
Scripta Materialia 145 (2018) 71–75

Contents lists available at ScienceDirect

Scripta Materialia

j ourna l homepage: www.e lsev ie r .com/ locate /scr ip tamat
Regular article
Stability of vacancy-type defect clusters in Ni based on first-principles
and molecular dynamics simulations☆
Shijun Zhao a,⁎, Yanwen Zhang a,b,⁎, William J. Weber b,a

a Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
b Department of Materials Science and Engineering, University of Tennessee, Knoxville, TN 37996, USA
☆ Notice of Copyright: This manuscript has been auth
Contract No. DE-AC05-00OR22725 with the U.S. Depa
States Government retains and the publisher, by accept
acknowledges that the United States Government reta
irrevocable, world-wide license to publish or reprodu
manuscript, or allow others to do so, for United State
Department of Energy will provide public access to these
research in accordance with the DOE Public Access Plan
doe-public-access-plan).
⁎ Corresponding authors.

E-mail addresses: zhaos@ornl.gov (S. Zhao), zhangy1@

https://doi.org/10.1016/j.scriptamat.2017.10.003
1359-6462/© 2017 Acta Materialia Inc. Published by Elsev
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 29 August 2017
Received in revised form 3 October 2017
Accepted 4 October 2017
Available online xxxx
Using first-principles calculations based on density-functional theory, the energetics of different vacancy-type
defects, including voids, stacking fault tetrahedra (SFT) and vacancy loops, in Ni are investigated. It is found
that voids are more stable than SFT at 0 K, which is also the case after taking into account the volumetric strains.
By carrying out ab initio molecular dynamics simulations at temperatures up to 1000 K, direct transformations
from vacancy loops and voids into SFT are observed. Our results suggest the importance of temperature effects
in determining thermodynamic stability of vacancy clusters in face-centered cubic metals.
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In face-centered cubic (fcc) metals, agglomeration of vacancies usu-
ally leads to the formation of voids, vacancy-type dislocation loops and
stacking fault tetrahedra (SFT). It is generally regarded that SFT are the
dominant type of vacancy clusters in low stacking fault energy (SFE)
materials, such as Ni [1–3]. Different formation mechanisms of SFT
have been proposed previously, including dissociation of [111] Frank
vacancy loops [4], collapse of vacancy clusters [5], aggregation of vacan-
cies [6], and directly within collision cascades [7]. However, these pro-
posed mechanisms are mostly inferred from molecular dynamics
simulations whose fidelity relies on the reliability of empirical inter-
atomic potentials. Another concern is that different potentials yield dis-
tinct, but often different, conclusions as to the equilibrium structures of
vacancy clusters. A typical example is the stable formof vacancy clusters
predicted by different embedded atommethod (EAM)potentials.While
the Bonny2013 potential [8] predicts SFT are the most stable forms of
vacancy type defects in Ni, the Bonny2011 potential [9] suggests that
[111] Frank vacancy loops are more preferred [10]. The potential-de-
pendent properties of vacancy clusters are also found in a previous
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study for Cu [11]. These observations point to the need for accurate cal-
culations, independent of any specific potential models. As a cross-
check, first-principles calculations can be employed to study the stabil-
ity of different vacancy-type defects and provide accurate results com-
pared to those from empirical potentials. Nevertheless, this approach
is restricted by the system size required for the study of vacancy
clusters.

Experimentally, the properties of vacancy clusters inmaterials are of
great interest for material performance in a radiation environment,
since the formation and growth of vacancy clusters may lead to signifi-
cant volumetric swelling [12]. For Ni, both SFT and vacancy loops are ob-
served after ion irradiation at room temperature. For example, it is
reported that themajority (90%) of vacancy clusters are SFT in Ar irradi-
ated Ni [13]. However, other studies show that the majority of vacancy
clusters (61.8%) are in the form of loops in Kr+ irradiated Ni [14]. Be-
sides SFT and vacancy loops, the clustering of vacancies can lead to the
creation of voids (three-dimensional empty spaces in the crystal struc-
ture), which is also an important vacancy-type defect.

In this work, the energetics of various vacancy clusters in Ni is
investigated using ab initio calculations in relatively large supercells.
The configurations considered are SFT, voids and vacancy platelets of
hexagonal and triangular shapes on the [111] plane. Our calculations
indicate that voids are more stable than the corresponding SFT
configurations with the same number of vacancies. This relative
stability is not influenced even by taking into account of volumetric
strain (lattice expansion or compression). Through ab initio
molecular dynamics (AIMD) simulations, direct transformations of
voids or vacancy loops to SFT are observed, suggesting that SFT are
more stable thermodynamically.
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Fig. 2. Formation and binding energies of different vacancy clusters as a function of
volumetric strain. Because of the similar binding energies between triangular and
hexagonal vacancy loops, only the triangular vacancy loops are considered.
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Fig. 1. Binding energies per vacancy for different vacancy clusters in pure Ni: SFT, voids
and vacancy platelets of triangular (Tri) and hexagonal (Hex) shapes on the [111] plane.
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Ab initio calculations were carried out based on density-functional
theory as implemented in the Vienna ab initio simulation package
(VASP) [15]. A gradient corrected functional in the Perdew-Burke-
Ernzerhof (PBE) form was used to describe the exchange and correla-
tion interactions [16]. Electron-ion interactions were treated within
the projector-augmented-wave (PAW) method [17]. The energy cutoff
for the plane-wave basis set was set to be 270 eV. All calculations
were performedwith spin-polarization to account for magnetic proper-
ties. For structural optimizations, the energy convergence was set to be
10−4 eV and the atomic positions were relaxed by minimizing the
Hellmann-Feynman forces on each atom to less than 10−2 eV/Å. Period-
ic boundary conditions were employed. The calculation of defect clus-
ters requires large supercells to reduce the interactions among the
defects and their periodic images. In thiswork, a 5× 5× 5 supercell con-
taining 500 atomswas used, and the energetics of vacancy clusters with
1 to 15 vacancies were studied. Owing to the large supercell, only Γ
point was included in the calculations. The formation energy, EfNv, of a
vacancy clusterwithN vacancies in aNp-atom perfect supercell was cal-
culated byENvf ¼ E−E0 þ N

Np
E0, where E and E0 are the total energy of de-

fective and perfect supercells, respectively. The binding energy, EbN, was
then obtained by Eb=NEf

v−Ef
Nv.

The used energy cutoff and kpoint are first tested to ensure the con-
vergence regarding the reported energetics of vacancies. The calculated
formation energy of a single vacancy in a 500-atoms supercell is 1.47 eV
with our calculation parameters, in good agreement with a previous re-
sult of 1.47 eV [18]. Increasing energy cutoff to 400 eV leads to 1.48 eV,
while increasing kpoint to 2 × 2 × 2 also results in 1.48 eV. For vacancy
clusters, a difference of 0.03 eV in calculated binding energy of a 15v-SFT
is observed when increasing to 2 × 2 × 2 kpoints. The results suggest
that our calculations are reliable to give accurate energetics for vacan-
cies in Ni. Previous studies suggest that the PBE functional is better to
describe the properties of Ni [19]. This functional form is, therefore,
used in this study.

Four different types of vacancy clusters are considered, namely, tri-
angular loops, hexagonal loops, SFT and voids. When vacancy number
N is a magic number, the structure of corresponding vacancy cluster is
definitive. However, those non-magic vacancy number clusters may
take many different shapes. In this case, several competitive structures
are studied and only those structureswith the lowest energy are report-
ed. The methodology to construct different vacancy clusters is given as
follows. For [111] triangular vacancy loops, their structures from 1v–
3v are unambiguous. For 4v, there are two configurations, in which
the difference resides in the location of the fourth vacancy. Our calcula-
tions show that a rhombus-shaped structure is more energetically fa-
vorable. Therefore, we take this rule as a principle to construct other
imperfect vacancy loops by adding additional vacancies starting from
the edge center outside the magic number vacancy loops. Similar
methodology is used to construct hexagonal vacancy loops. In this
case, N = 7 corresponds to a perfect hexagonal vacancy loop. Larger
loops are created by placing additional vacancies at the edge center. Im-
perfect SFT structures are constructedwith the help of classical molecu-
lar dynamics (LAMMPS code [20]) based on the Mishin potential [21].
By taking the constructed vacancy loop as input, a short MD simulation
at 600 K was carried out followed by an energy minimization. The ob-
tained structure is then fed into ab initio calculations to further calculate
the energy. We have compared energies of different SFT structures ob-
tained from different initial loop configurations as described above
and reported the lowest energy ones. To construct void structures
with n vacancies, we delete an atom in the center together with its (n
− 1) nearest neighbors, as did in a previous study [5]. However, other
configurations in tetrahedral and octahedral shapes are also considered.
It should be pointed out that, in the calculation process, we alsomade a
literature survey on vacancy clusters in fccmetals to cross-check our re-
sults [22,23]. A complete list of stable configurations identified in our
calculations is provided in Supplementary materials. The calculated
binding energies of different vacancy clusters considered are provided
in Fig. 1.

The results in Fig. 1 indicate that [111] vacancy loops in either trian-
gular or hexagonal shape have similar binding energies. The binding en-
ergies of the corresponding SFT are higher than those of vacancy loops
when the vacancy number is larger than 6. Besides, there are local max-
imums in the binding energies of SFT, such as 6, 10 and 15, suggesting
that these perfect SFT are rather stable. Surprisingly, it is observed that
the binding energies of voids are always larger than those of SFT con-
taining the same number of vacancies, despite the fact that vacancy
clusters in Ni are often found in the form of SFT instead of voids in ex-
periments [24]. This discrepancy does not necessarily indicate the fail-
ure of DFT, since these energies are calculated at 0 K without
consideration of thermal effects. Note that energy differences between
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voids and SFT do not decrease with increasing vacancy numbers, sug-
gesting their relative stabilities are not changed even for larger clusters.

The ground state calculations show that the stable divacancy in Ni
(consists of two vacant sites at two nearest-neighbor sites) has a bind-
ing energy of 0.01 eV, an indication of the weak binding between
them. Theweakness of the divacancy binding suggests that the aggrega-
tion of vacancies is unlikely. For three vacancies, the binding energy of
the [111] loop (3v-loop) is 0.05 eV per vacancy, while it is only
−0.01 eV per vacancy for the stacking fault tetrahedron configuration
(3v-SFT). This result suggests that the interactions among vacancies
are repulsive in this case because of the negative binding energy. In
this configuration, an atom in the nearby [111] plane is displaced to-
wards the 3v-loop, creating a Frenkel pair. ForNv=4, a tetrahedron va-
cancy configuration in which four vacancies as vertices exhibit the
highest binding energy compared to SFT and loop configurations. For
Nv=6 and 10, perfect SFT structures are obtained, but their binding en-
ergies are lower than the corresponding void-like structures. Here, an
Fig. 3. Transformation of voids and vacancy loops into SFT observed in AIMD: (a1–a3) v6-void
500 K. For each case, the initial, transformation starting point and final configurations are show
spheres. (For interpretation of the references to color in this figure legend, the reader is referre
octahedral void at Nv = 6 and a tetrahedron void at Nv = 10 are more
stable.

To further evaluate the stability of different vacancy clusters, the ef-
fect of volumetric strain is considered by increasing or decreasing the
lattice constant isotopically. The strain is defined as ε = (a − a0) / a0,
where a and a0 are the modified and pristine lattice constant of Ni, re-
spectively. The calculated formation and binding energies of different
vacancy clusters as a function of both tension and compression strains
are provided in Fig. 2. It shows that the formation energy of a single va-
cancy in Ni increases continuously with increasing tension strain and
decreaseswith increasing compression strain, in accordancewith previ-
ous results [25]. Note that the highest tensile strain of 2% considered in
the present study corresponds to the thermal expansion coefficient at
1429 K for pure Ni [26]. For all other vacancy clusters considered, the
variation of their formation energies follows the same trend as that of
a single vacancy. Another notable feature is that the 6v-loop and 10v-
loop spontaneously transform to SFT configurations after structural
at 500 K, (b1–b3) v10-void at 1000 K, (c1–c3) v6-loop at 500 K, and (d1–d3) v10-loop at
n. Vacancies are represented by green spheres while interstitial are represented by blue
d to the web version of this article.)



Table 1
The starting timewhen vacancy loops and voids start to transform to SFT and the completion timewhen transformation is completed during AIMD simulations (ti/tf, in ps). In some cases,
perfect SFT are not formed at the end of simulations (2 ps) and only incomplete SFT structures are observed (denoted by NA as not available). The results obtained under 2% volumetric
tension strain are also provided.

Strain free 2% volumetric strain

500 K 800 K 1000 K 500 K 800 K 1000 K

3v-loop 0.128/0.540 0.096/0.434 0.086/NA No change 0.140/NA 0.104/NA
6v-loop 0.126/0.444 0.096/0.812 0.086/0.884 No change 0.150/NA 0.120/1.506
10v-loop 0.182/0.424 0.128/0.452 0.112/0.574 No change 0.368/0.704 0.310/1.216
6v-void 0.266/0.398 0.096/0.646 0.082/0.300 No change No change 0.276/0.478
10v-void No change No change 0.090/NA No change No change No change
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relaxation at ε=−2%. The results in Fig. 2(b) show that the binding en-
ergies of vacancy loops and voids both increase with increasing tensile
strain, but those of SFT decrease. In addition, the rate of decrease in
binding energies with increasing strain for SFT is rather large, suggest-
ing that the volumetric strain has a significant influence on the stability
of SFT in Ni. This effect can be understood by the volume difference as-
sociatedwith SFT, void and loop structures. In general, the volume of the
SFT is smaller than that of a vacancy void or loopwith the same vacancy
number [24]. Therefore, the compressive strain results in unstable va-
cancy loops, since the creation of loops requires a large volume. On
the other hand, the expansion of the lattice makes voids and loops
more favorable.

The results obtained at 0 K, as described above, suggest voids are
favorable in Ni, which is somewhat inconsistent with experimental
evidence. This inconsistency cannot be resolved even by including
lattice expansion effects, as in previous works [25]. Therefore, it is
expected that the vibrational properties of vacancy clusters play a
decisive role in determining their energetics. As it is difficult to
study vibrational properties directly for the large supercell used
here, the temperature effects are included by performing AIMD
simulations at different temperatures from 500 to 1000 K. Owing to
computational cost, a 4 × 4 × 4 supercell is used. For selective
cases, simulations using a larger 5 × 5 × 5 supercell are also
performed to validate the stability of vacancy clusters. A
convergence test for energetics is provided in the Supplementary
materials. In these dynamical simulations, direct transformations of
voids or vacancy loops to SFT are observed. As representative cases,
Fig. 3 shows the transformation processes of 6v and 10v voids and
vacancy loops.

The direct transformation of voids to SFT was first proposed by
Uberuaga et al. [5] using the parallel replica dynamics based on em-
pirical potentials. Here, the transformation is confirmed by AIMD as
evidenced in Fig. 3. For the octahedral 6v-void, the surfaces of the
void are along {110} planes. The transformation starts with a nearby
lattice atom moving towards the center of three vacancies aligned at
one plane, creating a local tetrahedron configuration. This reaction
creates stair-rod dislocations γδ, γβ and βδ starting from A, which
can be expressed by γA + Aδ = γδ, γA + Aβ = γβ and βA + Aδ
= βδ. This process continues for the other three planes and finally
produces a perfect tetrahedron. The most stable 10v-void in Ni is
an equilateral tetrahedron, in which all surfaces are {111} planes.
This structure is relatively stable and the transformation is only
observed at a higher temperature of 1000 K. It is initiated by the
movement of a lattice atom towards the triangle edge. The
transformation is not completed within 2 ps AIMD runs and only
an imperfect stacking fault tetrahedron is produced (Fig. 3(b3)).
The whole process is provided as movies in the Supplementary files.

AIMD also reproduces the transformation of vacancy loops to SFT
through the Silcox-Hirsch mechanism [27]. As shown in Fig. 3(c) and
(d), the neighboring atoms move towards the vacancy loop, which
induces the dissociation of loop edge into a stair-rod dislocation
and a Shockley partial dislocation via reaction type of αB = αδ +δB. The following climbing of the Shockley partials leads to the
growth of a tetrahedron, with stair-rod dislocations along the edge
and intrinsic stacking faults on {111} planes via reaction type of γA
+ Aα = γα.

Table 1 summarizes the starting time when vacancy loops and
voids start to transform to SFT and the completion time when the
transformation is completed during AIMD simulations (ti/tf). For
some cases, the transformation is not completed and only
incomplete SFT are observed. The results indicate that the
transformation from 6v-loop and 10v-loop to SFT is very fast (less
than 1 ps). The 6v-void can also easily transform to a 6v-SFT.
However, the 10v-void is relatively more stable. At a volumetric
strain of 2%, the results in Table 1 show that the transformation is
delayed compared to strain-free state for both vacancy loops and
voids, which support their increased binding energies as shown in
Fig. 2.

The AIMD simulations indicate that even if the surface of vacancy
clusters is not aligned with the {111} planes, the vacancy clusters can
still undergo transformation into SFT. AIMD simulations on some va-
cancy loops and voids containing non-magical number of vacancies
are also performed. The results consistently show transformation
processes from vacancy loops and voids to SFT-like defects. A typical
example is provided in the supplementary material to illustrate the
transformation process of a 13v-void to an imperfect 13v-SFT. Since
only part of SFT-like defects is formed in these simulations, only 6v
and 10v clusters are presented in Fig. 3. These results suggest that
SFT are favorable forms of vacancy clusters in Ni at moderate tem-
peratures, consistent with experimental observation [24,28]. These
SFT are very stable, and no significant movement is observed after
their formation in the AIMD simulations (~2 ps), except for the 3v-
SFT. This structure is found to be thermodynamically unstable and
it can transform back to a vacancy loop even at 500 K. In this transi-
tion, an atom in the nearby [111] plane is displaced back and forth to-
wards the vacancy loop. We have calculated the energy barrier for
this transition at 0 K, as given in the Supplementary materials. It is
found that this transition exhibits a barrier of 0.21 eV, which is way
too high, compared to temperatures that we used in AIMD simula-
tions. Especially, this transition is observed even at 500 K. The results
indicate that lattice vibrations at finite temperatures tend to change
the relative energy between these two structures and decrease the
energy barrier, which further makes the transformation observable
in MD time scale. Therefore, the thermodynamic stability of vacancy
clusters should be interpreted by Gibbs binding free energy
consisting of binding energy and binding entropy. However, it is a
grand challenge to study the vibrational properties for large vacancy
clusters. In this regard, some methods beyond DFT, such as empirical
potential approaches, are necessary. Thus the energetics reported
here can be used as references to generate such potentials.

In summary, the energetics of different vacancy clusters including
SFT, voids, triangular and hexagonal vacancy loops in Ni are studied
using first-principles calculations. The binding energy results at 0 K
suggest that voids are more stable than SFT. By performing AIMD at
finite temperatures from 500 to 1000 K, direct transformations of
vacancy loops and voids to SFT are observed. These results highlight
the importance of temperature effects in understanding and
predicting the stability of vacancy-type defects in fcc metals.
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Appendix A. Supplementary materials

The supplementary materials include convergence tests for our cal-
culations, configurations of stable vacancy clusters and supplementary
movies which show transformation of 6v-voids, 6v-loops, 10v-voids,
10v-loops and 13v-void to SFT at different temperatures. In the movies,
vacancies are represented by green spheres and interstitials are repre-
sented by blue spheres. Supplementary data associated with this article
can be found in the online version, at https://doi.org/10.1016/j.
scriptamat.2017.10.003.
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