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Single-phase concentrated solid-solution alloys (SP-CSAs) have shown unique chemical complexity at the
levels of electrons and atoms, and their defect evolution is expected to be different from conventional
dilute alloys. Single crystals of Ni, NiFe and NiFeCoCr are chosen as model systems to understand the
chemical complexity on defect formation and damage accumulation in SP-CSAs under ion irradiation.
The high-quality crystals were irradiated at 16 and 300 K to different ion fluences, to form irradiated
region with little to heavy damages. The ion-induced damage was determined using Rutherford back-
scattering spectrometry technique along a channeling direction (RBS/C) and the level of lattice damage in
irradiated Ni and SP-CSAs was quantified from Monte Carlo (MC) simulations. The results are interpreted
using the Multi Step Damage Accumulation model to reveal material damage accumulation kinetics. Key
findings of the study are that in case of room temperature irradiations the damage level measured for
complex alloys at the highest irradiation fluence of 2 x 10'> cm 2 (~3 dpa) is significantly higher than
that obtained for pure nickel samples and suggest two-step damage accumulation process with a defect
transformation taking place at a fluence of about 1.5 x 10" cm~2. Moreover, structural and damage
kinetic differences clearly imply that, with increasing degree of chemical complexity and high solid-
solution strengthening effects from Ni to NiFe and to NiFeCoCr, the enhanced lattice stiffness resists to
randomization of atomic configurations and inhibits the growth of extended defects.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

importance. One of the most promising structural alloys, still in the
testing phase regarding possible use in new generation of nuclear

One of the most important branches of chemical and nuclear
industry is to understand and identify new materials resistant to
specific operating conditions (e.g., irradiation, high temperature,
corrosive environment). Because of specific operational conditions,
parts of the structural components are exposed to damage due to
radiation defects build-up in the materials. Obviously, the materials
expected to be used in a radiative environment must fulfill severe
safety requirements, the radiation resistance is of paramount
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power plants (NPPs), are multi-component nickel superalloys
[1-3].

In the presented paper radiation defects are created by ions
having energy in hundreds of keV range, i.e. when elastic collisions
are the dominant mechanism of energy losses. The ballistic nature
of implantation processes leads to structural defects that are
formed inside investigated materials. Significant advantages of ion
irradiation include well-controlled concentration and depth dis-
tribution of defects, rapidly achievable high-level damage, and non-
radioactive samples for easy handling [4]. The defect accumulation
in materials is a complex process and usually has a multistage
nature. The thresholds of subsequent structural transformations
depend not only on the fluence of ions (hence dose of irradiation)
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[5—7], but also on the chemical composition of the investigated
materials [8—10]. Single-phase concentrated solid-solution alloys
(SP-CSAs) have shown unique properties at the levels of electrons
and atoms [2,3,11,12] and their defect evolution is expected to be
different from conventional dilute alloys. Single crystals of Ni, NiFe
and NiFeCoCr are chosen as model systems, as they have increasing
degree of chemical complexity [2,12], yield strength, lattice stiff-
ness and toughness [13]. The main aim is therefore to compare
damage build-up in several Ni-based alloys irradiated at various
temperatures to get an insight into a role of alloy constituents on
radiation resistance of the materials.

Rutherford backscattering spectrometry in a channeling direc-
tion (RBS/C) technique is widely used for quantitative analysis of
damage level in ion implanted crystals. However, standard method
of spectra deconvolution (so-called Two Beam Approximation —
TBA [14]) which is typically used, suffers from several deficiencies.
This is due to the fact, that TBA analysis assumes the existence of
one type of defects only, so called Equivalent Scattering Centers
(ECS), which may be regarded as a model of amorphous structure.
In real situations in metals and alloys and many radiation-resistant
ceramics mainly dislocations and dislocation loops are formed,
which may lead in some cases (i.e., multi-component crystals, high-
energy irradiation or presence of complex defects) to deceptive
conclusions using TBA analysis. Therefore, in order to obtain reli-
able results assuming presence of dislocations in irradiated alloy
(experimental data for 16 K have been presented before in Ref. 15)
instead of using TBA model Monte Carlo based simulations using
McChasy code was used (for a description of the code see Refs 16
and 17). McChasy code reproduces RBS/C experimental spectra by
simulating He-ions traveling inside the crystal structures and
calculating the probability of the backscattering process. During the
simulation processes, the code takes into account given defect
distributions of randomly displaced atoms (RDA, alike to ECS) and
extended defects (edge dislocation-bent channel). The possibility to
differentiate between various types of defects provides a unique
path forward to follow their evolution as a function of ion fluence
and to study the role of chemical complexity on defect formation
and damage accumulation in SP-CSAs under ion irradiation.

2. Experiment/methods

Experiments were performed at two institutes; Friedrich
Schiller University Jena (FSU, https://www.uni-jena.de/), Germany
and Ion Beam Materials Laboratory (IBML, http://ibml.utk.edu/) in
University of Tennessee Knoxville, USA [18]. The high-quality single
crystals of pure Ni metal and two equiatomic NiFe and NiFeCoCr
alloys were irradiated with 500 keV Ar" (FSU) and 550 keV Si*
(IBML) ions with a wide range of fluencies ranging from 2 x 10'3 up
to 1 x 10'® cm~2 at both 16 K and room temperature (300 K),
respectively. In both cases, the irradiation fluences were relatively
low, and the possible influence of stoichiometry changes by
incoming ions is negligible. The IBML irradiations were performed
at relatively large incident angle of 30° in order to produce shallow
damage, close to the 500 keV Ar™ irradiation performed at FSU. The
disorder in the irradiated samples was measured by recording RBS/
C spectra in the <100> aligned direction with 1.4 MeV He ions at
FSU and 2.0 MeV in case of IBML experiments.

Experimentally obtained RBS/C spectra were simulated using
Monte Carlo (MC) McChasy code developed at National Centre for
Nuclear Research (NCBJ), Poland [16]. For comparison, the mean
projected range of ions and induced defect distribution for Ar, as
well as Si ions, were estimated from Stopping and Range of Ions in
Matter (SRIM) simulations using the full cascade mode [19—-21].
The ion distribution was estimated from the second column in
RANGE.txt. The corresponding displacements per atom (dpa)

profiles were predicted using two files, VACANCY.txt and
NOVAC.txt under an assumed displacement energy threshold of
40 eV for all elements. For the full-cascade simulations, the dpa
profile was the sum of the predicted vacancy concentrations using
the column of “Knock-Ons” for Ar or Si ions and the columns of
“Vacancies” from target elements (Ni vacancies and Fe vacancies in
the case of NiFe) in VACANCY.txt, together with the replacement
collisions in NOVAC.txt [22]. Note that ion-induced damage in both
monoatomic and multi-elemental targets with a significant mass
difference should be predicted using the full-cascade simulations
[20,21], as the quick Transport of Ions in Matter (TRIM) option
based on Kinchin-Pease holds only for monoatomic targets [23].
The SRIM estimated damage peaks are located at about 155 nm
(Art) and 190 nm (Si™) for experiments performed at FSU and IBML,
respectively.

The MC simulations were performed under the conditions that
mimic the experiment (same geometry, backscattering angle, etc.),
thermal vibrations of atoms were assumed to be in few pm range
and the number of ions used in MC simulations was usually in few
tens of thousands range to reach sufficiently good statistics.

The McChasy simulations were done on the basis of the
extended defects representation. The McChasy model of extended
defects is based on the Peierls-Nabarro model of an edge disloca-
tions in which atoms are shifted from regular lattice positions
following an arctan function with the bending angle decreasing
asymptotically with the distance from dislocation core. For pre-
sented simulation the influence of distortions is cut above fifteen
atomic rows. Detailed description about the simulation procedures
and the Peierls-Nabarro model can be found elsewhere [24,25]. The
solid lines present at the Fig. 1 are corresponding to spectra in
aligned (001) direction obtained using MC simulations.

3. Results and discussion
3.1. Irradiations

The reason behind having two different irradiation tempera-
tures (16 K and 300 K) was to study the temperature impact on
microstructural changes occurring in Ni and SP-CSAs. While va-
cancies are not mobile at both temperatures, interstitials are
believed to be immobile below temperatures of ~40 K. The exper-
iment was aimed at a comparison between materials at room
temperature with mobile interstitials and the one with immobile
defects. Since more localized heat from slow dissipation of radia-
tion energy is shown to enhance defect recombination [12], Ni, NiFe
and NiFeCoCr are chosen as model systems based on the large
difference in their thermal conductivity (krotal, See Table 1) [2,18],
especially at low temperatures. As shown in Table 1, the lattice
thermal conductivity (kphonon) is negligible in Ni, compared with
the electrical thermal conductivity (Kelectron) at all temperatures.
The low electrical resistivity (p; and p;) and high thermal con-
ductivity (krota;) of Ni suggest that radiation energy can be dissi-
pated rapidly by electrons. The electrical resistivity for NiFe and
NiFeCoCr at low temperatures is much higher than that in Ni, with
slight increase for example from 103 to 11.0 pQ cm and
771-78.4 pQ cm at temperatures from 5 to 50 K, respectively,
indicating less efficiency in heat conduction by electrons in the two
alloys at low temperatures. While the lattice conductivities (kpho-
non) are similar for NiFe and NiFeCoCr at low temperatures (5 and
50 K), the dominate electrical thermal conductivities (Kejectron) have
large differences, and the values of NiFe are ~ 7.5 times higher than
those for NiFeCoCr. While NiFe is more conductive, such differences
decrease at 300 K. Low-temperature experiments were performed
to better reveal the defect dynamics resulting from the intrinsic
electronic and atomic properties in SP-CSAs by minimizing thermal
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Fig. 1. NiFeCoCr RBS/c spectra recorded along (001) direction. Comparison between NiFeCoCr implanted with Ar (a) and Si (b) ions. Solid lines represent fits obtained using MC
simulations. Virgin and random spectra are included as references. An enlarged image is prepared as an inset to Fig. 1(a) to help observe the differences between the spectra.

Table 1

The measured electrical resistivities (p; and p,, 1Q cm) and total thermal conductivity (Ktota;, W/m K) of pure Ni, NiFe and NiFeCoCr [2,18] at 5, 50, 100 and 300 K The resistivity
was measured twice, and the differences indicate the measurement error and difference in the alloys. The electrical thermal conductivities (Kejectron» W/m K) is estimated from
the measured electrical resistivities and the Wiedemann—Franz relation. The resulting contribution of lattice conductivity (Kphonon = KTotai-Kelectron» W/m K) is listed in the last

column.
T=5K p1 (HQ cm) p2 (LQ cm) KTotal (W/m K) Kelectron (W/m K) Kphonon (W/mK)
Ni =0.1 =0.1 =280 — -
NiFe 103 10.0 1.67 1.18 0.49
NiFeCoCr 771 78 0.59 0.15 0.44
T=50K
Ni 0.16 0.19 328 651 —
NiFe 11.0 10.6 154 114 4
NiFeCoCr 78.4 79 6.2 1.52 4.68
T=100K
Ni 0.97 1.1 137 245 —
NiFe 134 12.8 22.5 19 34
NiFeCoCr 80.6 81.5 9.0 3 6
T =300 K
Ni 7.8 8.3 88 88 —
NiFe 36.5 35.0 28.0 21.1 7.6
NiFeCoCr 91.1 91.1 12.8 8.0 48

effects (e.g., less thermal vibrations of atoms at 16 K that is assumed
to be in few pm range). At 300 K, lower damage saturation level is
expected due to relatively increased mobility of atoms and more
localized heat (associated to lower electrical conductivities), hence
more efficient defect recombination/annihilation at room temper-
ature or increased possibility to form larger defect clusters with
increasing radiation dose. Under the sample irradiation dose,
higher density of smaller clusters is expected to form under low
temperature irradiations, which result in higher damage saturation
level form the 16 K irradiations. On the basis of investigations
performed, the trend in the evolution is determined by analyzing
backscattering yield.

3.2. RBS/C analysis and simulations

Selected RBS/C spectra for NiFeCoCr alloys implanted with
different fluences of Ar ions implanted at 16 K temperature are
shown in Fig. 1(a). As a comparison in Fig. 1(b), the spectra recorded
for NiFeCoCr alloy implanted with Si ions at room temperature are

presented. The RBS/C spectra and damage distributions for Ni and
NiFe are shown as supplementary material.

As expected, the dechanneling level of aligned spectra increases
as a function of Ar or Si fluence, following the damage induced
inside the investigated material. It is worth pointing out that all
investigated samples reveal similar damage behavior, regardless of
ions used for creating defects. Either for low or high fluence, the
apparent damage peak (starting next the surface peak, and
centered at ~ 190 or 155 nm under Si* or Ar" ion irradiations,
respectively) has not been formed. However, the dechanneling
level increases significantly as a function of irradiation fluence.
Such a result suggests that number of point defects or amorphous-
like damage domains is limited, and mainly extended defects are
formed inside investigated materials leading to the dechanneling of
the analyzing beam. It is worth noting that the lowest energy
configurations for interstitial-type defects in metals and alloys are
dumbbell interstitials [26] that cannot be treated as amorphous-
like interstitials. These dumbbell interstitials are split pairs of
atoms centered around one atomic position with a specific
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orientation. For example, the [100] dumbbells are reported as the
most stable configuration in Ni-Fe alloys [27]. In other words, these
dumbbell interstitials introduce local lattice strain (bending) and, if
aligned with the ion beam, may lead to dechanneling of the He ions
rather than direct backscattering of the channeled ions. Similar
effect, namely bending of the atomic lines in the vicinity of the
defects, can be observed near dislocation or dislocation loops. This
is confirmed by the shape of the spectra, which do not reveal a
formation of a clear damage peak near the end of range of irradi-
ating ions but rather a continuous increase of the backscattering
yield. This shape suggests that the backscattering is mainly due to
the dechanneling of the analyzing beam, and not to a direct back-
scattering process on interstitial atoms. This behavior is indicative
of the presence of dumbbell interstitials and/or dislocations in the
irradiated material.

The main important feature that should be noticed directly from
the spectra is the saturation of damage level which is observed for
the highest fluences (inset of Fig. 1 (a)).

Apart from the direct visible changes observed, the quantified
information regarding damage induced in the material is revealed
from damage distributions obtained from MC simulations. Fig. 2 is
showing the results of the analysis performed using McChasy code.
The histograms show the quantitative values of the concentration
of extended defects leading to dechanneling of the beam that were
used to obtain the best fits of simulation curves to experimentally
obtained data for SP CSA alloys.

The depths of simulated defect distributions are close to the
SRIM predicted damage profiles (vacancies and ion distributions
are plotted also with the damage distribution profiles at Fig. 2). To
simplify comparison of damage for all measured materials, dpa
values were calculated using the SRIM code.

Quantitative results reveal similar, continuous dechanneling
increase with the irradiation fluence for all investigated materials.
All spectra have the shape characteristic for dominant presence of
[100] dumbbell interstitials and/or dislocations: a continuous in-
crease of the dechanneling yield with depth without formation of a
clear damage peak.

3.3. Damage accumulation kinetics

In the majority of compound crystals structural transformations
at specific fluencies occur, which can be visualized as steps in the
defect accumulation curve. Therefore, the Multi-Step Damage
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Accumulation (MSDA) analysis was performed to reveal damage
kinetics for investigated materials [28,29].
MSDA can be described as follows:

fa=> (% =% )G —exp(—a;(® — &;_1))] (1)
i3

where,

g;- cross-section for formation of a given kind of defect

fjfl‘i— level of damage at saturation for i-th kind of defects

®;- fluence threshold for triggering the formation of i-th kind of
defects

Fig. 3 presents MSDA analysis performed for all investigated
samples. Since [100] dumbbell interstitials are expected to be the
most stable point defects, they do not cause direct backscattering of
the channeled He ions, as would atoms in normal lattice interstitial
sites. Consequently, in the following discussion, these dumbbell
interstitials may be considered as defects leading to dechanneling
of the analyzing beam. Points in the figure are corresponding to
maximal values of extended defects formed in irradiated material.
Solid lines are the fits made following MSDA equation (1).

The first clear outcome of the analysis is significantly lower level
of saturation curves in samples irradiated at room temperature,
when compared to low-temperature experiments. This is likely a
logical effect of increased mobility of defects leading to more effi-
cient annihilation. In case of low-temperature measurements, the
cross-sections for damage formation decreases for NiFe and NiFe-
CoCr alloys when compared to pure Ni material. (Table 2). the lower
cross-section for damage formation observed for NiFe and NiFe-
CoCr alloys clearly suggests the suppression of defect growth.
Similar situation can be observed for room temperature in-
vestigations. However, an increase in the number of formed defects
in case of alloys may suggest kind of temperature effect for damage
formation, for instance to more pronounced dislocation growth due
to increased mobility of defects. It is worth mentioning that it is
mainly due to the results obtained for last measured spectra (flu-
ence equal to 2 x 10" cm~2) where we may observe rapid increase
of the number of defects (clearly visible high increase of the
dechanneling level observed in measured spectra). Numbers of
extended defects formed for low irradiation fluences are well below
values obtained for Ni (Fig. 3 (b)). However, at higher irradiation
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(b) Defects distributions at 300K
— ————

T T =t =T =TT =r— L
SRIM vacancies
12 | - - -SRIM Sirange
——2E13 (0.03 dpa)
4E13(0.05 dpa)
10 ——6E13(0.08dpa) |
— —T— 1E14 (0.13 dpa)
g fi5 [ =2 2E14 (0.26 dpa)
el N o ——3E14 (0.39 dpa)
2 _ } R ——4.7E14 (0.62 dpa)
2 P \ ——8E14 (1.05 dpa)
7 ' | \ ——2E15(2.62 dpa)
% 6 — " b
2 ? ; \
° — ’ | A \
% |
w 4+ b B
[ ’ \\
’ \
2 Bt 7:\:_ S 1
vt - S L
_‘v,—‘k—'_‘— -
0 i ! I T T — ==
0 50 100 150 200 250 300 350 400 450 500 550 60

Depth (nm)

Fig. 2. Damage distribution profiles obtained from MC simulations performed for RBS/C experimentally obtained spectra. Normalized to maximal value of Extd. Def., SRIM predicted
profiles of vacancies and ion ranges are plotted in a.u. Total vacancies are used to calculate fluence related dpa values.
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Fig. 3. Damage kinetics for all investigated materials. Points represent the maximal values of extended defect distributions extracted from McChasy simulations, solid lines are fits

to the experimental data using MSDA model.

Table 2
Cross-sections for defect formation extracted from the MSDA model.

71(10~4cm?)

fd(10'° cm—2)

05(1074cm?) fd»(10'° cm™2) @,(10%cm™2)

16 K Ni:Ar 13 111
NiFe:Ar 03 10.7
NiFeCoCr:Ar 0.2 3.0

300 K Ni:Si 0.6 7.2
NiFe:Si 03 5.0
NiFeCoCr:Si 0.3 6.0

0.2 8.5 10.5
0.25 9.6 8.5
0.25 9.9 9.0

fluences one can observe more rapid increase of disorder level in
complex alloys. This effect clearly suggests a transformation in a
dominant defect structure, e.g. from dumbbells to dislocation loops
or small loops and then to large loop transformation. In numerous
irradiated materials this second step in damage accumulation ki-
netics was associated with transformation from small, few nm in
size defects into dislocation loops and has been triggered by stress
accumulation [30]. A higher number of smaller defect structures
leads to a more pronounced lattice distortion in their vicinity, as
compared to one large dislocation loop containing the same
number of defects (likely in Ni or simple alloys), hence more effi-
cient dechanneling of the analyzing beam (i.e., higher backscat-
tering yield in RBS/c spectra [31]).

The results may suggest that there is a difference in defect
migration and complex defect formation at room temperature be-
tween pure Ni and Ni-based alloys, as reported previously [32]. As
reported elsewhere [3,33,34], additional extended defects may
form as partial dislocations and/or faulted/unfaulted loops in SP
CSAs with increasing irradiation fluence. Such propositions are
supported from transmission electron microscopy analysis of
detailed defect structure in irradiated nickel and nickel-based al-
loys [27,32—35].

4. Conclusions

The results obtained in this work can be summarized in the
following statements. First of all, the analysis confirms the
assumption that after irradiation mainly dumbbell interstitials with
major crystal orientations, dislocations and/or dislocation loops are
formed in SP-CSAs. The results presented were obtained using

extended defects only (edge dislocations) as a sole type of defects,
this assumption has been suggested by shape of RBS/C spectra
showing a continuous increase of the dechanneling yield with the
increasing depth of analysis, the spectra do not contain typical
damage peaks. Monte Carlo simulations of channeling spectra al-
lows one to quantify the concentration of extended defects, such as
dislocations and dumbbell interstitials aligned with the ion beam
direction that do not cause direct backscattering of channeled ions,
which is impossible using a standard TBA analysis. The results for
16 K show that the more complex structure of alloy is, the higher is
its radiation resistance, i.e., the concentration of dislocations is
lower than in pure nickel. The most resistant material is thus
NiFeCoCr. The increase of the irradiation temperature leads to a
decrease of concentration of dislocations too, very likely due to the
increased mobility of defects. Moreover, an interesting observation
has been found for Ni-based alloys. Pure Ni reveals single step
accumulation kinetics (or very close to it), and may be reproduced
by a simple Gibbons model. This behavior is typical for most of
irradiated metals. NiFe and NiFeCoCr alloy irradiated at 300 K, as
well as NiFeCoCr irradiated at 16 K, represent evident cases of a
two-step damage accumulation kinetics, which can be interpreted
as a change in dominant defect structure. Detailed, complex
structural analysis is thus required to identify defects formed below
and above 1 x 10" cm™2 (or 2 dpa) to clarify this issue.
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Data to this article can be found online at https://data.mendeley.
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