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SPECIAL TOPIC — Ion beam modification of materials and applications

Influence of temperature and alloying elements on the threshold
displacement energies in concentrated Ni–Fe–Cr alloys*

Shijun Zhao(赵仕俊)†

Department of Mechanical Engineering, City University of Hong Kong, Hong Kong, China
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Concentrated solid-solution alloys (CSAs) have demonstrated promising irradiation resistance depending on their
compositions. Under irradiation, various defects can be produced. One of the most important parameters characterizing
the defect production and the resulting defect number is the threshold displacement energies (Ed). In this work, we re-
port the results of Ed values in a series of Ni–Fe–Cr concentrated solid solution alloys through molecular dynamics (MD)
simulations. Based on several different empirical potentials, we show that the differences in the Ed values and its angular
dependence are mainly due to the stiffness of the potential in the intermediate regime. The influences of different alloy-
ing elements and temperatures on Ed values in different CSAs are further evaluated by calculating the defect production
probabilities. Our results suggest a limited influence of alloying elements and temperature on Ed values in concentrated
alloys. Finally, we discuss the relationship between the primary damage and Ed values in different alloys. Overall, this
work presents a thorough study on the Ed values in concentrated alloys, including the influence of empirical potentials,
their angular dependence, temperature dependence, and effects on primary defect production.

Keywords: irradiation effects, molecular dynamics, threshold displacement energies, concentrated high-
entropy alloys

PACS: 61.72.−y, 61.80.−x, 61.82.−d DOI: 10.1088/1674-1056/abf10d

1. Introduction

Concentrated solid-solution alloys (CSAs), including
high-entropy alloys (HEAs), have expanded the alloy design
strategy significantly in recent years.[1,2] Composed of mul-
tiple principal elements in a simple crystal structure, CSAs
exhibit intrinsic chemical disorder that significantly affects
their properties. Depending on the composition, CSAs have
demonstrated excellent mechanical properties[3,4] and promis-
ing irradiation resistance,[5–8] making them promising candi-
date structural materials for future nuclear applications. As a
result, lots of efforts have been put into identifying the mecha-
nism behind the irradiation performance of CSAs, specifically,
the role of different alloying elements in influencing their irra-
diation response.[6,9,10]

Based on irradiation damage theory,[11] defect evolution
is governed by defect production, defect recombination, and
defect absorption by possible defect sinks. For single-phase
CSAs, the role of defect sinks is minimized since no extra
sinks, such as phase boundaries or interfaces, are present. Pre-
vious results have demonstrated interesting defect diffusion
and defect recombination properties in CSAs depending on
alloying elements. For example, diffusion of interstitial de-
fects becomes slower in CSAs, which tends to delay defect
evolution as observed in experiments.[12] Defect recombina-

tion probability can be enhanced considerably in CSAs due
to the favorable binding of interstitial defects.[13] These re-
sults suggest the unique irradiation resistance mechanism in
CSAs. Nevertheless, defect production properties, specifically
the threshold displacement energies (Ed), are less understood
in different CSAs.

The value of Ed is a critical parameter to measure the irra-
diation damage of materials; it can be used to estimate the dis-
placement per atom (dpa) based on the Kinchin–Pease model
and its derivative models.[14–16] Ed is usually defined as the
minimum energy required to displace lattice atoms from their
original lattice sites. Previous studies have revealed that Ed

values in crystalline materials are highly anisotropic. There-
fore, the Ed value in a material is usually an average value
from all crystallographic directions. In metallic systems, it is
known that ballistic collisions may generate a large number of
defects followed by a strong defect recombination phase due
to their good recrystallization abilities.[6]

The values of Ed have been studied in pure metals such as
Ni and Fe, as well as in dilute alloys, both from experiments
and simulations.[17–21] However, the properties of Ed values in
CSAs are seldom studied in previous works. Due to the chem-
ically disordered states in CSAs, simulations based on first-
principles methods are extremely costly as many PKAs should
be sampled, and many crystallographic directions need to be
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simulated. The previous attempt has studied only in either or-
dered alloys[22] or selective directions[23] to gain insights into
the Ed values in CSAs. To reveal the angular dependence and
the average values of Ed, one has to resort to molecular dynam-
ics (MD) simulation, which is a widely adopted technique to
study the nature of Ed values in materials.[24–26] Nevertheless,
the details of the empirical potential will undoubtfully have
decisive influences on Ed values. In previous MD studies on
Ed values in Ni, the Ed values were usually presented from one
type of potential, and no comparisons among different poten-
tials were made.[20,21] A comparative study with several differ-
ent potentials is, therefore, beneficial to gain complete insight
into the properties of Ed values.

In this work, we study the properties of Ed values and
their relationship with the primary damage in several face-
centered cubic (FCC) Ni-containing CSAs by means of MD
simulations. Several different empirical potentials are con-
sidered. Our results show that the differences in interatomic
interactions at the intermediated range (1–2 Å) result in differ-
ent Ed values for different potentials. Based on the potentials,
we further calculate the Ed values in different CSAs at differ-
ent temperatures. Finally, we study the properties of primary
damage in these CSAs, and their correlations with Ed values
are discussed.

2. Method
MD simulations were performed using the LAMMPS

software package.[27] The interatomic interactions were de-
scribed with the embedded atom model (EAM)[28] potentials
parametrized by Bonny et al.[29–31] Three EAM potentials
were considered, denoted by Bonny2009, Bonny2011, and
Bonny2013, respectively. Note that the short-range repulsive
ZBL potential has been included in the original Bonny2013
potential, which is essential for cascade simulations. The orig-
inal Bonny2011 has no ZBL interactions at short distances.
A spline fitting to ZBL at a short distance has been made
previously,[32] with the transition region fitting to ab initio
data. This modified version of Bonny2011 potential was used
in this study.

To calculate the Ed values in different alloys, we ran-
domly chose an atom as the primary knock-on atom (PKA) in
a pre-equilibrated 20×20×20 FCC supercell. The PKA was
then given an amount of kinetic energy to simulate the low-
energy recoil events. A variable timestep scheme was used
together with an NVE ensemble, and the border region was
temperature-controlled by a thermostat. The total simulation
time is around 6 ps, which is proved to be long enough to
allow possible defect recombination. The PKA energy was in-
creased with a step of 2 eV until a stable Frenkel defect pair
detected by the Wigner–Seitz defect analysis was created. The
Ed value was then determined by the minimum PKA energy
that leaded to stable defect creation.

At 0 K, we determined the Ed value by monitoring
whether or not a Frenkel defect was created. In this case, we
initiated the simulation directly in a perfect FCC lattice. At
finite temperatures, the defect creation probability is no longer
a step function due to thermal fluctuations. Therefore, defect
production probability is simulated for a range of PKA ener-
gies. We first equilibrated the system at a given temperature
(300 K, 600 K, and 900 K) for 100 ps and then initiated the
PKA. At each energy, at least 400 independent simulations
initiated by randomly chosen PKA and recoil direction were
simulated. The defect production probability was then calcu-
lated from these calculations.

The primary damage at higher PKA energies was sim-
ulated in larger supercells (40 × 40 × 40 for energies below
10 keV, and 80× 80× 80 for energies higher than 10 keV).
The temperature of boundary layers was controlled at 300 K
by a thermostat. A total of 20 independent simulations were
performed, and the results were averaged.

3. Result
3.1. Angular dependence of Ed values in FCC Ni

We first present the Ed values in FCC Ni, since there are
available experimental and ab initio data for comparisons. For
concentrated disordered alloys, it is difficult to compare the
results from different empirical potentials owing to the disor-
dered nature. The angular dependence of Ed values in FCC Ni
calculated for three empirical potentials is provided in Fig. 1.
As we employ an energy increment of 2 eV to determine the
Ed values, the uncertainty on the data in Fig. 1 is ±1 eV. For
high-symmetric directions, different features are observed for
different potentials. Based on Bonny2013 and Bonny2009 po-
tentials, it is shown that Ed values along the [100] and [110]
directions are low, whereas Ed values are high along the [111]
direction. In the non-symmetric directions, there are peaks be-
tween [100], [110], and [111] directions. A similar trend was
also found in other FCC metals, such as Cu,[33] though the
magnitude is different. The high Ed values can be interpreted
by the fact that a PKA along high-index directions tends to
induce scattered collision regions, which helps to dissipate en-
ergy effectively. As a result, higher energies are required to
create stable defects. The behavior is quite different for the
revised Bonny2011 potential, particularly along the [110] and
[111] directions. Specifically, the revised Bonny2011 predicts
a peak along the [110] direction and low Ed values along the
[111] direction, comparing to the other two potentials.

Comparison among the three empirical potentials indi-
cates that Bonny2013 generally results in higher Ed values in
pure Ni, then the Bonny2009, finally the modified Bonny2011
potential. It is surprising that the differences in Ed values for
Bonny2013 and modified Bonny2011 potentials are as high as
20 eV, though both potentials have included the short-range
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repulsive ZBL potential. To further evaluate the performance
of these three potentials at short interatomic distances, we
plot the potential energy between two Ni atoms at distances
smaller than 2.5 Å, as shown in Fig. 2. It can be seen that
both Bonny2013 and Bonny2011 coincide with the ZBL po-
tential for short distances less than 0.7 Å. In the intermediate
distance (0.7–2 Å), Bonny2013 and Bonny2011 behave very
differently. The revised Bonny2011 gives rise to much softer
interactions than Bonny2013. In this region, the potential en-
ergy for Bonny2009 locates just between that of Bonny2011
and Bonny2013. These results suggest that the short-range re-
pulsive ZBL interactions at a shorter distance (less than 1 Å)
have minor effects on Ed values. Instead, the interactions in
the intermediate range play dominant roles in determining Ed

values for FCC Ni. This observation is consistent with the
findings in body-centered cubic (BCC) Fe, where Ed values
are sensitive to the repulsive potential only at an intermedi-
ate distance (1.4–2 Å).[24,34] An analysis into the closest inter-
atomic distances in Ed calculations indicates that the minimum
distance is around 1.48–1.65 Å in FCC Ni, suggesting that the
potential characteristics at this range have the most influences
on Ed values.

Fig. 1. Angular dependence of Ed values in pure Ni at 0 K
calculated based on three different empirical potentials: the origi-
nal Bonny2009,[30] the modified Bonny2011,[31,32] and the original
Bonny2013[29] potentials. The uncertainty on the data is ±1 eV, since
we use an energy increment of 2 eV to determine the Ed values.

Fig. 2. The variation of potential energy along with the interatomic
distance for two Ni atoms based on different empirical potentials. The
results for the ZBL potential are also included.

Besides the pair part, we have compared the density func-
tion and embedding function of the three potentials. Except for
the Bonny2009 potential, both density functions in the modi-
fied Bonny2011 and Bonny2013 potential are constant at short
distances less than ∼ 1.5 Å. For Bonny2009, the density just
goes up with decreasing distance, which in part compensates
for the absence of short-range ZBL interactions. Therefore,
the main differences in revised Bonny2011 and Bonny2013
will be in the pair part.

To further verify the difference among these three po-
tentials, we have performed quasi-static drag simulations, as
did previously.[34] Such simulations can be used to test the
properties of the many-body potential at different interatomic
distances. The results obtained when a PKA moves toward the
[100] and [111] directions are displayed in Fig. 3. Along the
[100] direction in the FCC lattice, the PKA atom directly col-
lides with another lattice atom at a distance of a0. Thus, energy
change along this direction mainly arises from the pair interac-
tions between the atomic pair, representing the pair potential
parts. The results again prove that the revised Bonny2011
is the softest potential before the repulsive ZBL interaction
comes into play. Along the [111] direction, the PKA should
pass through the centers of two triangles successively formed
by Ni atoms in the adjacent {111} planes, which manifests
as two peaks in the energy curve at around

√
3

3 a0 and 2
√

3
3 a0

as seen in Fig. 3(b). After that, the PKA collides with an-
other Ni atom in the third nearest neighbor {111} plane, lead-
ing to the highest energy change around

√
3a0. Consistently,

Fig. 3. Energy change when a PKA moves toward (a) [100] and (b) [111]
directions in a rigid lattice. All other atoms are fixed in the simulation.
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the revised Bonny2011 potential shows the softest behavior
before the direct collision. Note that these energy curves are
calculated in a rigid lattice with all atoms fixed except the
PKA. In this case, the closest distance between PKA and lat-
tice atom along the [100] direction is 0 (head-on collision)
when the displacement is a0. For the [111] direction, the clos-
est distances corresponding to the two peaks before the high-
est energy are 1.47 Å. Compared to density functional theory
(DFT) results,[23] it is seen that the results from Bonny2011-
rev are in good agreement at the intermediate regime, though
DFT results are lower when the PKA has a direct collision
with other atoms, probably due to the approximation of pseu-
dopotentials.

A comparison of the calculated Ed values with previ-
ous data in Ni is summarized in Table 1. The reported Ed

values in Ni from the low-temperature electron irradiation
experiments are 38 eV, 21 eV, > 60 eV along the [100],

[110], and [111] directions, respectively.[35] The averaged val-
ues from the whole angular dependence are 23–24 eV based
on different experiments.[18,36] DFT results along these three
high-symmetric directions are consistent with the experimen-
tal values.[22,23] Our results based on the Bonny2013 poten-
tials are 56 eV, 54 eV, and 74 eV for the [100], [110], and
[111] directions, respectively, all higher than the experimen-
tal values. The results for the modified Bonny2011 are much
smaller, i.e., 24 eV, 46 eV, and 36 eV, respectively. The data for
the Bonny2009 potential are in the middle, i.e., 38 eV, 40 eV,
and 104 eV, respectively. Compared to the experiments, the re-
sults for the Bonny2013 correctly reproduce the relative trend
in these three directions, with the highest Ed value found in
[111], and then [100], and finally [110]. A similar trend is
also observed for the Bonny2009 potential. Nevertheless, the
modified Bonny2011 results in a high Ed value along the [110]
direction, in contrast to the other two potentials.

Table 1. Comparison of threshold energies in Ni (in eV).

Directions Bonny 2009 Bonny 2011-rev Bonny 2013 Exp.[35] Previous MD[17] DFT (300 K)[23] DFT (0 K)[22]

[100] 38 24 56 38 32 29 24
[110] 40 46 54 21 38 18 17
[111] 104 36 74 > 60 58 55 54

It is worth pointing out that the interactions in the revised
Bonny2011 were fitted to ab initio data in the intermediate
distance (1–2 Å),[32] suggesting its high precision in this tran-
sition region. The Ed value along the [100] direction is in good
agreement with DFT calculations. Yet, this potential yields a
peak along the [110] direction in the angular dependence of Ed

values. As a result, the Ed value in [110] is the highest, which
is inconsistent with experiments. Along the [111] direction,
we find a lower Ed value based on the revised Bonny2011 po-
tential compared to DFT. As the PKA moves from its original
location, it creates an interstitial, leaving behind a vacancy. If
the PKA energy is small, the interstitial would go back and
recombine with the vacancy, and no defect production occurs.
Therefore, the magnitude of Ed values is related to this recom-
bination process.[23] We calculate the recombination barrier
and find a relatively high height (0.37 eV). Therefore, the dis-
placed PKA, which becomes an interstitial, tends to migrate
in the lattice with migration energy of 0.33 eV. The origi-
nal Bonny2009 does not include short-range repulsive inter-
actions, as demonstrated in Fig. 2. In a previous study, the
repulsive ZBL potential has been connected to this potential
in order to perform irradiation damage simulations.[37] Based
on the modified potential, the reported Ed values are 34 eV,
32 eV, and 48 eV along the [100], [110], and [111] directions,
respectively, with a much higher, averaged value of 72.3 eV
from different directions. Similar to the Bonny2013 potential,
this potential still overestimates Ed values significantly. In ad-
dition, the defect energies resulting from this potential are not
consistent with ab initio data in concentrated Ni–Fe alloys.[38]

It was suggested that a better fit could not be achieved without

changing the equilibrium part of the potential.

Based on the above considerations, we choose the mod-
ified Bonny2011 and Bonny2013 potentials in the following
to study alloying effects on Ed values in different CSAs. Pre-
vious studies have compared different defect properties pre-
dicted by these two potentials.[8,38] Briefly, the most strik-
ing difference is that the Bonny2011 potential predicts sep-
arated distributions for defect formation and migration ener-
gies of Ni and Fe in the Ni–Fe alloys, whereas the energy
distributions are mixed in Bonny2013 potential. This obser-
vation suggests that chemically-biased diffusion is more pro-
nounced for Bonny2011 potential, which is consistent with
ab initio data.[39] This chemically-biased diffusion is the main
reason responsible for the enhanced defect recombination in
these alloys.[13] To further compare the differences between
Bonny2011-rev and Bonny2013 potentials, we show in Table 2
the basic properties for considered CSAs calculated for these
two potentials. Generally, these two potentials yield similar
bulk modulus (B) and melting temperatures (Tm) for alloys.
Therefore, the differences in defect properties are the main
distinction between these two potentials besides the Ed values.

Table 2. Calculated lattice constant (a), bulk modulus (B), and melting tem-
perature (Tm) for the Bonny2011-rev and Bonny2013 potentials.

Bonny2011-rev Bonny2013
a (Å) B (GPa) Tm (K) a (Å) B (GPa) Tm (K)

Ni 3.519 180 1553 3.523 179 1603
Ni0.5Fe0.5 3.488 222 1676 3.534 242 1639
Ni0.8Cr0.2 3.525 152 1509 3.592 152 1490

Ni0.4Fe0.4Cr0.2 3.507 199 1695 3.555 219 1587
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3.2. The Ed values in CSAs

For CSAs, different elemental species are randomly dis-
tributed in the lattice. It is challenging to obtain averaged
Ed values, especially at finite temperatures, since the chemi-
cal disorder and thermal fluctuation both can induce changes
to the Ed values for a given PKA atom at a given direction.
Therefore, we calculate the defect production probability as a
function of PKA energy in this case. The PKA type and di-
rection are chosen randomly, and a total of 400 calculations
are performed for each PKA energy. The calculated results
in different CSAs are shown in Fig. 4. Here the results from
both the modified Bonny2011 and Bonny2013 potentials are
presented.

Fig. 4. Defect production probability in different CSAs as a function of
the PKA energy at 300 K.

There are several different definitions of Ed values in the
literature.[24] Here we adopt the definition, which is the mini-
mum energy transferred to a lattice atom resulting in the cre-
ation of a stable Frenkel defect. This definition is most related
to radiation damage, since it leads to stable defect creation.
Besides, this definition is in accordance with the experimental
measurement of Ed values where the lowest incident electron
energy leading to a defect signal is detected. Based on the
results from Fig. 4(a), it is suggested that the minimal ener-
gies required to create stable Frenkel defects in these alloys
are around 20 eV based on the modified Bonny2011 poten-
tial. This result is consistent with the minimum Ed values
shown in Fig. 1 for this potential. No significant differences
are observed for different CSAs, except for Ni0.8Cr0.2, where
a slightly lower Ed is found. For the Bonny2013 potential,

the minimal energy required to create stable Frenkel defects
is around 50 eV. For this potential, slightly higher Ed val-
ues are observed in Ni0.5Fe0.5 and Ni0.4Fe0.4Cr0.2, whereas
a somewhat lower Ed value is found in Ni0.8Cr0.2. Both po-
tentials predict that Ni0.8Cr0.2 exhibits a lower Ed value and a
higher defect production probability at 50 eV to 100 eV. At this
energy range, the defect production probability is the lowest
in Ni0.5Fe0.5 for the modified Bonny2011 potential, whereas
Ni0.4Fe0.4Cr0.2 has the lowest probability for the Bonny2013
potential. At PKA energies higher than 100 eV, the defect pro-
duction probability shows a dip for the Bonny2013 potential,
leading to a generally low defect probability than that for the
modified Bonny2011 potential. The difference indicates dif-
ferent defect recombination properties for these two potentials.
To complement the discussion, we have provided the repulsive
part of Ni–Fe and Ni–Cr interactions for the Bonny2011-rev
and Bonny2013 potentials, as shown in Fig. 5. The results
suggest that Bonny2011-rev consistently leads to softer inter-
actions compared to Bonny2013. This trend is similar to Ni–
Ni interactions. Therefore, in the alloys, lower Ed values are
observed for the Bonny2011-rev potential.

Fig. 5. The pair potential part at small distances for Ni–Fe and Ni–Cr
based on the Bonny2013 and Bonny2011-rev potentials.

This plateauing behavior in the defect production prob-
ability is also observed in Fe.[24] This is caused by the com-
peting effects of defect recombination and defect production.
On the one hand, PKA introduces excess heat into the system,
facilitating defect diffusion and defect recombination. On the
other hand, defect production increases with increasing PKA
energies. Along with the increasing PKA energy, the defect
production probability increases slowly.
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Fig. 6. Defect production probability in Ni ((a) and (c)) and Ni0.5Fe0.5 ((b) and (d)) as a function of PKA energy at different temperatures, as
calculated by the modified Bonny2011 (left column) and Bonny2013 potential (right column).

The effects of temperature on the defect production prob-
ability are evaluated in Ni and Ni0.5Fe0.5, as provided in Fig. 6,
for both potentials. In these simulations, the system is first
equilibrated at the given temperature, and then the cascade
simulation is initiated by assigning kinetic energies to the ran-
domly chosen PKA. The boundary layer is thermostat at the
desired temperatures. The results displayed in Fig. 6 suggest
that temperature only has minor influences on the defect pro-
duction in Ni and Ni0.5Fe0.5, for both potentials. Regarding
the Ed values, figure 6 indicates that increasing temperature
could lead to lower Ed values, presumably due to the thermal
fluctuations. Nevertheless, the change is rather small, i.e., 2–
3 eV when temperature increases from 300 K to 900 K. Note
that the formation energy of interstitial dumbbells based on
the Bonny2011 potential is generally 2 eV lower that from
Bonny2013 potential. Besides, migration barriers of inter-
stitials from Bonny2011 potential are almost 2 times higher.
As a result, the Frenkel defects are relatively easy to form in
Bonny2011 case, leading to the higher defect creation proba-
bility above Ed.

The temperature dependence of Ed values has been stud-
ied in other materials, such as Fe[26] and TiO2.[25] In TiO2,
the Ed values of Ti keep constant, whereas those of O increase
with increasing temperature. In Fe, a decrease of the lower
Ed bound was found. Therefore, our results in Ni and Ni–Fe
alloys are consistent with previous results in Fe.

3.3. Primary damage in CSAs

To further elucidate the relationship between the Ed val-
ues and the primary damage state in different CSAs, we have
performed single cascade simulations in these alloys. The
number of produced stable Frenkel defects is calculated. As
a first step, we show in Fig. 7 the defect creation process for
one 10 keV simulation as a function of simulation time. It
can be seen that the defect number increases violently at the
initial stage of the cascade, exhibiting a peak in the damage
process. Based on the modified Bonny2011 potential, the de-
fect number at the peak-time is the highest in Ni, followed
by Ni0.4Fe0.4Cr0.2, Ni0.8Cr0.2, and Ni0.5Fe0.5. The relaxation
time of the defect is around 5 ps, after which the defect num-
ber becomes constant. For the Bonny2013 potential, the de-
fect number at peak-time is higher in CSAs than in pure Ni,
and the relaxation time is shorter, i.e., 4 ps, than that ob-
served in the modified Bonny2011 potential. It has previ-
ously claimed that the behavior of defect evolution relates to
the stiffness of the empirical potentials.[34,40,41] The modified
Bonny2011 potential is softer than Bonny2013 potential, as
shown in Fig. 2 in the intermediate region. Based on previous
knowledge gained in pure Fe, the softer Bonny2011 potential
would lead to greater peak damage and longer relaxation time
for recombination, which is consistent with present results in
Ni and its alloys.

The stable defect number averaged from 20 independent
simulations by randomly choosing different PKAs are pre-
sented in Fig. 8, together with the statistic standard error of
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the mean. Generally, the defect number predicted by the mod-
ified Bonny2011 potential is higher than that of Bonny2013.
Based on the standard NRT damage model,[15] the surviv-
ing defect number is inversely proportional to the Ed values.

Fig. 7. Defect production process as a function of time for a 5 keV
cascade in different CSAs.

Fig. 8. Calculated Frenkel defect number produced by a single cascade
in different CSAs at 300 K. The PKA is randomly chosen in the system
to initiate the cascade collisions.

Our results show that the Ed values are lower in the modi-
fied Bonny2011 potential, which should create a higher defect
number. In previous studies on the primary damage in differ-
ent alloys, the effects of the stiffness of the potential on the
produced defect number have been discussed.[21,32,42] How-
ever, previous works did not discuss the role of Ed values.

Comparison among different CSAs, the defect number is
almost the same at low PKA energies, an indication of their
similar Ed values. At high PKA energies, subcascade starts to
play essential roles, and differences are observed in different
CSAs. At PKA energies of 20 keV and 40 keV, Ni0.5Fe0.5 and
Ni0.4Fe0.4Cr0.2 exhibit the lowest defect number for both po-
tentials. The discrepancy is found in Ni0.8Cr0.2 between these
two potentials. While the modified Bonny2011 predicts only a
slight variation of stable defect number, the Bonny2013 poten-
tial yields a strong alloying effect in decreasing defect number
in Ni0.8Cr0.2 compared to Ni at high energies. This feature is
also observed in a previous study.[32] Since the Ed values are
similar in these CSAs, our results indicate that the stable defect
production at low PKA energies can be understood by the Ed

values, while damage induced by higher energies (> 10 keV)
is not directly related to the Ed values. At these high ener-
gies, there are several other factors also contributing to the
final defect number, including subcascade distribution, defect
migration, defect recombination, etc. For high-energy irradia-
tion experiments where the incident energy is around MeV, the
difference will contribute to different defect evolution at the
initial stage. However, in the subcascades regime, the differ-
ence regarding defect production among different CSAs would
be negligible due to the similar Ed values and similar spatial
distribution of subcascades.[43]

4. Conclusion
In this work, we have employed MD simulations to study

the Ed values and their relation to the primary damage in FCC
Ni and several Ni-containing CSAs. The effects of alloying el-
ements and temperature are analyzed. Our results indicate that
the predicted Ed values relate closely to the stiffness of the
empirical potential in the intermediate region within 1–2 Å.
However, even for the revised Bonny2011 potential where the
interatomic energies are fitted to ab initio data, the resulting
Ed values still show some discrepancy with experimental data.
Based on the two different potentials, we show that different
alloying elements and temperatures only have minor effects
on Ed values in CSAs, which is consistent with the similar
defect number produced in a single cascade at low PKA ener-
gies. Nevertheless, when the PKA energy increases, the pri-
mary damage in different CSAs changes significantly, suggest-
ing different defect migration and recombination properties in
CSAs as predicted by the empirical potential.

Specifically, this work provides a thorough study on the
Ed values in concentrated alloys, including how different em-
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pirical potential fitting may affect their values, angular depen-
dence, temperature dependence, and effects on primary defect
production.
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