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Concentrated solid solution alloys have attractgudly increasing attention due to their
potential for designing materials with high tolecanto radiation damage. To tackle the
effects of chemical complexity in defect dynamicgl aadiation response, we present a
computational study on swift heavy ion induced @fein Ni and equiatomic Ni -based
alloys (NbkoFeso, NisogCoso) using two-temperature molecular dynamics simaoiei (2T-
MD). The electronic heat conductivity in the twetperature equations is parameterized
from the results of first principles electronicustiure calculations. A bismuth ion (1.542
GeV) is selected and single impact simulationsgreréd in each target. We study the heat
flow in the electronic subsystem and show thatyaiig Ni with Co or Fe reduces the heat
dissipation from the impact by the electronic s@esy. Simulation results suggest no
melting or residual damage in pure Ni while a aytinal region melts along the ion
propagation path in the alloys. In Coso the damage consists of a dislocation loop
structure (d=2nm) and isolated point defects, whilNisoFeso, a defect cluster (d=4nm)
along the ion path is, in addition, formed. The dettion results are supported by atomic-
level structural and defect characterizations ismhith-irradiated Ni and ByFes,. The

significance of the 2T-MD model is demonstrated dpmparing the results to those



obtained with an instantaneous energy depositiodemwithout consideration of e-ph

interactions in pure Ni and by showing that it Ile&ol a different qualitative behavior.



1. Introduction

A major challenge in materials science is to undes and predict materials behavior
when exposed to ion irradiation. To this end ctadsimolecular dynamics (MD)
simulations are often used[1-3]. They provide am#t-level view of the system under ion
study, but do not include a description of the ttetic subsystem and are, therefore,
limited in applicability to events that involve aw or negligible level of electronic
excitations and ionizations.

Several approaches have been developed to addhiesgsgue. A prominent method
among these is the so-called two-temperature mialeclynamics (2T-MD) model. The
model assumes the thermalization and charge ngyto@lthe electronic subsystem. With
these simplifications, the energy dissipation i@ éectronic subsystem and its coupling to
the atomic subsystem can be included without tlastidr increase of computational cost
that follows from an explicit quantum mechanicakchiption of the excited electronic
subsystem.

The term swift heavy ion (SHI) is commonly usedi&scribe ions that are heavier than
carbon and with a kinetic energy over 0.5 to 1 M®Y nucleon depending on the atomic
mass. SHIs deposit their energy mostly to the elastalong its path before the nuclear
stopping takes over at the end of the ion rangsoRmg the mechanisms of radiation
damage by SHIs is a long-standing challenge irsthdy of ion-matter interactions[4], and
the two-temperature approach depicts one possdile forward. According to the model,
in metals, the deposited energy can be expectatisgipate effectively in the electronic
subsystem due to high electronic thermal condugtidind cause only a moderate effect.

However, the electronic energy loss is known toseauor example, an anomalous



annealing of recoil-induced damage in nickel[5] aadnaged structures along the ion path
in titanium, i.e. ion tracks that are observablettansmission electron microscopy. They
seem to consist of dense dislocation loop netw6iksp the intermetallic compound Ni-
Zr,, amorphous and quasi-continuous tracks have beported to form[7]. MD
simulations of SHI impacts in metals predict therfation of dislocation loops in Fe and W
[8].

Recently, Ni-based single-phase concentrated soligtion alloys (CSAs) have gained
interest due to their unique physical propertiesl @namatically enhanced irradiation
performance. Among these CSAs, they have been stohave less damage accumulation
than pure Ni when exposed to ion irradiation witthie elastic energy loss regime, at least
under room temperature irradiation to a low dod€JPand elevated temperature to a high
dose[10]. As a general trend, the more chemicabrdes exists in CSAs, the better
radiation resistance is observed. In this Artidie, investigate the effect of the alloy
composition and chemical disorder in the electratapping regime, we have chosen to
study Ni, NkoFeso and NigCosp using 2T-MD simulations. The ion (1.542 GeV Bi)sva
selected so that its nuclear stopping power (digé@x~ 0.1 keV nrit) is negligible and the
electronic stopping power at its maximum (peak dgddanges from 62.28 keV rimin
NisoFeso to 68.85 keV nifin Ni), as summarized in Table 1.

In chemically disordered alloys, a stronger efféoim the electronic energy loss is
expected due to the significantly reduced electregan free paths (MFPs) compared to
pure metals[11]. Therefore, CSAs are ideal systentest different theoretical approaches
to modeling electronic energy loss in metallic &g It is also noteworthy that the MFPs

depend on the alloying elements and concentratdnch can be tuned. Moreover, as



pointed out in a recent review[11], CSAs hold distive links between tunable scattering
processes and energy dissipation, as well as umiguelations between modified energy
landscapes and various defect dynamic processes.

Besides importance from a fundamental researctpeetise, the development and study
of the 2T-MD model are relevant for a variety opbgations. For example, the model has
been shown to have an effect on the residual defeutentration after a recoil simulation
at an energy regime relevant for fusion reactol walterials[12]. We note that the effects
of high energy ions are also discussed using thdo@w explosion[13] and other models
in which the interatomic forces are significantlyodified[4]. The two-temperature
approach and its extensions are under active i@sedso in the laser community[14,15].

2. Methods

2.1.The 2T-MD model

The two-temperature model for radiation damage imasduced in the work of Lifshitz,
Kaganov and Tanatarov[16,17]. Separate temperatamesassigned to the atomic and
electronic subsystems, noted Bsand T,, respectively, that evolve according to a heat
equation. An additional sink/source terfd, is added to describe the heat absorbed or
emitted by the atoms via the electron-phonon cogplihe spatiotemporal evolution of the

thermal energy in the electronic subsystem is glwen

9E,
at

aT,

= Ce52=V - (KVT)+H (1)

Here(C, is the electronic heat capacity akigthe electrical heat conductivity. It is useful
and conventional to writd = G(T, — T,) since, in a high-temperature approximatidns

directly proportional to the temperature differermed G is, therefore, a constant. In



general,G, as well as the rest of the parameters, depentherelectronic and atomic
temperature. An often-used practice, which we adwpe, is to consider the electronic
temperature dependence of all the parameters simge the values depend more Bn
thanT,. In the original formulation of the model, accomgal by Eq. (1), there is another
heat diffusion equation for the atomic subsystemreHthe 2T-MD model is a compelling
alternative and uses molecular dynamics instead.ifteraction potential of MD describes
e.g. mass transport, pressure waves, superheatthgaupling between the optical and
acoustic phonon modes[14]. Thereby the number @ilpacharacterized parameters is
substantially reduced.

To connect equation 1 to a MD simulation, the satiah space is divided into small
cells, so that equation 1 can be solved on a Gantegid. Within each cell, an atomic
temperature is calculated from the kinetic energiesatoms. Each cell is assigned an
electronic temperature that is evolved by a fiditéerence (FD) solution of Eq. (1). To
represent the energy exchange via e-ph interactitvess MD equation of motion is
complemented with a thermostatting term that cad ladetic energy to the atoms or
remove it. Several adaptations of the term carobad in the literature (see Supplementary
material for more discussion). We use here a sfragliversion of the one presented in
Ref.[18] that has been implemented to the PARCARuKition code[19,20]. The heat is
exchanged in accordance with equation 1 by a dagnforce in the MD equations of
motion[21]

F=-Vvv{r} +im7;
The magnitude of is chosen so that the increase in kinetic enemyyNdD time step

corresponds tdV e, Where \ is the volume of the finite difference grid ceBed to



solve equation Im; is the mass of the i:th ion, the position and; the velocity.V is the
interatomic potential (in this work, given by R¢22]). By taking the derivative of the
kinetic energy of the atoms within a cell, it folle that[18]

VcellG(Te)(Te - Tl)
imv}

&=

where the sum goes over all atoms in the volumié gf

2.2.Model parameters

In 2T-MD simulations, 5 simulation input parametemast be considered: the initial
electronic temperature, the electronic heat capatiie electronic heat conductivity, the
effective electron-phonon coupling strength and ftivee field. Discussion on the initial
electronic temperature and the interatomic pote(diaou, Johnson and Wadley [22]) used
is given in the Supplementary material, and theaiaing are described in detail in the next
subsections.

2.2.1 Electronic heat capacity

The electronic heat capacity was calculated ugiagtandard expression[23]

Ce(Te) = N(e)de, (2)

f ZAGIAD)
e 0T,
where N (¢) is configurationally averaged electronic densifystates (DOS) calculated
within coherent potential approximation[24—26]. Ttleemical potentiali depends from
both electron temperaturg,, and alloy concentration. It is calculated frora tonstraint to
the number of valence electrond.(e, u, T,) = {exp[(e — n)/kgT.] + 1}~ is the Fermi
distribution function. Since the most interestirgjues of the temperature for the current

research are above 5000 K, the electronic strustafehe alloys were calculated using

non-magnetic states. The details and results of G@Rkulations can be found in



publication by Samolyukt al.[27] The effect of electronic heat capacity on $Wwgavy ion
track formation has been studied by Khetral.[28]

2.2.3 Effective electron-phonon coupling strength

The calculated electron—phonon coupling strength edained using the rigid muffin-tin
approximation (RMTA) of Gaspari and Gyorffy[29] amdPA results for electronic
structure (see details in the Ref.[27]). In a pyes work[30], a reasonable agreement
between the time dependent DFT and current appreashobtained for the case of FCC
Ni. The electron temperature dependence in thelicmupalue, g(T,), was calculated in

the spirit of method proposed by Waetaal.[31]

N(e)
N(ep)

‘I 0f(e,uTo)
2

wheren is so called Hopfield parametel] is average mass of the alloy. Hopfield

g(Te) = ﬂth%N(Ep)j dSI

parametery, is proportional to electron-phonon coupling canstl = n/M{w?), from
McMillan expression for superconducting transitisemperature[32], wher@v?) is
averaged square of phonon frequency. The formulatith Hopfield parameters instead of
A allows to avoid calculation of phonon frequencisisthe zero temperature, the derivative
of Fermi distribution function is reduced to thdtddunction,d(e — ¢¢) and the coupling

value tog(0) = nth%N(sF). It's worth mentioning that calculated in Ni valg€T,) is

close to result obtained in publication by Lin a#digilei[33] and to the available

experiment. In the publication, the authors usedetkperimental value fgy(0).



2.2.4 Electronic thermal resistivity

A series of approximations was used to calculadetednic thermal conductivity. First,
we assume independent scattering of electronsemtrehs, phonons and alloy component
disorder[34]. Therefore, total electronic thermedistivity,w, is equal to

W(Te) = Wee(Te) + Wepn (Te) + wo, (4)

wherew, is residual thermal resistivity due to electromtsaring on alloy component
disorder. Residual thermal resistivity is measurethe limit of zero Kelvin temperature.
The electron-phonon contribution is calculated gsidowest-order variational
approximation to solve the Boltzmann equation &xibn transport[34]. Together with the
Debye model approximation to electron-phonon spédtEliashberg) function[35] the

electronic resistivity is

(T) _ 6.Q.C€” 21 T (ZTL>4 fTD/ZTL xsdx 5
Wepnile) = hkgN (gp)(v2) r(Te) Tp /) )y sinhzx'( )

whereT, andT; (300 K for all alloys) are electron and latticenfgeratures respectively,
Q.1 is the elementary cell volumé/(ez) corresponds to electronic density of state per
Q.. @and per spin{v?2) is average square afcomponent of Fermi velocity;, is Debye
temperature (450 K), and.(T,) is the transport electron-phonon coupling constastit
was demonstrated by Allen[35], the transp#yt can be approximated by without
significant loss in accuracy. The temperature ddpece of the coupling can be calculated
using Eq. (3) and relation betweenand Hopfield parametem. Finally, the Debye
temperature is kept equal to the one in Ni.

Following Lin and Zhigilei[33] the electron-electroscattering contribution to the
electronic thermal conductivity is calculated usiBgude model[23],k.. = (V2)CoTee,

wherer,, is the electron relaxation tim&/z,, = ATZ, whereA is constant. The values of
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the constants for Ni vary frorh4 x 106 1/K?s for Ni[33,36] t05.9 x 106 1/K?s[37] (see
discussion in Ref.[38]). Below the same valueAdras been used for all Ni based alloys. It
should be mentioned that at temperatures belowFgreni temperatures, the electron-
phonon scattering gives main contribution. Finadinwcew(T,) = 1/k, the Eq. (4) can be
applied to calculate total electronic thermal castoity. The residual thermal resistivity,
wy, is taken from the experimental data[39] at 50TKe k at 50 K equal to 328, 48.1 and
11.4 W/K-m for Ni, NigCoso and NioFeso, respectively. The calculated for the case of Ni
v, = 0.1 x 106 m/§ was used for all alloys. This approximation wasifiest for the case
of ordered NigFeso and NioCoso and it was found that deviation from Ni Fermi @ty is
small. N(er) is equal to 22.3, 16.1 and 13.3 States/(Hartrgan) Sor Ni, NisoCoso and
NisoFeso, respectively.

It should be noticed that instead of approach pegdaon the current publication, the
thermal conductivity could be alternatively caldeth using Kubo-Greenwood

formalism[40,41].

2.3.Molecular dynamics setup and analysis

The simulation cell size was chosen to be (69 nnn®, 5 nm) and the crystal was
oriented having the <001> -axis aligned with theéirection, the same direction as the ion
is intersecting the simulation cell. A schematictyre of the simulation cell is given in
figure 1. 16%169x1 finite difference cells were used for the heatatpn solver. A time
step of 0.08 fs was selected to conserve the ¢éogalgy in the system. This value is lower

than needed for most MD simulations.
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Experimentally, the irradiation was performed @abm temperature, so that far away
from the impact location the temperature (at lowefice rates) reaches 300 K. Motivated
by this, Dirichlet boundary conditions (boundarynfeerature=300 K) were imposed on
equation 1 in the four planes that are parallelhtoion path and far away from the ion
impact location (see figure 1). Zero-flux/periodendition (these are identical when there
is no gradient in the z-direction) was imposed lwa remaining two planes (the planes that
the ion path intersects, shown by the text ‘pedodi figure 1). In addition, the atoms
were quenched at a rapid rate of 0.3 K / fs tow&@3 K in the boundary cooling region
(also shown in figure 1) by a Berendsen thermo3ta¢ purpose of the procedure was to
dampen the pressure waves and to mimic ionic heatluction to the bulk. Periodic
boundary conditions were imposed on the atom mowéateall boundaries.

The electronic boundary can be implemented in otrys, such as using the Robin
boundary condition[8]. Some of the methods invaheav parameters to the model. Our
current choice does not; however, the electronimdary condition overestimates the heat
conduction from the system. We have checked thatickel (the system where heat
dissipates fastest) that using a zero-flux boundandition (which underestimates the heat
conduction) does not have a significant effect ba tesult. We emphasize that the
simulation cell must be sufficiently large in theedtions perpendicular to the ion path.
The width of the ionic boundary cooling region was nm. We also checked that a larger
boundary cooling region (width 5 nm) did not chatige results considerably (melt radius).
More discussion on the finite size effects is giuethe Supplementary material.

An alternative way that does not involve new par@mse or overestimate the heat

conduction was used in Ref. [42] (1D geometry) dRef. [43] (cylindrical/radial
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geometry). In that approach, the solution of equiafi is extended beyond the borders of
the MD simulation cell with an accompanying lattibeat equation. Furthermore, the
boundaries transmit pressure. Simulations uttjzihose boundary conditions could be
done as future work.

The Dislocation Extraction Algorithm (DXA)[44], asplemented in the OVITO[45]
software, was used to identify dislocation lined defective volumes from the final atomic
configurations. The evolution of the melt radiusridg the simulation was determined
using a three-stage process. In the first stagensatvith centrosymmetric parameter[46]
less than five are removed. After this stage, satams that are part of the solid region are
left. These atoms are removed by calculating theoNa@ volumes of the atoms that
remain, and selecting those with a volume highantti4 cubic Angstroms. Finally, a
surface is constructed[45] from the remaining atorfisaccurately captures the melt-solid
interface in all the targets, as is seen in fidglre

Radial strain fields were present in some of thalfatom configurations, which causes
artefacts in Wigner-Seitz defect analysis. Theeeftw quantify the defect concentrations in
the systems, we applied Polyhedral Template Matghif], bond-angle analysis[48] and
adaptive Common Neighbor analysis[49]. All the noelh give the number of atoms that
are not in the FCC configuration.

To reduce the numerical noise, we calculated thesite profiles using the Voronoi-
volumes. That is, instead of using the volume afcemtric cylindrical shells as a divisor,
we use the sum of the Voronoi volumes of each atorthe shell. This removes the
problem that some shells will have intrinsicallgdeatoms due to the crystal structure and

makes the values less dependent on the chosedewyihell thickness.
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2.4 Scanning Transmission Electron microscopy ctaraation.
The bright field (BF) imaging was performed using aberration corrected Nion
UltraSTEM operating at 200 KV. The collection seanigle used for the BF imaging was
0-15 mrad and the probe current was 28+2 pA. Tdyaeathe size and circularity
distribution to determine the formation of stackif@glt tetrahedra (SFT) and dislocation
loops, the background of the obtained images wesé riormalized, followed by color
thresholding on the damage regions. The observatures smaller than 1 nm, while
relevant to simulations results of defect clusterste ignored in the analysis due to high
uncertainty and considered as an artifact.
3. Results and discussion

3.1. Electronic parameters

The parameters resulting from the KKR-CPA calcoladi for the heat diffusion Eq. (1)
are shown in figure 3. While the electronic hegtazdty is comparable in magnitude for the
systems studied here, differences occur in thdrele@honon coupling strength and more
so in the electrical heat conductivity. The deceemselectron-phonon coupling is due to
the sharp spike in the density of states at thenFézvel in pure Ni, which is less
pronounced in the alloys and results in a lesgpstieerease[27]. Since, according to Eq.
(4), wep~g(Te), larger thermal conductivity corresponds to smadigoh coupling. Thus,
largest thermal conductivity corresponds to Ni dhd smallest one to ByFeso. The
electron-electron scattering suppresses the themoaductivity as the temperature
approaches P(K.

3.2.Initial energy density

14



The electronic and nuclear stopping power (seestaplin the surface region, about 5
microns from the surface, of the 1.542 GeV Bismathare similar in all the targets due to
similar target density. Utilizing expressions framelta-ray theory (see Supplementary
material) and by an integration of the stopping powhe energy density can be calculated
as a function of depth from the surface. The ihgi@ergy density does not vary much (see
figure 4) during the first 20 microns in all thegats. Therefore, we use the surface energy
density distributions, but a similar effect is exfgel at least throughout the first 20
microns. For consistency, the stopping powers uséide simulations are calculated based
on the densities of the MD simulation cell and ot the experimental values. The
difference is about 1%.

3.3. Heat flow and temperature evolution

The importance of considering the electronic sulesysbecomes evident from figure 5,
which shows the total energy transfer during timeusation. It was obtained by integrating
the H term in equation 1 over the entire simulatiemgth in post-processing. The figure
also shows the evolution of the electronic tempeeain nickel. The variations in the
energy deposition seen in the graphs are consistiémtresidual damage observed in the
simulations (see section 3.4.). Interestingly, tbtal energy deposition to the atoms near
the ion path and the residual damage follows arosipp trend as the electronic stopping
power.

Detailed graphs depicting the magnitude of theed#ifit terms in the heat equations are
given in the Supplementary material. During théiahstages of the simulation (t < 500 fs),
the differences in the rate of energy depositiamfithe electrons to the ions are not very

pronounced, but can be observed near the ion etigos point (r=0). It is worth noting
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that while NkoFeso has a higher effective electron-phonon couplingo®bso has higher
stopping power (dE/g% = 65.9 keV nrit) than NigFeso (dE/dxe = 63.1 keV nrit) and
similar comparison holds for BiCospand Ni. This evens out some of the difference & th
energy deposition initially. Significant differercecan be seen in the initial rates of
diffusion, i.e. in the energy dissipation by theattonic subsystem. The energy dissipation
by the electronic subsystem is reduced inof&o compared to NpCoso, While the
dissipation is fastest in Ni. By 5 ps, differene¢so in the energy deposition are evident.

Because of the electronic heat conduction, the ¢eatpre of the electronic subsystem
reaches the temperature of the lattice fastesttheantersection point of the ion, resulting
in cooling of the ions by the electrons. This psxcés fastest in Ni. By ten picoseconds,
almost the entire ionic subsystem in the Ni simatatellis cooled down by the electrons,
whereas NjCosp and NioFeso are only partially cooling (the rest is heating).larger
volume is still being heated in §dFeso than in NoCoso.

3.4.Damage production

A pressure wave develops in the middle of the st cell that travels towards the cell
boundaries. Four distinct pressure fronts can bsemied that travel in the <110>
directions. Visualization of the pressure waveiigeqg in the supplementary material. The
amplitude is the highest in MFe;, and decreases in magnitude insdSioso and Ni. A
cylindrical, molten channel is formed along the path in the alloys. Shown in figure 6 are
the resulting radii of the channel. While the wlitiadii are similar in magnitude (r=9 nm),
substantial differences exist in in the lifetimdstlme molten channels (60 ps insHC0so
and 120 ps in NiFesg). This is consistent with the heat flow (see sect8.3) in the

electronic subsystem — the energy deposition i®stindentical initially, but soon becomes
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smaller in N§gCoso. The recrystallization rate follows the same trersdelectronic heat
conductivity; the radius of the molten track dese=saat the rate of 0.18 nm/ps inddiosy
and 0.11 nm/ps in MiFeso.

After 200 ps, to remove thermal noise from the dasjghe simulations were relaxed to
0 K and 0 GPa in a 5 ps run before further analyidig dislocation lines, extracted by the
DXA algorithm, are shown in figure 7. In d§Cos0 a single dislocation loop structure
forms. In NioFesp, a defective volume, accompanied by dislocatioedj is formed. It
intersects the simulation cell along the ion bearaction. However, a limitation of the
current computational approach is the small simaatell in the z-direction to keep the
calculations feasible. It is unclear if such defgctctures will be continuous with a larger
cell. In all the samples, the vacancies are seatten the recrystallized region whereas
interstitials tend to agglomerate, as observed revipus simulations in other metallic
targets[8,50]. We have also analyzed the simulatils for local compositional changes
by divining the simulation cells into concentriclioger shells (centered at the ion impact
location) of equal atom count (5000). No local casiponal changes could be observed.
Most of the damage is confined within the moltegioa.

Experimentally, the ion tracks can be analyzed gissmall angle x-ray scattering
measurements. This technique is sensitive to émsity changes due to latent tracks and
can be used to deduce its average size with aaspasolution of few Angstréms. A radial
density profile obtained from MD simulations can bsed to interpret the scattering
pattern[51,52]. Shown in figure 8 are the radiaisity profiles that were extracted from the
cells, which may guide experimental design for datiion. An under dense region is seen

in NisoFeso, however, the maximal relative change in densityrily about 1%.
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The 2T-MD results are validated experimentally bymparing the microstructure
modification from SHI irradiations in Ni and §Feso performed using the annular bright
field imaging in a scanning transmission electraarascope (STEM). High quality Ni and
NisoFeso single crystals were irradiated with 1.542 GeMidsis to a fluence of 2x1dions
cm®. The density of Ni and NjFes is 8.908 g crif (9.14x13% atoms crit) and 8.2326 g
cm® (8.66x13% atoms crif), respectively. The STEM samples are taken 5 om fthe
surface. At this depth in ion energy reduces t@ h2d 1.23GeV where electronic stopping
power dE/dx.is 68.8 and 62.8 keV rifmand nuclear stopping powers dE{gxis 0.128
and 0.113 keV nihin Ni and NigFes, respectively. The extreme inelastic interactiohs
ions with target electrons and subsequent heatpdissn to lattice produce structural
defects that are observed to be darker than thexntate to strain diffraction contrast, as
shown in Figure 9 (for Ni (a, c) and d¥tes (b, d) respectively. While less damage is
identified in Ni than that in NiFe;, (Figure 9(b)), both interstitial-type dislocatitmops
and vacancy-type SFT (Figure 9(a)) are observeddth materials. Since ion-solid
interactions are stochastic processes, some iestmay cause more damage than others.
Comparison between the STEM characterizations #ith simulation results should be
gualitative. Nevertheless, more damage (SFT arldadiBon loops) is evident in ByFeso
and can be attributed to the significantly modifigdFPs. The much shorter MFPs in
NisoFes0[11,39] lead to slower heat dissipation along tve path. The extreme localized
hot zone along the ion path coupled with the rougheergy landscapes in concentrated
alloys result in defect formation[53]. On the otlemnd, longer MFPs in Ni lead to rapid
energy dissipation and less damage formation ufemtrenic energy deposition from GeV

ions, as is expected. Based on the circularity,ddmmage structures are identified as SFT
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(circularity 0.3-1.0) and as dislocation loops (8)0The relative concentration of SFT and
dislocation loops are shown in Figure 9c and 9dhasinsets respectively for Ni and
NisoFeso overlaid with background normalized image used tfar feature analysis. The
modified region in NjoFeso has a similar dimension as predicted in figurerMisgFes.

In the simulations, no residual damage is produce@ure Ni but much damage is
determined in NjpFes (figure 10 shows the residual defect concentrajjiogsalitatively
consistent with the experimental trends showngari 9a and 9b. It should be noted that
previous continuum calculations using the two-terapge model suggest that damage is
formed in Ni, which was considered to be a disonegfpb4] with the available
experimental data. This demonstrates the importahdke accurate parameterization and
the atom-level description provided by the 2T-MRheique to study radiation damage
from a swift heavy ion. It also underlines the impace of the electronic subsystem in the
2T-MD technique, as the simpler energy depositdmesmes in regular MD do not lead to
the same behavior, as is demonstrated below.

3.5. Comparison between the 2T-MD and the ion energpsipn model

The simplest method to simulate SHI is to omit thetails of the energy transfer
mechanism, and simply deposit energy to the ionKietic energy. This is physically
feasible if the timescale on which the energy ti@meccurs is very shorffo study the
significance of the energy deposition model, we awsimulation of an impact in nickel so
that the energy density predicted by the equatiscudsed in the Supplementary material is
used to instantaneously add kinetic energy to tbms while the system evolves without
the friction term in the MD equations of motiong&ies 6, 7 and 8 also show results from

the instantaneous energy deposition scheme. Insihislation, a molten track with a
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lifetime of 170 ps forms. The recrystallizationaas 0.06 nm/ps and a high density of
dislocation lines that extend through the periaiioulation cell form. Furthermore, defects
form also outside of the region that melted. Thddem expansion of the lattice causes
stacking fault planes that aligned along the icanbelirection to form outside of the molten
zone. They eventually disappear, but leave behitrdilaof defects. This in contrast to the
2T-MD energy deposition model, where the damagmigained within the molten region.
The residual defect concentration is two ordersagnitude higher with the instantaneous
energy deposition model than with 2T-MD simulatiansNisoFeso. Both comparisons
between the 2T-MD and the instantaneous energysitepo model and between the 2T-
MD and experimental observation further demonsttiite importance of considering
electronic effects and the importance of correatigdeling the electronic subsystem in
materials response to extreme ionization irradmtio

4. Conclusions

We modeled the effects of a 1.542 GeV Bi ion impdnt Ni, NisgCosp, and NigFeso
using 2T-MD simulation model with a parametrizatidirectly calculated from first
principles. The simulation results show that higina@entration alloying leads to a reduced
energy dissipation by the electronic subsystemedian melts along the ion path in the
alloys while no melting or detectable damage pradacin pure Ni was obtained. In
contrast, using the instantaneous energy depositiodel with classical MD, a molten
track forms and significant damage production itamied. Compared to BCoso (60 ps),
the lifetime of the molten track has a two-foldre@se in NjoFeso (120 ps) in 2T-MD. A
dislocation loop structure and isolated point desfdorm in both alloys. In NyFes, a

defect cluster forms along the ion path while thi not appear in NiCoso. Therefore, the
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residual defect concentration induced by a singteimpact in NigFeso is notably higher
(20 x) than in NjCosp. The simulations results were compared with STEM
characterizations of irradiated samples with id=sition. Experimental atomic-level defect
characterizations of NiFe and Ni support the 2T-kBults in the sense that more damage
is observed in NiFe. These results suggest tha2Th®ID model, when provided with an
accurate parametrization, can be used model thegedeéssipation after a swift heavy ion
impact in concentrated solid solution alloys. Farthore, the results suggest that Ni-based
alloys have remarkable differences in their respsrs electronic energy loss depending
on the composition. This insight should be taketo inonsideration in the design of
radiation tolerant concentrated solid solutionyslo
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Figure 1. Simulation cell schematics. Schematic picture ef $hmulation setup (MiFeso

simulation cell). Shown by the dark lines in thgepfigure is the boundary cooling region
for ions. All ion borders are periodic. The whiext in the upper figure indicates the
electronic boundary conditions for the six planeghe simulation cell. The lower figure

shows the simulation cell at a later instance. Cofdine only.
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Figure 7. Residual damage. Residual damage in the simolatédls. The upmost row
shows a cross section of the simulation cell capgedicular to the ion beam direction (c.f.
figure 1) and the second row parallel. A damagellime persists in NpFe;o which is
drawn as a gray surface area near the middle afetheln the third row, shown is the melt-
solid interface when the molten radius is at itximaim and atoms with centrosymmetric
parameter greater than 1. Small fragments of atmmgaused by vacancies. More detailed
visualizations of the dislocations are providedhia Supplementary material. Color online

only.
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Figure 9 STEM images. Bright field (BF) STEM images of (&) and (b) NéoFeso

irradiated using 1.542 GeV Bi to a fluence of 2%¥46ns cn?. The corresponding images
with color thresholding in the irradiated regiome ahown in (c) and (d), respectively. Red
color represents defect regions with respectiveutarity 0.3-1 (more likely to be vacancy-

type SFT) and 0-0.3 (likely to be interstitial-typislocation loops). Color online only.
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Crystal | Density| Density (MD | Electronic stopping Nuclear lon
(g/cn) simulation, power (keV/nm) | stopping power range
g/cnt) (keV/nm) (Lm)
Ni 8.908 8.84 68.8 0.128 28.26
NisoCoso | 8.8484 8.75 66.6 0.122 28.96
NisoFeso | 8.2326 8.28 62.8 0.113 30.49

Table 1. Target stopping powers and densities. Experimgrdaitermined densities and

SRIM-predicted stopping powers and ion ranges 6424 GeV Bi ions in Ni and Ni alloys.
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