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High-entropy alloys (HEAs) are proposed as potential structural materials for advanced nuclear systems, but little
is known about the response of matrix chemistry in HEAs upon irradiation. Here, we reveal a substantial
change of matrix chemical concentration as a function of irradiation damage (depth) in equiatomic NiCoFeCr
HEA irradiated by 3 MeV Ni ions. After ion irradiation, the matrix contains more Fe/Cr in depth shallower

than ~900-1000 nm but more Ni/Co from ~900-1000 nm to the end of the ion-damaged region due to the
preferential diffusion of vacancies through Fe/Cr. Preferential diffusion also facilitates migration of vacancies from
high radiation damage region to low radiation damage region, leading to no void formation below ~900-
1000 nm and void formation around the end of the ion-damaged region at a fluence of 5 x 10'® cm™2 (~123 dpa,
displacements per atom, peak dose under full cascade mode). As voids grow significantly at an increased
fluence (8 x 10'® cm™2, 196 dpa), the matrix concentration does not change dramatically due to new voids
formed below ~900-1000 nm.

Dr. Zhe Fan is an Assistant Professor in the Department of Mechanical Engineering at Lamar University,
Texas. From 2017-2020, he worked as a postdoctoral research associate in the Energy Frontier Research
Center at Oak Ridge National Laboratory (ORNL), where his research focused on defect evolution in high-
entropy alloys under irradiation, and provided design principles for advanced structural alloys for nuclear
energy applications. He was awarded the Supplement Performance Award at ORNL in 2018. From
2016-2017, he was a visiting scholar at Purdue University where he set up and utilized in situ nanomechanical
testing systems to understand deformation mechanisms of crystalline/amorphous nanolaminates. His research
at Lamar University seeks to design robust materials under extreme environments of stress, temperature, and
irradiation, through multiscale mechanical testing and advanced characterization techniques. His research
interests include materials manufacturing, characterization, mechanical properties and radiation damage.
He received his B.S. and M.S. in Mechanical Engineering at Xi’an Jiaotong University, and he was awarded

E
the Fletcher Fellowship and received his Ph.D. in Mechanical Engineering from Texas A&M University )
in 2017. g

£

E

s

B

j=3

S

High-entropy alloys (HEAs) have attracted significant research  [7, 8, 9, 10]. This potential has been boosted by suppressed dis-
interests due to their excellent strength, ductility, and radiation = location formation and negligible hardening [11], enhanced
resistance [1, 2, 3, 4, 5, 6]. These superior properties make  strength without loss of ductility [12], great phase stability
HEAs suitable for a variety of applications, especially as poten-  [13], and suppressed helium bubble growth [14, 15] in irradi-
tial structural materials for advanced nuclear energy systems  ated HEAs. As a major threat to the structural stability of
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nuclear materials, void swelling in HEAs has been widely inves-
tigated. Previous studies generally revealed no void formation
[16, 17, 18] or suppressed void growth [19, 20, 21] at elevated
temperatures in a variety of irradiated HEAs. Recently, Fan
et al. [22] showed that although void growth can be
suppressed at relatively low doses, substantial void growth
can occur after an incubation dose of ~123 dpa under full cas-
cade mode (corresponding to a fluence of 5 x 10" cm™) in
NiCoFeCr irradiated by 3 MeV Ni-ion irradiation at 500 °C.
With the transition from suppressed to substantial void growth
with increasing dose, void distribution also changes dramati-
cally. Void swelling at high doses generally follows the damage
profile, but voids at low doses mainly reside at the end of, or
even beyond, the ion-damaged region. The underlying mecha-
nism leading to the unusual distribution of voids at low doses
remains unclear. However, uncovering this mechanism may
explain the dramatic transition of void growth with dose and
reveal in what HEA systems the transition could happen.

Besides structural stability, chemical stability in HEAs would
also affect their potential as robust structural materials. Due to
multiple principal constituent elements, HEAs have complex
chemical environments. Studies reported local ordering or com-
position fluctuation instead of random distribution of elements
in certain non-irradiated HEAs [23, 24, 25, 26]. In irradiated
HEAs, chemical segregation can occur along with the formation
of precipitates or around pre-existing defects. Kombaiah et al.
[27] and Yang et al. [18] reported irradiation-induced
NiAl-rich precipitates in ion-irradiated NiCoFeCrAl,. Kumar
et al. [16] reported element segregation at grain boundaries in
Fe 27Nl 2sMng 57Crg 13, which was deemed to be less significant
than FeCrNi austenite alloys under similar irradiation condi-
tions. Numerous studies have reported consistent segregation
of constituent elements around various defects, including dislo-
cations, voids, and grain boundaries in NiCoFeCr-based HEAs
after electron or ion irradiations [17, 22, 28, 29, 30]. Very
recently, through the positron annihilation study, Tuomisto
et al. [31] demonstrated atomic level Ni segregation in irradiated
NiCoFeCr under 1 dpa. However, to the best of our knowledge,
no studies have reported chemical concentration change of the
overall matrix in irradiated HEAs, and the chemical concentra-
tion of the matrix in irradiated HEAs is mostly considered as
unchanged. As chemical environments play a major role in
the properties of HEAs, understanding the response of matrix
concentration upon irradiation is critical to the performance
improvement of HEAs under nuclear environments.

In this work, we studied an equiatomic NiCoFeCr HEA
under 3 MeV Ni-ion irradiation. Single crystalline NiCoFeCr
was chosen so that diffusion and concentration change would
not be affected by defect sinks but by inherent chemical com-
plexity. Ion irradiation allows us to observe the matrix concen-

tration change with respect to different levels of irradiation
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damage. Here, we show that matrix chemical concentration var-
ies significantly with the irradiation damage (irradiation depth).
The concentration variation correlates very well with the prefer-
ential diffusion of elements in NiCoFeCr determined by density
functional theory calculations. Irradiation-induced vacancies at
shallower depth (<~900-1000 nm) can recombine with intersti-
tials and escape through the preferential diffusion of Fe/Cr,
which in turn leads to the unusual phenomenon of no voids
at shallower depth despite high damage, but the formation of
voids at the tail of and even beyond the ion-damaged region
at low doses. At the same time, preferential diffusion results in
higher Fe/Cr concentration in the matrix of shallower depth
(<~900-1000 nm) and lower Fe/Cr concentration in the matrix
of deeper depth (>~900-1000 nm). Our work reveals the direct
correlation between matrix concentration variation and void
evolution in irradiated HEAs. The significant matrix concentra-
tion variation with irradiation damage/depth calls for the routine
investigation of matrix chemistry in irradiated HEAs. The pref-
erential diffusion in HEAs can be potentially used as a guideline
for the design of HEAs.

Figure 1(a) shows the void distribution in NiCoFeCr irradiated
at 580 °C to 5x 10'° cm™2. Despite the substantial irradiation
damage and the high dislocation density between the free sur-
face to ~900 nm, no voids form in this region, denoted as No
Void Region. Most of the voids are located in the region from
~900 to 1600 nm, denoted as Void Region. Beyond 1600 nm,
the irradiation damage and injected Ni concentration predicted
by SRIM (the stopping and range of ions in matter) calculation
are close to 0 [Fig. 1(b)]. In this region, limited dislocations and
voids are observed, denoted as Non-damaged Region.

Element segregation around free surface and voids in this
sample are shown in Fig. 2. For both defects, Ni/Co is enriched
and Fe/Cr is depleted [Figs. 2(a) and 2(b)]. However, the max-
imum concentration change is much more significant around
free surface than voids [Fig. 2(c)]. The concentration change
is maximum at the free surface and gradually reaches nominal
concentration (25 at.%) at a depth of 222 + 22 nm, which indi-
cates the width of the surface-affected region. The maximum
concentration change for voids occurs around the center of
the voids, and the average void size is 86+ 9 nm (since the
voids are highly faceted, void size is calculated as the average
length of shorter and longer axes). Segregation around different
positions of the free surface and at least 10 voids were measured
to ensure statistical significance.

By studying the energy-dispersive X-ray spectroscopy
(EDS) line scan profiles at different depths, we investigated
the matrix concentration evolution with respect to depth (the

width of line scans is ~20 nm, thus we essentially measured
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Figure 1: Void distribution in NiCoFeCr irradiated at 580 °C to 5x 10'® cm ™.
(a) Dark-field STEM (scanning transmission electron microscopy) image with a
zone axis of [110]. (b) SRIM-predicted damage production profile and injected
Ni concentration. Beyond the dash-dot line, SRIM calculation predicts no
damage.

the average matrix concentration of a band instead of a line).
Arrows in Fig. 3(a) represent the locations of line scans
which avoided the nearby regions of voids so that more accu-
rate concentration of the matrix can be obtained. Each data
point in Fig. 3(b) corresponds to the average matrix concentra-
tion of each EDS line scan in Fig. 3(a). Figures 3(b) and 3(c)
show the close correlation between the matrix concentration
variation and void distribution. In the No Void Region, the
matrix concentration is high in Fe/Cr and low in Ni/Co (except
the surface-affected region). In contrast, in the Void Region, the
matrix concentration is low in Fe/Cr and high in Ni/Co. The
depth where the concentration variation trend reverses
(~900 nm) is also the boundary between the No Void Region
and Void Region. In the Non-damaged Region, the concentra-
tion barely changes, and limited amount of voids and few
dislocations exist.
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Figure 2: Element segregation around defects in NiCoFeCr irradiated at 580 °C
to 5% 10" cm™2 (a) Element segregation as a function of depth from the free
surface. (b) Element segregation as a function of distance from a void center.
(c) Comparison of maximum concentration variation of voids and surfaces with
respect to the matrix.
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Figure 3: Correlation between matrix concentration and defect distribution in NiCoFeCr irradiated at 580 °C to 5 x 10" em™2 (a) HAADF-STEM (high-angle annular
dark-field) image with a zone axis of [110]. EDS line scans in the matrix are indicated by the arrows. (b) The evolution of matrix concentration with respect to depth.
(c) The evolution of void swelling and dislocation density with respect to depth. The data in (c) are from Ref. [22].

Figure 4(a) demonstrates the preferential diffusion of
vacancies and interstitials among the constituent elements in
NiCoFeCr. The migration energy of pure Ni is a fixed value
as indicated by the dotted lines, and the migration energies
of different constituent elements in NiCoFeCr via interstitial
and vacancy mechanisms were obtained by averaging at least
30 barriers for each element through first-principles calculation
based on the density functional theory as implemented in the
Vienna ab initio simulation package (VASP) [22, 32, 33].
Unlike the fixed migration energies in pure Ni, migration ener-
gies in NiCoFeCr have a wide distribution for each element
indicated by the error bar. Differences between interstitial
migration energies via different atoms are relatively small
(within 0.14 V). However, the barrier of the vacancy migration
mechanism for vacancy exchange with Fe/Cr is obviously
smaller than that with Ni/Co: migration barrier drops from
1.02 to 0.59 eV (from Ni to Cr). This implies that the vacancy

mechanism could contribute more significantly into the
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chemically biased diffusion. Since vacancies preferably
exchange with Fe/Cr atoms, the flow of vacancies would lead
to the flow of Fe/Cr atoms in the opposite direction. The diffu-
sivity ratio of interstitial over vacancy is shown in Fig. 4(b).
The void distribution as a function of depth in NiCoFeCr
irradiated to 5x 10'® cm™ at 580 °C (Fig. 3) is similar to that
at 500 °C [Fig. 5(a)]: the No Void Region (from the free surface
to ~900-1000 nm) contains very few voids, and the Void
Region (from ~900-1000 to 1600 nm) contains the majority of
the voids. However, the No Void Region in NiCoFeCr irradiated
at 500°C to 5x10'®cm™ turns into the Significant Swelling
Region due to the void nucleation and growth in the region
when irradiation damage increased to 8 x 10" cm™ [Fig. 5(b)].
In the meantime, voids in depth deeper than ~1000 nm (corre-
sponding to the Void Region at 5x 10" cm™) grow slowly up
to 8x 10" cm™ (Minor Swelling Region). The evolution of the
matrix concentration with respect to depth for NiCoFeCr irradi-

ated to 8x10'° cm™ at 500 °C is shown in Fig. 6. Similar to
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Figure 4: Migration energy and diffusivity ratio among the constituent elements in NiCoFeCr. (a) Average migration energy of vacancy and interstitial calculated by
density functional theory calculation [22, 32]. The average vacancy and interstitial migration energy for the matrix are indicated by the dashed and dash-dot line,
respectively, and the migration energies for pure Ni were also indicated by the dotted lines. (b) The diffusivity ratio of interstitial over vacancy. The dotted line

represents the diffusivity ratio of the matrix.

NiCoFeCr irradiated at 580 °C (Fig. 3), an apparent correlation
between matrix concentration and void distribution exists in
NiCoFeCr irradiated at 500 °C (Fig. 6). The matrix concentration
is high in Fe/Cr and low in Ni/Co in depth shallower than
~1000 nm, which corresponds to the No Void Region at 5 x
10" cm™ and the Significant Swelling Region at 8 x 10'® cm™.
The matrix concentration trend reverses from ~1000 to 1600 nm
which corresponds to the Void Region at 5x 10'® cm™ and the
Minor Swelling Region at 8x 10" cm™. In the Non-damaged
Region, the concentration profile remains unchanged with limited
voids and no dislocations.

Void swelling as a function of dose is presented in Fig. 7.
Figure 7(a) shows the void swelling in different regions as a
function of fluence and nominal peak dose (which is the high-
est dpa calculated from each fluence). For each peak dose, the
Ton-damaged Region covers the whole SRIM-predicted damage
range where the majority of dislocations exist (from the free
surface to ~1600 nm); the Non-damaged Region contains
voids but very few dislocations (from ~1600 nm to the deepest
depth where voids exist); Overall swelling covers the region
from the free surface to the deepest depth where voids exist.
Thus, the Ion-damaged Region includes both the No Void
Region and Void Region at lower doses, and includes both the
Significant Swelling Region and Minor swelling Region at higher
doses. With the increase of fluence/nominal peak dose,
void swelling in the Non-damaged Region (no dislocation
bias) increases negligibly (triangles), void swelling in the
Ton-damaged Region (dislocation biased) rises drastically after
incubation dose (circles), and the overall swelling increases at
a medium rate (squares). To understand the actual void swell-
ing rate, local void swelling at a certain depth with respect to its
actual dose at this depth is shown in Fig. 7(b). The depth where
void swelling data were acquired in NiCoFeCr lies in the vicin-

ity from 400 to 600 nm where the effects of the free surface and

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

injected interstitials are minimum [34]. These data are only
available in the Significant Swelling Region when significant
void growth occurs beyond the incubation dose. With these
data, the void swelling rate in NiCoFeCr can be obtained.
The void swelling rate in NiCoFeCr is very similar to the
void swelling rate in pure Ni irradiated under similar condi-
tions [Fig. 7(b)]. It should be noted that the dose rate for
NiCoFeCr data ranges from ~3.3 to 10 x 107> dpa/s and the
dose rate for Ni data ranges from ~4.1 to 7.3 x 107> dpal/s.
As a result, the dose rate difference may affect the swelling

rate, but its effect is considered to be insignificant.

Preferential diffusion associated with segregation
around defects

Segregation around various defects in NiCoFeCr-based HEAs
has been reported before: Ni/Co is enriched and Fe/Cr is
depleted across dislocation loops in both electron-irradiated
and ion-irradiated NiCoFeCr [28, 29] and in ion-irradiated
NiCoFeCrAly; [17], around voids in ion-irradiated NiCoFeCr
[22], and at grain boundaries in ion-irradiated NiCoFeCrMn
[30]. This is analogous to the segregation trend of Ni enrich-
ment and Fe/Cr depletion in the classical FeCrNi austenitic
steels [35, 36, 37]. However, in most of these NiCoFeCr-based
HEAs, nanostructured defects (such as twin boundaries and
precipitates) are absent, thus the segregation of elements mainly
results from the preferential diffusion of constituent elements.
Figure 4(a) shows the average migration energies of vacancies
and interstitials through different elements in NiCoFeCr (The
distribution of migration energies can be found in Ref. [32]).
The average interstitial migration energy (Ei ) is similar for
Ni, Co, and Fe (0.313-0.348 eV) and is slightly lower for Cr

(0.211 eV). In contrast, the average vacancy migration energy
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Figure 5: Transition from suppressed void formation to substantial void growth with increasing dose in NiCoFeCr irradiated at 500 °C. Bright-field TEM images
(under-focused) of NiCoFeCr irradiated to (a) 5x 10'® cm™ and (b) 8x 10'® cm™2. (c) Void swelling, SRIM-predicted damage production profile, and injected
Ni concentration as a function of depth for NiCoFeCr irradiated to 8 x 10'® cm™2. Beyond the dash-dot line, SRIM calculation predicts no damage. The void swelling

data in (c) are from Ref. [22].

(E}) is similar for Ni (1.021 eV) and Co (0.982 eV), both of
which are higher than the average E} of the matrix. However,
E} is lower for Fe (0.799 eV) and dramatically lower for Cr
(0.587 €V) than the matrix. When certain atoms have lower
migration barrier to exchange with vacancies and/or certain
atoms have a positive binding energy with interstitials, chemi-
cally biased diffusion takes place: certain alloying elements dif-
fuse faster than others. This phenomenon was studied by
atomistic modeling, and it is demonstrated that it contributes
to segregation under irradiation [38, 39]. The usual mechanism
for vacancy migration is to exchange its position with the neigh-
boring atoms, thus creating an atomic flow opposite to vacancy
flow direction. In other words, the particular atom-vacancy
transport coefficient is negative [40]. On the contrary, the inter-
stitial migration mechanism can be characterized by a positive
transport coefficient for certain elements. Segregation via chem-
ically biased diffusion occurs around defect sinks in a way that
elements diffusing faster via the vacancy mechanism would be
depleted and elements diffusing faster via the interstitial mech-
anism would be enriched. Besides, high irradiation damage
would generate high concentration of interstitials and vacancies

(a few orders of magnitude higher than the thermodynamic

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

equilibrium concentration) and their diffusion defines the
microstructure evolution including segregation. Thus, an ele-
ment with a higher interstitial diffusivity (d;) and lower vacancy
diffusivity (d,) is more likely to be enriched around defect sinks.
For simplicity, if we assume similar migration entropies for
interstitials and vacancies, the diffusivity ratio of interstitial
over vacancy can be expressed as follows [41]:

EY — Ei
W/ = e (W)

where k is Boltzmann’s constant and T is the temperature
(773 K is used for this study).

As shown in Fig. 4(b), compared with matrix, d;/d, of Ni/Co
is above the ratio of the average matrix, while di/d, of Fe/Cr is
below the ratio of the average matrix. This implies that Ni/Co
enriches and Fe/Cr depletes around defect sinks in NiCoFeCr.
This is the major cause leading to the segregation trend reported
in our current study and previous studies. Furthermore, Fig. 2
demonstrates that segregation around free surface is drastically
higher than voids, which indicates much stronger sink strength

of the free surface. Segregation around voids can affect materials’
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Figure 6: Correlation between matrix concentration and void distribution in NiCoFeCr irradiated at 500 °C to 8 x 10"® cm~2 (a) HAADF-STEM image with a zone
axis of [110]. EDS line scans in the matrix are indicated by the arrows. (b) The evolution of matrix concentration with respect to depth. (c) The evolution of void
swelling with respect to depth (squares). For comparison, the void evolution in NiCoFeCr irradiated at 500 °C to 5 x 10"® cm™2 is also shown (circles). Note that the
scales for two fluences are different. The void swelling data in (c) are from Ref. [22].

bulk properties, such as mechanical strength and fracture
behaviors, but segregation around free surface affects both
bulk properties and surface properties such as wear and
corrosion responses. The effects of surface segregation on the
properties of HEAs deserve more attention. Regardless of the
amount of segregation, our current and previous studies have
confirmed enrichment of Ni/Co and depletion of Fe/Cr around
defects at different irradiation depths. Different from the consis-
tent trend of segregation around defect sinks, our results below
will show that the concentration variation in the matrix depends

on the irradiation depth and is closely tied with the void growth.

Matrix concentration variation and void evolution

A previous work by Fan et al. [22] studied detailed dislocation
and void evolution in NiCoFeCr with respect to temperature
and dose, and our current work mainly studies the matrix

concentration variation associated with preferential diffusion

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

in irradiated NiCoFeCr. As shown below, since matrix concen-
tration variation can play an important role in void swelling, we
referred to and discussed some related data from Ref. [22]. The
matrix concentration variation in ion-irradiated NiCoFeCr can

be divided into four regions:

(i) Ni/Co enrichment and Fe/Cr depletion near free surface
(width of the surface-affected region depends on irradiation
conditions);

(ii) Ni/Co depletion and Fe/Cr enrichment in the No Void
Region at lower doses and the Significant Swelling Region
at higher doses (beyond surface-affected region to ~900-
1000 nm);

(iii) Ni/Co enrichment and Fe/Cr depletion in the Void Region
at lower doses and the Minor Swelling Region at higher
doses (from ~900-1000 nm to the end of the irradiated
range, 1600 nm);

cambridge.org/JMR

www.mrs.org/jmr

2020

Journal of Materials Research


http://www.mrs.org/jmr
http://www.cambridge.org/JMR
https://doi.org/10.1557/jmr.2020.262

https://doi.org/10.1557/jmr.2020.262 Published online by Cambridge University Press

B I 2 e

Fluence (x10'® cm?)
0 4 8 12 17 2 25

—=— lon-damaged region )
—=— QOverall
—A— Non-damaged region

lon-damaged region
(Dislocation bias)

20

-
@
T

Overall swelling

Void swelling (%)

Non-damaged region
No dislocation bias

0-!!.

(a) Nominal peak dose (dpa)

1 M 1 M 1 M 1 " 1 N
0 100 200 300 400 500 600

L] g T . L - L} L ] * L ¥ L]
120 - lon-damaged region .

(Dislocation bias) L
100 R

co
(=]
T

=23
[=]
T

NiCoFeCr
Ni

Void swelling (%)
-y

[
[=]
T

A Il i 1 i L A L i L A L i L
0 50 100 150 200 250 300 350
(b) Dose (dpa)

Figure 7: Void swelling with respect to dose in NiCoFeCr. (a) The evolution of void swelling in the ion-damaged region, non-damaged region, and overall swelling
(including both ion-damaged and non-damaged regions) as a function of nominal peak dose and fluence. (b) The evolution of void swelling as a function of actual
dose (circles). For comparison, the evolution of void swelling as a function of actual dose for Ni is also shown (squares).

(iv) Stable concentration with no obvious element segregation
(beyond 1600 nm) (Figs. 3 and 6).

The underlying mechanisms that are responsible for the
matrix concentration variation under irradiation come from
the chemically biased diffusion. As depicted in Fig. 8, after
damage production, due to the limited mobility of interstitial
clusters in concentrated alloys and HEAs [20, 39], a large
amount of interstitials and vacancies recombine reducing the
radiation damage at the initial stage. However, small interstitial
clusters produced directly in displacement cascades could
accumulate and grow as dislocation loops or lines in the
Ton-damaged Region. Voids are neutral sinks to absorb both
interstitials and vacancies creating local enrichment of Ni/Co
and depletion of Fe/Cr around voids. This segregation trend
prevents further void growth and activates their shrinkage as
described in Ref. [39]. The same mechanism creates similar
segregation around interstitial-type defects (Ni/Co enrichment
and Fe/Cr depletion around dislocations) that enhances their
stability and growth. Thus, chemically biased diffusion creates
conditions that suppresses void formation and enhances the
growth of interstitial-type defects via segregation bias. As a
result, the No void Region is formed at lower doses where
the depth is shallower than ~900-1000 nm, and in this region,
dislocation density is high.

Since void formation is currently suppressed in this region,
and it has been shown that at 500 °C or higher temperatures
vacancy clusters may not be stable in NiCoFeCr [42, 43], the
significant amount of vacancies generated in the No Void
Region could either be annihilated by interstitials or escape
from the region. The concurrent emergence of voids at the

end of and especially beyond the ion-damaged region (Void

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

Region and Non-damaged Region) suggests that vacancies in
the No Void Region can diffuse into deeper regions where
vacancy concentration is lower. As Ni/Co is enriched around
dislocations in the No Void Region, locally Fe/Cr enriched
“channels” can form between dislocations. Since vacancy
migration in NiCoFeCr favors Fe/Cr, vacancy can migrate out
of the region through these “channels” where vacancy mobility
is higher. The transport of vacancies from the No Void Region
to Void Region would lead to the opposite flow of Fe/Cr.
Therefore, the matrix concentration of Fe/Cr is higher in the
No Void Region and lower in the Void Region, and a clear
matrix concentration crossover occurs at ~900-1000 nm
beyond which voids form at lower doses (Figs. 3 and 6). The
preferential diffusion of vacancies in NiCoFeCr not only
leads to suppressed void formation in the No Void Region
and void formation in the Void Region and Non-damaged
Region but also significantly decreases the overall void swelling.
In the Void Region and Non-damaged Region, lower concentra-
tion of interstitials allows voids to grow, but leads to slow
growth rate of voids due to the lack of strong dislocation bias
and a neutral character of voids as interstitial and vacancy
sinks [Fig. 3(c)]. Thus, the preferential diffusion in NiCoFeCr
essentially creates an incubation period where voids do form
at deeper depth but grow with a lower rate.

After incubation period, voids can nucleate in the No Void
Region at lower doses and grow with a higher rate, which trans-
forms the No Void Region at low doses into the Significant
Swelling Region at higher doses (Fig. 5). This transition could
be a result of the growth of dislocation networks at higher
doses. As shown in Ref. [22], individual dislocation loops
develop into extended dislocation networks with increasing

dose, and the conventional dislocation bias increases and
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Figure 8: Schematic of defect evolution and matrix concentration variation in ion-irradiated NiCoFeCr at elevated temperatures. (a) Production of interstitials and
vacancies upon radiation. (b) Defect recombination and diffusion. (i) Enhanced interstitial-vacancy recombination in the peak damage region due to limited mobil-
ity of interstitials, (ii) preferential diffusion of vacancies outside of the peak damage region through Fe/Cr, and (iii) formation and growth of dislocations due to the
accumulation of interstitials mainly in the peak damage region. (c) Microstructure at low doses. Due to preferential diffusion, dislocations dominate and no voids
exist in the peak damage region where Fe/Cr is enriched and small voids form at the end of the ion-damaged region where Fe/Cr is depleted. (d) Microstructure at
high doses. As the dislocations and matrix concentration evolve, voids are nucleated and grow substantially in the peak damage region. Details regarding the
transition from suppressed void formation (c) to significant void swelling (d) can be found in Ref. [22].

may exceed the segregation bias effect. Vacancy supersaturation
increases and encourages void nucleation and growth in the
initial No Void Region. After the transition from suppressed
to significant void growth occurs from lower to higher doses,
the matrix concentration variation does not change signifi-
cantly (Fig. 6). This is because now vacancies flow to voids
inside of the region (in depths shallower than ~900-
1000 nm), and their transport into deeper regions reduces sig-
nificantly, therefore reducing the opposite flow of Fe/Cr. Thus,
the microstructure evolution is associated with not only local
segregation around defect sinks but also with larger-scale redis-
tribution of elements in the matrix. Both the local segregation
and matrix concentration variation are expected to be signifi-
cant at high temperatures and/or irradiation doses, which
could lead to physical, chemical, and mechanical properties
changes at different scales and should be taken into consider-
ation while considering HEAs as structural materials for vari-
ous applications.

It should be noted that the peak concentration of implanted
Ni ions can reach ~1 at.% (with a fluence of 5 x 10'® cm™2) and
~1.6 at.% (8 x 10"® cm™). Such high concentration of injected
Ni atoms is expected to affect void formation. Yang et al. [21]
studied a series of ion-irradiated Ni-based concentrated alloys

and found that the effect of injected interstitials on void

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

suppression is more pronounced in Ni and NiCo than
NiCoFeCr. In Fig. 5(b), a clear void-denuded zone in
NiCoFeCr irradiated to 8 x10'°cm™ at 500 °C exists from
~1000 to 1200 nm (slightly ahead of the peak concentration
of injected Ni atoms), which should be a result of void suppres-

sion due to high concentration of injected interstitials.

Overall microstructural and chemical evolution and
its implications

At lower doses, the matrix concentration variation is developed
and leads to the unusual void distribution. At higher doses,
matrix concentration variation does not change too much,
and microstructure evolution in NiCoFeCr is analogous to
pure metals and conventional alloys (Fig. 8). The preferential
diffusion-mediated matrix chemical variation and unusual
void distribution correspond to the incubation period for
void swelling at lower doses, and after incubation void growth
in different regions varies significantly [Fig. 7(a)]. Voids in the
Non-damaged Region continue to grow with a low rate similar
to the rate in the incubation period, but voids in the
Ion-damaged Region grow rapidly and dominate the overall
void swelling at higher doses. At lower doses, the main mech-

anisms that operate and compete include dislocation and
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segregation biases. With the increase of nominal peak dose, dis-
location bias in the Ion-damaged Region causes more intersti-
tials flow to dislocations, and thus, more vacancies are left
for void nucleation and growth. At doses higher than the incu-
bation dose, the No Void Region at low doses would convert
into the Significant Swelling Region at higher doses, and the
void swelling rate in NiCoFeCr is similar to pure Ni [Fig. 7(b)].
The calculated void swelling rate is ~0.8 +0.17%/dpa (SRIM
quick mode is used to be consistent with the literature), very
close to the classical void swelling rate of face-centered cubic
alloys (1%/dpa) [44, 45] controlled mainly by the conventional
dislocation bias. In other words, void swelling in HEAs at
higher doses may not differ too much from conventional alloys.
The similar swelling rates at higher doses suggest that the key
mechanism to suppress void swelling in HEAs is extending
the incubation period (increasing the incubation dose). The
incubation dose is associated with the formation of extended
dislocation networks, and the significant local and global
chemical composition changes. Further increasing the incuba-
tion dose can be achieved by controlling defect mobility and
diffusion, such as dramatically decreasing mobility of both
interstitials and vacancies to enhance their local recombination
and inhibiting their long-range diffusion toward sinks. The
defect mobility and diffusion behaviors in concentrated alloys
and HEAs can be changed by tailoring their chemical compo-
sition and concentration [38, 46, 47, 48, 49]. Our results sug-
gest that the optimal diffusion may be achieved by selecting
elements with suitable diffusivities and tuning their concentra-
tions (Fig. 4). This can potentially guide the design of HEAs
deviating from near-equimolar ratios. Osetsky et al. [50] have
recently discussed how to enhance diffusion percolation effects
in concentrated alloys.

It should be mentioned that HEAs for practical nuclear
or other applications are less likely to be single crystalline.
Generally, sophisticated nanostructures are introduced into
HEAs to improve their properties. These nanostructures such
as grain boundaries, phase boundaries, or twin boundaries
could effectively absorb or trap defects and relieve radiation
damage [51, 52, 53, 54, 55], but could also change the prefer-
ential diffusion in HEAs at the same time. Thus, whether
matrix concentration variation and the unusual void evolution
can happen in nanostructured HEAs requires more research. It
should also be noted that our study mainly considers the aver-
age migration energy and its effect on preferential diffusion.
However, the migration energy for each element can have a
wide distribution in HEAs in contrast to a fixed value of migra-
tion energy for pure metals. It is not clear that how the energy
distribution would affect preferential diffusion and evolve with
the microstructural evolution. Moreover, recent studies have
shown effects of local chemical variation (in the form of short-

range order or composition fluctuation) on materials’

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press

conductivity and mechanical behavior [23, 24, 25]. The sub-
stantial matrix chemical variation due to radiation is expected
to seriously tailor a variety of materials properties and worthy

of future explorations.

In this work, we studied the preferential diffusion-mediated con-
centration variation and void evolution in Ni-ion-irradiated
NiCoFeCr HEA. Preferential diffusion not only leads to enrich-
ment of Ni/Co and depletion of Fe/Cr around defects but also
results in larger-scale matrix concentration variation with respect
to depth. Due to the preferential diffusion of vacancies through
Fe/Cr, vacancies can escape from the shallow region (smaller
than a depth of ~900-1000 nm) where very few voids form at
lower doses, and more Fe/Cr exists in the matrix of this region.
Escaped vacancies can migrate and form voids in deeper region,
but the void growth rate is low and more Ni/Co exists in the
matrix of the region. At higher doses, voids eventually form in
the shallow region and leads to significant swelling with a high
growth rate comparable to pure Ni. This study demonstrates
the substantial chemical concentration variation in irradiated
HEA and its direct impact on void evolution. The matrix concen-
tration variation as a function of depth should highly depend on
the irradiation conditions and materials properties. Irradiation-
induced chemical concentration variation deserves more in-depth
investigations to fulfill the potential of HEAs as robust nuclear

structural materials.

Single crystals were grown in an optical floating zone furnace
from polycrystalline ingots through the directional solidifica-
tion method [56]. Ingots were prepared by mixing an arc-
melting equal amount of elemental Ni, Co, Fe, and Cr
(>99.9% purity) and then re-melted five times to ensure homo-
geneity before drop casting into a copper mold. The alloy was
irradiated with 3 MeV Ni** ions to 5x 10'® cm™ (~123 dpa)
and 8x10'° cm™ (~196 dpa) at 500 °C and to 5 x 10" cm™
at 580 °C at the Ion Beam Materials Lab (IBML) at the
University of Tennessee [57]. The flux for all the irradiations
is ~2.8 x 10'? ions/cm?/s. The defocused ion beam was wob-
bled in the horizontal and vertical directions at a frequency
of 517 x 64 Hz to ensure uniform irradiation. The damage pro-
file and injected ion concentration were calculated using
SRIM-2008 full cascade mode since NiCoFeCr contains multi-
ple principal-elements rather than single-element metals (It
should be noted that many of the previous studies used
SRIM quick mode, and the calculated dpa value from full cas-
cade mode is roughly ~2.3 times as high as the value obtained
from quick mode) [58]. The displacement threshold energy for
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all the elements is assumed as 40 eV [59]. The density of
NiCoFeCr used for SRIM is 8.144 g/cm3 [22].

The focused ion beam (FIB) lift-out technique was used for
cross-section transmission electron microscopy (TEM) sample
preparation on an FEI Nova 200 Dual-Beam scanning electron
microscopy (SEM)/FIB (Thermo Fisher Scientific, Hillsboro,
OR). TEM specimens were prepared by trenching and initial
thinning with 30 keV Ga ions and then polished with gradually
reduced ion energy down to 2 keV to remove the majority of
ion-induced damage. EDS chemical mapping was conducted
using an FEI Talos 200X TEM/STEM with ChemiSTEM oper-
ated at 200 keV. The compositional profiles are quantified ele-
ment concentration in atomic percentage from Quantity maps
(Q-maps) which were calculated by using the Espirit-Bruker
software and applying the Cliff-Lorimer method on the EDS
X-Ray count maps [60]. In this method, the bremsstrahlung
background was subtracted from the X-ray signal for accurate
quantification. No binning of pixels was applied in the
Q-map calculation. Microstructure characterization after irradi-
ation was performed by FEI Titan S aberration-corrected
TEM-STEM operated at 300 keV. Details regarding void
swelling calculations can be found in Refs. [21, 22].
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000R22725. Electron microscopy analyses were performed as
part of a user proposal at ORNL’s Center for Nanophase
Materials Sciences (CNMS), a U.S. DOE Office of Science
User Facility. STEM-EDS analyses on FEI Talos F200X
S/TEM were supported by the Department of Energy, Office
of Nuclear Energy, Fuel Cycle R&D Program, and the
Nuclear Science User Facilities.
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