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A B S T R A C T

Dislocation loop is a primary indicator of irradiation, and has a profound impact on the microstructural evolution
and thermo-mechanical properties of materials. Although both 1/2<111> and <100> loops are clearly identified
in bcc metals after irradiation, the underlying mechanism of <100> loop formation remains elusive especially
considering its low stability. Here, we explicitly demonstrate the formation of <100> loops through the inter-
action of two gliding 1/2<111> loops under uniaxial strain via molecular dynamics simulations, while there is no
occurrence of <100> loops under strain-free conditions. Such strain-enhanced formation of <100> loops is
different from conventional dislocation reaction mechanisms, which contain rigorous prerequisite conditions on
the topology and size of the reactant loops, and thus provide a potential explanation for the frequent occurrence of
<100> loops. The microscopic analysis suggests that the generation of <100> dislocation loops via bi-loop re-
action is a complicated atomistic process involving the coordinated movement and/or rearrangement of multiple
interstitials. The activation energy barriers of each reaction step are determined, and generally decrease with
increasing uniaxial strain. Specifically, we develop a predictive model to describe the formation probability of
<100> loops under different conditions, which is in good agreement with molecular dynamics simulations. These
results shed new light on understanding the <100> loop formation, provide a direct link between simulations and
experiments, and enable the accurate assessment of irradiation damage evolution in bcc metals.
1. Introduction

Irradiation of high-energy particles dramatically affects the micro-
structural evolution and properties of materials, and has been recognized
and investigated for over 80 years [1]. Such effects, either detrimental
under operational conditions (e.g., neutron damage for structural mate-
rials in nuclear system) or beneficial during manufacturing procedures
(e.g., ion beam processing of semiconductor for the microelectronic in-
dustry) [2–4], should be governed by the generation, migration,
recombination and accumulation of displacement defects, while these
microscopic processes are not entirely understood. Because of the high
formation energy (>4 eV) and distinct stress field, self-interstitial atoms
(SIAs) are the typical displacement defects and are commonly considered
as the primary indicators of particle irradiation [5]. The agglomerations
of these interstitial atoms on a habit plane will induce the formation of
dislocation loop, which is a major factor controlling the microstructure
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and thermo-mechanical response of materials under irradiation [6–9].
Based on the magnitude and direction of atomic transition, the disloca-
tion loops are generally characterized by the Burgers vector. Intriguingly,
two types of dislocation loops (i.e., 1/2<111> and <100> Burgers
vectors) are explicitly identified in bccmetals using transmission electron
microscopy [6,10–17]. This is, however, somehow different from the
theoretical calculations [18,19], in which the formation energy of
1/2<111> loop is much lower than that of <100> loop, indicating the
low possibility of <100> loop formation. Since the mobility of
1/2<111> loop is much higher than that with<100> Burgers vector and
can be easily trapped by intrinsic defects, the presence of <100> loops
may dramatically alter the performance of materials and induce the
different response of bcc metals on irradiation [20]. Therefore, under-
standing the mysterious mechanism of <100> dislocation loops is a
long-standing and essential topic of both scientific and technological
importance, relevant to predicting the consequences of irradiation and
91, China.
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designing radiation-resistant materials.
Despite enormous research efforts in the past half century, there is no

consensus on <100> loop formation in bcc metals and several potential
mechanisms have been proposed. The first one was already reported in
1965 by Eyre and Bullough [21], who argued that a <110> shear of a
faulted 1/2<110> loop can produce a<100> loop. However, because of
the high energy cost for the stacking fault, the formation of a faulted loop
in bcc metals is energetically implausible. Alternatively, Dudarev et al.
claimed that the temperature dependence of the anisotropic elastic free
energy has a profound effect on the relative stability of the 1/2<111>
and <100> dislocation loops; the latter becomes more energetically
stable at high temperatures (>823 K) [22]. This is consistent with
experimental observations [23–25] and provides a thermodynamic
interpretation for <100> loops in bcc iron (Fe), but lacks the kinetic
mechanism in detail. Besides, atomistic simulations explicitly demon-
strated that <100> loops can be transformed from 1/2<111> loops or
C15 interstitial clusters directly, especially at high temperatures [19,26,
27]. Nevertheless, these works mainly focused on the small SIA clusters.
Since the activation energy for the transformation processes (considering
the junction formation) is expected to increase with cluster size, the
application of this mechanism to larger clusters remains very chal-
lenging. Moreover, molecular dynamics (MD) simulations suggested the
formation of <100> loops in bcc metals during high-energy displace-
ment cascades, which can be attributed to cascade overlap with
pre-existing damages and/or the supersonic shockwave induced by
cascade [28–30]. However, the probability of <100> loop formation
largely depends on the incident energy and atomic mass, and should be
extremely low in neutron irradiation cascades [30,31]. In addition, the
dislocation reactions (i.e., interaction of two or three gliding 1/2<111>
loops) have been considered a promising route for the formation of
<100> loops. Although this mechanism is supported by some experi-
ments [16,32] and MD simulations [5,18,33], there are some rigorous
prerequisite conditions, including two equal-sized loops with an acute
angle or coalescence of multiple loops simultaneously, leading to a rare
event in reality. Making the matter even more complicated, extensive
experiments suggested the decisive role of external stimuli (e.g. stresses
[34–37], temperatures [13,23,38] and impurities [15,39,40]) in the
formation of <100> loops in irradiated bcc metals, while the underlying
physics of these effects remains to be elucidated.

Here, taking bcc Fe as an example, we explicitly demonstrated that
anisotropic strain (both compression and tension) can obviously stimu-
late the formation of <100> loops via bi-loop reaction based on a series
of comprehensive MD simulations. Different from the above-mentioned
mechanisms, this process does not require any prerequisites (except for
anisotropic strain) and reduces the limitations on the topology and size of
the reactant loops, providing a potential explanation for the common
occurrence of <100> loops. The distinct atomistic processes of in-
teractions between two 1/2<111> loops are analyzed and the activation
energies for each reaction step are obtained using both nudged elastic
band (NEB) calculations and the Arrhenius formula. It is found that the
anisotropic strain effectively reduces the activation energy of bi-loop
reactions. Accordingly, we developed a predictive model to describe
the probability of <100> loop formation in bcc Fe via bi-loop reactions,
considering anisotropic strain and the difference in loop sizes. These
results shed new light on understanding bi-loop reactions and <100>
loop formation, and thus have broad implications to access the micro-
structural evolution and thermo-mechanical response of bcc metals
under irradiation.

2. Computational methods

The molecular dynamics (MD) simulations were conducted using the
extensively utilized Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) code [41]. The interactions between 1/2<111>
dislocation loops were modeled under finite temperature and anisotropic
strain conditions. The simulation box was oriented along x ¼ [100],
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y ¼ [010], and z ¼ [001] axes, comprising 40 � 40 � 40 unit cells, with
periodic boundary conditions (PBCs) in all directions (see Fig. 1). During
the MD simulations, the lattice constant was adjusted in response to
temperature variations to ensure an average system pressure of zero as
the initial condition prior to applying strain. Two dislocation loops with
intersecting glide prisms were created with Burgers vectors of 1/2[111]
and 1/2[111], as shown in Fig. 1a [5,18,33,42]. The size of each reactant
loop ranged from 37 to 91 SIAs. Uniaxial strains ranging from �3 % to 3
% were incrementally applied to each axis in 1 % steps, with the other
two directions controlled using the isothermal-isobaric (NPT) ensemble
to maintain zero pressure, as shown in Fig. 1b. The simulation systemwas
then minimized using the conjugate gradient method and equilibrated in
the canonical (NVT) ensemble. The temperature varied from 300 K to
1100 K, with the reaction time controlled within 1 ns and a timestep of
0.001 ps. For each condition, we repeated the simulations 10 times with
different random initial velocities to mitigate random events and provide
a rough estimate of the formation probability.

The NEB method is an effective approach for determining the mini-
mum energy path (MEP), saddle point states, and migration energy
barriers [43]. During the relaxation process of the bi-loop reaction,
atomic configurations were extracted at 1 ps intervals and then mini-
mized to serve as input configurations for the NEB calculation. In each
NEB calculation, 20 images were utilized [33]. The final energy barrier
was obtained by averaging the results of 5 cases. To fully assess the
effective energy barrier for <100> loop formation, we also investigated
the dependence of the time required for the formation of a pure <100>
loop on temperature. The time was defined as the interval between the
first contact of the two loops and the identification of a complete <100>
loop using the Dislocation Extraction Algorithm (DXA) analysis [44].

We selected the embedded-atom-method (EAM) potential developed
by Ackland et al. to model atomic interactions [45]. This potential was
chosen because it qualitatively and quantitatively captures the properties
of the single SIA and small SIA clusters, in close agreement with ab initio
results [46]. Additionally, it accurately describes the relative stability of
SIA clusters, showing that the 1/2<111> loop is more stable than the
<100> loop [46]. Furthermore, other commonly employed iron-based
potentials, namely A97 [47], M03 [48], and M07 [46], were used to
verify the universality of obtained results. The simulation results were
visualized with Open Visualization Tool (OVITO) [49], where SIAs were
identified through the Wigner-Seitz method, and changes in dislocation
Burgers vectors were analyzed using the dislocation extraction algorithm
(DXA) [44].

3. Results and discussion

3.1. Interaction between two 1/2<111> dislocation loops in strain-free Fe

In order to investigate the influence of strain on the bi-loop reactions,
the interaction of two gliding 1/2<111> dislocation loops in strain-free
Fe should be determined firstly. As demonstrated previously [42,50], the
interaction processes and final configurations are closely related to the
size of reacting loops and temperatures. Therefore, a wide range of
temperatures (~300–1100 K with an interval of 100 K) and loop size
(~37–91 SIAs, the radius of 0.7–1.2 nm) are considered here. Generally,
there are two distinct productions for the loop-loop interactions in
strain-free Fe. The first one is the formation of a stable, immobile and
three-dimensional complex (i.e., sessile complex), which consists of SIAs
with different orientations. As shown in Fig. 2a, most of SIAs in the sessile
complex maintain their initial orientations except for a junction line,
while their habit plane rotates from {111} to {110}. The dumbbells in the
junction region adopt the [001] direction via reaction of 1/2[111]þ 1/2
[111] ¼ [001], which conserves the Burgers vectors and obeys the
Kirchhoff's law. Because of the non-parallel structure and merged habit
plane, the glide of this complex should be extremely difficult. Aside from
the sessile complexes, a large cluster containing parallel SIAs along a



Fig. 1. Simulation model: (a) geometry of loop-loop interaction, (b) description of uniaxial strain applications. The periodic boundary conditions (PBCs) were applied
in all directions.

Fig. 2. Reaction process of the bi-loop reaction in strain-free Fe: (a) formation
of a sessile complex, (b) formation of a glissile loop.
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<111> direction (i.e., glissile loop) may also be formed by the coales-
cence of two dislocation loops in bcc Fe. In this case, one of the reacting
loops changes the orientation of its SIAs to the other, as shown in Fig. 2b,
which actually leads to the growth of dislocation loops.

It is important to note that the formation energy of the sessile com-
plexes should be much higher than that of parallel dislocation loops along
<111> direction [42], which provides a thermodynamic driving force
for the structural transformation. Accordingly, as shown in previous
studies [42,50] and in the present work, the transition of sessile complex
to a perfect 1/2<111> dislocation loop can be clearly observed by MD
3

calculations, and their lifetime is largely dependent on the temperature
and cluster size. To clarify this point, we examined the probability of
sessile structure formation (up to 1 ns) via the interaction of two
1/2<111> loops with equal size at different temperatures. As illustrated
in Fig. 3a, the formation probability of sessile complexes reaches up to
100 % at low temperatures, but decreases sharply at moderate temper-
atures, regardless of the cluster size of reacting loops. With a further
increase in temperature, it is essentially impossible to obtain the sessile
complex in bcc Fe (up to the reaction of two 91-SIAs clusters), which will
transform into a parallel dislocation loop along <111> directions within
1 ns of simulation. Moreover, similar to previous studies [42], the in-
crease of reacting loop size also promotes the probability of sessile
complex formation due to the increment of junction length, from 10% for
37-37 reaction to 100 % for 91-91 reaction at 800 K. Besides the tem-
perature, the size difference between two loops also has a profound
impact on the results of bi-loop reactions. As displayed in Fig. 3b, the
probability of sessile complex formation monotonically decreases with
the increasing of size difference, from 100 %/70 %/10 % for
91-91/61-61/37-37 (i.e., the size difference of 0 %) reactions to 50 %/0
%/0 % for 64–91/43-61/26–37 (i.e., the size difference of 30 %)
reactions.

The above results suggest that the interaction of two gliding 1/
2<111> dislocation loops in bcc Fe will induce either the formation of a
sessile complex containing differently orientated SIAs or the formation of
a perfect glissile loop consisting of parallel SIAs. The former is in fact
unstable and can easily transform into a glissile loop, especially at high
temperatures or with a significant size difference between the two
reacting loops. Therefore, the direct formation of a <100>-type dislo-
cation loop through bi-loop reactions in strain-free Fe seems impossible
in our simulations. This is consistent with previous studies by Marian
et al. [18], but somewhat different from that reported by Xu et al. [5] that
observed the <100> loop formation through interactions of two
1/2<111> loops. Such discrepancy should be attributed to the different
interatomic potentials. The Fe-Fe potential developed by Ackland et al.
[45] was used in the present work and Terentyev et al. [42], while Xu
et al. selected the interatomic potential developed by Marlerba et al.
[46]. It is important to note that the relative stability of 1/2<111> and
<100> loops obtained by Marlerba's potential is contrary to that pre-
dicted by other potentials and first-principle calculations [18,19,51,52],
and thus may overestimate the formation probability of <100>



Fig. 3. Formation probability of sessile complexes in relation to (a) temperature and (b) size difference: (a) the reaction of two loops of equal size at different
temperatures, (b) the reaction of loops with varied sizes at 800 K. The size difference is obtained by (Nlarge - Nsmall)/Nlarge, where Nlarge and Nsmall represent the number
of SIAs in the larger and smaller loops, respectively. Here, 91 SIAs, 61 SIAs, and 37 SIAs represent the larger loops. Each case was calculated 10 times for repetition.
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dislocation loops.

3.2. Influence of strain on the interaction between two 1/2<111> loops

Physically, the presence of strain/stress may significantly affect the
thermodynamic and kinetic behaviors of SIA clusters in materials due to
the strong coupling of lattice distortion induced by SIAs with the
external/internal stress field [34,36]. This is particularly important for
damaged materials, because there is distinct out-of-surface swelling of
the crystal lattice owing to high-energy particle irradiation [53,54].
However, how such lattice strain affects the interaction of two gliding
1/2<111> dislocation loops as well as the formation of <100> loops is
still unclear and remains to be elucidated. Here, taking uniaxial strain as
an example, we investigated the strain-dependent bi-loop reactions in bcc
Fe.
Fig. 4. The probability of <100> loop formation from bi-loop reactions under diffe
z-axis.

4

3.2.1. Formation of <100> dislocation loops under uniaxial strain
The most striking result to emerge from the interaction of two dislo-

cation loops in strained Fe is the occurrence of <100>-type loops, which
cannot be observed under strain-free conditions. Therefore, we further
calculated the formation probability of <100> loops through the reaction
of two equal-sized 1/2<111> loops (~61 SIAs) at different temperatures
and strains (up to 1 ns). Since different structures in the final state can be
obtained from the beginning of identical initial configurations, indicating
the stochastic dynamical processes of bi-loop reactions in nature, the cal-
culations for each case were repeated 10 times. It should be noted that, due
to the structural anisotropy of dislocation interactions, the results of bi-
loop reactions also depend on the orientation of the applied strain, and
thus two different uniaxial directions were taken into account, including x-
axis (i.e., [100] direction) and z-axis (i.e., [001] direction) strain.

As shown in Fig. 4a, the applied uniaxial strain along x-axis can
substantially increase the probability of <100> loop formation,
rent conditions: (a) strain applied along the x-axis, (b) strain applied along the
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regardless of the sign of uniaxial strain, but the enhancing effects of
tensile strain are stronger than those of compressive strain. For example,
the probability of <100> loop formation at 1100 K can reach up to 95 %
under 3 % tensile strain, while that is only 30 % under 3 % compressive
strain. For the cases with the same strained conditions, the increase of
temperature generally induces the increment of formation probability of
<100> loops, from 0 %/20 % at 300 K to 95 %/30 % at 1100 K under 3
%/-3 % uniaxial strain along x-axis. This is due to the fact that, as dis-
cussed in the following sections, the generation of <100> dislocation
loops via bi-loop reaction is a thermal-activated event, and can be pro-
moted by temperature increment. Moreover, the probabilities of <100>
loop formation under uniaxial strain along x-axis are substantially
different from that of strain along z-axis, confirming the key role of strain
orientation on the results of loop-loop interactions in bcc Fe. As shown in
Fig. 4b, there is no < 100> loop observation under compressive strain
along z-axis, while its formation probability can reach up to 100 % when
the tensile strain is larger than 2 %. Therefore, the presence of external
strain can effectively promote the formation probability of <100>-type
dislocation loops via the interaction of two gliding 1/2<111> loops in
Fe, especially for cases with tensile strain. It is important to note that the
enhancing effect of uniaxial strain on the generation of <100> loops is
almost independent of the interatomic potentials, except for the exact
value of the formation probability. For instance, under 3 % strain along
the x-axis, the formation probabilities of <100> loops are 60 %, 80 %,
and 100 % for the A97 [47], M03 [48], and M07 [46] potentials,
respectively.

Next, we presented the detailed descriptions and examples of each
microscopic process observed during bi-loop reactions. Generally, the
formation processes of <100> loops in strained Fe can be categorized
into two different modes. The first is the coplanar mode and mainly oc-
curs when the external uniaxial strain is applied along the x-axis (ranging
from�1 % to 3 %). In contrast, when tensile strain is applied along the z-
axis or a large compressive strain (ranging from�3 % to�1 %) is applied
along the x-axis, a simple non-coplanar mode dominates the evolution
process. For the coplanar mode, as displayed in Fig. 5a and b, the sessile
structures containing a junction line and SIAs along [001] direction are
formed in strained Fe at the beginning of a 1/2<111> dislocation loop
encountering another one. This is in good agreement with that in strain-
free conditions (see Fig. 2) and conserves the Burgers vectors. However,
different from a quick transformation into a perfect glissile loop in strain-
free Fe, the lifetime of the sessile cluster under uniaxial strain is signifi-
cantly increased, enabling the interactions of SIAs and leading to the
long-term evolution of loop structures. After that, the junction line with a
[001] dislocation segment will split into two screw dislocations with
Burgers vectors of 1/2[111] and 1/2[111], as illustrated in Fig. 5a and b.
From this point, the mixed loop continues to evolve by the growth of
screw segments, leading to the formation of a critical configuration in
which about one third of SIAs in the dislocation loop adopts the 1/2[111]
orientation, the last third of SIAs has a 1/2[111] orientation, and the
middle third consists of SIAs along [100] or [010] directions. With
further evolution of SIAs, the fraction of [100] or [010] loops grows
gradually, resulting in the formation of a perfect [100] or [010] dislo-
cation loop (see process 4 in Fig. 5a and b). Intriguingly, this is different
from the prediction (~[001] orientation) from conventional dislocation
reaction theory, in which the Burgers vectors are conserved.

As for the non-coplanar mode, its reaction processes are relatively
simple. The junction line consisting of SIAs along the [001] direction is
also formed at the initial stage, but other defects are located on different
planes, corresponding to a three-dimensional configuration (see process
5 in Fig. 5c and d). In addition, this intermediate [001] loop continues to
grow via the interaction between SIAs along 1/2[111] and 1/2[111]
directions, finally leading to the formation of a pure [001] dislocation
loop. Note that the entire evolution process of the bi-loop reaction in the
non-coplanar mode obeys Kirchhoff's law and maintains the conservation
of Burgers vector.
5

3.2.2. Activation energy barriers of each reaction process for <100> loop
formation

The above results explicitly demonstrate that the formation of<100>
dislocation loops via bi-loop reaction is a complicated atomistic process
in strained bcc Fe, which involves the coordinated movement and/or
rearrangement of multiple interstitials in several intermediate configu-
rations. Thus, based on the microscopic evolution observed, we further
examined the activation energy of these processes as well as the stability
of the products during the interaction of two gliding 1/2<111> loops.
Here, two different ways are used to determine the activation energy
barriers, including the direct calculation using the NEB method and
derivation from the Arrhenius formula (time of<100> loop formation vs
temperature). The former is used to calculate the energy barrier for each
reaction process, while the latter can be employed to evaluate the
effective energy barrier for whole reactions.

Fig. 6 shows the activation energy barriers of each reaction during
<100> loop formation via loop-loop interactions in bcc Fe. In order to
clarify the influence of anisotropic strain on the kinetic processes, the
tensile uniaxial strains along both x- and z-axes are considered, corre-
sponding to the coplanar and non-coplanar mode respectively. The cases
of compressive strain along the x-axis are excluded in our calculations,
because it will induce tensile strain in the y- and z-axes owing to the
Poisson effect, thereby equivalent to the former two cases. It is important
to note that all intermediate states are obtained by the calculations of 3 %
tensile strain along x-axis (coplanarmode) or z-axis (non-coplanarmode).
Afterward, the strain conditions for these intermediate states are changed
accordingly without variation of relative atomic positions, and NEB
calculations are then conducted. As displayed in Fig. 6a, the activation
energy barriers without strain can reach up to 2.70/1.02/1.07/0.95 eV
for the process 1/2/3/4 in coplanar mode. Such high values confirm the
low probability of <100> loop formation via bi-loop reaction in strain-
free Fe, and the maximum energy barrier occurs for splitting a [001]
dislocation segment into two screw dislocations (see process 1 in Fig. 5a).
More importantly, the external strain significantly reduces the energy
barrier of this reaction, from 2.70 eV without strain to 1.28/0.53/0.37 eV
under uniaxial tensile strain of 1 %/2 %/3 %, which suggests that the
uniaxial strain enhances the nucleation of screw dislocation segments.
This strain-induced reduction of activation energy barrier can also be
observed for other reaction processes, as shown in Fig. 6a, and thus
promotes the generation of <100> dislocation loops in coplanar mode.
Intriguingly, the reaction of the maximum activation energy transforms
from process 1 without strain to process 4 (the growth of the [100] loop,
see Fig. 5a) under tensile strain along x-axis, and the effective energy
barrier decreases from 2.70 eV in strain-free Fe to 0.64 eV with 3 %
tensile strain.

Similar results are also obtained for the<100> loop formation in non-
coplanar mode. As illustrated in Fig. 6b, the activation energy barrier of
process 5 equals zero, regardless of the external strain, implying that the
formation of a three-dimensional configuration for the mixed structure
containing a [001] junction line (see process 5 in Fig. 5c) is a barrier-free
process and may occur spontaneously. Thus, the formation probability of
<100> loops in non-coplanarmode is mainly dependent on the activation
energy barrier of continuous growth of [001] segregation (see process 6
in Fig. 5c). This is calculated to be 2.67 eV in strain-free Fe, as displayed
in Fig. 6b, and decreases with the increasing tensile strain along the z-
axis, from 1.09 eV with 1 % strain to approximately 0 eV with 2 % or 3 %
strain. These results are consistent with the formation probability of
<100> loop in Fe under uniaxial strain along z-axis (see Fig. 4b), because
it can reach up to 100 % when the tensile strain is larger than 2 %.

Although the NEB calculations provide a direct evaluation of activa-
tion energy for each reaction process, the accuracy of their results is
closely related to the artificial selection of intermediate states. Hence, to
comprehensively assess the effective energy barrier of <100> loop for-
mation, we also examined the evolution time required for the generation
of a pure <100> loop as a function of simulation temperature, as shown
in Fig. 7. It is clear that the increase of temperature can dramatically



Fig. 5. Reaction processes of the bi-loop reaction under different modes at 800K. The legend shows the direction of SIAs (spheres) and Burgers vector of disloca-
tion (lines).

H.-B. Zhou et al. Transactions of Materials Research 1 (2025) 100008

6



Fig. 6. The energy barriers for each stage in bi-loop reaction under uniaxial tensile strain: (a) strain applied along the x-axis, (b) strain applied along the z-axis. Note
that the atomic configurations of 0/1 %/2 % are derived from the direct dimensional transformation of the atomic configuration of 3 %. The reaction processes are
denoted in Fig. 5.

Fig. 7. The time required to form a complete <100> loop in bi-loop reaction at different temperatures: (a) 1 % strain applied along the x-axis, (b) 2 % strain applied
along the x-axis, (c) 3 % strain applied along the x-axis, (d) 1 % strain applied along the z-axis. Results are obtained by reaction of two equal-sized 1/2<111> loops
(~61 SIAs).
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accelerate the reactions of two gliding dislocation loops as well as the
formation of the <100> loop, verifying that this is a thermal-activated
event. Accordingly, the correlation between occurrence time t and tem-
perature T can be well described by the Arrhenius formula

ln
1
t
¼ ln A� Ea

kBT
; (1)

where A is a constant and represents the attempt frequency. Ea and kB
denote the activation energy barrier and Boltzmann constant, respec-
tively. Based on this equation and MD simulations, the effective energy
barrier of bi-loop reactions in strained Fe can be obtained. As displayed in
Fig. 7, the activation energy of <100> loop formation is calculated to be
0.58 eV with 1 % uniaxial tensile strain applied along x-axis, which
further decreases with the increasing tensile strain, i.e., 0.29 eV for 2 %
strain and 0.23 eV for 3 % strain. For the case of non-coplanarmode (i.e.,
external tensile strain applied along the z-axis), the estimated activation
energy barrier is 0.22 eV under 1 % tensile strain, as shown in Fig. 7d. It
should be noted that the time-temperature correlation for 2 % or 3 %
tensile strain along the z-axis does not follow the Arrhenius equation,
suggesting that it is a barrier-free process and consistent with the NEB
results (see Fig. 6b), and thus the corresponding energy barriers are not
presented. Specifically, the energy barriers derived from Eq. (1) are
somewhat lower than that of NEB calculations, which should be attrib-
uted to the artificial selection of reaction paths, leading to the slight
discrepancy in activation energy between the two different methods.
Table 1
Fitting parameters of the predictive model.

a b c

εx 0.056 �13.74 192.73
εz 0.177 �7.35 183.76
3.3. Influence of size difference on the formation of <100> loop

As mentioned in Section 3.1, the detailed processes of loop-loop in-
teractions are largely dependent on their size difference. Thus, we further
investigated the influence of size difference on the probability of <100>
loop formation under strained conditions. Here, we considered three
standard sizes of dislocation loops in our calculations, including 37 SIAs,
61 SIAs and 91 SIAs, while the size of the other loop (N) is smaller than
the standard loop (Nstd), and the relative difference is given by (Nstd-N)/
Nstd. It should be noted that in comparison with the absolute values of
loop sizes, their relative difference plays a dominant role in the size
effects.

Fig. 8 shows the probability of <100> loop formation at 800 K as a
function of relative size difference (standard size of 91 SIAs) and external
uniaxial strain. Note that only the results under tensile strain are pre-
sented, because the influence of compressive strain along the x-axis is
equivalent to that of tensile strain along the y- and z-axes. As expected,
Fig. 8. The probability of <100> loop formation in reactions with varied loop sizes
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both the increase in size difference and the decrease in tensile strain
significantly suppress the generation of <100> loops via bi-loop re-
actions in bcc Fe. For example, the probability of <100> loop formation
under 3 % tensile strain along x-axis can reach up to 100 % with two
equal-sized loops (e.g., 91-91), while that is reduced to 0 % with a size
difference of 40 % (e.g., 55–91). Specifically, a considerable formation
probability (~40 %) of <100> loops can still be obtained under 2 % or 3
% tensile strain along the z-axis with a relative size difference of 50 %, as
shown in Fig. 8b. These results are completely different from the previous
study on strain-free Fe by Xu et al. [5], in which the formation of a
<100> loop via bi-loop reactions only occurs when the sizes of the two
gliding 1/2<111> loops are identical. The probability of <100> loop
formation is higher for uniaxial tensile strain applied along the z-axis
compared to the x-axis. This is consistent with the kinetic reactions for
<100> loop formation, which is a barrier-free process as long as the
tensile strain applied along the z-axis is greater than 1 % (see Fig. 6b).

Based on the results mentioned above, we developed a predictive
model to describe the variation in formation probability under different
strain conditions and relative size differences, i.e.,

p¼ a ⋅ exp
�
b ⋅ Sdiff þ c ⋅ ε

�
1þ a ⋅ exp

�
b ⋅ Sdiff þ c ⋅ ε

� ; (2)

where Sdiff is the relative size difference between two reacting loops and ε
denotes the uniaxial strain; a, b and c represent the fitting parameters as
displayed in Table 1.

To further comprehensively evaluate the performance of this pre-
dictive model, we calculated two different error functions: the Pearson
correlation coefficient r and the determination coefficient R2, which can
be expressed as [55,56].

r¼
Pn

i¼1ðbyi � byiÞðyi � yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðbyi � byiÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1ðyi � yÞ2

q ; (3)
at 800K: (a) strain applied along the x-axis, (b) strain applied along the z-axis.
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R2 ¼ 1�
P

iðbyi � yiÞ2P 2 ; (4)

iðyi � yÞ

where byi and yi are the predicted and true values of the data points, while
byi and y represent the mean values of the predicted and true values,
respectively; n is the number of data points. Fig. 9 shows the formation
probability of <100> loops in strained Fe obtained by both model pre-
diction and MD calculations. Note that the data displayed in Fig. 9 also
includes the results for other standard sizes (i.e., 37 and 61 SIAs) of
reacting loops. As shown in Fig. 9, most points lie on the line of x¼y,
suggesting that the results derived from the predictive model (x co-
ordinates) are consistent with those obtained by MD simulations (y co-
ordinates). Furthermore, the error functions are calculated to be 0.94 for
Pearson correlation coefficient and 0.88 for determination coefficient.
These values, in combination with the good agreement of formation
probability between model predictions and direct calculations, further
verify the availability and accuracy of the predictive model.
Fig. 9. Comparison between model predictions and simulation results.
3.4. Comparison with experimental observations

Dislocation loops, as the typical product of high-energy particle
irradiation, have a profound impact on the microstructural evolution and
thermo-mechanical properties of materials. Intriguingly, both 1/2<111>
and <100> type dislocation loops were clearly identified in bcc metals
[6,10–17]. Because of the extremely low mobility of <100> loops, they
can serve as stationary sinks for displacement defects and strong obsta-
cles for edge dislocations, thus affecting the response of materials to
irradiation [9,57]. Since it is generally accepted that the stability of
1/2<111> loop is much higher than that of <100> loop in bcc metals,
the underlying physics of <100> loop formation in irradiated Fe is still
unclear and controversies abound in the literature.

Herein, taking bcc Fe as an example, our calculations suggest that,
although there is no < 100> loop occurrence via the reaction of two
gliding 1/2<111> loops under strain-free conditions, the external
anisotropic strain significantly enhances the formation of <100> loop.
This is completely different from the dislocation reaction mechanisms
proposed previously [5,18,33], in which some stringent conditions are
required for the topology and size of the reacting loops (e.g., two
equal-sized loops with an acute angle [5,18] or coalescence of multiple
loops simultaneously [33]), and thus provides a reasonable interpreta-
tion for the frequent occurrence of <100> loops. For example, even
when the relative size difference between two reactant loops is as much
as 50 %, the formation probability (~40 %) of <100> loops is still
considerable under 3 % uniaxial tensile strain. These results are in good
agreement with the experimental observations [16], where the reaction
of two 1/2<111> loops with different sizes (6.1 nm and 12.5 nm) in-
duces the formation of a larger <100> loop. It is important to note that
the loop-loop interactions in strained Fe are thermal-activated events and
stochastic in nature, leading to distinct products from identical initial
configurations. Therefore, the activation energy barriers of each reaction
step for <100> loop formation are determined and generally decreases
with the increase in uniaxial strain. More importantly, we developed a
predictive model to describe the formation probability of <100> loops
under different strain conditions and relative size differences, which can
be integrated into large-scale simulations (e.g., cluster dynamics and
kinetic Monte Carlo), enabling multiscale simulations to assess the evo-
lution of irradiation damage in Fe-based materials.

In addition, numerous experimental studies were conducted to
identify several key factors in determining the relative fraction of<100>
loops in Fe, including the irradiation temperature [13,23,38], chromium
(Cr) content [40] and stress [35,37]. For example, Yao et al. [23] found
that the fraction of <100> loops generally increases with increasing
temperatures, and almost exclusively <100> dislocation loops were
observed at high temperatures (>773 K). This trend is in good agreement
with our simulations, because the temperature increment induces an
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obvious probability increase of <100> loop formation via bi-loop re-
actions in strained Fe (see Fig. 4). In addition, the presence of Cr will
reduce the relative fraction of <100> loops in irradiated Fe-Cr alloys
[40]. This may be attributed to the strong attractive interaction between
Cr and 1/2<111> loops [40,57,58], which significantly suppresses the
migration of 1/2<111> loops and reduces the probability of loop-loop
reactions, and thus is detrimental to the generation of <100> loops.
More importantly, Xu et al. [35] investigated the dislocation loop dis-
tribution in stress-loaded (uniaxial tensile stress of 100–200 MPa) T91
steel after 3 MeV proton irradiation (~1 or 2 dpa). It is found that most
<100> loops are preferentially formed in the tensile directions, and the
anisotropy of dislocation loops (positive correlation to <100> loops)
monotonically increases with increasing applied uniaxial stress. These
experimental observations are consistent with our simulations, in which
the direction of <100> loops and the anisotropy of final products are
closely related to the direction of uniaxial strain (see Fig. 4).

4. Conclusion

In present work, we have systematically investigated the influence of
anisotropic strain on the interaction between two gliding 1/2<111>
dislocation loops as well as the formation of <100> loops in bcc Fe
through molecular dynamics and statistics simulations. The main con-
clusions are summarized as follows.

(1) It is found that there is no < 100> loop formation via the bi-loop
reactions in strain-free Fe, even for the cases of two reactant loops
with equal size. However, the presence of uniaxial strain signifi-
cantly promotes the generation of <100> loops via loop-loop
interaction, and their formation maintains a considerable proba-
bility under 3 % tensile strain even when the relative size differ-
ence can reach up to 50 %. A predictive model is proposed to
describe the formation probability of<100> loops under different
conditions.

(2) Two different microscopic mechanisms of <100> loop formation,
i.e., coplanar mode and non-coplanar mode, are proposed, and
both of them are a complicated evolution and involve the coor-
dinated movement and/or the rearrangement of multiple in-
terstitials in several intermediate configurations. Intriguingly, the
Burgers vectors of dislocation loops before and after coplanar re-
actions are not conserved, which is different from the conven-
tional reaction mechanism.
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(3) As a thermal-activated event and stochastic in nature, the acti-
vation energy barriers of <100> loop formation through bi-loop
reactions are calculated, and they decrease with the increasing
uniaxial strain. Our findings advocate the critical role of aniso-
tropic strain on the bi-loop reaction and <100> loop formation,
and provide an essential predictive tool for assessing the irradia-
tion damage evolution in bcc metals.
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