateau of the
stress–strain curve and the second decline. At this orientation,
a 45° slip band appears at the crack tip. The length and width of
the slip band begin to increase with the increase of strain. The
appearance of slip bands is benecial because it reduces the
stress concentration phenomenon at the crack tip, thus delay-
ing and hindering crack propagation. Meanwhile, it is also the
most important deformationmechanism in the process of crack
propagation.

It can be seen that brittle growth occurs in Model-1 and
Model-2 by analyzing the process of crack growth and the
stress–strain curves of the four basic orientation models.
Model-2 cleavage fracture shows complete brittleness. Model-4
underwent a relatively short process of plastic deformation
due to the emergence of slip bands, and then brittle fracture.
Model-3 showed strong plasticity due to the continuous
appearance and disappearance of dislocations in the stretching
process and nally did not break. Next, four single crystal
models with different orientations were combined in pairs to
compare the crack growth phenomena of the combined model
and the single orientation model and to study the synergistic
effect of different orientations on the crack growth mechanism.
3.2 Crack propagation behavior of the combined model

The stress–strain curves of six models are shown in Fig. 8. The
plastic work of each model during crack propagation is ob-
tained by integrating the curves. The yield stress of Model-12,
Model-24 and Model-34 is between two separate models, and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Crack growth in Model-4. The color of the atom is due to CNA, where blue is BCC, green is FCC, and white is an unknown structure.

Fig. 8 Stress–strain curve of the combined model.
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the yield stress of Model-13, Model-14 and Model-23 is lower
than that of two separate models. Model-12, Model-14 and
Model-34 nally break. Model-23 and Model-24 have a fracture
tendency. Model-13 did not break.

It can be seen from the calculated plastic work that the
toughness of Model-23 is the strongest and that of Model-14 is
the weakest among the six combined models. Model-1 exhibits
complete brittleness, Model-2 and Model-4 exhibit low tough-
ness, and Model-3 exhibits strong toughness when expanded
alone. The toughness of the combined model is 6.48 and 1.13
times higher than that of the single model when the brittle
model and the less ductile model are combined, respectively.
Both the right and le sides of the crack tip of Model-12 and
Model-14 form stress concentration regions throughout the
model as shown by the stress distribution diagram in the
illustration. The crack tip continued to expand along the stress
concentration area, and a fracture occurred. The fracture time
of Model-14 is earlier than that of Model-12, because the
© 2024 The Author(s). Published by the Royal Society of Chemistry
formation of a hole in front of the crack tip of Model-14 accel-
erates crack propagation. Model-24 is a combination of two less
ductile models, and the toughness is improved by 2.45 times.
Stress concentrations also formed on both sides of themodel-24
crack, but only the le side was eventually pulled.

The stress–strain response of Model-13 changes from uc-
tuating downward to rising when the brittleness model is
combined with the toughness model.

However, by comparing the plastic work of Model-13 and
Model-3 as shown in Fig. 7, it can be obtained that the tough-
ness of the combined model is 0.55 times that of Model-3. The
crack growth appears to be dominated by brittle orientation in
the early stage and ductile regions in the late stage. The stress
distribution diagram of model-13 shows that new stress
concentration regions are constantly generated at the crack tip,
and the stress concentration does not gradually deepen along
a certain region.
RSC Adv., 2024, 14, 34202–34213 | 34207
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Fig. 9 Crack propagation in Model-12. The color of the atom is due to CNA, where blue is BCC, green is FCC, and white is an unknown structure,
with dislocation analysis in the middle.
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The stress–strain trend of Model-23 and Model-34 is similar
to that of Model-3, which is 0.95 and 0.58 times lower than that
of model-3, respectively. It can be seen from the stress distri-
bution diagram that shear bands are also formed on the le and
right sides of the crack in Model-23 and Model-34 during the
expansion process. The fracture time of Model-34 is earlier than
that of Model-23. This is because the direction of the crack tip
changes and the direction of stress concentration also changes
during the process of crack propagation, which leads to the
slowing down of the crack propagation speed.

The stress value of Model-12 rstly exceeds the yield stress of
Model-1 at the elastic stage and then suddenly drops below the
yield stress of Model-2. In the elastic phase, the crack propa-
gation process of Model-1 is similar to that of single crack
propagation, and the crack opening becomes larger gradually.
The crack tip of Model-2 also appears to have a plastic region
perpendicular to the crack plane, but this region disappears
rapidly. The fault region of part of the crack tip of Model-1 is
signicantly larger than that of the single expansion, and the
uctuation of the stress–strain curve is accompanied by the
annihilation and emission of the dislocation, as shown in
Fig. 9(a). The fault region turns into a twin when the strain is
8%. The crack tip does not form stress concentration along the
twin plane, but continuously twinning leads to the change of
crack direction and passivation, as shown in Fig. 9(b). A hole is
formed in front of the crack tip on the right side, and the
nucleation of the hole indicates the passivation of crack tip
expansion when the strain is 30%, as shown in Fig. 9(c). The
combination of crack tip and hole accelerated the crack prop-
agation, and the crack opening displacement gradually
increased. Part of Model-1 is pulled offwhen the strain is 85.5%,
as shown in Fig. 9(d).

No cleavage fracture occurs in Model-2 due to the lack of
peak stress. The crack tip continuously emits dislocations as the
strain increases. The propagation of cracks is impeded and
passivation occurs. Shear bands gradually form in the plastic
region due to the continuous emission of dislocation at the
crack tip. The crack tip expands along the shear band direction
as the loading continues. Part of Model-2 is pulled off at the
same time as Model-1.
34208 | RSC Adv., 2024, 14, 34202–34213
It is worth noting that Model-1 and Model-2 both exhibit
brittleness characteristics when crack growth is isolated, while
the combined Model-12 exhibits ductility characteristics. At the
same time, the crack propagation path of Model-12 is almost
the same as in Model-1 and Model-2. This shows that the crack
propagation process of the combined Model-12 is controlled by
the synergistic orientation of the two crystals. The Model 1 part
is sufficient to twinning under the action of stress, but the
Model 2 part cannot shear fracture along the twin plane due to
the limitation of orientation. Therefore, twin-regulated plastic
deformation occurs at many places in Model-1, resulting in
crack propagation that requires breaking through the barrier of
the twin layer. The yield stress of combination Model-12 does
not reach the critical value for crack propagation in part Model-
2, and cleavage fracture cannot occur. The twining and crack
deection of Model-1 promote the plastic deformation and
crack propagation of Model-2, resulting in frequent dislocation
movement in part of Model-2. Therefore, the crack growthmode
of the combined Model-12 is controlled by Model-1 and Model-
2, and the brittle cleavage characteristic changes to the tough-
ness characteristic.

The stress value of Model-13 approaches the yield stress of
Model-1 at the elastic stage and then drops suddenly at the yield
stress lower than Model-1. The angle of the FCC (plastic) region
changes in the crack propagation process of Model-1 in the
elastic stage, and the crack opening becomes larger gradually.
The crack opening of Model-3 also gradually increased, but the
crack did not expand. Part of the crack tip of Model-1 emits
dislocations to the surface, and the fault region of the crack tip
is obviously smaller than that when the crack tip is extended
alone, and twins are also formed, as shown in Fig. 10(a). The
fault region is converted into twins, as shown in Fig. 10(b). The
twin layer expands continuously as the stretching process
progresses. However, the crack tip does not form stress
concentration along the twin plane but continuously changes
direction and passivates. The twin completely no longer domi-
nates the crack propagation, which is very different fromModel-
1 when it expands alone. The twin layer disappears, the dislo-
cation along the twin layer and the grain boundary also disap-
pears, and the crack remains in a passivated state when the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Crack propagation in Model-13. The color of the atom is due to CNA, where blue is BCC, green is FCC, and white is an unknown
structure, with dislocation analysis in the middle.
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strain is 45.9%, as shown in Fig. 10(c). The toughness of Model-
13 was enhanced aer the twin disappeared in Model-1. The
crack tip continuously emits dislocations towards the surface as
the stretching progresses. At the same time, the model is
constantly necked due to its strong plasticity. The plasticity of
the combined Model-13 is between Model-1 and Model-3, the
crack eventually spreads in the X direction, and the combined
Model-13 is not pulled at last.

The ductility characteristics of combined Model-13 are
between Model-1 and Model-3, but the toughness characteris-
tics are enhanced during crack propagation. Although the peak
stress of Model-13 does not reach the peak stress of Model-1, it
is sufficient to twinning under the action of this stress.
However, part of Model-3 cannot shear fracture along the twin
plane due to the limitation, and shows strong plasticity aer the
twin disappears.

The elastic behavior of Model-14 is similar to that of Model-
4, followed by a sudden decline at a yield stress lower than
Model-4. A small number of FCC (plastic) regions appeared in
Model-1 and Model-4 of the elastic stage, and the crack opening
gradually increased. Some crack tips of Model-1 were twinning,
as shown in Fig. 11(a). At this time, stress concentration is
formed along the twin plane of the crack tip, and the crack
Fig. 11 Crack propagation in Model-14. The color of the atom is due
structure, with dislocation analysis in the middle.

© 2024 The Author(s). Published by the Royal Society of Chemistry
expands with the expansion of the twin layer. A hole is formed
above the crack tip on the le side when the strain is 20.3%. A
hole is formed on the right side of the crack tip when the strain
is 34.9%, and the nucleation of the hole indicates the passiv-
ation of crack tip expansion, as shown in Fig. 11(b) and (c). The
combination of crack tip and hole accelerated the crack prop-
agation, and the crack opening displacement gradually
increased. Part of Model-1 is pulled offwhen the strain is 62.5%,
as shown in Fig. 11(d).

Due to the lack of peak stress, only a small part of the fault
region appears in Model-4 instead of a large surface fault
driving crack propagation as when the model is expanded
alone. The crack tip emits dislocations continuously as the
loading continues, and the crack expands along the direction of
the dislocation emission. As the crack tip emits dislocations in
a xed direction, the plastic region gradually forms a slip band.
Part of Model-4 is pulled apart along the slip band when the
strain is 62.5%. Model-4 is partially broken at the same time as
Model-1.

Both Model-1 and Model-4 exhibit a certain degree of
ductility expansion when crack growth is isolated, and the
combined Model-14 enhances the ductility characteristics.
However, the enhancement effect is weaker than Model-12. The
to CNA, where blue is BCC, green is FCC, and white is an unknown
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crack growth path of Model-14 is almost the same in Model-1
and Model-4, indicating that the crack growth process is
controlled by the synergistic orientation of the two crystals. The
part of Model-1 is sufficient to twinning under the action of
stress, and the cracks continue to expand along the twin plane.
It should be noted that only single-layer twins appear in Model-
14, while multi-layer twins are formed in Model-12. Therefore,
the single-layer twin region is conducive to stress concentration
and shear band formation while promoting the formation of
slip band and crack propagation in Model-4.

The stress value of Model-23 approaches the yield stress of
Model-3 in the elastic stage and then uctuates at a lower yield
stress than Model-3. In the elastic phase of Model-2, a plastic
region perpendicular to the crack plane appears at the crack tip
and disappears rapidly, and the crack opening becomes larger
gradually. The crack propagation in Model-3 is the same as that
in separate propagation. The plastic region of the crack tip of
Model-2 is signicantly smaller than that of the crack tip of
Model-2 alone. The uctuation of the stress–strain curve is
accompanied by the annihilation and emission of the partial
dislocation of Model-2, as shown in Fig. 12(a). Due to the lack of
peak stress, no cleavage fracture occurs in Model-2. The crack
tip continuously emits dislocation, and the crack propagation is
hindered and passivated when the strain is 5.99%, as shown in
Fig. 12(b). The plastic region of the crack tip gradually forms
a continuous slip band when the strain is 50.9%, as shown in
Fig. 12(c). The crack tip expands along the direction of the slip
band as the loading continues. The part of Model-2 breaks from
the le side when the strain is 94.9%, as shown in Fig. 12(d).

The tip of Model-3 continues to emit dislocations and the
cracks continue to passivate aer the elastic stage. For the
Model-3 part, although it does not reach its peak stress, it shows
strong plasticity when it is expanded alone, and the crack
opening keeps increasing. The model necked continuously with
the continuous loading, and the crack expanded in a direction
perpendicular to the crack propagation direction. The le side
of the Model-3 part also begins to expand along the shear band
direction when the shear band of the Model-2 forms. The
Model-2 part andModel-3 part were pulled off at about the same
time.
Fig. 12 Crack propagation in Model-23. The color of the atom is due
structure, with dislocation analysis in the middle.

34210 | RSC Adv., 2024, 14, 34202–34213
It is worth noting that the ductility characteristics of the
combined Model-23 are similar to those of Model-3 when the
crack growth is isolated, but the fracture can occur compared
with Model-3. Similarly, the crack growth path of Model-23 is
almost the same in Model-2 and Model-3, and the crack growth
path follows the continuous slip band in Model-2. The forma-
tion of the slip band causes the cracks in Model-3 to expand
along the slip band. Therefore, the plasticity of composite
Model-23 in the early stage of crack growth is similar to that of
Model-3, and the fracture can occur in the later stage under the
inuence of Model-2.

The stress value of Model-24 rst exceeds the yield stress of
Model-4 in the elastic stage and then uctuates aer a small
decrease below the yield stress of Model-2. In the elastic stage,
the crack propagation process of Model-2 part is small because
the plastic region perpendicular to the crack plane appears and
disappears quickly because the yield stress is not reached. The
plastic region appears in the Model-4 part as it does when it
extended alone. Because the peak stress of Model-2 was not
reached, no cleavage fracture occurred. The direction of the
crack tip changes and a dislocation is emitted, and the le tip
expands along the direction of dislocation emission when the
strain is 6.49%, as shown in Fig. 13(b). The crack tip continu-
ously emits dislocations and gradually forms a continuous slip
band when the strain is 49.9%, as shown in Fig. 13(c). As the
loading continues, the crack tip expands along the direction of
the slip band. The le side of the Model-2 breaks, as shown in
Fig. 13(e) when the strain is 64.9%.

The yield stress of Model-24 exceeds the yield stress of
Model-4, so when the yield strain is reached, the crack tip of the
Model-4 part produces a plastic region in all directions as if it
were extended alone. Due to the inuence of Model-2 part, the
fault area of Model-4 part does not expand continuously but
gradually disappears. As the loading continues, the crack tip
begins to emit a dislocation, and the crack begins to spread in
the direction in which the dislocation is emitted. Due to the
continuous emission of dislocation at the crack tip, shear bands
gradually form in the plastic region. As the loading continues,
the crack tip expands along the shear band direction. A hole is
formed in front of the crack tip on the le side when the strain
is 68.5%. The formation of the hole makes the crack sharper
to CNA, where blue is BCC, green is FCC, and white is an unknown

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Crack propagation in Model-24. The color of the atom is due to CNA, where blue is BCC, green is FCC, and white is an unknown
structure, with dislocation analysis in the middle.
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and promotes the propagation of the crack, as shown in
Fig. 13(d). Part of Model-4 breaks on the le side when the
strain is 79.9%, as shown in Fig. 13(f).

It is worth noting that the combined Model-24 shows
stronger ductility than the single model. In Model-2 and Model-
4, cleavage can occur along the plastic region when the cracks
grow separately. However, the direction of the plastic region is
inconsistent aer the combination of the two, resulting in large
plastic deformation of the combined model. The typical char-
acteristic of co-regulated plastic deformation is the formation of
a continuous slip zone at the same angle, and the nal crack
propagation along the slip zone.

The stress value of Model-34 rst exceeds the yield stress of
Model-4 in the elastic stage and then yields at a lower yield
stress than Model-3. In the elastic stage, the crack propagation
process of Model-3 is similar to that of single crack propagation,
showing strong plasticity and crack opening gradually
increasing. Plastic regions appear in the Model-4 part as they do
when extended separately.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The part of Model-3 exhibits strong plasticity, and the crack
tip continuously emits dislocations to hinder crack propaga-
tion. Due to the strong plasticity, the model continues to shrink
under tensile strain, and the crack expands along the Y direc-
tion. The crack tip on the le side continues to emit disloca-
tions, and a slip band gradually forms in the plastic region
when the strain is 43.5%, as shown in Fig. 14(b). As the loading
continues, the crack tip expands along the direction of the slip
band. Part of Model-3 is pulled apart when the strain of the slip
band is 94.9%, as shown in Fig. 14(d).

The yield stress of Model-34 exceeds that of Model-4, and the
crack tip of Model-4 generates a plastic region in all directions.
The Model-4 part is affected by the slip band of the Model-3
part, and the plastic region gradually disappears when the
strain is 7.49%. As the loading continues, the crack expands
along the y direction due to the necking of the model. The
slippage bands of the same angle are gradually generated in the
Model-4 part and the Model-3 part. The crack tip extends along
RSC Adv., 2024, 14, 34202–34213 | 34211
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Fig. 14 Crack propagation in Model-34. The color of the atom is due to CNA, where blue is BCC, green is FCC, and white is an unknown
structure, with dislocation analysis in the middle.
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the direction of the slip band, and Model-4 partially breaks
when the strain is 94.9%.

Model-3 shows strong toughness when extended alone,
Model-4 shows weak toughness, and combined Model-34 shows
intermediate toughness. This shows that the crack propagation
process of the combined Model-34 is controlled by the syner-
gistic orientation of the two crystals. The peak stress of Model-
34 reaches the peak stress of Model-4, resulting in a large degree
of plastic deformation. However, due to the limitations of
Model-3, the crack propagation is hindered. Until the local slip
band in Model-4 is produced, the crack tip of the combined
model expands along the slip band direction.

The combined model shows the crack propagation behavior
through the synergistic action of the two orientations. The
synergistic effects of the six combined models are shown as
follows Model-1 and Model-2 both show brittleness character-
istics when crack growth is isolated, while Model-12 shows
ductility characteristics. At the same time, the crack propaga-
tion path of Model-12 is almost the same inModel-1 andModel-
2. The ductility characteristics of combined Model-13 are
between model-1 and Model-3, but the toughness characteris-
tics are enhanced during crack propagation. Although the peak
stress of Model-13 does not reach the peak stress of Model-1, it
is sufficient to twinning under the action of this stress.
However, due to the limitation, part of Model-3 cannot shear
fracture along the twin plane, and shows strong plasticity aer
the twin disappears. BothModel-1 andModel-4 exhibit a certain
degree of ductility expansion when crack growth is isolated, and
the combined Model-14 enhances the ductility characteristics.
The crack growth path of Model-14 is almost the same inModel-
1 and Model-4, indicating that the crack growth process is
controlled by the synergistic orientation of the two crystals. The
ductility of the combined model-23 is similar to that of Model-3
when crack growth is isolated, but the fracture can occur
compared with Model-3. Similarly, the crack growth path of
Model-23 is almost the same in Model-2 and Model-3, and the
crack growth path follows the continuous slip band in Model-2.
The crack propagation in Model-3 is also driven by the forma-
tion of slip band, which indicates that the crack propagation
process is controlled by the two crystal orientations. The
34212 | RSC Adv., 2024, 14, 34202–34213
ductility of the combined Model-24 is stronger than that of the
single model. In Model-2 andModel-4, cleavage can occur along
the plastic region when the cracks grow separately. However,
the direction of plastic region is inconsistent aer the combi-
nation of the two, resulting in large plastic deformation of the
combined model. The typical characteristic of co-regulated
plastic deformation is the formation of a continuous slip zone
at the same Angle, and the nal crack spreads along the slip
zone. The peak stress of Model-34 reaches the peak stress of
Model-4, resulting in a large degree of plastic deformation.
However, due to the limitation of Model-3, the crack propaga-
tion is hindered. Until the local slip band in Model-4 is
produced, the crack tip of the combined model expands along
the slip band direction. This shows that the crack propagation
process of the combined Model-34 is controlled by the syner-
gistic orientation of the two crystals. All the above phenomena
indicate that there is a synergistic effect between grains with
different orientations.
4. Conclusion

The inuence of various crystal orientations on the fracture
behavior of BCC-Fe was investigated in this study using the
molecular dynamics method, considering both single and
combined models. The results indicate that the crack propa-
gation behavior following different combinations of models is
signicantly inuenced by the inherent characteristics and
synergistic effects of diverse crystal orientations. The ductile
behavior observed in crystal orientations with more
pronounced brittle characteristics can be attributed to the
inuence of synergistic effects. The resilience of the six
composite models in order from highest to lowest is Model-23,
Model-12, Model-24, Model-34, Model-13, and Model-14. The
Model-14 exhibits the lowest toughness among them and is
highly susceptible to fracture. Aer the combination of Model-
12 and Model-14, there was a signicant increase in toughness,
with improvements of 6.48-fold and 1.13-fold respectively. The
resilience improvement of Model-13, in contrast, exhibits
a relatively modest increase of only 0.55 times.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fract. Mech., 2021, 112, 102885.

2 H. Mughrabi, K. Herz and X. Stark, Int. J. Fract., 1981, 17,
193–220.

3 C. V. Cooper and M. E. Fine, Metall. Trans. A, 1985, 16, 641–
649.

4 F. Yanagimoto, K. Shibanuma, K. Suzuki, T. Matsumoto and
S. Aihara, Mater. Des., 2018, 144, 361–373.

5 Y. Ogawa, D. Birenis, H. Matsunaga, A. Thøgersen, Ø. Prytz,
O. Takakuwa and J. Yamabe, Scr. Mater., 2017, 140, 13–17.
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