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A B S T R A C T   

Plastic deformation and the presence of hydrogen enhance the concentration of vacancy-type defects in α-iron, 
wherein monovacancies can accumulate as a planar vacancy cluster (VC). The planar VC can then be nucleated 
into a corresponding prismatic dislocation loop (PDL), which can also be directly generated through cross-slip 
mechanisms of a screw dislocation. Inversely, a PDL can be converted to a corresponding VC. High densities 
of VCs and PDLs can significantly influence the mechanical properties of iron-based materials. Here, a quanti-
tative energy barrier is established for the transition between nano-sized 1/2 〈111〉 PDLs and VCs using the 
nudged elastic band method for different applied strains. It was concluded that a cluster size of more than 19 
vacancies can easily nucleate into a PDL if a VC with planar configuration is formed in α-iron. Further, the nano- 
sized VC to PDL transition is enhanced under compressive strain while the nano-sized PDL to VC transition is 
enhanced under tensile strain. This result indicates that nano-sized VCs generated by tensile deformation are 
converted to a PDL after unloading and diffusing away. Inversely, nano-sized PDLs that form by deformation can 
easily diffuse to high tensile stress regions near stress singularities, such as crack tips and triple-junctions of grain 
boundaries, and then accumulate as high-density VCs.   

1. Introduction 

Hydrogen (H) is a sustainable energy carrier/source that plays a vital 
role in future energy demand [1,2]. However, development of H as an 
alternative energy carrier/source is highly influenced by its effective 
distribution [3]. Low-alloy steel is a potential material for hydrogen 
storage and transport because of its balance between cost and strength. 
However, the presence of H in steel causes hydrogen embrittlement 
(HE). The HE effects on the mechanical properties of structural metals 
have been well recognized for over a century and often lead to prema-
ture failure [4]. Thus, HE has been an essential issue that is particularly 
severe in steels because of the high mobility of H in iron (Fe) [5]. α-iron 
represents the simplest model to study HE due to the absence of impu-
rities, which complicate the interpretation of empirical results and nu-
merical simulation. Various mechanisms have been proposed to explain 
the origin of the embrittlement process, such as hydrogen-enhanced 

DEcohesion (HEDE) [6], hydrogen-enhanced localized plasticity 
(HELP) [7], and hydrogen-enhanced strain-induced vacancy (HESIV) 
[8]. However, problems related to HE still remain unsolved [9]. 

Recent studies have proposed that dislocations, stacking faults, and 
atomic vacancies are potential HE controlling factors [4]. Notably, 
recent studies have shown that H facilitates the formation of mono-
vacancies and small vacancy clusters (VCs), such as di- and tri-vacancies, 
which lead to the formation of more vacancy–hydrogen complexes or 
larger VCs. Further, according to the study as the size of a VC increases, 
the mobility of the cluster decreases. This means that H atoms trapped in 
the cluster are less likely to move from one vacancy to another. Instead, 
H diffusion is likely to occur through dissociation, wherein H atoms 
separate from the cluster and move independently [10]. It has also been 
observed that hydrogen is released by aging in an H-free environment at 
room temperature, which leaves the monovacancies to aggregate into 
clusters or to disappear [11]. 

Abbreviations: BCC, Body-centered cubic; CG, Conjugate gradient; GB, Grain boundaries; HE, Hydrogen embrittlement; LAMMPS, Large-scale atomic/molecular 
massively parallel simulator; MD, Molecular dynamics; NEB, Nudged elastic band; PDL, Prismatic dislocation loop; SIA, Self-interstitial atom; TJGB, Triple junction of 
grain boundaries; VC, Vacancy cluster. 
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When a planar VC is sufficiently large, the Fe atoms on both top and 
bottom inner sides of the VC collapse into each other by the attractive 
force between opposing atoms. As a result, a vacancy-type prismatic 
dislocation loop (PDL) is formed. The Burgers vector of a 1/2 〈111〉 PDL 
in iron is highly mobile and can be easily glided along the direction of 
Burgers vector [12–15]. Many recent investigations have focused on the 
formation and stability of interstitial and vacancy-type PDLs in irradi-
ated body-centered cubic (BCC) Fe, which is a suitable material for 
future fusion reactors. Fikar et al. investigated the energies of PDLs with 
different shapes and Burgers vectors, discovering that the 1/2 〈111〉
regular hexagon shaped PDL is the most stable configuration [16]. The 
clustering in the cascade region based on the molecular dynamics study 
presents that up to 50 SIA are stable cluster in bcc-Fe and it can be 
describe as edge dislocation loops in the {111} plane [17]. Relaxed 
dislocation loop formation energies were also compared by considering 
larger interstitial defects. An extensive simulation study of the structure 
and energetics of self-interstitial atom (SIA) clusters and PDLs in pure 
BCC iron were studied for clusters containing up to 91 SIAs [18]. A new 
scaling law to account for the effect of temperature on the formation 
energy has been established for the free energies of SIA-type PDLs up to 
30-nm in diameter at 1100 K [19]. The study presents that a single layer 
platelet containing upto 37 vacancies in bcc crystal does not nucleated to 
a dislocation loop in a static simulation. Further, the most stable struc-
ture is found to be compact vacancy clusters, followed by double layers, 
linear layers, linear chains, tetravacancies, single layers, trivacancies, 
and divacancies [20]. The study based on molecular dynamics of 
collapse of vacancy clusters mainly voids presented that vacancy loops 
with burgers vector b = 〈100〉 may form directly in bcc metals by 
cascade collapse on (100) planes, rather than by collapse on {110}. 
Further, simulation of void collapse reports that ½〈111〉 type Frank loop 
formed but it has defect of three-dimensional character [21]. The recent 
study comparing the formation energy of void, vacancy clusters formed 
in cascade and prismatic vacancy loop in bcc-tungsten is compared using 
molecular static simulation and fitting function. The transformation 
between a 3D void and a vacancy dislocation loop involves diffusion 
with the movement of many atoms [22]. 

Intergranular (IG), transgranular, and quasi-cleavage fractures have 
been widely recognized as HE fractures in steels [23–25]. Recent 
experimental observations have reported that damage resulting from 
clustering vacancies is closely associated with intense strain localization 
at the vicinity of grain boundaries (GBs) [26]. A recent study presented 
that the existence of critical vacancy concentration acts as a threshold 
for the entire IG fracture and facilitates quantitative prediction of HE in 
polycrystalline materials [27]. More significantly, consideration was 
given mainly to the formation of an SIA cluster and the corresponding 
PDL. It is also important to clarify the formation mechanisms of VCs at a 
small scale and the energy barrier necessary to comprehend the transi-
tions of VCs and PDLs. In light of these recent findings, our study focuses 
on understanding the process by which VCs nucleate into PDL after H 
release. Therefore, we examine the behavior of VCs and their trans-
formation into PDL without considering the impact of H. 

The present study clarifies the formation mechanism of symmetrical 
and elongated hexagonal planar VCs and the corresponding 1/2 〈111〉
PDL (Section 3). Furthermore, the activation energy associated with the 
transition from VCs to the PDL (and vice versa) with and without ten-
sile/compressive strain is clarified (Section 4). Much attention was given 
to smaller VCs, those formed by less than 91 vacancies, where the VC to 
PDL transition is more likely to occur. Based on the simulation results, 
we propose a high-speed vacancy transportation mechanism, from 
compressive to tensile strain regions. 

2. Simulation model and methodology 

The computational analysis presented in this paper employed a bulk- 
like rectangular simulation block with periodic boundary conditions in 
all directions. The analyses were performed with the large-scale atomic/ 

molecular massively parallel simulator (LAMMPS), which is open-source 
software for molecular dynamics (MD) simulation [28]. In order to 
describe the Fe–Fe interaction, an embedded atom method potential 
developed by Wen was applied in this work [29]. This potential was 
developed using the Fe–Fe model of the Ackland-2004 empirical po-
tential [30]. The Ackland-2004 potential satisfactorily represents the 
properties of dislocations and dislocation loops in Fe [31]. 

As shown in Fig. 1, the simulation model was created with single- 
crystal α-iron containing N = 1,710,720 Fe atoms with dimensions of 
25.18 nm, 24.24 nm, and 32.64 nm along x, y, and z directions, with 
[211], [011], and [111], respectively (Fig. 1(a)). This model represents a 
good tradeoff between avoiding spurious interaction with periodic im-
ages and an affordable computational cost. The planar VC is generated 
by removing atoms on the {111} plane (Fig. 1(b)). Hereafter, we denote 
a VC consisting of n vacancies as Vn. Fig. 1 (c) and (d) depict models of 
single- and three-layer V19 in the {111} plane. In the case of a single- 
layer cluster, the top and bottom layers of the platelets always tend to 
draw away from each other at the center of the platelet, where it should 
undergo plane translation motion to nucleate as a corresponding PDL. 
Therefore, nucleation of a PDL from a smaller VC is difficult for single- 
layer VCs. Accordingly, the study focused on three-layer clusters and did 
not consider the single-layer cluster in the analysis. The symmetrical or 
elongated hexagonal shape was removed by considering three layers in 
preparation of three-layer VCs for the {111} plane, as shown in Fig. 1 
(d). 

Vni is introduced in the {111} plane, where ni is expressed by 
ni = 3i(i+1)+1 and i denotes the order of symmetrical hexagonal- 
shaped VCs. In this paper, 2 ≤ i ≤ 10 is investigated. For i = 1, the 
shape of the VC becomes a pillar with a triangle base, rather than a 
planar VC, and it is difficult to generate a PDL unless under large 
compressive strain (> 3%). Furthermore, V29 (an elongated hexagonal 
shape VC) was considered for analyzing the transition between a VC and 
PDL under applied strain. After removing atoms to create the VC, axial 
strain along the z direction is homogeneously applied, the atomic posi-
tions are relaxed using the conjugate gradient (CG) method, and the 
formation energy of the VC or PDL is then calculated. The formation 
energy, Ef,ni (ε), of a VC or PDL is computed using 

Ef,ni (ε) = Eni (ε) − (N − ni) × EFe(ε) (1)  

where Eni (ε) is the relaxed total energy of the model for a VC or PDL 
consisting of ni vacancies under strain ε and EFe(ε) is the energy of an Fe 
atom in bulk perfect crystal under strain ε. 

Different from SIA-type clusters, the smaller planar VCs usually do 
not nucleate to the corresponding PDL. Therefore, a large initial 
compressive strain was given to generate small PDLs for Ni ≤ 169. Next, 
the intended strain was applied and atomic positions were relaxed. We 
successfully obtained PDLs at zero strain for Ni ≥ 19. For 19 ≤ Ni ≤ 169, 
both the VC and PDL can stably exist under zero strain and 0 K as shown 
in Section 3, which is quite a unique characteristic compared to SIA-type 
clusters. V19 is the smallest VC or PDL treated in this paper, and its 
height is close to its base-edge length. V19 is a stable structure with high 
symmetricity and, thus, when a VC grows it transition through the V19 
with high probability. 

The energy barriers for the transition between a VC and PDL were 
calculated using the nudged elastic band (NEB) method for 
19 ≤ Ni ≤ 169. Initial and final states for the NEB calculations were 
prepared carefully with the abovementioned procedures. NEB calcula-
tions were performed using 12 to 40 intermediate images to discretize 
the minimum energy pathway. All images had the same cell dimensions 
based on the initial state, which includes the VC. The energy barrier of a 
transition from VC to PDL (or from PDL to VC) is extracted as the dif-
ference in energy between the initial (or final) state and the highest 
energy state of the pathway, which corresponds to the transition state. 
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3. Formation energy of a VC and PDL 

The formation energies, Ef,Ni , of a VC and PDL under 0 % strain and 
contact surface area AVi , expressed as AVi = 3

̅̅̅
3

√
/2[(i + 1) × d<110>/2]2, 

where d<110> is the atomic distance along the 〈110〉 direction (also see 
Fig. 2(a)), are summarized in Table 1. AVi was calculated by assuming a 
regular hexagonal shape for the upper or bottom surface of a VC. The 
formation energies of V19, V61, and V91 are 24.74, 74.19, and 109.47 
eV, respectively. The values are consistent up to V61 [32] and stable 
compared to SIA-type clusters consisting of 19 and 91 SIAs, which are 
43.7 and 116.8 eV, respectively [18]. As depicted in Fig. 2, the energy of 
a planar VC is almost proportional to the upper and lower surface area of 
the cluster, i.e., it is proportional to i2. 

On the other hand, the energy of a PDL is almost proportional to the 
dislocation length, i.e., it is proportional to i (Fig. 2(b)). 

Thus, for a larger VC (or larger i), the transition to a PDL occurs. The 
PDL dislocation length was computed by employing the DXA modifier, 
which generates the dislocation length using the Burgers vector con-
servation rule [33]. 

Fig. 3 shows a plot of the formation energy of the VC or corre-
sponding PDL for different sizes. As shown by solid lines in Fig. 3(a), the 
formation energy increases monotonically as the vacancy number in-
creases to a specific size. However, in the case of 0 % strain, a downshift 

Fig. 1. (a) Simulation model and (b) three-layer slab of the (111) plane where ●, ■, and ▴ indicate atoms in the different layers; (111) (c) single-layer and (d) three- 
layer V19 VC (○, □, and Δ express the vacancy in the different layers). 

Fig. 2. Comparison of PDL formation energy without strain (a) as a function of surface area of the top and bottom cluster layers and i2 and (b) as a function of 
dislocation length and i. 

Table 1 
Formation energy of prismatic dislocation loops (PDLs) and vacancy clusters 
(VCs) for selected VC sizes at zero strain with computed surface area.  

VC size AVi Ef ,MS(VC) Ef ,MS(PDL)
(nm2) (eV) (eV) 

19 1.27 24.74 26.10 
37 2.26 46.14 43.02 
61 3.53 74.19 62.16 
91 5.08 109.48 82.99 
127 6.92 150.93 105.02 
169 9.03 198.94 128.16 
217 11.43 – 151.81 
271 14.12 – 176.32 
331 17.08 – 201.32  
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can be noticed when the vacancy number reaches 217, where the cluster 
nucleates into a corresponding PDL after energy minimization. As the 
number of vacancies increases, the related surface area inside of the VC 
increases, facilitating atomic binding between the top and bottom layers 
of the VC. Further, downshift was enhanced as the compressive strain 
increased. At 0.8 % compressive strain for V61 and larger, the VCs 
nucleated as a PDL and the remaining VCs stayed as clusters. Whereas, 
under tensile strain, the behavior is entirely different. At 0.2 %, V217 
and V271 remained as clusters while V331 nucleated into a PDL. As 
illustrated by solid lines in Fig. 3(b), the influence of tensile strain on the 
formation energy of a cluster is not considerable. In contrast, the applied 
strain strongly influences the formation energy of PDLs. If we apply a 
larger compressive strain, we can generate PDLs from small VCs and 
those PDLs stably exist at a smaller compressive strain after structural 
relaxation by the CG method. 

Those formation energies are indicated by dotted line in Fig. 3. 
Under zero strain, both a VC and PDL can exist for 19 ≤ Ni ≤ 169. It can 
noticed that the formation energy of the PDL is influenced by applied 
strain, because the formation energy was computed for the system pre- 
relaxed before introducing the defects. After introducing the defects cell 
size was fixed during the minimization for the case of VC and PDL. As for 
NEB calculation we conserved the cell length during the minimization. 
Therefore, more strain energy is stored in the case of PDL. The strain can 
be estimate as ε′

estimated = |b|/Lz × APDL/Lx × Ly = 1.2× 10− 7 × APDL, 
where APDL is area of PDL which can be expressed as APDL = l2/4π .The 
strain is about 0.015 % for largest loop arround 4 nm diameter. 
Accordingly, the actual strain value for the PDL will be ε′

estimated + εapplied, 
therefore in the case of PDL influence of actual strain on formation en-
ergy can be noticed. However, the added strain is very small compared 
with εapplied and will not affect the later part of discussion. 

As shown in Fig. 4, spherical VCs (3D-VCs) are more stable as size 
increases. Whereas energy difference for smaller sizes (≤37) is consid-
erably less. Further, transition from 3D-VC to PDL is challenging as it 
involves the diffusion with the movement of many atoms, whereas 
transition between 2D-VC and PDL, as studied in this paper, only re-
quires a small displacement and does not necessitate the diffusion of 
atoms to achieve stability. 3D-VCs shown with closed symbols (■) have 
spherical structure, and they have low formation energies. However, 
asymmetrical 3D-VCs with higher formation energies exist at the inter-
mediate VC sizes. As indicated in Fig. 4-subplot, we suppose that 2D-VCs 

can be formed from unstable or asymmetrical clusters. The 3D-VCs may 
transform into PLD and additional vacancies during this transition. 
However, this transition needs to be clarified by using dynamics simu-
lations, and it is left for further study. 

4. Energy barrier for the transition between VC and PDL 

When a VC and PDL can exist at a given strain and vacancy size, it is 
considered that the transition between VC and PDL (VC–PDL transition) 
occurs with the help of thermal activation. Table 2 and 3 summarize the 
energy barrier for the VC–PDL transition calculated for symmetrical 
hexagonal and elongated hexagonal VCs. First, we discuss the activation 
energy without strain. Larger VCs (>V127) are nucleated into a corre-
sponding PDL with almost zero energy barrier. For a cluster size less 
than or equal to V91, an energy barrier exists for this transition. Further, 
it was found that as VC size decreases, the energy barrier for the VC to 
PDL transition increases. If a planar VC with size V37 or larger is formed, 
or a small VC grows up to V37, the VC easily transforms to the corre-
sponding PDL at room temperature since the energy barrier is 0.68 eV. 
Once the VC is transformed to the PDL, it acquires high mobility. 

Fig. 3. VC formation energy as a function of loop size for different values of applied strain: (a) compressive strain and (b) tensile strain.  

Fig. 4. The comparison of formation energy of spherical VC (3D-VC) vs planer 
VC (2D-VC). 
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On the other hand, once a PDL with size V37 or larger is formed by 
deformation or transition from a corresponding VC, it stably exists as a 
PDL since the energy barrier for the transition is quite high (≥ 3.70 eV). 
Similarly, the energy barrier computed for the V29 to PDL transition is 
1.16 eV, and the corresponding PDL to VC transition is 1.40 eV. Thus, if a 
PDL with V29 size is formed, it stably exists as PDL. However, the energy 
barrier computed for the V19 to PDL transition is 1.69 eV, and the 
corresponding PDL to VC transition is 0.33 eV. Thus, if a PDL with V19 
size or smaller is formed, it easily transforms to a VC and loses mobility, 

except at higher temperature. 
Fig. 5 shows how the tension/compression influences the transition 

energy barrier for the VC to PDL for V61. The energy barrier decreases 
under compression, becoming almost zero at 0.4 % compression. On the 
other hand, the energy barrier increases almost linearly with tensile 
strain. The energy barrier becomes 1.60 eV (see Table 2) under 0.6 % 
tension. The applied strain strongly influences the transition rate be-
tween a VC and PDL for small sizes. The transition of PDLs of V91 or 
larger to the corresponding VC is quite difficult (greater than3.82 eV, 
even at 0.8 % for V91). This implies that once a larger PDL is nucleated 
or smaller PDLs collide and become a larger PDL, they stay stable as 
PDLs rather than return to their corresponding VCs, even under strain. 

Fig. 6 depicts the activation energies obtained by NEB calculations 
under strains for V19 (Fig. 6(a)), V29 (Fig. 6(b)), and V37 (Fig. 6(c)). As 
discussed earlier, V19 to the corresponding PDL is not easy without 
strain because of the high activation energy, whereas 0.4 % compressive 
strain reduces the energy barrier to 0.92 eV (also see Table 2). Further, 
around 0.6 % compressive strain makes the transition to PDL easier with 
the lower energy barrier of 0.56 eV. The transition from PDL to VC is 
relatively easy for all strain calculated in this study, but it becomes 
difficult under the compressive side. 

The crossover occurs around 0.6 % compressive strain and, at the 0.6 
% compressive strain, the transition from PDL to VC is more difficult 
than the opposite transition and the PDL becomes stable for a 0.6 % or 
larger compressive strain. As discussed earlier, V29 to the corresponding 
PDL is not easy without strain because of the high activation energy, 

Table 2 
Energy barriers of VC–PDL transitions as a function of compressive and tensile strain for symmetrical hexagonal shapes.  

Boundary conditions 

Activation energy (eV) 

V19 to PDL V37 to PDL V61 to PDL V91 to PDL V127 to PDL V169 to PDL 

(→) (←) (→) (←) (→) (←) (→) (←) (→) (←) (→) (←)

2.0 % 5.65 0 7.40 0.95 - - - - - - - - 

Tensile 
strain 

0.8 % 3.22 0.02 2.99 2.19 2.29 3.82 2.07 17.30 2.19 31.87 1.62 50.17 
0.6 % 2.85 0.09 2.38 2.52 1.60 4.74 1.35 19.43 1.17 34.98 1.42 55.52 
0.4 % 2.49 0.19 1.74 2.84 0.96 5.70 0.91 21.82 0.42 38.31 0.50 60.26 
0.2 % 2.06 0.23 1.09 3.15 0.54 6.89 0.30 24.00 0.37 42.29 0 65.33 

zero stress 1.69 0.33 0.68 3.70 0.39 8.32 0.27 26.75 0 45.90 0 70.77 

Compressive 
strain 

0.2 % 1.31 0.43 0.45 4.42 0.14 9.65 0 29.23 – – – – 
0.4 % 0.92 0.49 0.34 5.27 0 11.07 – – – – – – 
0.6 % 0.56 0.60 0.14 6.02 – – – – – – – –  

Table 3 
Energy barriers of VC–PDL transitions as a function of compressive and tensile 
strain for V29 elongated hexagonal shape.  

Boundary conditions 

Activation energy (eV) 

V29 to PDL 

(→) (←)

2.0 % 7.21 0.47 

Tensile 
strain 

0.8 % 3.37 0.61 
0.6 % 2.76 0.74 
0.4 % 2.25 0.98 
0.2 % 1.65 1.14 

zero stress 1.16 1.40 

Compressive 
strain 

0.2 % 0.66 1.66 
0.4 % 0.41 2.17 
0.6 % 0.27 2.79  

Fig. 5. NEB calculations of the enthalpy difference as a function of the reaction coordinate of V61 to a PDL for different values of applied strain: (a) compressive 
strain and (b) tensile strain. 
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whereas 0.2 % compressive strain reduces the energy barrier to 0.66 eV 
(also see Table 3). 

Further, the VC to PDL transition is relatively easy for all compres-
sive strains. The cross over occurs at a tensile strain less than 2 %, where 
at around 0.4 % tensile strain the PDL to VC transition becomes possible 
with the energy barrier of 0.98 eV. Further, around 2.0 % tensile strain 
reduces the energy barrier to 0.47 eV (also see Table 3). Therefore, V29 
shows a good balance between the transition from VC to PDL under 
applied compressive/tensile strain. For V37, the energy barrier from VC 
to PDL almost reaches 0.14 eV at 0.6 % compressive strain, whereas for 
0.8 % tensile strain it reaches 2.99 eV. The energy barrier for the 
opposite transition is 6.02 eV at 0.6 % compression, whereas it is 0.95 eV 
at 2 % tensile strain. 

The cross over occurs at around 0.6 % tensile strain. The transition 
from PDL to VC is still difficult at 0.8 % tension at room temperature, but 
it is possible near a stress singularity, such as a crack tip or a triple 
junction of grain boundaries (TJGB) where 2 % tensile strain is realized. 
Under tensile stress, the cluster becomes more stable; in other words, the 
PDL will return to the corresponding VC when a tensile strain is applied, 
whereas it remains a PDL under compressive strain. PDLs easily cause 
one-dimensional (1D) thermal glide, whereas diffusion of VCs is quite 
difficult at room temperature. This means that high-speed vacancy 
transportation, from the compressive to tensile region, occurs though 
the PDL–VC transition and its stress dependency. As shown in Fig. 6(d), a 

VC formed under a hydrogen environment can nucleate into PDL or 
PDLs, which are directly formed under deformation, can diffuse to a 
region near a TJGB or GB and transform to a VC. These VCs can accu-
mulate, with high-density VCs forming in the vicinity of GBs (a similar 
mechanism is possible near a crack tip as well). Detailed analyses of 
fracture surface morphologies of hydrogen-charged specimens have 
shown that many parts of hydrogen-related fractures are not exactly IG 
fractures, but they are transgranular fractures in the vicinity of GBs at 
the atomic scale [23]. This result indicates that priori accumulation of 
defects or hydrogen occurs. Further experimental verification is neces-
sary, but the PDL–VC transition could be the assisting mechanism and 
may lead to IG-like fracture (or the accumulation of vacancies near a 
crack tip). 

5. Conclusion 

This study investigated the formation energy of regular and elon-
gated hexagonal-shaped VCs and vacancy-type PDLs with Burgers vector 
1/2 〈111〉 in α-iron using MD simulation. Furthermore, the NEB method 
was applied to calculate the energy barrier for VC and PDL transitions 
without/with applied strain. Accordingly, the main findings are sum-
marized as follows: 

Fig. 6. PDL and VC transition stability under compressive/tensile strain for a (a) V19 symmetrical hexagonal VC, (b) V29 elongated hexagonal VC, (c) V37 sym-
metrical hexagonal VC, and (d) association with IG fracture mode. 
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(1) The VC formation energy is not substantially influenced by the 
applied compressive/tensile strain. However, the transition con-
dition and formation energy of PDLs strongly depend on the 
applied strain.  

(2) The VC formation energy is proportional to its upper or bottom 
area and the PDL formation energy is proportional to its dislo-
cation length.  

(3) The transitions between VCs and PDLs under compressive/tensile 
strain conditions are possible for nano-sized VCs and PDLs where 
Ni ≤ 37. For Ni > 37, the VC to PDL transition is possible, 
whereas the PDL to VC is not possible at room temperature.  

(4) A PDL can easily cause 1D thermal glide, whereas VC diffusion is 
quite difficult at room temperature. This means that the high- 
speed vacancy transport from a compressive to tensile region 
and the vacancy accumulation at the tensile stress region occur 
due to the PDL–VC transition and its stress dependency. 

This study concentrated on the transition between PDL and VC 
without hydrogen as explained in the introduction. When hydrogen 
atoms are trapped at PDL or VC, those atoms need to migrate to more 
stable positions during the transition between VC and PDL. The 
hydrogen effect needs to be clarified by using dynamics simulations, and 
it is left for further study. 
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