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ABSTRACT

Owing to their excellent radiation tolerance, some of the high-entropy alloys (HEAs) are considered as potential candidates for structural
materials in extreme conditions. In order to shed light on the early-stage irradiation damage in HEAs, we performed positron annihilation
spectroscopy on hydrogen implanted equiatomic FeMnNiCoCr and interstitial carbon-containing FeMnNiCoCr HEAs. We reveal primary
damage as monovacancies in low dose irradiated HEAs. The enhancement of Frenkel pair recombination by C addition is observed in
C-containing HEAs. In addition, the C interstitials suppress the vacancy cluster formation in high dose irradiated HEAs.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5130748

I. INTRODUCTION

High-entropy alloys (HEAs), or concentrated solid solution
alloys (CSSAs), have drawn much research interest over the past
few decades.1–5 Excellent mechanical properties of some HEAs,
such as high fracture toughness and ductility at ambient and cryo-
genic temperatures,6 and their corrosion and irradiation resistance4

make them potential materials for hostile conditions. Unlike con-
ventional alloys that usually have one or two prevalent elements,
HEAs consist of five or more elements, often in equiatomic composi-
tions, in a single solid solution phase. The chemical complexity
induces severe lattice distortion, which subsequently slows down the
energy dissipation and further improves the irradiation tolerance.4–7

Equiatomic FeMnNiCoCr, first reported by Cantor et al.,1 has
been investigated extensively over the past few decades.7–9 It dis-
plays significant suppression of void swelling under irradiation
compared to pure nickel.10 Thermodynamics of vacancies and clus-
ters were also considered in FeMnNiCoCr HEA from theoretical
calculations.11 In spite of considerable research effort, the atomic-
scale lattice structure evolution and point defect formation governing
the early-stage irradiation damage process are still poorly understood.

Residual impurities, such as carbon (C) and nitrogen (N), commonly
exist in commercial alloys either as minor alloying elements or low
concentration impurities.12 It has been experimentally confirmed
that C atoms interact with point defects, such as vacancies and
self-interstitials, in body-centered cubic (bcc) iron.13,14 Recent
studies indicate that C addition improves simultaneously the
strength and ductility in FeNiMnAlCr HEAs by increasing the
lattice fraction stress.15 Also, an increase in Vickers hardness was
obtained in C-containing FeMnNiCoCr due to the solid solution
strengthening as well as the formation of carbides.16 Li et al.
reported that the interstitial C addition in nonequiatomic
FeMnCoCr HEAs resulted in the joint activation of twinning- and
transformation-induced plasticity (TWIP and TRIP) by tuning
the matrix phase’s instability in a metastable TRIP-assisted dual-
phase HEA.17 Furthermore, a grain refinement has been reported
in C-containing cast CrFeCoNi HEAs, and the size of equiaxed
grains decreases with increasing C level.18 In short, minor interstitial
C addition improves several of the mechanical properties, for
instance, strength, ductility, hardness, and wear resistance in HEAs.
In conventional Fe/Ni-based alloys, the interstitial C atoms interact
with irradiation vacancies, and the formation of carbon-vacancy
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complexes was reported to increase the vacancy migration barri-
ers.13,19 The irradiation-induced vacancies’ migration and aggrega-
tion are suppressed due to the stability of C-vacancy complexes with
varying sizes.20

In the present study, the physical processes of early-stage
irradiation damage (≤1 dpa) and point defects’ evolution in equia-
tomic FeMnNiCoCr HEAs with and without C addition are charac-
terized by positron annihilation spectroscopy (PAS). The effects of
interstitial C atoms on primary damage formation and evolution
are systematically studied in interstitial HEAs (iHEAs) with varying
C contents.

II. EXPERIMENT AND MODELING

A. Samples and preparation

The face-centered cubic (fcc) structured equimolar
FeMnNiCoCr and interstitial C soluted iHEAs ingots with nominal
composition FeMnNiCoCrCx (x = 0.2, 0.5, 0.8 at. %) were synthe-
sized in a vacuum induction furnace by arc melting using pure
metals and carbon. The original cast was subsequently hot rolled at
950 °C to a thickness reduction of 50%. The exact carbon concen-
trations in the three iHEAs were identified as 0.25, 0.53, and 0.9
(at. %), respectively, by wet-chemical analysis.21 All specimens were
homogenized at 1200 °C for 3 h in the Ar atmosphere followed by
water-quenching (WQ). The compositional homogeneity of the
various HEA samples at the microscale was verified by energy-
dispersive X-ray spectroscopy. The averaged grain size of ∼200 μm
was obtained from all of the homogenized alloys. Further details on
the mechanical properties and characterization can be seen in Ref. 21.
Sheet specimens with dimensions of 5 × 5 × 0.5mm3 were machined
from the WQ alloys. Mechanical polishing with the SiC paper
followed by the colloidal silica suspension with 40 nm particles
was performed on sample surfaces to obtain a mirrorlike finish.
An electrochemical method was utilized to remove the subsurface
damage layer from the mechanical polishing process by low tem-
perature (−30 °C) etching.

B. Hydrogen ion implantation

The distribution of irradiation damage and implantation pro-
files of 150 keV hydrogen in equiatomic FeMnNiCoCr HEA with C
addition was calculated by SRIM-2013.22 The average displacement
thresholds were set as 40 eV for each element. The results are
shown in Fig. 1, which indicates that the irradiation damage accu-
mulates and peaks at around 600 nm. Furthermore, three different
depth layers were identified based on the SRIM calculation: track
layer (L1), damage layer (L2), and nonirradiated layer (L3). The
implanted ions pass through L1 by the electronic energy loss
process, producing mainly primary-knock-induced Frenkel pairs
(monovacancy + self-interstitial). The radiation damage accumu-
lates and the implanted ions stop by cascade collisions with
lattice atoms in L2, and there is no energy dissipation or ion dep-
osition in L3.23

The surface prepared specimens were irradiated with 300 keV
H2

+ ions (150 keV H+ ions) at room temperature using the 500-kV
ion implanter at the University of Helsinki. The implantation fluence
w ranged from 2.5 × 1014 ions/cm2 up to 2.5 × 1017 ions/cm2. The ion

beam swept for homogenous exposure over a 10 × 10 cm2 square
implantation area. All samples were mounted on aluminum plates
coupled with 15 cm diameter and an ion flux of 5 × 1012 atoms/cm2/s,
which suppressed overheating of the samples.

C. Positron annihilation spectroscopy

Positron annihilation spectroscopy (PAS) is a unique and
sensitive probe to lattice defects with limited concentration.24,25

Earlier work with PAS on single phase fcc HEA8 and concentrated
solid solution alloys26,27 highlights the importance of performing
systematic studies with several irradiation doses and alloy composi-
tion. In this work, we employed positron annihilation spectroscopy
to characterize the microstructural evolution through vacancy-type
defects in the irradiated samples. We performed positron lifetime
experiments in virgin (un-irradiated) samples with a standard
digital spectrometer in collinear geometry and a time resolution of
240 ps. We performed the conventional Doppler broadening mea-
surements of positron annihilation radiation with a variable-energy
positron beam (positron energy range from 0.5 keV to 35 keV).
We used high purity germanium (HPGe) detectors with an energy
resolution of 1.2 keV at 511 keV. The integration windows for the
conventional S and W parameters describing the shape of the
Doppler broadened annihilation line were set to (|PL| < 0.4 a.u.) and
(1.6 a.u. < |PL| < 4.0 a.u.), respectively. More details on the experimen-
tal techniques and data analysis can be found in Refs. 24 and 25.

The average positron lifetime in all virgin samples was found
to be between 116 ps and 119 ps, close to the bulk lifetime of the
nickel matrix (110 ps)28 and the defect-free positron lifetime
(112 ps) as assigned in equiatomic CoCrFeMnNi.8 This indicates
that the virgin samples have low concentrations of vacancy defects
and that these samples can be used as a good reference point for
defect studies. The Doppler broadening parameters obtained far
away from the surface in the virgin samples vary in a narrow range
S = 0.411–0.415 and W = 0.080–0.082, similarly as the average

FIG. 1. SRIM calculation showing the irradiation damage and implanted atom
deposition of 150 keV hydrogen ions in equiatomic FeMnNiCoCr and
FeMnNiCoCr + (0.8 at. %) C HEAs.
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lifetimes. The effective positron diffusion lengths were estimated to
be around 100 nm in all virgin samples by VEPFIT analysis.29

D. Theoretical calculations

First-principles calculations employing the two-component
electron-positron density functional theory30 were performed to
predict the positron states and annihilation parameters in the bulk
and at defects. Cubic 2 × 2 × 2 supercells with 32 atoms were con-
structed for the fcc elemental solids of Cr, Mn, Fe, Co, and Ni. The
plane-wave cut-off energy was fixed to 300 eV, and a 6 × 6 × 6
Monkhorst-Pack k mesh31 was used for all systems. We employed
the projector augmented wave (PAW) method32 as implemented in
the Vienna Ab initio Simulation Package (VASP) code33–35 and the
generalized-gradient approximation36 for electron exchange and
correlation energy. We used the local-density approximation31 for
the electron-positron correlation potential and enhancement factor.
The positron modeling was performed in the approximation, in
which the positron does not affect the average electron density, and
we took the zero-positron-density limits of the appropriate func-
tionals.31 Due to certain compensation and feedback mechanisms,
this approach has been shown to provide results that are consistent
with more self-consistent modeling.37 All of the vacancy supercells
were fully relaxed including repulsive forces on ions due to the
localized positron.

The momentum distribution of annihilating pairs was calcu-
lated using the so-called state-dependent model38 and the PAW
method.39,40 The computational Doppler spectra were first convo-
luted with the experimental resolution function, and the relative
S and W parameters were extracted for all models and defined
relative to bulk Ni. The computational S and W parameters of
a vacancy-free equiatomic FeMnNiCoCr HEA were obtained
through averaging the S and W parameters calculated for the ele-
mental fcc metal systems of Fe, Mn, Ni, Co, and Cr with equal
weights. The same averaging procedure was used separately for
mono-, di-, and tetravacancies. It has been shown that in the
close-packed fcc structure, the spectrum of a vacancy defect deco-
rated by alloying elements can be reproduced using a weighted
average of vacancy spectra calculated for the constituent elemental
metals.41 In the present case, all the lattice structures can even be
assumed the same, namely, fcc with almost equal lattice parameters.

III. RESULTS AND ANALYSIS

A. C-free HEA

Figure 2(a) shows the S-E curve of the virgin HEA, suggesting
that the S parameter decreases with increasing energy from the
surface and saturates at a value of 0.412. The S parameters are large
compared to that of the virgin sample already at the damage level
of 1 × 10−3 dpa, demonstrating generation of vacancy-type defects
due to irradiation. The S parameters are rather constant in L1 and
increase when the detection depth reaches L2. The maxima of S-E
curves occur between 400 nm and 600 nm from the surface, which
are located within L2 for all irradiated HEAs, consistent with the
SRIM calculation. At higher positron implantation energies, the S
parameters gradually approach the virgin HEA value due to the broad-
ening of the implantation profile with increasing positron energy.

The (S, W) data in irradiated HEAs with different damage
levels are shown in Fig. 2(b) with the implantation energy as a
running parameter. The (S, W) plot of virgin samples displays a
straight line, indicating that the electrochemical polishing proce-
dure effectively removes subsurface damage in samples. Compared
to the virgin sample, the (S, W) points of irradiated HEAs are
located toward the lower right, as is typical for vacancy-type
defects. All of the (S, W) points approach the virgin state at the
highest implantation energies in the L3 layer. The small arrows in
Fig. 2(b) show the evolution of the (S, W) data points from L1 to
L2 layers in the irradiated solids. Lines connecting the bulk point
to the data points in L1 and L2 have different slopes, indicating
that the nature of the damage is different at these depths.

FIG. 2. Doppler broadening data of hydrogen-irradiated C-free HEAs. (a) S-E
curves with the mean penetration depth of positrons on the top axis. The varia-
tion of S parameters from L1 to L2 takes place within the gray area; (b) (S, W)
plot. Error bars are smaller than the size of markers.
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B. C-containing iHEAs

Figures 3(a)–3(d) illustrate the radiation damage accumulation
and microdefect evolution in iHEAs with different C contents
(0, 0.2, 0.5, and 0.8 at. %).

In Fig. 3(a), the S-E curves of C-free HEA and HEA0.2C are
essentially identical, indicating similar defect evolution in the
lowest-dose irradiated samples. The S parameters increase less with
irradiation in the samples with a higher content of carbon intersti-
tials, indicating the suppression of irradiation damage, either in
terms of the concentration or of the size of vacancy defects. Also,
the maxima of the S-E plots are found less pronounced in the
iHEAs with higher C content.

The S-E curves in 0.01 dpa irradiated samples are shown in
Fig. 3(b). As in the case of the lowest dose irradiation, the S-E
curves are essentially identical for C-free HEA and HEA0.2C. With
more C in the alloy, the S parameters are lower with the same
irradiation condition in both L1 and L2, but the difference is less pro-
nounced than for the lowest dose irradiation. In contrast to the lowest
dose, the shape of the S-E curves is the same for all the samples.

The S-E curves of 0.1 and 1 dpa irradiated samples are shown
in Figs. 3(c) and 3(d), respectively. After 0.1 dpa irradiation, the S
parameters at L1 and L2 in HEA0.2C increase less than that in
C-free HEA. In the samples with higher C content, the irradiation-
induced increase of the S parameter is further suppressed, which
highlights the effect of C addition on radiation damage suppression
in HEAs. The S-E curves of 0.1 dpa irradiated HEA0.5C and
HEA0.8C now overlap, while they were clearly different with lower
doses. As the irradiation damage increases up to 1 dpa, the incre-
ment of S parameters in HEAs with the C content between 0.2 and
0.8 is essentially the same in L1, and the result is clearly different
from C-free HEA.

C. Identification of the irradiation-induced vacancy
defects

The variation of (S, W) parameters from the layer L1–L2 in
irradiated HEAs is shown in Fig. 4. The relative (S, W) parameters
of monovacancy (V1), divacancy (V2), and vacancy clusters (V4)
from calculations are shown in the inset. The scales of the relative

FIG. 3. S-E curves of hydrogen-irradiated C-containing FeMnNiCoCr iHEAs. The dotted line displays the S values of virgin samples. The S-E curves are divided to 4
subfigures with increasing irradiation damage level: (a) 0.001 dpa, (b) 0.01 dpa, (c) 0.1 dpa, and (d) 1 dpa. The variation of S parameters from L1 to L2 takes place within
the gray area. Error bars are smaller than the size of markers.
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parameters in the inset and the absolute parameters in the figure
itself are comparable. In the main figure, the computational data
are scaled in such a way that the bulk Ni reference point coincides
with the computational Ni lattice point, and the computational
(S, W) points of different vacancy states are shown as large hollow
triangles. The (S, W) points of all virgin samples are the same
regardless of the C content. The (S, W) points from L1 to L2 of
0.001 dpa irradiated samples are displayed using the red markers.
The (S, W) points of 0.001 dpa irradiated samples in the track layer
(L1) are located on the V1 line regardless of C content, while the
defect type in the damage layer (L2) varies as the C content is
increased. Vacancy defects larger than V1 are clearly detected in
C-free HEA and HEA0.2C, while V1 is the dominant defect type in
higher C-containing iHEAs. As the irradiation damage level is
increased up to 0.01 dpa, the variation of (S, W) points from L1 to
L2 is marked by green labels. Here, all 4 samples have their L1 and
L2 points on the same respective lines, with the L1 data between
V1 and V2 and the L2 data coinciding with the V2 line. This indi-
cates that the vacancy sizes are similar in all the samples irradiated
at 0.01 dpa, and only the vacancy concentrations decrease when the
C content increases above 0.2% (the data for C-free HEA and
HEA0.2C coincide). When going from the 0.001 dpa irradiation to
0.01 dpa irradiation, the (S, W) data move mostly along the V1
(and V2) lines, indicating that positrons detect an increase in
the vacancy concentration in addition to the increase in the
vacancy sizes.

The experimental data for 0.1 dpa irradiated samples from
L1 and L2 are marked by blue symbols. The (S, W) points hardly
change from L1 to L2, and they are all located between the V2 and

V cluster lines. There is a clear shift of the data points toward the V2
line with increasing C content, and the C-free HEA and HEA0.2C
data points no longer coincide. When going from the 0.01 dpa irra-
diation to 0.1 dpa irradiation, the data points move parallel to the
V1–V2–V4 point evolution (rather than along one of the V1, V2, or
V4 lines), indicating that positrons no longer detect an increase in
the vacancy concentrations. This means that the positron trapping
at vacancy defects has reached saturation after 0.01 dpa irradia-
tion; i.e., all positrons annihilate as they are trapped at vacancy
defects, and further concentration increases cannot be observed.
The experimental data for 1 dpa irradiated samples are marked
with purple symbols. The (S, W) data of C-free HEA continue
shifting toward the larger vacancy cluster values, with a distinct
difference between L1 and L2 (defects are larger in L2), while the
data for the HEA0.5C and HEA0.8C samples hardly change from
the 0.1 dpa irradiation. Now, the HEA0.2C sample data essentially
coincide with those of the samples with higher C content.

IV. DISCUSSION

The observation that the positron data are in saturation after
0.01 dpa irradiation but not after 0.001 dpa irradiation and that the
(S, W) data are already close to the theoretical V1 point in Fig. 4
allows us to estimate the monovacancy concentration and hence
the monovacancy introduction rate (primary damage) due to elec-
tronic stopping in L1. The positron trapping rate is proportional to
the defect concentration as κV = μVCd, where μV is the positron
trapping coefficient and Cd is the defect concentration. Estimating
that the positron trapping fraction (η) at monovacancies is 90%
after 0.001 dpa irradiation in C-free HEA and assuming a bulk
HEA lifetime (τB) of 110 ps and employing the solution to the
kinetic positron trapping model where η = κV/(λB + κV), we obtain
a positron trapping rate at monovacancies of κV = 8.2 × 1010 s−1.42

Assuming a monovacancy positron trapping coefficient of
μV = 5 × 1014 s−1 typical of metals,43–45 this translates into a vacancy
concentration of 160 ppm or [V] = 1.5 × 1019 cm−3. The introduction
rate for monovacancies at 0.001 dpa (fluence f = 2.5 × 1014 cm−2) is
hence Σ = [V]/w = 6 × 104 cm−1, agreeing very well with the values
predicted by SRIM that vary from 5 × 104 cm−1 to 7 × 104 cm−1 in
L1 (see Fig. 1). It indicates that the monovacancies observed in the
C-free HEA are indeed the primary damage, and very little effect
from Frenkel pair recombination is present, suggesting that the
monovacancy defects are not very mobile at RT in HEA or that they
are stabilized in the crystal instead of diffusing out through the
surface. The self-interstitials produced in the irradiation also need to
be efficiently trapped elsewhere in the crystal instead of recombining
with the monovacancies. In addition, the implanted hydrogen
should not play a role in L1.

Two different C-related phenomena governing the early-stage
irradiation defect formation and evolution can be observed in the
positron data. First, at low damage levels, that is, on the ion track
(L1) after 0.001 and 0.01 dpa irradiation, the presence of a suffi-
ciently high content (0.5 at. % or more) of C appears to reduce the
introduction rate of primary damage, manifested through lower
vacancy concentrations. Second, an even more pronounced effect
as it is observed in all C-containing HEAs is that the mere presence
of carbon in the HEA matrix suppresses the formation of larger

FIG. 4. The experimental (S, W) parameters in the HEA samples are shown in
the main part of the figure, and the black arrows indicate the (S, W) evolution
from L1 to L2 in irradiated samples. The inset shows the calculated relative S
and W parameters of different vacancy states, which are normalized to the Ni
lattice values. The dashed lines between the Ni lattice and monovacancy (V1),
divacancy (V2) or 4-vacancy cluster (V4) are the same in the inset and in the
main figure. Error bars are not shown as they are smaller than the size of the
markers.
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vacancy clusters when significant amounts of damage are accumu-
lated (0.1 and 1 dpa). The suppression of vacancy clustering at high
C content is seen also in the lower-dose samples in the implanta-
tion damage zone (L2). We discuss these two phenomena in more
detail in the following.

A. Carbon-induced suppression of vacancy cluster
formation

Earlier research has shown that stable carbon-vacancy (C-V)
complexes are easily formed in Fe and Ni based alloys.13,20,43

The migration barriers of C-V complexes are higher than those of
isolated vacancies, and the self-diffusivity of vacancy defects is
also suppressed by increasing the C content in bcc Fe.46 Theoretical
calculations suggest that a vacancy can bind up to two C atoms in
bcc Fe.47 The binding energy of the C-V complex was calculated as
0.58 eV with the vacancy migration energy of 0.55 eV, and the
binding energy increased up to 0.61 eV for the C2-V complex in
Fe-C systems. The binding energy of C atoms in C4-V2 clusters
raised up to 0.93 eV in the same system.48 Similar work performed
for austenitic steel and fcc Ni also predicts that a vacancy can stably
bind up to two C atoms with the binding energy up to 0.4 eV
in austenitic steel and 0.1 eV in Ni per solute atom.12 In all the
C-containing iHEAs, the C content (2000 ppm–8000 ppm) is clearly
higher than that required for saturation trapping of positrons
(∼100 ppm), while the amount of primary damage is of the order
of 106 ppm (1 dpa). Hence, C interstitials are likely to be efficient
trapping sites for irradiation-induced vacancies, given that the
concentrations of both are high enough. Efficient trapping of
irradiation-induced vacancies by C interstitials limits the cluster-
ing process, observed as smaller clusters in high-damage iHEAs.
It should be noted that hydrogen is likely to be involved in the
vacancy clusters also in some way; however, the effect of hydrogen
on the positron signals in the case of vacancy clusters is minor.
In any case, there should be no difference between C-free HEA
and C-containing iHEAs.

B. Carbon-induced suppression of primary damage at
low doses

Due to the low damage cross section at the track layer (L1),
primary-knock-induced monovacancy formation governs the
microstructural evolution at the early-stage irradiation process
(<0.01 dpa). The primary damage at low doses appears to stick, and
no Frenkel pair recombination is present. Vacancy out-diffusion
does not take place either, based on the concentration of irradiation-
induced vacancies as discussed above. It is clearly seen that 0.2 at. %
C addition is not enough to make a difference in primary damaged
HEA. However, 0.5 and 0.8 at. % C addition causes an apparent
reduction of monovacancy concentration in L1. Hydrogen is not
involved in defect evolution in L1 as the amount of implanted ions
deposited in L1 is very limited. Carbon-vacancy (C-V) complex
formation also should not be the main effect since no visible sup-
pression of primary damage is observed in HEA0.2C, whose C
content is one order of magnitude higher than that in the C-free
HEA. Theoretical calculations on the interactions of foreign intersti-
tial atoms (C, N) with point defects in bcc Fe suggest that strong
binding energy exists between C interstitials and a vacancy, whereas

a repulsion is observed between C atoms and self-interstitial atoms.47

Hence, another mechanism needs to be considered. We propose that
the presence of interstitial C in high concentrations blocks the poten-
tial trapping sites for self-interstitials atoms (SIAs), hence allowing
the SIAs fall back into the vacancies (Frenkel pair recombination)
more efficiently. This explanation assumes that the concentration of
potential traps for any kind of interstitials is between 0.2 and
0.5 at. %, This blocking of potential traps for SIAs, together with the
repulsion between C interstitials and SIAs, can also enhance SIA dif-
fusion and subsequently increase the probability of recombination
with vacancies.

V. CONCLUSION

We have performed positron annihilation experiments on
hydrogen implanted equiatomic FeMnNiCoCr and C-containing
FeMnNiCoCr high-entropy alloys in order to understand the early-
stage irradiation damage process. Primary damage (monovacancies)
in the track layer of low dose irradiated C-free HEA is observed
with limited Frenkel pair recombination. The presence of intersti-
tial C in iHEA blocks the traps for self-interstitial atoms with the
repulsion mechanism and enhances the Frenkel pair recombina-
tion, which limits the primary damage formation in low dose irra-
diated C-containing iHEAs when the C content is sufficiently high
(e.g., ≥0.5%). Efficient trapping of irradiation-induced vacancies by
C interstitials limits the vacancy clustering process and results in
smaller clusters accumulating in high dose irradiated C-containing
iHEAs. The C interstitials suppress the irradiation-induced primary
damage formation and vacancy clustering and thus improve the
irradiation tolerance of HEAs.
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