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Radiation-induced heterogeneous damage is the single largest source of failures seen in structural com-
ponents in nuclear power reactors. Single crystal materials without grain boundaries, show considerable
promise for overcoming this problem. In this work, such heterogeneous damage was further overcome in
NiyFe;_, single crystal alloys via a simple strategy of fine-tuning the composition. [001] NisFe;_, (x = O,
0.38 and 0.62 at%) single crystals prepared using the Bridgman method were irradiated over a wide
fluence range (4 x 10 to 4 x 10%° ions per cm?). The irradiation-induced defect evolution was studied
using Rutherford backscattering/channeling spectrometry, Monte Carlo simulations, transmission electron
microscopy and nanoindentation. The results indicate an increased radiation tolerance of Nig3gFeg g2
compared to pure Ni and NigexFegsg. The structural analysis performed by transmission electron
microscopy revealed that defects tend to agglomerate at one place in Ni and NiggoFeg3s while in
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Nio 38Feo.62 NO defect accumulation zone (characteristic damage peak) has been captured either at low or
high fluence. Moreover, we found that the hardness change with the increase of Fe content is due to
different arrangements of Fe atoms in the crystal structure, which influences the obtained mechanical

rsc.li/nanoscale properties of NiyFe;_, in the pristine state and after ion implantation.
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1. Introduction

The growing interest in the development of the nuclear indus-
try worldwide is, among many others, a driving force to
explore and investigate new groups of radiation resistant
materials."* Materials to be used as components of future
fission and fusion reactors should be carefully selected due to
harsh operational conditions.>® Therefore, while investigating
these new groups of materials for such applications, special
attention should be given to the high radiation tolerance, high
thermal and phase stabilities, and elevated mechanical
properties.>'® Several papers and reports have described essen-
tial materials suggested for advanced fission reactors,
especially Generation IV reactors."”®'''* However, despite
broad studies and advancements, multiple phenomena still
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require thorough investigation and explanation. Such phenom-
ena include, among others the swelling effect,”’*®
embrittlement,>>’ or defect agglomeration zones, all induced
by ion irradiation. As noted above, structural materials for
next-generation fission reactors are prone to damage under
irradiation. In particular, the formation of large vacancy clus-
ters significantly deteriorates the performance of materials, as
migrating and accumulating vacancies may lead to hardening
and void swelling.” Therefore, controlling vacancy cluster
migration and growth is crucial in selecting new advanced
structural materials for nuclear applications."™ Modifying the
compositional complexity of alloys has been considered a way
to resolve the aforementioned challenges. Ni and NiFe;_,
single crystal alloys are promising materials due to their extra-
ordinary mechanical properties and high radiation tolerance.’
Unlike novel, high entropy alloys or oxide-dispersion-strength-
ened (ODS) steels which face material processing challenges
and show structural instability at elevated temperatures,>
single crystal alloys benefit from their simple structure.”® Due
to the lack of grain boundaries within a single crystal, they are
characterized by unique mechanical properties. Moreover, the
possibility of modeling the development of defects using
various techniques (e.g., ion channeling simulations, mole-
cular dynamic simulations, etc.) is one of many advantages of
choosing single crystals."™ Recent studies have shown that
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single-phase concentrated (binary and ternary) solid solution
alloys exhibit outstanding mechanical and irradiation resis-
tance properties in Ni-based systems.'™"%?° Their properties
rely on a well-ordered structure. Moreover, the processes, such
as defect creation induced during ion irradiation or defect
migration, can be easier to capture and understand than in
amorphous materials.

It is common practice to manipulate chemical composition
to achieve the desired material properties.>’ For this reason,
we developed a novel chemical composition of the material
and compared its functional properties with its pure counter-
parts and literature studies. In our research, pure Ni and
Ni,Fe;_, single crystal fcc alloys (with 0.38 and 0.62 at% of Fe
element) were subjected to ion irradiation. Specimens for
structural and nanomechanical investigations were irradiated
with 1.5 MeV *®Ni" ions at room temperature with fluences of
4 x 10", 2 x 10 5 x 10", and 4 x 10" ions per cm>.
Afterward, the Rutherford backscattering spectrometry (RBS/C
ion channeling) technique was used for the qualitative and
quantitative evaluation of radiation damage. The analysis was
performed for fluences of 4 x 10", 2 x 10", 1 x 10'%, and 2 x
10" ions per cm® In addition, the RBS/C spectra were fitted
using a Monte Carlo (MC) simulation, which allowed us to
determine the number of defects and their distribution within
the single crystals. The RBS/C technique enabled us to identify
the level of radiation damage for the considered compositions
in various fluences. The obtained results are consistent with
the Monte Carlo simulations. Subsequently, to confirm these
findings, additional investigations using transmission electron
microscopy (TEM) have been performed to verify the types of
radiation defects and their concentrations as a function of ion
fluences. The results from both experiments provided compre-
hensive insight into the structural changes of the studied
material.

2. Experiment and methods

2.1. Single crystal production and sample preparation

All single crystals considered in this work have been produced
at the National Centre for Nuclear Research (NCBJ) in Otwock-
Swierk, Poland.>* Specimens were created using the vertical
temperature gradient method (the Bridgman method*®). In
this method, Ni and Fe metals characterized by high melting
point temperatures were melted in an alundum crucible in
which the heating element was a molybdenum wire. The crys-
tallization process occurs due to the slow lowering of the cruci-
ble (from 1 to 2 cm per hour). Melting and crystallization took
place under argon’s inert gas protective atmosphere. The
typical production time for one single crystal was 30 hours.
Samples for an ion irradiation experiment were cut along
the [001] direction, grounded, and polished according to stan-
dard procedures. Mechanical grinding was performed on abra-
sive papers with grit sizes from 400 to 4000. In the next step,
the samples were polished to a mirror-like surface finish using
diamond pastes with grain sizes of 6 um, 3 pm, and 0.5 pm.
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Subsequently, the samples were polished using electropolish-
ing equipment (Struers LectroPol-5) with a mixture of 60%
electrolytic perchloric acid and water to reduce stresses after
mechanical polishing. The polishing time was set to 60 s, and
the electric potential was 30 V.

2.2. Ion irradiation

Irradiation was carried out at room temperature with 1.5 MeV
58Ni" jons using a 1 MV tandem accelerator (National
Electrostatics Corporation, model 3SDH-2). The ion fluences
ranged from 4 x 10" ions per cm” to 4 x 10" ions per cm?. All
implantations were performed at room temperature at 7
degrees off the normal direction to avoid channeling. The
mean projected range of Ni ions in the Ni,Fe;_, single crystal
alloys was estimated using full cascade mode in the SRIM
(Stopping Ion Range in Matter) program.>*

2.3. RBS/C measurements and simulations

After implantation, the samples were measured by Rutherford
backscattering spectrometry in channeling mode (RBS/C)
using 1.6 MeV He" ions in the [001] direction and backscat-
tered into a detector placed at 165° relative to the incident
beam direction.

The RBS/C spectra of pure Ni and Ni,Fe,_, alloys implanted
with different fluences were simulated using the Monte Carlo
(MC) McChasy code developed at the NCBJ.>>*® A detailed
description of the simulation procedures and the model of
extended defects (Ext. Def.) used can be found in ref. 25-27.
The experimentally obtained spectra combined with the simu-
lated spectra are shown in Fig. 2 and 3. The solid lines corres-
ponding to the spectra in an aligned [001] direction were
obtained using MC simulations. The mean projected ranges of
ions and induced defect distributions for Ni ions shown in
Fig. 2 and 3 were estimated by SRIM simulations.>**®?° The
corresponding displacement per atom (dpa) profiles were pre-
dicted by the SRIM code under a displacement energy
threshold of 40 eV for all elements using the full cascade
mode. The SRIM-estimated damage peak is located at a depth
of approximately 400 nm.

In Fig. 1 the damage profiles of Ni (Fig. 1A), Nige,Feq.3s
(Fig. 1B), and Ni, 3gFeq 6, (Fig. 1C) irradiated with 1.5 MeV of
Ni" at fluences from 4 x 10" ions per cm” to 4 x 10"° ions per
cm? are presented. The ion distribution was estimated from
the RANGE.txt file. The corresponding dpa profiles were calcu-
lated using two files, VACANCY.txt and NOVAC.txt, under an
assumed displacement energy threshold of 40 eV for all
elements. The dpa profile is the sum of the vacancy concen-
trations using the column of “Knock-Ons” for Ni ions and the
columns of “Vacancies” from target elements (the sum of Ni
vacancies and Fe vacancies in the case of NiFe;_,) in
VACANCY.txt, together with the replacement collisions in
NOVAC.txt.*° Ton-induced damage in monoatomic and multi-
elemental targets predicted using full-cascade
simulations,>>2%:31:32

was
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Fig. 1 Damage profiles of (A) Ni, (B) Nig.¢2Feo 35 and (C) Nig.zsFeq.62 irradiated with 1.5 MeV of Ni* at fluences of 4 x 103, 2 x 104, 5 x 10%*, 1 x 10?5,

2 x 10 and 4 x 10 ions per cm?.

2.4. Nanoindentation

Nanoindentation was performed utilizing a NanoTest Vantage
system from Micro Materials Ltd. A Synton-MDP diamond
Berkovich-shaped indenter was used in this study. Tests were
conducted in multiple load cycles with increasing load from
0.5 mN up to 10 mN (in a total of ten cycles) using the load-
controlled method. At least 16 indentations were made at each
load with 50 um spacing between the indents. Before starting
the indentation test, a diamond area function (DAF) of the
indenter tip was calculated. Calibration was performed using a
fused silica material over a wide load range to assess a reliable
indenter shape for a given indentation depth. The described
method allows hardness extraction from indentation load-dis-
placement curves during one cycle of loading and unloading.*®
Once the contact area is determined, the hardness is estimated
from H = Pyax/A, where Py, represents the maximum load,
and A is the projected contact area at a specific peak load.

2.5. TEM defect characterization

TEM samples were prepared using the lift-out procedure and
employing a focused ion beam system (Ga') installed in a
Helios 5 UX (ThermoFisher Scientific) microscope. This
allowed us to obtain thin lamellas with electron transparency.
Final thinning of the lamellae was performed with 5 keV Ga*
ions followed by a 2 keV Ga' gentle polishing. TEM obser-
vations were performed with a JEOL JEM1200EX II microscope.
Observations were carried out under a diffraction vector of g =
200 for bright-field imaging. Weak beam dark field g-3 ¢
imaging was performed for the same diffraction vector. The
two-beam convergent beam electron diffraction technique was
used to determine the foil thickness (for dislocation density
statistics).**

3. Results

3.1. RBS/C analysis and simulations

RBS/C analysis is an excellent tool for understanding the inter-
action between the injected ions and the structure in the
surface region, which is usually less than 1 pm thick.*>?® The
RBS/C spectra were fitted using McChasy, a Monte Carlo simu-
lation package allowing the quantitative analysis of channeling
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spectra. According to the procedures developed in our
group,”>?® the current investigations were performed mainly
using the extended defect representation. The other para-
meters and simulation conditions (geometry etc.) were chosen
carefully to match the experimental data. It is worth mention-
ing that in the channeling mode, ion beam analysis reveals the
crystal structure and therefore can be used an alternative tool
for crystallography, which is the domain of X-ray and neutron
diffraction analysis. Using MeV He ions with wavelengths of
107"? c¢m, the lattice is not viewed as a diffraction grating but
rather as an actual crystal of rows and sheets of atoms that col-
limate and steer the beam. On the scale of lattice spacing, the
MeV ion is a point probe weaving through the channels pro-
vided by the rows and planes of atoms.>?

Fig. 2 shows the ion channeling spectra for pure Ni,
Nig.e2Feo 38, and Nig z3gFeq ¢, subjected to ion irradiation. One
can observe that the random spectra attributed to the amor-
phous materials are considerably higher than the other
spectra. In high-quality undamaged crystals, the backscatter-
ing yield is low (presented as the virgin level in Fig. 2A-C).>**
At the same time, fluence-dependent ion channeling spectra
usually rise as a function of damage. In other words, once the
host atoms are displaced from their lattice sites, they can inter-
act with the channeled beam, and an increase in the scattering
yield is observed.

The most significant damage propagation (the highest
backscattering yield) was observed for pure Ni, while the back-
scattering yield of Ni with 62 at% of Fe is the lowest (Fig. 2A-
C) at each analyzed fluence. This effect suggests better radi-
ation tolerance of the material with the addition of Fe. The
addition of 38 at% Fe triggers an increase in the radiation re-
sistance compared to pure Ni. A drastic yield build-up for the
low fluence of 4 x 10"* ions per cm?® (approximately 0.1 dpa) is
observed in Ni, while for the other compositions, the backscat-
tering yield for this fluence is considerably lower. As the
irradiation fluence increases up to 1 x 10"> and 2 x 10'* ions
per cm” (damage levels of approximately 3 and 6 dpa, respect-
ively), a visible decrease in the yield for the pure Ni specimen
can be noticed. The variation of the backscattering yield
depends strongly on the general lattice distortion after the
interaction of He ions with the lattice of the implanted
material. Therefore, we observed an increased backscattering

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 lon channeling spectra of (A) Ni, (B) Nig ¢2Feq 35, and (C) Nig sgFeg 62 single crystals irradiated with fluences from 4 x 10 to 2 x 10 ions per

cm?. Solid lines represent fits obtained using MC simulations. Virgin and random spectra are included as references.

yield with increasing lattice distortion. Usually, in metals,
most of the defects are mainly extended defects, e.g., dis-
locations or stacking faults, which lead to the dechanneling of
incident He ions. Furthermore, in metals, we usually see the
evolution of smaller defects occurring below the sample
surface into larger, more complex defects at higher depths, as
shown in the TEM images (Fig. 7A and B). Therefore, it can be
assumed that lattice distortion could be related to the defect
size and density change since smaller defects cause smaller
lattice distortion than complex defects (defect clusters and dis-
location), hence the backscattering yield changes. In pure Ni, a
saturation dose has been obtained at a fluence of 2 x 10" ions
per cm?. The saturation and a small decrease in the channel-
ing yield may occur because the defect structure becomes
more organized at high fluence, as reported here.”’ For
example, point defects are transformed into more complex
ones, such as dislocation loops, or small dislocation loops are
changed into larger defect clusters that release strain induced
by ion irradiation. Therefore, we observed a decrease in the
backscattering yield.

Moreover, one can notice that different compositions reach
saturation at different fluences. This means that the defect
evolution is delayed by adding more Fe to Ni. This is related to
both defect generation and defect growth. Usually, at higher
irradiation fluence where more Ni ions are injected into the
sample (causing a significant lattice distortion after the inter-
action of injected He ions), the generation of new defects and
a transformation from smaller to larger defects may occur.
This transformation may also lead to stress release, affecting
the backscattering yield. Moreover, adding Fe may effectively
influence the energy transport during ion irradiation through
electrons on defect formation and distribution. Moreover, if
the curves overlap like in Fig. 2B, we are most likely dealing
with similar defect sizes and similar densities. Ni ions cause a
significant lattice distortion at higher irradiation fluence, gen-
erating new defects and transforming from smaller to larger
defects. This transformation may also lead to stress release,
which further affects the backscattering yield.

Fig. 3A-D show the different materials’ responses to the ion
fluences depending on the chemical composition tested. For
low fluence irradiation such as 4 x 10" ions per cm® (equi-

This journal is © The Royal Society of Chemistry 2023

valent to 0.1 dpa), an increase in the backscattering yield for
pure Ni is observed compared to other compositions. For
Nig.soFeo3s, the curves overlap, while in the case of
Nig.3sF€062, the yield remains the lowest. As the fluence
increases to 2 x 10'* ions per cm” (damage level of approxi-
mately 0.5 dpa), a gradual decrease in the backscattering yield
is observed with an increase in the Fe content. In turn, for
pure Ni we observed damage saturation starting at this
fluence. This trend may suggest better radiation resistance and
material stability than pure Ni and Ni with a low Fe content.
Somewhat miscellaneous behavior has been recorded for a
higher dose of 1 x 10" ions per cm® (approximately 3 dpa),
where up to a depth of ~250 nm, the spectra of all materials
overlap, and one may even observe an inverted intensity
region. There might be two reasons for this: first, this can be
related to defect migration (a damage peak for these materials
is approximately 400 nm), but they can concentrate at different
depths;*?”
In most metallic materials, the fastest increase in the degra-

second, the defects began to saturate at this dose.

dation level occurs in the low fluence regime, usually up to 0.5
dpa. With a higher irradiation dose, damage begins to saturate
depending on the composition, which means that the damage
propagation (growth) stabilizes. In Fig. 3C and D, we already
start to see a decrease in the backscattering yield in pure Ni,
but still, we observed the lowest yield for Nij 3sFeq ¢, — which
means that Ni 3gFeg 6, still has room for damage increase. For
a better understanding of this effect, in Table 1, we noted how
each composition’s maximum yield value (collected at 400 nm
depth as the maximum damage peak) changes with irradiation
fluence.

For Nigye,Fep3g, the constantly
increases up to a fluence of 1 x 10" jons per cm® and then

backscattering yield

decreases at 2 x 10"° ions per cm”. In contrast, the backscatter-
ing yield in Nij 3gFeq s, is lower than that in NiggFeq 35 and
increases gradually with fluence, which means that Nij 3gFe 65
is the most resistant among the studied compositions.
Damage reaches saturation in Ni at a fluence of 2 x 10™* ions
per cm?, while saturation in Nigg,Feq 35 Occurs above at 2 X
10"® ions per cm” and most probably for Ni, ;5Feq ¢, saturation
begins above 2 x 10" ions per cm®. The best confirmation of
this statement could be the TEM images presented in Fig. 8

Nanoscale, 2023,15, 4870-4881 | 4873
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Fig. 3 Recorded ion channeling spectra of Ni, Nig.g2Feg g and Nig.3gFeg s2. Specimens were irradiated with 1.5 MeV of Ni* at fluences of (A) 4 x
10%3, (B) 2 x 10, (C) 1 x 10® and (D) 2 x 10%° ions per cm?. The intensities of the spectra were normalized to the highest Ni-random spectrum.

Table 1 Maximum backscattering yield (collected at 400 nm depth) of
irradiated Ni, Nigs2Feoss and NipsgFeos, at fluences of 4 x 10%, 2 x
10, 1 x 10% and 2 x 10*° ions per cm?

Fluence/material Ni Nig.62Feo 35 Nig 35F€g.62
4x10" 2193 1088 877

2x 10" 3085 2359 1984
1x10" 2707 2511 2321

2 x 10" 2561 2388 2331

where the damage level decreases as the Fe content increase at
low and high fluences. Moreover, we suppose that the better
radiation tolerance with increasing Fe content is related to the
physical nature of the iron atomic nucleus in its excited state
compared to pure Ni. An iron atomic nucleus is more stable
because it possesses only one orbital with unpaired electrons,
while Ni has three. This means that it is more vulnerable to
electron movements and, thus, defect generation and mobility.

Finally, one must remember that many components used
in a nuclear reactor operate only up to the time until they

4874 | Nanoscale, 2023, 15, 4870-4881

receive multiple dpa damage. After this time, they are replaced
or as in the case of reactor pressure vessel RPV steel the whole
unit is shut down. For this reason, it is of utmost importance
to understand radiation damage build-up early in the defect
accumulation stage.

3.2. Irradiation-induced hardening

The mechanical properties of Ni,Fe;_, single crystal alloys
have been evaluated using the nanoindentation technique.
Pure Ni and Ni with different amounts of Fe (0, 12, 23, 38, and
62 at%) in a pristine state were first investigated.

In Fig. 4 the hardness results as a function of Fe content
are presented. From the pure nickel structure (0 at% Fe
addition) to 38 at% of Fe, a gradual increase in hardness up to
~3 GPa was recorded. At 62 at% Fe, a substantial decrease in
hardness to 2.46 GPa has been recorded. One of the possible
reasons for the hardness change with increasing Fe concen-
tration during nanoindentation, as reported by Kurpaska
et al.,*® can be associated with extended distributions of the
formation and migration energies of vacancies and interstitials
by alloying Fe with Ni. This may suggest that dislocation gene-

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Nanoindentation hardness of the non-irradiated fcc Ni and
NiyFe;_ single crystal alloys as a function of Fe content.

ration and propagation in pure Ni is easier than in Ni,Fe;_,.
They also explained that the combination of differences in the
dislocation nucleation mechanisms during indentation and
defect sizes might lead to a hardness increase in the Ni,Fe;_,
samples with respect to pure Ni data. The mechanism of the
formation of tetrahedral stacking faults from prismatic dis-
location loops (PDL) in all the studied Ni,Fe;_, samples was
also visible. A decreased mobility of PDLs and a decreased size
of dislocation loops with increasing Fe content have also been
noticed. Therefore, it can be assumed that the main strength-
ening factors are associated with gradual dislocation diffusion,
reduced defect sizes, and the nucleation of tetrahedral stack-
ing faults.*® Another possible reason for the hardness change
over the various Fe compositions could be associated with a
phase change of single crystals according to the phase
diagram reported in ref. 39. Based on this diagram, we can
assume that in a range of 10-29 at% of Fe, we are dealing with
the FeNi; (L1,) phase. Next, between 29 and 47 at% of Fe, the
FeNi (L1,) + FeNi; (L1,) phase occurs. This is a mixture of L1,
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and L1, structures where the Fe atoms occupy different posi-
tions in a crystal structure. Later, we can observe the presence
of the FeNi (L1,) phase in a range between 48 and 54 at% of
Fe. Finally, between 54 and 73 at% of Fe, we probably have a
combination of the Fe;Ni (L1,) + FeNi (L1,) phases. The
different arrangements of Fe atoms in a crystal structure may
influence the hardness performance with increasing Fe
content. However, more structural data are needed to prove the
presence of these phases in the reported compositions.

It is known that nanoindentation is an exquisitely impor-
tant technique that helps to evaluate the phenomenon of radi-
ation hardening in materials modified by ions to several
hundred nanometers.’® A series of multicycle indentations of
the irradiated Ni and Ni,Fe;_, alloys were performed to under-
stand the mechanical behavior after ion irradiation. In Fig. 5A,
the hardness as a function of irradiation fluence is presented
for pure Ni and Ni with 38 and 62 at% Fe. It can be observed
that the hardness growth with increasing ion fluence is visible
for all of the tested materials, and this trend can be divided
into two regimes. At first, a very rapid increase in hardness at a
fluence of 4 x 10" ions per cm® (approximately 0.1 dpa) is
recorded. Afterward, the hardness change slows down at a
level of 5 x 10" ions per cm® (approximately 1.5 dpa).
However, the trend remained. In Fig. 5B, the hardness differ-
ence based on the equation: AH = Hjyadiated — Hpristine Das
been plotted. One can see that the most significant hardness
change is visible in pure Ni, followed by Ni, ¢,Feq 35 and then
Nig 3sFeg.6,. The possible reason for that is the addition of Fe
into the system, which slows down the aggregation of the inter-
stitial-type dislocation loops, as observed in MD simulations.>®
This ultimately increases the radiation resistance of the
material. Moreover, the disordered electronic structure essen-
tially reduces the electron mean free path, so the effectiveness
of the energy dissipation of a complex system decreases. This
is visible in the case of radiation damage build-up. As we men-
tioned above, another reason for the different radiation
responses of Ni,Fe;_, could also be related to the different
arrangements of Fe atoms in the crystal structure. Based on
the phase diagram,*® we can assume that in a range of 29-47
at% of Fe, we deal with the FeNi (L1,) + FeNi; (L1,) phase com-
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Fig. 5 (A) Nanoindentation hardness of fcc Ni, Nigg2Feo 38, and Nig 3gFeps2 single crystal alloys as a function of irradiation fluence, (B) hardness
change according to the equation AH = Hirragiated — Hpristine and (C) comparison of hardness changes for the pristine and irradiated samples of Ni,
Nig g2Feo.38 and Nig 3gFeg 62 between two fluences: 4 x 10%% and 4 x 10*° ions per cm?,
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bination while for 54-73 at% of Fe, we probably have a combi-
nation of Fe;Ni (L1,) + FeNi (L1,) phases. The different
arrangements of Fe atoms in a crystal structure may influence
an irradiation-induced hardening mechanism in NiFe;_,.
This hypothesis will be verified in the future.

In conclusion, the recorded data suggest that the Ni single
crystal is the most sensitive material to ion irradiation. In com-
parison with the pristine sample in Fig. 5C, an increase in the
hardness in pure Ni (for the highest fluence of 4 x 10" ions
per cm?®) is approximately 60%. However, the hardness
increase between the lowest and the highest dose was only
~21.7%. As the addition of Fe increases up to 62 at%, the
irradiation-induced hardening phenomenon is the smallest
among the studied samples, at approximately 26%. Then, the
hardness increases by 19.3% between the samples treated with
the lowest and highest doses. To sum up, adding Fe to the Ni
system effectively leads to an increase in radiation resistance,
showing a lower level and an increase of radiation hardening.

4. Discussion

In contrast to numerous studies on the radiation resistance of
fcc Ni Fe;_, single crystals," in this article, we focused not
only on the quantitative and qualitative analysis of damage:
~0.12, ~0.63, ~3.16, and ~6.3 dpa, but also on connecting the
microstructure of the material with a recorded mechanical
(hardness) change. This comparison was made for damage
levels of ~0.12, ~0.63, ~1.58, and ~12 dpa of new chemical
compositions of fce-type NiggrFeoss and NigzgFegq, single
crystal alloys (recorded results were compared with pure Ni
manufactured in the same way as studied monocrystals). The
influence of Fe addition has been deeply studied and com-
pared with the literature data, which revealed several interest-
ing insights. Notably, both nanomechanical investigation and
the obtained RBS/C spectra allowed us to obtain quantitative
information about the radiation resistance response of the Ni,
Nig 62F€0 38, and Ni, 3gFeq ¢, compositions.

The shape of the spectra reveals a continuous increase in
the backscattering yield. This confirms our previous investi-
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gations® that the backscattering is mainly due to the dechan-
neling of the analyzing beam and not due to a direct backscat-
tering process, which is related to the occurrence of mainly
extensive defects in the structure. It is worth mentioning that
point defects can directly scatter a particle beyond the critical
angle by a single collision. In contrast to localized point
defects, dislocations provide an example of an extended defect
in which the distortion around the defect causes dechannel-
ing.** This is further confirmed by structural analysis in the
following discussion. The dechanneling level of aligned
spectra increases as a function of irradiation fluence, following
the damage induced inside the investigated material. This is
conspicuous, as a continuous increase in the yield mainly
proves the presence of complex defects. In turn, Jin et al.’
recorded spectra with a “knee point”, which confirms the pres-
ence of both simple and complex defects in the structure.

In Fig. 6, the damage distribution profiles of Ni (Fig. 6A),
Nip 2Feg 3¢ (Fig. 6B), and Nig 3gFeq ¢, (Fig. 6C) obtained from
the MC simulations are shown. The presented histograms
demonstrate the quantitative values of the extensive defect
concentration, leading to the dechanneling of the beam that
was used to obtain the best fits of the simulation curves to the
experimentally obtained data. Moreover, the depths of simu-
lated defect distributions are close to the SRIM predicted
damage profiles (vacancies and ion distributions are also
plotted with the damage distribution profiles in Fig. 6A-C). In
the case of pure Ni, the damage saturates at a fluence of 2 x
10" ions per cm® (~0.63 dpa), and the depth of defect pene-
tration at the maximum peak shifts to the left side. The
damage accumulation peak was observed at ~250 nm for 3.16
dpa and at 300 nm for 6.3 dpa. The defect concentration and
distribution seem to look different for the Ni,¢,Feq 35 speci-
men. At 0.1 dpa, damage starts to accumulate at a depth of
250 nm. For the 0.59 and 2.96 dpa levels, one can observe
defect accumulation at a depth of 300 nm, and finally, for the
5.9 dpa level, the damage peak moves further into the material
to 380 nm depth. In the case of Nij3gFeg s, the smallest
increase in the number of defects to other compositions has
been observed. Moreover, the number of defects in Ni, 3gFeq 6
is about twice as small as that in pure Ni. Importantly, defect
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Fig. 6 Damage distribution profiles of (A) Ni, (B) Nig e2Feo 38 and (C) Nig 3gFeoe2 obtained from the MC simulations performed for experimentally
obtained RBS/C spectra. Normalized to the maximal value of Ext. 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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accumulation at various depths may suggest the defect type
and migration ability changes. It is worth noting that in fcc
Ni,Fe,_, alloys, interstitial-type defects could be dumbbell
interstitials, as reported in ref. 24, 41-43. These defects are
made of the split pairs of atoms centered around one atomic
position and could bend the crystal lattice locally. When
aligned with the ion beam, it may lead to dechanneling of the
He" ions (instead of direct scattering). A similar effect can be
observed near dislocation loops.>>*'™*

TEM analysis was performed to confirm the conclusions
related to defect migration and their type drawn from the
experimental results (nanoindentation, RBS/C) and MC simu-
lations. Since ion irradiation is a depth-dependent phenom-
enon, microstructural evaluation of the damage distribution
below the sample surface induced by ion irradiation is crucial.
In Fig. 7, cross-sectional TEM images of the three compo-
sitions (Ni, Nig ¢ Feq 35, and Nig zgFeqe,) irradiated with two
fluences of 4 x 10" ions per cm? (Fig. 7A) and 4 x 10" ions
per cm® (Fig. 7B) are presented. Black defect clusters were
observed from the sample surface to the extended depth,
migrating much further than SRIM calculations predicted for
the highest fluence. For the low irradiation fluence in the case
of the pure Ni specimen, large defect clusters are distributed
away from the surface and start accumulating from 220 to
~550 nm depth. In Ni, g,Fe, 33, Wwe observed that defects tend
to concentrate mainly from 250 nm up to 400 nm.
Furthermore, unlike Ni and NijsgFeqs,, disparate types of
defects have been observed in Nij 6,Fe( 35. One can see mainly
longitudinal lines (edge dislocations) and small defect clus-
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ters, whereas in Ni and Ni, ;gFe, 6., we observed defect clusters
in the form of SFTs and dislocation loops. In the case of
Niy 3sFeg. 62, the black defect clusters are visible and (almost)
evenly distributed from the sample surface to the greater
depths of the sample, where TEM analysis was performed. The
defect range in all the three compositions aligns with the
SRIM estimations. However, the damage peak range shifts
towards the surface when increasing the iron content up to 38
at%. For the highest fluence in the case of pure Ni, the defect
clusters far exceeded the SRIM predicted depth (including the
maximum defect range estimated at 800 nm), reaching
1000 nm of depth. Interestingly, we observed a concentration
of defects phenomenon at high irradiation fluence, similar to
Nig ¢2Feq 35 at low fluence.

With increasing Fe addition, the defect range decreases
(Fig. 7B) for Nige,Feg3s, reaching 800 nm. However, the
defects aggregate in one place at around 700 nm. The reason
why a damage peak shift was observed in Ni,Fe;_, compared
to Ni is because ion irradiation causes high mechanical stress,
where the ions may propagate toward the bulk of the material.
These stresses may drive the defects to migrate either toward
the surface or further in the material bulk. As a result, we
observed defect migration with an increased ion fluence as
they generate a higher stress gradient due to the high amount
of Ni ions implanted into the sample. The highest stress gradi-
ent is located at the center of the implanted layer (in our case,
according to SRIM simulations, the damage peak was located
at a depth of 400 nm). Moreover, the migration mechanism
could result from a combination of processes such as defect

NigzgFeqqr

Stacking fault tetraher
Edge dislocations

Fig. 7 Cross-sectional TEM images of the Ni, Nig g2Feo 35, and Nig sgFeq 62 irradiated with various fluences (A) 4 x 10** ions per cm? and (B) 4 x 10%°
jons per cm? compared with SRIM calculations. In the bright-field images located on the right side, some typical defects like SFTs (marked with red
arrows), dislocation loops (marked with green arrows), edge dislocations (marked with blue arrows), and defect clusters (marked with yellow arrows)

have been indicated.
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recombination, production, cluster formation, etc. as reported
in ref. 21. In this study, we observed that Fe addition could
influence energy transport during ion irradiation through elec-
trons on defect formation and distribution. Therefore, a
damage peak in Ni,Fe;_, is slightly shifted because Fe sup-
presses damage and stress induced by ion irradiation.

Interestingly, in the case of Niy3gFeq 62, both for high and
low fluences, we observed an even distribution of defects from
the surface towards the material bulk (without a clear zone of
defect accumulation). This phenomenon may undoubtedly
suppress strain localization when the material is being
deformed. In the case of other compositions, where the area of
defect accumulation is visible, material delamination or crack-
ing in this region may occur.

TEM bright-field (BF) micrographs of the irradiated
samples are shown in Fig. 7A and B. Most defects visible for
all the compositions are black clusters, dislocation loops, edge
dislocations, and vacancy-type stacking fault tetrahedra (SFT).
The BF images show that black dot defects agglomerate into
larger dislocation loops and are further transformed into dis-
location networks. This is in line with the RBS channeling
spectra in which we observed a decreasing backscattering yield
for different fluences related to the reduction of lattice strain.

From the cross-sectional TEM images, several phenomena
can be observed. It is clear that with increasing irradiation
fluence, the range of defect distribution also increases and sig-
nificantly exceeds the SRIM predicted range, which indicates
that the defect migration mechanism changed due to a high
level of mechanical stress induced by ion irradiation. As a
result, we observed defect migration towards the material bulk
with an increased ion fluence because more Ni ions are
implanted into the sample. Moreover, the migration mecha-
nism may be a result of combination processes like defect
recombination, production, cluster formation, etc. which are
especially visible in the high fluence regime. Second, we
observed that the addition of iron appreciably affects the distri-
bution of defects in the material. It effectively stops the
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migration of defects. A similar behavior has also been reported
in ref. 2. Moreover, this mechanism was explained as vacancies
preferring migration through Fe atoms and interstitial
migration through Ni atoms.*° It was also reported that, in
Ni,Fe;_, binary systems, all sinks concentrate more Ni atoms,
which influences the further interaction of mobile defects with
voids and dislocations. Therefore, an increase in the void size
and an increase of dislocations are observed.*®

Usually, the microstructural study of an irradiated alloy con-
sists of three stages.** In a low ion irradiation regime (<1 dpa),
visible black dot defects could appear, and their density and
average size increased with ion fluence. Meanwhile, the black
dot defects also developed into larger ones, but their density
decreased. Dislocation loops are formed in a higher ion
irradiation regime (>1 dpa) and grow into larger loops. With
increasing irradiation dose, the loop diameter increases, and
they may coalesce with each other to form larger dislocation
networks.***?

In the case of Ni and Ni,Fe;_, single crystals (Nigg,Feo 35
and Nij 3gFeg 6,), slightly different dependencies related to the
amount of Fe element were observed. In Fig. 8, TEM images of
the irradiated Ni, Niy g,Feq 33, and Nig 3gFeg ¢, with fluences of
4 x 10" ions per cm?® and 4 x 10'® ions per cm? are presented.
All the images were taken from the peak damaged regions.
Mostly large defect clusters and dislocation loops are observed
for the low irradiation fluence in pure Ni. As the Fe content
increases up to 38%, dislocation lines and vacancy type single
stacking fault tetrahedra (SFT) with a size of a few nanometers
become visible. In Ni, ;5Feg 6., small defect clusters and SFT
defects are primarily observed. Moreover, an evident change in
the defect size is visible with the addition of iron content. A
calculation of the defect size based on the TEM images was
used to confirm these findings. The analyses proved that the
defect size decreases in alloys with a higher Fe content
(Fig. 9A), both at low and high fluence.

Moreover, defect densities have been calculated to better
understand the defect configuration for various binary compo-
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Fig. 8 TEM images of Ni, Nig¢2Fep 38, and Nig 3gFeg 62 irradiated with fluences of 4 x 103 jons per cm? and 4 x 10*° ions per cm?.
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sitions. Calculations have been performed based on the TEM
images taken in the peak damaged region. For this measure-
ment, the lamellae thickness has been measured in this
region only. The densities were calculated by counting the
number of defect sizes in a unit volume of the crystalline
material. The obtained defect density values (see Fig. 9B) show
that for low fluencies, the defect density increases for pure Ni
and NigeFeq3s. In the case of NigzgFeg e, this parameter
decreases. One can see that the size of defects decreases with
the addition of iron. For large damage levels, the defect
density increases for Nig3sFeq 2, While for Nije,Feqss, the
opposite trend has been recorded.

Usually, when irradiation damage increases, the dis-
locations disappear, and the density of the small interstitial-
type loops or clusters increases.*® Interestingly, the densities
of network dislocations and the dislocation loop number
increased with the irradiation dose. For this reason, these
defects could work as defect sinks that could absorb the black
spot damage. Therefore, more black spots would dissolve in
the sinks when the network of dislocations and dislocation
loops increased. Moreover, a part of the enlarged neighboring
black spots may coalesce into more prominent spots during
irradiation, further decreasing their number.***”

The results distinguish the current strategy, i.e., finetuning
composition in the single crystal system, from conventional
defect reinforcement strategies. This means that if single crys-
tals are designed using a reasonable composition, the single
crystals can have potential for extreme radiation applications.

5. Conclusions

The results show that manipulation of the Fe content and
leveraging the original Bridgman production method influence
the overall radiation response of the Ni,Fe,_, binary single
crystals. The mechanical results indicate an increase in initial

This journal is © The Royal Society of Chemistry 2023
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hardness with an Fe content of up to 38 at%. Then, above ~40
at% Fe, a decrease is visible. This may be due to the combi-
nation of differences in the dislocation nucleation mecha-
nisms during indentation and defect sizes. Interestingly,
another possible way to explain the hardness change over the
various Fe compositions could be associated with a phase
change of single crystals because Nige,Fegss could be a
mixture of the FeNi (L1,) + FeNiz (L1,) phase, and Ni 3gFeg 6
could be a combination of the Fe;Ni (L1,) + FeNi (L1,) phase.
The different arrangements of Fe atoms in a crystal structure
may influence the hardness performance with increasing Fe
content. However, more structural data are needed to prove
these phases in the presented compositions. This also should
be validated by numerical calculations. Importantly, these
characteristics impact the irradiation hardening mechanism
for ion-irradiated compositions. The reason for the better radi-
ation resistance of Ni,Fe;_, is most probably related to the
physical nature of the iron atomic nucleus in its excited state
(during irradiation), as it possesses only one orbital with
unpaired electrons, while Ni has three orbitals. This means
that Ni possesses more space for electron movement and,
thus, defect generation and mobility. Therefore, Fe effectively
suppresses damage and stress induced by ion irradiation. The
different arrangements of Fe atoms in a crystal structure may
also influence the obtained characteristics of Ni,Fe,_, after ion
implantation.

TEM analysis revealed no defect accumulation zone (charac-
teristic damage peak) at either low or high fluences (0.1 dpa
and ~12 dpa) in NigsgFeg6,. The observed defects are evenly
distributed toward the material bulk from the surface to
greater depths. A uniform distribution of defects is an
additional advantage of Nij 3gFeq s, because it may suppress
strain localization during deformation compared to
Nig.s2Feq 35

Based on the obtained results, we propose performing a
more detailed structural analysis and molecular dynamics
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simulations to prove the Fe atom arrangement change in a
crystal lattice of fcc Ni,Fe,_, single crystals. The results lay a
solid foundation for developing advanced single crystals with
strong radiation resistance.
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