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Refractory high-entropy alloys (RHEAs) have gained attention in the last decades with their high mechanical
strength, self-healing mechanism, and high irradiation resistance. These materials are evaluated to have a high
potential as plasma-facing materials for fusion reactors. In this study, helium ion irradiation and mechanical
behaviors of the RHEA-reinforced WNi matrix composites were investigated based on this perspective. Equimolar
molybdenum, niobium, tantalum and vanadium powders were mechanically alloyed for 6 h to produce
NbMoVTa RHEA with a single BCC phase. Then, different amounts (10, 20, 30, and 40 wt%) of RHEA were added
into the W1Ni (containing 99 wt% W and 1 wt% Ni) matrix by planetary ball milling for 72 h. Consolidation was
conducted by spark plasma sintering technique (1410 °C, 1 min). X-ray diffraction, scanning electron microscopy
coupled with energy dispersion spectroscopy, and Archimedes’ density analyses were performed on the com-
posites. Moreover, wear and hardness properties of the composites were examined, and the lowest specific wear
rate (0.59 mm3/N.m x 107°) and the highest hardness value (10.10 GPa) were found for the W1Ni-40RHEA
composite. Helium irradiation was exposed to the composites to observe their irradiation resistance. It was
observed that the lowest increment and the least deformation were obtained with the SPS’ed W1Ni-40RHEA
composite. With the analysis of He" irradiation, it was determined that the effect of radiation on mechanical
properties is irrelevant. Also, it was observed that the addition of RHEA into the W matrix can create a high
potential for using plasma-facing material. Moreover, it decreased the problems of tungsten against He'
irradiation.

1. Introduction

Population growths and changes in living standards have led to an
increase in the need for energy all over the world in addition that, new
environmentally friendly, non-climatic and unlimited resources are
needed such as solar, wind, hydroelectric, geothermal or nuclear energy
[1-4]. Among these, the nuclear energy that is classified as fission and
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fusion are types of renewable energy obtained from the nucleus of the
atom. The fission reaction, which is limited due to the production of
harmful wastes, produces energy as a result of the splitting atoms of
radioactive elements such as uranium [4,5]. On the other hand, energy
production with the fusion reaction allows less harmful waste to be
produced, the prevention of accidents that may occur as a result of the
spontaneous stopping of the reaction, and enables more energy
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production [6]. Fusion reactors that provide energy production by
performing the fusion reaction that includes deuterium and tritium
transforation into plasma and the released energy is used [3,7]. Of
different fusion reactor parts, the divertor is the most exposed to
high-energy plasma. Thus, divertors are defined as plasma-facing ma-
terials [8,9]. Plasma-facing materials must be suitable for harsh opera-
tion conditions, handle a large heat flux, be compatible with intense
magnetic fields, minimize plasma contamination, and be cost-effective
[10,11].

Tungsten (W) as a refractory metal having high melting point, high
sputtering threshold, good corrosion resistance, and high tensile
strength, high sputtering erosion resistance, suppressed tritium reten-
tion, and reduced neutron activation is ideally suited for fusion appli-
cations [12-15]. So, tungsten is the best candidate material for the first
wall plasma-facing application [16]. However, despite these excellent
properties, W has low fracture toughness, radiation-induced embrittle-
ment, and high ductile to brittle transition temperature (DBTT) during
plasma exposure [17,18]. Furthermore, the DBTT increases significantly
under neutron irradiation because of embrittlement caused by lattice
damage and transmutation [19,20]. In addition, W has loss of strength
and suffers from volatile oxidation above ~1000 °C, which totally limits
its fusion application as the temperature on the divertor surface is ex-
pected to reach nearly 1100 °C under transient conditions [18,21,22].
Moreover, these problems create blistering at moderate temperatures by
deuterium and helium and the formation of pits, holes, and bubbles by
helium at process temperature on the tungsten surface [23,24]. These
limitations demand further research to improve tungsten and their al-
loys for using in fusion applications. Some alloying elements (Re, Ta, V,
Ti, Mo, Cr, etc.) have been added into the W matrix in order to overcome
these problems, and there are many studies about this topic (W-Re [25],
W-V [26], W-Cr [27] and W-Ta [28], etc.). Kwak et al. [27] reported that
the W-Cr composites exhibited superior high-temperature strength and
ductility compared to pure metals, as individually a high DBTT and
intergranular fracture indicate that pure W is brittle, but plastically
deformed patches, slip lines, and river patterns indicate that pure Cr
displayed pseudo-ductile behavior due to local plastic yield. Also, Cui
et al. [28] observed that the W irradiation behavior was enhanced with
the addition of Ta. Although adding elements to tungsten somewhat
eliminated the deficiencies, it could not completely solve the problems.

Refractory high-entropy alloys (RHEAs) have several characteristics
that are better than those of conventional alloys and a resultant single-
phase due to their high mixing entropy [29-34]. The goal of combining
multiple principal elements in RHEAs is to create a solid solution with
high entropy and better technical properties. These include excellent
resistance to corrosion, oxidation, and creep, as well as excellent me-
chanical strength, hardness, and thermal stability [35-37]. This implies
the fact that they could work well in applications where they come into
contact with plasma and high temperature [38,39]. Heat dissipation,
defect formation, and defect mobility processes are impacted by the
unexpected microstructural simplicity and compositional complexity of
RHEAs [40-42]. The RHEA structure undergoes spontaneous amorph-
ization and recrystallization, which reduce the defects in its structure,
named as self-healing effect. Since the self-healing mechanism is very
important against the irradiation deformation [41-43], the utilization of
refractory high-entropy alloys as reinforcement in the W matrix can
improve the properties of pure tungsten for use as a plasma-facing ma-
terial. Moreover, W-rich refractory high-entropy alloys have higher
irradiation resistance thanks to their self-healing mechanism. Cui et al.
[43] reported that the irradiation resistance of pure tungsten was
increased by adding of TaVCrTi RHEA. Furthermore, Waseem et al. [44]
showed that the W,TaTiVCr RHEA exhibited better irradiation proper-
ties than pure tungsten.

Despite its excellent preoperties, the high melting point poses a
challenge for the production of tungsten. In the literature, vacuum arc
melting [45-47], spark plasma sintering [48-50], pressureless sintering
[51-53], and selective laser melting [54] are preferred methods in the
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production of W-based materials. Among these methods, spark plasma
sintering (SPS) is generally used for consolidation thanks to provide high
mechanical properties and fast production. So far, different RHEAs
(WNbMoTaV [55], NbMoTaWVCr [56], TiZrNbMoTa [57], NbMo-
TaWVTi [58], TaNbHfZrTi [59], TiVNbZrHf [60]) have been produced
using SPS. However, the sintering temperature of tungsten is very high
because of its high melting point, so the activated sintering has been
used at lower sintering temperatures to improve sinterability. In acti-
vated sintering, metal with a low melting temperature (a variety of
transition metals such as Co, Ni, Pt, Fe, and Pd) must be dissolved in a
metal with a high melting temperature [61-65]. By doing this, the sin-
tering path is shortened, and the process is facilitated, which leads to a
high densification rate in the final product [66]. In particular, due to its
ductile behavior, Ni is very effective in decreasing the brittleness of
tungsten against plasma. Currently, there exist various studies carried
out specifically on the activated sintering of W-based composites which
were reinforced with oxides (LayO3, Y203, HfO5, Sm503, ThO»), borides
(TiB,, HfB5, CrBo, MoB>), and carbides (TiN, ZrC, TiC, HfC) [67-70]. All
these composites exhibited better microstructural and mechanical
properties than those of pure W [67-69,71-74]. Qin et al. [66] reported
the activated sintering of TINbMoTaW RHEA with Ni by using SPS. Also,
Shivakumar et al. [75] proved that the Ni-activated sintering was very
effective in the densification of a MoNbTaW RHEA. Although activated
sintering is the most beneficial method for increasing the sinterability of
RHEA, there are few studies in the literature. Therefore, investigating
the effect of activated sintering on RHEAs and facilitating their pro-
duction is of unique value.

Although tungsten is the best option for the plasma-facing materials
in the divertor component, it has some problems such as low fracture
toughness, radiation-induced embrittlement, and high DBTT against to
He™ irradiation. To overcome these problems, the RHEAs that have self-
healing mechanisms, high melting points, high corrosion resistance, and
high strength can be reinforced into the W matrix. So, the thermody-
namic calculations were conducted on the refractory elements based on
the oxidation behavior. It can be understood that all refractory elements
have a higher oxygen affinity than tungsten, and it is very important for
the volatile problem of W. Moreover, Ni-activated sintering to lower the
sintering temperature of tungsten and reduce its brittleness makes
tungsten matrix composite production highly efficient. So, better me-
chanical properties, lower sintering temperature, higher densification,
and higher helium irradiation resistance can be obtained. The different
amounts of equimolar NbMoVTa RHEA were produced, and reinforced
into pre-alloyed WINi (99 wt% W and 1 wt% Ni) via mechanical
alloying (MA). After characterization studies such as XRD, SEM/EDS,
particle size and pycnometer density analysis, the composite powders
were activated sintered by spark plasma sintering method. The com-
posites were analyzed in terms of microstructural (XRD, SEM/EDS),
mechanical (Archimedes’ density, Vickers microhardness and wear
properties), and He " irradiation resistance properties. Furthermore, it is
understood that the RHEA reinforced WNi composite can be a promising
plasma-facing material in order to be used in divertor part.

2. Experimental procedure
2.1. Raw materials and sample processing

W (supplied from AEM, 99.9 % purity, <45 pm, ICSD Card No: 96-
900-6487, Bravais lattice: body-centered cubic, a = 0.317 nm), Ni
(supplied from Alfa Aesar, 99.9 % purity, 3-7 pm, ICSD Card No: 96-
210-0647, Bravais lattice: face-centered cubic, a = 0.352 nm), Mo
(supplied from Alfa Aesar, 99.9 % purity, particle size <45 pm, ICSD
Card No: 96-900-8544, Bravais lattice: body-centered cubic, a = 0.315
nm), Nb (supplied from Alfa Aesar, 99.9 % purity, particle size <45 pm,
ICSD Card No: 96-411-1970, Bravais lattice: body-centered cubic, a =
0.333 nm), Ta (supplied from Alfa Aesar, 99.9 % purity, particle size
<45 pm, ICSD Card No: 96-900-8553, Bravais lattice: body-centered
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cubic, a = 0.331 nm) and V (supplied from Alfa Aesar, 99.9 % purity,
particle size <45 pm, ICSD Card No: 98-008-9673, Bravais lattice: body-
centered cubic, a = 0.303 nm) powders were used as raw materials. XRD
patterns of W, Ni, Mo, Nb, Ta, and V elemental powders with 20 values
and their characteristic peaks are given as supplementary information
(Fig. S1). The equimolar NbMoVTa RHEA powder blends were weighed
in the Kern™ PLJ Precision Balance. The RHEA powders and WC balls (g
6.5 mm) were placed into WC vials (50 ml) with a ball-to-powder weight
ratio (BPR) of 10:1. In order to prevent oxidation, the vials with powders
mixture and balls were sealed in a glovebox (Plas Labs™) filled with Ar
gas. The WC vials and balls were coated with the same composition by
mechanical alloying (MA, SPEX™ 8000D Mixer/Mill) for 4 h at 800 rpm
in order to avoid WC impurities which might come from vials and balls.
The RHEA powder blend was mechanically alloyed for 6, 8, and 10 h. 2
wt% stearic acid (C;gH3602) was added into the RHEA powders mixture
during milling to prevent agglomeration and sticking of powders to the
vial. The annealing process was carried out on the 6 h mechanically
alloyed (MA’ed) RHEA powders in a low-temperature tube furnace (MTI
DTF™ 1200X Tube Furnace) at 750 °C and 900 °C for holding times of 7
and 9 h under Ar atmosphere to remove stearic acid and to provide
homogenization. Both of the heating and cooling rates were 10 °C/min
during annealing. The matrix alloy powders blended as 99 wt% W and 1
wt% Ni were placed with WC balls (¢ 6.5 mm) and the 10:1 BPR into WC
vials (500 ml). After sealing in the glovebox that has an Ar atmosphere,
the pre-alloyed W1Ni powders were obtained at 400 rpm for 72 h MA in
the planetary (Fritsch/Pulverisette™ 5 Classic Line Planetary Ball Mill).
These MA processes are shown in Fig. 1. End of these processes, W1Ni
matrix was reinforced with the different amounts (10, 20, 30, and 40 wt
%) of RHEA powders by using 72 h milling. The powders subjected to
MA were designated as MA’ed W1Ni, W1Ni-10RHEA, W1Ni-20RHEA,
WI1Ni-30RHEA, and W1Ni-40RHEA powders hereafter. The activated
sintering of MA’ed powders were performed by spark plasma sintering
(SPS, FCT HPD™ 25/1, FCT Systeme GmbH) performed at 1410 °C for 1
min (Fig. 1). The MA’ed powders were placed into a cylindrical graphite
mold (¢ 20 mm). The cooling/heating rates during SPS were 100 °C/min
until 600 °C. Samples were held for 5 min at 600 °C. After that, the
temperature reached 1410 °C for 1 min at 90 °C/min and the samples
were cooled in a vacuum atmosphere. The starting pressure was at 14
MPa and increased to 30 MPa. The SPS’ed samples are hereafter referred
to as SPS’ed W1Ni, W1Ni-10RHEA, W1Ni-20RHEA, W1Ni-30RHEA and
WI1Ni-40RHEA. After SPS, the precision cutting of samples was done by
wire erosion (SPM™ SP640-P Wire Erosion) based on the determined
dimensions (10 x 5 x 1 and 10 x 10 x 1 mm) for the He" irradiation
test. The remaining parts of the same samples were used for the me-
chanical tests.

WINi

Refractory High Entropy Alloy
RHEA)

Mechanical Alloying ﬂ'
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2.2. Characterization

X-ray diffraction method (Bruker™ D8 Advanced Series XRD) was
used for the phase analyses of MA’ed powders and SPS’ed samples with
CuK, radiation (A = 0.154 nm, 35 kV, and 40 mA), 26 range of 10-90°,
step size of 0.02°, and rate of 2°/min. The crystalline phases were
identified by using powder diffraction files of the International Center
for Structure Database® (ICSD). The average crystallite sizes and lattice
strains of the MA’ed powders were determined with the software
(Bruker AXS DIFFRAC.TOPAS™ 4.2) and the modified Scherrer’s for-
mula [76]. Based on the XRD patterns, Rietveld analyses were per-
formed to define the approximate phase fractions of the samples. The
particle size distributions of the powders were measured in a particle
size analyzer (Microtrac™ Stabino Nano-flex). Multiple measurements
were performed to ensure high accuracy. The ultrasonic stirring (Ban-
delin™ Sonopuls) was used to prevent the formation of particle
agglomeration. The densities of the MA’ed powders were measured by a
gas pycnometer (Micromeritics AccuPyc™ II 1340) in a 1 em® sample
chamber at room temperature using He gas (Linde™, 99.996 % purity)
as the displacement medium. The densities of SPS’ed samples were
measured in the alcohol media based on Archimedes’ principle (Shi-
madzu™ precision balance equipped with the apparatus). The scanning
electron microscope (SEM, Thermoscientific™ Quattro S), mounted
with electron dispersive spectroscopy (EDS), was used to analyze the
microstructures of materials. Also, grain size measurement was realized
with Image-J software.

2.3. Mechanical tests

The density of the sintered samples was determined by Archimedes’
method in an ethanol media. The microhardness testing (Schimadzu™
Vickers HMV) of the SPS’ed samples was performed for 10 s under 500 g
(4.903 N). In order to the hardness values of the samples to be high
accurate, an average of 25 indentations were taken. Also, the hardness
values were determined by taking the average of these values and
standard deviations. Indentations of the SPS’ed samples were imaged by
an optical microscope (OM, Nikon™ Eclipse). Reciprocating wear tests
of SPS’ed samples were carried out in a tribotester (Tribotechnic™ ball-
on-disc) at room temperature under a 4 N load using a 6 mm diameter
hardfacer of Al,O3 ball. Wear testing conditions were selected as: 6 mm/
s sliding speed, 20 m sliding distance, and 2 mm wear track length. Wear
volume loss values were measured with the wear track 2-D profiles
screened by a surface profilometer (Veeco™ Dektak 6 M).

Activated Sintering

Diffusion Pathways
of RHI

=
so~'m

Spark Plasma Sintering

Fig. 1. Schematic representation for the production process of RHEA-reinforced WNi matrix composites.
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2.4. Helium ion irradiation test

The SPS’ed samples were exposed to He' irradiation tests in a
plasma-surface interaction system under extreme conditions (PSIEC)
[77]. The SPS’ed samples were subjected to 50 -eV He™ irradiation with
a flux of 1.102 x 102! ions/(rnzs). The 1.983 x 10%* ions/m? irradiance
fluence was set for 30 min for each sample. During the exposure process,
the surface temperature of all SPS’ed samples reached to ~423 K.
SEM/EDS and XRD analyses were done on irradiated samples to examine
microstructural changes and phase formations after irradiation. Also,
irradiation deformation was determined with cross-section images.
Moreover, hardness measurements were conducted on the irradiated
sample to observe increments because of defects and deformations.

3. Results and discussion
3.1. Thermodynamic calculations

The Ellingham diagram is helpful to understand the equilibrium in
heterogeneous systems including metal, its oxide, and gas phase. In the
plasma conditions, oxidation behavior is very important for the vola-
tility of tungsten oxide. Moreover, oxidation affinity plays an important
role among RHEAs. Every metal has the different heat capacity (Cp) that
is shown in Eq. (1), and this difference is very effective on the Gibbs free
energy calculation. The Gibbs free energy of each refractory metal and
its oxide involved was calculated as a function of the temperature of
enthalpy and entropy using Eq. (2) - Eq. (3). AGy is known from the
previous calculation, since it is a state function and its value does not
change with the reaction path. The standard reference state was set for
each element of the alloy, i.e. the stable phase of the element at each
computed temperature (T for 25 °C < T < 1900 °C). For the oxidation of
refractory metals, the Ellingham diagram was directly obtained the
Gibbs free energy (AG;) from Eq. (4) versus temperature, by subtracting
AGy of reagents to AGy of the products for the oxidation reaction. These
values were calculated as “product-reactant” calculations according to

a)
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Aydin et al.’s study [78].

Cor=a+bT+c T2 (@]
T
. . Cp
AS; = AS,4 + / 5 dT 2
298
T
AHp = AH,o0 + / Cp.dT ®)]
298
AGp=AH; — T.AS;, 4@

In addition, the Ellingham diagram oxidation and carburization of the
mostly used refractory metals with Al, and W, Mo, V, Nb, and Ta ele-
ments that are used in this study were drawn based on these calculations
(Fig. 2a—d). These reactions are exothermic at room temperature, and
the entropy values of them are negative. Furthermore, the slopes of these
lines give the negative entropy changes in the equation, and all slopes in
the graph are positive. So that, the entropy changes are negative for the
oxidation and carburization reactions, and the entropy is decreasing
after oxidation and carburization. It can be understood that these re-
actions can not actualize at room temperature, and it is becoming hard
with increasing temperature. However, the bottom reaction is more
likely to be realized if oxygen is present in these multiple systems,
because it has the lowest Gibbs free energy. Moreover, the higher Gibbs
free energy means that the equation is reversible and the more impos-
sible for that material to happen. Based on these thermodynamic cal-
culations, Fu et al. [79] reported the TiO formation for ball milled and
spark plasma sintered TaNbVTi refractory high-entropy alloy system.
Fig. 2a shows that Ti element has the higher possibility for oxidation as
compared to Ta, Nb, and V elements. Also, Ouyang et al. [80] studied on
the TizgVi5NbogHfo4 system at different oxidation temperatures, and
observed that HfO, phase at 1000 °C oxidation temperature. Also,
Boztemur et al. [52] worked on the W-Nb- Mo-V-Ta system, and
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Fig. 2. The Ellingham diagram of (a, b) metal/oxide and (c, d) metal/carbide for the mostly used refractory metals with Al and the W, Mo, V, Nb, and Ta elements
that are used in this study. The dashed line represents 1410 °C that is process temperature.
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observed TapsVOg and Al;O3 phases for WNbMoVTaCr and WNbMoV-
TaAl systems, respectively. In this study, Ta elements must be first
oxidized for the Nb-Mo-V-Ta system (Fig. 2b), and then V and Nb ele-
ments will start to be oxidized. Furthermore, there is no difference from
the beginning for oxidation by adding into the W matrix at sintering
temperature (1410 °C) because the W element has the highest Gibbs free
energy for oxidation. According to the calculation, Nb and Ta were
highly possible to be oxidized and carburized between W, Mo, Nb, Ta
and V elements because of the lowest Gibbs free energy values. So, some
volatility problems for tungsten in the plasma-wall interaction can be
solved with the addition of refractory high-entropy alloys.

3.2. Characterization of the MA’ed W1Ni-MoNbVTa powders

Elemental Nb, Mo, V, and Ta powders were mechanically alloyed
(MA’ed) for 6, 8 and 10 h at 800 rpm in order to synthesize the single
BCC phase in the microstructure. XRD patterns of the as-blended and
mechanically alloyed powders are shown in Fig. 3a. According to the
results, all the elemental peaks were detected in the XRD of as-blended.
Phase formation that is named BCC1 started with 6 h. However, WC
(ICSD Card No: 96-210-0646, Bravais lattice: hexagonal close-packed, a,
b = 0.289 nm and ¢ = 0.283) contamination due to WC balls and vials
was also observed with increasing milling times in addition to the BCC1
phase. This contamination amount was measured by Rietveld analysis
(Fig. 3b). While minimum contamination was obtained with 6 h milling
as 15.7 wt%, this value increased to 41.8 wt% WC impurity after 10 h
milling. Cui et al. [43] used mechanical alloying (BPR: 10:1, 400 rpm,
and 25 h) in order to create Wy(TaVCrTi); RHEAs. Also, Waseem et al.
[44] reported that the production of W4TaTiVCr RHEA was provided
with the MA in plastic vials (BPR: 1:1, 30 rpm, and 3 h). WC contami-
nation was not observed in these investigations because of low milling
speed and different milling media. However, Liu et al. [81] observed the
WC contamination after milling a MoNbTaW RHEA for 30 h with WC
balls in a WC vial (BPR: 20:1 and 400 rpm). Similarly, Gu et al. [82]
showed that the WC contamination was obtained after 30 h ball milling.
Moreover, Boztemur et al. [52] pointed out the WC contamination
occurred after milling for 6 h (BPR: 10:1 and 800 rpm) of the
WNbMoVTa RHEA powders. In this study, a shorter time of 6 h of milling
time was chosen as optimum in order to get rid of WC contamination and
BCC1 phase formation. Moreover, the annealing method was preferred
for the phase homogenization and the evaporation of stearic acid that is
added during milling. Xiang et al. [83] tried different annealing tem-
peratures (400, 500, 600, 700, and 800 °C) for a TiZrNbTa HEA to
achieve the best yield strength results. Also, some studies [84] showed
that good mechanical behavior was obtained at 600-700 °C. The opti-
mization attempts were made for annealing at different temperature

a) b)
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(750 and 900 °C) and duration (7 and 9 h). Based on the XRD results
(Fig. 3c), the annealing parameters were examined. The (Ta,Nb)Oy
phase (ICSD Card No: 98-001-0745, Bravais lattice: tetragonal primitive,
a, b = 0.476 nm and ¢ = 0.916 nm) was observed after the annealing
process because of system oxygen. When the annealing process was
applied for 7 h at 900 °C, a high amount of (Ta,Nb)Ox phase was
observed compared to the other parameters. Increasing of the temper-
ature and time affected the (Ta,Nb)Oyx phase amount. However, the in-
tensity of BCC1 peaks rose with increasing annealing time. The Rietveld
analysis was conducted on these powders (Fig. 3d). Then, it is observed
that the amount of oxide phase increased with increasing temperature
and duration for the annealing. So that, 9 h annealing at 750 °C was
chosen for optimum annealing time, and was applied for the RHEA
powders before sintering.

Tungsten is one of the best candidate material for plasma-facing
applications [85-87]. However, its high melting point poses a big
challenge for the production methods. To overcome this problem and to
conduct sintering of W at low temperatures, activated sintering tech-
niques have been used by adding small amounts of nickel and/or tita-
nium (~1-2 wt%) to W and the sintering has been achieved in the
vicinity of 1500 °C [88,89]. In a previous study, where 1 wt% Ni was
added to 99 wt% W powders to provide activated sintering, Boztemur
et al. [70] observed that 72 h planetary ball mill conditions (BPR: 10:1
and 400 rpm) provided better results compared to shorter periods of 24
and 48 h. Based on this, pre-alloyed W1Ni powders mechanically
alloyed for 72 h were used as the matrix alloy, which was reinforced
with various amounts of RHEA powders (10, 20, 30, and 40 wt%) MA’ed
for 6 h and annealed at 750 °C for 9 h. XRD analysis of the MA’ed W1Ni
and W1Ni-XRHEA powders (X = 10, 20, 30, and 40) are shown in
Fig. 4a, revealing a single BCC2 phase for all samples. Fig. 4b shows
enlarged (110) peaks of the BCC2 phase, which shifted to higher Bragg
angles with increasing amounts of reinforcement and, thus, to lower
lattice constant values [91]. This is in good agreement with Wang et al.
[90] who expressed that increasing the V concentration in VxNbMoTa
causes the XRD pattern to shift slightly to higher 26 values, indicating
the decreased lattice constant as estimated by Bragg’s Law (2dsin6 =
n)). While tungsten has 0.141 nm atomic radius, Nb, Mo, Ta, and V have
0.147, 0.140, 0.147, and 0.135 nm atomic radius, respectively [91].
Except for V, the equimolar RHEA elements in our investigation have
roughly the same atomic radius as tungsten, and when reinforcement
increases, the peak shifts to the right (higher Bragg angle values),
resulting in lattice shrinkage. Furthermore, Cui et al. [43] reported the
peaks shifting to the right with increasing amounts of TaVCrTi in the W
matrix. The RHEA powders had lower density values than the tungsten,
so the density of composite powders decreased with increasing amount
of reinforcement RHEA (Fig. 4c). While the W1Ni powder’s density was

RHEA
P e
900°C, 7h |
.
211)
o o . (z:o) (0 )
\ oo
——— hqpaJVbAN-vNuﬁhnmnma
(110)
-
|
750°C,9h !
N (200) (2‘1:.1)
. | o
N - vavatont
(110
o
750°C,7h fl (211)
[ (200)
A - q
\ .
- W'
10 1520 25 30 35 40 45 50 55 60 65 70 75 80 85 %0
206(degree)

Fig. 3. (a) XRD patterns of the as-blended, 6, 8, and 10 h MA’ed Nb, Mo, Ta, V powders, (b) their corresponding Rietveld analysis, (c) XRD patterns, and (d) their
corresponding Rietveld analysis of the annealed RHEA powders at different temperature and duration.



B. Boztemur et al.

a)
(110) WBCC2
W1Ni-40RHEA - ——
W1Ni-30RHEA
PAS A A
3
8 | WINi-20RHEA
2
[7]
[
@
g
E
W1Ni-10RHEA
WA1Ni

T T T T T T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
20 (degree)

Intermetallics 178 (2025) 108621

b)
WANi (110)
—— W1Ni-10RHEA

— |—— W1Ni-20RHEA

5 |—— WINi-30RHEA

& |—— WINi-40RHEA I/

> \

=

173

c

3

3

£

38,0 38"5 39"0 39’,5 40"0 40’,5 41‘,0 41‘,5 42,0

c) 20 (degree)

Pycnometer Density (g/cm?)

WIN1ORHEA WINI20RHEA WINL3ORHEA WINI4ORHEA

Sample Name

Fig. 4. (a) XRD analysis, (b) the peak shifting of W1Ni and those reinforced with different amounts of RHEA powders, and (c) the pycnometer density versus the

average particle size results of the composite powders.

measured as ~17.75 g/cm>, the 40 wt% addition of RHEA powders
reduced the density down to ~12.80 g/cm?®. Also, the average particle
size decreased by adding more reinforcement, which is shown in Fig. 4c.
Moreover, the lowest particle size was measured as ~106.3 nm.

3.3. Characterization of WINi-XRHEA (X = 10, 20, 30, and 40)
sintered samples

Kang et al. [50] reported that 6 h MA’ed WNbMoTaV RHEA powders
were spark plasma sintered at 1500, 1600, and 1700 °C, and the opti-
mum time for sintering was chosen as 1500 °C. Moreover, Long et al.
[56] tried 1500, 1600, and 1700 °C temperatures for the SPS of
NbMoTaWVCr RHEA, and decided that the 1500 °C temperature
examined the best result. In addition, Peng et al. [49] produced the
NbMoTaWV RHEA by SPS (1500 °C and 10 min). Shivakumar et al. [75]
proved that Ni was effective as activated sintering for NbMoTaW RHEA,
and NbMoTaW-Ni RHEA was sintered at 1800 °C. Furthermore, Qin
et al. [66] designed the activated sintering with Ni for
TiNbMoTaW-based refractory high-entropy nanoalloys by using SPS
(1200-1600 °C for 5 min), then they decided that the 1300 °C temper-
ature was optimum, and could be used for the further experiments. In
this study, activated sintering was provided with Ni, and 72 h MA’ed
composite powders were spark plasma sintered (SPS’ed) at 1410 °C for
1 min. The SEM images and EDS results of WINi and W1Ni-XRHEA
composites are shown in Fig. 5a-e. Based on the SEM images, two
different regions, according to their colors, were observed as white and
grey for all samples. In the general EDS as weight percentage (wt.%),
while the Ni amount was stable and around 1 wt%, Nb, Mo, V, and Ta
elements amount increased with reinforcement amount. The white re-
gion was observed in all samples that are rich for W and, therefore, can
be named as Region 1 (Fig. 5a-e). On the other hand, the grey region
(Region 2) in the SPS’ed WI1Ni sample contains a high amount of Ni
(~17 wt%). With the incorporation of increasing RHEA content into the
W1Ni sample, the grey regions (Regions 2 in Fig. 5b—e) also revealed Mo,
Nb, Ta, W, O, and C with some of them increasing with RHEA addition.
According to the XRD results, the white region can be matched with the
BCC2 phase. Furthermore, (Ta,Nb)C and (Ta,Nb)Oy phases can be shown

in the grey regions. The ratio of elements in the grey region was nearly
same with ratio of (Ta,Nb)C phase, and (Ta, Nb)Oy phase. Based on the
supplementary information (Fig. S2) that presents the color EDS (for W,
Ni, Nb, Mo, V, Ta, O, and C elements) of all SPS’ed samples, W was the
dominant element for the white region. However, the amounts of Ta and
Nb elements started to increase in the grey region. It can refer to (Ta,Nb)
C and (Ta,Nb)Oy phases in the XRD patterns. Liu et al. [81] observed
same morphology, and was named this grey area as FCC carbide pre-
cipitation phase that have Ta, Nb and C elements.

Fig. 6a shows the XRD patterns of the SPS’ed W1Ni-XRHEA (X = 10,
20, 30, and 40) composites. According to the XRD results, the samples
had BCC2 phase (ICSD Card No: 96-900-6496, Bravais lattice: body-
centered cubic, a = 0.319 nm), Ni phase (ICSD Card No: 96-210-0650,
Bravais lattice: face-centered cubic, a = 0.352 nm), (Ta,Nb)Oy that is
the same phase in RHEA powders and (Ta,Nb)C phase (ICSD Card No:
98-000-9891, Bravais lattice: face-centered cubic, a = 0.440 nm). The
intensity of (Ta,Nb)Oy and (Ta,Nb)C peaks were very small. Further-
more, it was seen that the Ta and Nb had lower Gibbs free energy based
on the thermodynamic calculations (Fig. 2). So, the formation of carbide
and oxide of Ta and Nb was expected according to the calculations.
Firstly, Geng et al. [92] reported that the activated sintered W composite
had Ni phase. In the literature, situations where the Ta;VOg phase exists
are frequently encountered. Long et al. [56] observed the Ta;VOg phase
for the SPS’ed NbMoTaWVCr HEA. Moreover, Kang et al. [50] showed
that the Ta;VOg phase was observed in the SPS’ed WNbMoTaV HEA
system. Also, Peng et al. [49] reported the same XRD peaks as a
tetragonal precipitate in the SPS’ed NbMoTaWV HEA. The Gibbs free
energy of formation between Nb/Ta and C is significantly lower than
that of Mo/W and C that come from graphite foil [93]. So, the (Ta,Nb)C
phase was observed in this study. Furthermore, Boztemur et al. [52]
proved using CALPHAD analysis that the NbC and TayVOe structure
formation was observed for the WNbMoVTa system in the oxygen and
carbon environment. In another study, Liu et al. showed the FCC carbide
precipitation phase which included Ta, Nb and C elements due to WC
impurity. Moreover, Gu et al. [82] observed (Nb,Ta)C phase results from
WC contamination. The Rietveld analyses of these phases versus to the
addition of RHEA are shown in Fig. 6b and c¢. While BCC2 and Ni phase
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Fig. 5. The SEM images and general/point EDS results of (a) W1Ni, (b) W1Ni-10RHEA, (c) W1Ni-20RHEA, (d) W1Ni-30RHEA and W1Ni-40RHEA sintered samples.
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amounts are stable, the amount of (Ta,Nb)C and (Ta,Nb)Oy phase
increased with increasing reinforcement. It was previously mentioned
that RHEA powders contained (Ta,Nb)Ox phase due to the adsorbed
oxygen arising from process conditions.

Fig. 7 presents density, Vickers microhardness versus grain size
measurements, and wear test results of the MA’ed 6 h and SPS’ed W1Ni,
W1Ni-10, 20, 30, and 40RHEA samples. Also, the exact values of these
tests are shown in supplementary information (Fig. S3). The spark
plasma sintered samples were observed based on Archimedes’ density
compared to their theoretical density (Fig. 7a). The theoretical density
decreased with the increasing amount of reinforcement. Also, the
Archimedes’ density was decreasing with this trend. However, the
different phases were observed in the XRD graphs for the W1Ni-10, 20,
30, and 40RHEA samples. These phases were effective for the theoretical
density calculation. So, the difference between theoretical density and
Archimedes’ density was getting less. As seen in Fig. 7b, the micro-
hardness increased steadily with increasing RHEA additions, from 5.09
GPa for the W1Ni sample to 10.10 GPa for the W1Ni-40RHEA. This is an
increase of almost two folds, also revelaed by the corresponding
indentation marks getting smaller. The effect of the addition of the
RHEA reinforcement to the microhardness value was similar in 20 and
30 wt% of RHEASs. But the obvious increase trend was valid for the 40 wt
% RHEA addition. The exact correlation was observed with grain size
measurements. Ahmed et al. [18] reported a 7 GPa microhardness value
for the SPS’ed WTaVCr alloy. Similarly, Peng et al. [49] reported 7.59
GPa microhardness for the SPS’ed NbMoTaWV RHEA. Further, Long
et al. [56] showed that the Cr addition of this NbMoTaWV RHEA
increased its microhardness to 10.52 GPa. Although, these results were
comparable with this study, the SPS’ed W1Ni-40RHEA sample gave the
best result in these alloys. There were some extra phases in the XRD
pattern, such as (Ta,Nb)Ox and (Ta,Nb)C. Rudolf [94] mentioned that
the hardness of TaC-NbC phases was nearly 7.6 GPa. These phases can be
effective on the mechanical properties of samples. The specific wear rate
versus the wear volume loss values is shown in Fig. 7c. Based on the
graph trend, the best result was obtained with the SPS’ed W1Ni-40RHEA
sample. Fig. 7d shows wear depth versus distance values. In the
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literature, Alvi et al. [48] reported that the CuMoTaWV sample had ~40
x 10~* mm3/N.m wear rate and was observed due to formation of Ta
and W tribolayer in the wear track.

3.4. The irradiation resistance of sintered samples

After He" irradiation, the SEM images ( x 10,000 and x 160,000
magnifications) and XRD shifting of SPS’ed samples are shown in Fig. 8.
Dislocation loops and helium bubbles create, migrate, agglomerate, and
expand as a result of irradiating an area with helium ions. The loop
expansion is contingent upon both the merging of loops and the ab-
sorption of the surrounding irradiation flaws. The absorption of va-
cancies and helium atoms is what drives the formation of helium bubbles
[95]. In addition to serving as a good nucleation site for helium bubbles,
the pre-existing dislocation acts as a powerful absorption sink for irra-
diation flaws. At the later stage of irradiation, the size of helium bubbles
is generally bigger in the region close to the dislocation than in the re-
gion without dislocation at the same fluence. In other words, fractal
features are present in the growth of dendritic structures in fuzz and are
mainly caused by two factors: Initially, the dislocation loop formed
during the formation of the helium bubble slips to the surface and gets
destroyed there. The current formation technique may also provide a
satisfactory explanation for the experiment’s reported lack of prefer-
ential development axes in the fuzz. Second, helium bubbles rise to the
surface as a result of surface stress during the growth phase [96,97].
These formations are generally seen in plasma-facing materials. Huang
et al. [98] applied 10-30 min irradiation to pure tungsten and showed
the wavy structure as much as the same with this study. Moreover, Pu
et al. [99] mentioned that the RHEA (TaTiNbZr) film produces diverse
outcomes, indicating the occurrence of fuzz phenomena on the surface
of tungsten stacks when exposed to a broad range of high-energy plasma
and elevated irradiation temperatures. Also, Cui et al. [28] reported the
same fuzzy structure for pure tungsten after 30 min irradiation. The
same fuzz formation was observed with the W1Ni sample (Fig. 8a). This
structure transformed to cluster with the addition of 10 wt% RHEA into
W1Ni matrix. This deformation was decreased by the W1Ni-20RHEA
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Fig. 7. The SPS’ed samples behavior according to (a) the Archimedes’ density, (b) the Vickers microhardness with the indentation trace versus grain size mea-
surements, (c) the specific wear rate versus the wear volume loss, and (d) the wear profile graph.
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Fig. 8. The SEM images ( x 10,000 and x 160,000 magnifications) and XRD shifting of (a) W1Ni, (b) W1Ni-10RHEA, (c) W1Ni-20RHEA, (d) W1Ni-30RHEA, and (e)

W1Ni-40RHEA SPS’ed samples after He™ irradiation.

SPS’ed sample, and He" bubbles [96,100] are placed under the surface
after He™ irradiation and create a wavy structure [98]. Although, the
failure that depends on the helium was enhanced, the cracks were still
present. These cracks were investigated with the W1Ni-30RHEA sample,
and the wavy formation was obtained. However, the SPS’ed
WI1Ni-40RHEA sample showed the best surface stability. According to
Cheng et al. [101], the CrMoTaWV RHEA has an astonishing 8.9 times
slower development rate of fuzz than W, in addition to displaying a fuzz
structure formation fluence that is 20 times higher. Moreover, Cui et al.
[43] obtained the higher surface stability for W;o(TaVCrTi)3g alloy be-
tween 10, 20, 30, and 40 wt% reinforcement amounts. Also, the XRD
peak shifting shows different properties based on the irradiation
amount. The lattice expansion of irradiated alloys may be aided by the
defects (associated clusters, point defects, and dislocation loops),
micro-strain, and flaws in the lattice structure brought on by ion irra-
diation [102].

Because of the high grain boundary density it can create, grain size
refinement is suggested as a way to improve radiation tolerance in
materials under extreme irradiation conditions [103]. It is also hy-
pothesized that grain boundaries, which serve as sinks for defects and
particles (such as helium), will accelerate vacancy-interstitial annihila-
tion. This may result in a reduction of defect density (such as voids,
bubbles, and interstitial clusters) and an increase in the microstructure’s

resistance to radiation [104]. The ultrafine grain structure plays an
important role in improving surface stability. Moreover, this better
surface stability provides a self-healing mechanism [43]. Fig. 9 shows
the cross-sectional SEM images and the point EDS results from the
irradiated and unirradiated parts of composites. According to the grain
size measurements (Fig. 7b), the higher grain sizes were measured on
the fracture surface for the SPS’ed W1Ni sample. Based on the literature
research [104,105], bigger grain sizes affect that helium bubbles can
infuse easily into the surface. So, the thickness of the irradiated part was
the highest in the W1Ni sample. The addition of RHEA into W1Ni ma-
trix, the grain size was going to decrease, and the irradiated part of
surface started to be thin. The best surface stability was obtained with
the W1Ni-40RHEA sample, and provided the self-healing mechanism.
Based on the regional EDS results, a higher amount of C and O elements
were detected on the irradiated surface. Also, the changing of W amount
between the top and bottom was nearly 40 % and was higher on the
surface for the SPS’ed W1Ni sample. However, this value decreased to 1
% for the W1Ni-40RHEA sample. This change can be explained with the
thermodynamics. Based on the calculations (Fig. 2), the loss of W was
eliminated with RHEA addition. The oxide layer provided the protection
of the W matrix. Helium bubbles placed under the surface after irradi-
ation cause the surface hardening and create defects and vacancies in the
crystal structure. So, the microhardness values of samples increase after
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Fig. 9. The cross-sectional SEM images at x 5000 magnification and point EDS results of (a) W1Ni, (b) WINi-10RHEA, (c) W1Ni-20RHEA, (d) W1Ni-30RHEA, and

(e) W1Ni-40RHEA SPS’ed samples after He™ irradiation.

helium implementation. In the literature, Atwani et al. [106] analyzed
the hardness test results of the helium irradiated WTaCrVHf RHEA film
and noticed that hardness of the RHEA increased by helium irradiation.
Then, this situation can be explained by two additional factors. Firstly,
there may be changes in hardness due to material homogenization
resulting from the shift from an ordered to a disordered state, leading to
increased lattice distortion. Secondly, the irradiation with heavy ions
can lead to a refinement of grain size in this RHEA, as previously
demonstrated and illustrated. Since the hardness is influenced by the
grain size according to a power law relationship, even a slight refine-
ment in grain size can lead to a significant change in hardness. This
effect becomes more pronounced when the grain size is extremely small,
approaching the threshold between the Hall-Petch and Inverse
Hall-Petch phenomena [106]. In another study, Moschetti et al. [107]
mentioned that TiZrNbHfTa alloy showed an increment in hardness after
irradiation, which is attributed to classic radiation hardening due to
defect formation in the lattice. Waseem et al. [108] showed that the
microhardness value of Wy s(TaTiVCr)gs multi-component alloy
increased from 11.6 GPa to 14.9 GPa after He" irradiation. These same
cases were observed in this study. After irradiation, it can be said that, as
the amount of RHEAs is increased, the hardness values rise as well.
Table 1 shows the hardness of irradiated sample values and the per-
centage difference in the unirradiated sample. After irradiation, hard-
ness values are increased from 5.47 GPa to 10.53 GPa.While the SPS’ed
W1Ni hardness value increased by 7.47 %, the SPS’ed W1Ni-10RHEA
sample hardness increased by 11.39 %. Moreover, SPS’ed
W1Ni-20RHEA and W1Ni-30RHEA hardness values increased by 9.43 %
and 9.37 %, respectively. Finally, WINi-4ORHEA sample hardness
changed and increased by 4.26 % after irradiation. After these

10

Table 1
Microhardness values of the SPS’ed samples after irradiation and microhardness
increment percentages.

Sample Name  Microhardness Value After Irradiation Microhardness Change

(GPa) (%)
WINi 5.47 + 0.62 7.47
WINi- 8.39 + 0.58 11.39
10RHEA
WINi- 9.74 £ 0.45 9.43
20RHEA
WINi- 9.42 + 0.54 9.37
30RHEA
WINi- 10.53 £ 0.65 4.26
40RHEA

examinations, it was observed that the sample with the highest per-
centage increase in hardness value after radiation was W1Ni-10RHEA.
In the case of 20 wt%, 30 wt%, and 40 wt% RHEA addition, the per-
centage increment in the hardness value is gradually decreasing. The
least increment was obtained with the W1Ni-40RHEA SPS’ed sample.
However, due to the need of reducing neutron activation, elements in
our system may be substitued by V, Ta, W in future studies. Nb and Ni
could be limited usage among the neutron activation elements for fusion
reactor materials [109].

4. Conclusions

This study presents the results of the mechanical and Helium irra-
diation behavior of the W1Ni-XRHEA (X = 10, 20, 30, and 40) system.
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The mechanical alloying and annealing were used for the production of
the high crystallinity and ultra-fine RHEA powders. These RHEA pow-
ders were used for reinforcement into W1Ni pre-alloyed powders. This
reinforcement provided higher strength and helium irradiation resis-
tance. The activated sintering, in which Ni element was used as an aid,
was realized by spark plasma sintering. The main conclusions can be
summarized as follows:

e Nb-Mo-V-Ta elements were mechanically alloyed for different hours
in order to create single-phase BCC structure. 6 h MA’ed single-phase
NbMoVTa RHEA powders were annealed for increasing the crystal-
linity. BCC1 phase was obtained after milling, and (Taz,Nb)Oy phase
was seen after annealing because of oxygen.

72 h pre-alloyed WINi powders were used as matrix, and were
reinforced with 10, 20, 30, 40 wt% RHEA powders. After milling, the
peak shifting to the right was observed with increasing reinforce-
ment amount. This correlation was detected for the particle size and
the decrease in pycnometer density.

Based on the XRD graphs, BCC2, (Ta,Nb)C, Ni, and (Ta,Nb)Oy phases
were observed after the sintering process. While the amounts of Ni
and BCC2 phases stayed stable, the amounts of (Ta,Nb)C and (Ta,Nb)
Oy phases increased with the higher reinforcement addition. Among
all sintered samples, the highest amounts of (Ta,Nb)C and (Ta,Nb)Ox
phases were respectively found as 22.44 and 3.6 wt% for the W1Ni-
40RHEA sample.

The microhardness value of the SPS’ed W1Ni sample was measured
as 5.09 GPa, and this value increased to 10.10 GPa for the SPS’ed
W1Ni-40RHEA sample. Grain size decreased to ~0.56 pm (W1Ni-
40RHEA) from ~2.72 pm (W1Ni). Based on the specific wear rate
and wear volume loss graph trend, the best result was obtained with
the SPS’ed W1Ni-40RHEA composite.

The helium irradiation deformed W1Ni sample highly. The addition
of 40 wt% RHEA into W1Ni was enhanced to irradiation behavior of
tungsten. While the fuzzy structure was observed in the W1Ni sam-
ple, this structure transformed to the wavy morphology in the W1Ni-
40RHEA sample. Moreover, the thin layer was detected for the
irradiated part for the cross-sectional layer. The microhardness value
rose to nearly 4.26 % after irradiation. This amount was the mini-
mum for the W1Ni-40RHEA composite.
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