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A B S T R A C T   

The high-temperature deformation mechanisms and processing maps of an equiatomic body-centered-cubic 
(BCC) structured MoNbHfZrTi refractory high-entropy alloy (RHEA) were studied over the temperatures 
ranging from 1100 to 1250 ◦C and different strain rates varying from 10−3 to 0.5 s−1. Flow-stress analyses were 
performed, using an Arrhenius type relation. The activation energy (Q) for high-temperature deformation was 
calculated as 326.1 kJ/mol, and the related strain rate sensitivity (m), the power dissipation (η), and instability 
parameter (ξ) were also derived. The optimal processing area was at 1110–1170 ◦C and 10−3–10−2.5s−1, with 
only one unstable region. Detailed microstructural analyses including the surface cracks were carried out in both 
stable and unstable regions to confirm the derived. Dynamically recrystallized grains with necklace morphologies 
were observed along grain boundaries and shear bands, indicating that softening was caused by dynamic 
recrystallization (DRX). The size and proportion of the DRX grains increase with the strain rate decreasing and 
the temperature increasing.   

1. Introduction 

High-entropy alloys (HEAs) are a new family of solid-solution alloys 
made of five or more multi-principal elements, with each constituent 
element having a concentration from 5 to 35 atomic percent (at.%) 
[1–4]. Following the discovery of the first HEAs, several sub-categories 
have been developed, including eutectic high-entropy alloys [5–7], re-
fractory high-entropy alloys (RHEAs) [8], and light-weight high entropy 
alloys [9–11], etc. RHEAs, first proposed by Senkov et al. [8], are a 
family of HEAs consisting predominantly of refractory elements of high 
melting points and featuring single body-centered-cubic (BCC) struc-
tures. They do not only possess typical characteristics of HEAs, but also 
have excellent mechanical properties at elevated temperatures. 
Recently, a series of new RHEAs with excellent wear resistance, oxida-
tion resistance, strength and thermal stability at both ambient and 
elevated temperatures have been designed and reported [12–21]. A few 
examples are given as follows. The single-phase WNbMoTa and 
WNbMoTaV RHEAs achieved compressive yield strengths of 405 and 
477 MPa, respectively at 1600 ◦C [22]. The HfNbTaTiZr alloy has been 
reported to exhibit a total strain of 0.5 under room-temperature 

compressions [23]. The MoNbHfZrTi RHEA designed by Guo et al. [24] 
has a yield strength of 397 MPa at 1100 ◦C, and possesses good thermal 
stability. Besides, the relationship between compressive strengths and 
testing temperatures in RHEAs and two Ni-based superalloys have been 
comparatively studied [4]. Given many high-temperature properties of 
RHEAs, they have been considered as promising replacement materials 
of traditional high-temperature alloys [25]. 

Studies have been conducted to analyze the microstructural evolu-
tion, flow behaviors, and deformation mechanism of several HEAs 
[26–29]. At present, the hot deformation behavior of high entropy alloys 
is mainly around Face-centered cubic (FCC) alloys, such as FeCoNiCrMn 
[26,28,30]. Compared with these high-entropy alloys, the research on 
the hot deformation of RHEAs is still rare, although Senkov [23], Guo 
[24,31], and Eteti [32] have done some in this area. Among the work 
done already in this area, Senkov, and Eteti mainly focused on the 
HfNbTaTiZr RHEA, whereas Guo focused on the TiZrHfNbMo RHEA, 
which is also the material used in our work. The main purpose of the 
previous work is to understand the hot deformation behavior in order to 
regulate the microstructures, but the hot workability of RHEAs is rarely 
involved. Guo performed thermal-simulation tests on the TiZrHfNbMo 
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RHEA, but did not establish a constitutive relationship connecting the 
flow stress, deformation temperature, strain rate, and strain. Despite it is 
known that hot processing can play a vital role in affecting the properties 
of high-temperature alloys, the studies of this topic in HEAs are very rare 
[29,33–35]. Therefore, a further study on the hot processing of RHEAs is 
necessary and useful to mature the high-temperature applications of 
these alloys. 

In this work, the stress-strain analyses of the MoNbHfZrTi RHEAs at 
temperatures ranging from 1100 to 1250 ◦C and strain rates varying 
from 10−3 to 0.5 s−1 were measured by the thermo-simulation machine 
(Gleeble 3500). Based on the measured peak stresses, a rheological 
model was established and a hot-processing map for the MoNbHfZrTi 
RHEA was acquired. The findings do not only provide theoretical 
foundations to the processing of the MoNbHfZrTi RHEAs, but also 
practically assist in locating appropriate processing conditions. The ac-
curacy of the thermal-processing map was verified by analyzing the 
surface cracking of the samples, as well as the microstructure evolution 
of the destabilized and well-processed regions. The microstructural 
evolution and the change in deformation mechanisms of the material at 
various temperatures and strain rates were also examined. 

2. Experimental procedures 

Equiatomic MoNbHfZrTi RHEA ingots were produced by vacuum arc 
melting, using the raw materials of >99.9 wt percent (wt.%) purity. The 
phases in the MoNbHfZrTi RHEA samples before and after hot com-
pressions were analyzed by an X-ray diffractometer (XRD). The samples 
were cut into cylinders (Φ6 × 9 mm) using an electric discharge wire- 
cutting machine, following which the compression tests were executed 
on a Gleeble 3500 thermo-simulation machine (Dynamic Systems Inc., 
Poestenkill, NY, USA). Cylindrical specimens were ground with sand-
papers of different grits and then welded with a platinum-iridium 
electrode to allow temperature measurements. A sample was sepa-
rated from the indenter by a Ta bract to reduce the surface friction and 
produce the even stress. Compression tests were conducted at various 
temperatures (1,100, 1,150, 1,200, and 1250 ◦C) and different strain 
rates (0.001, 0.01, 0.1, and 0.5 s−1) till a 60% reduction in the sample 
height is achieved. With a fixed heating rate of 10 ◦C/s, the samples were 
heated up to the set temperatures and then lasted for 180s to ensure the 
temperature uniformity. At the end of experiments, the samples were 
water quenched immediately to capture and observe their high tem-
perature microstructures. All experiments were carried out in a chamber 
filled with the pressurized argon to minimize sample oxidation. 

For microstructural observations, the hot-deformation samples were 
cut along the compression direction, and the surfaces were ground with 
sandpapers and electropolished to a mirror finish. Electropolishing was 
carried out in an electrolyte composed of 6-vol percent (vol%) perchloric 
acid, 35-vol % n-butanol and 59-vol % methanol. Liquid nitrogen was 
used as a cooling medium in the electrolysis process, and the current was 
held constant at 2.5 A. Electron back-scattering diffraction (EBSD) was 
used to observe the microstructure of the hotly-compressed samples at a 
scan step size of 0.3 μm. The Channel 5 software was used to process the 
EBSD date from all specimens, the inverse pole figure (IPF) maps, grain 
boundary (GB) maps, and the local misorientation images were 
obtained. 

3. Results 

3.1. Starting material 

The XRD patterns showed that the material did not undergo any 
phase change after hot deformation but remained a single BCC structure 
(Fig. 1a). The alloy microstructure of as-cast condition was observed by 
the scanning electron microscope (SEM, Fig. 1b), indicating a dendritic 
structure. The elemental maps given in Fig. 2 showed that compositional 
segregation takes place in the material. Specifically, Nb and Mo are rich 
in dendrites; Zr and Ti are rich in the inter-dendritic regions; and Hf 
distributes uniformly throughout the domain studied. 

3.2. Stress-strain behaviors 

The stress-strain curves of the equiatomic MoNbHfZrTi RHEA sam-
ples obtained under various deformation conditions all show similar 
shapes, as evidenced in Fig. 3. As the strain increases, the flow curves 
show work hardening in the early stages, and then the flow stresses 
continue to soften. This characteristic is typically recognized as the 
dynamic recrystallization (DRX) of the alloy deformed in hot compres-
sion [36–40]. In the initial stage of deformation, the increased disloca-
tion density in the alloy and the formation of numerous subgrain 
boundaries cause the accumulation of a high density of dislocations. At 
this point, work hardening causes a sharp rise in the stress. With further 

Fig. 1. (a) XRD pattern of the as-cast equiatomic MoNbHfZrTi alloy, (b) SEM 
image of the as-cast alloy. 
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increase in the strain, constant softening is due to DRX, which will be 
examined through microstructural observations in the later part. 
Furthermore, the decrease of the peak stress was observed with 
increasing temperatures and decreasing strain rates, as illustrated in 
Fig. 3e. 

3.3. Constitutive law construction 

The high-temperature deformation of metals is a thermal-activation 
process, and the influence of deformation temperature (T), strain, and 
strain rate on the flow stress is usually described by the widely-used 
Arrhenius-type relation [41]. The constitutive equation can be used 
for predicting the hot deformation ability and microstructural evolution 
of materials. The Arrhenius-type power law preceded by a hyperbolic 
function of stress is given as 

ε• =A1σn1 (ασ ≤ 0.8) (1)  

ε• =A2 exp(βσ)(ασ ≥ 1.2) (2)  

ε• =A[sinh(ασ)]n exp
(

−
Q

RT

)

(for all σ) (3)  

where ε• is the strain rate, A, A1, A2, α, β material constants, σ the flow 
stress (MPa), n, n1 the stress exponents, Q the apparent activation energy 
for hot deformation (kJ/mol), R the gas constant, and T the deformation 
temperature (K). Peak stresses are extracted from Fig. 3, and the values 
of n1 and β are calculated by taking the logarithm and derivation of Eqs. 
(1) and (2), respectively, i.e., 

lnε• = lnA1 + n1 ln σ (4)  

lnε• = lnA2 + βσ (5) 

For calculating the values of n1 and β, the ln(ε•) vs. ln(σ) and ln(ε•) vs. 
σ are plotted in Fig. 4a and b, respectively. The linear relationships 
obtained for various temperatures are similar, and the calculations yield 
n1 = 3.96216, β = 0.01216, and α = β/n1 = 0.00316. 

The activation energy (Q) for high-temperature deformation was 
obtained according to the following equation derived from Equation (3) 

Q=R
[

∂ln(ε•)
∂lnsinh(ασ)

]

T

⎡

⎢
⎣

∂lnsinh(ασ)
∂1

T

⎤

⎥
⎦ (6) 

For calculating the activation energy (Q), ln(ε•) vs. ln sinh(ασ) and ln 
sinh(ασ) vs. 1/T are plotted in Fig. 5a and b, respectively. Linear re-
lationships obtained are nearly parallel. The average slopes from Fig. 5a 
and b are 2.88 and 1.36, respectively. The computed Q is determined to 
be 326.1 kJ/mol. 

The Zener-Hollomon parameter [42] is widely accepted for charac-
terizing the relationship between the temperature and strain rate 
simultaneously. The temperature-compensated strain rate, Z parameter 
was given as 

Z = ε•exp
(

Q
RT

)

=A[sinh(ασ)]n (7) 

Based on Equation (7), lnZ vs. ln sinh(ασ) relations obtained during 
the tests under various temperatures and strain rates are plotted in 
Fig. 6. From the linear-regression analysis, the relationship between lnZ 
and ln sinh(ασ) was obtained as 

ln Z = 22.611 + 2.85lnsinh(ασ) (8) 

Substituting the calculated value of Q, α, A, n, = (326.1 kJ/mol, α =
β/n1 = 0.00316, 6.60 × 109, and 2.88232) into Equation (3), the 
constitutive equation of the refractory high-entropy alloy is given as 

ε• = 6.60 × 109[sinh(0.00316σ)]2.88232 exp
(
−326.111

RT

)

(9)  

3.4. Hot-processing map construction 

The dynamic material model (DMM) was first established by Prasad 
et al. [43] and then improved by Rao and Murty [44,45]. DMM analyzes 
the structural evolution from the perspective of energy conversion in hot 
deformation. The input energy to the work piece during deformation 
consists of two sections: dissipative quantity (G) and dissipative covar-
iate quantity (J). The dissipative quantity (G) is mostly converted into 
the thermal energy, and the dissipative covariate quantity (J) is the 
energy consumed during the evolution of the material microstructure. 
The ratio of the two energy quantities can be expressed as the 
strain-rate-sensitivity index (m) [46]. In order to describe the proportion 
of energy used for the evolution of the microstructure, the power 

Fig. 2. Elemental maps of the as-cast alloy.  
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dissipation factor η is introduced. When the material is in the ideal linear 
dissipation state, the strain rate sensitivity exponent m is equal to 1, and 
then the dissipation coordination reaches the maximum value Jmax. The 
power dissipation factor, η, of the material is obtained through dividing 
the actual dissipation coefficient (J) by the maximum dissipation coor-
dination (Jmax) of the material. 

η= J
Jmax

=
2m

m + 1
(10) 

The material instability is judged, using the material-flow instability 
criterion proposed by Prasad [47]. 

ξ(ε•) = ∂ln[m/(m + 1)]
∂lnε•

+ m< 0 (11) 

According to the criterion, that area having ξ < 0 is the instability 
zone. The value of m can be obtained from logσ and logε•, while logσ and 
logε• is nonlinear. The relation was shown in Fig. 7. 

log σ = a+ b logε• + c(logε•)2
+ d(logε•)3 (12) 

The strain-rate-sensitivity index is calculated by taking the logarithm 
of Equation (12), i.e., 

Fig. 3. The true stress-strain curves for the MoNbHfZrTi RHEA obtained from the uniaxial compression tests at various strain rates: (a) 1100 ◦C, (b) 1150 ◦C, (c) 
1200 ◦C, (d) 1250 ◦C and (e) Effects of deformation temperature and strain rate on the peak stress. 
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m=
d(log σ)
d(logε•)

= b+ 2clogε• + 3d(logε•)2 (13) 

With the calculated m as used in Eqs. (10) and (11), the power 
dissipation factor, η, and the instability parameter, ξ, were acquired. A 
power-dissipation map and the instability map were drawn according to 
the obtained η and ξ values. Superposition of the power dissipation map 
and the instability map ultimately produce the hot-processing map of 
the material, as Fig. 8 gives. The hot-processing map is a graph to 
characterize the inherent processability of a material, and can be used to 
select appropriate deformation parameters to improve the processability 
of materials. The hot-processing map can also be used to control mi-
crostructures, study deformation mechanisms, and analyze the cause of 
plastic instability during deformation processes. 

In the hot-processing map of the MoNbHfZrTi RHEA, the contour 
indicates the power-dissipation factor, while the shaded portion is the 
instability zone (Fig. 8). The only one instability region appears at 
1100–1220 ◦C and 10−1.5 - 0.5s−1. The corresponding power-dissipation 
factor, η, in the instability region is the lowest with values ranging from 
0.15 to 0.27. In the stable region, the power dissipation, η, increases with 
increasing temperatures or decreasing strain rates. The hot-processing 
map shows that the maximum power-dissipation efficiency takes place 
at 1110–1170 ◦C and 10−3–10−2.5 s−1. To verify the hot-processing map, 
Fig. 9 shows the cracking map of the hot-deformed specimens at 
different processing parameters. The occurrence of cracks is essentially 
consistent with the instability zone indicated in Fig. 8. 

3.5. Microstructures evolution of dynamic recrystallization 

The microstructures after hot compression under different process-
ing conditions were observed by EBSD. For all samples, observations 
were made in the uniformly-deformed central region. Inverse pole figure 
(IPF) maps and grain-boundary (GB) maps of the MoNbHfZrTi RHEA 
under different temperatures and strain rates indicate necklace-like 

Fig. 4. Flow-stress analysis of the MoNbHfZrTi RHEA showing a linear fit for 
the (a) ln(strain rate) vs. ln(flow stress), and (b) ln(strain rate) vs. flow stress. 

Fig. 5. Flow-stress analysis of the MoNbHfZrTi RHEA showing a linear fit for 
the (a) ln(strain rate) vs. lnsinh (ασ), and (b) lnsinh (ασ) vs. 1/T. 

Fig. 6. Relationship between σ and Z.  
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structures perpendicular to the compression axis (Fig. 10). In the GB 
maps, low-angle grain boundaries (2–5◦) are in blue, intermediate-angle 
grain boundaries (5–15◦) are in yellow, and high-angle grain boundaries 
(>15◦) are in red. Under most conditions, fine and equiaxed grains 
appearing as original grain boundaries compose necklace-like struc-
tures, which are usually found in many face-centered-cubic (FCC) alloys 
[48,49]. These fine, equiaxed and undistorted grains are considered to 
be recrystallized grains, as also reported in other types of metals [50, 
51]. Both the average size and proportion of the DRX grains increase 
with increasing deformation temperatures or decreasing strain rates. 
The test temperatures and strain rates are introduced into Eq. (7), and 
the relationship is expressed by the Z parameter, as given by Fig. 11. 

At the same time, many high-angle grain boundaries (HAGBs) were 
found in the grain boundary and shear zone, and the formation of 
HAGBs is related to DRX [26,52]. Grain boundaries contribute greatly to 
the strength and toughness of the alloy. Thus, the formation of numerous 
HAGBs is very advantageous [53]. As shown in Fig. 10, in the region 
without DRX, a large number of low-angle grain boundaries and 
intermediate-angle grain boundaries are found, and there are many 
HAGBs in the DRX region, which indicates a gradual conversion from a 
low-angle grain boundary to HAGBs. These observations confirm the 
occurrence of the discontinuous dynamic recrystallization (DDRX). This 
type dynamic recrystallization, which has clear nucleation and growth 
stages, can be classified as a discontinuous process [54]. The formation 
of a necklace-like structure composed of fine recrystallized grains along 
the initial grain boundaries suggests that DDRX is active. Further 
enhanced DDRX can also be found at 1250 ◦C and 10−2 s−1 (Fig. 10g and 
h), indicating that the contribution of DDRX increases significantly, as Z 
decreases. 

The microstructural evolution under various processing conditions 
was discussed before. To better study the relationship among the stress, 
dislocation, and DRX, local misorientation images were produced. The 
local EBSD misorientation image is considered to be a good indicator of 
the degree of work hardening, as shown in Fig. 12. It illustrates the 
degree of work hardening of the MoNbHfZrTi RHEA at different con-
ditions. The degree of work hardening is negatively correlated with the 
distribution of DRX. In other words, the work hardening is high in the 
non-DRX region, while the dislocation density is low in the DRX region. 
The dislocation density decreases as the parameter, Z, decreases and 
DRX increases. It is showed here that the formation and growth of fine 
undistorted grains require the consumption of the dislocations, which 
offsets the dislocation stagnation. And the HAGBs can continue to 
migrate, eventually leading to softening with increasing the deformation 
temperatures or decreasing the strain rates. 

4. Discussions 

The average size and proportion of the DRX grains increase, 
respectively from 1.8 to 5 μm and from 0.35 to 0.82, respectively, as the 
Z parameter decreases (Fig. 11). At 1100 ◦C and 0.5s−1(Fig. 10a and b), 
necklace-like structures with fine undistorted grains (1.8 μm) were 
observed along the original grain boundaries. The fraction of the DRX 
grains is relatively low (0.35), where hard working is dominant. At 
1100 ◦C and 0.1 s−1 (Fig. 10c and d), necklace-like structures with fine 
undistorted grains (2.2 μm) were observed along the shear-deformation 
region, the fraction of the DRX grains is 0.42. The size and fraction of the 
DRX grains tend to increase (from 3 μm, 0.53–5 μm, 0.82) with the 
change of deformation conditions from 1100 ◦C to 0.01s−1(Fig. 10e and 
f) to 1250 ◦C and 0.01s−1(Fig. 10g and h), respectively, where stress is 
low. Both the fractions of DRX grains and size increase with increasing 
the deformation temperature and decreasing the strain rate. The 
increased deformation temperature will promote the development of 
DRX grains during deformation, and the increased deformation tem-
perature can also accelerate the migration rate of dynamically- 
recrystallized grain boundaries, and the high-deformation temperature 
can supply more thermal activation energy for the development of DRX 

Fig. 7. Cubic linear fit for the log(flow stress) vs. log(strain rate).  

Fig. 8. The processing maps for the MoNbHfZrTi RHEA. The Grey part is the 
instability zone. 

Fig. 9. The distribution of the cracking situation of the compressive specimens 
in hot deformation at a series of processing parameters, the instability zone is in 
blue. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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Fig. 10. The IPF and GB maps of the microstructures 
of the MoNbHfZrTi RHEA after hot deformation 
under different processing conditions. IPF and GB: 
(a) (b) 1100 ◦C 0.5s−1; (c) (d) 1100 ◦C 0.1s−1; (e) (f) 
1100 ◦C 0.01s−1; (g) (h) 1250 ◦C 0.01s−1. In the GB 
maps, low-angle grain boundaries (2–5◦) are in blue, 
intermediate-angle grain boundaries (5–15◦) are in 
yellow, and high-angle grain boundaries (>15◦) are 
in red. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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grains. Decreased strain rate offers sufficient time for the dislocation 
motion, grain-boundary migration, and finally the grains grew and 
strength softened. 

Combined with the above microstructures, Fig. 10a and c are in the 
instability zone, while Fig. 10e and g are in the well-processed zone. In 
the instability zone, the average DRX grains are fine, the DRX fraction is 
small, and the corresponding Z parameter is high. The DRX grains are 
found along the shear-deformation region (Fig. 10c and d). While in the 
well-processed zone, the average DRX grains are large, the DRX fraction 
is large, and the corresponding parameter Z is low. That is to say, to 
better process the material and consider the processing cost, processing 
should be carried out under the condition at 1110–1170 ◦C and 10−3 - 
10−2.5 s−1. In other words, in the region, the highest fraction of the 
deformation energy applied is used for the microstructural 
development. 

5. Conclusions 

Hot-deformation mechanisms, flow-stress analysis, and processing 
maps of the equiatomic MoNbHfZrTi refractory high-entropy alloy were 
studied by hot-compression testing temperatures ranging from 1100 to 
1250 ◦C and strain rates varying from 10−3 to 0.5 s−1, from which the 
following conclusions are derived as.  

(1) The stress first increases and then decreases constantly with 
increasing the strain which is a typical sign of dynamic recrys-
tallization (DRX) in hot-deformation samples. The peak stress 
decreases with increasing the deformation temperature and 
decreasing the strain rate.  

(2) The relationships among the temperature (T), strain rate (ε⋅ ) and 
stress (σ) were studied. The apparent activation energy (Q) was 
determined to be 326.1 kJ/mol. A constitutive equation of the 
MoNbHfZrTi refractory high-entropy alloy is 

ε• = 6.60 × 109[sinh(0.00316σ)]2.88232 exp
(
−326.111

RT

)

(3) According to hot-processing maps, the dissipation, η, increases 
with increasing the deformation temperature or decreasing the 
strain rate. There is only one instability region at 1100–1220 ◦C 
and 10−1.5 - 0.5 s−1, and the optimal processing area is deter-
mined at the deformation temperature of 1110–1170 ◦C and 
strain rate of 10−3 - 10−2.5 s−1.  

(4) Stress-strain curves indicated the characteristic-softening 
behavior due to DRX. The formation and growth of fine undis-
torted grains require the consumption of the accumulated dislo-
cations, which offsets the dislocation stagnation and stress of the 
material drop. Fine and undistorted grains appearing at initial 
grain boundaries and shear bands form necklace-like structures. 
A gradual conversion from a low-angle grain boundary to HAGBs 
was found, indicating that the contribution of DDRX increases 
significantly as Z decreases. 

Fig. 11. Relationship among the size of DRXed grains, the fraction of DRXed 
grains, and the parameter, Z. 

Fig. 12. Local misorientation maps of the MoNbHfZrTi RHEA after hot deformation under different processing conditions: (a) 1100 ◦C 0.5s−1; (b) 1100 ◦C 0.1s−1; (c) 
1100 ◦C 0.01s−1; (d) 1250 ◦C 0.01s−1. 
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(5) Both the proportion of fine undistorted grains and the average 
grain size increase with increasing the deformation temperature 
or decreasing the strain rate. In other words, the average size and 
fraction of DRX grains increase from 1.8 to 5 μm and from 0.35 to 
0.82, respectively, as the parameter, Z, decreases. In the insta-
bility zone, the DRX grains along the shear-deformation region 
were observed, which might have been the crack-initiation zone. 
The fraction of DRX grains and the average size are low in the 
instability zone, but are relatively high in the well-processed 
zone. 
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