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Abstract: In this study, molecular dynamics simulations were employed to study the interaction
between dislocations with Fe-V precipitate with different vanadium concentrations. Increasing the
vanadium concentration in the precipitate results in a strong interaction between the dislocations
and the precipitate, and the dislocation line bows out more as a result of increasing the energy of the
dislocation line, and the critical stress needed for depinning the dislocations increases. However, at a
low vanadium concentration (1:3 atomic ratio) the dislocations cut through the precipitate without
changing the speed. An increasing vanadium concentration not only affects the dislocation shape and
movement speed, but also affects the configuration of the junction between the a/2[111] and a/2[100]
dislocations, and the void formation after the cutting process. The formation of strong junctions
and a high number of voids locks the a/2[111] dislocation motion, and increases the strength of the
alloy. The results of the radial distribution function before and after the cutting process show that the
structure of the precipitate changes from crystalline to amorphous, and the degree of amorphization
decreases with an increasing vanadium concentration.

Keywords: molecular dynamics simulation; precipitation modelling; BCC iron; vanadium; dislocations

1. Introduction

Ultra-high-strength steel (UHSS) and high-speed steel (HSS) have broad applications
in numerous industries, due to their high strength. These steels contain various precipitate-
forming elements, such as Mo, V, W, C, and Cr, allowing them to develop a high strength
and excellent characteristics for performing in different forming processes, such as press
working, extrusion, and drawing. Among all of the elements that are added, vanadium
shows a high level of solubility for forming the iron-based solid solution Fe1-xVx, with x in
the range 0.03 ≤ x ≤ 0.10 [1]. The vanadium consumption in the iron and steel industry
represents about 85% of vanadium-bearing products produced worldwide [2]. Studies
have shown that increasing the vanadium concentration can increase the strength of the
Fe-based alloy through the quenching and tempering process, due to the formation of
various precipitates [3].

One of the significant hardening mechanisms in these steels is precipitation hardening,
which occurs due to the interaction between dislocations and precipitates. In this regard,
molecular dynamics simulation studies yield valuable insights into tracking dislocations
within the crystal structure [4].

In the past, many theories have been proposed regarding the effect of precipitates on
dislocations, such as the Orowan mechanism, dislocation cutting, and climbing theory [5–8].
According to the Orowan mechanism, when the dislocation reaches the precipitate during
the bypass process, dislocation loops are formed around the precipitate. These loops cause
local plastic flow or residual stress, resulting in the strengthening of the alloy against
plastic deformation [9,10]. The second theory describes the dislocation cutting through
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the precipitate. However, this cutting process requires a high amount of energy, which
increases the strain rate [11,12]. On the other hand, the climbing theory discusses how,
when a dislocation encounters a hard or non-shearable obstacle, it continues the movement
on another gliding plane [13,14].

Various elements have exhibited different hardening mechanisms. Researchers have
investigated the effect of precipitates on dislocation reactions in α-Fe, based on the afore-
mentioned theories.

Pascuet et al. investigated the effect of the Ni, Mn, and P elements on precipitate
hardening, and reported that the stress required for the unpinning of the dislocations
would be influenced by atomic segregation in the precipitate [15]. Terentyev, D. et al.
demonstrated that, in the mechanism of chromium precipitate hardening, chromium
prevents the absorption of the dislocation loop by the dislocation line, thus becoming a
significant source of reinforcement [16]. However, in the case of a copper–iron precipitate,
a softening in the iron has been reported by Wu, Xiaoyu et al., due to the reorientation
of the precipitate during plastic deformation, which weakens the pinning strength of the
precipitate [17]. In most molecular dynamics simulation studies, it is generally agreed that
a high mechanical strength can be achieved by precipitates that are either softer or harder
than the matrix. The most significant strengthening occurs when there is not a substantial
difference in the elastic modulus ratio of the precipitate to the matrix [6,18–21]. All in
all, the speed of the dislocation’s movement, and its interaction with metals, determine
plastic deformation in alloys. The presence of precipitates in the alloy plays a crucial role in
influencing the dislocation movement and, consequently, the plastic deformation behavior.

Even though the effect of various solute elements in the precipitation hardening of
α-Fe has been studied, the literature review reveals that no molecular dynamics simulation
study on the hardening mechanism of the Fe-V precipitate has been conducted, and
even the experimental studies have primarily focused on the formation of vanadium
carbide precipitation [22,23]. Therefore, the strength improvement mechanism of the Fe-V
precipitate has not been clarified yet.

The molecular dynamics (MDs) simulation plays a crucial role in advancing research
across various fields, including material science, biopharmaceuticals, chemical engineering,
and physics. The articles provided highlight its significance when studying the behavior of
materials at the atomic and molecular levels, enabling a deeper understanding of complex
processes. In the context of nanocrystalline materials and nanomachining, MDs simulations
have been instrumental in investigating the interactions between grain boundaries and
sub-grain boundaries, leading to insights into plastic deformation mechanisms and surface
generation processes. Such detailed knowledge is invaluable for optimizing the manufac-
turing of micro-electro-mechanical systems (MEMSs) and nano-electro-mechanical systems
(NEMSs). Additionally, MDs simulations have been extensively applied in the study of
thermal energy storage, particularly in phase-change materials (PCMs) and nucleation
agents (NAs). The simulations have shed light on the super-cooling phenomenon, guiding
the design of efficient thermal energy storage systems. Furthermore, in the study of silicon
carbide single-crystal semiconductors, MDs simulations have been employed to investigate
the mechanical properties, micro-removal, and super-cooling behavior, providing crucial
information to the microelectronics industry [24,25].

The importance of MDs simulation lies in its ability to bridge the gap between experi-
mental observations and theoretical predictions. While experiments can be time-consuming,
expensive, and sometimes difficult to perform at the atomic level, MDs simulations offer a
cost-effective and reliable alternative. They provide access to microscopic details that are
otherwise challenging to observe, allowing researchers to study complex phenomena, and
design novel materials with tailored properties. MDs simulations have become an indis-
pensable tool for elucidating the underlying mechanisms and guiding the development of
cutting-edge technologies [26].

Moreover, the versatility of MDs simulations in exploring different materials and
systems is evident from the diverse range of applications discussed in the articles. From
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investigating crystallization processes in phase-change materials, to understanding the
intricate interactions between materials in nanocrystalline systems, MDs simulations offer
a unique and comprehensive perspective. The capability of MDs simulations to capture
thermal fluctuations, nucleation events, and complex molecular interactions empowers
researchers to make informed decisions and predictions, accelerating progress in multiple
scientific disciplines. As the computing speed of computers continues to improve, and MDs
theories evolve, the importance of MDs simulations in scientific research will undoubtedly
grow, opening up new avenues for exploration and innovation [27–29].

In the present study, the effect of three different chemical compositions of vanadium
on the strengthening mechanism of Fe-V precipitates is studied via molecular dynamics
simulations, through the development of the LAMMPS code. The effect of precipitates
on the shape and velocity, and junction formation, of the dislocation, as well as the stress
formed in the structure after applying shear stress, is discussed. Moreover, the mechanism
of the dislocation’s passage through the precipitate, and its effect on the formation of voids
and changing the precipitate structure, is further investigated.

2. Simulation Method and Conditions

All the MDs simulations in the current work were conducted through the development
of LAMMPS code [30].

The LAMMPS code for MDs simulations of dislocation–precipitate interactions in Fe
alloys was developed through a series of steps: (1) the definition of a cubic simulation cell
with appropriate lattice orientations; (2) the specification of the atom types (Fe and V), their
masses, and the embedded atom method (EAM) potential for Fe-V interactions; (3) the
introduction of an edge dislocation with a specific Burgers vector; (4) the thermalization
and equilibration of the system using the Nosé–Hoover-style thermostat; (5) the application
of shear stress through the setting of velocities for atoms in specific regions; (6) data
collection and analysis regarding the stress, strain, and atom positions; (7) the validation and
verification of the customized code through benchmark tests; and (8) the documentation of
the modified LAMMPS input script, for reproducibility and transparency.

The interatomic potential between iron and vanadium was defined using the embed-
ded atom method (EAM) potential developed by Mendelev et. al [31]. The cubic geometry
was built with the dimensions of 30, 16, and 16 nm along the X, Y, and Z directions. The
BCC crystal lattice of the cell was orientated along the [111], [−1–12], and [1–10] directions
(Figure 1).
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Figure 1. Schematic of the defined simulation box for monitoring the interaction of the a/2[111]
dislocation (shown in green) with the precipitate (shown in blue).

The Fe-V precipitates with a radius of 8 nm and different chemical compositions
were constructed inside the iron crystal simulation box (Figure 2). It should be noted that
the choice of this size was likely based on a balance between computational feasibility,
and capturing the essential behavior of the dislocation–precipitate interactions. A smaller
precipitate size might not adequately represent the bulk behavior, while excessively large
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precipitates could impose significant computational demands. The number of Fe and V
atoms in the precipitate for each simulation is mentioned in Table 1.
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Table 1. Details of the number of atoms for the simulation box.

Precipitate
Name

Number of
Vanadium

Atoms in the
Precipitate

Number of Iron
Atoms in the

Precipitate

Total Number
of Atoms in the

Cell

Total Number
of Atoms in the

Precipitate

Fe-V (3:1) 11,200 33,594 774,960 44,794
Fe-V (1:3) 33,666 11,128 774,960 44,794
Fe-V (0:1) 44,794 0 774,960 44,794

In the LAMMPS simulation, the formation of Fe-V precipitates was achieved by
designating a central region in the simulation cell to represent the precipitate. Initially,
the entire simulation cell was set as a pure iron structure. Within the marked precipitate
region, a specific portion of iron atoms was replaced with vanadium atoms (the substitution
process involved the random deletion of a portion of iron atoms, and their replacement
with vanadium atoms), resulting in the creation of Fe-V precipitates. The selection of
atoms for substitution, and their quantities, were determined, to attain the desired chemical
compositions of the precipitates, namely Fe-V (3:1), Fe-V (1:3), and Fe-V (0:1). These
compositions correspond to the different vanadium content ratios within the precipitate.

The chosen compositions ensured the formation of a solid solution between the Fe-V
precipitates and the iron matrix, effectively preventing the emergence of a sigma phase
with a tetragonal close-packed structure, which necessitates higher atomic concentrations
of vanadium. To elaborate, in all crystals, the total number of vanadium atoms in the
precipitate divided by the total number of atoms in the cell (774,960) is 1.4 at. % for Fe-V
(3:1), 4.3 at. % for Fe-V (1:3), and 5.7 at. % for Fe-V (0:1). This deliberate arrangement yields
a solid solution structure, thereby eliminating the possibility of forming a sigma phase with
a tetragonal close-packed structure, due to the lower atomic concentration of vanadium in
the precipitates.

An edge dislocation with Burger’s vector b = a/2[111] was performed by removing
the half-planes of atoms in the Fe (110) slip plane. The dislocation line lies in the corner of
the box along the Y direction after relaxation. All the equilibration was performed using
the Nosé–Hoover-style non-Hamiltonian equations in the NVT ensemble at 300 K [32]. In
order to release the stress of the system before applying the shear stress, all models were
relaxed for 100 ps.

For the application of the shear stress, the atoms within several layers at the top
and bottom surfaces of the z-coordinates (shown in black in Figure 1) were fixed as the
periodic-boundary layer, and the atoms between these two layers were set to be mobile.
The velocity of the upper atoms in the X direction was set to be 2 m/s, and the resolved
shear stress was computed as the total force exerted on the bottom region of fixed atoms
divided by the surface area.
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The analysis and visualization of the simulation were carried out using OVITO 3.0
software (Creator: Dr. Alexander Stukowski), and employing a dislocation extraction
algorithm (DXA) [33]. The centrosymmetry parameter was used to track the number
of voids formed during the simulation [34,35], and the change in the bonding of V-V
before and after applying the shear stress was evaluated using the radial distribution
function (RDF).

3. Results and Discussion
3.1. Mechanism of the Interaction

Figure 3 shows images of the dislocations formed in the structure for all three precipi-
tates at the initial timestep of the simulation (20 ps). Through the application of stress, as
well as the dislocation that was defined in our structure (shown in red), additional disloca-
tions (shown in green and purple) are also formed throughout the cell. The formation of
additional dislocations is primarily attributed to the stress applied to the system, and the
inherent nature of dislocation dynamics in crystalline materials. When stress is exerted,
local strain concentrations are created, resulting in the nucleation of new dislocations from
existing defects or stress-induced deformation zones. These newly generated dislocations
subsequently propagate through the crystal cell, and undergo interactions with one an-
other, culminating in the formation of dislocation networks, and an overall increase in the
dislocation density.
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Figure 3. Dislocation algorithm analysis at 20 ps for the (a) Fe-V (3:1), (b) Fe-V (1:3), and (c) Fe-V (0:1)
precipitate. The red color shows the pre-defined dislocation that was created in the simulation cell,
and the green color and purple color show the dislocations formed due to the applied stress during
the simulation.

With the decrease in the vanadium concentration in the precipitate, the dislocation
shape (the primary defined dislocation) changes from a long, straight line to a semicircle-
like shape. In fact, this is due to the atomic packing effect. With the decrease in the
vanadium concentration in the precipitate, the number of defined iron atoms outside the
precipitate (in the matrix) will be considerably higher, because the same number of iron
atoms is defined for all the simulation boxes. Having a higher atomic packing factor results
in easier slip planes, which lead to the distribution of the non-uniform shear stress on the
dislocation, and reduces the dislocation energy. Thus, the dislocation bows out [36]. It is
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worth mentioning that, in all cases, the dislocation asymmetric structure concerning the X
axis implies the elastic anisotropy of the a/2[111] dislocations in the Fe-V system [37].

Figure 4 shows the dislocation/precipitate interaction when dislocation reaches the
precipitate. In the case of the Fe-V (3:1) precipitate, the dislocation shape does not show
any changes or bowing effect toward the direction of the applied force, which implies that
there is no strong repulsive force from the precipitate to overcome the movement of the
dislocation. This behavior in the dislocation line is similar to the void-and-dislocation inter-
action [38]. However, with the increase in the vanadium concentration in the precipitate,
the dislocation slightly bends toward the opposite direction to the applied shear stress. This
effect is more pronounced in the Fe-V (0:1) precipitate, where the repulsive force between
the dislocation and precipitate causes the dislocation line to bow out at the areas that do
not interact with the precipitate. This is due an increase in the energy of the dislocation
line, as a result of the strong interaction between the dislocation and precipitate, leading to
bowing out, to bring the dislocation line energy level back to the equilibrium state [39].
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Figure 4. Dislocation algorithm analysis when our pre-defined dislocation (shown in red) reaches the
(a) Fe-V (3:1), (b) Fe-V (1:3), and (c) Fe-V (0:1) precipitate.

The simulation images obtained after the dislocation overtakes the precipitate are
shown in Figure 5. The results clearly show that the dislocation overtakes the precipitate
through the cutting process, and no evidence for the formation of the Orowan mechanism
was obtained in any of the precipitates. Interestingly, no bowing effect was observed
after the cutting process. It has been reported by researchers that the linear shape of the
dislocation after cutting is due to the dislocation loop glide in collinear slip systems [40].
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3.2. Dislocation Speed

Figure 6a–d show the results of the dislocation moving distance and moving speed
versus time from the moment of dislocation nucleation until breakthrough on the surface.
The time needed for the dislocation to reach the surfaces increases in the case of precipitates
with a higher vanadium concentration (Figure 6a). It should be noted that the positions
of dislocations at discrete time steps were recorded by the simulation. The dislocation
velocities were calculated through analysis of the change in position of each dislocation
between consecutive time steps, which involved the computation of the difference be-
tween the positions at time t+1 and time t for each dislocation. The dislocation velocity
(Figure 6b–d) of each identified dislocation was then determined by dividing the change in
position (displacement) by the corresponding time step. The average value of the disloca-
tion speed was found to be 3.84, 2.52, and 1.88 Å/ps for the Fe-V (3:1), Fe-V (1:3), and Fe-V
(0:1) precipitate, respectively. In the case of the Fe-V (3:1) precipitate, dislocations moved
almost at a constant speed, even during the cutting process, which means there was no
significant pinning effect of the precipitate. In the Fe-V (1:3) and Fe-V (0:1) precipitates, at
the early stage of the deformation (20 ps), the dislocation speed rose rapidly. This is due
to the bowing effect, which leads to a local accumulation of the flow stress at one point of
the dislocation line, and increases the dislocation moving speed. The dislocation speed
reaches the zero value for 8 ps and 10 ps in the Fe-V (1:3) and Fe-V (0:1) precipitate after the
dislocation reaches the precipitate. Interestingly, after the cutting process, the dislocation
speed increases rapidly, and declines until it reaches the zero value again, which is due
to the formation of the junctions in the structure (shown in Figure 7). It is noteworthy to
mention that all the dislocation speed values verify the theory of Eshelby, which indicates
that the dislocation speed cannot exceed the speed of 14.5 Å/ps [41,42].

Figure 7 shows the dislocation algorithm analysis of the precipitates at the stage where
the junctions are formed (after the cutting process). The dislocation interaction occurred
between the a/2[111] (shown in red and green) and a/2[100] (shown in purple) dislocations.
It is worth mentioning that the energy required for the movement of the a/2[100] dislocation
is much higher than for that of the a/2[111], and it has been mentioned by some authors
that, in some cases, this dislocation is immobile [43]. In the case of the Fe-V (3:1) precipitate,
there is a junction that connects one big a/2[100] dislocation with two a/2[111] dislocations;
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however, it is not strong enough to prevent movement, and the dislocation bows out
with a high radius. However, in the Fe-V (1:3) precipitate, the junction formed after the
cutting process connects four a/2[111] dislocations with one a/2[100] dislocation (two
each from one end). The dislocation bows out with a lower radius, which indicates the
effectiveness of the junction in preventing the dislocation movement. Despite the fact,
a high length of immobile a/2[100] dislocation was formed in the Fe-V (3:1) precipitate;
compared to the Fe-V (1:3), the defined a/2[111] dislocation moved easily. This implies that
the junction configuration is a more important factor in preventing the movement of the
a/2[111] dislocation than the length of the immobile a/2[100] dislocation.

Crystals 2023, 13, x FOR PEER REVIEW 8 of 14 
 

 

Figure 6a–d show the results of the dislocation moving distance and moving speed 
versus time from the moment of dislocation nucleation until breakthrough on the surface. 
The time needed for the dislocation to reach the surfaces increases in the case of precipi-
tates with a higher vanadium concentration (Figure 6a). It should be noted that the posi-
tions of dislocations at discrete time steps were recorded by the simulation. The disloca-
tion velocities were calculated through analysis of the change in position of each disloca-
tion between consecutive time steps, which involved the computation of the difference 
between the positions at time t+1 and time t for each dislocation. The dislocation velocity 
(Figure 6b–d) of each identified dislocation was then determined by dividing the change 
in position (displacement) by the corresponding time step. The average value of the dis-
location speed was found to be 3.84, 2.52, and 1.88 Å/ps for the Fe-V (3:1), Fe-V (1:3), and 
Fe-V (0:1) precipitate, respectively. In the case of the Fe-V (3:1) precipitate, dislocations 
moved almost at a constant speed, even during the cutting process, which means there 
was no significant pinning effect of the precipitate. In the Fe-V (1:3) and Fe-V (0:1) precip-
itates, at the early stage of the deformation (20ps), the dislocation speed rose rapidly. This 
is due to the bowing effect, which leads to a local accumulation of the flow stress at one 
point of the dislocation line, and increases the dislocation moving speed. The dislocation 
speed reaches the zero value for 8 ps and 10 ps in the Fe-V (1:3) and Fe-V (0:1) precipitate 
after the dislocation reaches the precipitate. Interestingly, after the cutting process, the 
dislocation speed increases rapidly, and declines until it reaches the zero value again, 
which is due to the formation of the junctions in the structure (shown in Figure 7). It is 
noteworthy to mention that all the dislocation speed values verify the theory of Eshelby, 
which indicates that the dislocation speed cannot exceed the speed of 14.5 Å/ps [41,42]. 

 
Figure 6. (a) The dislocation moving distance versus time, and the dislocation speed in the (b) Fe-V 
(3:1), (c) Fe-V (1:3), and (d) Fe-V (0:1) precipitate during the whole simulation process. 

Figure 6. (a) The dislocation moving distance versus time, and the dislocation speed in the (b) Fe-V
(3:1), (c) Fe-V (1:3), and (d) Fe-V (0:1) precipitate during the whole simulation process.

Crystals 2023, 13, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 7. The dislocation algorithm for the (a) Fe-V (3:1), (b) Fe-V (1:3), (c) Fe-V (0:1) precipitate, 
showing the junction formation between our pre-defined a/2[111] dislocation, and the a/2[111] (in 
green) and a/2[100] (in purple) dislocations, which formed due to the applied stress, and (d) the high 
resolution snapshot of the formed junctions. 

Figure 7 shows the dislocation algorithm analysis of the precipitates at the stage 
where the junctions are formed (after the cutting process). The dislocation interaction oc-
curred between the a/2[111] (shown in red and green) and a/2[100] (shown in purple) dis-
locations. It is worth mentioning that the energy required for the movement of the a/2[100] 
dislocation is much higher than for that of the a/2[111], and it has been mentioned by some 
authors that, in some cases, this dislocation is immobile [43]. In the case of the Fe-V (3:1) 
precipitate, there is a junction that connects one big a/2[100] dislocation with two a/2[111] 
dislocations; however, it is not strong enough to prevent movement, and the dislocation 
bows out with a high radius. However, in the Fe-V (1:3) precipitate, the junction formed 
after the cutting process connects four a/2[111] dislocations with one a/2[100] dislocation 
(two each from one end). The dislocation bows out with a lower radius, which indicates 
the effectiveness of the junction in preventing the dislocation movement. Despite the fact, 
a high length of immobile a/2[100] dislocation was formed in the Fe-V (3:1) precipitate; 
compared to the Fe-V (1:3), the defined a/2[111] dislocation moved easily. This implies 
that the junction configuration is a more important factor in preventing the movement of 
the a/2[111] dislocation than the length of the immobile a/2[100] dislocation. 

Interestingly, in the Fe-V (3:1) precipitate, a zig-zag chain configuration of the junc-
tions (Figure 7d) is formed, which will make the dislocation’s motion and deformation 
more difficult. It is believed that the lower speed of the dislocation in the Fe-V (0:1) pre-
cipitate increases the possibility of the interaction of the a/2[100] with the a/2[111] dislo-
cations in the structure, which would lead to the formation of more complex junctions. 

3.3. Stress–Time Curves 
The stress–time curve result of the molecular dynamics simulation is shown in Figure 

8. In all precipitates, the stress–time curves show a saw-tooth pattern and, when the va-
nadium concentration in the precipitate increases, this pattern becomes more pronounced. 
In fact, this behavior is due to the asymmetric stress distribution on the dislocation line 

Figure 7. The dislocation algorithm for the (a) Fe-V (3:1), (b) Fe-V (1:3), (c) Fe-V (0:1) precipitate,
showing the junction formation between our pre-defined a/2[111] dislocation, and the a/2[111] (in
green) and a/2[100] (in purple) dislocations, which formed due to the applied stress, and (d) the high
resolution snapshot of the formed junctions.
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Interestingly, in the Fe-V (3:1) precipitate, a zig-zag chain configuration of the junctions
(Figure 7d) is formed, which will make the dislocation’s motion and deformation more
difficult. It is believed that the lower speed of the dislocation in the Fe-V (0:1) precipitate
increases the possibility of the interaction of the a/2[100] with the a/2[111] dislocations in
the structure, which would lead to the formation of more complex junctions.

3.3. Stress–Time Curves

The stress–time curve result of the molecular dynamics simulation is shown in Figure 8.
In all precipitates, the stress–time curves show a saw-tooth pattern and, when the vanadium
concentration in the precipitate increases, this pattern becomes more pronounced. In fact,
this behavior is due to the asymmetric stress distribution on the dislocation line during the
deformation. During the early stage of the simulation, there is only a limited difference
between the three defined systems; however, when the dislocations reach the precipitate,
the value of the stress changes. In the Fe-V (3:1) precipitate, the stress remains steady,
at the value of 350 MPa. In the case of the Fe-V (1:3) and Fe-V (0:1) precipitate, after
the dislocation reaches the precipitate, the value of the stress rises sharply up to 700 and
900 MPa, respectively. This rapid rise in stress is followed by a sudden drop, which is
known as critical depinning stress [44,45]. The simulation results indicate that the highest
critical depinning stress belongs to the Fe-V (0:1) precipitate. With more time, the fluctuation
in the stress value increases, which is due to the bonding and debonding of atoms when
the junctions are formed.
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3.4. Void Formation

The number of voids formed in all three systems during the simulation has been
plotted in Figure 9. In the Fe-V (0:1) precipitate, the highest volume fraction of the voids
formed during the deformation. Interestingly, after the dislocation reaches the precipitate
and cuts the precipitate, the void volume fraction rises at a higher rate in the structure. On
the other hand, the lowest volume fraction of voids was formed in the Fe-V (3:1) precipitate.
Generally, due to the dislocation stress gradients, voids are attracted to the compressive
strain regions of the dislocation, and are repelled by tensile regions [46]. The number of
voids rises when the compressive regions in front of the dislocation line squeeze a large
number of the atom clusters. Therefore, it can be concluded that the dislocation line in the
Fe-V (0:1) precipitate has a higher compressive strain during the cutting process.
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The theory of the formation of voids in BCC metals reports that, during the deforma-
tion of materials, stress concentrations form non-homogenously in the structure. These
stress concentrations are responsible for the atoms’ local de-bonding, and the formation
of voids. In the case of the alloys, these voids that are formed at the precipitate/matrix
interface can increase the strength of the alloy, because dislocations have to create a surface
step (in the direction of their Burgers vector) by shear, when cutting a void [47]. Therefore,
it can be concluded that the formation of a high number of voids as a result of the increasing
vanadium concentration in the precipitate can also account for the obtaining of a high level
of shear stress.

3.5. Effect of Cutting on Precipitate Structure

To understand clearly how the dislocations cut through the precipitate, the radial
distribution function (RDF) of the V-V atom pair on the precipitate was evaluated before
and after the cutting process (Figure 10). The RDF results of the precipitate before the
cutting process show well-defined crystallographic planes. However, after the cutting
process, the intensity of the peaks decreased and slightly shifted to the higher distance,
and no peak appeared at the long distance, which clearly indicates that the precipitate
structure changes from crystalline to amorphous after the cutting process. The lower
intensity of the peak in the Fe-V (3:1) precipitate shows that the degree of amorphization
was higher in this precipitate. In fact, it can be said that with the increase in the vanadium
ratio in the precipitate, the accumulation of elastic energy during the cutting process
increases, which facilitates amorphization. The dislocation cuts the precipitate into two
different parts, one lying above the (110) plane parallel to, and aligned, with the notch
surface, and the other lying below; the separation of the atoms into these two parts creates
atomic disorder. It is worth mentioning that, once the structure of the precipitate becomes
amorphous, it becomes more vulnerable to further dislocation movement. As mentioned
earlier, amorphous materials lack long-range order, and their atomic arrangement is more
disordered. As a result, subsequent dislocations that encounter the amorphous precipitate
can more easily cut through it, compared to the original crystalline precipitate. This can
lead to further deformation, and contribute to the overall plasticity of the material.
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4. Conclusions

In summary, molecular dynamics simulation using the LAMMPS code was carried
out so we could understand the interaction mechanism between the a/2[111] dislocation
and Fe-V precipitates with different vanadium concentrations. The following conclusions
can be drawn as a result of this simulation:

• With the increasing vanadium concentration in the precipitate, the dislocation slightly
bends toward the opposite direction to the applied shear stress, as a result of the
reduction in the energy level of the dislocation line, due to the strong interaction with
the precipitate. However, at a low vanadium concentration (1:3 atomic ratio), the
behavior of the dislocation line is similar to the void and dislocation interaction.

• The dislocation overtakes all precipitate through cutting, and no Orowan loop is
formed around the precipitate.

• Increasing the vanadium concentration reduces the dislocation speed, and leads to the
formation of multiple junctions between the a/2[111] and a/2[100] dislocation, and a
high number of voids, which results in the alloy being strengthened.

• The accumulation of elastic energy in the precipitate during the cutting process changes
the structure from crystalline to amorphous, and the degree of amorphization de-
creases with the increasing vanadium concentration.
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