This manuscript has been authored by UT-Battelle,
LLC under Contract No. DE-AC05-000R22725 with
the U.S. Department of Energy. The United States
Government retains and the publisher, by accept-
ing the article for publication, acknowledges that the
United States Government retains a non-exclusive, paid-
up, irrevocable, world-wide license to publish or re-

produce the published form of this manuscript, or
allow others to do so, for United States Govern-
ment 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).

Effects of two-temperature model on cascade evolution in Ni and NiFe
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We perform molecular dynamics simulations of Ni ion cascades in Ni and equiatomic NiFe under
the following conditions: (a) classical molecular dynamics (MD) simulations without consideration
of electronic energy loss, (b) classical MD simulations with the electronic stopping included, and
(c) using the coupled two-temperature MD (2T-MD) model that incorporates both the electronic
stopping and the electron-phonon interactions. Our results indicate that the electronic effects are
more profound in the higher energy cascades and that the 2T-MD model results in a smaller amount
of surviving damage and smaller defect clusters, while less damage is produced in NiFe than in Ni.

When fast ions are moving through matter, part of
their energy is lost due to elastic nuclear collisions (i.e.,
ballistic processes), while the remaining energy is lost due
to their interaction with the electrons of the target ma-
terial. Numerous studies [1-4] have focused on radiation
effects in matter due to ballistic processes only; however,
the effects of kinetic energy transferred to the electrons
on the materials’ behavior under irradiation are not well
understood.

Recent molecular dynamics (MD) simulations of ra-
diation effects have highlighted the significance of the
electronic excitations in the evolution of high-energy cas-
cades (100 — 500 keV) in monoatomic metals [5-7], where
the electronic processes affect the level of the surviving
damage and the defect cluster distribution. Additionally,
while the electronic effects are dominant in high energy
events, their importance in lower energy radiation events
is yet to be investigated. In the present study we investi-
gate the effects of electronic excitations for lower energy
cascades in Ni and equiatomic NiFe.

Nickel based high entropy alloys are candidate struc-
tural materials of next generation fusion reactors due to
their good mechanical, thermal, electric and magnetic
properties [8-14]. NiFe is a single-phase concentrated
solid-solution with the same structure as Ni (fcc). We
provide a comparison of the damage produced in each
material without and with the electronic effects included
in the simulations of 30 and 50 keV Ni ion cascades.

We use the MD code DLPOLY [15] v.4.04, where the
2T-MD model according to Duffy and Rutherford model
[16, 17] is incorporated. For each system we perform
simulations under three different conditions: a) classical
MD cascade simulations, b) classical cascade simulations
with the electronic stopping mechanism activated as a
friction term, which we will call friction cascades, and
(c) cascades where the full two-temperature (2T-MD)

model is implemented, i.e. the electron-phonon inter-
action is taken into account in addition to the electronic
stopping. In the friction cascades, the electronic stopping
is included in the equation of motion as a friction term.
In the 2T-MD cascades the friction term has one more
component which corresponds to the electron-phonon (e-
ph) interactions. Additionally, energy lost by the friction
term is fed back to the system via the e-ph coupling. The
evolution of the electronic energy is described by a heat
diffusion equation, which is solved using a finite differ-
ence method, and it is coupled to the MD simulation via
a Langevin thermostat. This way the excess energy is
transported from the simulation cell via electronic ther-
mal conduction and the heat transport in the cascade is
included. More details can be found elsewhere [6].

We performed 30 keV and 50 keV Ni ion cascade sim-
ulations of twelve randomly chosen directions of the pri-
mary knock-on atom (PKA) for each energy at 300 K,
in systems consisting of 2.5 and 3.6 million atoms with
MD box lengths of about 305 and 345 A respectively.
A thermostat of 8 A width is applied at the MD box
boundaries, where the atom velocities are rescaled ac-
cording to a Gaussian distribution to correspond to the
target temperature and emulate the energy dissipation
into the sample. Alternatively, the use of a Langevin
boundary thermostat, offering a natural way to scale the
excess energy at the MD box boundaries, has been also
suggested [18] for nonequilibrium dynamics. We are us-
ing an embedded-atom (EAM) potential of Bonny et al
[19] that was developed to model point defects in Ni-Fe-
Cr systems. The systems are equilibrated under the con-
stant pressure and temperature ensemble (NPT) prior to
irradiation, using a Berendsen thermostat and barostat
and a constant timestep of 1 fs. For the cascade simula-
tions a variable timestep is used to describe the atomic
motion throughout the irradiation process.
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FIG. 1: Average surviving damage at the end of the simulation time for 30 keV ((a)) and 50 keV ((b)) Ni cascades in Ni and
NiFe. Results for classical MD simulations, electronic stopping-only simulations and the 2T-MD model are shown, with the

standard error over twelve events.

The classical MD simulations of the cascades are per-
formed under the constant volume and energy ensem-
ble (NVE). The electronic effects are included in the
friction and 2T-MD model as described previously [6].
The atomic and electronic subsystems in the 2T-MD
model simulations are initially in equilibrium, with both
the atomic and electronic temperatures being equal to
300 K. For the cascades incorporating electronic stop-
ping, the friction coefficient was calculated using SRIM
tables [20] yielding a value of 0.6 ps~! for both sys-
tems, and it is applied to atoms with velocity larger
than a value that corresponds to double the cohe-
sive energy of the system [21], and is equal to 54 A
ps—!. For the 2T-MD simulations, the e-ph coupling
parameters g, for the two systems were calculated at
a temperature equal to 300 K using electronic struc-
ture results obtained within the coherent potential ap-
proximations [22] (CPA), as described elsewhere [24],
and have values of g, = 10.85 x 10!" W m —3 K~! and
gp =8.78 x 101" W m =3 K1 for Ni and NiFe, respec-
tively. The heat capacity C. for a range of electron tem-
peratures was calculated using electronic density of states
(DOS) obtained from CPA calculations. It should be
mentioned that at the temperatures of the interest, in
the locally heated areas, both Ni and NiFe are nonmag-
netic. Reasoning to this fact, the DOS of nonmagnetic
alloys was used for calculation of C. The electronic ther-
mal conductivity values for Ni and NiFe are k. = 88 W
m~! K~! and 21 W m~! K~!, respectively [25]. No lat-
tice temperature dependence in k. is assumed and g,
is considered constant. The value of k. decreases with
lattice temperature, therefore it is likely to be overesti-
mated in the thermal spike region. A reduced value of
electronic thermal conductivity would contribute to the
quenching (1 ps) and annealing of the damage (at 1 - 100
ps), which potentially could result in decreased number
of point defects.

The e-ph coupling process g, is activated at 0.2 ps

in the simulation time, as the lattice temperature is ill-
defined before this. Until this time of the simulation, only
the electron stopping mechanism is active. This approx-
imate value was computed by looking at the convergence
of kinetic and potential energies (i.e. thermalization) in
the friction cascades. The e-ph coupling activation time
should be such to allow time for the atoms to thermalize
and transfer energy to the electrons. The e-ph switch-
on time is a parameter that can affect the electronic and
atomic temperature evolution in short times, and there-
fore can affect the cascade evolution. The thermal diffu-
sion equation is solved across the gridded system volume.
Each volume element has an associated electronic tem-
perature. The atomistic temperature is calculated from
the kinetic energies that are included in this volume. The
electronic grid is extended beyond the system volume to
transport energy away from the collision cascades [17].
Each cell has length of about 22 A and the larger elec-
tronic grid consists of 32 x 32 x 32 cells.

In Fig. 1 (a), the average surviving damage based on
Wigner-Seitz analysis at the end of the simulation time
for each of the three cases for 30 keV Ni irradiation is
shown, for Ni and NiFe. As seen here, the electronic
stopping for pure Ni results in reduced damage in com-
parison to the classical MD cascades, but the inclusion
of the e-ph interaction does not significantly affect the
surviving Frenkel pairs (FP). For NiFe the number of
surviving defects is nearly the same for all three simu-
lated models. Similarly, Fig. 1 (b) illustrates the average
damage with the standard error over twelve events for
50 keV cascades in Ni and NiFe, for the three simulated
models. For this energy, the electronic stopping mecha-
nism in both materials results in decreased damage com-
pared to the classical MD simulations. Additionally, the
damage produced when the 2T-MD model is applied is
reduced relative to the damage produced in the friction-
only cascades. Comparison between Ni and NiFe shows
that less damage is produced in NiFe, in agreement with
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FIG. 2: Relative backscattering yield (count) of Ni and NiFe.
The random level indicates unorganized arrangement of atoms
(non crystallinity), while the virgin level indicates the defect-
free level. The higher yields of Ni and NiFe are attributed to
1.5 MeV Ni ion irradiation a fluence of 6 x 10'* ions/cm?.
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FIG. 3: Maximum per-voxel atomic and electronic tempera-
tures for 30 keV (top) and 50 keV (bottom) Ni 2T-MD cas-
cade simulations in Ni and NiFe for twelve different cascade
events. Energy is fed back to the lattice at 0.2 ps and the
heat transfer time is about 10 ps for Ni and 11 ps for NiFe,
after which the electron—ion temperatures are equilibrated.

recent irradiation experiments [26] and classical MD sim-
ulations of lower energy ions and higher fluence in pure
nickel and nickel-iron alloys [27].

To validate the modeling results, ion channeling mea-
surements [28] were carried out to compare radiation per-
formance under ion irradiation. In Figure 2 we compare
the irradiation resistance from 1.5 MeV Ni ion irradiation
in Ni and NiFe with a fuence 6 x 1013 ions/cm?. Here we
see that the relative yield of the damage in Ni is higher
than that in NiFe, indicated by the higher yield (count).
The MD simulations show that the average damage in Ni

is higher than that in NiFe based on the 2T-MD model
for both energies. Qualitative agreement between the ion
channeling measurements and the MD results is evident.

Figure 3 shows the maximum atomic and electronic
temperatures for 30 keV and 50 keV Ni 2T-MD cascades
in Ni and NiFe. The maximum electronic temperature is
the highest per-voxel value to be found in the grid. We
see that the atomic temperature is much higher than the
electronic, which indicates that the electronic system acts
as a heat sink. Initially, the atomic temperature reaches
about 4 x 10* K in 30 keV cascades and 4 x 10° K in 50
keV cascades. At 0.2 ps, energy is fed back to the atomic
system and the atomic temperature starts dropping be-
low 1000 - 2000 K. The heat transfer relaxation time, as
read from these plots, is about 10 ps for Ni and 11 ps for
NiFe, after which the electronic and ionic temperatures
are equilibrated. The maximum atomic temperature for
the 50 keV Ni irradiation is about 10 times larger than
the one for the 30 keV cascades, while the maximum elec-
tronic temperature for 50 keV cascades is double the one
for 30 keV cascades at short times.

In the 50 keV cascades, higher temperature is devel-
oped locally in the cascade due to the higher PKA en-
ergy. The electronic stopping, on the one hand, removes
energy from the thermal spike, and results in less dam-
age. On the other hand, in the 2T-MD model, energy is
fed back to the system via the e-ph coupling, meaning
that the cascade cools down slower (slower quenching),
and therefore the resulting damage is reduced. While for
the lower PKA energy, the electronic effects have a small
effect (case of Ni) or nearly no effect (for NiFe); for higher
energy, and therefore higher local temperatures, the elec-
tronic excitations start affecting the damage production
significantly.

Statistics for defect analysis for the simulations of this
work are summarized in Table 1. The self-interstitial
atoms (SIAs) and vacancy clusters are defined using
the second nearest-neighbor distance criterion. As men-
tioned above, quantitatively the electronic effects are
more profound in 50 keV cascades than in 30 keV cas-
cades: the friction term in 30 keV Ni cascades results
in reduced damage, which is not significantly affected by
e-ph coupling; while in the 50 keV cascades, both the
friction term and the 2T-MD model result in less dam-
age. Cluster analysis shows that more isolated SIAs and
vacancies are produced in Ni for both energies when the
friction term is applied. This number increases when the
e-ph coupling is included. In NiFe the friction term re-
sults in a small decrease in the fraction of isolated defects,
which increases when the e-ph coupling is included. Clas-
sical MD and 2T-MD simulations give similar values of
the fraction of isolated SIAs and vacancies in NiFe, except
for the isolated vacancies in the 50 keV cascades, where
the value is larger for the 2T-MD. The total number of
clusters of size more than 3 found in our simulations does
not differ dramatically among the three models for each
material and energy, except for the number of vacancy
clusters for the higher energy simulations: the number



Classical Electronic 2T-MD |Classical Electronic 2T-MD
MD stopping MD stopping

30 keV Ni Ni NiFe
Number of Frenkel Pairs 94 (12) 65 (6) 60 (4) 41 (4) 36 (3) 40 (2)
Fraction of isolated SIAs 0.11 (0.02) 0.12 (0.02) 0.16 (0.03)|0.40 (0.05) 0.35 (0.05) 0.39 (0.05)
Fraction of isolated vacancies 0.36 (0.04) 0.42 (0.04) 0.56 (0.03)|0.47 (0.05) 0.42 (0.05) 0.48 (0.04)
Number of STA clusters 43 33 49 21 19 21
(containing more than 3 SIAs)
Number of vacancy clusters 29 29 29 18 20 21
(containing more than 3 vacancies)
Largest SIA cluster 106 67 41 31 30 33
Largest vacancy cluster 147 57 17 60 40 15
50 keV Ni Ni NiFe
Number of Frenkel Pairs 175 (23) 139 (23) 101 (12) | 122 (16) 100 (11) 64 (5)
Fraction of isolated SIAs 0.08 (0.01) 0.11 (0.02) 0.17 (0.03)|0.40 (0.07) 0.35 (0.04) 0.38 (0.03)
Fraction of isolated vacancies 0.31 (0.05) 0.37 (0.05) 0.55 (0.05)|0.42 (0.07) 0.39 (0.03) 0.50 (0.03)
Number of STA clusters 67 78 67 44 53 41
(containing more than 3 SIAs)
Number of vacancy clusters 80 41 36 40 54 26
(containing more than 3 SIAs)
Largest STA cluster 136 112 66 136 41 31
Largest vacancy cluster 244 292 129 118 85 31

TABLE I: Defect number and cluster analysis statistics for 30 keV and 50 keV Ni cascades in Ni and NiFe, with the standard
error of the mean calculated over twelve events. The cluster statistics refer to clusters with size more than 3, i.e. containing
four or more SIAs or vacancies. The clusters are determined by net defect count (difference between the number of SIAs and
the number of vacancies). The largest clusters found in each set of twelve simulations are presented in the last row.

of vacancy clusters produced in 50 keV Ni 2T-MD cas-
cades in Ni and NiFe is nearly half of that created in
the classical MD simulations. The largest SIA and va-
cancy clusters found in each set of simulations are also
provided.

Overall in the 2T-MD model there is less damage,
smaller fraction of isolated point defects and an insignifi-
cant difference in the number of clusters in comparison to
the classical MD simulations, meaning that smaller clus-
ters are produced. The 2T-MD model results in fewer va-
cancy clusters for 50 keV cascade events. Figure 4 shows
the surviving interstitials and vacancies of a representa-
tive 50 keV Ni classical MD cascade and a representative
50 keV Ni 2T-MD cascade in NiFe for the same direc-
tion of the PKA. We can easily distinguish more isolated
point defects and smaller defect clusters in the 2T-MD
cascades. Generally, in addition to the reduced damage
in NiFe than in Ni, less STA and vacancy clusters, as well
as more isolated defects, are formed in NiFe under each
simulation condition.

In summary, we presented quantitative and qualita-
tive comparison of the produced damage in 30 and 50
keV Ni cascades in Ni and NiFe for classical MD simula-
tions and simulations where we take the electronic effects
into account, and comparison with experimental results.
We find that the electronic effects are more profound for
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FIG. 4: The final damage of a representative 50 keV classical
MD cascade (top) and a representative 50 keV 2T-MD cas-
cade (bottom) in NiFe is shown, for the same PKA velocity
direction. (a) and (c) show the surviving interstitials and (b)
and (d) show the surviving vacancies. The frames shown have
size 196 Ax196 Ax196 A.



the higher energy events and the energy returned to the
lattice via the e-ph interactions enhances defect recombi-
nation. Additionally more isolated defects are produced
when the 2T-MD model is applied. Our results demon-
strate the need to include a model to describe the e-ph
coupling in a local way, as it can affect the damage level
and the defect distribution into clusters, which are of
great importance in the resistance to radiation as they
can affect the materials’ properties and long term perfor-
mance. The resulting configurations of the simulations
of this work could be used in further investigation of the
three irradiation conditions regarding the damage evo-
lution in larger timescales with the used of accelerated
dynamics. Further investigation of the electronic effects
in more alloys and at higher energies is needed in order to
obtain fundamental understanding of radiation damage
and investigate how the electronic excitations in combi-

nation with alloy complexity affect the materials’ behav-
ior in extreme conditions. Additionally, further develop-
ment of the model parameters will enable more accurate
and realistic approximations of the radiation effects.
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