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High-entropy materials represent the state-of-the-art on the alloy design strategy for future applications in
extreme environments. Recent data indicates that high-entropy alloys (HEAs) exhibit outstanding radiation
resistance in face of existing diluted alloy counterparts due to suppressed damage formation and evolution. An
extension of the HEA concept is presented in this paper towards the synthesis and characterization of novel high-
entropy ceramics as emergent materials for application in environments where energetic particle irradiation is a
major concern. A novel carbide within the quinary refractory system CrNbTaTiW has been synthesized using
magnetron-sputtering. The material exhibited nanocrystalline grains, single-phase crystal structure and C content
around 50 at.%. Heavy-ion irradiation with in-situ Transmission Electron Microscopy was used to assess the
irradiation response of the new high-entropy carbide (HEC) at 573 K and a comparison with the HEA within the
system is made. No displacement damage effects appear within the microstructures of both HEA and HEC up to a
dose of 10 displacements-per-atom. Surprisingly, the HEC has not amorphized under the investigated conditions.
Xe was implanted in both materials and bubbles nucleated, but smaller sizes compared with conventional nuclear
materials shedding light they are potential candidates for use in nuclear energy.

1. Introduction

The need for materials able to withstand extreme environments, for
example faced in nuclear reactors, warrants the investigation of new
alloys and related compounds. A great leap forward in alloy design and
metallurgy was marked by the development of high-entropy alloys
(HEAs), first introduced by Yeh et al. and Cantor et al in 2004 [1-4].
HEAs are formed with multiple principal elements in
highly-concentrated compositions, as opposed to the conventional alloy
design methodology focused on terminal solid solutions, where a single
element serves as basis for alloying with other elements in small
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quantities [1,2,5-9]. The extensive alloying in these multicomponent
metallic systems results in the stabilization of a random single-phase
solid solution, typically body centred cubic (BCC) or cubic
close-packed (CCP) structure. The increased configurational entropy,
characteristic of systems with constituents in (or closer to) equimolar
composition, is believed to play a major role in the single-phase stabi-
lization, although recent research has indicated these hypotheses are
pending clarification [10-18].

HEAs have been shown to outperform existing materials for several
applications in technologically relevant areas like mechanical perfor-
mance and extreme environments, such as nuclear fission & fusion

E-mail addresses: m.a.tunes@physics.org (M.A. Tunes), ist.stefanf@gmail.com (S. Fritze).

https://doi.org/10.1016/j.actamat.2023.118856

Received 25 January 2023; Received in revised form 9 March 2023; Accepted 10 March 2023

Available online 12 March 2023

1359-6454/© 2023 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:m.a.tunes@physics.org
mailto:ist.stefanf@gmail.com
www.sciencedirect.com/science/journal/13596454
https://www.elsevier.com/locate/actamat
https://doi.org/10.1016/j.actamat.2023.118856
https://doi.org/10.1016/j.actamat.2023.118856
https://doi.org/10.1016/j.actamat.2023.118856
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2023.118856&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

M.A. Tunes et al.

reactors, thus making them potential new functional materials [19-31].
On the latter aspect on materials for extreme environments — the focus of
this present work — the current demands are to design materials that may
outperform existing solutions by increasing their resistance to exposure
at low and high temperatures and to the deleterious effect of energetic
particle irradiation commonly found in nuclear reactors and in the solar
system [32-37].

Over time the high-entropy concept has expanded to include high-
entropy ceramics and led to the development of high-entropy carbides
and oxides (HECs and HEOs). HECs may harness all the potential of
ceramics which, compared to metallic alloys, can exhibit significantly
higher hardness, high temperature stability and corrosion resistance
[38-41]. Nonetheless, high-entropy ceramics are much less studied in
this regard, compared with HEAs.

Earlier studies on the radiation resistance of HECs were carried out
by Wang and Yan et al and Zhu et al on SPS bulk materials [42,43]. The
former investigating the response of (Zr0.25Ta0.25Nb0.25Ti0.25)C to 3
MeV Zr ions up to 20 displacements-per-atom (dpa), while the latter
investigated the damage evolution under self-ion irradiation in
(WTiVNbTa)C5, using 1 MeV Cions up to 22 dpa [42,43]. These authors
have reported that void formation, radiation-induced segregation (RIS)
and amorphization have not occurred within the dose and temperature
ranges studied, thus serving as motivation for new studies on the radi-
ation resistance of HECs. Nevertheless, these authors used TEM to
confirm the formation of irradiation-induced defect clusters in a form of
perfect dislocation loops and faulted Frank loops and their suppressed
growth was attributed to severe lattice distortion hindering dislocation
movement: a characteristic constitutive hypothesis of HEA systems [44].
To the authors knowledge, even fewer studies have been published on
the irradiation behavior of HEC coatings and thin films, despite the clear
benefits of surface modification such as ease of synthesis and the pos-
sibility to screen a wide compositional space, as well as cost and
weight-effectiveness.

In this work we report the characterization and investigation of a
HEC and a HEA, synthesized via non-reactive magnetron-sputtering, on
application relevant steel substrates. The radiation resistance of a
nanocrystalline refractory HEC is herein assessed using heavy ion irra-
diation with in-situ transmission electron microscopy (TEM) with the
focus of detecting possible morphological changes such as grain growth
and/or phase transformations, local chemical instabilities like RIS and/
or precipitation (RIP) and inert gas bubbles formation. The HEC was
chosen to be in a nanocrystalline form to investigate the effect of grain
boundaries in the response of HECs to extreme environments.

The (CrNbTaTiW)C system was chosen since a similar version of this
refractory system, consisting of WTaVCr, was reported to have
outstanding radiation resistance within the context of nuclear fusion
reactors [45]. Additionally, superior corrosion and mechanical resis-
tance, compared with conventional binary carbides, have been demon-
strated for (CrNbTaTiW)C coatings in a previous study [46]. The
microstructure and properties of quinary CrNbTaTiW HEA thin films
have also been investigated previously [47]. By comparing the perfor-
mance of HEC and HEA, the effect of carbon is studied and whether the
HEC can present suitable levels of radiation resistance to be useful as
functional materials for applications in extreme environments.

2. Experimental methods
2.1. Synthesis via magnetron sputtering

The materials were synthesized via non-reactive DC-magnetron
sputtering from Nb, pre-alloyed Ti/Cr (composition ratio 1:1),
segmented Ta/W (composition ratio 1:1) and C circular sputtering tar-
gets (diameter 5 cm) with purity level of 99.9%. The chamber base
pressure was below 3.8 x 1077 Pa. Mirror-like polished austenitic
stainless-steel grade AISI-316L was used as substrates for deposition and
they were placed on a rotating holder and pre-heated to 573 K for 1 h to
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minimize the risk of temperature gradients. During the deposition the
working gas pressure was kept constant at 0.6 Pa with an Ar gas flow
rate of 42 sccm. The electric currents of the magnetrons were adjusted
during co-sputtering to obtain the desired compositions. The materials
present in this study were synthesized as part of a larger study of re-
fractory high entropy alloys [46,47].

2.2. Elastic/Rutherford backscattering spectrometry and particle-induced
X-ray emission

The chemical compositions of the films were estimated by means of
ion-beam based analytical techniques at the Tandem Laboratory at
Uppsala University. Rutherford Backscattering Spectrometry (RBS)
measurements were performed using 2 MeV *He* as primary ions, and
Elastic Backscattering Spectroscopy (EBS) measurements were carried
out using the elastic 12C(4He,4He)12C resonance with a 4.45 MeV He?"
beam probing C at the resonance energy of 4.26 MeV near a sample
depth of approximately 80 nm [48,49]. All measurements were per-
formed with the incident beam at 5° with respect to the normal surface
and the backscattering angle was 170°. The samples were wiggled
within a 2° angle interval to avoid possible channeling effects. The data
analysis was performed using the SIMNRA software package and the
cross sections obtained from SigmaCalc were used to fit the C peak [49].
Particle induced X-ray emission (PIXE) measurements were performed
simultaneously with the EBS/RBS measurement. The PIXE detector was
mounted at 135° and further details about the PIXE setup are given
elsewhere [50]. The PIXE data was analyzed using with the GUPIX
software [51].

Time-of-Flight Energy Elastic Recoil Detection Analysis (ToF-E-
ERDA) measurements were carried out using 36 MeV 27I18" (iodine) as
the projectile species. The scattered ions were detected at an angle of 45°
with respect to the primary beam with the incidence and exit angle of
beam and detected particles set to 22.5° with respect to the sample
surface [52]. The ERDA data was analyzed using the Potku software
[53]. To extract the C and O fractions an integration depth of 0 to 225
nm was used, consequently including the surface oxide layer.

All IBA measurements were carried out on Si substrates that were
placed next to the AISI-316L substrates during deposition, to avoid
overlap of the Cr signals from the film and the substrates

2.3. X-ray diffraction characterization

A Philips MRD X'Pert diffractometer with Cu Ko radiation was used
to perform grazing incidence X-ray diffraction (GI-XRD) measurements
with an incident angle of 2°. The diffractometer was operated in a
parallel beam geometry using a Gobel mirror on the primary side and
parallel plate collimator with a 0.27° divergence on the secondary side.
Pawley refinement of the cubic unit cells against the XRD data was
carried out using the Topas Academic (V6) software [54,55].

2.4. Focused Ion beam

A FEI Strata DB235 scanning electron microscope with coupled
focused ion beam (SEM-FIB) was used to prepare cross-sectional elec-
tron-transparent specimens of the synthesized materials for transmission
electron microscopy (TEM) characterization and heavy ion irradiation
with in-situ TEM. The lamellas were attached to either Cu or Mo lift-out
grid and subsequently thinned to electron transparency with a final
polishing step using a 5 kV Ga' beam following methodology from
literature [56].

2.5. Transmission electron microscopy
Pre- and post-irradiation characterization was performed using a FEI

Talos F200X STEM operating a field emission gun with the energy set to
200 keV. This STEM was mainly used for microstructural analytical



M.A. Tunes et al.

investigations via the Super-X Energy Dispersive X-ray (EDX) spectros-
copy technique, High-Angle Annular Dark-Field (HAADF) and Bright-
Field STEM (BF-STEM). Prior to the electron-microscopy in-
vestigations using a FEI Talos, all the TEM lamellae were subjected to
plasma cleaning in an Ar atmosphere for 20 min, which was found
sufficient to prevent C (or any contaminants) uptake during prolonged
STEM-EDX experiments. For elemental quantification using the
collected STEM-EDX data, a multi-polynomial model with Brown-Powell
cross sections and sloped background was used for spectral fitting
assuming that the thicknesses of the samples were approximately 100
nm. The densities of both HEC and HEA were set to 13.5 and 17.1 g cm™>,
respectively. Bright-Field TEM (BFTEM), Dark-Field TEM (DFTEM) and
Selected Area Electron Diffraction (SAED) techniques were performed in
a FEI Tecnai F30 TEM operating a Schottky FEG at 300 keV also for the
pre- and post-irradiated specimens. Fresnel contrast was used for the
identification of nanometer-sized Xe bubbles. DFTEM micrographs were
digitally colored using the lookup tables within the ImageJ software for
better visualization and grain-size measurement [57].

2.6. In situ TEM with heavy ion irradiation

The electron-transparent samples produced in the SEM-FIB were
subjected to heavy ion irradiations in situ in a Hitachi H-9500 TEM
operating at 300 keV at the MIAMI-2 facility in the University of Hud-
dersfield [58]. The accelerator coupled with the TEM is a 350 kV ion
source from National Electrostatics Corporation and a 300 keV Xe™ ion
beam with a flux of 6.2 x 102 ions cm™2 s™! was used to irradiate the
specimens up to a fluence of 3.7 x 10'® ions cm™2. All specimens were
subjected to irradiations at 573 K to emulate the thermal environment
commonly found in light-water reactors. SRIM-2013Pro was used to
convert fluence-to-dpa following a slightly modified version of the
method proposed by Stoller et al. [59] Although Stoller’s method has
been recently revisited in the specific case of highly concentrated
multicomponent systems [20], which suggested the use of the “full
damage cascades” mode of calculation instead of “quick calculation of
damage” mode, the earlier method is still widely used to calculate the
equivalent nuclear reactor dose in dpa for ion beams.

Using the “quick calculation of damage” mode of calculation within
the SRIM-2013Pro, an assumed thickness of around 100 nm and 40 eV
[59,60] as an average displacement energy for all the metal constituents
and 28 eV for C, SRIM-2013Pro estimates an average of 2066 and 2102
displacements-per-ion collision for the HEC and the HEA, respectively
(from the VACANCY.txt file). For these calculations, the theoretical
density of both HEC and HEA were used: 13.5 and 17.1 g cm™>,
respectively, and the measured elemental compositions were used as
presented in Table 1. Under these conditions, the maximum fluence of
our experiments corresponds to approximately 9.0 and 12.6 dpa for both
HEC and HEA. Throughout this paper, for clarification and comparison
purposes, we reasonably approximate the total dose for both materials to
10 dpa as both materials were subjected to the same dose rate (flux) and
fluence.

Table 1

Elemental composition estimated via EBS/PIXE" analysis of the as-deposited
designed materials. The C concentration in the HEA film and the O concentra-
tion in both films was determined by ToF-E- ERDA measurements.

Material Elemental Composition [at.%)]

Cr Nb Ta Ti w C (0]
HEA 1.8 9.0 46.0 1.1 421 <1 <1
HEC 3.1 5.9 21.7 3.3 21.7 44.3 <1

3 A 2 MeV He" ion beam was used for the HEA and a 4.45 MeV He?" ion beam
was used for the HEC.
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2.7. Density functional theory computation

DFT calculations are performed using density functional software
package VASP [61,62]. For the exchange and correlation, we use a
generalized gradient approximation of the Perdew-Burke-Ernzerhof
form [63] (GGA-PBE), and projector augmented wave pseudopoten-
tials. Both the semi-core electrons and magnetic contributions are not
included in this study. We find the contribution from both do not
significantly affect the calculations. The convergence criteria for energy
and forces are set to 107 eV and 10~% eV A~! respectively. The
Monkhorst-Pack mesh [64] spacing is such that it corresponds to a 14 x
14 x 14 k-point mesh of a two-atom body centered cubic (BCC) cell and
a 20 x 20 x 7 k-point mesh of a two-atom hexagonal close pack (HCP)
cell, that was used to compute reference energies. The plane-wave cutoff
energy used was 350 eV. We have generated 20 random solution con-
figurations of 4 x 4 x 4 body-centered cubic supercell structures for an
HEA with component concentrations of 3.1Cr, 11.7Nb, 40.6Ta, 3.1Ti,
and 41.4W(in at.%). In addition, and similarly for the HEC, we have
generated 30 random solution configurations of 3 x 3 x 3 RS cubic
supercell structures ceramic with component concentrations of 3.3% Cr,
4.3Nb, 19.2Ta, 3.5Ti, 19.5W, and 50C (in at.%) on the cation sites. In the
rock-salt (RS) structure W, Ta, Nb, Ti, and Cr share the anion sites. Each
of those atoms are surrounded by C atoms while C atoms are surrounded
by the anion site atoms. These configurations have been minimized in
energy at zero temperature and pressure, relaxed in volume, and
computed the formation energy per atom.

n
~ Eprr = YomiaEY

E-
f N

€y
where Eppr is the energy of system as calculated ab initio, N is the total
number of atoms in the supercell, n is number of components in the
alloy, and EY and c,, are the reference energy and number of atom type
m. The reference energies, E:,‘ff are —9.511, —10.047, —11.862, —7.762,
—13.015, —5.299 eV for Cr, Nb, Ta, Ti, W, and C, respectively. The
reference energy for both Ti and C have been computed in an HCP lattice
and Cr, Nb, Ta, and W in a BCC lattice.

For these structures we have introduced a vacancy on the sites for W
and Ta for BCC structures and W, Ta, and C for the RS structures on 20
random configurations. This equates to a total of 40 configurations in
BCC and 60 configurations in RS each with a single vacancy. These
structures have also been relaxed at zero pressure and temperature and
vacancy formation energy computed.

E[* = Epgr — Eprr + E)Y @

where EJJS is the energy of the system with a single vacancy as

computed ab initio. The reference energy EY is of the atom of type m
that is removed.

3. Results
3.1. Synthesis and characterization

The composition of the materials, synthesized via non-reactive DC
magnetron sputtering, was determined using Ion Beam Analysis (IBA)
methods. Namely Time-of-Flight Energy elastic recoil detection analysis
(ToF-E- ERDA), Elastic Backscattering Spectrometry (EBS and Particle-
Induced X-ray Emission (PIXE). In addition, grazing incidence X-ray
Diffraction (GI-XRD) and Transmission Electron Microscopy (TEM) were
used to assess the materials’ crystallography and microstructural
morphology in their pristine forms.

In Table 1 we present the result of the chemical composition analysis
obtained from the different IBA-methods. The experimental EBS spectra
of the HEC and the HEA films (black solid dots) are shown along with a
fit obtained by SIMNRA (green solid line) in Fig. 1A and C. The EBS fits
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Fig. 1. Ion beam analysis of the designed materials in the as-deposited state. EBS/RBS spectra and PIXE fits obtained with the as-deposited HEC (A and B) and
HEA (C and D) specimens, respectively. The fit to the C peak, using cross sections as obtained with SigmaCalc [49] in SIMNRA [94] indicates that this element is
incorporated within the HEC solid solution with a molar amount similar to the combined amount of the latter elements. The PIXE fits allowed the estimation of
elemental ratios of Ti/Cr and Ta/W. The elemental composition was determined by a combination of EBS/RBS and PIXE Table 1. The photon lines used to estimate

the compositions are shown in Table 2 for clarification.

are based on the boundary conditions of known relative Ti/Cr and Ta/W
ratios obtained from PIXE (see Fig. 1B and D). The Ti/Cr ratio was
determined by means of the K line series and the Ta/W ratio was
determined by an analysis of all detectible L-lines. A detailed overview
of the detected X-ray energy lines used in this work is presented in
Table 2.

Four distinct plateaus are observed for the HEC films (Fig. 1A) while
three distinct plateaus are observed in the case of the HEA film (Fig. 1C).
The broad plateau at high energies in the range from 3700 to 4050 keV
in the case of the HEC film and in the range from 1350 to 1825 keV in the
case of the HEA film corresponds to the Ta+W signal. The relative
narrow plateau at energies in the range from 3400 to 3600 keV in Fig. 1A
and in the range from 1225 to 1290 keV in Fig. 1C corresponds to Nb.
Similarly, the plateau at energies in the range from 2750 to 3350 keV for
the HEC film and in the range from 1020 to 1160 keV for the HEA film
corresponds to Ti+Cr. The C signal is detected at energies around
750-1150 keV for the HEC film. Additional ToF-E- ERDA measurements

Table 2
Photon energy lines used to determine the elemental ratios used to estimate the
elemental composition of the deposited films.

Element Photon energy [keV]
Ti Ko Kp
4.51 4.93
Cr Ko Kp
5.41 5.95
Nb Ka
16.58
Ta L Loy Loy Lpy LB Lyy Lys
7.17 8.15 8.09 9.35 9.65 10.89 11.28
w L Loy Loz Lpy LB Lyy Lys
7.39 8.40 8.34 9.67 9.96 11.28 11.68
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Fig. 2. Crystallographic analysis and microstructural morphology of the designed materials in the as-deposited state. The plot in figure A shows the GI
diffractograms for the HEC, HEA and the AISI-316L (substrate). The Pawley refinement analysis in B and C indicated that the HEC has a B1 (NaCl) crystal structure
while the HEA is of a A2 (BCC) crystal structure. In the plots B (for the HEC) and C (for the HEA), the black curves represent the simulated patterns, the red curve the
observed data and the blue curve denotes the difference between the observed and simulated curves. Peak positions of the used structure models are marked by blue
vertical bars below the simulated/observed curves. The calculated lattice parameters are shown in Table 2. The DFTEM micrographs in D and E show the micro-
structural morphology of the pristine HEC and the HEA, respectively, at the nanoscale. The HEC exhibits an equiaxed-like nanograin microstructure with a trend for a
columnar arrangement, while the HEA has pure nanograin-sized columnar-like microstructure. Note: the scale bar in D also applies to E.

show that C is only present in the HEC film and that the O impurity level
is below 1 at.% in the bulk of both films (see supplementary information
Fig. 1) and that the HEA film contains C impurities which are below 1 at.
%. It is worth noting that the poor fit to the line close to 7.5 keV might be
attributed to Ni contamination in the sample on the order of 0.1 at.%.
However, we do not exclude that a fraction of the beam may have grazed
or scattered to the stainless steel out of which the experiment chamber is
constructed, thus producing a faint Ni signal.

Fig. 2A shows the Grazing-Incidence XRD (GI-XRD) diffractograms of

Table 3
Lattice parameters estimated from the GI-XRD analysis on the as-deposited
designed materials.

Sample Crystal Structure a[A] Rwp Gof
HEC B1 (NaCl) 4.358440(354) 17.76 4.91
HEA A2 (BCC) 3.243593(117) 24.34 6.46
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High-Entropy Carbide High-Entropy Alloy
A A : 0 dpa

Fig. 3. Microstructural evolution under heavy ion irradiation with in situ TEM. The BFTEM micrographs from A to D and from E to H show the microstructural
evolution of the HEC and the HEA under irradiation, respectively, up to a dose of 10 dpa. Note: In situ TEM heavy ion irradiation videos are available in the online
version of the article (see Appendix. Supplementary materials).
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Fig. 4. Xe retention after irradiation.
The BFTEM micrographs A and C show
the microstructure of both designed
materials as-deposited. The under-
focused BFTEM micrographs in B and D
show Xe bubbles within the micro-
structures at 10 dpa. The histograms in
E and F quantify the average size of the
observed Xe bubbles after 10 dpa in the
HEC and HEA, respectively. Note: the
scale bar in A applies to all micrographs
in the figure. The defocus applied was
-2100 nm for all the BFTEM
micrographs.
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the HEC, HEA and the AISI-316L substrate. The HEC diffraction pattern
can be fitted with a B1 (NaCl type) structure, and all peaks of the HEA
film can be indexed with an A2 (BCC) structure. Pawley refinements (see
Fig. 2B and C) were performed to estimate lattice parameters which are
presented in Table 3. The additional peaks in the HEC and HEA dif-
fractograms originate from the AISI-316L substrate. Typical morphology
of the HEC and HEA films as-deposited is shown in the Dark-Field TEM
micrographs in Fig. 2d and e, respectively. The HEC film presents round-
shape equiaxed grains arranged in a columnar-like aspect while the HEA
film exhibits a typical microstructure with pure columnar grains. The
average grain-size was measured using the DFTEM micrographs to be
9.8 £ 0.9 and 27.2 + 2.4 nm for the HEC and HEA, respectively,
therefore both materials are of nanocrystalline nature. We would like to
emphasize that the residual differences in the refinements could be

2 3 4

Bubble Diameter [nm]

explained by crystallographic strain, which can stem from residual
compressive stress typical for thin films synthesized by magnetron
sputtering [65-67].

3.2. Heavy ion irradiation with in situ TEM

The real-time microstructural evolution of both HEC and HEA films
under heavy-ion irradiation at 573 K was monitored in situ in a Hitachi
H-9500 TEM. Fig. 3A-D shows the microstructure of the HEC under
Bright-Field TEM (BFTEM) condition from its pristine state (Fig. 3A) up
to a dose of 10 dpa (Fig. 3D). Under BFTEM conditions, it is possible to
note a discrete grain growth in the HEC film. Similarly, Fig. 3E-H shows
the microstructure of the HEA under BFTEM from its pristine state
(Fig. 3E) up to a dose of 10 dpa (Fig. 3H) where the grain growth was
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Fig. 5. Morphological modifications after irradiation. The colored DFTEM micrographs in A and C and the SAED patterns in B and D show the microstructure of
the HEC and its respective diffraction patterns before and after irradiation, respectively. The average grain size before and after irradiation for the HEC was estimated
to be 9.8 + 0.9 and 14.9 + 0.8 nm after 10 dpa. The colored DFTEM micrographs in E and G and the SAED patterns in F and H exhibit the microstructure of the HEA
before and after irradiation, respectively. For the HEA case, the average grain size before and after 10 dpa was 27.2 + 2.4 and 60.6 + 4.1 nm. Note 1: the scale bar in
A also applies to C, E and G. Note 2: the SAED patterns in B and F were indexed as shown with data available in the ICSD database [95,96].

more pronounced when compared with the HEC film. Under the
observation conditions during the heavy-ion irradiation within in situ
TEM, apart from the discrete grain growth, no significant alterations
were observed, which motivates a further and detailed post-irradiation
characterization.

3.3. Post-irradiation characterization

Multiple electron-microscopy techniques were used to investigate
the radiation effects on both HEC and HEA films. These are Fresnel
contrast BFTEM, DFTEM and detailed Scanning Transmission Electron
Microscopy (STEM) with Energy Dispersive X-ray (EDX) spectroscopy.
The results of the post-irradiation characterization are shown in this sub-
section.

3.3.1. Inert gas bubbles formation

Collected BFTEM micrographs before and after irradiation up to 10
dpa are shown in Fig. 4A-D. After irradiation, transgranular Xe bubbles
were observed within the microstructure of both HEC and HEA films
(Figures B and D). The average size of these Xe bubbles was estimated to
be 2.06 + 0.3 nm and 2.12 £ 0.4 nm, respectively for the HEC and HEA
films. The histograms of Xe bubbles sizes are shown in Fig. 4E and F. In
addition, the estimated areal densities for both HEC and HEA films were
4.3+0.4 x 1012 and 3.7 + 0.2 x 10'2 bubbles cm™2, respectively. Using
these areal densities, the amount of swelling in both materials was
calculated to be 0.178% for the HEC and 0.18% for the HEA. Detailed
information on how swelling analysis was performed is presented else-
where [68]. For both bubble sizes and areal densities, 100 bubbles were
measured in 4 different areas.

3.3.2. Morphological and microstructural modifications

A detailed track on the microstructural modifications in both HEC
and HEA films is presented in the DFTEM micrographs and SAED pat-
terns in Fig. 5. A direct comparison before and after irradiation shows
that the HEC suffered small grain growth (Fig. 5A and C) whereas the
HEA film exhibited significant grain growth as observed in Fig. 5E and

G. The initial nanograined-equiaxed microstructure of the HEC film was
preserved after irradiation, but the typical columnar-grain microstruc-
ture of the HEA appeared to exhibit recrystallization to bigger equiaxed
grains. The DFTEM micrographs allowed the accurate estimation of
average grain sizes. Before irradiation, the HEC and HEA films have an
average grain size 9.8 £ 0.9 and 27.2 + 2.4 nm, respectively. After
irradiation, the average grain size increased to 14.9 £+ 0.8 nm and 60.6
+ 4.1 nm for the HEC and HEA, respectively. In addition to the grain size
analysis, the SAED patterns taken before (Fig. 5B and F) and after irra-
diation (Fig. 5D and H) indicate that neither the HEC nor the HEA suf-
fered irradiation-induced amorphization.

3.3.3. Analytical quantification of the irradiation effects

A detailed investigation on possible modifications of the local alloy
chemistry in both HEC and HEA films was carried out using STEM-EDX
and the results are shown in Fig. 6. Elemental mapping of the HEC after
annealing, but prior irradiation and after irradiation up to 10 dpa is
shown in the set of Fig. 6A-F and G-M, respectively. No RIS nor RIP were
detected to occur in the region corresponding to the film, but Cr
segregation was observed in the AISI-316L substrate. Similarly, the
elemental mapping corresponding to the HEA film before and after
irradiation up to 10 dpa is shown in the set of micrographs in Fig. 6N-S
and T-Y, respectively. As for the HEC film, no RIS nor RIP were detected
in the HEA film. A slight Cr segregation is noted in the AISI-316L sub-
strate. The High-Angle Annular Dark-Field (HAADF) micrographs 6AA
and 6AC and the BFSTEM micrographs 6AB and 6AD shows the micro-
structure of the HEC and HEA films before and after irradiation corre-
sponding to the areas where the elemental maps in the Fig. 5 were
acquired. The analytical quantification of the radiation effects via STEM-
EDX indicate that phase transformations, segregation or precipitation
have not occurred in both materials as a result of heavy-ion irradiation.

3.4. Computational results

Formation energies of HEA in BCC and HEC in rock-salt (RS) are
shown in Fig. 7A and B respectively as computed by Eq. (2). The overall
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Fig. 6. Analytical microstructural investigations. The set of STEM-EDX elemental maps from A to M and from N to Y exhibit the microstructures of the HEC and
HEA, respectively, before and after irradiation up to 10 dpa. The HEC and the HEA neither suffered radiation-induced segregation nor phase transformations as a
result of the heavy ion irradiations. The set of HAADF and BFSTEM micrographs AA and AC, AB and AD, respectively, show the general aspect of the substrate/film
system before and after irradiation. Note: the scale bar in A also applies to all micrographs in the figure.

formation energy in BCC HEA is larger than that of HEC with carbon and
a RS lattice structure. The average formation energy of the HEA is
-0.0238 eV per atom whilst for the HEC is -2.167 eV per atom. The de-
viation from the mean in the HEA is 0.00244 eV while in the HEC is
0.04376 eV. These results highlight the large stability of the carbide
configuration with respect to the random metallic structure.
Formation energies of single vacancy in HEA and HEC are shown in
Fig. 7C and D respectively as computed by equation 3. The mean va-
cancy formation energy in the HEA is larger at 3.303 eV than that in the
HEC, 3.076 eV. The deviation from the mean in the HEA is 0.373 eV
while the HEC has a larger deviation of 0.946 eV. The HEC has an
additional set of data points stemming from the carbon atom sites which
are attributed to the cation sites in the RS structure. Fig. 7E and F depicts
the contribution of the mean vacancy formation energy for each atom

type site. In the HEA there is a minimal difference between the mean of a
Ta, 3.24 eV, and W, 3.28 eV site. In the HEC a larger discrepancy is
shown between each atom type. W removal leads to a mean of 1.93 eV,
while C and Ta sites have a similar mean of 3.83 eV and 3.46 eV,
respectively.

4. Discussion

4.1. Characterization and comparison between the HEC and HEA
counterpart

The results observed for the samples in this study are in good
agreement with the findings in preceding studies, using the same syn-
thesis conditions. Both GI-XRD and TEM analysis of the as-deposited
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Fig. 7. Computational results. Formation energies of random configurations of HEA in BCC (A) and HEC in rock-salt (RS) (B), formation energies of single vacancy
in HEA (C) and HEC (D), contribution of single vacancy on specie sites for HEA (E) and HEC (F).

coatings on steel substrates confirmed that a single-phase solid solution
structure was obtained. No clustering and secondary phase formation
with the metal-transition carbide formers were observed in the pristine
specimens. GI-XRD measurements, with subsequent Pawley fitting
analysis, confirmed the A2 (BCC) and B1-type structure for the HEA and
HEC film, respectively. The fitting revealed a lattice parameter of
3.243593(117) A for the HEA and 4.358440(354) A for the HEC film.
STEM-EDX assessment has shown no segregation of alloying elements
nor secondary phases to be present in the HEC (as exhibited in
Fig. 6A-F).

The feasibility of synthesizing a single-phase multicomponent alloy
and carbide material in the CrNbTaTiW-C system via magnetron
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sputtering has been demonstrated previously [46,47,69]. The formation
of a stable single-phase HEC has been attributed to the stability of the
B1-type monocarbides structure for three of the five elements (Ti, Ta and
Nb), as well as extensive mutual solubility of the respective mono-
carbides. This reasoning could possibly be expanded by an increased
configurational entropy on the metal sublattice, however the effect of
entropy on the phase stability of these materials is not yet clear [70].
The detailed TEM assessment of both the HEA and HEC coating
showcases the differences in the microstructures of the materials, as
shown in the DFTEM micrographs in Fig. 2D and E. The HEA has a
characteristic columnar nanograined microstructure whereas the HEC
exhibit a trend for columnar-like structure, but with the noticeable
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presence of equiaxed-like nanograins. In the as-deposited state, the HEC
has smaller grains when compared with the HEA. The formation of a
nanocrystalline structure with smaller average grain sizes is expected for
magnetron sputtered carbides, compared with metal alloys prepared
under similar synthesis conditions. Carbides exhibit a higher melting
point and subsequently a reduced homologous temperature (T/Tp,).
According to the structure zone diagram, low adatom mobility and
continued re-nucleation of the grains is expected in the low homologous
temperature region, resulting in the formation of a fine-grained micro-
structure [71,72].

4.2. Real-time radiation response of the refractory HEC and HEA
counterpart

Given the differences between the CrNbTaTiW HEA and (CrNbTa-
TiW)C HEC in a microstructural perspective, i.e. both different crystal
structures and average grain sizes, a pioneer study using heavy-ion
irradiation in situ within a TEM was herein performed aiming at
directly comparing the radiation effects and response of both materials
in extreme conditions. As for the irradiation conditions, 300 keV Xe ions
at 573 K was chosen as it provides a suitable methodology to simulate
the dense displacement damage cascade conditions that are generated in
structural nuclear materials and nuclear fuels due to neutrons [73,74].
Xe ions within this energy range also poses a considerable level of im-
plantation for an electron-transparent lamella (~100 nm of thickness)
and this fact was used to study Xe retention (a fission gas within the U
decay chain [75]) and inert gas bubbles formation: the latter facts of
paramount importance within the context of conventional
ceramic-based nuclear fuels.

The microstructures of both HEC and HEA were monitored in situ
within the TEM during irradiation as shown in Fig. 3A-D and E-H,
respectively. From the real-time irradiation experiments, it became
evident that the HEC was not subjected to the same level of grain growth
as the HEA. Post-irradiation analysis using conventional TEM by
comparing the irradiated microstructures at 10 dpa with pristine spec-
imens also confirmed such observations. Both materials did not suffer
amorphization as demonstrated in the SAED patterns collected before
and after irradiation (Fig. 5B-D and F-H). In addition, displacement
damage effects such as characteristic dislocation loops were not
observed to form in these microstructures (dark contrast observed in the
BFTEM micrographs in Fig. 3 is due to Bragg diffraction conditions).

As recently reviewed by Zhang et al., a characteristic property
exhibited by nanocrystalline materials under irradiation is their grain
boundaries (GBs) ability to actively act as preferential sinks for
irradiation-induced defects at the atomic level [76]. Given the impact of
heavy Xe ions within the microstructures of both materials, two
particular radiation damage effects can take place: (1) the generation of
a dense displacement defect cascade with a subsequent thermal spike
[77] and (2) the absorption or annihilation of the lattice defects (i.e.
interstitials and vacancies) generated within the cascade by the nano-
crystalline GBs [78,79]. Due to such a constrained nature of GBs, it has
been extensively reported that nanocrystallinity in HEAs prevents the
development of dislocation loops under irradiation — with refractory and
nanocrystalline HEAs being a particular case of outstanding resistance to
irradiation-induced dislocation formation[46]. This fact also agrees with
recent studies on plastic deformation of nanomaterials where reports
show absence of dislocation emission under mechanical loading for
grains with average sizes of ~10-50 nm [80]. Although, displacement
damage has not been observed in both materials subjected to irradia-
tions in this work, concerns on the radiation effects on the HEC and HEA
lies solely on the morphological stability (grain growth) and possible
local chemistry changes (RIS and RIP).

Classical thermal grain growth models [81] were used by
Alexander-Was-Kaoumi (AWK) to formulate a modified version to
empirically integrate the radiation effects [82,83]. In the AWK model,
nanograins can grow upon migration caused during the generation and
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evolution of a displacement damage cascade. This happens as a conse-
quence of both solid-state diffusion of defects and solutes as well as the
local curvature of the grain that will point to its migration direction. The
application of the AWK model to understand the mechanisms of grain
growth of HEAs under irradiation has led to a conclusion that in these
alloys, the irradiation-induced grain growth as a function of irradiation
dose is significantly suppressed when compared with pure metals and
conventional alloys [84], leading to superior radiation resistance.

The findings on the application of the AWK model to understand the
radiation response of nanocrystalline HEAs agree with recent calcula-
tions presented in literature for such novel alloys. The high-radiation
resistance exhibited by some refractory HEAs was recently investi-
gated using a reaction rate model by El-Atwani et al. in the quaternary
system of WTaVCr [45]. When compared with single refractory metals
such as W, interstitials, and vacancies mobilities are of a closer value,
which leads to a maximized recombination rate that inevitably reduces
the defect population during the events of the displacement cascade. In
addition to that, transition-metal carbides are of higher a melting point
than its pure metal counterparts [85]. The lower grain growth levels
observed for the HEC within this work is a synergistic manifestation of a
smaller defect population due to irradiation — which arises as a char-
acteristic feature on defect diffusion of high-entropy materials — as well
as a higher melting point for the HEC than the HEA in this CrNbTaTiW
quinary system.

4.3. Analytical evidence of enhanced local chemical stability

Heavy-ion irradiation with in situ TEM as a method to emulate [86]
the dense damage cascades often observed in neutron irradiation has
been revealed as a suitable methodology to investigate the radiation
response of candidate nuclear materials.

Two recent literature results can be used to shed light on the radia-
tion resistance of the materials herein investigated, especially the HEC.
By using Xe irradiation within a TEM at 573 K, TiN thin films — proposed
as a coating material for Accident Tolerant Fuels (ATFs) — exhibited a
series of deleterious responses at only 6.2 dpa, among them RIS of Ti
along its grain boundaries and Xe bubble sizes around of 30 nm [86].
Similarly, a CroAlIC MAX phase has shown RIS of Cr along grain
boundaries around 7 dpa [87].

Despite the chemical instabilities observed in these two materials
above, using similar irradiation methodology, both the HEC and HEA
herein investigated have not experienced chemical instabilities such as
RIS, phase transformations or amorphization. Transition metal carbides
often readily undergo amorphization when irradiated with energetic
particle beams, which is surprisingly not the case for the HEC. The
materials sustained their initial local chemistry intact up to 10 dpa,
which can be considered a high dose in the face of previous studies with
potential nuclear ceramics mentioned above.

The response of both HEA and HEC to irradiation are also better
understood with the computational results presented in Fig. 7. These
results indicated that the potential energy landscape for the vacancy to
migrate is higher in the case of the HEC compared to the HEA, with sites
that may act as deep traps for vacancy diffusion. In addition, the for-
mation energy of the HEC is lower than the HEA, suggesting a more
stable thermodynamic configuration for the carbide. This variation of
the defect properties has profound consequences for the response of the
material upon irradiation. When the defects’ energetic landscape is
higher in the HEC when compared with the HEA, all the events of ra-
diation damage will be suppressed or even “sluggish” in the carbide
compared with the alloy. Similarly this happens for a more thermody-
namic stable microstructure reflecting lower formation energies (the
HEC case). For both facts, experimental evidence presented in this paper
points to better resistance to grain growth in the case of the HEC
compared with the HEA, although both materials present excellent local
chemical stability despite their chemical complexity.
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Table 4

Literature data on Xe bubbles sizes on post-irradiated conventional nuclear fuel ceramics and this work.
Material Irradiation method Xe bubble sizes (diameter/nm) Reference
U0, Neutron, LWR 3-5 Cornell [97]
(U,Pu)0O, Neutron, LMFBR < 30 Matzke [91]
(U,Pu)O, Neutron, LWR ~6 Matzke [91]
ZrO, Y-stab. Xe implantation 6 Degueldre [88]
U0, Xe implantation ~1° Michel [98]
UsSiy Xe implantation 5-10 Miao [99]
ucC Computational/BUCK code 0.5-2.5 Matthews [100]
(CrNbTaTiw)C Xe implantation 2.0 This work, 2022

2 Michel et al. reports such bubble sizes at a dose of 7 x 10'* ions cm™2, one order of magnitude lower than the dose reported in

this present work.

4.4. Inert gas retention and bubbles formation

A desired property for a nuclear fuel material is the ability to retain
fission gases in its matrix. These gases originate from the decay chain of
U stimulated by neutrons within a reactor. In the case of Xe, atoms with
a kinetic energy of 182 MeV can be generated and cause damage in the
reactor’s material (see calculation in the supplemental file). Upon their
release from the nuclear fuel matrix, an exponential increase of the
nuclear fuel rod internal pressure can occur, thus the safe operational
envelope of a nuclear reactor could be jeopardized. A microstructure
that shows the ability to act as a physical barrier to the release of fission
gases is a desire for the development of new ATFs [36,88-90].

The interaction of a highly-energetic fission gas atom with the
microstructure of conventional nuclear fuels has been the subject of
intense investigations over the past century and a comprehensive review
including details of the physics underlying such interactions was pre-
sented by Matzke late in the 1980s with a focus on the UO5 [91]. To
briefly summarize, four types of phenomena can occur when fission
gases interact with the nuclear fuel matrix in the presence of radiation
damage: (i) gas entrapment in crystalline defects, (ii) precipitation into
gas bubbles and/or in pre-existing pores, (iii) precipitation of the gas
along the grain boundaries, and (iv) final transport of the gas atoms to
the nuclear fuel rod plenum [91]. Effects (i) and (ii) are related with the
retention of fission gases in the material’s microstructure whereas (iii)
and (iv) are linked with their release. For the purposes of innovative
nuclear fuel development with high radiation tolerance, microstructural
retention of fission gases is preferred [88].

Despite the high-resistance to irradiation-induced grain growth and
the absence of detectable displacement damage such as dislocation
loops, Xe bubbles were observed to nucleate in both HEC and HEA as a
function of the irradiation dose which inserts the HEC as candidate
materials for future nuclear ceramic fuels. Although the bubbles have
nucleated, their growth seems to be somehow hindered as the final sizes
for Xe bubbles in the HEC and HEA are, respectively, 2.06 + 0.3 nm and
2.12 £ 0.4 nm. In addition, the amount of swelling promoted by such Xe
bubbles in both materials is around 0.18% which is significantly lower
than the values reported by different materials under inert gas
implantations.

The high capability of fission gas retention herein exhibited by both
HEC and HEA in the CrNbTaTiW refractory system can be better un-
derstood when a comparison with available literature data is made for
Xe bubbles sizes in conventional nuclear fuel materials. Table 4 shows a
series of Xe bubble sizes (diameter) collected from the available litera-
ture. It is notable that the bubble sizes observed for the HEC and HEA
herein presented are smaller than most of the conventional nuclear
ceramic fuel materials. Such a resistance to Xe bubbles growth can be
understood with the state-of-the-art comprehension of high-entropy
materials and the inherent nanocrystallinity. For HEAs, radiation dam-
age production is overall reduced at the atomic level given their inherent
tunable chemical disorder capability [92]. It has been reported that in
some refractory HEAs, similar mobilities for vacancies and
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self-interstitials leads to a higher recombination rate of point defects,
thus reducing the population of vacancies needed to grow large bubbles
[45]. The damage cascades promoted by 300 keV Xe extend to 50 nm
(according to SRIM-2013Pro calculation), thus larger than the average
grain size of both HEC and HEA. Part of the defect population generated
within the cascade will also annihilate in the grain boundaries, given
their reduced-sizes and high sink-efficiency for atomic-size defects [93].
A similar trend has been observed in different HEA systems and in ma-
terials with grain-sizes confined at the nanoscale [45,93]. It is impres-
sive that given such large and dense cascade of defects, only small
bubbles and little grain growth are observed as major effects of the
irradiation. These facts evidence the strong potential of HEC as materials
for further investigations within the scope of nuclear fuels.

5. Conclusion

High-entropy materials exhibit — as shown in this paper — an enor-
mous potential for functionalization and commercialization in the near
future. A novel high-entropy carbide and its high-entropy alloy coun-
terpart (herein defined as HEC and HEA) were investigated considering
their application in extreme environments, specifically in that where
energetic particle irradiation is the major degradation mechanism. The
methodology of heavy ion with in situ TEM has been used for the first
time to assess the irradiation response of such a novel HEC.

In face of the literature available for conventional ceramic materials
under irradiation, both HEC and HEA have not displayed any local
chemical instabilities (such as RIS and RIP) as a result of the atomic
collisions on their microstructures. Surprisingly, amorphization did not
occur for the HEC up to 10 dpa in the temperature of relevance for light-
water reactors. Irradiation-induced grain growth were observed to occur
in both materials with the HEC exhibiting (within the statistical error)
superior performance than the HEA. Xe bubbles were observed to
nucleate and grow in both materials, but their final sizes at 10 dpa were
found to be much smaller than those observed for conventional nuclear
fuel ceramic materials under irradiation. These results point to the HEC
having a slightly higher radiation tolerance than the HEA. DFT calcu-
lations corroborate the findings presented in this paper.

By outperforming existing ceramic materials, it can be concluded
that the HECs hold an enormous potential to be further investigated in
the context of extreme environments. The possibility of manufacturing
novel nuclear fuels materials based on the HEC concept could soon
revolutionize this field by deploying new materials with enhanced ra-
diation resistance and enhanced fission gases retention.

Data availability and request for samples

The raw data collected and used to report the results presented in this
research manuscript can be found permanently stored in a dataset in the
Mendeley Data repository and it can be open accessed via the link
provided: https://doi.org/10.17632/scsg3dpg2y.1. We are committed
to increase the efforts to evaluate the response of the high-entropy


https://doi.org/10.17632/scsg3dpg2y.1

M.A. Tunes et al.

carbides presented in this manuscript. Therefore, samples can reason-
ably be provided for the community upon request to Dr. Stefan Fritze (is
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