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ARTICLE INFO ABSTRACT

Dataset link: https://github.com/shuozhixu/JA Multi-principal element alloys (MPEAs), characterized by the near-equiatomic mixing of three or more principal

C_2025 elements, exhibit a high configurational entropy that stabilizes solid solution phases and yields outstanding

N mechanical properties such as high strength, ductility, and toughness. While chemical complexity contributes
Keywords: . . ) . . . .
Multi-principal element alloys significantly to these enhanced properties, incorporating nanostructural obstacles like voids offers an addi-
Dislocations tional pathway for mechanical performance optimization. In this study, we employ the face-centered cubic

Voids Al ;CoCrFeNi MPEA as a representative system to investigate dislocation-void interactions. One constituent
pure metal, Ni, is also studied as a reference. We systematically examine the influence of void radius on the
critical resolved shear stress (CRSS), revealing that, compared with Ni, the CRSS in the MPEA exhibits greatly
reduced sensitivity to void size. In addition, the CRSS for the edge dislocation is higher than that for the
screw dislocation in the MPEA, in contrast to Ni. These results highlight the role of nanostructural engineering
in modulating dislocation mechanics, offering valuable guidance for the rational design of next-generation

Atomistic simulations

structural materials with superior performance.

1. Introduction

Developing high-performance metallic alloys primarily relies on
altering chemical compositions and microstructures by introducing
foreign elements and crystallographic defects, respectively [1]. In tra-
ditional dilute alloys, a single principal element forms the matrix of
the system with various additional elements to enhance particular
properties [2]. It was believed that mixing multiple elements at near-
equiatomic ratios would lead to multiple simple phases, stoichiometric
intermetallic compounds, or amorphous metallic glasses, which are
usually brittle [3]. Thus, traditional alloy development focused on the
corners and edges, instead of the central region, of a multi-component
phase diagram [4]. In 2004, some carefully chosen metallic composi-
tions were found to form stable solid solution phases [5,6]. Since then,
the field of multi-principal element alloys (MPEAs) has seen explosive
development [7]. Currently, MPEAs are defined as alloys composed
of three or more principal elements on simple underlying lattices
such as face-centered cubic (FCC) or body-centered cubic (BCC) [8].
The outstanding mechanical properties of MPEA, including great high-
temperature strengths, excellent cryogenic fracture toughness, as well
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as superior resistance to irradiation, creep, wear, and corrosion, posi-
tion them as ideal material candidates for demanding applications in
the aerospace, automotive, energy, and defense industries [9,10].
Dislocation behavior plays a central role in governing plastic defor-
mation in MPEAs, yet it differs significantly from that in pure metals
due to the complex local chemical environments characteristics, such
as lattice distortion and chemical short-range order (CSRO) [11,12].
These factors alter the dislocation glide landscape, resulting in com-
parable mobilities for screw and edge dislocations, in contrast to the
pronounced anisotropy typical of conventional metals [13]. Among
MPEAs, the Al-Co—Cr-Fe-Ni system stands out for its exceptional me-
chanical performance and compositional tunability. In Al CoCrFeNi
alloys, phase stability and deformation behavior are highly sensitive
to the Al concentration, with FCC, BCC/B2, or mixed phases emerg-
ing as x increases [14,15]. While their mechanical properties have
been widely characterized across various temperatures, the underlying
physics responsible for their unique behavior remains elusive. To gain
deeper insight, atomistic simulations have been extensively applied to
study deformation mechanisms in this alloy family [16-18]. This work
focuses on Al0.3CoCrFeNi, selected for its stable FCC structure and
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favorable combination of strength, ductility, toughness, and resistance
to creep and shear failure [19,20]. Its thermodynamic and mechanical
properties have been investigated via atomistic simulations [21,22].
Recently, Raj et al. [23] applied molecular statics at O K to this alloy,
revealing that the local slip resistance is lower for a short (% 1 nm)
screw dislocation than for an edge dislocation of similar length, in
contrast to Ni, one of its constituent pure metals. In another study, Raj
et al. [24] used a combination of molecular dynamics (MD) simulations
at 5 K and statistical analyses to study the glide of a single, long
(~ 30 nm) dislocation. It was found that the critical resolved shear
stress (CRSS) for the dislocation glide is slightly higher for the edge
dislocation than for the screw dislocation, again in contrast to Ni.

Building on our previous work, the current study focuses on disloca-
tion/void interactions. In ductile crystals, voids offer a simplified defect
model without dislocation character, thereby avoiding the complexity
of dislocation/dislocation reactions [25]. Their geometric simplicity
makes them ideal for isolating and understanding fundamental mech-
anisms of dislocation obstruction [26]. Nevertheless, the atomic-level
information is difficult to obtain because observing how dislocations
interact with voids directly through in situ experiments is inherently
difficult due to resolution and time constraints [27]. While elasticity
theory provides partial insight into the interaction energetics, it does
not fully capture the balance between the energy gain from eliminating
the dislocation core and strain energy within the void, and the cost of
forming a surface step as the dislocation shears through the cavity [28].
This balance governs the critical stress required for a dislocation to
bypass a void, making the problem both physically significant and
well-suited to atomistic modeling approaches [29-31].

Most atomistic simulations of dislocation/void interactions to date
have been focused on pure metals. Simar et al. [32] and Cheng
et al. [33] demonstrated through MD that void size, spacing, and
loading conditions critically influence dislocation detachment behavior,
particularly under dynamic and cyclic loading. The role of intrinsic
stacking fault energy (ISFE) was systematically explored by Okita
et al. [34], Hayakawa et al. [35], Asari et al. [36], and Doihara
et al. [37], who showed that both ISFE and void geometry control
depinning modes and the associated CRSS. Jian et al. [38] highlighted
the sensitivity of dislocation/void interaction simulations to modeling
parameters, while Jing et al. [39] combined MD and dislocation dynam-
ics to assess helium bubble hardening, observing a weak dependence
on bubble pressure and density. Hatano et al. [40] further revealed
geometry- and temperature-dependent depinning mechanisms for both
edge and screw dislocations in Cu, including cross-slip and prismatic
loop formation.

In recent years, some progress has been made in understanding
dislocation/void interactions in dilute alloys and MPEAs. Bahramyyan
et al. [41] found that adding just 0.5 wt% Mg to Al significantly
increased the Peierls stress and CRSS, altered the dislocation/void
interaction mechanism compared to pure Al. They also showed that
the Mg concentration strongly influenced dislocation mobility through
both solute effects and thermal activation. Dou et al. [42] reported that
dislocation motion is more difficult in Fe33Ni33Cr than in Fe10Ni20Cr
due to larger fluctuations in ISFE. In addition, in FelONi20Cr, voids
can transform into stacking-fault tetrahedra at high temperatures, in-
creasing obstacle strength, whereas sluggish diffusion in Fe33Ni33Cr
suppresses this transformation, improving its resistance to irradiation
hardening. Mei et al. [43] found that strong lattice mismatch in CoCr-
CuFeNi MPEA produces a friction stress roughly two orders of magni-
tude higher than in pure Cu and Ni, with both friction stress and local
ISFE following a Gaussian distribution, leading to frequent changes
in stacking fault width. They identified four distinct dislocation/mi-
crovoid interaction modes in this MPEA. Additionally, Vaid et al. [44]
studied the interactions between edge dislocations and periodic arrays
of voids in CrFeNi, determining the CRSS values for edge dislocations
with different periodicity lengths using square voids with a side length
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Fig. 1. Schematic of the simulation cell for dislocation/void interactions.

Table 1
Number of atoms deleted from the original simulation cell to create a void
with different sizes in Ni and the MPEA.

Void radius (nm) MPEA Ni

Edge Screw Edge Screw
4.8 42,485 42,451 43,217 43,196
3.6 17,509 17,464 17,778 17,773
2.4 5196 5178 5274 5261
1.2 648 646 654 656
0.6 81 79 81 80

of 5 nm. These studies typically considered only one type of dislocation
— either edge or screw — and mostly only a single void size.

This paper investigates how a single dislocation interacts with a
void in FCC Al ;CoCrFeNi. Compared with all prior work, the present
study takes a more comprehensive approach, examining both edge and
screw dislocations and their interactions with voids of different sizes.
In addition, one constituent pure metal, Ni, is also analyzed here to
provide references. As such, the present work enables deeper insights
into the role of chemical complexity on dislocation/void interactions.

2. Methods

The embedded-atom method interatomic potential developed by
Farkas and Caro [45] is used. In a recent study, we showed that this
potential offers accurate values of lattice parameter, elastic constants,
and ISFE of Aly3CoCrFeNi, as compared with an ab initio model or
experimental data [23]. Atomistic simulations are conducted using
LAMMPS [46]. Atomsk [47] is used to build the initial atomistic
structures in both Ni and MPEA. Additionally, OVITO [48] is utilized
for visualization and more detailed dislocation analysis.

Fig. 1 shows the simulation cell used to explore how a dislocation
interacts with a void. An edge or a screw dislocation is introduced in
the center of the simulation cell. For the edge dislocation, the x-, y-,
and z-axes align with [110], [111], and [112] directions, respectively,
while for the screw dislocation they align with [112], [111], and [110],
respectively. Periodic boundary conditions are applied on the x and z
axes, while a traction-free boundary is along the y axis. The simulation
cell measures L, ~ 40 nm, L, ~ 50 nm, and L, ~ 30 nm, containing
over 5.5 million atoms.

It follows that a spherical void is added to the cell so that its center
lines up with the mid-y and mid-z planes, and it is located at 0.15L,
from the right boundary of the cell. Five void radii are considered:
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Fig. 2. Stress-strain curves for (a) an edge and (b) a screw dislocation interacting with a void with a radius of 0.6 nm in Ni. The curves for the void-free cases

are also shown and labeled as “O nm”.
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Fig. 3. A series of configurations of a screw dislocation interacting with a void with a radius of 0.6 nm in Ni, corresponding to selected points on the green

stress—strain curve in Fig. 2(b).

0.6 nm, 1.2 nm, 2.4 nm, 3.6 nm, and 4.8 nm. This configuration ensures
that the dislocation remains sufficiently distant from the void, prevent-
ing immediate interactions at the onset of dislocation motion. All atoms
are randomly distributed in accordance with their compositional ratios,
without any CSRO. The same void sizes in Ni are also studied to provide
references. The lattice parameters for Ni and the MPEA are 3.52 and
3.55 A, respectively. The numbers of atoms deleted to create voids are
listed in Table 1.

Along the y axis, the simulation cell is divided into five regions: A,
B1, B2, C1, and C2, as shown in Fig. 1. The thicknesses of C1 and C2 are
equal and denoted as L, and those of B1 and B2 are equal and denoted
as Lg. To prevent atoms in A, B1, and B2 from being influenced by the
traction-free boundaries, L is chosen to exceed the cutoff distance of
the interatomic potential. A constant applied strain rate of 107 s~1 is
imposed with flexible boundary conditions in C1 and C2 to drive the
dislocation motion. No thermostat is applied to A, C1, or C2 so as to
not interfere with the flexible boundary conditions in C1 and C2, as
well as dislocation dynamics in A. An NVT ensemble is applied to Bl
and B2 to keep the temperature at 5 K.

To account for the randomness in atomic distribution in the MPEA,
five MD simulations of dislocation/void interactions are conducted
using five different atomic structures for each dislocation type and void
size. The average CRSS among the five is reported in what follows.

3. Results and discussion
3.1. Ni

The stress—strain curves for a single dislocation interacting with
a 0.6 nm void in Ni are shown in Fig. 2, with selected dislocation
configurations highlighted in Fig. 3. The curves for the dislocation glide
in a void-free lattice are also shown in Fig. 2. For the 4.8 nm void, the
stress—strain curves are presented in Fig. 4, and the selected dislocation
configurations are illustrated in Figs. 5 and 6. For both edge and screw
dislocations, the stress first decreases below zero as the dislocation
moves toward the void attracted by its traction-free surface and then
rises nearly linearly with increasing strain. During this process, the



A. Rgj et al. Journal of Alloys and Compounds 1042 (2025) 183923

400 - B 2500
300 - 2000 1
& 200 A o 1500 -
s =
3 ]
2 100 A o 1000 +
) 1)
0- 500 ~
-100 01
0000 0005 0010 0015 0.020 0000 0010 0020 0030 0.040
Strain Strain
(a) (b)

Fig. 4. Stress-strain curves for (a) an edge and (b) a screw dislocation interacting with a void with a radius of 4.8 nm in Ni.
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Fig. 5. A series of configurations of an edge dislocation interacting with a void with a radius of 4.8 nm in Ni, corresponding to selected points on the stress-strain
curve in Fig. 4(a).
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Fig. 6. A series of configurations of a screw dislocation interacting with a void with a radius of 4.8 nm in Ni, corresponding to selected points on the stress—strain
curve in Fig. 4(b). The red circles in (¢’) and (e’-g”) mark local cross-slips.
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Fig. 8. Stress—strain curves for (a) an edge and (b) a screw dislocation interacting with a void with a radius of 0.6 nm in the MPEA. The curves for the void-free

cases are also shown and labeled as “0 nm”.

dislocation moves continuously until it makes contact with the void
before bypassing it. Once the dislocation exits the void — at a peak stress
— there is a pronounced drop in stress. The maximum stress reached
during this interaction, which is effectively the stress required for the
dislocation to exit the void, is defined as the CRSS. In terms of the
bypassing mechanism, all dislocations bypass the void by shearing on
the original {111} plane, except when a screw dislocation interacts with
a 4.8 nm void, where a series of local cross-slip occurs near the void
surface, as shown in Fig. 6. Because of the cross-slip, a very high CRSS,
2385.1 MPa, is reached, which is substantially higher than that for
the edge dislocation interacting with the same void, i.e., 377.6 MPa.
Our finding that smaller voids can be more easily bypassed by simple
shearing of a screw dislocation without cross-slip is aligned with a
previous work [49].

As the void radius increases, the CRSS increases, as summarized in
Fig. 7. For the edge dislocation, the lowest CRSS (60.5 MPa) is observed
for a void with a radius of 0.6 nm, while the screw dislocation exhibits
the minimum CRSS of 88.8 MPa under the same condition. The void-
to-lattice ratio in CRSS is 11.72 for the edge dislocation and 7.81 for

the screw dislocation, highlighting the pronounced strengthening effect
of even a very small void on the dislocation glide in Ni. When the void
radius increases from 0.6 nm to 3.6 nm, the CRSS increases by 5.47
times for the edge dislocation and 4.06 times for the screw dislocation.
It is also evident that the screw dislocation requires a higher CRSS
to overcome the void than does the edge dislocation. However, the
screw-to-edge radius in CRSS is 1.09 for a 3.6 nm void and 1.47 for a
0.6 nm void, both of which are lower than that (2.2) for a dislocation
glide in a void-free lattice. This trend suggests that introducing a void
homogenizes the plastic deformation of different dislocation types.

3.2. MPEA

The stress—strain responses for a single dislocation interacting with
a 0.6 nm void in the MPEA are shown in Fig. 8. The curves for
the dislocation glide in a void-free lattice are also shown. Selected
dislocation configurations are shown in Figs. 9-12. For the 4.8 nm
void, the stress—strain curves are presented in Fig. 13, and the selected
dislocation configurations are illustrated in Figs. 14 and 15. While
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Fig. 9. A series of configurations of an edge dislocation interacting with a void with a radius of 0.6 nm in the MPEA, corresponding to selected points on the

green stress—strain curve in Fig. 8(a).
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Fig. 10. A series of configurations of an edge dislocation gliding in a void-free MPEA, corresponding to selected points on the orange stress-strain curve in Fig.

8(a).

the dislocation is attracted to the void in the MPEA, this attraction is
insufficient to move the dislocation in the MPEA lattice, in contrast to
Ni. Thus, unlike Ni, no negative stress is present at low strains for any
void size in the MPEA.

To better understand the dislocation/void interactions, we first
assess the dislocation glide in a void-free lattice. In most cases, the first
peak in the stress—strain curve marks the point at which the dislocation
begins moving. However, the detailed dislocation behavior prior to
the peak differs between edge and screw dislocations. For the edge
dislocation, in most cases, as measured near the central region along
the dislocation line, the stacking fault contracts and then the dislocation

starts moving, which corresponds to the first peak. In some cases,
however, the stacking fault contraction corresponds to a small stress
drop on the stress—strain curve. For the screw dislocation, the entire
line is composed of two segments, which are on different {111} planes.
As the stress increases, all segments change to the xz plane where the
RSS is applied. Once that happens, the screw dislocation starts to move,
and the stress drops.

Similar phenomena are observed in the dislocation/void interaction
simulations. For the smallest void with a radius of 0.6 nm, the void
is easily sheared by the dislocation without a substantial increase in
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Fig. 11. A series of configurations of a screw dislocation interacting with a void with a radius of 0.6 nm in the MPEA, corresponding to selected points on the

green stress—strain curve in Fig. 8(b). The red circles in (a) mark local cross-slips.
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Fig. 12. A series of configurations of a screw dislocation gliding in a void-free lattice in the MPEA, corresponding to selected points on the orange stress—strain

curve in Fig. 8(b). The red circles in (a’-c’) mark local cross-slips.

the stress once the dislocation starts moving. As a result, the void-
to-lattice ratios in the CRSS - 1.025 for the edge and 1.02 for the
screw — are much lower than those in Ni. The diminished void-induced
strengthening in the MPEA agrees with a previous finding that the
irradiation hardening is lower in MPEAs than in pure metals [50].
For larger voids, a stress increase is observed when the dislocation
becomes in contact with the void, as shown in Fig. 13. It follows that
the dislocation shears the void and exits it, at which point a large

stress drop is incurred. For the screw dislocation, cross-slip occurs in
the largest void which has a radius of 4.8 nm. Unlike in Ni, it only
happens very locally near the void surface, as shown in Fig. 15(b’), as
a result of the MPEA’s lower ISFE.

As shown in Fig. 7, (i) introducing a void consistently increases the
CRSS in the MPEA, and (ii) an increase in the void radius increases
the CRSS, as in Ni. However, the amount of increase is substantially
smaller compared with Ni. For example, as the void radius increases
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Fig. 13. Stress-strain curves for an edge and a screw dislocation interacting with a void with a radius of 4.8 nm in the MPEA.
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Fig. 14. A series of configurations of an edge dislocation interacting with a void with a radius of 4.8 nm in the MPEA, corresponding to selected points on the

green stress—strain curve in Fig. 13.

from 0.6 nm to 3.6 nm, the CRSS increases by 1.56 times for the
edge dislocation and 1.51 times for the screw dislocation, which are
much smaller than 5.47 and 4.06 in Ni. Concurrently, the MPEA-to-
Ni ratios in CRSS significantly drop as the void size increases. For the
0.6 nm void, the ratios are 4.66 for the edge dislocation and 3.14 for
the screw dislocation; for the 3.6 nm void, the ratios are 1.33 and
1.17, respectively. These ratios are substantially lower than those for
a void-free lattice: 53.37 and 24.16. These observations suggest that
while the void makes dislocation dynamics more difficult in both Ni and
MPEA, the interactions are much less sensitive to the void size in MPEA
than in Ni. Effectively, the presence of a void reduces the disparities in
dislocation dynamics between the two materials. Finally, the screw-to-
edge ratios in CRSS are below unity, specifically 0.96 and 0.99 for the
3.6 nm and 0.6 nm voids, respectively. These results match the same
ratio for the void-free lattice glide in the MPEA (0.997).

4. Conclusions

In the present work, we use atomistic simulations to explore how a
dislocation interacts with a void, and to shed light on the contrasting
behaviors observed in Ni versus the MPEA. In pure Ni, even a relatively
small void can cause a marked increase in the CRSS, and the largest

void (with a 4.8 nm radius) is found to induce cross-slip in the screw
dislocation. Conversely, the MPEA exhibits only a slight increase in
CRSS for a small void, a moderate CRSS increase for a larger void, with
the largest void prompting merely localized cross-slip near its surfaces.
As a result, a void plays a much smaller role in affecting dislocation
dynamics in the MPEA than in Ni. We also find that the screw-to-edge
ratio in CRSS, regardless of whether the void is present or not, is less
than unity in the MPEA, in contrast to Ni.

Overall, our findings emphasize the crucial role that local chemical
environments and atomic-scale defect interactions play in defining
the mechanical properties of both pure metals and complex alloys.
In the MPEA, the energy landscape experienced by moving dislo-
cations is considerably more varied than in Ni, leading to distinct
slip behaviors. By analyzing dislocation behavior using atomistic sim-
ulations, this work provides valuable guidance for designing next-
generation alloys that effectively combine compositional complexity
with tailored nanostructural features to enhance strength, ductility, and
overall performance.

Previous experiments have compared mechanical properties and
deformation mechanisms in MPEAs and pure metals that contain voids.
For instance, Gao et al. [51] demonstrated via in situ transmission elec-
tron microscopy that void coalescence in both MPEAs and pure metals
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(C)

Fig. 15. A series of configurations of a screw dislocation interacting with a void with a radius of 4.8 nm in the MPEA, corresponding to selected points on the
orange stress—strain curve in Fig. 13. The red circle in (b’) marks a local cross-slip.

can propagate by relative shearing along the boundary of nanotwins
in the ligament between voids. Lu et al. [52] further showed that pre-
existing dislocations and local lattice distortions in MPEASs significantly
affect void swelling and defect evolution under irradiation, highlighting
the unique defect interactions in MPEAs compared to pure metals.
These studies emphasize the importance of defect/void interactions
across scales and motivate future multiscale computational work.
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