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1. Introduction

For over a decade, there has been a persis-
tent demand for new materials with excel-
lent mechanical properties to meet the
requirements of various high-temperature
structural applications, particularly in the
aerospace industry. Currently, advanced
materials, such as nickel-based superalloys,
are among the main commercially used
alloys. However, these materials are
approaching their design limits as operat-
ing temperatures get closer to their melting
points.[1,2] Therefore, there is a need
for promising materials with high-
temperature mechanical properties at or
above 1200 °C. A new alloy design concept
known as high-entropy alloys[3] has been
utilized to develop novel refractory metals
containing several principal elements at
near or equiatomic concentrations.[4]

Refractory high-entropy alloys (RHEAs) have attracted specific
interest as potential candidates for higher-temperature
functional materials due to their high-temperature strength,
hardness, and wear resistance.[5–11] Understanding the high-
temperature behavior of RHEAs is important before they
can be used for structural and functional applications.
Thermomechanical processing of RHEAs at high temperatures
is an effective method of shaping and modifying the microstruc-
ture and properties after casting.[12,13]

In other metallic alloys, desirable softening mechanisms like
dynamic recovery (DRV) and dynamic recrystallization (DRX)
can occur during hot deformation in RHEAs.[5,14–19] Eleti
et al.[17] deformed the HfNbTaTiZr RHEA at 1000 °C/10�3 s�1

and observed significant bulging along grain boundaries, leading
to the emergence of DRX grains. Wang et al.[20] studied the
isothermal compression of the NbZrTiTa RHEA at 900–
1200 °C/10�3 s�1 and identified new fine grains near deformed
grain boundaries, suggesting DRX. Li et al.[21] found dynamically
recrystallized grains when deforming the Ti2ZrHfV0.5Ta0.2
RHEA at 900–1100 °C/10�1–10�3 s�1. Bai et al.[19] investigated
the isothermal compression behavior of the TiAlVNb2 RHEA
at 1000–1200 °C/10�1–10�3 s�1 and identified the softening
mechanisms as DRV and DRX. Unsafe deformation behaviors
such as fracture, flow localization, wedge cracking, and adiabatic
shear banding have also been observed in RHEAs.[10,22–28] Brittle
and fracture behaviors have been found in some hot deformed
RHEAs, limiting their deformation to a strain ≤30% and a
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The high-temperature deformation behavior of an equiatomic TiNbTaVW refrac-
tory high entropy alloy (RHEA) was studied at temperatures of 950, 1000, and
1050 °C and a strain rate of 10�3 s�1. The flow stress, high-temperature strength,
and softening mechanisms were analyzed and compared with the IN718 nickel-
based superalloy. The results indicate that the flow stress of both TiNbTaVW and
IN718 is sensitive to deformation temperature, with high temperatures resulting in
reduced flow stress. Globular grains and elongated grains were observed at 950 and
1000 °C for TiNbTaVW, signifying both dynamic recovery and dynamic globulari-
zation as the softeningmechanisms. Globular grains were only observed at 1050 °C
for TiNbTaVW, signifying dynamic globularization as the softening mechanism.
The TiNbTaVW RHEA has a higher temperature strength of 910, 870, and 658MPa
compared to the IN718 alloy with 72, 87, and 61MPa at 950–1000 °C/10�3 s�1.
By demonstrating comparable or superior performance in specific aspects, RHEAs
can be considered in the near future for potential applications traditionally dom-
inated by nickel-based superalloys.
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low strain rate of 10�3 s�1. Typical RHEAs that have been
reported include WTaMoNbTi (25%),[29] NbMoCrTiAl (20%),[23]

W0.4MoNbxTaTi (30%),[10] AlCrNbTiVZr (30%),[28] and
MoNbVTax (25%).[30]

TiNbTaVW is a single-body-centered-cubic (BCC) phase
RHEA known for its high hardness and excellent corrosion resis-
tance in chloride and acidic environments compared to the
IN718 alloy.[31] However, the flow behavior, microstructural
evolution, and high-temperature strength of the TiNbTaVW
RHEA compared to IN718 have not been explored. Therefore,
the softening mechanisms for the TiNbTaVW RHEA under
high-temperature deformation are unknown. This study aimed
to determine the isothermal compression behavior of the
TiNbTaVW RHEA at temperatures of 950–1050 °C and a strain
rate of 10�3 s�1 using the Gleeble 3500 thermomechanical sim-
ulator. Emphasis was placed on the flow behavior and micro-
structural evolution to determine the softening mechanisms
and high-temperature strength.

2. Results and Discussion

2.1. Initial Phase and Microstructure

The phases and microstructures of the TiNbTaVW RHEA and
IN718 alloy are presented in Figure 1 and are reproduced from
previous work.[31] In Figure 1a, the X-ray diffraction (XRD)

analysis result of the TiNbTaVW RHEA shows peaks
indexed as the BCC solid solution phase (Im-3 m (229);
a= b= c= 3.2350 Å), observed within a wide range of 2θ values
between 46° and 103°. Also, a small peak at ≈41° was not
accounted for because it could not be identified. The scanning
electron microscope in backscattered electron (SEM–BSE) image
of the TiNbTaVW RHEA exhibits a dendritic microstructure
(Figure 1b). The XRD spectra of IN718 in Figure 1c show that
γ(Fm-3m (225); a= b= c= 3.5920 Å) and γ 00 (Fm-3m (225);
a= b= c= 3.6150 Å) are the two major peaks present at a wide
range of 2θ values between 51.7° and 111.7°. The γ and γ 00 have
been reported in some literature on wrought Inconel 718.[32–35]

Microstructural analysis of the IN718 alloy shows fine-
distributed γ grains and γ 00 precipitated grains (Figure 1d).
The elemental compositions of TiNbTaVW and IN718 are pre-
sented in Table 1 and 2 and are reproduced from previous work.

2.2. Stress–Strain Behavior

The stress–strain curves of the TiNbTaVW and IN718 obtained at
950 to 1050 °C and a strain rate of 10�3 s�1 are shown in Figure 2.
The flow stress of both TiNbTaVW and IN718 is sensitive to
deformation temperature, with high temperatures reducing
the flow stress. High temperatures accelerate the movement
of grain boundaries and dislocations, leading to softening and
decreased stress.[19] At 950 °C, a steady-state flow stress followed

Figure 1. XRD pattern of the phase present in the TiNbTaVW RHEA: a) SEM–BSE image of the TiNbTaVW RHEA; b) XRD pattern of the phase present in
the IN718 alloy; and c,d) SEM–BSE image of the IN718 alloy. Reproduced with permission.[31] Copyright 2024, Elsevier B.V.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 26, 2400538 2400538 (2 of 11) © 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2024, 20, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202400538 by U
niversity O

f W
itw

atersrand, W
iley O

nline L
ibrary on [03/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


by a reduction in flow stress was observed in the TiNbTaVW
(Figure 2a). At 1000 °C, a broad peak stress followed by a reduc-
tion in flow stress was observed.While at 1050 °C, continuous flow
softening was observed in the TiNbTaVW. A broad peak stress has
been attributed to DRX,[36,37] while continuous flow softening can
suggest dynamic globularization, flow localization, or wedge crack-
ing.[38,39] Continuous flow softening occurs when the rate of soft-
ening surpasses the work hardening rate.[40,41] Similarly, at 950
and 1050 °C, the flow curve of the IN718 alloy exhibits a
steady-state flow stress (Figure 2b). While at 1000 °C, a steady-state
stress followed by a reduction in flow stress was observed.
A steady-state flow stress suggests either DRV or DRX.[42,43]

At 950–1050 °C, the flow curves of TiNbTaVW and IN718 at
the elastic deformation stage exhibit a behavior characterized by a
sudden increase in the flow stress followed by a drop. Similar
phenomena have been reported in other alloys such as
Ti–6Al–4 V,[44] HfNbTaTiZr,[12] Ti2ZrTa0.75,

[45] AlNbTi3VZr1.5,
[46]

and Ti2ZrHfV0.5Ta0.2.
[21] This phenomenonmay occur due to dis-

location unlocking by solute atoms or the ending of short-range
order.[21] Additionally, it could result from a change in strain rate
at low strain during the hot deformation experiment.[44]

Serrations were detected in the elastic region of the TiNbTaVW
flow curve at 950–1050 °C. It was also detected at the plastic
region of the TiNbTaVW and IN718 flow curves at 1050 and
1000 °C. Serrations occur due to the repeated pinning and depin-
ning of solute atoms on dislocations.[47–50]

2.3. Microstructural Evolution

The optical and SEM–BSE images of TiNbTaVW and IN718 after
deformation at 950, 1000, and 1050 °C at a strain rate of 10�3 s�1

are presented in Figure 3, 4, and 5. The deformed TiNbTaVW
RHEA did not exhibit localized deformation features such as
adiabatic shear bands but only voids (red arrows) at 950 °C
(Figure 3a,b). The microstructure of TiNbTaVW at 950 °C com-
prises globular (black arrows) and elongated grains (blue arrows)
(Figure 3a,b). Grain sizes of 44.45� 5.0 μm were observed at
950 °C. At higher temperatures and lower strain rates, more time
and energy can aid grain boundary migration and eventually pro-
moting DRX. Elongated grains were also observed in some
regions of the microstructure, suggesting DRV.

At 950 °C, no cracks or adiabatic shear bands appear in the
microstructure of IN718 (Figure 3c,d). Equiaxed (black arrows)
and elongated grains (blue arrows) are present in the microstruc-
ture at 950 °C, with grain sizes of 40.3� 6.9 μm. Equiaxed grains
(black arrows) are commonly seen in metals and alloys dynami-
cally recrystallized during hot compression.[12]

At 1000 °C, the TiNbTaVW RHEA comprises globular (black
arrows) and elongated grains (blue arrows) (Figure 4a,b). Some
of the elongated grains are rotated in certain regions of the
microstructure. The elongated grains suggest DRV. Finer grains
(35.01� 4.1 μm) were observed compared to grains at 950 °C
(44.45� 5.0 μm). Voids (red arrows) are still found in some

Table 1. Composition distribution of the TiNbTaVW RHEA (at%). Reproduced with permission.[31] Copyright 2024, Elsevier B.V.

TiNbTaVW RHEA Element Ti Nb Ta V W

– Actual 19� 0.4 20� 0.2 21� 0.2 20� 0.3 20� 0.2

Dendrite (grey) 14� 0.8 19� 0.5 24� 0.5 15� 1.1 28� 1.9

Interdendrite (dark) 32� 1.5 19� 0.3 12� 0.8 29� 0.6 8.0� 1.0

Table 2. Composition distribution of the IN718 alloy (at%). Reproduced with permission.[31] Copyright 2024, Elsevier B.V.

IN718 alloy Ti Nb Fe Ni Mn S C Co Al Si P Cu

– 0.12� 0.02 0.22� 0.02 57.95� 0.1 36.56� 0.4 0.5� 0.1 0.06� 0.1 3.63� 0.1 0.14� 0.04 0.12� 0.02 0.37� 0.02 0.1� 0.01 0.23� 0.01

Figure 2. True stress–strain curves at 950–1050 °C and a strain rate of 10�3 s�1 for a) TiNbTaVW and b) IN718.
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regions of the microstructure. The globular grains also indicate
that DRX occurred when the TiNbTaVW RHEA was deformed at
1000 °C. For the IN718 at 1000 °C, equiaxed (blue arrows) and
globular (black arrows) grains were observed. A refined grain size
of 38.31� 7.5 μm was observed compared to 40.3� 6.9 μm at
950 °C (Figure 4c,d). No visible cracks or voids are detected in
the microstructure of IN718 at 1000 °C.

As the temperature was increased to 1050 °C, the TiNbTaVW
RHEA exhibited mostly globular (black arrows) microstructures
(Figure 5a,b). A few elongated grains (blue arrows) were observed
at 1050 °C, indicating that most elongated grains at 1000 °C had
fragmented into smaller globular grains. The presence of more
globular grains indicates that the process of dynamic globulari-
zation was almost complete as the deformation temperature was
increased to 1050 °C. This further signifies that the softening
mechanism at 1050 °C is DRX. The grain size (31.43� 3.9 μm)
of the TiNbTaVW RHEA at 1050 °C is more refined compared to
the grain sizes observed at 950 and 1000 °C. Voids were still
observed at 1050 °C (Figure 5a,b). Few elongated (blue arrows)
and several equiaxed (black arrows) grains were found in many
regions of IN718 (Figure 5c,d). This signifies that the DRV and
DRX softening mechanisms occur in IN718 at 1050 °C. The
grain size of IN718 at 1050 °C is 34.84� 3.9 μm, which is more
refined than the grains observed at 950 °C and 1000 °C.

Micro and huge voids (red arrows) appear in many regions of
IN718 at 1050 °C. Some of the voids were found within elongated
recrystallized and equiaxed grains.

2.4. Macrostructure of Deformed Samples

Stereo images of the hot deformed TiNbTaVW and IN718 at
950 °C to 1050 °C/10�3 s�1 are presented in Figure 6. Cracks
appeared on the TiNbTaVW RHEA’s surface at 950–1050 °C
(Figure 6a–c). During the hot compression process, stress
concentration occurs, leading to an increase in local energy.
Once the stress concentration attains a certain threshold, energy
is released in the form of cracks. According to Abubaker et al.[22]

resultant stress concentration intensifies the creation and
spread of microcracks unfavorable to deformation stability.
At 950–1050 °C, surface spallation can be observed in the hot
deformed IN718 alloy (Figure 6d–f ).

2.5. High-Temperature Compression Strength

The high-temperature compression strength of the TiNbTaVW
RHEA and the IN718 alloy, compared to other RHEAs and alloys
used for high-temperature applications, is depicted in Figure 7.

Figure 3. Microstructures of TiNbTaVW and IN718 after deformation at 950 °C/10�3 s�1. a) Optical micrograph of TiNbTaVW showing globular grains
(black arrows) and voids (red arrows); b) SEM–BSE image of TiNbTaVW showing globular grains (black arrows), elongated grains (blue arrows), and
voids (red arrows); c) Optical micrograph of IN718 showing equiaxed grains (black arrows) and elongated grains (blue arrows); d) SEM–BSE image of
IN718 indicating elongated (blue arrows) and equiaxed grains (black arrows).
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The TiNbTaVW RHEA exhibits higher temperature strengths of
910, 870, and 658MPa compared to the IN718 alloy, which has
72, 87, and 61MPa at 950, 1000, and 1050 °C/10�3 s�1, respec-
tively. The high-temperature strength of TiNbTaVW RHEA at
950–1050 °C surpasses that of the compared RHEAs and
superalloys (Figure 7). However, at 1000 and 1050 °C, the
high-temperature strength of TiNbTaVW decreases significantly.
According to Yurchenko et al.[51] the loss of strength in RHEAs
can be induced by the activation of diffusion-controlled
processes.

According to Senkov et al.[52] the decreasing strength of
RHEAs at higher temperatures can be attributed to diffusion-
controlled processes that start to dominate as the solid solution
diminishes. Compared with conventional alloys, RHEAs exhibit
a higher softening temperature (0.6–0.8 Tm).

[27,53] The high-
temperature strength of the TiNbTaVW can be attributed to
the addition of high-melting-point elements such as Nb, Ta, and
W. The addition of Ta, Nb, and Mo can greatly balance the
mechanical properties of RHEAs at higher temperatures.[30,54]

Solid solution strengthening effectively functions in RHEAs at
temperatures below 1186 °C.[52] Furthermore, the higher-
temperature strength of the TiNbTaVW RHEA can also be linked
to the considerably larger atomic radii of Ti (1.46Å), Ta (1.46Å),
and Nb (1.43Å) compared to the atomic radii of V (1.32Å) and W

(1.39 Å). This difference in atomic radii causes lattice distortion,
which enhances strengthening via solid solution.[31] High-entropy
alloys have excellent high-temperature strength due to the solid
solution strengthening effect induced by severe lattice distortion
and the thermodynamically favorable high-entropy effect.[30]

The strengthening mechanisms of alloys mainly comprise
grain boundary strengthening (Hall-Petch), solid solution
strengthening, and second-phase particle strengthening.[7,11,55,56]

In this study, the TiNbTaVW RHEA has a single-phase BCC
structure, so second-phase particle strengthening (precipitation
strengthening and interstitial strengthening) does not exist in
the solid solution. Therefore, grain boundary strengthening
and solid solution strengthening are expected to be the main
strengthening mechanisms. The solid solution strength can be
determined as[7,30]

σcs ¼ σmix þ σss (1)

where σcs is the compressive strength of the TiNbTaVW RHEA at
950–1050 °C (910, 870, and 658MPa), σmix is the individual ele-
mental compressive strength at 950–1050 °C estimated using the
rules of mixture, and Δσss is the solid solution strength. The indi-
vidual elemental high-temperature values at 950–1050 °C for
Ti (55, 44, and 37MPa),[57] Nb (107, 97, and 87MPa),[58] and
Ta (150, 124, and 92MPa)[59] are considered. Furthermore, the

Figure 4. Microstructures of the TiNbTaVW and IN718 after deformation at 1000 °C/10�3 s�1. a) Optical micrograph of TiNbTaVW showing globular
grains (black arrows), elongated grains (blue arrows), and voids (red arrows); b) SEM–BSE image of TiNbTaVW showing globular grains (black arrows),
elongated grains (blue arrows), and voids (red arrows); c) Optical micrograph of IN718 showing equiaxed grains (blue arrows) and globular grains (black
arrows); d) SEM–BSE image of IN718 indicating equiaxed grains (blue arrows).

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2024, 26, 2400538 2400538 (5 of 11) © 2024 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH

 15272648, 2024, 20, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adem

.202400538 by U
niversity O

f W
itw

atersrand, W
iley O

nline L
ibrary on [03/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.aem-journal.com


Figure 5. Microstructures of TiNbTaVW and IN718 after deformation at 1050 °C/10�3 s�1. a) Optical micrograph of TiNbTaVW showing globular grains
(black arrows), elongated grains (blue arrows), and voids (red arrows); b) SEM–BSE image of TiNbTaVW showing globular grains (black arrows), elon-
gated grains (blue arrows), and voids (red arrows); c) Optical micrograph of IN718 showing equiaxed (black arrows), elongated recrystallized grains (blue
arrows) and voids (red arrows); d) SEM–BSE image of IN718 indicating equiaxed (black arrows), elongated recrystallized grains (blue arrows) and voids
(red arrows).

Figure 6. Stereo images of the TiNbTaVW and IN718 surface after deformation at 950–1050 °C/10�3 s�1.
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elemental high-temperature values are 155, 79, and 52Mpa for
V[58] and 407, 381, and 324MPa for W.[60] Using Equation (1),
the Δσss is 735, 726, and 538MPa at 950, 1000, and 1050 °C,
respectively.

In addition to solid solution strengthening, the effect of grain
size was also considered. Grain boundary strengthening is rec-
ognized for its efficiency in grain refining, increasing the
strength of polycrystalline metals and alloys.[61] The grain bound-
ary contribution to the strength of the TiNbTaVW RHEA satisfies
the temperature dependence of the Hall–Petch relationship as
defined in Equation (2).[62]

σcsðTÞ ¼ 120þ 659d�0.5 þ 597expð�T=120Þ � 0.39Td�0.5 (2)

where d is the grain size of 44.45, 35.01, and 31.43 μm at temper-
atures of 950 °C (1223 K), 1000 °C (1273 K), and 1050 °C (1323 K).
By substituting the d and T values into Equation (2), the grain
boundary contribution to the compressive strength of
TiNbTaVW RHEA is 147, 147, and 145MPa, respectively. It is
evident that both solid solution strengthening and grain bound-
ary strengthening contribute to the high-temperature strength of
the TiNbTaVW RHEA.

3. Discussion

3.1. Serrations and Sudden Stress Drop Phenomenon

Several softening mechanisms, such as DRV, DRX, dynamic
globularization, superplasticity, and flow localization, can occur
during hot deformation. Among these mechanisms, DRV, DRX,
dynamic globularization, and superplasticity are considered safe,
while flow localization, wedge cracking, and adiabatic shear
banding are unsafe.[39,63] During the initial stages of deforma-
tion, flow stress increases as dislocations interact and multiply.
As dislocation density rises, the driving force for recovery also
increases.[64] Subsequently, due to the effect of DRX, dislocation
density significantly decreases, leading to a gradual drop in flow
stress. At 950 °C, the TiNbTaVW RHEA flow curve exhibits a
steady-state flow stress followed by a drop in flow stress, indicat-
ing the occurrence of DRV and DRX (Figure 2a). At 1000 °C, a
broad peak stress followed by a drop in flow stress indicates DRX.
At 1050 °C, continuous flow softening was observed, indicating

dynamic globularization as the main softening mechanism.[38,39]

For the IN718 alloy, steady-state stress was more evident at 950
and 1050 °C, indicating the occurrence of DRV or DRX, while a
drop in flow stress at 1000 °C indicates DRX (Figure 2b).

A series of initial peak rises and sudden stress drops were
observed in TiNbTaVW and IN718 at 950–1050 °C, which differ
from the stress drop phenomenon typically attributed to DRX.[37]

Eleti et al.[12] conducted an interrupted hot deformation experi-
ment to elucidate further the reason behind the initial peak rise
and sudden stress drop. They found a distinctive drop in the flow
stress of the HfNbTaTiZr RHEA around yielding at a strain of
≈0.1, followed by continuous flow softening at 1000–1200 °C/
10�2–10�4 s�1. An interrupted test conducted at 1000 °C, held
for 600 s, and then deformed at a strain rate of 0.001 s�1 revealed
no clearly observed DRX grains corresponding to the large stress
drop. The authors attributed this unusual stress drop to either
dislocation unlocking by solute atoms or the ending of short-
range ordered structures.

Li et al.[21] also found a stress drop at a strain of ≈0.05 when
Ti2ZrHfV0.5Ta0.2 was deformed at 900–1100 °C/10�1–10�2 s�1.
An interrupted deformation test was carried out at 900 °C/
10�1 s�1, held for 0 and 600 s intervals, and then deformed at
a strain rate of 0.1 s�1. The drop in the flow stress of
Ti2ZrHfV0.5Ta0.2 was attributed to dislocation unlocking pinned
by a Cottrell atmosphere or short-range order. However, in the
TiNbTaVW, the pinning of dislocations by solute atoms or inter-
stitial solute atoms (N and C) is unlikely to occur because it is an
equiatomic alloy. The rapid increase in flow stress and subse-
quent stress drops in TiNbTaVW and IN718 in this study are
not caused by dislocation pinning but rather by a change in strain
rate at a strain of 0.03–0.035, as depicted in Figure 8. The high
strain rates (0.06 s�1) at the beginning of deformation, compared
to 0.001 s�1, contributed to a rapid increase in flow stress and
stress drops observed on the flow curves of the TiNbTaVW
RHEA. For IN718, the high strain rates (0.1 s�1) at the beginning
of deformation compared to 0.001 s�1 led to the rapid increase in
flow stress and stress drops observed on the flow curves. Although
the overall strain rate remained unaffected, the misleading initial
peak rise and stress drops in the flow stress were not a conse-
quence of themicrostructural response to the imposed parameters
but were due to variations in the hydraulic motion regulating the
compression jaws of the Gleeble simulator.

Figure 7. High-temperature strength of TiNbTaVW and IN718 compared to superalloys[77–80] and other RHEAs[23,26,81,82] at 950–1050 °C.
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Serrations, characterized by jerky stress–strain curves in
solid materials, arise from dislocation motion.[50] It has been
observed in flow curves of hot deformed RHEAs such as
Ti2ZrHfV0.5Ta0.2,

[21] AlxNb40Ti40V20-x,
[51] and NbZrTiTa.[20] In

the TiNbTaVW RHEA, serrations were seen in both the elastic
and plastic regions. At the elastic deformation stage, serrations
were observed in the initial peak flow curve of the TiNbTaVW
RHEA at 950–1050 °C before the sudden stress drop. Serrated
flow stress curves are classified into Type A, Type B, and
Type C.[50] The observed serrations in the flow curve of
the TiNbTaVW RHEA at the elastic region are similar to
Type B.[45,50] Type-B serrations often emerge at the beginning

of serrated flow stress, yielding higher temperatures and lower
strain rates.[50] Type-B serrations emerge at multiple points
along the flow curves, propagate briefly, and then disappear. The
elastic region serrations in some RHEAs, like MoNbVTiHf,[65]

MoNbTaW,[66] and HfNbTaTiZr,[67] also disappear before the
stress drop and are often attributed to machine noise as disloca-
tions at this stage are immobile. Since the serrations occurred at
the elastic region in the TiNbTaVWRHEA and dislocation will be
immobile at this stage, it can be said that the serrations are a
result of machine noise. However, serrations observed in the
plastic region of the flow curves of TiNbTaVW at 1050 °C and
IN718 at 1000 °C can be attributed to dislocation motion.

Figure 8. Strain versus time profile at 950 °C/10�3 s�1 for a) TiNbTaVW and b) IN718. Strain versus time profile at 1000 °C/10�3 s�1 for c) TiNbTaVW
and d) IN718. Strain versus time profile at 1050 °C/10�3 s�1 for e) TiNbTaVW and f ) IN718.
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Dislocation motion is essential to describe plasticity in crystalline
materials as their mobility controls the material’s ability to
accommodate strain and modify its microstructure.[68]

3.2. Occurrence of Dynamic Recovery and Recrystallization

Grain growth is primarily driven by atomic diffusion and lower
strain rates coupled with higher temperatures.[14,20,45] This pro-
vides sufficient time and energy for atomic diffusion, facilitating
grain boundary movement and eventual grain growth. Globular
and elongated grains were observed in the TiNbTaVW alloy at
950 °C, signifying both DRV and dynamic globularization as
the softening mechanisms. This corroborates with the flow curve
at 950 °C having steady-state flow stress followed by a drop in
flow stress. Similarly, at 1000 °C, globular and elongated grains
were observed in the TiNbTaVW alloy. However, the flow curve
only shows the characteristics of DRX and as confirmed by the
globular grains. The occurrence of elongated grains also signifies
DRV. Therefore, the softening mechanisms of TiNbTaVW at
1000 °C are still considered DRV and dynamic globularization.
The occurrence of both globular and elongated grains has also
been observed in the TiAlVNb2 RHEA.[19] At 1050 °C, dynamic
globularization is the softening mechanism, as corroborated by
the continuous flow softening in the flow curve. Dynamic
globularization has been previously reported as a form of
DRX.[38,69–72] This mechanism occurs at low strain rates and
high deformation temperatures.[44] Equiaxed and elongated
grains were observed in IN718 at 950 °C and 1050 °C, as corrob-
orated by steady-state stress, suggesting either DRV or DRX.[42,43]

Due to the occurrence of equiaxed and elongated grains, the soft-
ening mechanisms for IN718 at 950 and 1050 °C are both DRX
and DRV. However, at 1000 °C, mostly equiaxed grains were
observed, as corroborated by oscillations and a reduction in
the flow curve, signifying DRX. Therefore, DRX is the softening
mechanism for IN718 at 1000 °C. The refinement of grains in
TiNbTaVW and IN718 is attributed to the characteristics of
repeated nucleation and limited growth during DRX. This
DRX occurrence promotes grain refinement and reduces defor-
mation resistance in alloys, enhancing their workability and
mechanical properties.[14]

Voids were detected near recrystallized grains during
the deformation of TiNbTaVW at 950–1050 °C (Figure 3–5).
The presence of voids, cracks, and cavities at grain boundaries
results from stress concentration, which is more prone to occur
at grain boundaries and triple-junction points.[10,73] Under stress
loading conditions, cracks propagate along high-angle grain
boundaries, resulting in brittle fracture of the alloy in the inter-
granular region.[74] The higher presence of voids at 950 and
1000 °C compared to 1050 °C may be due to limited dislocation
mobility and diffusion,[22,73] which fail to relieve stress concen-
trations. According to Zhao et al.[75] cracks, voids, and pores can
be eliminated with increasing deformation temperature and
decreasing strain rate. As the temperature was increased to
1050 °C in TiNbTaVW, the number of voids decreased.
However, minipores and large voids were observed in IN718
at 1050 °C (Figure 5c,d), possibly due to stress concentration
and inadequate diffusion rates at grain boundaries.[73] Refined
grains can impede crack and pore propagation during

deformation by increasing the energy barrier required to create
new surfaces.[22,76] The TiNbTaVW RHEA at 1050 °C (Figure 5a,b)
comprises refined globular grains, which could reduce void
propagation.

4. Conclusion

This study investigated the deformation behavior, microstruc-
tural evolution, and high-temperature strength of the
TiNbTaVW RHEA at 950, 1000, and 1050 °C, with a strain rate
of 10�3 s�1. This was compared with a commercial-grade nickel-
based superalloy, IN718. The following conclusions are drawn
from the study. 1) The TiNbTaVW RHEA exhibited a single-
BCC phase with a dendritic structure. 2) The TiNbTaVW and
IN718 flow curves decreased with an increasing deformation
temperature at a constant strain rate. 3) The presence of both
globular and elongated grains in the TiNbTaVW alloy at 950
and 1000 °C confirmed that dynamic globularization and DRV
are the softening mechanisms. At 1050 °C, mainly globular
grains were observed, indicating dynamic globularization as
the softening mechanism. In IN718, equiaxed and elongated
grains at 950 and 1050 °C suggested both DRX and DRV as
the softening mechanisms. At 1000 °C, the dominance of equi-
axed grains signified DRX as the only softening mechanism.
4) Voids were found in the microstructure of the TiNbTaVW
RHEA at 950 to 1050 °C, whereas minipores and voids were only
detected at 1050 °C for the IN718. 5) The TiNbTaVW RHEA has
higher-temperature strengths of 910, 870, and 658MPa, com-
pared to the IN718 alloy, with 72, 87, and 61MPa at 950, 1000,
and 1050 °C/10�3 s�1, respectively. The higher-temperature
strength of the TiNbTaVW RHEA can be attributed to both solid
solution strengthening and grain boundary strengthening.

This work resulted in an advance by providing a comprehen-
sive analysis of the flow behavior and microstructure of the
TiNbTaVW RHEA during hot deformation. By demonstrating
comparable or superior performance in specific aspects, the
RHEA could be considered in the near future for potential appli-
cations traditionally dominated by nickel-based superalloys.
This opens new possibilities for RHEAs in high-temperature
applications, traditionally dominated by nickel-based superalloys,
thereby expanding the material options available for advanced
engineering applications.

5. Experimental Section

The TiNbTaVW RHEA was produced through vacuum arc melting
under ultrahigh-purity argon gas on a water-cooled copper hearth to obtain
an arc-melted alloy. The RHEA was produced using commercial
high-purity raw elemental powders comprising Ti (99.7 wt% purity), Nb
(99.9 wt% purity), V (99.9 wt% purity), Ta (99.95 wt% purity), and W
(99.9 wt% purity) supplied by Weartech (Pty) Limited, South Africa. The
TiNbTaVW samples were flipped and remelted three times to ensure
chemical homogeneity. Additionally, a nickel-based IN718 superalloy
was acquired. Rectangular samples of 6� 6� 9mm3 for the hot compres-
sion tests were machined using a Gold San CNC wire cutting electrical
discharge machining (EDM) machine. The alloys were subjected to hot
deformation testing using a Gleeble 3500 thermomechanical simulator.
A type R (platinum-rhodium) thermocouple was welded to the midspan
of the rectangular test samples using a spot welder to ensure precise tem-
perature control and measurement. Graphite foil and nickel paste were
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placed between the Iso-T tungsten carbide anvils and the specimens to
reduce friction effects during deformation. Prior to the compression test,
the deformation chamber was evacuated to 2.0� 100 Pa and subsequently
filled with inert Ar gas to prevent oxidation.

For each test, the samples were heated to a set deformation tempera-
ture of 950, 1000, and 1050 °C at a heating rate of 5 °C s�1 and held at this
temperature for 180 s to ensure homogenization before compression. The
deformation temperatures were chosen based on the hot working condi-
tions of conventional superalloys.[77–79] The samples were deformed at a
strain rate of 10�3 s�1 and a total strain of 0.1, followed by air cooling to
retain the microstructure. The TiNbTaVW RHEA was only compressed to a
strain of 0.10 due to its brittle nature at high temperatures. The RHEAs
that were hot worked at a low strain rate of 10�3 s�1 included
WTaMoNbTi,[29] NbMoCrTiAl,[23] W0.4MoNbxTaTi,

[10] AlCrNbTiVZr,[28]

and MoNbVTax.
[30] Afterward, the stress–strain data obtained from the

hot compression tests were plotted to analyze the shape of the stress–
strain curves. For microstructural analysis, the deformed samples were
sectioned into two halves, mounted, polished, and then etched in
Kroll’s reagent. The samples were examined under an Olympus SC50
optical microscope in bright-field mode and a high-resolution Zeiss
Sigma field-emission SEM–BSE imaging mode at 15 kV.
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