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Usingmolecular dynamics simulations, the formation and growth of stacking fault tetrahedra (SFT) are captured
by vacancy cluster diffusion and aggregation mechanisms in Ni. The vacancy-tetrahedron acts as a nucleation
point for SFT formation. Simulations show that perfect SFT can grow to the next size perfect SFT via a vacancy ag-
gregation mechanism. The stopping and range of ions in matter (SRIM) calculations and transmission electron
microscopy (TEM) observations reveal that SFT can form farther away from the initial cascade-event locations,
indicating the operation of diffusion-based vacancy-aggregation mechanism.
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Stacking-fault tetrahedra (SFT) are commonly observed defects in
FCC metals during plastic deformation, melt-quench or irradiation
conditions [1–3]. The most widely discussed SFT formation mechanism
is by Silcox and Hirsh [4]. They proposed a dislocation glide based
mechanism, according to which vacancies cluster to form dislocation
loops bounded by Frank partials. These partials then dissociate into
Shockley partials that glide towards the tetrahedron apex resulting in
SFT formation. Thismechanismhas also been captured bymolecular dy-
namics (MD) simulations in irradiated Cu [5]. However, there remains a
speculation about whether the nucleation of SFT (in melt-quench or
irradiation) indeed requires condensation of vacancies into loops
followed by their transformation into SFT, or if it could form by simple
agglomeration of vacancies [2,6–10]. de Jong and Koehler [2] initially
postulated the vacancy-tetrahedron as a nucleation center for SFT, and
later some experimental and theoretical studies indicated the possibili-
ty of this mechanism [10–12]. However, due to the lack of direct

atomistic observation under experiments, and the absence of MD simu-
lations that capture diffusion and clustering of vacancies to formSFT, the
operation of such a mechanism has not yet been fully ascertained [6,7].
In addition, while the growth of SFT has been largely perceived to occur
by accumulation of vacancies on SFT, and atomistic static calculations
have been previously performed in this regard to understand the energy
landscape and the vacancy-SFT interactions [13,14], MD simulations
have not yet dynamically captured the diffusion-based SFT growth to
clearly show the operation of a vacancy aggregation mechanism.
Furthermore, while previous studies have shown direct formation of
SFT during a collision-cascade event [15,16], illustrating that the SFT for-
mation by the vacancy aggregation mechanism will indicate that they
can also form much after the cascade event has occurred, or under
non-cascade irradiation conditions (e.g., electrons, light ions and ther-
mal neutrons) by the aggregation of irradiation-induced free vacancies.

In this work, using MD simulations, we demonstrate the formation
of SFT via a vacancy agglomeration mechanism. Simulations reveal
that a vacancy-tetrahedron cluster possibly acts as a nucleation center
in the formation of SFT. While the individual vacancy has a high migra-
tion barrier, the vacancy clusters have significantly lower barriers that
allow diffusion and clustering of small clusters to form large SFT. We
also show that SFT growth can occur by a vacancy aggregation
mechanism, and perfect SFT can grow to the next size perfect SFT con-
figuration. The stopping and range of ions in matter (SRIM) prediction
and our transmission electron microscope (TEM) observations show
that SFT can form much deeper than the ion range where majority of

Scripta Materialia 114 (2016) 137–141

☆ This manuscript has been authored by UT-Battelle, LLC under Contract No. DE-AC05-
00OR22725 with the U.S. Department of Energy. The United States Government retains
and the publisher, by accepting the article for publication, acknowledges that the United
States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to
publish or reproduce the published form of this manuscript, or allow others to do so, for
United States Government purposes. The Department of Energy will provide public access
to these results of federally sponsored research in accordance with the DOE Public Access
Plan (http://energy.gov/downloads/doe-public-access-plan).
⁎ Corresponding author.

E-mail address: daidhy@uwyo.edu (D.S. Aidhy).

http://dx.doi.org/10.1016/j.scriptamat.2015.12.020
1359-6462/© 2015 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Scripta Materialia

j ourna l homepage: www.e lsev ie r .com/ locate /scr ip tamat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2015.12.020&domain=pdf
mailto:daidhy@uwyo.edu
http://dx.doi.org/10.1016/j.scriptamat.2015.12.020
www.elsevier.com/locate/scriptamat


the initial cascade-event occurs, supporting the operation of diffusion-
based vacancy-aggregation mechanism.

To simulate SFT formation via this mechanism, we generate a
random distribution of vacancies. The simulations are run at a high
temperature of 1000 K to be able to capture vacancy diffusion on MD
time scales. We model two FCC Ni systems, one using 20 × 20 × 20
unit cells, and the other using 10 × 10 × 10 unit cells consisting of
32,000 and 4000 atoms respectively. The interatomic forces are calculat-
ed using the embedded atom method (EAM) based on the Bonny 2013
interatomic potential [17]. This potential is a modified version of the
Bonny 2011 potential [18], and predicts defect properties, such as
migration and binding energies, in good agreement with ab initio
calculations [17]. The details of the potentials can be found elsewhere
[17]. The simulations are carried out using the LAMMPS code [19]. Peri-
odic boundary conditions are applied in all three directions, and a time
step of 2 fs ensures good energy conservation. The point defects are
identified by comparing the perfect structure to the defected structure.
During comparison with the perfect system, if a lattice site is unoccu-
pied within a radial distance of 1 Å, it is labeled as a vacancy. Similarly,
if an original empty interstitial site is occupied, it is labeled as an
interstitial.

Fig. 1 shows the evolution of vacancies over time in an MD simula-
tion. For this simulation, we use the larger system and create 100 ran-
dom vacancies at the start of the simulation. The snapshots with
projection of the cell in the b110N direction are taken at t = 0 ns,
8.2 ns, 22.8 ns and 83.8 ns intervals as shown in Fig. 1a–d. A Movie
S1 at regular intervals is shown in the Supplemental section. Vacancies
are represented in light blue, interstitials in pink, and the lattice atoms
are in smaller size represented in dark blue. At the beginning of the
simulation, all vacancies are individually present as shown in Fig. 1a.
With time, the vacancies start to cluster, as evidenced by the formation
of two small clusters and a stacking fault tetrahedron in Fig. 1b.

During vacancy clustering, new interstitials are self-created by the
system; these interstitials, as discussed later, are created as a part of a

building block of the SFT. Over time, these clusters begin to grow, and
by 22.8 ns in Fig. 1c, one of the smaller clusters has transformed into a
large stacking fault tetrahedron. The system now has two SFT and one
small cluster. Eventually, by 83.8 ns in Fig. 1d, the leftover small cluster
gets consumed by one of the stacking fault tetrahedron, and the two SFT
further grow into large sizes by gradual vacancy accumulation. In the
end, only a few individual vacancies are left behind as shown in Fig.
1d. During this evolution, at different instances, various small vacancy
clusters get created by vacancy aggregation; however, similar to the
small cluster in Fig. 1c, these clusters diffuse and join the two main
SFT leading to their growth. Formation and diffusion of some of the
small clusters is observable in Movie S1. In the end, no cluster-type
other than a stacking fault tetrahedron remains stable. During the
simulation, the two SFT also undergo significant rearrangement that re-
quires them to change their shape and size as the individual vacancies
and small clusters join them. By 83.8 ns, the two SFT are of significantly
large size; the one on the right is a 36 vacancy SFT. It is a perfect stacking
fault tetrahedron containing the exact number of vacancies required for
a stacking fault tetrahedron ofmagic number 36 [20]. The other stacking
fault tetrahedron contains 53 vacancies, which is 2 less than that of the
next magic number stacking fault tetrahedron, i.e., 55. Eventually, this
stacking fault tetrahedron will absorb two more vacancies from the
leftover vacancies to form a perfect stacking fault tetrahedron. This
simulation thus shows the formation of SFT by aggregation of individual
vacancieswithout having the need to first form a dislocation loop. It is to
be noted that we have not added interstitials in the system; thus, the
simulation does not capture themutual vacancy-interstitial recombina-
tion events that will likely slow down the kinetics of SFT formation. A
schematic breakdown of SFT in a planar view is shown in Supplemental
Section Fig. F1.

To understand the nucleation of SFT, Fig. 2a shows a snapshot of the
system at 1.8 ns from the simulation. By this time, while most of the
vacancies are still present as isolated vacancies, some of the vacancies
have clustered together to form four small clusters, as encircled. Two

Fig. 1. Vacancy evolution during MD simulation leading to formation of two SFT. Snapshots are taken with the cell projected in b110N direction.
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