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Abstract. Thermo-mechanical processing of refractory high entropy alloys (RHEASs) at high temperatures is
very important. It is an effective method of modifying the microstructure, properties, and shaping into final
components after casting. Using the Scopus database, 57 articles relating to the hot deformation of refractory
high entropy alloys were extracted from 2011 to 2022. Despite the limited number of articles on hot deformation
of RHEAS, it is important to find out if the dominant softening mechanisms reported in other metallic alloys are
evident. This is the main impetus for this study since the hot deformation behavior has not been
comprehensively studied. All the probable mechanisms influencing deformation in metallic alloys, such as work
hardening, dynamic recrystallization, and dynamic recovery, have also been observed in RHEAs. The bulging
phenomenon, serrated grain boundaries, and necklace-like structures reported in metallic alloys have also been
detected in hot deformed RHEAs. Unsafe deformation behavior such as cracks that have been reported in
metallic alloys, have also been observed in RHEAs. This review has provided a comprehensive study on the hot
working processes of RHEAs and highlighted critical gaps for future research direction with some suggested
limitations.

Keywords: Softening mechanism / refractory high entropy alloy / hot deformation / flow stress /
microstructural evolution

1 Introduction original definition of HEA as alloys comprising at least five
elements with equiatomic percentages. These researchers
reported that some HEAs can be developed with three or
four elements, and the maximum element concentration
may be more than 35%. These sets of alloys such as CoCrNi
[8]; NiFeCoCr [9]; MoReRuRh [10]; ScGdHo [11] and
AlFeTiV [12] have been called medium entropy alloys. In
addition, many HEAs may contain intermetallic com-
pounds and complex phases, which have major effects on
the microstructures and properties of the materials. HEAs
possess combination of properties such as high strength,
high hardness, good ductility, outstanding wear resistance,
good oxidation and corrosion resistance [13-15].
Refractory high entropy alloys (RHEAs) which have
high-melting-point refractory elements, were introduced in
2010 as potential candidates for high temperature
functional materials due to their high hardness, wear
* e-mail: bamisayesylvester1988@gmail.com resistance, and high temperature strength above 1100°C

The world’s technological growth and development drive a
persistent demand for new materials having excellent
mechanical properties to fulfil high temperature structural
applications. In 2004, two different research groups showed
that new alloy systems with simple microstructures could
be synthesized from multi-principal elements in equimolar
or near-equimolar ratios [1-4]. These new alloy systems
have come to be known as high entropy alloys (HEA) [1] or
multi-component alloys (MCA) [4,5] or compositionally
complex alloys [6]. They are different from other known
engineering alloys because they comprise at least five main
elements or multi-principal elements at equiatomic
percentages [1,7]. Some researchers have questioned the
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when compared with Inconel 718 and Haynes 230 [16,17].
These characteristics are the result of increased melting
temperature and solid solution strengthening [13,18]. The
main potential applications of refractory high entropy
alloys include tribology and thin film [19,20], hydrogen
storage [21-24], nuclear materials [25-27|, surface and
coatings technology [28-30], and hard particles for wear
resistance [31]. To optimise the behaviour of RHEAs at
high temperatures for structural and functional applica-
tions, knowledge of the flow behaviour, microstructural
evolution, and deformation mechanisms is important for
determining their optimum thermo-mechanical processing
parameters. According to Eleti [32], thermo-mechanical
processing (TMP) at high temperatures is an effective
method of modifying the microstructure and properties of
RHEAs after casting. It is also used for shaping alloys into
final components. TMP such as hot deformation, results in
microstructural improvement, which often promotes
strength and ductility of the material [33]. TMP describes
the processes that combine plastic deformation of metallic
materials with heat treatments. These processes are
typically carried out at temperatures higher than 0.4 of
the melting temperature (7),) [34]. During hot deforma-
tion, a metal or alloy deforms under conditions of high
temperature (greater than 0.6 T},,) and different strain rates
of 107" to 10 * s~ [35,36].

The plastic deformation at such high temperatures
frequently results in simultaneous changes in microstructures
[34]. Deformation mechanisms of work hardening (WH),
dynamic recovery (DRV), and dynamic recrystallization
(DRX) are examples of mechanisms that can cause
microstructural changes in metals and alloys [37,38].
Comprehensive understanding of the flow behaviour of metals
and alloys and their microstructures under hot deformation
conditions is crucial during metal forming processes such as
forging, hot rolling, and extrusion. Currently, studies on
refractory high entropy alloys have at least 700 scientific
papers based on the Scopus database. Among those papers are
the high temperature deformation behaviour of RHEAs
[32,39-41]. Recently, some reviews on hot deformation
behavior of high entropy alloys were published [42-46].
However, review papers regarding the hot deformation
behaviour of RHEAS are still limited and not comprehensive.
For example, Savaedi et al. [42] focused on the deformation
mechanism of HEAs at high temperatures, but only one
RHEA was found, highlighting microstructural evolution. In
George et al. [47] high temperature compressive behaviour of
HEAS, high temperature compressive behaviour was reported
for only one RHEA.

This review paper will highlight some important
findings on the hot deformation behaviour of RHEAs.
Emphasis on flow stress, flow softening mechanisms, and
microstructural evolution in deformed RHEAs. This
review is structured as follows: Section 2 discusses the
method for selecting the publications related to the scope of
this study. It also describes the trend of scientific
publication and citation analysis of hot deformed RHEAs.
The flow stress behaviour of RHEA during hot deformation
is presented in Section 3. The section also examines the
occurrence of discontinuous dynamic recrystallization and
continuous dynamic recrystallization, sharp stress drop,

and steady-state flow processes in hot deformed RHEAs.
Microstructural evolution in hot deformed refractory high
entropy alloys is reported in Section 4. Dislocation motion
mechanisms in hot deformed RHEAs are reported in
Section 5. Section 6 depicts unsafe deformation behavior in
hot deformed RHEAs. Section 7 illustrates constitutive
modelling and processing maps in hot deformed RHEA.
Section 8 contains discussion on the yield strength and
compressive strength of reported RHEA during hot
deformation. This review closes with a summary of this
work (Sect. 9) and future research directions
(Sect. 10).

2 Method for selecting publications
considered in this review

Published literature was assessed to determine the
dominant mechanisms influencing the hot deformation of
RHEASs. In the selection phase for the databases for the
review, Scopus and Web of Science were considered due to
their popularity and efficiency [48]. After a preliminary
search in both databases, Scopus was chosen. It has more
published articles related to the topic and most articles on
Web of Science are also indexed in Scopus. All the journal
articles, conferences and monographs were searched and
retrieved from the Scopus database using the following
keywords: “hot deformation*” AND “refractory high
entropy alloy*” OR “high temperature® AND “refractory
high entropy alloy*” OR “hot compression®” AND
“refractory high entropy alloy*” OR “high temperature
compression*” AND “refractory high entropy alloy*” OR
“high temperature compression®” AND “refractory multi-
component alloy™ OR “high temperature mechanical
properties*” AND “refractory high entropy alloy™®”. These
keywords were utilised in searching the title, abstract and
keyword field which produced 115 papers, but only 57
papers were related to the scope of this study. These 57
documents, comprising of mostly journal articles, were
used for the review of the deformation behavior of RHEA.

2.1 Trend of scientific publication on hot deformation
of RHEAs from 2011 to 2022

The annual scientific outputs on the hot deformation of
RHEAs are shown in Figure 1. According to Scopus, the
first article on the hot deformation of RHEAs was
published in 2011. There were 2 articles published in that
year. However, no publications were found in 2013 relating
to hot deformation. This can be attributed to the area of
focus within this period, which is mainly on alloy
composition search, modelling and simulation of RHEAs.
Also, RHEA contains expensive alloying elements that
might make it difficult for researchers to explore in much
detail considering the cost of making sufficient alloys for
hot deformation testing. The publications gradually
increased to five from 2014 to 2016 and later dropped to
zero in 2017. In 2017, most publications on RHEA are
centered on elemental alloying to improve mechanical
properties, RHEA coating, oxidation studies of RHEA.
Thereafter, in 2018, publications gradually increased to 5
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Fig. 1. Annual scientific outputs on hot deformation of RHEAs.

before increasing significantly to 49 from 2018 to 2022. The
slight drop in 2020 might be due to the COVID-19
pandemic leading to lockdown and many restrictions which
reduced research activities all over the world. In 2022, 17
articles have been published. It is projected that this
increase will continue as researchers develop more RHEAs
and conduct thermo-mechanical processing.

To determine the publishers with the most publications
and citations, consideration was given to publications with
at least five citations. Consequently, 39 articles meet these
criteria and are shown in Table 1. In Table 1, Mater Sci Eng
A had 7 publications with 220 citations to rank first. This is
followed by the J Alloys Compd with 6 publications and
108 citations. The next are Mater Lett, Intermetallics, Acta
Mater and the Int J Refract Met Hard Mater. Put together,
these four journals have a combined total of
15 articles and 1887 citations on the deformation of
RHEAs. Table 2 shows the publication analysis per
country, with 11 countries contributing to the study on
hot deformation of RHEA. Some countries overlap on the
same article because the authors collaborated from
different countries. From Table 2, China has the highest
number of publications (34) and citation counts (616). This
is followed by the United States (8 publications and 2313
citations), Japan (4 publications and 108 citations), and
the Russian Federation (4 publications and 15 citations).
Table 3 shows the citation analysis of the 10 most
influential articles on the hot deformation of RHEA.
The minimum number of citations for a document is
selected to be 50, with 10 of the 50 articles meeting this
criterion. The most influential article in terms of citation
count is Senkov et al. [49] with 1347 citations. This is not
strange because pioneering research articles usually have
the highest citation counts as newer articles continue to
refer to them.

Next are Senkov et al. [50] with 440 citations and Juan
et al. [51] with 262 citations. Completing the top five most
influential are two articles by Senkov et al. [52-53] with 255

Table 1. Analysis of the top research journals.

Journal and where it was published Number Citations
of articles
J Alloys Compd 6 108
Int J Refract Met Hard Mater. 3 13
Mater Lett 5 114
J Mater Sci T'echnol 2 17
Mater Sci Eng A 7 220
Mater Des 2 22
Scr Mater 1 13
Mater Charact 1 9
Intermetallics 4 1652
J Mater Sci 1 440
Int J Mech Sci 1 17
Acta Mater 3 108
Entropy 1 39
Materials 1 22
JOM 1 226
Table 2. Publication analysis per country.
Country Number of articles Citations
China 34 616
United States 8 2313
Russian Federation 4 15
Japan 4 108
India 3 37
Germany 3 11
Taiwan 2 299
Ukraine 1 12
Australia 1 2
Iran 1 7
South Korea 1 3

and 226 citations. The top five most cited articles were
published in 2011, 2012, and between 2014 and 2016. More
details from Table 3 showed that four of the top five articles
that made the top five were from Oleg Senkov, with a
combined citation of 2268. Studies on the hot deformation
of RHEA in the last decade need to be reviewed so that
critical gaps can be identified, and this may draw the
attention of more researchers into the field. Despite the
limited number of articles on the hot deformation of
RHEAs, it is interesting to find out if the dominant
deformation mechanisms reported in other metallic alloys
are evident in deformed RHEAs. This is the main impetus
for reviewing these articles. The next section of the review
paper will cover the occurrence of DRV and DRX in the
flow curves of hot deformed RHEAs.
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Table 3. Top 10 most influential studies on hot deformation of RHEAs.

First author and Year Article title (doi) Journal Citations
Senkov et al. [49] 10.1016/j.intermet.2011.01.004 Intermetallics 1347
Senkov et al. [50] 10.1007/s10853-012-6260-2 J Mater Sci 440
Juan et al. [51] 10.1016/j.intermet.2015.03.013 Intermetallics 262
Senkov et al. [52] 10.1016/j.msea.2011.09.033 Mater Sci Eng A 255
Senkov et al. [53)] 10.1007 /511837-014-1066-0 JOM 226
Guo et al. [54] 10.1016/j.msea.2015.10.113 Mater Sci Eng A 66
Eleti et al. [32] 10.1016/j.actamat.2019.04.018 Acta Mater 54
Zhang et al. [55] 10.1016/j.matlet.2016.03.092 Mater Lett 54
Guo et al. [56] 10.1016/j.jallcom.2018.10.230 J Alloys Compd 51
Xu et al. [57] 10.1016/j.msea.2019.03.054 Mater Sci Eng A 50

3 Flow stress behavior of RHEA during hot
deformation

Dynamic recovery and dynamic recrystallization are
desirable softening mechanisms during the deformation
of metallic alloys. The DRV is one of the processes caused
by the rearrangement of dislocations during deformation,
which results in decreased strain hardening [34]. The DRV
flow stresses have simple shapes, and there is strain
hardening occurring at low strains followed by steady-state
flow at high strains. In the case of DRX, it occurs during
straining if the temperature is above 0.57T,, [33]. When
DRX occurs, the flow stress is reduced and the materials’
ability to deform is increased. DRX occurrence is
established by a hump in the flow stress due to the
softening effect of DRX [58]. It can also be specified by
broad peaks and/or oscillations prior to the steady-
state flow stress. The mechanisms can be classified
into two types: continuous dynamic recrystallization
CDRX and discontinuous dynamic recrystallization
DDRX [57]. CDRX is characterised by a broad peak stress
in the stress—strain curve, while DDRX has a single peak or
multiple peaks in the stress—strain curve. The flow stress
curves signifying softening mechanisms of Dynamic
recovery and  dynamic recrystallization have been
observed in metallic alloys. For example, in the nickel-
based superalloy (GH4169), there was a drop in flow stress
related to the dynamic recrystallization softening mecha-
nism at 980-1040°C and strain rates (0.01-0.001s ') [59].
For the 8218 alloy, the flow stress stays steady once it has
reached its peak signifying dynamic recovery [60]. At
1100°C and strain rates of 1072 s', the flow curves of
IN718 alloy revealed a dynamic recrystallization mecha-
nism. When the strain rates decrease to 107> s™', the
dynamic recrystallization occur during the hot deformation
of TB8 titanium alloy [61]. The flow stress of hot deformed
(C276 superalloy increases sharply with strain until a peak
flow stress because of WH at the start of deformation, and
then the flow stress reduces gradually with the strain
because of dynamic recrystallization.

The flow stress behaviour of refractory high entropy
alloys, especially the yield-drop like phenomena has been
reported in some literatures [50,54,62,63]. In 2011, Senkov

et al. [49] studied the high temperature compression of
Nb25M025T325W25 and VgoNbQ()MOQ()TaQUWQU RHEAs at
600-1600 °C with a strain rate of 0.001s . At 600 and 800 °C,
NbosMoosTassWos RHEA undergoes continuous strength-
ening, whereas at higher temperatures (1000-1400°C) it
reachesahigh stressat anintermediate strain [49]. According
to Senkov et al. [49], the strain softening at these temper-
atures is an indicator of plastic uncertainty and spallation of
the surface material observed at larger strains. At 1600 °C,
nearly steady state flow at a fixed stress of ~590-600 MPa
was observed, and so the yield stress for NbosMoosTass Was
RHEA steadily decreased as a function of temperature. For
the VooNbogMoggTasyWog RHEA deformed at temperatures
(1400 and 1600 °C), a fast decline in yield stress and obvious
softening was observed. The flow stress in most metals and
alloys decreases with the increase in deformation tempera-
ture and the decrease in strain rate [64—67]. Also, when there
is a reduction in the strain rate or an increase in the
deformation temperature, the critical strain for dynamic
recrystallization is decreased. Eleti et al. [32] observed a
distinct sharp stress drop around yielding, followed by
continuous flow softening, while deforming a HfNbTaTiZr
RHEA at 10001200 °C, strain of 0.69, and strain rate of 102
to 10~* s~ '. The sudden drops of the flow stress are visibly
detected at initial stages of hot deformation (Fig. 2a). To
reveal the mechanism of sharp stress drop, Eleti et al. [32]
performed an interrupted deformation test at 1000 °C, held
for 600s, and then deformed at a strain rate of 0.001 s !
(Fig. 2b). The unusual stress drop in the HINbTaTiZr RHEA
is due to either dislocation unlocking by solute atoms or the
ending of short-range order by dislocation motion. Short-
range order can have a profound effect on the stacking-fault
energy and dislocation motion, which have noticeable
influence on the plastic deformation of HEAs [68]. Similarly,
in 2022, Li et al. [69] observed a sharp stress drop in
TiyZrHIV, 5Tag o RHEA at 900-1100 °C and a strain rate of
10 % to 10 " s~ * (Figs. 2c—€). To reveal the mechanism of
sharp stress drop, Li et al. [69] performed an interrupted
hot deformation and strain aging experiment (Fig. 2f) at
900°C/0.1s " with a strain of 0.1 and held for intervals, 0's
and 600s. The sharp stress drop was also attributed to the
unlocking of dislocations pinned by the Cottrell atmosphere
or short-range order. The unusual yield-drop phenomena in
RHEAs are commonly observed in alloy compositions
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Fig. 2. (a) Sharp stress drop in hot deformed HfNbTaTiZr RHEA at 1000°C/10*s™! and strain of 0.06 [32]. (b) Interrupted test on
hot deformed HINbTaTiZr RHEA at 1000 °C/ 10~%s! and a strain of 0.06 and then restarted after holding for 0's, 120, 300 s, or 600s
[32]. (c-e) Stress-strain curves of Ti,ZrHfV, s Tag, RHEA at different strain rates (10" to 10~%) and temperatures (9001000 °C) [69)].
(f) Stress—strain curve of the strain aging experiment on the TisZrHfV, 5Tag» RHEA at °C/ 10~ ' s through to the strain of ~0.1 for
three times, with intervals between the first and third hot deformation of 0s and 600s [69].
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Fig. 3. Flow stress curves of the TiAIVNb, RHEA at different
deformation temperatures of 1000-1200°C and strain rates of
107! to 107°C [72].

comprising TiZrHfVTa [69], AINbTaTiZr [70], HINbTaTiZr
[30], AINbTiVZr [71], TaNbHfZrTi [48], and MoNbHfZrTi
[54].

Bai et al. [72] investigated the high temperature
study of a TiAIVNb, RHEA at strain rates from 10~ to
10! s and temperatures from 1000 to 1200 °C. The flow
stress of the TiIAIVNb, RHEA at the start of deformation

show an obvious work hardening phenomenon (Fig. 3).
This is followed by flow stress drops due to temperature
increase or decrease in strain rate, which is commonly
linked to more thermal activation [73]. The increased
temperature leads to the quicker movement of grain
boundary and dislocation, thereby showing softening and
stress decreasing. In the event of a decrease in strain rate,
the deformation time will be delayed, and the dislocation
stacking degree will be reduced, resulting in a flow stress
decrease. Bai et al. [72] also found that at strain rates
(0.1, 0.01 and 0.001) and temperatures (1000-1100°C),
the flow stresses in some curves display decreasing trends
after peak flow stress. The decreasing trend can be
attributed to DRX taking place in the TiAIVNb, RHEA.
Similarly, the flow stress of deformed TiAIVNb, RHEA
remains stable after peak flow stress at 0.1 s~'/1100°C,
0.001 s~ '/1100°C, 0.1 s '/1200°C, 0.01 s~'/1200°C,
and 0.001 s~'/1200°C (Fig. 3). After deformation, some
flow curves of some alloys could show fluctuations
(Fig. 3). For example, in Figure 4, NizAl-based superal-
loy hot compressed at 1050-1250 °C with a strain rate of
0.1 s~'. The fluctuations, according to Wu et al. [74],
can be attributed to an alternation between the effect
of WH and the dynamic softening, which is caused
by the fast-growing grains at high temperatures and
DRX.

The hot deformation characteristics of MoNbHfZrTi
RHEA were studied by Guo et al. [54] at a strain rate of
107°-107" s7' and temperatures of 800-1200°C. The
stress—strain curve revealed WH before the sample
fractured at 800°C when the strain rate is 10~ s and
107 s~" (Fig. 5). A peak stress with increasing strain was
identified at a strain rate of 10™' s7*, and then the stress
decreased as the strain was further increased at 900°C
(Fig. 5a). Whereas at low strain rates (0.01s™" and 0.001
sfl), peak stress was identified with increasing strain but
then decreased and slowly reached a stable value as the
strain increased. Flow curve characteristics, as identified
by Guo and co-workers, belong to dynamic recrystalliza-
tion occurrence during hot compression of alloys with low
SFE [75]. The stress decreases with the increasing strain
since the effect of WH can be neutralised or partly
neutralised by the formation of the dynamic softening
mechanism such as DRV and DRX. In general, for the hot
deformation mechanism of MoNbH{ZrTi RHEA, both the
DDRX and CDRX occur concurrently. This is evident in
Figure 5 where the serrated flow stress shows DDRX and
the broad peak stress shows the CDRX.

In 2021, Wei et al. [76] observed work hardening after
yielding in Wy 4MoNb,TaTi (z=1.1, 1.3, and 1.5) RHEA
hot deformed at strain rates of 0.001 s and temperatures
of 800, 1000, and 1100 °C. At 800 and 1000 °C, a decrease in
the yield stress was seen and related to the energy provided
by the high temperature. After reaching the yield point,
Wei et al. [76] indicated a distinct steady-state flow stages
which were seen on the true stress—strain curves. During
hot deformation of mechanical alloyed and spark plasma
sintered MoNbTaTiV RHEA, Liu et al. [77] observed that
flow stresses at temperatures (1100 and 1200 °C) exhibit
similar trends. Also, the flow stresses are slowly reduced
after attaining the maximum compressive stress when the
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Fig. 4. The flow stress—strain curves in hot deformed NizAl-
based superalloy at 1050-1250 °C with strain rate of 0.1 s~ [74].

strain rates are reduced to 5x 1072 ™' and 5 x 107 s,
An obvious peak stress and stress reduction process were
observed at 1300°C and strain rates of 5x 107" s and
5x 1072 s7!, followed by a steady state flow stress. Liu
et al. [77] further noticed that the flow stresses instantly
reached steady state at strain rates of 5x 107 s~ ' and
5x107* s7!, which is comparable to the flow stress
evolution at 1100°C and 5x10™* s™' deformation
conditions and 1200°C and 5x10"* s™' deformation
conditions. This clearly shows that smaller stresses are
obtained during higher deformation temperatures and
lower strain rates. This is further evident in the spark
plasma sintered MoNbTaTiV RHEA at a strain rate of
5x107% s7' and with temperature reduction (1200
1300°C), the yield stress is rapidly reduced, and the flow
stress quickly reaches a steady state. Typical DDRX flow
stresses were formed at strain rates of 0.5 s~' and
temperatures (1200-1300°C). Feng et al. [78] discovered
serrated flows in deformed CrMoNbV RHEA alloy when
the temperature exceeded 500°C and the strain rate was
0.0002 s~' (Fig. 6). This was attributed to the contact
between dislocations and the local stress area due to the
rugged local atomic environment [79]. The serrated flows
became less obvious at 1000°C compared to 500-900°C,
signifying a diffusion-mediated softening mechanism could
become important.

The as-cast Al;gNbisTasTizgZryy alloy deformed at
temperatures ranging from 250 to 1200 °C and a strain rate
of 1073 57! exhibited peak stress at 600°C at the start of
deformation and then continuously decreases until the end
of deformation [70]. At 800°C, the yield stress dropped
considerably at a strain of 0.05 and later displayed a very
minor decrease in the flow stress with increasing strain. The
reduction in the flow stress indicated DRX. In addition, at
a temperature range of 250-500 °C, the deformed alloy has
almost the same stress values. At 600 °C, a fast stress drop
occurred at the start of deformation, which was followed by
a constant decrease in the flow stress. Senkov et al. [70]
described the deformation behaviour at temperatures (7>
600 °C) as a softening feature with the occurrence of a sharp
stress drop almost immediately after yielding. The

softening feature was likened to dislocation recovery and
DRX. Furthermore, the sharp stress drop is followed by a
slow flow stress decrease or the formation of a steady-state
flow process. The occurrence of a large peak stress followed
by a sharp stress drop at the start of deformation can be a
result of the short mobility of dislocations present before
deformation.

In summary, all the probable mechanisms influencing
deformation in metallic alloys, such as WH, DRX, and
DRV, have also been observed in refractory high entropy
alloys. The sharp drops in the flow stress experienced in
some reported RHEAs were attributed to the unlocking of
dislocations pinned by the Cottrell atmosphere or short-
range order. The DDRX and the CDRX occurred
concurrently in some of the hot deformed RHEAs. This
is evident in the flow curves of the RHEAs by the serrated
and broad peak flow stress. A summary of the flow stress in
other hot deformed RHEAS is shown in Table 4 at different
strain rates, strains and temperatures. The next section
covers the microstructural features observed in hot worked

RHEAs.

4 Microstructural evolution during hot
deformation of RHEA

In metallic alloys such as GH4169, Nb-1Zr-0.1C and IN718,
bulging and serration formation, necklace-like structure,
and LAGB movement to HAGB have been attributed to
dynamic recrystallization, continuous and discontinuous
dynamic recrystallization [59,64,88]. These microstructur-
al features have also been seen in hot worked RHEAs.
Senkov et al. [89] reported the microstructural evolution of
hot deformed NbTaTi and NbTaZr RHEAs. Prior to the
deformation, the microstructure of the NbTaTi RHEA
comprised of coarse, polygonal grains of ~0.4mm in
diameter, whereas the NbTaZr RHEA comprised of finer
equiaxed grains of ~40pum in diameter. Furthermore,
coarse, needle-like or plate-like, dark second-phase par-
ticles were observed at NbTaZr RHEA grain boundaries,
some of which spread inside the grains. After deformation
at 1000°C, the NbTaTi RHEA microstructure showed
elongation of grains and the creation of distinctive patterns
in the directions inclined about 60-70° to the compression
direction. This signifies dynamic recrystallization of the
grains. The microstructure of the NbTaZr RHEA after
deformation at 1000 °C showed elongated equiaxed grains
(DRX) and many plate-like Zr-rich second phase particles
situated at grain boundaries. Jia et al. [90] study on the
NbTiVZr refractory medium entropy alloy showed an
equiaxed grain microstructure before hot compression. At
800 °C, the grain boundaries are many and are bounded by
an increasing number of precipitates as the temperature is
increased. For the inner grain, a relatively loose micro-
structure can also be observed.

In the silicide containing HfNbTiVSiy s RHEA by
Zhang et al. [55], deformation bands from the longitudinal
sections at 800°C and 1000°C were observed. This
demonstrated that the matrix softened due to the strong
thermal activation effect. The silicides are severely
deformed by the plastic flow effect and become more
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Fig. 6. Serrated flows in deformed CrMoNbV RHEA alloy at
wide range of temperatures [78].

refined and homogeneous than in the as-cast conditions.
Guo et al. [91] discovered a dendritic (BCC_A2#1) and
inter-dendritic (BCC_A2#2) microstructure in a
TaMog 5Z1Ti; 5Aly.1Sip.» RHEA after casting and 48 hours
of annealing at 1300 °C. Also, an HP16 silicide in the main
region of the interdendrite later forms a butterfly-like
eutectic morphology with the BCC _A2#2 phase. At
1000°C, DRX start within the inter-dendritic region,
leading in the creation of sub-micron grains. A heteroge-
neous necklace microstructure also formed through
dynamic recrystallization (DRX) in the TaMog 5Zr-
Ti; 5Aly 1Sig, RHEA. Also, a necklace-like structure was
formed in MoNbH{ZrTi RHEA, which composed fine
recrystallized grains along the initial grain boundaries,
suggesting active DDRX [40]. To be specific, at 1100 °C and
0.5 s7', necklace-like structures with fine undistorted
grains (1.8 wm) were observed along the original grain
boundaries. Necklace-like structures were also observed
with fine undistorted grains (2.2 um) along the shear-
deformation region at 1100°C and 0.1 s '. These
observations confirm the presence of DDRX.
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Table 4. Summary of flow stress behaviour of hot deformed refractory high entropy alloys.

Alloy composition

Strain rate

C)

Strain

Temp.
(°C)

Findings

References

AINb,TiV

AINbTi3VZr, 5

ZI'TinNb()ﬁT&(]_gj

WReTaMo

Nb40Ti25A115V10Ta5Hf3W2

NbzoMozoHfz0Coz

C,Hfj osNbTaW, 5

TaNbH{ZrTi

Ti,ZrVNDb

HfMoNbTaTi

1073

107° to 1071

0.33

0.5

0.25

0.69

0.6

0.8

600, 800
and 1000

1100,1150,
1200,1250

700, 800 and 900

1600

800, 900
and 1000

600, 800
and 1000

1000, 1200
and 1400

750

600 and 800

800, 1000
and 1200

An increase in temperature leads
to a decrease in yield stress,
initially slowly at 600 and 800 °C,
and then rapidly at 1000 °C.
Softening with steady flow was
observed indicating the
occurrence of dynamic recovery.
All the flow stress softens,
signifying the occurrence of DRX.
The stress increased rapidly and
then decreased to a stable value
with an increase in deformation.
At 1600 °C, the WReTaMo alloy
shows continuous strengthening
without peak stress until the final
testing point at strain of 25%.
Samples deformed at 800 °C show
strain hardening. Samples
deformed at 900 °C and 1000 °C
show persistent softening after
yielding which signifies dynamic
recovery and dynamic
recrystallization.

Steep and delayed strain
hardening stage was observed in
the flow stress curves at 22°C
and 600 °C. Softening with
steady-flow stages was observed
at 1000 °C, signifying dynamic
recovery.

A continuous hardening after the
yield was observed in all the
specimens. As the temperature
increased, the steady-state stress
appeared at lower strain values.
Deformation strengthening
occurred and the flow stress
increased continuously with an
increase in the plastic strain at
high-strain rates

At 800°C, the strengths of the
alloys significantly decreased.
Furthermore, a serrated curve
was also observed at 800°C due
to the alternating softening
deformation and recrystallization
A continuous drop in the flow
stress started at the peak stress
(strain = 0.027), proceeded by a
steady-state flow stage from a
strain of 0.8. Dynamic
recrystallization behaviour was
observed during compression at
1200°C.

[80]

[71]

[81]

[82]

[41]

[83]

[84]

[50]

[85]

[36]
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Table 4. (continued).

Alloy composition Strain rate  Strain Temp. Findings References
(s (°C)
NbCrMog sTag sTiZr 10°? - 800, 1000 At 1000 °C, dynamic [52]
and 1200 recrystallization of the alloy
occurs after a short stage of
strain hardening. At 1200 °C,
further decrease in the flow stress,
followed by weak softening and a
steady state flow (dynamic
recovery).
HfMoNbTaTiZr 1073 - 800, 1000 At 800°C, work hardening [87]
and 1200 occurred. At 1000°C and 1200 °C,

dynamic recrystallization
occurred.

Fig. 7. EBSD maps of HINbTaTiZr RHEA hot compressed to ¢ = 0.69 at various temperatures and strain rates. Deformed at (a, b, ¢)

1000°C, (d) 1200°C [32].

Eleti et al. [32] studied the microstructure evolution in
hot deformed HfNbTaTiZr RHEA and discovered fine,
equiaxed grains in the necklace structures. The equiaxed
grains in the necklace structures are bounded by blue
HAGBs, which are recrystallized grains (Fig. 7). In
connection to the continuous flow softening observed after
the sharp stress-drop in HfNbTaTiZr RHEA, typical
necklace microstructures composed of coarse, uncrystal-
lized grains surrounded by fine dynamically recrystallized
grains were detected (Figs. 7a, b, ¢). At 1200 °C and strain
rate of 10, a more homogeneous microstructure comprised

of coarse grains in the specimen was observed and possibly
corresponds to dynamic recrystallization (DRX) grains
after substantial grain growth (Fig. 7d).

A low-density TiAIVNby, RHEA showed a coarse grain
with a dendrite structure in the as-cast condition [72]. Fine
grains occur along the original grain boundaries in the
samples deformed at lower temperatures or higher strain
rates, such as at 0.1s~'/1000°C, 0.1 s~ */1100°C, 0.01 s~/
1000°C and 0.001 s~ /1000°C. The fraction and grain size
of the fine grains increase with the increasing deformation
temperature or decreasing strain rate. Part of the fine
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Fig. 9. Transmission electron microscopy images of the hot compressed MoNbTaTiV RHEA showing (a) and (b) bulging grain
boundaries and (c) discontinuous dynamic crystallized grains and continuous dynamic crystallized grains [63].

grains are equiaxed, while the others appear elongated due
to on-going compression. The TiAlVNb, RHEA is
composed of relatively uniform coarse grains at the highest
temperature (1200°C) and lowest strain rate (0.001s").
Some fine dynamic recrystallized grains with clear
misorientation from the initial grains can be found in
grain boundaries and triple junctions of grains (Fig. 8a).
Serrated grain boundaries of coarse grains bulge towards
the adjacent grains by migration of high angle grain
boundaries, which form some sub-grains (labelled as 1-4)
surrounded by sub-boundaries (Fig. 8b). This is classified
as a DRX grain formation mechanism and is strongly
dependent on increased energy storage caused by the
propagation and pile-up of dislocations near to the
boundaries during the high-temperature compression
[33,66].

In the hot deformation processing of a MoNbTaTiV
RHEA fabricated by powder metallurgy, the microstruc-
tural characteristics revealed nearly-equiaxed grains, apart
from some deformation microstructures seen at 1100 °C
and 0.05 s~ ' [63]. With increasing deformation temperature

and decreasing strain rate, the number of these ultrafine
dynamically recrystallized grains gradually decreases. As
shown from TEM images in Figure 9, the grain boundaries
of the ultrafine grains act as a nucleation point for the
deformed MoNbTaTiV RHEA. Furthermore, smaller
bulging shapes were observed to be present (Figs. 9a and
b). As a result, several ultrafine discontinuous dynamic
recrystallized grains are produced, as shown in Fig. 9c. The
grain boundaries bulging, which is caused by the nucleation of
new grains and subsequent grain expansion, distinguishes
discontinuous dynamic crystallized grains from other types of
crystallized grains [75]. The bulging phenomenon was also
observed in some studies on the hot deformation of arc-melted
RHEA [54,72,92].

In summary, the bulging phenomenon, serrated grain
boundaries, and necklace-like structures reported in
metallic alloys have also been detected in hot deformed
RHEAs. The necklace-like structures have been typically
observed in FCC metals and alloys with medium or low
stacking-fault energies but not often in BCC metals
and alloys. The following elemental compositions:
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TiZrHfNbTa, TiZrHfNbMo, TaNbHfZrTi, TiZrHfVTa
HiNbTaTiZr, MoNbHfZrTi, TaMoZrTiAlSi, and AINb-
TiVZr RHEAs commonly have the necklace-like struc-
tures. The next section discusses the dislocation motion
mechanisms observed in hot deformed RHEAs.

5 Dislocation motion mechanisms in hot
deformed refractory high entropy alloy

Dynamic recrystallization and dynamic recovery are
governed by dislocation geometry and movement during
deformation. In the plastic deformation of metallic materials,
the important mechanism that governs mechanical proper-
ties is dislocation slip [93]. The dislocation multiplication
rate rises with the increase in strain rate at the same
deformation temperature and only happens in metallic alloys
with positive strain rate sensitivity [94]. According to Liu
et al. [95], the softening mechanism in coarse grain alloys is
dominated by dislocation movement, while that for ultra-
fine-grained alloys is mostly boundary gliding and rotation.
Due to the lattice distortion effect in high entropy alloys,
dislocations are likely to possess a rare dislocation core
structure and the Peierls potential is fluctuated, which has a
significant effect on mechanical properties [93]. Although
there is still a lack of availability of widespread research on
dislocation motion mechanisms in high temperature com-
pressed refractory high entropy alloys. This section briefly
discusses the types of dislocation motion mechanism in high
temperature compressed RHEA.

A study of HfNbTaTiZr RHEA single crystals by
Yasuda et al. [96] showed screw dislocations (1/2<111>)
which control the deformation behaviour and it is similar
to conventional BCC metals. The dislocation slip traces
are a little wavy and are inclined to cross-slip and less
sensitive to deformation temperature. Eleti et al. [32]
observed plastic deformation by dislocation slip in a
RHEA deformed at a strain of 0.69, similar to conven-
tional BCC metals and alloys. In another study by Hu
et al. [97] on the dynamic behaviour of TaNbHfZrTi
RHEA at higher temperatures, it was found that the
dominant softening mechanism is linked to the thermally
activated screw dislocation at quasi-static conditions and
the phonon drag controlled screw dislocation motion at
high strain rates and high temperatures. Li et al. [98]
studied ZrNbMoTaW RHEA with in-situ forming hetero-
geneous structure at 1000°C. It was found that screw
dislocation cross slip was the dominant plastic deforma-
tion mechanism. Pang et al. [41] studied the high
temperature strength of the NbygTissAli5VigTasHfs W,
RHEA deformed after 50% compression at 800°C. A
massive dislocation motion was found in the deformed
region, which is multiple dislocation interactions, such as
cross-slip and tangles. The massive dislocation motion pile
up at the grain boundaries, and the resultant high stress
concentrations in these regions facilitate the concentrated
deformation along grain boundaries. This occurred
because the deformation temperature at 800°C was not
high enough to facilitate dislocation movement and

diffusion to relieve stress concentration. For a
RegsMoNbW (TaC)ys; RHEA composite deformed at
1200 °C, a high density of dislocations was observed in the
BCC and FCC-MC phases upon severe compression
compared to the as-cast microstructure [99]. The phase
interface after deformation revealed screw dislocation
motion in BCC close to the interface. Furthermore,
severe dislocation entanglement and dipolar dislocation
walls existed in the Reqg sMoNbW (TaC)g 5 high-entropy
alloy. Dislocation dipoles created by dislocation cross-
slip and distinguishable pinning effects were evidently
observed in the compressed BCC phase. In general, the
substructures of dipolar dislocation walls originate from
the BCC phase.

In the hot deformation study of MoNbTaTiV RHEA
produced by powder metallurgy, increase in temperatures
and decrease in strain rates promote the involvement of
the grain boundary gliding mechanism [95]. This resulted
in a decrease in intragranular dislocation generation.
Grain deformation is dominant at low deformation
temperature and high strain rate, which results in an
increase in the dislocation density and many dislocation
entanglements. Feng et al. [100] investigated the disloca-
tion features of CrMoNbV RHEA at 700, 800 and 900 °C.
It was found that non-screw dislocation that are less
mobile due to pinning are the dominant dislocation
motion during high-temperature deformation in the
CrMoNbV RHEA. This effect contributed to the observed
superior high-temperature strength in the deformed
CrMoNbV RHEA. Prior to the mechanical deformation,
no clear pre-existing dislocations were observed. However,
at 900°C and plastic compression of 3.3%, considerable
pinned and curved dislocation motion are seen. This
means that the strong pinning effect applied on the
dislocation motion specifies strong connections between
dislocation motion and severe distorted local lattice/local
compositional fluctuations. The solute atoms along the
pathways of a gliding dislocation are independent point
obstacles that pin the dislocation, which bows out in the
regions between the solutes.

6 Unsafe deformation behavior in hot
deformed RHEA

During the deformation process, stress concentration
occurs, which causes a sharp increase in local energy.
When the stress concentration reaches a value, crack
propagation begins to appear, releasing energy. According
to Prasad et al. [101], the unsafe deformation behavior
include: flow localisation, void formation, inter-crystalline
cracking, wedge cracking, kink bands and adiabatic shear
bands. Unsafe deformation behavior have been reported in
metallic alloys: IN738LC (deformation bands and grain
boundary cracking) [102]; Ni3Al (flow localization, adia-
batic shear bands and cracks) [74]; Ti;sMosAl3Nbg oSi
(cracks) [60] and TB8 titanium alloy (flow localization and
shear bands) [61]. The unsafe deformation behavior have
also been reported in RHEAs.
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Broken carbide

Fig. 10. Crack propagation in hot compressed refractory high entropy alloys at 800 °C (a—e) and 1600°C (f): (a) Broken carbide and
crack in TiNbTaZrHf RHEA based composite [104]. (b) Microcracks observed inside the silicides containing HINbTiVSi, s RHEA [55].
(c) Microcracks observed inside the deformed NbyoTissAli5VipTasHisWe RHEA [41]. (d) Severe cracks at grain boundaries of
Wy.4MoNb,TaTi RHEA [76]. (e) Fracture feature of river-like appearance for ZrTiHfNbMo, RHEA [105]. (f) Propagation of cracks in

WReTaMo RHEA [82].

The VQQNbgoMOQQTaQQWQO RHEA exhibited much
lower plastic strain, and its fracture started via crack
propagation along a direction inclined at 10° relative to the
loading axis, with significant involvement of grain
boundaries during crack growth [49]. In the deformed
microstructures of (VNbTiTa)0.,51, (z=2.5, 5) RHEASs
at 1000°C, silicide was discovered in eutectics which
became broken after compression and the broken frag-
ments are circulated within the original inter-dendrite
areas [103]. At 1200 °C, silicide elongated and broke in Siy 5

and Siy alloys. Similarly, some of the carbides are cracked
along the loading direction at the side regions of the
TiNbTaZrHf-based composites by Li et al. [104] com-
pressed at 800°C (Fig. 10a). The appearance of micro-
cracks at the sides of carbides confirms their load-bearing
effect during the high temperature deformation process.
Furthermore, at 1000 and 1200°C, a small amount of
carbides crack along the loading direction but drops
significantly, indicating that carbides continue to play a
role in sharing and transferring applied stress from the
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Fig. 11. The processing maps for the MoNbHfZrTi RHEA (grey part is the instability zone) (a); Distribution of cracks of the deformed
specimens at a series of processing parameters (blue region is the instability zone) (b) [40].

matrix during the deformation process. In Figure 10b, the
silicide containing HINbTiVSiy s RHEA deformed at 800
and 1000 °C showed severe deformation due to plastic flow,
and a few microcracks were observed inside the silicides
[55]. A few microcracks observed in the silicide containing
HINbTiVSiy 5 RHEA correspond to high interfacial adhe-
sion between the matrix and silicides.

In the defOI‘matiOn Of Nb40Ti25A115V10Ta5Hf3W2
RHEA, Pang et al. [41] observed some microcracks at
800 and 900°C. The microcracks in Figure 10c is
intergranular, and the widespread microcracks originated
from triple grain boundaries at 800 °C after compression.
Microcracks were also observed at 900°C but decreased
with increasing temperatures until no microcracks could be
seen at 1000 °C. According to Pang et al. [41], the pile up of
massive dislocations at grain boundaries and its resultant
stress concentration speeds up the formation and extension
of microcracks (Fig. 10c), which are detrimental to
deformation stability. Crack propagation occurred in hot
deformed W, 4, MoNb, TaTi RHEA at temperatures of 800,
1000, and 1100°C [76]. At 800°C, the Nb; 3 alloy in
Figure 10d showed severe cracks at grain boundaries. The
cracks originated at the grain boundaries and later
circulated along the grain boundaries. Meanwhile, few
cracks extended into the grains. However, at an increased
temperature of 1000-1100°C with an increased niobium
concentration (Nbys), the propagation of cracks was
suppressed. As the deformation temperature increases,
the atomic activity and dislocation migration rate increase
significantly. Therefore, the local stress concentration
could be efficiently improved, which would prevent crack
initiation and propagation. When the molybdenum
content of the ZrTiHfNbMo, o alloy was increased, poor
plasticity and a river-like appearance for the fracture
feature (Fig. 10e) were observed at 800 °C [105]. Rhenium
containing WReTaMo RHEA deformed at 1600 °C by Wan
et al. [82] experienced grain boundary sliding that
contributes to the deformation as only intergranular cracks
are observed. As shown in Figure 10f, the cracks originate
at the grain boundaries initially and then spread along the
grain boundaries.

In summary, microcracks and fracture which is an
unsafe deformation behavior, were observed in some hot
deformed RHEAs but decreased with increasing temper-
atures. The microcracks in the RHEAs are mostly
intergranular. The next section briefly describes the
constitutive modelling and processing maps in hot
deformed RHEAs.

7 Optimising deformation conditions in hot
deformed RHEAs

Hot working processes can be optimised using a
combination of experimental stress—strain curves, consti-
tutive equations, and processing maps. However, the
selection of an appropriate constitutive model to accu-
rately describe the stress—strain behaviour and the
dominant mechanisms requires a detailed understanding
of the various constitutive models. The activation energy
for hot working is an important parameter which gives an
indication of the material’s resistance to deformation and
is also used for the prediction of flow stress [65,106,107].
In addition, it could also provide insights into the
microstructural mechanisms influencing the deformation
process [65,108]. Constitutive models are largely classified
into phenomenological models, physical models, and
artificial neural network models [109,110]. The most
common phenomenological model is the Johnson-Cook
model [111] while the Arrhenius model [112] is the simplest
form of phenomenological model. Understanding hot
deformation behaviour is critical for controlling the
microstructures and properties of RHEAs. Hot workabili-
ty of RHEAs has rarely been reported. Especially in
establishing a constitutive connection between the flow
stress (o), deformation temperature (7)), strain rate (§)
and strain (¢). As in other conventional alloys, constitu-
tive modelling has been used on hot worked RHEA to
predict flow stress. Processing maps have also been used in
RHEA to determine optimum deformation parameters.
According to [101], processing maps not only identify
the ideal combination of processing parameters for
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shaping and microstructural control, but they can also
distinguish the “safe” and “unsafe” combinations of process-
ing parameters.

Dong et al. [40] performed high temperature compression
tests on the MoNbH{ZrTi RHEA at temperatures of 1100—
1250°C and strain rates: 107°-0.5 s to determine the hot
workability and processing maps. In their study, the
apparent activation energy (Q) was determined to be
326.1kJ/mol. Constitutive equation predicted the flow
stress of the hot deformed TaNbHfZrTi RHEA. The hot-
processing map of the MoNbHfZrTi RHEA shown in
Figure 11 indicates a contour area with a power dissipation
factor () and the shaded portion, which is the instability
zone. Dong et al. [40] reported the instability region to be at
1100-1220°C and 10~ "°-0.5 s~ ', with values fluctuating
from 0.15 to 0.27 in the instability area (Fig. 11a). This
coincides with the occurrence of cracks (Fig. 11b) in the
deformed alloy at a strain rate of 0.5 s~ at temperatures
(1100-1200°C) and a strain rate of 10~ s~ " at temperatures
(1100-1150°C). In the stable region, the n occur at 1110
1170°Cand 10 *-10"*°s~'.In Wanget al. [113] study on the
effects of V concentration on the mechanical properties of
V.NbMoTa RHEAs at temperatures 900-1100°C, it was
shown that at a strain range of 0.1-0.5, the activation energy
decreases continuously when increasing the vanadium
concentration. This indicates that the alloys of higher V
content are easier to deform at high temperatures and,
therefore, have lower strain hardening rates. Using an
improved Johnson-Cook (J-C) constitutive model, Hu
et al. [97] describe the deformation behaviour of
TaNbHfZrTi RHEA at a strain rate of 400 s~' to 2600
s~ '. It was found that fitting values of the J-C constitutive
model corresponded well with the experimental findings,
indicating that the modified J-C model can be used to
accurately predict the hot deformation behaviours of the
TaNbHfZrTi RHEA.

At e=0.1, Bai et al. [72] discovered that the QQ value for
TiAlVNb, RHEA is approximately 401 kJ mol *. Further-
more, the Q value at strain of 0.3, 0.5, and 0.69 were
calculated to be 387, 379, and 375kJ mol ™, respectively.
The Q value vary in a slight range between 401 and
375kJmol™' and are nearly constant at strain of
0.5 (379-375kJ mol ), though with increasing strain they
show a slight decreasing trend. According to Bai et al. [72],
the results showed the thermal deformation process in
TiAlVNb, RHEA is quite stable. Similarly, Yul et al. [71]
investigated the flow stress analysis and hot processing
region of AINbTi3VZr; 5 RHEA using Arrhenius consti-
tutive equation and processing maps. The Q value was
calculated to be 228.1 kJ/mol. The Q value was lower than
TiAlVNb, RHEA [72] when Zr was added to the
composition. Arrhenius constitutive equation was found
suitable to predict the flow stress of AINbTizVZry s
RHEA. Using the processing map, the appropriate
processing region is determined at 1200-1250°C and
1079751 51

Eleti et al. [34] studied the deformation behaviour in
high temperature compression of HINbTaTiZr RHEA. It
was discovered that the Q value was approximately
258 kJmol ! at strain of 0.1. The value was lesser than
the Q for self-diffusion of the elements comprised in the

alloy, such as Nb and Ta, but greater than the activation
energies for self-diffusion in Ti, Hf and Zr. Also, the Q value
gradually decreased when strain was increased, but all
values were in a slight range of 258-232kJmol *. The
attained slopes gave the Q value of ~258kJmol™" at the
definite strain of 0.1. In particular, the Q value after e=0.3
was nearly constant at 232-229kJmol ', Eleti and co-
workers attribute the large activation energy (258kJ
molfl) at strain of 0.1 to being likely affected by the drop in
stress noticed in the stress—strain curves. A higher value of
strain-rate sensitivity (m=0.33) was reported for HINbTa-
TiZr RHEA, which signifies the occurrence of grain
boundary sliding. Similarly, an earlier study on the
deformation behaviour of HINbTaTiZr RHEA by Senkov
et al. [50] reported activation enrgy of ~226 kJ mol ' which
is in the range (258-232kJmol ') obtained from the Eleti
et al. [34] study. Li et al. [69] found a low Q value of 144—
119kJ/mol™" over a range of strains (0.1-0.6) for
TisZrHfV( 5Tag, RHEA. Since a high Q value correlates
with high resistance to softening at elevated temperature,
TisZrHfV( 5Tag» RHEA became less competitive at higher
temperatures. The low Q value was attributed to excessive
concentration of Ti, Zr, and Hf elements, which tend to
have low self-diffusion activation energies. The relationship
among flow stress, temperature, and strain rate of
TiyZrHfV( 5Tag» RHEA was predicted by the Arrhenius-
type constitutive equations.

This section has shown that the apparent activation
energy values in RHEAs decrease with an increasing strain.
RHEAs with a high Q value are more competitive at higher
temperatures than RHEAs with a low Q value. Based on the
available literatures, constitutive model predicted the flow
stress of hot worked RHEAs. Also, the hot-processing map can
be used to determine the safe and unsafe region of hot
deformed RHEAs. Section 8 reports the yield strength and
resistance to high temperature softening of hot deformed
RHEAs.

8 Yield strength of RHEA during hot
deformation

A fast decrease in the strength of RHEA is known to mostly
occur due to the intensification of diffusion-related
processes above 0.5-0.6T,,, [50,114]. The high solid solution
hardening effect and strong atomic bonding contribute to
the good mechanical properties of RHEAs at high
temperatures [115]. According to Senkov et al. [116], the
RHEAs have very high strength at temperatures of 800—
1000 °C, single-phase RHEAs are usually stronger at T >
1000-1200 °C than multi-phase RHEAs. The rapid loss of
strength of multi-phase RHEAs at 800-1000°C was
discovered to be caused by secondary phase dissolution
at solvus temperatures.

Senkov and Woodward [52] deformed NbygCrogMoyq.
Ta;oTisgZreg RHEA at 800, 1000, and 1200 °C and a strain
rate of 107° s in 2011. At 800 °C, the yield stress and peak
strength of the alloy decreased to 983 and 1100 MPa.
When the temperature increased to 1000 °C, at strain rate of
0.001 s, the yield stress and peak strength of the alloy
decreased to 546 and 1100 MPa. Finally, at a temperature of
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Fig. 12. The effect of temperature on the yield stress of NbosMogsTagssWas and VogNbogMoogTasgWog RHEAS.

1200 °C, the yield stress was 170 MPa while the peak stress of
190 MPa was attained shortly after yielding and followed by
weak softening. Senkov et al. [49] studied the high temperature
properties of Nb25M025Ta25W25 and VQONbQOMOQOTaQOWQO
RHEAs at 6001600 °C and a fixed strain rate of 0.001 s .
Figure 12 shows the temperature effect on the yield stress of
Nb25M025T3.25W25 and VQONbQOMOQOTaQOWQO RHEAs. The
yleld stress of Nb25M025Ta25W25 and VQ()NbQQMOQUTaQOWQU
RHEAs decreased steadily as temperature increased (Fig. 12).
The resistance to high temperature softening of the
Nb25M025T325W25 and VQUNbQ()MOQUTaQUWQU RHEAs is
likely due to slow diffusion of elements, which directly relates
to the T, of RHEASs [49).

At 800 and 900°C, Chen et al. [105] studied the high
temperature strength of ZrTiH{NbMo, RHEA (z=0.5, 1.0,
1.5). At 800 and 900°C, the yield stress of the
ZrTiHfNbMogy s RHEA is 585 MPa and 283 MPa with
plasticity of 50% respectively. When the molybdenum
content of ZrTiHfNbMo, RHEA increases to z=1.0 at
800 °C and 900 °C, the yield stress increases significantly to
1099 MPa and 804 MPa, with plasticity greater than 40%
and 50%. If the molybdenum content is increased to z= 1.5
at 800 °C and 900 °C, the yield stress rises to 1155 MPa with
plasticity <15% and 897 MPa with plasticity > 25%. Chen
et al. [105] attributed the high temperature strength to
controlling the molybdenum content addition in the
ZrTiHfNbMo, RHEAs. For the high temperature com-
pressive study of Cr containing CrMoNbV RHEA by Feng
et al. [100] at 300-1000 °C. The yield strength of CrMoNbV
is 1062 MPa at 1000°C. The rhenium containing WRe-
TaMo RHEA by Wan et al. [82] deformed at 1600 °C and at
a strain rate of 0.001 s~ showed a yield strength of

172 MPa, peak compressive strength of 244 MPa, and
plasticity >25%, which is attributed to the high melting
temperature.

Similarly, by substituting Re with Nb and Ti, Wan
et al. [117] studied the high temperature compression
properties of WTaMoNbTi RHEA at 1600°C at a strain
rate of 0.001 s—*. The WTaMoNbTi RHEA showed a yield
strength of 173 MPa and a peak strength of 218 MPa with
plasticity above 25%. Wan et al. [117] demonstrated that
adding Ti to WTaMoNb RHEA improved its high
temperature strength and plasticity. Furthermore, the
addition of Ti increased the lattice constant, thereby
intensify the effect of solid solution hardening. The effect
of Ti content on the high temperature mechanical
properties of Ti,ZrVNb RHEAs with varying elemental
compositions by Huang et al. [85] revealed high strength.
At 600°C, the TiZrVNb, Ti;5ZrVNb and TiyZrVNb
RHEAs exhibited high strength of 923, 886, and 922 MPa
with plasticity >25%. However, the yield strengths
decreased at 800°C to 233, 236, and 211 MPa for the
TiZrVNb, Ti; 5ZrVNb and Ti,ZrVNb RHEASs due to high
temperature softening. Table 5 summarizes the yield
strength of other hot deformed RHEAs at different strain
rates, strains, and temperatures.

Insummary, the addition of Cr, A, W, V,Nb, Mo, Ta, Zr,
Ti, and Hf contributed to the high temperature strength and
plasticity of RHEAs. The addition of Mo has shown a good
ability to softening resistance of RHEAs at higher temper-
atures than RHEAs without Mo. However, the excessive
addition of Mo tends to decrease the high temperature yield
strength. W and Mo have strong strengthening effects, which
induce phase boundaries that act as dislocation movements
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Table 5. Summary of yield strength of hot deformed RHEAs at 8001400 °C.
Alloy composition Strain Strain rate Temperature Yield strength Plasticity References
(s} (°C) (MPa) (%)
HfMoNbTaTiZr - 1073 800 1007 >20 [87]
1000 814 30
1200 556 30
AINDb,TiV 0.3 107 800 694 >30 [118]
1000 612 >30
NbTiVZr 0.69 1073 800 500 >40 [119]
1000 200 50
Zrs o TiHfVNb, 0.69 1073 800 647 50 [81]
900 476 50
1200 165 50
HINbTaTiZrW - 1073 800 535 >35 [120]
1000 295 >35
1200 92 >35
HfNbTaTiZrMoW - 1073 800 577 >35 [120]
1000 409 >35
1200 345 >35
TiAly, VNbMo - 1073 800 624 >50 [57]
1000 180 >50
NbMoCrTiAl - 1073 800 860 0.135 [121]
1000 594 >0.15
1200 105 >0.24
NbTaW 5(MoyC)ag - 1073 1200 1026 22.3 [122]
1400 697 >30
Co25HE osNbTaW,, 5 - 1073 1000 868 50 [123]
1200 792 50
1400 749 50
Re0.5MoNbW (TaC)0.5 0.48 1073 1000 937 15.9 [124]
1200 901 35
Ti,VNbMoZr, - 1073 800 977 >50 [125]
Zr;NbMoTaW - 1073 1000 555 25 [98]
(VNbTiTa)gSio - 1073 1000 646 >50 [103]
1200 133 >50
TiNbTaZrHf - 1073 800 1351 38.5 [126]
1000 508 44
1200 105 >50
ZrTiHfNbg s Tag 5002 - 1073 800 966 >50 [127]
537 >50
HfNbTiVSiy 5 0.69 1073 800 875 50 [55]
1000 240 50
ZrTiHfNbg s Tag 5 0.69 1073 800 170 50 [78]
900 112 50
ZrTiHfNb, sMoy 5 0.69 1073 800 539 50 [78]
900 274 50
Wo.4MoNb, sTaTi 0.69 1073 800 1125 44.7 [76]
1000 905 37.2
1100 425 48.3
TiVNbMoTaW - 1073 800 791 >10 [128]
1000 753 >25
1200 659 10
V;NbMoTa - 107° 800 933 >51 [113]
1000 811 >51
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and therefore strengthen RHEA at high temperatures. The
addition of Ti and Zr into RHEA simultaneously helps with
high temperature strength, plasticity and density reduction.
Excessive additions of Ti, Zr, and Hf weaken the high
temperature yield strength due to their melting points and
self-diffusion activation energies. Cr also enhances the high
temperature strength of RHEA through the formation of
second-phase particles and solid solution strengthening.
Research progress has been made in creating a balance in the
toughening and high temperature strength of RHEA by
introducing carbides, silicides, and oxides (Tab. 5). As seen
from reported literature, carbides and oxides containing
RHEASs tend to have better strength and plasticity at higher
temperatures. Good softening resistance and plasticity at
higher temperatures can be achieved for RHEAs through
optimization of elemental compositions or the addition of
composite particulates.

9 Summary

The deformation behavior of RHEAs at high temper-

atures have been reviewed in this work. Based on the

outcome of this review, the conclusions can be summar-
ised as follows:

— All the probable mechanisms influencing deformation in
metallic alloys, such as WH, DRX, and DRV, have also
been observed in refractory high entropy alloys. The
DDRX and CDRX occurred concurrently in some of the
hot deformed RHEAs.

— Sharp drops in flow stress occur in RHEA | which may be
attributed to the unlocking of dislocations pinned by the
Cottrell atmosphere or short-range order.

— The resistance to high temperature softening of RHEAs
can be attributed to slow diffusion of elements, high
thermal stability, and second phase strengthening mecha-
nism. A balance between toughness and strength at higher
temperatures for RHEAs can be achieved through
optimization of elemental contents or the addition of
composite particulates to induce a dual-phase structure.

— The microcracks in RHEA based composites are mostly
intergranular. The appearance of microcracks at the
sides of carbide reinforced RHEAs confirms their load-
bearing effect during the high temperature deformation
process.

— Constitutive modelling can be used to accurately predict
flow stress of hot worked RHEAs. Hot deformation
processing maps can be employed to avoid microstruc-
tural defects and improve the mechanical and functional
properties of RHEAs during hot deformation processing.

10 Future research perspective

— Constitutive modelling provides insights into the
microstructural mechanisms influencing the deformation
process. Among the constitutive models, the Arrhenius
model is commonly used in the modelling of flow curves in
RHEAs. The use of improved Johnson-Cook, Zerilli-
Armstrong, and other promising models can be investi-
gated since they are rarely reported.

— The use of hot-processing maps to obtain the safe
processing window for the hot forming of RHEAs is rarely
reported. Apart from the flow curve shape in determining
the softening behaviour in RHEAs, cracks and other
defects might occur during the hot forming process.
Therefore, more studies required on hot-processing maps
of RHEAs.

— Studies on the optimization of hot deformation proper-
ties and deformation behaviour of composite reinforced
RHEAs is expected to constitute a major part of future
work because it has been reported to have high yield
strength and plasticity at elevated temperatures. Also,
the effects of different temperatures and high strain rates
on the deformation behaviour of carbide reinforced
refractory high entropy alloy.

— The low angle grain boundary formed to bridge bulged
grain boundaries, which led to the formation of fine
grains. Investigation into the effect of different strain
rates on the evolution of low angle grain boundary
misorientation can be explored.

— More extensive research is needed on the dislocation
motion mechanisms of hot deformed powder metallurgy
RHEAs since only one article was found reporting on the
dislocation motion mechanisms.
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