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Abstract

Systematic temperature-effects investigations on damage evolution in ion-irradiated Ni-based
concentrated solid-solution alloys (CSAs) are pivotal to provide reliance on their use in
nuclear applications. In search of the origin behind the temperature-dependent irradiation
resistance ranking among equiatomic NiFe, NiCoCr and NiCoFeCr alloys, we have
compared, previously experimental and theoretical published data involving ion irradiation
experiments performed on these alloys with new ion channeling results from ion-irradiated
NiCoFeCr at 500 K. Moreover, the current results are compared with independent theoretical
calculations and relevant TEM results from literature, which allow us to suggest that the lower
migration energy of vacancies in NiCoCr, as compared with those in NiFe and NiCoFeCer, is
the reason behind why NiCoCr is no longer outperforming NiFe under ion irradiation above

300 K.
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1. Introduction

The development of materials that are able to perform better than traditional alloys
under extreme environments (e.g., high irradiation doses, high temperatures, etc.) has been
long pursued'? and still draws intense attention and boosts research efforts in the nuclear
materials engineering community>*. For nearly two decades, a new class of alloys, namely
concentrated solid-solution alloys (CSAs)>®, has been on the radar of the material science
community due to a unique combination of properties (e.g., exceptional mechanical
properties’”, improved corrosion'® and thermomechanical!! performance); moreover, since
then, improved radiation resistance has been discovered in some CSAs, making them possible
candidate materials for nuclear applications!”>”'3. Since tailoring the composition and
microstructure of CSAs may enable a further improvement of these highly desirable
properties in operating conditions of nuclear materials, interests in understanding the effects
of chemical complexity on the irradiation response of CSAs have grown exponentially in the
last few years'®22, Here one should note that CSAs family includes both medium-entropy
alloys (MEAs, e.g., with three alloying elements '®) and high-entropy alloys (HEAs, e.g., with
five or more alloying elements 36-23).

In contrast to traditional alloys (solvent—solute alloys), CSAs are mixtures of metallic
elements in which the atoms, in equiatomic or large non-equiatomic proportions, are
randomly distributed on structurally simple lattices (e.g., FCC or BCC) 312132426 Recent
studies have revealed that the random arrangement of multiple species is the origin of the
extreme chemical disorder 4232728 and complex energy landscapes 24?32° found in CSAs. It
has further been shown that this random arrangement may be highly effective for altering
mass transport and radiation damage processes!’. Exploiting the local chemical complexity of
CSAs may be the more gainful path for improving physical and chemical properties (e.g.,
mechanical, corrosion and radiation resistance) that are highly desired for space and nuclear

applications. These findings have stimulated us to perform studies on the exploration of



chemical alternation effects on irradiation-induced damage evolution in CSAs at room-
temperature (300 K). In-situ Rutherford backscattering spectrometry in channeling conditions
(RBS/C) has been frequently employed to study irradiation-induced damage accumulation in
some CSAs (Ni, NiCo, NiFe, NiCoCr and NiCoFeCr) at 300 K 4, because RBS/C is sensitive
to various types of defects, such as uncorrelated displaced lattice atoms (e.g., point defects,
clusters of point defects, amorphous clusters) and extended defects (e.g., dislocation loops and
stacking fault tetrahedra (SFT)), and also to lattice distortion 3°-3°, Thus, useful insight into the
depth-dependent damage accumulation and evolution processes as a function of ion fluence
(or dose) can be obtained by RBS/C. Moreover, RBS/C provides good statistical information
on disorder, complimentary to some other techniques, such as transmission electron
microscopy (TEM) that provides very local but detailed microstructural information*. In
addition, molecular dynamics (MD) simulations in conjunction with RBS/C studies have
demonstrated that the diffusion of large vacancy clusters, such as stacking-fault tetrahedral, is
much slower in CSAs (i.e., NisgFeso, NiggFeyo, NiggCryo, and NigoFesCry) than in elemental
Ni3¢, Our previous RBS/C studies'#?* have shown that increasing lattice disorder in these
CSAs (Ni, NiCo, NiFe, NiCoCr and NiCoFeCr) strongly delays damage accumulation. For
example, these materials rank in the order of decreasing damage accumulation rate as Ni >
NiCo > NiFe > NiCoCr = NiCoFeCr!3. Additional MD simulations have shown that, with
increasing lattice disorder in CSAs, the migration pathways of dislocations are limited.
Therefore, the growth of stable extended defects is strongly hindered, resulting in a decreased
damage accumulation rate, as determined by RBS/C. These findings call for attention to
understand the chemical complexity effect on defect evolution at the early stages. This may be
the more profitable pathway for designing high-performance nuclear materials, since the
suppressed damage evolution at the early stages may consequentially result in improved

radiation resistance!>:!7.



For their use in nuclear applications, the response of CSAs to high irradiation doses
performed not only at room-temperature but also at high-temperatures should be investigated.
Thus, our research group has further focused on the exploration of chemical alternation
effects on radiation-induced segregation (RIS) '3273% and void swelling response 34043 of
Ni-based CSAs (Ni to NiCoFeCrX (X = Mn or Pd)). Some of these studies 4! have shown
that increasing compositional complexity in CSAs strongly enhances the void swelling-
resistance of these alloys. These experimental studies complemented by MD simulations have
shown that, with increasing compositional complexity in CSAs, a transition from 1D long-
range migration to random 3D short-range diffusion of small interstitial clusters occurs. It is
believed that the 3D motion observed in complex alloys (such as NiFe and NiCoFeCr)
enhances the interactions between interstitials and vacancies, facilitating dynamic annealing
of these defects at early stages during irradiation, which in turn results in enhanced swelling
resistance *+*. In contrast, 1D long-range migration observed in Ni, NiCo and some dilute
alloys 4 may facilitate the growth of large clusters, resulting in poor swelling resistance.
Zhang et al. ¥ have demonstrated that 3d-electrons effectively alter energy dissipation,
transport properties, defect energetics, defect survival and interstitial migration pathways '>43.
The work further reveals that these defect processes are affected by expanding the number of
constituent metal species with large variances in number of 3d-electrons. The effective
dynamic annealing is, therefore, much more pronounced in alloys that incorporate metal
species with large variances in 3d-electrons. There are additional studies that have focused
particularly on the comparison of radiation-induced void swelling in HEA and conventional
alloys. These studies have shown that conventional alloys possess lower void swelling
resistance in comparison to HEAs (a subset of CSAs) 4648,

Previous research 378 has also examined the chemical alternation effects on the RIS
process in CSAs and demonstrated that the RIS level decreases with increasing compositional

complexity due to sluggish atom diffusion. Later 4, it was demonstrated that there is a



correlation between RIS level and chemically biased mass and defect transport that results
from d-electron effects. One of these studies 37 has also shown that the magnitude of RIS in
some CSAs is lower in comparison to conventional alloys. In the past years, the fundamentals
of damage formation in HEAs irradiated at room- and high-temperature to medium and high
fluences have also been intensively studied 4-30-39-68:51-58 'Some of these studies focused on the
comparison of RIS in HEAs and conventional austenitic stainless steels *>°2. For example,
Kumar et al. ¥ shows that the FeNiMnCr HEA manifest an enhanced RIS-resistance
compared to Fe-Cr-Ni alloys ¢ irradiated under similar conditions, which was attributed to
sluggish diffusion. This same experimental study reveals that the peak segregation in HEAs
occurs at higher irradiation temperatures (between 500 and 700°C) compared to conventional
austenitic steels (between 300 and 500 °C %%70), Recently, experimental studies 3> revealed
that the inverse Kirkendall effect is the primary RIS mechanism in CoCrFeMnNi. Previous
bulk tracer diffusion experiments support that inverse Kirkendall effect is the primary
mechanism RIS in NiCoFeCr and NiCoFeCrMn 7!. Allen et al. ® postulated that the inverse
Kirkendall effect is the primary RIS mechanism in austenitic Fe-Cr-Ni alloys.

Systematic temperature-effects investigations on damage evolution in ion-irradiated
Ni-based CSAs (NiFe and NiCoCr) have revealed one of the most intriguing findings: the
relative irradiation resistance of these alloys as a function of temperature inverts with
increasing temperature’7?. In these studies, we showed that the radiation performance of
NiCoCr is better than NiFe under ion irradiation at temperatures <300 K; however, the
ranking of radiation performance (swelling resistance) is reversed for ion irradiation
performed at temperatures >300 K (i.e., 773 K) %°. The origin of this intriguing temperature-
dependent mechanism is not yet well-understood, although it has been speculated that the
NiCoCr alloy has smaller differences in d-electrons than the NiFe alloy, resulting in an
increased capability to dissipate incident energy and higher electron mean free paths. This in

turn results in a degradation of the defect recombination and annihilation efficiency (i.e.,



“self-healing” effect). More recently, both simulated RBS/C results by Levo et al.,”* and
experimental RBS/C results by Velisa et al.”? showing a lower backscattering yield for
NiCoCr and NiFe compared to Ni support the conclusion that the 3d electron configurations
in CSAs play a crucial role in determining the irradiation resistance. One can argue with such
an assumption, since temperature shouldn't directly affect the 3d electron configurations and
thus alone cannot account for such inversion of irradiation resistance ranking.

In order to shed light on understanding the origin of this intriguing temperature-
dependent irradiation resistance ranking, ion channeling was employed to study damage
evolution in NiCoFeCr irradiated at 500 K and compared with previous ion channeling
analysis performed on ion-irradiated NiFe”* and NiCoCr’? at 300 K and 500 K. In conjunction
with independent theoretical calculations, unlike previous studies, the underlying mechanism
for temperature-dependent irradiation resistance ranking are discussed. So far it is believed,
that the lower migration energy of vacancies in NiCoCr, as compared with those in NiFe and
NiCoFeCer, is the reason behind why NiCoCr is no longer outperforming NiFe under ion
irradiation performed at elevated temperatures (i.e., 500 K) has been obtained from ion
channeling results. It is concluded, that at this temperature vacancies become mobile,
influencing defect dynamics and ultimately leading to the aggregation of larger vacancy
clusters in NiCoCr than in NiFe and NiCoFeCr.

2. Experimental Results

The RBS/C spectra collected for NiCoFeCr irradiated at 500 K with 1.5 MeV Ni ions
to seven fluences (8, 10, 13, 40, 80 and 150 Ni*/nm?, respectively), are illustrated in Fig. 1(a).
To define the amorphous and undamaged levels, the random and <100>-aligned spectra from
an unirradiated (pristine) area, respectively, are also included in Fig. 1(a). The channeling
spectrum collected from pristine sample exhibit a much lower yield than the random one. The
value of the axial minimum yield, ¥, ~0.05, obtained for the Ni sublattice below the surface

peak proves the high quality of the NiCoFeCr single crystals used for this study. The Ni-



irradiated channeling spectra illustrated in Fig. 1(a) are characterized, as compared to that for
unirradiated samples, by a higher backscattering yield, which increases with increasing ion
fluence (at least up to 40 Ni*/nm?) due to the accumulation of irradiation damage. Additional
irradiation to ion fluences from 40 to 80 ions Ni*/nm? and to 150 Ni*/nm?, the backscattering
yield is no longer increases. This indicates that the saturation of the relative damage level
occurs at fluences between 40 to 80 Ni/nm?. Here one should note that the aligned spectrum
recorded on the Ni-irradiated sample at the highest ion fluence (150 Ni*/nm?) does not reach
the random level, indicating that the loss of crystallinity or full amorphization is not occurring
based on the RBS/C criteria. It is also worth mentioning the Ni-irradiated channeling spectra
illustrated in Fig. 1(a) are characterized by a high dechanneling background, leading to the
emergence of the knee-like structure. In other words, the RBS spectra acquired along the
<100>-axial direction on Ni-irradiated areas do not exhibit clear damage peaks. This
presumably relates to the presence of extended defects (i.e., dislocation loops and SFT) in the
irradiated layer, as previously concluded by multi-energy ion channeling measurements
performed on pure Ni”® and NiCoFeCr’¢ irradiated at 300 K. The formation of extended
defects in NiFeCoCr irradiated at 500 K is confirmed based on MD simulations (see
discussion below), which is consistent with previous independent in-situ TEM analysis
carried out on NiCoFeCr under 1 MeV Kr ion irradiation at 773 K 77.

Analysis of the RBS/C spectra depicted in Fig. 1(a) yields the depth dependences of
relative disorder, which are illustrated in Fig. 1(b). For visual clarity, only best fits to
experimental data are depicted in Fig. 1(b). The results in Fig. 1(b) clearly reveal that there is
a constant increase in irradiation-induced disorder at the damage peak with increasing fluence,
up to a fluence 40 ions/nm?. Above this fluence, the disorder saturates, and the peak in
apparent disorder shifts to greater depths as the ion fluence increases from 40 to 150 Ni*/nm?.
The saturation of the relative damage level occurs at fluences between 40 to 80 Ni*//nm?.

Similar values of critical ion fluence to induce saturation of relative disorder are also reported



for other ion-irradiated CSAs at 500 K, such as NiFe 7> and NiCoCr 2. In the fluence range
before saturation (from 5 to 40 Ni*/nm?), a good correlation between measured damage
profiles and SRIM-predicted dpa profile is observed. One should also note that, up to the
maximum fluence of 150 ions/nm? in this study, an amorphous phase is not produced. It is
worth noting that once the accumulated ion fluence goes above 80 Ni*//nm?, the maximum
disorder starts to move beyond the peak damage production region where the most intense
collision cascades occur due to the development of irradiation-induced stresses (see
discussion below) *78, which is consistent with previous independent ex-situ TEM analysis
carried out on fcc CSAs (i.e. 3 MeV Au-irradiated NiFe and NiCo at 300 K)8. Here, it is also
worth mentioning that the extracted depth profile of (defect size) x (defect density) from TEM
observations are in good agreement with the disorder profiles extracted using iterative
procedure (IP).
3. Discussion
3.1. Dose dependence of early stages damage evolution: 300 vs. 500K

The damage evolution may be quantified by plotting the irradiation-induced disorder
at the damage peak with increasing dose or fluence, as illustrated in Fig. 2 (b), where the
increase in the relative disorder at the initial damage peak, at early stages (low-dose
irradiation cases), is shown as a function of ion dose for NiCoFeCr (green filled triangles)
irradiated with 1.5 MeV Ni ions at 500 K. The dose dependence of relative disorder at the
damage peak for NiFe”3 (blue filled circles) and NiCoCr’? (red filled squares) irradiated under
identical conditions are superimposed for comparison. In order to see how both the local
chemical environment and irradiation temperature influences the early stages of damage
production and cluster formation in complex CSAs, previous experimental studies on damage
evolution in NiFe”? (blue filled circles), NiCoCr’? (red filled squares) and NiCoFeCr® (green
filled triangles) irradiated with 1.5 MeV Ni ions at 300 K are summarized in Fig. 2 (a). Note

that the initial damage peak is situated at depths of about 375, 417 and 424 nm in NiFe’?,



NiCoCr’? and NiCoFeCr’, respectively. At early stages (low-dose irradiation cases), damage
evolution exhibits a linear dependence on dose, as indicated by the linear fits to the
experimental data (see dashed lines) for NiCoCr and NiCoFeCr irradiated at 300 K (Fig.
2(a)), up to 1.17 and 1.42 dpa for NiCoCr and NiFeCoCr, respectively. On the other hand, the
disorder accumulates slowly at the beginning of irradiation (between 0 and 0.12 dpa) and then
increases rapidly before saturation (0.42 dpa), giving rise to the well-established superlinear
shape of the damage evolution curve”. In other words, these damage accumulation curves can
be divided into two groups i.e., linear (NiCoCr and NiCoFeCr) and superlinear (NiFe)
dependence on dose. It is well-known that such a superlinear dependence results from the
overlapping of a large number of defects, while a linear dependence suggests less overlapping
of defect production in NiCoCr and NiCoFeCr than for NiFe?!. This indicates that a higher
number of defects per incident ion is produced in NiFe than in NiCoCr and NiCoFeCr under
1.5 MeV Ni ions irradiation at 300 K.

The different damage accumulation behavior of NiFe compared to NiCoCr and
NiCoFeCr observed by RBS/C is also confirmed by the positron annihilation spectroscopy
(PAS) signals recorded on NiFe, NiCoCr and NiFeCoCr irradiated at 300 K using Ni ions
with multiple energies (2, 4, 8 and 16 MeV) at various ion doses (ranging from 0.01 to 1
dpa)®-°. The PAS signals are usually characterized with shape parameters S and W that
quantify the contribution from valence electrons and from core electrons, respectively®’.
Briefly, S and W parameters are sensitive to open volume defects and to the chemical
environment surrounding the annihilation site. For example, the generation of vacancy defects
results in an increase of the S parameter. In other words, the amplitude of the S and W
parameters are fingerprints of the irradiation-induced disorder since samples with the lowest
defects will be characterized by lower S-parameter and higher W-parameter . The
parameters S and W recorded on the irradiated alloys are shown in Fig. 3 as a function of the

irradiation dose, together with the PAS signals from unirradiated NiFe, NiCoCr, and



NiFeCoCr defining the reference points for the lowest S and the highest W values. These
reference points define the samples with lowest concentration of native defects. Looking at
these reference points, it is clearly seen that NiFe has the highest value of S parameter, then
comes NiFeCoCr, and last comes NiCoCr. This presumably reflects that, among all three
alloys, the highest fraction of positrons trapped at open-volume native defects is in NiFe .
Compared with these reference points, PAS signals from the irradiated alloys are
characterized by higher and lower S and W values, respectively. Although similar dose
dependence (S and W parameter values decreases and increases with dose, respectively) is
observed for all three alloys up to 0.3 dpa, these signals appear into two groups i.e., lower
(NiCoCr, and NiFeCoCr) and higher (NiFe) S and W parameters, as indicated by the
transparent rectangle covering the S - W data sets of NiFe. With further increasing ion dose
from 0.3 to 1 dpa, the initial trend is kept for NiCoCr and NiCoFeCr; on the other hand, the
value of the S parameter increases, but the value of W decreases for NiFe, as indicated by the
black arrow. This may indicate that the vacancy-type defect production and evolution reach
saturation in NiFe between 0.3 and 1 dpa, while the damage build-up continues in NiCoCr
and NiFeCoCr.

Compared with room-temperature results, the early stages of damage evolution (see
dashed lines in Fig. 2(b)) in NiFe, NiCoCr and NiCoFeCr irradiated at 500 K, shows a linear
dependence on dose, for all three alloys. It is important to note that the early stages of damage
evolution under 500 K shifts to much higher ion doses compared to 300 K. This is not
surprising since raising the irradiation temperature, the dynamic recovery during irradiation
due to thermally-enhanced processes (defect migration and defect clustering) becomes more
and more dominant. It is also worth remarking that the disorder evolution vs. dose at 500 K
(Fig. 2(b)) shows slopes between 0.03 and 0.04, while the dependence of damage evolution
on dose follows a slope of ~0.1 for both NiCoCr and NiCoFeCr irradiated at 300 K (Fig. 2

(a)). Higher slope indicates that the damage accumulation process is faster. This is another

10



piece of evidence that the damage accumulation process is slower at 500 K than at 300 K due
thermally-enhanced dynamic annealing process. One of the most intriguing outcomes from
this comparison is that the relative disorder in NiFe is slightly lower than that in NiCoFeCr
and even lower than in NiCoCr irradiated at 500 K up to 5 dpa. In addition, the damage
accumulation curve (linear dependence on dose) of NiFe exhibits the lowest slope among all
alloys, indicating that the early stage of damage evolution is slower. These findings
demonstrate that NiFe exhibits a more favorable chemical environment for suppressing early
stage damage accumulation under high temperature irradiation than the NiCoCr. Suppression
of damage accumulation at early stages is expected to inhibit deleterious microstructural
changes at late stages.

The deviating defect accumulation curve of NiFe from linear dependence on dose, as
shown in Fig. 2(a), can be understood by taking into consideration the thermal conductivity
values and e-ph coupling strengths. As discussed and illustrated in detail elsewhere!+!52!, the
post-ballistic recovery is enhanced in CSAs alloys with lower thermal conductivity (or higher
electrical resistivity) and stronger e—ph coupling, which results in more localized heating
(greater thermal ‘spike’ temperature for prolonged time) and subsequent defect recombination
capacity (smaller defect clusters). Indeed, among the three alloys, the room-temperature
electrical thermal conductivity of NiFe (21.1 W m™' K!) is higher than that of NiCoCr (7.2
W m! K') and NiCoFeCr (8.0 W m! K-')8. The difference in defect accumulation response,
illustrated in Fig. 2(a), between the two groups (NiCoCr and NiCoFeCr vs. NiFe) can also be
justified by taking into account the limited migration pathways of dislocations arising from
the intrinsic lattice distortion of disordered alloys. Indeed, the existence of smaller defect
clusters in NiCoCr than in NiFe under ion irradiation at temperatures < 300 K and, more
importantly, their less likely growth due to limited dislocation mobility has been predicted
theoretically and experimentally confirmed from TEM micrographs recorded on NiFe and

NiCoCr irradiated with 1.5 MeV Ni ions at 300 K®. Another reason for the observed
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irradiation resistance ranking at 300 K is the theoretical calculations that predict a larger
overlapping region between the migration energies of vacancies and interstitials in both
NiCoCr and NiCoFeCr compared to NiFe?!. The larger region of overlap in their migration
barrier distributions may additionally contribute to enhanced defect annihilation.

The MD results are now discussed in more detail. First, looking at the early stages of
damage build-up, we can observe the same trend for all materials and temperatures, a linear
increase of defects, when no overlap is happening. As the overlap effects are starting to take
place, a sub-linear increase is seen in the defect numbers. Even though different interatomic
potentials show different quantitative results, these following trends are observed. At higher
doses, we can observe that Ni contains much more defects than the two other alloys. At 300
K, it is seen that NiFe show more defects than NiCoCr®?%3, but at the higher temperatures, the
difference is not as clear’®. The defect concentration as a function of dose is shown in Fig. 4,
where we can see the initial linear regime and the transition to the sub-linear regime, as well
as the cross-over in Ni behavior from showing the least damage to showing the most. We can
also observe that at 300 K there is a difference between materials, but at 500 K and 800 K, it
is quite similar. As shown in Ref. 74, at the highest doses achieved by MD, we can see that
saturation of defects or a transition to very minor increases in defect concentration are
happening at doses between 0.1 to 0.3 dpa. On a general level, the higher the temperature the
lower the number of defects and number of dislocations.

Looking at the dislocation evolution in Fig. 5 (a)-(i), we can observe that, for all three
temperatures before the crossover, Ni exhibits the least number of dislocations. Mainly partial
dislocation loop networks are seen for all materials, and additionally some stair-rod
dislocations are seen in Ni, which are a precursor to formation of SFT. The loop sizes are
slightly larger for Ni than for the other materials, which is also reported in the supplementary
material of Ref.”4, where larger interstitial clusters are formed at lower dose in Ni compared to

the alloys. At the crossover (see Fig. 6 (a)-(i)), a similar trend is observed as before the
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crossover, where Ni exhibits the least number of dislocations, but the sizes are larger. The
same kind of dislocations are observed, except occasionally a Frank loop forms in Ni.
However, the number of stair-rod dislocations and SFT are increasing in Ni. After the
crossover (see Fig. 7 (a)-(i)), we can see that in Ni there exist mainly a single large Shockley
partial dislocation loop or a Frank loop, and a large amount of SFT. In the other materials,
mainly a few intermediate sized Shockley partial loops and a large amount of small Shockley
partial loops are observed. The main difference is that the SFT are vacancy type, which
stabilizes the vacancies into clusters in Ni; whereas in the alloys, the vacancies are in more
random clusters. These vacancy clusters are of similar sizes according to the supplementary
material in Ref.”*, but the stability and effect on overlapping cascades are likely different.
Among the alloys, larger defects are observed in NiCoCr than in NiFe, with increasing
irradiation temperature.
3.2. Comparison of defect accumulation at late stages. 300 vs. 500 K

Fig. 8 presents the damage accumulation in NiFe, NiCoCr and NiCoFeCr irradiated
with 1.5 MeV Ni ions at (a) 300 K and (b) 500 K. Although at first glance, the relative
disorder at the initial damage peak increases towards saturation with increasing ion dose and
then decreases, independent of alloy composition and irradiation temperature; yet composition
and temperature influence both the damage accumulation rate towards the saturation level and
threshold dose for the onset of saturation level. For example, the threshold dose for the onset
of saturation level (marked with arrows) increases with both increasing irradiation
temperature and chemical complexity. The damage accumulation behavior in NiFe and
NiCoCr found in the modeling work has shown that, at early stages of damage formation,
point defects and small clusters are produced, similar to that revealed in independent ex- and
in-situ TEM analyses of NiFe, NiCoCr and NiCoFeCr irradiated at 300 '%#2 and 773 K”7. The
formation of point defects and small defect clusters in collision cascades during Ni ion

irradiation may be responsible for the weak dependence of relative disorder 384, Previous MD
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simulations®>%> have revealed an increase of volumetric strain at low doses due to the
production of point defects and small clusters; while an relaxation of strain is observed at
higher doses, which is associated with the transformation of small defects into large defect
clusters®>. Here, one should note that the diffusion of point defects is enhanced with
increasing irradiation temperature; 8688 thus the probability of point defects absorption by the
sinks originally existing in the material increases 4%%’. Whereas, the surviving point defects
may further aggregate into more stable and larger defect clusters (e.g., SFT) via diffusion and
migration progress 6063,

Under further ion irradiation, damage accumulation curves show a sublinear increase
with ion dose to saturation. Defect clustering analysis of the MD simulations reveals that,
with the increasing number of overlapping cascade damage, small clusters grow in size and
then aggregate into ordered defect structures, such as partial and perfect dislocation loops,
similar to that revealed in independent ex- and in-situ TEM analyses of NiFe, NiCoCr and
NiCoFeCr irradiated at 300 '%#2 and 773 K”’. Looking at these damage accumulation curves,
it is clear that NiFe saturates at a lower ion dose than NiCoCr and NiCoFeCr, independent of
the irradiation temperature. While the critical dose for saturation under 1.5 MeV Ni ions
irradiation at 500 K is lower for NiFe than NiCoCr and NiCoFeCr, a slower damage
accumulation rate for NiFe, as compared with damage evolution in NiCoCer, is observed, as
indicated by the steeper slopes for damage accumulation in NiCoCr and NiCoFeCr (see Fig.
8(b)). One should note that the relative disorder level in NiFe saturates at a value of 0.20,
which is lower to that observed in NiCoCr (0.29) and NiCoFeCr (0.23). In a previous
experimental study on the influence of temperature on disorder evolution in irradiated NiCoCr
72, it has been shown that the mean relative disorder in this ternary alloy irradiated at 500 K
saturates at a higher disorder value than at 300 K. In contrast, the magnitude of residual
damage in NiCoFeCr irradiated at 500 K saturates at a lower disorder value (~0.23) than at

300 K (~0.32). More damage at a higher temperature means that the thermal processes active
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during the irradiation at 500 K are not sufficient to drive defect recovery in NiCoCr, but on
the contrary led to microstructural modifications. One would therefore suspect that a second
type of defect is formed by a process that is enhanced in NiCoCr irradiated at 500 K. Note
that, for the NiCoFeCr alloy, the recrystallization process occurs above 700 K . Levo et al. 3
have shown that the saturated defect amount is dependent on alloy composition. This same
theoretical study has also revealed that there is a linear correlation between the saturated
defect concentration and their corresponding dislocation mobilities. However, due to the lack
of defect sinks in the simulations, the very low dislocation mobility, which can induce lower
defect concentration, can lead to the retention of defects at higher temperatures. For example,
the practically immobile dislocations at low temperatures lead to less defect build-up due to
decreased interaction of dislocations, yet they can induce dislocation retention at high
temperature. However, in materials where dislocations are mobile, they can annihilate at
defect sinks. This could explain the observed experimental trend of the opposite behavior at
the increased temperature.

Finally, the magnitude of residual disorder shows a transition from an damage
accumulation stage to a saturation stage, followed by a stage of decreasing disorder. The
continuous growth of relatively small dislocation loops to form percolated large dislocation
loops toward a network of tangled dislocations has been suggested as the origin of this
transition’>’3. Independent TEM studies have demonstrated that at such high ion doses the
high density of black dot defects transform into distinguishable large dislocation loops’. In
addition, the implanted zone loses its elastic response because of the lost constraint between
the damaged layer and the irradiated substrate. Instead, with the growth of large dislocation
loops, diffuse scattering underneath the Bragg peak becomes strong, as evidenced by X-ray
diffuse scattering studies of irradiated Ni, NiCo”, ZrO, °!, UO, % and MgO °2. Evidence from
recent MD simulations 3° indicate that while the fraction of mono-vacancies, formed in the

low fluence regime, decreases in these alloys when the irradiation dose is increased (high
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fluence regime), the fraction of larger vacancy clusters increases, which agrees very well with
TEM observations during in situ 7’ or post-irradiation ' studies.

In order to compare the susceptibility of these alloys to ion-beam induced damage
formation at 500 K, selected relative disorder profiles for NiFeCoCr (gree solid line) are
depicted in Fig. 9 together with the data for NiFe (blue dash line) and NiCoCr (red dash-dot
line) irradiated under identical conditions. Only three ion fluences are shown in Fig. 9: (a) 8,
(b) 40, and (c) 80 ions/nm?. It is obvious that the relative disorder in NiCoCr is always higher
compared with NiFe and NiFeCoCr for all indicated fluences. This suggests that NiCoCr
exhibits higher susceptibility to ion-beam induced damage formation as compared with NiFe
and NiFeCoCr irradiated under identical irradiation conditions. On the other hand, under ion
irradiation at 300 K, the irradiation performance of NiCoCr is similar to NiFeCoCr, but better
than NiFe, as discussed above and shown in Figs. 2 (a) and 8(a). Decreased mobility of
interstitials and formation of large vacancy clusters, which tend to inhibit defect cluster
nucleation and growth (e.g., dislocations), has been considered one of the main sources for the
improvement of radiation resistance in Ni-based CSAs 38293, This argument stands true for
explaining the irradiation resistance ranking among these alloys (NiCoCr = NiCoFeCr >
NiFe) for ion irradiations performed at 300 K, since it has been shown by Granberg et al.??
that smaller defect clusters are formed in NiCoCr than in NiFe and, more importantly, less
likely to grow. In other words, the diffusion coefficients of interstitials in NiCoCr are higher
than in NiFe.

One intriguing question is why the response of NiCoCr to ion irradiation is strongly
dependent on the irradiation temperature: NiCoCr exhibits higher irradiation resistance than
NiFe under ion irradiation at 300 K, while this ranking is inverted under ion irradiations at
500 K. Here it should be mentioned that, while irradiation induced damage at temperatures <
300 K is often controlled by the mobility of interstitials, under ion irradiation at > 300 K (i.e.,

500 K) irradiation damage starts to be controlled by the mobility of vacancies, since
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conventional thermal diffusion follows the mobility of vacancies. If one assumes that
diffusion coefficients of small vacancy clusters in NiFe are higher than in NiCoCr, whereas
the diffusion coefficients become lower for large vacancy clusters at high temperature, than
we can expect that large clusters can easily migrate and grow to very large sizes in NiCoCer, as
revealed by MD snap-shots (see Fig. 7). The high mobility of large vacancy clusters suggests
that these clusters can diffuse quickly and coalesce with other clusters emerging into
significant levels of cavity swelling. Thus, the diffusion coefficients of vacancies in NiCoCr
have to be lower than in NiFe at 500 K to explain the irradiation resistance ranking among
these alloys (NiFe > NiCoCr) for ion irradiations performed at 500 K.

Since the densities of NiFe (8.2326 g cm™) NiCoCr (8.272 g cm™) and NiCoFeCr
(8.144 g cm) are similar, the range of injected Ni ions in these samples should be relatively
similar. However, the shift of the damage peak in NiCoCr is more pronounced than in NiFe
under 1.5 MeV Ni ions at 500 K to a fluence of 80 ions/nm? (Fig. 9(c)). In this case, one
would therefore expect that any large differences observed in the disorder peak position
measured among these alloys under high fluence irradiation must originate from the
differences in the defect diffusion kinetics (e.g., vacancy clusters), as discussed previously 3°.
This correlation between the vacancy clusters diffusion coefficients and depth shifts in the
damage peak position has been successfully applied previously to other CSAs (NigoFey and
NigoCry), and are generally in good agreement with the extracted depth profile of (defect size)
x (defect density) from TEM analysis®*. These findings underpin the hypothesis that the
diffusion coefficients of vacancies as the origin of the temperature-dependent irradiation
resistance ranking, and thus provide new insight into previous studies.

4. Summary

Defect accumulation kinetics in FCC NiCoFeCr <100> single crystals irradiated at
500 K have been investigated using Rutherford backscattering spectroscopy in channeling

conditions and compared to available literature data for ion-irradiated NiFe and NiCoCr under
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identical irradiation conditions (i.e., 1.5 MeV Ni irradiation at 300 and 500 K). In
conjunction with independent theoretical calculations and relevant transmission electron
microscopy results from literature, unlike previous studies, the underlying mechanism for
intriguing temperature-dependent irradiation resistance ranking are discussed. Ion channeling
results demonstrate that NiCoCr is not outperforming NiFe anymore under ion irradiation
performed in the temperature regimes (i.e., 500 K). At this temperature, vacancies become
mobile, influencing defect dynamics and ultimately leading to the aggregation of larger
vacancy clusters in NiCoCr than that in NiFe and NiCoFeCr. The origin of this surprisingly
temperature-dependent irradiation resistance ranking among these alloys may lie in the
energetics of defect migration and its dependence on chemical composition (i.e., lower
migration energy of vacancies in NiCoCr, as compared with those in NiFe and NiCoFeCr). In
support of this statement, the snapshots of a molecular dynamics cell after a certain number of
ion impacts have provided one more piece of evidence: larger defects are observed in NiCoCr
than in NiFe, with increasing irradiation temperature. Finally, this review reveals that, to
develop CSAs with enhanced radiation resistance, it is imperative to select with extreme
caution alloy elements so their vacancy mobility is optimized.
5. Experimental procedures and modeling
Two areas on the <100> orientated equiatomic NiCoFeCr single face-centered cubic
(FCC) crystal were irradiated along a non-channeling direction (i.e., NiCoFeCr sample was
tilted 7° off the beam axis) at 500 K with 1.5 MeV Ni ions. In these irradiations, the ion
fluence ranged from 0.6 to 150 ions/nm? to capture the entirety of the defect accumulation
process, 1.e., the creation of point defects and small clusters up to extended defects, such as
SFT. To ensure homogeneity during irradiation, the broad ion beam was slowly rastered over
an aperture of 3.0 x 3.0 mm? in front of each irradiated area °*5. A similar ion flux as in the
case of NiCoCr (i.e., ~1.38%10-3 /nm? /s') was used to ensure similar irradiation conditions. In

order to monitor the irradiation temperature, the NiCoFeCr sample was mounted onto a
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sample holder, which is equipped with a resistive heater and a K-type thermocouple (for
details of the experimental setup see Ref. ).

After each irradiation step at 500 K, the sample was cooled down to 300 K to
minimize thermal annealing effects. Immediately after the sample temperature reached 300 K,
the two irradiated areas were analyzed by RBS/C with 3.5 MeV He ions. The backscattered
He ions were detected by a Si detector placed at 155° with respect to the incident He beam
direction **. The depth profile of relative disorder was extracted from the analysis of the
RBS/C spectra using an iterative procedure (IP) %, which has also been applied to analyze
CSAs irradiated over a wide range of temperatures (e.g., from 16 K °7 to 500 K 7273),
revealing good agreement between profiles extracted using this IP are in good agreement with
the disorder profiles obtained independently using the RBSADEC (RBS/C of Arbitrary
Defected Crystals) °® and McChasy (Monte Carlo CHAnneling SYmulation)* simulation
codes. The IP allows the extraction of relative disorder profiles through normalizing the
channeling spectra to the random level and subtracting the dechanneling fraction of the
analyzing beam. As labeled in Fig. 1(b), the disorder level values can range between 0
(undamaged state) and 1 (amorphous state).

As recently recommended by Weber and Zhang '%°, the SRIM code '°! in full-cascade
mode has been employed to calculate the depth dependence of atomic displacements, the
damage dose (displacements per atom or dpa), and the implanted Ni concentration. The SRIM
calculations were performed with the following input values for density and threshold
displacement energy for all elements: 8.144 g cm™ and 40 eV !4, respectively. The SRIM
predictions show that the most intense collision cascades (i.e., at the damage peak) occur at a
depth of about 420 nm.

MD simulations of damage accumulation in single crystalline equiatomic FCC Ni,
NiFe and NiCoCr at three different temperatures (300, 500, and 800 K) obtained by previous

MD simulations’® was further analyzed. These simulation results include massively
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overlapping cascades conducted under conditions corresponding to the experiments and
which have been compared to experiments with good agreement®>!°2, Briefly, thousands of 5
keV collision cascades were introduced in the same simulations cell, reaching a dose of a few
tenths of a dpa, which is sufficient to compare to low dose experiments. The cells were
homogeneously irradiated and the defect evolution was followed up to the maximum dose.
All the simulation details of the study are discussed in Ref.’*. The simulation cells were
analyzed with the Wigner-Seitz analysis!'®® to obtain point defect concentrations, and cluster
statistics. Defects were considered to belong to the same cluster if their separation distance
was less than the midpoint between the second and third nearest neighbor distance.
Dislocations were identified with the Dislocation Extraction Algorithm!% implemented in
OVITO'®, In this article, we re-analyze some of the already reported results in order to better
understand the observed experimental results. We mainly focus on the defect cluster size
distributions, dislocation densities and types in the damage build-up phase of the simulations,
e.g., before saturation, which were not in detail analyzed previously. At very low doses, we
observe fewer defects in Ni, and at doses of around 0.1 dpa, we observe a cross-over, where
the defect concentration in Ni becomes the highest. In this work, we focus on the regime
slightly before, during and after this crossover, to understand what leads to this behavior at

different temperatures.
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Fig. 1: (a) Typical RBS/C spectra recorded from NiCoFeCr irradiated with 1.5 MeV Ni" ions
at 500 K. The ion fluences are indicated in the legend. (b) Disorder profiles obtained from the

analysis RBS/C spectra (a) by applying the iterative procedure. For visual clarity, only the
best fits to experimental data are depicted in Fig. 1(b).
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Fig. 2: Comparison of the early stages damage evolution observed by RBS/C in NiFe 73 (blue
filled circles), NiCoCr 7 (red filled squares) and NiCoFeCr ¢ (green filled triangles)
irradiated with 1.5 MeV Ni ions at: (a) 300 K and (b) 500 K. The results for NiCoCr
irradiated under similar irradiation conditions are taken from Ref. 72. The lines are curve fits
to guide the eye. The slope dependence on alloy composition obtained from fits are shown in the
inset. Note that the slope unity is relative disorder/dpa.
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