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Abstract: Excellent irradiation resistance is the basic property of nuclear materials to keep nuclear 
safety. The high-entropy design has great potential to improve the irradiation resistance of the nuclear 
materials, which has been proven in alloys. However, whether or not high entropy can also improve 
the irradiation resistance of ceramics, especially the mechanism therein still needs to be uncovered. In 
this work, the irradiation and helium (He) behaviors of zirconium carbide (ZrC)-based high-entropy 
ceramics (HECs), i.e., (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, were investigated and compared with those of ZrC 
under 540 keV He ion irradiation with a dose of 1×1017 cm−2 at room temperature and subsequent 
annealing. Both ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C maintain lattice integrity after irradiation, while 
the irradiation-induced lattice expansion is smaller in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C (0.78%) with highly 
thermodynamic stability than that in ZrC (0.91%). After annealing at 800 ℃, ZrC exhibits the residual 
0.20% lattice expansion, while (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C shows only 0.10%. Full recovery of the 
lattice parameter (a) is achieved for both ceramics after annealing at 1500 ℃. In addition, the high 
entropy in the meantime brings about the favorable structural evolution phenomena including smaller 
He bubbles that are evenly distributed without abnormal coarsening or aggregation, segregation, and 
shorter and sparser dislocation. The excellent irradiation resistance is related to the high-entropy- 
induced phase stability, sluggish diffusion of defects, and stress dispersion along with the production 
of vacancies by valence compensation. The present study indicates a high potential of high-entropy 
carbides in irradiation resistance applications. 

Keywords: high-entropy carbides; zirconium carbide (ZrC); irradiation damage; dislocations; helium 
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1  Introduction 

With the research and development of advanced nuclear 
power systems, it is worthwhile devoting much effort 
to developing novel nuclear materials to adapt to 
extreme conditions, such as high temperatures, severe 
corrosion, and strong irradiation [1–3]. Transition 
metal carbide ceramics, such as zirconium carbide 
(ZrC) [4–6], TiC [5,7], TaC [5,8], NbC [4,9,10], and 
WC [5,11], are proposed to be candidates for the 
advanced nuclear power systems, due to their high 
melting points (Table 1), good high-temperature 
mechanical properties, and excellent irradiation resistance. 
Among these carbides, ZrC is considered to be the 
most promising candidate for structural components in 
tristructural isotropic (TRISO) coated nuclear fuel [12] 
and high-temperature gas-cooled reactor (HTGCR) 
(the maximum helium (He) ion concentration of ~3–40 
atomic part per million (appm)) [13] owing to a much 
smaller neutron absorption cross-section of Zr than 
those of other transition metal elements, as can be seen 
in Table 1. 

He ions can be generated in the fission and fusion 
reactor, which not only displace atoms of materials 
through cascade collision but also aggregate to form 
He bubbles, leading to degradation and even failure of 
the nuclear materials [18,19]. Thus, how to suppress 
the growth of the He bubbles in the nuclear materials is 
of pivotal interest for the safety of advanced nuclear 
systems. 

The high-entropy concept provides an opportunity 
for the design of irradiation resistance materials from 
nano and atomic scales. Reference [20] shows that 
single-phase solid solution high-entropy alloys (HEAs) 
maintain relatively high phase stability under very high 
irradiation doses at room temperature [20]. Damage 
accumulation, swelling, segregation, He bubbles, and 
void formation are found to be considerably suppressed  

 

in Ni-based single-phase concentrated solid solution 
alloys [21–27]. Molecular dynamics simulations indicate 
a variety of kinetics responsible for the enhanced 
irradiation resistance of the HEAs. They include a 
short-range three-dimensional mode of defect cluster 
motion [28], enhanced thermal spike and decreased 
thermal conductivity with low binding energy (BE) of 
interstitial loops [22], increased self-interstitial atom 
migration energy, and absence of a subcascade [29]. 

Different from the metallic bond-based HEAs, high- 
entropy ceramics (HECs) usually possess a mixture of 
covalent, ionic, and metallic bonds [30]. The amorphization 
resistance of non-metallic materials under irradiation 
depends on the competition between short-range covalent 
and long-range ionic forces. As-damaged ionic structures 
have a larger chance to re-establish their coherence 
with the lattice by electrostatic charge [31]. In addition, 
the charge compensation is typical in the HECs when 
the elements with different valence states are mixed. The 
vacancies can be formed to maintain valence balance [32], 
which can restrain the lattice expansion during irradiation 
[18,33]. Up to the present, there are very few related 
studies on the irradiation behavior of the HECs, 
particularly high-entropy carbide ceramics. Wang et al. 
[34,35] irradiated high-entropy (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C 
by 120 keV He ions at room temperature and found 
that the He bubbles exhibit a uniform small size (1 nm) 
and are evenly distributed at an irradiated layer. They 
also investigated the irradiation behavior of four- 
membered carbide solid solution (Zr0.25Ta0.25Nb0.25Ti0.25)C 
by 3 MeV Zr ions at different temperatures and found 
that the ceramics maintain high phase stability without 
void formation or irradiation-induced segregation. 
Zhu et al. [36] observed a similar phenomenaon in 
irradiated (WTiVNbTa)C5 with 1 MeV C ions at room 
temperature and 650 ℃. However, so far, it still lacks a 
clear understanding of whether and how significantly 
the high-entropy carbides could demonstrate better 
irradiation resistance over the single carbide. 

Table 1  Melting points and bond dissociation energy of five single carbides; neutron absorption cross-sections and 
atomic covalent radii of five transition metal elements 

Carbide TiC ZrC NbC TaC WC Ref. 

Melting point (℃) 3067 3420 3600 3950 2870 [14] 

Bond dissociation energy (eV) 4.09 6.91 5.39 8.73 5.26 [15,16] 

Transition metal element Ti Zr Nb Ta W Ref. 

Neutron absorption cross-section (b) 6.1 0.2 1.2 20.5 18.4 [8,17] 

Atomic covalent radius (pm) 160 175 164 170 162 — 
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In this work, the 540 keV He ion irradiation with a 
dose of 1×1017 cm−2 was performed at room temperature 
on both ZrC and single-phase (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C 
high-entropy carbide ceramics. Irradiation-induced 
structural evolution and He retention behaviors after 
annealing at different temperatures were examined in 
depth by grazing incident X-ray diffraction (GIXRD), 
X-ray photoelectron spectroscopy (XPS), scanning 
electron microscopy, transmission electron microscopy, 
energy dispersive spectroscopy (EDS), and theoretical 
investigations of irradiation-induced atomic displacement, 
distribution of He ions, and strain fields. The high 
entropy improving the irradiation resistance over the 
single carbide is confirmed, and the enhancement 
mechanism is discussed. 

2  Materials and methods 

2. 1  Synthesis of ceramics 

Microcrystalline (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C and ZrC 
ceramics were prepared by hot pressing of self- 
synthesized carbide powders, which were obtained by 
carbothermal reduction of commercial ZrO2 (99.95%, 
~0.2 μm), TiO2 (99.99%, ~0.1 μm), Nb2O5 (99.9%, 
~3 μm), Ta2O5 (99.9%, ~1.5 μm), WO3 (99.9%, ~74 μm), 
and graphite (99.9%, ~2 μm). Firstly, commercial oxide 
powders in the proportion of the equimolar ratio of 
transition metals (

2ZrOn :
2TiOn :

2 5Nb On :
2 5Ta On :

3WOn = 
2 : 2 : 1 : 1 : 2) were mixed with a corresponding 
proportion of graphite in ethanol, followed by ball 
milling using ZrO2 ball media for 24 h. After removing 
the ethanol through rotary evaporation, the powder 
mixture was molded and heated to 1600 ℃ for 1 h 
under vacuum. Then the synthesized carbide powders 
were sieved with a 200 mesh screen, and then placed in 
a graphite mold. Finally, the carbide powder mixture 
was hot pressed for 1 h under flowing argon (purity > 
99.9%) with a uniaxial pressure of 30 MPa. The hot 
pressing temperature of (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C was 
2100 ℃ , while that of ZrC was 2000 ℃ . The 
relative densities of the as-manufactured ZrC and 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C are both higher than 94%. 

2. 2  He ion irradiation 

The as-synthesized ceramics of both ZrC and 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C were polished, and then 
irradiated by a 540 keV He2+ ion beam at room 

temperature in a 320 kV platform for the multi- 
disciplinary research with highly charged ions at Institute 
of Modern Physics, Chinese Academy of Sciences. The 
chamber was pumped to a pressure of < 10−4 Pa before 
irradiation, and the vacuum was maintained during 
irradiation. The surfaces of the irradiated samples were 
set perpendicular to the direction of the He2+ ion beam, 
and then they were irradiated with an ion fluence (F) 
of 1×1017 cm−2 at room temperature. The as-irradiated 
ceramics were then cut into small pieces by wire 
electrical discharge machining, and some of them were 
annealed at 800 and 1500 ℃ for 2 h under flowing 
argon (purity > 99.9%) in a furnace (NM8 20-1Z2- 
21SP, NEMS Co., Ltd., Japan). 

2. 3  Characterization 

Phase compositions of the as-hot-pressed ceramics 
were examined by an X-ray diffractometer (D8 
DISCOVER DAVINCI, Bruker AXS GmbH, Germany) 
using Cu Kα radiation. To investigate the phase 
structural evolution along the depth, all specimens 
were then characterized by a grazing incident X-ray 
diffractometer (D/max 2550V, Rigaku, Japan) with Cu 
Kα radiation. The diffractometer was operated at 
grazing incidence angles (θ) of 3.0° and 4.5° for ZrC 
and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, respectively, with a 
scanning speed of 2° min–1. XPS analysis was carried 
out on an X-ray photoelectron spectroscope (K-Alpha, 
Thermo Scientific, USA) with a Al Kα source (hν = 
1486.6 eV, where h is the Planck constant, and ν is the 
phonon frequency). Microstructures were investigated 
by a scanning electron microscope (SEM; TM3000, 
Hitachi, Japan) and a 200 kV transmission electron 
microscope (TEM; Tecnai G2 F20, FEI, USA). A 
spherical aberration-corrected TEM (AC-TEM; 
HF5000, Hitachi, Japan) equipped with a dual-energy 
dispersive spectrometer (X-Max 100 LTE, Oxford, UK) 
was used to examine the microstructures of the samples 
on the nano and atomic scales. Cross-section TEM 
samples were prepared by a focused ion beam (FIB; 
Nova 600 Nanolab, FEI, USA) facility. 

2. 4  Calculation 

Displacement damage and concentration distributions 
of the He ions after 540 keV He ion irradiation with a 
dose of 1×1017 cm−2 were calculated by the Stopping and 
Range of Ions in Matter (SRIM) [37]. The input parameters 
for SRIM simulations are summarized in Table 2.  
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Table 2  Input parameters for SRIM simulations 

Input parameter Value 

Calculation type Kinchin–Pease 

Ion specie He 

Ion energy (keV) 540 

Target width (nm) 2000 

Target density (g/cm3) 
6.64 and 9.92 for ZrC and
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, respectively

Target composition ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C 

Number of ions 10,000 

Displacement energy Ed (eV) 

C 25 [38] and Zr 35 [38] 

C 25 [38], Zr 35 [38], Ti 23 [39,40],
Nb 24 [41], Ta 32 [42], and W 24 [43]

 

Theoretical densities of ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C 
were calculated based on their lattice volumes, as 
tested by XRD patterns (Fig. 1(c)). 

The strain fields were calculated via a finite element 
method using the COMSOL Multiphysics software (version 
5.3b, COMSOL, Sweden) in the solid mechanics 
package. The computational domain was refined to 
1856 triangular elements with two-dimensional (2D) 
geometry. The simulations aimed to obtain the strain 
distribution upon different residual stress inside bulk 

materials. The vertical component compressive stress 
was set as 3 GPa, and the residual stress was set as 
1 GPa inside the bulk. 

3  Results and discussion 

3. 1  Structures and microstructures of as-hot- 
pressed (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C and ZrC 

Densified (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C and ZrC ceramics 
were successfully prepared by hot pressing at 2100 and 
2000 ℃, respectively. Their typical microstructures in 
the polycrystalline are shown in backscattered electron 
(BSE) images (Figs. 1(a) and 1(b)). Each crystallite is 
clearly distinguished by different contrast of the grains 
on the polished surface. The contrast of the grains is 
determined by crystal orientation according to the 
lattice channeling effect. The higher the yields of the 
BSEs, the brighter the crystal grains appear in the BSE 
images. The areas with the darkest contrast are carbon 
residue (marked by the yellow circles in Figs. 1(a) 
and 1(b)), and the areas with the darkest contrast and 
white edges are voids (marked by the red circles in 

 

 
 

Fig. 1  BSE images of as-manufactured polycrystalline (a) ZrC and (b) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. (c) XRD patterns of hot 
pressed samples (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C and ZrC. (d) Secondary electron image and corresponding EDS mappings of 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. (e) Atomic high-angle annular dark-field (HAADF) image and corresponding EDS mappings of 
as-hot-pressed (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. (f) EDS spectra and measured atomic ratios of as-hot-pressed (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 
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Figs. 1(a) and 1(b)), which are usually present in most 
of the ceramics. Regardless of the voids, the mean 
grain sizes are measured to be 4.00±1.53 and 9.94± 
5.15 μm for (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C and ZrC, 
respectively. According to Ref. [44], the grains in the 
micron size range do not show an observable discrepancy 
in irradiation damage. Therefore, the factor of difference 
in the grain size between (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C 
and ZrC could be excluded in discussing the mechanism 
of the irradiation behavior in the present study. The 
XRD patterns (Fig. 1(c)) indicate single-phase face- 
centered cubic (FCC) structures for both ceramics, 
where all diffraction peaks are sharp without splitting. 
Characteristic peaks of (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C are 
located at larger angles and hence the lattice parameter 
(a) is smaller than those of ZrC, which are due to the 
larger ionic radius of Zr than those of other transition 
elements. The EDS elemental mappings on the micro 
and atomic scales (Figs. 1(d) and 1(e)) show that the 
transition metals are distributed homogeneously in 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, and the measured average 
composition of Ti : Zr : Nb : Ta : W = 1 : 1.15 : 0.90 : 
1.06 : 1.03 is close to the equimolar ratio (Fig. 1(f)). 

3. 2  Structural and microstructural evolution of 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C and ZrC under He ion 
irradiation 

The as-sintered ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C ceramics 
were irradiated by 540 keV He ions with a high dose of 
1×1017 cm−2 at room temperature. After irradiation, the 
GIXRD was conducted to examine the structural 
evolution at the irradiation damage layer close to the 
sample surface for both ceramics. Taking the θ = 3.0° 
and 4.5° for ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, respectively, 
the corresponding penetration depths of X-rays are 
about ~1.50 and ~1.23 µm, respectively, as estimated 
according to Beer–Lambert law [45]. The diffraction 
peaks of both ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C keep 
sharp (Fig. 2(a)), indicating the maintenance of single- 
phase crystallinity of the FCC structure during He 
irradiation. The peak splitting phenomenon of irradiated 
ZrC is because the incident depth of 1.50 µm exceeds 
the damage depth of irradiated ZrC at θ = 3.0°, which 
contains part of the structural information from the 
unirradiated region. In addition, it can be found that all 
diffraction peaks shift to lower 2θ after He irradiation, 
suggesting irradiation-induced swelling of the crystal 
lattices in both ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, a 
common phenomenon in the irradiation process. 

However, such lattice expansion is smaller in 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C (~0.78%) than that in ZrC 
(~0.91%) after measuring a and its comparative variation 
(∆a/a), as shown in Figs. 2(b) and 2(c), respectively. 

Cross-sectional microstructures of the as-irradiated 
ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C are displayed in 
Figs. 3(b) and 3(f), respectively. There is a clear interface 
separating damaged and undamaged areas (IDUA) by 
noting sharp change in imaging contrast. The interface is 
parallel to and locates at a certain depth beneath the 
flat sample surface. No voids or dislocations could be 
observed in both irradiated ceramics. The measured 
depth of the IDUA is ~1.00 µm in ZrC ceramics and 
~1.18 µm in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C ceramics, which 
basically matches the SRIM calculation (Figs. 3(a) and 
3(e), respectively). However, the calculation predicts a 
smaller irradiation depth in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C 
(~1.16 µm) than that in ZrC (~1.34 µm), as estimated 
by the consideration of the lower longitudinal depth of 
damage in ceramics of higher densities [37], i.e., in this 
case, 9.92 g/cm3 of (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C is higher 
than 6.64 g/cm3 of ZrC. Such difference between the 
theoretical calculations and the experimental observations 
could be attributed to the ignorance of thermal effects 
and crystal structures in the theoretical calculations. 
Identical to the sharp diffraction peaks in the GIXRD 
patterns, selected area electron diffraction (SAED) 
patterns of the damaged area (Figs. 4(b) and 4(f)) also 
show strong and round diffraction spots without the 
appearance of any extra reflections, again confirming 
the sustained lattice integrity after He irradiation in 
both carbide ceramics. However, TEM bright-field (BF) 
images (Figs. 3(b) and 3(f)) show the different diffraction 
contrast. Tiny mottled contrast is observed in the whole 
irradiated area of ZrC from the surface to the IDUA, 
while this could only be detectable within the narrow depth 
near the IDUA in irradiated (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, 
and the dark dots have the much smaller sizes (Figs. 4(a) 
and 4(e)). The mottled contrast refers to the clusters of 
point defects. The aggregation of irradiation-induced point 
defects seems to take place only at the region with peaked 
He ion residence (Fig. 3(e)) in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, 
while it becomes difficult in the area near the sample 
surface, and instead a large lattice strain is produced, as 
indicated by dense strain streaks (Fig. 3(f)). Actually, all 
of the five solution metal ions keep evenly distributed 
in as-irradiated (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, as evidenced 
by the EDS examination (Fig. 5(b)). Thus, albeit a little 
bit larger irradiation depth in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, 
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i.e., the larger area suffering from irradiation damage, 
structural changes and sizes of defects are much 

smaller, and hence lower severity of damages than 
those in the ZrC ceramics can be obtained. 

 

 
 

Fig. 2  (a) GIXRD patterns of as-hot-pressed, as-irradiated, and as-annealed ceramics at θ = 3.0° and 4.5° for ZrC and 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, respectively. Changing of (b) a and (c) ∆a/a for (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C and ZrC during different 
processes. (d) C 1s, Zr 3d, Ti 2p, Nb 3d, Ta 4f, and W 4f XPS spectra of as-synthesized (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 
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Fig. 3  Damage and He ion ranges of (a) ZrC and (e) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C calculated by SRIM. Corresponding 
cross-sectional BF images of as-irradiated (b) ZrC and (f) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, 800 ℃-annealed (c) ZrC and 
(g) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, and 1500 ℃-annealed (d) ZrC and (h) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 

 

 
 

Fig. 4  (a, e) BF images of irradiated area near IDUA and (b, f) corresponding SAED patterns for as-irradiated ZrC and 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. SAED patterns of 800 ℃-annealed (c) ZrC and (g) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C and 1500 ℃-annealed 
(d) ZrC, and (h) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 
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Fig. 5  (a) HAADF image, atomic HAADF image, and corresponding EDS mappings of as-irradiated (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 
HAADF image and corresponding EDS mappings of (b) 800 ℃-annealed (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C and (c) 1500 ℃-annealed 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 

 

Generally, irradiation-induced interstitial defects will 
result in the lattice expansion and hence large internal 
strain [46], while the reduction of such lattice strain 
could be realized via either forming extended defects 
such as dislocations, suppressing the generation of 
interstitials or/and interstitial clusters, or sinking 
interstitials. In Figs. 3(b), 3(f), 4(a), and 4(e), no 
visible dislocations could be resolved in as-irradiated 
ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. Besides, it can be 
expected that Ti, Nb, and W atoms would displace 
more easily than Zr due to their lower bond 
dissociation energy, as shown in Table 1. Thus, the 
point defects/atomic displacement should be easier to 
occur in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C than in ZrC during 
irradiation, leading to the observed deeper depth of the 
IDUA even though (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C has higher 
mass density than ZrC. However, in the presence of 
chemical disorder, the longer-time defect evolution rather 
than the primary damage should play a prominent role 
in the irradiation behavior [47]. The point defect cluster in 
the irradiated area of (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C (~3.26 nm) 
is significantly smaller than that of ZrC (~5.43 nm) 
(Figs. 4(e) and 4(a), respectively), indicating that the 

high-entropy structural stabilization effect would enhance 
the self-repair of the defects, and the sluggish diffusion 
effect would inhibit the aggregation and growth of the 
defects [28,48]. In addition, the XPS analyses (Fig. 2(d) 
and Table 3) reveal that the valence states of Ti and Zr 
are smaller than 4+, but those of Nb, Ta, and W are 
higher than 4+ in as-synthesized (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, 
as obtained by referring to the BE of the single carbides. 
The variations of the valence states for different solute 
elements arise from their being in different groups, 
which are then expected to generate anion and/or cation 
vacancies in the ceramics for charge compensation 
[49]. The created vacancies are supposed to be able to 
sink interstitial defects [50]. Besides, the ionization- 
induced local high temperatures may promote the 
annihilation of the defects, which could be more 
prominent in the HECs due to the lattice strain-induced 
decrease of thermal conductivity. Then, the combination 
of structural stabilization, sluggish diffusion, valence 
compensation, and lattice strain aroused in a high- 
entropy system finally gives rise to the suppression of 
lattice expansion and smaller point defect clusters and 
hence higher resistivity to the irradiation damage. 
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Table 3  BE of XPS peak components of Ar+ ion 
etched (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C samples 

XPS peak 
Experimental  

BE (eV) 
Reference  
BE (eV) 

Reference  
bond type 

Ref.

C 1s 284.8 284.78 
Amorphous 

carbon 
[51,52]

C 1s 282.76 

282 ZrC [53]

281.9 TiC [54]

281.63 TiC [55]

282.5 NbC [51]

282.8 TaC [56]

282.28 WC [52]

Zr 3d5/2 179.07 179.6 ZrC [53]

Zr 3d3/2 181.45 181.6 ZrC [53]

Zr 3d5/2 182.5 182.5 ZrO2 [53]

Zr 3d3/2 184.2 184.6 ZrO2 [53]

Ti 2p3/2 454.8 455 TiC [54]

Ti 2p1/2 
460.9 461 TiC [54]

456.3 456.4 TiC0.81 [55]

Nb 3d5/2 203.65 203.7 NbC (Nb3+) [51]

Nb 3d5/2 208.6 207.6 NbC (Nb4+) [51]

Nb 3d3/2 206.42 206.4 NbC (Nb3+) [51]

Ta 4f7/2 23.21 23.19 TaC [56]

Ta 4f5/2 25.13 25.1 TaC [56]

W 4f7/2 32.06 31.55 WC (W4+) [52]

W 4f5/2 34.21 33.66 WC (W4+) [52]

W 5p3/2 37.6 37.16 WC (W6+) [52]

 

3. 3  Structural and microstructural evolution of 
as-irradiated (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C and ZrC 
under annealing 

To cope with the future high demands on secure high- 
temperature response at normal conditions (400–800 ℃) 
and nuclear accidents (unexpected high temperatures), 
the as-irradiated ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C 
samples were annealed at 800 and 1500 ℃ to 
investigate the evolution of irradiated structures. As 
can be seen from both GIXRD (Fig. 2(a)) and SAED 
patterns (Fig. 4), the diffraction peaks and spots keep 
sharp and complete, illustrating that ZrC and 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C maintain lattice integrity 
after annealing. Figure 2(a) shows that the diffraction 
peaks shift back close to those of the pristine ceramics. 
It can be concluded that the heat treatment can eliminate 
the point defects and recover the parent crystal lattice. 
The as-irradiated ZrC shows residual 0.20% lattice 
expansion, while (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C shows only  

0.10% after 800 ℃-annealing (Figs. 2(b) and 2(c)). 
The full recovery could be realized after 1500 ℃- 
annealing for both ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 
The cross-sectional microstructures of 800 ℃-annealed 
ZrC (Fig. 3(c)) and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C (Fig. 3(g)) 
show that the depth of the IDUA increases in ZrC 
(from 1.00 to 1.35 µm) while unexpectedly reducing in 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C (from 1.18 to 1.05 µm). 
Besides, there appears an additional interface at a 
lower depth of around 0.75 µm for both ZrC and 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. The brighter contrast in-between 
the two interfaces in 800 ℃-annealed ZrC (Fig. 3(c)) is 
mainly caused by the accumulation of the light element 
He, as we can observe small He bubbles (~2 nm) in 
this layer (Figs. 6(a) and 6(b)). The He exists in ZrC 
after irradiation mainly in the forms of He@C and/or 
He@Zr vacancies and/or He interstitials and concentrates 
in the comparatively deep region (Fig. 3). Reference [18] 
discloses that the He atoms tend to be mobile due to 
low migration barriers. Annealing provides external 
energy to He for its movement, and thus brings about 
the formation of the He bubbles, while few He atoms 
should have been released out of the sample due to very 
low contents of He near the surface of the irradiated 
sample. The mottled contrast in-between the two interfaces 
in 800 ℃-annealed (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C (Fig. 3(g)) 
is caused by the accumulation of defect clusters, as we 
can observe dislocations on the nano size along with 
tiny He bubbles (~1 nm) in this layer (Figs. 6(c) and 
6(d)). Thus, the deepening of the IDUA depth in ZrC 
could be attributed to the diffusion of the He atoms and 
defects, and their accumulation takes place around the 
depth region with the peaked residence of the He ions 
and damage (Figs. 3(a) and 3(e)). It seems that the He 
atoms and defects are easier to diffuse in ZrC than in 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. The depth of the IDUA in 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C becomes deeper, and the 
width between the two interfaces increases in the 
1500 ℃-annealed samples. However, the position of 
the IDUA hardly changes in ZrC, but the dislocations 
with a high density are observed in the whole damaged 
area, as shown in Fig. 3(d). The dislocations could also 
be observable in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C but located 
only at the depth region of 0.81–1.23 μm (Fig. 3(h)) 
and appeared shorter and sparser. Thus, the structural 
evolution during annealing seems to inherit or be restrained 
by the as-irradiated morphologies. The narrow damaged 
layer at a certain depth in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C 
(Fig. 3(f)) evolved into a He-accumulation layer with  
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Fig. 6  (a, c) Over-focused and (b, d) under-focused 
images of He bubble areas in 800 ℃ -annealed (a, b) ZrC 
and (c, d) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. He bubbles appear 
as dark dots in over-focused images and bright dots in 
under-focused images. 

 

sparse dislocations (Figs. 3(g) and 3(h)), while ZrC 
was subjected to the damages initiated from the sample 
surface, which transformed to the dislocations with a 
high density and the He bubbles in the whole irradiated 
area after annealing. This further indicates that the 
sluggish diffusion of the high entropy also restrains the 
migration of He and defects during annealing. The 
EDS analysis (Figs. 5(b) and 5(c)) does not observe 
any elemental segregation in the as-annealed 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 

The ability to suppress the formation of the voids or 
He bubbles during irradiation is the key requirement 
for the nuclear materials. The present study indicates 
the enhanced impediment of the He bubble growth in the 
high-entropy carbides. As can be seen from Figs. 7(a) 
and 7(b), it is hard to resolve the He bubbles in the 
present as-irradiated ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, 
respectively, although tiny He bubbles with a size of 
~1 nm are reported in (Hf0.2Zr0.2Ta0.2Nb0.2Ti0.2)C after 
irradiation with 120 keV He ions at room temperature 
[34]. Actually, Refs. [18,57] could hardly find any He 
bubbles in as-irradiated ZrC at room temperature either. 
After annealing at 800 ℃, tiny He bubbles with a size 
of < 2 nm can be resolved in both ZrC and 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, as marked by the yellow 
arrows in Figs. 7(c) and 7(d), respectively. Upon 
increasing the annealing temperature up to 1500 ℃, 
larger He bubbles are generated, as could be clearly 
seen in the HAADF images (Figs. 7(e) and 7(f)) and 
BF images (Fig. 8). The average diameters and density 
of the He bubbles along the depth were statistically 

measured, as shown in Figs. 7(g) and 7(h), respectively. 
For ZrC, the diameter of the He bubbles per fixed 
depth range (60 nm) reaches the maximum of ~6.18 nm 
near the IDUA and decreases to ~4.63 nm at a shallow 
depth of around 1.08 μm, and the mean diameter is 
5.52±1.13 nm. Apparently, the abnormal growth of the 
He bubbles occurs around the IDUA in ZrC. In 
contrast, the size distribution of the He bubbles in 
1500 ℃-annealed (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C is relatively 
uniform. From the depth of ~0.81 μm to the IDUA, the  

 

 
 

Fig. 7  Under-focused images of as-irradiated (a) ZrC 
and (b) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C and 800 ℃-annealed 
(c) ZrC and (d) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. HAADF images 
of 1500 ℃-annealed (e) ZrC and (f) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 
He bubble (g) average diameters and (h) average 
density/area ratios of 1500 ℃ -annealed ZrC and 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C (580 He bubbles were measured in 
an area of 0.14 μm2 of 1500 ℃-annealed ZrC, and 1318 
bubbles were measured in an area of 0.21 μm2 of 1500 ℃
-annealed (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. The average density 
of He bubbles is obtained by calculating their area ratios). 
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Fig. 8  Cross-sectional BF over-focused and under-  
focused images of 1500 ℃-annealed (a, b) ZrC and 
(c, d) (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 

 

diameter of the He bubbles varies very slightly in the 
range of ~3.36–3.85 nm, and the mean diameter is 
3.51±0.96 nm. The average density/area ratio of the He 
bubbles is ~40% in 1500 ℃-annealed ZrC. A typical 
structural feature of the He bubbles in ZrC is that they 
always align approximately normally to the irradiation 
direction discretely at different depths. Finally, the 
abnormally coarsened He bubbles near the IDUA 
connect to form strings of bubble beads. In contrast, 
the He bubbles are homogeneously dispersed in 
1500 ℃ -annealed (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C with a 
lower average density/area ratio of ~24%. Alignment, 
coarsening, and connection of the He bubbles to form 
chains, as observed in ZrC, will be prone to forming 
cracks, which finally lead to the failure of the ceramics. 
Such feature is avoided in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 

The dislocations are another structural defects 
formed in 1500 ℃-annealed ceramics. They are 
present everywhere in ZrC and become very long 
above the first interface (Fig. 3(d) and Fig. S1 in the 
Electronic Supplementary Material (ESM)). However, 
the dislocations are shorter and only generate near the 
IDUA in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C (Fig. 3(h) and 
Fig. S1 in the ESM). Table 4 compares the dislocation 
features in these two ceramics, and Fig. 9(a) illustrates 
the dislocation morphologies near the IDUA region. 
The dislocations are formed by 1/2<110> Burgers 
vectors. Both density and length are smaller in the 
HECs. According to Ref. [18], there seems to be a 
strong correlation between the growth of the He 
bubbles and the dislocations. In fact, the dislocations 
of the highest density appear within the narrow-depth  

width near the IDUA where the He bubbles are formed, 
as illustrated in Figs. 7 and 8, and also schematically 
presented in Fig. 9(b). Obviously, the point defects and 
He atoms can migrate to the deeper depth below the 
IDUA and form the dislocations and He bubbles during 
annealing at 1500 ℃. The irradiation-induced lattice 
expansion will create a vertical component of the 
compressive stress inside the damaged layer, which 
extends to the undamaged region, and then promotes 
the migration of point defects to the deeper depth 
during annealing. The irradiation-induced stress is 
estimated to be about 4.11 and 4.86 GPa for ZrC and 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, respectively, by Hooke’s 
law, suggesting the elastic modulus of ZrC to be 
451.6 GPa and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C to be 
623.5 GPa [58]. COMSOL calculations indicate that 
the stress is decreased layer by layer along the depth in 
as- irradiated ZrC (Fig. 9(c)), regardless of a horizontal 
force. This results in gradient changes in the features of 
the as-generated He bubbles and dislocations layer by 
layer along the depth (Fig. 9(b)) during high-temperature 
annealing to maintain the equilibrium of forces. A 
representative feature is that the size of the He bubbles 
varies drastically with depth in 1500 ℃-annealed ZrC 
(Figs. 7(e), 8(a), and 8(b)). However, it can be seen 
from Fig. 9(c) and Fig. S2 in the ESM that the severe 
lattice strain (giving rise to atomic local stress field) in 
high-entropy (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C owns the ability 
to the disperse stress, leading to lower lattice expansion 
after irradiation, more uniform and smaller He bubbles, 
and shorter and sparser dislocations under annealing at 
1500 ℃. Furthermore, the charge compensation-induced 
vacancies in high-entropy (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C 
can sink and disperse the He atoms and block the 
growth of the dislocations, which also play an important 
role in reducing the irradiation damage. 

 
Table 4  Density and length of dislocations in 1500 ℃-annealed 
ZrC and 1500 ℃-annealed (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C 

Material Depth (μm) 
Density of 
dislocation 
(10−4 nm−3) 

Length of 
dislocation 

(nm) 

ZrC [18] 

0–0.63 0.757 50–150 

0.63–1.08 0.975 150–400 

1.08–1.31 2.71 28–116 

(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C
0–0.80 0 0 

0.80–1.23 2.33 25–165 
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Fig. 9  (a) BF images acquired by ( 111 ) reflection 
showing dislocations in 1500 ℃-annealed ZrC and 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. Burgers vectors are marked by 
different colors. (b) Schematic diagrams presenting 
morphologies and distributions of dislocations and He 
bubbles in 1500 ℃-annealed ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C. 
(c) Vertical component stress distributions in as-irradiated 
ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, as simulated by 
COMSOL Multiphysics software. 
 

4  Conclusions 

In this study, we investigate the effects of the high 
entropy on the irradiation behavior of ZrC-based 
ceramics under 540 keV He ion irradiation with a dose 
of 1×1017 cm−2. Both ZrC and (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C 
maintain lattice integrity after irradiation at room 
temperature and also during succeeding annealing 
processes at high temperatures of 800 and 1500 ℃. 

However, the irradiation-induced lattice expansion is 
smaller in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C (0.78%) than that 
in ZrC (0.91%) along with smaller point defect clusters 
formed in the HEC carbides. After annealing at 800 ℃, 
ZrC exhibits the residual 0.20% lattice expansion, 
while (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C shows only 0.10%. 
Both ceramics fully recover their lattices after 
annealing at 1500 ℃. Tiny He bubbles (~1–2 nm) are 
generated in both ceramics after annealing at 
800 ℃  but migrate back to a shallower depth in 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C contrary to the normal 
deeper migration, as observed in ZrC. The He bubbles 
are coarsened, and the dislocations are produced after 
annealing at 1500 ℃. However, the He bubbles align 
at a certain depth and gradually grow layer by layer 
along the depth in ZrC. Finally, the abnormally 
coarsened bubbles connect and form chains near the 
damaged–undamaged interface, which apparently implies 
the risks of cracking and material failure. Such a 
negative feature is avoided in (Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C, 
where the He bubbles have uniform and smaller 
average sizes and distribute homogeneously. Meanwhile, 
shorter and sparser dislocations are observed in 
(Zr0.2Ti0.2Nb0.2Ta0.2W0.2)C than those in ZrC. High- 
entropy-induced higher phase stability and sluggish 
diffusion of interstitials and He atoms along with the 
production of vacancies by valence compensation 
should be responsible for smaller lattice expansion 
during irradiation and smaller He bubbles and dislocation 
density during annealing. The theoretical investigation 
further indicates the dispersion of the internal stress in 
the as-irradiated HECs, which avoids abnormal growth 
and adhesion of the He bubbles and dislocations. The 
present work manifests and quantifies the advantages 
of the HEC carbides in the irradiation resistance. 
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