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H I G H L I G H T S  

• Defect type and density influence the shape and intensity of the RBS/C spectra. 
• A rapid increase in the number of defects at 0.5 dpa was observed for all alloys. 
• L12 nanoprecipitates could be behind the highest hardness of Ni0.62Fe0.38.  
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A B S T R A C T   

In this work, five different compositions of fcc Ni and NixFe1-x single crystal alloys namely Ni, Ni0.88Fe0.12, 
Ni0.77Fe0.23, Ni0.62Fe0.38, Ni0.38Fe0.62 were irradiated by 1.5 MeV 58Ni ions at room temperature in a wide fluence 
range (4 × 1013 to 4 × 1015 ions/cm2). The role of Fe addition on the radiation resistance of the NixFe1-x single 
crystals was studied by transmission electron microscopy (TEM), ion channeling technique (RBS/C) and nano
indentation techniques. The Multi-Step Damage Accumulation analysis revealed the cross-sections for damage 
formation significantly decreases for Ni0.38Fe0.62 and Ni0.62Fe0.38 as compared to that in pure Ni single crystal, 
which is consistent with RBS/C and TEM results. The results of nanoindentation show that Ni0.62Fe0.38 alloy 
possesses the highest hardness (2.96 GPa) among the other compositions in a pristine state. To interpret this 
result, hybrid Monte Carlo/ Molecular dynamics simulations were used to check the presence of the ordered 
crystal phase structure for NixFe1-x binary alloys. The simulation results have shown that depending on the iron 
content, we deal with different amounts of FeNi3 (L12) phase. This result revealed that in Ni0.62Fe0.38 alloy, 
nanoprecipitate FeNi3 (L12) phase (around 20%) is formed inside the disordered matrix, which could be one of 
the main reasons for the high hardness of this alloy before irradiation. 

Additionally, we have found adding iron reduced the number and size of the defects (as a result of ion irra
diation) in NixFe1-x because the Fe element is more stable than Ni, which results from the electron configuration 
of both elements in the excited state. Therefore, the more iron in the material, the fewer defects are created.   

1. Introduction 

Structural materials for the next generation fission reactors must 
meet various requirements to ensure their safe operation. In particular, 
the radiation resistance of such materials is essential. Radiation damage 

in crystalline materials has been studied extensively for decades [1]. 
This has been originally motivated to control neutron 
irradiation-induced degradation of fission reactor materials. The 
macroscopic material degradation is fundamentally a manifestation of 
the evolution of the radiation damage-induced defects. Three processes 
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can describe the evolution of radiation-induced defect concentrations in 
metals across the primary and secondary damage stages: (a) defect 
production from atomic collision cascades; (b) consecutive 
vacancy-interstitial recombination; and (c) point defect absorption by 
different types of sinks like dislocations and grain and phase boundaries 
[2]. The point defects that survive recombination and sink absorption 
may cause different effects. For example in the case of surrogate irra
diation via heavy ions, defects may migrate both into the bulk material 
and to the surface at a high level of mechanical stress induced by ion 
irradiation. This can result in an extended damage region due to 
enhanced defect migration with increasing ion fluence. Thus, point de
fects can diffuse and subsequently generate dislocation loops [3] and 
stacking fault tetrahedrons (SFT) under the stress gradient, depending 
on the material. 

Additionally, the formation of large vacancy clusters significantly 
worsens the performance of materials, as vacancies may lead to void 
swelling. Therefore, controlling vacancy migration and effectively 
annihilating vacancies is crucial in selecting new advanced structural 
materials for nuclear applications [4–6]. Thus, it is critical to understand 
the defect dynamics; however, research focused on enhancing defect 
recombination and controlling defect migration [7] in metallic alloys is 
meager. There is evidence that tuning the chemical composition of a 
single-phase alloy may significantly change the features of defect clus
ters [3], which needs to be elaborated. Furthermore, the defect clusters 
may lead to macroscopically observable degradation effects, such as 
irradiation hardening, embrittlement, and irradiation-induced creep. 
These phenomena adversely affect materials used in advanced Genera
tion IV fission and fusion reactors. This is because the materials are 
subjected to harsh operating conditions such as temperatures in excess 
of 600 ◦C, high radiation fluences (around 50 displacements per atom 
(dpa)), high-mechanical stresses, and corrosive environments [8–10]. 
Conventional metal alloys such as ferritic and austenitic stainless steel 
fail under such reactor conditions due to the effects mentioned above. 
Thus, the selection of new materials needs special attention for high 
radiation tolerance in a wide fluence range, high thermal and phase 
stabilities, and good mechanical properties [4]. Despite that materials 
for advanced reactors have been intensively studied during the past 
decade [5,8,11–15]; there is still an emerging research field with great 
scope for exploration. Hence, in the present work, we focus on the 
investigation of novel metallic alloys for advanced nuclear reactor 
structural material applications and their assessment to understand 
defect dynamics and mechanical properties. 

The new class of single-phase concentrated solid solution alloys 
(CSAs), including high entropy alloys (HEAs), exhibits remarkable me
chanical, chemical, and magnetic properties, including high yield 
strength, fracture toughness, wear resistance, and corrosion resistance, 
compared to conventional alloys [16–21]. The NixFe1-x (x= atomic 
percentage of Ni) single crystal alloys are promising materials, which 
can withstand demanding environments, such as the structural materials 
for nuclear applications where high radiation tolerance is of primary 
concern [4–6]. Understanding the irradiation response and material 
degradation level is still a great challenge especially the urgent analysis 
is necessary for initial damages up to 1 dpa and higher damages of the 
order of 10 or even 20 dpa [9,10]. Initial studies of NixFe1-x alloys have 
demonstrated the formation of dislocation loops and stacking fault 
tetrahedral defects [2–6,8,22]. Therefore, the proposed work would 
launch a state-of-the-art examination of Ni and NixFe1-x single crystal 
alloys. These are promising materials due to their extraordinary me
chanical properties and high radiation tolerance related to simple 
structure, Fe element and lack of grain boundaries [2–6,8,22]. 

In the present work, we use Rutherford backscattering/-channeling 
spectrometry (RBS/C) for qualitative evaluation of radiation damage 
or the Multi-Step Damage Accumulation (MSDA) analysis to reveal 
damage kinetics for each of the proposed compositions. The RBS/C 
technique allows for assessing the radiation damage level for different 
compositions in various fluences [23,24]. In addition, the defect sizes 

and densities were studied with Transmission Electron Microscopy 
(TEM) in NixFe1-x single crystals. The nanoindentation technique was 
used to record mechanical properties such as hardness as a function of 
irradiation fluence and Fe concentration. Nanoindentation of irradiated 
materials is an emerging research avenue with inadequate understand
ing, and our research could contribute to its development. Moreover, the 
presence of the ordered crystal phase structure for NixFe1-x binary alloys 
by using atomistic simulation has been checked by performing hybrid 
Monte Carlo/ Molecular dynamics simulations. 

In general in our research, we are conducting a parametric study 
individually for Fe addition, temperature, and irradiation dose. In the 
current work, we focus on Fe addition and irradiation dose; thus, the Fe 
implantation was conducted at room temperature. Moreover, since the 
defect density is relatively less and the defects are rather less mobile at 
room temperature, it provides an opportunity to understand the defect 
formation and evolution better via combining experimental and 
modeling efforts. 

2. Material and methods 

2.1. Material production and sample preparation 

The fcc Ni and NixFe1-x single crystal alloys with different amounts of 
Fe (12, 23, 38 and 62 at%) were produced at NCBJ [25] using the ver
tical temperature gradient method (also called the Bridgman method 
[26]). In this method, metals with high melting temperatures, such as Ni 
and Fe, are melted and crystallized in an alundum crucible in an Ar gas 
protective atmosphere using a Mo wire heating element. The crystalli
zation process utilized a slow lowering rate of ~1 to 2 cm/hour of the 
crucible, delivering one single crystal per ~30 h. Samples were then cut 
along [001] direction, ground, and polished before ion irradiation. 
Firstly, mechanical grinding was performed using abrasive papers with 
grit sizes from 400 to 4000. Secondly, polishing to a mirror-like surface 
finish was achieved using diamond pastes with a grain size of 6 µm, 3 
µm, and 0.5 µm and subsequent electro-polishing (Struers LectroPol-5) 
with 60% Perchloric acid electrolyte to reduce stresses generated by 
mechanical polishing. The electro-polishing time was set to 60 s and an 
electric potential of 30 V. 

2.2. Ion irradiation 

All the specimens produced and prepared per the methodology 
mentioned in 2.1 were subjected to ion irradiation according to the 
parameters obtained by SRIM code [27] simulation (predicted damage 
depth, ions, energy). The irradiations were carried out at room tem
perature with 1.5 MeV 58Ni+ ions using a 1 MV tandem accelerator 
(National Electrostatics Corporation, model 3SDH-2) in the University of 
Oslo. All ion irradiations were performed in a raster scanning mode. The 
beam current was kept constant at a relatively low value of ~50 nA/cm2 

corresponding to the ion flux of ~3e11 at/cm2s, to avoid sample heating 
during implantation. The Ni+ ions were chosen for irradiation because 
Ni is one of the major alloying elements in the NixFe1-x system. There
fore, there is no introduction of impurities during radiation damage 
buildup. Furthermore, in structural materials, there is an SIA cluster 
evolution bias due to their higher migration rate compared to vacancy 
clusters under irradiation. Self-ion implantation (Ni in this case) can 
further enhance this bias; however, the concentration of Ni ions 
implanted is insignificant compared to the SIAs created due to the ra
diation damage event. Thus, self-ion-induced defect evolution can 
emulate neutron irradiation effects albeit slower due to room tempera
ture effect. The irradiations were performed at an inclination of 7◦ to the 
normal direction of the samples to avoid channeling. 

The corresponding displacement per atom (dpa) profiles were pre
dicted by the SRIM code for all elements using the full cascade mode. 
The dpa has been calculated based on the following equation according 
to recommendations of [28,29]: 
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dpa=[fluence (ions/cm2)×total vacancies/A-ion × 108] /atomic density (atoms/ 
cm3)                                                                                              (1) 

The mean projected ranges of ions and induced defect distributions 
(estimated by SRIM simulations [29,30]) for Ni and Ni0.38Fe0.62 are 
shown in Fig. 1A and B. 

The ion distribution was estimated from the RANGE.txt file. The 
corresponding dpa profiles were calculated 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 con
centrations using the column of “Knock-Ons” for Ni ions and the col
umns of “Vacancies” from target elements (the sum of Ni vacancies and 
Fe vacancies in the case of NixFe1− x) in VACANCY.txt, together with the 
replacement collisions in NOVAC.txt. [31]. Ion-induced damage in 
monoatomic and multielemental targets was predicted using 
full-cascade simulations [29,30]. The SRIM-estimated damage peak is 
located at a depth of approximately 400 nm. 

2.3. RBS/C (ion channeling) and MSDA model 

After irradiation, the samples were examined by the RBS/C using 1.6 
MeV He+ ions along the [001] direction and backscattered into a de
tector placed at 165◦ relative to the incident beam direction. RBS/C 
measurements were performed using 1 MV tandem accelerator (Na
tional Electrostatics Corporation, model 3SDH-2) in the University of 
Oslo. The RBS/C spectra for pure Ni and NixFe1-x alloys irradiated with 
different fluences were simulated using the Monte Carlo McChasy code 
developed at the NCBJ [30,32]. The energy of the backscattered particle 
can be directly related to the depth at which the close encounter scat
tering event occurred. The bulk scattering arises from particles that have 
been deflected atomic rows and have crossed over to another row, where 
they undergo a close-encounter event. To reveal the damage kinetics for 
investigated alloys the Multi-Step Damage Accumulation (MSDA) 
analysis was performed [33,34]. This model is based on the equation 
assuming that the damage accumulation occurs through a series of 
structural transformations caused by the destabilization of the present 
crystal structure. 

2.4. Hybrid MC/MD simulation 

The possibility of formation of the ordered crystal phases was veri
fied for NixFe1-x binary alloys by using hybrid Monte Carlo/ Molecular 
dynamics (MC/MD) atomistic simulation. We start the simulation with a 
random distribution of Ni and Fe atoms in the matrix for each NixFe1-x 
alloy. Such a random distribution cannot necessarily reproduce ther
modynamically stable local atomic structure and hence, the simulations 
reveal an equilibrated stable system with the least potential energies. 
The hybrid MC/MD algorithm [35,36] was employed to facilitate ther
mally induced kinetics and anneal each alloy system. To perform such a 

simulation, we utilized LAMMPS [37] and modified embedded atom 
method (MEAM) interatomic potential [38], which reproduced the 
phase diagrams of NixFe1-x binary alloys. For each composition, a 
simulation cell with fcc crystal and random distribution of constituent 
elements was created containing 32,000 atoms. Periodic boundary 
conditions are applied in all three directions. After minimization of each 
system using the conjugate gradient algorithm, it is equilibrated at 300 K 
using the NPT ensemble. We used the following hybrid MC/MD steps 
[36]:  

1. Two different atom types (Fe and Ni) are selected randomly in the 
simulations and tried to swap the position so that the kinetic energy 
keeps constant by swapping.  

2. Metropolis criterion is used and each swap attempt is accepted if 
ϵ <

Pf
Pi

, where ϵ is a random number between [0,1] and Pi = e− βUi , 
where β is the inverse of kBT and Ui is the potential energy of the 
system. Swapping is tried 200 times.  

3. To relax any local residual stress induced by swapping, 50 molecular 
dynamic time steps under constant pressure (NPT) conditions are 
performed. 

We repeat these three steps until we reach reasonable convergence of 
the system’s potential energy. The ordered crystal structures are 
analyzed using a polyhedral template matching algorithm [39] that is 
implemented in OVITO software [40]. 

2.5. Nanoindentation 

Nanoindentation was performed utilizing the Micro Materials Ltd 
NanoTest Vantage system using a Synton-MDP diamond Berkovich- 
shaped indenter. The preliminary tests were conducted in multiple 
load cycles with increasing load from 0.5 mN up to 10 mN (in total ten 
cycles) using load controlled method. At least 16 indentations were 
made at each load with 50 µm spacing between the indents. Before 
starting the indentation campaign, a Diamond Area Function (DAF) of 
the indenter tip is calculated. The calibration is performed using Fused 
Silica material in a wide load range to assess a reliable indenter shape for 
a given indentation depth. 

2.6. TEM analysis 

Suitable electron transparent lamellae were prepared from the area 
of interest of the samples via a focused ion beam/scanning electron 
microscope (FIB/SEM) for TEM microstructural studies. A lift-out pro
cedure was utilized in FIB (Ga+) installed in Helios 5 UX (ThermoFisher 
Scientific) microscope at NCBJ. Final thinning of the lamellae was per
formed with 5 keV Ga+ ions followed by 2 keV Ga+ gentle polishing. 
TEM observations were performed with the JEOL JEM1200EX II 

Fig. 1. Damage profiles of (A) Ni and (B) Ni0.38Fe0.62 irradiated with 1.5 MeV of Ni+ at fluences of 4 × 1013, 2 × 1014, 5 × 1014, 1 × 1015, 2 × 1015, and 4 × 1015 

ions/cm2. 
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microscope operated at 120 kV. Since ion irradiation is depth- 
dependent, evaluating the damage distribution below the sample sur
face induced by ion irradiation is crucial. All the lamellae have been cut 
perpendicularly to the ion irradiated surface to reveal the damage dis
tribution into material up to the 2 um depth. Afterward, images of the 
most degraded regions have been taken at 500k magnification to 
perform a detailed analysis of the type of the defects, sizes and calculate 
the defect densities. The two-beam convergent beam electron diffraction 
technique was used to determine lamellae thickness (for dislocation 
density statistics) [41]. TEM bright-field (BF) micrographs of irradiated 
samples were obtained. The size of the defects and defect densities were 
calculated based on these TEM images, especially from the peak 
damaged regions. Observations were conducted under a diffraction 
vector of g = 200 for BF and WBDF g-3 g imaging. 

3. Results 

3.1. RBS/C channeling 

The RBS/C spectra were fitted using McChasy code, a Monte Carlo 
simulation package allowing the quantitative analysis of channeling 
spectra. A detailed description of RBS spectra analysis can be found in 
our previous study [30,32]. The materials responses (Ni, Ni0.88Fe0.12, 
Ni0.77Fe0.23, Ni0.62Fe0.38, Ni0.38Fe0.62) to the fluence of 4 × 1013 

ions/cm2 (□0.1 dpa), 2 × 1014 (□0.5 dpa), 1 × 1015 (□3 dpa) and 2 ×
1015 ions/cm2 (□6 dpa) are shown in Fig. 2A, B, C and D respectively. 
To facilitate an interpretation of the results, the reference "virgin" and 
"random" spectra are marked in the graph. The virgin spectra reflects 
undamaged crystal (the backscattering yield is low) while the “random” 
spectra correspond to the amorphous material (with a high level of 
lattice distortion). When the irradiation damage in the material appears, 
the backscattering yield is increasing. The variation of backscattering 

yield depends on the general lattice distortions in the implanted mate
rial. Therefore, we observe an increased backscattering yield with 
increasing lattice disorder. 

For the fluence of 4 × 1013 ions/cm2 the highest backscattering yield 
is visible for pure Ni, indicating an efficient defects accumulation in this 
material. In turn, for the fluences of 2 × 1014 and 1 × 1015 ions/cm2 the 
level of lattice distortion is growing for all the compositions (visible an 
increased backscattering yield), however, for Ni0.62Fe0.38 and 
Ni0.38Fe0.62 yield is the lowest. At 2 × 1015 ions/cm2, the spectra of pure 
Ni, Ni0.77Fe0.23 and Ni0.62Fe0.38 overlap which means, damage satura
tion for these compositions has been achieved, while Ni0.38Fe0.62 still 
remains the lowest. As we reported in our previous work [42] if the 
curves overlap, we are most likely dealing with similar defect sizes and 
similar densities. However, there are methods that can provide precise 
information on the size and density of defects, for example positron 
annihilation spectroscopy or doppler broadening spectroscopy. Detail 
description of these methods can be found here [43]. However, in our 
studies we provided only calculations based on TEM images as it also 
provide a reliable results. Moreover, it is worth emphasizing that Ni ions 
cause a significant lattice distortion at higher irradiation fluence 
(generating new defects and transforming from smaller to larger de
fects), which may lead to stress release and further affects the back
scattering yield. 

Interestingly, at the fluence of 1 × 1015 ions/cm2 and 2 × 1015 ions/ 
cm2 an inverted intensity for Ni0.77Fe0.23 has been recorded at the depth 
of 320 nm. Such tendency could be related to a change in defect size. The 
shapes of the spectra up to the depth of 320 nm may indicate a pre
dominance of point defects in Ni0.77Fe0.23. This also supported by TEM 
results (in Section 4). Next, the spectra of Ni0.77Fe0.23 and Ni0.62Fe0.38 
overlap each other for the fluence of 1 × 1015 ions/cm2 while at 2 × 1015 

ions/cm2 an inversed intensity region is formed (backscattering yield of 
Ni0.77Fe0.23 is lower than Ni0.62Fe0.38). This can be related to defects 

Fig. 2. RBS/C spectra of Ni and NixFe1-x single crystal samples irradiated with 1,5 MeV of Ni+ to the fluences of A) 4 × 1013, B) 1 × 1015, C) 1 × 1015 and D) 2 × 1015 

ions/cm2. The intensities of the spectra were normalized to the highest Ni-random spectrum. 
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agglomeration into bigger dislocation loops, which are further trans
formed into dislocation networks. 

Fig. 3A-D shows the ion channeling spectra for pure Ni, Ni0.77Fe0.23, 
Ni0.62Fe0.38, and Ni0.38Fe0.62 submitted to ion irradiation. For the flu
ence of 4 × 1013 ions/cm2, a significant decrease in the yield was 
observed for the binary alloys suggesting a suppression of defects 
accumulation with increasing Fe content. Above the fluence of 2 × 1014 

ions/cm2 (about 0.63 dpa), for pure Ni, we observe full saturation with 
defects. For the higher fluences (1 × 1015 and 2 × 1015 ions/cm2 (□3 to 
6 dpa respectively)), the yield decreases, which means that the material 
is fully saturated. In the case of Ni0.77Fe0.23 and Ni0.62Fe0.38, the satu
ration starts at the fluence of 1 × 1015, while for Ni0.38Fe0.62 we notice a 
gradual yield build-up with ion fluence, which suggests there is still a 
room for damage to increase. 

Usually, in metals, most of the defects are mainly extended defects, e. 
g., dislocations or stacking faults, which lead to the dechanneling of 
incident He ions [23]. It can be assumed that lattice distortion could be 
related to defect size and density change since smaller defects cause 
smaller lattice distortion than complex defects (defect cluster, disloca
tion), hence, backscattering yield changes. In pure Ni, a saturation dose 
has been obtained at a fluence of 2 × 1014 ions/cm2. The saturation and 
a small decrease in channeling yield may occur because the defect 
structure becomes more organized at high fluence [44]. For example, 
point defects are transformed into more complex structures, such as 
dislocation loops, or small dislocation loops are changed into larger 
defect clusters that release strain induced by ion irradiation. Therefore, 
we observe a decrease in backscattering yield. Moreover, one can notice 
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 the generation of new defects and transformation 
from smaller to larger defects may occur. Moreover, adding Fe may 
effectively influence the energy transport during ion irradiation through 
electrons on the defect formation and distribution [44]. 

3.2. Damage kinetics 

The MSDA analysis was performed to reveal damage kinetics for 
investigated materials; Ni, Ni0.77Fe0.23, Ni0.62Fe0.38, and Ni0.38Fe0.62 and 
it is shown in Fig. 4. Points in the figure are corresponding to maximal 
values of extended defects formed in irradiated materials. Solid lines are 
the fits made following the MSDA equation [30,33,34]: 

fd =
∑n

i=1

(
f sat
d, i − f sat

d, i− 1

)
G [1 − exp(σi(Φ − Φi− 1))] (2) 

Fig. 3. RBS/C spectra of A) Ni, B) Ni0.77Fe0.23, C) Ni0.62Fe0.38, D) Ni0.38Fe0.62 single crystals irradiated with the fluences from 4 × 1013 to 4 × 1015 ions/cm2. Solid 
lines represent fits obtained using MC simulations. Virgin and random spectra are included as references. 

Fig. 4. Damage kinetics for all investigated materials. Points represent the 
maximal values of extended defect distributions extracted from McChasy sim
ulations, solid lines are fits to the experimental data using the MSDA model. 
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where: 
σi - cross-section for the formation of a given kind of defect 
f sat
d,i - level of damage at saturation for i-th kind of defects 

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

The decrease of cross-sections for defect formation for Ni0.38Fe0.62 
and Ni0.62Fe0.38 alloys as compared to pure Ni single crystal is observed 
(see Table 1). The lower cross-section for damage formation Ni0.38Fe0.62 
alloys suggests the suppression of defect accumulation. Interestingly, 
Ni0.77Fe0.23 shows a similar value of cross-section for defect formation as 
Ni0.38Fe0.62. This is most likely related to the fact that for the MSDA 
model, we used the extended defects only. As we observed in Fig. 2B, C 
and Fig. 3B, the shape of the spectra indicated the occurrence of point 
defects in Ni0.77Fe0.23 (up to the depth of 320 nm) in contrast to the rest 
of the tested compositions which is in line with MSDA calculations. As a 
result, the cross-section value for Ni0.77Fe0.23 is lower (indicated in 
Table. 1), since it consists of only extended defects and does not include 
the point defects contributing to the dechanneling level. Similar obser
vation can be done for pure Ni structure. The consequence is a similar 
behavior of points in the MSDA model for Ni and Ni0.77Fe0.23 alloy, 
which differs from the next two compositions. 

A rapid increase in the number of defects at 0.5 dpa (see Figs.2 and 3) 
has been noticed for all the compositions. The numbers of extended 
defects formed for low irradiation fluences are well below the values 
obtained for Ni. At higher irradiation fluences (1 × 1015 ions/cm2 and 2 
× 1015 ions/cm2) one can observe a decrease in defect concentration. 
This effect suggests a transformation of small loops into larger loops or 
defect clusters. 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 and, hence, 
more efficient dechanneling of the analyzing beam. 

Finally, we would like to point out, since the results for the 
Ni0.88Fe0.12 composition practically coincided with Ni0.77Fe0.23, we did 
not include this composition in the RBS/C and MSDA studies to make the 
results more transparent. 

3.3. Mechanical properties 

Mechanical properties of NixFe1-x single crystal alloys have been 
evaluated using the nanoindentation technique. Indentation hardness as 
a function of contact depth for all the compositions is shown in Fig. 5A. It 
is seen that initial hardness is increasing up to 38 at% of Fe and then for 
62 at% of Fe goes down below the hardness value of Ni0.62Fe0.38 but it is 
higher than Ni0.77Fe0.23. Moreover, one can notice the hardness values 
do not change with depth, which means we do not deal with the 
indentation size effect, therefore we can see almost flat curves. As we 
have already reported in our previous work [42] the possible reason for 
hardness change with the addition of the Fe element could be related to 
the phase transformations. Depending on the temperature and atomic 
percentage of Fe (Ni), different phases such as a stable FeNi3 (L12), 
metastable FeNi (L10), and unstable Fe3Ni (L12) phase can be formed in 
the binary FeNi alloys [45,46]. Since it is hard to detect such phases with 
XRD, in this study we conducted some atomistic MC/MD simulations to 
see different ordered phases in NixFe1-x alloys (Section 3.4). 

Mechanical response to ion irradiation has been recorded by per
forming a series of multicycle indentations of the irradiated Ni and 
NixFe1-x alloys. The results for individual fluences and compositions are 

presented as the average hardness value obtained in the load range of 
0.5–10 mN. However, when considering the ion-irradiated specimens, 
we look at hardness values only from a depth between 40 nm to 150 nm. 
This methodology allows minimization of the impact of unmodified bulk 
material. However, it may be slightly misleading and provides unnatu
rally elevated hardness results as the damage profile changes over depth 
(it is graded). However, according to the author’s experience, a much 
deeper damage profile (probably generated with energies around 8 
MeV) should be done to capture the graded nature of the ion-irradiated 
later. Fig. 5B shows the hardness as a function of irradiation fluence for 
pure Ni and Ni with 12, 23, 38, and 62 at% of Fe. It can be seen that the 
hardness growth with increasing ion fluences is visible for all of the 
tested materials. At first, a very rapid increase in the hardness occurs at 
the fluence of 4 × 1013 ions/cm2 (□ 0.1 dpa) and then gradually grows 
up to the fluence of 5 × 1014 ions/cm2 (about 1.5 dpa). Afterward, the 
increment in hardness slightly decreases for all the alloys, however, the 
trend stays maintained. The smallest increase in hardness with fluence 
has been observed for Ni0.38Fe0.62 and Ni0.62Fe0.38 samples, while the 
most drastic increase has been observed for Ni, followed by Ni0.88Fe0.12 
and Ni0.77Fe0.23. 

The Load-Displacement (L-D) curves obtained during multicycle 
indentation of irradiated fcc Ni, Ni0.88Fe0.12, Ni0.77Fe0.23 Ni0.62Fe0.38, 
Ni0.38Fe0.62 single crystal alloys at the fluences of 4 × 1013 ions/cm2 and 
4 × 1015 ions/cm2 are presented in Fig. 5C and D, respectively. The 
hardness values in Fig. 5C-D originate from a depth of 100 nm. This 
probing depth allows for capturing relevant results, not distorted by 
artificial effects like, Indentation Size Effect (ISE) or indenter tip 
bluntness [47,48]. Therefore, to present the actual hardness values of 
the ion-implanted layer, taking into account the damage peak of about 
400 nm (results estimated from SRIM) and the ISE effect, the analysis of 
the area from this region is sufficient to describe the behavior of the 
irradiated material. 

Obtained data show that pure Ni (Fig. 5C-D) is the most sensitive to 
ion radiation as compared to other compositions. According to the re
sults shown in the tables (Fig. 5C), it can be seen that the hardness at the 
fluence of 4 × 1013 ions/cm2 (0.1 dpa) is increasing up to 23 at% of Fe 
element and then goes down for Ni0.62Fe0.38 and Ni0.38Fe0.62 respec
tively. The same trend appears for the fluence of 4 × 1015 ions/cm2 

(Fig. 5. D) (damage of □12 dpa) with higher hardness values, which 
suggests that the Fe element effectively suppresses irradiation damage. 
Importantly, the L-D curves show a similar trend in terms of the hardness 
values presented in Fig. 5A and B. As we pointed out above, the reason 
for the different mechanical response of the alloys after irradiation 
might be related to different arrangements of Fe atoms in a crystal 
structure resulting from the presence of different phases. 

3.4. Hybrid MC/MD simulation 

Fig. 6A shows the potential energy per atom with respect to the 
random distribution of atoms in the alloys as a function of the number of 
swap attempts normalized by the total number of atoms. It is seen from 
Fig. 6A that for Ni0.77Fe0.23 there is the highest drop in potential energy 
before convergence while for Ni0.38Fe0.62 the drop of energy is the least. 
This means that thermodynamically the random distribution for 
Ni0.77Fe0.23 is unstable. We analyzed the L12 and L10 structures during 
this process. In Ni0.88Fe0.12 alloy all the Fe atoms belong to FeNi3 (L12) 
phase, which means the remaining Ni atoms are distributed in a form of 
clusters inside the matrix. As it is visible in Fig. 6B, after convergence of 
potential energy, for Ni0.77Fe0.23 most of the atoms (almost 70%) belong 
to the FeNi3 (L12) phase, for Ni0.62Fe0.38, 19.8% of atoms belong to FeNi3 
(L12) phase, and for Ni0.88Fe0.12 38% of atoms belong to FeNi3 (L12) 
phase. We didn’t observe the Fe3Ni L12 structure for Ni0.38Fe0.62 alloy. In 
all four compositions, 1–3% of atoms belong to the L10 structure. 

Table. 1 
Cross-sections for defect formation extracted from the MSDA model.   

σ1(10− 14cm2) fd1(1010cm− 2) 

Ni 
Ni0.77Fe0.23 

1.5 
1.0 

9.3 
7.2 

Ni0.62Fe0.38 1.3 8.5 
Ni0.38Fe0.62 1.0 7.1  
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4. Discussion 

To interpret the results based on atomistic simulations, we should 
notice that if nanoprecipitate with L12 phase is formed inside fcc alloys, 
the strength of the alloys will increase via the dislocation-bypass 
mechanism and dislocation-cutting mechanism [49]. This can be the 
main reason for the high hardness of Ni0.62Fe0.38 alloy, where around 
20% of L12 atoms are formed in the disordered matrix. Although the L12 

phase is also formed in Ni0.77Fe0.23 and Ni0.88Fe0.12 alloys, these two 
alloys showed less hardness before irradiation. For Ni0.77Fe0.23, most 
atoms are found in the L12 phase while the remaining belong to the 
disordered phase. Specifically, the disordered regions with randomly 
distributed Fe and Ni atoms are dispersed within the ordered L12 matrix. 
Consequently, the L12 phase cannot act as a nanoprecipitate and provide 
nanoprecipitate hardening prior to irradiation. In Ni0.88Fe0.12 alloy, all 
the Fe atoms belong to the FeNi3 L12 phase, which means the remaining 

Fig. 5. A) Nanoindentation hardness of pristine fcc Ni, Ni0.88Fe0.12, Ni0.77Fe0.23 Ni0.62Fe0.38 and Ni0.38Fe0.62 single crystal alloys as a function of contact depth, B) 
Nanoindentation hardness of irradiated fcc Ni, Ni0.88Fe0.12, Ni0.77Fe0.23 Ni0.62Fe0.38 and Ni0.38Fe0.62 single crystal alloys as a function of ion fluences, Load- 
Displacement curves obtained during multicycle indentation of the irradiated fcc Ni, Ni0.88Fe0.12, Ni0.77Fe0.23 Ni0.62Fe0.38 and Ni0.38Fe0.62 single crystal alloys 
with the fluences of C) 4 × 1013 ions/cm2 and D) 4 × 1015 ions/cm2. 

Fig. 6. A) the potential energy per atom with respect to the random case vs the number of swap attempts normalized by the total number of atoms for three different 
NixFe1-x binary alloys. B) Percentage of atoms belonging to FeNi3 (L12) phase vs the number of swap attempts normalized by the total number of atoms for three 
different NixFe1-x binary alloys. 
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Ni atoms are segregated inside the matrix. The hardness of Ni0.88Fe0.12 
alloy is expected to be similar to that of pure Ni before irradiation. As 
irradiation can affect the distribution of Fe and Ni in the matrix, 
resulting in change of hardness, the impact of irradiation on the 
order-disorder phases will be investigated in the next study. 

The irradiation-induced damage [50] can be categorized into two 
stages: primary and secondary. The primary damage occurs immediately 
after ion/neutron/electron impact by atomic collision processes far from 
thermodynamic equilibrium. The secondary damage is a long-timescale 
(nanoseconds to years) evolution caused by thermally activated pro
cesses [51]. During the secondary damage stage, the crystal defects 
evolve into more complicated microstructural features such as defect 
clusters, dislocation loops, and three-dimensional defects such as SFT 
[51]. Therefore, it is important to perform damage analysis at an early 
stage, e.g., 0.5 dpa and 12 dpa, to reveal defect evolution processes. For 
example, from hardness analysis, we have seen a drastic hardness in
crease in a low fluence regime up to 0.5 dpa. In turn, at higher fluences, 
the increase becomes less significant as the materials become saturated 
with defects. Therefore, in order to understand defect configurations in 
low and high fluence regimes, TEM analysis of each composition was 
conducted. 

Fig. 7A shows cross-sectional TEM images of the Ni, Ni0.77Fe0.23, 
Ni0.62Fe0.38 and Ni0.38Fe0.62 irradiated with fluence of 2 × 1014 ions/cm2 

(damage level of 0.5 dpa), compared with SRIM calculations. The im
ages were taken at a magnification of 150k in order to capture defects 
distribution below the sample surface. It should be emphasized, that all 
the lamellae have been cut perpendicularly to the ion-irradiated surface, 
to reveal the damage distribution into material up to the 2 um depth (in 
Fig. 7A, we show only the images up to 1100 nm). One can see that for 
Ni, Ni0.77Fe0.23 and Ni0.62Fe0.38 the damage zone reaches up to 600 nm 
(and it is in line with SRIM simulation where the damage peak is located 
at 400 nm), however, in Ni0.38Fe0.62 defects are evenly distributed and 
slightly exceeds a damage zone. Fig. 7B compares the TEM images of Ni, 
Ni0.77Fe0.23, Ni0.62Fe0.38 and Ni0.38Fe0.62 taken in a low fluence regime at 
4 × 1013 ions/cm2. The images come from the regions where the peak 
damage occurs in each alloy (taken at 500k magnification) to perform a 
detailed analysis of the defects and further to calculate the defect 
densities. 

One can notice that defect concentration decreases as the iron con
tent rises. In pure Ni, large defect clusters and dislocation loops are the 
dominant defect types. In Ni0.77Fe0.23, SFTs, defect clusters (relatively 
smaller than in Ni) and dislocation loops are clearly visible. In 
Ni0.62Fe0.38 and Ni0.38Fe0.62 SFTs, dislocation loops and clusters are 
mainly dominant. 

Cross-sectional TEM images of the Ni, Ni0.77Fe0.23, Ni0.62Fe0.38 and 
Ni0.38Fe0.62 irradiated with a fluence of 4 × 1015 ions/cm2 are shown in 
Fig. 8A. In contrast to the low fluence, in this case we see that the defects 
have moved significantly into the material and are outside the damage 
peak, calculated in the SRIM program. Interestingly, in Ni, Ni0.77Fe0.23 
and Ni0.62Fe0.38 damage concentration is located at 700 nm, while in 
Ni0.38Fe0.62, the defects are evenly distributed from the surface into the 
material, similar to what we observed at low damage level (0.5 dpa in 
Fig. 7A). This phenomenon has been already reported in our previous 
work [42]. It was reported that the reason why a damage peak shift was 
observed in NixFe1-x at high fluence is that the ion irradiation causes 
high mechanical stress, where the ions may propagate toward the bulk 
of the material. As a result, we observe 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. Moreover, the 
migration mechanism could result from a combination of processes such 
as defect recombination, production, cluster formation etc. as reported 
in [3]. 

In Fig. 8B at the highest fluence (damage around 12 dpa) we can see 
the transformation of defect types in all the studied cases, which is 
consistent with RBS/C and MSDA analysis. For example, defects in Ni 
tend to form dislocation lines, SFTs, clusters, and dislocation loops while 
in Ni0.77Fe0.23 they form dislocation loops and STFs. In Ni0.62Fe0.38 and 
Ni0.38Fe0.62 we observe similar types of defects such as dislocation lines, 
many more SFTs, clusters and dislocation loops. It is known that the 
defect evolution proceeds as follows, first at low fluence point defects 
are transformed into clusters then into dislocation loops and stacking 
faults [52–54]. SFTs are known as the dominant type of defects in fcc 
NiFe single crystals having the shape of four equilateral vacancy-type 
stacking faults on {111} planes intersecting along <110> edges to 
form a perfect tetrahedron and are one of the most common 
vacancy-type defect clusters in metals of low stacking-fault energy [55]. 

Fig. 7. A) Cross-sectional TEM images of the Ni, Ni0.77Fe0.23, Ni0.62Fe0.38 and Ni0.38Fe0.62 irradiated with a fluence of 2 × 1014 ions/cm2 compared with SRIM 
calculations. B) Bright-field images of Ni, Ni0.77Fe0.23, Ni0.62Fe0.38 and Ni0.38Fe0.62 irradiated with a fluence of 4 × 1015 ions/cm2. The red arrow indicates dislocation 
loops, green – defect clusters and yellow – SFT. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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The vacancy-type SFTs can be produced in quenched metals or during 
irradiation by agglomeration of mobile vacancies at room and high 
temperatures [3], which significantly affects mechanical properties. 

In addition, based on the defect sizes calculations presented in 
Fig. 9A, we can observe that in pure Ni damage propagates very fast up 
to 0.5 dpa (we see the biggest changes in the structure among the rest of 
the compositions). However, at about 12 dpa defects are re-organized, 
we can see elongated defect clusters or dislocation lines rather than 
big dot-shaped clusters. As shown in RBS/C spectra in Figs. 2 and 3, we 
observed that in the case of pure Ni defect saturation occurs above the 
fluence of 2 × 1014 ions/cm2 (about 0.5 dpa). In Ni0.77Fe0.23, defects 
become bigger at the highest fluence and they are more organized in one 
region. In contrast, in Ni0.62Fe0.38 and Ni0.38Fe0.62 defects are constantly 
growing with fluence, which again is in line with RBS/C analysis, where 
we could see the continuous growth of backscattering yield. Further
more, it is worth mentioning that the most meaningful changes are 
visible at a damage level of 0.5 dpa in each case. Moreover, as the 
damage level increases the defect sizes become bigger. This can be 
validated by calculations for individual composition based on TEM im
ages, as shown in Fig. 9A. The defect size has been calculated as an 
average size of defects on the image (taken at the highest magnification, 
500k) of the most degraded region (where the damage peak occurs). 
Fifty random defects (visible as black clusters) have been chosen to 
obtain useful statistics. Interestingly, defect sizes decrease with an 

increase in Fe up to 38 at% and for 62 at% of Fe accrue, both at low and 
high fluences. Additionally, for the highest dose (□12 dpa) the sizes of 
defects rise. 

Moreover, in Fig. 9B defect densities have been calculated to better 
understand the defect configuration for various compositions. Calcula
tions were made based on the TEM images taken at the peak damaged 
region (at the highest magnification of 500k). For this measurement, 
lamellae thickness was also measured at the peak damage region only. 
The densities were calculated by counting the defect sizes in a unit 
volume of crystalline material (based on the same image where an 
average defect size was calculated and presented in Fig. 8A). As a result, 
we can observe that the defect density values are inversely proportional 
to the defect size results for the individual chemical compositions. It can 
be seen that the defect densities increase for pure Ni and Ni0.77Fe0.23, 
while decrease for Ni0.62Fe0.38 and Ni0.38Fe0.62 for low fluencies. One 
can see that the size of defects decreases with the addition of iron. 
Usually, when irradiation damage increases, the dislocations disappear, 
and the density of the small interstitial-type loops or clusters increases 
[56]. Interestingly, the densities of network dislocations and dislocation 
loops 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 

Fig. 8. A) Cross-sectional TEM images 
of the Ni, Ni0.77Fe0.23, Ni0.62Fe0.38 and 
Ni0.38Fe0.62 irradiated with a fluence of 
4 × 1015 ions/cm2 compared with SRIM 
calculations. B) Bright-field images of 
Ni, Ni0.77Fe0.23, Ni0.62Fe0.38 and 
Ni0.38Fe0.62 irradiated with a fluence of 
4 × 1015 ions/cm2. The red arrow in
dicates dislocation loops, blue – dislo
cation lines, green – defect clusters and 
yellow – SFT. (For interpretation of the 
references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   

Fig. 9. A) Defect sizes based on the TEM images calculated at the fluence of 4 × 1013 ions/cm2 and 4 × 1015 ions/cm2 and B) Average defect densities for the Ni, 
Ni0.77Fe0.23, Ni0.62Fe0.38 and Ni0.38Fe0.62 irradiated to the fluence of 4 × 1013 ions/cm2 and 4 × 1015 ions/cm2. 
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prominent spots during irradiation, further decreasing their number 
[57,58]. While analyzing RBS/C spectra we have assumed that lattice 
distortion could be related to defect size and density change since 
smaller defects cause smaller lattice distortion as compared to complex 
defects (defect cluster, dislocation), hence, backscattering yield changes. 
In pure Ni, a saturation dose has been obtained at a fluence of 2 × 1014 

ions/cm2. The saturation and a small decrease in channeling yield occur 
because the defect structure becomes more organized at higher fluences, 
as we can see in Fig. 8A. We see that point defects are transformed into 
more complex ones, such as dislocation lines and larger defect clusters 
that release strain induced by ion irradiation. Therefore, we observe a 
decrease in backscattering yield. In order to better understand how the 
defect size would affect mechanical properties or RBS/C spectra we have 
introduced a detailed calculation of defect size up to around 20 nm at 
low and high fluence as shown in Fig. 10A and B. From the calculation, 
we can see that the smallest defects up to 5 nm occur in Ni0.77Fe0.23 and 
Ni0.62Fe0.38 in a low and high fluence regime. This is consistent with 
RBS/C results and MDSA analysis, which showed the existence of small 
defects (significantly more than the rest of the compositions) in the 
structure. It is clear that the size of defects increases at high fluence, 
which is in line with TEM images presented in Fig. 8A. 

At high fluence we observe an increase in defect size for all the 
compositions, while in Ni0.62Fe0.38 defects are the smallest up to 10 nm. 
From MSDA analysis we assumed that in the case of high irradiation 
fluences such as 1 × 1015 ions/cm2 and 2 × 1015 ions/cm2 one can 
observe a decrease in defect concentration. This effect suggests a 
transformation in small loops into larger loops or defect clusters, which 
is visible in TEM images (Fig. 8A). We postulated that, the 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 hence more efficient dechan
neling of the analyzing beam. 

Furthermore, defect size and density could also affect the irradiation- 
induced hardening of the alloys. As we illustrate in Fig. 5B, the most 
prominent hardening occurred at low fluence regime in Ni0.77Fe0.23 
where we deal with a significant transformation from small defects into 
bigger ones. Based on the results in Fig. 9B, we see that the average 
defect size decreases and the defect density increases. In contrast, 
Ni0.62Fe0.38 and Ni0.38Fe0.62 showed the lowest level of hardening 
among all the alloys. The reason behind such differences is most prob
ably 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 could be explained, 
as Ni possesses more space for electron movements and, thus, defect 
generation and mobility [42]. Therefore, Fe effectively suppresses 
damage and stress induced by ion irradiation. The different arrangement 
of Fe atoms in a crystal structure may also influence the obtained 

characteristics of NixFe1-x after ion implantation, therefore, this should 
be validated by performing additional hybrid MC/MD simulation. In 
Fig. 5 we observed that the hardness of virgin materials is changing with 
the percentage of iron content. The preliminary results of MC/MD 
simulations (of virgin materials) have shown that depending on the iron 
content we achieved different structures. In Ni0.77Fe0.23, 70% of FeNi3 
(L12) phase is observed, while in Ni0.62Fe0.38 around 20%. Ni0.38Fe0.62 is 
characterized by disorder fcc structure. Moreover, simulations revealed 
that in each composition 1–3% of the L10 phase occurs. It is worth 
empathizing that, if the nanoparticipate FeNi3 with L12 phase is 
distributed in the random fcc structure, the strength of the material in
crease [45,46]. It means that the material becomes harder. Therefore, in 
Ni0.62Fe0.38 we observe the maximum hardness in a pristine sample and 
then the hardness decrease in Ni0.38Fe0.62 where we deal with fcc phase 
and little amount of L10 phase (1–3%) according to simulations. 

5. Conclusions 

Comprehensive studies of fcc NixFe1-x single crystals were performed 
using a combination of various techniques to understand defect evolu
tion and radiation response of each investigated composition. Ion 
channeling studies as well as damage kinetics demonstrated various 
responses of damage build-up mechanisms for each individual compo
sition. We have noticed that the defect size and density influence the 
shape and intensity of the obtained RBS/C spectra depending on the 
composition. TEM images revealed a significant degradation of the 
structure at 0.5 dpa, especially for Ni and, the largest defects are 
observed at 12 dpa. From MSDA we observed a rapid increase in the 
number of defects at 0.5 dpa and a high increase in the dechanneling 
level observed in measured RBS/C spectra, for all the compositions. The 
numbers of extended defects formed for low irradiation fluences are well 
below the values obtained for Ni. At higher irradiation fluence of 1 ×
1015 ions/cm2 and 2 × 1015 ions/cm2 we observed a decrease in defect 
concentration, which suggests a transformation of small loops into 
larger loops or defect clusters. 

The atomistic simulations allowed to obtain insightful results related 
to hardening of NixFe1-x in a pristine state. The main reason for the 
highest hardness of Ni0.62Fe0.38 alloy before irradiation could be related 
to the presence of nanoprecipitate FeNi3 (L12) phase (around 20%), 
which is formed inside the disordered matrix. It was found that a com
bination of atomistic simulations together with experimental studies 
may help to better understand mechanisms such as hardening and phase 
distribution within various NixFe1-x single crystals. Interestingly, irra
diation can change the distribution of the atoms and increase the 
disordered phase, since irradiation may spread the Fe atoms inside Ni 
atoms and the hardness will increase. Therefore, as a next step, inves
tigation of the hardening effect and verification of L12 phase presence 

Fig. 10. Percentage of defect size obtained for A) low 4 × 1013 ions/cm2 and B) high 4 × 1015 ions/cm2 fluence up to 10 nm.  
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after irradiation in order-disorder phases should be performed. We 
postulate that the existence of the L12 phase influences the irradiation 
response of NixFe1-x single crystals. 
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