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Abstract

Molecular dynamics (MD) simulations, performed with embedded atom potentials, are used to understand the forma-
tion of defects following displacement cascades in Ni. Different empirical potentials, presenting large differences in stacking
fault energy (SFE), are used. Simulations were conducted with primary knock-on (PKA) atom energies of 5–40 keV at a
temperature of 10 K. Defects include, depending on the potential, individual point defects (vacancies and interstitials),
dislocation loops and stacking fault tetrahedra (SFT). The results are related to TEM observations, and the mismatch
between these two pictures is discussed. It appears that in a collision cascade, the formation of an SFT does not depend
only on the SFE but also on other parameters such as the mobility of vacancies and self-interstitials, or the presence of
replacement collision sequences. Based on these calculations we suggest that the formation of clusters of vacancies is a
prerequisite to the formation of SFTs.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Irradiation-induced defects in pure Ni have been
extensively studied in the past [1–6]. These experi-
ments showed that defects in Ni consist of vacancy
type defects, such as SFT and voids, and interstitial
dislocation loops. A longstanding question in Ni is
the occurrence of the SFT, for which, at a given
irradiation dose, controversial number densities
are given in the literature. In Cu, which has an
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SFE of about 70 mJ m�2 [7], 90% of the damage
consists of SFT. When considering the SFE of Ni,
125 mJ m�2 [8], it is expected that the formation
of SFTs would be difficult. In the literature, the
ratio of SFTs to other defects in Ni varies between
28% [2] and 90% [1], and data in [2] indicates a
variation of the ratio with the dose. Recently
detailed observations [6] indicate that the SFT ratio
is 30–50%. This can be explained by the fact the
average SFT size, at 1.5 nm, is at the limit of the
weak beam TEM technique, which renders their
observation difficult and are usually classified as
unidentified defects.

MD simulations are helpful to understand the
role of various properties of the material in the
formation of irradiation-induced defects. They have
.
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been widely used for more than two decades to
model displacement cascades generated by a primary
knocked-on atom (PKA). King et al. [9] performed
cascades of 500 eV and Diaz de la Rubia et al. [10]
performed 5 keV cascades in Ni and Cu using the
embedded atom method [11]. These studies showed
that more clustering occurs in Cu than in Ni. Alma-
zouzi et al. [12] reported the long term evolution of
the defects produced by displacement cascades in
Ni, using the interatomic potential developed by
Cleri and Rosato [13] and later modified in order
to properly describe high energy scattering. They
performed displacement cascade simulations for
PKA energies ranging from 0.5 keV to 30 keV, with
constant volume, periodic boundary conditions and
a temperature of 100 K. Interestingly, the potential
used in these later studies predicts an SFE of
300 mJ m�2, which is more than twice the experi-
mental value [8]. While extremely valuable results
were obtained using these potentials, the role of
the SFE in the formation of the defect structure fol-
lowing a displacement cascade can be questioned
and has never been studied by simulation.

In the present work, various potentials for Ni,
presenting large differences in the SFE, are used in
the simulation of displacement cascades. The result-
ing damage is analyzed using the Wigner Seitz cell
and the common neighbor analysis method and
the defects are compared to experimental observa-
tions. The implications of the observed differences
on the various parameters of the material described
by the empirical potentials are discussed.

2. Simulation method

In the present work, four different empirical
potentials were employed for the MD simulations
in order to investigate the effect of the SFE on cas-
cade evolution. MD simulations were conducted
using the mdcask code [14]. Table 1 summarizes
the characteristics of these potentials and compares
Table 1
Bulk properties of Ni as measured experimentally and simulated with
parameter a0, elastic constants C11, C12 and C44 bulk modulus B and s

a0/rcut (Å) Threshold energy (eV)

Experimental [8] 3.523 40
Farkas-I [15] 3.519/4.7895 30–60
Farkas-II [16] 3.523/5.8038 15–25
Cleri–Rosato [13] 3.523/5.8714 90–300
A.A [16] 3.523/4.6485 40–80

rcut is the potential range.
them to experimental values. The reported values
are the lattice parameter (a0), the range of the poten-
tial (rcut), the displacement threshold energy (Ed), the
elastic constants C11, C12 and C44, the bulk modulus
(B) and the SFE (c). The displacement threshold
energy was deduced from simulations by starting
the PKA in random crystallographic directions with
increasing energies until the atom was displaced
from its lattice site and would not return to it after
cooling. The range of values for the displacement
threshold energy in Table 1 corresponds to the min-
imum and maximum values obtained in the simula-
tions, which relate respectively to the soft (h100i)
and the hard (h11 0i) crystallographic directions.

The so-called Farkas-I and Farkas-II potentials
[15] were tailored to specific SFE values, corre-
sponding to half and to exactly the experimental
value from reference [8], respectively. While the
so-called Cleri–Rosato is an earlier potential [13]
frequently used, the SFE is more than twice the
experimental value. The A.A is a modified Cleri–
Rosato potential, to better account for the high
energy collisions [16]. This is done by using the uni-
versal potential of Ziegler et al. [17] instead of the
Cleri–Rosato potential, for interatomic distances
smaller than 1 Å. The smooth connection between
the two potentials was fitted by a spline. The result-
ing displacement threshold energy is then closer to
the experimental value than the one given by the
original potential. The elastic properties and the
SFE remain the same, as they are related to inter-
atomic distances beyond the range of the part mod-
ified by the universal potential.

3. SFT formation

In order to evaluate the potentials, they were
applied to the formation of a well-defined single
SFT. Silcox and Hirsch [18] proposed the following
SFT formation mechanism. A vacancy disc nucleates
on a {111} plane, changes its shape to a triangular
the various empirical potentials deployed in this work: lattice
tacking fault energy c

C11 C12 C44 B (1011 Pa) c (mJ m�2)

2.47 1.47 1.25 1.81 125
– – – – 61
2.47 1.48 1.25 1.81 125
2.33 1.54 1.28 1.80 300
2.33 1.54 1.28 1.80 300
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one with h1 10i edges and subsequently collapses into
an SFT. An SFT can be obtained in MD simulation
by using the same mechanism [19,20]. Wirth et al.
using MD simulations showed in detail that indeed
the Silcox and Hirsch mechanism occurs at atomic
scale level and results in the collapse of this platelet
into an SFT [21]. A triangular platelet of vacancies
is placed onto a {111} plane by removing atoms from
it (Fig. 1(a)). Then the sample containing the vacancy
platelet of a given size is annealed at a given temper-
ature and time until it collapses to an SFT, provided
the potential and conditions (size, temperature and
anneal time) allow it.

According to experimental work [3–6], the
observed SFT mean size in irradiated Ni remains
approximately 1.5 nm for irradiations at room tem-
perature, over a wide range of irradiation doses, and
grows to 3.5 nm for an irradiation temperature of
250 �C. Consequently, the size of simulated SFTs
was selected to range from �0.7 to �3 nm. Accord-
ing to the above mentioned mechanism decomposed
in three steps, a triangular vacancy platelet was first
formed (Fig. 1(a)). The size of the resulting SFT is
pre-defined by the size of this triangle. A triangle
of 6, 15 and 66 vacancies corresponds to an SFT
that is 0.7, 1.5 and 3 nm in size, respectively.

A simulation box of 24 · 24 · 24 in lattice units
was used for the relaxation at temperatures from
500 K to 800 K. The duration of annealing ranged
from 1 to 2 ps. After annealing, the system potential
energy was minimized by using the conjugate gradi-
ent method in order to find the relaxed positions of
the atoms.
Fig. 1. Evolution of a triangular platelet of vacancies in Ni after anne
vacancies: (a) original triangular platelet of 66 vacancies, (b) a void form
collapsed from a 15-vacancy platelet, all using Cleri–Rosato potential.
atoms and blue balls are atoms with non-fcc, non-hcp and non-bcc coor
legend, the reader is referred to the web version of this article.)
In order to identify the defect configuration, the
common neighbor analysis (CNA) method was
used. It allows identifying the coordination number
of the atoms, which relates to either an hexagonal
compact (hcp), face centered cubic (fcc) or body
centered cubic (bcc) structure, or none of these.
The main results are summarized as follows. The
platelet of 6 vacancies did not collapse into an
SFT, regardless of the annealing conditions, but it
formed a void (Fig. 1(b)) at relaxations above
800 K, for all selected potentials. Below this temper-
ature it remained in a platelet shape without any
transformation. The platelet of 15 vacancies
collapsed into an SFT (Fig. 1(c)) when using Far-
kas-I and Farkas-II potentials, at 500 K. It
remained in the original platelet shape when Cleri–
Rosato and the modified Cleri–Rosato potentials
were used. The different SFE (see Table 1) explains
this phenomenon. Lower SFE implies that Shockley
partial emission is favored and forms the stacking
faults on the conjugate {111} planes, resulting in
the SFT. The platelet of 66 vacancies easily col-
lapsed to an SFT at 500 K, for all four potentials.
The collapse occurred even with the Cleri–Rosato
potential presenting the highest SFE of all.

4. Cascade simulation

A number of cascade calculations have been car-
ried out using different conditions. Before launching
the PKA, the simulation box was annealed by velo-
city rescaling of all atoms for 2 ps in order to reach
the desired temperature. Longer anneal times did
al at 800 K for 2 ps and relaxation, depending on the number of
ed by relaxing a 6-vacancy platelet and (c) a fully developed SFT

The green balls represent vacancies, red balls are hcp-coordinated
dination. (For interpretation of the references to colour this figure



Z. Yao et al. / Journal of Nuclear Materials 367–370 (2007) 298–304 301
not affect the resulting damage structure. One atom
from the system was then selected as the PKA, with
an appropriate shooting angle, position and energy.
In order to avoid channeling, the angle should not
be too close to a crystallographic direction. Temper-
ature control after the PKA is achieved by a thermal
bath consisting of a few atomic layers at the bound-
aries of the sample whose temperature is controlled
by velocity rescaling every 100 steps (100 fs) to
mimic thermal conduction to the bulk. Fig. 2(a)–
(c) shows typical cross sectional views of a Ni spec-
imen in which a 40 keV cascade evolves. Fig. 2(d)
and (e) indicate that temperature and potential
energy change with time, and a thermal spike
appears within 1.5–2 ps after the PKA. Cascades
were repeated three times in order to obtain average
values that are statistically meaningful.
Fig. 2. View in cross section of the evolution of 40 keV cascade in Ni si
showing shock wave propagation and hot core and at (c) 25 ps show
respectively, after the PKA. The sample is 1 million atoms and the side
yellow: hot). (d) Temperature and (e) potential energy as a function of t
Rosato: CR, modified Cleri–Rosato: AA. (For interpretation of the refe
version of this article.)
Cascades with energy 30 keV are selected to com-
pare the influence of the four potentials on the
resulting damage. The results of CNA are shown
in Table 2 and Fig. 3 and can be summarized as fol-
lows. Farkas-I and Farkas-II potentials give rise to
similar defect structures. No large clusters are
formed and defects are scattered in the form of
small clusters or individual point defects, which
might be caused by a reduced mobility of vacancies
and interstitials during the collision cascade.
Farkas-II gives a higher density of defects than
Farkas-I. Farkas-I gives rise to small loops. Surpris-
ingly, there are no visible SFT or SFT-like struc-
tures, even though the SFE is low. However,
Farkas-I, with the lowest SFE, does produce more
hcp atoms, which are found in the stacking fault
of the fcc structure. Here calculation of defect
mulated by MD at (a) 0.1 ps showing first collisions, at (b) 0.8 ps
ing the cool down and the recrystallization of the molten core,
length is 22.9 nm. Color represents the kinetic energy (blue: cold,

ime and of the potentials used. Farkas-I: F1, Farkas-II: F2, Cleri–
rences to colour this figure legend, the reader is referred to the web



Table 2
Average damage resulting from 30 keV cascade as a function of the potential

Number of
interstitials

Number of
vacancies

Number of
clusters (i/v)

hcp atoms/non-hcp,
-fcc atoms

FI 66 66 13/7 97/1363
FII 141 141 15/21 12/3522
Cleri–Rosato 169 169 30/31 931/1723
Cleri–Rosato-A.A 129 129 25/20 174/1902

Fig. 3. (a–d) The resulting damage produced by a 30 keV cascade using Farkas-I, Farkas-II, Cleri–Rosato and modified Cleri–Rosato
potential, respectively. Red balls show hcp-coordinated atoms (stacking fault related) and blue balls are atoms that are non-hcp, non-
fcc,and non-bcc coordinated. (For interpretation of the references to colour this figure legend, the reader is referred to the web version of
this article.)
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migration energy is suggested to be applied in the
future for understanding the role of defect mobility
in the clustering during cooling.

In Fig. 3(c) and (d), produced with the Cleri–
Rosato potential with and without the fit to the
ZBL potential respectively, SFT-like structures
appear close to the cascade core. Also, an isolated
interstitial loop can be seen in Fig. 3(c). The maxi-
mum number of Frenkel pairs is obtained with the
Cleri–Rosato potential without the high energy
part, which in fact has the largest displacement
threshold energy (90–200 eV). Since hcp atoms
reflect the stacking fault areas, it appears that the
Cleri–Rosato potential (Fig. 3(c)) shows the largest
number of stacking faults, even though the potential
presents the highest SFE (300 mJ m�2).

The number of defects or Frenkel pairs produced
by each potential for PKA energies from 5 keV to
40 keV, is reported in Table 3, together with the
number of Frenkel pairs evaluated using the NRT
model [22], shown in parenthesis. The NRT value
is different for different potentials because this
model depends on the displacement threshold
energy. The number of Frenkel pairs produced by
simulation for a given PKA energy varies similarly.
According to literature [23], the number of Frenkel



Table 3
Average number of resulting Frenkel pairs (NFP) produced by
MD cascade with different PKA energy and potentials at 10 K

Farkas I Farkas II Cleri–Rosato Modified
Cleri–Rosato

5 keV NA 47 (100) – (20) 9 (50)
10 keV 17 (100) 76 (200) 369 (40) 49 (100)
20 keV 37 (200) 107 (400) 74 (80) 104 (200)
30 keV 66 (300) 141 (600) 169 (120) 129 (300)
40 keV – (400) 266 (800) 1335 (160) 272 (400)

The NRT values are reported in parenthesis.
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pairs produced in MD simulations is about 30% of
the NRT number, when the PKA energy is larger
than 5 keV. In this study all potentials but one pro-
duce a similar behavior.

In the case of Cleri–Rosato potential however,
PKAs with energies from 5 keV to 40 keV produce
a large number of Frenkel pairs, higher than the
NRT value. Therefore, the Cleri–Rosato potential
should in principle be excluded as an adequate
choice. However, it should be noted that in
Fig. 3(c) an SFT-like structure and an interstitial
loop are observed, which is the closest to the irradi-
ation-induced microstructure observed in the TEM.

5. Conclusions

MD simulations have been performed to under-
stand the formation of defects following displace-
ment cascades in Ni, and its dependence on the
empirical potential used. The results of SFT col-
lapse tests show that a platelet of 6 vacancies did
not collapse to an SFT regardless of the annealing
conditions, but formed a void above 800 K for all
selected potentials. The platelet of 15 vacancies col-
lapsed into an SFT when simulated with Farkas-I
and Farkas-II potentials, while the platelet of 66
vacancies easily collapsed to an SFT at 500 K for
all applied potentials, even for the one with a high
SFE, 300 mJ m�2. For a size of 15 vacancies our
results indicate that it is the SFE that drives the for-
mation of the SFT. The lower the SFE, the easier
the formation of the SFT.

In the case of damage produced by a displace-
ment cascades, the situation is less clear. It appears
that the largest number of stacking faults and the
closest features to an SFT are obtained with the
potential of Cleri–Rosato, which is characterized
by the highest SFE (300 mJ m�2) and the highest
displacement threshold energies. However, the mod-
ified Cleri–Rosato, with the same SFE but a reason-
able displacement threshold energy, does not
produce such SFT-like features. Moreover, when
using Farkas I or Farkas-II, the potential yielding
the SFE closest to the experimental value, no stack-
ing faults or large clusters are observed. The lack of
clustering of defects observed in these potentials
could be the reason for the lack of SFT formation,
despite the low SFE, which might be relate to the
reduced mobility of defects with these interatomic
potentials.
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