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Irradiation makes structural materials of nuclear reactors degraded and failed. However, the damage process of mate-
rials induced by irradiation is not fully elucidated, mostly because the charged particles only bombarded the surface of the
materials (within a few microns). In this work, we investigated the effects of surface irradiation on the indirect irradiation
region of the (Alg 3Crg2Feq 2Nig 3)304 high entropy oxide (HEO) films in detail by plasma surface interaction. The results
show that the damage induced by surface irradiation significantly extends to the indirect irradiation region of HEO film
where the helium bubbles, dislocations, phase transformation, and the nickel oxide segregation were observed.

Keywords: high entropy oxide films, surface irradiation, radiation-induced segregation, vacancies, extended

irradiation damage region
PACS: 61.72.jd, 68.35.Dv, 68.37.—d, 81.07.-b

1. Introduction

In irradiation environment of nuclear reactors, incident
particles bombard the target atoms of the structural mate-
rials and cause cascade collisions, creating a cascade of
point defects and clusters of these defects in the crystal lat-
tice, which will significantly lead to surface morphology
changes,!!l segregation and phase transformation,>3! hard-
ening and embrittlement,*! high temperature creep,?®' high
temperature cavity swelling,!® corrosion and stress corrosion
cracking!” of the bulk structural materials. In general, the
depth of ion irradiation, which we call surface irradiation (SI)
in this article, is relatively shallow (within a few microns),¢]
so that the resulting direct damage region is located on the
surface of the bulk materials. However, some near surface
damages can over-time diffuse into the bulk and result in a
relatively large damaged volume in indirect irradiation region
(IIR), thus leading to the performance degradation and failure
of bulk materials. Obviously, this is related to the profound
later behaviors of the defects created by SI, because the defects
can move to the deeper region of the bulk materials which is
far beyond the direct irradiation region (DIR) under the diffu-
sion mechanism.

For the new fast reactors or fusion reactors in the future,
the materials will be exposed to harsh environment with higher
temperature and higher irradiation dose for a long time.®! The
effect of defects created by SI on IIR of the materials will be
enhanced. In this regard, it is necessary to investigate specif-
ically the effect of SI on the IIR of the materials for further
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exploring irradiation damage mechanism of materials. How-
ever, the current researches mainly focused on the evolutions
or effects of defects in the DIR of the materials,®-19 because
the effect of SI on the IIR is negligible at lower temperatures
and irradiation fluences. Compared with conventional irradi-
ation facilities, plasma surface interaction (PSI) facility with
high ion flux (1.0 x 10'® cm~2-s~!) and high temperature is a
good platform to investigate the effect of SI to the IIR of ma-
terials, because it makes the damage of IIR more significant
under the SI.

Recently, high entropy oxide (HEO) have received a lot
of attention, which not only inherits the advantages of high-
entropy materials, such as excellent high-temperature stabil-
ity, high strength and radiation resistance, [>>! 12 but also ex-
hibits other excellent functional properties.['*~17! The ‘cock-
tail effect’, which refers to the composite properties of HEO
not only come from the basic properties of elements by the
mixture rule but also from the mutual interactions among all
the elements and from the severe lattice distortion,!!8! en-
ables HEO to combine the advantages of their components,
such a fact made us aware, HEO containing aluminum and
chromium elements may have the potential tritium permeation
resistance,!'>?%1 which may be candidates of tritium perme-
ation barrier for future fusion reactors. Therefore, the study of
HEO SI effects is of great significance for the application of
HEO in new reactors.

In this study, (Alp3Crg2Fe2Nip3)304 HEO films were
irradiated by a low-energy and high-fluence PSI facility. We
observed significant helium bubbles and dislocations as well
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as the resulting phase separation and segregation of nickel in
the IIR of the irradiated HEO film. The results revealed that
the remarkably enlarged damage region of the HEO film under
the SI was mediated by vacancy diffusion.

2. Experimental

A radio frequency reactive magnetron sputtering system
and an ultra-high vacuum sintering furnace were used to pre-
pare (Aly 3Crg2Feg 2Nig 3)304 HEO films on single crystal Si
(100) substrates. The sputtering target is combined by several
scalloped sectors including aluminum (Al), chromium (Cr),
iron (Fe), and nickel (Ni) (99.995% in purity). The Si substrate
was ultrasonically washed with alcohol, acetone, and deion-
ized water about 5 minutes in that order. Before depositing the
HEO films, a titanium buffer layer with a thickness of about
200 nm on the Si substrate was used to better combine the
HEO films with the silicon substrates. Ar and O, were used
as sputtering gas and reactive gas, respectively. The sputter-
ing power was kept at 60 W during the deposition. Then, the
as-deposited films were annealed at an annealing temperature
of 873 K in an ultra-high vacuum sintering furnace at a basic
pressure of lower than 2.0 x 10™* Pa for 2 h to obtain pristine
HEO films. Some of the pristine HEO films were irradiated
using 80-eV He™ with irradiation fluence of 6.0 x 10" cm™>
and 1.8 x 10%! cm~2 under a 5-Pa helium atmosphere in a PSI
facility (the depth of irradiation is less than 2 nm according to
the SRIM). The corresponding irradiation temperature and ir-
radiation time of these samples were about 873 K, 1 min, and
973 K, 30 min, respectively, where the ion flux was kept at
1.0 x 10'® cm™2.s~!. The others were annealed at 973 K for
1 hand 1173 K for 1 h, respectively.

Grazing incidence (2.0°) x-ray diffraction (GIXRD,
Philips X Pert Pro MPD DY 129) was used to determine the
crystal structure of the films by using a diffractometer with
Cu-K, radiation source. The effective absorption depth T of
materials to x-rays can be calculated by T = Lsin ¢/, where
L is experimental constant (about 0.13), o is incident angle,
W is line absorption coefficient. u = (KA3Z*) - p, where K is
constant, A is wavelength of x-ray, Z is the atomic number. In
this study, ¢ is 2°, Zygo is about 14 which has the same atomic
number as Si, pygo is about 3.42 g- cm 3 calculated by SRIM,
psi is about 2.33 g em ™3, pgi = 132 em™ L2 uppo = pg; -
pHEO/pSi =194 cmfl, thus Tygo = Lsin (X/.LLHEO =234 nm.
Since the SI depth is extremely shallow (less than 2 nm), which
well below the depth sensitivity of XRD, it can be consid-
ered that the crystal structure information measured by XRD is
mainly located in the IIR. A transmission electron microscope
(TEM, Zeiss Libra200FE) and scanning transmission elec-
tron microscope (STEM, Zeiss Libra200FE) with an energy-
dispersive spectrometer (EDS) operated at 200 keV was em-
ployed for the cross-sectional morphology, chemical compo-

sitions, and high angle annular dark field (HAADF) images of
the HEO films. TEM foils of the samples were prepared by
mechanical polishing to a thickness of approximately 50 pm,
followed by Ar™ ion milling (Leica EM RES101) to no more
than 200 nm. In the process of ion milling, Art with 6-keV
energy was first used to mill the samples at an angle of 6° for
2 hours, then Art with 3-keV energy was used to mill the sam-
ples at an angle of 3° until the samples were just perforated.
The flux of Ar™ were kept at 6.25 x 10'3 cm=2.s~1.

3. Results and discussion
3.1. Structure characterization of the HEO films

The GIXRD pattern in Fig. 1(a) and selected area electron
diffraction (SAED) pattern in Fig. 1(b) show that the pristine
film possesses a spinel structure. The high resolution transmis-
sion electron microscope (HRTEM) image (Fig. 1(c)) shows
that the (111) plane spacing of the pristine film is 4.78 A, in
accordance with the XRD result. Meanwhile, the distribution
of all the elements (Fig. 1(d)) is relatively uniform and the
proportion of each metal element in the sample is 31% for
Al, 20% for Cr, 18% for Fe, and 31% for Ni, respectively, in
agreement with the concentration range of the principal ele-
ment of the high entropy materials. These results reveal that
the pristine samples are HEO films with spinel structure.
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Fig. 1. Pristine HEO film: (a) GIXRD spectra, (b) selected area electron
diffraction (SAED) image, (c) high resolution transmission electron micro-
scope (HRTEM) image, (d) EDS-mapping image.

3.2. Phase transition of the HEQ films induced by surface
irradiation

Figure 2(a) shows the GIXRD patterns of the HEO films
irradiated with different He* fluences. The pristine HEO film
has a single spinel structure. However, a new phase with face-
centered cubic (fccp) structure can be observed increasingly
as the fluences of irradiation increased. Moreover, the full
width at half maximum of the (311) peak increases obviously
after irradiation at a fluence of 1.8 x 10?! cm™2. These results
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demonstrate that the crystal structure of HEO films are signif-
icantly broken down by SI.

Since the solid-state phase transformation can be induced
either or both by ion irradiation and high temperature, in order
to investigate whether irradiation or high temperature played
an important role in the phase transformation of the irradi-
ated samples, we performed high temperature annealing ex-
periments as a control group. Figure 2(b) shows the evolution
of the GIXRD patterns of the HEO films annealed at different
temperatures. The spinel structure of the HEO films remain
stable as the annealing temperature increased, and even after
annealing at 1173 K which is higher than the irradiation tem-
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perature, indicating that the destruction of phase structures of
the HEO films are induced by irradiation, although the depth
of the SI of the HEO film is very shallow (less than 2 nm).
The inset in Fig. 2(a) is the XRD peak angle changes of crystal
plane (400) of the irradiated films at different irradiation flu-
ences. The result shows that the diffraction peaks of the irradi-
ated HEO films shift slightly to higher angle as the irradiation
fluence increases, while no diffraction peaks shifting could be
found in the annealed HEO films in Fig. 2(b). This is becuse
the lattice atoms of the irradiated HEO films are squeezed by
the helium clusters or bubbles, 22231 which was confirmed in
the analysis later of this paper.
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Fig. 2. GIXRD patterns of the HEO films: (a) the films exposed to different irradiation fluences, (b) the films annealed at different temperatures.

3.3. Defect evolution of the HEQ films induced by surface
irradiation

The cross-section TEM image of the irradiated HEO film

=2 is shown in Fig. 3(a). It

at a fluence of 1.8 x 10>! cm
can be clearly found that a large number of helium bubbles
were aggregated in a vertical strip shape (marked by white ar-
rows) along the columnar grain boundaries of the irradiated
HEO film. However, no helium bubbles were found along
the columnar grain boundaries (marked by white arrows in
Fig. 3(d)) of the pristine HEO film. Since the helium bubbles
are combinations of helium atoms and vacancies,? it indi-
cates that the vacancies created by SI (less than 2 nm) have
diffused through the grain boundaries and grains to the IIR of
the HEO film, which have greatly extended the damage range
of the HEO film.

Moreover, the helium bubbles near the surface of the ir-
radiated HEO film exhibit smaller size and higher density
platelet distribution (marked by red ellipses and inset A in
Fig. 3(a)). One of the effects, which could be responsible for
smaller voids near the surface compared to the “bulk” voids,
is that the surface acts as a sink for helium, and this cannot
stabilize (radiation-induced or thermal) vacancies. Thus, the

resulting cavities are smaller. However, near the bottom of

the irradiated HEO film, larger-size and lower-density helium
bubbles are distributed along the grain boundaries in the va-
riety form of irregular polyhedrons (marked by blue ellipse
and inset B in Fig. 3(a)). It indicating that the intragranular
vacancies or voids were attracted and combined by the grain
boundaries to form larger voids during downward diffusion.

It is necessary to point out that such large and dense he-
lium bubbles in IIR of the HEO film was induced by SI rather
than ion milling. Although vacancies may be created by Ar*
bombardment during ion milling, the irradiation flux of Ar"
are four orders of magnitude lower than that of He™, so that
the dpa produced by Ar™ is three orders of magnitude lower
than that by Het. Moreover, the ion milling temperature is
significantly lower than the SI temperature, which is not con-
ducive to the growth of the vacancies. Therefore, no visible
cavities/voids were found in the pristine HEO film (Fig. 3(d))
which was only ion milled without SI.

Figures 3(b) and 3(c) show the HRTEM images of the
irradiated HEO film. It can be seen that the helium bubbles
were trapped on the grain boundaries (Fig. 3(b)) which have
lower potential energies. Many Moire fringes appeared around
the helium bubbles (marked by white ellipses in Fig. 3(b)) or
even far away from the helium bubbles (Fig. 3(c)), but no sim-
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ilar scenario appeared in the HRTEM image of the pristine
HEO film (Fig. 3(e)), indicating that helium bubbles origi-
nating from the SI exerted a significant compressive stress
to the IIR of the irradiated HEO film, which confirmed that
the shift of the XRD peaks (the inset of Fig. 2(a)) is from

the squeeze of the helium pressure in the He—vacancy clus-
ters/bubbles. Moreover, in the inverse fast Fourier transform
(IFFT, Fig. 3(f)), a large number of dislocations and lattice dis-
tortions can be found, indicating that new defects in IIR of the
HEO film were created under the effect of helium bubbles.
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Fig. 3. Cross-sectional TEM image (a), HRTEM image [(b) and (c)], and the inverse fast Fourier transform (IFFT) image (f) of the irradiated HEO film at

an fluence of 1.8 x 102! cm

3.4. Element segregation of the HEO films induced by sur-
face irradiation

The cross-section HAADF and EDS-mapping images of
the irradiated HEO film is shown in Fig. 4. Some strips stacked
with white spots, which are almost vertically distributed in/run
through the film, were observed in Fig. 4(a) (marked by white
arrows). Moreover, a remarkable enrichment and depletion
area of the Ni element in the IR (marked by white arrows in
Fig. 4(b)) was observed in the same position of the HAADF
image (Fig. 4(a)) of the irradiated HEO film, which is consis-
tent with the new phase structure of fcc in XRD results. How-
ever, the distribution (Fig. 1(d)) of all the elements in pristine
HEO film is uniform. It indicates that SI induced significant
element segregation in IIR of the irradiated HEO film.

It is clear from the above-mentioned discussion that the
radiation-induced segregation (RIS) of Ni is closely related
to the helium bubbles behavior as shown in Figs. 3(a) and
4(a). It is known that RIS is an enhanced diffusion of ele-
ments of materials under the effect of point defects (vacan-
cies and interstitials) with low migration energy, leading to
enrichment or depletion of the elements near sinks of the ir-
radiated materials. In this study, the RIS is dominated by va-
cancy exchange mechanism,” and the shape and distribution
of helium bubbles can reveal the vacancy diffusion behaviors.

~2. Cross-sectional TEM (d) and HRTEM (e) images of the pristine HEO film.

Therefore, we can infer that due to the attraction of the colum-
nar grain boundaries of the HEO film, the intragranular He—
vacancy complexes diffuse to the grain boundaries and then
accumulate and combined into helium bubbles with strip dis-
tribution. Meanwhile the elements diffuse in the opposite di-
rection, forming the enrichment and depletion near the grain
boundaries.

Interestingly, only Ni element exhibits visible segrega-
tion while no segregation of other elements was observed in
Fig. 4, suggesting that Ni element has the largest diffusion
coefficient and preferentially exchanges with vacancies of the
HEO film. In general, the diffusion coefficient of elements de-
pends on their activation energy, which is dominated by their
electronegativity for ionic compounds.>?*23! The smaller the
electronegativity difference between anions and cations, the
smaller the diffusion activation energy of ions.
in Table 1, the electronegativity difference between nickel

As shown

and oxygen is the smallest among the electronegativity differ-
ences of all metal cations and oxygen anions, thus the diffu-
sion coefficient of nickel is the largest and the exchange inter-
play between nickel ions and vacancies is the strongest in all
cations, which is consistent with the experimental result that
only nickel exhibited significant segregation in the irradiated
HEO film.
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500 nm

Fig. 4. HAADF image (a) and EDS-mapping images of Ni (b), Fe (c), Cr (d), Al (e), and O (f) of the irradiated HEO films with an irradiation fluence

of 1.8 x 102! cm 2.

Table 1. Electronegativity of all relevant elements. [2°!

Elements (6] Al Cr Fe Ni

Electronegativity 3.44 1.61 1.66 1.83 1.91

4. Conclusions

In summary, we have successfully prepared HEO films by
magnetron sputtering incorporating with post annealing, and
investigated the microstructure changes of IIR of the HEO
films induced by SI in details. The results show the mi-
crostructure damages induced by SI far exceeded the DIR,
leading to significant helium bubble aggregation, segregation
of nickel, and phase separation throughout the HEO film. Fur-
ther analysis revealed that the diffusion of the He—vacancy
complex plays a major role in the extended damage range of
ion irradiation due to the stabilizing effect of helium on the
vacancies. This gives us a definitive proof that although the
DIR of the ion irradiation is limited to the surface of materi-
als, the mediation of the He—vacancy complex diffusion will
significantly extend the damage region of the materials, espe-
cially for new generation advanced reactors, accelerating the
degradation and failure of structure or performance of materi-
als, and thus shorten the service time of materials in the nu-
clear reactor. Therefore, reducing the helium content in the
radiation through some appropriate methods may be an effec-
tive approach to design radiation-tolerance materials.
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