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Abstract: This review paper provides insight into current developments in refractory high-entropy
alloys (RHEAs) based on previous and currently available literature. High-temperature strength,
high-temperature oxidation resistance, and corrosion resistance properties make RHEAs unique
and stand out from other materials. RHEAs mainly contain refractory elements like W, Ta, Mo,
Zr, Hf, V, and Nb (each in the 5-35 at% range), and some low melting elements like Al and Cr at
less than 5 at%, which were already developed and in use for the past two decades. These alloys
show promise in replacing Ni-based superalloys. In this paper, various manufacturing processes like
casting, powder metallurgy, metal forming, thin-film, and coating, as well as the effect of different
alloying elements on the microstructure, phase formation, mechanical properties and strengthening

mechanism, oxidation resistance, and corrosion resistance, of RHEAs are reviewed.

Keywords: refectory high-entropy alloys (RHEAs); powder metallurgy; casting; thin film; coatings;

mechanical properties; oxidation resistance; corrosion resistance

1. Introduction

In day-to-day life, the demand for new materials is greatly expanding for various
applications. Different materials have been developed to increase the ability to withstand
challenging environments, efficiency, and safety of materials. Refractory high-entropy
alloys were developed in 2010 [1] with the primary purpose of withstanding high tem-
peratures and to act as replacements for Ni-based superalloys and other applications,
such as anodes for X-ray production gas turbine blades, armor, aerospace, and structural
applications [2]. From the thermodynamic perspective, configurational entropy increases
with an increasing number of elements, leading to high-entropy alloys (HEAs) [3]. The
presence of multiple HEA elements leads to a decreased diffusion rate and an increased
lattice distortion, which results in high-temperature stabilized phases, thus making HEAs
useful for high-temperature applications [4].

Refractory elements like rhenium (Re), tungsten (W), molybdenum (Mo), tantalum
(Ta), Niobium (Nb), and zirconium (Zr) are the main constituents of HEAs; along with them,
other metals and materials are being used for the production of alloys named refractory
high-entropy alloys (RHEAs). These alloys consist of multiple elements, and multiple
elements have different crystal structures, such as face-centered cubic (FCC), body-centered
cubic (BCC), hexagonal close-packed (HCP), and intermetallic compounds (B2, L1,, C14,
and C15). The atomic positions of some intermetallic compounds are explained as follows.
In the B2 intermetallic compound, the atomic position is the same as the body-centered
cubic structure, but one type of atom occupies body-centered positions and another type of
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atom occupies body corner positions, e.g., FeAl, NiAl, and CaCl. The L1, phase atomic
position is the same as that of face-centered cubic structure, but one type of atom occupies
face-centered positions and another type of atom occupies body corner positions, e.g.,
NizAl, CuzAl, and Al3Zr. When the atomic size ratio is between 1.05 and 1.67, a Laves
phase, which is an AB2 structure, is formed. There are three types of Laves phases:
hexagonal (C14), cubic (C15), and hexagonal (C36). In Laves phases, the A type of atom
occupies a diamond, hexagonal diamond, or related structure. The B type of atom occupies
a tetrahedral void position around the A type. The sigma (o) phase is mainly observed in
stainless steels and Cr-containing alloys; it has a tetragonal structure, e.g., equiatomic FeCr,
CoCr, and FeMo [5,6].

RHEAs are specialized materials, and researchers are constantly developing new
RHEA alloys and fabrication techniques. This paper reviews recent developments in
RHEAs, such as processing techniques, structural properties, welding, thin films, coatings,
oxidation, corrosion behavior, and computational methods.

2. Processing Techniques

The manufacturing process of RHEAs is crucial because of the high melting point and
considerable variation of alloying element melting points. This produces the segregation
and evaporation of low-melting-point elements and less bonding; overcoming these prob-
lems in the manufacturing of RHEAs is difficult [7]. All alloys” mechanical properties are
based on the manufacturing process, including vacuum arc melting, induction melting,
additive manufacturing, hot isostatic pressing, and spark plasma sintering. The selection
of the manufacturing process depends on the alloying elements and their application. This
section is mainly focused on new developments in fabrication techniques in refractory
high-entropy alloys. One manufacturing process that was recently under development is
spark plasma sintering, and many newer processes have proven their efficiency.

The NbMoTaWVTi refractory high-entropy alloy manufactured by spark plasma
sintering showed better mechanical properties than an as-cast NbMoTaW VTi alloy [8]. An
ultrafine grain microstructure was formed in an MoNbTaTiV high-entropy alloy fabricated
by mechanical alloying followed by spark plasma sintering [9]. Uniformly distributed
nanosized TiC dispersoids were found to be formed in NbgMoyTi;3Cr12V1,Ta RHEA
that underwent spark plasma sintering. Additionally, an NbsyMoyTi13Cr12Vi,Ta RHEA
showed good mechanical properties [10]. When fabricated using laser metal deposition,
cracks were formed in an NbMoTaW high-entropy alloy [11]. An NbMoTaW alloy can be
successfully fabricated using a laser cladding deposition process without cracks; finer grain
and dendrite sizes have been observed in this process due to its fast solidification [12].

Making an alloy with low- and high-melting-point elements was previously challeng-
ing to fabricate. Dobbelstein et al. reported that a TiZrNbHfTa alloy could be successfully
fabricated using the in situ alloying of elemental powder the sequential laser metal de-
position (LMD) and re-melting steps to get better results for low and high melting point
powders [13]. Because of a massive difference in Ti’s and Ta’s melting points, the fabrication
of a TiZrNbTa alloy is complex, but it can now be successfully fabricated using the LMD
process, which has shown promising results [14]. First-time, single-phase, carbide, high-
entropy ceramics (Hfg pTag 2 Tip 2Nbg2Mog » and Zr( ,)C were fabricated by self-propagating
high-temperature synthesis using spark plasma sintering [15]. An MoNbTaW refractory
high-entropy alloy can be successfully fabricated with a laser-based additive manufacturing
process [16]. An ultra-hard and nanocrystalline (average grain size: 5.9 nm) BCC-structured,
VNbMoTaW high-entropy alloy can be fabricated using powder metallurgy and mechanical
alloying followed by sintering—this alloy has an extraordinary hardness (11.4 GPa) that
twice that of the coarse grain structure [17].

3. Microstructure and Phases

For each material to achieve its required mechanical properties, microstructure and
phase formation is essential. The primary manufacturing process involved in high-entropy
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alloys is vacuum arc melting [18]. Segregation, dendrite size, and grain size are difficult to
control in the casting process, so many of studies have used a powder metallurgy process
to avoid these problems [8,15,17]. After the mechanical milling of powders, MoNbTaTiV
refractory high-entropy alloy powders showed nanocrystalline grains with a BCC phase
and homogeneous distribution of the elements, and after annealing at 1200 °C, nanosized
grains and a BCC crystal structure were preserved. This experiment showed that this alloy
has a high phase and thermal stability of 1200 °C [19].

To increase room temperature ductility, Senkov et al. developed an HfNbTaTiZr
RHEA. It has a high room temperature ductility, but it suffers from high-temperature yield
strength [20]. To improve the yield strength above 1200 °C, another study was done on the
microstructure and phase formation; an HfNbTaTiZr alloy was fabricated using arc melting
and an as-cast structure containing nanoprecipitates in a BCC matrix were formed. After
annealing at 1000 °C, an HCP-1 phase formed; as the annealing temperature increased
to 1200 °C, the HCP-1 phase dissolved; when the annealing temperature increased up
to 1400 °C, the HCP-1 phase wholly disappeared and nanoprecipitate formed; and at
1450 °C, the annealed alloy microstructure contained two new FCC phases, an HCP-2
phase and nanoprecipitate that was still in the BCC matrix. This type of microstructure
gives this alloy better mechanical properties, even at high temperatures (for full details,
refer to [21]). Computational studies reported that the BCC phase was transferred into an
HCP structure in Hf-containing alloys; this was experimentally proven by Cheng Yang et al.
and Senkov et al. [21,22].

In high-entropy alloys, the mechanical properties are enhanced by reinforcement
techniques. Carbon reinforcement enhances thermal stabilization, creep resistance, and
ultra-high temperature strength with carbide phase formation [23]. Recent work has been
done on CrMoNbWTI-C refractory high-entropy alloys. After mechanical alloying, the BCC
solid solution was hot-pressed to get an intermetallic Cr,Nb phase and high-temperature
(Ti and Nb)C. Due to carbide and intermetallic compounds, the yield strength and high-
temperature stability were found to be increased [24,25]. Senkov et al. reported that
Al addition increased the alloy’s strength, which they demonstrated in an NbNiTaTiW
refractory high-entropy alloy [26]. According to Senkov et al., the addition of 10 atomic
% Al to the NbNiTaTiW alloy led to an increase in hardness due to the decrease in the
dendrite size, with both alloys (NbNiTaTiW and NbNiTaTiWAI) showing effect in hardness
after heat treatment, and as the soaking time was increased up to 72 h, the hardness (the
Vickers’s hardness values of both alloys are shown in Table 1) was increased due to the
increasing the volume fraction of the L1, phase [27].

Table 1. Vickers hardness of as-cast and heat-treated refractory high-entropy alloys (RHEAs) (NbNi-
TaTiW and NbNiTaTiWALl) [27].

Sample Condition NbNiTaTiW (Hv) NbNiTaTiWAI (Hv)
As cast 410 578
1000 °C for 24 h 435 673
1000 °C for 48 h 439 632
1000 °C for 72 h 432 637

After radiation exposure, no phase change was observed in HINbTaTiZr RHEA, and
this study experimentally showed that HINbTaTiZr RHEA has excellent resistance to ra-
diation, so this material is suitable to use in radiation [28]. An Al,(Cri9gNb15TizgVo5Zr1g
refractory high-entropy alloy was found to have a hypoeutectic composite-like structure
that contained B2 and C14 Laves regions and a B2 eutectic region. After annealing the
AlyoCr1oNby5TipgVosZrig RHEA at 1200 °C, the Zr5Als, B2, and C14 phases were formed,
thus giving extra strength to the material; the microstructure of the AlygCrjoNb15TizoVa5Zr19
alloy is shown in Figure 1 [29]. Segregation is the main problem in as-cast alloys in the case
of refractory high-entropy alloys. A TaNbVTiAlx alloy was fabricated using a powder met-
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allurgy process, which resulted in a single-phase BCC solid solution with no segregation in
the microstructure, a uniform microstructure throughout the alloy, and better mechanical
properties [30]. When fabricating an NbTaTiV refractory high-entropy alloy using powder
metallurgy sintering at above 1700 °C, porosity and segregation were not observed [31].

Cil4il¥aves,

C14 Layes+B2

Figure 1. AlygCr19Nby5TipgVosZr1g alloy microstructure of alloy as cast (left side) and after annealing (right side) [29].

A novel and lightweight CrNbTiZrAlx RHE alloy was developed to study the effect
of aluminum addition. Al addition transformed the microstructure from a hypoeutectic
and eutectic alloy to a hypereutectic alloy, and the hypereutectic alloy had a high strength-
to-weight ratio [32]. Additionally, Ti’s addition to an NbMoTaW refractory high-entropy
alloy increased its high-temperature stability by forming a stable single BCC structure
up to its melting point [33]. Rhenium (Re) is a refractory element with a high melting
point of 3185 °C, and Ni-base superalloys help improve the creep resistance of Re [34,35].
Yusenko et al. reported that RHEAs with added Re had a high stability at extreme tem-
peratures [36]. Another study was done on an ReTaWNbMo RHEA, and it was shown
that as-cast alloys had a BCC crystal structure after annealing, but with increasing anneal-
ing temperature (673 K (400 °C), 873 K (600 °C), 1073 K (800 °C), and 1273 K (1000 °C)),
coarse dendrites were transformed into equiaxed grains [37]. When Al was added to the
Moo 5NbTag 5 TiZr RHEA, an ordered precipitate formed in the Ti-Zr rich matrix without Al
disorder precipitates forming [38].

4. Mechanical Properties
4.1. Mechanical Behavior

Ti(50 — 1.5625X)Nb(30 _ 0.9375X)C1'VNi(1.5X)A1X (X: O, 5, 7, and 10,) alloys with Varying alu-
minum contents were subjected to tensile tests at room temperature and 800 °C to find their
yield strength and ultimate tensile strength (as shown in Table 2). In a Tizs 4Nbgg 6Cr19V19NijsAljg
(X'=10) alloy, Ti and Nb’s gradual replacement with Al and Ni resulted in the formation
of coarse Ti, Ni-rich sigma, and Ti;Ni phases. These BCC, sigma, and TipNi phases were
found to improve the material’s mechanical characteristics, and the nanoindention of those
phases is shown in Table 3 [39]. Panina et al. reported that yield strength and ultimate
tensile strength improved after replacement [39]. NbTaTiV refractory high-entropy alloys
were synthesized using powder metallurgy as the sintering temperature was increased
from 1500 to 1700 °C, and the Vickers hardness increased (as shown in Figure 2) [31]. This
report demonstrated that the powder metallurgy as-sintered alloy had a higher Vickers
hardness than the as-cast alloy, and as the sintering temperature increased, segregations
disappeared, pores were eliminated, a homogeneous microstructure was formed, and a
99.5% relative sintered density was achieved. NbMoTaW and NbMoTaWV were two refrac-
tory high-entropy alloys first developed by Senkov et al. [1]. These two alloys have high
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yield strengths, even at high temperatures, but at room temperature, they are brittle [40]. Ti
was added to the NbMoTaW alloy to overcome this problem, and it enhanced the ductility
from 1.9 to 11.5% and increased yield strength to up to 1455 MPa. This alloy had a stable
microstructure up to the melting point, and adding Ti made the alloy highly ductile. This
alloy is suitable for high-temperature applications due to its combination of high ductility,
yield strength, and high-temperature phase stability [33].

Table 2. Yield strength and ultimate strength of TINbCrVNiAlx alloys at room temperature and
800 °C [39].

Alloy Yield Strength Ultimate Tensile Strength
(MPa) (MPa)
At Room Temperature
X=0 755 -
X=5 775 1135
X=7 1270 1685
X=10 - 1395
At 800 °C
X=0 45 60
X=5 85 105
X=7 110 200
X=10 285 395

Table 3. The hardness of different phases measured by the nanoindentation method [39].

Phase Hardness (Hv)
BCC 530
Ti,Ni 935
Sigma phase 1085
550
510
500F =
. 444
S 450 427
L
- 400 |
[i1]
=
= 350}
* [ 298
300 L
250 ' ;
As-cast Sintered at Sintered at Sintered at
1500 °C 1600 °C 1700 °C

NbTaTiV alloys

Figure 2. The hardness of an as-cast and powder metallurgy-produced NbTaTiV RHE alloy sintered
at 1500, 1600, and 1700 °C [31].
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Tungsten and molybdenum were added to an HfNbTaTiZr alloy to improve its high-
temperature properties. The mechanical properties of HINbTaTiZr, HINbTaTiZrW, and
HfNbTaTiZrWMo alloys were studied. Compared with the HINbTaTiZr alloy, the HfNbTa-
TiZrW and HfNbTaTiZrWMo alloys had higher tensile strength, better high-temperature
stability, and no new phase formation up to 1200 °C [41]. For an HfMoNbTiVZr alloy,
increasing the Mo and Zr contents yielded a strength increase, whereas increasing the
Ti content yielded a strength decrease. Shafiei Ali reported that Ti’s presence in this
NbMoTaW alloy increased its strength, but its presence in an Hf-containing alloy decreased
the strength; for more details, refer to [42]. As Al content increased in an AIxMoNbTaTiV
alloy, the lattice constant decreased from 3.211 to 3.100 A, yield strength increased from
1228 to 1391 MPa, and hardness increased from 421 to 578 Hv [43].

Equiatomic NbMoTaWVCr refractory high-entropy alloys fabricated by mechanical
alloying followed by spark plasma sintering at 1400-1700 °C were studied. After sintering
the (Cr and V);, (Ta and Nb) Laves phase, TayVOy particles were precipitated from the
BCC matrix. The as-sintered alloy had a yield strength of 3416 MPa, 5.3% plastic strain,
and a Vickers hardness of 9908 MPa; this alloy was found to have ultra-high strength and
hardness compared to other alloys. If sintered above 1500 °C, the grain size increased
and the strength decreased [44]. After irradiation, a coarse-grained and nanocrystalline
TiZrNbHfTa refractory high-entropy alloy had an increased hardness (shown in Table 4)
and increased yield strength without decreased ductility; it was observed that the radiation-
induced hardening created a lattice defect. This review demonstrated that this alloy has
excellent damage tolerance before and after irradiation, making it suitable for IV-generation
nuclear reactor applications [45]. A TIAIVNbMo refractory high-entropy alloy was shown
to have a lower density (~6 g/cm?) than other refractory high-entropy alloys and nickel-
based superalloys, and it also had high strength and good plasticity at high temperatures
(1000 °C) [46].

Table 4. Mechanical properties of an unirradiated and irradiated RHEA [45].

Yield Strength Ultimate Strength Elastic Modulus
(MPa) (MPa) (GPa)
Unirradiated (avg) 1833 2106 78.5
Irradiated (avg) 2088 2475 104.7
o of radiation 13.9% 175 33.4

induced increment

An aluminum-containing high-entropy alloy (Al;9Nbj 5TasTizgZr4), as-cast after an-
nealing at 1100 °C and quenched in water, gave almost the same yield strength (1050 MPa)
at room temperature and compression ductility over 50%. In contrast, after annealing up to
600 °C, the yield strength of the same alloy (Al;9Nb 5Tas5TizpZrsg) was drastically decreased
to 250 MPa [47]. In this study, Senkov et al. demonstrated that aluminum-containing re-
fractory high-entropy alloys” mechanical properties depend on temperature. Another work
was done to study the mechanical properties of an as-quenched equiatomic refractory
high-entropy alloy at four annealing temperatures (673 K (400 °C), 873 K (600 °C), 1073 K
(800 °C), and 1273 K (1000 °C)), ultimately showing that as the annealing temperature
increased, yield strength, compressive plasticity, and fracture strength improved [37].

4.2. Strengthening Mechanism

Recent work was done on an HfTaTiVZr refractory high-entropy alloy based on the
strain rate sensitivity of the thermally-activated deformation mechanism, a significant
problem in next-generation nuclear applications. This study concluded that changes in
strain rate sensitivity depend on the sample’s loading state and surface-to-volume ra-
tio. [48]. An NbTiH{Zr high-entropy alloy has a BCC crystal structure with a small amount
of the HCP phase. After cold working and annealing, the HCP nanoprecipitate volume
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fraction increased, thus improving strength and ductility [49]. A study was performed
on an MoNbReysW (TaC)y composite refractory high-entropy alloy with varying TaC
contents. The addition of TaC to the alloy increased the metal carbide phase but de-
creased the BCC matrix volume fraction; because of the formation of MC carbides, the
MoNDbRey 5sW(TaC)g ¢ alloy obtained the highest mechanical properties, including Vick-
ers hardness (615 Hv) and yield strength (1245 MPa) [50]. During the hot forging of an
as-sintered RHEA (TiNbTag5ZrAly5), Zr and Al-rich HCP precipitates were formed in
the BCC matrix, which was further strengthened by annealing at 1000 °C for 2 h. After
annealing, the compressive yield strength improved to 1740 MPa at a compressive strain
of 20% [51]. A new type of refractory high-entropy alloy, NbMoTaW, was developed
using mechanical alloying followed by spark plasma sintering; this alloy consisted of
metallic and non-metallic compounds. Ta attracted O, and C, thus forming oxides and
carbides, respectively. Nonmetal compounds acted as reinforcements in the matrix, result-
ing in a high hardness of 892 Hv and a compressive strength of 1630 MPa, even at 800 °C.
From the results, Roh et al. reported that these alloys were suitable for high-temperature
applications [52].

An HfNbTaZrTi refractory high-entropy alloy was cold-rolled and annealed at
1000-1200 °C, and recrystallization and grain growth kinetics were investigated. At
1000-1100 and 1100-1200 °C, activation energy was reported as 205 and 401 KJ/mol,
respectively. Chen et al. reported that a higher activation energy for grain boundary migra-
tion occurred due to Ta and Nb [53]. During the high temperature (1000 °C) compression
test of an HfNbTaTiZr RHEA, the bulging, dynamically recrystallized (DRX) grain was
formed. The fraction of the DRX structure increased with the strain rate. DRX grains were
deformed by grain boundary sliding (GBS) [54].

4.3. Mechanical Deformation Mechanism

A new class of non-equiatomic low-density refractory alloys (TiggCrNbV(56) was
investigated by Yurchenko et al. Generally, refractory high-entropy alloys are challenging
to work in a cold environment because of their low ductility at room temperature. However,
the TigoCrNbV 56 alloy is cold, with a ductility of up to 80% in room temperature conditions;
after the 80% cold working, a dislocation substructure kink and shear bands were formed.
This was attributed to the increases in Vickers hardness (450—469 Hv), yield strength
(1020 MPa), and ultimate strength (1535 MPa). After annealing at 800 °C, a Cr-rich FCC
(C14) Laves precipitate was formed. Recovery and recrystallization were observed between
800 and 1200 °C, and the effect of annealing on hardness is shown in Figure 3 [55].

500

- (o]
480 —@— 800°c
——- 1000°C

460 - —&— 1200°c

440 -+

420 -

400 -

Microhardness, HV

280 §

360

340 |

T T T

40 60 80 100

Annealing time, h

Figure 3. Effect of annealing time and temperature on the hardness of a TiggCrNbV| 54 alloy [55].
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A study was done using a three-stage (0-15%, 15-40%, and 40-80%) cold rolling
process up to 80% on an H{NbTaTiZr RHEA. The authors reported that in the first stage
(0-15%), dislocation density increased; in the second stage (15-40%), kink bands formed;
and in the last stage (40-80%), shear bands with fine lamellar substructures formed. Overall,
this resulted in a yield strength of 1220 MPa [56].

5. Welding

A new study was done on employing refractory high-entropy alloys in the welding
process. There have been many studies on welding high-entropy alloys, but no studies
on the welding of refractory high-entropy alloys are available in the literature. Only one
study was done on Tij ggNbCrV( 56 RHEAs welded in different conditions using a laser
beam welding process. Panina et al. reported that room-temperature laser beam welding
on a Tij ggNbCrVj 54 alloy created hot cracks due to its low ductility. To overcome the
hot cracking problem, preheating was carried out between 600 and 800 °C. This provided
sound butt joint welds. As the preheating temperature increased, the grain size increased,
as shown in Figure 4 [57].

90

80 A

70

60 4

In size, pm

50 +

Gra

40 A

30 A

zn T T T T
0 200 400 600 800

Pre-heating temperature, °C

Figure 4. Effect of the preheating temperature on grain size on a Ti; ggNbCrV 56 alloy [57].

6. Thin Films

Higher melting point, high thermal stability, less diffusivity, high hardness, and
high damage tolerance properties are expected, and RHEAs can be used in demanding
environments. RHEA properties allow them to be used as coatings on standard materials.
Using thin-film technology, RHEA thin films have been developed for next-generation
materials in high-temperature applications. An NbMoTa RHEA thin film was developed
using direct current (DC) magnetron sputtering by sintering a mixture of multi-elemental
powders; this thin film was found to have a nanocrystalline grain solid solution phase
with a BCC structure. In their investigation, Kim et al. reported that these thin films had a
hardness of 12 GPa and an electrical resistivity of 168 pu{dcm, so they could be used as hard
coatings for protective layers and nanosized electrical resistors for electronic circuits [58].
Matheus A. Tunes et al. developed an NbTaMoW equiatomic, refractory high-entropy thin
film using an ion beam sputtering deposition technique, and this thin film nanoindentation
had a hardness of 22.8 GPa, high nanoscratch resistance, high crack propagation resistance,
and high delaminating resistance; the combination of all these properties allows this thin
film to be used as a coating on other materials in extreme environments [59].
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7. Coatings

An MoFe; sCrTiWAINDx refractory high-entropy alloy was coated on M2 tool steel
using laser cladding technology. This coating was found to contain a BCC, metal carbide,
and C14 Laves phase with an increase in niobium content, wear resistance, and increased
micro-Vickers hardness compared to a control, and it reached a maximum of 910 Hv [60].
Further work was done to study the RHEA’s microstructure, phase stability, and mechanical
properties at high temperatures. The high-temperature experiment showed no change in
the dendrites and MC carbides in the 800 °C-annealed material. Below 700 °C, annealing
resulted in a slight increment in wear resistance and hardness. Another benefit of this
coating was a dense and highly thermally stable oxide formed at 800 °C, which was found
to have a better oxidation resistance than M2 high-speed steel [61].

8. Oxidation Behavior

Refractory high-entropy alloys have admirable mechanical properties at high tem-
peratures, and the oxidation behavior of these alloys is crucial. These alloys have greater
oxidation resistance than Ni-base superalloys. Many research studies are currently investi-
gating the oxidation behavior of refractory high-entropy alloys at different temperatures
and conditions. A study was performed on the high-temperature oxidation behavior of
three alloys, TiNbTag 5Zr, TiNbTag5ZrAl, and TiNbTag5ZrAlMog5; the addition of alu-
minum to the TiNbTag 5Zr alloy led to the formation of Al;O3 which has a good adherence
with the TiNbTag 5ZrAl substrate, whereas the addition of Mo to this alloy decreased the
oxidation resistance because when MoQOj is formed, it evaporates at high temperatures
and leaves pores and cracks [62]. An Al;gCrMoxNbTiZrg alloy was subjected to a high
temperature of 1000 °C for 50 h in normal air, and the oxide layer disintegrated after 10 h
because of the molybdenum content. Another Al;gCrNbTiZrg alloy with 0% molybdenum
was subjected to the same conditions, and the oxide layer in this alloy did not disintegrate
after 50 h. The oxide layers thus formed were CrNbOy, Al,O3, and AlTiOs. It was reported
that an alloy with 0% Mo had the high oxidation resistance and could be used for high-
temperature applications [63]. The MoOj3 oxide layer is not suitable for high-temperature
applications. After 100 h of the oxidation of an Aly)Nb3zgTajgTizgZr1g refractory complex
concentrated alloy (RCCA), the outer layer had a composition of NbAlOy, ZrO,, Ti;Al,O;s,
and TapNb4Oj5; the middle layer contained BCC metal, TiO;, ZrO,, and Al-rich oxide; and
the internal oxidation layer containing BCC metal, TiO;, ZrO,, and Tap Al slowed down the
oxidation rate [64]. Three types of oxide layers, Cr,O3, Al,O3, and CrTaO,, were formed
using a Ta, Cr, Mo, Al, and Ti combination alloy.

Four RHEAs—TaMoCrTiAl, NbMoCrTiAl, NbMoCrAl, and TaMoCrAl—were tested
at 1000 °C to find the effect of alloying elements on oxidation behavior. Cr,O3, Al;O3, and
CrTaOy4 dense oxide layers formed in the TaMoCrTiAl alloy; titanium addition played a
vital role in forming the CrTaOy oxide layer through oxygen diffusion, making it withstand
high temperatures and preventing oxidation. This oxide layer was found to have higher
oxidation than other oxide layers (CrNbOy, Al,O3 Cry,O3 TiOy, ZrOy, and AlTiOs). A
CrTaO4 oxide layer may be helpful in future materials to protect from high temperatures.
Nb205 polytypes were formed in Niobium-added alloys, which created pores in the oxide
layers [65].

Another study was done on an equiatomic TaMoCrTiAl alloy to determine the oxida-
tion resistance of the CrTaO, oxide layer at different temperatures from 1000 to 1800 °C,
as shown in Figure 5. In this study, Gorr et al. reported that a CrTaOy4 layer formed
between 500 and 1500 °C, and this layer was highly protective against high-temperature
oxidation [66]. Murakami et al. studied the high-temperature oxidation behavior of an in-
termetallic alloy in the CI‘203 and A1203 oxide layers of Crl7.6A120.3M015.2Nb2,98113.4Ta5.4Ti
RHEA that formed at 1200 °C and evaporated at 1300 °C; mullite was formed at 1400 °C,
and they found nitride particles in all oxide layers. Murakami et al. concluded that RHEAs
are susceptible to nitridation and oxidation [67]. An equimolar NbZrTiCrAl refractory
high-entropy alloys was found to follow the parabolic rate law between 800 and 1000 °C,
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where a dense oxide layer formed with CrNbOy, ZrO,, TiO,, and Al,O3 and followed linear
oxidation kinetics; above 1200 °C, it had less oxidation resistance [68]. For the first time,
aluminizing was done on the ductile RHEA Alj5Cr5Nbg5Tag5Tip 5 to increase oxidation
resistance; it was reported that when using the one-step process, cracks were seen on the
protective layer [69]. To strengthen the layer, a two-step process was done to give a dense
layer [70].
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Figure 5. Oxidation curves of Ta-Mo-Cr-Ti-1 at 1000, 1300, 1400, and 1500 °C [66].

9. Corrosion Behavior

Corrosion is one of the most significant problems in all metals. According to a National
Association of Corrosion Engineers (NACE) report in 2016 on the international measures of
prevention, application, and economics of corrosion technology (IMPACT), USD 2.5 trillion
(equivalent to almost 3.4% of the world’s gross domestic product (GDP)), is spent on
corrosion protection worldwide. This review paper discusses the latest development of
corrosion studies on refractory high-entropy alloys.

The corrosion resistance of Hfy 5Nbg 5Tag 5Ti; 5Zr RHEA was investigated in a 3.5 wt%
NaCl solution, and Zhou et al. concluded from this experiment that this alloy has a higher
corrosion resistance than other refractory high-entropy alloys and 316L stainless steel, as
shown in Figure 6. The presence of tantalum and OH~ species makes a highly immune
passive film [71]. Motallebzadeh et al. reported that TiZrTaHfNb and Ti; 5ZrTag 5Hfg 5Nbg 5
refractory high-entropy alloys are suitable for biomedical applications, with higher resis-
tance to pitting corrosion and general corrosion than TigAlV, 316L, and CoCrMo alloys.
In comparing TiZrTaHfNb and Ti; 5ZrTag s Hfy 5Nby 5 alloys, the latter was shown to have
a high corrosion resistance [72]. Another study was done to determine the corrosion be-
havior of ReTaWNbMo equiatomic refractory high-entropy alloys, which were annealed
at different temperatures (673, 873, 1073, and 1273 K) before their corrosion behavior was
tested in a 3.5 wt% NaCl solution. It was observed that when the elemental segregation was
changed, charge transfer resistance was also modified, leading to a change in the corrosion
resistance; all alloys annealed at 1200 K for 12 h showed a high corrosion resistance [37].
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Figure 6. Compare the corrosion of an Hf0.5Nb0.5Ta0.5Til.5Zr RHEA with other HEAs and other
alloys in a 3.5 wt% NaCl solution [71].

10. Computational Methods

Some of the existing refractory high-entropy alloys and future required RHEAs have
been developed and modeled using the ICME software to calculate phase diagram (CAL-
PHAD) modeling. In the CALPHAD approach, the Gibbs free energy, diffusion kinetics,
phase transformation kinetics, enthalpy of formation, enthalpy of mixing, the entropy
of mixing, electron valance, and atomic radius difference parameters are used to design
the alloy and predict phase stability. In CALPHAD calculation the console module and
TCHEAS3 databases are used to design the alloy. Abheepsit Raturi et al. reported that
CALPHAD and experimental results matched in the case of MoNbTaVW and CrMoReVW
RHEAs [73]. CompuTherm is developing a PanNb thermodynamic database to study the
phase diagrams of quaternary alloys. Raturi et al.’s work reported that BCC Mo, Ta, and V
alloys below 700-1000 °C decomposed to two BCC structures, and Hf decomposed to BCC
and HCP phases. An (NbTiZr)X alloy showed satisfactory results that matched the practical
results [22], and, by using the first-principles calculation, elastic constant, modulus, and
lattice parameter, the total energy of NbMoTaW and NbMoTaWYV refractory high-entropy
alloys was calculated [74]. The atomic properties were accurately predicted using bi-linear
regression models [75], and some researchers have reported that iterative MATLAB could
be used to design RHEAs. Using this method, Shafiei et al. generated 40,000 alloys by
changing the proportion of alloying elements in the HfMoNbTaTiVZr alloy system, and
they concluded that the strength of the alloy increased with the addition of zirconium
and molybdenum and decreased with the addition of titanium. The strength obtained
through computational modeling was almost identical to the theoretical and experimental
results [42].

11. Summary

RHEAs have potent properties that suggest that they could have promising appli-
cations. There are different elements and manufacturing processes to develop RHEAs.
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Researchers have been designing new RHE alloys and manufacturing processes to achieve
better performance over the last decade. From the latest developments in the field of
RHEAs from the available literature, the following summary can be made.

In manufacturing RHEAs, ball milling and mechanical milling, followed by spark
plasma sintering, give the best results. Pores, cracks, and segregation can be eliminated
by using the powder metallurgy process. Alloys fabricated using nanosize powders have
a higher strength than alloys synthesized with coarse powders. Due to rapid localized
heating, spark plasma sintered alloys have a fine grain structure.

RHEAs can be successfully fabricated using the LMD sequential melting technique.
The additive manufacturing of RHEAs helps to create crack-free and segregation-free
refractory high-entropy alloys.

After irradiation, due to the formation of lattice defects, yield strength is increased in
the HfNbTaTiZr alloy. Alloys with tungsten and molybdenum have a high strength and
high-temperature stability. Adding Ti to the NbMoTaW alloy stabilizes the BCC structures
to their melting points and increases room temperature ductility from 1.9 to 11%. In the
HfMoNbTaTiVZr alloy, yield strength increases as Mo and Zr content increases, and yield
strength decreases as Ti content increases. In an NbMoTaWVCr alloy after SPS, a (Cr and
V), (Ta and Nb) Laves phase and Ta;VOg were found to be precipitated in the matrix,
and this alloy as found to have a yield strength of 3416 MPa and a Vickers hardness of
9908 MPa. The addition of TaC to RHEAs increases the metal carbide volume fraction.
RHEA properties can be altered using heat treatment.

Using laser beam welding, a Ti; ggNbCrVj 54 refractory high-entropy alloy welded at
room temperature had hot crack formation, but it was successfully welded in preheating
conditions without any cracks.

NbMoTaW RHEA thin films have been developed using direct current magnetic
sputtering and ion beam technology. These thin films have a high hardness (12 GPa), scratch
resistance, and delaminating resistance. These films can be used in hard nanocoatings and
nanoelectronic circuits. RHEA coatings are done on the metal surface, and these coatings are
used for hard facing, high-temperature oxidation resistance, as well as corrosion resistance.

When Ta, Cr, Mo, Al, Nb, and Ti are added, dense Cr,0O3, Al,O3, MoO3, Nb,Os, and
CrTaOy4 oxide layers are formed on RHEAs. Mo addition to a TiNbTag 5Zr alloy resulted in
an MoQOj oxide layer being formed, and this layer was evaporated at high temperatures
due to the drastic decrease in the oxidation resistance; the same alloy without Mo was
found to have a high oxidation resistance. After a certain amount of time, the MoO3 and
Nb,Os oxide layers were found to evaporate. The CrTaO4 oxide layer was found to have a
higher oxidation resistance than the other oxide layers. The aluminizing technique is used
in refractory high-entropy alloys to improve oxidation resistance.

An Hfy5Nbg5Tag5Ti1 5Zr refractory high-entropy alloy has a higher corrosion re-
sistance than the previously reported RHEAs and 316L stainless steel. Ta added to the
alloy plays a vital role in the formation of a highly immune passive film. A TiZrTaHfNb
alloy has a higher pitting corrosion resistance, general corrosion resistance, and high bio-
compatibility than 316L and TigAlV. High-temperature-annealed materials have a high
corrosion resistance.

CALPHAD modeling, ICME, MATLAB-based computational methods, CompuTherm,
and the PanNb thermodynamic database have given satisfactory results in reference to
experimental results. These simulation and modeling software packages expedite the
design and advancement of existing RHEAs, as well as the invention of new RHEAs.
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