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Stefan Pogatscher, Enrique Martinez, Duc Nguyen-Manh, and Osman El-Atwani*

Refractory High-Entropy Alloys (RHEAS) are promising candidates for
structural materials in nuclear fusion reactors, where W-based alloys are
currently leading. Fusion materials must withstand extreme conditions,
including i) severe radiation damage from energetic neutrons, ii)
embrittlement due to H and He ion implantation, and iii) exposure to high
temperatures and thermal gradients. Recent RHEAs, such as WTaCrV and
WTaCrVHf, have shown superior radiation tolerance and microstructural
stability compared to pure W, but their multi-element compositions
complicate bulk fabrication and limit practical use. In this study, it is
demonstrated that reducing alloying elements in RHEAs is feasible without
compromising radiation tolerance. Herein, two Highly Concentrated
Refractory Alloys (HCRAs)W Ta V andW Ta V (at.%)— were
synthesized and investigated. We found that small V additions signi“cantly
in"uence the radiation response of the binary W...Ta system. Experimental
results, supported byb-initio Monte Carlo simulations and
machine-learning-driven molecular dynamics, reveal that minor variations in
V content enhance Ta...V chemical short-range order (CSRO), improving
radiation resistance in the WTa V HCRA. By focusing on reducing
chemical complexity and the number of alloying elements, the conventional
high-entropy alloy paradigm is challenged, suggesting a new approach to
designing simpli“ed multi-component alloys with refractory properties for
thermonuclear fusion applications.

. Introduction

Since the s, materials selection for ap-
plication in future thermonuclear fusion re-
actors has posed a signi“cant challenge for
materials science and metallurgy.-! The
deuterium-tritium fusion reaction exposes
fusion reactors and their structural mate-
rials to exceptionally harsh environmental
conditions. To date, considering the design
and selection of materials for experimen-
tal fusion reactors, the following key factors
must be addressed, not exhaustively: !

€ Impact of highly-energetic fusion neu-
trons (. MeV) resulting in radiation
damage;

€ Implantation of helium (He) and hydro-
gen (H) ions at moderate-to-low energies,
resulting in synergistic radiation dam-
age, inert gas bubbles nucleation, and
growth and materials embrittlement; and

€ The presence of a plasma with high-
power density, resulting in high-
temperature exposure and thermal
gradients.

As the st century began, two critical
objectives arose that must be addressed
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to render fusion reactors feasible: i) better controlling the
high-power plasma with ii) concomitant enhancement of
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doping, ! although challenges associated with intragran-
ular fracture and fracture resistance of nanocrystalline W are

its performance. ! For these reasons, materials science has still pending resolution and can be considered topics for further

redirected its attention toward better understanding plasma-
materials interactions. ! The surface of plasma-facing materi-

research. - 1 Nevertheless, it is worth noting that recent radia-
tion damage studies ... carried out with light- and heavy-ion irradi-

als will be constantly subjected to the severe degradation forcesation within in situ Transmission Electron Microscopy (TEM) in-

aforementioned, which can signi“cantly hinder the fusion reac-
tor operation. ! Currently, beryllium (Be), - 1and tungsten (W) !
are being considered for use in the “rst-wall armor, while W is the
choice for divertor applications. !

A signi“cant challenge associated with the potential use of
W in fusion reactors was highlighted ina  article by Davis
et al., ! which assessed W for application in the International
Thermonuclear Experimental Reactor (ITER). The conclusion of

dependently at both the IVEM facility in USA !and the MIAMI
facility in UK - 1... have shown that even nanocrystalline W ex-
perience severe damage from energetic particle irradiation; !
thus raising questions regarding the overall feasibility of propos-
ing W for fusion applications. Itis important emphasizing thatin
situ TEM ion irradiation studies on coarse-grained W and select
W-alloys also indicated extensive formation of radiation damage
defects in a similar manner. -~ ! Neither an irradiation nor ther-

this assessment stated that W was not suitable for use in ITER mal stability study have yet been conducted on doped nanocrys-

due to its low strength, limited thermal shock resistance, and
high ductile-brittle transition temperature (DBTT). ! Moreover,

beyond the issues of low strength and brittleness, studies on en-

talline W, indicating potential for future research still considering
this element a candidate as fusion material.
An alternative to W in fusion applications is presented by

ergetic particle irradiation response have revealed a series of ir-the “eld of high-entropy alloys (HEAs), -~ 1 and more specif-

radiation e ects and microstructural changes in W that cannot
be ignored. - 1 These irradiation e ects, when emulated with

ically due to their high-temperature stability, the RHEAs. !
Composed of four or more alloying elements in near-equimolar

particle accelerators ... as recently reviewed and summarized bgoncentrations, these alloys are designed to maximize con“gu-

Harrison 1 ... include a high density of dislocation loops and
the formation of He bubbles, - 1 both of which can further in-
crease W brittleness through irradiation-induced hardening. Fer-
roni et al. also reported that when radiation damage is formed
in W, even high temperature isochronal annealing is not able to
fully recover defects in the W microstructure:. !

The challenge associated with improving mechanical proper-

ties of W has attracted increased attention of the greater ma-

terials and metallurgical engineering communities in the re-

cent years.: 1 Various approaches have been explored, in-
cluding reducing the grain size of W through methods such
as cold-rolling, - ! wire drawing, ~ 1 and severe-plastic de-

formation (SPD). © 1 Another avenue involves grain-boundary
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rational entropy and minimize Gibbs free energy, thereby en-
hancing thermodynamic stability of the solid solution phase.
Nanocrystalline RHEAs can be fabricated by several methcds,
including both SPD + 1 and mechanical alloying 1 for macro-
scale samples, and magnetron-sputtering ! for nano-scale
prototypic samples: the latter aiming at fast irradiation screen-
ing. It is important to emphasize that not all nanocrystalline
HEAs and RHEAs can be considered radiation-tolerant for fu-
sion applications -~ 1and detailed studies should be carried out
for each speci“c alloy under consideration. The topic RHEAs for
nuclear fusion applications has attracted signi“cant attention by
the metallurgy and materials science communities in the past
year. - 1

Recently, two particular RHEAs systems have attracted the at-
tention of the fusion materials community: the W...Ta...Cr...\
and the W...Ta...Cr...V...Hf.In the “rst quaternary system, the
W Ta Cr V RHEA (in at.%), demonstrated superior radia-
tion resistance compared to nanocrystalline W.- 1 particularly
in mitigating displacement damage formation such as disloca-
tion loops, yielding negligible irradiation hardening assessed via
nanomechanical testing. On the downside, this WTa Cr V
RHEA experienced radiation-induced precipitation (RIP), char-
acterized by the formation of Cr-V rich precipitates at a radiation
dose of dpa (displacement-per-atoms). In the second system, ir-
radiation testing on the nanocrystalline RHEAW Ta Cr V Hf
(in at.%) revealed that neither dislocation loops nor precipi-
tates have formed after a dose of dpa. ! Although such re-
cent studies on these two RHEAs show that increased chem-
ical complexity enhances radiation resistance and stability in
harsh environments, - - 1 increasing the number of alloying
elements in any RHEA system complicates their bulk fabrica-
tion, crucial for practical engineering applications: for example,
the low-melting point of Cr impairs the feasibility for the fab-
rication of bothW Ta Cr V and W Ta Cr V Hf RHEAs.
Therefore, a key question arises: can the number of alloying ele-
ments be reduced in these RHEA systems without compromis-
ing their high radiation resistance?
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Pristi

ne _ _After annealing _ After Irradiation

Figure . Response to annealing and irradiation | BFTEM micrographs taken at pristine condition, after annealing (at ~ K) and after irradiation (at
K) are shownin (A...C)and (D...F), respectively for theT® V andthe W Ta V HCRAs.

In this study, we show that it is feasible to simplify the dresses this critical gap by introducing a novel W-Ta-V HCRA,
quinary RHEA system, the W...Ta...Cr...V...Hf, to a ternary refréeveraging the unique properties of W, Ta, and V to achieve an
tory system, the W...Ta...V, resulting in the development of a novedptimal balance of high melting point and irradiation resistance.
nanocrystalline HCRA, the W Ta V (in at.%). A recent com- Furthermore, the reduction in alloying elements o ers signi*-
putational study indicated the WTaV system as a potential and cant advantages in simplifying manufacturing processes without
most-promising low-activation HCRA with superior radiation re- compromising material performance. By tailoring these prop-
sistance when compared with recent RHEAs proposed for appli- erties for extreme environments, this work provides a unique
cation in irradiation environments. 1 We demonstrate that the contribution to the “eld of new materials for nuclear fusion
new ternary HCRA not only retains the irradiation resistance applications.
observed previously for more complex RHEAs,: ! but also
surpasses the irradiation resistance of the binary ultra“ne-grain . Results and Discussion
(UFG) W Ta (in at.%) highly-concentrated binary alloy previ-
ously proposed as an alternative to W in fusion applications! .. Morphological Stability Under Extreme Conditions
Through detailed post-irradiation analysis, Atomistic Monte-

Carlo (AMC) simulations, and machine-learning-driven molec- Heavy ion irradiation with in situ TEM allowed for the compari-
ular dynamics simulations, we investigate the underlying mech- son of two di erent HCRAs within the ternary system W...Ta...V,
anisms of irradiation resistance in this new ternary system, fo- the W Ta V and the W Ta V . It is important emphasizing
cusing on the role of minor V additions to the irradiation resis- that the major objective of the study was to identify the role of the
tance output. We show both theoretically and experimentally that element V in these two alloyse response to both high-temperature
small additions of V drastically changes the non-irradiation re- annealing (maximum temperature was  K) and high-dose ir-
sistant binary WTa system by forming a new irradiation resis- radiation at high-temperatures (maximum average dose was
tant alloy ... the nanocrystalline ternary WTaV HCRA. In addi- dpa at an irradiation temperature of ~ K).

tion, we demonstrate for the “rst time that the element Cr is not Bright-Field TEM (BFTEM) micrographs of the W Ta V
needed for RHEAs in the context of fusion applications, opening and the W Ta V recorded at three di erent conditions ... pris-
an unprecedented pathway for the synthesis of these novel metal-tine, after annealing at K, and after irradiation at

lic alloys in bulk and large-scale quantities. Despite the grow- K ... are shown irFigure . Before both irradiation and an-
ing body of literature on RHEAs, -+ -+ 1 the development of nealing (Figure A,D), these alloys exhibited equiaxed grains
W-Ta-V-based compositions remains unexplored. This study ad-within the nanocrystalline regime (i.e.< nm). Apart from the
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Table . Average grain size of HCRAs under pristine, annealed, and irradi-perior performance under irradiation at high-temperatures than

ated conditions.

Alloy Condition W- Ta-V [at.%] W- Ta-V [at.%]
Pristine ( dpa) + +
Annealedat K ( dpa) + +
Irradiated at K ( dpa) + +

chemical composition, no major di erences between these two
HCRAs were identi“ed. By analyzing the BFTEM micrographs
after annealing (Figure B,E) and irradiation (Figure C and F),

it was noticeable that the W Ta V HCRA experienced a mod-
est grain growth, particularly noted after dpa of irradiation.
Conversely, the W Ta V HCRA was seemingly unaltered after
both annealing and irradiation. A quantitative analysis of average
grain sizes as a function of the conditions studied in this work is
shown in Table where the error bar represents the standard er-
ror of the mean.

These results exhibited in Figure are better comprehended
considering the challenges on the application of nanocrystalline
alloys in extreme environments. These challenges are intrinsi-
cally related with the (thermodynamic and morphological) sta-
bility of nanocrystalline materials -~ 1 when subjected to ex-
posure in both irradiation ! and high-temperatures. ! In this

both coarse-grained and nanocrystalline W: -+ ]
Precipitation was observed in the quaternary nanocrystalline
RHEA ... WTa Cr V ! ... when tested under heavy-ion ir-
radiation, and although no signi“cant alterations in the grain
morphology were observed, such phase evolution e ects are
signs of degradation of the initially designed alloy. A new
quinary RHEA 1 ... WTa CrV Hf 1 .. was recently de-
sighed and synthesized. In terms of grain morphology after
irradiation, the addition of Hf was associated with grain re-
“nement/fragmentation during both annealing and irradiation,
therefore indicating some grain instabilities that deserve fur-
ther investigations. Although these previous works indicated that
higher phase stability was achieved by increasing the chemi-
cal complexity, morphological changes were still observed in the
microstructures of both alloys after irradiation. In comparison
with both the W Ta Cr V. landthe W Ta CrV Hf I
RHEAs, the results presented in Figure show that new HCRASs
with lower chemical complexity ... WTa V andthe W Ta V
... can be synthesized in its nanocrystalline form and still pre-
serve high microstructural stability after both high-temperature
annealing and irradiation exposure observed in the RHEAs
with more alloying elements. The average grain sizes mea-
sured at pristine, after annealing at K and after irradia-
tionat K and upto dpa attests these “ndings. These
results presented in Table suggest that high-temperature an-

context, the primary adverse consequence of such exposure isnealing drives grain growth due to the removal of voided grain

grain growth as numerous material properties stem from the
average grain size. To date, and according to Zhang et all,a
limited number of studies addressed the grain size stability of
nanocrystalline metallic alloys, and in this way, existing studies
on this “eld are primarily focused on the behavior of nanocrys-
talline elemental metals. Herein, itis consolidated that elemental
metals in their nanocrystalline form experience signi“cant grain
growth under heating/annealing and accelerated grain growth
under irradiation over a wide range of temperatures. With respect
to nanocrystalline elemental metals exposed to extreme condi-

boundaries manifested as nanoporosity in the pristine sam-
ples after magnetron-sputtering deposition: 1 evidence for such
nanoporosity is presented in the Supporting Information. Con-
versely, irradiation at K after annealing indicates no de-
tectable grain growth up to the tested dose of dpa. Therefore,
we can conclude that both W...Ta...V HCRAs exhibit a high degree
of irradiation tolerance in terms of grain stability, as evidenced
by the absence of growth and/or recrystallization after high-dose
irradiation.

The phase stability of both W...Ta...V HCRAs was also investi-

tions, it is important to emphasize that theoretical models were gated with the Selected Area Electron Di raction (SAED) tech-
already developed and experimentally validated to explain suchnique during the in situ TEM experiments of high-temperature
observations. - annealing and heavy-ion irradiationFigure A,D show the SAED
Nanocrystallinity allows achieving higher radiation tolerance patterns collected on the two di erent W...Ta...V HCRAs in their
within the scope of novel nuclear materials: -~ ! This is due  pristine condition; both alloys were indexed to have BCC crys-
to the presence of a greater number of interfaces (namely grain talline structure matching W standards.: ! The phase of both
boundaries) that enhances the capacity for radiation-induced alloys remained unaltered after high-temperature annealing, as
crystalline defects to be absorbed and recombine e ectively at noted in Figure B,E. After irradiation up to dpa, some ad-
these site-speci‘c dependencies. ! This is historically known ditional Debye-Scherrer rings appeared in the SAED patterns
and de“ned as «sink e ciencyZ, and for a metal, the sink ef- of both alloys, as shown in Figure C,F, although in the al-
“ciency increases exponentially with decreasing average grain loy with higher V content (Figure C), these rings are of lower
size. © 1 When nanocrystalline alloys undergo grain growth or intensity. These extra-rings could not be identi“ed to any spe-
recrystallization due to energetic particle irradiation, their radi- ci“c crystal structure or symmetry. It is important to emphasize
ation tolerance is compromised. In such cases, the challenges that recently, these extra rings were also observed in the quinary
that a ect W for fusion reactors - 1 also become relevant W Ta Cr V Hf RHEA after irradiation and as such, they were
for both RHEAs and novel HCRAs. Concerning the current state not indexed to any known phase. !
of research on RHEAs, which are undergoing intensive devel- The microstructure of both W...Ta...V alloys, as depicted in
opment for fusion applications, it is worth noting that although Figure , reveals no phase transformation following high-
there are limited studies on grain size stability under irradia- temperature annealing or irradiation. The appearance of addi-
tion and high-temperature conditions, recent research reveals tional rings in the SAED patterns, as shown in Figure , after
two critical “ndings: i) not all nanocrystalline HEAs exhibit ir- a dose of dpa, suggests the potential occurrence of phase in-
radiation tolerance, - !and ii) certain RHEAs demonstrate su- stabilities through precipitation, thus underscoring the need for
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Pristine After annealing After Irradiatio

1173 K

1M73 K

Figure . Phase stability to annealing and irradiation | SAED patterns collected at pristine condition, after annealing (at ~ K) and after irradiation
(at  K)are shownin (A...C) and(D...F), respectively for Wia V and the the W Ta V HCRAs. Additional rings were noted following irradiation,
with a higher intensity observed in the WTa V HCRA (inF) compared to the W Ta V HCRA (inC). Indexing was performed with data available in
literature! - 1

further nanoscale post-irradiation screening with analytical mi- fore, further investigation is needed to explore the speci“c role

croscopy methods. of Vin the context of the W...Ta...V system. While Atom Probe To-
mography (APT) could provide detailed insights into atomic-scale
ordering or precipitation following irradiation, the preparation of

.. Chemical Stability Under Extreme Conditions specimens from these nm thin “Ims proved challenging.

Scanning Transmission Electron Microscopy coupled with En-
ergy Dispersive X-ray (STEM-EDX) spectroscopy mapping was . . The Role of V in the Stability and Radiation Response of
carried out to assess the local chemistry of both W...Ta...V HCRAShemically Simpli“ed HCRAs
after heavy-ion irradiation at K upto dpa. Figure AB
show the microstructure of the irradiated W Ta V and the To investigate the role of V on the radiation response of the
W Ta V HCRASs, respectively, using both High-Angle Annu- W...Ta...V system, additional high-temperature irradiation experi-
lar Dark-Field (HAADF) and EDX elemental maps. While the ments were conducted with a binary UFG WTa alloy that was
W Ta V HCRA clearly indicates the occurrence of W segre- synthesized under similar deposition conditions to the HCRAS,
gation and Ta depletion at grain boundaries, no such segregation but containing no V. The microstructure of the UFG W Ta al-
was observed or detected in the WIa V HCRA. Complimen- loy after dpa is shown in both low- and high-magni“cation
tary STEM-EDX maps for both pristine and annealed-only condi- BFTEM micrographs inFigure A,B, respectively. After irradia-
tions are shown in the Supporting Information. tion, this binary alloy exhibited extensive nucleation defects in a
The nanoscale analytical assessment presented in Figuror ~ form of voids and black-spots (displacement damage), as evident
both alloys after irradiation suggests that lower concentrations of in the BFTEM micrograph presented in FigureB . Yi et al. re-
V reduce the chemical stability of the W...Ta...V system. Interesiported an extensive chain of irradiation-induced defects to nucle-
ingly, the W Ta V HCRA not only exhibit high morphological ate and evolve in a coarse-grained binary alloy W- Ta (in wt.%) ...
stability under irradiation (Figure ), preventing grain growth or  aterminal solid solution ... at doses as low as . dpal The “nd-
recrystallizationuptoadoseof dpaat K,butalsopresents ingsofYietal., ltogetherwith ourresults forthe UFGW Ta |,
high chemical stability given the absence of grain boundary seg- indicate that W-Ta binary alloys experience radiation damage at
regation under the irradiation conditions studied. These results low doses, regardless of grain size (coarse or ultra“ne) or compo-
shed light on the behavior that these HCRAs ... manifested bysition (highly concentrated or terminal solid solution).
the reduction on the number of alloying elements when com- Similarly to the irradiated binary UFG W Ta alloy, the mi-
pared with conventional RHEAs: 1 ... can have their radiation crostructures of both the W Ta V and the W Ta V HCRAs
response tailored as a function of the concentration of V. There- after the same  dpa heavy-ion irradiation are shown in

(of )
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20 dpa

Figure . Nanoscale chemistry of the WTaV HCRAs after irradiation at dpa | High-magni“cation STEM-EDX mapping collected from botfavV

(top row) and the W Ta V (bottom row) HCRAs reveal W segregation and Ta depletion at the nanocrystalline grain boundaries upon decreasing
the V content in the W...Ta...V system. TheT&/ V HCRA neither exhibit radiation-induced segregation nor radiation-induced precipitation or phase
instabilities/transformations, indicating a high-radiation tolerance at dpa.

Figure . Comparison between binary WTa alloy and ternary WTaV HCRAs at  dpa | Defects after irradiation are observed in the UR@ \Wa alloy

as shown in the BFTEM micrograph in (A) and the underfocused BFTEM micrograph in (B): this binary alloy exhibit both voids and black-spots as
particularly shown in (B). Grain morphology for both irradiated Wra V and W Ta V HCRAs are shown in the BFTEM micrographs in (C) and (E):
both alloys are stable in terms of grain-size after dpa. In addition, no irradiation-induced black-spots were noticeable after irradiation. ifowesed
BFTEM was used to better resolve voids in the ternary HCRAs as shown in micrographs (D) and (F): voids were resolvable in ffee W HCRA, but

inthe W Ta V HCRA they are smaller and less uniformly distributed, thus in the limit of detection by the TEM.

Adv. Sci. (of )
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Table . Average void size (diameter) and areal densities for all samples\W. 1The results in this work show that the existing W...Ta system
afteriradiation up to adose of dpaat K. can have its radiation tolerance signi“cantly enhanced by adding
the element V in small concentrations: from to at.% of of

V into WTa, a reduction in both areal density and size of voids

Irradiated Alloy Void Size [nm] Areal Density-f#nS ]

W Ta + + . x 8 is recorded. No radiation-induced segregation (i.e., better phase
W Ta V + + . x S stability) ... is noted for the HCRA with higher V content.
W Ta V + + . x S

.. Chemical Short-Range Order Within the W...Ta...V System

Figure C-D and E...F respectively, and utilising BFTEM imag- To gain a deeper understanding of the important role of V on
ing. The binary alloy as-synthesized has larger grain sizes, per-radiation-induced stability in the considered HCRAs, an AMC
taining to the UFG regime, when compared with the ternary modelling approach based on Density Functional Theory (DFT)
HCRAs, which are nanocrystalline. While some voids were ob- and Cluster Expansion Hamiltonian (CEH) methods, developed
served inintra and transgranular regions oftheWTa V HCRA  recently for multi-component system, - 1 has been employed
(Figure D), voids were resolvable in the WTa V HCRA only  to predict the CSRO of the three dierent pairs (W-Ta, W-V,
in the transgranular sites with lower areal densities, as shown in and Ta-V) and thermodynamic properties of both WTa V and
Figure F.Table shows the quanti“cation of voids for all three W Ta V alloys.

alloys after irradiation at dpa. In Table , the error bar repre- In agreement with our previous investigations in quinary al-
sents the standard error of the mean. The results indicate that loys containing W, Taand V,:  Ithe calculated Warren-Cowley
nanocrystalline HCRAs exhibit superior performance compared CSRO parameter of the W-Ta pair averaged over “rst nearest-
to UFG binary alloy in terms of their resistance to the formation neighbor ( NN) and second nearest-neighbor ( NN) in the BCC
of black-spots and voids under irradiation, directly suggesting system is negative as a function of temperature in bothWra V
that the small additions of the element V, increases signi“‘cantly and W Ta V asshown inFigures A and B, respectively. This
the radiation response of the binary alloy. In terms of void nucle- common behavior resulting from the dominance of chemical

ation and growth, the alloy W Ta V HCRA outperforms both
its ternary counterpart with less VV and the binary UFGWTa al-
loy. However, itis important noting that in the speci“c conditions

bonding between W and Ta atoms in the NN and the repulsion
at the NN can be explained by the negative enthalpy of mixing,
which has been predicted in all ranges of composition in the bi-

of our study, nanocrystallinity was only achieved in the W...Ta sysnary W...Ta system. ! In particular, at the composition closer
temwhenV was added as an alloying element: hypothetically, this to equiatomic, the above “nding is related to the existence of a
indicates that a nanocrystalline binary WTa alloy without VV could B phase in a simple interpretation of the binary W...Ta phase
exhibit less build-up of voids and black-spots compared with our diagram 1 whereas more accurate DFT calculations predicted
study with the UFGW Ta alloy, see FigureA,B . The dual role  the stability of an orthorhombic AB phase.

of V as a grain re“ner and enhancer of radiation resistance in ~ The average CSRO of W-V pair in the two ternary alloys with
the W...Ta system highlights its potential in designing advancedrich W and Ta concentration is, however, quite di erent to those

HCRAs for fusion applications, warranting further investigation
following this study.

Based on our observations among all studied alloys irradiated V system.

upto dpaat K, the HCRAs exhibit both smaller average
void sizes and average areal density than the binary UFG Wa
alloy: already an indicative of higher radiation tolerance for the
ternary alloys with V when compared with the binary alloy. Upon
increasing the V content from to at.%, smaller voids were ob-
served inthe W Ta V HCRA and with an areal density distri-
bution one order of magnitude lower thanthe W Ta V HCRA.

of W-Ta as depicted in FigureA,B although a similar trend of
negative enthalpy of mixing has also predicted in the binary W-
1 Due to low V concentration, the CSRO W-V pair
is found to be strongly positive for the NN, while it is mostly
negative forthe NN as a function of temperature. There is, how-
ever, a signi“cant di erence between the two alloys with di erent
V concentrations. Namely, at low temperatures (¥ K), the
NN CSRO between W-V changes from negative to positive for
the W Ta V HCRA, whereas it continues to be negative for the
W Ta V HCRA. This means that for the latter case, V atoms

The radiation tolerance of these new HCRAs is better evaluated are strongly to be present in the NN shell of a W atom, while in

when recent data on in situ TEM ion irradiation of relevant fusion
materials is taken into consideration. Under similar irradiation
temperatures and lower doses to this present work, in situ TEM
with He implantation revealed He bubbles with an average diam-
eter of . nm and an areal density of . x bubblesnm

for bulk W. © 1 For UFG W, the average diameter of bubbles
was reported to be . nm with an areal density of . x
bubblesnm IThe previousW Ta Cr V RHEA exhibited

He bubbles of around . nmin diameter with an areal density of

X bubblesnm
sity for the HCRAs investigated are similar to bulk W, 1UFG
W ! and previous chemically-complex quaternary RHEAS]!

1 Both average void size and areal den-

the former case they tend to remain far from W.

In a consistency with the above analysis for the NN CSRO
of W-V, the second interesting di erence between the two alloys
consideredW Ta V andW Ta V isfoundinthe NN CSRO
of Ta-V pairs. As both Ta and V are transition metals in group
of the periodic table, the enthalpy of mixing is expected to be pos-
itive in the binary Ta-V system and, accordingly, the NN CSRO
should be positive indicating the segregation tendency between
Ta and V. In a strong variance with the binary alloy system, the
CSRO of the NN Ta-V pair in the W Ta V HCRA is nega-
tive for all temperatures demonstrating the important e ect of
W concentration on the chemical SRO between Ta and V. In the

The voids sizes are smaller than more complex HCRAs and pure W Ta V HCRA, a similar negative trend for the NN CSRO
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