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Abstract: This work reviews recent progress in the alloy design, microstructure, and mechanical properties of
refractory high-entropy alloys (RHEAs). What’s more, the underlying strengthening mechanisms and deformation
behavior are discussed. Composed mainly of near-equimolar refractory elements, RHEAs have superior mechanical
properties, especially at high temperatures. However, many of them have limited room-temperature ductility. Much
work has been done to solve this trade-off, and some of the RHEAs have the potential to be used for high-temperature
applications in the future. In addition to their mechanical properties, RHEAs have other attractive properties, such as
biocompatibility and wear resistance, which are discussed. Finally, current problems and future suggestions for RHEAs

are discussed.
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1 Introduction

With rapid development of acrospace technology,
there is an increasing demand for better performing
high-temperature structural materials [1,2]. At
present, nickel-based superalloys are used in
applications where the working temperature can
be as high as 1200 °C. However, owing to their
melting point, nickel-based superalloys are not able
to work at higher temperatures. Consequently,
it is of great importance to find materials with
higher melting points and better high-temperature
performance.

The appearance of high-entropy alloys (HEAs)
has encouraged researchers to design alloys from
another perspective. HEAs were first reported by
YEH et al [3] and CANTOR et al [4] in 2004. In

contrast to traditional alloys which have only one or
two principal elements, HEAs contain several main
components in approximately equal proportions.
As they are composed of multiple components,
HEAs have higher configuration entropy and show
very different characteristics compared with
conventional alloys [5]. Most of them form a
single solid-solution phase of body-centered cubic
(BCC) [6—8], face-centered cubic (FCC) [9—11] or
hexagonal close-packed (HCP) [12,13] structures.
Moreover, HEAs have four core effects [14—16]:
high entropy, lattice distortion, sluggish diffusion,
and cocktail effects. The special phase formation
and effects give HEAs attractive properties, such as
high strength, good ductility, good corrosion
resistance, and good cryogenic toughness. These
findings have inspired researchers to design alloys
from a new perspective.
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Refractory metals and alloys have very high
melting points and superior high-temperature
mechanical properties, making them very promising
for the ultra-high-temperature applications [17].
Inspired by the idea of HEAs, researchers
introduced refractory elements into HEAs, that is,
refractory high-entropy alloys (RHEAs). SENKOV
et al [18] conducted the first attempt to develop
RHEAs, reporting MoNbTaW and MoNbTaVW in
2010. The first two RHEAs exhibited excellent
properties at high temperatures, greatly exceeding
superalloys in terms of melting points and
high-temperature mechanical properties. However,
RHEAs comprise refractory elements, inheriting
their intrinsic room-temperature brittleness, which
restricts their processing ability. Later, more
RHEAs were developed, but most of them also
exhibited limited room-temperature ductility,
except for TiZrHfNbTa [19—-23], one of the very
few RHEAs to exhibit room-temperature tensile
ductility. However, its strength at high temperatures
was proven to be inadequate. Consequently, it
would be of great importance to discover a
combination of room-temperature ductility and
high-temperature strength.

Most RHEAs form a single solid-solution
phase, the solid-solution strengthening mechanism
dominating the high strength and hardness at
relatively low temperatures. Other methods have
also been used to strengthen RHEAs, such as
precipitation [24—26], grain boundary [27—-29], and
second-phase strengthening [30,31], making it
easier for RHEAs to obtain better mechanical
performance compared with conventional alloys.
More recently, RHEAs with excellent mechanical
properties have been designed, and the mechanisms
have been established and completed by atomic
simulation and calculations [32—35]. Consequently,
RHEAs have great potential to become next-
generation high-temperature structural materials
[36—40], and publications on the subject are
growing steadily, as shown in Fig. 1. However, the
disadvantages of large density, poor oxidation
resistance at high temperatures [41], and limited
room-temperature  ductility also need to be
overcome for future practical applications.
Accordingly, many researchers are paying more
attention to alloy design and deformation
mechanisms [42—45].

Research on RHEAs has become broader and
deeper in recent years, and the purpose of this work
is to review the recent progress in RHEAs. Based
on a comprehensive understanding of reported
publications, some important issues regarding
RHEAs are discussed and emphasized. First, we
review the concept of alloy design and preparation
of RHEAs. Second, the microstructure, mechanical
properties, and strengthening mechanisms are
described. Based on the number of phases in
RHEAs, they are divided into single-phase,
dual eutectic, multi-phase, and RHEA-based
composites. Other properties of RHEAs, such as
biocompatibility and wear properties, are discussed.
A brief summary is presented. Furthermore, the
current problems associated with RHEAs are
established, and several prospective viewpoints
from the author’s perspective are presented.
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Fig. 1 Cumulative number of publications on RHEAs
reported in open literature as function of year by end of
August 2021

2 Methods: Alloy design and preparation

2.1 RHEA design methods

Although RHEAs represent only a fraction of
HEAs, the design space is still large. Consisting of
multiple principal elements, RHEAs have limited
theoretical constituents. Moreover, the special
effects of RHEAs (that is, high-entropy, cocktail,
lattice distortion, and sluggish diffusion effects)
make the empirical design methods used in
conventional alloys inapplicable. Consequently, a
new set of design rules for RHEAs needs to be
established and design tools need to be used to
simplify the design process.
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2.1.1 Designing principles

The basic phase formation rules and thermo-
dynamics of RHEAs are the same as those of HEAs.
Based on the definition of RHEAs, the refractory
elements are near equimolar in the alloys, each of
them being a principal element. This feature makes
RHEAs very different from traditional alloys in
which only one element dominates. The basic
parameter of RHEAs is the configuration entropy
(AS), which can be calculated using the following
equation:

AS =—-R>c,Inc, (1
i=1

where R is the molar gas constant, which is equal to
8.314 J-mol "K', n represents the total number of
constituents, i representing the ith constituent, and
¢; is the atomic concentration of the ith constituent.
From the above equation, it can be seen that the
configuration entropy of RHEAs is the largest
when the concentration of each constituent in the
system is equal. From an entropy perspective,
ideal solid solutions can be divided into three
types: low-entropy (AS<0.69R), medium-entropy
(0.69R<AS<1.61R), and high-entropy alloys
(AS>1.61R). Traditional alloys are low-entropy
alloys based on this definition, and are the most
thermodynamically stable.

However, this parameter is not the only
principal parameter. Some alloys do not meet this
criterion but still show different characteristics
from traditional alloys, such as the well-known
MoNbTaW whose configuration entropy is —1.39R.
Thus, it is commonly accepted that HEAs do not
have to meet some definitions as long as they show
unique characteristics.

One of the most obvious features of
high-entropy alloys, as distinct from traditional
alloys, is that they usually form a simple solid
solution, BCC being the most common structure
in RHEAs. However, the existing solid-solution-
formation rules are primarily based on alloys with

one or two principal components. From the
viewpoint of atomic-size difference, chemical
compatibility, and mixing entropy, ZHANG

et al [46] proposed three solid-solution-formation
rules to predict high-entropy alloys:

5=,/ic,(1—§j 2)
i=1 r

n
where F(z Zciri) is the average atomic radius,
i=1

and r; is the atomic radius of the ith element.

AH = Z ‘Qijcicj 3)
i=l,i%

where Q; (=4AH ;n]igx) is regular melt-interaction

parameter between the ith and jth elements, and

AHX“; is the mixing enthalpy of the binary liquid

alloys.

AN —Rici Inc; “4)
i=1

Based on an analysis of the literature, ZHANG
et al [46] found that the alloys formed disordered
solid solutions when —15 kJ/mol < AHuix< 5 kJ/mol
and 06<5%; the alloys formed ordered solid
solutions when —20 kJ/mol < AHmix< 0 kJ/mol and
5% <3 <6.6%.

YANG and ZHANG [47] proposed a
parameter 2 to predict the solid solution formation
for various multicomponent alloys as

_T,AS

Q= |AH mix (5)

mix

where T is the melting temperature of the alloy,
which can be calculated using the mixing rule as

T, = ic[ (T,,), and (Tw); is the melting temperature
i=1

of the ith component. By calculating the parameters

of Q and ¢ for typical HEAs, it is proposed that

Q>1.1, §<6.6% should be expected to be the

criteria for forming a stabilized solid solution phase

with high entropy.

In addition, GUO et al [48] proposed the
valence electron concentration (VEC) criteria,
which was found to be the physical parameter for
controlling the phase stability of BCC or FCC solid
solutions. FCC phases were found to be stable with
higher VECs (=8), and BCC phases with lower
VECs (<6.87). When the value of VEC lay between
them, the alloys tended to form dual phases of
FCC and BCC. The VEC of the alloys could be
calculated using

VEC = zn]c,. (VEQ), (6)

where (VEC), is the VEC of the ith element.
SHEIKH et al [49] summarized the VEC of typical
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BCC RHEAs and concluded that RHEAs have
tensile ductility only when their VEC is lower than
4.5, as shown in Fig. 2. However, the yield strength
of these ductile RHEAs was always lower than that
of brittle RHEAs.
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Valence electron concentration

Fig. 2 Ductile and brittle BCC RHEAs divided by
valence electron concentration [49] (Reproduced under
the terms of the Creative Common License)

In general, the main criteria reported in the
field of HEAs have been based on the Hume—
Rothery criterion, among which the consideration
of electron, -electronegativity, and atomic-size
difference has profound physical significance.
However, from binary to  multi-principal
components, it is very difficult to find universal
parameters because of the complexity of the
chemical composition and the many factors
affecting the formation and stability of the phase.
2.1.2 Designing methods

As stated above, although many studies have
been performed on RHEAs, an enormous number
of alloy systems and different compositions remain
to be explored. In the early stages of RHEAs,
researchers could only choose several commonly
used elements to prepare and study equimolar
RHEAs, and explore the effect of a certain element
by adding, reducing, replacing, or changing its
content. This method of alloy design is called
“Polaris’s positioning” strategy and some results
have been found in this way [50—53]. However, this
design strategy relies on a number of experiments
and is very inefficient. Subsequently, with the
popularity of computer-aided simulations in
materials, combinations of high-throughput
computation and multiscale simulation offer great
convenience for the discovery and exploration of
new RHEAs. Computational methods include

atomistic simulations, first-principles calculations
[54], molecular dynamics (MD), Bayesian methods,
and recently developed machine learning
technology.

To date, the CALPHAD (calculated phase
diagram) approach has been widely used with
RHEAs to predict their phase formation. The
quality of the results depends mainly on the
database of the simulation software. ThermoCalc
and Pandat are the most well-known applications
for CALPHAD, and specialized databases for
HEAs have been developed, such as TCHEA
and PanHEA. SENKOV et al [34] calculated
equilibrium phase diagrams for Mey(NbTiZr)ioo-x
alloy systems using the PanNb2018a database,
where Me is Al, Cr, Fe, Hf, Mo, Re, Si, Ta, V, or W,
and X ranges from 0 to 25 at.%. The authors
divided the alloys into two groups. One was of a
single-phase BCC region below the solidus line of
all compositions and the other had a limited
solution of the Me element, resulting in a new
phase below the solidus line and above the
solubility limit. The results were verified
experimentally, and the results agreed well.

These two groups of quaternary alloy systems
explored by SENKOV et al [34] are promising
single-phase RHEAs and precipitation-strengthened
RHEAs, respectively. SHAIKH et al [35] compared
the results of 126 quaternary and 126 quinary
RHEAs using CALPHAD and rule-of-mixture
roles, respectively, and found that the results of the
two approaches matched well. From the results, it
was found that Ti, Zr, and Hf were ductilizing
elements as well as reducing their densities, while
Cr, Mo, and W reduced the ductility of the alloys
and increased their density. In their work, a
methodology was developed to rapidly screen
RHEAS based on various properties.

Recently, ab initio methods which utilize
virtual crystal approximation
powerful tools for predicting properties of RHEAs
on atomic level. MU et al [32] used the ab initio
method to investigate the properties of RHEA
systems (TiZrVMo, TiZrVMoTa, TiZrVMoTaNb,
TiZrVMoTaNbCr, and TiZrVMoTaNbCrW) with
increasing entropy, the experimental results
matching well with the first-principle calculations.
The authors found these alloys to be thermo-
dynamically stable, the criteria in this study being
satisfied by the calculated elastic constants in this

have become
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structure.

MCALPINE et al [33] performed ab initio
calculations on NbMoTaTi-X (X=W, V) to
determine the vacancy change potential in both
alloys. Through the calculation and experimental
results, the authors found that the phase instability
of NbMoTaTiW was predicted by a zero/low
vacancy exchange potential and segregation in
NbMoTaTiV predicted using the same elemental
trends. Consequently, the vacancy exchange
potential calculated using the ab initio method
could help indicate the phase stability and elemental
segregation and become a potential design tool to
screen RHEAs accordingly.

2.2 Preparation of RHEAs
2.2.1 Smelting

Refractory elements can have melting points
of up to ~3700 K, the difference between different
refractory elements varying significantly, making it
a challenge to prepare RHEAs. Thus, the method of
smelting is widely used for the preparation of
RHEAs. Most RHEAs are prepared by vacuum arc
melting [19,50,55—-59], which severely limits the
size and shape of the samples. The schematic
diagram is shown in Fig. 3. Moreover, because of
the large differences in melting points and diffusion
ability of different elements, multiple melting times
are required to ensure homogeneity. In addition,
since the raw materials of RHEAs are of high
melting points and there exists sluggish diffusion
effect in RHEAs, enough time under molten state
should be ensured.

The basic concept of vacuum arc melting is to
melt the raw metal materials using the high
temperature produced by the arc between the

(@)

‘ .( ”

@ _____ Raw materials

crucible and electrode, after which the molten metal
solidifies in the crucible. Vacuum arc melting
provides the very high processing temperatures
needed to melt metals, but an inert gas atmosphere
is required because refractory metals have poor
oxidation resistance at high temperatures. In
addition, to obtain fine grains and reduce elemental
segregation, a water-cooled copper crucible is
commonly used to increase the solidification rate.

Induction melting is also an important method
to prepare RHEAs [60,61]. The basic principle of it
is similar to that of arc melting, both of which are to
smelt the raw materials at high temperatures above
melting points. What is different is that the high
temperatures in induction melting is caused by
induction while that of arc melting is caused by the
arc. Besides, the size and mass of samples by
induction melting have advantages over arc melting,
which could prepare RHEAs of kilogram-scale
instead of ~100 g of vacuum arc melting.
2.2.2 Powder metallurgy

Powder metallurgy is also a common method
for preparing RHEAs [62—-66]. Alloy powders are
used in this way via mechanically alloying
elemental mixtures or directly gas-atomizing pre-
alloying ingots. The key point of this method to
prepare RHEAs is to obtain alloyed powders.
Pre-alloying powders by gas-atomizing work best
because they are not only chemically homogeneous
but also of uniform size. However, the pre-alloying
powders are often of high cost and need more
preparation time, making them less convenient than
powders by mechanical alloying. Spark plasma
sintering (SPS) and hot isostatic pressing (HIP) are
utilized to consolidate powders. The schematic
diagram of mechanical alloying (high energy balling)

(b)

Tungsten bar

__- Copper crucible

. Raw materials
s

.
r

<54
I

Water in Water out

Fig. 3 Schematic diagram of vacuum arc melting: (a) Top view; (b) Front view
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and SPS is shown in Fig. 4. Compared with vacuum
arc melting, the samples prepared by powder
metallurgy are always less dense. It is also easy to
introduce impurities such as carbon and oxygen
during the mechanical alloying process. However,
some researchers have found it to be helpful for the
mechanical properties of RHEAs as impurity
elements combine with matrix elements to form
strengthening phases.

ROH et al [67] prepared MoNbTaW
containing metal-non-metal compounds using
powder metallurgy. The f-Ta phase in the alloy
attracted carbon and oxygen to form FCC
metal-non-metal compounds during the sintering
process, with the compounds acting as a
strengthening phase at both room temperature and
high temperatures. LV et al [68] introduced three
types of interstitial atoms (C, N, and O) into
CrMoNbWTi in order to improve the strength of
the alloy. Both N and O completely reacted with
the matrix elements, forming massive in situ
compounds of (Nb,Ti)N and TiOs;. However, C
was mainly dissolved in the matrix alloy. The
strengthening mechanism was attributed to the
interstitial strengthening of C atoms and second
phase strengthening of dispersed compounds.

2.2.3 Additive manufacturing

Additive manufacturing technologies have the
advantages of high-energy input, high concentration,
and high accuracy, making them suitable for
high-melting-point material preparation with

. Electrode

o,8 Elemental powder
@ Milling balls

[71 Milling jar
Milled powder
Graphite die

complex shapes. Laser cladding technology was the
first additive manufacturing technology to be
applied to RHEAS, having the advantage of directly
forming large products. However, the products
produced by laser cladding may have defects, such
as poles and unmelted powders, on the surface.

Laser metal deposition is widely used in
RHEAs. The use of raw powders has fewer
limitations than the powder metallurgy and
selective laser melting processes. In addition, the
equipment is easy to obtain and can be modified
from welding equipment. Many RHEAs have
already been prepared using laser metal deposition.
DOBBELSTEIN et al [69] were the first to prepare
MoNbTaW using an mixture of
elemental powders, and a single-wall structure was
built. However, MoNbTaW was found to crack
during the deposition process as a result of repeated
heat cycles.

Later, DOBBELSTEIN et al [28,70] focused
on TiZrHfNbTa and TiZrNbTa, which showed
tensile ductility at room temperature. Small column
specimens were successfully prepared with a BCC
solid-solution phase and high hardness. The authors
pointed out that laser metal deposition technology
was a suitable process for screening RHEAs over a
range of chemical compositions. However, the
actual composition of alloys prepared by laser
cladding always differed from the nominal
composition, caused by large differences in
the melting temperatures of different refractory

equimolar

(b)

Pressure

Pressure

Fig. 4 Schematic diagram of mechanical alloying (high energy balling) (a) and SPS (b)
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elements. More recently, another advanced additive
manufacturing technology, selective laser melting
technology, has attracted increasing attention. The
schematic diagram of laser metal deposition and
selective laser melting is shown in Fig. 5 [71].
Besides the processing parameter, the quality of the
powders such as size distribution, flowability,
content of water and oxygen, has a significant
impact on the final product. Thus, it is of vital
importance to obtain high-quality powders for
laser melting. ZHANG et al [72]
investigated the thermal-mechanical behavior of
MoNbTaW prepared using selective laser melting.
Their analysis demonstrated that warping and
cracking resulted from uneven distribution of
temperature in the entire part. Then, according to
their analysis, the selective laser melting process
was improved, and crack-free alloys were prepared.
However, because of high melting points of
RHEAs, it is very difficult to prepare pre-alloyed
powders, such as superalloys and aluminum alloys,
and only a few RHEAs with relatively low melting
points have been prepared using this method.

selective

3 Theory: Microstructure, mechanical
properties, and strengthening
mechanisms of RHEAs

Based on the number of phases, RHEAs can
be divided into single-phase RHEAs, dual-phase
eutectic RHEAs, other dual-phase RHEAs,
multi-phase RHEAs, and RHEA-based composites
with precipitates. Most reported RHEAs are of a
single BCC solid-solution phase and high-entropy
effect could promote the formation of solid solution.

. Laser head

[ Substrate ’

HE)
: Inert gas Ar,

Coaxial powder
: feeding nozzle

. .
re -

(b)
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However, solid-solution strengthening weakens at
high temperatures, and researchers have started to
introduce new phases to strengthen the matrix.
Dual-phase eutectic RHEAs have good interface
bonding but relatively low melting points, based on
the phase diagram. Other strengthening phases,
such as precipitates, may not decrease the melting
points, but it remains difficult to obtain good
interfaces. Consequently, much research has been
focused on non-single-phase RHEAs to achieve
excellent comprehensive mechanical properties.
Here, we introduce several studies on the micro-
structure, mechanical properties, and strengthening
mechanisms based on the number of phases in
RHEAs. Table 1 Ilists the phase structure,
preparation method, and mechanical properties of
some of the reported RHEAs. Figure 6 illustrates
the dependence of compressive yield stress on
temperature.

3.1 Single-phase RHEASs

Because of the high-entropy effect, RHEASs
tend to form solid solutions of refractory elements,
most RHEAs studied by researchers being in a
single phase. As stated before, the first two RHEAs,
MoNbTaW and MoNbTaVW, were reported in
2010 by SENKOV et al [18]. The authors designed
these two RHEAs to cater for the demand for
high-temperature  load-bearing structures and
thermal protection, successfully preparing materials
with high melting points (3177 K for MoNbTaW
and 2946 K for MoNbTaVW) and superior
high-temperature strength (405 MPa for MoNbTaW
and 477 MPa for MoNbTaVW, at 1600 °C [73]),
both of which exceeded those of commonly used

-2

|

Scanner Fiber laser

Scraper

Powder bed

Fig. 5 Schematic diagram of laser metal deposition (a) and selective laser melting (b) [71] (Reproduced under the terms

of the Creative Common License)
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Table 1 Phase structure, preparation method, and mechanical properties of some reported RHEASs

7

002/

ou/

et/

Alloy Preparation method Phase structure °C  MPa MPa o Ref.
23 1246 1270 1.7
600 862 1597 13
800 546 1536 17
MoNbTaW VAM BCC 1000 842 1454 19 [73]
1200 735 943 7.5
1400 656 707  >40
1600 477 479 >40
23 1058 1211 2.6
600 561 >40
800 552 >40
MoNbTaVW VAM BCC 1000 548 1008 >40 [73]
1200 506 803  >40
1400 421 467 >40
1600 405 600 >40
23 929 >50
HIP (1200 °XA§/([)7+MP 1h)+ BCC 288 22(5) igg 21
TiZrHfNbTa Argnealing (’1200 oC aé4 h)) 800 535 >50 (21]
> 1000 295 >50
1200 92 >50
BCC+ 23 1597 >50
VAM Nanoprecipitation 1200 356 >50 [27]
VAM BCC 23 1719 1803 10.12 [58]
23 1575 1640 9.08
800 825 1095 >60
TiZrHfNbMo VAM + 900 728 938  >60
Homogenization BCC [58]
(1100 °C, 10 h) 1000 635 654 >60
1100 397 399  >60
1200 187 194  >60
25 1600 4
. 800 1045 19
TiZrHfMoTa VAM BCC 1000 855 =30 [74]
1200 404 >30
25 1512 12
. 800 1007 23
TiZrHfNbTaMo VAM BCC 1000 814 =30 [74]
1200 556 >3()
VAM + gﬁ% %ggg ?;?g }?
AlMoo.sNbTao.sTiZr HIP (1400 °C, 207 MPa, 2 h) + BCC1 + BCC2 [23,51]
Annealing (1400 °C, 24 h) 1000745772 =50
> 1200 250 275 >50
VAM + 25 1280 1367 3.5
AINb1.5Tao.5Ti1.5Zr0 5 HIP (1400 °C, 207 MPa, 2 h) + BCC 800 728 1000 >12 [23]
Annealing (1400 °C, 24 h) 1000 403 415 >50
VAM + éﬁ% 232' %igf ;ég
AlosHfosNbTaTiZr HIP (1200 °C, 207 MPa, 2 h) + BCC [23,51]
Annealing (1200 °C, 24 h) 1000298 =455 >50
> 1200 89 135 >50
VAM + BCCl+ 25 1965 2054 5.0
Alo3NbTaosTi1.4VoaZriz  HIP (1200 °C, 207 MPa, 2 h) + BCC2 800 362 397 >50 [23]
Annealing (1200 °C, 24 h) 1000 236 247 >50
VAM + 25 1965 2061 5.0
Alo3NbTaTii 4Zr1 3 HIP (1200 °C, 207 MPa, 2 h) + BCC 800 678 693  >50 [23]
Annealing (1200 °C, 24 h) 1000 166 189  >50
VAM + 25 2035 2105 4.5
AlosNbTaosTir.sVo2Zr  HIP (1200 °C, 207 MPa, 2 h) + BCC1 + BCC2 800 796 851  >50 [23]
Annealing (1200 °C, 24 h) 1000 220 225 >50
AloaNbosTaosTizros VM S(Olﬂgbsglc“f‘;?l)treatmem BCCl ggccz " 3 97 >50  [75]
VAM + Solid-solution treatment
Alo.aNbo.sTao.sTiZros (1400 °C, 2 h) + BCCI1 +BCC2 + B2 23 1232 10 [75]

Aging (600 °C, 24 h)

To be continued
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Continued

T/ 002/ ou/ et/

°C  MPa  MPa % Ref.

Alloy Preparation method Phase structure

VAM + Solid-solution treatment
Alo.4NbosTaosTiZros (1400 °C, 2 h) + BCC;: IEICCZJF 23 943 ~15  [75]
Aging (700 °C, 24 h) A
VAM + Solid-solution treatment
Alo4NbosTaosTiZros (1400 °C, 2 h) + BCC 1zr+§lcc2 A V1 12 [75]
Aging (800 °C, 24 h) A

23 1595 2046 5.0
CrMousNbTaosTiZE e (150 Yél\go; Mpa, 3  BCCI+BCC2 Laves 1800000 gié 161305’ >5 550 [19]
1200 170 190 >50
VAM + 62050 ﬁ?fi >i0
CINbTIVZr HIP (1200 °C, 207 MPa, 2 h) + BCC + Laves [22]
Annealing (1200 °C, 24 h) 800 615 =30
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Co.0sHf0.2sNbTaWo.5 VAM BCC + FCC 23 1192 2417 37.8 [76]
Co.0sHfo25sNbTaWos  VAM + Annealing (1400 °C, 12 h) BCC + FCC 23 1115 2044 36.7 [76]
Co.1Hfo.2sNbTaWo.s VAM BCC + FCC 23 1230 2700 41.7 [76]
Co.1Hfo2sNbTaWo.s  VAM + Annealing (1400 °C, 12 h) BCC + FCC 23 1194 2741 41.1 [76]
23 1265 2629 38.1
1000 768 >50
Co.15sHfo.25sNbTaWo.s VAM BCC + FCC 1200 733 =50 [76]
1400 639 >50
Co.1sHfo25sNbTaWos  VAM + Annealing (1400 °C, 12 h) BCC + FCC 23 1218 2646 39.7 [76]
Co2Hfo.2sNbTaWo.s VAM BCC + FCC 23 1293 2631 36.9 [76]
Co2Hfo2sNbTaWo.s  VAM + Annealing (1400 °C, 12 h) BCC + FCC 23 1279 2673 31.1 [76]
23 1317 2584 31.9
Co2sHfo2sNbTaWos VAM BCCH+FCC 000 Ses 1)
1400 749 >50
CoosHfo2sNbTaWos  VAM + Annealing (1400 °C, 12 h) BCC + FCC 23 1337 2799 310 [76]
. 23 1588+128 ~2200 23.4+£5.7
WTaVTiCr VAM BCC 800 1210443 ~1700 ~12 [15]
HfTao.TiZr VAM HCP 23 1206 1315 4.1 [45]
HfNDb0.15TaoTiZr VAM BCC + HCP 23 406 1003 25.8 [45]
HfNbo.2TaoTiZr VAM BCC + HCP 23 607 983 31.8 [45]
HfNb0.25Tao.2TiZr VAM BCC 23 748 843 14.2 [45]
23 1256 >25
VNbMoTa VAM BCC 1000 811 1400 =35 [77]
ReMoTaW VAM BCC 23 ~1100 1451 5.69 [78]
MoNbReo.sW VAM BCC 23 896+13 1232425 7.08+0.33  [79]
MoNbReo.sW(TaC)o VAM BCC + Eutectic 23 1071«£11 170013 8.33+0.52  [79]
MoNbReosW(TaC)o4 VAM BCC + Eutectic 23 1144433 1833+34 8.81+0.26 [79]
23 1202+15 2067+46 10.25+0.41
MoNbReo.sW(TaC)o.s VAM BCC + Eutectic 1000 937 1551 ~20 [79,80]
1200 901 1781 >35
MoNbReo.sW(TaC)o.6 VAM BCC + Eutectic 23 1241426 2351433 9.64+0.50 [79]
MoNbReo.sW(TaC)os VAM Eutectic 23 1340421 234740 8.90+0.15 [81]
MoNbReo.sTaW(TiC)o.2 VAM Eutectic + Proeutectic 23 1238 1510 ~7 [82]
MoNbReo.sTaW(TiC)o.s VAM Eutectic + Proeutectic 23 1408 1734 ~9 [82]
MoNbReo.sTaW(TiC)o.s VAM Eutectic + Proeutectic 23 1438 1903 ~9 [82]
MoNbReosTaW(TiC)1.0 VAM Eutectic 23 1496 1943 -9 [82]
MoNbReosTaW(TiC)1.5 VAM Eutectic + Proeutectic 23 1543 1680 6 [82]

002, ou and gr are compressive yield strength, ultimate compressive strength and fracture strain, respectively
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Fig. 6 Temperature dependence of compressive yield stress of part of reported RHEAs (Data are taken from Table 1)

superalloys. The yield stress of these two RHEAs
dropped at temperatures below 600 °C, but was
relatively to higher temperatures,
suggesting that they have great potential for
application in high-temperature structural materials.
Both RHEAs are composed of a single phase of a
BCC solid solution and show high stability at
1400 °C. Their work proved that a high-entropy
design strategy could be utilized with refractory
elements.

The ultra-high strength of MoNbTaW and
MoNbTaVW at high temperatures is different from
many elemental BCC metals and dilute BCC alloys,
and traditional theories may not be useful for
RHEAs. Conventional BCC metals and alloys are
strong at low temperatures, but they quickly soften
as the temperature increases, while the MoNbTaW
and MoNbTaVW are still robust at high
temperatures. As is generally known, the
strengthening mechanism of BCC elemental metals
and BCC alloys at low temperatures is controlled
by screw dislocation movement, gliding by
kink-pair nucleation, and propagation. In dilute
alloys, low-temperature plasticity is understood to
be controlled by kink nucleation, which can be
enhanced or inhibited by solutes, while
intermediate-temperature plasticity is controlled by
kink glide. The intersections of kinks give rise to

insensitive

cross-kinks and serve as pinning points.

Breaking requires the creation of high-energy-
cost point defects, creating high-energy barriers to
flow. Thus, the flow stress decreases less rapidly
than at low to moderate temperatures. At high
temperatures, the strength of some alloys often
drops abruptly. A model explaining the
strengthening of BCC dilute alloys developed by
SUZUKI [83] accounts for the effects of solutes
on kink nucleation, kink glide, and cross-kink
formation. This model has been quite successful
and produced good results, but it still has several
problems and limitations according to MARESCA
and CURTIN [84].

MARASCA pointed out four limitations of the
Suzuki model. First, there is a solute/screw
interaction parameter in the Suzuki model, which
assumes that the interaction energies are non-zero
and equal only at the first two neighbors around the
core. This assumption could not be extended to
multiple solutes in the non-dilute limit, whereas the
model reported by MARESCA could take the entire
solute/dislocation interaction energy field in a
consistent manner. Next, the Suzuki model does not
consider the existence of an intrinsic energy barrier
of moving segments from low-energy to
high-energy positions during the kink glide as a
result of spontaneous kinking. In addition, the
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Suzuki model considers that the energy change
during kink glide due to a particular solute
configuration changes abruptly, as if the kink width
is wi=b. Only thereafter does SUZUKI average this
result over the kink width. Although the energy
scale estimated by SUZUKI is similar to
MARESCA’s work, the authors believe that this
may lead to an overestimation of the magnitude
during kink glide and to an unphysical result at
7=0 K. Finally, the Suzuki model considers the
formation of cross-kinks or dipoles to be a result of
glide, without addressing the reason or quantity that
might form on different gliding planes.

Based on the above advantages compared with
the old model, MARESCA’s theory starts from the
spontaneous kinking of the screw dislocation over a
characteristic length scale (. (Fig. 7), determined by
the solute/dislocation interactions and kink energy,
and identifies three strengthening regimes: a
Peierls-like mechanism, lateral kink gliding, and
cross-kink unpinning. The prediction using this
theory is consistent with molecular dynamics
results and has also been validated experimentally,
from low to high temperatures in several screw-
controlled non-dilute and highly concentrated
alloys. Consequentlyy, MARESCA proposed a
general theory of strengthening of
dislocations in BCC alloys, from dilute to random
(“high entropy”), extending the broadness of
conventional screw dislocation strengthening.

SCrew

However, the above screw dislocation theory
could not explain the higher strength of MoNbTaW
and MoNbTaVW (than conventional BCC alloys)
at high temperatures. MARESCA and CURTIN
reported an edge dislocation theory for BCC
alloys [85], illuminating the origin of high strength
in BCC RHEAs up to 1900 K. The authors
developed the theory that the strengthening of
RHEAs especially at high temperatures could be
controlled by edge dislocation gliding rather than
screw dislocations. This theory makes these BCC
RHEAs somewhat different from elemental BCC
metals and dilute BCC alloys, where screw
dislocations dominate, as mentioned in SUZUKI’s
and MARESCA’s screw dislocation theory.

Traditionally, the yield strength of BCC
elemental metals is dominated by screw dislocation
movement via double-kink nucleation which is
activated thermally. At a low temperature of 7=0 K,
a large energy barrier exists for double-kink
nucleation, leading to high strength. When the
temperature is 300 K, the strength drops rapidly as
the energy barrier quickly decreases. However, in
some low-concentration binary alloys, the opposite
is true: although the energy barrier is lower,
strength increases quickly at low temperatures
because of the inhibition of kink glide in the solute
environment. However, low-concentration binary
alloys eventually weaken at high temperatures.
However, MoNbTaW and MoNbTaVW did not show

Relaxed dislocation structure

Unrelaxed screw dislocation

(spontaneous kink formation)

Strengthening mechanisms

7 Cross-kink/Dipole/Jog
unpinning 7

Peierls
advancement 7p

Intermediate (unstable)
configuration

Lateral kink migration 7,

Intermediate (unstable)
configuration

Fig. 7 Structure and motion of screw dislocation in random solute environment [84] (Reproduced under the terms of the

Creative Common License)
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a precipitous drop at high temperatures, even at half
of their melting points. This phenomenon could not
be explained by the traditional screw dislocation
theory. In MARESCA’s edge dislocation theory, the
core argument is that the strength comes from the
intrinsic complexity of the RHEAs on atomic level
instead of conventional mechanisms which are easy
to get weak in high-temperature diffusional/
dislocation-climb processes (Fig. 8). In this way, the
dislocation must move across the random alloy
itself, rather than glide or kink.

In the RHEASs, atoms are randomly arranged
owing to the high-entropy effect, and thus, there is
no easier way for dislocation movement, quantified
by parameters {. and w., which makes the RHEAs
strong at high temperatures. As complexity is
common in RHEAs, there is great potential to
obtain excellent strength at high temperatures. The
authors believe that the different behaviors of
RHEAs at high temperatures are the result of
competition for screw dislocation or edge
dislocation strengthening. The above two theories
by MARESCA (screw dislocation and edge
dislocation) offer much help to rapidly screen and
design BCC alloys with superior properties. Similar
findings of edge dislocation domination in RHEAs
have been experimentally observed by LEE
et al [86] recently. They employed integrated in-situ
neutron-diffraction, high-resolution transmission
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electron microscopy and recent theory and found
that the high strength and strength retention of
NbTaTiV and CrMoNbV are attributed to edge
dislocations. Unlike in dilute alloys in previous
works, their theory shows that edge dislocations in
some complex HEAs can encounter very large
energy barriers to glide and enable high strength at
elevated temperatures. Thus, over 1000000 possible
new alloys with better performance among the
Al-Cr—Hf-Mo—Nb—Ta-Ti—-V-W—Zr composition
space were predicted guided by their theory to be
explored in the future.

After MoNbTaW and MoNbTaVW, SENKOV
et al reported a series of new RHEAs, such as
TiZrHfNbTa [20,21], NbCrMoosTaosTiZr [19,87],
and AlMog sNbTasTiZr [53], each of them showing
unique properties compared to conventional alloys.
NbCrMogsTaosTiZr and AlMoosNbTaosTiZr had
similar properties to MoNbTaW, which exhibited
excellent high-temperature strength but low room-
temperature ductility. In contrast to MoNbTaW and
MoNbTaVVW, TIZrHfNbTa showed excellent room-
temperature deformation ability. At room temperature,
TiZrHfNbTa could be compressed to 50% strain
without any sign of fracture, being one of the very
few RHEAs that could be tensile- deformed.
Because of the excellent deformation ability, all
studies on the deformation mechanisms of RHEAs
have been conducted on the TiZrHfNbTa system.
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Room-temperature deformation of TiZrHfNbTa
composed of a single solid-solution phase is
controlled by a solid-solution strain- hardening
mechanism, as proven by the shear bands and
deformation twins observed by SENKOV et al [20].
The strain-hardening process of TiZrHfNbTa can be
divided into three stages [88], as shown in Fig. 9. In
Stage 1, work hardening decreases rapidly before
reaching a true strain of ~3%. Subsequently, it
becomes stable at ~1300 MPa during Stage 2 and
then decreases when strain reaches about 10%
during Stage 3. By the transmission electron
microscopy (TEM) observations, in Stage 1, the
plastic deformation is dominated by
dislocation movement with the b=a/2(111) aligned
in (111) directions, validating strong intrinsic
friction stress of the alloy. The measured apparent
activation volumes evolve slightly and decrease
from approximately 505° to 30b°, the values of
which are in accord with a Peierls mechanism and
comparable to other BCC alloys. The TEM and
X-ray diffraction (XRD) results in this work both
point to a
dislocations than edge dislocations, which is typical
of BCC elemental metals and alloys. Similar
conclusions were drawn by LILENSTEN et al [7].

The high-temperature mechanical properties of
TiZrHfNbTa are different from those of MoNbTaW
and MoNbTaVW. The compressive yield strength
of TiZrHfNbTa was only 92 MPa at 1200 °C, which
dropped dramatically compared with that at room
temperature. This behavior is consistent with
conventional BCC alloys, caused by the lower
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mobility of screw dislocations, as mentioned
before.

However, there are many interesting findings
on TiZrHfNbTa, which are rarely observed in
conventional BCC alloys. The most significant
difference is that this alloy, after being
solution-treated at 1473 K, shows a yield stress
anomaly [43]. When the temperature is below
673 K, the yield stress rapidly drops as temperature
increases. When the temperature reaches 873 K,
further increases of temperature make the yield
stress decrease once again. After investigation on its
microstructures, it was found that the phase was
separated into two BCC phases from 773 K to
1073 K, the HCP phase being precipitated at
773-973 K. By considering that the precipitation of
the HCP phase increases the hardness, the yield
stress anomaly at 873 K results from the HCP
precipitation which is caused by the BCC phase
separation. Thus, the TiZrHfNbTa anomaly can be
attributed to phase instability.

ELETI et al [89] found a unique phenomenon
in TiZrHfNbTa. The flow stress dropped sharply at
the yielding point and continued to decrease as
the strain increased. Their work was conducted
between 1000 and 1200 °C, where the phase was
stable. With interrupted compression tests, it was
found that the precipitous drop of the stress might
have been caused by dislocation unlocking, which
might be caused by solute atom(s) atmosphere or
short-range ordering. The dynamic recrystallization
behavior was also thought to cause flow softening
of the alloy.

(b)

(6=do+/ds,)/MPa

Fig. 9 Evolution of true stress and work hardening with plastic strain (a); TEM bright-field micrograph of dislocation
patterning for £=0.85% (b); b=a/2(111) defects in bands (c, d) [88] (Reproduced under the terms of the Creative

Common License)
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CHEN et al [90] observed flow serration in
TiZrHfNbTa, which was attributed to dynamic
strain aging and is often observed in FCC RHEAs.
They studied this behavior at 573-823 K to
understand the interactions between solutes and
dislocations in RHEAs. This flow-serration
behavior was observed under all conditions, and
besides the strength and curve shape, the
temperature along with the strain rate also made
changes to the flow-serration type and onset of the
serrated flow (Figs. 10 and 11). The authors provide
a theoretical model that can accurately predict the
behavior of the onset of serrated flow at varying
temperatures. The model can be used to define the
process window when the application of RHEAs
comes into practice. All of these above-mentioned
studies can help guide future practical applications
of alloys at different temperatures.

TiZrHfNbTa is not the only RHEA that
exhibits tensile ductility. Some of the derived
RHEAs from TiZrHfNbTa, such as HfNbTaZr and
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HfNbyg.15Tag.15Tii 27Zr, show tensile and compressive
ductility of more than 50%. However, the low
yield strength (YS) of these TiZrHfNbTa-series
RHEAs, especially at high temperatures, may limit
their application. LEI et al [91] proposed a
method to introduce 2 at.% oxygen into TiZrH{Nb,
simultaneously enhancing the strength and ductility
of the alloy, and realizing the long-time pursuit. The
oxygen introduced into the RHEAs formed ordered
oxygen complexes, which are different from
conventional oxide particles or frequently
occupying random interstitials. Such complexes are
atomic complexes enriched with O, Ti, and Zr,
which were promoted by the formation of chemical

short-range ordering among some of the
substitutional elements in the matrix. The
dislocation shear mode of the matrix alloy

is planar slip, while with the occurrence of the
ordered oxygen complexes, it turns to wavy slip,
which further facilitates double cross-slip and
multiplication of dislocations by the formation of
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Fig. 10 Temperature dependence of uniaxial tensile behavior of TiZrHfNbTa alloy at strain rates of 5x107° s7! (a),
2x107* 571 (b) and 1x1073 s7! (¢); Temperature dependence of yield strength (YS) and ultimate tensile strength (UTS) at
three applied strain rates (d) [90] (Reproduced under the terms of the Creative Common License)
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Frank—Read sources. They concluded that in
alloys where interstitial elements could cause
embrittlement this strain-hardening mechanism
related with ordered oxygen complexes played an
important role, especially those containing Ti, Zr, or
Hf elements in which tuning the stacking fault
energy and exploiting athermal transformations
make little effort to improve mechanical properties.
Their results raise great concern about the vital role
of interstitial solid solution strengthening and
related ordering strengthening mechanisms in
RHEAs.

The basic strengthening mechanism of RHEAs
is a solid-solution strengthening mechanism due to
its random and complex composition. The first
solid-solution strengthening mechanism for RHEA
was proposed by SENKOV et al [20] to explain
its high stress and hardness compared to the
role of mixture values. Traditional solid-solution
strengthening mechanisms were developed for
conventional alloys, where the content of the
solvent could exceed 60%—70%. In RHEAs, all
composition elements are both solutes and solvents
that interact with each other. Thus, the traditional
solid-solution strengthening mechanisms do not
apply here. Consequently, they attempted to take
the difference of atomic size and shear modulus of
each element into consideration. In contrast to
traditional theories, they estimated the local
environment around each element under the

assumption that the local atomic concentration is
the same as the average concentration of the alloy.
The estimated values of dislocation force are
approximately an order of magnitude larger than
those reported for binary solid solutions. The YS
predicted using this model agrees well with the
experimental value. Based on this solid-solution
strengthening mechanism, several modified theories
were subsequently reported and successfully used
to explain the strengthening of the corresponding
RHEAS [29,92-94].

3.2 Dual-phase eutectic RHEASs

Limited by the solid-solution strengthening
mechanism, single-phase RHEAs are
not as strong as MoNbTaW, especially at high
temperatures. However, introducing second phases
is a very efficient way to improve their mechanical
properties. The second phases commonly observed
in RHEAs include eutectic phases, precipitates,
and other reinforcements. To meet the need for
high-power armor piercing projectiles and other
gradient materials, WEI et al [78] replaced Nb with
Re in MoNbTaW as Re has a high density and
could improve the ductility of some BCC elements.

The MoReTaW was composed of three
disordered solid-solution phases, which was mainly
caused by large differences in melting point of
the elements. The substitution of Nb with Re
successfully enhanced the compressive strength
to 1451 MPa and the failure strain to 5.69%,
respectively, ~20% and ~170% higher than those
of MoNbTaW. The smaller atomic size of Re
contributed most to the significant improvement
of mechanical properties of the alloy, which was
explained by the solid-solution strengthening
mechanism, as stated earlier. Besides, the
precipitation strengthening mechanism also worked
here as f-Ta-rich particles dispersed uniformly in
the matrix.

Since Re was proven to be useful in improving
the mechanical properties of MoNbTaW, WEI
et al [95] performed a series of experiments to study
its effect along with the introduction of carbides.
They successfully prepared MoNbReosW(TaC).
matrix composites using vacuum arc melting. The
TaC-containing composites consisted of a BCC
solid-solution phase and multicomponent carbide
solution. The MC-type carbide phase and BCC
phase formed a laminar eutectic microstructure

most
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distributing along the grain boundaries. The
addition of TaC significantly improved the
mechanical properties of the RHEA.

The MoNbRe0.5W(TaC)os matrix composites
exhibited high microhardness, YS, and compressive
strength of HV 615, 1241 MPa, and 2351 MPa,
respectively, as a result of the precipitation
strengthening and fine-grained strengthening. The
mobility of dislocations and phase interface was
effectively inhibited by MC carbide phase. At the
same time, the formation of fine carbides could
refine the grains of BCC phase and provide more
interfaces, which improved the strength by
fine-grained strengthening mechanism.

The fracture ductility first increased and then
decreased, the composite reaching a maximum
value of 10.25% when x=0.5. WEI et al [80] found
the fine-grained strengthening caused by TaC
introduction to be the main reason for the increase
of ductility. With finer grains of the matrix, plastic
deformation could distribute in more grains, which
reduced the stress concentration. Besides, the
high volume fraction of the relatively ductile BCC
phase also contributed to the good ductility of the
composites. However, further increase in TaC
addition caused the volume fraction decrease of
BCC phase, resulting in stronger but less ductile
composites. Thus, a appropriate addition of TaC
could simultaneously enhance the strength as well
as the ductility of the composite.

MoNbReo‘5W(TaC)o,5 and MONbRCo,sW(TﬂC)o,a
composites exhibited excellent comprehensive
mechanical properties that were better than most of

Misfit

the reported RHEAs. Indeed, not only the
room-temperature mechanical properties but also
high-temperature properties could be enhanced in
this way.

WEI et al [80] systematically investigated the
microstructures and mechanical properties of
MoNbReosW(TaC)os composites. The phases and
laminar eutectic microstructure remained stable
even after annealing at 1300°C for 168h,
indicating high phase stability as well as structural
stability. The composite showed high compressive
yield strength at high temperatures (937 MPa at
1000 °C and 901 MPa at 1200 °C), which was
much higher than that of the reported RHEAs and
their composites. The semi-coherent interface
between the carbide and matrix phases and the
orientation relationship of [111]scc//[011]rccmc,
(101)Bcc//(200)rcc-mc did the major contribution to
the balanced mechanical properties of the
composites, which had high strength and high
ductility at the same time (Fig. 12).

The strengthening mechanisms of this RHEA
composite can be explained as follows: First, by
calculating the mismatch parameter and TEM
observations, the BCC matrix phase is semi-
coherent with the FCC-MC carbide phase. In the
deformation process, the semi-coherent interfaces
pin the dislocations and improve the work
hardening of the composites. Second, the
interaction of cross-slip and pinning of the
composites inhibits dislocation slipping, thereby
increasing work hardening. Moreover, interactions
among coplanar dislocations, stacking faults, and

=
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¢ 111
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Fig. 12 TEM micrographs of phase interface after compression at 1200 °C: (a) HRTEM image; (b) Fourier-filtered

image of phase interface; (c) Enlarged image of white outlined region in (b) showing screw dislocations in BCC
structure near interface; (d) FFT patterns of image (a) showing relationship between BCC HEA and FCC-MC
carbide [80] (Reproduced under the terms of the Creative Common License)
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twins in the carbides are suppressed during the
deformation process, resulting in dislocation
accumulation, which requires more stress for
further deformation.

Consequently, the authors conclude that the
high compressive strength of MoNbReosW(TaC)o s
composite is contributed by the phase interface,
dislocation entanglement, and twin boundaries
together. Their finding is an important contribution
to future high-temperature structural materials.
Besides TaC, TiC is also widely used in metal
matrix composites (MMCs) because it can form
eutectic microstructures and carbides with many
refractory elements. In this study, WEI et al [82]
designed MoNbRey sTaW(TiC).s matrix composites
with a eutectic microstructure similar to that of
MoNbReosW(TaC), (Fig. 13) and the MoNb-
ReosTaW(TiC), o with fully eutectic microstructures
reached a maximum compressive strength of
(1943+13) MPa, which is even higher than that of
the MoNbRe0.5W(TaC)os composite. Thus, the
eutectic strategy was verified to be useful for
RHEAs.

3.3 Other RHEAs and RHEA-based composites

RHEAs always show a drop in strength
with increasing temperature as solid-solution
strengthening weakens at high temperatures. Thus,
to improve their high-temperature mechanical

s
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Fig. 13 SEM images (a—e) and XRD patterns (f) of MoNbRe0.5TaW(TiC), composites: (a) x=0.2; (b) x=0.5; (c) x=0.8;
(d) x=1.5; (e) x=1.0 [82] (Reproduced under the terms of the Creative Common License)
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properties, other strengthening mechanisms are
required, and some dual- or multi-phase RHEAs
(RHEA-based composites) have been developed.
Generally speaking, intermetallic compounds
are considered as strengthening phases. Most of
the Al-containing RHEAs have a BCC+B2 two-
phase microstructure like p+y’ microstructure in
nickel-based superalloys and many of them own
high strength at high temperatures. However, they
are brittle at room temperature. SENKOV et al [23]
added Al to several RHEAs to reduce density,
increase high-temperature strength and specific
strength, and improve oxidation resistance. In their
study, three of the six alloys, AlMogsNbTagsTiZr,
Alo. 3NbTaTi 1 ‘4ZI'1 3 and Alo‘ 5NbTa0,3Ti 1 .5V0.2ZI‘,
contain two bcc phases with very similar lattice
parameters. The two BCC phases are present in the
form of interpenetrating nano-lamellar creating
basket weave nanostructure inside grains. Further
investigation by SENKOV et al [95] on the
AlMoo sNbTag sTiZr alloy shows that this alloy was
composed of a nano-scale mixture of two phases
produced by the decomposition from a high-
temperature BCC phase. The first phase is present
in the form of cuboidal-shaped nano-precipitates
with a disordered BCC structure while the second
phase is present in the form of channels between the
cuboidal nano-precipitates with an ordered B2
structure, as shown in Fig. 14. These two phases are

@311)
Yo 211)

200
.(520))

»
L e(220)

>
4

i
g
?—Fr

03
x=0.2 \ L_,'_A_,Ll__.__'_/;
w2320 40 60 80 100 120 140

.50 pm § 200°)




3504 Yu-sheng TIAN, et al/Trans. Nonferrous Met. Soc. China 32(2022) 34873515

Ordered
B2

Fig. 14 Scanning transmission electron microscopy
(STEM) high-angle annular dark-field image and fast
Fourier transforms (inside red squares) recorded from
survey sample extracted from inside-grain region (reprinted
by permission of Taylor & Francis Ltd.) [95,98]

coherent with each other and the microstructure is
explained by nucleation-and-growth and spinodal
decomposition mechanisms. Owing to the BCC+B2
microstructure, AlMogsNbTaosTiZr alloy shows
exceptional high yield strengths superior to
nickel-based superalloys from 20 to 1200 °C.

Precipitation strengthening has proven to be
useful at high temperatures. YANG et al [27]
observed precipitation in as-cast TiZrHfNbTa, the
compressive YS at 1200 °C being significantly
better (improving from 92 to 356 MPa), about three
times higher than the reported data. This significant
improvement could be attributed to precipitation
strengthening by nanoparticles. GUO et al [96,97]
designed (MOo,sNbe()jZI'Ti)Bcc/MsSi3 in situ
composites by adding Si to Moy sNbHf,sZrTi. The
addition of Si promotes the formation of an
intermetallic MsSi; phase with an HCP structure
and an increase in hardness and strength. As the
addition of Si increases, the microstructure of the
composites changes from hypoeutectic to eutectic
and finally to hypereutectic (Fig. 15). The fracture
strain of Si0.1 is improved owing to the
fine-grained mechanism and weaker
strengthening mechanism of the matrix phase. With
more Si addition, the fracture strain decreases as a
result of more MsSi3 phases in the matrix and larger
size of them.

Because many refractory elements are strong
carbide-forming or nitride-forming elements, the
introduction of carbon or nitrogen into RHEAs
always leads to multiple strengthening mechanisms

solution

working together, such as the second-phase
strengthening, precipitation mechanism (particle
shearing and Orowan bypass mechanisms), load-
bearing effect, and dislocation strengthening.

The second-phase strengthening (composite
models) is widely applied in composite materials.
The strength of the composites (ocom) composed of
the matrix phase and precipitation using this model
can be calculated as follows:

Ocom™—Om’ Vm+0'p' Vp (7)

where 0, and on are the yield strengths of the
precipitates and the matrix, and V}, and Vn are the
volume fractions of the precipitates and the matrix
(Vm=1-V}), respectively (which could be measured
by Image] software using SEM or TEM images).
However, this model is very rough and does not
consider other micro-interactions.

Precipitation strengthening is common in
metal-matrix composites. When the size of the
precipitates is large or the interface between the
matrix and precipitates is incoherent, the
dislocations bypass the precipitates. When the
precipitates are sufficiently fine or have a coherent
interface with the matrix, a particle shearing
mechanism occurs.

In calculating the
dislocation shearing mechanism, three mechanisms
are taken into account: coherency strengthening
(Aocs) mechanism, modulus strengthening (Aowms)
mechanism, and order strengthening (Aogos)
mechanism [99]. Aocs originates from the elastic
interaction between the strain fields which are
caused by coherent precipitates and dislocations.
Aoms comes from the shear modulus difference of
the matrix and precipitates. Acos takes place with
dislocations which shear ordered precipitates,
leaving antiphase boundary (APB) on the slip plane
of the precipitates.
strengthening mechanisms of dislocation shearing
mechanism is as follows:

contribution of the

The calculation of three

}/f‘ 1/2
AC . = Mo(Ge )'?| —L .
cs M) [o.sij (8)
12 m_,
AO'MSZMXO.OOSSx(AG)W{EJ (1)2 ©)
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Fig. 15 SEM-BES images of as-cast Mo0.5NbH{f0.5ZrTiSi, alloy: (a) x=0; (b) x=0.1; (c) x=0.3; (d) x=0.5; (e) x=0.7;
(f) x=0.9 [97] (Reproduced under the terms of the Creative Common License)

where M is the Taylor factor of matrix; a is a
constant; G is the shear modulus of matrix; & is the
constrained lattice misfit, and &.=2/3¢; r and f are
the average particle diameter and the volume
fraction of precipitates; » is the magnitude of
Burgers vector; AG is the shear modulus difference
between the precipitates and the matrix; m is a
constant here for edge dislocations; yapq is the APB
energy of the precipitates.

The strength improvement caused by the
dislocation bypass mechanism can be expressed as
follows [100]:

Aoy, =MGb 1 -ln(L) (11
236m A-r 2b

where 4 is the spacing between the neighboring
reinforcements. The value of 1 can be calculated
using Eq.(12) under the condition where
precipitation is uniformly dispersed in the matrix:

ﬂ:r-i/% (12)

The shear lag model is often used in
composites containing fiber-shaped reinforcements.
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It is the basic concept of load transfer theory in
which the stress is transferred from the matrix to the
reinforcements by means of interfacial shear stress.
In this model, the interface between the matrix and
the reinforcements is thought to be well bonded.
The strength improvement due to the load transfer
effect can be calculated using Eq.(13) [101], as
follows:

(13)

Vp(5;+2)+f}

Ao =0, {

where Aoy is the yield strength increment caused
by load transfer effect, and on is the yield strength
of the matrix alloy. S is the average aspect ratio
(length to diameter) of the precipitates.

For refractory high-entropy alloy matrix
composites, the cooling process from the processing
temperature to room temperature results in local
stress in the vicinity of the precipitates owing to the
large difference in the coefficient of thermal
expansion (CTE) between the matrix and the
reinforcements. The localized stress increases the
dislocation density in the matrix, which strengthens
the composites. The strength increment (Aopis)
caused by the thermal expansion dislocation
strengthening can be expressed by Eq. (14) [102],
as follows:

AGp, = MaGby[p (14)

where M, a, G and b are the Taylor factor,
dislocation hardening parameter, shear modulus,
and magnitude of Burger’s vector for the
RHEA matrix, respectively, and p is the
increased dislocation density caused by thermal
expansion mismatch, which can be calculated as
follows [103]:

oo 12V, ATAC (15)
b(1-V,)d

where AT is the temperature difference between the
vacuum arc melting process and room temperature.
AC is the difference in CTE between the matrix
and precipitation; d is the average size of the
reinforcements measured by Image]J software using
SEM or TEM images.

The basic strengthening mechanisms are stated
above, and, in most RHEAs, multiple mechanisms
often work together to enhance the mechanical
properties. LV et al [68] prepared CrMoNbWTi

co-doped with C, N, and O atoms using mechanical
alloying and SPS. C atoms were primarily dissolved
in the matrix while N and O atoms reacted with the
matrix elements forming massive (Nb,Ti)N and
Ti,O3 precipitates in the matrix. The RHEA with
co-doped nonmetallic atoms exhibited a strength
up to 4345 MPa and hardness of 11.88 GPa. The

solid-solution  strengthening, grain boundary
strengthening, Orowan strengthening, C atom
interstitial ~ strengthening, and  intergranular

compounds of (Nb,Ti)N and Ti,O3 contributed
together to the extremely high properties of this
composite.

For most multi-phase RHEAs, there exists a
trade-off of strength and ductility, though the
strength both at room temperature and high
temperatures are very attractive. Poor room-
temperature ductility severely restricts its future
industrial application. Therefore, to realize a good
combination of ductility and strength is of more
importance and thus an appropriate choice of the
strengthening phase is crucial. WU et al [76]
designed and prepared a series of C,Hfy2sNbTaW s
composites by vacuum arc melting. The addition of
carbon leads to the formation of an FCC carbide
phase, which plays an important role. At room
temperature, all the composites exhibited high
strength and fracture strain (>30%), exceeding
those of most of the RHEAs. At high temperatures,
the composites also performed well, with YS of
792 MPa at 1473 K and 749 MPa at 1673 K, which
also exceeded those of most of the reported RHEASs
(Fig. 16 and Fig. 3).

The composites designed by the author
exhibited an excellent combination of strength and
fracture strain, broadening their potential for
industrial application. However, the carbide or
nitrides formed in the RHEAs might not have a
specific chemical formula, and many of them
are multicomponent. SMELTZER et al [104]
investigated RHEAs intentionally doped with
nonmetallic atoms to form precipitates for obtaining
higher hardness. In their work, MoNbTaW doped
with N atoms was prepared by liquid nitrogen
cryogenic mechanical alloying. It is proven to be
successful using this way, as nitride phases were
observed in the RHEA. The nitrides formed in the
RHEA were in two different forms, identified as
ordered laminar tetragonal (Mo,W)(Nb,Ta)N nitride
and (Nb,Ta),CN complex carbonitride, respectively.
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Fig. 16 Temperature dependence of yield strength of C.Hf0.25NbTaW,s and several classic RHEAs (a), and
relationship between yield strength of C,Hfy,sNbTaW,s and several RHEAs at 1473 K and plasticity at 298 K (b)
[19,25,58,74—76,92,93,105—108] (Reproduced under the terms of the Creative Common License)

The complex nitrides formed in the alloy
exhibited a cleavage plane deformation mechanism
rather than a dislocation-based deformation
mechanism common for RHEAs. With the help
of the nitrides, the Vickers hardness of the doped
RHEA exhibited a peak median hardness up to
17.8 GPa, which was almost 550% that of the
cast state. They systematically investigated the N
introduction strategy from processing to micro-
structure and to mechanical properties. Besides, the
precipitating and growing behavior of the nitrides
are also figured out by studying the effect of heat
treatments. They also demonstrated liquid nitrogen
cryogenic mechanical alloying to be an adaptable
strategy for the formation of complex nitrides
which were only formed under extreme reaction
conditions in other ways.

4 Other properties of RHEAS

Recentlyy, RHEAs have attracted more

attention because of their mechanical properties
and other properties including wear resistance,
biocompatibility, oxidation behavior,
electrical, and irradiation properties.

corrosion,

4.1 Wear resistance

Al is known to be a BCC stabilizing element
which has high solubility of Ti, Zr and Hf elements,
and is often introduced into HEAs for better
tribological properties. However, for RHEAs, many
studies were focused on the microstructure and
mechanical properties and there only existed a few
on tribological properties. BHARDWAI et al [109]
chose TiZrHfNb as a model alloy and introduced Al
to enhance the wear resistance by properly
designing the alloy composition. Equimolar
AITiZrHfND consists of a disordered BCC matrix
phase and another ordered BCC phase, while other
RHEAs with lower Al contents are composed only
of the BCC matrix phase. The initial friction
coefficient decreased significantly as the hardness
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increased to HV 420 from HV 229 of the matrix
alloy. The introduction of Al significantly improved
the wear resistance of the RHEA, which could
be attributed to the strengthening of mechanical
properties and the formation of oxidative tribolayer.
Because no obvious segregation was observed and
there existed quite a number of oxides in the wear
debris, the key wear mechanism for AITiZrHfNb
was deemed to be oxidative wear.

4.2 Biocompatibility

Owing to their superior biocompatibility and
mechanical properties, many RHEAs have been
studied as metallic biomaterials, such as Hf-Nb—
Ta—Mo—Ti—Zr, Nb—-Ta—Mo—Ti—Zr, Hf-Cr—Mo—
Ti—Zr, and Nb—Ta—Fe—Ti—Zr systems. However,
the alloy designing for biomaterials differs
significantly from that of those RHEAs designed
for mechanical performance. LIJIMA et al [110]
first developed a new Hf-Nb—Ta—Mo—Ti—Zr
bioRHEA by combining several alloy designing
parameters. They successfully obtained a
Hf>g 33Nbg 74Tas 74Mo01 55 Ti2s 33212833 bioRHEA  that
had comparable biocompatibility and higher
strength compared with the widely used CP-Ti as
well as considerable ductility at room temperature.
They found that it is effective to use the combined
alloy designing strategies in developing non-
equiatomic Hf—Nb—Ta—Mo—Ti—Zr bioRHEAs.

Owing to the intrinsic nature of RHEAs,
severe segregation is unavoidable. In addition, poor
shape flexibility due to limited preparation methods
restricts the practical application of bioRHEAs. The
newly-developed selective laser melting (SLM)
technique has the advantages of customizing shapes
and a high cooling rate simultaneously, making
it suitable for fabricating bioRHEAs directly;
however, pre-alloyed RHEA powders are difficult
to obtain owing to their high melting-point.
ISHIMOTO et al [111] first developed pre-alloyed
Ti14Zr14NbosTagsMogs powders by modifying
the composition of equimolar TiZrNbTaMo to
lower the melting point. Similarly, the authors
successfully produced bioRHEA parts by SLM that
had high density and good compatibility. Moreover,
a jungle gym shape without any cracks and
deformation or beam fragmentation was also
successfully achieved by selective laser melting, as
shown in Fig. 17. In terms of mechanical properties,
the as-built parts exhibited a yield strength of

(1690+78) MPa, which was approximately 48%
higher than that of the as-cast parts, which had a YS
of 1140 MPa. At the same time, the as-built part
broke at a true strain of (1.32+0.19)%, which is
moderate by RHEA standards.

The large improvements can be attributed to a
combination of grain boundary strengthening
(refined grains) and solid-solution strengthening
(less elemental segregation and more solid solution)
due to the high cooling rate of SLM. As for the
biocompatibility, the cell density on the as-built
parts was comparable to that on the commonly used
CP-Ti and the as-cast parts, and much better than
the widely used SS316L parts, indicating good
comprehensive compatibility, so the as-built
Ti14Zr14NbosTagsMoos has great potential for
future application as a biomaterial. It has been
pointed out that single-phase HEAs have better
anti-pitting ability than conventional alloys, the
good corrosion resistance of TiZrHfNbTa being due
mainly to its single BCC phase.

Fig. 17 Appearance of SLM-built jungle gym-shaped
product [111] (Reproduced under the terms of the
Creative Common License)

4.3 Corrosion properties

LI et al [56] investigated the corrosion
mechanism of lightweight TiCrVNbosAlos, as few
studies have been focused on their corrosion
properties. The lightweight RHEA consists of a
single BCC phase without element segregation.
The TiCrVNbgsAlps lightweight RHEA has good
corrosion resistance, with a low corrosion current
density of approximately 107'-10"°A/cm? and a
high breakdown potential of 1.8—1.9 V (vs SCE) in
3.5 wt.% NaCl and 1 mol/L HCI solutions. At the



Yu-sheng TIAN, et al/Trans. Nonferrous Met. Soc. China 32(2022) 34873515 3509

same time, it also shows excellent repassivation
ability in a chloride environment owing to its
single BCC phase composition and passive film
containing much Cr**, Ti*, and AI**. Compared
with conventional alloys, RHEAs have high
atomic-level stresses resulting from the severe
lattice distortion which facilitates amorphization
after irradiation. After that, local melting and
recrystallization happen because of thermal spikes,
inducing much fewer defects than traditional alloys.
Consequently, RHEAs with good irradiation
resistance are promising nuclear materials for
application in extreme environments.

4.4 Nuclear applications

RHEAs are potential for advanced nuclear
reactor applications due to high melting points and
high strengths at elevated temperatures [112,113].
However, their behavior under irradiation damage
and complex corrosion environment needs to be
investigated further. ZHOU et al [114] investigated
phase stability of novel HINbTaTiVZr under 1 MeV
Kr** ion irradiation at 298 and 423 K. They
observed a radiation-induced amorphization at 2
displacements per atom at 298 K and the critical
temperature is deduced to be within 298—423 K.
The amorphization is facilitated by the system free
energy increased by lattice distortion and atomic
level strain energy, which lowers the energy
difference between crystalline and amorphous state.
Similarly, the amorphization was observed by
SADEGHILARIDJANI et al [115] in HfTaTiVZr
due to lattice distortion and high atomic level strain.
Under identical irradiation conditions, HfTaTiVZr
shows superior irradiation resistance which has
~20% hardening compared to ~50% hardening for
304 stainless steel. This self-healing ability
contributed to the good irradiation resistance, which
was related to the sluggish diffusion effect in
RHEAs that reduced effective mobility of
interstitial and vacancy and limited irradiation
induced damage. ZHANG et al [116] designed the
novel CI‘(),25M0(),5NbTiV and MOo,sNbTiVo_sZro_zs,
with low thermal neutron absorption cross-section
elements for potential accident-tolerant fuel
cladding candidate materials. They investigated the
short-time corrosion behaviors of the two RHEAs
in a simulated pressurized water reactor (PWR)
water environment. A double-layer oxide film of Ti,
Nb, and V was formed on both the annealed and

irradiated RHEAs. Through thorough analysis, the
inner oxide grew via an inward diffusion
mechanism while the outer oxide particles grew via
the dissolution and redeposition process of the
metal cations in the vicinity of the water. The
authors found that helium ion irradiation offered
limited help to both RHEAs on corrosion kinetics
because of their intrinsic lattice distortion and
sluggish diffusion effects.

4.5 Electronic structure

MU et al [117] used first-principles alloy
theory and explored the effect of local lattice
distortions of six RHEAs, MoNbTaW, TiZHfNbr,
ZINbVCr, MoNbTaVVW, TiZrHfNbTa, and
CrNDbTiVZr, on the electronic structure, as all the
unique properties of RHEAs originate from them.
They identified them into two types: one was
the small-displacement alloys (MoNbTaW and
MoNbVTaW) and relatively the other was the
large-displacement alloys (TiZHfNbr, ZrNbVCr,
TiZrHfNbTa, and CrNbTiVZr). According to their
study, local distortions led to smeared Fermi
surfaces of the latter type alloys, resulting in their
almost saturated resistivities. Other properties
originating from the electronic structure and the
relationship between them still need to be studied.

5 Conclusions

The current work reviews recent progress in
RHEAs. Because of their attractive performance at
high temperatures, much work has been done on
RHEAs to find new next-generation high-
temperature structural materials. New alloy systems
and alloys with new compositions have also been
developed. This work helps to identify new
potential RHEAs with satisfactory properties. New
models and theories have been established and
developed, such as the shear lag model and the edge
dislocation mechanism. These theoretical results
provide help to improve the mechanical properties
of RHEAs. Several simulations and calculation
techniques have been applied in RHEAs, such as
the CALPHAD and ab initio methods. The
calculated findings save time in the screening of
RHEASs that have enormous composition make-ups,
providing a better understanding of atomic-level
mechanisms.

Many new RHEAs with excellent high-



3510 Yu-sheng TIAN, et al/Trans. Nonferrous Met. Soc. China 32(2022) 34873515

temperature mechanical properties have been
developed. Studies have been focused on improving
the high-temperature strength and melting points of
alloys, and it is now easy to exceed the traditional
superalloys that are now commonly used in
high-temperature structural applications. Typically,
solid-solution strengthening, which leads to high
room-temperature  strength, weakens at high

temperatures. Consequently, researchers have
introduced other phases into RHEAs to form
eutectics or composites to further improve

high-temperature behavior. However, few RHEAs
exhibit good ductility at room temperature. The
only RHEA with room-temperature tensile ductility
is the TiZrHfNbTa system, and no RHEA with
better ductility has yet been found. That is to say,
they have limited high-temperature strength.
Therefore, it is still of vital importance to find a
balance between room-temperature ductility and
high-temperature strength in RHEAs. Moreover, it
is easier to obtain good high-temperature strength
than to achieve good room-temperature ductility,
making it is much more practical to improve the
high-temperature strength of RHEAs which already
exhibit good room-temperature ductility. Much
work still needs to be done as the introduction of
strengthening phases may affect the deformation
mechanism. However, achieving a good balance
remains difficult.

In addition to their mechanical properties,
RHEAs exhibit many other attractive properties.
With similar composition to titanium alloys,
some Ti—Zr—Nb system RHEAs exhibit good
biocompatibility with the preferred mechanical
performance. Compared to refractory elements,
RHEAs have good irradiation resistance and the
potential to be used in nuclear materials. Other
properties of RHEAs, such as wear and corrosion
resistance, have also been widely studied. There
remains a huge space to explore RHEAs in different
areas.

Overall, few of the RHEAs that can be applied
in practice have been developed until now.
However, all RHEAs studied to date exhibit some
limitations; therefore, more efforts need to be made
for future applications. Based on the existing
challenges, research on RHEAs should be focused
on the following areas:

(1) Establishing database and collecting more
data of RHEAs by shortening the research cycle

through additive manufacturing combined with
high-throughput experimental method.

(2) Establishing new theories or modifying
existing theories, to overcome the trade-off between
room-temperature ductility and high-temperature
strength.

(3) Making better use of simulations or
calculation methods to screen new and promising
RHEAs.

(4) Solving the intrinsically poor oxidation
resistance at high temperatures through alloy
design.

(5) Determining the relationship among
atomic-level complexity, microstructure, and macro
properties.
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